expression of LPS-inducible genes in Tribl-deficient cells
- might be the independent of activation of NF-«kB and
MAP kinases.

Interaction of Trib1 with NF-IL6

To explore signaling aspects of Tribl deficiency other than
NF-kB and MAP kinases, we performed a yeast-two-hybrid
screen with the full length of human Trib1 as bait to identify
a binding partner of Tribl and identified several clones as
being positive. Sequence analysis subsequently revealed that
three clones encoded the N-terminal portion of a member of
the C/EBP NF-IL6 (unpublished data). We initially tested
the interacdon of Tribl and NF-IL6 in yeasts. AH109 cells
were transformed with 2 plasmid encoding the full length of
Trib1 together with a plasmid encoding the N-terminal portion
of NF-IL6 obtained by the screening (Fig. 2 A). We next ex-
amined the interaction in mammalian cells using immuno-
precipitation experiments. HEK293 cells were transiently
transfected with a plasmid encoding the full length of mouse
Tub1 together with a plasmid encoding the full length of mouse
NF-IL6. Myc-tagged NF-1IL6 was coimmunoprecipitated
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with Flag—Tiribl (Fig. 2 B), showing the interaction of Trib1
and NF-IL6 in mammalian cells.

TLR-mediated immune responses in NF-IL6-deficient
macrophages

An in vitro study showing the interaction of Tribl and NF-
IL6 prompted us to examine the TLR-mediated immune
responses in NF-IL6—deficient cells, because LPS-induced
expression of mPGES is shown to depend on NF-IL6 (13).
We initially analyzed the expression pattern of genes affected
by the loss of Tribl in NF-IL6—deficient macrophages by
Northern blotting. LPS-induced expression of 24p3, plas-
minogen activator inhibitor type II, and arginase type II, as
well as mPGES, was profoundly defective in NF-IL6—defi-
cient cells (Fig. 2 C). We next tested IL-12 p40 production
by ELISA. As previously reported, IL-12 p40 production
by LPS stimulation was increased in a dose-dependent fash-
ton in NF-IL6=deficient cells compared with control cells
(Fig. 2 D) (14). In addition, the production in response to
bacterial lipoprotein (BLP), macrophage-activating lipopep-
tide-2 (MALP-2), or CpG DNA was also augmented in
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Figure 2. Association of Trib1 with NF-IL6 and TLR-mediated responses in NF-IL6-deficient macrophages. (A) Plasmids expressing hu-
man Tribt fused to the GAL4 DNA-binding domain or an empty vector were cotransfected with a plasmid expressing NF-IL6 fused to GAL4 trans-
activation domain or an empty vector. Interactions were detected by the ability of cells to grow on medium lacking tryptophan, leucin, and histidine
(-L-W-H). The growth of cells on a plate lacking tryptophan and leucine (-L-W) is indicative of the efficiency of the transfection. (B) Lysates of
HEK293 cells transiently cotransfected with 2 g of Flag-tagged Trib1 andfor 2 g Myc-tagged NF-IL6 expression vectors were immunoprecipi-
tated with the indicated antibodies. {C) Peritoneal macrophages from wild-type or NF-1L6-deficient mice were stimulated with 10 ng/ml LPS for
the indicated periods. Total RNA (10 pg) was extracted and subjected to Northern blot analysis for expression of the indicated probes. {D and £)
Peritoneal macrophages from wild-type and NF-IL6-deficient mice were cultured with the indicated concentrations of LPS (D) or with 100 ng/m}
BLP, 30 ng/mi MALP-2, or 1 M, CpG DNA (E) in the presence of 30 ng/ml IFN-+y for 24 h. Concentrations of iL-12 p40 in the culture supernatants
were measured by ELISA. Indicated values are means = SD of triplicates. Data are representative of three (B) and two (C-E) separate experiments.

