BERYBIH Dy BE LT U A NV A b DR
W Ty m— A, R AR
BELEHFHBARZE X Y b OATRR
BEE 5 DR B IR IC R BRAER 7 AR
NHRENTVWAE 4 R HIV HUR - 5t
BRI EZEH XY O/ E HIV-1
subtype/CRF HURR R LB 21T 20,
RIS Lo BRYtE s+ 7 v — ARG &
L CHEANENPEITKRE LTz,
B.IRA %

HIV-1 VA LVADI a—=v T BEDY
Long PCR & £& 7/ A Plasmid #5315k
IS U7- HIV BREAIE R Indicator
#IMa MAGIC-5/HeLa4. 5 nEGFP #fatk% A
Wi HIV YA NVR 7 m—= 0 b Rt
7 a— 2 DOEEER (HIV Trapping System
HIV IR EBRR)ICL D T o7z, HHREL
f= o A VA iX. HKE NIH, NIAID, AIDS
Research and Reference Reagent Program
»b s EZT I
CRFOI_AE WA VA, H—FEHEFOLKE
FHAEF L OXRBFRTHBEL
CRFO2_AG, subtype G 7 A /L A B OVE L%
PRERFFEFT = A AR F—FE2 7L
— 7LV ENRREE PSS T Y
ANVATHD, AEEITFFICHEFEEDK
BBV TEEX Yy MNETREREDE
BENEH HLNT- subtype A & EPNREGHI
P BFEFT LTV D subtype B, CRFOI_AE
TANRE | EERMAKTHITLTWS BF
M ZETANVAHEROBREESF7 1
— 12 7a—rEMA#E 32 77—V
DOBRYMES T2 a— 2 p24 gag LR/ IR

subtype C, A,

VERER L,

FFRMM Y o SERO L F CHBEL

To A VR % B Ye & H 72 MAGIC-5A #l
s b DNA L, Ehiadi
& LT Long PCR 24T 5" =B X T* 3" -l
DFaTANAYT ) LEHE, Thb%
BHTDHLIZL>TREED DNA 7 12
— &1B, BERE NA 7 u—{ERoO
BRI EBE 7 A L ADRT-PCRIEIC L » T
BN TV pol fEELICK T 5 Rare
cutter DHIREER ZBE L. £ OHEER
¥|%&¢e Primer T HIV-1 genome pol T
FReEE % H90E U pMT1 IZH5AZ, pol EFE
PRI R R L T 2 B R LB AT
Half & Half 8lg] ZAWVWTEE 7 v—
vEBRE, B v — ik
HeLa4. 5nEGFP #REIZ transfection L%
DL & A MAGIC-5A MR D> i) et
ZRER LT,

BAEE TR LR REESF7 a—
DY LERNTRERREROEZ N
subtype/CRF Z &L &< DHEEEZEE L
FuGENE 6 (Roche) {Z T 293T #i g ~
transfect L33 2 H#IZIER LE %[
L., #oRkifiz HIV BRI E A
R MAGIC-5A THIE L7, BEGE Y A /L A
# % Triton X-100 JLEE U TREYLME % kTE
X, 2D HIV-1p24 CAgag LR EE TV
IV R HIV-1 p24) v b (BELLE
A) THIEL, SRREMESFI/o—H
kA NA p24 FURBEREENL L, K
[E BBI %> HIV/HBV/HCV fatke k « 7—
LI 3% BaseMatrix ZHFRKE LT, &7



ANZEDS HLLIT1 OFHFRRI %
ERL L7z, AT HIV-1 B8 % v F 2K
FTLTHWAEHOBHEET. ZOHK
BWEEM LRAIEEZEBEL, T—F %[
R#%., &% > FPOHURKRHBEZ LB L,
AU AN AFUREA HIV-1 FiFRHRE
BB T HEERLERVEDLIDITON
THRE L7,

