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Host factor pathways are known to be essential for hepatitis C virus (HCV) infection and replication in
human liver cells. To search for novel host factor proteins required for HCV replication, we screened a
subgenomic genotype 1b replicon cell line (Luc-1b) with a kinome and druggable collection of 20,779
siRNAs. We identified and validated several enzymes required for HCV replication, including class III
phosphatidylinositol 4-kinases (PI4KA and PI4KB), carbamoyl-phosphate synthetase 2, aspartate trans-
carbamylase, and dihydroorotase (CAD), and mevalonate (diphospho) decarboxylase. Knockdown of
PI4KA could inhibit the replication and/or HCV RNA levels of the two subgenomic genotype 1b clones
(SG-1b and Luc-1b), two subgenomic genotype 1a clones (SG-1a and Luc-1a), JFH-1 genotype 2a infec-
tious virus (JFH1-2a), and the genomic genotype la (FL-1a) replicon. In contrast, PI4KB knockdown
inhibited replication and/or HCV RNA levels of Luc-1b, SG-1b, and Luc-1a replicons. The small molecule
inhibitor, PIK93, was found to block subgenomic genotype 1b (Luc-1b), subgenomic genotype 1a (Luc-1a),
and genomic genotype 2a (JFH1-2a) infectious virus replication in the nanomolar range. PIK93 was
characterized by using quantitative chemical proteomics and in vitro biochemical assays to demonstrate
PIK93 is a bone fide PI4KA and PI4KB inhibitor. Our data demonstrate that genetic or pharmacological
modulation of PI4KA and PI4KB inhibits multiple genotypes of HCV and represents a novel druggable

class of therapeutic targets for HCV infection.

Hepatitis C virus (HCV) causes liver disease in humans,
including chronic hepatitis, cirrhosis, and hepatocellular carci-
noma (52). The HCV genome is a single-stranded RNA mol-
ecule where both the 5" and the 3’ untranslated region (UTR)
contain highly conserved RNA structures necessary for
polyprotein translation and genome replication (43). The pro-
cessed polyprotein yields at least three structural proteins and
six nonstructural proteins. The structural proteins include the
core, which forms the viral nucleocapsid, and the envelope
glycoproteins E1 and E2. The viral proteins processed by signal
peptidases form viral particles that assemble at the endoplas-
mic reticulum (ER) and/or Golgi bodies and are released from
the host cell by viral budding. The structural protein coding
regions are separated from nonstructural proteins by the short
membrane peptide p7, thought to function as an ion channel
(43, 53). The nonstructural proteins NS2, NS3/4A, NS5A, and
NSS5B are involved in coordinating the intracellular processes
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of the virus life cycle, including polyprotein processing and
viral RNA replication (34).

The Luc-1b cell is a human hepatoma cell line (Huh7) that
contains a genotype 1b HCV subgenomic replicon, a luciferase
reporter, and a neomycin selection marker, allowing HCV
replication to be studied both in vitro and in vivo (8, 36). This
subgenomic replicon lacks the coding regions for NS2 and the
structural proteins but contains the nonstructural proteins in
cis, which are required for replication of the viral RNA. Ex-
pression of the luciferase gene acts as a surrogate marker for
levels of HCV RNA produced in the cell. The goal of the
present study was to use this subgenomic HCV replicon to
screen siRNA libraries and identify novel host proteins that are
involved in HCV replication.

A number of cellular pathways and proteins that play critical
roles in HCV replication have recently been described (41, 42,
46). In particular, replication of HCV is tied closely to its
localization and transport to various internal membranes and
to lipid metabolism (2). Most of the HCV proteins appear to
be targeted to the surface of the ER and replication complexes
appear to be transported to lipid rafts, where RNA replication
can occur (2). Infectious virus particle formation occurs in
association with lipid droplets, and this process requires the
core and NS5A proteins. In addition, cholesterol pathway pro-
duction of geranylgeranyl-PP is important to geranylate the
FBL2 protein, which serves as a membrane anchor for NSSA
(62). The hVAP proteins involved in the localization and traf-
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ficking between internal membranous structures are known to
be associated with the HCV proteins NSSA and NS5B (59).
Thus, host factor lipid metabolism and intracellular protein
transport are necessary for HCV replication in cells.

Targeting host factors that are required for viral replication
offers a strategy to overcome viral resistance and may allow
treatment for more than one genotype of HCV and/or a re-
lated Flaviviridae virus such as Dengue, West Nile, or yellow
fever virus. The current standard-of-care treatment for the
genotype 1 strain of HCV infection is pegylated interferon
alpha plus ribavirin over a 6-month time course with more than
half of infected patients being refractory to this treatment (57).
In addition to genotype 1, there are at least five naturally
occurring genotype variants of HCV that can complicate a
patient’s response to therapy when infected with more than
one genotype. As well as the development of mutations, the
presence of multiple variants coexisting in patients is thought
to contribute to the rapid development of resistance (40). A
variety of antiviral therapeutic strategies aim to inhibit viral
proteins directly with small molecules or siRNAs (13, 31, 33).
Although some small molecule approaches have been success-
ful in preclinical studies, small-molecule strategies directed
against the viral targets can still be rendered ineffective due to
the development of mutant, treatment-resistant viral strains
(13, 40). Thus, combination therapies are a necessary approach
to treat the many variants of HCV that exist in the patient
population.

In the present study, a set of 779 SMARTpool small inter-
fering RNAs (siRNAs) targeting the kinome and 4 siRNAs
targeting 5,000 druggable genes (20,000 siRNAs) were tested
for their ability to block replication of the Luc-1b HCV sub-
genomic replicon. siRNAs targeting CAD (carbamoyl-phos-
phate synthetase 2, aspartate transcarbamylase, and dihydro-
orotase), a tripartite enzyme that catalyzes the first three steps
of pyrimidine biosynthesis, inhibited both the Luc-1b replicon
and JFH1-2a virus expression. This activity is consistent with
the known inhibitor of this enzyme, leflunomide, which has
been shown previously to inhibit both respiratory syncytial
virus and HCV (12, 54). siRNAs targeting the mevalonate
(diphospho) decarboxylase (MVD) enzyme, which catalyzes
the formation of mevalonate, were found to inhibit Luc-1b
replication (19). Inhibition of the cholesterol biosynthesis
pathway and host cell geranylation has been previously re-
ported to inhibit HCV subgenomic replication (3, 24, 51, 62,
67). siRNA-mediated knockdown of the class III phosphati-
dylinositol 4-kinases PI4KA and PI4KB inhibited luciferase
expression not only for the genotype 1b subgenomic replicons
(Luc-1a and Luc-1b) but also for the viral RNA levels of
SG-1b, Luc-1b, and Luc-1a. PI4KA knockdown also inhibited
Renilla expression in the JFH-1 genotype 2a infectious virus
(JFH1-2a), genotype 2a subgenomic replicon (SG-1a), and a
genomic and subgenomic genotype la replicon (FL-la and
SG-1a). Using the small-molecule inhibitor PIK93 in com-
pound affinity competition experiments and in vitro biochem-
ical assays, we demonstrated PIK93 could bind and inhibit both
PI4KA and PI4KB enzymatic activity (58). PIK93 could inhibit
luciferase expression in the Luc-1b, Luc-1a, and JFH1-2a in-
fectious virus assays in the submicromolar range. Together, our
data suggest that PI4KA and PI4KB regulate HCV replication
and that pharmacological inhibition of these enzymes repre-
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sents a new class of antiviral agents for multiple genotypes of
HCV. Finally, since PI4KA and PI4KB are known to regulate
protein and lipid transport to and from the ER and Golgi
bodies, their function may hold clues as to how movement of
HCYV replication complexes throughout different organelles is
regulated.

MATERIALS AND METHODS

HCYV replicons and cell culture. Huh-Luc/neo-ET, a subgenomic genotype
1b (Conl) HCV replicon cell line containing a firefly luciferase gene, was
licensed from ReBLikon GmbH and called Luc-1b in the present study (29,
34, 36). The (Conl) subgenomic 1b replicon cell line (clone A or SG-1b) (8),
full-length genotype 1b (FL-1b) (9), subgenomic la (SG-la) (10), and
genomic genotype la (FL-1a) (10) HCV replicon cells were all licensed from
Apath, LLC (St. Louis, MO).

The luciferase subgenomic 1a replicon (Luc-la) was constructed through a
multistep subcloning procedure. The backbone plasmid was pH/SG-Neo(L+1), a
subgenomic la replicon with neoR cassette from Apath LLC (St. Louis, MO)
(10). The Agel/Kpnl restriction fragment containing neoR cassette was replaced
with the Agel/Kpnl restriction fragment containing the firefly luciferase-ubiq-
uitin-neoR cassette from pFK I389 luc-ubi-neo/NS3-3'/ET, the subgenomic ge-
notype 1b replicon with luciferase reporter from ReBLikon GmbH (30). To
enhance replication capacity of the replicon, the nonstructural proteins NS3-
NS5A from pH/SG-Neo(L+1) were replaced with the NS3-NS5A coding region
from pH77-S (kindly provided by Jang Han, Novartis Vaccines and Diagnostics),
a cell culture-adapted genotype la virus containing additional adaptive muta-
tions that facilitate higher levels of replication (69). Specifically, this H77-S
region contained seven mutations relative to the H77 sequence: Q1067R,
E1202G, and V16551 in NS3; K1691R in NS4A; Q1742H in NS4B; and K2040R
and S22041 in NS5A. The NS3-NS5A region was replaced with the Stul/BamHI
restriction fragment from pH77-S.