N.D., not detected.
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NE-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-IL6 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
activity 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 Tribl on the amounts of NF-IL6 proteins
by Western blotting. Although the diminution of NF-IL6 by
Tnb1 was marginal when excess amounts of NF-IL6 were ex-
pressed, we found that the transient expression of lower levels of
NEF-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 RAW264.7 cells overexpressing Trbl were
markedly less than those in control cells (Fig. 3 D). These results
demonstrated that overproduction of Tribl might negatively
regulate NF-IL6 activity in vitro.

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

We next attempted to check the in vivo status of NF-IL6 in
Tribl-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-xkB-
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/EBPd (also known as
NF-IL6f) antibody (Fig. S4 A, available at http://www
Jjem.org/cgi/content/full/jem.20070183/DC1), suggesting
that NF-IL6 DNA-binding activity is augmented in Tribl-
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 Tribl-deficient cells (Fig.
4 D), which is consistent with the autocrine induction of

4 of 7

Fold induction
® N

o

- ] + Trib1
- + + + + - NFL6

B - - + + Myc-NF-IL6
- * 7 % Flag-Trib1

NF-IL6

0 00.10.1 Myc-NF-IL6 (ng)
+ - + - + Flag-Trib1

NF-IL6
B0 8 @

o -—-—‘ Actin

D - - —-—-—++++ - + Flag-Trib1
———————— + + [IFN«y
0 204080 0204080 0 0 (min)
T e S U p— s
37kD-
~ e NF-IL6
S0kD- =®ww -~ Tribl
50kD- !
WS W WWIPDEEER | Actin
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 g of Flag-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 Fiag-Trib1 were stimulated
with 10 ng/ml 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/m! 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-1L6,
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/ml 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 g} 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, Tribl 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-
chemical studies that Trb1 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 [L.-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 times
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-
scriptional or translational levels through NF-IL6 regulation
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

Trbl-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-regulation of the mRINA in Tribl-deficient
cells (Fig. 4 D), the reduction of NF-IL6 in Trbl-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 resuit in
impaired degradation of NF-IL6 and, subsequently, in exces-
sive accumulation of NF-IL6 via the autoregulation in Trib1-
deficient cells.

In this study, we focused on the involvement of Trib1i 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 a2 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-
acterized by restriction enzyme mapping and sequencing analysis. The gene
encoding mouse Trib1 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 (1eo) (Fig. S1 A). The
targeting vector was transfected into embryonic stem cells (E14.1). G418 and
gancyclovir doubly resistant colonies were selected and screened by PCR
and Southern 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 mutation of the gene encoding Trib1.
Trib1-deficient mice were bom at the expected Mendelian ratio and showed
a slight growth retardation with reduced body weight until 2-3 wk after
birth (unpublished data). Trib1-deficient that mice survived for >6 wk were
analyzed in this study. To confim the disrﬁption of the gene encoding
Trib1, we analyzed total RNA from wild-type and Trib1-deficient perito-
neal macrophages by Northern blotting and found no transcripts for Trib1 in
Tribi-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 ant-Flag were purchased from Sigma-Aldrich. BLP (TLR1/
TLR2), MALP-2 (TLR2/TLRS6), and CpG oligodeoxynucleotides (TLR9)
were prepared as previously described (28). Antiphosphorylated extracellular
signal-regulated kinase, Jnk, and p38 antibodies were purchased from Cell
Signaling. Anti-NF-IL6 (C/EBPB). C/EBPS, actin, IkBa, and Myc-probe
were obtained from Santa Cruz Biotechnology, Inc. NF-ILé~deficient mice
were as previously described (29). Epitope-tagged Tribl fragments were
generated by PCR using ¢cDNA 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.
Concentrations of TNF-«, IL-6, and IL-12 p40 in the culture supernatant
were measured by ELISA, according to manufacturer’s instructions (TNF-o
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 transiently cotransfected into HEK293 with the control Renilla
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
Trib1 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 109 clones, posi-
tive clones were picked, and the pACT2 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; Affymetrix) was used for data analysis.
Microarray 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 cocktail (Roche). The cell lysates were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membranes. For iinmuno-
precipitation, 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
antibodies 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 Westem blot analysis using the in-
dicated antibodies, as previously described (28). ’

EMSA and supershift assay. 2 X 10° peritoneal macrophages were stimu-
lated with the indicated stimulants 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-Trib1 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}, elecrrophoresed, and visualized by autoradiography, as previ-
ously described (28, 30). When the supershift assay was performed, nuclear
extracts were mixed with the supershift-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 Trb1 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. $4 showed that the C/EBP-DNA complex in Trib1-deficient cells
contained NF-IL6, but not C/EBP3. Table S1 provides 2 complete list of
the LPS-inducible genes studied. Online supplemental material is available at
http://www . jem.org/cgi/content/full/jem.20070183/DC1.

