to the manufacturer’s instructions. The level of specific
cytotoxicity was calculated using the following formula: % of
specific LDH release = ([experimental LDH release — the
mean of negative control release]/[the mean of positive
control release — the mean of negative control release])
x100. LDH release from cells treated with 0.2% Tween 20
was used as a positive control, while LDH release from
nontreated cells was used as a negative control, Viable cell
growth was determined by MTS assay using the CellTiter 96
Aqueous One Solution Cell Proliferation Assay (Promega),
according to the manufacturer’s instructions.

TUNEL method

Terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate-biotin nick end-labelling (TUNEL) was
used to detect DNA fragmentation of nuclei. Using 24-well
plates, 5 x 10? cells/well were plated with 5.0 uM nelfinavir.
After incubation for 2 days, the glass coverslips were
harvested, fixed with 4% paraformaldehyde and washed
with phosphate-buffered saline. The cells were permeabilized
with 0.5% Tween 20 and treated with MEBSTAIN Apoptosis
Kit Direct (Medical and Biological Laboratories Co., Nagoya,
Japan). Cells were then treated with RNase and propidium
iodide. The nick end-labelling was analysed using a confocal
laser scanning microscope (Fluorview; Olympus, Tokyo,
Japan).

Analysis of drug synergism

The effects of treatment of Huh?7/Rep-Feo cells with nelfi-
navir and IFN, alone and in combination, were analysed
using isobologram analysis. Dose-inhibition curves were
drawn for IFN and nelfinavir, used alone or in combina-
tion. For each drug combination, the 50% inhibitory
concentration (ICso) values were plotted against the
fractional concentration of IFN and nelfinavir on the x axis
and y axis, respectively. ICsq, ICy¢ and ICgg values ware
determined using the Calcusyn™ software package (Biosoft,
Cambridge, UK), which performs single and multiple drug
dose-effect calculations and determines the presence of
antagonism, additivity or synergism. Using the median
effect equation, we used this program to plot dose-effect
curves for each drug and combination of drugs. The x
intercept of the median effect equation gives the IDsq for
each drug. The median effect plot also gives information on
the slope of the dose-effect curve, This information can
then be used to calculate the combination index (CI). CI >1
denotes antagonism, CI = 1 denotes additivity, and CI < 1
denotes synergism.

Statistical analysis
Statistical analysis was performed using the Student’s t-test.

P < 0.05 was considered to be statistically significant.
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RESULTS

Effect of nelfinavir on HCV replication

To assess the effects of nelfinavir on intracellular replication
of the HCV genome, Huh7/Rep-Feo cells were cultured with
various concentrations of nelfinavir, The dose-effect corre-
lation and time course of replicon expression were measured
using the luciferase assay 48 h after treatment. Culture of
Huh7/Rep-Feo cells with nelfinavir, at concentrations
ranging from 0 to 10 pmol/L, showed dose-dependent
repression of internal luciferase activity (Fig. 1a). The inhi-
bition of HCV-RNA replication was detectable at concen-
trations of nelfinavir as low as 2.5 umol/mL. Western blot
hybridization also demonstrated a reduction of the replicon
protein levels after nelfinavir treatment (Fig. 1b). To deter-
mine the cytotoxic effect of nelfinavir in Huh7/Rep-Feo cells,
LDH levels in the supernatants were measured. No signifi-
cant change in LDH levels was detectable after 48 h incu-
bation (Fig. 1c). MTS assays of the cells cultured with
nelfinavir indicated no significant effects on cell viability
(Fig. 1d). Nuclear DNA fragmentation in Huh7/Rep-Feo
cells, a possible mechanism of nelfinavir induced cytotoxic-
ity, was evaluated by TUNEL staining. No fragmentation of
nuclear DNA was observed in Huh?7/Rep-Feo cells treated
with 5.0 pM nelfinavir (Fig. le).

Inhibition of HCV RNA replication by IFN alone and in
combination with nelfinavir

Huh7/Rep-Feo cells were cultured with various concentra-
tions of IEN, and the dose-effect correlation and time courses of
replicon expression were measured by luciferase assay. IFN
caused a marked dose-dependent inhibition of HCV RNA
replication (Fig. 2a). The inhibition of HCV RNA replication
was detectable at concentrations of IFN as low as 0.01 U/mL.
In contrast, measurement of LDH levels and the results of the
MTS assay suggested that IFN had little effect on cell viability
and replication (data not shown). A dose-effect curve for the
effects of nelfinavir and IFN on the replicon was generated by
treating Huh7/Rep-Feo cells with various concentrations of
IFN (1.0, 0.1, 0.01, 0.001 and 0 U/mL) and nelfinavir (5, 10
and O umol/L). The luciferase activities were plotted against
the drug concentrations after 48 h incubation. The inhibition
curves were shifted to the left with increasing concentrations
of nelfinavir (Fig. 2b), demonstrating synergy between the
two drugs against the HCV replicon. There were no significant
differences in MTS reduction values at the different drug
concentrations (data not shown).

Synergistic inhibitory effects of nelfinavir and IFN on the
replicon

We investigated a possible synergistic anti-HCV effect
between nelfinavir and IFN, using the isobologram method
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Fig. 1 Dose-dependent inhibition of hepatitis C virus (HCV) RNA replication by nelfinavir. (a) Huh7/Rep-Feo cells were
cultured with concentrations of nelfinavir as indicated. (b) Western blotting. The cells were cultured in the presence of
nelfinavir, as indicated and were harvested after 48 h exposure. (c) Cytotoxicity assay. Lactate dehydrogenase (LDH) assay of
Huh?7/Rep-Feo cells cultured with the concentrations of nelfinavir indicated. (d) 5-(3-carboxymethoxyphenyl)-2-(4,5-dim-
ethylthiazoly)-3-(4-sulfophenyl) tetrazolium inner salt (MTS) assay of Huh7/Rep-Feo cells cultured with the concentrations of
nelfinavir indicated. (e) Nuclear DNA fragmentation in Huh7/Rep-Feo cells detected by the TUNEL method. Cells were
observed using a confocal laser scanning microscopy (all 200x). Nuclear DNA fragmentation is shown in green (a: fluorescein
isothiocyanate staining), and Huh7/Rep-Feo cell nuclei in red (b: propidium iodide staining).

and Calcusyn software, as described in Material and meth-
ods. A log dose-effect curve and median effect plot were
made for both drugs. Both drugs showed linear regression of
effect on the logarithms of doses (R? = 0.94 for nelfinavir;
R? = 0.99 for IEN). The ICs, values were 9.88 * 0.43 pmol/
L for nelfinavir and 0.099 £ 0.14 U/mL for IFN (Fig. 3a,b).

