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cently, Mivanari et al. reported that the association of core
protein with the NS proteins and replication complexes around
lipid droplets (LDs) is critical for producing infectious viruses
(33).

In the present study, we demonstrated that NS5A is a pre-
requisite for HCV particle production via its interaction with
core protein, and we identified serine residues in the C-termi-
nal region of NS5A that play an important role in virion pro-
duction. Substitution of the serine residues with alanine resi-
dues inhibited not only the interaction of NS5A with core
protein but also HCV RNA-core association and led to a
decrease in HCV particle production with no effect on RNA
replication.

MATERIALS AND METHODS

DNA construction. Plasmids pJFHI, which contains the full-length JFH-1
CDNA downstream of the T7 RNA promoter sequence, und pSGR-JFH1/Lug, in
which the neomycin resistance gene of pSGR-JFHI has been replaced by the
firefly luciferase reporter gene, have been previously described (24, 56). To
generate the fluorochrome gene-tagged full-length JFH-1 plasmid, pJFHI1/
NSSA-GFP. the region encompassing the Rsrll site of NSSA and the Bsr(Gl site
of NSSB was amplificd by PCR. the amplification product was cloned into
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medium, and 10-ml aliquots were seeded into 100-mm culture dishes. At 72 h
puosttransfection, the cells were incubated in 0.5 ml of lysis buffer (20 mM
Tris-HCl [pH 7.4] containing 135 mM NaCl, 1% Triton X-100, 0.5% sodium
deonycholate, and 10% ghcerol) supplemented with 50 mM NaF. 5§ mM
N, VO, | pg/ml leupeptin, and T mM PMSF, After preclearing, the supernatant
was immunoprecipitated with 5 ug of polyclonal anti-NSSA antibody (34a) or
polyclonal anti-C/EBPR antibody (Santa Cruz Biotechnology, Santy Cruz, CA),
and 20 ul of protein G-aga beads (Invitrogen), The i omplex was
precipitated with the beads by centrifugation at 800 = g for 30 s and then was
washed five times with lysis buffer by tfugation. The proteins binding 1o the
beads were boiled in 20 pl of SDS sample buffer and thcn subjected 1o SDS-
12.5% polyac (' ide gel el phoresis (PAGE), The proteins were trans-
ferred onto a polyvinylidene diftuoride b (1 bilon; Millipore, Bed-
ford, MA) and :hen reacted with u primany antibody and a secondary horseradish

§ antibody, The plexes were visualized with an
U.L Plus Western Blotting Detection System (GE Healthcare, Buckingham-
shire, United Kingdom) and detected using an LAS- 3000 imaging analyzer (Fu-
jifitm, Tokyo, Japan).

In vitro synthesis of HCV RNA and RNA transfection. Plasmid DNAS were
digested with Xhal and treated with mung bean nuclease (New England Biolubs,
Ipswich, MA) to remove the four terminal nucleotides, resulting in the correct 3
end of the HCV ¢DNA. Digested DNAs were purified and used as templates for
RNA synthesis. HCV RNA was synthesized in vitro using o MEGAscript T7 kit
(Ambion, Austin, TX). S\mlhcmr.'d RNA was treated with DNase 1 (Ambion),
fall ‘bym:lrl i phenolchlorof R
move any ing templ DNA. Synth I HCV RNAs were used for

pGEM-T Easy vector (Promega, Madison, W1), and the resultant pl was
designated pGEM-JFHIRsrll-HarGl. A GFP reporter gene was amplified by
PCR from pGreen Lantern-1 (Invitrogen, Carlsbad, CA) with primers containing
the Xhol sequence and inserted, after restriction digestion with Xhol. into the
Xhol site of pGEM-JFHI/Rsrll-BsrGl. The Iting plasmid was di d
Rsrll and BsrGl and ligated into pJFH1 similarly |I||¢alc\l by Rarll uml BsrGl 1o
pmducc pIFHI"NSSA-(FP For g wm of the fl h gene-gged
teporter plasmid p]l-'l-l]"’ﬂ‘aia‘\ -GFP was digested by Rarll and
Sna!il and ligated into pSGR-JFH1/Luc similarly digested by Rsrll and SnaBil,
The mutatmm in the NSSA gen: wre gem:ratcd by oliganueleotide-directed
(57). To 1 g N Iy FLAG-tagged
HCV core protein or bemagglutinin tHM !aucd NSSA, DNA fragments en-
coding core protein or NSSA (wild type or mutants) were generated from the

cleatrog Tryy d Huh.7 cells were washed with Opti-MEM 1 re-
duced-serum fium (Invitrogen) and ded at 3 = 10" cellvml with
Cytomix buffer (34). RNA was mixed with 400 pul of cell tmpemlun and trans-

ferred into an cuvelte (Precision U I C lm:lll:s Thermo
Hybud, Middlesex, Umlcd Kingdom). Cells were then pulsed at 260 V and 950
wF usmg a Gene Pulser [1 unit (Bio-Rad, Hercules, CA). Transfecied cells were
immediately transferred onto six-well culture plates or 100-mm culture dishes
Laciferase assay. Cells were harvested a1 different time points posttransfection

of subgy ic reporter and lysed in passive lysis buffer (Promega), The
Iuciferase activity in cells was det d using a lucif; assay system (Pro-
mega).

Quantification of HCY core protein. HCV core protein in transfected cells or
cell culture supernatants was quantificd using a highly sensitive enzyme immu-
{Ortho HCV antigen ELISA Kit, Ortho Clinical Diagnostics, Tokyo,

full-length JFH-1 cDNA by PCR. The core protein coding sey h
with & FLAG sequence linked to its N terminus, was cloned into the p(A(v(;S
vector (37). The coding sequences of NSSA, together with an HA sequence
linked 1o their N tcnrum. were also :lnned lnlu pCAGGS vectors, All PCR
products were confi 1 i 2 with an ABI Prism
3130 Avant Genetie Anal (Applied Bi 1 Tnk\n, annn}

Cells and viruses, The human hepatoma cell line, Huh<7, and JFH1/4-1 cells,
which are Huh-7 cells carrying a subgenomic replicon of JFH-1 (32), were
maintained in Du]'hcu:ng mudl.r:d Eagle's medium (DMEM) supplemented
with minimal fal amino acids (Invitrogen), 100
units/ml of penicillin, 100 pgiml of streptomycin, and 109 fetal bivine serum
(FBS) at 37°C in a 5% CO. incubator. Hulvc-p7 cells, which are Huh-7 cells
stably expressing the proteins core to p7 derived from the JFH-1 strain (18), were
incubated in DMEM contamimg 300 pg/ml nf reocin (]n\rmog:n] HCV particles
derved from JFH-1 were produced by fection of Huh-T cells with
in vitro transcribed RNA, .x't described p ly (36, 58). R [ vaecinia
virus stram DIs, which expresses the bacteriophage T7 RNA polymerase under
the control of the viccinia virus earlylate promoter P75, was generated and
propagated as previously described (19).

DNA transfection, i ipitation (IF), and blotting. For cocx-
pression of FLAG-tagged corc protein and HA- tnggtd NSSA, cells were seeded
onto 35-mm wells of o sbewell cell culture plate and cultured overnight. Plasmid

Japan). To determine intracellular core protein amounts, cell lysates were pre-
pared as described previously (41). To determine the efficiency of core protein
release, the ratio of extracellular core protein to total core protein (the sum of
intra- and extracellular core protein amounts) wis calculted

Intra- and extracellular infectivity assay, Culture supernatants were harvested
72 h posttransfection, and virus titers were determined by a S0% tissue culture
infectious dose (TCID.,) nssay as described previously (284, $6). Virus titration
was performed by seeding naive Huh-7 cells in Y6-well plates ut u density of | «
10° cellsiwell Samples wore serially diluted fivefold in complete growth medium
and used to infect the seeded cells (six wells per dilution). At 72 hafter infection,
the Inoculated cells were fixed and immunostained with u mouse monoclonal
anti-core protein antibody (2H9) (56), followed by an Alexa Fluor 488-conju-
gated anti-mouse immunoglobulin G (1gG) (Tnvitrogen). Wells that showed at
least one core pml:m—crpl:mng cell was counted as positive. Cell-associated
mfectivity was d lly as described previously (12, 47). Briefly,
cells were extensively washed with Bs, scraped. and centrifuged for 3 min at
120 % g. Cell pellets were resuspended in | ml of DMEM containing 10% FBS
and subjected to four cyeles of freezng and thawing using dry ice and a 37°C
water bath. Samples were then centrifuged at 2400 » g for 10 min w 4°C w
remove cell debris, and cell-associated infectivity was determined by TCID.,

DNAs (2 pg) were transfected mto cells using TransIT-LT1 fi
(Mirus, Madison, WI), Cells were harvested at 48 h posttransfection, wuhed
three times with 1 ml of jce-cold phosphate-buffered saline (PBS), and sus-
pended in 0.25 ml lysis buffer (20 mM Tris-HO1 [pH 7.4] containing 135 mM
MaCl, 19 Triten X- 100, 0.05% sodium dodecyl sulfate [SDS), and 10% glycerol)
supplcmcnicd with 50 mM Nal-‘ 5 mM Na,VO,, | pg/ml leupeptin, and 1 mM
hylsulfonyl flusride (PMSF). Cell Iysates were sonicated at 4°C for §
:n:n{ incubated for 1(! min at 4°C, and centnl‘ugcd ut I-l.l.lll} < g fot 5 min ar 4°C
After preclearing, the sup was pitated with 10 ul of anti-
FLAG M2-agarose beads (Sigma, S$t. Lous, MO] For expression of the full-
length HCV polyprotein, Huh-7 cells transfected with 10 pg of in vitro tran-
scribed RNAs by electroporation were resuspended in 20 or 30 ml of culture