We thank M. Hashimoto for excellent secretarial assistance, and N. Okita, N. iwami,
N. Fukuda, and M. Morita for technical assistance.

This study was supported by the Special Coordination Funds, the Ministry of
Education, Culture, Sports, Science and Technology, research fellowships from the
Japan Society for the Promotion of Science for Young Scientists, the Uehara
Memorial Foundation, the Naito Foundation, the Institute of Physical and Chemical
Research Junior Research Associate program, and the National Institutes of Health
(grant Al070167).

The authors have no conflicting financial interests.

Submitted: 24 January 2007
Accepted: 26 July 2007

REFERENCES

1. Akira, S., S. Uematsu, and O. Takeuchi. 2006. Pathogen recognition
and innate immunity. Cell. 124:783-801.

2. Beutler, B. 2004. Inferences, questions and possibilities in Toll-like re-
ceptor signalling. Nature. 430:257-263.

3. Kopp, E., and R. Medzhitov. 2003. Recognition of microbial infection
by Toll-like receptors. Curr. Opin. Imtnunol. 15:396—401.

4. Hayden. M.S,, and S. Ghosh. 2004. Signaling to NF-«kB. Genes Dev.
18:2195-2224.

5. Zhang, Y.L, and C. Dong. 2005. MAP kinases in immune responses.
Cell. Mol. Immunol. 2:20-27.

6. Miggin, S.M., and L.A. O'Neill. 2006. New insights into the regulation
of TLR signaling. J. Leukoc. Biol. 80:220-226.

7. Hegedus, Z., A. Czibula, and E. Kiss-Toth. 2007. Tribbles: A family
of kinase-like proteins with potent signalling regulatory function. Cell.
Sipnal. 19:238-250.

8. Kiss-Toth, E., S.M. Bagstaff, H.Y. Sung, V. Jozsa, C. Dempsey, J.C.
Caunr, K.M. Oxley, D.H. Wyllie, T. Polgar, M. Harte et al. 2004.

TRIB1 INHIBITS TLR-MEDIATED C/EBPR ACTIVITY | Yamamoto et al.

2002 ‘0€ 1snbny uo 610°wal:mmm wioy pepeojumog



11.

12,

13.

15.

16.

18.

19.

JEM

Human wribbles, a protein family concrolling mitogen-activated protein
kinase cascades. J. Biol. Chem. 279:42703—42708.

. Wilkin, F.. N. Suarez-Huerta, B. Robaye, J. Peetermans, F. Libert, J.E.

Dumont, and C. Maenhaut. 1997. Characterization of a phosphopro-
tein whose mRNA is regulated by the mitogenic pathways in dog thy-
roid cells Eur. Eur. J. Biochem. 248:660~668.

. Mayumi-Matsuda, K., S. Kojima, H. Suzuki, and T. Sakata. 1999.

Identification of a novel kinase-like gene induced during neuronal cell
death. Biochem. Biophys. Res. Commun. 258:260-264.

Wu, M., L.G. Xu, Z. Zhai, and H.B. Shu. 2003. SINK is a p65-
interacting negative regulator of NF-kB-dependent transcription. J. Biol.
Chem. 278:27072-27079.