In order to determine if nelfinavir and IFN had a syner-
gistic inhibitory effect on the replicon, Huh7/Rep-Feo cells
were treated with combinations of IFN and nelfinavir at
various concentrations. Isobolograms were generated based
on the two drugs administered in combination at fixed ratios,
adjusted for the ICsq of each drug (FIC ratio): 1:0, 4:1, 1:1,
1:4 and 0:1. Using the Calcusyn software, each 90% inhi-
bition of HCV replication (Fa = 0.90), 75% inhibition of HCV
replication (Fa = 0.75), and 50% inhibition of HCV repli-
cation were plotted on the x and y axes (Fig. 3c). The EDgp,
ED.s and EDg plots for each drug ratio fell below the line
representing additivity, indicating synergistic effects of the
drug combination on intracellular HCV-RNA replication.
The CI at an Fa value of 0.5 was 0.58, generated from
Fig. 3¢ using CalcuSyn. There was no significant difference
in MTS reduction at different drug concentrations (data not

shown), suggesting that the synergistic action of nelfinavir
and IFN on HCV replication was through their pharmaco-
logical effects, and not due to augmentation of cytotoxicity.

DISCUSSION

The results of this study suggest that nelfinavir inhibits HCV
replication at concentrations that show no cytotoxicity, and
that nelfinavir and IFN act synergistically against HCV.
Nelfinavir inhibited HCV replication in a concentration-
dependent manner and its effects could be observed at
concentrations as low as <3.0 ymol/L. In clinical use, the
plasma concentration of nelfinavir ranges from 3.3 to
6.0 pmol/L. These results support those of Trimoulet et al.,
who found a reduction in HCV loads in patients treated with
HAART including nelfinavir [16]. Garcia-Samaniego et al.
reported that indinavir, another HIV protease inhibitor,
failed to reduce HCV viral titres {4]. In a preliminary study
using the replicon system, we tested the ability of several
unpurified HIV protease inhibitors to inhibit HCV replication:
nelfinavir, ritonavir and saquinavir reduced HCV-replica-
tion, but indinavir and fosamprenavir had no effect (data not
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Fig. 2 Dose-dependent inhibition of hepatitis C virus (HCV)
RNA replication by IFN. (a) Huh7/Rep-Feo cells were
cultured with concentrations of IFN as indicated. (b) Dose-
inhibition curves for IFN combined with the concentrations
of nelfinavir indicated. Luciferase activities are displayed as
percentages of the [FN-negative samples.

shown). These discrepancies in the effects of different
protease inhibitors could explain the different results found
in clinical studies.

Combination therapy using ribavirin and IFN is a stan-
dard therapy for patients with chronic HCV infection,
including HCV/HIV coinfected patients [11]. We previously
reported that the use of a clinically achievable concentration
of ribavirin, in combination with IEN, showed strong
synergistic inhibitory effects on HCV replication using the
replicon system [29]. In this study, nelfinavir showed similar
strong synergy with IFN. These results suggest that nelfi-
navir could improve the antiviral effects of IFN in HCV/HIV
coinfected patients.

HIV protease inhibitors have a strong affinity for the active
site of the HIV viral aspartyl protease, and irreversibly inhibit
the catalytic activity of the enzyme. However, HIV protease
inhibitors are thought not to inhibit HCV viral serine
protease. The above-mentioned findings which demonstrate
that different HIV protease inhibitors have different effects on
HCV replication support this idea because if HIV protease
inhibitors inhibited HCV serine protease, then all HIV
protease inhibitors should inhibit HCV replication. The
mechanism by which nelfinavir inhibits HCV replication is
uncertain: Several studies have shown that HCV infection
alters NF-xB promoter activity, possibly contributing to the
persistence of HCV infection [30-32]. Equils et al. reported
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Fig. 3 CalcuSyn analysis of the interferon (IFN)/nelfinavir
combination effects on intracellular hepatitis C virus (HCV)
replication. Huh7/Rep-Peo cells were cultured with various
concentrations of nelfinavir and IFN. Luciferase activities of
the cell lysates were measured after 48 h exposure. The
CalcuSyn median-effect plot was generated from three
separate experiments in triplicate with SD <20% (Fa:
affected fraction, Fu: unaffected fraction, D: concentration of
drug used). (a) Log dose-effect curve and median effect plot
for nelfinavir. Median effect plot has the form of a straight
line, y = 2.47x + 0.43. (b) Log dose-effect curve and
median effect plot for IFN. Median effect plot has the form of
a straight line, y = 1.12x — 0.14. (c) Isobologram analysis
of the combination of IFN and nelfinavir in Huh7/Rep-Feo
cells. The individual doses of IFN and nelfinavir required to
achieve 90% inhibition of HCV-replication (Fa = 0.90),
75% inhibition of HCV-replication (Fa = 0.75), 50%
inhibition of HCV-replication were plotted on the x and y
axes. Combination index (CI) values calculated using the
Calcusyn software are represented by points above (indicate
antagonism between drugs) or below the lines (indicate
synergy). (X symbol) ED50, (plus sign) ED75 and (open
dotted circle) ED90.

that nelfinavir blocked TLR2-, TLR4- and TNF-z-induced
NF-xB activation [25]. Nelfinavir may play an important
role in the regulation of the cellular inflammatory and
immune responses through NF-xB, but further studies are
needed to investigate the role of NF-xkB promoter activity in
nelfinavir-induced HCV replication inhibition.

The decreased clearance of antiretoroviral drugs is
suspected to be a possible cause of increased susceptibility for
HAART-associated liver toxicity in HIV/HCV coinfected
patients, because the metabolism of the HIV protease
inhibitors depends on the amount of functional cytochrome
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P450, which is reduced in severe liver disease [33]. Indeed,
increased toxic drug concentrations have been reported in
patients with hepatic disease, receiving standard dose of
nelfinavir [34]. Meanwhile, Bruno et al. have reported, in a
clinical study, that nelfinavir was associated with the lowest
rates of severe hepatotoxicity in patients coinfected with
hepatitis viruses among the available HIV protease inhibitors
[21]. In our study, nelfinavir failed to induce cytotoxicity or
apoptosis at concentrations that inhibited HCV replication.

The implications of our results for understanding the effect
of nelfinavir on HCV replication are limited because this
study used an in vitro HCV subgenomic replicon system,
which only expresses viral nonstructural, and not structural,
proteins. To elucidate the effects of nelfinavir on full-length,
infectious hepatitis C virions, further studies using full
genomic replicons are needed. In addition, the influence of
immune reconstitution induced by HAART, including nelfi-
navir, on HCV replication needs to be investigated before
clinical application of our data to therapy for HCV/HIV
coinfected patients.

Because end-stage chronic liver disease resulting from
co-infection with HCV is now the major cause of death in
individuals infected with HIV, our results suggest a poten-
tially promising approach for improving the standard ther-
apies for chronic hepatitis C in HCV/HIV coinfected patients.

CONFLICT OF INTEREST

The authors report no conflict of interest.

REFERENCES

1 Hayashi PH, Flynn N, McCurdy SA, Kuramoto IK, Holland
PV, Zeldis JB. Prevalence of hepatitis C virus antibodies
among patients infected with human immunodeficiency
virus. | Med Virol 1991; 33(3): 177-180.

2 Sherman KE, Rouster SD, Chung RT, Rajicic N, Hepatitis C
Virus prevalence among patients infected with human
immunodeficiency virus: a cross-sectional analysis of the US
adult AIDS Clinical Trials Group. Clin Infect Dis 2002; 34(6):
831-837.

3 Salmon-Ceron D, Lewden C, Morlat P et al. Liver discasc as a
major cause of death among HIV infected patients: role of
hepatitis C and B viruses and alcohol. | Hepatol 2005; 42(6):
799-805.