83—

Expression of HCV proteins using inia viruses, ic lnbeling of cells,
.ud diok ipitati tysis. Metabolic labeling of cells and radio-
lysis were perfi J a8 desent '!wHuungrlul (17)

with scrrnc rnodmmns A total of 4 x 10" Huh-7 cells were sceded onto cach
well of siv-well cell culture plates and cultured overnight, A 2-pg amount of
subgenomic replicon DNAs carrying defined NSSA mutations was transfected
into cells using TransIT-LT1 transfection reagent, and at 12 h posttransfection
the cells were then infected at a multiplicity of infection of 10 with recombinant
vaceinia viruses expressing the T7 RNA polymerase. After 40 h of transfec-
tion, cells were incubated in methionine- and cysteine-deficient DMEM ({In-
vitrogen) or phosphate-deficient DMEM (Invitrogen) for 2 h and labeled for
B b with [**S]methionine and [“Sleysteine (200 pCiwell; GE Healtheare) or
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[**Plorthophosphate (250 pCiwell, GE Healthcare). The cells were then washed
twice with cold PBS and lysed with SDS lysis buffer (S0 mM Tris-HCI [pH 7.6],
0.5% SDS, 1 mM EDTA, 20 pg/ml of PMSF). The cell lysates were passed
through a 27-gauge necdle several times to shear cellulir DNA. After a 10-min
incubation at 75°C, the lysates were clarified by centrifugation and diluted five-
fold with HNAET buffer {50 mM HEPES [pH 7.5], 150 mM NaCL 0.67% bovine
serum albumin, 1 mM EDTA, 0.33% Triton X-100), After preclearing by incu-
hatlon with 20 pl of protein G-agarose beads for 1 h at 4°C, the supernatant was
ineubated with 2 jeg of rabhit polyelonal anti-NSSA antibody overnight at 4°C A
20l aliquot of protein G agarose beads was further added and incubated for 2 h
at 4°C. The cell pellets were washed three times with 0.5 ml of HNAETS buller
(HNAET containing 0.5% SDS), followed by washing once with 0.5 ml of HNE
buffer (50 mM HEPES [pH 7.5, 150 mM NaCl and 1| mM EDTA). After
i with or wi A protein phosphatuse (New England Biolabs), the cell
pellets were suspended in 20 pl of SDS sample buffer and boiled for 10 min, The
proteins were resolved on 105 SDS-polyacrylamide gels and analyzed by auto-
radiography.

Subcellular fractionati lysis. All steps were carried out at 4°C in the
presence of a protease inhibitor cockiail (Complete; Roche, Mannheim, Ger-
many) as described previously (20), with some modifications. Cells were sus-
pended in four cell volumes of homogenization buffer (50 mM NaCl, 10 mM
triethylumine [pH 7.4], 1 mM EDTA), snap frozen in liguid nitrogen, stored at
~80°C, and thawed in a water bath al room temperature. Supernatants (0.4 ml)
were layered on lnear 10-ml jiodixanol gradients from 2.5 ro 25% and centrifuged
at 37,000 rpm for 3.5 h in an SW41 rotor (Beckmin, Fullerton, CA), followed by
collection of 0.8-ml fractions from the top. Each fraction was concentrated by
Centricon YMM) (Millipore), separated by SDS-PAGE, and immunobloued with
& rubbit polyclonal nnt\-cnillcxm antibody (Stressgen Biotechnologies. Victonia,
Canada), a mouse i-adipose  diff related  protein
(ADRP) antibody (Progen Biotechnik, Hesdclhcr;. Germany), or 4 rabbit poly-
clonal anti-NSSA antibody. The core protein amount in each fraction was also
determined by enzyme-linked immunosorbent assay (ELISA)

IP-RT-PCR. The process of cell lysis to RNA punfication was carnied out
essentially as described by Johnson et al. (21) with some modifications. A total of
3 = 10" Huh-7 cells were transfected with 10 pg of m vitro transeribed HCV
RNAs and resuspended in 20 or 30 ml of culture medium, after which 10-ml
aliquots were seeded into 100-mm culture dishes. At 72 b posttransfection, the
cells were seraped and incubated in 500 i of hypotonic buffer (10 mM HEPES
[pH 7.6}, 1.5 mM MgCl. 10 mM KCI, 0.2 mM PMSF) per dish. The cells were
passed through a 20-gauge needle several times, lysed with Nomidet P-40 at ¢
final concentration of 195, and incubated on ice for an additional 10 min. After
centrifugation at 4,000 = g at 4°C for 15 min. ghyeerol was added to the super-
natants at a final concentration of 55 The cell lysates were incubated with 20 )
ol protein G-agarose beads for 30 min at room temperiture, After the cell lysates
were removed from protein G-agarose beads, 3 pg of mouse monoclonal anti-
core protein antibody or normal mouse 1gG (Sigma) as a negative control was
added, and samples were incubated for an additional 1 h at room temperature.
A 20l aliquot of protein G-agarose beads per sample was added to the cell
lysates and incubated for | h. After incubation, the beads were washed three
times with wash bufler (10 mM Tris-HCI [pH 7.6], 100 mM KCL 5 mM MgCl,,
and | mM dithiothreitol) and eluted in 100 pl of elution buffer (50 mM Tris-HCI
[pH 8.0], 1% SDS, and 10 mM EDTA) 51 65°C for 10 min. After treatment with
100 g of proteinase K at 37°C for 30 min, the RNAs in immunocomplexes were
isolated by acid guanidi thioe e-phenol-chloroform extraction. Reverse
transeriptase PCR (RT-PCR) was carried out using random hexamer and Su-
perscript 11 RT (Invitrogen). followed by nested PCR with LA Tug DNA poly-
merase (TaKaRa, Shiga, Japan) and primer sets amplifying the fragments of
nucleotides (nt) 129 to 2367 and ot 7267 1o 9463 of the JFH-1 genome. To
amplify the fragment of nt 129 1o 2367, the sense primer §-CTGTGAGGAAC
TACTGTCTT-3' and the untisense prmer 3-TCCACGATGTTCTGGTGAA
G-3" were used for first-round PCR; the sense primer 5-CGGOAGAGCCAT
AGTGG-Y and the antisense primer 5 -CATTCCGTGOTAGAGTGUA-Y
were used for second-round PCR. To amplify the fragment of nt 7267 to 9463,
the sense primer 3'-GTCCAGGGTGCCCGTTCTGGACT.A' and the antisense
primer §'-GCGGCTCACGGACCTTTCAC-3" were used for first-round PCR;
the sense primer §'-CACCGTTGCTGGTTGTGOT-3 and the antisense primer
5 -GTGTA(.'(TAGTGTGTG(‘(‘(K‘T‘(’TAJ' were used for second-round PCR

Indi tysis. Cells incubated for 3 days after trans-
fection with JFH-1 RNAs were seeded in an eight-well chamber slide (BD
Biosciences, San Jose, CA) and cultured overnight. The adherent cells were
wished twice with PBS and fixed with 4% paraformaldehyde at room tempera-
ture. After a washing step with PBS, the cells were permeabilized with PBS
containing 0.3% Triton X-100 and 2% FBS for 1 h at room temperature and
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stained with 4 rabbit polyclonal anti-NS3A antibody and a mouse monoclonal
anticore protein antibody. The fluorescent secondary antibodies were Alexa
Fluor 488 or Alexa Fluor $55-conjugated anti-rabbit or anti-mouse [gGoanti-
bodies (Invitrogen). Amalyses of JFH-1 were performed on a Zeiss confocal luser
scanning microscope LSM 510 (Carl Zeiss, Oberkochen, Germany)

RESULTS

Mutations of serine residues at the NS5A C terminus impair
hasal phosphorylation but have little effect on viral RNA rep-
lication. As demonstrated in a previous study, insertion of GFP
into the NS5A C terminus does not significantly affect viral
RNA replication but reduces the generation of infectious HCV
particles (41). The C-terminal region of NS5A contains highly
conserved serine residues that are involved in basal phosphor-
ylation (1, 23, 49). To examine the involvement of the serine
clusters (cluster 3-A [CL3A] and cluster 3-B [CL3B]) in the
C-terminal region of NS5A in HCV particle production, we
created mutated HCV genomes as well as subgenomic repli-
cons carrying alanine substitutions for the conserved serine
residues at aa 2384, 2388, 2390, and 2391 (residues are num-
bered according to the positions within the original JFH-1
polyprotein) (CL3A/SA); at aa 2428, 2430, and 2433 (CL3B/
SA); or an in-frame deletion spanning aa 2384 (0 2433 (A2384-
2433) (Fig. 1). A construct with an in-frame insertion of GFP
(NS5A-GFP) was also generated as described previously for
the Conl solate (34),

First, we analyzed the cffects of the NS5A mutations on
HCV RNA replication using a transient RNA replication assay
using subgenomic luciferase reporter replicons (Fig. 2A) and
found that the serine-to-alanine substitutions (CL3A/SA and
CL3B/SA) did not affect viral RNA replication. NSSA-GFP
and A2384-2433 slightly reduced RNA replication, indicating
that the mutations of the NS5A C terminus tested in this study
do not critically affect RNA replication, which is consistent
with previous reports (1, 34, 51).

