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Fig. 4. Quantification of HCV core protein production and
serum ALT levels in wild-type BALB/c mice and IRF-1 knockout
BALB/c mice hydrodynamically transfected with expression plasmids.
A: Results for wild-type BALB/c mice injected with pCAG-CN2 (Fse).
HCV core protein in the liver was barely detectable at day 0.5
(0.123+0.045ng/mg) and declined gradually thereafter. The
serum ALT level peaked on day 0.5 (3,256 &+ 703IU/L) and declined
gradually thereafter. B: Results for IRF-1 knock out BALB/c mice
injected with pCAG-CN2 (Fse). HCV core protein levels in the
hepatocytes was most strongly detected on days 0.5 (2.9 +0.4 ng/mg)

serum IFN-y was not detected after transfection with
pEF-core expression plasmids in CN2-8 IRF-1 (Fig. 5C).
Serum IFN-y secretion was suppressed in NK cell-
depleted CN2-29 Tg mice and was not stimulated by
pCAL-LacZ plasmid injection (Fig. 5D,E).

DISCUSSION

Immune responses to HCV during the acute phase of
infection might play a crucial role in determining
whether HCV is eliminated or is able to persist in
the body. However, acute HCV infection is rarely
symptomatic, making it tremendously difficult to ana-
lyze in vivo. In the present study, we generated
an acute HCV model for the first time by using Tg
mice with conditional expression regulated by the
Cre/loxP system. Because there were no viral vector
effects, we were able to observe HCV-specific
innate immunity by using hydrodynamic transfection
techniques.
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and 1 (10.7+£3.1ng/mg). Serum ALT was suppressed on day 0.5
(295 4 197 IU/L). C: Results for BALB/c mice injected with pCAG-LacZ.
Liver p-gal levels were first detectable on day 0.5 (7.9 + 2.0 mU/mg) and
were consistently detectable until day 14 (3.9+2.1mU/mg). The
serum ALT level (4504 490IU/L) was lower than that shown in
Figure 2A (3,256 + 703IU/L) at day 0.5, and returned to the baseline
level after day 2. D: Results from IRF-1 knockout BALB/c mice injected
with pCAG-LacZ. Liver B-gal levels were detected on days 0.5
(7.4+£2.5mU) and 1 (5.4+2.3mU). The serum ALT level was
(352 £1781IU/L) on day 0.5.

NK cells constitute the first line of host defense
against invading pathogens. Activated NK cells play an
essential role in recruiting virus-specific T cells and
inducing antiviral immunity in the liver [French et al.,
2003]. They also eliminate virus-infected hepatocytes
directly by cytolytic mechanisms and indirectly
by secreting cytokines, which induce an antiviral state
in host cells. In vitro studies revealed that NK cells are
activated by cytokines during acute HCV infection
[Yoon et al., 2008] and play an important antiviral role
by eliminating the virus, both by killing it directly and
by producing cytokines such as IFN-y [Golden-Mason
and Rosen, 2006].

In the present study, hepatocyte necrosis and intra-
hepatic mononuclear cell infiltration were observed
on days 0.5 and 1 in wild-type mice. These were
associated with elevated levels of serum ALT and IFN-
v and with reduced levels of HCV core protein expres-
sion. In contrast, NK cell depletion by IRF-1 knockout
or treatment with anti-IL-2 receptor-f antibody was
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Fig. 5. Serum IFN-y levels. A: Serum IFN-y levels in CN2-29 Tg mice injected with the pCAN-Cre
plasmid. Serum IFN-y (168 +62pg/ml) was detectable on day 0.5 in the pCAN-Cre plasmid-injected
CN2-29 Tg mice (circle), but was not detectable in the pBR325 plasmid-injected CN2-29 Tg mice (square).
B: Serum IFN-y levels in mice injected with pEF-core (circle), -E1 (square), and -E2 (triangle) plasmids.
C: Serum IFN-y levels in IRF-1 knockout CN2-8 Tg mice injected with the pCAN-Cre plasmid. D: Serum
IFN-y levels in NK cell-depleted CN2-29 Tg mice injected with the pCAN-Cre plasmid. E: Serum IFN-y
levels in BALB/c mice injected with the pCAL-LacZ plasmid.

accompanied by increases in HCV core protein expres-
sion and decreased levels of ALT and IFN-y on days 0.5
and 1. These results were confirmed by our histological
observations. Cumulatively, these data suggest that the
activity of NK cells might be directly cytolytic; specifi-
cally, they appear to play a significant role in IFN-
v secretion and elimination of virus-infected hepato-
cytes—especially core protein-presented hepatocytes—
during the early phase of infection (days 0—1). Since the
number of CD8+ cytotoxic T cells is greatly reduced in
CN2-8 IRF-1 knockout mice, T cells usually participate
in innate immunity, rather than acquired immunity. It
has previously been reported that NK cells are required
to recruit virus-specific T cells in response to HCV
infection [Ahmad and Alvarez, 2004; Irshad et al., 2008].
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'These reports, together with our current work, indicate

that NK cells play a very important antiviral role during
acute HCV infection.

According to the results of the Southern and Northern
blot analyses, non-cytolytic HCV core protein elimina-
tion takes place from days 3 to 14. However, this does not
appear to be associated with IFN-y or CD8+ cytotoxic T
cells. Thus, during this period, another immune factor
might be involved in eliminating HCV core protein in the
hepatocytes without elevating ALT activity.

It is interesting that HCV core protein, but not E1 or
E2 protein, induced the elevation of IFN-y. Since HCV
core protein is reported to activate NF-kB, thereby
inducing the cellular inflammatory response [Dolganiuc
et al., 2004], there is a possibility that HCV core protein

J. Med. Virol. DOI 10.1002/jmv
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itself participates in the elevation of IFN-y. IFN-y is
known to be expressed in the liver when infections
spontaneously clear [Major et al., 2002; Thimme et al.,
2002] and to be involved in the non-cytolytic control of
HCV-infected hepatocytes [Thimme et al., 2001]. Addi-
tionally, IFN-y inhibits the replication of subgenomic
HCVreplicons [Lohmann et al., 1999; Blight et al., 2000]
in tissue culture cells [Frese et al., 2002; Lanford et al.,
2003]. Since NK cells produce a large amount of IFN-y
when they are activated in response to inflammation,
such as that caused by acute viral infection, both NK
cells and IFN-y may contribute to the innate immune
response during acute HCV infection.

In conclusion, this Tg mouse model permits analysis of
the HCV-specific immune response while avoiding
adenovirus which has been applied for the study of
HCV immunity. By using this model, we could deter-
mine some of the potential roles of NK cells in response
to the presence of HCV structural protein during the
early naive phase of HCV infection. These findings
confirm that NK cell activity is crucial in eliminating
HCV-infected hepatocytes. This suggests that a poten-
tial new therapeutic approach is activation of NK cellsin
order torestore the innate immune defensesthat control
HCV replication.
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Hepatitis C virus (HCV) replication and infection depend on the lipid components of the cell, and replication is
inhibited by inhibitors of sphingomyelin biosynthesis. We found that sphingomyelin bound to and activated
genotype 1b RNA-dependent RNA polymerase (RdRp) by enhancing its template binding activity. Sphingomyelin
also bound to 1a and JFHI1 (genotype 2a) RdRps but did not activate them. Sphingomyelin did not bind to or
activate J6CF (2a) RdRp. The sphingomyelin binding domain (SBD) of HCV RdRp was mapped to the helix-turn-
helix structure (residues 231 to 260), which was essential for sphingomyelin binding and activation. Helix structures
(residues 231 to 241 and 247 to 260) are important for RdRp activation, and 238S and 248E are important for
maintaining the helix structures for template binding and RdRp activation by sphingomyelin. 241Q in helix 1 and
the negatively charged 244D at the apex of the turn are important for sphingomyelin binding. Both amino acids are
on the surface of the RARp molecule. The polarity of the phosphocholine of sphingomyelin is important for HCV
RdRp activation. However, phosphocholine did not activate RARp. Twenty sphingomyelin molecules activated one
RdRp molecule. The biochemical effect of sphingomyelin on HCV RdRp activity was virologically confirmed by the
HCYV replicon system. We also found that the SBD was the lipid raft membrane localization domain of HCV NS5B
because JFH1 (2a) replicon cells harboring NS5B with the mutation A242C/S244D moved to the lipid raft while the
wild type did not localize there. This agreed with the myriocin sensitivity of the mutant replicon. This sphingomyelin

interaction is a target for HCV infection because most HCV RdRps have 241Q.

Hepatitis C virus (HCV) has a positive-stranded RNA ge-
nome and belongs to the family Flaviviridae (21). HCV chron-
ically infects more than 130 million people worldwide (34), and
HCYV infection often induces liver cirrhosis and hepatocellular
carcinoma (19, 28). To date, pegylated interferon (PEG-IFN)
and ribavirin are the standard treatments for HCV infection.
However, many patients cannot tolerate their serious side ef-
fects. Therefore, the development of new and safer therapeutic
methods with better efficacy is urgently needed.