Kiss-Toth, E., D.H. Wyllie, K. Holland, L. Marsden, V. Jozsa, K.M. Oxley,
T. Polgar, E.E. Qwarnstrom, and S.K. Dower. 2006. Functional mapping
and idendfication of novel regulators for the Toll/Interleukin-1 signalling
network by wanscription expression cloning. Cell. Signal. 18:202-214.
Uemartsy, S., M. Masumoto. K. Takeda, and S. Akira. 2002. Lipo-
polysaccharide-dependent prostaglandin E(2) production is regu-
lated by the glutathione-dependent prostaglandin E(2) synthase gene
induced by the Toll-like receptor 4/MyD88/NF-1L6 pathway. J. Immunol.
168:5811-5816.

. Gorgoni, B., D. Maritano, P. Marthyn, M. Righi, and V. Poli. 2002.

C/EBPB gene inactivation causes both impaired and enhanced gene
expression and inverse regulation of IL-12 p40 and p35 mRNAs in
macrophages. J. Immunol. 168:4055-4062.

Ramji, D.P., and P. Foka. 2002. CCAAT/enhancer-binding proteins:
structure, function and regulation. Biochem. J. 365:561-575.

Plevy, S.E.. J.H. Gemberling, S. Hsu, AJ. Domer, and S.T. Smale.
1997. Multiple control elements mediate activation of the murine and
human interleukin 12 p40 promoters: evidence of functional synergy
between C/EBP and Rel proteins. Mol. Cell. Biol. 17:4572-4588.

. Zhu, C., K. Gagnidze, J.H. Gemberling, and S.E. Plevy. 2001.

Characterization of an activation protein-1-binding site in the murine
interleukin-12 p40 promoter. Demonstration of nove) functional ele-
ments by a reductionist approach. J. Biol. Chem. 276:18519-18528.
Bradley, MIN,, L. Zhou, and S.T. Smale. 2003. C/EBPf regulaton in
lipopolysaccharide-stimulated macrophages. Mol. Cell. Biol. 23:4841—4858.
Seher, T.C,, and M. Leptin. 2000. Tribbles, a cell-cycle brake that co-
ordinates proliferation and morphogenesis during Drosophila gastrulation.
Curr. Biol. 10:623-629.

21.
22.

23.

24,

26.

27.

29.

30.

ARTICLE

20. Maz, J., S. Curado, A. Ephrussi, and P. Rorth. 2000. Tribbles co-

ordinates mitosis and morphogenesis in Drosophila by regulating string/
CDC25 proteolysis. Cell. 101:511-522.

Grosshans, J., and E. Wieschaus. 2000. A genetic link berween mor-
phogenesis and cell division during formation of the ventral furrow in
Drosophila. Cell. 101:523-531.

Rorth, P.. K. Szabo, and G. Texido. 2000. The level-of C/EBP protein
is critical for cell migration during Drosophila oogenesis and is tighdy
controlled by regulated degradation. Mol. Cell. 6:23-30.

Keeshan, K., Y. He, BJ. Wouters, O. Shestova, L. Xu, H. Sai, C.G.
Rodriguez, I. Maillard, J.W. Tobias, P. Valk, et al. 2006. Tribbles ho-
molog 2 inactivates C/EBPa and causes acute myelogenous leukemia.
Cancer Cell. 10:401-411.

Ohoka, N., S. Yoshii, T. Hatrori, K. Onozaki, and H. Hayashi.
2005. TRB3, a novel ER suess-inducible gene, is induced via
ATF4-CHOP pathway and is involved in cell death. EMBO J.
24:1243-1255.

. Du, K., S. Herzig, R.N. Kulkami, and M. Montmminy. 2003. TRB3:

a tribbles homolog that inhibits Akt/PKB activation by insulin in liver.
Sdence. 300:1574-1577.

Koo, S.H., H. Satoh, S. Herzig, C.H. Lee, S. Hedrick, R. Kulkami,
R.M. Evans, J. Olefsky, and M. Montminy. 2004. PGC-1 promotes
insulin resistance in liver through PPAR-~alpha-dependent induction of
TRB-3. Nat. Med. 10:530-534.

