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NF-IL6—deficient cells (Fig. 2 E). Together, compared with Trib1-
deficient cells, converse phenotypes in terms of TLR -mediated
immune responses are observed in NF-IL6—deficient cells.

Inhibition of NF-1L6 by Trib1 overexpression

To test whether Tribl down-regulates NF-IL6—dependent
activation, HEK293 cells were transfected with an NF-IL6—
dependent luciferase reporter plasmid together with NF-IL6
and various amounts of Tribl expression vectors (Fig, 3 A).
NF-IL6-mediated luciferase activity was diminished by co-
expression of Tribl in a dose-dependent manner. Moreover,
RAW264.7 macrophage cells overexpressing Trib1 exhibited
reduced expression of mPGES and 24p3 in response to LPS
(Fig. S3 A, available at http://www jem.org/cgi/content/full/
jem.20070183/DC1). We next tested NF-IL6 DNA-binding
activity by EMSA and observed less NF-IL6 DNA-binding
actvity in HEK293 cells coexpressing NF-IL6 and Trib1 than
in ones transfected with the NF-IL6 vector alone (Fig. 3 B),
presumably accounting for the down-regulation of the
NF-IL6—dependent gene expression by Tribl. We then ex-
amined the effect of Trib1 on the amounts of NF-IL6 proteins
by Western blotting. Although the diminution of NF-IL6 by
Trib1 was marginal when excess amounts of NF-IL6 were ex-
pressed, we found that the transient expression of lower levels of
NF-IL6, together with Trib1, resulted in a reduction of NF-IL6
in HEK293 cells (Fig. 3 C). Also, endogenous levels of NF-
IL6 proteins in RAW?264.7 cells overexpressing Tribl were
markedly less than those in contro! cells (Fig. 3 D). These results
demonstrated that overproduction of Trib1 might negatively
regulate NF-IL6 acdvity in vitro.

Up-regulation of NF-IL6 in Trib1-deficient cells

We next attempted to check the in vivo status of NF-IL6 in
Trib1-deficient cells by comparing the NF-IL6 DNA-bind-
ing activity in Tribl-deficient macrophages with that in
wild-type cells by EMSA. Although LPS-induced NF-kB-
DNA complex formation in Tribl-deficient cells was simi-
larly observed, Tribl-deficient cells exhibited elevated levels
of C/EBP-DNA complex formation compared with wild-
type cells (Fig. 4 A). We further examined whether the
C/EBP-DNA complex in Tribl-deficient cells contained
NF-IL6 by supershift assay. Addition of anti—NF-IL6 anti-
body into the C/EBP-DNA complex yielded more super-
shifted bands in Tribl-deficient cells than in wild-type cells
(Fig. 4 B). In addition, the C/EBP-DNA complex was not
shifted by the addition of anti-C/EBPS (also known as
NF-IL6B) antibody (Fig. $4 A, available at http://www
.Jjem.org/cgi/content/full/jem.20070183/DC1), suggesting
that NF-IL6 DNA-binding activity is augmented in Trib1-
deficient cells. We then examined the amounts of NF-IL6
proteins by Western blotting (Fig. 4 C). Compared with
wild-type cells, Tribl-deficient cells showed increased
levels of NF-IL6 proteins. Finally, we examined NF-IL6
mRNA levels by Northern blotting and observed enhanced
expression of NF-IL6 mRNA in Trib1-deficient cells (Fig.
4 D), which is consistent with the autocrine induction of
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Figure 3. Inhibition of NF-IL6 activity by Trib1 overexpression.

(A} HEK293 cells were transfected with an NF-IL6-dependent luciferase
reporter together with either Trib1 and/or NF-IL6 expression plasmids. Lucif-
erase activities were expressed as the fold increase over the background
shown by lysates prepared from mock-transfected cells. Indicated values are
means = SD of triplicates. (B) HEK293 cells were transfected with 0.1 pg
NF-IL6 expression vector together with 4 g Trib1 expression plasmids.
Nuclear extracts were prepared, and C/EBP DNA-binding activity was deter-
mined by EMSA using a probe containing the NF-IL6 binding sequence from
the mouse 24p3 gene. (C) Lysates of HEK293 cells transiently cotrans-
fected with 2 pg of Aag-tagged Trib1 alone or the indicated amounts of

. Myc-tagged NF-IL6 expression vectors were immunoblotted with anti-Myc

or -Flag for detection of NF-IL6 or Trib1, respectively. (E) RAW 264.7 cells
stably transfected with either an empty vector or Aag-Trib1 were stimulated
with 10 ng/mi LPS for the indicated periods. The cell lysates were immuno-
blotted with the indicated antibodies. A protein that cross-reacts with the
antibody is indicated (*). Data are representative of three (A and C) and two
(B and D}, separate experiments.
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Figure 4. Up-regulation of NF-IL6 activity in Trib1-deficient cells.
(A) Peritoneal macrophages from wild-type or Trib1-deficient mice were
stimulated with 10 ng/ml LPS for the indicated periods. Nuclear extracts
were prepared, and C/EBP DNA-binding activity was determined by EMSA
using a C/EBP consensus probe. (B} Nuclear extracts of wild-type and Trib1-
deficient unstimulated macrophages were preincubated with anti-NF-IL6,
followed by EMSA to determine the C/EBP DNA-binding activity. Super-
shifted bands are indicated (*). (C) Peritoneal macrophages from wild-type
or Trib1-deficient mice were stimulated with 10 ng/mi LPS for the indicated
periods and lysed. The cell lysates were immunoblotted with the indicated
antibodies. A protein that cross-reacts with the antibody is indicated (*).

(D) Total RNA (10 pg) from unstimulated peritoneal macrophages from
wild-type or NF-IL6-deficient mice was extracted and subjected to North-
ern blot analysis for expression of the indicated probes. Data are represen-
tative of two (A and B) and three (C and D) separate experiments.

NF-IL6 mRNA in a previous study (15). Thus, Trib1 may neg-
atively control amounts of NF-IL6 proteins, thereby affecting
TLR -mediated NF-IL6—dependent gene induction.

DISCUSSION

In this study, we demonstrate by microarray analysis and bio-
cheniical studies that Trib1 is associated with NF-IL6 and negates
NF-IL6—dependent gene expression by reducing the amounts of
NF-IL6 proteins in the context of TLR -mediated responses.
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Especially regarding IL-12 p40, although the microarray data
showed an almost twofold reduction of the mRNA in Trib1-
deficient cells (Table S1), the production was three to four imes
lower than that in wild-type cells (Fig. 1 C), suggesting trans-
lational control of IL-12 p40 by Trib1 in addition to the tran-

scriptional regulation. Moreover, the transcription of the

IL-12 p40 gene itself may be affected by not only the amount
of NF-IL6 proteins but also the phosphorylation or the isoforms
such as liver-enriched activator protein and liver-enriched in-
hibitory protein (16-18). The molecular mechanisms of how
Tribl deficiency affects IL-12 p40 production on the tran-
scriponal or translational levels through NF-IL6 regulatdon
need to be carefully studied in the future.

The name Trib is originally derived from the Drosophila
mutant strain tribbles, in which the Drosophila tribbles protein
negatively regulates the level of Drosophila C/EBP slbo protein
and C/EBP-dependent developmental responses such as bor-
der cell migration in larvae (19-22). It is also of interest that
Tribl-deficient female mice and Drosophila in adulthood are
both infertile (unpublished data) (18). In mammals, other Trib
family members such as Trib2 and Trib3 have recently been
shown to be involved in C/EBP-dependent responses (23, 24).
Mice transferred with bone marrow cells, in which Trib2 is
retrovirally overexpressed, display acute myelogenous leuke-
mia-like disease with reduced activities and amounts of
C/EBPa (23). In addition, ectopic expression of Trib3 inhibits
C/EBP-homologous protein-induced ER stress—-mediated
apoptosis (24). Thus, the function of tribbles to inhibit C/EBP
activities by controlling the amounts appears to be conserved
throughout evolution.

Given the up-reguladon of the mRNA in Trib1-deficient
cells (Fig. 4 D), the reduction of NF-IL6 in Tribl-overex-
pressing cells (Fig. 3 C), the auto-regulation of NF-IL6 by it-
self (15), and the degradation of C/EBPa by Trib2 (23) and
slbo by tribbles (22), the loss of Trib1 might primarily result in
impaired degradation of NF-IL6 and, subsequently, in exces-
sive accurnulation of NF-IL6 via the autoregulation in Trib1-
deficient cells.

