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a few amino acid substitutions (K2212M for 2/10 cases, L2232P
for 1/10 cases, and 1.2253S for 6/10 cases) (see Fig. S2E in the
supplemental material). Interestingly, the codon for amino
acid 2224 encodes valine, but it was found to be variant for
alanine and valine in sequences from the original patient se-
rum (HCR6). Tupaias infected with patient serum also exhib-
ited variability at position 2224; valine occupancy was rare, as
was seen in the original HCR6 population (see Fig. S2B and C
in the supplemental material). On the other hand, this position
was occupied solely by valine for sequences recovered from
Tup.8 (see Fig. S2E in the supplemental material), indicating
that genetic variations shown for Tup.8 originated from the
pHCR6 cDNA sequence. Taken together, quasispecies detec-
tion of circulating virus represents further evidence demon-
strating intrinsic replication of HCV in tupaias despite low
levels and infrequent detection of viremia.

DISCUSSION

In the present study, we described persistent HCV infection
in tupaias. Long-term follow-up was performed and revealed
histological progression of HCV-related liver disorders in in-
fected tupaias, including steatosis, fibrosis, and cirrhosis, in
addition to acute and chronic hepatitis. HCV genomic RNA
was detected in animal sera intermittently throughout the en-
tire course of infection. However, HCV RNA was detected in
the liver upon sacrifice (3 years postinoculation). Furthermore,
HCV RNA in serum contained genomic variants that had
diverged from the inoculated virus (see Fig. S1 and S2 in the
supplemental material). These data strongly indicate an estab-
lished persistent infection in the tupaias studied. All animals
exhibited HCV viremia soon after inoculation, yet the viremia
was intermittent and accompanied by relatively low RTD-PCR
titers compared with equivalent human and chimpanzee infec-
tions. The discrepancy between humans and tupaias might be
due to host-dependent differences in replication efficiency.
Over the course of HCV infection in these tupaias, serum ALT
profiles indicated repeated liver injury, probably due to host
immune responses mediated by agents such as cytotoxic T
lymphocytes rather than direct viral cytopathic effects.

In cases of tupaia infection, experimental inoculations rarely
led to sustained viremia, which for most human cases lasts for
the entire course of infection. Even the course of infection
appeared transient and self-resolved. It seems likely that HCV
replication is less compatible with the tupaia host environment.
This possibility was substantiated by a previous report by Xu et
al. (34), where tissue-cultured virions of cloned genotype 1b,
referred to as HCVce in the paper, could not cause chronic
infection with sustained viremia in tupaias. Although HCVce
actually infected most of the inoculated tupaias (83%; 10/12),
chronic infection was seen for only a fraction of them (20%;
2/10). In this study, we also tried to detect a humoral response
to HCV core antigen. We found that tupaia sera were HCV
positive for antibodies only at occasional time points, observ-
able as intermittent steep responses (data not shown). Overall,
sustained seroconversion was not seen in this study, probably
because HCV propagation in vivo was so limited or well con-
trolled by host immunity. Given that models of HCV propa-
gation are severely limited, the most important and interesting
finding of this study is the successful detection of HCV RNA in
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livers of infected tupaias 3 years after inoculation, indicating
that HCV persists in tupaias. Although the limited propagation
of HCV in tupaias is a drawback of this model at the present
time, the isolation of tupaia-adapted HCV may be feasible by
performing multiple infection passages. This possibility is sup-
ported by both quasispecies development and successful rein-
fection.

The chimpanzee is the animal species most closely related to
humans, and as a model, it has contributed significantly to our
understanding of HCV infection and pathogenesis. However,
reproducing HCV pathogenesis in humans or chimpanzees can
take as long as 10 to 20 years. The chronically infected tupaias
in the present study developed complicated liver disorders in a
much shorter time. Using tupaias, with their relatively short
life span (3 to 5 years in the laboratory), as a model of HCV
infection, we can evaluate HCV pathogenesis and correlate
senescence and duration of infection.

The recent development of a primary human hepatocyte
xenograft-uPA/SCID mouse model opened up opportunities
to test putative antivirals against HCV replication in vivo (10,
17). In this innovative model, human hepatocytes, which are
transplanted into the lobe of a mouse liver, can support HCV
replication effectively. As a result, the level of circulating HCV
RNA is comparable to that of a human patient. However, this
mouse model is immunodeficient, and thus, it lacks the inter-
play between host immunity and viral infection. Therefore, it
does not provide a suitable platform for characterizing im-
mune responses to HCV infection.

HCV infection in tupaias represents an important model of
HCV infection, particularly for the study of key determi-
nants controlling virus propagation in vivo. The pathogen-
esis of HCV infection can be substantially different among
humans, chimpanzees, and tupaias, and the mechanisms
governing these differences are of great interest. Compara-
tive studies of HCV infection in these different species will
help us to understand the basic mechanisms of persistent
infection.
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Persistent infection with hepatitis C virus (HCV) induces
tumorigenicity in hepatocytes. To gain insight into the mecha-
nisms underlying this process, we generated monoclonal anti-
bodies on a genome-wide scale against an HCV-expressing
human hepatoblastoma-derived cell line, RzM6-LC, showing
augmented tumorigenicity. We identified 3B-hydroxysterol
A24-reductase (DHCR24) from this screen and showed that its
expression reflected tumorigenicity. HCV induced the DHCR24
overexpression in human hepatocytes. Ectopic or HCV-induced
DHCR24 overexpression resulted in resistance to oxidative
stress-induced apoptosis and suppressed p53 activity. DHCR24
overexpression in these cells paralleled the increased inter-
action between p53 and MDM2 (also known as HDM2), a
p53-specific E3 ubiquitin ligase, in the cytoplasm. Persistent
DHCR24 overexpression did not alter the phosphorylation
status of p53 but resulted in decreased acetylation of p53 at
lysine residues 373 and 382 in the nucleus after treatment with
hydrogen peroxide. Taken together, these results suggest that
DHCR24 is elevated in response to HCV infection and inhibits
the p53 stress response by stimulating the accumulation of the
MDM2-p53 complex in the cytoplasm and by inhibiting the
acetylation of p53 in the nucleus.

Hepatitis C virus (HCV)® is composed of a single-stranded
RNA genome of positive polarity (1). Translation of viral pro-
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teins is initiated from an internal ribosome entry site (2) and
results in a single polypeptide that is subsequently cleaved by
host and viral proteases to yield viable proteins (3). The HCV
genome does not rely on canonical translation factors and can
readily establish chronic infection without integrating into the
host genome, resulting in hepatic steatosis and hepatocellular
carcinoma (HCC) (4). More than 170 million people worldwide
are infected with HCV (5); chronic HCV infection and aging are
the major risk factors for HCC (6 —8). Liver cancer is the fifth
most common cause of cancer mortality worldwide (9). The
frequent inactivation of p53 in human HCC suggests that the
loss of p53-dependent apoptosis may promote hepatocarcino-
genesis (10). Chronic HCV infection results in chronic liver
inflammation and induces endoplasmic reticulum stress and
oxidative stress, which are thought to induce hepatocarcino-
genesis (11, 12). The mechanistic details underlying HCC
development are not fully understood. To gain insight into the
molecular mechanisms underlying HCV-induced pathogene-
sis, we previously established RzM6 cells (13), a human hepa-
toblastoma (HepG2)-derived cell line in which expression of
the full-length HCV genome is controlled by a Cre/loxP system.
Expression of the HCV genome promoted anchorage-indepen-
dent growth of RzM6 cells after 44 days of culture from the
onset of HCV expression (RzM6-44d cells) but not in RzM6
cells after 0 days (RzM6-0d cells) (13). In the present study, we
generated monoclonal antibodies against RzM6 cells cultured
for longer than 44 days (RzM6-LC cells) and then screened the
antibodies for their ability to bind antigens overexpressed in
these cells. We identified 3B-hydroxysterol A24-reductase
(DHCR24) from this screen and characterized its role in the
HCV-induced cell growth deregulation.

EXPERIMENTAL PROCEDURES

Cells, Growth Assay, and Plasmids—HepG2 human hepato-
blastoma cells, HuH-7 human hepatoma cells, WRL68 human
embryonic hepatic cells, HEK293 human embryonic kidney
cells, and human W1I38 fibroblast cells were purchased from the
American Type Culture Collection. NIH3T3 mouse fibroplast
cells were from Japanese Collection of Research Bioresource.
Cells were cultured under the growth conditions described in
the supplemental material. RzM6 cells were established by
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transfection of HepG2 cells with the plasmid HCR6-Rz, which
contains the full-length HCV ¢DNA (nucleotides 1-9611;
GenBank™ accession number AY045702), and stably trans-
formed cell lines were selected in media containing G418 (800
pg/ml bioactive; Invitrogen). These cell lines, termed 2-18,
were then transfected with pCAG-Mer-Cre-Mer (Cre/loxP sys-
tem) and were selected in media containing puromycin
(Sigma), as described previously (13), to generate the RzM6 cell
line. HCV expression was induced by treatment with 4-hy-
droxy-tamoxifen (100 nm). Cells expressing HCV for 44 days
(RzM6-44d cells) displayed augmented anchorage-indepen-
dent cell growth. Cells expressing HCV for more than 44 days
are referred to as RzM6-LC cells.

