Salem NE, Saito M, | Genomic polymorphisms in | Microbiol accepted 2012
Kasama Y, Ozawa 3B-hydroxysterol Immunol
M, Kawabata T, A24-reductase promoter
Harada S, Suda H, sequences.
Asonuma K,
El-Gohary A,
Tsukiyama-Kohara
K.
Nakagawa S, Hirata | Targeted induction of PLoS ONE accepted 2013
Y, Kameyama T, interferon-1 in humanized
Tokunaga Y, Nishito | chimeric mouse liver
Y, Yano J, Ochiya T, | abrogates hepatotropic virus
Tateno C, Mizokami | infection.
M,
Tsukiyama-Kohara
K., Inoue K, Yoshiba
M, Takaoka A,
Kohara M.
Okuyama S, Excessive activity of Int J Cancer | 130 1294-1301 2012
Marusawa H, apolipoprotein B mRNA
Matsumoto T, Ueda | editing enzyme catalytic
Y, Matsumoto Y, polypeptide 2 (APOBEC?2)
Endo Y, Takai A, contributes to liver and lung
Chiba T. tumorigenesis.
Nishijima N, Dynamics of hepatitis B PLos ONE |7 e35052 2012
Marusawa H, Ueda virus quasispecies in
Y, Takahashi K, association with
Nasu A, Osaki Y, nucleos(t)ide analogue
Kou T, Yazumi S, treatment determined by
Fujiwara T, Tsuchiya | ultra-deep sequencing.
S, Shimizu K,
Uemoto S, Chiba T.
Ueda Y, Marusawa Effect of maintenance J Viral 19 32-38 2012
H, Kaido T, Ogura Y, | therapy with low-dose Hepat
Oike F, Mori A, peginterferon for recurrent
Ogawa K, Yoshizawa | hepatitis C after living donor
A, Hatano E, liver transplantation.
Miyagawa-Hayashin
o0 A, Haga H, Egawa
H, Takada Y,
Uemoto S, Chiba T.
Ueda Y, Marusawa Efficacy and safety of Hepatol Res | 43 67-71 2012
H, Kaido T, Ogura Y, | prophylaxis with entecavir
Ogawa K, Yoshizawa | and hepatitis B
A, Hata K, Fujimoto | immunoglobulin in
Y, Nishijima N, preventing hepatitis B
Chiba T, Uemoto S. | recurrence after living donor
liver transplantation.
Chiba T, Marusawa Inflammation-associated Gastroenter | 143 550-563 2012
H, Ushijima T. cancer development in ology

digestive organs.

78 —




Osaki Y, Ueda Y, Decrease in J 47 444-451 2012
Marusawa H, alpha-fetoprotein levels Gastroenter
Nakajima J, Kimura | predicts reduced incidence of | ol.
T, Kita R, Nishikawa | hepatocellular carcinoma in
H, Saito S, Henmi S, | patients with hepatitis C
Sakamoto A, Eso Y, | virus infection receiving
Chiba T. interferon therapy.
Nasu A, Marusawa Genetic Heterogeneity of PLoSONE |6 €24907 2011
H, Ueda Y, Nishijima | Hepatitis C Virus in ,
N, Takahashi K, Association with Antiviral
Osaki Y, Yamashita | Therapy Determined by
Y, InokumaT, Ultra-deep Sequencing.
Tamada T, Fujiwara
T, Sato F, Shimizu K,
Chiba T. ;
Torikoshi K, Abe H, | Protein inhibitor of activated | PLoS One 7 e41186-4119 2012
Matsubara T, Hirano | STAT, PIASy regulates 9
T, Ohshima T, alpha-smooth muscle actin
Murakami T, Araki expression by interacting
M, Mima A, Iehara with E12 in mesangial cells
N, Fukatsu A, Kita T,
AraiH,Doi T
Ueda Y, Takada Y, Individualized extension of | Transplantat | 90 661-665 2010
Marusawa H, Egawa | pegylated interferon plus ion
H, Uemoto S, Chiba | ribavirin therapy for
T. recurrent hepatitis C
genotype 1b after
living-donor liver
transplantation.
Ueda Y, Takada Y, Clinical features of J Viral 17 481-487 2010
Marusawa H, Haga biochemical cholestasis in Hepat
H, Sato T, Tanaka Y, | patients with recurrent
Egawa H, Uemoto S, | hepatitis C after living-donor
Chiba T. liver transplantation.
Toyoda H, Kumada Higher Hepatic Gene Biomarkers. | 18 82-87 2013
T, Kiriyama T, Expression and Serum
Tanigawa M, Levels of Matrix
Hisanaga Y, Metalloproteinase-2 are
Kanamori A, Tada Y, | Associated with
and Murakami Y. Steatohepatitis in
Non-alcoholic Fatty Liver
Diseases.
Murakami Y, Toyoda | Comprehensive miRNA PLoSONE |7 e48366 2012

H, Tanahashi T,
Tanaka J, Kumada T,
Yoshioka Y, Kosaka
N, Ochiya T, and Y-h
Taguchi.

expression analysis in
peripheral blood can
diagnose liver disease.




Toyoda H, Kumada | Predictive value of early J Med Virol | 84 61-70 2012
T, Tada T, Hayashi viral dynamics during
K, Honda T, Katano | peginterferon and ribavirin
Y, Goto H, combination therapy based
Kawaguchi T, on genetic polymorphisms
Murakami Y, near the IL28B gene in
Matsuda F. patients infected with HCV
genotype 1b
Seya T, Shime H, TLR3/TICAM-1 signaling in | Oncoimmun | 1 917-923 2012
Takaki H, Azuma M, | tumor cell RIP3-dependent ology.
Oshiumi H, necroptosis.
Matsumoto M.
Azuma M, Ebihara T, | Cross-priming for antitumor 1 581-592 2012
Oshiumi H, CTL induced by soluble Ag
Matsumoto M, Seya | + polyl:C depends on the
T. TICAM-1 pathway in mouse
CD11c(+)/CD8a(+) dendritic
cells.
Shime H, Matsumoto | Toll-like receptor 3 signaling | Proc Natl 109 2066-2071 2012
M, Oshiumi H, converts tumor-supporting Acad Sci U
Tanaka S, Nakane A, | myeloid cells to tumoricidal | S A.
Iwakura Y, Tahara H, | effectors.
Inoue N, Seya T.
Abe Y, Fujii K, The toll-like receptor J Virol. 86(1) 185-94. 2012
Nagata N, Takeuchi 3-mediated antiviral
O, Akira S, Oshiumi | response is important for
H, Matsumoto M, protection against poliovirus
Seya T, Koike S. infection in poliovirus
receptor transgenic mice.
Kuroki M, Ariumi Y, [ PML tumor suppressor Biochem. 430 592-597 2013
Hijikata M, Ikeda M, | protein is required for HCV | Biophys.
Dansako H, Wakita | production. Res.
T, Shimotohno K, Commun.
Kato N.
Yagita Y, Kuse N, Distinct HIV-1 escape J. Virol. 87 2253-63 2013

Kuroki K, Gatanaga
H, Carlson JM,
Chikata T, Brumme
Z1, Murakoshi H,
Akahoshi T, Pfeifer
N, Mallal S, John M,
Ose T, Matsubara H,
Kanda R, Fukunaga
Y, Honda K,
Kawashima Y,
Ariumi Y, Oka S,
Maenaka K,
Takiguchi M.

patterns selected by
cytotoxic T cells with
identical epitope specificity.