Next, the phosphorylation status of the mutated NS5A was
analyzed as described in Materials and Methods (Fig. 2B).
NSSA was isolated from radiolabeled cells by IP and analyzed
either directly by SDS-PAGE or after treatment with A protein
phosphatase, Analysis of *P-radiolabeled proteins revealed
that the CL3A/SA, CL3B/SA, and A2384-2433 mutations re-
sulted in marked reduction of basal phosphorylation (Fig. 2B,
compare lane | with lanes 3, 5, and 7 in the top panel). All
Zp_labeled NSSA proteins were sensitive to treatment with
phosphatase (lanes 2, 4, 6, and 8), The possibility that loss of
signal after dephosphorylation was due 1o contaminating pro-
teases present in the phosphatase preparations can be ruled
out because no degradation of the **S-labeled proteins was
observed (Fig. 2B, bottom pancl). These results suggest that
mutations in the C-terminal serine cluster of NS5A impair
basal phosphorylation but have no significant effect on viral
RNA replication.

Effect of mutations introduced into the NS5A C terminus on
the production of infectious HCV particles. To analyze HCV
particle production from cells transfected with the in vitro
transcribed viral genomic RNAs, we harvested supernatants
and cells at 4, 24, 48, 72, and 96 h posttransfection and mea-
sured the amounts of core protein. As shown in Fig. 3A, com-
parable amounts of core proteins were detected in all trans-
fected cells 4 h after transfection, reflecting unchanged
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FIG. 1. Structures of HCV constructs used in this study. Schematic diagram of the NSSA structure according to I'clﬂ.nghui.st.n et al. (52) is

shown in the top panel. The three domains are indicated by white boxes and are sey

trypsi itive regions with presumably low

! by
structural complexity (low-complexity sequence [LCS]). The numbers indicate amino ‘acid residues within the original JFH-1 polyprotein, The
names listed on the left represent full-length HCV constructs, subgenomic reporter replicons, or N-terminally HA-tagged NS5A constructs used
in this study, NSSA-GFP carries a GFP insertion between aa 2394 and 2395 as indicated by a shaded box. CL3IA/SA and CL3B/SA carry several
serine-lo-alanine substitutions in the NSSA C terminus constructed as descnibed previously (1), HCV constructs from S2428A 1o 5243002433A carry
single or double serine-to-alanine substitutions generated by modification of the CL3B/SA construct, The A2384-2433 mutant possesses an
in-frame deletion in the C-terminal region of NS5A. Amino acid substitutions are marked in bold and underlined. N and C represent N terminus

and C terminus, respectively.
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FIG. 2. Mutations at the C terminus of N55A impair basal phos-
phorvlation and have only a minor impact on RNA replication
(A} Replication of given mutants in transfected Huh-7 cells as deter-
mined by luciferase reporter assays performed at 24, 48, and 72 h
posttransfection (white, gray, and black bars, respectively), Values
given were normalized for transfection efficiency using the luciferase
activity determined 4 h after transfection, which was set 10 1. Mean
virlues of quadruplicate measurements and the stundard deviations are
given. (B) Phosphorylation analysis of NSSA using the vaccinia virus
I7 hybrid system. N53-10-NS5B polyprotein fragments carrying the
mutations specified above the lanes were transfected into Huh-7 cells,
and proteins were radiolabeled with [ Plorthophosphate or ["S]me-
thionine and |“S]eysteine. NSSA proteins were isolated by IP and
separated by SDS-PAGE (109% polvacrylamide). Mock-transfected
cells served as a negative control (lanes 9 and 10), Halfl of the samples
were treated with A protem phosphatase (A-PPase) (+) whereas the
other balf was mock treated (—) prior to SDS-PAGE. Arrows and
asterisks indicate hyperphosphorylated and basally phosphorylated
forms, respectively
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F1G. 3. Effect of mutations introduced into the NSSA C terminus on the production of infectious HCV particles. (A) Intracellular levels of core
protein measured at various time points after transfection. A total of 3 % 10° Huh-7 cells were transfected with 10 pg of in vitro-transeribed HCV
RNAs specified in the inset and resuspended in 10 ml of culture medium, after which 2-ml aliquots were seeded into each well of a six-well culture
plate. The cells were harvested at different time points between 4 h and 96 h posttransfection, and then 500 pl of cell lysate per well was prepared
After centrifugation, supernatants were processed for a core protein-specific ELISA. (B) Release of core protein from cells transfected with the
HCV genomes specified in the inset. Cell culture supernatants harvested from cells given in panel A were analyzed by a core protein ELISA.
(C) Efficiency of core protein release from cells transfected with the HCV genomes specified in the inset. The percent core protein release (vertical
axis) indicates the percentage of released core protein in relation to total core protein (the sum of intra- and extracellular core protein) calculated
for each time point. (D) Infectivity of virus particles contained in supernatants and cells after transfection with mutants specified below the graph
Culture supernatants and cells were harvested 72 h posttransfection, and extracellular (white bars) and intracellular infectivity (gray bars) levels
were determined by TCIDy, assay. The gray line and arrowhead represent the detection limit of the limiting dilution assay. Mean values and
standard deviations for at least triplicates are shown in all panels,
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terminus on the interaction of NS5A with the core protemn. N-terminally FLAG-tagged core protein and N-terminally HA-tagged NSSA carrying
defined mutations were coexpressed in Huh-7 cells and immunoprecipitated with anti-FLAG antibody. The resulting precipitates were examined
by immunoblotting using anti-HA or FLAG antibody. One-tenth of the cell lysates used in IP is shown as the 107 input. (B) Interaction between
NSSA and the core protein in HCV-replicating cells. Huh-7 cells were lysed 72 h after transfection of the in vitro transcript of the HCV genome
(wild type or CL3B/SA) and were immunoprecipitated with anti-NS5A antibody or anti-C/EBPf antibody as a negative control. The resulting
precipitates were examined by immunoblotting using anti-core protein, NSSA, or CEBP antibody, One-tenth of cell lysates used in IP was
immunoblotted with anti-core protein antibody (10% input). Cell culture supernatants harvested from transfected cells were analyzed by a core

protein ELISA i parallel. 1B, immunoblotting.
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FIG. 5. Determination of eritical amino acids responsible for virus production and the interaction of NSSA with the core protein. (A and B)
Effect of single or double serine-to-alanine substitutions on virus production. After transfection of in vitro transcripts of the HCV genomes
specified in the inset into Huh-7 cells, the cells and culture supernatants were harvested at the time points given, and the amounts of the core
protein were determined by core protein-specific ELISA. Percent core protein release (vertical axis) indicates the percentage of released core
protein in relation to total core protein (the sum of intra- and extracellular core protein) calculated for each time point. Mean values and standard
deviations for at least triplicate experiments are shown. (C and D) Effect of single or double serine-to-alanine substitutions on the interaction
between NSSA and the core protein. N-terminally FLAG-tagged core protein and N-terminally HA-tagged NS5A carrying defined mutations were
coexpressed in Huh-7 cells and immunoprecipitated with anti-FLAG antibody. The resulting precipitates were examined by immunoblotting using
anti-HA or FLAG antibody. One-tenth of the cell lysates used in [P is shown as the 10% input. 1B, immunobloiting.
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FIG. 7. Subcellular localization of NSSA and the core protein in HCV-replicating cells. Huh-7 cells were transfected with the in vitro transcript
of the HCV genome, wild type (A) or CL3B/SA (B). Seventy-two hours after transfection, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.3% Triton X-100, and double stained with antibodies against the core prolein (green) and NS5A (red), followed by staining
with an Alexa Fluor 488- or Alexa Fluor 555-conjugated antibody. High-magnification panels are enlarged images of white squares in the merge
panels, (C) HCV (wild type or CL3B/SA)-replicating cells, JFH1/4-1 cells harboring a subgenomic replicon of JFH-1. or Huh/c-p7 cells stably
expressing JFH-1 structural proteins were lysed by frecze-thawing, and the cell lysates were fractionated on 5 to 259 iodixanol gradients. The

distributions of NS5A, calnexin (1
examined by core protein-specific

FLISA.
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marker), and ADRP (LD marker) were determined by immunoblotting, and those of the core protein were
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FIG. 8. IP-RT-PCR of HCV-replicating cells performed to examine the association between the core protein and the HCV genome RNA.
Huh-7 cells were transfected with the in vitro transcript of the HCV genome (wild type or CL3B/SA) and lysed in 500 ul of hypotonic buffer at
72 h postiransfection, After [P with an anti-core protein antibody or mouse 1gG, immunoprecipitates were eluted in 100 pl of elution buffer. RNAs
in immunocomplexes were isolated by acid guanidinium thiocyanate-phenol-chloroform extraction. PCR was carried out as deseribed in Materials
and Methods with primer sets amplifving the fragments of nt 129 to 2367 and nt 7267 to 9463 of the JFH-1 genome. One-tenth (10 pl) of each
cluted immunoprecipitate was used for assays of the core protein amounts to ensure 1P efficiency (lower panel). RNA extracted from a small
aliquot of each cell lysate used in IP-RT-PCR is shown as the input
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in the virus released from the transfected cells; however, more
evident perturbation was obtained from double or triple sub-
stitutions (Fig. 5A and B), Tellinghuisen et al, determined the
HCV production at 48 h after RNA transfection and found a
marked inhibition by the single substitution S2433A. In our
study, as indicated in Fig. 5A, the reduction caused by the
$2433A mutant was approximately 90% at 48 h after transfec-
tion; however, the virus production from the mutant reached a
similar level to that of the wild type at 96 h posttransfection.