The tumor formation assay was performed by injecting
RzM6-0d, RzM6-44d, or RzM6-LC cells in the exponential
growth phase into nude mice. Cells in culture were harvested
with trypsin, and 2 X 10° or 1 X 107 cells were subcutaneously
injected into the backs of athymic nude mice (ICR strain,
Charles River). HepG2 and WRL68 cells with plasmid DNA or
small interfering RNA (siRNA) were transiently transfected
using Lipofectamine 2000 or RNAi Max (Invitrogen). HepG2
cells transfected with the pcDNA3.1-based HA- and FLAG-
tagged DHCR24 expression vector were selected in media
containing 800 wpg/ml G418 (Invitrogen). The terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling
assay was performed using the TMR red in situ cell death detec-
tion kit (Roche Applied Science).

Generation of Monoclonal Antibodies—BALB/c mice re-
ceived seven or eight intraperitoneal injections of RzM6-44d
cells (5 X 10° cells/injection) in RIBI adjuvant (trehalose di-
mycolate + monophosphoryl lipid A emulsion; RIBI Immuno-
ChemResearch) at 3-4-week intervals. At the end of this
immunization regimen, the spleens were removed, and the
splenocytes were fused with mouse myeloma PAI cells using
polyethylene glycol 1500 (Roche Applied Science), as described
previously (14). Hybridoma cells were selected in medium con-
taining hypoxanthine, aminopterin, and thymidine (Invitro-
gen), and culture supernatants were collected for whole-cell
enzyme-linked immunosorbent assay (ELISA) screening.

ELISA, Immunostaining, Northern Blotting, Western Blot-
ting, and Immunoprecipitation—Immunofluorescence assays,
whole-cell ELISA, standard ELISA, and immunostaining are
described in the supplemental materials. Northern blotting was
performed as described previously (13). For immunoprecipita-
tion and Western blotting, frozen specimens were homoge-
nized on ice using a Dounce homogenizer fitted with a type-A
pestle (Wheaton Science Products) in radioimmune precipita-
tion buffer (1% SDS, 0.5% (v/v) Nonidet P-40, 0.15 M Na(l, 10
mw Tris, pH 7.4, 5 mm EDTA, and 1 mu dithiothreitol). West-
ern blotting was performed as previously described (13) with
the following primary antibodies: anti-DHCR24 monoclonal
antibody 2-152a, polyclonal anti-p53 (Cell Signaling Technol-
ogies), anti-MDM2 (murine double minute clone 2 oncopro-
tein) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-
Myc (9E10) (Santa Cruz Biotechnology, Inc.), and anti-HCV
core protein monoclonal antibody 515 (15) or 31-2. Anti-p53
monoclonal antibody (DO-1) and polyclonal antibody (FL-393)
(Santa Cruz Biotechnology, Inc.) were used for immuno-
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staining. Phosphorylation of p53 was characterized by Western
blotting with antibodies against phosphorylated Ser®, Ser?,
Ser'®, Ser®®, Ser®”, Ser*¢, and Ser®*® (Cell Signaling Technolo-
gies). Acetylation of p53 was examined by immunoprecipita-
tion with anti-p53 (DO-1) and the ExactaCruz immunoprecipi-
tation reagent (Santa Cruz Biotechnology, Inc.), followed by
Western blotting with antibodies against p53 (rabbit poly-
clonal; Cell Signaling) or acetylated p53 (Lys®*"3/Lys?3%)
(Upstate Biotechnology). The interaction between p53 and
MDM?2 was examined by immunoprecipitation with anti-p53
(FL-393) or anti-MDM2 (H221; Santa Cruz Biotechnology,
Inc.) and protein A-Sepharose (GE Healthcare), followed by
Western blotting with monoclonal antibodies against MDM?2
(SMP14, Santa Cruz Biotechnology, Inc.) and p53 (DO-1),
respectively. Polyclonal anti-actin (Santa Cruz Biotechnology,
Inc.), anti-histone H1 (Santa Cruz Biotechnology, Inc.), and
anti-heat shock protein 70 (HSP70) (Stressgen) primary anti-
bodies were used for normalization of Western blots. Subcellu-
lar fractionation of RzM6-0d and LC cells was performed as
previously described (15).

Cloning and Expression of DHCR24 and in Vitro Translation—
Total RNA was isolated from 1 X 10° HuH-7 cells using
ISOGEN Reagent (Nippon Gene). Purified RNA (2 ug) was
reverse-transcribed with Superscript II (Invitrogen) using ran-
dom primers according to the manufacturer’s protocol. The
DHCR24 cDNA was then amplified by PCR with Phusion DNA
polymerase (BioLabs). The following primers were used for the
first round of amplification: D-5-1 (5'-CCCGGGCTGTGGG-
CTACAGG-3', forward) and D-3-1 (5'-CCAGGCCACTTTT-
ATTTAAA-3’, reverse). Primers for the second round of
amplification were D-5-2 (5'-GTTCTCGAGCAGTGA-
CAGGAGGCGCGAAC-3/, forward) and D-3-2 (5'-GTTC-
TCGAGTCCAGGCGGGCTCCAGCTCA-3', reverse). The
amplified DHCR24 ¢cDNA was subcloned into the pGEM-T
easy vector (Promega). In vitro translation was performed using
TNT(R) reticulocyte lysate (Promega) and the Express Pro-
tein Labeling Mix (New England Nuclear) in the presence of
either [**S]Met/Cys or non-radioactive methionine. Amplified
DHCR24 cDNA was digested with Xhol and subcloned into the
pCAG-PURO vector (16) for transfection into WRL68 cells
using Lipofectamine 2000. Amplified DHCR24 ¢cDNA was also
subcloned into the pcDNA3.1 vector containing an HA or
FLAG tag (kindly supplied by Dr. N. Takahashi, Tokyo Univer-
sity of Agriculture and Technology) for transfection into RzM6
or HepG2 cells using Lipofectamine LTX (Invitrogen). Trans-
fected cells were selected in media containing G418.

The lentiviral vector, pCSII-EF-MCS-EMCV IRES-GFP
(generous gift from Hiroyuki Miyoshi, RIKEN, Tsukuba,
Japan), was modified by replacing the green fluorescent protein
gene with the hygromycin phosphotransferase gene to con-
struct pCSII-EF-MCS-EMCYV IRES-Hygro. DHCR24 fused to
the 5'-HA or 5'-FLAG tag-encoding sequence were cloned
under the EF promoter. The resulting plasmid was cotrans-
fected with packaging plasmid (pCAG-HIVgp and pCMV-
VSVG-RSV-Rev) in 293FT cells (Invitrogen) to produce recom-
binant lentivirus. Following infection, cells were selected with
hygromycin B (600 pg/ml; Sigma).
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Silencing of DHCR24 and HCV by siRNA—The DHCR24
stealth siRNA was designed to target the human DHCR24
mRNA sequence 5'-GCAAGCUGAAUAGCAUUGGCAAU-
UA-3' (nucleotides 970-993) using the BLOCK-iT RNAI
designer (Invitrogen). A mutated siRNA (5'-GCAGUCUAAC-
GAUUACGGAAAGUUA-3') was synthesized as a control. An
alternative siRNA, siDHCR24-1024, was designed as 5'-GAG-
AACUAUCUGAAGACAATT-3'. The HCV siRNA was syn-
thesized as previously described (17). Cells were transfected
with a 1 nm concentration of the chemically synthesized siRNAs
using Lipofectamine 2000 or Lipofectamine RNAIMAX (In-
vitrogen) in Opti-MEM (Invitrogen) and then incubated for
4-6hat 37 °C. Cells were characterized 48 h after transfection.

Caspase and Reporter Assays—Cells (1 X 10° cells/well) were
seeded into white 96-well plates (Sumitomo Bakelite),
treated with 1 mm H,QO,, and then lysed with caspase-Glo 3/7
buffer (Promega). Caspase 3/7 activity was determined by
measuring the absorbance resulting from cleavage of a pro-
luminescent substrate containing the sequence DEVD (Pro-
mega) using a multilabel counter (PerkinElmer Life Sci-
ences). The p21WA#/</P1 promoter activity was assayed in
HepG2, RzM6-0d, or RzM6-LC cells transfected with
pWWP-Luc (kindly supplied by Dr. Bert Vogelstein (The
Johns Hopkins University)). Cells were cotransfected with
phRL-TK(Int-) (Promega) for normalization of promoter
activity. Cells were incubated for 2 days after transfec-
tion and were then treated with 1 mm H,O, for 4 h. Promoter
activity was measured using the Dual-Luciferase reporter
assay system (Promega).

HCV Infection of Humanized Chimeric Mouse Liver and
mRNA Quantification by Quantitative Reverse Transcription-PCR—
Detailed procedures are described in the supplemental
material.

