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Hepatitis C Virus (HCV) nonstructural 5A (NS5A) is a pleio-
tropic protein involved in viral RNA replication and modulation
of the cellular physiology in HCV-infected cells. To elucidate the
mechanisms of the HCV life cycle, we identified cellular factors
interacting with the NS5A protein in HCV-infected cells.
Huh7.5 cells were electroporated with HCV Jc1 RNA. Cellular
factors associated with HCV NS5A were identified by immuno-
precipitation with Dynabead-conjugated NS5A antibody and
LC-MS/MS. Phosphatidylinositol 4-kinase type IIla (PI4KIII )
was identified as a binding partner for the NS5A protein. NS5A
derived from both genotypes 1b and 2a interacted with
PI4KIIla. NS5A interacted with PI4KIII« through amino acids
401-600 of PI4KIIle and domain I of NS5A. Interference of the
protein interaction between NS5A and PI4KIlla decreased
HCV propagation. Knockdown of PI4KIll« significantly
reduced HCV replication in Huh7 cells harboring the sub-
genomic replicon and in Huh7.5 cells infected with cell culture
grown virus (HCVcc). Silencing of PI4KIIle further inhibited
HCYV release into the tissue culture medium. NS5A may recruit
PI4KIIIx to the HCV RNA replication complex. These data sug-
gest that PI4KIIl« is an essential host factor that supports HCV
proliferation and therefore PI4KIIla may be a legitimate target
for anti-HCV therapy.

Hepatitis C virus (HCV)? is a single-stranded positive-sense
RNA virus capable of establishing a chronic infection in
70-80% of HCV-infected patients. Approximately 3% of the
population of the world are chronically infected with HCV.
Over 30% of them will develop cirrhosis within 20 years, which
subsequently may lead to hepatocellular carcinoma (1-3). A
vaccine is not available and the optimal current therapy for
patients infected with HCV is a combination of the pegylated
interferon (IFN) and ribavirin. However, the therapy with these
agents is prolonged, costly, and associated with a high rate of

* This work was supported by National Research Laboratory Grant ROA-2007-
000-20051-0 from the Ministry of Education, Science and Technology,
Korea, and the National R&D Program for Cancer Control, Ministry for
Health and Welfare, Korea (1020290).

" To whom correspondence should be addressed: 1605-4 Gwanyang-dong,
Dongan-gu, Anyang 431-060, Korea. Fax: 82-31-384-5395; E-mail:
sbhwang@hallym.ac.kr.

2 The abbreviations used are: HCV, hepatitis C virus; HCVcc, cell culture grown
HCV; NS5A, nonstructural 5A; PI4Kllle, phosphatidylinositol 4-kinase type
Ille; TRITC, tetramethylrhodamine isothiocyanate; qRT, quantitative real
time; aa, amino acids; SH3, SH3 domain.

11290 JOURNAL OF BIOLOGICAL CHEMISTRY

side effects. Furthermore, the sustained virologic response rate
to the combination therapy varies with different genotypes of
HCV. Although small molecule inhibitors of viral protease and
RNA-dependent RNA polymerase are in clinical development,
the error prone nature of the viral RNA polymerase leads to
rapid emergence of viral-resistant mutations to these therapeu-
tic candidates. Therefore, a new approach to control HCV pro-
liferation could be identifying the host factors involved in the
HCV life cycle. HCV relies heavily on host proteins for all steps
of its life cycle, including viral entry, uncoating, replication,
assembly, and virion release. Therefore, any step that can inter-
rupt the HCV life cycle will be a putative target for HCV
therapy.

Nonstructural 5A (NS5A) protein is a multifunctional phos-
phoprotein consisting of 447 amino acids residues. NS5A pro-
tein is localized in the cytoplasm and forms part of the HCV
RNA replication complex (4). NS5A has been shown to interact
with many host factors, including TRAF2, hVAP-33, PKR, and
Grb2, to regulate viral replication and cellular signaling path-
ways (5—8). A growing body of evidence indicates that NS5A
may play important roles in the HCV-induced liver patho-
genesis. We have shown that NS5A modulated TNFa signal-
ing of the host cells through the NS5A-TRAF2 interaction
(5). In addition, we demonstrated that NS5A induced stea-
tosis and hepatocellular carcinoma in transgenic mice (9).
Recently, we also showed that NS5A modulated B-catenin
signaling that might play an important role in HCV patho-
genesis (10).