Lipids play important roles in HCV infection and replica-
tion. For example, the HCV core associates with lipid droplets
and recruits nonstructural proteins and replication complexes
to lipid droplet-associated membranes which are involved in
the production of infectious virus particles (24). HCV RNA
replication depends on viral protein association with raft mem-
branes (2, 30). The association of cholesterol and sphingolipid
with HCV particles is also important for virion maturation and
infectivity (3). The inhibitors of the sphingolipid biosynthetic
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pathway, ISP-1 and HPA-12, which specifically inhibit serine
palmitoyltransferase (SPT) (23) and ceramide trafficking from
the endoplasmic reticulum (ER) to the Golgi apparatus (37),
suppress HCV virus production in cell culture but not viral
RNA replication by the JFHI replicon (3). Other serine SPT
inhibitors (myriocin and NA255) inhibit genotype 1b replica-
tion (4, 29, 33). Very-low-density lipoprotein (VLDL) also
interacts with the HCV virion (15).

Sakamoto et al. reported that sphingomyelin bound to HCV
RNA-dependent polymerase (RdRp) at the sphingomyelin
binding domain (SBD; amino acids 230 to 263 of RdRp) to
recruit HCV RdRp on the lipid rafts, where the HCV complex
assembles, and that NA255 suppressed HCV replication by
releasing HCV RdRp from the lipid rafts (29). In the present
study, we analyzed the effect of sphingomyelin on HCV RdRp
activity in vitro and found that sphingomyelin activated HCV
RdRp activity in a genotype-specific manner. We also deter-
mined the sphingomyelin activation domain and the activation
mechanism. Finally, we confirmed our biochemical data by a
HCV replicon system.

MATERIALS AND METHODS

HCV RNA polymerase. A C-terminal 21-amino-acid deletion was made to the
HCV RdRps of strains HCR6 (genotype 1b) (36), NN (1b) (35), Conl (1b) (5),

. JFH1 (2a) (36), J6CF (2a) (25), H77 (1a) (7), and RMT (la), and the mutants
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were purified from bacteria as described previously (36). HCR6 (1b) RdRp with
the mutation L245A [RdRp(L.245A)] or 1253A [RdRp(I253A)] or the double
mutation L245A and 1253A [RdRp(L245A/1253A)]; JFH1 (2a) RdRp with
the mutation(s) A242C/S244D, A242, S244D, or T251Q; J6CF (2a) RdRp
with the mutation(s) R241Q, S244D, or R241Q/S244D; and H77 (la)
RdRp(A2385/Q248E) were introduced using an in vitro mutagenesis kit
(Stratagene) and the oligonucleotides listed in Table S1 in the supplemental
material. HCR6 (1b) Hiss-tagged RdRp(L245A/1253A) was removed from
pET21b/KM (36) and cloned into the BamHI/Xhol site of pGEX-6P-3 (GE),
resulting in pPGEXHCVHCR6RARp(L245A/1253A).

In vitro HCV transcription. In vitro HCV transcription was performed as
described previously (36). Briefly, following 30 min of preincubation without
ATP, CTP, or UTP, 100 nM HCV RdRp was incubated in 50 mM Tris-HCI (pH
8.0), 200 mM monopotassium glutamate, 3.5 mM MnCl,, 1 mM dithiothreitol
(DTT), 0.5 mM GTP, 50 uM ATP, 50 uM CTP, 5 uM [-**P]UTP, 200 nM RNA
template (SL12-1S), 100 U/ml human placental RNase inhibitor, and the lipid
(amount indicated below) at 29°C for 90 min. *?P-labeled RNA products were
subjected to 6% polyacrylamide gel electrophoresis (PAGE) containing 8 M
urea. The resulting autoradiograph was analyzed with a Typhoon Trio plus image
analyzer (GE).

RNA filter binding assay. An RNA filter binding assay was performed as
described previously (36). Briefly, 100 nM HCV RdRp and 100 nM 3?P-labeled
RNA template (SL12-1S) were incubated with or without 0.01 mg/ml egg yolk
sphingomyelin in 25 pl of 50 mM Tris-HCI (pH 7.5), 200 mM monopotassium
glutamate, 3.5 mM MnCl,, and 1 mM DTT at 29°C for 30 min. After incubation,
the solutions were diluted with 0.5 ml of TE (50 mM Tris-HCI [pH 7.5], 1 mM
EDTA) buffer and filtered through nitrocellulose membranes (0.45-pm pore
size; Millipore). The filter was washed five times with TE buffer, and the bound
radioisotope was analyzed by Typhoon Trio plus after being dried.

Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well microtiter
plates (Corning) were coated with 250 ng of egg yolk sphingomyelin in ethanol
by evaporation at room temperature. After the wells were blocked with phos-
phate-buffered saline (PBS) and 3% bovine serum albumin (BSA), they were
incubated with 1 pmol of the HCV RdRp of HCR6 (1b) wild type (wt) or L245A,
1253A, or L245A/1253A mutant; NN (1b); H77 (1a); RMT (1a); J6CF (2a); or
JFHL1 (2a) wt or A242C/S244D, A242, $244D, or T251Q mutant in Tris-buffered
saline (50 mM Tris-HCI [pH 7.5] and 150 mM NaCl) for 1.5 h at room temper-
ature. After being blocked with 3% BSA, the bound HCV RdRp was detected by
adding rabbit anti-HCV RdRp serum (1:5,000) (see Fig. S1 in the supplemental
material) (17) before incubation with a horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG antibody (1:5,000; Southern Biotech). The optical density
at 450 nm (OD,s,) was measured with a Spectra Max 190 spectrophotometer
(Molecular Devices) using a TMB (3,3',5,5'-tetramethylbenzidine) Liquid Sub-
strate System (Sigma).

HCYV subgenomic replicon. A D244S mutation was introduced into the HCV
strain NN (l1b) subgenomic replicon pLMHI4 (35), resulting in
pLMH(NN)5B(D2448S) [where 5B(D244S) is the NS5B protein with the mutation
D244S). The A242C/S244D mutation was introduced into the HCV JFHI (2a)
replicon, pSGR-JFH1/luc (25), resulting in pSGR-JFH1/lucSB(A242C/S244D). The
Hpal and Xbal fragment of pSGR-JFH1 (18) was replaced with that of pSGR-
JFH1/luc5B(A242C/S244D), resulting in pSGR-JFH15B(A242C/S244D). The
A238S/Q248E mutation was introduced into HCV H77 (la) replicon
pHCVrep13(S22041)/Neo (7) after the neomycin gene was replaced by the firefly
luciferase gene [pH77(I)/luc] by insertion of AflIl and AscI sites (see Table S1 in the
supplemental material), resulting in pH77(I)lucSB(A238S/Q248E). Subgenomic
replicon RNA was transcribed in vitro by T7 RNA polymerase using MegaScript
(Ambion) after the replicon plasmids were linearized by Xbal (strain NN and JFH1
replicons) or Hpal (strain H77 replicon). Subgenomic replicon RNA was stored at
—80°C after being purified by phenol-chloroform extraction and ethanol precipita-
tion.

Replicon assay with myriocin. Huh7.5.1 cells were kindly provided by F.
Chisari and were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) with 10% fetal bovine serum (FBS; Gibco) (38). HCV replicon RNA (10
ug) was transfected into 4 X 10° Huh7.5.1 cells (1 X 107/ml) in OptiMEM I
(Gibco) by electroporation (GenePulser Xcell; Bio-Rad) at 270 V, 100 (, and
950 wF. After transfection, the cells were plated in 12-well plates incubated in
DMEM-10% FBS. At 6 h after transfection, cells were treated with 0, 5, and 50
nM myriocin. At 4, 54, and 78 h after transfection (48 and 72 h after myriocin
treatment), the cells were harvested, and luciferase activity was measured using
a Dual-Glo luciferase assay kit and a GloMax 96 Microplate Luminometer
(Promega). Luciferase activity was normalized against the activity at 4 h after
transfection (26).
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HCV JFH1 wt and NS5B(A242C/S244D) replicon cells. Huh7/scr cells were
kindly provided by F. Chisari of the Scripps Research Institute and were main-
tained in Dulbecco’s modified Eagle’s medium (Gibco) with 10% fetal bovine
serum (Gibco). RNA (10 pg each) from SGR-JFH1 and SGR-JFH1 with the
mutations A242C/S244D in NS5B [NS5B(A242C/S244D) was transfected into 4
% 10° Huh7/scr cells (1 X 107/ml) in OptiMEM I (GIBCO) by electroporation
(GenePulser Xcell; Bio-Rad) at 270 V, 100 (), and 950 wF. After transfection,
the cells were plated in 10-cm dishes and incubated in DMEM-10% FBS with 1.0
and 0.5 mg/ml G418 (Gibco). JFH1 wt and NS5B(A242C/S244D) replicon cells
were maintained in DMEM-10% FBS and 0.5 mg/ml G418.