Several previous studies have found that apolipoproteins B
(apoB) and E (apoE), microsomal triglyceride transfer protein,
and HCV p7 protein are key factors for production of the
infectious HCV particles (4, 11, 16, 22, 47). Assembly and
maturation of the viral particles appear to depend on the
formation of very-low-density lipoprotein, a large particle con-
taining apoB, apoE, and large amounts of neutral lipids in
hepatic cells. p7 protein is primarily involved in a late step of
virus particle production, and the findings support the idea that
p7 acts as viroporin, which has the capacity to compromise cell
membrane integrity and thus favors the release of viral prog-
eny. How the early step in virion production regulated by the
NS5A-core protein interaction links with the later step(s) in-
volved in the very-low-density lipoprotein assembly or p7 func-
tion remains an interesting question to be addressed.

In summary, we demonstrated that the C-terminal serine
cluster of NS5A (aa 2428, 2430, and 2433), which is involved in
generating the basal phosphorylated form, is a determinant of
NS5A interaction with the core protein and the subcellular
localization of NS5SA. Mutation of this cluster blocks the
NS5A-core protein interaction, resulting in perturbation of
association between the core protein and HCV RNA. It is thus
tempting to consider that NS5A plays a key role in transporting
the viral genome RNA synthesized by the replication complex
to the surface of LDs or LD-associated membranes, where the
core protein localizes, leading to facilitation of nucleocapsid
formation. Structural analysis of the NSSA domain Ill-core
protein complex should provide greater insight into the mode
of interaction between these viral proteins. Identification of
residues at the interface that are involved in important inter-
actions will be of significant value in designing novel structure-
based inhibitors to block the early step of HCV particle for-
mation.
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A trans-packaging system for hepatitis C virus (HCV) subgenomic replicon RNAs was developed. HCV sub-
genomic replicon was efficiently encapsidated by the HCV structural proteins that were stably expressed
in trans under the control of a mammalian promoter. Infectious HCV-like particles (HOV-LPs), established

a single-round infection, were produced and released into culture medium in titers of up to 10° focus
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Hepatitis C virus (HCV) is a positive-strand RNA virus that be-
longs to the Hepacivirus genus in the Flaviviridae family. The HCV
genome comprises about 9600 nucleotides that encode a single
polyprotein of around 3000 amino acids |1-3], which is processed
by cellular and viral encoded proteases into at least 10 different
structural and nonstructural proteins [4-6]. The JFH-1 strain of
HCV, classified as genotype 2a strain, is the first HCV strain that
can produce HCV particles in Huh7 cells [7.8]. The synthesis of
HCV-like particles (HCV-LPs) using a recombinant baculovirus con-
taining the cDNA of HCV structural proteins has been reported [9].
HCV-LP production by mammalian expression systems using vesic-
ular stomatitis virus [10] and semliki forest virus [ 11| were also re-
ported although the amount of VLP production is not as high as
that of baculovirus system.

Subgenomic replicon system is a useful tool as gene expression
vectors and is desirable for the development of vaccines. In the
case of flaviviruses, several systems have been described for pack-
aging flavivirus replicons, including Kunjin virus replicons [12-14],
yellow fever virus replicons [ 15], tick-borne encephalitis virus rep-
licons [16], and West Nile virus replicons [17,18]. In some cases,
these packaging systems have utilized cell lines expressing the fla-
vivirus structural proteins under the control of eukaryotic promot-
ers [16,19]. These virus-like particle (VLP)-generating systems
have been useful for packaging viral genomes encoding various for-

* Corresponding author, Fax: +81 3 5285 1161,
E-mail address: kishiii@nih.godp (K. tshii).

Q006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
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forming units/ml. Expression of N52 protein with structural proteins (core, E1, E2, and p7) was shown
to be cntical for the infectivity of HCV-LPs. Anti-CD&1 treatment decreased the number of infected cells,
suggesting that HCV-LPs infected cells in a CD81-dependent manner. The packaging cell line should be
useful both for the production of single-round infectious HCV-LPs to elucidate the mechanisms of HOV
assembly, particle formation and infection to host cells, and for the development of HCV replicon-based

© 2008 Elsevier Inc. All rights reserved.

eign genes [14,15,20,18], the study of virus tropism and various as-
pects of viral assembly and entry [17].

Subgenomic replicons of JFH-1 replicate efficiently in Huh7 cells
and do not require cell culture-adaptive mutations |21]. The con-
struction of a system to package HCV replicon into HCV-LPs would
not only be useful to investigate as-yet unclear steps of HCV life cy-
cles such as genome packaging and virion assembly but also offers
the possibilities of a new approach for vaccine development. In this
study, we constructed subgenomic replicon cell lines constitutively
expressing JFH-1 structural proteins under the control of elonga-
tion factor-1x (EF) promoter, and found stable expression of struc-
tural proteins and release of HCV-LPs from the cell line, A sucrose
density gradient centrifugation of the culture medium resulted in
partial purification of the HCV-LPs. Infectivity of HCV-LPs produced
by this system was confirmed by colony formation assay and
immunofluorescence analysis. Anti-CD81 antibody treatment de-
creased the infectivity of HCV-LPs, suggesting that VLPs infected
to cells in CD81-dependent fashion. This is the first report that
HCV structural proteins of HCV can trans-package its subgenomic
replicon, The system described here should be useful to elucidate
the mechanisms of HCV assembly, particle formation, and infection
to host cells.

Materials and methods

Plasmid construction. Core to p7 coding region of JFH-1 was
amplified using pJFH-1 [21] as a template and sense primer
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5 -GAGAATTCGTAGACCGTGCACCATG-3' and antisense primer 5'-
AAGAATTCTTAGGCATAAGCCTGCCGGGGEA-3, Core to NS2 coding
region of JFH-1 was amplified using pJFH-1 as a template and sense
primer 5-GAGAATTCGTAGACCGTGCACCATG-3 and antisense pri-
mer 5-AAGAATTCTTAAAGGAGCTTCCACCCCTTGG-3,  Amplified
fragments were inserted into EcoRl site of pEF4 (Invitrogen) to gen-
erate pEFJFH/c-p7 and pEFJFHc-NS2, respectively.

Establishment of cell lines capable of packaging JFH-1 replicon RNA
into VLPs. Huh7 cells were transfected using Lipofectamine (Invit-
rogen) with either pEFJFH/c-p7 or pEF]FHc-NS2 and were cultured
with 0.2 mg/ml of zeocin (Invitrogen). Zeocin-resistant colomes
were collected 3 weeks after transfection. The cell lines, Huh/c-
p7 and Huh/c-NS2 (expressing pEFJFH/c-p7 and pEFJFHC-NS2,
respectively) were then electroporated with 1 g of JFH-1 subge-
nomic replicon (SGR-JFH1) RNA and were cultured with
0.375 mg/ml of G418 (Nacalai Tesque). Expression of core, E2 and
NS5A was confirmed by Western blotting using anti-HCV core
and anti-HCV E2 monoclonal antibodies [22] and anti-HCV N55A
polyclonal antibody [23]. The total RNA of culture media for each
cell line (Huh/c-p7/SGR and Huh/p-NS2/SGR) was extracted using
the QlAampViral RNA Mini spin column (Qiagen). Real-time RT-
PCR was performed using TagMan EZ RT-PCR Core Reagents (PE
Applied Biosystems), as described previously [24,25]. The HCV core
antigen in the culture media was measured by immunoassay
(Ortho HCV-Core ELISA Kit; Ortho-Clinical Diagnotics), following
the manufacturer's instructions. Culture medium was centrifuged
at 8000g for 30 min to remove all cellular debris, after which the
supernatant was concentrated to 1 ml by centrifugation using Ami-
con Ultracel 100k (Amicon). The concentrated medium was then
layered on top of a continuous 10-60% (wt/vol) sucrose gradient
in phosphate buffered saline (PBS) and then centrifuged at
40,000 rpm at 4C for 16 h (SW4I1E rotor, Beckman). Fractions
{1 ml each) were collected from the top of the tube (12 fractions
in total) and the density for each fraction was determined. The con-
centrations of replicon RNAs and core proteins of each fraction
were measured as described above,

Infectivity of HCV-LPs. To determine whether these cell lines pro-
duced infectious HCV-LPs, we performed a colony formation assay
using neomycin-resistant gene of SGR-JFH1 RNA. Naive Huh7 cells
were infected with pooled fractions of 1.12-1.20 g/ml of both cell
lines and were cultured for 3 weeks with G418 at 0.375 mg/ml
Formed colonies were stained with crystal violet and counted.