Qi, L., J.E. Heredia, ].Y. Altarejos, R.. Screaton, N. Goebel, S. Niessen,
1.X. Macleod, C.W. Liew, R.N. Kulkarni, . Bain, et al. 2006. TRB3
links the E3 ubiquitin ligase COP1 to lipid metabolism. Science.
312:1763-1766. :

. Yamamoto, M., T. Okamoto, K. Takeda, S. Sato, H. Sanjo, S. Uematsu,

T. Saitoh, N. Yamamoto, H. Sakurai, K.J. Ishii, et al. 2006. Key func-
tion for the Ubc13 E2 ubiquitin-conjugating enzyme in immune recep-
tor signaling. Nat. Iinmunol. 7:962-970.

Tanaka, T., S. Akira, K. Yoshida. M. Umemoto, Y. Yoneda. N.
Shirafuji. H. Fujiwara, S. Suematsu, N. Yoshida, and T. Kishimoto.
1995. Targeted disruption of the NF-IL6é gene discloses its essential
role in bacteria killing and tumor cytotoxicity by macrophages. Cell.
80:353-361.

Shen, F., Z. Hu, J. Goswami, and S.L. Gaffen. 2006. ldentification of
common transcriptional regulatory elerents in interleukin-17 target genes.
J. Biol. Chem. 281:24138-24148.

7 of 7

2002 ‘'0€ 1snbny uo 610" wal-mmm Wol papeojumoq



pRoTy

STOogwLEY
... InterScience*

DY CISCOVEIR SOMETRING GREAT

Reviews in Medical Uirology

Rev. Med. Virol. (in press).

Published online in Wiley InterScience
(www interscience.wiley.com)

DOI: 10.1002/rmv.542

REUIEW

of hepatitis C virus

Host factors involved in the replication

Kohji Moriishi and Yoshiharu Matsuura*

Department of Molecular Virology, Research Institute for Microbial Diseases, Osaka University,

Osaka, Japan

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.

E-mail: matsuura@biken.osaka-u.ac jp

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

Copyright © 2007 John Wiley & Sons, Ltd.



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

K. moriishi and ¥. Matsuura

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
(APIase) [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 FKBP8
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
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Figure 1. Structures of cyclophilin B and FKBP8. Cyclophilin B possesses a cyclophilin domain and a transmembrane region. FKBPS 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 20 kDa 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 I, 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

HCV RNA

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].

FKBPS

HCV NSb5A 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 (

‘N domain (ATPase)

Geldanamycin

M (middie) domain

C domain (dimerization)

. MEEVD motif

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
FKBPS8. The true transcription and translation initia-
tion sites were identified in the upstream of the
original start site in the genomic sequences [46].
The FKBPS8 splicing variants of 44 and 46kDa
were detected in mouse but not in human, and
the 45kDa of human FKBP8 corresponds to the
44kDa of murine protein [46].

The physiological function of FKBPS8 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
(Thh), Desert hedgehog (Dhh) and Shh [48,49].
Ihh 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 FKBPS8-
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 FKBPS, 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 motif 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 NS54,

Copyright © 2007 John Wiley & Sons, Ltd.

Rev. Med. Virol. (in gress).
DOI: 10.1002/rmv



B. Moriishi 'and Y. Matsuura

VAP dimer

1 MSP domain

Coiled coil domain

Major sperm protein.domain

VAP-A
VAP-B

b pub

MAKHEQTLVLDPPTDLKFKGPF TDVVT TNLKL RNPSDRKVCFKVKT TAPRRYCVRPNSGLIDPGS TVIVS
MAKVEQVL SLEPGHELKFRGPFTDVVTTNLKL GNPTDRNVCFKVKTTAPRRYCYRPNSGLIDAGASINVS
M&ww_q_u

3

VAP-A 71 MQPFDYDPNEIGIO!KFWQTIFAPPNTSDMEA
VAP-B 71 MQPFDYDPNEKSMFWQSMFAPTDTSDMEAVNKEN@EDUDSKLRCVFELP

LMDSKLRCVFEMPNENDKLNDMEPSKA 140

DKPHDVEINKI = 140

[ ia s 29 & & @

Coiled-coil domain

141 YPLNASKQDGPMPKPHSVISTNDTE TRKLMEECKRLQGEMMKL SEENRHLRDEG RKVAHSDKPGSTST 218
4 ISTTASKTETPIVSKSL SLDDTEVKKVMEEOG!LQGEVQRLREENKQFKEE LMKTVQSNSPISA 219

