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HEV O O5IZ2BWT. BBOEWNIZ
L0 HEV OBRPEHNRILD I EMNRB X
Nice TNETHICHBIT S HEV DERRIL
BREORETRBERIN#ETH> . TOD
FREL T, A I N-EKOBREBAE N
ERSEIOEEN SRS N, KIZ, 3
HEGK TRD SN/ i T OHERE O’
I RIEBEE DO RPUCER L =& E 2
537z,

HEV IZX9 % IFA Hiff{fi & ELISA OD f#
. HBERESS I —HERELRIFTH
D TDT EMS, VLP Z AW/ ELISA
ki3 HEV OHEREICBWTENR FiE
THdEEZ SN,
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RAEFBRFM RS (HH - BRBIERTEE)
MRERESE

HBV, HCVHZ=Ri % FH L-FHAZ MR OB

DERREE BMK MFRFRFREZERFERMED ST e

MEEE HBV IXBETRSENTEICRY . AREDOEETFE HBY 2B
KIZBAL, BEBRERLTWAZEBEREN TS, 22 C, x4
BLETFROHBY #2HCE ABELRREREZBITAZENALETH B,
PRI Bs TUFRIF 2 QW ESED-DICEL OEEFEOHBY 7 a—2
Z VN HBs LRI A BT L 72, 3 — 12 v/ YBID genotype A (HBV-Ae)
IEAFRIZZ U genotype C (HBV-CA) & BRI RITEVNL DD, FiEHRA
DFWNENED > T-, HOV T o R —FHERERNEEES. L
MBOINTANAEAROBINSLETHS, 4., HCV J6/JFHL #D
MERIEERIC R VR LV REO BN T A NV R A A T2 L
B, TERLD 10-100 BREMEOE T A N RAELERDORIIZRE L

o VANABIETFOBEEERIZOWVWTHETEZED TS,

A. FRE®

W BRFFR 7 A VR (HBV) 1353k D
MEREZT Tl BEFHETICLY
BODBRLBTHIIHETE AL HITh»
Teo BIRTIXE K O—iBME HBV BT &
HRFROBIEDOHATERTHLEELLN
TELD, BEFRLSEICL 2BERES
MEPELIZHO>NT, BEFRIZL VB
PHEELRT WS D, E-BHEFL LT
BIBT LT WEEFEBEET S -
EBERIND LD R-oTES, T—
2 ~EID genotype ADMEARRYWE & L
THARENRN, FIZKREHIMIZEBA, LK
LTS ZEBEFHITRIN TN S,
ZTI T, BEFRELSEAHEIRECTE
LHEDORFE, /-, BHEFEL OME
ZBH LML, HBV O@EUI22HrE, F
Bith. 1REIEOBRENEETH D,
Flo. CEFFR AN DOBEIEITR
BRI HELR L TWBR, YA L ZADHF

R I F RO EICEE R X
B — 7 HARHRIIRIZHESL TE T
VY,

WTNDOT AL AZBNTHEIER L L
UANREHETE S E D FENRITHELS
NTELT, REDYANLAHIE 2 Fk
TERVWIENREEIERTHD L EX
DD, o, XA T4 TRUA LR L
[FIERRTERE L IR EFE T 5 VA L AH
FOEAZBRDTHETHY ., BHHZR
T OREMELRELKRTIES Rz
S>TWND, TOERT, VA /NVAEEHRZE
HIF (virus-like particles, VLP) 23K &I
FEETENE, UVI7F U BRLZHRE
OMHERER L OB EIZB WV THREDERN
T B,

ZFIZT, 5 B BfFRT A LR
(HBV) ., CBIfF R 7 A L A(HCV)D thze
RAZHRIBHAL, V7 FUARE
BRE - ZWNEOR L% BT 00

-
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B. #FFHIE
(DpUCI9IZ 7 v —= 7 LI 72 iE
BFEIOHBY 7 u— (BB KE
DI LR, HPE AR O 4t
5) ZHh-THE~ T RXT7z7 FL
Tot&. EE$T O HBs HiEE L OHBRA T
@ HBV #H#1% ELISA R X W real time
PCRIETHIE L7z, #L T, EE~D HBs
PUR WS % LB LT,

(2) #AE _E3E 5~ HBs FLE AW Bh R A3
BV a—&@R L, Huh-7 MfRClE
FHICREBLT S MK E B LT,

(3) BIEFIC /W & D HBs IR DR R
FiEEREt LT,

(4)HCV J6/JFH k% A\ T in vitro TV
A VA RNA &AL L. Huh-7. 5 FERERR~
TL 7 haRlb—3 3 UETRNA 2 HR
N~EA L7, Z0HCVRMiaE 3 —
4B ZLIZHR L. EEFO YA LR
Zefl 2 BIE LT,