We also performed an immunofluorescence study in order to
analyze the infectivity of the HCV-LPs. Following 3 days of incuba-
tion, the cells were fixed and immunostained for NS5A with
anti-NS5A rabbit polyclonal antibody as described previously
{Murakami et al,, in press). Ffu { focus forming units) was calculated
essentially based on the method as described previously |7,26].
Virus titration was performed by seeding Huh-7 cells in 96-well
plates at 1 < 10 cells/well. Samples were serially diluted 5-fold
in complete growth medium and used to infect the seeded cells
{six wells per dilution). Nuclei were labeled with 4'6-diamidino-
2-phenylindole (DAPI).

Results

Establishment of cell lines capable of packaging JFH-1 replicon RNA
into VLPs

Stable cell lines expressing JFH-1 structural proteins were gen-
erated by transfecting with either pEFJFH/c-p7 or pEFJFHc-NS2.
Zeocin-resistant colonies were collected 3 weeks after transfection
and the expression of JFH-1 structural proteins was confirmed by
Western blotting using anti-HCV core and anti-HCV E2 monoclonal
antibodies [22] (Fig. 1A, lanes 1 and 2). The cell lines, Huh/c-p7 and
Huh/c-NS2 (expressing pEFJFH/c-p7 and pEFJFHc-N52, respec-
tively) were then electroporated with 1 ug of SGR-JFH1 RNA. Six
G418-resistant colonies were selected 3 weeks alter electropora-
tion and were termed Huh/c-p7/SGR (1-6) and Huh/c-NS2/SGR
{1-6) cells. Expression of core, E2 and NS5A of Huh/c-p7/SGR-1,
and Huh/c-NS2/SGR-3 was confirmed by Western blotting
(Fig. 1A, lanes 3 and 4).

To investigate whether HCV-LPs were secreted from Huh/c-p7/
SGR and Huh/c-N52/SGR cells, we analyzed the culture medium of
these cell lines 6 days postinfection. As shown in Fig. 1B, HCV rep-
licon RNA and core protein were secreted fram both cell lines. Fifty
milliliters of culture medium from one Huh/c-NS2/SGR-1 and Huh/
¢-p7/SGR-3 cell line was concentrated, layered on top of a contin-
uous 10-60% (wtfvol) sucrose gradient in PBS and then centrifuged
at 40,000 rpm at 4 C for 16 h. Fractions were collected from the top
of the tube and the concentrations of replicon RNAs and core pro-
teins of each fraction were measured. HCV RNA and core protein
were predominantly detected in the 1.15-1.20 gfml fractions, with
a peak fraction of 1.16 g/ml fraction (Fig, 2A). HCV-LPs were
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anu-E2 | e b 10¢
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Fig. 1. (A) Western blot analysis of established cell lines. Huh/c-p7/SGR (1), Huh/c-NS2/SGR (2). Huh/c-p7/SGR-1 (3). and Huh/c-NS2/SGR-3 (4) cells were analyzed using
anti-core, anti-E2, and antl-NSSA antibodies, respectively. Huh? cells were used as a negative control. (B) Screening of G4 18-resistant cell lines. HOV replicon RNA and core
protein of culture media of six colonies from Huh/c-p7/SGR or Huh/c-N52{SGR cells were measured by real-time RT-PCR and ELISA, respectively, Black bars represented the
concentration of core protein (fmol/l), dotted bars represented the concentration of replicon RNA (copies/ul)
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observed by electron microscopy and these resembled previously
reported particles (Fig. 2B)[27]. The secretion of HCV-LPs from
these cell lines was maintained at almost the same level for more
than 1 year (data not shown).

Infectivity of HCV-LPs

To determine whether these cell lines produced infectious HCV-
LPs, we performed a colony formation assay using neomycin-resis-
tant gene of SGR-JFH1 RNA. If HOV-LPs were infectious, SGR-JFH1
that was encapsidated in the particles would be introduced into in-
fected cells, thus would confer neomycin resistance to the cells. To
exclude the possibility that subgenomic replicon RNA in culture
medium was captured by inoculated cells, Huh7 cells were also
inoculated with concentrated culture medium of SGR-JFH1 cells.
As shown in Fig. 3A, Huh7 cells infected with the fraction of
Huh/c-N52/SGR cells formed visible colonies 10-14 days after
infection. Calculated colony forming units (cfu) of the culture med-
ium of Huh/c-NS2/SGR cells were in the order of
5.54+292 « 10" cfu/ml similar to those of culture medium of
JFH-1-infected cells [28], The cells inoculated with concentrated
medium of SGR-JFH1 cells formed no colonies (Fig. 3A). On the
other hand, cells infected with Huh/c-p7/SGR formed no colonies,
suggesting that NS2 protein was required for the infectivity of
HCV-LPs, Infectivity of HCV-LPs from other cell lines of Huh/c-
NS2/SGR, shown in Fig. 1, were also confirmed by colony formation
assay, whereas HCV-LPs from other cell lines of Huh/c-p7/SGR
showed no infectivity (data not shown).

In order to analyze the infectivity of the HCV-LPs, an immuno-
fluorescence study was also performed. Huh?7 cells infected with
the Huh/c-NS2/SGR culture medium peak fraction (Fig. 2A) were
positive for NS5A at 72 h postinfection (Fig. 3B), whereas the cells
infected with the Huh/c-p7/SGR culture medium peak fraction

A Hub/c-p7/SGR
i _RNnA -Q-W
5000 25

.I.ﬂ 108 108 1.11 L14 .17 1.2 1
density (g/ml)

were negative for NS5A (Fig. 3B), suggesting that the expression
of N52 protein in infected cells was critical for the infectivity of
the HCV-LPs. The infectivity of the Huh/c-NS2/SGR culture medium
was calculated to be 3.4 £ 0.6 « 10° fiu/ml. The Cfu of this culture
medium was determined to be approximately 16% of ffu, likely be-
cause only a portion of introduced replicon could render neomycin
resistance to the infected cells. The cells infected with JFH-1
showed spread of infection 72 h postinfection. On the other hand,
the cells infected with the Huh/c-NS2/SGR culture medium peak
fraction showed very limited or no spread of infection (Fig. 3B).
Moreover, no NS5A-positive cells were observed when we inocu-
lated new Huh7 cells with the concentrated culture medium from
Huh?7 cells that were infected the Huh/c-NS2/SGR culture medium
peak fraction (Fig. 3B, reinfection), suggesting that HCV-LPs pro-
duced by Huh/c-NS2/SGR cells supported only a single-round of
infection.

We also measured the infectivity of the 12 sucrose density gra-
dient fractions of the culture medium of Huh/c-N52/SGR cells. The
density of the peak of infectivity was lower than the peak densities
of the core protein and replicon RNA (Fig. 2A), however this result
agreed with a previous observation [29].

Neutralization of HCV-LPs infection by CD81-specific antibody

CD81 was shown to be involved in HCV entry. To determine
whether HCV-LPs formed in Huh/c-NS2/SGR cells were infected
in a CD81-dependent fashion, we incubated Huh? cells with the
peak fractions of Huh/c-NS2/SGR and Huh/c-p7/SGR cells in the
presence of 10 ug/ml of CD81 specific monoclonal antibody or non-
specific mouse antibody and cultured in the presence of 0.375 mg/
mi of G418. After 3 weeks postinfection, colonies were fixed and
the numbers of colonies were counted. CD81-specific antibody re-
duced the number of colonies from 1323+ 32310 13.0+ 11.5 ffu/
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. RNA --mgnﬁl
T000 50
.
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Fig. 2. (A) Sucrose density gradient analysis of culture supernatants of Huh/c-p7/SGR and Huh/c-NS2/SGR cells. Fifty milliliters of culture media collected from Huh/c-p7]SGR
of Huh/c-NS2/SGR cells was concentrated to 1 ml and fractionated by ulfracentrifugation at 40,000 rpm for 16 h by continuous 10-60% (wrfvol] sucrose gradient in PBS,
Fractions {1 ml each) were collected from the top of the tube (12 fractions in total). HCV replicon RNA and core protein were measured by real-time RT-PCR and ELISA. The
infectivity of each fraction of culture supernatant of Huh/c-NS2/SGR cells (nght, lower panel) was determined by immunostaining of NS5A. (B) Electron microscopy analysis
Samples were prepared from the 1.12-1,20 g/ml fractions of culture media collected from Huh/c-N52/SGR cells. Bar: 50 nm,
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Fig. 3. (A) Ga18-resistant colony formation. Naive Huh7 cells were infected with 1.12-1.
for 3 weeks with G418 at 0375 mg/ml working concentration before staining with crystal violet. Experiments were performe
examples are shown. (B) Immunostaining experiments. Samples were serially diluted 5-fold in complete growth medium and us
dilution). Huh7 cells in 96-well plates infected with the peak fraction of culture medium. Three days postinfection, infected cells w
100 in Block Ace (Yukijirushi) and stained with anti-NSSA rabbit polyclonal antibody and Ales conjugated goat anti-rabbit 186 as described prey
1. Nuclel were labeled with DAPL and were shown in blue. Re-infection shows the immunastaimng of naive Huh
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baboon as a primate model [30]. Recently, replicon-based vectors
of positive-stranded RNA viruses were recognized as a desirable
choice of highly efficient and safe vaccines. Recent comparative
analyses of vaccine potential of Kunjin virus replicons delivered
as plasmid DNA, as naked RNA, and as VLPs showed a signifi-
cantly better induction of immune responses to an encoded
immunogen after VLP delivery than with other delivery modali-
ties [31]. These studies suggested that HCV-LPs encapsidating its

ml (Fig. 4), confirming that the infection of HCV-LPs to target cells
is CD81-dependent and an important role of CD81 in HCV entry.