The stable luciferase 1a replicon cell line was generated through electropora-
tion of in vitro-transcribed replicon RNA into Huh-Cure cells, followed by
selection with 0.5 mg of G418/ml. Replicon RNA was prepared by using a T7
Megascript RNA transcription kit (Ambion) and purified with a MegaClear
RNA purification kit (Ambion). HuhCure cells resuspended at 107 cells/ml in
OptiMEM-I were combined with 10 pg of in vitro-transcribed replicon RNA in
a 0.4-cm gap cuvette and electroporated at 270 V and 960 wF using a Bio-Rad
GenePulser II electroporator. Cells were gently transferred to Dulbecco modi-
fied Eagle medium containing 10% heat-inactivated fetal bovine serum (FBS), 2
mM L-glutamine, and 1 mM nonessential amino acids. The next day, the medium
was replaced with medium containing 0.5 mg of G418/ml for selection of repli-
con-bearing cells. The medium was replaced every 2 days until large cell clones
developed. The colonies were treated with trypsin and pooled, and the cells were
passaged an additional five times before assaying for luciferase activity. The
luciferase 1a cell line was then validated via testing susceptibility of the replicon
to inhibition by NS3 protease inhibitors, NS5B polymerase inhibitors, and IFN-a.
Replicon levels were measured both by luciferase activity assay and quantitative
reverse transcription-PCR (QRT-PCR) assay to confirm that luciferase activity
was representative of replicon RNA levels. In all cases, the 50% inhibitory
concentrations (ICsgs; that is, the concentration of inhibitor that reduced control
reaction rates by 50%) determined via luciferase activity were the same as ICs4s
determined via QRT-PCR (data not shown). The subgenomic 2a replicon (SG-
2a) cell line was produced by using methods previously described (26). The
genotype 2a sequences (5'UTR and NS3 though 3'UTR sequences) were taken
from the genotype 2a JFH-1 infectious virus. The neoR coding region and
encephalomyocarditis virus internal ribosome entry site (IRES) were taken from
pCon1/SG-Neo(I) (SG-1b), and the cell line used for clone selection was Huh7.5;
both are licensed from Apath LLC (9). All of the cells were maintained in
complete medium consisting of Dulbecco modified Eagle medium, 2 mM -
glutamine, 1X nonessential amino acids, 10% heat-inactivated FBS (AFBS), and
G418 (Invitrogen) at 250 pg/ml of for the Luc-1b cells and 1 mg/ml for the clone
A cells and genomic genotype la (FL-1a) replicon.

Generation of JFH-1 virus. A monocistronic JFH-1 construct (pUC-RLF-
JFHI) was provided by Jang Han from Novartis Vaccines and Diagnostics and is
organized as follows: (5'UTR)-(12 residues of core)-(Renilla luciferase)-(FMDV
protein 2a)-(ubiquitin)-(HCV core through NS5B)-(3'UTR). The FMDV 2a and
ubiquitin are included to ensure that protease cleavage results in the generation
of a Renilla luciferase protein with a correct C terminus sequence and a core
protein with a correct N terminus sequence (27). The pUC-RLF-JFH1 plasmid
was linearized at the 3’ end of the JFH-1 genome by Xbal digestion and purified
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by using phenol-chloroform extraction. An RNA transcript was generated (Am-
bion MEGAscript T7 kit) and purified (Ambion MEGAclear kit) according to
the manufacturer’s protocols. The JFH-1 RNA was electroporated into Huh7.5
cells (8 pg of RNA, 2 X 10° cells in 200 pl of PBS; Bio-Rad GenePulser, two
pulses at 0.35 kV, 10 pF, « resistance), and the cells were plated into a T75 flask.
The cells were passaged every 3 to 4 days, and the medium was harvested each
time. The production of infectious JFH-1 virus was followed by infection of
Huh7.5 cells with the harvested medium (as described below). Medium with a
high titer (i.e., 50% tissue culture infective dose of ~10*ml) was divided into
aliquots and frozen at —80°C. Huh7.5 cells to be infected with JFH-1 virus were
plated at 1.5 X 103 cells/well in 96-well plates. For reverse transfection siRNA
studies, the plates were preloaded with siRNA mix (17). After 24 h of incubation,
the medium was removed, the cells were washed with PBS, and 50 wl of JFH-1
virus was added (multiplicity of infection of 0.01 to 0.1). After a 4- to 6-h
incubation, 100 wl of medium (containing compound or siRNAs, where appro-
priate) was added to each well, and the cells were incubated for a further 72 h at
37°C before being assayed. The Renilla luciferase activity was measured by using
a Renilla luciferase assay (Promega), and cell viability was measured by using a
CellTiter-Glo luminescent cell viability assay (Promega) according to the man-
ufacturer’s protocols. The JFH-1 genotype 2a virus construct used in the present
study is named JFH1-2a.

siRNA screen. The kinase sSiRNA SMARTpool library (Dharmacon, catalog
no. H-003500) and the four siRNAs targeting 5,000 druggable genes (Human
Druggable Genome siRNA Set V1.0 [Qiagen]) were transfected into the HCV
replicon cells as previously described (21, 23, 48). The total number of siRNAs
screened was 20,779, of which 20,000 were 4 individual siRNAs targeting 5,000
druggable genes and 779 SMARTpool kinases. The siRNAs were diluted in 4 pul
of Opti-MEM (Invitrogen) and stamped out into 384-well tissue culture plates at
a concentration of 206 nM. Using 0.07 pl of Oligofectamine transfection reagent
(Invitrogen), siRNA dilutions were prepared in 4 pl of Opti-MEM by using a
FlexDrop precision reagent dispenser (Perkin-Elmer). The plates were incu-
bated at room temperature for 20 to 30 min to allow siRNA-lipid reagent
complexes to form. After the incubation, 1,500 cells in 25 pl of assay medium
were added per well using the Multidrop 384 (Thermo Scientific). The cells were
assayed for luciferase activity at 72 h posttransfection by using a Bright-Glo
luciferase assay (Promega). The siRNA collections were run in sets of n = 2 after
screening optimization (11, 70). The screening data was Z-score transformed to
pick siRNAs that scored =50% below the median (=0.5 or Z-score of —2) or
=100% (=2.0 or Z-score of 2) above the median. The most active siRNAs were
validated as three multiple independent duplexes: PI4KA (NM_002650, Dhar-
macon catalog no. D-006776), PI4AKB (NM_002651, Dharmacon catalog no.
D-006777), CAD (NM_004341, Dharmacon catalog no. D-009471), and MVD
(NM_002641, Dharmacon catalog no. D-006748) (see Table S3 in the supple-
mental material). The pGL2, GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase), and Renilla luciferase duplexes were purchased from Dharmacon (pGL2,
catalog no. D-001100-01-20; GAPDH, catalog no. D-001140-01-20; Renilla lucif-
erase, catalog no. P-002070-01-20). The validated siRNAs for PI4KA and PI4KB
were analyzed in Huh7.5 cells infected with the JFH-1 virus, as described in the
previous section. Briefly, Huh7.5 cells were reverse transfected with siRNA and
then infected with the JFH-1 virus at a multiplicity of infection of 0.1. Infected
cells were incubated for 72 h at 37°C, and Renilla luciferase activity was measured
by using the Renilla luciferase assay (Promega), and the cell viability was mea-
sured by using the CellTiter-Glo assay. For the siRNA dose experiments, each
siRNA was diluted from a 20 pM stock to a working concentration of 250 nM
and threefold serial diluted in Opti-MEM before transfection. Cells were assayed
for luciferase activity and cell viability 72 h after siRNA transfection. For vali-
dation experiments, each siRNA was resuspended in siRNA buffer (Dharmacon
catalog no. B-002000-UB-015) to a stock concentration of 20 pM (5X to 1X).
Then, 2.5 pl of each stock solution was diluted in 197.5 pl of Dharmacon cell
culture reagent (catalog no. B-004500-100) in a 96-well PCR plate (ABgene) to
make a working 10X stamp of 250 nM, and then 0.20 pl of DharmaFECT 1
transfection reagent (Dharmacon) was diluted in 10 pl and added to each well of
a 96-well tissue culture plate. Next, a 10-ul aliquot of each well in the 10X stamp
was added to the 96-well tissue culture plates containing lipid reagent, followed
by incubation for 20 min at room temperature to allow the (siRNA/lipid reagent)
complexes to form. After the incubation, 6,000 replicon cells in 80 .l of complete
medium were plated on top of the siRNA-lipid reagent complexes by using the
Multidrop 384. Cells were incubated for 72 h at 37°C and assayed for luciferase
activity and cell viability as described above.