(5)ERIZ & 0 B ORI A L
TbDIZONWTH A LY hor—r oy
¥ TIETRBTFRTEZITO, COfEERIc
BEPASTVBEPRE L, DAL R
BRI EEZ B LIETEAL R AT
L7z,

C. MERER

(1)HBV genotype A, B, C D& a—
Z Huh-7 ffGIZ h 7 2727 LT,
EFEH~D HBs FLIRZBE L 7=,
genotype A (HBVAe) !X genotype C (HBV
CA) & M8 L CEETFEBMOBRLE <

RNNIH 06T, EFEFICRWT S
DEPENZ EBBERERIRENE,
(2) pUCHBV-Ae & pZeoSV2 % Huh-7 #Hfa
{2 co—transfect L. Zeocin TiERT 3
ZEIiZL D HBV-Ae ZIEHEHICEE TS
Huh-7 HERSEROBISLIZAERZI LTz, o
7>b HBs FUR D WD\ m—
ZER L7,

(3) ¥ = W& E ARLE LA T HBs HUFRD
SBEFREEE & #EMT L7z, 1.10-1. 15g/ml
fHEIC 33 X < HBs FUFKIF 23 EIR S 41
77

(DOHCV DHEFERIZBNTHIKT B Z &
(LD EERIIHEHESNDE VA NV ADRR
Y 738 A3 HCV P-1 BRIZ LT 10-100 {51
KL7,

(5)HCV P-47 #REXEEAMA IR fr Rk BE
ZHERL, BWRENEOTVANRAEE
£ LEET -,

B FA VI h—F T RET HOV &
JADEITHEEERD B DN R E
HTWBH,

D. £%

HBV genotype A#f (HBV-Ae)idgenotype
CEE (HBV-CA) Z H~UBsHLR W R A TR
EICEWZ ERHL MM E R o7, HBsHIE
B oW aHEHT 20 F#FELTLD
B H0MT 72 TV, A [El, 43 IEhER A
Rp570—VERETHIENTER,
INGDI7u—r0X X T BIEFEER
L. HBsHLR 3 IEh %2 i § 5 = & T,
& DAL FFEIR DS HBsHUFRL T 45 s & 4l 48]
LTWEDEHOLNITE AA[gEMN R E
i, IREEURBRIZEMICRET L, AL,
WL TWNE LY,



RIZ. HBV-Ae % FrigiAIZ R B ¥ HHuh-7
HERARR Z 85 L. HBSHUR O LW N &
W7/ a—UEERTHEZENTEL, ID
gk & VTR R < BBsHURRLF 2 TR
BT 5EHERNEITo TS, LIERE
AELIE L CHBsHURRL F 3B S 5 &
HEBRBEOMNERST-DT, 5%, AEED
RELERE LT E L,

HCV DRI FREEAE R DORREHT IV T, HCV
J6/JFHI R B YeHuh-7. SHEAR & MEAEE R L
el Z A, RIS U RS S MidP- 18k
(2 T10-100f% L& U 7=, P-4THRR YL A
BRI R R R BB & HE e L VO R 0
DUANAEEELRETDZ EBRREN
Tro REYRD _ERIZIZHCVY ) L~DEE
EENEE LTS LEZ LN, BifE, &
BEREETFES ZETLTWS, HCVS
JLEDEDBEBFEREN VA NVARKRF
EE,. 7TECTY BBIZESEL TS
BOMNMITAH I EICL D, HOVRLFDRIF
TRk, D UWHSABICEE RS ) LBLFID 70>
V. XV RO LRI FEARDBETE
HH0LHFIND,

E. &

genotype A (HBV-Ae) IZEHRIIE L &2
vMZ B3 & 9 genotype C (HBV-CA) LV
EEF~ORWHBEPE N BTN
7z, HBV-Ae DHBsHUFHKI F 2 B I T 5
Huh-7 B BABE 2 B2 L 7=, E 7. HOV
J6/JFHIRR DMFAREERIZ L 0 REMR L 0 KB
OB NTANVAEAMBER T DT
& BRI PSR &V 10-100fF =l D &V
O A NABEROBTIC RIS LT,
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BEESEHHFENREMS (FHE - FRBMENAFRE)
‘ SHEARREE