Discussion

Here we describe the development of cell lines selected to
persistently harbor noncytopathic subgenomic replicons of HCV
encoding neomycin resistant gene and the HCV core to NS2 cas-

sette. The HCV-LPs secreted by this cell line are not proliferative
and exhibit morphological, biophysical and antigenic properties
similar to those of the putative HCV virions |27). Jeong et al.

subgenomic replicon RNA are an attractive candidate for a hep-
aritis C vaccine. We are now constructing cell lines that secrete
HCV-LPs of genotype 1a and 1b strains with this trans-packaging

system and analyzing the HCV-LPs infectivity, We also showed

suggested that HCV-LP is a potent immunogen for the induction
that the expression of NS2 region is essential for infectious

of HCV-specific humoral and cellular immune responses by using
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Fig. 4. Neutralization of HCV-LPs infection by CD81-specific antibody, Naive Huh7 cells were infected with peak fraction of either Hub/c- p7/SCR or Huh/c-NS2ISGR cells in
the presence of 10 pg/ml of CD&1 \pr‘uru monoclonal antibody or nonspecific mouse antibody, then cultured 3 weeks with 0.375 mg/ml of G418, Colonies were stained with
crystal violet and colony numbers were counted. (A) Colony formation. Experiments were performed in triplicate, and representative st atming examples are shown, (8] Clu of

culture media per 1 ml was calculated and means £ SD was shown
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HCV-LPs production. NS2 is dispensable for RNA replication,
since subgenomic replicons that lack the entire core to NS2 cod-
ing region replicate autonomously. The HCV NS2/3 protein is a
highly hydrophobic protease responsible for the cleavage of the
viral polypeptide between nonstructural proteins N52 and N53.
However, many aspects of the N52/3 protease’s role in the viral
life cycle and mechanism of action remain unknown. By using
intergenotypic chimeras, Pietschmann et al. showed that N52
plays an important role in the HCV morphogenesis by interacting
with other NS proteins during the process of virion assembly
|32]. Jones et al. reported that NS2 was required for infectious
virus production and acts early in virion morphogenesis prior
to the accumulation of infectious intracellular virus and indi-
cated that the NS2 protease domain may form important inter-
actions with other NS proteins during the process of virion
assembly [33]. The results presented here also showed the
importance of NS2 protein expression for the production of
infectious particles, coincided with these previous observations,
The mechanism NS2 plays in the process of virion morphogene-
sis is still unclear and remains to be determined.

In summary, we have generated a stable packaging cell line
allowing production of large amounts of HCV-LPs in which the sub-
genomic replicon was encapsidated. The packaging cell line proved
to be useful both for the production of HCV-LPs and for the encaps-
idation of HCV replicons for a single-round of infection.

Acknowledgments

The authors gratefully acknowledge Mami Matsuda, Mami
Sasaki, and Sayaka Yoshizaki for technical assistance, Tomoko Miz-
oguchi for secretarial work and Grant S. Hansman for critical read-
ing. This work was partially supported by a grant-in-aid for
Scientific Research from the Japan Society for the Promotion of Sci-
ence and from the Ministry of Health, Labor, and Welfare of Japan;
by the Program for Promotion of Fundamental Studies in Health
Sciences of the National Institute of Biomedical Innovation (NIBIO):
and by the Research on Health Sciences Focusing on Drug Innova-
tion from the Japan Health Sciences Foundation.

References

[1] QL Choo, K.H, Richman, |.H, Han, K. Berger, C. Lee, C. Dong, C. Gallegos. D. Coit,
R. Medina-Selby, ). Barr, et al.. Genetic organization and diversity of the
hepatitis € virus, Proc. Natl. Acad. Sci. USA 88 (1991) 2451-2455,

[2] N, Kato, M. Hijikata, ¥, Ootsuyama, M. Nakagawa, 5. Ohkoshi, T. Sugimura, K.
Shimotohno, Molecular cloning of the human hepatitis € virus genome from
Japanese patients with non-A, non-B hepatitis, Proc. Natl. Acad. Sci. USA B7
(1990) 9524-9528.

[3] A Takamizawa, C. Mori, 1. Fuke, 5. Manabe, 5. Murakami, |, Fujita, £ Onishi, T,
Andoh, |, Yoshida, H. Okayama, Structure and organization of the hepatitis ©
virus genome isolated from human carriers. ). Virol. 65 (1991 1105-1113.

[4] A- Grakoul, C. Wychowski, C. Lin, 5.M. Feinstone, CM. Rice, Expression and
identification of hepatitis C virus polyprotein cleavage products, | Virol, 67
(1993) 1385-1395.

|5] M. Hijikata, N. Kato, Y. Dotsuyama, M. Nakagawa. K. Shimotohno, Gene
mapping of the putative structural region of the hepatitis C virus genome by
in vitro processing analysis, Proc. Natl, Acad. Sci. USA 88 (1991] 5547-5551,

|6] M. Hijikara, H. Mizushima, Y. Tanji, Y. Komoda. Y. Hirowatan, T. Akagi, N, Kato,
K. Kimura. K. Shimotohno, Proteolytic processing and membrane association of
putative nonstructural proteins of hepatitis C virus, Proc. Natl. Acad. Sci. USA
90 (1993) 10773-10777,

|7] B.D. Lindenbach, M,J. Evans, AJ. Syder, B. Wolk, T.L. Tellinghuisen, C.C, Liu, T,
Maruyama, RO. Hynes, DR Burton. JA McKeating. CM. Rice, Complete
replication of hepatitis C virus in cell culture. Science 309 (2005) 623-626.

|8] J. Zhong. P. Gastaminza, G. Cheng, S. Kapadia, T. Kato, D.R. Burton, S.F. Wieland,
S.L Uprichard, T. Wakita, FV. Chisari, Robust hepatitis C virus infection in vitro,
Proc. Natl. Acad. Sci. USA 102 (2005) 9294-9299.

9] T.F. Baumert, S, lto, D.T. Wong, T.). Liang. Hepatitis € virus structural proteins
assemble into virus like particles in insect cells, | Virol, 72 (1998) 3827-3836.

—99..

K. Ishii er al / Riochemical and Riophysical Research Communications 371 (2008) 446450

[10] HJ). Ezelle, D, Markovic. G.N. Barber, Generation of hepatitis € virus-like
particles by use af a recombinant vesicular stomatitis virus vector, J. Virol. 76
(2002) 12325-12334.

|11] E. Blanchard, D. Brand, S, Trassard, A. Goudeau, P, Roingeard, Hepatitis C virus-
like particle morphogenesis, |. Virol. 76 (2002) 4073-4079,

112] .UL Kbmmykh MT Kenney, EG. , Trans-C I of

RNA gene NSS by umlg Kunjin virus awlimn-
expressing BHK cells J: Virol. 72 (1998) 7270-7279,

|13] A-A Khromykh, AN, Varnavski, EG, Westaway. Encapsidation of the favivirus
Kunjin replicon RNA by using a complementation system providing Kunjin
virus structural proteins in trans, |, Virol, 72 (1998) 5967-5977,

[14] T.). Harvey, |. Anraku, R. Linedale, D. Harrich, |. Mackenzie, A Suhrbier, AA.
Khromykh, Kunjin virus replicon vectors for human immunodeficiency virus
vaccine development, . Virol. 77 (2003) 7796-7803.

|15] C.T. jones, CG, Patkar, R). Kuhn, Construction and applications of yellow fever
virus replicons. Virology 331 (2005) 247-259.

116} K. Gehrke, M. Ecker, 5W. Aberle, S.L Allison, FX Heinz. CW. Mandl,
Incorporation of tick-borne encephalitis virus replicons into wvirus-like
particles by a packaging cell line, |. Virol. 77 (2003 ) 8924-8933,

[17] SL Hanna, T.C. Pierson, M.D. Sanchez, AA. Ahmed, MM Murtadha, RW,
Doms, N-linked glycosylation of West Nile virus ! fluences
particle assembly and infectivity, L Virol. 79 (2005) I3262 13274

| 18] F. Puig-Basagoitl, TS Deas, P. Ren, M. Tilgner, DM, Ferguson, .Y, Shi, High-
throughput assays using a luciferase-expressing replicon. virus-like particles,
antt full-length virus for West Nile virus drug discovery, Antimicrob. Agents
Chemother. 49 (2005) 49804988

|19] TJ. Harvey, W . Liu, X ], Wang, R Linedale, M. Jacobs, A. Davidson, T.T. Le, L
Anraku, A Suhrbier, I'Y. Shi, AA. Khromykh, Tetracycline-inducible packaging
cell line for production of flavivirus replicon particles, | Viral, 78 (2004) 531
538,

[20] TC. Pierson, M.D. Sanchez, BA. Puffer. AA. Ahmed, B.). Geiss, LE Valentine,
LA Altamura, Ms Mamond, RW, Doms A rapid and guantitative assay for

Iy-mediated neutralization of West Nile virus imfection,

Virology 346 tztl)bl 53-65.

[21] T. Kato. T. Date, M. AT K. Tokushige, M. Mizokami, T.
Wakita, Efficient replication of the genotype 2a hepatitis € virus subgenomic
replicon, Gastroenternlogy 125 (2003) 1808-1817.