Real-time PCR. Two wells transfected with siRNAs were pooled together,
mRNA was isolated by using a TurboCapture 96 mRNA kit (Ambion), and cDNA
was generated by using a high-capacity cDNA archive kit (Applied Biosystems).
Knockdown of target mRNA was confirmed by using a TagMan gene expression
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assay (Applied Biosystems) according to the manufacturer’s instructions. The cDNA
was quantified using premixed Applied Biosystems probes and primers—PI4KA
(NM_002650, catalog no. Hs01021073_m1), PI4KB (NM_002651, catalog no.
Hs00356327_m1), CAD (NM_004341, catalog no. Hs00983188_ml), MVD
(NM_002641, catalog no. Hs00159403_m1), and GAPDH (NM_002046, catalog no.
4333764F)—using a real-time PCR system (Applied Biosystems 7900HT). RT-PCR
was performed on HCV viral RNA in the subgenomic genotype 1b replicon (clone
A), Luc-1b, and genomic genotype 1a cells as previously described (37).

shRNAs. Short hairpin RNAs (shRNAs) targeting PI4KA (NM_002650, Sigma
catalog no. SHGLY-NM_002650) and PI4KB (NM_002651, Sigma catalog no.
SHGLY-NM_002651) were ordered as five individual shRNA clones (see Table
S3 in the supplemental material). shRNAs targeting green fluorescent protein
(GFP; Sigma catalog no. TRCN0000072181) were used as negative controls.
First, 6,000 cells were plated in 96-well tissue culture plates. The following day,
medium was replaced with transduction medium containing Polybrene (Sigma)
at a 8-pg/ml final concentration and HEPES (Invitrogen) at a 10 mM final
concentration. Then, 1 pl shRNA virus was added per well, and the cells were
centrifuged at 2,100 rpm for 90 min at room temperature. The cells were incu-
bated for 24 h and selected by adding puromycin (Sigma) at a 2-pg/ml final
concentration. The cells were then incubated for a minimum of 72 h and assayed
for luciferase and cell viability as previously described, analyzed by Western blot
and RT-PCR, and propagated in culture for long-term knockdown studies.

Western blots. PI4KB and NS3 protein levels were analyzed by Western
blotting using Criterion 10 to 20% Tris-HCI sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels (Bio-Rad) under standard conditions and com-
mercially available antibodies to PI4KB (BD Biosciences) and NS3 (ViroStat)
(32).

Compounds. The compounds PIK93 (4, 5, 58) and NIM811 were synthesized
at Novartis (49). HCV replicon and JFH1-2a Huh7.5-infected cells were treated
with compound for 48 h prior to Renilla and firefly luciferase, CellTiter-Glo,
Western blot, or immunofluorescence analysis as described. An average of five
independent experiments, along with the standard deviations, was calculated for
each treatment. Calculations of the ICs, and CCs, (the concentration of com-
pound at which 50% of the cells were viable) were determined by using Sig-
maPlot version 9.0 graphing software.

In vitro biochemistry. The PI4K cDNA clones were obtained from OriGene,
the restriction enzymes and ligases were from New England BioLabs, and the
PCR polymerases and primers were from Invitrogen. Bovine liver phosphatidyl-
inositol was purchased from Avanti-Polar Lipids, and ATP was obtained from
Amersham Biosciences/GE Healthcare. Expression and purification of PI4KA
and PI4KB were performed in Sf9 (Spodoptera frugiperda) cells. Recombinant
PI4K proteins were derived from cDNA clones (PI4KA, NM_058004, OriGene
catalog no. SC120237; PI4KB, NM_002651, OriGene catalog no. SC118488).
Full-length coding regions were subcloned into pFastBac-HT, downstream from
the vector-encoded N-terminal His, tag for the purpose of affinity chromato-
graphic purification. Baculovirus was produced by using a Bac-to-Bac baculovi-
rus expression system (Invitrogen) with Sf9 insect cells. Protein was produced by
infecting Sf9 cells with amplified baculovirus. At 68 to 72 h postinfection, the
cells were harvested; resuspended in buffer containing 50 Tris (pH 7.5), 10%
glycerol, 10 mM imidazole, 300 mM NaCl, 0.2% Triton X-100, 1 mM TCEP
[Tris(2-carboxyethyl)phosphine], and EDTA-free protease inhibitor cocktail
(Roche); and lysed by using a microfluidizer. The suspension was centrifuged at
21,000 X g for 45 min at 4°C, and the supernatant was mixed with nickel
nitrilotriacetic acid resin (Qiagen) for 2 h at 4°C. The resin was washed sequen-
tially with buffer 1 (50 Tris [pH 7.5], 20 mM imidazole, 300 mM NaCl, 0.2%
Triton X-100, 1 mM TCEP) and then buffer 2 (50 Tris [pH 7.5], 20 mM imida-
zole, 0.2% Triton X-100, 1 mM TCEP). His-tagged protein was eluted with 50
Tris (pH 7.5)-250 mM imidazole-0.2% Triton X-100-1 mM TCEP. For PI4KB,
protein was further purified via cation-exchange chromatography using HiL.oad
Q column with buffer A (50 mM Tris [pH 7.5], 1 mM dithiothreitol [DTT], 0.2%
Triton X-100) and buffer B (50 mM Tris [pH 7.5], 500 mM NaCl, 1 mM DTT,
0.2% Triton X-100). Pooled fractions for either PI4KA or PI4KB were dialyzed
overnight at 4°C against 50 mM Tris (pH 7.5)-150 mM NaCl-1 mM DTT-0.2%
Triton X-100-10% glycerol. Purified proteins were then divided into aliquots and
stored at —80°C. The PI4K kinase activity was assayed via the use of coupling
enzymes pyruvate kinase and lactate dehydrogenase. In this assay system, the
PI4K-catalyzed phosphorylation of phosphatidylinositol was coupled to the oxi-
dation of NADH to NAD*. The reaction was monitored as a decrease in NADH
fluorescence, with A, = 344 nm and \_,,, = 460 nm. The assay conditions were
as follows: 50 mM HEPES (pH 7.3), 10 mM MgCl,, 1 mM DTT, 1 mM EGTA,
1 mM phosphoenolpyruvate, 40 U of pyruvate kinase/ml, 40 U of lactic dehy-
drogenase/ml, 0.04 mM NADH, 0.2 mM ATP, 0.04 mM bovine liver phospha-
tidylinositol, and 5 nM PI4KA or 25 nM PI4KB. Inhibitors were serially diluted
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in dimethyl sulfoxide (DMSO) before dilution into assay buffer, giving a final
concentration of 1% DMSO. PI4KA or PI4KB was preincubated with inhibitor
dilutions in assay buffer for 10 min at room temperature (25°C) prior to initiating
the reaction with phosphatidylinositol and ATP. The percent activity was calcu-
lated from the initial rates of the inhibited reactions relative to the uninhibited
control. The ICsys were calculated by four-parameter curve fitting of percent
control activity at 14 inhibitor concentrations.

Affinity purification. Compound coupling and affinity purification was per-
formed as described previously (6). All reagents were purchased from Sigma
unless otherwise indicated. A PI4KB inhibitor, LCJ217 (see Fig. S4 in the
supplemental material), was coupled onto NHS-activated Sepharose 4 beads
(Amersham) to be used as the affinity matrix. Huh-7 cells expressing the HCV
replicon were homogenized in lysis buffer (50 mM Tris-HCI [pH 7.5], 5% glyc-
erol, 1.5 mM MgCl,, 150 mM NaCl, 20 mM NaF, 1 mM Na;VO, 1 mM DTT,
5 uM calyculin A, 0.8% Igepal-CA630, and a protease inhibitor cocktail) using
a Dounce homogenizer on ice. Lysate was cleared by centrifugation and protein
concentration measured by a Bradford assay. PIK93 compound was dissolved in
DMSO and added at 10 pM (or DMSO alone) to 50-mg lysate samples for 30
min at 4°C. Then, 100 pl of LCJ217-matrix was added, and incubation resumed
at 4°C for another 30 min. After centrifugation, beads were transferred into a
column (MoBiTec) and washed. Bound material was eluted with NuPAGE LDS
sample buffer (Invitrogen), and the eluates were reduced, alkylated, separated on
4 to 12% NuPAGE gels (Invitrogen) and stained with colloidal Coomassie blue.

Mass spectrometry. Procedures were performed as previously described (6).
Briefly, gel lanes were cut into slices across the separation range, subjected to
in-gel tryptic digestion, and monitored by labeling with iTRAQ reagents (Ap-
plied Biosystems) as described previously (6). Peptide extract of DMSO vehicle
control was labeled with iTRAQ reagent 117 and combined with extract from
PIK93-treated sample labeled with iTRAQ reagent 114. Sequencing was per-
formed by liquid chromatography-tandem mass spectrometry on an Eksigent
1D+ high-pressure liquid chromatography system coupled to a LTQ-Orbitrap
mass spectrometer (Thermo Scientific). Tandem mass spectra were generated by
using pulsed-Q dissociation, enabling the detection of iTRAQ reporter ions.
Peptide mass and fragmentation data were used to query an in-house curated
version of the IPI database (EBI [http://www.ebi.ac.uk/IDP]). A mass tolerance
of 10 ppm was allowed for detection of intact peptide masses and 0.6 Da for
fragment ions detected in the linear ion trap. Proteins were quantified by using
in-house-developed software as described previously (6). Only peptides unique
for identified proteins were used for relative protein quantification. The mini-
mum requirements for acceptance of quantified proteins were at least four
quantifiable spectra matching to unique peptides and a total reporter ion inten-
sity of 15,000. Experiments using a decoy database revealed that no false-positive
protein identifications are expected in the quantified data set. In order to com-
pensate for variations in the total protein amount yielded from the compound
affinity purifications, raw protein fold changes were renormalized by using the
median fold change detected between the two experiments. Protein changes had
to be at least twofold to be considered significant and were ranked by the number
of unique peptides.