Sejima H, Mori K, Identification of host genes Virus Res. 167 74-85 2012
Ariumi Y, Tkeda M, showing differential
Kato N. expression profiles with
cell-based long-term
replication of hepatitis C
virus RNA.
Takeda M, Tkeda M, | Development of hepatitis C J. Gen. 93 1422-31 2012
Ariumi Y, Wakita T, | virus production Virol.
Kato N. reporter-assay systems using
two different hepatoma cell
lines.
Osugi K, Suzuki H, Identification of the P-body [ J. Biochem. | 151 657-66 2012
Nomura T, Ariumi Y, | component PATL1 as a
Shibata H, Maki M. | novel ALG-2-intercating
protein by in silico and
far-Western screening of
proline-rich proteins.
Mori K, Ueda Y, Development of a drug assay | Virus Genes | 44 374-81 2012

Ariumi Y, Dansako
H, Ikeda M, Kato N.

system with hepatitis C virus
genome derived from a
patient with acute hepatitis
C.

— 81 —







Biochimica et Biophysica Acta 1820 (2012) 1886-1892

Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagen

Different mechanisms of hepatitis C virus RNA polymerase activation by cyclophilin A
and B in vitro

Leiyun Weng 2, Xiao Tian ?, Yayi Gao 2, Koichi Watashi °, Kunitada Shimotohno €, Takaji Wakita ",
Michinori Kohara ¢, Tetsuya Toyoda *9-¢*

2 Unit of Viral Genome Regulation, Institut Pasteur of Shanghai, Chinese Academy of Sciences, 411 Hefei Road, 200025 Shanghai, People’s Republic of China

Y Department of Virology II, National Institute of Health, 1-23-1 Toyama, Shinjuku, Tokyo 132-8640, Japan

¢ Chiba Institute of Technology, 2-17-1 Tsudamuna, Narashino, Chiba 275-0016, Japan

d Department of Microbiology and Cell Biology, The Tokyo Metropolitan Institute of Medical Science, 2-1-6 Kamikitazawa, Setagaya-Ku, Tokyo 156-8506, Japan
€ Choju Medical Institute, Fukushimura Hospital, 19-14 Azanakayama, Noyori-cho, Toyohashi, Aichi 441-8124, Japan

ARTICLE INFO ABSTRACT

Background: Cyclophilins (CyPs) are cellular proteins that are essential to hepatitis C virus (HCV) replication.
Since cyclosporine A was discovered to inhibit HCV infection, the CyP pathway contributing to HCV replica-
tion is a potential attractive stratagem for controlling HCV infection. Among them, CyPA is accepted to inter-
act with HCV nonstructural protein (NS) 5A, although interaction of CyPB and NS5B, an RNA-dependent RNA
polymerase (RdRp), was proposed first.

Methods: CyPA, CyPB, and HCV RdRp were expressed in bacteria and purified using combination column
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g?’\y ords: chromatography. HCV RdRp activity was analyzed in vitro with purified CyPA and CyPB.

RNA polymerase Results: CyPA at a high concentration (50 x higher than that of RdRp) but not at low concentration activated
Cyclophilin A HCV RdRp. CyPB had an allosteric effect on genotype 1b RdRp activation. CyPB showed genotype specificity
Cyclophilin B and activated genotype 1b and J6CF (2a) RdRps but not genotype 1a or JFH1 (2a) RdRps. CyPA activated

RdRps of genotypes 1a, 1b, and 2a. CyPB may also support HCV genotype 1b replication within the infected
cells, although its knockdown effect on HCV 1b replicon activity was controversial in earlier reports.
Conclusions: CyPA activated HCV RdRp at the early stages of transcription, including template RNA binding.
CyPB also activated genotype 1b RdRp. However, their activation mechanisms are different.

General significance: These data suggest that both CyPA and CyPB are excellent targets for the treatment of

HCV 1b, which shows the greatest resistance to interferon and ribavirin combination therapy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV'), which belongs to the Flaviviridae family,
has a positive-strand RNA genome, and its replication is regulated by
viral and cellular proteins [1]. The genome encodes a large precursor
polyprotein that is cleaved by host and viral proteases to generate
at least 10 functional viral proteins: core, envelope 1 (E1), E2, p7,
nonstructural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B
[2]. NS5B is an RNA-dependent RNA polymerase (RdRp) [3-5].

Abbreviations: BSA, bovine serum albumin; CsA, cyclosporine A; CyP, cyclophilin; DTT,
dithiothreitol; E, envelope; EDTA, ethylenediaminetetraacetic acid; GST, glutathione
S-transferase; HCV, hepatitis C virus; NS, nonstructural protein; PPI, peptidyl prolyl cis/
trans-isomerases; Peg-IFN, pegylated interferon-oc; PMSF, phenylmethanesulfonylfluoride;
RT-PCR, reverse transcription polymerase chain reaction; RdRp, RNA-dependent RNA poly-
merase; SDS-PAGE, sodium dodecy! sulfate polyacrylamide gel electrophoresis analysis;
SVR, sustained virological response; APPI, PPI knockout; wt, wild type
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HCV frequently establishes a persistent infection that leads to
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma [6,7].
More than 170 million individuals worldwide are infected with HCV
[8], and the challenge of developing HCV treatment continues. First,
combination therapy with pegylated interferon o (Peg-IFNa) and
ribavirin led to a sustained virological response (SVR) in approxi-
mately 55% of patients infected with any HCV genotype and 42-46%
of patients with genotype 1 [9,10]. However, many patients could
not tolerate the serious adverse effects. Triple therapy consisting of
an NS3/NS4A protease inhibitor (boceprevir or telaprevir), Peg-IFN
(a-2a or a-2b), and ribavirin was then introduced, and it has become
the standard regimen for genotype 1 infection. SVR improved signifi-
cantly (from 63% to 75%), and the treatment duration decreased from
12 to 6 months [11,12]. However, triple therapy is more toxic than
combination therapy [13].

Nonimmunosuppressant cyclosporine A (CsA) analogues/CyP
inhibitors such as DEBIO-025 (Alisporivir) [14], NIM811 [15], and
SCY-635 [16] are also the most expected candidates for use as
anti-HCV drugs because their resistance selection is rare compared
with other direct-acting antiviral agents, and the HCV resistant to
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CyP inhibitors acquired mutations that allowed for reduced depen-
dence on CyPs [17,18].

CyP was originally discovered as a cellular factor with high affinity for
CsA [19]. CyPs comprise a family of peptidyl prolyl cis/trans-isomerases
(PPI) that catalyze the cis-trans interconversion of peptide bonds
amino terminal to proline residues, facilitating protein conformation
changes [20]. CyPs are potential antiviral targets because CyPA was
found to play a critical role in human immunodeficiency virus-1 infection
[21,22]. The role of human CyPs as cellular cofactors in HCV replication
was first suggested upon discovery of the anti-HCV effect of CsA
[23-26]. Although the completion of a binding assay and the mapping
of resistance initially suggested that NS5B was a viral target for CsA
[27-29], recent papers have pointed to CyPA and NS5A as the central
virus-host interaction involved in HCV replication [30-36]. Despite this
unfavorable evidence, we analyzed the effect of CyPA and CyPB on HCV
RdRp of various genotypes in vitro and found differences in genotype
specificity and the mechanism of HCV RdRp activation.