Membrane floating assay. JFH1 wt and NS5B(A242C/S244D) replicon cells
were suspended in two packed cell volumes of hypotonic buffer (10 mM HEPES-
NaOH [pH 7.6], 10 mM KCl, 1.5 mM MgCl,, 2 mM DTT, and 1 tablet/25 ml of
EDTA-free protease inhibitor cocktail tablets [Roche]) and disrupted by 30
strokes of homogenization in a Dounce homogenizer using a tight-fitting pestle
at 4°C. After nuclei were removed by centrifugation at 2,000 rpm for 10 min at
4°C, the supernatant (postnuclear supernatant [PNS]) was treated with 1%
Triton X-100 in TNE buffer (25 mM Tris-HCI [pH 7.6] 150 mM NaCl, 1 mM
EDTA) for 30 min on ice. The lysates were supplemented with 40% sucrose and
centrifuged at 38,000 rpm in a Beckman SW41 Ti rotor (Beckman Coulter)
overlaid with 30% and 10% sucrose in TNE buffer at 4°C for 14 h.

Western blotting. Western blotting using anti-HCV RdRp (17), rabbit anti-
NS3 (32), anti-NS5A (16) and anti-caveolin-2 was performed as previously pub-
lished (17).

Reagent. Egg yolk sphingomyelin, cholesterol phosphocholine, myriocin, and
rabbit anti-caveolin-2 antibodies were purchased from Sigma. Hexanoyl sphin-
gomyelin, C4-ceramide, Cg-B-D-glucosyl ceramide, and Cg-B-p-lactosyl ceramide
were purchased from Avanti Polar Lipids. [a-*?PJUTP was purchased from New
England Nuclear.

Statistical analysis. Significant differences were evaluated using P values cal-
culated from a Student’s ¢ test.

Nucleotide sequence accession number. The sequence of HCV RMT has been
deposited in the GenBank under accession number AB520610.

RESULTS

Sphingomyelin activation of HCV RNA polymerases of var-
ious genotypes. There are several sequence variations in the
sphingomyelin binding domain (SBD; amino acids 231 to 260
of HCV RdRp) among HCV genotypes (see Fig. 7A). In order
to compare the RdRps of different genotypes of HCV, we
purified RdRp from genotypes 1b (strains HCR6, NN, and
Conl), la (H77 and MRT), and 2a (JFH1 and J6CF) (see Fig.
S2 in the supplemental material). First, the effect of ethanol on
HCV HCR6 (1b) RdRp transcription was examined because
lipids were suspended in ethanol before they were added to the
HCV transcription reaction mixture. We found that 2% eth-
anol did not inhibit HCV transcription (see Fig. S3 in the
supplemental material); therefore, all subsequent experiments
were performed using less than 2% ethanol.

The kinetics of sphingomyelin activation were analyzed us-
ing egg yolk sphingomyelin for HCR6 (1b) RdRp wt (Fig. 1A)
and subtype 2a (JFH1 and J6CF) RdRps (Fig. 1B), and
N-hexanoyl-p-erythro-sphingosylphosphorylcholine  (hexa-
noyl sphingomyelin) was used for HCR6 (1b) RdRp wt (Fig.
1C) and subtype 1a (H77 and RMT) RdRps (Fig. 1D). The egg
yolk sphingomyelin activation curve of HCR6 (1b) RdRp wt at
low concentrations (<0.01 mg/ml) was sigmoid. The transcrip-
tion activity of HCR6 (1b) RdRp wt increased in a dose-
dependent manner. It was activated 11-fold at 0.01 mg/ml and
then plateaued (14-fold activation) at 0.1 mg/ml. However,
JFH1 (2a) and J6CF (2a) RdRps were activated 2.5-fold and
2.2-fold, respectively, at 0.01 mg/ml sphingomyelin, at which
point they plateaued.

Egg yolk sphingomyelin is a mixture. In order to obtain the
optimal molar ratio for sphingomyelin activation of HCR6 (1b)
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FIG. 1. Sphingomyelin activation of HCV RNA polymerases. (A) Activation kinetics of HCV HCR6 (1b) RdRp wt by egg yolk sphingomyelin
‘(SM). The inset shows activation produced by 0 to 0.02 mg/ml egg yolk sphingomyelin. Activation kinetics of HCV 2a (JFH1 and J6CF) RdRps
by egg yolk sphingomyelin (B) and of HCV HCR6 (1b) RdRp wt by hexanoyl sphingomyelin (SM C6) (C). In panel C, the first order of the graph
was fitted by linear regression; the calculated equation is indicated in the graph. (D) Activation kinetics of HCV 1a (H77 and RMT) RdRps by
hexanoyl sphingomyelin. (E) Activation effect of hexanoyl sphingomyelin on HCV RdRp of various genotypes. HCV RdRp (100 nM) was
incubated with or without 2 uM SM C6. The names of the RdRps are indicated below the graph. Mean = standard deviation of the activation ratio

was calculated from three independent experiments.

RdRp wt, its activation kinetics were calculated using hexanoyl
sphingomyelin (Fig. 1C, SM C6). The equation for the first-
order ratio of hexanoyl sphingomyelin activation according to
linear regression fitting was as follows: y = 7.1494x — 1.5398,
where y is the activation ratio and x is the sphingomyelin
concentration (~* = 0.9978). RdRp activation had almost pla-
teaued at 2 wM hexanoyl sphingomyelin. The activation kinet-
ics of JFH1 (2a) and J6CF (2a) RdRps in egg yolk sphingo-
myelin were biphasic and plateaued at 0.01 mg/ml. Those of
RMT (1a) and H77 (1a) RdRps in hexanoyl sphingomyelin
were also biphasic and plateaued at 2 uM. The curve of the
first order was fitted by linear regression. The molar ratio of
RdRp to hexanoyl sphingomyelin at its plateau was calculated
as 1:20.

Because RdRp activation had almost plateaued at 2 pM
hexanoyl sphingomyelin, we compared the effect of sphingo-
myelin on 100 M concentrations of RNA polymerases of the
HCV 1a, 1b, and 2a genotypes using 2 uM hexanoyl sphingo-
myelin (Fig. 1E and Table 1).

Helix-turn-helix structure for sphingomyelin binding and
activation. Sphingomyelin binds to the SBD peptide (see HCV
SBD in Fig. 7) (29). Initially, we tested whether SBD was the
sphingomyelin binding site in HCV RdRp by ELISA (Fig. 2A
and Table 1). When the L245 and 1253 residues of the SBD
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peptide were mutated to A, sphingomyelin binding activity was
lost (29). We introduced the same mutations in HCV HCR6
(1b) RdRp and purified HCR6 (1b) RdRp with mutations
L245A, 1253A, and L245A/1253A. Because the C-terminal His-
tagged HCR6 RdRp(L245A/1253A) was not soluble, it was
solubilized by tagging of glutathione S-transferase (GST) se-
quence at the N terminus but lost polymerase activity. As the
L245A/1253A mutant had lost its polymerase activity, polymer-
ase activation was tested only for L245A and 1253A (Fig. 2B
and Table 1). These results confirmed that SBD located in the
finger domain (residues 230E to 263G) successfully achieved
sphingomyelin binding in HCV RdRp and that sphingomyelin
did not bind to the SBD when the helix-turn-helix structure
had been destroyed by the L245A or 1253A mutation (29).
The sphingomyelin binding activities of genotype 1a and 2a
RdRps were also tested (Fig. 2 and Table 1). Both JFH1 and
J6CF were tested for genotype 2a because J6CF (2a) RdRp
had an additional amino acid difference at position 241 in the
SBD, and its sphingomyelin binding activity was very low (Fig.
2A and 7A; Table 1). J6CF (2a) RdRp(R241Q) showed the
same sphingomyelin binding activity as HCR6 (1b) RdRp wt,
indicating that 241Q was the critical amino acid for sphingo-
myelin binding. J6CF (2a) RdRp(S244D) and RdRp(R241Q/
S244D) also showed higher ‘sphingomyelin binding activity
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9|~ow than the wt (P < 0.001) but lower binding than the R241Q
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2| w and JFH1 (2a) RdRps. Sphingomyelin binding of HCR6
§ E B g -g (1b) RdRp(D244S) was 79% of that of the wt (P < 0.005) (Fig.
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g g = < and JFH1 RdRps, we concluded that 244D enhanced sphin-
S|E g 5 = gomyelin binding and RdRp activation.
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g ¢lne o |@ and 248Q (see Fig. 6A). Initially, we focused on the SBD and
g S introduced the A238S and Q248E mutations into the H77 (2a)
3 < = RdRp SBD (Fig. 2A and D and Table 1). The sphingomyelin
— e - =} binding activity of H77 (2a) RdRp(A238S/Q248E) was similar
= - (-8 2 i to that of H77 (2a) RdRp wt. The sphingomyelin activation
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B '% g %E Ea8 5 lipids, respectively (Fig. 3A). The amount of lipids that gave
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FIG. 2. Sphingomyelin binding and activation of HCV RNA polymerase sphingomyelin binding domain mutants. Names of RdRps are
indicated below the graphs. (A) Egg yolk sphingomyelin (SM) binding activity relative to that of HCR6 (1b) RdRp wt. Mean =+ standard deviation
of the binding was calculated from three independent experiments. (B) Egg yolk sphingomyelin activation of HCR6 (1b) RdRps. RdRps (100 nM)
were incubated with or without 0.01 mg/ml egg yolk sphingomyelin. (C) Hexanoyl sphingomyelin activation of the RdRps (RdRp names are
indicated below the graphs). HCV RdRps (100 nM) were incubated with or without 2 uM hexanoyl sphingomyelin. The mean * standard deviation
of the activation ratio was calculated from three independent experiments. *, P < 0.005; #* P < 0.001.