AHFE T, M2 E e MEERM B
ERINBHEIE, MEEttEOEA
HERABRELR2WE BB S 7143
~REICEDHD, ZOHE MEE RV
TeF R ERE A AIEEE A1 (unlinked
anonymous) DFEZITWVTHEAFEBROR
BREPE, BEOHFEMEZED, Tz,
MAFEBLIOHEIZEVEL S 205
dtRFIR T 2 AF)E. AR OPERIC
DWTHRLTAEML, FRHBEEZT
5, UERBEFT5HZ L CHRE@OMUE
TR & L7,

C. AR

AEEITEICLUE KL LA D
subtype/CRF HIV-1 BRI HrF o/ o— o
2o R TOFATRE & ENREETD
subtype 77 #1 ZB5E % T subtype A, B, C,
D R G &, FATHME(E CRFO1_AE,
CRF02_AG & UF BF Ml X (A2 H &5t 32 7
n— ERELE, BREMESFI a—
v % transfection L 2 HfE#53E L TEIUY
L. TritonX-100 TWA L L 7z HIV-1
virion 2 OHFEEPIZIST D p24 gag
HEBEAZ VISR HIV-1p24) v b (B
+red) THE LRFRRKRE L, BiE

FHFHARBZH X v N OAFRRELFE
DERESOBREBRELZRIET S BHT,
&/ a—r0 p24 gag HUFE% 100, 10
RO 1 pg/mL 12 HIV B - HiikEHEO
BaseMatrix TR L, BEENCTHIRX
T3 HIV U - FukFERREIE S » b
DA—=H—DHHE/TEMAD LBE L
KL, BoN-REBREERL.
EERSHIZT DD, 2 TOHESE
C.0.1 (cut-off index)IZHAE L 1.0 UL L
EBMELHE L (R), XFIZERMT
FXE HIV-1 p24 gag HURBIEDT 7 +
NV AT vy A E SR D HIV-1 p24
INNOTEST Assay IZ LK DBESH KA Y
Dade-Bhering #-#FFEEFT OB 125 T, F
Uiz sEft UTHRIE L,

ZORER, BEFRSNLTWD Xy b,
SHHPFTFEOX v M, ROERNTIEH
IR ENTWRWRBERK TIEIBRICER T &%
IR ENTVWS HIV REZH v M
TENEND subtype/CRF M p24 gag
FICH T 2mERENLBAIETH o 72,
FEWxy NIBRBROFELHETIE
HERRLOTLTLLERHNR O T
B, BREORVWFX Y MIFEW C.0.1
EZRLTWAZ EXHBALE, £
subtype/CRF %195 514 - BRAEHIE IR,
WhWwb LAY —r (HIERE) L
DHELLENN, BEHKIN TS
ey FBABHTIBRETHHEZAD
100 pg/mL IZIN D b D Th o 1-, XEHER
EOFH A HRIFE - UEFERRES > b
TIEAFRT 5 10 pg/nl ZRBBEEL T3



bOREhoT, LPLERL—HOR
HOFAMAREE 4 HRF v MRV TI
BETRINTHNDIHDEEDT, — ¥
@ subtype A, subtype C TN AG #H#a %
K7 v —ZBWTIE 100 pg/ml OFE
ERTbHRIETE o, —HRMT
hIV-1 p24 gag FURBIEHDT 7 4V b &
X1 5 INNOTEST Assay DFEERIZ. 5 HH
ELEELRECENT-BEX Y LA
FERREER LT,

D. BR

AR TIL B TEREICELRER
A Td B HIV-1 p24 gag HLFE D K &
subtype/CRF DFEH#EL 72V 5 7>, HIV-1
BpESF 7 o— 2 HVTO HIV-1 #
B - SUARFRRIERZE X » b OFUERHY
BRELBEZITo7, BEDNH HIV-1
DU - B R LB BR 1T, BBI #h72
EPOHEALRL, B—REEHOERL
7= Seroconversion Panel Z#t3 L CT1T4
T3, LOLeBbR—REEENL
MEERFRICERE L 72— E 0 X &/ R
EnTBD\éamﬁkthwqw
subtype/CRF ¥ THREL CEHEIT I Z &
I RFIRETdH B, F 7= Seroconversion #ij
DHLRRRME - FURBSMESIC S 72 5 HBRE
BHOWHIMORRELHET D2 & bER
tRETHDZZ NS, HIERHBRE S
AT 5 DI @Y e SR V28
T2 L RBHERRATH D, LED
BANS, SERM LERREESTF 7 2
— X BB AR VT HIV-1 FURER