4 Soriano V, Martin-Carbonero L, Garcia-Samaniego ], Puoti
M. Mortality due to chronic viral liver disease among
patients infected with human immunodeficiency virus. Clin
Infect Dis 2001; 33(10): 1793-1795.

5 Valle Tovo C, Alves de Mattos A, Ribeiro de Souza A et al.
Impact of human immunodeficiency virus infection in
patients infected with the hepatitis C virus. Liver Int 2007;
27(1): 4046.

6 Benhamou Y, Bochet M, Di Martino V et al. Liver fibrosis
progression in human immunodeficiency virus and hepatitis
C virus coinfected patients. The Multivirc Group. Hepatology
(Baltimore, MD) 1999; 30(4): 1054--1058.

7 Puoti M, Bonacini M, Spinetti A etal Liver fibrosis
progression is related to CD4 cell depletion in patients
coinfected with hepatitis C virus and human immunodefi-
ciency virus. | Infect Dis 2001; 183(1): 134-137.

8 Daar ES, Lynn H, Donfield S et al. Relation between HIV-1
and hepatitis C viral load in patients with hemophilia.
] Acquir Immune Defic Syndr 2001; 26(5): 466472,

9 Goedert JJ, Hatzakis A, Sherman KE, Eyster ME. Lack of

association of hepatitis C virus load and genotype with risk

of end-stage liver disease in patients with human immu-

nodeficiency virus coinfection. J Infect Dis 2001; 184(9):

1202-1205.

Sherman KE, OBrien ], Gutierrez AG et al. Quantitative

evaluation of hepatitis C virus RNA in patients with

concurrent human immunodeficiency virus infections. J Clin

Microbiol 1993; 31(10): 2679-2682.

11 Strader DB, Wright T, Thomas DL, Seeff LB. Diagnosis,
management, and treatment of hepatitis C. Hepatology
(Baltimore, MD) 2004; 39(4): 1147-1171.

12 Yokozaki S, Takamatsu ], Nakano I et al. Immunologic
dynamics in hemophiliac patients infected with hepatitis C
virus and human immunodeficiency virus: influence of
antiretroviral therapy. Blood 2000; 96(13): 4293-4299.

13 Ragni MV, Bontempo FA. Increase in hepatitis C virus load
in hemophiliacs during treatment with highly active anti-
retroviral therapy. J Infect Dis 1999; 180(6): 2027-2029.

14 Babik JM, Holodniy M. Impact of highly active antiretroviral
therapy and immunologic status on hepatitis C virus quasi-
species diversity in human immunodeficiency virus/hepatitis
C virus-coinfected patients. ] Virol 2003; 77(3): 1940-1950.

15 Sulkowski MS, Benhamou Y. Therapeutic issues in HIV/
HCV-coinfected patients, | Viral Hepat 2007; 14(6):
371-386.

16 Trimoulet P, Neau D, Le Bail B et al. Intrahepatic HCV RNA
loads in 37 HIV-HCV co-infected patients with controlled
HIV infection. ] Med Virol 2002; 67(2): 143-151.

17 Wit FW, Weverling GJ], Weel }, Jurriaans S, Lange JM.
Incidence of and risk factors for severe hepatotoxicity
associated with antiretroviral combination therapy. J Infect
Dis 2002; 186(1): 23-31.

18 Danner SA, Carr A, Leonard JM et al. A short-term study
of the safety, pharmacokinetics, and efficacy of ritonavir,
an inhibitor of HIV-1 protease. European-Australian Colla-
borative Ritonavir Study Group. N Engl ] Med 1995;
333(23): 1528-1533.

19 den Brinker M, Wit FW, Wertheim-van Dillen PM et al.
Hepatitis B and C virus co-infection and the risk for
hepatotoxicity of highly active antiretroviral therapy in HIV-1
infection. AIDS (London, England) 2000; 14(18): 2895-2902,

20 John M, Flexman J, French MA. Hepatitis C virus-associated
hepatitis following treatment of HIV-infected patients with
HIV protease inhibitors: an immune restoration disease?
AIDS (London, England) 1998; 12(17): 2289-2293.

21 Bruno R, Sacchi P, Maiocchi L, Zocchetti C, Filice G.
Hepatotoxicity and nellinavir: a meta-analysis. Clin Gastro-
enterol Hepatol 2005; 3(5): 482-488.

22 Mitsuya H, Yarchoan R, Kageyama S, Broder S. Targeted
therapy of human immunodeficiency virus-related disease.
FASEB ] 1991; 5(10): 2369-2381.

1C

<

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

— 471 —



23

24

25

26

27

28

29

Vlahakis SR, Bennett SA, Whitehead SN, Badley AD. HIV
protease inhibitors modulate apoptosis signaling in vitro
and in vivo. Apoptosis 2007; 12(5): 969-977.

Ghosh 8, Karin M. Missing picces in the NF-kappaB puzzle.
Cell 2002; 109(Suppl): $S81-5896.

Equils O, Shapiro A, Madak Z, Liu C, Lu D. Human immu-
nodeficiency virus type 1 protease inhibitors block toll-like
receptor 2 (TLR2)- and TLR4-Induced NF-kappaB acti-
vation. Antimicrob Agents Chemother 2004; 48(10): 3905-
3911.

Guo JT, Bichko VV, Seeger C. Effect of alpha interferon
on the hepatitis C virus replicon. J Virel 2001; 75(18):
8516-8523.

Yokota T, Sakamoto N, Enomoto N et al. Inhibition of
intracellular hepatitis C virus replication by synthetic and
vector-derived small interfering RNAs. EMBO Rep 2003;
4(6): 602-608.

Yamashiro T, Sakamoto N, Kurosaki M et al. Negative
regulation of intracellular hepatitis C virus replication by
interferon regulatory factor 3. J Gastroenterol 2006; 41(8):
750-757.

Tanabe Y, Sakamoto N, Enomoto N et al. Synergistic inhi-
bition of intracellular hepatitis C virus replication by
combination of ribavirin and interferon-alpha. ] Infect Dis
2004; 189(7): 1129-1139.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

30

31

32

33

34

Nelfinavir inhibits HCV replication 7

Chung YM, Park KJ, Choi SY, Hwang SB, Lee SY. Hepatitis C
virus core profein potentiates TNF-alpha-induced NE-
kappaB activation through TRAF2-IKKbeta-dependent
pathway. Biochem Biophys Res Commun 2001; 284(1):
15-19.

Joo M, Hahn YS, Kwon M, Sadikot RT, Blackwell TS,
Christman JW. Hepatitis C virus core protein suppresses
NF-kappaB activation and cyclooxygenase-2 expression by
direct interaction with IkappaB kinase beta. J Virol 2005;
79(12): 7648-7657.

Wagoner ], Austin M, Green ] et al. Regulation of CXCL-8
(interleukin-8) induction by double-stranded RNA signaling
pathways during hepatitis C virus infection. J Virol 2007;
81(1): 309-318.