[22] M. Shirakura, K, Murakami, T, Ichimura, R. Suzuki, T. Shimaji, K. Fukuda, K. Abe,
5. Saro, M. Fukasawa, Y. Yamakawa, M. Nishijima, K. Moriishi, Y. Matsuura, T.
Wakita, T. Suzuki, M. Howley, T. Miyamura, |. Shoji, EBAP ubiquitin ligase
mediates ubiquitylation and degradation of hepatitis C virus core protein, ).
Virol. 81 (2007) 1174-1185.

[23] K. Murakami, T, Kimura, M, Osaki, K. Ishii, T. Miyamura, T. Suzuki, T. Wakita, 1.
Shojl, Virological characterization of HCV JFH-1 strain in lymphocytes, |, Gen,
Virol, (in press).

[24] H. Aizaki, KJ. Lee, V.M. Sung. H. Ishiko, MM, Lai, Characterization of the
hepatitis C virus RNA replication complex associated with lipid rafs, Virology
324 (2004) 450-461,

[25] T, Suzuki, K. Omata, T. Satoh, T. Miyasaka, C. Arai, M. Maeda, T. Matsuno, T.
Miyamura, Quantitative detection of hepatitis C virus (HOV) RNA in saliva and
gingival crevicular Nuld of HCV-infected patients, |, Clin. Microbiol, 43 (2005)
A4413-4917,

[26] M. ¥i, RA. Villanueva, DL Thomas, T. Wakita, SM. Lemon, Production of
infectious genotype 1a heparitts C virus (Hutchinson strain) in cultured human
hepatama cells, Proc. Natl. Acad. Sci. USA 103 (2006) 2310-2315.

127] T Wakita, T. Pietschmann, T, Kato, T. Date, M. Miyamoto, Z. Zhao, K. Muithy, A.
Habermann, H.G. Krausslich, M. Mizokami, R, Bartenschlager, 1), Liang.
Production of infectious hepatitis € virus in tissue culture from a cloned
viral genome, Nat. Med. 11 {2005) 791-796.

(28] T. Date, M. Miyamoto, T. Kato, K. Morikawa, A. Murayama, D, Akazawa, ).
Tanabe, 5. Sone, M. Mizokami, T. Wakita, An infectious and selectable full-
length replicon system with hepatitis C virus JFH-1 strain, Hepatol. Res. 37
(2007) 433-443,

[29] Y. Miyanari, K. Atsuzawa, N Usuda, K. Watashi, T. Hishiki, M. Zayas, R
Bartenschlager, T. Wakita, M. Hijikata, K. Shimotohno, The lipid droplet Is an
important organelle for hepatitis € virus production, Nat, Cell. Biol. 9 (2007)
10891097,

[30] SH. Jeong. M. (liao, M. Nascimbeni, 2 Hu, B, Rehermann, K. Murthy, T)J. Lang,
Immunization with hepatitis C virus-like particles induces humoral and
cellular immune responses in nonhuman primates, |. Virol. 78 (2004) 6995-
7003,

[31] 1, Anraku, TJ. Harvey, R Linedale, J. Gardner, D. Harrich, A. Suhrbier, AA.
Khromykh, Kunjin virus replicon vaccine vectors induce protective CD8+ T-cell
immunity, ), Virol, 76 (2002} 3791-37949,

[32] 7. Metschmann, A Kaul. G. Kout Jakis, A. Sha kaya, 5. Kallis, E
Steinmann, K. Abid, F. Negro, M. Dreux, FL Cosser, R. Bartenschlager,
Construction  and  characterization of infectious intragenotypic  and
intergenotypic hepatitis € virus chimeras, Proc. Natl, Acad, Sci. USA 103
(2006) 74D8-7413,

133] C.T. Jones, CL Murray, DK, Eastman, J, Tassello, CM. Rice, Hepatitis € virus p7
and NS2 proteins are essential for production of infectious virus. ). Virol. 81
(2007) B374-8383.




Jowurnal of Food Protection, Vol. 71, No. 8, 2008, Pages 1689-1695
Copyright ©. lor Food F

1689

Research Note

Detection of Human Enteric Viruses in Japanese Clams

GRANT S. HANSMAN,'* TOMOICHIRO OKA,' TIAN-CHENG LI,' OSAMU NISHIO;> MAMORU NODA,® anD
NAOKAZU TAKEDA'

|\ Department of Virology I and *Infectious Diseases Surveillance Center, National Institute of Infectious Diseases, Musashi-murayama,
Tokyo 208-001 1, Japan; and *National Institute of Health Sciences, Kami-Yoga 1-18-1, Setagaya-ku, Tokyo, Japan

MS 08-010: Received 6 January 2008/Accepted 9 March 2008

ABSTRACT

A total of 57 clam packages that were collected from supermarkets and fish markets from 11 different sites in western
Japan between 8 December 2005 and 6 September 2006 were examined for human enteric viruses (i.c., norovirus, Aichi virus,
rotavirus, adenovirus, hepatitis A virus, and astrovirus), using PCR and reverse transcription PCR. Sixty-one percent of the
packages were contaminated with one type of virus, 9% had two different types of viruses. 28% had three different types of
viruses, and 9% had at least four different types of viruses. Thirty-one (54%) of 57 packages were contaminated with noro-
viruses. Norovirus genogroup 1 and genogroup 11 sequences were detected in 24 and 23 packages, respectively, and these
sequences belonged to nine genogroup | and eight genogroup 11 genotypes. Aichi viruses were found in 19 (33%) of 57
packages, and these belonged to genogroup A. Rotaviruses (group A) were detected in 14 (42%) of 33 of packages and 9 of
14 rotavirus-positive packages contained two or more rotavirus genogroup types. Adenoviruses (Ad40 and Ad41) were detected
in 17 (52%) of 33 packages. One of the 57 (2%) packages was positive with hepatitis A virus (subtype TA). Astrovirus was
not detected in any of the packages. This is the first study to detect such a high level of contamination in Japanese clams,
These results represent an important finding because the Japanese clams were considered suitable for human consumption.

Further studies are needed to determine the health risks associated with eating these highly contaminated clams.

Gastroenteritis is one of the leading causes of death by
an infectious disease (/9), with more than 700 million cases
of acute diarrheal disease occurring annually. The main vi-
ral agents that cause gastroenteritis are norovirus, rotavirus,
sapovirus, astrovirus, and enteric adenoviruses. These vi-
ruses have been detected in environmental samples (e.g.,
lakes and sewage) as well as in foods such as oysters,
clams, sandwiches, and raspberries. Other important viral
agents that can accumulate in oysters and clams are hepa-
titis A virus (HAV) and hepatitis E virus (HEV) (4, 17).
The impact of viral contamination in the environment is
evident in Japan, where outbreaks of norovirus oyster—as-
sociated gastroenteritis increases in winter, and this coin-
cides with the oyster-harvesting season in winter (2/). The
detection methods for these viruses in environmental sam-
ples and clinical specimens have greatly improved over the
past 10 years and have provided a better understanding and
distribution of these viruses.

The purpose of this study was to detect norovirus, Ai-
chi virus, rotavirus, adenovirus, HAV, and astrovirus in
clam packages sold at supermarkets and fish markets, which
were destined for human consumption in Japan, using PCR
and reverse transcription PCR, and then describe the ge-
netic diversity of the positive noroviruses,

* Author for correspondence. Tel: +81-42-561-0771; Fax: +R1-42-561-
4729; E-mail: ghansman@nih.gojp.

MATERALS AND METHODS

Clam samples. A 1wtal of 57 clam (Corbicula japonica)
packages (30 1o 60 clams per package) were collected from su-
permarkets or fish markets (nonexport) from 11 different geo-
graphically distinct sites in western Japan between 8 December
2005 and 6 September 2006. The clam packages were screened
for norovirus, Aichi virus, rotavirus, adenovirus, HAV, and astro-
virus using PCR and reverse transcription PCR. These 57 pack-
ages were previously screened for sapovirus (9), and 46 of 57
packages were screened for HEV (/7).

Viral extraction. The clams were shucked, the digestive di-
verticulum removed by dissection on the day of harvest (/6), and
then weighed and homogenized in nine times their weight of phos-
phate-buffered saline without magnesium or calcium. One gram
of digestive diverticulum (10 to 15 clams per package) was ho-
mogenized with an Omni mixer (Omni Imemational, Maricua,
Ga.) in 10 ml of phosphate-buffered saline (pH 7.2). After cen-
trifugation at 10,000 X g for 30 min at 4°C, the supernatant was
layered onto | ml of 30% sucrose solution and ultracentrifuged at
154,000 X g for 3 h at 4°C. The pellet was resuspended in 140
wl of distilled water and stored at —80°C until use.