Phosphatidylinositol 4-kinase type Il (PI14KIllw) is a lipid
kinase that is encoded by the PI4KCA gene in human (11).
PI4KIlla phosphorylates phosphatidylinositol (PtdIns) to
phosphatidylinositol 4-P, which can be further phosphory-
lated by PIP5 kinases to phosphatidylinositol (4,5)-P,.
PI4KIII« is localized primarily to the endoplasmic reticulum
and regulates endoplasmic reticulum exit sites (12, 13).
Recently, PI4KIIIa has been identified as a cellular factor
involved in the HCV life cycle using siRNA library screening
(14-19). However, how PI4KIIla regulates HCV prolifera-
tion is not clearly understood. In this study, we identified
PI4KIIla as a binding partner for the NS5A protein. Silenc-
ing of PI4KIll« significantly reduced HCV replication and
virion release in HCV-infected cells. These data suggest that
HCV may modulate cellular PI4KIIl« for its own RNA rep-
lication and virion production in the HCV life cycle.
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FIGURE 1. Identification of the cellular binding partner for the HCV NS5A protein by immunoprecipitation. A, protein expression of NS5A and the
specificity of NS5A antibody were confirmed by immunoprecipitation of Huh7.5 cells electroporated with either wild-type or replication defective Jc1 RNAs.
GAPDH was used as a loading control. /P, immunoprecipitation; WT, wild-type; GND, replication defective mutant. B, Huh7.5 cells were transfected with either
wild-type or replication defective Jc1 RNAs via electroporation. Cell lysates harvested at 4 days post-electroporation were immunoprecipitated with Dyna-
bead-conjugated NS5A antibody. The immunoprecipitants were analyzed on 8% SDS-PAGE and silver stained. Interested bands were subjected to LC-MS/MS
analysis. Asterisk denotes a nonspecific band. C, Huh7.5 cells stably expressing either p3XFLAG vector or p3XFLAG-PI4KIlla were infected with HCVcc. Cells were
harvested at day 2 postinfection and total cell lysates were immunoblotted with the indicated antibodies (top panel). HCV RNA release in vector stable and

Vector

Pl4KlIll« stable cells was determined by gPCR (bottom panel). *, p < 0.05, vector stable versus Pl4Klll« stable cells infected with HCVcc.

EXPERIMENTAL PROCEDURES

Plasmid Construction—cDNA corresponding to the NS5A
coding sequence of HCV was amplified by PCR using the
Korean isolate of HCV (genotype 1b) and subcloned into the
pEF6 vector (Invitrogen). Full-length PI4KIIla was amplified by
PCR using cDNAs prepared from Huh7.5 cells and cloned into
pFLAG-CMV2 or p3XFLAG-CMYV (Sigma). PI4KIlla mutants
were also constructed using full-length PI4KIII« as a template.
Plasmid pFK-Jcl was kindly provided by Dr. Ralf Barten-
schlager (University of Heidelberg).

Cell Culture and DNA Transfection—All cell lines were
grown in Dulbecco’s modified Eagles’ medium (DMEM) sup-
plemented with 10% fetal calf serum, and 1% penicillin/strep-
tomycin in 5% CO, at 37 °C. Huh7 cells harboring subgenomic
replicon and IFN-cured cells were described previously (20).
For the transfection experiment, ~5 X 10° cells plated on
60-mm dishes were transfected with plasmid DNA by using
polyethyleneimine (Sigma) as described previously (10).

Preparation of Infectious Virus—The infectious cell culture
grown virus (HCVcc) was generated as described previously
(21). Briefly, the monolayer of Huh7.5 cells was washed twice in
phosphate-buffered saline (PBS), trypsinized, and resuspended
at a concentration of 6 X 10° cells/ml in Opti-MEM (Invitro-
gen). After centrifugation at 1,000 X g for 5 min, the cells were
resuspended in 400 ul of cytomix solution containing 2 mm
ATP and 5 mm glutathione, then mixed with 10 pg of Jcl viral
RNA, and electroporated using a Gene Pulser Xcell (Bio-Rad) in
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a4-mm gap cuvette. Cell culture supernatants were collected 4
days after electroporation.