2. Materials and methods
2.1. Purification of HCV RdRp

HCV RNA RdRps with C-terminal 21 amino acid deletion of 1a
(H77 and RMT), 1b (HCR6, NN, and Con1), and 2a (JFH1 and J6CF)
were expressed in E. coli Rosetta/pLysS and purified as described
previously [37-40]. The purified HCV RdRps (5 uM, >95% pure)
were stocked in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol (DTT),
5% glycerol, and 1 mM phenylmethanesulfonylfluoride (PMSF) at
— 80 °C. The yield of HCV RdRps is approximately 1.7 mg from a 1-L
bacterial culture. The purified HCV RdRps were as shown in Fig. S1 of
Weng et al. [38]. The protein purities were determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis analysis (SDS-PAGE),
using Image] 1.46 (http://rsbweb.nih.gov/ij/).

2.2. Construction of CyP-expressing plasmids

Human CyPA and CyPB were cloned from total RNA extracted from
293T cells, using a reverse transcription-polymerase chain reaction
(RT-PCR) kit (Takara, Dalian, China) as published previously [29].
After being digested with BamHI and EcoRI, they were cloned into
the same site of pGEX-6P-3 (GE Healthcare, Bucks, UK), resulting in
PGEXCyPA and pGEXCyPB, respectively. CyPBAPP], the enzymatic in-
active mutant of CyPB, was PCR cloned into pGEX-6P-3 from
pCMV-CyPBAPPIFL [29], resulting in pGEXCyPBAPPL. CyPAAPPI was
produced by the introduction of the R55A and F60A mutations using
a QuickChangell Site-Directed Mutagenesis Kit (Stratagene, St. Clara,
CA, USA) and primers (5'-GTTCCTGCTTTCACGCCATTATTCCAGGGG
CCATGTGTCAGGGTG-3’ and 5-CACCCTGACACATGGCCCCTGGAATAA
TGGCGTGAAAGCAGGAAC-3').

2.3. Purification of CyPs

E. coli Rosetta were transformed using pGEXCyPA,
pPGEXCyPAAPP], pGEXCyPB, and pGEXCyPBAPPI. GST-tagged CyPA,
CyPB, CyPAAPP], and CyPBAPPI were induced with 1 mM isopropyl
B-p-1-thiogalactopyranoside at 18 °C for 4 h. The bacteria were
harvested and stocked at — 20 °C. After thawing on ice, the bacteria
were lysed in 4 packed cell volumes of phosphate-buffered saline,
0.1% Triton X-100, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF. After
being clarified by centrifugation at 10,000 xg for 30 min at 4 °C and
filtered through a 0.45-pm nitrocellulose filter, the extract was incu-
bated with Glutathione Sepharose 4B (GE Healthcare) for 30 min at
4 °C. After the resin was washed with 50 mM Tris-HCl (pH 8.0),
500 mM NaCl, 1mM EDTA, 1 mM DTT, and 1 mM PMSF, the
GST-CyP was eluted using 50 mM Tris-HCI (pH 8.0), 500 mM Nacl,

1 mM EDTA, 1 mM DTT, 10 mM reduced glutathione, and 1 mM
PMSF, followed by gel filtration through a Superdex 200 column
(GE Healthcare) in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, T mM
EDTA, 1 mM DTT, and 10% glycerol. The eluted GST-CyP were diluted
to 50 mM NaCl and applied to a MonoQ (GE Healthcare) in 20 mM
Tris-HCl (pH 9.0), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 10%
glycerol. GST-CyPB and GST-CyPBAPPlI were chromatographed
using a continuous NaCl gradient of 50-1000 mM. The purified
CyPs were stocked at —20 °C.

2.4. In vitro HCV transcription with CyPs

In vitro HCV transcription with CyPs was done as previously
described [37-40]. Briefly, the indicated amounts of the CyPs were in-
cubated in 50 mM Tris-HCl (pH 7.5), 200 mM monopotassium gluta-
mate, 3.5 mM MnCl,, 1 mM DTT, 0.5 mM GTP, 200 nM of a 184-nt in
vitro transcribed model RNA template (SL12-1S), 100 U/mL of human
placental RNase inhibitor, and 100 nM HCV RdRp at 29 °C for 30 min.
After preincubation, RdRp was incubated for an additional 90 min
with 50 uM ATP, 50 uM CTP, or 5 uM [a->2P]UTP. The RNA products
were analyzed using 6% PAGE containing 8 M urea after being purified
by phenol/chloroform extraction and ethanol precipitation. The amount
of RNA products was analyzed using Typhoon Trio (GE Healthcare).

2.5. RNA filter-binding assay with CyPA and CyPB

An RNA filter-binding assay with CyPA and CyPB was performed as
previously described [37,38,40]. Briefly, [32P]-SL12-1S was incubated
in 25 pL of 50 mM Tris-HCl (pH 7.5), 200 mM monopotassium gluta-
mate, 3.5 mM MnCl,, 1 mM DTT, and 5 pmol of HCV RdRp with
375 pmol (75x) of CyPA and 25 pmol (5x) of CyPB at 29 °C for
30 min.

2.6. Chemicals and radioisotopes

[a-3?PJUTP (800 Ci/mmol, 40 mCi/mL) was purchased from
PerkinElmer Life Sciences (Waltham, MA, USA). The nucleotides
were purchased from GE Healthcare. The human placental RNase
inhibitor T7 RNA polymerase and PrimeSTAR HS DNA polymerase
were purchased from Takara. The bacteria were purchased from
Novagen (Merck Chemicals, Darmstadt, Germany).

2.7. Statistical analysis

The statistical data were evaluated using Student's t test, with
p<0.05 indicating statistical significance.

3. Results
3.1. Purification of CyPA and B

First, glutathione S-transferase (GST)-tagged CyPA, CyPB, the PPI
inactive CyPA (CyPAAPPI), and CyPB (CyPBAPPI) were purified
using Glutathione Sepharose 4B affinity chromatography. CyPA and
CyPAAPPI were further purified through a Superdex 200 column
(Fig. S1). After the Superdex 200 gel filtration, to remove the contam-
inating nucleic acids, CyPB and CyPBAPPI were further purified
through MonoQ anion exchange chromatography by a continuous
NaCl gradient of 50-1000 mM because CyPB has a strong affinity for
nucleic acids. Each was eluted with 210-385 mM Nacl (Fig. S2). The
purification scheme and purified CyPs are shown in Fig. 1. The yields
of CyPA and CyPAAPP] were approximately 3 mg from a 1-L bacterial
culture. CyPA and CyPAAPPI were >95% pure and stocked at 5 mg/mL
in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM EDTA, 1 mM DTT,
and 10% glycerol. CyPB and CyPBAPPI were stocked at 5 mg/mL in
20 mM Tris-HCl (pH 9.0), 500 mM NaCl, 1 mM EDTA, 1 mM DTT,

— 84 —



1888 L. Weng et al. / Biochimica et Biophysica Acta 1820 (2012) 1886-1892

Purification of CyPA and CyPAAPPI

pGEXCyPA
pGEXCyPAAPPI
in Rosetta/ pLysS
2

Glutathione sepharose

{
Superdex200

Purification of CyPB and CyPBAPPI

pGEXCyPB
pGEXCyPBAPPI
in Rosetta/ pLysS

Glutathione sepharose

\»
Superdex200

4
MonoQ

Fig. 1. Cyclophilin purification. The purification schemes of cyclophilin A (CyPA) and the peptidy! prolyl isomerase-inactive mutant protein of CyPA (CyPAAPPI) (A), cyclophilin B
(CyPB) and CyPBAPPI (B), and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (C) with 5 pmol each of purified glutathione S-transferase (GST; 28.3 kDa),
GST-CyPA (44.9 kDa), GST-CyPAAPPI (44.7 kDa), GST-CyPB (52.1 kDa), and GST-CyPBAPPI (52 kDa) were separated through 10% SDS-PAGE and stained with Coomassie brilliant
blue. The sizes of the molecular weight standards (M) are indicated on the right side of the gel. Their final elution profiles are shown in Figs. S1 and S2.

and 10% glycerol. The yields of CyPB and CyPBAPPI were approxi-
mately 1 mg from a 1-L bacterial culture. The purities of CyPB and
CyPBAPPI were >95% and > 90%, respectively.