VAP-A
VAP-B
see
, TM
VAP-A 211 ASFRONVTSP!
VAP-B 211 LAPTGKEEG &EALWLFEVGVIIGKEAL

242
243

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 la 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 NS4B [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 replicatibn

complex in the ER membrane through interactio
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

T

- 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
Skp1 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

Unsaturated or monosaturated fatty acids G——TCOI'G 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
NSS5A [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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Summary

We examined 976 sika deer serum samples, 159
liver tissue samples and 88 stool samples collected
from 16 prefectures in Japan, and performed ELISA
and RT-PCR assays to detect antibodies to HEV
and HEV RNA, respectively. Although 25 (2.6%)
of 976 samples were positive for anti-HEV IgG,

Author’s address: Tian-Cheng Li, Department of Virology
II, National Institute of Infectious Diseases, Gakuen 4-7-1,
Musashi-Murayama, Tokyo 208-0011, Japan.
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the antibody titers were very low. The OD values
ranged between 0.018 and 0.486, forming a single
distribution rather than a bimodal distribution, sug-
gesting that the antibody detected in this study was
not induced by HEV infection, or that deer have
low sensitivity to HEV. HEV RNA was not detected
in these samples, also suggesting that deer may not
play a role as an HEV reservoir.

*

Hepatitis E virus (HEV), the sole member of the
genus Hepevirus, is the causative agent of type E
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acute hepatitis in humans [3] . HEV does not have an

~ envelope and is likely to have icosahedral symmetry.
The genome is a positive-sense single-stranded poly-
adenylated RNA molecule, and the 5’ end is capped
[11] . The genome of HEV contains three open read-
ing frames, ORF1, ORF2, and ORF3. ORF1 encodes
1693 amino acids (aa) encompassing nonstructural
proteins involved in viral replication. ORF2 encodes
a 660-aa capsid protein. ORF3 encodes a 123- or
114-aa protein of unknown function [23, 28].

To date, at least four major genotypes of HEV
have been identified by phylogenetic analyses.
Genotype 1 (G1) HEV was isolated from Asia and
Affrica [16, 18], genotype 2 (G2) from Mexico [26],
Namibia and Nigeria {2, 12], and genotypes 3 (G3)
and 4 (G4) from the United States, European coun-
tries, China, Taiwan, Japan and Vietnam [4, 13, 17,
19, 27-29]. These viruses are thought to comprise a
single serotype [16].

Transmission of human HEV occurs primarily by
the fecal-oral route through contaminated water in
developing countries [1, 5]. Since 1997, when the
first animal strain of HEV was isolated from swine
in the United States, there has been much indirect
and direct evidence indicating that hepatitis E is a

-zoonosis and that humans appear to be at risk of in-
fection with swine HEV by cross-species infection
[13-15]. Recently, direct evidence of HEV trans-
mission from wild boar (Sus scrofa) to humans was
provided in Japan, suggesting that these animals are
the main zoonotic reservoir of HEV in this country
[9]. Indirect evidence of HEV transmission from
swine to humans has also been accumulated [22, 30].

Because a case of HEV infection from sika deer
meat was reported by Tei et al., sika deer have been
considered a possible reservoir in Japan [24, 25].
However, there is only limited surveillance data of
HEV infection in deer. In this study, we collected
serum samples from wild deer and examined them
for the presence of anti-HEV IgG by an anti-
body ELISA using recombinant virus-like particles
(VLPs) as the antigen. We also attempted to detect
HEV RNA in serum, stool, and liver samples from
the wild deer by RT-PCR analysis.