Statistical Analysis—Student’s ¢ test was used to test the sta-
tistical significance of the results. p values less than 0.05 were
considered statistically significant.

RESULTS

Expression of DHCR24 Parallels Hepatocarcinogenesis—
RzM§6 cells expressing full-length HCV were established using
the Cre/loxP expression-switching system (13). RzM6 cells cul-
tured for longer than 44 days (termed RzM6-LC) had a greater
ability to form colonies (13) and to induce tumors in nude mice
(Fig. 1A). We produced monoclonal antibodies against
RzM6-LC cells (see supplemental materials) and screened them
for their ability to bind RzM#6 antigens overexpressed upon the
onset of hepatocarcinogenesis. Antibody clone 2-152a bound
to a ~60-kDa protein (p60) that was expressed at higher levels
in RzM6-LC cells than in RzM6 cells before the onset of HCV
expression (termed RzM6-0d) (13) (Fig. 1B). p60 was strongly
expressed in hepatoma-derived HuH-7 cells but was less abun-
dant in the less aggressive cancer cell line, HepG2, or in the
normal embryonic cell lines WRL68, HEK293, or NIH3T3
{(supplemental Fig. 14). To identify p60, the protein was puri-
fied from RzM6-LC cells using immunoaffinity chromatogra-
phy and subjected to matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (supplemental Fig. 1B).
Through this process, p60 was identified as DHCR24 (also
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FIGURE 1. Analysis of RzM6 cell tumorigenicity and identification of
DHCR24 overexpression in RzM6-LC cells. A, summary of tumor formation
in nude mice injected with RzM6-0d or RzMé6-LC cells. B, detection of a ~60-
kDa protein {(arrow, upper panel) in whole-cell lysates (30 pg/lane) from
RzM6-0d and RzM6-LC cells by Western blotting with monoclonal antibody
2-152a. Anti-actin antibody was used for normalization (arrow, lower panel).
Data are representative of two independent experiments. C, empty vector
(pGEM3, left lane) or pGEM-DHCR24 (right lane) was subjected to in vitro tran-
scription/translation using rabbit reticulocyte lysates in the presence of
{3%S}methionine. Samples were subjected to SDS-PAGE followed by autora-
diography. D, cell lysates from untransfected WRL68 cells (non), WRL68 cells
transfected with empty pCAG vector (vector), and WRL68 cells transfected
with pCAG-DHCR24 vector were examined by Western blotting with mono-
clonal antibody 2-152a (upper panel) or monoclonal anti-actin antibody
(lower panel). E, WRL68 cells were transfected with pCAG-DHCR24 or pCAG
vector alone and subjected to immunocytochemistry with monoclonal anti-
body 2-152a (green) or anti-protein-disulfide isomerase antibody (PDJ; red).
Scale bars, 25 nm.

known as seladin-1) (18-20), an enzyme that catalyzes the
reduction of the A-24 double bond of sterol intermediates dur-
ing cholesterol biosynthesis and is up-regulated by oxidative
stress (19, 21). DHCR24 cDNA was cloned and translated in
vitro (Fig. 1C) and also expressed in human embryonic hepatic
WRLE8 cells (Fig. 1D), and the monoclonal antibody 2-152a
reacted with the expressed protein (Fig. 1, D and E).

HCV Induces Persistent DHCR24 Overexpression—Since
DHCR24 was up-regulated in RzM6-LC cells, we examined
whether HCV can induce DHCR24 expression in human hepa-
tocytes. We also compared the expression levels of DHCR24
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FIGURE 2. Induction of DHCR24 by HCV in human liver cell lines. A, expression of DHCR24 mRNA (Northern
blot, upper panel) and protein (Western blot, lower panel) in WRL68 (WRL), HepG2 (Hep), HuH-7 (HuH), RzMé-0d,
and RzM6-LC cells, Ratios indicate the amount of DHCR24 mRNA or protein in each cell type (quantified by
densitometry) relative to that of RzM6-0d cells. B, Western blotting of HCV core protein, DHCR24, and p53 (DO-1
antibody) proteins in RzM6-0d and RzM6-LC cells following treatment with the indicated (+) siRNA. C, the
induction of DHCR24 by HCV after 2, 4, and 6 days in RzM6 cells by treatment of tamoxifen (100 nm). Data are
representative of two independent experiments, and anti-actin antibody was used as a loading control (A-C).
D, amount of HBV DNA in HBV-infected human hepatocytes in chimeric mouse liver quantitated by RTD-PCR.
E, amount of HCV-RNA in HCV-infected human hepatocytes in chimeric mouse liver quantitated by RTD-PCR,
F, the quantitation of DHCR24 mRNA in mock-infected, HBV-infected, and HCV-infected human hepatocytes in
chimeric mouse liver. Vertical bars, 5.D.; *, p < 0.05 (two-tailed Student’s t test).

protein and mRNA in a panel of hepatic and embryonic cell
lines (Fig. 2A). Northern blotting revealed that DHCR24 mRNA
expression was notably higher in RzM6-LC cells than in
RzM6-0d cells, indicating that induction of DHCR24 occurs at
the transcriptional level. DHCR24 protein levels were also
higher in HuH-7 and RzM6-LC cells relative to RzM6-0d cells
(Fig. 24). To examine whether persistent up-regulation of
DHCR24 in RzM6-LC cells resulted from HCV expression, we
utilized an siRNA to knockdown HCV expression (17) (Fig. 2B).

A EVEN

DECEMBER 25, 2009+ VOLUME 284-NUMBER 52

-311-

RzM6-0d

with siRNA reduced the expression
of DHCR24 and p53 in RzM6-L.C
cells. When we induced HCV
expression with tamoxifen, the
induction of DHCR24 was observed
after 2, 4, and 6 days (Fig. 2C). These
results indicate that expression of
. the full-length HCV genome
induced DHCR24 overexpression.
DHCR24 was not induced in HuH-7
cells infected with the HCV strain
JFH-1 (22) (data not shown). This
result might be explained by the
substantial endogenous expression
of DHCR24 in HuH-7 cells (Fig. 24
and supplemental Fig. 14). To
examine whether HCV infection
can induce DHCR24, human hepa-
tocytes in chimeric mice were
infected with hepatitis B virus
(HBV) or HCV (Fig. 2, D and E).
Notable up-regulation of DHCR24
mRNA was detected in HCV-in-
fected human hepatocytes but not
in HBV-infected human hepato-
cytes (Fig. 2F).

Persistent  Overexpression  of
DHCR24 Induces Apoptotic Resist-
ance to Oxidative Stress—As HCV
infection increased the expression
of DHCR24, we further examined
the effect of DHCR24 on hepato-
cytes, Because DHCR24 regulates
oxidative stress-induced apoptosis
(19, 21, 23, 24), the terminal de-
oxynucleotidyltransferase-mediated
dUTP nick end labeling assay was
performed with RzM6 cells to
examine the effect of DHCR24 over-
expression on H,O,-induced apo-
ptosis (Fig. 34). Fragmentation of
genomic DNA was less pronounced
in DHCR24-overexpressing cells
(RzM6-LC cells and RzM6-0d cells
transduced with DHCR24 lentivi-
rus) than in RzM6-0d cells or
RzM6-0d cells transduced with
empty lentiviral vector. To quantify
the apoptotic response, we examined the effect of DHCR24
overexpression on caspase activity (Fig. 3, B-D). Caspase acti-
vation by H,0, was suppressed in RzM6-LC cells compared
with RzM6-0d cells (Fig. 3B). Transfection with HCV siRNA
recovered the caspase response in RzM6-L.C cells. Caspase 3/7
activity was also examined following the transfection of HepG2
cells with pCA-Rz (Fig. 3C). Induction of caspase activation by
H,0, was inhibited by expression of the HCV gene; the inhibi-
tion was partially recovered by transfection with DHCR24

HCV-

HBV+ HCV+
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FIGURE 4. Persistent overexpression of DHCR24 impairs p53 activity. A, Western blotting of RzM6-0d and
RzM6-LC cells treated with or without H,0, was performed using antibodies against the proteins indicated on
the left. B, p21%F/CP1 promoter activity in RzM6-0d and RzM6-LC cells transfected with pWWP-Luc followed by
treatment with or without H,0,. Promoter activity was calculated as the ratio of firefly luciferase activity to
Renilla luciferase activity. The ratio of promoter activity with H,0, treatment to without H,O, treatment is
indicated as a percentage. C, DHCR24 expression in RzM6-0d cells transduced with lenti-empty (emp.) or
lenti-DHCR24 {(with HA-FLAG tag) vector. D, p21¥# P! promoter activity in RzM6-0d cells transfected with
lenti-empty or lenti-DHCR24 vector followed by treatment with or without H,0,. Promoter activity was calcu-
lated as the ratio of firefly luciferase activity to Renifla luciferase activity. The ratio of promoter activity with H,0,
treatment to activity without H,0, treatment is indicated as a percentage. E, HepG2 cells transfected with
pcDNA vector (vec) or DHCR24 expression vector (pcDNA-DHCR24 HA-FLAG tag; DHCR24) and selected by
G418 were analyzed by Western blotting with DHCR24 monoclonal antibody 2-152a (top), p53 monoclonal
antibody (DO-1) (middle), and actin (bottom). F, expression of Bax and Puma in HepG2 cells transfected with
pcDNA vector (vec) or pcDNA-DHCR24 vector followed by treatment with or without H,0, was analyzed by
Western blotting with antibodies to the proteins indicated at the left. Actin was analyzed as a control. In A-F,
representative data from three independent experiments are shown; ¥, p < 0.05 (two-tailed Student's t test).

siRNA. Moreover, overexpression of DHCR24 from a lentivirus
vector (Fig. 3D) (25) or from transfection with a DHCR24
expression vector (data not shown) impaired H,O,-induced
caspase activation in RzM6-0d cells. Thus, enhanced expres-
sion of DHCR24 promotes resistance to H,O,-induced apopto-
tic responses, and HCV-induced apoptotic resistance is par-
tially mediated by DHCR24.