¥y FOREEBIIBWTEERERS
LRVEDFEESABRVEE LD, 4
BRIz o —iike RERICHBES
itk % 72 subtype/CRF DA WA ZEEA
TWHH, ZZHFICERNTHBEES AT
VANAIZB—=VHEFATWDS, ¥
v N OBREEMFIRE TH S HIV-1 gag p24
FUROT I/ BESI OFREEH HHE$
. F /-3 ENRLEFLD
subtype/CRF @ Reference Clone 7 7 &
F—IZBLTWD, RITLVBREMEST
rsa—rEERE LEESRVIIER
. BERRHEIRIT R 2 TOENHE
THD p24 gag HURD T I/ BEELFIHBA
LN THLIENPDIVIFEEL L TOERK
BdHDH, LEDREERD DARGEM S
Fru— AR L Y, FHBHX >
POBURRHBE L ARICHBETE S
Enh, AR VIT HIV-1 LR X v
FORBEEBRICRERFERLZVAED
T ENFBINT,
ASEIOBIFTHRAL-EERAIX. 20O
PURAXABFIRSNTNWD (REETE
bale) HUR - FUERIFFREROZW X
v MIE T DH AT 2 PR R R E % B
BIZHETEDZ L THD, HH—#HD
ZWr >~ b5 subtype A, subtype C D&
ROTACHBZAED I v — T, BV
FRETORHTE RNV EPHALNI
Role (REBR), RN THRRAEDT
TANPEENDHRBEREF Y b TIRE
DEIH T a— T L DBREHERRVH
BRNWZ DD, ZTHHLOREATET



holoZ it ZOBWX v MR
LD LB IS, HIV-1 gag p24 HiR
RIBBREIL, F—&OITIT p24 HUEZH
BT D1-HDICHWVWLIHEOSE
subtype/CRF p24 H. R I x T 5
affinity/avidity OZEIZERTHHD L
RSN 5, BIE HIV 2%y OB

PRI AV 250 R RIE DR
RIIRD SN TRV, SRITLER
BRI LAY, 20X v b,
5 subtype A, subtype C TN AG
Haz ik o— Kkt L TORKRIGHERS
BDOH, > subtype A HIV-1 T A /LR
Wt LTHORERL DD, % EDIC
subtype A R E DRSS F I/ a—D
EEHESLTHERFTOILERH DM
miniev, EEASEORELBIL. &
FHBERX Y FOAFREN p24 gag Bt
JFE T 10 pg/mL &\ 5 BEM HIRREK
ERELEN, REOBVBEX Y MI

RIEBE 10 pg/mL %42 T subtype/CRF

TRELEZ L, ZORKIEEIHAHE
@%ybmpﬂgmnﬁﬁm@E#%B

PCEBIEEZRLTVELO LTS
72
HEHIV2Z2HOE 1 RAI V) —=7
BWT, FIFRIERL Y VA~ FUH
PEMIDOII LRI NTVWDH
B - FLiEFRIBRIERICBWTEAY D2
¥ v b3, EBRICEOHURKREREIZ
THIFEDHERH D Z LEIAENTH

ST, LALARNRS HIV BRYSEH % Rt
THIEEBREISTFORTNIET RGN
WMmATE & B LT, — kD HIV B2
B BT BHLR - FLikERRIE R DB
HERHEREREICH D201, TR*
v b OHEERE Z BRIZH® T Control
Survey 1TV, TOHENH LML S
%@@ﬁ@&ﬁ&%ﬁﬁ%inéo—ﬁ\
REFEREXLIRFHFROLEFEIZL