Identification of Host Proteins—Cross-linking of NS5A anti-
bodies with Protein A Dynabeads (Dynal) was performed
according to the manufacturer’s instructions using dimethyl
pimelimidate dihydrochloride (Pierce). Whole cell extracts
were incubated with NS5A antibodies cross-linked to Dyna-
bead for 2 h at4 °C on a rotator. After being washed three times
with a lysis buffer (50 mm HEPES, pH 7.6, 150 mm NaCl, 5 mm
EDTA, 0.2% Nonidet P-40, and 1 mm pheylmethylsulfonyl
fluoride), the beads were resuspended in a sample buffer and
heated for 5 min. The proteins were separated on 8% SDS-
PAGE and visualized by silver staining. The interested protein
bands were excised and analyzed by LC/MS/MS. The individual
spectra from MS/MS were processed using TurboSEQUEST
software (Thermo Quest, San Jose, CA). The generated peak list
files were used to query either the MSDB data base or NCBI
using the MASCOT program.

Immunoblot Analysis—Cells were lysed in 400 ul of cell
lysis buffer A containing 50 mm HEPES, pH 7.6, 150 mm
NaCl, 5 mm EDTA, 0.2% Nonidet P-40, and 1 mm pheyl-
methylsulfonyl fluoride. The cell lysates were further centri-
fuged at 15,000 X g for 10 min at 4 °C and the pellets were
discarded. The protein concentration was determined by
the Bradford assay (Bio-Rad). Equal amounts of proteins
were immunoblotted with the indicated antibodies. Proteins
were detected using an ECL kit (Amersham Biosciences).
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Rabbit anti-PI4KIII« antibody was purchased from Cell Sig-
naling Technology (Beverly, MA).

Immunoprecipitation—Cells were harvested and lysed in cell
lysis buffer A. The cell lysates were triturated by 10 passes
through a 25-gauge needle on ice and centrifuged at 15,000 X g
for 10 min. The supernatant was incubated at 4 °C for 2 h with
anti-NS5A antibody, anti-PI4KIlla antibody, anti-FLAG
monoclonal antibody (Sigma), and anti-Myc monoclonal anti-
body (Santa Cruz), respectively. The samples were further
incubated with 30 ul of protein A beads (Zymed Laborato-
ries Inc.) for 1 h. The beads were washed five times with cell
lysis buffer A, and the bound proteins were separated by
SDS-PAGE, transferred to a nitrocellulose membrane, and
then detected by immunoblot analysis using corresponding
secondary antibodies.

Confocal Microscopy—Huh7.5 cells grown on coverglass
were infected with HCVcc. At 2 days postinfection, cells were
transfected with plasmid expressing FLAG-tagged PI4KIIIa. At
36 h after transfection, cells were washed in PBS and fixed in 4%
paraformaldehyde for 20 min at 37 °C. Cells were washed three
times in PBS and incubated in PBS containing 0.1% Triton
X-100 (Sigma) and 0.5% bovine serum albumin for 1 h at room
temperature. Cells were then incubated with the primary anti-
bodies (rabbit anti-NS5A antibody, mouse anti-FLAG antibody
(Sigma), mouse anti-dsRNA antibody (J2, English and Scientific
Consulting, respectively) for 2 h and further incubated with the
secondary antibodies (FITC-conjugated goat anti-rabbit IgG,
FITC-conjugated goat anti-mouse IgG, TRITC-conjugated
donkey anti-rabbit IgG, TRITC-conjugated donkey anti-mouse
IgG (Jackson ImmunoResearch, Inc.) for 1 h at room tempera-
ture. After two washes with 0.1% Triton X-100 in PBS and three
washes in PBS, cells were analyzed using a Zeiss LSM700 laser
confocal microscopy system.

Gene Silencing by siRNA—siRNAs targeting the PI4KIIle, the
HCV 5’-UTR (positive control), and the universal negative con-
trol, were purchased from Dharmacon (Lafayette, CO). siRNA
transfection was performed using a Lipofectamine RNAIMAX
reagent (Invitrogen) according to the
instructions.

Quantification of HCV RNA—RNA isolation from HCVcc-
infected cells, cell culture medium, or replicon cells was per-
formed using TRIzol® LS Reagent (Invitrogen) according to the
manufacturer’s instructions. Purified viral RNA was used as a
template to synthesize cDNA using the iScript cDNA synthesis
kit (Bio-Rad) for 2 h at 42 °C. cDNA was amplified with HCV
genotype 2a-specific primers (forward, AGA GCC ATA GTG
GTC TGC GGA AC; reverse, CCT TTC GCA ACC CAA CGC
TAC TC), HCV genotype 1b-specific primers (forward, ATC
ACT CCC CTG TGA GGA ACT ACT G; reverse, CTG GAG
GCT GCA CGA CACTCQ), and actin-specific primers (forward,
TGG ACT TCG AGC AAG AGA TGG; reverse, GGA AGG
AAG GCT GGA AGA GTG). Quantification of HCV RNA was
normalized with B-actin RNA as an internal control. All quan-
titative real time PCR (qRT-PCR) experiments were done using
an iQ5 multicolor real time PCR Detection system and built-in
iQ5 optical systems software (Bio-Rad).