In this study, we focused on the involvement of Tribl in
TLR -mediated NF-IL6-dependent gene expression. However,
given that the levels of NF-IL6 proteins were increased in
Tribl-deficient cells, it is reasonable to propose that other
non—TLR -related NF-IL6—dependent responses might be en-
hanced in Trib1-deficient mice. Moreover, Trib3 is also shown
to be involved in insulin-mediated Akt/PKB activation in the
liver by mechanisms apparently unrelated to C/EBP, suggest-
ing that Trib family members possibly function in a C/EBP-
independent fashion (25-27). Future studies using mice lacking
other Trib family members, as well as Trib1, may help to un-
ravel the nature of mammalian tribbles in wider points of view:

MATERIALS AND METHODS

Generation of Tribl-deficient mice. A genomic DNA containing the
Trib1 gene was isolated from the 129/SV mouse genomic library and char-
actetized by restriction enzyme mapping and sequencing analysis. The gene
encoding mouse Tribl consists of three exons. The targeting vector was
constructed by replacing a 0.4-kb fragment encoding the second exon of the
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Tirb1 gene with a neomycin resistance gene cassette (neo) (Fig. S1 A). The
targeting vector was wansfected into embryonic stem cells (E14.1). G418 and
gancyclovir doubly resistant colonies were selected and screened by PCR
and Southem blot analysis (Fig. S1 B). Homologous recombinants were mi-
croinjected into C57BL/6 female mice, and heterozygous F1 progenies were
intercrossed to obtain Trib1*/~ mice. We interbred the heterozygous mice
to produce offspring carrying a null muuton of the gene encoding Tribl.
Tribl-deficient mice were born at the expected Mendelian ratio and showed
a slight growth retardation with reduced body weight unil 2~3 wk after
birth (unpublished data). Trib1-deficient that mice survived for >6 wk were
analyzed in this study. To confirm the disruption of the gene encoding
Trib1, we analyzed total RNA from wild-type and Tribl-deficient perito-
neal macrophages by Norther blotting and found no transcripts for Trib1 in
Tribl-deficient cells (Fig. S1 C). All animal experiments were conducted
with the approval of the Animal Research Committee of the Research Insti-
tute for Microbial Diseases at Osaka University.

Reagents, cells, and mice. LPS (a TLR 4 ligand) from Salmonella minnesota
Re 595 and anti-Flag were purchased from Sigma-Aldrich. BLP (TLR 1/
TLR2), MALP-2 (TLR2/TLRS), and CpG oligodeoxynucleotides (TLR.9)
were prepared as previously described (28). Andphosphorylated extracellular
signal-regulated kinase, Jnk, and p38 antdbodies were purchased from Cell
Signaling. Anti-NF-1L6 (C/EBPB), C/EBPSJ, actn, IkBa, and Myc-probe
were obtained from Santa Cruz Biotechnology, Inc. NF-IL6~deficient mice
were as previously described (29). Epitope-tagged Tribl fragments were
generated by PCR using ¢<DNA from LPS-stimulated mouse peritoneal
macrophages as the template and cloned into pcDNA3 expression vectors,
according to the manufacturer’s instructions (Invitrogen).

Measurement of proinflammatory cytokine concentrations. Peritoneal
macrophages were collected from peritoneal cavities 96 h after thioglycollate
injection and cultured in 96-well plates (10° cells per well) with the indicated
concentrations of the indicated ligands for 24 h, as shown in the figures.
Concentratons of TNF-a, IL-6, and IL-12 p40 in the culture supernatant
were measured by ELISA, according to manufacturer’s instructions (TNF-a
and IL-12 p40, Genzyme; IL-6, R&D Systems).

Luciferase reporter assay. The NF-IL6-dependent reporter plasmids were
constructed by inserting the promoter regions (—1200 to +53) of the mouse
24p3 gene amplified by PCR into the pGL3 reporter plasmid. The reporter
plasmids were transientdy cotransfected into HEK293 with the control Renifla
luciferase expression vectors using a reagent (Lipofectamine 2000; Invitrogen).
Luciferase activities of total cell lysates were measured using the Dual-Luciferase
Reporter Assay System (Promega), as previously described (28).

Yeast two-hybrid analysis. Yeast two-hybrid screening was performed as
described for the Matchmaker two-hybrid system 3 (CLONTECH Labora-
tories, Inc.). For construction of the bait plasmid, the full length of human
Tribl was cloned in frame into the GAL4 DNA-binding domain of pG-
BKT7. Yeast strain AH109 was transformed with the bait plasmid plus the
human lung Matchmaker cDNA library. After screening of 10° clones, posi-
dve clones were picked, and the pACT?2 library plasmids were recovered
from individual clones and expanded in Escherichia coli. The insert cDNA was
sequenced and characterized with the BLAST program (National Center for
Biotechnology Information).

Microarray analysis. Peritoneal macrophages from wild-type or Trib1-
deficient mice were left untreated or were treated for 4 h with 10 ng/ml
LPS in the presence of 30 ng/ml IFN-y. The cDNA was synthesized and
hybridized to Murine Genome 430 2.0 microarray chips (Affymetrix), ac-
cording to the manufacturer’s instructions. Hybridized chips were stained
and washed and were scanned with a scanner (GeneArray; Affymetrix).
Microarray Suite software {version 5.0; Affymewix) was used for data analysis.
Microarmay data have been deposited in the Gene Expression Omnibus under
accession no. GSE8788.
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Western blot analysis and immunoprecipitation. Peritoneal macro-
phages were stimulated with the indicated ligands for the indicated periods,
as shown in the figures. The cells were lysed in a lysis buffer (1% Nonidet P-
40, 150 mM NaCl, 20 mM Tris-Cl [pH 7.5}, 5 mM EDTA) and a protease
inhibitor cockrail (Roche). The cell lysates were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membranes. For immuno-
precipiation, cell lysates were precleared with protein G—sepharose (GE Health-
care) for 2 h and incubated with protein G—sepharose containing 1 pg of the
antbodies indicated in the figures for 12 h, with rotation at 4°C. The immuno-
precipitants were washed four times with lysis buffer. eluted by boiling with
Laemmli sample buffer, and subjected to Western blot analysis using the in-
dicated antibodies, as previously described (28).

EMSA and supershift assay. 2 X 10° peritoneal macrophages were simu-
lated with the indicated simulants for the indicated periods, as shown in the
figures. 2 X 10% HEK293 cells were transfected with 0.1 pg Myc-NF-IL6
and/or 4 pg Flag-Tribt expression vectors. Nuclear extracts were purified
from cells and incubated with a probe containing a consensus C/EBP DNA-
binding sequence (5'-TGCAGATTGCGCAATCTGCA-3'; Fig. 4, A and B)
or mouse 24p3 NF-IL6 binding sequence (sense, 5'-CTTCCTGTTGCT-
CAACCTTGCA -3'; antisense, 5'-TGCAAGGTTGAGCAACAGGAAG
~3'; Fig. 3 B). electrophoresed, and visualized by autoradiography, as previ-
ously described (28, 30). When the supershift assay was performed, nuclear
extracts were mixed with the supershifi-grade antibodies indicated in the
figures before the incubation with the probes for 1 h on ice.

Online supplemental material. Fig. S1 showed our strategy for the tar-
geted disruption of the mouse Trib1 gene. Fig. S2 showed the status of pro-
inflammatory cytokine production in response to various TLR ligands and
LPS-induced activation of MAP kinases and IkB degradation. Fig. S3 showed
decreased expression of NF-IL6—dependent gene in Tribl-overexpressing
cells. Fig. S4 showed that the C/EBP-DNA complex in Trib1-deficient cells
contained NF-IL6, but not C/EBPS. Table S1 provides a complete list of
the LPS-inducible genes studied. Online supplemental material is available at
htp://www jem.org/ cgi/ content/full/jem.20070183/DC1.
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SUMMARY

Hepatitis C virus (HCV) is the major causative agent of blood-borne hepatitis. The majority of HCV-infected
individuals develop chronic hepatitis, which eventually progresses to liver cirrhosis, and hepatocellular carcinoma.
Although the precise mechanisms of entry, replication, assembly, egress and pathogenesis of HCV are largely
unknown, information about viral receptor candidates has accumulated by the development of pseudotype viruses
and an in vitro replication system of the HCV JFH1 strain. Furthermore, the autonomous RNA replication system
based on the artificial viral genome revealed that HCV replicates in the intracellular replication complex composed
of viral and host proteins. Recently, an immunosuppressant, cyclosporin A and inhibitors for sphingolipid synthesis
and chaperon were reported to inhibit the replication of HCV by counteracting the interplay between host and
viral proteins. This review considers the current knowledge of the host proteins that participate in HCV replication
and the possibility of developing novel therapeutics intervention for chronic hepatitis C. Copyright © 2007 John Wiley