RESULTS

Genome-scale HCV replicon siRNA screen. Several self-rep-
licating viral constructs representing three HCV genotypes
have been modified to study the HCV replicon activity in vitro
(8,9, 10, 29, 30, 34, 36, 61, 71) (Fig. 1A). Among the salient
features of the replicons are the 5" and 3’ UTRs, which are
required for efficient viral RNA replication, translation, and
RNA stability. The replicons have been adapted to cell culture
growth by selecting for mutations in the genome, including in
the NS5A and NS3 proteins (8, 10). For the subgenomic rep-
licons, the structural proteins and NS2 have been replaced with
a selectable marker gene neomycin (Luc-1a, Luc-1b, SG-1a,
and SG-1b) and two replicons (Luc-1a and Luclb) contain a
firefly luciferase reporter (pGL2) to measure cellular replicon
expression. The nonstructural genes are expressed from a sec-
ond, heterologous encephalomyocarditis virus IRES indepen-
dent of the HCV IRES that mediates expression of the neo-
mycin and Firefly luciferase gene. The full-length replicons
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(FL-1a and FL-1b) contain a neomycin selectable marker, fol-
lowed by the complete HCV genome (9, 10). The JFH1-2a
infectious virus contains a Renilla luciferase gene, followed by
12 residues of the core protein. The JFH1-2a viral RNA is
made in vitro from a linearized pUC-RLF-JFH1 plasmid prior
to electroporation into cells. Viral supernatants are used to
infect naive Huh7.5 cells, and Renilla gene expression is the
surrogate measure for HCV RNA transcription (see Materials
and Methods).

Introduction of siRNAs into the Huh7 replicon containing
cells was optimized by using a high-throughput siRNA trans-
fection protocol as previously described (11). The HCV repli-
con cells (Luc-1b) were used to determine antiviral activity by
measuring the reduction of luciferase expression in the cell.
siRNA SMARTDpools targeting 779 kinases and a collection of
four independent siRNAs targeting 5,000 druggable genes
were transfected into the replicon cells in two independent
screens, and luciferase expression was quantified. The screen
was analyzed by using a Z-score transformation so the siRNAs
with the most significant effects (activation or inhibition of
luciferase expression) on replication could be determined (Fig.
1B). The positive control siRNA, pGL2 (targeting firefly lucif-
erase), as well as PI4KA, COPB2, and PLK, all inhibited
luciferase levels —7 standard deviations from the median (Ta-
ble 1). Additional genes scoring between —5 and —6 standard
deviations from the median included MVD, PI4KB, MOS,
CAD, and DERMOV1 (Table 1). The previously identified host
factor regulator of HCV, cyclophilin B, was identified in the
screen, scoring —4 standard deviations below the median (63).
In addition, we found cyclophilin C siRNAs were as potent as
cyclophilin B siRNAs (Z-score of —4, Table 1), although cy-
clophilin F siRNAs scored below —2 standard deviations (see
Table S1 in the supplemental material). Other members of the
cyclophilin family tested in the screen, i.e., cyclophilins A, D,
and H, did not score below a Z-score of —2 (data not shown).
Since the siRNAs in the collection were not prevalidated, it is
possible targets would be missed because the sSiRNAs were not
active. An additional 107 genes (excluding pGL2) that scored
between —2 and —4 standard deviations from the median are
listed in Table S1 in the supplemental material. Of the top-
scoring hits, PLK1 and COPB2 siRNAs caused overt cell death
in cell viability assays and were not pursued for further study
(35; data not shown). Due to the large number of primary hits
and the complexity of the signaling pathways they represent,
we only validated the top four genes from the primary screen.

In addition to siRNAs that inhibited luciferase expression,
there were 38 siRNAs that increased the expression of the
luciferase replicon >2 standard deviations from the median
(see Table S2 in the supplemental material). The top three hits
scoring >3 standard deviations above the median included
PDGFRA (NM_006206, for platelet-derived growth factor re-
ceptor alpha), SCNN1B (NM_000336, for sodium channel,
nonvoltage-gated 1, beta), and RNF26 (NM_032015, for ring
finger protein 26). Our attempt to validate the induction of
luciferase caused by these siRNAs was not reproducible in the
Luc-1b cells (data not shown). Thus, the siRNAs in Table S2 in
the supplemental material were not pursued for further study.

In order to confirm the primary screening results and rule
out off-target effects, multiple independent gene-specific
siRNAs were used in verification experiments to correlate rep-



A Sub-Genomic 1a, 1b Replicons containing a luciferase reporter Nomenclature
5" UTR
HCV-IRES ”" EMCV-IRES ,
3’ UTR

]fﬂ Luc [ Neo(R) sz| 4A 48 I 5A I Jﬁ Luc-1a, Luc-1b

Sub-Genomic 1a, 1b, 2a Replicons

5’ UTR
3’ UTR

ﬁ Neo(R) sz 3 14AI4B I 5A l 5B juil SG-1a, SG-1b, SG-2a

Genomic 1a Replicon
5 UTR arlimR

Neo(R) core] E1 [ E2 Jp7[ 2 | 3 | 4A Js8] 52 | s sa FL-1a

Genomic 1b Replicon
5 UTR

3° UTR

Neo(R) core E1 | E2 [p7 2 | 8 ] 4A Jsg] 5A | s j?fl FL-1b

Infectious 2a Virus
5’ UTR F‘e"'"a Ub 3 UTR

]Sﬁ([ ][[ c et [ e2]p7[ 2] s [sA[48 [ 5n | sB jf,_ JFH1-2a

B. C.

100000 12

D Replicon Luciferase

r1.2
. Cell Viability
« 10000 5 10 -0
2 2
[ E os ro8 &
‘» 1000 g g
i g os oeg
P S5 O I o.
g 100 3 z
£ -} 3
0.4 >
> g Loa =
= 10 g 3
= ®
3 0.2 0.2
-70 -60 -50 -40 -30 -20 -1.0 0 1.0 20 30 0 0
Z-score T 8 e § o9 = o © T 9 © I 9
SiRNA 2 2 g g £ 2 @ a 2 2 2 ¢ ©
s s35 s$§3$% 535338 053 *°
L o a a o
DI 1.2
r 101
o
E
o 0.8 §
c
]
0 0.6 |
[
e
&
k] 0.4 |
s
Z 02|
E
0 |
= o - N ™ - o © T o ©@ g
. [] [=] < < < ] ] 3] [a] [=] [a]
siRNA > > < < < o
= £ § §$§ £ £ £ 98 36 8 =
[ [ ©

10062



VoL. 83, 2009 PI4KA AND -B REGULATE HCV REPLICATION 10063
TABLE 1. Summary of the top-scoring siRNAs validated from the replicon screen”

Gene Description Accession no. Z-score
pGL2 Firefly (Photinus pyralis) luciferase X65323 =7
COPB2 Coatomer protein complex, subunit beta 2 (beta prime) NM_004766 -7
PIK4ACA Phosphatidylinositol 4-kinase, catalytic, alpha polypeptide NM_002650 =7
PLK1 Polo-like kinase 1 NM_005030 -7
MVD Mevalonate (diphospho) decarboxylase NM_002461 —6
PIK4CB Phosphatidylinositol 4-kinase, catalytic, beta polypeptide NM_002651 -6
MOS v-mos Moloney murine sarcoma viral oncogene homolog NM_005372 =5
CAD Carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase NM_004341 -5
DERMOL1 Likely ortholog of mouse and rat twist-related bHLH protein Dermo-1 NM_057179 =5
ITGA7 Integrin, alpha 7 NM_002206 -4
UBB Ubiquitin B NM_018955 —4
PIPSK1A Phosphatidylinositol-4-phosphate 5-kinase, type I, alpha NM_003557 —4
CypC Peptidylprolyl isomerase C NM_000943 —4
SCN1B Sodium channel, voltage-gated, type I, beta polypeptide NM_001037 —4
CypB Peptidylprolyl isomerase B NM_000942 —4

“ siRNAs that inhibited replicon luciferase levels =2 standard deviations from the median (Z-score) were picked from the screen (see Table S1 in the supplemental

material for a complete list).

licon inhibition with efficiency of target mRNA knockdown
(for sequences, see Table S3 in the supplemental material).
The siRNAs had to meet several criteria to be considered
validated: more than one siRNA sequence had to knock down
target gene mRNA, mRNA silencing had to correlate with
phenotype (luciferase inhibition), and the siRNAs could not
affect cell viability. Up to three independent siRNA sequences
were repeated in the Luc-1b replicon assay, and the cell via-
bility was determined (Fig. 1C). The siRNAs targeting PI4KA
inhibited luciferase activity >5-fold compared to the negative
control GAPDH siRNA (scrambled siRNAs performed the
same as GAPDH, so all genes were compared to this single
negative control throughout this study). All three PI4KB
siRNAs inhibited luciferase by 50 to 80%, while two MVD
siRNAs inhibited luciferase 40 and 70%, respectively. Each of
the CAD siRNAs reduced luciferase expression by >80% sim-
ilar to the positive control pGL2 siRNA. All of the siRNAs had
little or no effect on cell viability as measured by cellular ATP
levels (Fig. 1C, black bars). Each siRNA was also analyzed for
the ability to knock down its respective target gene as deter-
mined by RT-PCR. As shown in Fig. 1D, all of the siRNAs
reduced target mRNA levels by >50%, with the exception of
PI4KA-1. The MVD siRNAs (MVD-1 and -2) consistently
reduced target mRNA levels by >80%. Since the MVD
siRNAs could potently reduce mRNA levels but the effects on

luciferase expression were modest, more MVD siRNAs need
to be analyzed in the Luc-1b cells.