manufacturer’s
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FIGURE 2. NS5A interacts with Pl4Kllla. Either Huh7.5 (A) or HEK293T (B)
cells were transfected with Myc-tagged NS5A of HCV genotypes 1b or 2a in
the absence or presence of FLAG-tagged Pl4Kllla. Total cell lysates were
immunoprecipitated (/P) with anti-Myc antibody, and bound proteins were
immunoblotted (/B) with anti-FLAG antibody. Protein expressions of NS5A
were confirmed using the same cell lysates by immunoblotting with anti-Myc
antibody. G, Huh7.5 cells were infected with either wild-type or replication
defective HCV and cell lysates harvested at 3 days after infection were immu-
noprecipitated with NS5A antibody. Bound proteins were immunoblotted
with anti-Pl4Kllla antibody. Protein expressions of NS5A and Pl4Kllla were
confirmed using the same cell lysates by immunoblotting with anti-NS5A and
anti-Pl4Kllla antibody.

RESULTS

Identification of Cellular Proteins Interacting with HCV
NS5A—To identify cellular proteins that interacted with the
HCV NS5A protein, Huh7.5 cells were electroporated with
HCV Jc1 RNA and cell lysates harvested 4 days after electropo-
ration were immunoprecipitated with Dynabead cross-linked
NS5A antibody. As a control, Huh7.5 cells were electroporated
with HCV Jc1-GND RNA containing a replication-defective
NS5B. Prior to detecting coimmunoprecipitated proteins, the
specificity of NS5A antibody was confirmed by immunopre-
cipitation. We first confirmed the NS5A expression in Jcl
RNA-transfected cells and then verified the immunoprecipita-
tion of Huh7.5 cell lysates with NS5A antibody (Fig. 1A4). As
shown in Fig. 1B, two cellular proteins were coprecipitated with
NS5A protein in HCV RNA replicating cells but not in Jcl-
GND cells. By LC/MS/MS analysis, the top band corresponding
to the ~250-kDa protein was identified as the PI4KIlla. The
bottom band corresponding to ~40 kDa was identified as the
hydroxyacid oxidase 2. To investigate the functional role of
PI4KIIIee in HCV replication, we generated stable cells express-
ing either vector or PI4KIIla. Huh7.5 cells stably expressing
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either p3XFLAG vector or p3XFLAG-PI4KIIIa were infected
with HCVcc. Cell lysates harvested at 2 days after HCV infec-
tion were immunoblotted with the indicated antibodies. As
demonstrated in Fig. 1C (fop panels), the NS5A expression level
was increased in all three PI4KIII« stable cell lines. We con-
firmed that the HCV NS3 protein level was also elevated in
PI4KIII« stable cells (data not shown). To investigate the effect
of PI4KIIla on HCV release, qPCR was performed. As shown
Fig. 1C (bottom panel), HCV release was significantly increased
in PI4KIIla stable cells as compared with vector stable cells. We
further found that HCV release was also increased in the third
clone of PI4KIll« stable cells, confirming that this phenome-
non was not caused by clonal selection (data not shown).

HCV NS5A Protein Interacts with PI4KIIla—To investigate
how the PI4KIIl« protein was involved in HCV replication, we
first examined the possible protein interaction between NS5A
and PI4KIIla by employing a coimmunoprecipitation assay
using a transient expression system. Huh7.5 and HEK293T cells
were either transfected with plasmid expressing NS5A protein
of HCV genotype 1b or genotype 2a alone or cotransfected with
plasmid expressing PI4KIIla. As shown in Fig. 2, A and B, NS5A
derived from both genotypes 1b and 2a interacted with
PI4KIIIe. To further confirm this result in the context of HCV
replication, Huh7.5 cells infected with HCVcc were immuno-
precipitated with NS5A antibody and then bound protein was
immunoblotted with PI4KIIl« antibody. Fig. 2C showed that
NS5A specifically interacted with PI4KIIl« in wild-type HCV-
infected cells but not in mock-infected (GND) cells.