BEARICBIT S EMFRY AN ADHE

FEFRE FRE BENBREREMUVANAESR EEHRE

MRAEE

E RIFFRYAVZ HEV) 1RO 5 O QI E R 1B S hT

BB NATH D, MEEERIEY IV AOESE, B, BRO A =X AORBEC RN
BWFETHD, RAZTILSHBLABETE 3G BT 3 HEV k% PLC/PRE/S,

_ ‘A549, GL3T 7 E DMz L . BIrAYICHE#E B @ HEV RNA, HEV HiE % RT-PCR, ELISA ¥
IZTHIEL, HEV OB TE 388, H50WI NS5O THETES AN AKREREL /-,
BAE. PLC/PRF/5 IZRES L7271 L ABOER E AT L T 5,

ot FEE
2 WE (ELRPEPTR
fExX # (B s

A. BrREE®

E BFRT1IVA  (Hepatitis E virus; HEV)
WBERMFRXOFERTYAIVATHS, BIE, Pz
EBMUDDBEETFRIAMENT NS, ERFRD
—DORFBIIBRREF O TENH NI ET, E
2 20%BICETDIENIHEDLH D, THETHE
HEEIZHBNT E BRI ARTE S BbhT
ETem, BE, Fo<BINERBEOLRWEEE
MFRBENRRINZ 2 E BETHTTICL
ELTWBIUAMIATHDZENHASNTED
T&E/-. HEVAEETE 2RI
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MTENT . T I F VRO DO EBEERN
ARLTWS, SEIBLZIIT Y NS 538 L 2R
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i 77 > #RE AS49 BLXT 7D H I RYFIVEL
B GL3T 72 EiCHEREL . AN ADOER, W%
DHEEZHEL. HEV EEEMRIEMH R OB 23
BN Al

B. BFFEH &

HEV BT 5 Bk O BAZZT O DAL,
PBS () T 10¥AFZERL =, ELISA B XY
RT-PCR HEIZ K> TUAMINAHR EBIET Z HER
L7z, | nl OFF#RRAFZZZ4 PLC/PRF/S.
AS49 BLTNGL3T ICHERL . B LEZ—, =H
EEITRRLUz. #iRSEZEEHOTILAHIR,
BN ABETFERAEL . BEMRTHEE

TEMESIDEFML 7=,

C. IREREBIUVER

G3 HEV Zm&H L 7= PLC/PRF/5 MHAB D LI 5
HEB”S HEV-RNA Z3Riah. 32 AEL S HEV
BEERSRHE N, 20%. HEVEBEERS
KN HEV-RNA 133 2% > MZKEEEEN SR
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HAHIREICH L TWBZEWRENS 35



KHEEAZOLAY > 7Oy NETRIFL:
R, BHEMIND I EHRBINS. E#HE
HOBR. BLXUZTDANZXLESI SITHRINT
LUENRD S,

D. &

HEV 2SJETE 258 MR 2 L. B5Ed
FIDKILICK > T, UV AKE. HHOANZ
XL DBRACH - 2ENRAM DS, X, ZHITK
> T HEV OR{E(LEY. HHEEOWME. 7/ F
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JEERBRFRREMEES (R - AEBRENASER)
SEFRREE

HCV@subgenomic repliconZ#FD w1 I ARRKITF DL & tER T

SEREE G FF ENBRRERRAUVANAE2E EERAE

HRES CHEFALIAIA HV) 3. BEARTYAINVADNBEREETE
ol ENHREREICL TN, BEFREENS /I O—Z20TX
N7z JFH-1 BRI K 0 308 T HOV %7 )V RIGHASAIRE & o Ty BBIFETHL,
HCV @ subgenomic replicon ZfREFS 24MIC JFH-1 HROWEEDZ trans
HBR L, B oRRIB 2L BV @ virus-like
particles DYER ZRMEHIGBEEEL TV, ‘

A BFEE®

CRIFFA1 VA (HCV) BB FekeibL
PRI 2 BRRBRETH 5. BEOYA )
AREHEEIHRPT L TEA HIVERED4
) KDIFBEEDbNTNSN, > ¥—Tx0
SERUOUNEY COBFENREIR T2 TH 2. @
R ED R Y ) —= > A & D BB AR
D L7t BRREEERENA VAT TN —
TIZFHRT I F OB ETH 5. T HITEWE
B O HOV BREe HIV g O HOV ERERD T8
BHBETHD, £z, BEAT I F 2 OHRHE
Fah VOO F U RENREENTNS,

INETIT WV OO F U HRRBEXLN D
T RKERBEBAOD DI BERARTY IV AN
PWETERDND/272DThH S, Lohmann 5748
Conl % HCV L 7V O ZBAFL TLSk, &
MR THOV BRUCBET ANl E& /e o7z L
ML, Conl #® HV 2EBRTEEALLLT
YA THUAINAKFIIMENNho7. —
#. BRSPRIERFREENS 7EEL 2 JFH-1
BRIZ. N ETOHCY #R& e U T EMRICE
GAERENDFEEITELS, T JFI-1 RO EBL
25 RNA ZREMRICEA TS I EICk D AR
DDA IV ZRF &5 LT, WAEMRIC HOV

DOREEEHA & subgenomic replicon RNA Z 4469
HZEIZED, HOV #RRIF (HCV-LPs) ZBHERE
BHZEMNTENL. VDT ) LNy =2
TRORFHRIEE T T YA I IVDREILTT
B, TUFUREMRICHDEREEALNS.