CAD siRNAs silenced target mRNA levels and significantly
reduced luciferase expression so the siRNAs were analyzed in
substrate rescue experiments. The CAD protein catalyzes the
first three reactions of pyrimidine biosynthesis, through three
enzyme activities known as carbamoyl phosphate synthetase,
aspartate transcarbamoylase, and ornithine transcarbamoylase
(25). The requirement of CTP and UTP for HCV replication
has been previously identified using antimetabolite compounds
(54). Similarly, the addition of exogenous uridine and cytidine
should bypass the need for de novo pyrimidine biosyntheses
when the CAD complex is silenced, if CAD is indeed the
essential enzyme that supplies pyrimidines for HCV replica-
tion. After a 24-h siRNA transfection with the validated CAD
siRNAs, the addition of 100 wM uridine (as UTP) and cytidine
(as CTP) reversed the inhibition of the replicon luciferase levels
~6-fold (see Fig. S1 in the supplemental material). The addition
of exogenous pyrimidines to the Luc-1b cells increased luciferase
expression ~2-fold in both the GAPDH- and the pGL2 siRNA-
transfected cells. Although pyrimidine addition stimulates lucif-
erase expression in the Luc-1b cells, knockdown of pGL2 was not
able to be rescued, and cell viability was unchanged, suggesting
cell growth was equivalent in the treated cell lines (see Fig. S1 in
the supplemental material).

FIG. 1. Genome-scale siRNA screen in HCV replicon cells. (A) Model of the HCV replicons used in the present study: the subgenomic
genotype la luciferase replicon (Luc-1a) and the subgenomic genotype 1b luciferase replicon (Luc-1b), both of which contain a Firefly luciferase
gene; the subgenomic genotype 1a replicon (SG-1a), the subgenomic genotype 1b replicon (SG-1b), the subgenomic genotype 2a replicon (SG-2a),
the genomic genotype 1a replicon (FL-1a), and the genomic genotype 1b replicon (FL-1b), all of which contain a neomycin selectable marker; and
the genomic genotype 2a infectious virus (JFH1-2a), which contains a Renilla luciferase gene. (B) The Huh7 stable HCV replicon cells were
screened by high-throughput lipid-mediated transfection using a SMARTpool kinome (779 genes) and a druggable genome (four siRNAs targeting
5,000 genes) at 25 nM siRNA per well. The distribution of siRNAs is presented as a Z-score histogram. The frequency of hits at each Z-score is
presented above each column. Including the luciferase siRNA, 108 siRNAs scored below a Z-score of —2, whereas 38 siRNAs scored above 2.0.
(C) The top-scoring siRNA inhibitors were validated by using multiple independent siRNAs (see Table S3 in the supplemental material for
sequences) after a 72-h transfection into the Luc-1b cells. Both luciferase (&) and cell viability (ll) were determined and normalized to the negative
control GAPDH siRNA. (D) mRNA levels were quantified in the siRNA-treated cells (in parallel with panel C) using RT-PCR, based on the
internal control actin mRNA. The data were normalized to GAPDH siRNA-treated cells to control for transfection effects on total cellular mRNA
levels.
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One explanation for the identification of both PI4KA and
PI4KB siRNAs is that their respective siRNAs affect the ex-
pression of the other isoform. To address the possibility that
the siRNAs could cross-react and inhibit both isoforms, we
performed both RT-PCR and Western blot analysis. The
siRNAs were transfected in Luc-1b cells for 72 h, and primers
to each gene were used to quantify mRNA levels in both
transfectants. The siRNAs were selective and only reduced the
mRNA of their respective isoform (Fig. 2A and B). The three
siRNAs were also validated by Western blotting to measure
both target protein knockdown and viral protein levels. The
siRNAs directed to PI4KA had no significant effect on PI4KB
protein levels, while the siRNAs that reduced the mRNA lev-
els of PI4KB-1, -2, and -3 significantly inhibited the PI4KB
protein levels (Fig. 2C). PI4KA protein levels were not deter-
mined since we were unable to obtain a reliable, specific anti-
body (data not shown). In addition to PI4KB, we investigated
whether NS3 protein levels were altered after PI4KA or PI4KB
knockdown. The siRNA-transfected cells had consistently lower
levels of NS3 protein compared to GAPDH-transfected cells
(Fig. 2C). The most potent siRNAs, as measured by luciferase
(PI4KA-1, PI4KA-3, and PI4KB-2, Fig. 1C), had the most signif-
icant effect on NS3 protein levels (Fig. 2C). PI4KB-1 and -3 had
less of an effect on NS3 protein levels, which correlated with
higher luciferase expression (Fig. 1C). There was some variation
observed with the mRNA knockdown of PI4KA and PI4KB in
the Luc-1b cell line. The variation seen with mRNA or protein
knockdown is likely due to the inherent heterogeneity of transient
transfection and was not significant when compared across mul-
tiple experiments (data not shown).

To further test the effects on PI4KA and PI4KB siRNAs on
Luc-1b expression, we performed a dose titration of both
PI4KA and PI4KB siRNAs in the Luc-1b cells. PI4KA-1 and -2
siRNAs had an ICs in the replicon cells of ~0.1 nM, while the
PI4KB-1 and -2 siRNA ICs, was 0.1 to 0.3 nM on luciferase
expression, respectively (Fig. 2D and E). RT-PCR analysis
over the dose response confirmed the target mRNA was si-
lenced at or above the ICs, (see Fig. S3A and B in the sup-
plemental material). To determine whether the knockdown of
both PI4KA and PI4KB was synergistic to inhibit Luc-1b ex-
pression, we dosed PI4KA and PI4KB siRNAs together in a
1:1 concentration and measured luciferase expression after
72 h (see Fig. S2 in the supplemental material). The siRNAs
were mixed at a 25 nM:25 nM ratio and added at a final
concentration of 25 nM and then added to cells at twofold
serial dilutions (see Fig. S2 in the supplemental material). In
this way, each siRNA concentration would be half of the total
dose added (i.e., at 25 nM, each individual siRNA would be
12.5 nM) so that additive or synergistic effects on luciferase
expression could be detected. At an ICs;, of 0.80 nM siRNA
(0.40 nM PI4KA and 0.40 nM PIK4B), the inhibition of lucif-
erase was twofold greater than for PI4KB-GAPDH siRNA
treatment and approximately the same as for the PI4KA-
GAPDH siRNA combination. There was no synergy with the
combination of PI4KA or PI4KB siRNAs, suggesting that both
enzymes play unique but required roles in genotype 1b repli-
cation (see Fig. S2 in the supplemental material).

PI4KA and PI4KB shRNA validation. shRNAs were used to
determine whether stable knockdown of PI4KA and PI4KB could
maintain inhibition of the Luc-1b cells over time. With the stable
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knockdown of PI4KA and PI4KB, not only can long-term effects
on HCV replication and HCV RNA stability be determined, but
the variability of transient siRNA transfection can also be
avoided. Three shRNAs were identified that stably reduced
mRNA levels for PI4KA (1, 2, and 3) and two for PI4KB (1 and
3) as measured by RT-PCR (Fig. 3A and B). The reduction of
mRNA levels also correlated with a reduction in replicon lucif-
erase expression (Fig. 3C, gray bars) while having no significant
effect on cell viability (Fig. 3C, black bars), as measured after 2
weeks in cell culture. The two most potent shRNAs targeting
PI4KB caused a substantial reduction in protein levels, while all
three of the PI4KA shRNAs had no effect on PI4KB protein
expression (Fig. 3D). Consistent with the reduced mRNA levels
and luciferase activity, the most active (as measured by RT-PCR)
shRNAs against PI4KA (1 and 3) and PI4KB (1 and 3) resulted
in a reduction of NS3 protein compared to GFP shRNA stable
cells (Fig. 3D). Cells transduced with the two most active sSIRNAs
(PI4KA-1 and PI4KB-3) were grown under puromycin selection
for 3 weeks. The shRNA-expressing replicon cells showed no
significant loss of viability (as measured by actin levels) and NS3
protein levels were reduced in the PI4KB-3 shRNA-expressing
cells, while abolished in the PI4KA-1-expressing cells (Fig. 3E).
The PI4KB protein was significantly reduced in the PI4KB-3
shRNA-expressing but not in the PI4KA-1-expressing cells. These
observations suggest that the stable reduction of PI4KA (mea-
sured by RT-PCR) or PI4KB (measured by Western blot) is not
overtly toxic to the cells and NS3 levels are reduced, suggesting
that these enzymes are required for the maintenance of viral
replication.