NS5A Interacts with PI4KIllo through aa 401-600 Residues
of PI4KIlla and the Domain I of NSSA—To determine the
region in PI4KIIl« responsible for NS5A binding, the interac-
tion of NS5A with various deletion mutants of PI4KIIl« (Fig.
3A) was determined by a transfection-based coprecipitation

homology; CAT, catalytic domain. B, HEK293T cells were cotransfected with
Myc-tagged NS5A and FLAG-tagged mutant constructs of Pl4Klll«. Total cell
lysates harvested at 24 h after transfection were immunoprecipitated (/P)
with anti-Myc antibody and bound proteins were immunoblotted with anti-
FLAG antibody (left, top panel). Protein expressions of both Pl4Kllla and NS5A
were confirmed using the same cell lysates by immunoblotting with anti-
FLAG and anti-Myc antibody, respectively (left, top panels). The NS5A binding
region in Pl4Kllla was further defined by using more mutants (left, bottom,
and right, top three panels) and then precisely determined using serially trun-
cated mutants (right, bottom three panels). C, left panels, Huh7.5 cells were
transfected with various truncated mutants of Pl4Klll« as indicated. At 24 h
after transfection, cells were infected with HCVcc. Two days after HCV infec-
tion, cell lysates were immunoblotted with the indicated antibodies (top pan-
els) and HCV RNA levels were determined by gPCR (bottom panel). *, p < 0.05,
1-400 versus 1-800 or 401-800. C, right panels, Huh7 cells harboring HCV
replicon were transfected with various mutants of PI4Kllla and harvested at 3
days after transfection. Cell lysates were immunoblotted with the indicated
antibodies (top panels). Total RNAs extracted from either IFN-cured or HCV
replicon cells were quantified by gRT-PCR (bottom panel), *, p < 0.05, 1-400
versus 401-800. D, schematic diagram shows both wild-type and mutant
forms of the NS5A protein. E, Myc-tagged NS5A and FLAG-tagged Pl4Kllla
proteins were coexpressed in HEK293T cells. PI4Kllla was immunoprecipi-
tated with anti-FLAG antibody and bound proteins were immunoblotted
with anti-Myc antibody (left, top panel). Both protein expression and immu-
noprecipitation of Pl4Kllla were confirmed by anti-FLAG antibody. Protein
expressions of both NS5A and Pl4Kllla were confirmed using the same cell
lysates by immunoblotting with anti-Myc and anti-FLAG antibody, respec-
tively (right, top panels). HEK293T cells were cotransfected with either Myc-
tagged wild-type or mutants of NS5A and FLAG-tagged PIl4Kllla mutant (aa
400-600) expression plasmids. Coimmunoprecipitation and Western blot
(WB) were performed as described above (bottom two panels).
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FIGURE 4. Pl4KIll« is a component of the HCV RNA replication complex. Huh7.5 cells were either mock-infected or infected with HCVcc. At 2 days
postinfection, cells were transfected with plasmid expressing FLAG-tagged Pl4Klll«. At 36 h after transfection, cells were fixed and incubated with the indicated
antibodies for 2 h. After being washed with PBS, cells were further incubated with the appropriate secondary antibodies. Samples were analyzed for immu-
nofluorescence staining using a Zeiss LSM 700 laser confocal microscopy system. Cells were counterstained with 4’6-diamidino-2-phenylindole (DAPI) to label

nuclei.