AHETIIVACEF S FIAIVARF

(HCV-LPs) & KRICEMY. BHET 2 HEZMAFRE
THIEEBELT B, ZOHMMNTEEE 2T,
HCV-LPs % Ehhic i L THRAMOFEEZE
Rl BEMICIICERX Y V7 F R ZBiE
ED

B. BFEA®
[. JFH-1 BROMEEETERZEENCRET
% W LB Ak D S

pEF4 X% # —iZ, EF 7o&—4%—¢& Leocin
M EET 2555, BB EERNICRETS
WA EER T 2 2 ENTES, XY
& —@ BF 70E— 5 —O T JFi-1 kO HiE
BEFEREHAL. TLY hORL—a ik
T Huh7 #R3ICEA L. Zeocin TR V-2
LT HOV #58Em & fEH0ICRET 2Kk e
WL, % SR B L T a BEE LR
OTHEL. HOV 55 D53 b 7 T D %8



ZFNRTz,
2. B[FHIZ HCV replicon Z{##3 % HCV-LPs
DL

LR HOV BEEA2RBETEHSIAIR
%, HCV @ subgenomic replicon %53 % Huh?
MRICERKRICEAL. Leocin TAZY—=Y
LT HOV 8 e 2 tE% M RET HllatkE
BREL BREFEEZBEL T aBEE QG
DTHEL., HCV #EZEA & replicon RNA Ok
#EFEPTOXEEEREN,

(REEA~ORE)
ERHITME OB O & RO DNA S8
&, EYRHEETOARE RIS, £/-. A
RTHEAT D N ERRBIT TloliT & he
HRHKTH Y REETOREIIANEELSH
B8 it M EE RT3 R
CEBaiid, XHH¥ESTEED 5Nk Tk
N L BEGTRNTBRRICBIT 5 ERE e &
O, Epk 134 3 A 29 B 12 3CRHEES 266 B
BRI AR IR R BB | X pTI
DEZHAMBEERRRICHIAL, 127 +—

LR MIHRLIFRZEEML . 2R,

BAERE BRICEBRRET 2.

(. BFFERR

L JFH-1 ROERETFREEEHENICHRE -

T 5 WAL BRI O BUS

JPH-1 bR OO M SRS T % pEF4 O BF 7 01E
—H—OFFIHAL. HuhT MIREA L.
HEVEMERE L T M ERIR L & 2

2 % IS IOV ESEEASMEENTNDS |

ZEMHERBEIN -, T, BELEEBELTS

IBBEEANRTHELZETS, BEMSL 15+
HICOAT7EABRFEL TND I EDHE S .
HOV DR THBEVI VPR SN TV 2 A REHE A
R Iz,
2. KPRz HCV replicon 2fR¥9 % HCV-LPs
DL

Genotype 1b @ subgenomic replicon %54
% Huh7 #HREIZ JFH-1 O#EE A ZHEICHEH
THTIAI REEAL MMM ERL L7, =
DR S IIHEE R & replicon RNA 253 3 1,
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Infection with hepatitis C virus (HCV), which is dis-
tributed worldwide, often becomes persistent, causing
chronic hepatitis, cirrhosis, and hepatocellular carcino-
ma. For many years, the characterization of the HCV
genome and its products has been done by heterologous
expression systems because of the lack of a productive
cell culture system. The development of the HCV rep-
licon system is a highlight of HCV research and has al-
lowed examination of the viral RNA replication in cell
culture. Recently, a robust system for production of re-
combinant infectious HCV has been established, and
classical virological techniques are now able to be ap-
plied to HCV. This development of reverse genetics-
based experimental tools in HCV research can bring a
greater understanding of the viral life cycle and patho-
genesis of HCV-induced diseases. This review summa-
rizes the current knowledge of cell culture systems for
HCYV research and recent advances in the investigation
of the molecular virology of HCV.