& Sons, Ltd.
Received: 22 March 2007; Accepted: 10 April 2007

INTRODUCTION

Hepatitis C, which is caused by infection with
hepatitis C virus (HCV), is a serious form of
chronic hepatitis with steatosis and cirrhosis, and
eventually leads to hepatocellular carcinoma [1].
HCV is classified into a member of genus Hepaci-
virus of the family Flaviviridae [1]. Epidemiological
study reveals that 170 million individuals world-
wide are infected with HCV, mostly through
blood-borne infection [2]. Introduction of combi-
nation therapy with interferon alpha and ribavirin
‘improved therapeutic efficacy, but had no effect on
half of the individuals infected with a high viral
load of HCV genotype 1 [3,4]. Therefore, effective
therapeutic measures are required for the treat-

*Corresponding author: Y. Matsuura, DVM, PhD, Department of
Molecular Virology, Research Institute for Microbial Diseases, Osaka
University 3-1 Yamada-oka, Suita, Osaka 565-0871, Japan.
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Abbreviations used

CaM, calmodulin binding domain; Dhh, Desert hedgehog; ER, endo-
plasmic reticulum; FBD, FK506-binding domain; FKBP, FK506-bind-
ing proteins; HCV, hepatitis C virus; Ihh, Indian hedgehog; MSP,
major sperm protein; NS, nonstructural; ORPs, oxysterol-binding
protein-related proteins; Ptc, Patched; Smo, Smoothened; Shh, Sonic
hedgehog; VAMP, vesicle-associated membrane protein.

ment of hepatitis C patients who are not respon-
sive to chemotherapy. An HCV replicon system
was established as a representative functional sys-
tem composed of an antibiotic gene for selection
and HCV genomic RNA for autonomous replica-
tion in the intracellular compartments around the
endoplasmic reticulum (ER) [5]. Studies on HCV
replication have used the replicon system, and
small chemicals targeted to HCV proteins have
been identified [6~10). On the other hand, a pseu-
dotype viral system based on the vesicular stoma-
titis virus and retrovirus has been developed to
study the receptor determination and the entry
mechanism [1]. Recently, an in vitro cell culture
system for HCV of genotype 2a, which is highly
sensitive to interferon therapy [11,12], has been
developed [13-15]. However, a robust cell culture
system for the HCV 1a and 1b genotypes, which
are both the most prevalent genotypes in the
world and resistant to interferon therapy, has not
yet been successful.

HCV possesses a single positive strand RNA
genome encoding a large polyprotein composed
of approximately 3000 amino acid residues [1].
The polyprotein is cleaved by the viral proteases
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NS2 and NS3 and by host proteases including sig-
nal peptidase and signal peptide peptidase. Viral
structural protein, capsid protein (core) and two
envelope proteins (E1 and E2) occupy the N-term-
inal third of the polyprotein, while nonstructural
(NS) proteins located in the remaining region.
NS3, NS4A, NS4B, NS5A and NS5B are essentially
required for autonomous replication in the repli-
con cells [5]. NS3 possesses the RNA helicase and
protease activities [16,17], and NS4A fulfils ancho-
ring NS3 on the intracellular membrane [18]. NS4B
is a membrane protein modelling the ER mem-
brane in order to make it suitable for efficient
HCV viral replication [19]. NS5A is a phosphopro-
tein required for HCV replication [20], because
adaptive mutations for efficient RNA replication
in the HCV replicon were selectively introduced
into the NS5A coding region [21]. NS5B is the
active subunit of the replication complex known
as an RNA-dependent RNA polymerase [22].
Recent reports suggest that several host proteins
attend to the formation of the HCV replication
complex [9,10,23,24]. In this review, we summarise
the physiological and pathological functions of the
host proteins that directly or indirectly participate
in the replication of HCV.

IMMUNOPHILINS AND HSP90
The peptide bond cis/trans isomerases catalyse the
conversion between cis and trans peptide bonds for

correct folding of the protein substrate, including
peptidyl prolyl cis/trans isomerase (PPlase), such
as the families of cyclophilins [25], FK506-binding
proteins (FKBP) [26,27] and parvulins [28] and the
secondary amide peptide bond cis/trans isomerase
(APlase) [29]. Cyclophilin and FKBP are classified
as immunophilins capable of binding to immuno-
suppressants cyclosporine and FK506, respectively
[30]. The family members do not share a homolo-
gous domain with each other, based on their amino
acid sequences, substrate specificities and inhibitor
sensitivities. Recently, cyclophilin B and FKBPS8
were shown to interact with NS5B and NS5A,
respectively, and to regulate HCV replication
[9,10], suggesting that the immunophilins are pro-
mising therapies for chronic hepatitis C (Figure 1).

Cyclophilin B

A study of the host gene related to resistance to
retrovirus infection revealed that HIV capsid inter-
acts with cyclophilin A [31], which is incorporated
into viral particles, but its precise functions in the
viral life cycle have not been elucidated yet. HIV
particles lacking cyclophilin A exhibited no
abnormality in virus packaging, reverse transcrip-
tase activity or capsid stability [32]. However, in
macaque cells, cyclophilin A modulates conforma-
tion of gag capsid protein to facilitate the interac-
tion with TRIMb5alpha, a potent antiretroviral
restriction factor and confers resistance to human

5.3 ] 1§m 28
Cyclophilin B Cyclophilin domain . _TM
1 1 . zgg___‘,zsw_‘_mmmm”m a1 3 3 ap
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idyl proiyl
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trans cis 0/\ R,

Figure 1. Structures of cyclophilin B and FKBPS. Cyclophilin B possesses a cyclophilin domain and a transmembrane region. FKBP8 has
an FK506-binding domain (FBD), three sets of tricopeptide repeats (TPRs), a calmodulin-binding domain (CaM) and a transmembrane
region (TM). Both proteins catalyse the conversion between cis and trans propyl peptide bonds for correct folding of protein substrate
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retrovirus, which participates in the establishment
of host range restriction [33,34].

Cyclophilin B, formerly called s-cyclophilin, is
identified as a 20kDa secreted neurotrophic factor
for spinal cord cells of chick embryo [35], and it is
secreted into human milk and blood [36,37]. Extra-
cellular cyclophilin B enhances the retrotransloca-
tion of prolactin into nucleus [38], is implicated in
the presynaptic function by interacting with
synaptin [, and impairs the correct folding of prion
protein in the presence of cyclosporin A, leading to
accumulation in aggresomes [39]. Therefore, cyclo-
philin B may regulate the correct folding and
translocation of host proteins under extracellular
and intracellular conditions, although its precise
functions are still unknown.

Cyclosporin A and its derivatives capable of
inhibiting cyclophilins were shown to inhibit
HCV RNA replication and to be effective in the
treatment of hepatitis C patients [9,40,41]. Inoue
et al. [42] reported at the first time that cyclosporin
A is effective for the treatment of hepatitis C
patients. Cyclosporin derivatives lacking the abil-
ity to interact with cyclophilin lost their inhibitory
effect on HCV replication [9]. Cyclophilin B was
shown to specifically interact with NS5B, the
HCV RNA-dependent RNA polymerase, around

Cyclosporin A

\ N.SSB / (

the ER of the HCV replicon cells and to promote
NS5B’s association with the viral RNA [9]. Cyclos-
porin A was shown to disrupt interaction between
NS5B and cyclophilin B [9] (Figure 2). Treatment
with cyclosporin A and knockdown of cyclophilin
B suppressed the replication of HCV, suggesting
that cyclophilin B plays an important role in
HCV genome replication by enhancing the interac-
tion between NS5B and viral RNA [9].

FKBP8

HCV NS55A is an essential component of the viral
replication complex, although NS5A’s function
has not been clarified yet. We screened the human
fetal brain and liver libraries using a yeast two-
hybrid system that employs HCV NS5A as bait
and identified FKBP8 as an NS5A-binding partner
[10] (Figure 2). An immunoprecipitation analysis
revealed that NS5A bound to FKBP8 but not to
FKBP52 or cyclophilin D, all three of which have
homology to each other.