Between 2003 and 2006, 866 serum samples were
collected from wild deer captured in Hokkaido,
Iwate, Tochigi, Chiba, Nagano, Aichi, Mie, Hyogo,
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Shimane, Hiroshima, Oita, Fukuoka, Kumamoto,
Miyazaki, and Kagoshima prefectures, and 110 se-
rum samples were collected in 1991-1993 from a
deer farm, where the deer were introduced from
the habitat at Miyagi prefecture (Fig. 1). In Hyogo
Prefecture, an estimated age of 0-10 years was as-
signed by the tooth replacements and counting ce-
mentum annuli of the fist incisors [6]. A total of 88
stool samples were collected from deer captured
in Hokkaido, Iwate, Tochigi, Chiba, Nagano, Mie,
Hyogo, Hiroshima, Oita, Fukuoka, Kumamoto,
Miyazaki, and Kagoshima from 2004 to 2006. They
were resuspended in 10mM phosphate-buffered
saline (PBS) to prepare a 10% suspension, shaken
at 4°C for 1h, and clarified by centrifugation at
10,000 x g for 20min. A total of 159 deer liver
tissue were collected from Hyogo (50), Iwate (11)
and Hokkaido (98) from 2003 to 2006. The tissue
was resuspended in_lysis buffer (Qiagen, Inc.) and
homogenized. All of the specimens were stored at
—20°C. until use.

Serum anti-HEV IgG antibody was detected by
ELISA by the method described previously with
slight modification [8]. Briefly, a flat-bottom 96-well
polystyrene microplate (Immulon 2; Dynex Tech-
nologies, Inc. Chantilly, VA) was coated with the
purified VLPs (1 pg/ml, 100 pl/well) derived from
the G1 Myanmar strain {7]. The plates were incubat-
ed at 4 °C overnight. Unbound VLPs were removed,
and the wells were washed twice with 10mM
phosphate-buffered saline containing 0.05% Tween
20 (PBS-T), and then blocked at 37 °C for 1h with
200 ul of 5% skim milk (Difco Laboratories, Detroit,
MI) in PBS-T. After the plates were washed 4 times
with PBS-T, deer serum (100 pl/well) was added in
duplicate at a dilution of 1:200 in PBS-T containing
1% skim milk. The plates were incubated at 37 °C
for 1h and then washed 4 times as described above.
The wells were incubated with 100 pl of peroxidase-
conjugated rabbit anti-deer 1gG (H+L) (1:1000
dilution) (KPL, Guildford, UK) in PBS-T con-
taining 1% skim milk. The plates were incubated
at 37°C for 1h and washed 4 times with PBS-T.
Then, 100 pl of the substrate orthophenylenediamine
(Sigma Chemical Co., St. Louis, MO) and H,O,
was added to each well. The plates were incubated
in a dark room at room temperature for 30 min, then
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50 pl of 4N H,SO, was added to each well. After the
plates had stood at room temperature for 10 min, the
absorbance at 492 nm was measured.

Anti-HEV IgG-positive serum was obtained from
experimentally immunized captive sika deer that had
been shown to be negative for HEV IgG by ELISA.
The first and second immunizations were performed
with purified VLPs (100 pg) in Freund’s complete
adjuvant by intramuscular injection at intervals of
2 week. After 2 weeks, the deer received booster
injections of the same amount of VLPs in Freund’s
incomplete adjuvant. The deer was bled one week
after the last booster injection. Pre-immunization
serum was collected before administration and used
as the negative control. Anti-HEV IgG-positive
serum and pre-inoculation serum were stored at
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—30°C. The anti-HEV IgG titer of the positive se-
rum was 1:3,276,800.

Deer serum samples were tested for anti-HEV
IgG at a dilution of 1:200 by ELISA. The distribu-
tion of the optical density (OD) values is shown in
Fig. 2. The OD values of anti-HEV IgG ranged
from 0.018 to 0.486 with the highest antibody titers
being 1:400, and formed a single distribution. To de-
termine whether the IgG antibody detected in deer
sera was specific for HEV, the positive control se-
rum and negative control serum, and the sera whose
OD values were higher than 0.150 were selected and
examined by Western blot assay. Approximately
1pg of the VLPs derived from G1, G3, and G4
HEV was separated by SDS-PAGE and electropho-
retically transferred onto a nitrocellulose membrane.