Key words: hepatitis C virus, translation, polyprotein
processing, RNA replication, viral assembly, ubiquitin

Introduction

Hepatitis C virus (HCV), discovered in 1989, is a major
etiologic agent of posttransfusion- and sporadic non-A,
non-B hepatitis' and at present infects approximately
200 million people worldwide.™ Persistent infection
with HCV is associated with the development of chronic
hepatitis, hepatic steatosis, cirrhosis, and hepatocellular
carcinoma.>® HCV is a small, enveloped RNA virus
that belongs to the Hepacivirus genus of the Flaviviridae
family.”'® Its genome consists of a single-strand of
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positive-sense RNA of approximately 9.6kb, which
contains an open reading frame (ORF) coding for a
polyprotein precursor of approximately 3000 residues."
The precursor is cleaved into at least ten different pro-
teins: the structural proteins core, E1, E2, and p7, and
the nonstructural proteins NS2, NS3, NS4A, NS4B,
NS5A, and NS5B (Fig. 1).

To date, six major genotypes of HCV have been iden-
tified that differ by 31%-34% in their nucleotide se-
quence and by about 30% in their amino acid sequence.
It has been shown that HCV, like many other RNA vi-
ruses, circulates in infected individuals as a population
of diverse but closely related variants referred to as
quasispecies.”” This quasispecies model of mixed virus
populations may confer a significant survival advantage,
because the simultaneous presence of multiple variant
genomes and the high rate of generation of new variants
allows rapid selection of mutants better suited to new
environmental conditions."

Specific anti-HCV drugs that efficiently block virus
production are not yet available. The current standard
care is combination therapy with interferon (IFN)-o
and the nucleoside analog ribavirin, which cures about
40% of hepatitis C patients infected by HCV genotype
1, the most prevalent genotype in industrialized coun-
tries, and about 80% of those infected by genotype 2 or
3."*15 Since many patients still do not benefit from the
treatment and IFN therapy is associated with unde-
sirable side effects such as headache, fever, severe
depression, myalgia, arthralgia, and hemolytic anemia,
development of innovative treatment alternatives for
hepatitis C patients is immediately needed. Studies of
HCV life cycle in cell cultures have been greatly facili-
tated by the development of genetically engineered vi-
ral genomes that are capable of self-amplifying to high
levels (replicon system), and by recent establishment of
a production system for recombinant infectious HCV.
Such progress will aid in the development of signifi-
cantly improved HCV antiviral agents.



412

T. Suzuki et al.: Molecular biology of HCV

l spp Vs [INs23pro [] NS3proua

l

l

; ‘ NS4 NS5
ENTR L NS2] NS  Jaie]| A | 8
/ \/ p7 |
| )
ion serine- NS3- | replication '
capsid envelope channel | Protease cofactor P 3NTR
cysteine- . NTPase/ ? RdRp Fig. 1. Hepatitis C virus (HCV) ge-
protease helicase nome organization and polyprotein
- ~— — — processing.' Posttranslgtional c}eav-
host factors  38¢S by signal peptide peptidase

I

RNA replication

(SPP), signal peptidase (SP), NS2—
NS3 protease (NS2-3 pro), and NS3
protease and NS4A complex (NS3
pro/4A) lead to the production of
functional HCV proteins. NTR, non-

Cell culture systems for HCV research

Although substantial information on HCV protein
structure and function has been obtained from the use
of a variety of cell culture and in vitro expression sys-
tems, for many years, HCV research has been ham-
pered by the restricted host range and the inefficiency
of cell culture models for viral infection and propaga-
tion. The development of the HCV replicon system,
therefore, is a milestone in HCV research and has al-
lowed examination of viral RNA replication in cell cul-
ture.® Expression systems of heterologous virus genes
based on RNA replicons have been established in a
variety of positive-strand RNA viruses such as polio
virus,'? the alphavirus Semliki Forest virus,” Sindbis
virus,”® Kunjin virus,” human rhinovirus 14,7 and bo-
vine viral diarrhea virus.”® In general, advantages of
replicon systems are (1) a high level of gene expression
and RNA replication, (2) easy construction of recombi-
nants, and (3) a wide permissible host range.

The HCV replicons are typically composed of select-
able, bicistronic RNA, with the first cistron containing
the HCV 5’ nontranslated region (NTR), which directs
translation of the gene encoding the neomycin phos-
photransferase, and the second cistron containing the
internal ribosome entry site (IRES) of the encephalo-
myocarditis virus, which directs translation of HCV NS3
through NS5B region, and the 3° NTR. The prototype
subgenomic replicon utilized a particular HCV geno-
type 1b clone termed Conl. Following transfection of
RNA generated by in vitro transcription of the cloned
replicon sequences into a human hepatoma cell line
Huh-7, antibiotic G418-resistant cells could be obtained
in which the subgenomic RNA replicated autonomous-
ly. RNA replication was first detected at relatively low
frequency, followed by the identification of replicons
harboring cell culture-adaptive mutations, which in-

translated region

creased the efficiency of replication initiation by several
orders of magnitude. ‘

Adaptive mutations were found primarily at the N-
terminus of the NS3 helicase, in NS4B, and in the center
of NS5A, which is upstream of the region putatively
involved in IFN sensitivity. Most of the mutations in
NSSA are located at highly conserved serine residues
and lead to change in the phosphorylation state of
NS5A. % A combination of adaptive mutation in NS3
and NS5A resulted in the highest level of replication of
a particular HCV genotype 1b isolate.” Later work,
however, has indicated that adaptive mutations can
arise in most of the viral nonstructural proteins.>** The
mechanisms by which adaptive mutations increase RNA
replication efficiency are not well understood.