C). Cg-lactosyl(B) ceramide and Cg-B-D-glucosyl ceramide ac-
tivated HCR6 (1b) RdRp compared with the linear regression
kinetics of the reaction with hexanoyl sphingomyelin as it pla-
teaued (Fig. 1C and 3B). Cholesterol activated HCR6 (1b)
RdRp slightly but did not activate JFH1 (2a) RdRp (Fig. 3C).
We therefore concluded that the phosphocholine of sphingo-
myelin bound to the SBD of HCV RdRp because the order of
HCV RdRp activation was hexanoyl sphingomyelin > Cg-lac-
tosyl(B) ceramide > Cg-B-D-glucosyl ceramide, and Cy-cer-
amide did not activate HCV HCR6 (1b) RdRp. The polarity of
the phosphocholine of sphingomyelin is important for HCV
RdRp activation (see Fig. S5 in the supplemental material).

In order to test whether phosphocholine activated HCV
RdRp (Fig. 3D), HCR6 (1b) RdRp was incubated with 0.4, 2,
20, 100, and 400 wg and 2, 4, 11, 54, and 100 mg of phospho-
choline. Up to 400 ug of phosphocholine did not affect RdRp
activity, but more than 2 mg of phosphocholine inhibited
RdRp activity.

Effect of sphingomyelin on the template RNA binding of
HCV RNA polymerase. The mechanism of HCV RdRp activa-
tion was analyzed. RNA polymerase changes its conformation
throughout the different transcription steps, and template
binding is the first step of transcription (9). Therefore, the
effect of sphingomyelin on template RNA binding activity was
tested (Fig. 4A and Table 1). Sphingomyelin enhanced the
template RNA binding of HCR6 (1b) RdRp wt but not that of
JFH1 (2a), H6CF (2a), or H77 (1a) wt RdRp. When the
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A2385/Q248E mutation was introduced into H77 (1a) RdRp,
the RNA binding was enhanced. J6CF (2a) RdRp R241Q and
S5244D mutants showed similar enhancement of RNA binding,
but the R241Q/S244D double mutant did not. The activation
effect of RNA binding of HCR6 (1b) RdRp mutants L.245A,
1253A, and D244S was lower than that of RdRp wt. JFH1 (2a)
RdRp wt and RdRp(A242C/S244D) showed similar RNA
binding activation levels. Based on a comparison of the sphin-
gomyelin activation of HCR6 (1b) RdRp wt and its mutants
which lost sphingomyelin binding with J6CF (2a) RdRp wt and
the R241Q and S244D mutants and H77 (1a) RdRp wt and the
A2385/Q248E mutant, we concluded that polymerase activa-
tion by sphingomyelin was induced mainly via activation of the
template RNA binding of RdRp. RNA binding activity of
JFH1 (2a) RdRp wt and RdRp(A242C/S244D) was almost
saturated because RNA binding of these RdRps was not acti-
vated by sphingomyelin (see Fig. S4 in the supplemental ma-
terial).

HCV RdRp has to be bound with sphingomyelin before .or
at the same time as it binds to template RNA. After RdRp had
bound to the template RNA, sphingomyelin did not enhance
template RNA binding strongly (Fig. 4B).

Effect of the sphingomyelin binding domain mutations for
HCV replicon activity with myriocin. In order to confirm
sphingomyelin activation of HCV polymerase activity in a viral
replication system, HCV replicon activity of the loss-of-func-
tion mutant HCV NN (1b) NS5B(D244S) and the gain-of-
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function mutants H77 (1a) NS5B(A238S/Q248E) and JFH1
(2a) NS5B(A242C/S244D) were compared with 5 and 50 nM
myriocin treatment for 72 h (Fig. 5).

First, HCV replicon activity was compared as the relative
luciferase activity (Fig. 5A). Both JFH1 (2a) wt and
NS5B(A242C/S244D) replicons showed similar and strong rep-
licon activity (133 X 10° + 12 X 10° and 138 X 10°* + 8.5 X 10°,
respectively). JFH1 (2a) wt replicon was resistant to myriocin
treatment, as reported by Aizaki et al. using other SPT inhib-
itors (3). The JFH1 (2a) NS5B(A242C/S244D) replicon be-
came sensitive to myriocin but still showed higher replicon
activity than NN (1b) or H77 (1a) replicons even at 50 nM
myriocin.

To analyze the effect of mutations precisely, the replicon
activity relative to each wt strain was compared (Fig. 5B). The
JFH1 (2a) wt replicon with 50 nM myriocin showed the same
luciferase activity as the wt without myriocin (102% * 9.6%).
JFH1 (2a) NS5B(A242C/S244D) replicon activity was the
same as that of the wt without myriocin (103% * 12%); with
5 nM myriocin it was 84.1% = 6.6% of the wt level, but with 50
nM myriocin it was 70.3% * 5.3% of the wt level, which was
significantly lower (P < 0.01). NN (1b) wt replicon activity was
45.3% + 6.6% with 5 nM myriocin and 21.7% * 2.9% with 50
nM myriocin relative to the wt level without myriocin. NN (1b)
NS5B(D244S) replicon activity was 72.2% * 12% without
myriocin (P < 0.05), 44.0% = 7.4% with 5 nM myriocin, and
38.1% + 4.2% with 50 nM myriocin relative to wt level without
myriocin, which was significantly higher (P < 0.01). Thus, NN
(1b) NS5B(D244S) showed lower replicon activity than the wt
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FIG. 5. Myriocin inhibition of HCV replicon activity. Huh7.5.1 cells were incubated with myriocin after transfection with the HCV replicons indicated
below the graphs. Means * standard deviations of the relative luciferase activity at 72 h after myriocin treatment compared to activity at 4 h after
transfection (A) and to that of each wt without myriocin (B) were calculated from three independent measurements. *, P < 0.05; #+ P < 0.01.

and was less sensitive to myriocin than the wt. H77 (1a) wt
replicon activity was 59.9% * 4.2% with 5 nM myriocin and
49.2% * 6.4% with 50 nM myriocin relative to the wt level
without myriocin. H77 (1a) NS5B(A238S/Q248E) replicon ac-
tivity was 123% * 7.1% without myriocin (P < 0.01), 66.1% =+
6.3% with 5 nM myriocin, and 38.0% * 4.1% with 50 nM
myriocin relative to wt level without myriocin. Both H77 (1a)
wt and NS5B(A238S/Q248E) replicons were sensitive to myrio-
cin, and the replicon activity of NS5B(A238S/Q248E) was
higher than that of the wt.

JFH1 (2a) RARp(A242C/S244D) localized in the DRM frac-
tions. Myriocin sensitivity of JFH1 (2a) NS5B(A242C/S244D)
replicon indicates the importance of 244D in JFH1 NS5B for
sphingomyelin binding. To further confirm the role of 244D for
recruitment of HCV RdRp to the detergent-resistant mem-
brane (DRM), where the HCV replication complex exists, we
compared the distribution of NS5A and NS5B of JFH1 (2a) wt
and NS5B(A242C/S244D) in their replicon cells by sucrose
density gradient centrifugation of the DRM (Fig. 6). NS5A
proteins of both JFH1 (2a) wt and NS5B(A242C/S244D) rep-
licons localized in the DRM fraction where caveolin-2 was
present (11, 27), but most of NS5B wt localized in the Triton-
soluble fractions. NS5B of JFH1 (2a) NS5B(A242C/S244D)
replicon was shifted to the DRM fraction from the soluble
fraction. The shift of NS5B(A242C/S244D) localization into
the DRM demonstrated that SBD was the DRM localization
domain of NS5B and that residue 244D was important for this
localization.