3.2. HCV 1b and JFH1 (2a) transcription in vitro with CyPA and CyPB

The dose-response effects of CyPA and CyPB were examined using
an in vitro transcription system of HCR6 (1b) and JFH1 (2a) RdRp
wild type (wt). CyPA and CyPB were added to the optimal HCV in
vitro transcription condition while the RNA synthesis was in the log
phase [4,37]. RdRp (100 nM) was incubated with 0, 50 (ratio to
RdRp: 0.5x), 100 (1x), 200 (2x), 500 (5x), and 1000 nM (10x)
CyPA and CyPB, GST, or bovine serum albumin (BSA) in GTP (the ini-
tiating nucleotide) and an RNA template for 30 min, followed by
elongation with ATP, CTP, and UTP for 90 min. CyPA enhancement
was further tested using 2 (20x), 5 (50x), 7.5 (75x%), and 10
(100x) uM because the enhancement effect of CyPA under 1 M
(10x) was unclear. Fig. S3 shows the autoradiography of HCV HCR6
(1b) and JFH1 (2a) RdRpwt with CyPA and CyPB, the graphs of
which were drawn using the data from 3 independent experiments
(Fig. 2).

The CyPA activation of both RdRps showed 2 reaction speeds. The
first-order ratio of CyPA to HCR6 (1b) RdARpwt<50x is fitted as a linear
regression curve, the equation for which is y=0.07x (CyPA-to-RdRp
ratio) +0.7. The linear regression curve fitting of the ratio >50x is
y =0.4x (CyPA-to-RdRp ratio) —17 when calculated from 3 points.
That of CyPA to JFH1 (2a) RdRpwt is fitted to a similar linear regression,
y=10.09x (CyPA-to-RdRp ratio) + 0.9 (the CyPA-to-RdRp ratio<50x).
HCVR6 (1b) and JFH1 (2a) RdRps were activated by 100x CyPA to
25-40.2- and 19- + 1-fold, respectively.

The CyPB activation of HCR6 (1b) RdRpwt occurred in a
dose-dependent manner and fitted a sigmoid curve, and the enhance-
ment effect reached a plateau (9.4x) at the ratio of 5x. Neither GST
nor BSA enhanced HCR6 (1b) RdRpwt. CyPB, GST, and BSA did not en-
hance JFH1 (2a) RdRpwt (<1.5x) at the concentrations described
earlier.

3.3. Effect of the PPl inactive mutant proteins of CyPA and CyPB

CyP has PPI activity. To test the contribution of PPI activity to HCV
HCR6 (1b) and JFH1 (2a) RdRpwt activation, the activation effect of
the PPI inactive mutant proteins, CyPAAPPI at 100x (10 pM) and
CyPBAPPI at 2 x (200 nM), were tested together with 100x (10 uM)
GST and BSA (Fig. 3). CyPA enhanced JFH1 (2a) RdRpwt 17.6x,
whereas CyPAAPPI enhanced it 16.2x. This difference is statistically
significant (Student's t test, p<0.05). CyPA enhanced HCR6 (1b)
RdRpwt activity 27.7x, whereas CyPAAPPI enhanced it 16.0x. BSA
slightly inhibited both RdRps at the same concentration in this exper-
iment. As shown in Fig. 2C and D, it can be concluded that BSA has no
effect on HCV transcription. GST enhanced JFH1 (2a) RdRpwt activity
5.0x, but it did not affect HCR6 (1b) RdRpwt activity. CyPB enhanced
HCR6 (1b) RdRpwt activity 2.3, whereas CyPBAPPI enhanced it 1.7x.
This difference is also statistically significant (Student's t test,
p<0.05). JFH1 (2a) RdRpwt was not activated by CyPB or CyPBAPPIL.

3.4. CyP activation steps of HCV transcription

The HCV transcription steps of CyP enhancement were analyzed
by the sequential addition of CyPs during in vitro transcription
(Fig. 4). CyPA enhanced HCR6 (1b) and JFH1 (2a) RdRpwt, whereas
CyPB enhanced HCR6 (1b) RdRpwt when HCV RdRps were incubated
with them from the start of transcription (initiation). The CyP effect
was then tested after their addition during the elongation period
after HCV RdRps was initiated with GTP. CyPA (100x; 10 pM) and
CyPB (5x; 500 nM) were added to HCV RdRps after the 30-min incu-
bation with GTP, when 3 GTPs were incorporated at the 5’ end of the
products. CyPB did not enhance HCR6 (1b) or JFH1 (2a) RdRp when
added during the elongation period, although it enhanced HCV
RdRp when added at the start of transcription. CyPA enhanced
HCR6 (1b) and JFH1 (2a) RdRp activity only 1.6x (Student's t test,
p<0.05) and 2.1x (p<0.01), respectively, when added during the
elongation step. These results suggest that CyPA and CyPB activated
only the transcription initiation step of HCV RdRps.
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Fig. 2. Dose~-response curve of cyclophilin A (CyPA) and cyclophilin B (CyPB) in hepatitis C virus (HCV) transcription in vitro. The dose-response curve of the HCV RdRp activation of
CyPA in HCR6 (1b) RdRpwt (A) and JFH1 (2a) RdRpwt (B) CyPB in HCR6 (1b) RdRpwt (C) and JFH1 (2a) RdRpwt was drawn from the image analysis of Fig. S3. Insets A and B in-
dicate that of 0, 0.5x, 1x, 2%, 5x, and 10x of CyPA to RdRp. The first-order ratio of the curves of A and B were fit by linear regression, and the calculated equations are indicated in
the graph. The mean relative polymerase activation ratio and standard deviation (error bar) were calculated from 3 independent measurements.

The effects of 75 x CyPA and 5 x CyPB on the RNA-binding activity of
HCR6 (1b) and JFH1 (2a) RdRp were then tested (Fig. 4E). The effects of
HCR6 (1b) and JFH1 (2a) RdRp with CyPA were 10.1- 4 0.56- and 6.6- +
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Fig. 3. Effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) with and without
peptidyl prolyl isomerases activity on hepatitis C virus (HCV) JFH1 (2a) and HCR6
(1b) RdRp. HCV HCR6 (1b) and JFH1 (2a) RdRpwt (100 nM) were incubated with
100x (10 uM) of CyPA, CyPAAPP], glutathione S-transferase (GST), and bovine serum
albumin (BSA) (A). HCV RdRps were incubated with 5x (500 nM) of CyPB, CyPBAPP],
GST, and BSA (B). The mean relative polymerase activity and standard deviation (error
bar) were calculated from 3 independent measurements. *p<0.01 (Student's t test).