FKBP8 belongs to the FKBP family based on
sequence similarity, but lacks the amino acid resi-
dues essential for either FK506 binding or PPlase
activity [43]. Recent biochemical and enzymologi-
cal studies indicate that FKBP8 has weak PPlase
activity and low affinity to FK506 [44,45], suggest-

Hsp90 Geldanamycin

. . N domain (ATPase)

Figure 2. Interaction of HCV NS5A and NS5B proteins with immunophilins and Hsp90. Cyclophilin B interacts with NS5B. FKBPS inter-

acts with NS5A and Hsp90 through the different regions within TPR domains. Lys®”’

and Arg®" of the FKBPS carboxylate clamp motif

are required for binding to the MEEVD motif of Hsp90. Cyclosporin A inhibits interaction between cyclophilin B and NS5B. Geldana-

mycin is an inhibitor of the ATPase activity of Hsp90
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ing that FK506 is unable to modulate FKBP8 func-
tion. Previously, FKBP8 was termed FKBP38 or
FKBPr38 (FKBP-related protein 38kDa) from the
deduced molecular weight of 38kDa based on
the fact that the incomplete amino acid sequence
was missing the N-terminal part of the authentic
FKBPS. The true transcription and translation initia-
tion sites were identified in the upstream of the
original start site in the genomic sequences [46].
The FKBP8 splicing variants of 44 and 46kDa
were detected in mouse but not in human, and
the 45kDa of human FKBP8 corresponds to the
44 kDa of murine protein [46].

The physiological function of FKBP8 is largely
unknown, but is slightly elucidated from the
data of genetically manipulated mice [47].
FKBP8—/— mice exhibit a phenotype similar to
that of mutant mice under the excessive activation
of the Sonic hedgehog (Shh) protein, a secreted
morphogen that regulates the patterning and
growth of many tissues in the developing mouse
embryo [47]. Human and mouse have three spe-
cies of hedgehog proteins: Indian hedgehog
(Ihh), Desert hedgehog (Dhh) and Shh [4849].
IThh and Dhh are predominantly expressed in
bone and gonads, respectively, whereas Shh is ubi-
quitously expressed in many organs such as brain,
liver and lungs. Shh is secreted as glycoprotein
from the ventral midline of the spinal cord and is
involved in the regulation of the genes related to
the control of ventral fate in the spinal cord and
forebrain [50,51}. Hedgehog protein generally
binds to the receptor protein Patched (Ptc) and
then inhibits the function of the membrane protein
Smoothened (Smo) [52,53]. Smo activates the pro-
tein kinase A, which suppresses the transcription
factor GLI protein by phosphorylation [54]. Phos-
phorylated GLI was inactivated by cleavage and
acts as a transcriptional repressor against a full
length of GLI in hedgehog signalling [54]. Hedge-
hog protein binds to the receptor Ptc and then
inhibits Smo, leading to the accumulation of the
full length of the GLI protein [55]. Deficiency in
the murine Shh gene. or knockouts of the genes
required for Shh signal transduction abolished
control over morphological formation [51,56]. On
the other hand, excessive Shh signalling exhibited
the opposite phenotype, including cells that inap-
propriately adopt ventral identities for dorsal
identities [48,57]. FKBP8-deficient mice were
reported to exhibit phenotypes similar to those of

mice expressing excessive Shh signalling, except
that the FKBP8-deficient mice had no abnormal-
ities of the limb pads, bronchial arches or somites
[47]. Shh—/— and FKBP8-/— double knockout
embryos showed partial rescue of cyclopia and
holoprosencephaly, but still showed limb out-
growth defect [47]. These results suggest that Shh
signalling in the brain is overlapped with FKBP8-
controlled signalling including phosphorylation
and protein—protein interaction. Shirane et al. [58]
suggest that FKBP8 is an inherent phosphatase
inhibitor and retains Bcl-2 on mitochondrial mem-
brane to inhibit apoptosis. However, there was no
difference between wild-type and FKBP8-deficient
mice with respect to apoptosis, suggesting that
FKBP8 deficiency does not affect physiological
apoptosis. FKBP8 may modulate a phosphatase
such as calcineurin to enhance the phosphoryla-
tion required for suppression of Shh signalling.

Hsp90

Proteomics analysis reveals that FKBP8 forms a
complex with Hsp90 to act as a co-chaperone
[10]. Although both NS5A and Hsp90 bound to
the TPR domain of FKBPS8, interaction between
NS5A and FKBP8 did not affect homomultimerisa-
tion of FKBP8 or complex formation with Hsp90.
The amino acid residues of the carboxylate clump
position in the TPR domain of FKBP8 grasp the C-
terminal MEEVD muotif of Hsp90. Mutations of the
residues in the carboxylate clump of FKBP8 sup-
pressed the interaction with Hsp90 but not that
with NS5A, suggesting that FKBP8 interacts with
NS5A and Hsp90 at different sites within the
TPR domain. Knockdown of FKBP8 and treatment
with geldanamycin, an ATPase inhibitor of Hsp90,
downregulated HCV replication in HCV replicon
cells. These data suggest that recruitment of Hsp90
to the replication complex through the interaction
between FKBP8 and NS5A is crucial for the repli-
cation of HCV (Figure 2). It is also feasible to spec-
ulate that NS5A modulates the activity of unidentified
phosphatases by the interaction with FKBP8 to
facilitate the replication of HCV RNA. Although
Hsp90 was shown to be involved in the cleavage
between NS2 and NS3 {59], NS2 is not required
for the replication of the HCV genome [5].

Hsp90 was suggested to be involved in the enzy-
matic activity and intracellular localisation of sev-
eral viral enzymes, including polymerases. Hsp90
was shown to bind to a viral polymerase subunit
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of influenza virus to facilitate the replication com-
plex formation and the nuclear localisation of the
viral polymerase subunit [60,61]. The DNA poly-
merase of herpes simplex virus type 1 required
the chaperone activity of Hsp90 for the nuclear
localisation of the polymerase [62]. Flock house
virus utilises Hsp90 to assemble the complex of
the RNA-dependent RNA polymerase on the
intracellular membrane [63]. Knockdown and
treatment with Hsp90 inhibitor revealed that
Hsp90 activity is important for the rapid growth
of negative strand RNA viruses [64]. Furthermore, ’
Hsp90 was shown to be required for the activity of
the hepatitis B reverse transcriptase [65,66]. Hsp90
- generally requires the co-chaperone protein to
acquire specificity to the substrate client. There-
fore, Hsp90 and co-chaperones are crucial mole-
cules required for the efficient replication of a
broad range of viruses and are an ideal target for
antivirals with broad spectra. Recently, Hsp90
inhibitors were shown to drastically impair the
replication of poliovirus without any emergence
of escape mutants [67]. .

Immunophilins and Hsp90 may be involved in
HCV replication through the correct folding of
the replication complex required for efficient enzy-
matic activity. In addition, cyclophilin B may also
participate in the translocation of NS5B, as seen in
the polymerase subunits of influenza virus, to
facilitate binding to viral RNA. Elucidation of the
HCYV replication complex may lead to the develop-
ment of new therapeutics for chronic hepatitis C.

VESICLE-ASSOCIATED MEMBRANE
PROTEIN-ASSOCIATED PROTEINS

VAPs were originally identified as proteins that
bind to vesicle-associated membrane protein
(VAMP) in the nematode Aplysia and were desig-
nated as VAMP-associated protein 33kDa (VAP-
33) [68]. After that, one homologue and its splicing
variant were identified as VAP-B and -C, respec-
tively [69], and VAP-33 has been renamed VAP-
A. Although VAP-A was suggested to be required
for delivery of components into the presynaptic
membrane of Aplysia ganglion [68,70], in mouse
organs both VAP-A and -B localise in the intracel-
lular membrane compartments, including ER, but
not in the VAMP [68,71]. In addition, VAP-A, -B
and -C are ubiquitously expressed in mammalian
organs, such as heart, placenta, lung, liver, skeletal
muscle and pancreas [72], suggesting that VAP

proteins possess have other functions besides neu-
rotransmitter release [69,70,73].

VAP is a type Il membrane protein composed of
three functional domains: the N-terminal half of
the protein, which is highly homologous with the
nematode major sperm protein (MSP); the coiled-
coil domain and the transmembrane domain.
VAP-A shares 60% identity with VAP-B, while
VAP-C is the splicing variant of VAP-B that lacks
a transmembrane domain [69]. MSP was identified
as one of the major proteins of the nematode
sperm [74] and forms a microfilament required
for amoeboid motility through the push—pull theo-
ry. MSPs form a subfilament by homodimerisation
through the Ig-like domain and coiled coil around
each other to form a filament. Several filaments are
further assembled around each other to make a
macrofiber [75,76]. The MSP-like domain was
identified in several mammalian, avian, arthropod,
plant and fungal proteins but not in protist pro-
teins {77].

VAP-interacting proteins share the FFAT motif
represented by the consensus amino acid sequence
EFFDAXE as determined by a comparison of oxy-
sterol-binding protein-related proteins (ORPs)
[78]. However, both VAMP and tubulin are cap-
able of binding to VAP proteins in an FFAT-inde-
pendent manner [70,79-81]. In yeast, Opilp is the
transcriptional repressor of the INO1 gene, which
encodes an inositol-1-phosphate synthase [72,82].
SCS2p is a yeast homologue of VAP and interacts
with Opilp through the FFAT motif to regulate the
expression of the INO1 gene [78]. In mammals,
ceramide is transported by the cargo protein
CERT from ER to Golgi for the synthesis of sphin-
gomyelin [83,84]. VAP-A and -B could anchor
CERT via the FFAT motif to uptake ceramide by
CERT in ER [85], suggesting that VAPs serve as
anchors for the transporter of ceramide in mam-
malian cells rather than as a component of neuro-
transmitter release machinery.