PI4KA and -B are required for JFH-1 infectious virus rep-
lication. The genotype 1b replicon model system lacks the
HCYV structural proteins and is unable to form infectious viral
particles. It is possible the PI4K enzymes are only required for
the adapted subgenomic genotype 1b replicon model and
might not be essential for infectious virus replication. We used
a JFH1-2a infectious virus to compare the relative roles of the
two PI4K isoforms on the complete HCV viral life cycle using
the validated siRNAs identified in Fig. 1C and D (56, 66).
Along with PI4KA and PI4KB, several positive control
siRNAs, CAD, CDS1, and Claudin-1 (CLDN1), were trans-
fected into Huh7.5 cells prior to viral infection (Fig. 4A) (14,
28, 44). The control siRNA targeting the Renilla luciferase
reporter contained in the JFHI1-2a genome could ablate
JFH-1 replication in Huh7.5 cells as measured by the Renilla
luciferase levels (Fig. 4B). The CD81 and CLDN1 siRNAs
inhibited JFH1-2a Renilla expression =80% compared to
GAPDH siRNA-transfected cells (Fig. 4A). The two vali-
dated CAD siRNAs could inhibit JFH1-2a Renilla luciferase
~60 and 80%, whereas both PI4KA siRNAs blocked lucif-
erase >80%. The PI4KB-1 and -2 siRNAs could inhibit
Renilla expression ~60 and 40%, respectively, which is con-
sistent with the findings presented in Fig. 4B to D.

To further characterize the PI4AKA and PI4KB siRNAs in
the JFH1-2a infectious virus assay, a dose of the validated
PI4KA and PI4KB siRNAs (25, 1.5, or 0.1 nM) was transfected
into Huh7.5 cells 24 h prior to JFH1-2a viral RNA infection.
The two independent PI4KA siRNAs potently inhibited viral
replication, >80%, at the highest concentration of PI4KA
siRNAs tested (25 nM). In contrast, only one of the two PI4KB
siRNAs was able to reduce luciferase levels by 50% (Fig. 4B).
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Despite the difference in luciferase inhibition, knockdown of
PI4KA and PI4KB mRNA levels in the Huh 7.5 cells was
similar to the Huh7 replicon cells (data not shown).

To measure the effects of the siRNAs on JFH-1 replication
(as measured by Renilla luciferase expression) after infectious
virus entry has already been initiated, cells were infected first
with JFH1-2a virus for 24 h and then transfected with 25 nM
concentrations of each siRNA for an additional 72 h (Fig. 4C).
The PI4KA siRNAs could potently inhibit replication, while
the PI4KB siRNAs had little effect on luciferase levels
(PI4KB-2 at 40% inhibition) (Fig. 4C). In addition, virus pro-
duction was analyzed by removing virus-containing superna-
tants from the JFHI1-2a-infected cells at 24-h intervals after
PI4KA and PI4KB siRNA transfection. The virus-containing
supernatants were added to naive Huh7.5 cells, and Renilla
luciferase expression was determined (Fig. 4D). The percent
reinfection was calculated by normalizing pGL2 siRNA by
GAPDH siRNA-transfected cells effects on Renilla luciferase
levels at each 24-h time point. These results indicate the in-
fectious virus genotype 2a production was selectively sensitive
to the loss of PI4KA as early as 24 h after transfection. PI4KA
silencing diminished virus production from the cells and inhib-
ited Renilla luciferase when the siRNAs were transfected be-
fore and/or after JFH1-2a infection, suggesting PI4KA is a
potent inhibitor of JFH1-2a infectious virus replication.

To determine whether PI4KA or PI4KB knockdown could
inhibit replication of additional HCV genotypes, we character-
ized PI4KA-sp, PI4KB-sp, and GAPDH-sp (-sp, SMARTpool,
pool of previously validated siRNAs) siRNA silencing in 1a,
1b, and 2a replicons using QRT-PCR as previously described
(37). All of the replicon cell lines were transfected with a single
25 nM dose of siRNA for 72 h, and both HCV viral RNA (Fig.
5B) and mRNA knockdown of PI4KA and PI4KB were deter-
mined (Fig. 5A). PI4KA and PI4KB mRNA was knocked
down =58% relative to GAPDH in all of the replicons with the
exception of the SG-2a and JFH1-2a transfections, where the
knockdown was =53%. The copy number of viral RNA [ex-
pressed as the viral log 2(RNA/ng of total cellular RNA)]
varied in each cell line from >5,000 copies in the SG-1b cells
to ~61 copies in the JFH1-2a cells, each transfected with
GAPDH-sp siRNAs. All of the replicons were sensitive to
PI4KA-sp siRNAs, and the HCV viral copy number was re-
duced from 40 to 80% depending on genotype. In contrast,
several of the replicons were not significantly inhibited by
PI4KB-sp siRNAs, including FL-1b, SG-1a, FL-1a, SG-2a, and
JFH1-2a (similar to the results shown in Fig. 4B to D).
PI4KA-sp and PI4KB-sp were also transfected into Luc-la
(Fig. 5C) and Luc-1b (Fig. 5D) cells, and the luciferase levels
were determined. The PI4KA-sp siRNAs inhibited the Luc-1b
and Luc-1a replicon luciferase expression ~70% compared to
GAPDH-transfected cells, while the PI4KB-sp siRNAs inhib-
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ited luciferase expression 40% in the Luc-1a and 70% in the
Luc-1b cells. The reduction of both HCV viral mRNA and
luciferase expression across different HCV genotypes provides
independent confirmation that PI4KA and PI4KB are involved
in the replication and/or RNA stability of more than one ge-
notype of HCV.

Analysis of pharmacological PI4K inhibitors. To determine
whether the enzymatic activity of PIK4 enzymes was critical for
their role in HCV replication, the activity of a known pharma-
cological PI4KB inhibitor, PIK93, was examined in the Luc-1b,
Luc-1a, and JFH1-2a assays (58, 72). The activity of PIK93 was
compared to the cyclophilin inhibitor NIM811 (Table 2) (38).
The cyclophilin inhibitor NIM811 has been reported to inhibit
HCYV replication in vitro and is currently in clinical trials as a
novel anti-HCV therapy (40). PIK93 inhibited the Luc-1b rep-
licon with a 50 nM ICs,, and the Luc-1a replicon with a 98 nM
ICsy, a concentration ~100-fold lower than the ICs, for cell
viability (10.39 pM). NIMS811 had ICs,s of 110 and 99 nM in
the Luc-1b and Luc-1a replication assays, respectively, values
also ~200-fold less than their effects on cell viability. Thus,
PIK93 inhibits the HCV replicon with similar potency as
NIMSI11 in both Luc-1b and Luc-1a replicon cells. We verified
that 1 pM PIKO93 treatment was not causing a change in the
overall PI4KB protein levels (Fig. 6A) and reduces NS3 pro-
tein levels consistent with an inhibition of luciferase. Lucifer-
ase expression was inhibited in these cells from 2 h up to 48 h
(Fig. 6B).

Consistent with the replicon cells, PIK93 inhibited JFH1-2a
infectious virus replication at an ICs, of 390 nM, which was
>25-fold more potent than cell viability (Table 2). Similarly,
NIMSI11 inhibited JFH1-2a replication at an IC, of 390 nM and
a CCs, of >5 pM. (Table 2). We hypothesized that the activity of
PIKO93 in the infectious virus assay was likely due to the inhibition
of both PI4KA and PI4KB, since the PI4KA siRNAs could inhibit
Renilla luciferase in the live virus assay, whereas the PIK4B
siRNAs had less of an effect (Fig. 4B and C).

Chemical proteomics of PIK93. To determine whether
PIK93 could bind both PI4KA and PI4KB in the Luc-1b cells,
we performed a two-channel iTRAQ (named for isobaric tag-
ging reagents for relative and absolute quantification) quanti-
tative chemical proteomics experiment. To this end, we gen-
erated an affinity matrix consisting of a derivatized, bioactive
PI4KB inhibitor, LCJ217 (see Fig. S4 in the supplemental
material), linked to Sepharose beads to purify and identify
cellular and/or viral proteins from the Luc-1b cell lysate. To
quantify specific binding to the matrix, we performed an in
lysate competition experiment by adding 10 uM soluble PIK93
or DMSO into the replicon cell lysate prior to affinity purifi-
cation. Using iTRAQ, we multiplexed both samples and quan-
tified binding displacement (percent competition) relative to
the vehicle (DMSO) by liquid chromatography-tandem mass

FIG. 3. Stable silencing of PI4KA and PI4KB in Luc-1b replicon cells. (A and B) Three shRNAs targeting PI4KA or PI4KB were stably
transduced into Luc-1b cells (on puromycin for 2 weeks), and the mRNA levels were quantified by using RT-PCR for PI4KA (A) and PI4KB (B).
(C) In parallel, the PI4KA or PI4KB stably transduced cells were analyzed for luciferase signal 96 h after plating (), and ATP levels were
quantified as a surrogate for cell viability (ll). The PI4KB and NS3 protein levels were measured in stable replicon lysates after 96 h (D) or 3 weeks
(E) on puromycin selection. All data are presented as normalized to GFP shRNAs and are representative of three independent experiments. The

standard deviations are indicated.
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spectrometry analysis. A total of 1,275 peptides were quanti-
fied by identifying 622 unique proteins (see Table S4 in the
supplemental material); among the kinases, five were com-
peted from the column more than 70% of the time. The pep-
tides that were competed from the matrix were plotted as a log
ratio of PIK93 versus DMSO by the median percent competi-
tion (Fig. 6C). Both class III PI4 kinases, PI4KA and PI4KB,
were affinity enriched on the LCJ217 matrix with a high num-
ber of unique spectra (139 and 11, respectively; Fig. 6C, gray
bars) and were specifically competed (74 and 82% competi-
tion, respectively; Fig. 6C, black bars) by PIK93 (Fig. 6D). The
number of peptides for PI4KA was greater than PI4KB, sug-
gesting that the competition was more significant, although the
percent competition was similar for PI4KA and PI4KB (74 and
82%, respectively), indicating that the cellular binding of the
proteins to the matrix was similar.