0.68-fold of that without CyPA, respectively. The effect of HCR6 (1b)
RdRp with CyPB was 3.1-40.3-fold of that without CyPB. The
RNA-binding activity of HCV RdRps was thus enhanced by the addition
of CyPA and CyPB.

3.5. Effect of CyP activation on RdRp of various HCV genotypes

The CsA sensitivity differed among the HCV genotypes [41]. There-
fore, we tested the effects of CyPA and CyPB activation on NN (1b),
H77 (1a), RMT (1a), and J6CF (2a) RdRp (Fig. 5). RdRp activity was
compared with and without 50x (5 puM) CyPA and 5x (500 nM)
CyPB. At their respective concentrations, CyPA activated all of the
tested HCV RdRps by 3.9-5.3x, but CyPB activated only 1b RdRps
(8-10x). CyPB slightly activated J6CF (2a) RdRp (approximately
4x), but it did not activate the 1a or JFH1 (2a) RdRps (1.4-1.8x).

4. Discussion

Since CsA was discovered to inhibit HCV infection [23-26], the CyP
pathway contributing to HCV replication has been proposed as a po-
tential stratagem for controlling HCV infection. Reports about the
roles of CyPA in HCV replication via NS5A have been accumulating
[33-35,42-44]. However, the effect of CyP inhibitors varied on the
RNA-binding activity of NS5B [41,45], and DEBIO-025 decreased
CyPB levels in patients [46]. Controversial results of CyPA and CyPB
knockout experiments on HCV replicon activity were reported
[29,30,47]. Therefore, the effects of CyPA and CyPB on HCV RdRp
were carefully analyzed again in vitro.

In this study, we demonstrated that CyPA and CyPB activated HCV
1b RdRp in vitro by completely different kinetics using purified CyPs
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Fig. 4. Hepatitis C virus (HCV) RdRp activation effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) on transcription initiation and elongation. The polymerase activation effect of
the timing of the CyPA or CyPB addition was examined. The sequence of the model RNA template (SL12-1S) and experimental design are shown in A. CyPA 100x (10 uM) was in-
cubated with HCR6 (1b) RdRpwt (A) and JFH1 (2a) (B) RdRp during preincubation with 0.5 mM GTP (initiation) or after preincubation (elongation). CyPB 5x (500 nM) was in-
cubated with HCVR6G (1b) RdRpwt during preincubation with 0.5 mM GTP (initiation) or after the preincubation (elongation) (C). The mean relative polymerase activation ratio
and standard deviation (error bar) were calculated from 3 independent measurements. The effect of the 100x CyPA and 5x CyPB on RNA template binding was examined (E).

and HCV RdRps (Fig. 2), which indicated that the mechanism of their
HCV RdRp activation differed despite their similar structures [48-50].
Kinetic analysis of CyPA on HCR6 (1b) and JFH1 (2a) RdRp indicated
that it had a similar activation mechanism on both HCV RdRps. CyPA
did not activate HCV RdRp at low concentrations, but it did activate it
at >50x molar excess to it. The unusual dose of CyPA activating HCV
RdRp (Fig. 2) postulates that HCV RdRp may be surrounded by CyPA
in vitro and factors involving CyPA and HCV RdRp interaction, such as
NS5A, in the HCV replication complex of the infected cells
[27,28,31,36,51-53] because the interaction of CyPA and HCV RdRp
was weak (Fig. S4).

Although some controversial results were obtained from those of
Heck et al. [54], the studies agree that CyPB also activated HCV 1b
RdRp in vitro. The activation kinetics of CyPB on HCR6 (1b) RdRp
showed a sigmoid-like curve (Fig. 2) that suggested an allosteric ef-
fect of CyPB on RdRp activity. CyPB may interact with HCV RdRp as
a cofactor and directly activate HCR6 (1b) RdRp. The HCV RdRp-
CyPB complex was likely to interact more with CyPB, and its activa-
tion plateaued at the CyPB/RdRp ratio of 5:1 (Fig. 2C). The CyPB

activation curves of Heck et al. [54] also plateaued. These data from
the 2 independent groups support the weak interaction between
CyPB and HCV 1b RdRp (Fig. S4).

CyPA did not show genotype specificity in the current study
(Fig. 5A), a finding that agrees with those of CyPA knockdown,
DEBIO-025, and CsA experiments [30,43,55]. CyPB activation showed
genotype specificity (Fig. 5B) [54]; CyPB activated 1b and J6CF (2a)
RdRp but did not activate 1a or JFH1 (2a) RdRp. Both reports agreed
with the finding that JFH1 (2a) subgenomic replicon was indepen-
dent of CyPB [41]. Although mutations accumulated in the NS5A re-
gion of CsA- or DEBIO-025-resistant HCV replicons, some mutations
were found in the NS5B region [18,27,28,33,45].

Another controversial result between that of Heck et al. [54] and
ours is the Mg?*-dependency of the CyPB activation. The Mg?™ con-
centration in cells is 14-20 mM, and Mg?™ ions are distributed al-
most equally throughout the nuclei, mitochondria, and cytosol/
endoplasmic reticulum [56]. The Mn?* concentration in cells varies
from report to report [57,58]. The optimal Mn?™ and Mg?* concen-
trations in the HCV in vitro transcription used in this study were
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Fig. 5. Activation effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) on hepatitis C
virus (HCV) RNA polymerase of genotypes 1a, 1b, and 2a. The polymerase activation ef-
fects of CyPA and CyPB on HCV 1a (H77 and RMT), 1b (HCR6, NN, and Cont), and 2a
(J6CF and JFH1) were examined. HCV RdRp (100 nM) was incubated with 50x CyPA
and 5x CyPB. The mean relative polymerase activation ratio and standard deviation
(error bar) were calculated from 3 independent measurements.

different from the physiological concentrations in cells [4,37]. How-
ever, under the optimal HCV transcription condition, HCV RdRp acti-
vation was observed by CyPA and CyPB (Fig. 1).

The amount of CyPA varies by cell type [59]. In some cells, CyPB
may also contribute to HCV 1b replication because it localizes in the
endoplasmic reticulum and plasma membranes [60,61], which form
a membrane web in which an HCV replication complex exists [1].

PPI activity of CyPs is essential for HCV replicon activation [32,53].
CyP inhibitors (DEBIO-025, NIM811, and SCY-635) inhibit PPI activity.
The PPI activity of CyPA contributed to HCV RdRp activation and
CyP-NS5A binding [36]. The PPI activity of CyPA partly contributed
to the activation of HCR6 (1b) RdRpwt in vitro (Fig. 3A, p<0.01).
The PPI activity of CyPB may not be essential for RdRp activation be-
cause the activation ratio was not large between CyPB and CyPBAPP],
although the experiment showed a statistically significant difference
(Fig. 3B). There may be differences in the RdRp activation mecha-
nisms of CyPA with and without PPI activity. This finding will help
with the development of new CyPA inhibitors that target domains
other than PPL

The mechanism of HCV RdRp activation by CyPs is not clear. In the
least, CyPA and CyPB enhanced the early stage of HCV transcription,
including the template RNA binding of HCV RdRp (Fig. 4) [29,41,45].
The productive template-polymerase binding is the late-limiting
step of transcription initiation by HCV RdRp in vitro, and a small frac-
tion of HCV RdRp was active in vitro [62,63]. CyP may enhance this
step on many HCV RdRp molecules to show apparent activation of
RdRp in vitro.