B & AT HEREAS A bk L - e RS2

¥ v POTHE~DEABEHRKT DRI
MadERICROZ2VE ) ICREZBEER
BIBENEEND, AHD K 5T HIV X
BRI ARTHHRAICETLTEBYE
AT EOBENLOBRHEERES, Z0
W ERE 22 TR hidizbn
Wb EBZOND, FTIUTITLARINICH
L TH2ZEAT —Z IS0z HIV HLRE
HERINVDEFENBROOND LEZ D,
E. &8

f 2 @ subtype/CRF HIV-1 7 A LA
ORI LB BREESTF /e — KD
HIV-1 p24 HFURZ#TIR* v b OHFEKRH
BRELBRICHWZEZA, Xy FOR
HREREORECAARZEEMLL LTHEH
<& BERMAT SN,
0 R fE R i R

BMT B EEIL R,
F. ARSR

BUEL,
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FRARRZE 52 :111-115, 2008

AYrat: N

A THRFTEETN TS i1 HBs HiiAEEH
F5 2 A EZE MmO T

= AHR:

FEmZH

AKFEFMD /AETImF A0 —RY

(SUMMARY) ERTCHEESh T2 8HEED
i HBs HiftdifllsE*x v b #HWT, P HBs & hRiE
yua71) ¥ (LF, # HBs Hifk) EREER{ZOFR
RIIBREEZREL.. 6 BEOXy MIBwTidid
IS hAREMER L. LAl #
FFEICHBELTHOS L 15 BOAIElEE RT X
v MR 1 ERD . TOLILTROEEY
RAELFOBEMTOAER, 1EEOX Y M2
FHBPFEBCATITHRESTHY, b)) —FHOX
v PCR—BEEOFEREIITbh T, Th
& W41k HBV BREDIHOEEL ZEZ bh b
#Fiio “10mIU/ml” & w5 HiEILoWT, Wi
nRoFxFy b 2BWTHIRIZH—LEENTREICR
LI ENBFINS.

(KEYWORDS) HBV, #i HBs fiffflEF
v i, #i HBs fFERIRER

i 1S

HBV (hepatitis B virus) REE I EZER O
2% b RALEESNTEY, BRFXIE E
Rl L3 FbhTwb, HBV BREPi#Icow
TR, RETEWEROLLWI 7 F U HEICRAR
Sh, DAETEINAVARAIIN—TBIV
HBV R A OHELZRBICHES IR ED
FTv %, HBV BREBHEICAH R 250 HBs Hufdfi
IZ2WTid, WHO (it F{r#&4#2B8) ° CDC(CKE

KRETFHEREL Y —)TiE10mIU/ml &) ¥
EZEBLTVAE"Y, BRERNICBWTH R
GEREZRBATANCOVWTRBROLHYDH S
A%, FNLEIOMBEE LT, BEBENTERSI
TWwWahk4 L HBs ihflE*x v M (EE X v
M)A, BEVWCEE WIS ELZRETES
PIZDOVTORIEN L EN TRV, KIFRT
iX, $1HBs PUikE PR G (WHO BB E#ER %
BAWTERS T L) 0) 0/ FRIBMAEL, BN
THRFEIN TS SEHOUEY v M EHWTH
EL, TOME KL 7.

i HRBRUGE

1. ;i HBs MiEERFHER

BRI 2V AIARY 54 48 ENGER-
IX-B®*(HBs LR DY 7% £ Fidadw L EZ Hh
)D#HMBEIC LY kil % B /- B4 i sk o M
HTH5 ABEDIBERKAEEERST, 1N
ATNV(EEE05%) % 1.0ml EHBKTCEHERL
72X %3201U/ml &% %. $7:pH=694, BE
FE=165, BEHESE=292mg/ml, ®RE/0 7
Y GEE=996% CTHh, HBsAg, HAV-
RNA, HBV-DNA, HCV-RNA, HIV-1-RNA
RERTRETH S, 2BAEEROHHTER
P 5 (WHO 1st, 1977) % 312 L THEfH1T 8 A,
2001 4 B X Y BN REEMEFR L4530

* Evaluation of anti-HBs antibody assay kits commercially available in Japan by utilizing the national standard
1) MIZUOCHI Toshiaki, ODAKA Chikako, YAMAGUCHI Kazunari : Department of Research on Blood and Biological

Products, National Institute of Infectious Diseases
Bl BRBAEART M - RESEHAR
(¥ 208-0011 AR LT E 4-7-1)