To validate the chemical proteomic data, we built in vitro
biochemical assays for PI4KA and PI4KB. PI4KA or PI4KB
were preincubated with PIK93 and NIMS811 dilutions in assay
buffer for 10 min at room temperature (25°C) prior to initiating
the reaction with phosphatidylinositol and ATP. The control
compound, NIM811, could not inhibit PI4KA or PI4KB activ-
ity as expected, whereas PIK93 could inhibit PI4KB with an
ICs, of 0.014 wM and PI4KA with an ICs, of 1.39 uM (Fig. 6E
and F).

DISCUSSION

A variety of RNA interference (RNAI) screens using distinct
viral replication model systems have been used to identify host
factor regulators of HCV (7, 42, 46, 55, 56, 60). In addition to
the cyclophilins, the lipid kinase PI4KA, has emerged as an
essential host factor in several different HCV genotypes (7, 56,
60). Consistent with these previous studies, our siRNA screens
using the Luc-1b replicon identified overlapping targets previ-
ously demonstrated to regulate HCV replication, including
PI4KA and cyclophilins B and C (7, 56, 41, 60, 63). In addition,
we found that PI4KB was essential for genotype 1b replication
and that CAD was essential for genotype 1b and 2a replication
(54).

The role of the pyrimidine biosynthesis pathway has been
previously characterized in HCV and respiratory syncytial virus
using the antinucleoside PALA, a transition state inhibitor of
the aspartate transcarbamylase activity of CAD (12, 54, 66).
We found that CAD knockdown was required for Luc-1b (and
JFH1-2a) replication and that the addition of exogenous UTP
and CTP was able to restore Luc-1b replication (see Fig. S1
and S4A in the supplemental material). Since the rate of rep-
licon RNA turnover results from a balance between active
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RNA-dependent RNA polymerases and HCV RNA stability,
limited availability of either UTP or CTP could reduce cyto-
plasmic pyrimidine nucleoside pools and slow viral RNA pro-
duction. Since viral RNA synthesis competes with endogenous
RNA production, a drop in de novo pyrimidine production
could be a strategy to inhibit HCV viral replication. However,
the observation that PALA is an inhibitor of cell proliferation
exposes the liability of targeting this pathway for a chronic
disease such as HCV (22, 66).

Cholesterol biosynthesis and lipid droplet formation have
been shown to be necessary for HCV replication, including
reports on the use of statins and small molecule inhibitors of
geranylgeranylation (3, 24, 39, 62, 67). Cholesterol is essential
for ER-to-Golgi transport of secretory proteins which is
thought to aid in the trafficking of viral proteins through the
cell (2, 47). In addition to HCV Luc-1b, we have also shown
that silencing of MVD inhibits both a dengue replicon stable
cell line and a dengue live virus infectious assay, suggesting
that MVD is an important mediator of viral replication in
multiple Flaviviridae viruses (50). Although MVD is not pre-
dicted to be a rate-limiting enzyme in cholesterol production,
its inhibition would likely lead to an accumulation of phosphor-
ylated intermediates (such as mevalonic acid pyrophosphate),
which may regulate the phosphorylation state of lipid biogen-
esis enzymes (19). It is not clear whether MVD knockdown is
affecting viral replication through cholesterol modulation or
through the accumulation of lipid intermediates.

Several publications have recently identified PI4KA as es-
sential for HCV replication using unbiased siRNA and shRNA
screens (7, 56, 60). Distinct from these studies, we identified
PI4KB as required for subgenomic 1b HCV replication (Fig.
1C, 2E, and 5B). There are several possible reasons why PI4KB
did not emerge as a hit from the published RNAi screens. First,
the RNAI screens were not performed using the same cell line
model system(s). Thus, the transfection efficiency, the siRNA
or shRNA concentration used, and the format and timing of
the assay are unique in each approach. The subtle differences
in transfection and assay optimization can alter siRNA and/or
shRNA potency in transient-transfection assays, as well as con-
tribute to distinct off-target effects (11). This was found to be
the case in the Tai et al. study where siRNAs targeting
SLCI12AS were found to inhibit HCV replication by an off-
target effect (56). Second, the genotype-specific differences
(including unique adaptive mutations) of the various replicons
could explain why nonoverlapping sets of host factors were
identified. Third, the siRNAs or shRNAs analyzed in each
screen were not always identical reagents. Both Tai et al. and
Berger et al. used Dharmacon SMARTpool siRNAs, whereas

FIG. 4. PI4KA and PI4KB siRNAs inhibit JFH-1 infectious virus. (A) A set of SMARTpool siRNAs known to affect HCV entry were
transfected into JFH1-2a-infected cells at 25 nM, and the Renilla expression was quantified at 72 h. (B) siRNAs were transfected over a dose
response (25, 1.5, and 0.1 nM, as indicated) into Huh7.5 cells for 24 h prior to infection with the JFH-1 virus. After 48 h, the cells were harvested
for Renilla luciferase quantification. The mRNA levels were analyzed in the Huh7.5 cells at 72 h after a 25 nM siRNA transfection and viral
infection (data not shown). (C) Huh7.5 cells were first infected with JFH-1 for 24 h prior to siRNA transfection for 72 h, and the levels of viral
luciferase (M) and cell viability (Ef) were measured. (D) Conditioned supernatants from the JFH1-2a-infected Huh 7.5 cells in panel C were
collected and added back onto naive Huh7.5 cells. Luciferase was measured from 24 to 96 h (24, 48, 72, and 96 h, as indicated) after supernatant
addition to measure reinfection rates. All data are presented as normalized to GAPDH siRNAs and are representative of three independent

experiments. The standard deviations are indicated.



10070 BORAWSKI ET AL. J. VIROL.

A. « B Fi2ka Probe

D PI4KB Probe

80

70

60 - T

50

40

T |

30

20 - T T -

10
=3
9
<
<
x
T

0

siRNA

% mRNA Expression
pikaa-sp [N
PIK4B-sp
Pikea-sp [N
PIK4B-sp
Pikaa-sp |-
PIK4B-sp
Pikaa-sp |
PIK4B-sp
pikan-sp |
PIK4B-sp —
Pikaa-sp |
PIK4B-sp
Piaa-sp I —
PIK4B-sp
PIK4B-sp

Cellline | sg.1p Luc 1b FL-1b SG-1a Luc 1a FL-1a SG-2a JFH1-2a

o

. Luc-1a replicon

B =) 1.0 -
- -
19
2129 [0 pakaspsipna 5 08
: <
— [] Piake-sp siRNA S o
. B caroHspsiRNA 3
<
Z 1280 " g 04
= 5 8
T 1 ]
4 >
2 640 L l z 02 - -
o
c
® 0- |
> 320
g . PI4KA-sp PI4KB-sp GAPDH-sp pGL2
8 1 siRNA
% 160
~ D. 12 . Luc-1b replicon
o
g 8
3 1.0
1
40 T
5 08
<
20. . . . . : T 9 0.6
SG-1b Luc-1b FL-1b Luc-la SG-1ia FL-1a SG-2a JFH1-2a 3 .
14
HCV genotype g 04
©
o
Z 02
0 [
SiRNA  PUKA-sp PI4KB-sp GAPDH-sp pGL2
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percent mRNA expression for each cell line. (B) The HCV RNA copy number per ng of total RNA was determined as previously described (37).
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Vaillancourt, et al. used an adenovirus-shRNA approach (7, response of PI4KA and PI4KB siRNAs could inhibit replica-
56, 60). tion twofold better than PI4KB siRNAs alone (see Fig. S2 in

Both PI4KA and PI4KB siRNAs had a dose-dependent in- the supplemental material). These results suggest that PI4AKA
hibitory effect on Luc-1b replication, and a combination dose and PI4KB each play unique but required roles in Luc-1b HCV
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TABLE 2. ICs, summary of tool compounds in HCV replicon and infectious virus®