assay. As shown in Fig. 3B (left top panel), NS5A interacted with
a mutant encompassing aa 1-800 but not with aa 1-400
mutant of PI4KIIIe. To further narrow down the binding site
for NS5A, we constructed more mutants and demonstrated
that NS5A interacted with aa 401-600 residues of PI4KIll«
(Fig. 3B, left bottom and right top panels). Using serial deletion
of 50 aa in each mutant construct, we precisely determined that
aa 400-450 of PI4KIlla was the most important residues
responsible for binding with NS5A (Fig. 3B, right bottom pan-
els). To examine functional implication of protein interaction
between NS5A and PI4KIlle, Huh7.5 cells were transfected
with the mutant harboring either aa 1-800 or 401-800 of
PI4KIIla and then infected with HCVcc. A mutant harboring aa
1-400 of PI4KIIl« was used as a negative control. As shown in
Fig. 3C (left top panel), NS5A protein expression levels were
significantly decreased by both aa 1-800 and 401-800 of
PI4KIII« as compared with the aa 1-400 of PI4KIIIc. This was
further confirmed by the significant decrease of HCV RNA lev-
els in cells transfected with either aa 1-800 or 401-800 of
PI4KIIIe as demonstrated by qPCR (Fig. 3C, left bottom panel).
This was further confirmed in HCV replicon cells as demon-
strated in Fig. 3C (right panels). These results indicated that
protein interaction between NS5A and PI4KIIla contributed to
HCV replication because competitive interference by mutants
harboring the binding domain of PI4KIIl« resulted in a signif-
icant decrease of viral RNA and protein expression levels. Next,
we determined the region in NS5A responsible for PI4KIIIc
binding. We constructed various domain mutants of NS5A as
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previously reported (22) (Fig. 3D) and the binding domain was
determined as described above. Fig. 3E (upper panel) showed
that PI4KIIl« interacted with a mutant harboring domain I and
a mutant harboring domains I and II but not with a mutant
harboring domains II and III, indicating that PI4KIll« inter-
acted with NS5A through domain I of NS5A. Finally, we inves-
tigated whether the minimal PI4KIlla (aa 400-600) could
interact with the 1-213 (domain I) mutant of NS5A. Indeed, the
1-213 mutant of NS5A specifically interacted with aa 400 — 600
of PI4KIllw, indicating that minimal sequences of both proteins
were sufficient for protein interplay between PI4KIIlee and
NS5A (Fig. 3E, bottom panel).

PI4KIlIa Is a Potential Component of the HCV RNA Replica-
tion Complex—T o further analyze how PI4KIIla contributed to
HCV RNA replication, we conducted confocal microscopy to
determine whether PI4KIll« is part of the HCV RNA replica-
tion complex in HCV-infected cells. For this purpose, Huh7.5
cells infected with either HCVcc or mock were transfected with
pFLAG-PI4KIII« expression plasmid and subcellular localiza-
tion was analyzed by confocal laser scanning microscopy using
antibody against double-stranded RNA (dsRNA). We probed
HCVcc-infected cells for the presence of dsRNA of the inter-
mediate form of HCV RNA replication using a monoclonal
antibody that recognizes dsRNA in a sequence-independent
fashion. Fig. 4 shows that dsSRNAs were observed as discrete
foci localized mainly to the perinuclear region as reported pre-
viously (23). Dual staining of dSRNA and PI4KIIla revealed that
both proteins were co-localized in the cytoplasm as yellow
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FIGURE 5. Silencing of Pl4Klll« reduces both protein expression and RNA replication levels in HCV subgenomic replicon cells. A, Huh7 cells harboring
HCV subgenomic replicon were transfected with Pl4Kllla siRNA pool or the indicated control siRNA constructs. Total cell lysates harvested at 72 h after
transfection were immunoblotted with the indicated antibodies. Negative, irrelevant siRNA; positive, HCV-specific siRNA. B, RNAs extracted from
siRNA-transfected HCV replicon cells were measured by gRT-PCR at 96 h after transfection of Pl4Kllla siRNA. C, cDNAs were amplified by PCR and analyzed on

an agarose gel.

fluorescence (top panels). This result indicates that PI4KIII« is
associated with the RNA replication complex. No dsRNA was
labeled in mock-infected cells (data not shown). As expected,
both NS5A and PI4KIIla were co-localized to the same cellular
compartment (second panels). Furthermore, NS5A, an essential
element of the HCV RNA replication complex, and dsRNA
were co-localized in the cytoplasm by dual staining (third pan-
els). Collectively, these data suggest that PI4KIIl« is a compo-
nent of the HCV RNA replication complex.

Silencing of PI4KIlla Suppresses HCV Replication in Sub-
genomic Replicon Cells—To investigate the effect of the
PI4KIIIe on HCV replication, HCV subgenomic replicon cells
were transfected with the siRNA pool containing four siRNA
constructs targeting different sites of PI4KIIlw. 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay results
showed that cell viability was not affected by siRNA transfec-
tion in replicon cells (data not shown). First, we tested the effect
of PI4KIIIa on HCV protein expression. Fig. 54 demonstrated
that silencing of PI4KIIla dramatically decreased both NS5A
and NS3 protein levels in replicon cells. It was noteworthy that
the suppressive activity of PI4KIIla siRNA was as efficient as
positive siRNA (Fig. 54, lane 2 versus lane 3). We then investi-
gated the effect of PI4KIIla on HCV RNA replication by qRT-
PCR. As shown in Fig. 5B, the silencing of PI4KIIl« significantly
reduced HCV RNA levels in HCV subgenomic replicon cells.
HCV RNA levels were reduced ~90% in cells transfected with
PI4KIIIa-specific siRNAs as compared with the cells treated
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with the negative control siRNAs. This was further confirmed
by RT-PCR (Fig. 5C). These data demonstrate that PI4KIII« is
necessary for HCV replication.