DISCUSSION

Hepatitis C virus is an envelope virus, and the lipid compo-
nents of the virion play important roles in HCV infectivity and
virion assembly (3, 15, 20, 24). HCV replication complexes
localize in lipid raft structures/DRMs in the membrane frac-

top — bottom
1 2 3 45 6 7 8 9 10

. wt o

NS5B . o
A242CS244D
wt

NS5A %
A242CS244D

wt 1

Caveolin-2

A2420S244D

DRM

FIG. 6. Membrane floating assay of JFH1 wt and NS5B(A242C/
$244D) replicon cells. The PNS fractions of HCV JFHI1 (2a) wt and
NS5B(A242C/S244D) replicon cells were treated with 1% Triton
X-100 in TNE buffer for 30 min at 4°C and subjected to 10 to 40%
sucrose gradient centrifugation in TNE buffer. Each fraction was sub-
jected to 10% SDS-PAGE, followed by Western blotting with anti-
NSS5A, -NS5B, and -caveolin-2 antibodies. Fractions are numbered as
indicated at the top of the panel. The DRM fractions (fractions 1 to 3)
are indicated.
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FIG. 7. Sphingomyelin binding domain (SBD) of HCV RNA polymerase. (A) The SBDs (231N to 260L) of HCV RdRps are aligned together
with their secondary structure predicted by the Chou-Fasman program (10). The predicted secondary structure is indicated below the sequence
as follows: H, a-helix; E, B-sheet; and C, coil. The a-helix structures of HCV Con1 (1b)-RdRp and JFH1 (2a) RdRp are boxed in red. Residues
241Q and 244D are indicated in red and green, respectively. The 238A and 248E of the H77 and RMT (1a) RdRps are indicated in purple.
GenBank accession numbers of HCV genotypes 3a, 4a, 5a, and 6a are GU814263 (12), GU814265 (12), Y13184 (8), and Y12083 (1), respectively.
(B) Comparison of the SBDs of HCV Conl1 (1b) (yellow) and JFH1 (2a) RdRps (magenta). The starting and ending amino acids of H1 and H2
are indicated. The sphingomyelin binding site, 241Q, is indicated in red, and 244D of Conl (1b) and 244S of JFH1 (2a) RdRp are indicated in
green. (C) Surface model of HCV Conl (1b) RdRp. SBD is indicated in yellow, and 241Q and 244D are indicated in red and green, respectively.
The structures of the Conl and JFH1 RdRps were constructed by PYMOL, version 1.1.1 (http://www.pymol.org/). PDB numbers of Con1 (1b)

RdRp and JFH1 (2a) RdRp are 3FQL (14) and 3I5K (31), respectively.

tions of subgenomic replicon cells (30). Lipid rafts are com-
posed mainly of sphingomyelin, cholesterol, and glycosphingo-
lipids. Most reports regarding the relationship between lipids
and HCV have examined virion assembly, infectivity, and the
localization of HCV, but their biochemical interactions have
not been reported. Our findings clearly demonstrate that
sphingomyelin plays an important role not only in HCV rep-
lication complex formation and its localization but also in HCV
RdRp activity.

The helix-turn-helix structure of the SBD (residues 230 to
263), which is located between RNA polymerase motifs A and
B, has been proposed as the sphingomyelin binding domain of
HCV RdRp (29). We compared the SBD of Conl (1b) (Pro-
tein Data Bank [PDB] 3FQL) (14) and JFH1 (2a) (PDB 3I5K)
(31) and the secondary structure of the amino acids (201 to
290) in the SBD predicted by the Chou-Fasman program (10)
(Fig. 7; see also Fig. S5 in the supplemental material) because
the helix structures of the SBD of Con1 (helix 1 [H1], 231N to
241Q; helix 2 [H2], 247A to 260L) and JFH1 (H1, 231R to
242A; H2, 246P to 260L) RdRp fit with those predicted by the
‘Chou-Fasman program. The structures contributing to sphin-
gomyelin binding and activation are H1 and H2 and the junc-
tion (turn) between the two helix structures that are similar to
the human immunodeficiency virus (HIV) gp120 V3 domain,
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prion protein (PrP), and B-amyloid peptide (13, 22). Although
Conl (1b) RdRp has a shorter helix structure than JFH1 (2a)
RdRp (Fig. 6B), the structures of their SBDs are very similar
(Fig. 7; see also Fig. S5). When the helix-turn-helix structure of
the SBD was destroyed (HCR6 genotype 1b RdRp mutants
L245A and 1253A), the RdRp lost sphingomyelin binding ac-
tivity and lost its activation (Fig. 2).

In order to study the structure-function relationship of the
SBD and sphingomyelin, we compared the SBD of genotype
1a, 1b and 2a RdRps and particularly focused on residue 244D
in the turn and residues 241Q and 238S/248E in the helix
domains. The polar amino acid 241Q and the negatively
charged 244D of Con1 (1b) RdRp located on the surface of the
RdRp molecule bind and interact with the positively charged
choline residue of sphingomyelin (Fig. 7C; see also Fig. S5 in
the supplemental material). The positively charged 241R re-
pels the choline residue of sphingomyelin, and as a result,
J6CF (a) RdRp wt did not bind to sphingomyelin. J6CF (2a)
RdRp(R241Q) showed almost the same sphingomyelin bind-
ing activity as HCR6 (1b) RdRp wt. This ionic interaction
between SBD and sphingomyelin agrees with the activation of
lipids with different sphingosine structures and fatty acid
chains (Fig. 3A). JFH1 (2a) RdRp does not interact well with
sphingomyelin because it does not have the negatively charged
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amino acids at the tip of its turn structure. Once its 244S was
changed to D, more sphingomyelin bound to JFH1 (2a) RdRp
and activated the RdRp (Fig. 2A and C). The reason for the
low activation of J6CF (2a) RARp(R241Q/S244D) is not clear.
Sometimes mutations affect the entire conformation of the
molecule. In conclusion, from the comparison of sphingomy-
elin binding and activation of HCR6 (1b), J6CF (2a), and
JFH1 (2a) RdRp SBD mutants, 241Q is the essential amino
acid for sphingomyelin binding in the SBD. Amino acid 244D
enhanced both binding and RdRp activation.

The in vitro sphingomyelin binding and RdRp activation
experiments indicate that sphingomyelin binding and its RARp
activation are different biochemical reactions because we
found controversial activation rates for sphingomyelin binding
and RdRp activation among J6CF (2a) RdRp mutants (Fig. 2).
The relationship between sphingomyelin binding and the acti-
vation of polymerase activity was studied by comparing geno-
type 1b and 1a RdRps, both of which bind to sphingomyelin
(Fig. 2). However, 1a RdRp is not activated by sphingomyelin
because both of the helix structures of 1a RdRp are probably
terminated at 238A and 248Q, making its helix structures
shorter than those of 1b RdRp (Fig. 6A). The length of the
helix structure may be essential for sphingomyelin activation
because RdRp changes its structure to bind to template RNA
when sphingomyelin binds to SBD (Fig. 4).

HCV RdRp changes its conformations at the early stages of
transcription initiation, including the template RNA binding
step (6, 9). Sphingomyelin binding is likely to change the con-
formation of 1b RdRp to recruit template RNA and initiate
transcription efficiently. Comparison of the activation ratio of
RNA binding and polymerase activity of 1b RdRp, J6CF (2a)
RdRp wt and R241Q and S244D mutants, and JFH1 (2a)
RdRp wt and mutant A242C/S244D suggests that steps other
than RNA binding are also likely to be activated by sphingo-
myelin.

From a kinetic analysis of sphingomyelin activation (Fig. 1C
and D), 20 sphingomyelin molecules are estimated to interact
with the SBD of RdRp and activate it because sphingomyelin
activation plateaued at 20 sphingomyelin molecules per HCV
RdRp molecule. It is not clear whether 20 sphingomyelin mole-
cules form a micelle or a layer structure. However, the structure
of sphingomyelin is important for the activation of HCV RdRp
because phosphocholine did not activate the RdRp (Fig. 3D).

To confirm these biochemical findings in HCV replication,
we tested the effect of SBD mutations in HCV replicon systems
with the SPT inhibitor myriocin (Fig. 5) (4, 33) because NA255
was not available. The loss-of-function mutant, HCV NN (1b)
NS5B(D2448), showed lower replicon activity than NN (1b) wt
and more resistance to 50 nM myriocin, which did not affect
the viability of cells (4, 33), than the wt. The gain-of-function
mutant, H77 (1a) NS5B(A238S/Q248E), showed higher repli-
con activity than H77 wt and retained myriocin sensitivity be-
cause it had the sphingomyelin binding sites 241Q and 244D.
At 50 nM myriocin, another gain-of-function mutant, JFH1
(2a) NS5B(A242C/S244D), was inhibited although its activity
was the same as that of JFH1 (2a) wt without myriocin because
the JFH1 wt replicon had high replicon activity without myrio-
cin (Fig. 5A). The JFH1 replicon activity may be maximal in
the system; therefore, the JFH1 (2a) NS5B(A242C/S244D)
replicon did not show higher activity than JFH1 (2a) wt with-
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out myriocin while H77 (1a) NS5B(A238S/Q248E) showed
higher replicon activity than H77 wt.