In the last 7 years, a variety of different replicons
have been generated, including replicons with reporters
or markers such as luciferase and green fluorescent pro-
tein, replicons from genotype 1la and 2a, and genome-
lengthdicistronic HCV RNAs (genomic HCV replicons).
HCYV replicons with reporter genes allow us to execute
fast and reproducible screening of large series of com-
pounds for antivirals.*>* Huh-7 cells are the most per--
missive for HCV replicons. However, variability in the
permissiveness for replicons has been observed for a
given Huh-7 cell pool, and the cells that are able to
support efficient replication of the viral genome are
enriched during selection such as G418 treatment. A
so-called “cured” cell clone, which can be prepared by
removing the replicons by treatment with IFN, supports
viral replication to a much higher level in many cases
and is useful for introducing genome-length HCV
RNAs»*

An HCYV genotype 2a replicon with the JFH-1 strain,
which was first isolated from the serum of a Japanese
patient with fulminant hepatitis C by our group,* repli-
cates efficiently in not only Huh-7 cells but also other
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hepatocyte-derived cell lines, HepG2 and IMY-N9, and
nonhepatocyte-derived cell lines, HeLa and 293.*™* In-
terestingly, the JFH-1 replicon does not require adap-
tive mutations for replicating in these cell lines, and
enormously efficient RNA replication is detected by
transient replication assay as well as by colony forma-
tion assay with G418 selection,” suggesting that the
JFH-1 genome can replicate autonomously without the
help of drug selection or the requirement of adaptive
mutations. This observation laid the basis for a break-
through in HCV research.

Transfection of the full-length JFH-1 genome into
Huh-7 cells leads to the production of HCV particles
that are infectious both for naive cells and for animal
models.” As a first attempt, an in vitro transcribed full-
length JFH-1 RNA was introduced into naive Huh-7
cells, which is the original cell line used for subgenomic
replicon studies. Efficient RNA replication in the trans-
fected cells was detectable by Northern blot analysis,
and the viral-enveloped particles, which are spherical
structures with an outer diameter of approximately
55nm, were secreted to the culture medium.® Secreted
virus was found to be infectious, although at low effi-
ciency, for naive Huh-7 cells, and its infectivity can be
neutralized by anti-CD81 antibody and hepatitis C pa-
tients’ sera.” Subsequently, to increase the infection
efficiency, “cured” Huh-7 cell lines such as Huh7.5,
Huh7.5.1, and Huh7-Lunet were used. Infectivity of
these cured cell lines with JFH-1 became more intense
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compared with standard Huh-7 cells, and the virus titers
released from cells freshly transfected with the JFH-1
genome were markedly increased by continuous pas-
sage of the cells carrying persistent replicating viral
RNA.* Further, chimeric constructs with the core to
NS2 region of another genotype 2a clone, J6, improved
the infectivity."” Thus, this recombinant infectious HCV
cell culture system opens avenues of biochemical and
genetic studies of the HCV life cycle.

Besides isolating functional molecular clones of HCV
that replicate to high levels, to generate a cell culture
model that mimics natural host cell environments may
be advantageous for improving HCV production sys-
tems suitable for studying the virus-host interaction. It
is likely that HCV morphogenesis occurs in a complex
cellular environment in which host factors may either
enhance or reduce the assembly and budding process.
Generally, the interaction of viruses with polarized epi-
thelia in the host is one of the key steps in the viral life
cycle. A variety of enveloped viruses mature and bud
from distinct membrane domains of the host cells.*™!
We found that a dicistronic HCV genome of genotype
1b supports the production and secretion of infectious
HCV particles in two independent three-dimensional
(3D) culture systems, the radial-flow bioreactor (RFB)
and the thermoreversible gelation polymer (TGP), but
not in monolayer cultures, although its productivity is
much lower than that observed in the JFH-1 system*
(Fig. 2). The RFB system was initially aimed at the