Nakai K, Tanaka H, Hanada K et al. Decreased expression
of cytochromes P450 1A2, 2El1, and 3A4 and drug
transporters Na+-taurocholate-cotransporting polypeptide,
organic cation transporter 1, and organic anion-transport-
ing peptide-C correlates with the progression of liver fibrosis
in chronic hepatitis C patients. Drug Metab Dispos Biol Fate
Chem 2008; 36(9): 1786-1793.

Masecrati R, Villani P, Seminari E, Pan A, Lo Caputo S,
Regazzi MB. High plasma levels of nelfinavir and efavirenz
in two HIV-positive patients with hepatic discase. AIDS
(London, England). 1999; 13(7): 870-871.

— 472 —



jduosnuely Jouyny Vd-HIN jduosnuey Jouiny Vd-HIN

yduosnuep Joyiny Vd-HIN

- N,

Y

O

HerS®

NIH Public Access

Author Manuscript

Published in final edited form as:
Cell Host Microbe. 2009 March 19; 5(3): 298-307. doi: 10.1016/j.chom.2009.02.001.

A Functional Genomic Screen Identifies Cellular Cofactors of

Hepatitis C Virus Replication

Andrew W, Tai1, Yair Benita1’2, LeeF. Peng1, Sun-Suk Kim1, Naoya Sakamoto3, Ramnik J.
Xavier1v2, and Raymond T. Chung“

1 Gastrointestinal Unit, Department of Medicine, Massachusetts General Hospital, Harvard Medical
School, Boston, MA 02114, USA

2 Center for Computational and integrative Biology, Harvard Medical School, Boston, MA 02114,
USA

3 Department of Gastroenterology and Hepatology, Tokyo Medical and Dental University, Tokyo,
Japan

SUMMARY

Hepatitis C virus (HCV) chronically infects 3% of the world’s population, and complications from
HCYV are the leading indication for liver transplantation. Given the need for better anti-HCV therapies,
one strategy is to identify and target cellular cofactors of the virus lifecycle. Using a genome-wide
siRNA library, we identified 96 human genes that support HCV replication, with a significant number
of them being involved in vesicle organization and biogenesis. Phosphatidylinositol 4-kinase PI4KA
and multiple subunits of the COPI vesicle coat complex were among the genes identified. Consistent
with this, pharmacologic inhibitors of COPI and PI4KA blocked HCV replication. Targeting
hepcidin, a peptide critical for iron homeostasis, also affected HCV replication, which may explain
the known dysregulation of iron homeostasis in HCV infection. The host cofactors for HCV
replication identified in this study should serve as a useful resource in delineating new targets for
anti-HCV therapies.

INTRODUCTION

Hepatitis C virus (HCV) is an RNA virus with the remarkable ability to establish a chronic
infection in 70%—-80% of exposed humans. As many as 3% of the world’s population are
chronically infected with HCV. Of that number, as many as 30% will develop cirrhosis within
20 years of initial infection, which subsequently may lead to liver failure and/or hepatocellular
carcinoma. As a result, HCV-related liver disease is now the leading indication for liver
transplantation worldwide. The best current therapy for chronic HCV infection is the
combination of peginterferon and ribavirin. Unfortunately, these agents are associated with a
high rate of side effects and produce sustained virologic response in only about half of treated
individuals. Although small molecule inhibitors of the HCV NS3-4A serine protease and NS5B
RNA-dependent RNA polymerase are in clinical development, monotherapy with direct
antiviral agents leads to the rapid emergence of viral resistance mutations (Reesink et al.,
2006) because of the error-prone nature of the viral RNA polymerase.

*Correspondence: rtchung@partners.org.
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RESULTS
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Another approach to control HCV is to identify the host cofactors that support the viral
lifecycle. Like all viruses, hepatitis C is dependent on host proteins for viral entry, uncoating,
replication, virion assembly, and egress. Targeting these cofactors may impose a higher barrier
to viral resistance and also offers the possibility of blocking the HCV lifecycle at multiple
complementary steps. For instance, a small-molecule inhibitor of cyclophilin B, which has
been shown to interact with and positively regulate the viral RNA polymerase (Watashi et al.,
2005), potently inhibits HCV replication in vivo (Flisiak et al., 2008). In addition to cyclophilin
B, to date, a number of other cellular proteins have been identified as HCV cofactors (Ng et
al.,, 2007; Randall et al., 2007; Supekova et al., 2008). In this study, we describe the results of
a whole-genome siRNA library screen designed to identify host proteins that support HCV
replication.

Whole-Genome siRNA Screen for Host Cofactors of HCV Replication

We screened for host proteins involved in HCV replication using the Huh7/Rep-Feo
subgenomic genotype 1b HCV replicon (Tanabe et al., 2004) that we had previously adapted
to high-throughput screening of small molecule libraries (Kim et al., 2007). This replicon is
an RNA molecule that encodes the HCV nonstructural proteins (NS3 through NS5B) that are
sufficient to mediate viral replication as well as a firefly luciferase-neomycin
phosphotransferase fusion protein (Figure S1). Firefly luciferase activity is a linear function
of replicon RNA copy number and therefore permits sensitive and rapid quantitation of HCV
replication (Tanabe et al., 2004). We optimized siRNA transfection conditions using a
luciferase siRNA (Figure S2).

The Huh7/Rep-Feo replicon cell line was then used to screen a whole-genome siRNA library
containing 21,094 siRNA pools targeting the entire human NCBI RefSeq transcript database.
Each pool is made up of four individual siRNA duplexes, each directed against a different
sequence within the target transcript. Firefly luciferase activity was measured in duplicate
plates, as was cellular ATP content, as an indicator of cell viability. Figure 1A depicts the Z
scores of the luciferase activities from the duplicate screening plates across all of the screening
pools. A number of pools that strongly suppressed HCV replication in duplicate wells can be
identified in the lower left quadrant, while very few strongly discordant values are seen. A
complete summary of the whole-genome screen of all 21,094 pools is given in Table S1.

Using a false discovery rate-based approach for hit selection (Storey, 2002), we identified 236
pools (1.1% of the library) that inhibited HCV replication with a q value threshold of 0.10
without significant toxicity. These pools entered the second round of screening, in which the
four component siRNAs in each pool were individually rescreened. Of these 236 pools, 24
targeting ribosomal subunits were not evaluated further, as it is known that the HCV
polyprotein is translated by the host translational machinery (Otto and Puglisi, 2004).

Of the remaining 212 pools, 186 pools (87.7%) had at least one siRNA decrease HCV
replication by: 2 SD compared to a nontargeting control siRNA. Ninety-six pools met a
threshold of at least two siRNAs out of four decreasing HCV replication by: 2 SD (Table S2).
We identified only 13 siRNA pools that increased viral replication with a threshold of  <0.10
(Table S1); the strongest effect was only a 2.7-fold increase, and these hits were not further
evaluated.

The 96 HCV cofactors were functionally analyzed using Gene Ontology (GO) biological

process terms. Seventy-nine genes had at least one GO term associated, and overall, 254 terms
were mapped to these genes. Using a hypergeometric distribution, 51 terms were significantly
(p < 0.05) overrepresented and mapped to 37 genes. The significant terms were clustered, and

Cell Host Microbe. Author manuscript; available in PMC 2009 October 2.

— 474 —



jduosnuely Jouiny vd-HIN jduosnuepy Jouiny vd-HIN

jduosnuepy Joyiny vd-HIN

Tai et al.