VAP-A and -B were reported to be NS5A-bind-
ing host proteins by the screening of the human
hepatoma cell line library using NS5A as bait in
yeast [23,24]. GST pulldown and immunoprecipi-
tation analyses revealed that NS5A and NS5B
interact with human VAP-A and that the N-term-
inal MSP domain and the coiled-coil domain of
VAP-A are responsible for the binding to NS5B
and NS5A, respectively [24] (Figure 3). Several
host kinases were shown to phosphorylate NS5A,
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Figure 3. Interaction between HCV NS5A protein and VAPs. VAP-A and VAP-B make homo- and hetero-dimers with each other. The
VAP dimer interacts with NS5A and NS5B through the coiled-coil domain and the MSP domain, respectively. VAP-A and VAP-B share
62.9 and 84.9% homology in total and in the MSP domain, respectively

and the hyperphosphorylation of NS5A abrogates
the interaction with human VAP-A, which leads to
the downregulation of HCV replication [20,86-88].
Adaptive mutation for an efficient replication of
HCV RNA in the Huh7 cell line was associated
with hypophosphorylation of NS5A, which
enhances binding to VAP-A [20]. NS5A of HCV
genotype la H77 strain was shown to be hyper-
phosphorylated in both yeast and replicon cells,
and no interaction with VAP-A was detected in
yeast, suggesting that hyperphosphorylation of
NS5A may suppress HCV RNA replication
through by counteracting binding to VAP-A [20].
However, we have demonstrated that NS5A of
genotype 1la H77 strain is capable of binding not
only to VAP-A but also to VAP-B at levels similar
to that of genotype 1b in mammalian cells [23].
Several reports suggest that HCV replication
takes place on the detergent-resistant membrane
fraction [6,89,90]. NS4B is predominantly asso-
ciated with a lipid-raft-like detergent-resistant
fraction, and both NS5A and NS5B are co-localised
in the similar fraction in the presence of N54B [89].

VAP-A was also localised in the detergent-resis-
tant fraction, suggesting that it plays an important
role in HCV replication, because the dominant
negative mutant of VAP-A suppressed the replica-
tion of HCV RNA [89]. VAP-B forms a homodimer
and heterodimer with VAP-A, and knockdown of
VAP-A or VAP-B led to a substantial suppression
of HCV replication [23,91], suggesting that hetero-
dimerisation of VAPs could regulate HCV replica-
tion (Figure 3). The host proteins possessing the
FFAT motif are related to biosynthesis and translo-
cation of lipid [81], whereas NS5A and NS5B do
not have the typical FFAT motif. Although replica-
tion of HCV RNA did not affect lipid biosynthesis,
lipid components are required to form the HCV
replication complex as described below. VAPs
might be involved in the transport of lipid compo-
nents to the HCV replication complex through the
interaction with NS5A and NS5B, resulting in the
upregulation of HCV replication. VAP-B was
shown to interact with Nir2 protein through the
FFAT motif and to remodel the ER structure [92].
It can therefore be speculated that VAPs are asso-
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ciated with remodelling of the HCV replication
complex in the ER membrane through interaction
with Nir2 protein.

HOST PROTEINS MODIFIED BY LIPID AND
INVOLVED IN LIPID BIOSYNTHESIS

Lipid components are required for the assembly,
budding and replication of several viruses [93-
97]. Increases in saturated and monounsaturated
fatty acids enhance HCV RNA replication, in con-
trast to suppression by polyunsaturated fatty acids
[98], suggesting that enzymes associated with lipid
biosynthesis are also involved in HCV replication.
SREBP-1c regulates the transcription of acetyl-CoA
carboxylase, fatty acid synthase and stearoyl-CoA
desaturase, leading to the production of saturated
and monounsaturated fatty acids and triglycerides
[99]. Expression of HCV core protein induces the
production of lipid droplets composed mainly of
triglyceride [100]. Our recent study suggests that
SREBP-1c¢ was upregulated in the liver of trans-
genic mice expressing HCV core protein through
the LXRalpha/RXRalpha-dependent pathway,
which leads to the development of fatty liver
[101]. The upregulation of SREBP-1c in the core
transgenic mice was required for expression of
PA28gamma, an HCV core-binding host protein
involved in the activation of nuclear proteasome
activity. Saturated or monounsaturated fatty acid

Modification of the
lipid membrane

J

may be utilised for the formation of HCV replica-
tion complex with cholesterol and sphingolipid
[98]. A lipophilic long-chain compound derived
from microbial metabolites, an inhibitor of sphin-
golipid biosynthesis, was shown to inhibit HCV
replication [6]. The HCV replication complex is
shown to be localised in the lipid raft including
sphingolipid [89,90,102]. Therefore, compounds
disrupting sphingolipid biosynthesis may inhibit
the replication of HCV through the modification
of the lipid raft (Figure 4).

HCV replication was also disrupted with an

- inhibitor of geranylgeranyl transferase I but not

with that of farnesyl transferase [103], suggesting
that geranylgeranylation of viral or host protein
regulates HCV replication efficiency [103]. Gera-
nylgeranylate is an intermediate of the mevalonate
pathway and is attached to various cellular pro-
teins for anchoring to plasma or intracellular mem-
brane [99]. Wang et al. [104] reported that
geranylgeranylated FBL2 is required for the effi-
cient replication of HCV genomic RNA. FBL2
had been identified as a structural homologue of
Skp2, which interacts with Skp1 for S-phase entry
and conserves the structural motif of F-box for
Skpl1 binding [105]. The immunoprecipitation ana-
lysis revealed that NS5A interacts with FBL2 [104].
The F-box motif is located in the N-terminus of
FBL2, followed by 11 leucine-rich repeats [105]

Mevalonate

Geranylgeranylate

1
Unsaturated or monosaturated fatty acids 4-—-—?001'9 protein

PA28y

Figure 4. Putative model of HCV replication complex composed of viral and host proteins
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and the CAAX motif (CVIL), which is suggested to
be modified by geranylgeranylation [104]. FBL2
lacking the CAAX motif was not modified by ger-
anylgeranylation and lost the interaction with
NS5A [104]. An F-box-truncated FBL2 mutant sup-
pressed the replication of HCV as a dominant
negative, whereas a mutant in the residues respon-
sible for geranylgeranylation exhibited no sup-
pressive effect [104]. The geranylgeranylated
FBL2 is required for the replication of HCV but
not for that of West Nile virus [104]. Furthermore,
knockdown of FBL2 in the replicon cells induced
suppression of HCV replication but not in cells
expressing an siRNA-resistant FBL2 [104]. The F-
box motif is generally essential for the formation

of the ubiquitin ligase complex [105], suggesting

that FBL2 regulates the ubiquitination of host or
viral proteins through the interaction with NS5A.
Another possibility is that FBL2 may retain the vir-
al replication complex by interacting with NS5A
(Figure 4).

CONCLUSION

The host machineries of lipid biosynthesis, protein
folding and anchoring in the intracellular compart-
ment may cooperate with HCV proteins to facili-
tate the replication of the viral genome. In
addition, translation of the viral genome is also
expected to utilise the host proteins to generate
viral proteins. Other host factors such as cellular
RNA helicase p68 and nucleolin were also
reported to be involved in HCV RNA replication
[106,107]. The primary concern of chronic hepatitis
C is the development of hepatocellular carcinoma
through liver steatosis and fibrosis. HCV proteins
could potentiate the production of reactive oxygen
species, which may activate STAT3 leading to car-
cinogenesis [101,108-111]. Among HCV proteins,
only the core protein was shown to be involved
in the induction of carcinogenesis [112-114]. Data
on the replication of HCV cooperating with host
proteins have been accumulated by using RNA
replicon and cell culture systems. Further studies
on the host proteins involved in viral replication
and carcinogenesis are needed for the development
of therapeutic measures for chronic hepatitis C.
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SPOTLIGHT
Articles of Significant Interest Selected from This Issue by the Editors

Novel Processing of Japanese Encephalitis Virus Capsid Protein

The Japanese encephalitis virus (JEV) capsid protein is generated from a precursor polyprotein by processing with host
and viral proteases. Mori et al. (p. 8477-8487) show that further processing of the capsid protein by cathepsin L is
involved in the replication of JEV in neural and macrophage cell lines. This work suggests that JEV uses a novel
mechanism to infect host cells via cathepsin-mediated processing of the capsid protein. .