Persistent  Overexpression  of
DHCR24 Inhibits pS53 Activity—
H,0, induces p53-dependent
apoptosis (26). Expression of the
p53-induced apoptotic response
mediators, Bax (27) and Puma
(28), did not increase after H,O,
treatment of RzM6-LC cells (Fig.
4A). Therefore, we examined p53
expression and function in
DHCR24-overexpressing  cells.
H,0, increased the expression of
DHCR24 and p53 in RzM6-0d cells.
By comparison, the expression of
these proteins was already elevated
prior to H,O, treatment in
RzM6-LC cells, and we found no
further H,O,-induced increase in
expression (Fig. 4A). Consistent
with these findings, H,0, activated
transcription from the p21WAf#/<iP
promoter in RzM6-0d cells but not
in RzM6-LC cells (Fig. 4B). This
response of the p21WAF/CIP pro.
moter is impaired in cells overex-
pressing DHCR?24 via the lentivirus
vector (Fig. 4, C and D) or via the
expression vector (Fig. 4E). Induc-
tion of Bax and Puma expression
after H,0,, treatment was decreased
in DHCR24-overexpressing cells
(Fig. 4F). These results indicate that
although p53 expression is elevated
in DHCR24-overexpressing cells,
the function of p53 in the oxidative
stress pathway is impaired.

Overexpression of DHCR24 En-
hances the Interaction between p53
and MDM2—Since DHCR24 is a
regulator of the p53-MDM2 inter-
action (21), we examined the inter-
action between p53 and its specific
ubiquitin ligase, MDM2. Unexpect-
edly, the interaction between p53

and MDM2 was stronger in RzM6-LC cells than in RzM6-0d
cells (Fig. 5, A and B). Lentiviral vector overexpression of
DHCR24 in RzM6-0d cells increased the binding of p53 to
MDM2 (data not shown). Furthermore, cell fractionation anal-
ysis revealed that the interaction between MDM2 and p53
mostly occurred in the cytoplasmic fraction, even after H,O,

FIGURE 3. Prior overexpression of DHCR24 inhibits H,0,-induced apoptosis. A, representative phase-contrast images of RzM6-0d and RzM6-LC cells (upper
panels) or lenti-empty and lenti-DHCR24 vector-transduced RzM6-0d cells (lower panels) treated with or without H,0, (1 mm, 4 h). In situ cell death was detected
by the terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay with tetramethylrhodamine. Scale bars, 25 nm. Representative
data from three experiments are shown. B, caspase 3/7 activity (relative light units) in RzM6-0d and RzM6-LC cells treated with or without H,0,. Cells were
transfected with or without HCV siRNA or with control siRNA as indicated. C, caspase 3/7 activity in HepG2 cells treated with or without H,0,. Cells were
transfected with control pcDNA vector (vector), pCA-Rz, pcDNA-DHCR24, DHCR24 siRNA, or control siRNA. D, caspase 3/7 activity in RzM6-0d cells treated with
or without H,0,. Cells were transduced with lenti-empty or lenti-DHCR24 vector. In B-D, data reflect the means * S.D. of three independent triplicate
experiments; *, p < 0.05 (two-tailed Student's t test).
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FIGURE 5. DHCR24 overexpression enhances the interaction between p53 and MDM2 inthe cytoplasm. A, p53 was immunoprecipitated (IP) from RzM6-0d and
RzM6-LC cells with polyclonal anti-p53 antibody (FL393) followed by Western blotting with monoclonal antibodies against MDM2 (top) and p53 or DHCR24 (bottom).
B, MDM2 was immunoprecipitated from RzM6-0d and RzM6-LC cells using polyclonal anti-MDM2 antibody (H221) followed by Western blotting (WB) with monoclonal
antibodies against p53 (top) and MDM2 or DHCR24 (bottom). C, p53 was immunoprecipitated from cytoplasmic {C} or nuclear (N) fractions of RzM6-0d and LC cells
using anti-p53 antibody (FL393) followed by Western blotting with anti-MDM2 antibody (top) and anti-p53 antibody (bottom). Cell fractionation was confirmed by
Western blotting with anti-histone H1 and tubulin (WB). D, p53 was immunoprecipitated from cytoplasmic or nuclear fractions of HepG2 cells transfected with control
pcDNA (vec) or pcDNA-DHCR24 expression vector using polyclonal anti-p53 (FL393) followed by Western blotting with antibodies against the proteins indicated atthe
right. Reaction with secondary antibodies {anti-rabbit or mouse igG conjugated with horseradish peroxidase) alone did not show any signal (data not shown), anddata
representative of three independent experiments are shown (A-D and G). £, RzM6-0d or RzM6-LC cells with H,0, treatment were fractionated into total (7), cytoplas-
mic, and nuclear fractions and subjected to Western blotting with the antibodies indicated on the feft. F, Western blotting of W138 cells with or without H,0, treatment
(0.5 mw, 4 h) with antibodies against p53, DHCR24, and actin. G, immunoprecipitation of p53 from cells transfected with pcDNA vector and pcDNA-DHCR24 (DHCR)
with orwithout H,0, treatment (0.5 mm, 4 h), followed by Western blotting with antibodies against MDM2 (first column) and p53 (second column). Cells were examined
with Western blotting with anti-DHCR24 (third cofumn) and anti-actin (fourth column). H, the average ratio of the quantified results of immunoprecipitation of p53 and
Western blotting of MDM2 in RzM6-0d, RzM6-LC, and WI38 cells with transfection of pcDNA vector or pcDNA-DHCR24 with or without H,0, treatment are indicated.
Vertical bars, $.D.*, p < 0.05 (two-tailed Student’s t test). /, a caspase 3/7 assay was performed in WI38 cells with pcDNAvector (vector) and pcDNA-DHCR24 overex-
pression vector. Vertical bars, S.D. %, p < 0.05 {two-tailed Student’s t test).
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Impairment of p53 by HCV through DHCR24 Overexpression
A RzM6-0d RzM6-LC B RzM6-0d kinase/extracellular  signal-regu-
ol DHCR non conf. DHCR noncont. DHioza  lated kinase kinase-extracellular
SIRNA SiRNA SiRNA siRNA iRNA SIRNA signal-regulated kinase) pathway in

IP:p53 IP:p53 hepatocytes and Akt in lung cells

WB:Ac-Lys373, 382 WB:Ac-Lys 373 382 (29). The response of MDM2 at

Ser'®® to H,0, was significantly

IP: pS3 IP: p53 high in liver (HepG2) cells but was

W8:pS53 WB:pS3 low in WI38 cells (supplemental Fig.

WB:DHCR24 WB:DHCR24 2, D and E), as previously observed

) in A549 cells (29). The up-regula-

Wh:actin tion of MDM2 phosphorylation

Ratio(Ac-p53/p53) 1.0 08 1.4 08 07 20 W:actin at Ser'®® accelerates its E3 ligase
Ratio(Ac-p53/p53) 1.0 29 92  activity (30).

FIGURE 7. Silencing of DHCR24 increases p53 acetylation. A, RzM6-0d and RzM6-LC cells were untreated
{non) or treated with control siRNA (cont. siRNA) or DHCR24 siRNA. Acetylated p53 Lys*”* and Lys*®? (top) and
total p53 (bottom) were immunoprecipitated (/P) with anti-p53 antibody (DO-1) followed by Western blotting
(WB), and the expression of actin and DHCR24 by Western blotting (bottomn) was examined. The average ratio
of acetylated p53 to total p53 in RzM6-0d cells without treatment is indicated at the bottom. B, RzM6-0d cells
were transfected with control siRNA {cont.siRNA), DHCR24 siRNA (DH1024 or DHCR), or untreated (non). Acety-
fated p53 Lys®”® and Lys®® (top) and total p53 (bottom) were immunoprecipitated with anti-p53 antibody
followed by Western blotting, and the expression of actin and DHCR24 by Western blotting (bottom) was
examined. Reaction with secondary antibodies (anti-rabbit or mouse IgG conjugated with horseradish perox-
idase) alone did not yield any signals (data not shown), and data representative of three independent experi-

ments are shown (A and B).

treatment (Fig. 5C). Silencing of DHCR24 with siRNA
decreased the interaction between p53 and MDM2 (supple-
mental Fig. 24). Overexpression of DHCR24 in HepG2 cells
increased the interaction between p53 and MDM2 in the cyto-
plasm (HepG2-DHCR24; Fig. 5D and supplemental Fig. 2, B
and C). Level of p53 in the nucleus after treatment with H,0,
was low in RzM6-LC cells (Fig. 5E).