Page 3

the term with the lowest p value in each cluster was used to represent that cluster (Table S3).
The most significantly enriched processes were Golgi vesicle binding and vesicle organization
and biogenesis (Figure 1B). Both of these terms included the six members of the COPI complex.

To obtain a more comprehensive view of the processes represented by the 96 genes, a database
framework was created to integrate information from multiple data sources (see Supplemental
Data) and the scientific literature to identify the subcellular localization and associated
functions of each gene. The results of this procedure are illustrated in Figures 1C and S3, with
supporting references listed in Table S4. Twenty-seven genes (28%) were associated with the
processes of membrane biogenesis, sorting, and trafficking. In addition, six genes were
identified as affecting the cellular RNA machinery, including SERBPI, HNRPAB, and NOP5/
NOPS8.

There was little overlap between the results of our screen and three other limited RNAi screens
for HCV replication, which screened ~4000 (Ng et al., 2007), 510 (Supekova et al., 2008), and
62 genes (Randall et al., 2007). We therefore retested 11 siRNA pools (TBXAZR, SLC1244,
SLCI2A5, VRKI, CSK1,JAKI, DDX3X, STAT3, ELAVLI, DICERI, and HSPBP!), which
represented the top hits from each of the prior screens in Huh7/Rep-Feo cells, and which did
not score in our primary screen (Figure $4). These pools were retested in 96-well format. Strong
(>75%) inhibition of Huh7/Rep-Feo replication was observed only with TBXA2R silencing.
The TBXA2R siRNA pool did inhibit Huh7/Rep-Feo replication by 43% in the primary screen
(Table S1), though this degree of inhibition did not fall within the predefined q <0.10 threshold
for secondary screening. Moderate inhibition (50%—75%) was seen with CSK, DDX3X,
HSPBPI, and SLCI2AS5 silencing, while < 50% inhibition was observed with DICER],
ELAVLI, JAKI, SLC12A44, STAT3, and VRK] silencing.

Despite the apparent inhibition of HCV replication by siRNAs targeting SLC/2A45, we were
unable to identify any expression of SLC12A45 in Huh7/Rep-Feo cells (data not shown), which
is consistent with prior studies showing that SLC12A45 is a neuron-specific transcript and is not
expressed in the liver (Payne et al., 1996; Uvarov et al., 2007). This indicates that the SLC12AS
siRNA pool used by Ng et al. and also used in this experiment exerts its effect on HCV
replication through an offtarget effect.

In addition to the hits discussed below, we retested seven of our top-ranking hits (CHMP24,
CKAPS5, NAPA, RAB7A, RABEPK, SERBPI, and TRIM62) in the OR6 replicon cell line (Figure
S5). The OR6 replicon contains a full-length genotype 1b HCV genome and a Renilla luciferase
reporter gene (Figure S1), in contrast to the subgenomic Rep-Feo replicon. These genes were
chosen by inspection from the list of hits based on their known or proposed roles in membrane
trafficking (CHMP2A4, NAPA, RAB74, RABEPK), in RNA trafficking or translation (CKAPS,
SERBPI), and in the lifecycle of other viruses (TRIM proteins in HIV infection). All except
for TRIM62 were reconfirmed using the criterion of at least two siRNAs causing at least 2-fold
inhibition of HCV replication, though three of the four TRIM62 siRNA duplexes tested did
inhibit OR6 replication by at least40%.

The Pl 4-Kinase PI4KA is Essential for HCV Replication

A high-ranking hit in our siRNA screen was PI4K4, also known as PIK4CA or P14Kllla.
PI4KA encodes a 230 kDa protein and is widely expressed (Balla et al., 1997); however, the
function of this enzyme in mammalian cells has not been well defined. There are four known
phosphatidylinositol (PI) 4-kinases in mammalian cells that catalyze the production of PI 4-
phosphate from PI (Balla and Balla, 2006). It has been proposed that the four mammalian P1
4-kinases have distinct functions that are mediated largely by their localization to different
intracellular compartments (Balla and Balla, 2006). PI4KA is believed to be predominantly
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localized to the ER (Wong et al., 1997), though a fraction may also be found at the Golgi
(Nakagawa et al., 1996).

PI4KA silencing by four individual siRNA duplexes strongly inhibited HCV replication in the
ORG full-length replicon cell line (Figure 2A) without detectable cytotoxicity, as determined
by cellular ATP content. PI4KA depletion also strongly inhibited viral replication in the
genotype 2a JFHI infectious HCV model (Wakita et al., 2005) by over 2 logy o (Figure 2B).
All four siRNA duplexes depleted PI4K4 mRNA transcript levels (Figure 2C); moreover,
siRNA duplex #3 was the most potent for both PI4KA transcript silencing as well as for
inhibition of HCV replication. Immunoblotting for HCV nonstructural proteins in the OR6 cell
line confirmed that PI4KA depletion was associated with the loss of HCV nonstructural
proteins (Figure 2D, lane 3), comparable to the effect of directly targeting the replicon RNA
with an HCV-specific siRNA (Figure 2D, lane 2).

Two of the four PI 4-kinases, PI4KA and PI4KB, are inhibited by wortmannin, although at
1Csgs much higher (~50-300 nM) (Balla and Balla, 2006) than for PI 3-kinases (~1-5 nM); no
selective PI 4-kinase inhibitors have been published. The two other PI 4-kinases are
wortmannin insensitive. We found that HCV replication in OR6 replicon cells was inhibited
by wortmannin with an ICsg of 190 nM, which is consistent with the reported 1Csq of PI4KA
(Figure 2E) and further demonstrates that PI4KA’s enzymatic activity is required for its role
in HCV replication. Wortmannin treatment at 10 nM, a concentration that effectively inhibits
P1 3-kinases, had no significant effect on HCV replication. There was no significant
cytotoxicity with wortmannin treatment for 24 hr at concentrations up to 1 pM. Moreover,
PI4KA silencing reduced the observed ICsg of wortmannin by over 3-fold (Figure S6),
supporting our hypothesis that wortmannin inhibits HCV signaling by inhibiting PI4KA
activity.

Finally, we generated two independent short hairpin RNA (shRNA) lentiviral constructs
targeting the 3'UTR of PI4KA. As expected, both PI4KA shRNAs blocked HCV replication in
ORG6 replicon cells, while a nontargeting shRNA had no effect on HCV replication (Figure
2F). We then generated a shRNA-resistant, full-length PI4KA expression construct lacking the
3'UTR targeted by our shRNA constructs as well as a construct expressing the other type Il
PI4-kinase, PI4KB. Expression of shRNA-resistant, full-length PI4K A rendered OR6 replicon
cells resistant to both PI4KA shRNAs. However, the effect of silencing endogenous P/4KA on
HCYV replication could not be rescued by exogenous expression of PI4KB, demonstrating that
the dependence of HCV on PI4KA is highly specific.