Considering the controversial reports on CyP and HCV replication
[29,33,35,41,43,44], it can be concluded that CyPA is the major factor
of HCV genome replication and that the activation of HCV RdRp may
require other factors such as NS5A to condense CyPA around the
HCV RdRp. Although many HCV treatment approaches have been ap-
plied in addition to Peg-IFN, ribavirin, and NS3/NS4a protease inhibi-
tor [64-67], more effort has to be made to ensure an HCV cure. This

study and that of Heck et al. [54] demonstrated similar activation ki-
netics and genotype specificity of CyPB activation (Figs. 2 and 5).
CyPB also has the potential to activate HCV 1b genome replication
in a limited condition, and it should also be included as the target of
inhibitor development because HCV 1b is the genotype that is most
resistant to treatment [13].
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Introduction

Lipids have long been known to play dual roles in biological
systems, functioning in structural (in biological membranes) and
energy storage (in ccllular lipid droplets and plasma lipoproteins)
capacities. Research over the past few decades has identified
additional functions of lipids related to cellular signaling,
microdomain organization, and membrane traffic. There are also
strong indications of the important role of lipids in various stages of
host-pathogen interactions [1].

Sphingomyelin (SM) is a sphingolipid that interacts with
cholesterol and glycosphingolipid during formation of the raft
domain, which can be extracted for study as a detergent-resistant
membrane (DRM) fraction [2]. Recently, raft domains have
drawn attention as potential platforms for signal transduction and
pathogen infection processes [3,4]. For instance, raft domains may
serve as sites for hepatitis C virus (HCV) replication [5,6].
Additionally, i vitro analysis indicates that synthetic SM binds to

@ PLoS Pathogens | www.plospathogens.org

the nonstructural 5B polymerase (RdRp) of HCV [7]. This
association allows RdRp to localize to the DRM fraction (known
to be the site of HCV replication) and activates RdRp, although
the degree of binding and activation differs among HCV
genotypes [7,8]. Indeed, suppression of SM biosynthesis with a
serine palmitoyltransferase (SPT) inhibitor disrupts the association
between RdRp and SM in the DRM fraction, resulting in the
suppression of HCV replication [7,9].

Multiple reports have indicated that HCV modulates lipid
metabolism (c.g., cholesterol and fatty acid biosynthesis) to
promote viral replication [10-12]. However, the effect of HCV
infection on sphingolipid metabolism, especially on endogenous
SM levels, and the relationship between HCV replication and
endogenous SM molecular species remain to be clucidated as
there are technical challenges in measuring SM levels (for both
total and individual molecular species) in hepatocytes.

To address these questions, we first utilized mass spectrometry
(MS)-based techniques and analyzed uninfected and HCV-
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infected chimeric mice harboring human hepatocytes. Second, we
developed a hepatotropic SPT inhibitor, NA808, and used this
tool to clucidate the effects of inhibition of sphingolipid
biosynthesis on hepatocyte SM levels. Third, we tested the
inhibitor’s anti-HCV activity in humanized chimeric mice, and
demonstrated the relationship between HCV and endogenous SM
in human hepatocytes. Finally, we identified the endogenous SM
molecular species carried by the DRM fraction, defining the
association between these molecular species and HCV replication.

Results

HCV upregulates SM and ceramide levels in hepatocytes
of humanized chimeric mice

First, we examined the effects of HCV infection on SM
biosynthesis in hepatocytes using humanized chimeric mice. The
study employed a previously described mouse model (SCID/uPA)
into which human hepatocytes were transplanted (sce Materials
and Methods). The average substitution rate of the chimeric
mouse livers used in this study was over 80% [13], and HCV
sclectively infected human hepatocytes. This model supports long-
term HCV infections at clinically relevant titers [13,14]. Indeed,
the HCV-RNA levels reached (at 4 weeks post-infection) 10%-10°
copies/mL in the genotype la group (Figure 1A) and 10%-107
copies/mL in the genotype 2a group (Figure 1B).

Once serum HCV-RNA levels had plateaued, we observed
clevated expression of the genes (SGMS!/ and 2) encoding human
SM synthases 1 and 2; this pattern was HCV-specific, as
demonstrated by the fact that the increasc was not seen in
hepatitis B virus-infected mice (Figure 1C and Figure S1). SM
synthases convert ceramide to SM, so we next examined SM and
ceramide levels in hepatocytes of both HCV-infected and
uninfected chimeric mice. SM and ceramide levels were assessed
using MS spectrometry, which allows analysis of samples at the
single lipid species level as well as at the whole lipidome level. MS
analysis showed that the level of ceramide, the precursor to SM,
was increased in hepatocytes obtained from chimeric mice infected
with HCV of either genotype (Figure 1D). Further, MS analysis
showed that infection of chimeric mice with HCG9 (genotype la)
was associated with increased SM levels in hepatocytes
(Figure 1E). Similarly, SM levels were elevated in the hepatocytes
of HCR24 (genotype 2a)-infected chimeric mice. These results
indicate that infection with HCV increases total SM and ceramide
levels in human hepatocytes.

@ PLoS Pathogens | www.plospathogens.org
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MS analysis was conducted to determine which of several
molecular species of SM [15] are present in HCV-infected
hepatocytes. SM molecular species were analyzed in extracts
obtained from a human hepatocyte cell line (HuH-7 K4) and
from hepatocytes derived from the humanized chimeric mice.
We identified four major peaks as SM molecular species (418:1-
16:0, d18:1-22:0, 418:1-24:0, and 418:1-24:1), and other peaks
as phosphatidylcholine (Figure 1F). Infection-associated in-
creascs were scen for all ceramide molecular species, with
significant changes in three of four species (excepting «18:1-
16:0; p<<0.05) with genotype la, and in all four species with
genotype 2a (p<<0.05) (Figure 1G). Upon infection with HCV
of either genotype, hepatocytes tended to show increased levels
of all four identified SM molecular species, but the changes
were significant only for one species (418:1-24:1; p<<0.05) in
genotype la and for two species (418:1-16:0 and 418:1-24:1;
£<<0.01) in genotype 2a (Figure 1H). In ccll culture, negligible
amount of SM was likely increased by HCV infection. With
respect to cach molecular species, d18:1-16:0 SM was likely
increased by HCV infection (Figure 82). These results indicate
that HCV infection increases the abundance of several SM and

~ ceramide molecular specics.

Relationship between the SGMS genes and HCV infection

To clarify the relationship between SGMS1/2 and HCV, we
investigated the correlation between SGMS1/2 expression and
liver HCV-RNA in humanized chimeric mice. We found that
SGMS], but not SGMS2, had a correlation with liver HCV-RNA
in HCV-infected humanized chimeric mice (Figures 2A and
2B).

Next, to clarify whether HCV infection of human hepatocytes
increases the expression of the genes (SGMSI and SGMS2), we
examined the effect of silencing HCV genome RNA on the
expression of these genes in HCV-infected cells (Figures 2C and
2D). We found that silencing the HCV genome RNA decreases
the expression of SGMS! and SGAS2.

The above results motivated us to examine the relationship
between SGMS1/2 and HCV replication. Therefore, we exam-
ined the effect of SGMS1/2 mRNA silencing on HCV replication
using subgenomic replicon cells [7,16]. We observed that silencing
SGMS1 mRNA suppressed HCV replication, whereas silencing
SGMS2 mRNA had no such effect (Figures 2E and 2F). These
results indicate that SGMSI1 expression has a correlation with
HCV replication.