In a previous in vitro study that used bacterially expressed
and purified protein (21), the interaction between p53 and
MDM2 was decreased when the amount of DHCR24 was
increased. These discrepancies with our results may be due to
the different experimental systems. p53 and DHCR24 were
induced by H,0, in WI38TERT cells (21), as observed in our
system (Fig. 5F). However, the interaction between MDM2 and
p53 was much lower in W138 cells than in RzM6 cells (Fig. 5, G
and H). Moreover, ectopic expression of DHCR24 did not
inhibit apoptotic response to H,0, in WI38 cells (Fig. 5I) but
suppressed apoptosis in HepG2 cells (Fig. 3). This different
response may be due to the different regulatory systems of p53
and MDM2 in the liver and lung; MDM2 phosphorylation at
Ser'%® is regulated by the MEK-ERK (mitogen-activated protein

We also found that overexpres-
sion of DHCR24 did not up-regulate
the transcription of p53 or MDM2
genes (supplemental Fig. 3, A and
B). However, DHCR24 overexpres-
sion inhibited polyubiquitination in
RzM6-LC cells and H358 (p53 null)
cells (supplemental Fig. 3, C-E).
This inhibition of polyubiquitina-
tion would inhibit p53 degradation,
resulting in an increased amount of p53 available to interact
with MDM2.

Posttranslational Modification of p53 in DHCR24-overex-
pressing Cells—We did not detect any p53 nucleotide substitu-
tions in RzM6-LC cells compared with the p53 in RzM6-0d
cells (data not shown). Thus, we examined the posttranslational
modification of p53, which is thought to be tightly connected to
the regulation of its function and localization (31). We exam-
ined the phosphorylation of p53 at Ser'® (Fig. 6A); at Ser®, Ser®,
Ser?®, and Ser®” (supplemental Fig, 44); and at Ser*® and Ser®*?
(Fig. 6B) by Western blotting and found no marked differences
in phosphorylation after H,O, treatment between RzM6-0d
and RzM6-LC cells. Ser'®-phosphorylated p53 was detected in
the nuclear fraction of RzM6-0d and RzM6-LC cells after H,O,
treatment (Fig. 6C). We assessed the acetylation of p53 at Lys®”*
and Lys®*? by immunoprecipitation followed by Western blot-
ting and found that acetylation of p53 was significantly low in
RzM6-LC cells compared with RzM6-0d cells following H,0,
treatment (Fig. 6D). H,0, induced the acetylation of p53 at
Lys®”® and Lys*** in ReM6-0d cells (Fig. 6E). This acetylation

FIGURE 6. Posttransiational modification of p53 in cells overexpressing DHCR24. A, phosphorylation of p53 at Ser’® in RzM6-0d and RzM6-LC cells after
treatment with 0, 0.5, or 1.0 ram H,0, was examined by Western blotting with specificrabbit polyclonal antibodies. p53 was detected with anti-p53 monoclonal
antibody (DO-1). Actin was analyzed as a control. 8, phosphorylation of p53 at Ser?® and Ser**?in RzM6-0d and RzM6-LC cells after treatment with 0 or 1.0 mm
H,0, was analyzed by Western blotting with specific rabbit polyclonal antibodies. p53 was detected with anti-p53 monocional antibody. Actin was analyzed
as a control. C, RzM6-0d or RzM6-LC cells with or without H,0, treatment were fractionated into cytoplasmic (C) and nuclear (N) fractions that were subjected
to Western blotting with the antibodies indicated on the left. D, acetylation of p53 Lys*”? and Lys**? (top) and total p53 (bottom) was characterized by
immunoprecipitation (IP) with anti-p53 antibody followed by Western biotting (W8) with the rabbit polyclonal antibodies indicated on the left in RzM6-0d and
RzM6-LC cells or HepG2 cells transfected with pcDNA vector {vec.) or pcDNA-DHCR24 expression vector (DHCR24). The average ratio of acetylated p53 to total
p53 in RzM6-0d cells without H,0, treatment is indicated at the bottom. £, acetylation of p53 Lys®”® and Lys®®? (top) and total p53 (second panel) was
characterized by immunoprecipitation with anti-p53 antibody followed by Western blotting with the rabbit polyclonal antibodies indicated on the left in
RzM6-0d and RzM6-LC cells. HCV core protein was detected by Western blotting with monoclonal antibody (31, 32). Cell fractionation was confirmed with
antibodies against histone H1 and tubulin. p53 and acetylated p53 were quantitated, and the average ratio of acetylated p53 to total p53 in the cytoplasmic
(O fraction of RzM6-0d cells is indicated. Vertical bars, S.D.*, p < 0.05 (two-tailed Student's ¢ test). F, acetylation of p53 Lys*”® and Lys*®? (top) and total p53
(second panel) was characterized by IP with anti-p53 antibody followed by Western blotting with the rabbit polyclonal antibodies indicated on theleftinHepG2
cells transfected with pcDNA vector or pcDNA-DHCR24 vector with or without H,0, treatment. Celt fractionation was confirmed with antibodies against
histone H1 and tubulin, p53 and acetylated p53 were quantitated, and the average ratio of acetylated p53 to total p53 in the cytoplasmic fraction of Hep-vec
cells is indicated. Vertical bars, S.D.*, p < 0.05 (two-tailed Student's t test). Reaction with secondary antibodies (anti-rabbit or mouse IgG conjugated with
horseradish peroxidase) alone did not show any signals (data not shown), and data representative of three independent experiments are indicated (A-F).
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was significantly inhibited in RzM6-LC cells (Fig. 6E). Persis-
tent ectopic overexpression of DHCR24 also repressed H,O,-
induced p53 acetylation in the nuclei of HepG2 cells (Fig. 6F). In
addition, silencing of DHCR24 by siRNA caused up-regulation
of p53 acetylation at Lys®® and Lys*®? in RzMé6-0d and
RzM6-LC cells (Fig. 7A). When the alternative siRNA for
DHCR24 (DH1024) was transfected into RzM6-0d cells, the
acetylation of p53 was accelerated (Fig. 7B). The mutant
DHCR?24 vector suppressed the effect of DHCR24 siRNA (sup-
plemental Fig. 4B). These results indicate that overexpression
of DHCR24 down-regulates p53 acetylation.

DISCUSSION

This study demonstrates that DHCR24 expression parallels
hepatocarcinogenesis and that HCV induces overexpression of
DHCR?24 at both the mRNA and protein levels. Moreover, per-
sistent DHCR24 overexpression suppresses the p53 response to
H,0,. These findings are consistent with the previous report
that inactivation and mutation of p53 plays a role in the devel-
opment of HCC (32). Hepatocytes with p53 abnormalities are
likely to escape from cell cycle check points and acquire resist-
ance to apoptosis, thereby increasing their tumorigenic poten-
tial. Likewise, genetic inactivation of p53 is associated with late
stage disease (32). HCV RNA levels are notably lower in can-
cerous tissues from HCV-positive HCC patients than in non-
cancerous tissues (33). Thus, impairment of p53 function by
HCV-induced DHCR24 overexpression might play a crucial
role in early stage disease progression.

In DHCR24-overexpressing cells, p53 was mostly distributed
in the cytoplasm (supplemental Fig. 2, A and B). This change in
the distribution pattern of p53 might be caused by an increased
interaction between p53 and MDM2, which might be induced
by increased phosphorylation of MDM2 and suppression of
polyubiquitination by overexpression of DHCR24. The up-reg-
ulation of the p53-MDM?2 interaction negatively regulates p53
and shuttles p53 from the nucleus to the cytoplasm (34, 35).
MDM2 inhibits both p53 transcriptional activation and p300-
mediated p53 acetylation upon ternary complex formation with
p300 and p53 (36 -38). Acetylation of p53 by CBP/p300 mostly
occurs in the nucleus (36). Therefore, the increase in cytoplas-
mic p53-MDM?2 complexes in DHCR24-overexpressing cells
may account for the observed suppression of p53 acetylation in
the nucleus, even after treatment with H,O, (supplemental Fig.
5). Impaired acetylation of C-terminal lysine residues decreases
the sequence-specific DNA-binding activity (39) and the stabil-
ity of p53 (37, 40). Taken together, our data suggest that
DHCR24 overexpression may down-regulate p53 function by
inhibiting degradation, increasing the formation of the p53-
MDM2 complex in the cytoplasm, and suppressing acetylation
of p53 in the nucleus.