We then sought to ascertain the function of PI4KA in HCV replication. Given the reported
localization of PI4KA to the ER, we hypothesized that it might have a role in the generation
of HCV nonstructural protein-associated membranes. However, this hypothesis could not be
readily tested in the HCV replicon or JFH! infectious viral systems because P/4K4 silencing
potently inhibits HCV replication and thus HCV protein expression. Therefore, we studied the
effect of PI4K A silencing on the localization of HCV nonstructural proteins in the
UHCVcon57.3 cell line (Egger et al., 2002), which is stably transformed with a construct
encoding the full-length HCV polyprotein under the control of a tet-off promoter. Expression
of the HCV polyprotein is therefore uncoupled from viral replication in this cell line. Induction
of HCV polyprotein expression in cells transduced with a nontargeting ShRNA results in small
punctate membranous structures that stain positive for HCV NS5A by immunofluorescence
(Figure 2G). However, PI4KA silencing in UHCVcon57.3 cells followed by induction of HCV
polyprotein expression led to the formation of abnormally large NS5A-positive structures,
indicating that PI4K A is required for the correct formation of the small membranous structures
that have been shown by others to be the sites of viral RNA replication (Gosert et al., 2003).
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The COPI Coat Complex Is Required for Replication Early in the Viral Lifecycle

The COPI coat is a multisubunit complex composed of the multimeric coatomer complex and
the ARF GTPase. COPI-coated vesicles mediate retrograde retrieval of ER-resident proteins

from the Golgi and also play a role in intra-Golgi vesicle trafficking (Béthune et al., 2006). Six
coatomer subunits scored in the primary siRNA screen (Tables S1-82). Another high-ranking
hit in the primary screen, CDC42, binds to coatomer via y-COP (Wu et al., 2000).

We characterized the effect of COPZI silencing in further detail. Four individual siRNA
duplexes against COPZ! all inhibited HCV replication in the full-length OR6 replicon system
in a concentration-dependent manner (Figure 3A). There was no cytotoxicity observed under
the conditions used in this experiment (Figure 3B), and all four siRNA duplexes depleted
COPZ1 mRNA in a concentration-dependent manner. Of note, the potency of the siRNA
duplexes for COPZ1 silencing paralleled their potency for inhibition of HCV replication.

To further confirm that COPI activity is required for HCV replication, we employed the
pharmacologic COPI inhibitor brefeldin A (BFA), which blocks COPI coat assembly by
inhibiting ARF-specific guanine nucleotide exchange factors. BFA inhibited replication of the
ORG6 full-length replicon in a dose-dependent fashion, again without measurable cytotoxicity
over a 24 hr period (Figure 3C).

We then examined the ability of BFA to inhibit replication of the cell-culture-infectious HCV
strain JFH 1. Consistent with previous reports (Gastaminza et al., 2008), BFA treatment of
Huh7.5.1 cells that had already been infected for 3 days resulted in an increase in intracellular
viral RNA (Figure 3D). However, in contrast to the effect of BFA on established HCV
infection, BFA treatment of Huh7.5.1 cells at the time of JFH1 infection potently inhibited
viral replication. BFA effectively inhibited HCV replication when added at up to 8 hr
postinfection, indicating that its effect on blocking HCV replication occurs after viral entry;
maximal internalization and fusion of HCV pseudoparticles occur by 3 hr of virus-cell contact
(Meertens et al., 2006). Furthermore, the observed increase in intracellular HCV RNA when
BFA is added in established HCV infection indicates that the ability of BFA to block HCV
replication early in viral infection is not due to nonspecific cellular toxicity or global inhibition
of RNA synthesis. Immunofluorescence staining of HCV NSSA and B-COP demonstrated that
preformed NSSA-positive structures in OR6 HCV replicon cells were resistant to short-term
BFA treatment under conditions that induce the rapid dissociation of COPI from the Golgi
complex (Figure 3E), suggesting that COPI is not actively required for the dynamic
maintenance of established HCV replication complexes as it is for the maintenance of the Golgi
complex.

Hepcidin is a Cofactor for HCV Replication

Hepcidin, encoded by the H4 MP (hepcidin antimicrobial peptide) gene, is a peptide hormone
that is a key regulator of systemic iron homeostasis by inhibiting the iron transporter ferroportin
(Nemeth et al., 2004b). Chronic HCV infection has long been recognized to be associated with
elevated serum iron indices as well as with increased hepatic iron stores. This screen identified
an unexpected effect of hepcidin silencing on HCV replication.

HAMP silencing in the OR6 full-length replicon model by any of four individual siRNA
duplexes or with the HAMP siRNA pool inhibited HCV replication (Figure 4A) without
measurable cytotoxicity over 72 hr. We also found that HAMP silencing significantly decreased
JFH1 replication, though to a lesser magnitude than in the two replicon systems (Figure 4B).
Preliminary studies using a dicistronic reporter construct to measure HCV IRES-dependent
translation and cap-dependent translation (Itsui et al., 2006) found inhibition of both IRES-
and cap-dependent translation in HAMP-silenced Huh7 cells (data not shown). Though this
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finding remains to be confirmed by additional methodologies, it suggests that HAMP
perturbation may affect HCV replication by altering cellular translation at a more global level
in the hepatocyte.

DISCUSSION

Functional genomic approaches allow for the unbiased identification of HCV host cofactors
independent of any preconceived models of the HCV lifecycle or any assumptions about gene
function. This technology has been successfully applied to the identification of novel host
dependency factors for HIV (Brass et al., 2008). We have conducted a whole-genome RNAI
screen for host proteins that support HCV replication and were able to functionally confirm
the significance of several of these cofactors in the fully infectious JFH1 HCV strain.

HCV, like other positive-strand RNA viruses, replicates on altered host membranes, which in
the case of HCV have been called “membranous webs” (Egger et al., 2002; Gosert et al.,
2003). The mechanisms by which these membranous webs form are largely unknown. Here,
we identified 27 host genes that play a role in lipid metabolism, membrane biogenesis, kinetics,
and trafficking; all are likely to be key processes in the formation and maintenance of the
membranous web structure. ‘

PI4KA is an attractive “druggable” target for anti-HCV therapeutics. Both genotype 1 and 2
HCV models exhibit a very strong dependency on PI4KA function; furthermore, PI4KA
silencing is well tolerated in cultured cells. Further evidence that PI4KA has a direct function
in HCV replication comes from a study (Ahn et al., 2004) that identified an interaction between
HCV NS5A and PI4KA in a yeast two-hybrid screen. The development of selective PI4KA
inhibitors will facilitate the study of this protein’s cellular function as well as its role in HCV
replication, and it may also yield therapies for chronic HCV infection.

The dependence of HCV replication on the COPI coatomer complex is shared by poliovirus
and Drosophila C virus (Cherry et al., 2006; Maynell et al., 1992). All three of these RNA
viruses replicate on host membrane-derived compartments, and we speculate that the assembly
of these viral replication compartments is somehow dependent on COPL Further support for
this hypothesis comes from the finding that y-COP and its interacting partner, CDC42, are
significantly enriched on detergent-insoluble membranes from HCV replicon-expressing cells
(Mannova et al., 2006). These data would suggest that COPI is directly involved in
membranous web formation and that the block of HCV replication by COPI inhibition is not
an indirect effect of disrupting Golgi-ER vesicle trafficking.