Nodavirus RNA Polymerase Synthesis Requires Cellular Chaperones

Genome translation is an essential early step in the life cycle of positive-sense RNA viruses and often involves
manipulation of the cellular translation apparatus to benefit the invading virus. Castorena et al. (p. 8412-8420) dem-
onstrate that heat shock protein 90, an abundant cellular chaperone implicated in the replication of numerous viruses,
facilitates the efficient synthesis of Flock House virus RNA polymerase. This work highlights the diverse mechanisms
whereby viruses exploit cellular machinery to accomplish specific tasks to achieve their replication.

Rotavirus-Induced Alteration of Occludin Expression

Rotavirus can affect the intestinal barrier by diminishing the integrity of tight junctions (TJs). Beau et al. (p. 8579-8586)

demonstrate that rhesus monkey rotavirus (RRV) alters the expression of occludin, an integral TJ protein, in enterocyte-

like Caco-2 cells. The disappearance of occludin from the TJ plane, decrease in the nonphosphorylated form of occludin,
and diminished levels of occludin mRNA are antagonized by inhibitors of protein kinase A (PKA). This work suggests
that rotavirus uses PKA-dependent mechanisms to alter TJ function, which might in tum contribute to its pathogenicity
or dissemination.

Human Immunodeficiency Virus Escape from Potent Neutralizing Antibodies

A recent clinical trial evaluated neutralizing monoclonal antibodies (MAbs) 2F5 and 4E10 targeting the membrane-
proximal external region (MPER) of human immunodeficiency virus (HIV) gp41 together with the carbohydrate-specific
MAD 2G12. The results demonstrated that once resistance to 2G12 had evolved, viral replication resumed despite MPER
antibody treatment without evidence of escape mutations to these MAbs. Manrique et al. (p. 8793-8808), using
cell-culture-based systems, now show that resistance to the MPER MABbs is difficult to achieve and can lead to selection
of variants with impaired infectivity. This vulnerability of the virus to interference with the MPER supports the
importance of this target in vaccine design.

Superior Smallpox Vaccine Candidates with Integrated Interleukin-15

A smallpox vaccine suitable for contemporary populations with greater numbers of immunodeficient individuals is a
priority. Perera et al. (p. 8774-8783) report that the integration of the pleotropic cytokine interleukin-15 (IL-15), which
is essential for both innate and adaptive immune responses, into the genome of either a Wyeth vaccine strain derived
from the Dryvax vaccine or a nonreplicative modified vaccinia virus Ankara strain results in vaccine candidates with
superior immunogenicity, durable efficacy, and safety. These IL-15-integrated derivatives hold promise as more effica-
cious and safe alternatives to the Dryvax vaccine.

Ancestral Center-of-Tree Human Immunodeficiency Virus Type 1 Proteins Are Functional and Immunogenic

The extensive diversity found in human immunodeficiency virus type 1 (HIV-1) vexingly challenges vaccine development.
Rolland et al. (p. 8507-8514) developed a phylogenetics-informed algorithm to reconstruct ancestral HIV-1 sequences,
called center-of-tree (COT). COT sequences are designed to minimize genetic distances between the antigen and
circulating isolates. Computationally derived COT proteins corresponding to HIV-1 subtype B Gag, Tat, and Nef were
generated and shown to retain the functionality of the extant proteins and elicited antigen-specific cellular immune
responses in mice. This work establishes a new tool for rational vaccine design.
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Processing of Capsid Protein by Cathepsin L Plays a Crucial Role in

Replication of Japanese Encephalitis Virus in
Neural and Macrophage Cells’

Yoshio Mori, Tetsuo Yamashita, Yoshinori Tanaka, Yoshimi Tsuda, Takayuki Abe,
Kohji Moriishi, and Yoshiharu Matsuura*

Department of Molecular Virology, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan
Received 6 March 2007/Accepted 25 May 2007

The flavivirus capsid protein not only is a component of nucleocapsids but alse plays a role in viral
replication. In this study, we found a small capsid protein in cells infected with Japanese encephalitis virus
(JEV) but not in the viral particles. The small capsid protein was shown to be generated by processing with host
cysteine protease cathepsin L. An in vitro cleavage assay revealed that cathepsin L cleaves the capsid protein
between amino acid residues Lys'® and Arg'®, which are well conserved among the mosquito-borne flaviviruses.
A mutant JEV resistant to the cleavage of the capsid protein by cathepsin L was generated from an infectious
cDNA clone of JEV by introducing a substitution in the cleavage site. The mutant JEV exhibited growth kinetics
similar to those of the wild-type JEV in monkey (Vero), mosquito (C6/36), and porcine (PK15) cell lines,
whereas replication of the mutant JEV in mouse macrophage (RAW264.7) and neuroblastoma (N18) cells was
impaired. Furthermore, the neurovirulence and neuroinvasiveness of the mutant JEV to mice were lower than
those of the wild-type JEV. These results suggest that the processing of the JEV capsid protein by cathepsin
L plays a crucial role in the replication of JEV in neural and macrophage cells, which leads to the pathogenesis

of JEV infection.

The genus Flavivirus within the family Flaviviridae comprises
over 70 viruses, many of which are predominantly arthropod-
borne viruses, such as Japanese encephalitis virus (JEV), West
Nile virus (WNV), Murray Valley encephalitis virus (MVE),
dengue virus (DEN), yellow fever virus (YFV), and tick-borne
encephalitis virus (TBEV). They frequently cause significant
morbidity and mortality in mammals and birds (5). JEV is
distributed in the south and southeast regions of Asia and is
kept in a zoonotic transmission cycle between pigs or birds and
mosquitoes (5, 42, 45). JEV spreads to dead-end hosts, includ-
ing humans, through the bite of JEV-infected mosquitoes and
causes infection of the central nervous system with a high
mortality rate (5, 45). JEV has a single-stranded positive-
strand RNA genome of approximately 11 kb, which is capped
at the 5’ end but lacks a 3’ polyadenine tail (24). The ability of
the flaviviral genomic RNA to cyclize is crucial for viral repli-
cation (1, 14). Among mosquito-borne flaviviruses, two com-
plementary cyclization sequences, mapped in the capsid
protein-coding region and 3’ untranslated region (UTR), me-
diated the cyclization by RNA-RNA base pairing, together
with a second pair of complementary sequences, named 5’ and
3’ upstream AUG regions (1, 10, 14, 19, 25). The genomic
RNA includes a single large open reading frame, and a
polyprotein translated at the endoplasmic reticulum (ER)
membrane is cleaved co- and posttranslationally by host and
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viral proteases to yield three structural proteins, the capsid,
precursor membrane (prM), and envelope (E) proteins, and at
least seven nonstructural proteins, NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5 (24).

Although the capsid protein has very little amino acid ho-
mology among flaviviruses—for example, the homologies of
the capsid protein of JEV to those of WNV, DEN type 2
(DEN2), and TBEV were only 67%, 33%, and 25%, respec-
tively—the structural properties, such as the hydrophobicity
profile, abundance of basic amino acid residues, and secondary
and tertiary structures, are well conserved (11, 18, 27). The
flavivirus capsid protein commonly contains two hydrophobic
sequences in the center and the carboxyl terminus. The latter
serves as a signal sequence of prM. The signal/anchor sequence
is cleaved off by the viral protease NS2B/3, and this cleavage is
required for the subsequent liberation of the amino terminus
of prM by the host signal peptidase (26, 43, 49). The mature
capsid protein may be associated with the ER membrane
through the central hydrophobic region (23, 29). Because the
capsid protein has RNA-binding ability via the basic amino
acid clusters at its amino and carboxyl termini, it is believed to
bind to the genomic RNA to form a nucleocapsid (20). Unlike
other envelope viruses, the nucleocapsid structures are rarely
found in cells infected with flaviviruses (48), although the nu-
cleocapsid of TBEV can assemble in vitro (21). Therefore,
viral assembly is thought to be a coordinated process between
the membrane-associated capsid protein and two envelope gly-
coproteins, prM and E, in the ER membrane.