DNA and RNA extraction and reverse transcription. Viral
DNA (for detection of adenovirus) was extracted from resuspend-
ed pellet, using QlAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany), Viral RNA (for detection of norovirus, Aichi virus,
rotavirus, and HAV) was extracted from the resuspended pellet,
using QIAmp Viral RNA Mini Kit (Qiagen,). For reverse tran-
scription, the RNA solution was treated with 2 U of RNase-free
DNase | (Takara, Tokyo, Japan) for 30 min at 37°C, and was



1690 HANSMAN ET AL 1. Food Prot., Yol. 71, No. 8

TABLE 1. Details of the clam samples

No. of
Package NOTOVirus Norovirus strain name Aichi Rotavirus: Adeno- HEV Sapovirus
ne. Site  Mo/day/yr genotypes (genogroup/genotype) virus G types virus HAV  (from (/7)) (from (9))
1 A 12/08/05 2 Gl-Shijimil (GI/4), GI1-Shiji- Aic-1  GUG4 = - — -
mil (GIV3)
2 D 1211005 - - - + - - =1
3 A 1222005 2 GI-Shijimi2 (GI/1), GII-Shiji- Aic-2 G9 + = = ~
mi2 (GIL2)
B D 1217105 - = G8 + = = -
) K 01/10/06 | GII-Shijimi3 (GII/3) Aic-3 NTa NT = = =
6 A 011406 3 GI-Shijimi4 (GI/11), GII-Shiji- Aic-4 G4 + - - -
mida (GII/4), GII-Shijimidb
(GIL3)
7 ] 01/16/06 I GI-Shijimis (GI/8) Aic-5 NT NT = e =
8 A 0120/06 2 GI-Shijimi6 (GI/14), GII-Shiji- = NT NT = = =
mif (GI/3)
9 B 01722106 3 GI-Shijimi7 (GI/12), GlI-Shiji- Aic-6  G? + -~ - -
miTa (GI/New), GI1-Shiji-
mi7b (GII/3)
10 B 01/22/06 - = = o = = =
11 C 01221106 3 GI-Shijimi8 (GI/11), GII-Shiji- = = = = = =
miBa (GII/3), GII-Shijimi8b
(GI1/3), GI1-Shijimi8c (GII/
4), GII-Shijimi8d (GII/3)
12 D 01/24/06 3 GI-8hijimi9 (GI/8), GII-Shiji- Aic-7  G? + - - -
mi%a (GII/3), GII-Shijimi9b
(GI1/4)
13 C  D126/06 3 GII-ShijimilOa (GII/3), GII-Shi-  Aic-8 - + - = SaV-3
Jimil0b (GIL/3), GII-Shiji-
milOc (GIV/3)
14 D 02/07/06 | GI-Shijimil 1 (GI/11) Aic-18 NT NT - + -
15 B 02/05/06 4 GI-Shijimil2a (GI/1), GI-Shiji- Aic-9 - + - — -
mil2b (GI/1), GI-Shijimil2c
(GI/B), GI-Shijimil2d (GI/11)
16 D D219/06 2 GI-Shijimil3 (GI/1), GII-Shiji- Aic-10 G1/GB/GY + <= — =
mil3 (GII/3)
17 B 0217/06 I GII-Shijimil4 (GII/New) = G4 + - - -
18 C  0225/06 1 GlI-Shijimil$ (GII/3) Aic-11 G2/G4 ] = = -
19 D 03/01/06 7 GI-Shijimil6a (GI/11), G1-Shiji-  Aic-12 NT NT = + =

mil6b (GI/8), GI-Shijimil6e
(GV/4), G1-Shijimil6d (GI/B),
GlI-Shijimil6a (GII/3), GII-
Shijimil6b (GIl/4), GII-Shiji-
milée (GII/4)
20 B 03/02/06 3 GI-Shijimi17 (GI/1), GII-Shiji- Aic-19 — + = — o
mil7a (GIVS), GII-Shiji-
mil7h (GI1/4)

2] C  0310/06 2 Gl-Shijimi 18 (GI/8), GlI-Shiji- -~ =4 + = - SaV-1
mil8 (GIl/3)
22 B 03/14/06 3 GI-Shijimi19a (GI/1), GI-Shiji-  Aic-13 — + - - -
mil9b (GI/1), GI-Shijimil9 :
(GII/3)
23 A 03/14/06 - = NT NT - = =
24 E  03/13/06 i = NT NT o~ = =
25 E  03/14/06 = - NT NT e = =
26 B 03/15/06 2 GI-Shijimi20a (GU5), GI-Shiji-  Aic-14 — + = = -
mi20b (GI/14)
27 D 03/17/06 1 GI1-Shijimi21 (GI/1) = GUG2GR + = = =
28 F  03¥/18/06 2 GI-Shijimi22 (GI/8), GII-Shiji- = Gl/IG2IGY + = = =
mi22 (GI/New) G8/G9
29 E  03/18/06 = = NT NT - = =
30 E  03/18/06 - - NT NT = = -

—1M-
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TABLE 1. Continued
No, of
Package Norovirus Norovirus strain name Aichi  Rouvirus:  Adeno- HEV Sapovirus
no. Site  Mo/day/yr genolypes (genogroup/genotype) virus G types virus HAV  (from (/7)) (from (9))

3l G 03/18/06 | GI-Shijimi23 (GI/1) - NT NT - - -

32 H  03/18/06 - = NT NT = = =

i3 D 03730/06 1 GII-Shijimi24 (GIL2) Aic-15 GI/GR —~ -~ - -

34 B 04/07/06 3 Gl-Shijimi25a (GL2), GI-Shiji- = = - - - -
mi25h (GL8), GII-Shijimi2$s
(GT1M4)

35 D 04/13/06 2 G1-Shijimi26 (G1/4), GI1-Shiji- Aic-16 GLIG2GS = e — Sav-2
mi26 (GI1/3)

36 B 04/26/06 | Gl1-Shijimi27 (GII/New) - G2G4 - - - -

37 A 05/16/06 5 GI-Shijimi28 (Gl/New), GII- Aic-17 - - - - SaV-4
Shijimi28a (G11/4), GII-Shiji-
mi28b (GI1/6), GII-Shiji-
mi28c (GIU7),
GII-Shijimi28d (GIV9)

a8 D 05/13/06 2 GI-Shijimi29 (G1/4), GII-Shiji- = NT NT 1A = -
mi29 (GII/7)

9 D 05/27/06 - - GB/GY - - - =

40 A D5/29/06 2 GI-Shijimi30 (G1/4). GII-Shiji- - - - - - -
mi30 (GI1/3)

41 1 06/ 14/06 - - - - - - -

42 D 06/16/06 - - G3 e = = —

43 A 0616/06 - - - = -~ - -

A4 D 06/23/06 - - G? - - - -

45 B 07/05/06 - = = v - - -

46 D 07/06/06 - - - = = i E

47 A 07/13/06 - - NT NT - b -

48 D 0%21/06 - - NT NT - —h -

49 B 0721706 - = NT NT - =& r

50 A 0727106 - - NT NT - —b o

51 A DB/06/06 - - NT NT B b .

52 D OB07/06 - - NT NT - -~k -

53 B O8/10/06 - r NT NT - ~b -

54 D 08/23/06 - e NT NT = —h -

55 I 09/04/06 - - NT NT - -t -

56 B 09/04/06 | Gl-Shijimi31 (GI/New) v NT NT - -b -

57 D 0906/06 - - NT NT -5 = -

Total 3157 19/57 17133 17/33 1157 2/46 4/57

“NT. not tested.
# Tested in this study.

followed by the inactivation of the enzyme at 75°C for 5 min.
Reverse transcription was performed with 15 pl of RNA solution
and 15 pl of reverse transcription mixture that contained | mM
ANTP mixture, 10 mM dithiothreitol, 0.75 pg of random hexa-
mers (Takara), 33 U of RNase inhibitor (Takara), 300 U of reverse
transcriptase Superscript I1 (Invitrogen, San Diego, Calif.), and 4.5
! of Superscript 1T buffer (Invitrogen),

PCR. For the norovirus PCR, the primers were designed to
amplify the 5" end of the capsid gene (/0, I14). For norovirus
genogroup [ (GI), COGIF and GISKR primers were used for the
first PCR, and then G1SKF and G1SKR primers were used for
the nested PCR. For norovirus genogroup 11 (GII), COG2F and
G2SKR were used for the first PCR, and then G2SKF and G2SKR
primers were used for the nested PCR. For the Aichi virus, C94b
and 264K primers were used, and these were designed 1o amplify
the 3C-D junction (protease-polymerase) (26). For the rotavirus
(group A), primers were designed to amplify the major outer cap-

sid glycoprotein VP7, and the rotavirus type was determined by
PCR size (7). For the adenovirus, primers were designed 1o detect
the EIB region of enteric adenoviruses, i.e., Ad40 and Ad41, and
determined by PCR size (/). For HAV, we used a set of nested
in-house primers designed to amplify the capsid gene. For the first
HAV PCR, we used sense HAV+2799 primer (5-ATTCAGAT
TAGACTGCCTTGGTA-3") and antisense HAV-3273 primer
(5'-CCAAGAAACCTTCATTATTTCATG-3'). For HAV nested
PCR, we used sense HAV +2907 primer (5'-GCAAATTACAAT
CATTCTGATGA-3') and antisense HAV-3162 pnmer (5'-CTTC
YTGAGCATACTTKARTCTTG-3"). The HAV PCR conditions
were the same as those for the norovirus (/4). For the astrovirus,
PreCAPI and 12GR primers were used to amplify the first PCR
product, and then Mon244 and 82b primers were used for nested
PCR, which were designed to amply the 5’ end of the capsid gene
(18). Two types of positive controls and a virus-free negative con-
trol per five assays for norovirus PCR were used. All PCR prod-

~102-