Finally, we identified hepcidin as a cofactor for HCV replication. Chronic hepatitis C infection
has long been recognized to be associated with increased serum iron and transferrin saturation
as well as hepatic iron accumulation; moreover, hepatic hepcidin mRNA expression is
increased in patients with chronic HCV infection (Aoki et al., 2005). Hepcidin transcription is
stimulated by iron overioad as well as by inflammation through IL-6 (Nemeth et al., 2004a),
which is elevated in patients with chronic HCV. The identification of hepcidin as a HCV
replication cofactor points to a molecular basis for the well-known clinical association between
chronic HCV infection and dysregulation of iron homeostasis. Moreover, the potent
upregulation of hepcidin transcription by IL-6 potentially creates a positive feedback loop
between chronic inflammation and HCV replication.

An important limitation of our study is that the replicon model permits identification of host
cofactors of replication but not of other stages of the viral lifecycle. Future studies using fully
infectious, cell-culture-adapted HCV strains will be able to study other aspects of the HCV
lifecycle, such as viral entry, uncoating, virion assembly, and secretion.
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The host cofactors identified in this screen had little overlap with those identified in three
previous limited siRNA screens for HCV host cofactors (Ng et al., 2007; Randall et al.,
2007; Supekova et al., 2008). Similarly, relatively little overlap has been observed among the
hits in three genome-wide RNAi screens for HIV host cofactors (Brass et al., 2008; Konig et
al., 2008; Zhou et al., 2008). There are many factors that must be considered when comparing
our studies with prior limited siRNA screens. First, the siRNA sequences used in our screen
were the same as for the Ng et al. screen, but were different from those used in the Supekova
et al. and Randall et al. screens, likely resulting in different knockdown efficiencies and off-
target effects for each gene screened.

Second, the HCV models were different in each screen. Randall et al. used the J6/JFH1
genotype 2a infectious virus, while the other screens used different subgenomic genotype 1b
replicons. Silencing of the host protein DDX3X, which binds to the HCV core protein,
suppresses subgenomic HCV replication much less efficiently than full-length HCV replication
(Ariumi et al., 2007). Furthermore, genotype-specific differences in host cofactor dependency
could also potentially account for differences in screens using different HCV genotypes.

Third, the methods of siRNA transfection and siRNA concentration and the duration of
silencing varied among the screens, thus biasing the screens toward protein with shorter half-
lives (in the Supekova et al. screen) or longer half-lives (Ng et al.). Randall et al. tested 62
genes, which is a sufficiently small number that siRNA could be introduced by electroporation,
and the duration of silencing could be optimized for each gene tested; both methods are
impractical for whole-genome screens.

Fourth and finally, the threshold for identifying significant hits for secondary validation varied
among the different screens. For example, TBXA2R would have been selected as a hit in our
primary screen had we used the Ng et al. threshold of 30% inhibition. However, using this
lower threshold in our screen would have resulted in over 1800 pools for secondary screening,
which would have been an impractical number of hits for deconvolution.

The strength of whole-genome siRNA screens is their ability to identify roles for genes and
biological pathways in biological processes free of a priori hypotheses regarding their function.
Our screen has identified many candidate host cofactors for HCV replication, some of which
may offer new therapeutic avenues for the treatment of chronic infection. Further studies of
these cofactors may yield important mechanistic insights into the formation and maintenance
of the membrane-associated HCV replication complex. Furthermore, we have identified a
possible molecular link between iron homeostasis, chronic inflammation, and chronic HCV
infection. However, because of the very significant false-negative (variability in protein
depletion owing to variation in siRNA efficacy and protein half-life) and false-positive (off-
target effects) rates inherent to high-throughput siRNA screens, no single screen can be
expected to yield a truly comprehensive map of all of the host genes that are involved in a
particular process. Such maps will require the integration of multiple RNAi screens with
complementary technologies.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies

Anti-NS5A (7-D4) and NS3 (9-G2) monoclonal antibodies were obtained from ViroGen
(Cambridge, MA). Anti-B-COP and anti-PI4KA polyclonal antibodies were obtained from
Abcam (Cambridge, MA) and Cell Signaling Technology (Danvers, MA), respectively. Anti-
B-actin monoclonal antibody (AC-74), BFA, and wortmannin were obtained from Sigma-
Aldrich (St. Louis, MO).
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siRNA Transfection

siRNA was introduced into Huh7/Rep-Feo cells by reverse transfection using HiPerFect
Transfection Reagent (QIAGEN; Valencia, CA) according to the manufacturer’s instructions.
Nontargeting siRNA and siRNA targeting firefly luciferase were obtained from QIAGEN and
Ambion (Austin, TX), respectively. siRNA targeting the HCV 5'NTR was synthesized
according to the si313 sequence (Chevalier et al., 2007). For pilot and validation experiments,
control siRNAs were spotted onto 96- or 384-well plates. HiPerFect was diluted in Opti-MEM
I (Invitrogen; Carlsbad, CA) and then added to the prespotted siRNAs to allow lipid-siRNA
complexes to form. Trypsinized Huh7/Rep-Feo cells were added to the preformed lipid-siRNA
complexes at 5000 cells/well (96-well format) or 2000 cells/well (384-well format) and then
incubated for 72 hr. Firefly luciferase was assayed using Bright-Glo reagent (Promega;
Madison, WI) and a 2103 EnVision Ultra Sensitive Luminescence Plate Reader (PerkinElmer;
Waltham, MA).

High-Throughput Screening

Screening was performed at the Institute of Chemistry and Cell Biology screening facility at
Harvard Medical School. The library used for this screen was the sSiARRAY Human Genome
siRNA Library (Dharmacon; Lafayette, CO). Each well in the library contains a pool of four
siRNAs designed to target four different sequences within a single human transcript. All of the
unique human genes in the NCBI RefSeq database are included in this set of 21,094 genes.
Each pool is predicted to silence target gene expression at the mRNA level by at least 75%.

A Bravo Liquid Handling Platform (Velocity 1 1; Menlo Park, CA) was used to transfer siRNAs
from 384-well library stock plates to quadruplicate screening plates. Diluted HiPerFect was
then added to the siRNA with a WellMate Microplate liquid dispenser (Matrix Technologies;
Hudson, NH). Upon formation of siRNA-lipid complexes, 2000 trypsinized Huh7/Rep-Feo
cells were added to each well. Plates were incubated at 5% CO2, 37°C for 72 hr, whereupon
two screening plates were assayed for luciferase activity using Bright-Glo reagent, and two
were assayed for cell viability by cellular ATP content using CellTiter-Glo reagent (Promega)
according to the manufacturer’s instructions.

Luminescence values were converted to Z scores and then p values (see Supplemental Data
for further details). For hit selection, we used Storey’s false discovery rate-based approach to
multiple-hypothesis testing in order to contro! the false-positive error rate without inflating the
false-negative error rate (Storey, 2002). A q value of 0.10, corresponding to a false-discovery
rate of 0.10, was used as the threshold for selecting hit siRNA pools from the primary screen
for siRNA deconvolution, The threshold of 0.10 means that 10% of the total number of hit
pools selected are expected to be false-positive results. Pools that generated significant cell
toxicity (>2-fold decrease in CellTiter-Glo signal) were rejected, as were pools that targeted
ribosomal subunits or putative transcripts that had been removed by the most recent RefSeq
revision.