0485-1420/08/ ¥ 250/ &3 /JCLS
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# FALLHRHBs RBAEX Y bORH, BEHE BLURBHKREICAVE HBs REOY

Ta47
Kit No. A—Hh—2% Hint BEB/HE
Va DR A AVS T¥h A—Y¥T - L)% EIA
VE LA A A T—%F2 b A—H7 CLIA
TEY b Trssy Mg+ —%7 - F4F28y 2 EIA
4 :;Z;i”;””'y‘T”x ¥ } O 2 HBs fitk CLEIA
5 By— E7 A} [TOSOH] I (HBsAb) EIA
6 FA4ER=Y ¥ L4 ¥ ) A} Anti-HBs I EIA
7 gHLEH N 374V A T HBsAb 'CLEIA
8 Eiip i IE-3 A7 4774 b HBs itk CLEIA

CLIA : chemiluminescent immunoassay (Yt ).

EIA : enzyme immunoassay (B¢ Z ).

CLEIA : chemiluminescent enzyme immunoassay (#YeBEERIBLE).

TWa,
2. FRFIERFIE
(1) ¥i HBs HitkEM#E#R (320 IU/vial) 1 /¥
A 7NV% 1 ml OFEKTEHERLI.
(2) ERELBHEOIml ICKRAERFRE IIml %
R 3— 2 M L7 (3200 mIU/ml).
(3) 3,200mIU/ml DE# % SEFREEH 1
ml + AR RE 4 ml) LT 640 mIU/ml
DOHARH (5 ml) ZVER L 7-.
(4) LT, KR 2/ RRH 2 ER L 7.
(2.5ml+25ml) %% :0, 10, 20, 40,
80, 160, 320, 640(mIU/ml).
3. M HBs MBAIEFx v b
Pt HBs HitkBlE IS L2 % v ME, FRITR
L-8HEHTHA. REIZEBEICOE IHAE
TiTo 7.

H5R

B1iE%*y b TOH HBs iAENER M E
RRAVRBEOWERRETHS. wTFhoxy b b
52 EEF M (0~640 mIU/ml) THATHE & JIEME D
BRICBVWIHEICRFLEREI B O (P
=0.98~1.00). L2L, ¥v b #7 & #8 TIHE
MOBEXEEFRENRLT, BLU056 L BETH
5100 00HLPRRTHMMEAON. £ T,
HEREEZHEHEL, ThOoOFERZR2ICTLD
oo TTTORNRREL I, SREOTKBE
(fefl) LM EMOLE, RBETLICHELE

NOEFFEHLIEOZLTHE., LizdoTHE
B 2t ZoRfEIE 100 & 72 5.

R2IZRLAEDHIZ, #1~#6DF v P TiEB
BLE 20 HiEOMNFRELRL TS, R
ORERPOFHENALLIIC, Fv b #7, #80
WNERMEZENFN 1692 B X501 TH O,
1005 DOTFRBERKEN o/, 7B WHO R
CDC »42P8 LT\ %, HBV REBHHICERI 2R
BREBOREELEZ 55 10mIU/ml DEBE
Bz A EEEr kB L2 25, B2I1TR
L7 [WFERE] LBCHBLTNSZ EPHR
Shi:. ToL) RUlEEREOEEICONT,
ENThDOA—A— LB LIER, UTOKR
WELZ #7180 Tikdy F2RETLIERED
BETIC, WHO EBRE#E RO HBs fifk & 25
WKWLTwhdhoZel b REETHL LIRS N
7. ZFTTHEH/ Xy PFRBEH, ThEt
AV fE CRGRRMEMN1172 L 2o (KFE
RF—%). Fo#8 BTk, TEEOKRER
RHATH %, WHO EIBEESR*HVWTREL
2TV, BREORKRER, NRRMEL884 L%ko
(RRETF—7, 2BZOFy MIRE—HE
EHERTHS).