In conclusion, we propose that HCV infection impairs the
function of p53 through DHCR24 overexpression, which up-
regulates the interaction between p53 and MDM2 in the cyto-
plasm and suppresses p53 acetylation in the nucleus. Because
overexpression of DHCR24 is observed in other cancers,
including melanoma (24) and prostate cancer (41), the findings
from this study might provide a foundation for investigations
into the mechanisms underlying the formation of these cancers.

AN

DECEMBER 25, 2009 VOLUME 284-NUMBER 52

-317~-

We plan to examine the liver-specific regulatory network of the
p53-MDM?2 interaction by DHCR24 in a future study.
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ARTICLE INFO ABSTRACT

Article history: We devised a screening method for hepatitis C virus (HCV) inhibitors by exploiting the JFH1 viral culture
Received 31 July 2008 system. The viral RNA released in the medium was adsorbed onto PCR plates, and real-time RT-PCR was
Received in revised form 10 February 2009 performed by directly adding the one-step RT-PCR reaction mixture to the wells. The “tube-capture-
Accepted 27 March 2009 RT-PCR” method obviates the need for labor-intensive RNA isolation and should allow high-throughput

screening of HCV inhibitors. To substantiate the validity of the assay for drug screening, a pilot screen of
an inhibitor library composed of 95 compounds was performed. In addition to the known inhibitors of
HCV replication included in the library, the assay identified the PKC inhibitor bisindolylmaleimide I (BIM
1) as an HCV replication inhibitor. BIM I was also effective in reducing the viral protein level in genotype
1b and 2a subgenomic replicon cells, indicating inhibition of HCV replication. Further assays revealed
that a broad range of bisindolylmaleimides and indolocarbazoles inhibit HCV, but no correlation was
found between the PKC inhibition pattern and anti-HCV activity. These series of compounds represent

Keywords:

HCV
Bisindolylmaleimide
Tube-capture-RT-PCR
High-throughput

new classes of inhibitors that may warrant further development.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus, a major cause of chronic liver disease, has
infected over 170 million people. The current mainstream anti-HCV
therapy is a combination of interferon (IFN) and ribavirin. However,
the therapy is not effective in approximately half of HCV-infected
patients and has considerable side effects in many patients; thus,
there is an urgent need for novel HCV therapies.

Various assays for HCV drug screening have been reported, many
of which rely on HCV replicon systems. Although HCV replicon-
based systems have greatly facilitated HCV research and drug
discovery, these systems do not completely reflect the entire HCV
life cycle and are not capable of identifying inhibitors of sev-
eral important steps such as viral attachment, entry, and release.
The recently introduced HCV cell culture systems (Wakita et al.,
2005) should overcome these limitations and enable identification
of inhibitors that would not be recognized by the replicon-based
screens.

Here we describe a simple screening method for discovering
anti-HCV drugs using the JFH1 viral culture system. Antiviral activ-

* Corresponding authors, Tel.: +81 3 5285 1111x2327; fax: +81 3 5285 1272.
E-mail addresses: murakami@nih.go.jp (Y. Murakami), fukazawa@nih.go.jp
(H. Fukazawa).

0166-3542/($ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.antiviral.2009.03.008

ity was determined by RT-PCR measurement of viral RNA released
in the medium of infected cells. To increase efficiency, we devised
a method that avoids tedious RNA isolation.

As a proof of concept, the method was used to evaluate a com-
pound library and successfully confirmed the anti-HCV activity of
cyclosporin A. In addition, a potent and selective PKC inhibitor,
BIM I, was also identified as an anti-HCV agent. We found that
other bisindolylmaleimides and indolocarbazoles also inhibit HCV,
whereas anti-HCV activity was not associated with PKC inhibition.
HCV inhibition by bisindolylmaleimides or indolocarbazoles has
not been reported, and we expect that our assay will facilitate the
identification of previously unrecognized HCV inhibitors. The bisin-
dolylmaleimides and indolocarbazoles are already in clinical trials
and may merit attention as HCV drug candidates.

2. Materials and methods
2.1. Cells and virus

Plasmid pJFH1, containing full-length cDNA of the JFH1 isolate,
was used to generate HCV production in cell culture, as described
elsewhere (Wakita et al,, 2005), and the supernatant was pas-
saged in Huh 7.5.1 cells. To prepare virus stock for screening, naive
Huh 7.5.1 cells were infected with the passaged supernatant virus,
and the medium was collected 7 days post-infection and stored at
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—80°C until use. The infectious titers of the viruses were deter-
mined by immunofluorescence analysis of the infected Huh 7.5.1
cells using anti-core antibody (2H9). The infectious titers of the
stocks were generally about 3 x 105~1 x 108 ffu/ml, corresponding
to about 3 x 107-1 x 108 copies of JFH1 RNA/ml. A subgenomic
replicon cell, clone 4-1, which harbors the genotype 2a HCV genome
(Kato et al., 2003; Date et al., 2004} and clone 5-15, which harbors
the genotype 1b HCV genome (Lohmann et al., 1999), were also cul-
tured in Dulbecco’s Modified Eagle’s medium (DMEM) with fetal
bovine serum (FBS).

2.2. Reagents

The SCADS inhibitor kit was provided by the Screening Commit-
tee of Anticancer Drugs supported by a Grant-in-Aid for Scientific
Research on the Priority Area “Cancer” from The Ministry of Edu-
cation, Culture, Sports, Science and Technology, japan. The PKC
{ isozyme selective inhibitor LY333531 (Ruboxistaurin) was from
Alexis Corp. (Lausen, Switzerland). Other chemnicals were purchased
from Merck Calbiochem (Darmstadt, Germany). Interferon-a (IFN-
o) was from PeproTech, Inc. (Princeton Business Park, Princeton, NJ).

2.3. Quantitative real-time RT-PCR

Huh 7.5.1. cells were seeded in 96-well plates at a density of
20,000 cells per well in a volume of 120 pl. The next day, 15 pl
of test compounds was added and the cells were infected with
15wl of virus stock of HCV-JFH1 at a multiplicity of infection
(MOI) of 0.01. After 5 days of culture, 100 p.l of medium was trans-
ferred to a PCR plate, incubated on ice for 30 min, centrifuged at
3500 rpm for 15 min, and then removed. Twenty microliters of One
Step SYBR PrimeScript RT-PCR Kit reaction mixture (Takara-Bio Co,,
Otsu, Japan) was added into the PCR plate wells, and quantitative
real-time PCR was performed using an ABI Prism 7000 sequence
detector (PE Applied Biosystems, Foster City, CA). The primers used
were 5'-GAGTGTCGTACAGCCTCCAG-3' (nucleotides 97-116), and
5/-AGGCCTTTCGCAACCCA-3' {nucleotides 280-264) from the non-
coding region of HCV-JFH1, at a concentration of 200nM. Media
from the control wells without drug were serially diluted to create
a standard curve, which was used to determine the relative amount
of HCV RNA in the media of HCV-infected cells treated with the
compounds. Cell growth was monitored by MTT assay, as described
previously (Fukazawa et al., 1995).

For further analysis of the drug effect and determination
of the copy number of HCV RNA in medium and cells, HCV
RNA was extracted from 140wl medium with the QlAamp
Viral RNA mini kit (QJAGEN GmbH, Hilden, Germany), and
eluted with 60l of elution buffer. Eight microliters of the
viral RNA eluate was subjected to quantitative real-time PCR
using Taqman EZ RT-PCR Core reagents (PE Applied Biosys-
tems). The primers were 5-CGGGAGAGCCATAGTGG (nucleotides
129-145) and 5’-AGTACCACAAGGCCTTTCG (nucleotides 289-271)
at a concentration of 200 nM, and the Tagman probe was FAM-5'-
CTGCGGAACCGGTGAGTACAC-3'-TAMRA (nucleotides 147-167) at a
concentration of 300 nM (Takeuchi et al., 1999). Standard JFH1 RNA
for measurement of copy number was transcribed from plasmid
pSRG-JFH1-Luci, which was derived from pSRG-JFH1 (Kato et al,,
2003), using the AmpliScribe T7 High Yield Transcription Kit (Epi-
centre Biotechnologies, Madison, WI). The transcribed RNA was
purified and diluted with ribonuclease-free water containing yeast
tRNA and 0.2% DTT, as previously described (Suzuki et al., 2005).

2.4. Western blotting

Cells were lysed with Radio-ImmunoPrecipitation Assay (RIPA)
buffer (50mM Tris-HCl, pH 8.0, 150mM NaCl, 0.1% SDS, 0.5%

sodium deoxycholate, 1% NP-40, 1mM EDTA) containing 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 25 pg/ml of each of
antipain, pepstatin, and leupeptin, and centrifuged. The amount of
protein in the supernatant was then measured. Cell lysates con-
taining equal amounts of protein were separated by SDS-PAGE,
transferred onto polyvinylidene difluoride (PVDF) membranes,
and probed with antibodies against core (2H9), NS5A (Austral
Biologicals, San Raman, CA), a-tubulin (Merck Calbiochem), and
GAPDH (Santa Cruz Biotech. Inc., Santa Cruz, CA). The mem-
branes were incubated with horseradish peroxidase-conjugated
secondary antibodies and specific proteins were visualized by
chemiluminescence.