The four individual siRNA duplexes comprising each hit siRNA pool were then individually
picked and spotted into separate wells for retesting in the Huh/Rep-Feo replicon system.
Transfection and luminescence assays were performed exactly as described for the primary
screer.

Gene Ontology, Subcellular Localization, and Gene Annotation
Please refer to the Supplemental Data for details on the bioinformatics methods used.
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Secondary Validation in Full-Length HCV Replicon Cells

Selected genes that were associated with HCV replication in Huh7/Rep-Feo subgenomic
replicon cells were tested in OR6 full-length replicon cells expressing the entire genotype 1b
HCYV polypeptide downstream of a Reniila luciferase reporter gene (Ikeda et al., 2005). siRNA
duplexes were spotted into 96-well plates to a final concentration of 50 nM. Diluted HiPerFect
Transfection Reagent was added to each well, followed by plating of OR6 cells. Renilla
luciferase activity was normalized to cellular ATP content as determined by CellTiter-Glo.

JFH1 Infection and Quantitative Real-Time PCR

Infectious genotype 2a JFH1 HCV was prepared as previously described (Wakita et al.,
2005). Huh7.5.1 and Huh7 cells were reverse transfected in 96-well plates with siRNA
duplexes under the same conditions as OR6 cells. siRNA-transfected cells were then infected
with JFH1 virus at an moi of ~0.2. Total cellular and viral RNA was isolated postinfection
using RNeasy Mini columns (QIAGEN) with on-column DNase digestion, reverse transcribed
by random priming with the High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems; Foster City, CA), and then quantitated by real-time PCR using the DyNAmo HS
SYBR Green qPCR kit (Finnzyme; Espoo, Finland). Efficiency-corrected relative quantitation
(Pfaffl, 2001) was used with GAPDH as an internal control. All primer sequences used are
given in Table S5.

Construction of shRNA Lentiviral and MMLV Retroviral Expression Constructs

shRNAs designed to target the 3'UTR of the PI4KA transcript (Table S5) were cloned into the
lentiviral sShRNA vector pLKO.1 (Moffat et al., 2006) and confirmed by sequencing. These
constructs or a nontargeting shRNA construct (pLKO.1-scramble; Addgene; Cambridge, MA)
were cotransfected with the packaging vectors psPAX2 (Addgene plasmid 12260) and
pMD2.G (Addgene plasmid 12259) into 293T cells to generate VSV-G pseudotyped lentiviral
particles.

Full-length (P14K230) and truncated (P14K92) N-terminal myc-tagged PI4KA constructs in
pcDNA3.1/zeo(+) were subcloned into pFB (Stratagene; La Jolla, CA), a MMLYV retroviral
vector. VSV-G pseudotyped retroviral particles were generated by transfection of pFB
expression constructs into the 293GPG packaging cell line (Ory et al., 1996). Lentiviral and
retroviral supernatants were harvested 48 and 72 hr posttransfection, 0.45 pm filtered, and
stored at —80°C. Target cells were infected with lentiviral or retroviral particles for 4 hr in the
presence of 8 ug/mL polybrene (Sigma).

Immunofluorescence Staining

UHCVcon57.3 cells were plated on gelatin-coated glass coverslips and transduced with a
lentiviral vector encoding a nontargeting shRNA or an shRNA against PI4KA. After induction
of HCV polyprotein expression by tetracycline withdrawal, the cells were fixed with 3%
paraformaldehyde, permeabilized with 0.3% Triton X-100 in PBS, and then blocked with 10%
FBS/1% BSA in PBS with 0.1% Triton X-100. Coverslips were incubated with a NSSA
monoclonal antibody overnight at 4°C, washed, and then incubated with Alexa 594 donkey
anti-mouse secondary antibody for 1 hr at RT. Coverslips were mounted with Fluoromount-G
(SouthernBiotech; Birmingham, AL) and viewed on an epifluorescence microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bioinformatics of the RNAI Screen

(A) Replicate Z scores from the primary screen. Each point represents the Z score of an
individual siRNA pool in one experimental pool plotted against the Z score of the same pool
in the experimental replicate well. A Z score is the number of standard deviations of the
experimental luciferase activity above the median plate value. Negative Z scores indicate
inhibition of HCV replication.

(B) Gene ontology biological process terms significantly (p < 0.05) overrepresented by the
genes that scored in the screen. The terms are ordered clockwise by ascending p values.

(C) Functional mapping of HCV dependency factors to lipid- and membrane-related processes
that support the formation of a membranous web structure needed for viral replication. Dotted
gray lines indicate protein-protein interactions; dotted blue lines indicate processes that
impinge on membranous web structures; green boxes indicate cellular processes; and black
boxes refer to HCV proteins. Supporting references are listed in Table S4.
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Figure 2. PI4KA Is Essential for Hepatitis C Virus Replication
(A) PI4KA silencing with four individual siRNA duplexes blocks replication of the full-length
HCV replicon OR6 (black bars) without significant cytotoxicity as measured by cellular ATP
content (gray bars). Values were obtained from quadruplicate wells in two independent
experiments and are mean + SD.
(B) siRNAs against PI4KA block replication of the infectious JFH1 HCV strain, Cells were
infected with JFH1 48 hr posttransfection, and HCV RNA was quantified by quantitative PCR
(qPCR) at 24 hr postinfection. Values were obtained from triplicate gPCR replicates from
duplicate wells and are mean £ SD.
(C) The magnitude of HCV inhibition parallels the degree of PI4KA silencing. PI4KA
transcripts were quantified by qPCR 48 hr posttransfection. Values are meant SD.
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(D) P14KA silencing depletes HCV nonstructural proteins in OR6 replicon cells as determined
by immunoblotting with the indicated antibodies. Cell lysates were prepared from OR6 cells
transfected with the indicated siRNAs for 72 hr.

(E) Wortmannin inhibits HCV replication with an ICsq consistent with a type 1II PI 4-kinase.
ORG6 replicon cells were treated with the indicated concentrations of wortmannin for 24 hr.
Replicate wells were assayed for luciferase activity (diamonds) or cellular ATP content
(triangles). Values were obtained from quadruplicate wells in two independent experiments
and are mean £ SD.

(F) PI4KA shRNAs block HCV replication and can be rescued by an RNAi-resistant PI4KA
construct but not by PI4KB. OR6 replicon cells were transduced with MMLYV retroviral vectors
encoding GFP, PI4KA, or PI4KB cDNAs lacking the 3'UTR. The cells were then transduced
24 hr later with lentiviral vectors encoding a nontargeting shRNA (black bars) or two different
shRNAs targeting the PI4KA 3'UTR (gray and white bars). Cells were assayed 96 hr after
lentiviral transduction. Values were obtained from quadruplicate wells in two independent
experiments and are mean + SD.

(G) P14KA silencing induces the formation of abnormally large NSSA-positive membrane
structures. UHCVcon57.3 cells were transduced with the indicated shRNA constructs 4 days
prior to induction of HCV polyprotein expression by withdrawal of tetracycline from the
growth medium. Twenty-four hours after induction, cells were fixed and stained with a
monoclonal antibody to HCV NS5A (green) and counterstained with DAPI to highlight cell
nuclei (blue).
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