Knockdown of PI4KIlla Blocks HCV Propagation—To fur-
ther investigate the effect of PI4KIlla on HCV proliferation,
Huh7.5 cells were transfected with 10 nm siRNA targeted to
either PI4KIIIee or HCV. Huh7.5 cells were then infected with
HCVcc and harvested at 2 days after infection. Both structural
and nonstructural HCV proteins expressed in Huh7.5 cells
were not affected by treatment of negative siRNA control (Fig.
64, lane 1). However, the silencing of PI4KIIlee dramatically
decreased the HCV protein expression levels as much as in cells
treated with HCV-positive siRNA control (Fig. 64, lane 2 versus
lane 3). Because these cells showed no cytotoxicity for the
transfected siRNA pool (Fig. 6B), the silencing effect was
specific to PI4KIII« in HCV-infected cells. We continued to
examine RNA levels in both cells and tissue culture media by
qRT-PCR. As shown in Fig. 6C, HCV RNA replication was
remarkably blocked by knockdown of PI4KIIla. Conse-
quently, virion release was also decreased by ~90% in cells
transfected with PI4KIIla-specific siRNA as compared with
the negative control siRNA (Fig. 6D). We further confirmed
that the HCV RNA level was almost undetectable in both
cells and tissue culture medium by agarose gel analysis (Fig.
6E). Finally, we analyzed the effect of individual four
PI4KIIIa siRNA on the HCV protein expression level.
Huh7.5 cells were transfected with four different PI4KIIl«
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siRNA individually, and HCV protein expression levels were
determined by immunoblot analysis. Fig. 6F showed that
three individual siRNA worked as efficiently as the siRNA
pool and each siRNA completely blocked HCV protein
expression. We demonstrated that the suppression of HCV
protein expressions (Fig. 6F, lane 3 versus lanes 4—6 in the
top panel) was proportionate to the degree of PI4KIIl«
silencing (Fig. 6F, 1 versus 2—4 in the bottom panel). These
data suggest that PI4KIIle plays a crucial role in HCV
proliferation.

DISCUSSION

HCV is the positive stranded RNA virus and its replication
occurs on the membranous web in the cytoplasm (24). HCV is
largely dependent on cellular proteins for its own propagation.
NS5A forms part of the HCV RNA replication complex (4).
NS5A is a pleiotropic protein and has been shown to interact
with various cellular proteins to modulate cell growth and cel-
lular signaling pathways. To identify host factors necessary for
HCV propagation, we employed a coimmunoprecipitation
assay. Huh7.5 cells electroporated with Jc1 RNA were immu-
noprecipitated with NS5A antibody. By LC-MS/MS of the
coprecipitated protein, PI4KIII« was identified as one of the
binding partners for NS5A in HCV replicating cells. PI4KIIl«
interacted with NS5A derived from both genotypes 1b and 2a.
We further demonstrated this interaction in Huh7.5 cells
infected with HCV Jcl.

PI4KIIIw is a lipid kinase that generates phosphatidylinositol
4-monophosphate. PI4KIIla consists of an N-terminal SH3
domain, two proline-rich regions, two leucine zippers,
pleckstrin homology domain, and the C-terminal catalytic
domain (11). PI4KIIl« is localized primarily to the endoplas-
mic reticulum and implicated in membrane rearrangements.
Because HCV replication occurs on the membranous web on
lipid raft (6, 24), the interaction between PI4KIIla and NS5A
may serve as an important step for reorganizing cellular
membrane-associated phospholipids to the HCV replication
complex. Indeed, treatment of siRNAs in HCV-infected cells
resulted in a remarkable decrease in HCV propagation. By
siRNA library screening, it has been previously reported that
PI4KIlla was required for HCV replication (14 -16). How-
ever, how PI4KIlla was involved in HCV replication was
poorly characterized. Whether PI4KIll« is also involved in
HCYV entry and initial translation is controversial (15, 16). By
coimmunoprecipitation assay using NS5A antibodies, we
have shown that NS5A specifically interacted with PI4KIIla.
We further characterized the biological significance of this
interaction between viral NS5A and cellular PI4KIII«
protein.