The binding and RdRp activation activity of the amino acid
244 mutants by sphingomyelin did not differ greatly from the
wt in vitro. However, the myriocin sensitivity of JFH1 (2a)
NS5B(S244D) was demonstrated clearly. That of H77 (1a)
NS5B(A238S/Q248E) indicated that sphingomyelin binding
was the target of myriocin inhibition, not the sphingomyelin
activation of RdRp. These data confirm the importance of
241Q, 244D, and the helix structure in SBD for HCV replica-
tion in the cells.

Sphingomyelin is the major component of the lipid raft
structure/DRM where the HCV genome replicates. To confirm
that the SBD is the membrane binding site of HCV RdRp, we
analyzed the localization of NS5B of JFH1 (2a) wt and
NS5B(A242C/S244D) replicons by membrane floating assay
(Fig. 6). JFH1 (2a) NS5B wt did not localize in the DRM.
However, the localization of NS5B of the JFH1 (2a)
NS5B(A242C/S244D) replicon shifted to the DRM from the
soluble fractions. Previously, HCV NS5B was believed to lo-
calize in the DRM by its C-terminal hydrophobic sequences
(21). However, our data demonstrate that the SBD is the
membrane localization domain of HCV NS5B, which agrees
with the myriocin sensitivity of JFH1 (2a) NS5B(A242C/
S244D) replicons (Fig. 5) and the release of HCV 1b NS5B
from the DRM by another SPT inhibitor, NA255 (29).

This is the first report of RNA polymerase activation by
lipids. Twenty sphingomyelin molecules interact with SBD,
particularly with residues 241Q and 244D of HCV (1b) RdRp,
and change the conformation of the RdRp in order to recruit
RNA templates. At the same time, HCV RdRp molecules may
be aligned on the sphingomyelin layer formed via interactions
between the hydrocarbon chains of sphingosine and fatty acids
via placement of their SBD into the layer (Fig. 7C). Consistent
with previous research (3, 23, 37), our findings explain why the
inhibitors of the sphingolipid biosynthetic pathway influence
subgenomic replicons derived from HCV genotypes 1a and 1b
but not those derived from JFH1 (2a) (Fig. 5). Most HCV
isolates have 241Q in NS5B, and some of them also have 244D
(Fig. 7A). These sphingomyelin interactions are new targets
for the treatment of HCV.
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DEAD/H BOX 3 (DDX3) helicase binds the RIG-I adaptor
IPS-1 to up-regulate IFN-p-inducing potential

Hiroyuki Oshiumi, Keisuke Sakai, Misako Matsumoto and Tsukasa Seya

Department of Microbiology and Immunology, Hokkaido University Graduate School
of Medicine, Kita-ku, Sapporo, Japan

Retinoic acid-inducible gene-I (RIG-1)-like receptors (RLR) are members of the DEAD box
helicases, and recognize viral RNA in the cytoplasm, leading to IFN-p induction through the
adaptor IFN-§ promoter stimulator-1 (IPS-1) (also known as Cardif, mitochondrial antiviral
signaling protein or virus-induced signaling adaptor). Since uninfected cells usually harbor
a trace of RIG-I, other RNA-binding proteins may participate in assembling viral RNA into
the IPS-1 pathway during the initial response to infection. We searched for proteins
coupling with human IPS-1 by yeast two-hybrid and identified another DEAD (Asp-Glu-Ala-
Asp) box helicase, DDX3 (DEAD/H BOX 3). DDX3 can bind viral RNA to join it in the IPS-1
complex. Unlike RIG-I, DDX3 was constitutively expressed in cells, and some fraction of
DDX3 is colocalized with IPS-1 around mitochondria. The 622-662 a.a DDX3 C-terminal
region (DDX3-C) directly bound to the IPS-1 CARD-like domain, and the whole DDX3 protein
also associated with RLR. By reporter assay, DDX3 helped IPS-1 up-regulate IFN-§ promoter
activation and knockdown of DDX3 by siRNA resulted in reduced IFN- induction. This
activity was conserved on the DDX3-C fragment. DDX3 only marginally enhanced IFN-§
promoter activation induced by transfected TANK-binding kinase 1 (TBK1) or I-kappa-B
kinase-z (IKKe). Forced expression of DDX3 augmented virus-mediated IFN-B induction and
host cell protection against virus infection. Hence, DDX3 is an antiviral IPS-1 enhancer.

Key words: DDX3 - IFN-B - IPS-1 . RIG-I-like receptors - Viral infection

See accompanying Commentary by Mulhern and Bowie

Introduction

Retinoic acid-inducible gene-1 (RIG-I) and melanoma differentia-
tion-associated gene 5 (MDAS) are cytoplasmic RNA helicases
[1-3], which signal the presence of viral RNA through the
adaptor, IFN-B promoter stimulator-1 (IPS-1) (also known as
mitochondrial antiviral signaling protein/caspase recruitment
domain (CARD) adaptor inducing IFN-B (Cardif)/virus-induced
signaling adaptor) to produce IFN-B [4-7]. IPS-1 localizes on the
outer membrane of the mitochondria via its C-terminus [6]. Its N-
terminus consists of a CARD domain, which interacts with the
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CARD domains of RIG-I and MDAS. Viral RNA resulting from
penetration or replication are believed to assemble in the CARD-
interacting helicase complex to activate the cytoplasmic IFN-
inducing pathway. Although non-infected cells usually express
minimal amounts of RIG-I/MDAS, the final output of type I IFN is
efficiently induced at an'early stage of infection to protect host
cells from viral spreading.

Once IPS-1 is activated, the kinase complex consisting
of TANK-homologous proteins and virus-activated kinases
induce nuclear translocation of IFN regulatory factor-3 (IRF-3) to
activate the IFN promoter [8]. NAK-associated protein 1, TANK-
binding kinase 1 (TBK1) and I-kappa-B kinase-¢ (IKKg) are
components of the kinase complex that phosphorylates IRF-3 to
induce type I IFN [9, 10]. RIG-I recognizes products of various
RNA viruses, while MDAS recognizes products of picornaviruses
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[1, 11]. RIG-I and MDAS share the helicase domain, which is
classified into the DEAD (Asp-Glu-Ala-Asp) box helicase
family, and the domain can bind to various RNA structures.
5/-triphosphate RNA or short dsRNA is a ligand of RIG-I, whereas
long dsRNA is a ligand of MDAS [1, 12]. However, these RIG-I-
like receptors (RLR) are usually up-regulated to a sufficient
level secondary to IFN stimulation, suggesting that other mole-
cular mechanisms are responsible for the initial sensing of viral
RNA.

Here, we looked for molecules that bind IPS-1 by yeast two-
hybrid, and found a DEAD box helicase, DDX3 (DEAD/H BOX 3),
as a component of the complex of IPS-1. DDX3 facilitated IPS-1-
mediated IFN-B induction to confer high antiviral potential on
early infection phase of host cells. This is the first report showing
that DDX3 is an IPS-1 complement factor for antiviral IFN-B
induction in host infectious cells.

Results
Involvement of DDX3 in the IPS-1 complex

IPS-1 is constitutively present on the mitochondrial membrane
and plays a central role in the cytoplasmic IFN-inducing pathway.
We searched for proteins that bind IPS-1 in yeast. Using bait
plasmids with the IPS-1 CARD region (aa 6-136), we screened a
human lung cDNA library to isolate IPS-1 CARD-interacting
proteins. We identified one clone, #62 that encodes the
DDX3 C-terminal region (aa 276-662), which included
partial DEAD box and helicase superfamily C-terminal regions
(Fig. 1A). Their interaction was confirmed in HEK293FT cells by
immunoprecipitation (IP), where DDX3 and IPS-1 were coupled
(Fig. 1B). We confirmed that the C-terminal fragments of DDX3,
at least 622-662 a.a, bound IPS-1 (data not shown). Taken
together with the results of the yeast two-hybrid assay, the
C-terminal portions of DDX3 directly bind the CARD-like region
of IPS-1.