HCV-RNA (10%copies / fraction)
HCV-core ( fmol / fraction)
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Fig. 2A-E. Production of HCV particles in the three-dimensional, thermoreversible gelatin polymer (TGP) culture of the Huh-7
cell line (RCYM1) carrying genome-length dicistronic HCV RNA of genotype 1b. A, B Sucrose density gradient analysis of
culture supernatants of RCYMI cells. The culture supernatants were fractionated and then HCV RNA (A) and core protein
(B) in each fraction were determined by enzyme-linked immunosorbent assay and real-time reverse transcription polymerase
chain reaction, respectively. Closed circles, TGP culture; open circles, monolayer culture. C, D Electron microscopy of HCV
particles in the supernatants of TGP-cultured RCYM1 cells. C Negative staining. D Immunogold labeling with an anti-E2 anti-
body. Gold particles, 5 nm; bars, S0nm. E Silver-intensified immunogold staining with anti-E1 antibody. The arrowhead indicates

virus-like particles reacting with anti-E1 antibody
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development of artificial liver tissue, and the bioreactor
column consists of a vertically extended cylindrical ma-
trix through which liquid medium flows continuously
from the periphery toward the center of the reactor.”
In RFB culture, human hepatocyte-derived cells
can grow spherically or cubically, and they retain liver
functions such as albumin synthesis™® and drug-
metabolizing activity mediated by cytochrome P450
3A4.% TGP is a chemically synthesized biocompatible
polymer which has a sol-gel transition temperature,
thus enabling us to culture cells three-dimensionally in
the gel phase at 37°C and to harvest them in the sol
phase at 4°C, without enzyme digestion.”” In contrast to
other matrix gels made from conventional natural poly-
mers, TGP has several advantages that allow us to in-
vestigate the functional characteristics of epithelial cells,
their tissue-like morphology, and their potential clinical
applications. For example, the use of 3D culture materi-
als other than TGP requires treatment with appropriate
digestive enzymes or heating to collect cells grown as
spheroids from the culture media, and the matrices may
damage the cultured cells to some extent. A 3D culture
system based on RFB and TGP, in which human hepa-
toma cells can assemble into spheroids with potentially
polarized morphology, is a valuable tool in studies of
HCYV morphogenesis.

Translation

The approximately 341-nucleotide (nt)-long 5° NTR is
one of the most conserved regions of the HCV genome,
and the secondary structural model, which is also
largely conserved, reveals four distinct RNA domains
in the region, reflecting its importance in both viral
translation and replication.®®®' The 5 NTR forms four
highly structured domains (domains I-IV), which may
be conserved among HCV and related flaviviruses and
pestiviruses,”® and it is functionally characterized as an
IRES to direct cap-independent translation of the ge-
nome.”® To determine the minimal sequence required
for HCV IRES-dependent translation, as in the earlier
studies of picornaviruses, the bicistronic RNAs in which
two reporter protein-coding sequences are separated by
an IRES sequence were analyzed. Translation of the
upstream reading frame occurs in a 5’ end-dependent
fashion, while translation of the downstream reading
frame is driven by the IRES element. The IRES com-
prises nearly the entire 5 UTR of the genome. There is
evidence to suggest that the first 12 to 30 nt of the coding
sequence are also important for IRES activity.** The
first 40nt of the 5 NTR, which includes a single stem—
loop (domain I), is not essential for the translation; the
5" border of the IRES was mapped between nt 38 and
46.457% Domains II and II1 are relatively more complex
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and contain multiple stems and loops.**® Domain IV
consists of a small stem-loop containing the polyprotein
start codon at nt 342 and forms a pseudoknot via base-
pairing with a loop in domain III.

Recruitment of the 43S ribosomal complex, contain-
ing a small 40S ribosomal subunit, eukaryotic initiation
factor (eIF) 3, and a tRNA—€IF2-GTP ternary com-
plex, to mRNA molecules is critical for initiation of
eukaryotic protein synthesis. The 40S subunit and eIF3
can bind independently to the HCV IRES.*™" How-
ever, it appears that interaction between IRES RNA
and the 40S subunit drives formation of an IRES-40S
subunit—eIF3 complex, since HCV IRES RNA demon-
strates similar affinity to both the 40S subunit and the
40S-eIF complex.” Other cellular factors such as La
autoantigen,” ™ heterogeneous ribonucleoprotein L,
poly-C binding protein,”” and pyrimidine tract-binding
protein,”® also bind to the IRES element and modulate
translation. v

Regulation of IRES-dependent translation of HCV is
also likely to involve viral factors. We found that the
core protein specifically inhibits HCV translation, pos-
sibly by binding to a stem-loop IIId domain, particu-
larly a GGG triplet within the hairpin loop structure of
the domain, within the IRES (Fig. 3).”® Although a
conflicting report has suggested that inhibition of HCV
translation is due to an RNA-RNA interaction, rather
than to an interaction between RNA and the core pro-
tein,® later studies support the role of a core protein
sequence spanning amino acids (aa) 34—44 in inhibition
of viral translation through its interaction with the
IRES.® Furthermore, the N-terminal 20 residues of the
core protein have been shown to selectively inhibit
translation mediated by HCV IRES in a cell type-
specific manner.* We propose a model in which com-
petitive binding of the core protein to the IRES and 40S
ribosomal subunit regulates HCV translation.