NS5A contains a highly conserved C-terminal proline motif
with the consensus sequence Pro-X-X-Pro-X-Arg that influ-
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ences both RNA replication and viral assembly (26). This pro-
line motif binds to the SH3 domains of the Src family kinase
such as Fyn, Lyn, Hck, and Lck (27). In addition, the proline
motif of NS5A is a novel binding site for interacting with the
SH3 domain of PI3K p85 (28). Based on these reports, we spec-
ulated that the C-terminal domain of NS5A might interact with
the SH3 domain in the N terminus of PI4KIIla. However, the
PI4KIIIee mutant lacking the SH3 domain still bound to the
NS5A protein (data not shown). We demonstrated that NS5A
interacted with PI4KIIIa through domain I of NS5A and aa
401-600 of PI4KIIla. The functional role of the N-terminal
region (~aa 100-900), including the NS5A binding site of
PI4KlIIle, is not yet well characterized. Because the N-termi-
nal region encompassing aa 401— 600 of PI4KIIl« is not pres-
ent in other PI 4-kinases, this region may have a PI4KIlla-
specific function. Indeed, our studies demonstrated that
protein interplay between this region and NS5A played an
important role in HCV propagation. Interestingly, Ahn and
co-workers (29) previously reported that the C-terminal
region encompassing aa 300 — 407 of NS5A interacted with a
partial sequence harboring only the C-terminal catalytic
domain (aa 1799-1916) of PI4KIlla by yeast two-hybrid
screening. Therefore, protein interaction regions are clearly
quite different for both proteins. In the yeast two-hybrid
screening by Ahn and co-workers (29), the identified gene
was the partial sequence of PI4KIIla. In addition, the N-ter-
minal amphipathic helix region of NS5A was not included in
the bait when the C-terminal catalytic domain of PI4KIIIe
was identified in the yeast two-hybrid screen. It has been
previously reported that the N-terminal amphipathic helix
of NS5A-mediated membrane association and deletion of
the amino-terminal 44 aa resulted in a nuclear translocation
of the NS5A protein (30). In our study, we identified full-
length PI4KIll« as a binding protein for NS5A in HCV rep-
licating cells. We demonstrated that the NS5A and PI4KIIl«
interaction promoted HCV propagation. The discrepancy of
binding results between the two studies might be due to the
differential cell system (yeast versus mammalian cells) and
proteins or baits (intact protein in our study versus truncated
protein by Ahn et al. (29)) used in the initial screening. While
we were revising the manuscript, Reiss et al. (25) recently
reported that PI4KIIl« interacted with the NS5A domain I,
which is consistent with our data. They further showed that
this interaction was required for PI4KIII«x kinase activity.
Collectively, we evaluated the impact of PI4KIIla on viral
replication in the HCV subgenomic replicon and the produc-
tion of fully infectious HCV. We demonstrated that silencing
of PI4KIIIa by siRNA resulted in a decrease of HCV replica-
tion in cells harboring the HCV subgenomic replicon. Fur-
thermore, knockdown of PI4KIIla prior to HCV infection

FIGURE 6. Knockdown of Pl4Kllla blocks HCV propagation. A, Huh7.5 cells were transfected with PI4Kllla siRNAs or the indicated siRNA constructs and
followed by HCV infection at 48 h after transfection. Total cell lysates harvested at 48 h after HCV infection were immunoblotted with the indicated antibodies.
B, cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay at 96 h after transfection. C-E, Huh7.5 cells were
transfected with the indicated siRNAs and infected with HCV at 48 h after transfection. HCV RNAs extracted from the cells (C) and cell culture medium (D) were
measured by qRT-PCR. cDNA was synthesized by using RNA extracted from cell culture medium and amplified by PCR (E). F, Huh7.5 cells were transfected with
the four individual siRNA of Pl4Klll« via electroporation, allowed silencing for 48 h, and then infected these cells with HCV. Total cell lysates harvested at 48 h
after infection were immunoblotted with the indicated antibodies (top panel). PI4Kllla mRNA levels in each sample were quantified by qPCR (bottom panel).
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blocked the release of infectious HCV into tissue culture
medium. All these data suggest that HCV NS5A may hijack
the host factor to build a viral replication complex for its own
proliferation and thus PI4KIIIa may be a potential therapeu-
tic target for HCV.
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