RIG-1 and MDAS helicases also bind the IPS-1 CARD domain
[4]. In general, RNA helicases make a large molecular complex,
and sometimes form homo- or hetero-oligomers. RIG-I binds to
LGP2 helicase, and forms homo-oligomers during Sendai virus
infection [11]. Hence, we examined whether DDX3 was asso-
ciated with the RLR proteins by i.p. RIG-I and MDAS5 co-precipi-
tated with DDX3 (Fig. 2A), suggesting that DDX3 is involved in
the complex of IPS-1 that interacts with RIG-I and/or MDAS.
DDX3 bound the C-terminal helicase domain including the RD
region of RIG-1 (Fig. 2B). Thus, additional interaction may occur
between DDX3 and RIG-I/MDA5. IPS-1 localizes to the
membrane of mitochondria [6]. Three-color imaging analysis
indicated that DDX3 in part co-localized to the IPS-1-mitochodria
complex in non-stimulated resting HeLa cells, which express
undetectable amounts of RLR (Fig. 2C and data not shown).
These results together with accumulating evidence infer that non-
infected cells harbor the complex of DDX3 and IPS-1 with mini-
mal amounts of RIG-I/MDAS.
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Figure 1. DDX3 binds IPS-1. (A) DDX3 partial cDNA fragment (aa
276-662) isolated by the yeast two-hybrid screening interacted with the
IPS-1 CARD region (aa 1-103) in yeast. Tryptophan- and leucine-
depleted synthetic dextrose medium plate (SD-WL) is non-selective,
and tryptophan-, leucine- and histidine-depleted synthetic dextrose
medium plate (SD-WLH) and tryptophan-, leucine-, histidine- and
alanine-depleted synthetic dextrose medium (SD-WLHA) plates are
selective plates. Empty bait plasmid (pGBKT7) was used for a negative
control. (B) FLAG-tagged IPS-1 and HA-tagged DDX3 expression vectors
were transiently transfected into HEK293FT cells by FuGeneHD
reagent. 24h after transfection, cell lysates were prepared, and IP
was carried out using anti-HA Ab. The immunoprecipitates were
analyzed by western blot using anti-HA or FLAG Ab. Data are
representative of three independent experiments.

DDX3 promotes IPS-1-mediated IFN-f promoter
activation

Forced expression of IPS-1 causes the activation of transcription
from the IFN-B promoter. To ascertain the role of DDX3 in IFN-B
production, we carried out reporter gene analysis to see the
enhancing effect of DDX3 on IPS-1-mediated IFN-B promoter
activation. Overexpression of DDX3 alone caused little activation of
the promoter; however, the promoter activation was more
augmented by minimal addition of DDX3 to IPS-1 than by
overexpressed IPS-1 alone (Fig. 3A). This suggested that DDX3
enhanced IPS-1-mediated signaling despite the lack of RIG-I
overexpression. To establish which region of DDX3 is important
for IFN-B enhancer activity, partial DDX3 fragments were over-
expressed with IPS-1, and IFN-B promoter activation was examined.
The N-terminal region (aa 1-224, aa 224-487, aa 488-621) barely
enhanced promoter activation (data not shown), but the C-terminal
region (622-662) activated the promoter (Fig. 3B). These data
indicated that the C-terminal region of DDX3 is important for the
binding to IPS-1 and potentiation of the IPS-1 pathway.
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Figure 2. DDX3 joins the complex of RIG-I, MDAS and IPS-1. (A) RIG-I
and MDAS co-precipitate with DDX3. HA-tagged DDX3 was expressed
in HEK293FT cells, together with FLAG-tagged MDAS or RIG-I, and 24h
after transfection, IP was performed using anti-HA Ab and
analyzed by western blotting. (B) The C-terminal region of RIG-I
participates in complex formation with DDX3. FLAG-tagged RIG-I
fragments and HA-tagged DDX3 were expressed in HEK293 cells, and
24h after transfection, IP was performed using anti-HA Ab and
analyzed by western blotting. (C) DDX3 colocalizes with IPS-1. Flag-
tagged IPS-1 and HA-tagged DDX3 were transfected into Hela cells
together with or without polyl:C. After 24h; cells were fixed with
formaldehyde and stained with anti-HA polyclonal and anti-FLAG
monoclonal Ab. Alexa488 (DDX3-HA) or Alexa633 Ab was used for
second Ab. Mitochondria was stained with Mitotracker Red. DDX-3
partially colocalized with [PS-1. Data are representative of three
independent experiments.

DDX3 as a component of initial RNA sensor

RIG-I and MDAS are IFN-inducible proteins, only traces of which
exist in an early phase (<2h) in the cytoplasm where viral RNA
replicate. Previous reports showed that DDX3 binds RNA of poly
1A or duplexed RNA [13, 14], and our protein analysis solidified
this issue: DDX3 efficiently bound polyl:C and stem-loop RNA of
viral origin in a solution (data not shown). DDX3 as well as IPS-1
were expressed even without any stimulation (Fig. 2C and 4A and
B) and bound each other in the cytoplasm (Fig. 2C). Hence,
DDX3 is a cytoplasmic molecule that can detect viral RNA
produced in infected cells.
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Knockdown studies suggested that polyl:C-mediated IFN
promoter activation was abrogated in DDX3-deficient cells
even in the presence of overexpressed RIG-I or MDAS
(Fig. 5). DDX3 silencing happened with two different siRNA.
Thus, DDX3 may enable RIG-I and IPS-1 to confer activation
of the cytoplasmic RNA-sensing pathway on virus-infected
cells.

The IFN-B-inducing pathway involves IRF-3 kinases TBK1 and
IKKe, which may be targets of DDX3 [15, 16]. By in vitro reporter
analysis, increasing amounts of DDX3 barely affected IFN-B
promoter activation by TBK1 and IKKe (Fig. 6A and B). Slight
TBK1-enhancing activity could manage to be detected with DDX3
when decreasing amounts of TBK1 was used in the assay (Fig. 6C
and D).

HelLa cells induced the mRNA of RIG-I and IFN-B in response
to polyl:C stimulation within 1h (Fig. 4A). More exactly, IFN-
induction was ~ 30 min faster than RIG-I induction in response to
polyl:C. IFN-B mRNA induction was peaked around 3h post
stimulation, while RIG-I induction continued to increase>3h
(Fig. 4A). When HEK293 cells were infected with vesicular
stomatitis virus (VSV) (a RIG-I-stimulating virus), the IFN-§
mRNA was induced from 6h, and by that time no RIG-I message
was generated (Fig. 4B-D). The RIG-] message began to
appear>8h and was markedly increased (Fig. 4B and D). In
either case, no up-regulation was observed with DDX3 but suffi-
ciently present in the cytoplasm (Fig. 4C). Furthermore, over-
expression of DDX3 in Hela cells resulted in potential prevention
of VSV propagation (Fig. 7). However, the distribution profiles of
DDX3 and IPS-1 were barely altered in response to polyl:C
stimulation (Fig. 2C). The results allow us to interpret that
when viral RNA enter the cytoplasm of infected cells, the
RNA first induce a small amount of IFN-B in conjunction
with the complex containing trace RIG-I and then the
induced IFN-P fosters intensive RIG-I/MDAS induction. The
complex is reconstituted together with upcoming RIG-I/MDAS5
to amplify the cytoplasmic IFN-inducing pathway. Although
the molecular reconstitution was not visible with overexpressed
proteins by confocal analysis, DDX3 may act as an
enhancing factor for initial RNA-sensing by the IPS-1 complex
and conducts the rapid response to viral RNA to facilitate the
1PS-1 signaling.

Discussion

We identified DDX3 as a protein that bound to the IPS-1 CARD
region, duplexed RNA and RLR. Although the DDX3 helicase
domain is a DEAD box type similar to those of RIG-I and MDAS,
DDX3 does not have a signaling domain corresponding to the
CARD domain. Therefore, DDX3 may not act as a signal sensor of
RNA viruses, as RIG-I and MDAS5 do. Considering the role of
DDX3 in host RNA metabolism, it is more likely that DDX3 acts as
a scaffold for RIG-I (even under the presence of low copy
numbers of RIG-I) and intensifies IPS-1 signaling similar to LGP2
[11, 17]. RNA molecules usually form a complex with various
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Figure 3. The C-terminal region of DDX3 participates in enhancing IPS-1-mediated IFN-B promoter activation. (A) Activation of IFN-§ promoter
was examined by reporter gene assay. HEK293 cells were transfected with DDX3- (100, 200 or 300ng) and/or IPS-1 (100 ng)-encoding plasmids,
together with reporter (p125luc) and control plasmids (Renilla luciferase) into 24-well plates. (B) The plasmids for expression of DDX3 (622-662 aa)
and IPS-1 or the former only were transfected into HEK293 cells in 24-well plates together with p125luc reporter plasmid. After 24 h, the activation
of reporter was measured. Data show mean fold induction+SD of three independent assays. *p<0.05, Student’s t-test.
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Figure 4. Earlier induction of IFN- than RIG-1 in virus-infected cells. (A) Early induction of IFN-B in response to polyl:C. HeLa cells were stimulated
with 50pg/mL of polyl:C for indicated hours. Total RNA was extracted with TRIZOL and RT-PCR was carried out to examine the kinetics of
expressions of DDX3, IFN-B, RIG-1 and GAPDH (control). (B) [FN-p mRNA induction by VSV infection. HEK293 cell were infected with VSVat MOl =1,
and then total RNA was extracted with TRIZOL reagents at indicated times. The reverse transcription with random primers and PCR at 33 cycle
were performed to detect RIG-1, DDX3 or IFN-B expression. Data are representative of three independent experiments. (C) Marked induction of
RIG-I in VSV-infected cells. HEK293 cells were infected with VSV at MOI = 1, and then the total RNA was extracted with TRIZOL reagent at indicated
times. The relative amounts of RIG-I or DDX3 mRNA were quantified by RT-qPCR, in which the mRNA of GAPDH was used for endogenous internal
control. (D) Fold increase of IFN-B or RIG-I mRNA by VSV infection. The amount of IFN-B or RIG-I cDNA was determined by quantitative PCR. The
fold increases were calculated by dividing the values of each time point by that of 0h sample of IFN-p or RIG-I. Data show mean+SD pooled from
three independent experiments.
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proteins, such as 5'-end capping enzymes or translation initiation
factors. Viral RNA also tends to couple with host proteins to
replicate and translate RNA. DDX3 capturing RNA may function
either in the molecular complex of RIG-I/MDAS5/IPS-1 or in the
complex of the translation machinery.