Mean ICs, (pM) or CCs, (nM) = SD

Cell line HCV Cytotoxicity

Luc-1b (ICs) Luc-1a (ICsq) JFH1-2a (ICsq) Luc-1b (CCsp) Luc-1a (CCsg) JFH1-2a (CCs)
PIK93 0.05 = 0.01 0.098 = 0.05 0.39 = 0.04 10.39 = 0.82 >10 = 0.14 10.8 = 0.22
NIMS11 0.11 = 0.02 0.099 = 0.07 0.057 = 0.003 >30 = 0.01 >10 = 0.22 >5=*0.73

“ Luc-1b-, Luc-1a-, and JFH-1-infected Huh7.5 cells were treated with an eight-point concentration dose response of compound. Firefly luciferase was determined
for the replicon cells, and Renilla luciferase was determined for the JFH-1-infected cells after 48 h of compound treatment (ICs,). The cytotoxicity was determined by
using CellTiter-Glo. ICs, and CCs calculations were determined using Sigma plot version 9. The data are representative of three independent experiments, and the

standard deviations are shown.

replication. PI4KB overexpression was unable to complement
PI4KA shRNA-mediated knockdown in the subgenomic geno-
type 1b ORG6 replicon cells, suggesting that PI4KB is not func-
tionally redundant for PI4KA (56). Our studies demonstrate
that that PI4KA knockdown reduces replication and HCV
RNA levels in all of the HCV genotypes we tested (Fig. 5B). In
complementary studies, a GFP-tagged PI4KA protein was
shown to colocalize with HCV double-stranded RNA in Huh7
cells (7). Thus, PI4KA is in a colocalized complex with the
HCV double-stranded RNA and might play a role in HCV
RNA stability in addition to the formation of membranous web
().

In a study by Berger et al. (7), PI4KA was shown to play a
role in the formation of membrane complexes where HCV
replication takes place. Similar to PI4KA, we hypothesize
PI4KB can disrupt the ability of HCV proteins to traffic in the
cell to sites of the replication complex. PI4KB is necessary for
PtdIns4P production in the Golgi which is required to maintain
Golgi integrity, bud vesicles from the Golgi membranes, and
modulate the production of PtdIns4P (58, 64). If the loss of
PI4KB could reduce the local pools of PtdIns4P at the Golgi,
it would disrupt the integrity of the Golgi organelle (45).
PI4KB might play a role in regulating replication by contrib-
uting to a pool of Golgi body-derived membranes that are used
in maintaining the web in a stable replicating cell line. PI4KB
is known to regulate ceramide and oxysterol transport through
the Golgi bodies and to associate with ARF, NCS1, and Rab11,
a complex that regulates intra-Golgi body trafficking (58, 18,
64). One of the validated hits in the Tai et al. study was
COPZ1, together with the COPI inhibitor brefeldin A, dem-
onstrated that COPI inhibition is required for HCV replication
(56). Since PI4KB plays a role in Golgi trafficking, similar to
the COPI complex, it suggests that PI4KB could affect mem-
brane-derived compartments necessary for viral replicon as-
sembly. This might explain why PI4KB knockdown is less po-
tent and more variable than PI4KA, because PI4KA is the
primary enzyme involved in web formation, whereas PI4KB
plays a secondary role by altering the lipid composition of the
organelles that make up the membranous web or affects the
trafficking of viral proteins.

PI4KB knockdown across various genotypes suggests that it
selectively inhibits luciferase-containing or subgenomic repli-
cons (Luc-1a, Luc-1b, and SG-1b). This selectivity could be
driven by a unique dependence on the Luc-1b replicon as the
cells were grown in culture, such as viral mutations that were
selected for expression of the luciferase gene. We have not
seen any evidence that adaptive mutations would play a role in

this selectivity, and the adaptive mutations in the SG-1b and
Luc-1b replicons are similar (data not shown). The presence of
the luciferase gene might also create a unique dependency on
PI4KB because Golgi trafficking or lipid content of the or-
ganelles would be different when luciferase is expressed. Since
PI4KB siRNAs did not have an effect on the full-length geno-
types we tested, it might be that subgenomic viruses have a
specific subset of host factor proteins necessary for their rep-
lication. It is also possible that PI4KB knockdown can affect
PI4KA activity and/or localization in the cell and would explain
why PI4KB knockdown is less potent in several of the HCV
replicons. There is a need to determine whether PI4KB is
interacting directly with viral proteins or with other host factor
proteins, including PI4KA.

The siRNA-mediated knockdown of PI4KA and PI4KB is
functionally distinct from compound inhibition. Compound in-
hibition is expected to rapidly block enzymatic activity,
whereas siRNA knockdown reduces mRNA and protein levels.
If the enzymatic activity is required for replication, then siRNA
knockdown is efficacious only when there is complete ablation
of the protein. Even if a fraction of the protein is left present
in the cell, it could be sufficient for signaling and PtdIns4P
production. If PtdIns4P generation is the essential role of
PI4KB in the Luc-1b replicon, then siRNA or shRNA knock-
down might not be sufficient to see a consistent phenotype. The
reason PI4KA knockdown is absolutely essential for HCV rep-
lication is that, in addition to its enzymatic function, it plays an
important role as a scaffolding protein by binding to NS5A (1).
Since PI4KA and PI4KB have differential subcellular localiza-
tions in the cell, it is possible that when the enzymatic activity
of PI4KA or PI4KB is inhibited, the local pools of phosphoi-
nositides would be disrupted, reducing the PtdIns4P levels at
the Golgi and/or the ER (5, 18, 20). If the PtdIns4P levels drive
the ability of NS5A to interact with PI4KA, then this could be
a mechanism that regulates membranous web formation. Since
the transient siRNA knockdown efficiency of PI4KB in the
various replicons is inconsistent, the role of PI4KBs role in
HCV replication might be better exploited using selective
small molecular inhibitors.

The PIK93 chemoproteomic experiments identified addi-
tional proteins that might contribute to the inhibitory activity
of PIK93 in the Luc-1a, Luc-1b, and JFH1-2a cells. Some of
the notable proteins competed from the affinity matrix in-
cluded TTC7A, TTC7B, ACAD10, and ACADI11 (Fig. 6C).
ACAD10 and ACADI11 are acyl coenzyme A dehydrogenases
(ACAD) of a family of flavoproteins that are involved in the
beta-oxidation of the fatty acyl coenzyme A derivatives (68).
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FIG. 6. Biochemistry of PIK93 in Luc-1b cells. (A) PI4KB, NS3, and B-actin protein levels were analyzed in the Luc-1b cells by Western blot
after a 1 uM 48-h incubation with PIK93, DMSO, or without compound. (B) The luciferase activity was also determined in parallel the Luc-1b
cells (panel A) after treatment with 1 uM PIK93 over a 48-h time course. (C) Affinity chromatography in-lysate competition experiments were
performed in the HCV replicon cells with 10 uM PIK93 and DMSO (affinity matrix supplied in Fig. S4 in the supplemental material). Peptides
that competed PIK93 greater than 70% are highlighted in the boxes. All peptides competed from the column are indicated in Table S4 in the
supplemental material. (D) Differentially competed proteins are shown as the percent competition verses the DMSO control lysates (l) and the
unique spectra for each protein (E). (E and F) PI4KA (E) or PI4KB (F) protein was preincubated for 10 min at 14 different concentrations of
PIK93 (@) or NIM811 (A) before the addition of ATP and phosphatidylinositol. Depletion of NADH fluorescence was measured for 5 min, and
the percent activity was calculated from the initial rates of the inhibited reactions relative to the uninhibited control.

Although ACAD10 or ACAD11 require further validation in The other two related genes identified in the PIK93 compe-
the Luc-1b cells, one might speculate these enzymes impinge tition assay were TTC7A and TTC7B (tetratricopeptide repeat
on fatty acid metabolism and indirectly with cholesterol pro- domain 7A and 7B). TTC7B is thought to be involved in iron
duction in the cell. transport, via an interaction with DMT], to regulate iron up-
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take into the cell (65). Iron is known to be a negative regulator
of HCV replication by inhibiting the RNA-dependent RNA
polymerase (15). Also, subgenomic HCV replication alters
liver cell iron metabolism by reducing intracellular iron levels
(16). It could be that PIK93 binds to TTC7B modulating its
putative interaction with DMT1 and increases iron uptake into
the cells. Silencing of the iron homeostasis regulator HAMP
was found to inhibit ORG6 full-length replication in an indepen-
dent siRNA screen (56). It was also suggested that HAMP
knockdown might disrupt HCV IRES-dependent translation
(56). The role of these targets and how the intracellular iron
metabolism pathway regulates the HCV life cycle requires
further study.

In conclusion, we have identified type III PI4KA and PI4KB
as novel cellular proteins that are required for replication of
several genotypes of HCV. The identification of novel host
factor enzymes required for HCV replication has significant
therapeutic implications for the development of new targets in
HCV and other related viruses. PI4KA and PI4KB are prom-
ising targets for inhibition with low-molecular-weight com-
pounds, as demonstrated using the PI4KA and PIK4B inhibi-
tor PIK93 (Fig. 6 and Table 2). Selective or dual type III PI4K
inhibitors should be considered for developing anti-HCV ther-
apies in combination with current standard of care regimens
for treating multiple genotypes of HCV.
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