In conflict with their roles as structural proteins, the capsid
proteins of some flaviviruses are localized not only in the cy-

toplasm but also in the nuclei of the infected cells (4, 28, 32, 44,

46-48). We previously reported that the JEV capsid protein
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has also been detected in both the nucleoli and cytoplasm and
that the mutant virus defective in the nuclear localization of
capsid protein exhibited impaired viral growth in mammalian
cells and neuroinvasiveness in mice (32). Furthermore, we
have also reported that the nuclear and cytoplasmic localiza-
tions of the JEV capsid protein are dependent on binding to
the host nucleolar protein B23 (46). It has been reported that,
in addition to the JEV capsid protein, the WNV and DEN
capsid proteins bind to several host proteins, such as Jabl, a
component of the COP9 signalosome complex (34), the chap-
erone protein HSP70 (35), and the heterogenous nuclear
ribonucleoprotein K (8), to regulate these functions. Recently,
Clyde and Harris have shown that the small capsid protein
isoform translated from the second AUG codon of the DEN
genome by leaky scanning is important for viral replication (9).
In this context, these properties of the flaviviral capsid proteins
raised the possibility that they play some roles in viral growth
as “nonstructural” proteins.

In this study, we detected a small capsid protein in JEV-
infected cells, but not in the released viral particles. The small
capsid protein has been shown to be generated by host pro-
tease cathepsin L. Cathepsin L was capable of cleaving the
capsid protein between amino acid residues Lys*® and Arg'®.
Furthermore, we have generated a mutant JEV carrying a
capsid protein resistant to cleavage by cathepsin L. The char-
acterization of this mutant JEV indicated that cleavage of the
capsid protein by cathepsin L plays important roles in viral
replication in mouse neuroblastoma and macrophage cells and
in the pathogenesis of encephalitis in vivo. These results sug-
gest a novel mechanism for JEV to adapt host cells by the
processing of the capsid protein.

MATERIALS AND METHODS

Cells. The mammalian cell lines Vero (monkey kidney), 293T (human kidney),
PK15 (pig kidney), RAW264.7 (mouse macrophage), and N18 (mouse neuro-
blastoma) were maintained in Dulbecco’s modified Eagle’s minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Mosquito
cell line C6/36 (Aedes albopictus) was grown in Eagle’s minimal essential medium
supplemented with 10% FBS. Vero cell lines Vero/siNC and Vero/siCTSL, stably
expressing the hairpin small interfering RNAs (siRNA) for the nonsense se-
quence and cathepsin L, respectively, were established by transfection with
plasmids pSilencer/NC and pSilencer/CTSL (see below), respectively, and se-
lected with DMEM containing 10% FBS and 50 p.g/ml hygromycin B (Sigma, St.
Louis, MO).

Plasmids. The cDNA for the capsid protein of JEV AT31 (amino acid residues
2 to 105) was amplified from pMWATGI (54) by PCR using Ex-Tag (Takara,
Shiga, Japan) and cloned between the FLAG and hemagglutinin (HA) tags in
pcDNA3.1FiagHA (36). From this plasmid, the capsid cDNAs with or without
FLAG and/or HA tags were amplified by PCR and subcloned into a mammalian
expression vector pCAGPM (31) and designated pCAG/FLAG-JEC-HA,
pCAG/FLAG-JEC, pCAG/JEC-HA, and pCAG/JEC. By the same procedure,
the plasmids encoding FLAG- and HA-tagged DEN2 and DEN4 capsid proteins,
pCAG/FLAG-DEN2C-HA and pCAG/FLAG-DEN4C-HA, were generated
from the plasmids encoding the capsid proteins of DEN2 and DEN4, respectively
(the kind gifts from F. Hasebe and M. Tadano, respectively). For mutational
analyses of the amino acid residues from 14 to 23 (based on the JEV capsid
protein sequence), a series of point mutants of the FLAG- and HA-tagged JEV
capsid proteins were synthesized by PCR-based mutagenesis (17). All of the
mutant genes, as well as the wild-type gene, were cloned into pCAGPM. The
JEV capsid gene was cloned into pcDNA 3.1/myc-His (Invitrogen, Carlsbad,
CA), and the cDNA encoding the JEV capsid protein fused with myc and His
tags was amplified and cloned into bacterial expression vector pET32a (Merck
Novagen, Darmstadt, Germany). The resulting plasmid was designated pET32/
JECmycHis. The cDNAs of human cathepsins B and L were amplified from 293T
cells by reverse transcription-PCR and cloned into pcDNA 3.1/myc-His. An
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enzymatically inactive mutation of cathepsin L in which Cys'*® was replaced with
Ala was generated by PCR-based mutagenesis. Expression vector pSilencer/
CTSL, for a hairpin siRNA for African green monkey cathepsin L, was generated
by annealing with synthesized nucleotides (sense, GAT CCG GCG ATG CAC
AAC AGA TTA TTC AAG AGA TAA TCT GTT GTG CAT CGC CIT TIT
TGG AAA; antisense, AGC TTT TCC AAA AAA GGC GAT GCA CAA CAG
ATT ATC TCT TGA ATA ATC TGT TGT GCA TCG CCG) and insertion into
the BamHI and HindIII sites of pSilencer 2.1 U6 hygro (Ambion Inc., Austin,
TX). pSilencer/NC, encoding an siRNA with no homology to mammalian genes,
was used as a negative control. pMWAT/L17A canrying replacements of cytosine
at nucleotide 144 and thymine at nucleotide 145 with guanine and cytosine,
respectively, in pMWATG], an infectious cDNA clone of JEV, was constructed
by PCR-based mutagenesis which results in the replacement of Leu'” in the
capsid protein with Ala (see Fig. SA). In addition, adenine-to-guanine and
guanine-to-cytosine mutations were introduced into pMWATG1 and pMWAT/
L17A at nucleotides 10865 and 10866 of the JEV gene, respectively. The result-
ing plasmids were named pMWAT/CSmt and pMWAT/L17ACSmt, respectively.

Viruses. The wild-type and L17A/CSmt JEVs were generated from plasmids
PMWATG1 and pMWAT/L17ACSmt, respectively, by a method described pre-
viously (54). The infectivity of the viruses was determined by an immunostaining
focus assay as described previously (32) and expressed in focus-forming units
(FFU). The JEV particles were purified from the supernatant of the infected
Vero cells as described previously with some modifications (32). Briefly, the
virions were clarified by centrifugation at 6,000 X g for 30 min and precipitated
with 10% polyethylene glycol (molecular mass, approximately 6,000 kDa). The
precipitates were collected by centrifugation at 10,000 X g for 45 min and
centrifuged at 147,000 X g for 20 h on a 20 to 60% sucrose gradient. The
fractions ranging from 1.16 to 1.19 g/ml in gravity were used as the purified
virion.

Antibodies. Anti-JEV capsid protein rabbit polyclonal antibody (PAb) was
prepared as described previously (32). Monoclonal antibodies (MAbs) to JEV E
(10B4) and NS3 proteins (34A1) were generous gifts from E. Konishi and K
Yasui, respectively. Anti-FLAG tag (M2) and anti-B-actin MAbs were purchased
from Sigma. Anti-HA (HA11) and anti-myc tag (9E10) MAbs were purchased from
Covance (Richmond, CA). An antinucleolin MAb (MS-3) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PA28-alpha and anti-cathep-
sin L rabbit PAbs were purchased from Affinity Bioreagents (Golden, CO) and
Merck Calbiochem (Darmstadt, Germany), respectively.

Infection, transfection, immunoblotting, and cell fractionation. A monolayer
of Vero or N18 cells was infected at multiplicities of infection (MOI) of 5 and 10
with the wild-type and L17A/CSmt JEVs. Plasmids were transfected by TransIT
LT-1 (Mirus, Madison, WI) and Lipofectamine 2000 (Invitrogen) for Vero and
293T cells, respectively, according to the manufacturers’ instructions. At 24 h
after inoculation or transfection, cells were lysed on ice by Triton lysis buffer (20
mM Tris-HCl [pH 7.4], 135 mM NaCl, 1% Triton X-100, 10% glyceral) supple-
mented with a protease inhibitor cocktail (Biovision, Mountain View, CA) and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting as previously described (36, 46). JEV-infected cells
were fractionated using a Nuclear/Cytosol Fractionation kit (Biovision).