By analogy with other RNA viruses with IRES-
mediated expression, the HCV 5 NTR has been ex-
pected to contain not only determinants for translation
but also cis-acting elements for RNA replication. Re-
cent studies demonstrated that (1) the sequence up-
stream of the IRES is essential for viral RNA replication,
(2) sequences within the IRES are required for high-
level HCV replication, and (3) the stem—loop domain
II of the IRES is crucial for the replication.®

Polyprotein processing

IRES-mediated translation of the HCV ORF yields a
polyprotein precursor that is subsequently processed by
cellular and viral proteases into mature structural and
nonstructural proteins (Fig. 1). As deduced from the
hydrophobicity profile and the dependence on micro-
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somal membranes, junctions at core/El, E1/E2, E2/p7,
and p7/NS2 are processed by host signal peptidases. For
instance, secondary structure analysis of the core pro-
tein reveals that all major alpha helices are located in
the C-terminal half of the protein. A predicted alpha
helix encoded by aa 174-191 is extremely hydrophobic
and resembles typical signal peptide sequences. Further
posttranslational cleavage close to the C terminus of the
core protein takes place, removing the El signal se-
quence by the signal peptide peptidase.* ™ This pepti-
dase has recently been identified”™ and exhibits protease
activity within cellular membranes, resulting in cleavage
of peptide bonds in the plane of lipid bilayers.

The viral nonstructural proteins are processed by two
viral proteases: processing between NS2 and NS3 is
a rapid intramolecular reaction that is accomplished
by the NS2-3 protease, which spans NS2 and the N-
terminal domain of NS3, whereas the remaining four
junctions are cleaved by the serine protease located at
the N-terminal 180 residues of NS3 protein. Efficient
cleavage at the NS2/3 site requires the 130 C-terminal
residues and the first 180aa of NS3. Recombinant pro-
teins lacking the N-terminal membrane domain of NS2
were found to be enzymatically active, allowing further
characterization of this activity.”"” Deletion of NS2
from the nonstructural polyprotein did not abolish the
replication of HCV RNA in cell cultures, indicating that
NS2 is not essential for vial RNA replication.'*”

The NS3-NS5B region is processed presumably with
the following preferred order of cleavage: NS3/4A—
NS5A/5B—NS4A/4B—NS4B/SA.* Processing at the
NS3/4A site is an intramolecular reaction, whereas
cleavage at the other sites can be mediated intermolecu-
larly. NS3 is a multifunctional molecule. Besides its N-
terminal protease activity, the helicase and nucleotide
triphosphatase (NTPase) activities reside in the C-
terminal 500 residues of the NS3 protein.” " NS4A

Processing

@
@ @
/ @ Core protein
- ‘——\l P

Fig. 3. The role and fate of HCV
core protein in the postulated HCV
life cycle. See text for further expla-
nation and details

RNA replication

functions as a cofactor of the NS3 serine protease and
is required for efficient polyprotein processing. There
are significant differences in the stability and activity of
the NS3 protease in the presence or absence of NS4A.
NS3 protein is relatively unstable when expressed in
cells in the absence of NS4A.'” Structural studies by
nuclear magnetic resonance and X-ray methods show
that the NS3-4A complex has a more highly ordered
N-terminal domain and NS4A binding leads the NS3
protease to a rearrangement of the active site triad to a
canonical conformation.'® It has been predicted that
the N-terminus of NS4A forms a transmembrane helix,
which presumably anchors the NS3—4A complex to the
cellular membrane.'™

RNA replication

HCV is assumed to replicate its genome through the
synthesis of a full-length negative-strand RNA. Posi-
tive-strand RNA is then produced from the negative-
strand template; it is several-fold more abundant than
the negative-stranded RNA and is utilized for transla-
tion, replication, and packaging into progeny viruses.
RNA replication of most RNA viruses involves certain
intracellular membrane structures, including the endo-
plasmic reticulum (ER),"™"”” Golgi,'” endosomes, and
lysosomes.'” HCV RNA replication is also believed to
occur in the cytoplasm of the virus-infected cells.
Although NS5B protein has RNA-dependent RNA
polymerase (RdRp) activity in vitro, its recombinant
product alone is presumably short of strict template
specificity and fidelity, which are essential for viral RNA
synthesis. It is highly likely that other viral or host fac-
tors are important for conferring proper RNA replica-
tion and that the replication complexes (RCs), which
are composed of NS5B and additional components re-