3. Results
3.1. Assay development

To establish an efficient RT-PCR-based screen for anti-HCV
agents, we searched for methods that could be carried out with-
out labor-intensive RNA isolation. We tested whether tube-trapping
methods used to obtain plant viral RNAs for RT-PCR (Rowhani et al,,
1995; James, 1999; Suehiro et al., 2005) could be applied to HCV. A
JFH1 stock solution (3 x 10 ffu/ml, 3 x 107 copies/ml) was serially
diluted fourfold, put into the wells of the PCR plate, incubated on ice
for 30 min, and then centrifuged at 3500 rpm for 15 min. The super-
natant was removed and quantitative RT-PCR was performed by
direct addition of the one-step RT-PCR reaction mixture. We found
that HCV, like plant viruses, are adsorbed onto the well wall dur-
ing incubation. As shown in Fig. 1a, RNA adsorption appeared to be
linear over a broad range of viral concentrations. HCV RNA could
still be detected after seven fourfold dilutions, indicating that the
“tube-capture” is a quantitative method that can detect less than
200 copies of HCV RNA. We compared the CT values from this “tube-
capture method” with those from the conventional method of RNA
extraction. The efficiency of RNA recovery by “tube-capture” was
calculated to be about 9% of the conventional method. However, as
shown in Fig. 1a, there was a close correlation between the CT val-
ues obtained from the two methods (R=0.988), demonstrating the
usefulness of this method.

3.2. Identification of BIM I as an inhibitor of HCV infection

To explore the possibility of tube-capture-RT-PCR as a sim-
ple screen for discovering anti-HCV compounds, we first tested
whether the method would detect the antiviral activity of IFN-c.
Huh7.5.1 celis were seeded in a 96-well plate and infected with
HCV-JFH1 at an MOI of 0.01. After 5 days, HCV RNA released in the
medium was assayed by the tube-capture method. Under these con-
ditions, the CT from the control medium was usually about 18-20.
As shown in Fig. 1b, a substantial reduction in the amount of HCV
RNA was observed when the cells were infected in the presence of
IFN-a.

For further validation of the ability of the assay to identify HCV
inhibitors, we performed a pilot screen using an inhibitor kit pro-
vided by the Screening Committee of Anticancer Drugs (SCADS
inhibitor kit I). This kit contains 95 inhibitors including cyclosporin
A, a compound reported to inhibit HCV replication.

Cyclosporin A was identified (Fig. 1c), providing a proof of con-
cept for screening for anti-HCV drug candidates. In addition, our
assay also identified the PKC inhibitor bisindolylmaleimide I (BIM
1)(Fig. 2a, black columns). The ICso was about 0.1 p.M, which is com-
parable to that of cyclosporin A and about 200-fold lower than the
ICs for cell growth (Fig. 2b). In addition, BIM I inhibited the cyto-
pathic effect of HCV JFH1. Infection with HCV resulted in about a
20% reduction of cell growth. BIM I at 1 uM enhanced the growth of
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Fig. 1. RT-PCR-based screen for anti-HCV agents using the JFH1 viral culture system.
(a) Correlation between CT values from “tube-capture-RT-PCR" (CT-A) and ordinary
RNA extraction (CT-B). JFH1 stock solution (3 x 10° ffu/ml) was serially diluted four-
fold and quantitative real-time PCR was performed as described under Section 2,
CT-A was the average CT of three wells using tube-capture-RT-PCR and CT-B was
the average CT of three HCV RNA eluates using a kit (QIAamp Viral RNA mini). (b)
and (c) Huh 7.5.1 cells were infected with JFH1 in the presence of the indicated
concentrations of IFN-ot (b) or cyclosporin A (¢). HCV RNA in the medium (closed
(black) columns) was assessed by “tube-capture-RT-PCR” as described under Sec-
tion 2. Open (white) columns represent percentage of cell growth compared with
that of control cells without virus and compound. Columns, mean of triplicate wells;
bars, SD.

infected cells, almost to the level of uninfected cells (Fig. 2a, white
columns). Recovery of cell growth was also observed with INF-a or
cyclosporin A treatment (Fig. 1b and c). BIM I reduced cell growth of
uninfected cells only at concentrations of 1 WM or higher (Fig. 2b).
BIM I also inhibited the production of the HCV core protein with
marginal effects on host a-tubulin levels (Fig. 2¢).

3.3. BIM I inhibits HCV replication

To our knowledge, the anti-HCV effects of BIM I or other PKC
inhibitors have not been reported. Because the majority of current
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Fig. 2. BIM I inhibits HCV. (a) Effects of BIM | on HCV JFH1 RNA. Huh 7.5.1 cells
were infected with JFH1 in the presence of the indicated concentrations of BIM I and
assayed for HCV RNA and cell growth as in Fig. 1, Columns, mean of triplicate wells;
bars, SD. (b) Effects of BIM | on growth of Huh 7.5.1 cells. (c) Effects of BIM | on HCV
core protein in cells. Cells were infected with JFH1 at an MOI of 0.2 in the presence
of the indicated concentrations of BIM 1 and cultured for 2 days. Cells were lysed and
subjected to western blotting as described under Section 2. “V” indicates infection
with HCV.,

HCV drug screening relies on replicon-based models, we investi-
gated the possibility that BIM I targets a step in the HCV life cycle
that is not included in the replicon systems, such as attachment,
entry or release. We treated two subgenomic replicon cells with
BIM | and examined the amount of NS5A protein.

As shown in Fig. 3a and b, BIM I dose-dependently reduced
NS5A in both 1b and 2a subgenomic replicon cells, but not the host
GAPDH. The results indicate that BIM I inhibits a process involved
in the replication of HCV subgenomic replicons. However, although
the NS5A level appeared to be more vulnerable, cell growth was
substantially suppressed by BIM I (Fig. 3¢). Whereas a significant
difference between the IC5y for HCV RNA and cell growth was
observed in the HCV cell culture system, the reduction of NS5A in
replicon cells overlapped with the effects on cell growth.

To further elucidate the stage of the HCV life cycle affected by
BIMI, Huh 7.5.1 cells were inoculated with higher titers of JFH1 (MOl
2)and then treated with 3 uM BIM, starting at different time points
after infection. JFH1 appeared to complete the life cycle in about
48 h, judging from the expression profiles of viral RNA and proteins
in cells (Fig. 4a). When BIM [ was added at the time of infection,
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Fig. 3. Effect of BIM I on subgenomic replicon cells. (a) Subgenomic replicon cells
harboring genotype 2a (4-1)(a) and genotype 1b (5-15) (b) were treated with BIM |
for 2 or 4 days, respectively. Cells were lysed and analyzed by western blotting with
anti-NS5A antibody or anti-GAPDH antibody. (c) Effect of BIM 1 on cell growth of the
two replicon cells, Cells were incubated for 2 (4-1) or 4 days (5-15) with BIM 1, and
cell growth was measured by MTT assay.

the amount of viral RNA in the medium after 48 h decreased to less
than 20% of control cells without inhibitor treatment. Addition of
BIM I at 6 h post-infection still resulted in a reduction of viral RNA
to 30% of control, but after 24 h the antiviral activity of BIM I was
significantly diminished and only a modest decline to about 80%
was observed (Fig. 4b). These results suggest that interference with
RNA synthesis or translation of viral proteins accounts, at least in
part, for the anti-HCV activity of BIM L

3.4. HCV inhibition by bisindolylmaleimide and indolocarbazole
compounds does not involve PKC

Since the discovery of staurosporine as a broad-spectrum
protein kinase inhibitor, a variety of bisindolylmaleimide and
indolocarbazole inhibitors with different potencies and selectivity
have been developed. BIM I is one such compound thatis highly spe-
cific for PKC and is broadly used to analyze PKC-mediated events.
To gain insight into the relevance of the PKC inhibitory spectrum
and antiviral activity, panels of different bisindolylmaleimide and
indolocarbazole compounds were tested in the assays. Contrary to
our expectation, no correlation was found between the ability to
inhibit PKC and HCV.

Another bisindolylmaleimide PKC inhibitor without the N-
dimethylaminopropyl chain, BIM 1V, displayed similar significant
anti-HCV activity (Fig. 5). Other structurally related pan- and
isozyme-specific PKC inhibitors such as BIM II, Ro31-8220 (BIM
1X),LY333,531 and 3-(1-(3-imidazol-1-ylpropyl)-1H-indol-3-y1)-4-
anilino-1H-pyrrole-2,5-dione (PKCB Inhibitor, Calbiochem) or an
indolocarbazole compound K252¢ also inhibited HCV replication
(not shown). However, as shown in Fig. 5, the non-PKC-inhibitory
analog BIM V (Toullec et al., 1991) and arcyriaflavin A, an indolo-
carbazole compound with no reported effects on PKC (Zhu et
al., 2003), were also effective in reducing HCV RNA. BIM V was
actually more potent than BIM 1. Whereas the effect of BIM I
on HCV overlapped with cytotoxicity in this particular experi-
ment, BIM V was virtually nontoxic at a dose (1 uM) that reduced
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Fig. 4. (a) Expression profile of the HCV RNA and proteins. Huh 7.5.1 cells were
infected with HCV as described above, but at an MOI of 2. The cells and medium
were harvested at the indicated time and analyzed for HCV RNA and proteins. The
core and NS5A protein were detected in the cell lysate. (b) Effect of time of addition.
BIM 1 (3 pM) was added to Huh 7.5.1 cells just before and 2, 6, or 24 h after HCV
addition at an MO of 0.2. After 48 h of incubation following virus infection, the HCV
RNA in the medium was extracted and measured with quantitative real-time RT-PCR.
The indicated values represent the averages for two independent experiments.