Characterization of the hepatotropic SPT inhibitor NA808

Based on our data, we hypothesized that HCV might alter the
metabolism of sphingolipids, providing a more conducive envi-
ronment for progression of the viral life cycle. To explore the
relationship between HCV and sphingolipids, we investigated the
effect of sphingolipid biosynthesis inhibition on HCV and the lipid
profiles of SM and ceramide using HCV-infected chimeric mice
harboring human hepatocytes. To inhibit the biosynthesis of
sphingolipids, we used NA808, a chemical derivative of NA255,
which is an SPT inhibitor derived from natural compounds [7]."
We found that NA808 (Figure 3A) suppressed both the activity of
SPT (Figure 3B) and biosynthesis of sphingolipids (Figure 3C) in
a dose-dependent manner.

The conventional SPT inhibitor myriocin is not clinically
beneficial due to immunosuppression through restriction of T-cell
proliferation [17,18]. However, NA808 showed little immunosup-
pressive effect at the concentration at which NA808 suppressed
HCV replication (Figures 3D and 3E). Moreover, pharmaco-
kinetic analysis using [*C]-labeled NAS0S in rat models showed

August 2012 | Volume 8 | Issue 8 | 1002860

— 91 —



Specific Sphingomyelin’s Role for HCV Replication

A B C
Log10 HCG9 (genotype1a) Log10 HCR24 (genotype2a)
- o -
e 1 e SGMS1 SGMS2
= =
ﬁ 8t xg 8l 6 * 6 bikd
e3J e
5T o 52 of o o " o
Q0 [T 24 = 4
Q © o
§ ‘% 4l # 5 [ 4l ; ] ; L
<8 — <8 23 23 ea8
P z = = -5 5 @
4 2l —a— #2 o 2L - #4 32 @ 32 =z
2 3 x , ' o, o
I z e& 8
0 1 1 L L L 0 3 : L L i 0 { 0 l
[ 1 2 3 4 5 0 1 2 3 4 5 HCV - HCV + HCV- HCV+
Weeks after infection Weeks after infection
D Ceramide in hepatocytes E Sphingomyelin in hepatocytes G Ceramide molecular species
sk [] Uninfected [ Genotype 1a
40 ok 1.0 -
2 0.8
']
o
2 0.6
£
S 04-
K
& 0.2
d18:1-16:0 d18:1-22:0 d18:1-24:0 d18:1-24:1
F H Sphingomyelin molecular species
[] uninfected B Genotype 1a Genotype 2a
857.7 s,k
- 8.0E+4 d18:1-24:1 12
@ 70544 747.6 '
K A6 > 1.0 -
S 6-0E+4 418:1-16:0 859.7 B
‘% 5.0E+4 || d18:1-24:0 S 08
& -
S 4.0E+4 E o6
c g B
= 3.0E+4 2
E 04
2.0E+4 691.5 775.6 &
1.0E+4 L 802.7 0.2 4
5 8 - ! by ’i, s v s v o 4 5 2
660 680 700 720 740 760 m;zsoamﬁoo 320 840 860 880 900 d18:1-16:0 d18:1-22:0 d18:1-24:0 d18:1-24:1

Figure 1. HCV alters sphingolipid metabolism. (A, B) Time-course studies of humanized chimeric mice inoculated with human serum samples
positive for HCV genotype 1a (A) or 2a (B). (C) mRNA expression of SGMST and SGMS2 in uninfected (white, n=5) and HCV genotype 1a-infected
(black, n=7) chimeric mice. (D, E) Effects of HCV infection on hepatocyte SM and ceramide levels in humanized chimeric mice. Relative intensity of
total ceramide (D) and total shingomyelin (SM) (E) in uninfected mouse hepatocytes (white bar, n=4), HCV genotype 1a-infected mouse hepatocytes
(black bar, n=5), and HCV genotype 2a-infected mouse hepatocytes (dark gray bar, n=3). (F) Mass spectrum of SM in Bligh & Dyer extracts of a
human hepatocyte cell line (HuH-7 K4). (G, H) Effects of HCV infection on hepatocyte SM and ceramide levels in humanized chimeric mice. Relative
intensity of individual ceramide molecular species (G) and individual SM molecular species (H) in uninfected mouse hepatocytes (white bar, n=3),
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doi:10.1371/journal.ppat.1002860.g001

that NA808 mainly accumulated in the liver and small intestine
(Table S1). These results indicate that NA808 suppressed SP'T
activity, with hepatotropic and low immunosuppressive propertics.

Based on these results, we then examined the effects of
inhibition of sphingolipid biosynthesis with NNA808 on HCV
replication using subgenomic replicon cells [7,16]. The luciferase

@ PLoS Pathogens | www.plospathogens.org

activity of FLR3-1 showed that replication was suppressed by
NAS808 in a dose-dependent manner with no effect on cell
viability, as measured by the WST-8 assay (Figure 3E). Similarly,
western blot and immunofluorescence analysis showed that
NA808 cffectively suppressed HCV replication (Figures 3F
and 3G).
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Figure 2. Relationship between the SGMS genes and HCV infection. (A, B) The correlation between SGMS1/2 and liver HCV-RNA of HCV
infected humanized chimeric mice (n=7). (C) The effect of silencing HCV genome RNA with siRNA (siE-R7: 1 nM) on HCV in HCV-infected cells. (D)
The effect of silencing HCV genome RNA with siRNA (siE-R7: 1T nM) on the expression of SGMS1/2 mRNA measured by RTD-PCR. (E) The effect of
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replication in FLR 3-1. In all cases, error bars indicate SDs. *p<<0.05 and **p<0.01.

doi:10.1371/journal.ppat.1002860.g002

Inhibition of sphingolipid biosynthesis impedes HCV
infection of chimeric mice

To evaluate the effects of inhibition of sphingolipid biosynthesis
in an animal model, we administered NA808 or pegylated
interferon-o (PeglFN-a) via intravenous or subcutaneous injection
to HCV-infected chimeric mice harboring human hepatocytes
(Table S2). In chimeric mice infected with HCV genotype la,

@ PLoS Pathogens | www.plospathogens.org

NA808 treatment led to a rapid decline in serum HCV-RNA
(approximately 2-3 log units within 14 days). On the other hand,
PeglFN-o produced less than a 1 log unit reduction, despite being
delivered at 20 times the typical clinical dose (Figure 4A).
Furthermore, results of 2]-day NA808 treatment (5 mg/kg) in
individual mice indicated that serum HCV RNA continued to
decrease in all chimeric mice without viral breakthrough
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(Figure 4B). Notably, in 2 of 5 chimeric mice, serum HCV-RNA
was not detectable at the end of the 21-day regimen. Consistent with
this observation, the levels of both hepatic HCV-RNA and HCV
core protein decreased significantly ($<<0.01 and p<0.05, respec-
tively) following NA808 treatment, these cffects being dose
dependent (Figure 4C). Immunofluorescence analysis and immu-
nohistochemistry confirmed the reduced abundance of HCV core
protein after 14 days of treatment (Figure 4D and Figure $3).