Inhibition of capsid protein processing, E64d and CA074Me were purchased
from the Peptide Institute (Osaka, Japan). Z-Phe-Tyr-(tert-butyl)-diazomethyl
ketone (DMK) (Z-FY-DMK), Z-Val-Ala-Asp-fluoromethyl ketone (FMK) (Z-
VAD-FMK), PD150606, and bafilomycin Al were purchased from Merck Cal-
biochem. Chloroquine and ammonium chloride were obtained from Sigma and
Nacalai Tesque (Kyoto, Japan), respectively. Chloroquine and ammonium chlo-
ride were dissolved in distilled water, and bafilomycin Al was dissolved in
ethanol. The other reagents were dissolved in dimethyl sulfoxide (DMSO). At
24 h after inoculation or transfection, cells were incubated with the culture
medium containing each reagent or solvent for 8 h at 37°C and examined by
immunoblotting. To determine the effects of CA074Me or FY-DMK on the
cleavage of the capsid protein, cells transfected with pCAG/FLAG-JEC-HA
were treated with the inhibitor for 8 h at 37°C. The ratios of the densities of the
slower- and faster-migrating capsid proteins (C1 and C2, respectively) detected
by immunoblotting were calculated by Multi Gauge software (Fujifilm, Tokyo,
Japan). The relative cleavage values were determined as the C2 to Cl ratio in the
presence of inhibitor/the C2 to C1 ratio in the absence of inhibitor. The inhib-
itory effects of CA074Me or Z-FY-DMK to cathepsins B and L were determined
as described previously (7, 13) with some modifications. Briefly, Vero cells (2 X
10°) were treated with CA074Me or Z-FY-DMXK for 4 h at 37°C and lysed with
25 pl of acidic lysis buffer consisting of 100 mM sodium acetate (pH 5.0), 1 mM
EDTA, 0.5% Triton X-100, 2 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl
fluoride] (Merck Calbiochem), 5 pg/ml aprotinin (Nacalai Tesque), 100 pM
bestatin (Sigma), and 15 uM pepstatin (Peptide Institute). Insoluble materials
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were sedimented in a microcentrifuge at 4°C. Ten microliters of each lysate was
mixed with 90 pl of reaction buffer (100 mM sodium acetate [pH 5.0], 1 mM
EDTA, 4 mM dithiothreitol, 2 mM AEBSF, 5 pg/ml aprotinin, 100 M bestatin,
15 M pepstatin). The resulting samples were mixed with 100 pl of cathepsin
B-specific (100 pM Z-Arg-Arg-MCA [4-methylcoumaryl-7-amide; Peptide Insti-
tute), 0.1% Brij 35) (3) or cathepsin L-specific (100 pM [Z-Phe-Arg),-R110
[Molecular Probes, Eugene, OR], 0.1% Brij 35) (2) substrate solutions in a black
96-well plate (Corning, Comning, NY). After incubation for 30 min at room
temperature, fluorescence was measured using a fluorescence multiwell plate
reader (CytoFluor 4000 LX1; Applied Biosystems, Foster City, CA) with an
excitation of 360 nm and an emission of 460 nm for cathepsin B and with an
excitation of 485 nm and an emission of 460 nm for cathepsin L. The relative
cleavage value in the absence of each inhibitor was defined as 1.

In vitro processing of the JEV capsid protein. The JEV capsid protein fused
with thioredaxin and myc-His tags in the N and C termini, respectively, was
purified using TALON metal affinity resin (Clontech, Mountain View, CA) from
the lysate of Escherichia coli transformed by pET32/JECmycHis. The purified
protein was dialyzed with acidic dialysis buffer (50 mM sodium acetate [pH 5.5),
1 mM EDTA) for 24 h at 4°C. The recombinant JEV capsid protein (33 pg {1
nmol}/100 ) was incubated with 0.01 units (170 ng) of human cathepsin L
(Merck Calbiochem) for 2 h at room temperature. According to the manufac-
turer's instructions, one unit is defined as an amount of the enzyme capable of
hydrolyzing 1.0 pmol of Z-Phe-Arg-AMC (7-amino-4-methylcoumarin) per
minute at 37°C. The resulting samples were subjected to SDS-PAGE and West-
ermn blotting using anti-myc MAb. The N-terminal peptide sequences of the
cleaved capsid proteins were determined by the Edman degradation method at
the APRO Life Science Institute (Tokushima, Japan).

Computer analyses of the flavivirus capsid genes. The amino acid sequences
of the flavivirus capsid proteins were aligned with the software package GENETYX-
MAUC, version 12 (GENETYX, Tokyo, Japan). The GenBank accession numbers
of the analyzed sequences are as follows: JEV AT31 strain, AB196923; MVE
1-51 strain, AF161266, WNV 1S-98 STDI1 strain, AF481864; DEN1 Singapore

© 8275/90 strain, M87512; DEN2 New Guinea C strain, M29095; DEN3 H87
strain, M93130; DEN4 814669 strain, AF326573; YFV 17D strain, X03700.
Nucleotides 135 to 152 and bases 10858 to 10875 in the 5’ and 3’ termini,
respectively, connected by 8 X nucleotides altemative to bases 153 to 10857, of
the wild-type and mutant JEV genomes were applied to GENETYX-MAC to
predict RNA secondary structures with minimum free energy.

Growth kinetics of JEVs in vitro. Vero, C6/36, PK15, N18, RAW264.7, Vero/
siNC, and Vero/siCTSL cells in 24-well plates (2 X 10%) were infected with the
wild-type or L17A/CSmt virus at an MOI of 5 for 1 h, washed three times with
a medium to remove unbound viruses, and incubated with a medium supple-
mented with 5% FBS for a total duration of 72 h. To examine the effect of the
cathepsin L inhibitor on virus growth, DMSO or 1 M Z-FY-DMK was added
to the culture medium over the incubation period (24 h). The culture superna-
tants were used for titration of infectious virus.

Mouse experiments. The pathogenicity of JEV to mice was determined as
described previously (32). Briefly, 3-week-old female ICR mice were purchased
from CLEA Japan (Osaka, Japan) and kept in special pathogen-free environ-
ments. Groups of 10 mice were intracerebrally inoculated with 30 ul of 10-fold-
diluted solutions of wild-type or L17A/CSmt virus. The virus-diluting solution
(DMEM) was administered to two mice as a control. The mice were observed for
2 weeks after inoculation to determine survival rates. The value of the 50% lethal
dose (LDs;) of each virus was determined by the method by Reed and Miiench
(39). To examine viral growth in the brain, 100 FFU of the viruses were intra-
cerebrally administered to the mice. At 3 and 5 days after inoculation, the mice
were euthanized, and the brains were collected. The infectious titers in the
homogenates of the brains were determined in Vero cells as described above.
Groups of 10 mice were inoculated intraperitoneally with 1 x 10° FFU (100 pl)
of the viruses. The mice were observed for 3 weeks after inoculation to determine
survival rates.

RESULTS

JEV-infected cells contained a small capsid protein. West-
ern blotting analyses of Vero cells infected with JEV revealed
capsid proteins of 14 and 12 kDa, which were designated C1
and C2, respectively, in contrast to the purified viral particles,
in which only C1 was detected (Fig. 1A), indicating that C1 is
a mature capsid protein missing a signal sequence of the prM

protein. The C2 protein was also detected in the other cell lines
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FIG. 1. Detection of C2 protein in cells infected with JEV. (A) De-
tection of the capsid proteins from the purified viral particles and cells
infected with JEV. Lane 1, purified JEV particles produced in Vero
cells; lanes 2 and 3, mock- and JEV-infected Vero cells, respectively.
Arrows indicate a mature capsid protein (C1) and a further-processed
capsid protein (C2). (B) Detection of the capsid protein from various
cell lines infected with JEV. (C) Detection of the C1 and C2 proteins
in the cytoplasmic (Cyto) and nuclear (Nuc) fractions of Vero cells
infected with JEV. PA28-a and nucleolin are control proteins of the
cytoplasmic and nuclear fractions, respectively.

examined, and a further processed capsid protein was detected
in N18 cells infected with JEV (Fig. 1B). It was shown that the
JEV capsid protein is localized in the nuclei as well as in the
cytoplasm of the infected cells (32). The C1 and C2 proteins
were also detected in both the cytoplasmic and nuclear frac-
tions (Fig. 1C). These results indicate that two forms of the

capsid proteins, C1 and C2, are generated in cells infected with-

JEV, and the larger capsid (C1) is selectively incorporated into
the viral particles.

The C2 protein lacks the amino terminus. To determine
which terminus is missing in the C2 protein, expression plas-
mids encoding a series of capsid proteins with or without amino-
terminal FLAG and carboxyl-terminal HA tags (F-JEC-H,
F-JEC, JEC-H, and JEC) were generated (Fig. 2A). Both the
C1 and C2 isoforms were detected in Vero cells transfected
with each of the expression plasmids by immunoblotting with
anti-JEV capsid PAb (Fig. 2B). The size of the C2 proteins in
cells transfected with JEC was similar to that of F-JEC, which
has the amino-terminal FLAG tag, whereas larger products
were detected in the cells transfected with F-JEC-H and
JEC-H, which have the carboxyl-terminal HA tag. Consistent
with this observation, anti-HA antibody recognized both iso-
forms in cells expressing F-JEC-H and JEC-H, whereas anti-
FLAG antibody detected only C1 in cells expressing F-JEC-H
and F-JEC. These results indicate that the C2 protein lacks the
amino-terminal region of the JEV capsid protein.
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