HCV RNA to less than 20% of control. The results indicate that
a broad range of bisindolylmaleimide and indolocarbazole com-
pounds inhibit HCV replication, albeit in a PKC-independent
manner.

4. Discussion

HCV replicon systems have made significant contributions in
HCV research and drug development. Nevertheless, as drug screen-
ing tools, replicon systems have limitations because they are not
capable of identifying inhibitors of several important events in the
viral life cycle. The use of HCV cell culture systems should overcome
the drawbacks of the replicon systems and facilitate the identifica-
tion of inhibitors with novel mechanisms of action. Actually, it has
recently been shown that use of an infectious HCV system identified
inhibitors that a replicon-based screen did not recognize (Zhang et
al., 2008).

We developed a simple screening method for HCV inhibitors that
measures the viral RNA released from JFH1-infected cells. The assay
does not require specially engineered viruses. The “tube-capture-
RT-PCR” method obviates the need for labor-intensive RNA isolation
and significantly increases the efficiency of screening. The validity
of the assay was confirmed by successful identification of known
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Fig. 5. Effects of bisindolylmaleimide or indolocarbazole compounds on HCV infec-
tion. (a) Effects of BIM I, BIM 1V, BIM V, and arcyriaflavin A on HCV RNA in the
medium. Huh 7.5.1 cells were seeded and infected with HCV at an MO of 0.01 in
the presence of drugs. After 4 days of incubation, the HCV RNA in the medium was
extracted and quantified. The relative amounts of HCV RNA with BIM 1 (closed circle),
BIM IV (open circle), BIM V (closed rectangle), and arcyriaflavin A (open rectangle)
are represented by solid lines. Cell viability, represented by dotted lines, was deter-
mined by MTT assay of a parallel culture without HCV challenge. (b) Effects of BIM
IV, BIM V and arcyriaflavin A on core proteins in cells. The cells were infected with
JFH1 at an MOI of 0.2 in the presence of the indicated concentrations of compounds
and analyzed as described in Fig. 2c. “—V" indicates control without HCV infection.

HCV inhibitors in the pilot screen. In addition, the assay identified
the PKC inhibitor BIM L.

BIM I is a widely used compound, and it was somewhat sur-
prising to us that its anti-HCV activity had not been reported. HCV
replication in the cell culture system appeared to be considerably
more susceptible to BIM I than in the replicon systems, and this is
probably why this compound had not been identified as an HCV
inhibitor.

Because virus replication is closely linked to host cell growth,
HCV inhibition could occur as a result of cell growth inhibition.
However, as shown in Fig. 2a, BIM I reduced the cytopathic effect
of HCV infection just like interferon-a and cyclosporin A. BIM I,
at 1 .M, enhanced the growth of infected cells almost to the level
of uninfected cells, presumably because HCV replication, but not
cell growth, was inhibited, resulting in a reversal of the cytopathic
effect.

Because the PKC inhibitory properties of bisindolylmaleimides
and indolocarbazoles have been characterized extensively, we
tested a panel of commercially available compounds in the assay
to gain insight into the role of PKC in HCV replication. How-
ever, no correlation between PKC inhibition and antiviral activity
could be found. Anti-HCV activity did not involve PKC inhibition,

apparently because a non-PKC-inhibitory analog, BIM V, was also
active. Furthermore, PKC inhibitors with different structures, such
as calphostin C and H-7, did not show specific inhibition of HCV
(data not shown).

Previous studies have indicated that bisindolylmaleimide PKC
inhibitors have cellular targets other than PKC. It has been shown
that BIMIand Ro31-8220 inhibit p70S6K and p90RSK (Alessi, 1997;
Roberts et al., 2005) and that BIM V inhibits p70S6K (Marmy-Conus
et al., 2002). Although we did not monitor the activities of these
enzymes in our experiments, inhibition of p70S6K is unlikely to
be responsible for the anti-HCV effect of PKC inhibitors, because
Ishida et al. reported that silencing of p70S6K enhanced HCV RNA
abundance (Ishida et al., 2007).

Bisindolylmaleimides and indolocarbazoles have also been
reported to inhibit the ATP-binding cassette (ABC) transporters P-
glycoprotein and multidrug resistance-associated protein 1 (MRP1),
efflux pumps that play important roles in cancer drug resistance
(Merritt et al., 1999; Gekeler et al., 1995). More recently, Robey et
al. reported that BIMs L IL, IIf, IV, and V, K252¢, and arcyriaflavin A
inhibit ABCG2, an ABC half-transporter that confers resistance to
various antitumor agents (Robey et al., 2007). Whether ABC trans-
porters play any role in HCV infection awaits further study. We are
currently examining the anti-HCV effects of other ABC transporter
inhibitors.

In conclusion, we developed a simple infectious HCV system-
based assay that can be used for high-throughput screening of
HCV inhibitors and identified bisindolylmaleimides and indolocar-
bazoles. These compounds might represent lead substances for the
development of new HCV drugs. Further analysis of the mecha-
nism of HCV-inhibition by these compounds might reveal a new
mechanism of regulation of HCV infection.
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FLP, like Cre, is a frequently employed site-specific recombinase. Because
wild-type FLP (wtFLP) is thermolabile, a thermostable FLP mutant (FLPe) has
been developed for efficient recombination of FLP in studies using
mammalian cells and animals. FLPe and wtFLP have been compared in
multiple assays in vitro and in vivo, and in mouse genetics, FLPe has been
shown to be very effective like Cre. Here we show an adenovirus vector
(AdV) system to be valuable for quantitative measurements of the enzyme
activity in mammalian cells and, using this system, precisely compare
activities of wtFLP and FLPe, Unexpectedly, we found that the recombination
efficiency of FLPe enzyme was lower on a molar basis than that of wtFLP even
at 37 °C and, consequently, that the higher recombination yield per transduced
AdV genome expressing FLPe compared to wtFLP was due not to inherently
higher enzyme activity, but rather to higher steady-state levels of FLPe by its
thermostability. Therefore, trying to increase FLPe levels further, we generated
a “humanized” FLPe (hFLPe) gene with codon usage optimized for mammals.
hFLPe produced about 10-fold more FLPe enzyme in transfection experiments
than FLPe, as expected. However, hFLPe-expressing AdV was unstable and
could not be prepared without deletion, suggesting that a subtle deleterious
effect of FLP on 293 cells may exist. With hFLPe-expressing AdV thus
unavailable, of the AdV constructs tested, AdV-expressing FLPe yielded the
most recombined targets, despite the lower recombination efficiency of FLPe
per enzyme molecule compared with that of wtFLP. We found hFLPe to be
valuable for plasmid transfection, and its properties are probably suitable for
experiments involving cell lines and transgenic mice.
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Site-specific recombinases for analyzing gene

recombinase, derived from Saccharomyces cerevisine,
is a member of the \ integrase family and recognizes
a 34-base-pair (bp) FRT (FLP recognition site)

function are an important tool for both in vitro and
in vivo studies, Recombinases can induce a deletion,
insertion, or inversion of DNA sequences by
connecting their target sequences without requiring
any other specific factor; these DNA rearrangements
can mediate gene activation and inactivation. FLP
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Abbreviations used: wt, wild type; wiFLP, wild-type
FLP; FLPe, thermostable FLP mutant; AdV, adenovirus
vector; hFLPe, humanized FLPe; FRT, FLP recognition site;
£S5, embryonic stem; GFP, green fluorescent protein; pA,
polyadenylation; FACS, fluorescence-activated cell sorter;
MO, multiplicity of infection.

recognition target sequence; by now well character-
ized, FLP has been utilized for gene regulation in
plants," Drosophila,** mammalian cell cultures,””
and mouse transgenics.”'" Another site-specific
recombinase, Cre'""! (derived from bacteriophage
P1), is used similarly; however, Cre has been
reported to be toxic to cells not only during
constitutive expression,'”"'” but also during transi-
ent expression.!® Therefore, the use of Cre is some-
times problematic. In contrast, FLP has never been
reported to be toxic.

While Cre activity is stable at temperatures over
37 °C," the optimum temperature of wild-type FLP
(WtFLP) is about 30 °C due to its poor thermo-
stability."” The drawback was overcome by the
development of a thermostable mutant of FLP
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