In genotype 2a-infected chimeric mice, NA808 decreased serum
HCV-RNA by approximately 3 log units within 14 days (Figure 4E).
NA808-treated mice displayed a corresponding reduction in hepatic
HCV-RNA (Figure 4F). NA808 did not affect body weight or
human serum albumin levels (Figures S4A and S4B). Furthermore,
hematoxylin and cosin (H&E) staining revealed little morphological
change in response to treatment with NA808. Immunofluorescence
analysis also indicated that NA808 did not affect the production of
human albumin (Figure $4C). Thus, inhibition of sphingolipid
biosynthesis by an SPT inhibitor impeded HCV replication in an
animal infection model, regardless of HCV genotype.

Inhibition of SPT decreases ceramide and SM levels in

hepatocytes of humanized chimeric mice
We next investigated the effects of sphingolipid biosynthesis
inhibition on SM and ccramide levels in hepatocytes of humanized

@ PLoS Pathogens | www.plospathogens.org

chimeric mice. Pharmacokinetic analysis in a rat model indicated
that NA808 has hepatotropic propertics (Table S1). Consistent
with this analysis, our study in chimeric mice also indicated that
the NA808 concentration was much higher in the liver than in
serum (Figure S$5). Furthermore, we observed that serum SM
content was not decreased by NA808 treatment (Figure S6), in
contrast to the effects previously observed for myriocin, another
SPT inhibitor [19].

In HCV-infected chimeric mouse hepatocytes, MS analysis
indicated that HCV infection resulted in increased ceramide and
SM levels. However, treatment of infected animals with NA808
(5 mg/kg) attenuated this increase in ceramide and SM levels in
hepatocytes, and the change in SM was significant (p<<0.05)
compared to the level observed in HCV-infected chimeric mice
with no trecatment. This effect of NA808 on ceramide and SM
levels was dose-dependent (Figures 5A and 5B). We also found
that SM levels and hepatic HCV-RNA were correlated
(Figure 5C).

Interestingly, treatment with NA808 effectively decreased two
specific SM and ceramide molecular species (d18:1-22:0 and
d18:1-24:0), slightly decreased one other species (418:1-24:1), and
hardly decreased another (418:1-16:0). Further, we found that
among SM and ceramide molecular species, 418:1-16:0 did not
change (Figures 5D and 5E). These results indicate that the
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cffects of sphingolipid biosynthesis inhibition varied among the
molecular species.

Considering these results, we found a discrepancy in SM
molecular species which were considered to be important for HCV
replication. To clucidate the relationship between SM molecular
specics and HCV replication, we attempted to identify endogenous
SM molecular species comprising the DRM fraction and to
evaluate the effects of HCV infection and inhibition of sphingo-
lipid biosynthesis on SM levels of the DRM.

Relationship between endogenous SM molecular species
constituting the DRM and HCV replication

We previously reported that SM interacts with RdRp, allowing
it to localize to the DRM fraction where HCV replicates and
activates RdRp [7,8], and that suppression of SM biosynthesis
disrupts the association between RdRp and SM in the DRM
fraction, resulting in suppression of HCV replication [7,8]. In the
present study, treatment with NA808 decreased SM levels in the
DRM fraction; the decreased presence of SM corrclated with
decreased RdRp abundance, but the same effect was not seen for
HCV nonstructural protein 3 (Figures S7A-C). Given these
results, we investigated whether HCV replication was induced by
clevated SM levels. Specifically, we compared SM levels in the
DRM fraction between HCV-infected hepatocytes and uninfected
hepatocytes. MS analysis showed that HCV increased SM levels in
the DRM fraction more remarkably than in whole cells
(Figure 6A). Next, we identified SM molecular species composing

f@: PLoS Pathogens | www.plospathogens.org

the DRM fraction and found that the composition ratio of SM
molecular species was distinct between whole cells and DRM
fractions in both HCV-infected and uninfected hepatocytes
(Figure 6B and Figure S8). The DRM was composed primarily
(69%) of d18:1-16:0, followed (in decreasing order) by 418:1-24:0,
d18:1-22:0, and d18:1-24:1; the abundance of all SM molecular
species increased upon HCV infection (Figure 6C). Further,
NAB808 treatment decreased all SM molecular species in the DRM
fraction. Consistently, NS3 protease inhibitor decreased all SM
molecular species in the DRM fraction of subgenomic replicon
cells (Figure S9).

To address the association between RdRp and the endogenous
SM molecular species composing the DRM, we used high-
performance liquid chromatography (HPLC) to separate each SM
molecular species from bulk SM derived from bovine milk and
brain. We evaluated the relationship between RdRp and these
endogenous SM molecular species using i vitro analysis. Enzyme-
linked immunosorbent assay (ELISA) indicated that these endog-
enous SM molecular species bound to RdRp more readily than
the bulk SM derived from milk as a positive control (Figure 6D).
Further, in vitro HCV transcription analysis showed that three SM
species (d18:1-16:0, d18:1-22:0, and 418:1-24:1) increased i wvitro
RdRp activation by approximately 5-fold, whereas the 418:1-24:0
species increased activation by 2-fold (Figure 6E). In a previous
study, the soluble RdRp without its C-terminal hydrophobic 21-
amino-acid sequence was used in i vitro analysis [8], and whether
the relationship between RdRp and SM proved in this analysis
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reflected the state in the membranous replication complex remains
to be clucidated. Therefore, we attempted to examine the effect of
endogenous SM molecular species on HCV replicase activity
vivo using digitonin-permeabilized semi-intact replicon cells, which
permit monitoring of the function of the active HCV replication
complex (Figure 6F) [20]. This i viwo analysis also enabled us to
deliver the extrinsically added SM molecular species directly to the
cytosol. This RNA replication assay indicated that the endogenous
SM molecular species (d18:1-16:0 and d18:1-24:0) enhanced
HCV-RNA replication, these species being consistent with the
two SM molecular species that primarily constitute the DRM and
arc decreased significantly by NA808 trecatment (Figures 6G and
6H). These results suggest that HCV infection modifies the levels
of specific endogenous SM molecular species, which in turn

enhance HCV-RNA replication by interacting with RdRp.

Discussion

In this study, we showed that HCV alters sphingolipid
metabolism, resulting in a better environment for viral replication.
Specifically, HCV increased SM content in the DRM fraction; this
step 1s essential for viral replication since SM is a key component of
the membranous replication complex and interacts with RdRp.

@ PLoS Pathogens | www.plospathogens.org

Employing MS analysis, we identified endogenous SM molecular
species (located in the DRM fraction) that increased upon HCV
infection, and demonstrated that these endogenous SM molecular
species interact directly with RdRp, enhancing HCV replication.
Thus, we concluded that HCV modulates sphingolipid metabo-
lism to promotc viral replication.

We found that the expression levels of SGMS1/2 and the
content of SM and ceramide in HCV-infected humanized
chimeric mouse livers was increased (Figure 1). Our measurement
revealed that chronic HCV infection promoted sphingolipid
biosynthesis. HCV is known to induce cellular stress [21,22]. A
variety of cell stressors increase intracellular ceramide content
during the execution phase of apoptosis [23,24], indicating that
ccramide is a proapoptotic lipid mediator. Furthermore, activation
of ceramide-metabolizing enzymes such as glucosylceramide
synthase and SM synthase can attenuate apoptosis by decreasing
the intracellular ceramide content [25,26]. We found that HCV
infection correlated with increased mRINA levels of the genes that
encode human SM synthases (SGAS//2) and glucosylceramide
synthase (UGCG) (data not shown). Thus, the increase in ceramide
levels observed in our study was likely to activate enzymes that
transfer ceramide to other sphingolipids. On the other hand,
Diamond et al. reported on lipidomic profiling performed over the
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