Recently, DDX3 was reported to up-regulate IFN-B induction
by interacting with IKKe in the kinase complex [18]. IKKe is an
NF-kB-inducible gene, whereas the DDX3-IPS-1 complex is
constitutively present prior to infection. DDX3 may bind IKKe
after IKKe is generated secondary to NF-xB activation [15].
Another report suggested that DDX3 interacts with TBK1 to
synergistically stimulate the IFN-B promoter [16]. The report
further suggested that DDX3 is recruited to the IFN promoter
and acts like a transcription factor [16]. These reports also
show that not C-terminal but N-terminal region of DDX3 is
required for enhancing the IKKe- or TBK1-mediated IFN promoter
activation. We showed that unlike these previous reports,
the C-terminal region of DDX3 is important for the IPS-1 acti-
vation. These observations indicate that DDX3 is involved
in RIG-I signaling at multiple steps. The involvement of DDX3 at
several steps is not surprising, because DDX3 plays several
roles in RNA metabolisms, such as RNA translocation or mRNA
translation.

In cytoplasm, there are large amounts of DDX3 and only trace
amounts of RIG-I in resting cells. Therefore, when the virus
initially infects human cells, the viral RNA would encounter
DDX3 before RIG-I capture the viral RNA. We demonstrated that
the initial IPS-1 complex for RNA-sensing involves DDX3 in
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addition to trace RIG-I to cope with the early phase of infection.
This IPS-1 complex activates downstream signal by involving a
minute amount of viral RNA. What happens in actual viral
infection is to first induce IFN-B and then RIG-1 (Fig. 4B),
suggesting that the initial IFN-B mRNA arises independent of the
virus-induced RIG-1. Once IFN-B and RIG-I mRNA are up-regu-
lated by viral RNA, the IPS-1 complex turns constitutionally
different: the complex contains high amounts of RIG-I, which
may directly capture viral RNA without DDX3. Our results indi-
cate that the early IPS-1 complex formed in the early stages of
virus-infected cells induce minute IFN-B with a mode different
from the conventional IPS-1 pathway that RIG-I solely capture
viral RNA and activates IPS-1. By retracting DDX3 from the
complex by siRNA, only a minimal IFN-B response emerges
merely with preexisting RIG-I and IPS-1, suggesting DDX3 to be a
critical signal enhancer in the early IPS-1 complex. Development
of a method to chase endogenous DDX3 will be required to test
our interpretation.

The RIG-I generation occurring>8h post RNA virus challenge
makes the complex direct the conventional IFN-inducing
pathway ‘harboring sufficient RIG-I/MDAS5. Previous reports
[13, 14] and our RNA-binding analysis also speculated that one
of the RNA-capture proteins is DDX3 since DDX3 tightly binds
polyl:C and dsRNA in fluid phase. These RNA-capture proteins may
have a role in the IPS-1-involving molecular platform in cells with
early virus infection when only a trace RIG-I protein is expressed.
This interpretation fits the result that DDX3 acts predominantly on
an early phase of virus infection (Fig. 4B and 7).
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Figure 5. Knockdown of DDX3. (A) Negative control or DDX3 targeting siRNA (20 pmol), DDX3 si-1, -2 or -3, were transfected into HEK293 cells in
24-well plates, together with HA-tagged DDX3 or FLAG-tagged RIG-I expression plasmids, and after 48 h, cell lysates were prepared and analyzed
by western blotting with anti-HA or anti-FLAG Ab, and the same membrane was stained with CBB. (B) DDX3 si-1, -3 or control siRNA was
transfected into HEK293 cells, and after 48h, expression of endogenous DDX3 mRNA was examined by RT-PCR. (C) DDX3 si-1, -3 or control siRNA
was transfected into HEK293 cells with reporter plasmids and RIG-I- or MDAS expression plasmid (100 ng). Forty-eight hours after transfection,
cells were stimulated with polyl:C (20 pg/mL) with dextran for 4h, and activation of the reporter was measured. siRNA for DDX3 reduced RIG-I- or
MDAS-mediated p125luc activation. Data are representative of three independent experiments (A,B). Data show mean fold increase+SD pooled
from three independent experiments (C). *p<0.05, Student’s t-test.
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Figure 6. TBK1 and IKKe are not main targets for DDX3-mediated IFN-
up-regulation. (A-D) The activation of IFN-p promoter was examined
by reporter gene assay. HEK293 cells were transfected in 24-well plates
with DDX3 (0, 100 or 300ng)-, TBK1 (0, 50 or 100ng)- or IKKe (0, 10 or
100 ng)-encoding plasmid together with reporter (p125luc) and control
plasmid. After 24h, the cell lysate was prepared and the luciferase
activities were measured. Data show mean+SD of three independent
experiments.
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Figure 7. VSV infection is suppressed by overexpressed DDX3. (A) HeLa
cells were transfected with DDX3, RIG-I or empty vector. After 24 h, the
transfected cells were infected with VSV at indicated MOIL. 24 h after
VSV infection, the cells were fixed with formaldehyde and stained with
crystal violet. (B) The VSV titers of culture supernatant of HeLa cells
infected with VSV at MOl =1 or 10 were measured by plaque assay.
Data show mean+SD of three independent experiments. *p<0.05,
Student's t-test.

Proteins involved in type I IFN induction are found ubiquiti-
nated for their functional regulation. It has been reported that
TRIM25 [19] and Riplet/RNF135 [20] act as ubiquitin
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ligases to activate RIG-I for IFN-B induction in their different sites
of RIG-1 ubiquitination. Another ubiquitin ligase RNF125 poly-
ubiquitinates RIG-I through Lys48, leading to degradation of
RIG-I [21]. The RIG-I level is highly susceptible to not only IFN
but also ubiquitination in host cells. In addition, many viral
factors may suppress the RIG-I function. It remains unknown
what factor maintains a minimal level of RIG-I/MDAS in resting
cells. We favor the interpretation that DDX3 can be an alternative
factor for compensating the low RLR contents in a certain
infectious situation such that RIG-1 is degraded or poorly up-
regulated by other viral factors.

DDX3 is functionally complicated since its protective role
against viruses may be modulated after the synthesis of viral
proteins. DDX3 couples with the HCV core protein in HCV-
infected cells and promotes viral replication [22]. This alternative
function of DDX3 is accelerated by the HCV core protein, since
the core protein withdraws DDX3 from the IFN--inducing
facility, leading to suppression of IFN-f induction and positive
regulation of HCV propagation in infected cells. DDX3 is also
involved in HIV RNA translocation [14]. The DDX3 gene is
conserved among eukaryotes, and Dedl is a budding yeast
homolog [23]. Dedl helicase is essential for initiation of host
mRNA translation, and human DDX3 can complement the leth-
ality of Ded1-null yeast cells [24, 25]. Hence, another function of
DDX3 is to bind viral RNA to modulate RNA replication and
translocation. It is not surprising that DDX3 is implicated in
various steps of RNA metabolism in cells with both host and
viral RNA.

Cell culture and reagents

HEK293 cells and HEK293FT cells were maintained in Dulbecco’s
Modified Eagle’s low or high glucose medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-inactivated
FBS (Invitrogen) and antibiotics. HeLa cells were maintained in
MEM (Nissui, Tokyo, Japan) supplemented with 10% heat-
inactivated FBS. Anti-FLAG M2 mAb, anti-HA polyclonal Ab, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Alexa
Fluor®-conjugated secondary Ab were from Invitrogen.

Plasmids

DDX3 cDNA encoding the entire ORF was cloned into pCR-blunt
vector using primers, DDX3N F-Xh (CTC GAG CCA CCA TGA GTC
ATG TGG CAG TGG AA) and DDX3C R-Ba (GGA TCC GTT ACC
CCA CCA GTC AAC CCC) from human lung cDNA library. To
make an expression plasmid, HA tag was fused at the C-terminal
end of the full length DDX3 (pEF-BOS DDX3-HA). pEF-BOS DDX3
(1-224 aa) vector was made by using primers DDX3 N-F-Xh and
DDX3D1 (GGA TCC GGC ACA AGC CAT CAA GTC TCT TTT C).
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