B ==

BAEEMIC BT 5 3l HBs il O KR ITI,
BEEICX S [H8] #£7r&, ElA(enzyme im-

munoassay), CLIA (chemiluminescent immuno-

112 BERIE vol52 nol 2008418



800 -

700 4 #
= = 600
® b
g € 500
A A
s} O 4001
E E 300
=] =)
E E 200
100 -
0 T T T T T T 1 0 T T T T T 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
miU/mi (Expected) miU/mi (Expected)
700 - 800 -
500 #3 . 700 #4
—~ —~ 600_
§ 500 - §
500 -
2 400 - 2
o O 400
— 300 _
E E 300+
3 3
T 2001 E 200 -
100 - ?=0.99 100 ?=1.00
0 T T T T T T 1 0 1 1 T T T T T 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 800
miU/ml (Expected) miU/ml (Expected)
700 - 900 -
600 - # 800 #e
- . 700
S 500 - D
2 2 600
E 400 § 500
o e
— 300 - — 400+
E E
3 5 300
2 200 2
E € 200
100 - ?=1.00 ?=1.00
100
0 T T T T T T 1 0 T T T T T T 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
miU/mi (Expected) miU/ml (Expected)
1,200 - 400 1
1,100 - #7 #8
1,000 -
%5 900 - 5 3001
2 800 g
2 . 700 2
e} 0
O 600 - O 200
—= 500 - =
E E
S 400 5
E 300 ] E 100
200 - ?=1.00
100
0 i T L) T T T 1 o T T T T T ¥ 3
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
miU/m! (Expected) miU/ml (Expected)
1 &%y FEAVER HBs RSFRAIIBRBORTESR
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804 frii:

g0 [
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T

7

B2 &%v FOHERRE

XERME(%) & 12, BRGOVIGIRE GPRE) L EEOLE SRE T L IZEHH

L, EhoZ2FYLAEOZ L THS.

assay), CLEIA B2 & % [mIU/ml] FROW
EMRELTHVWSLRTWS, L2 LSRIZER
MFEMOBEL»S D, WHO OEBERGZ I
L7z [mIU/ml] i2H—3hBRETHAH. /-
‘e TORBRRAXHIZ, HBV BREBHHICHR
¥ HBs Stk fli o &8 12D W T, WHO % CDC
AHERET 5 10mIU/ml & v EEIZOWTh)S
ETHHMICKRIETOREBHEFE TS, BE
DEEDS, BEERNTEREEZZITHRE/MH &
NTWBH HBs HLERIEF v MIBWT, F—
BERF A L EOKRE B L2256, HH
TH5Fy ML AERFICEEN 2V L 24
BROREEVERORREG L 2B1EH) LEZS.

ARORER» L, BEEHNTERIATYS
SHEHOFy bOLAT, 6HEEOFY MZBW
T IZAROBEMEZ R L7225, 2HEOX v
FCIRERERH 1S5, $o5EOWMEME R
L (FE2). Zo#RitOgatalck > THTICH
EINTwa7—%727 M#2)ENVINVA
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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
HCV 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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Reprint requests to: T. Suzuki

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."“" 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
HCYV 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.
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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, 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
NS5A 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 RN As (genomic HCV replicons).
HCV 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 ¥4

An HCV 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
HCYV 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 patrticles 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 RCYMT 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 RCYMI1 cells. C Negative staining. D Immunogold labeling with an anti-E2 anti-
body. Gold particles, 5 nm; bars, SOnm. 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
HCV 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 30nt 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.°¢"% Domains II and III 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-eIF2-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.

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) 3444 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 E1 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

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-
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quired for modulating polymerase activity, are involved
in catalyzing HCV RNA synthesis during the replica-
tion process. NS3 is directly involved in RNA synthesis,
possibly through its helicase/NTPase activities. The he-
licase activity is presumed to be involved in unwinding
a putative double-stranded replication intermediate or
to remove regions of secondary structure so that MS5B
RdRp can copy both strands of the viral RNA, It is
likely that the NTPase activity is coupled with the heli-
case function, supplying the energy required for disrupt-
ing RNA duplexes. Although little is known about the
function of NS4B in the HCV life cycle to date, NS4B
protein can induce a membranous web, consisting of
small vesicles embedded in a membranous matrix,'’
and it has been reported that the newly synthesized
HCV RNA and most of the viral nonstructural proteins
occur in these membrane webs or speckle-like struc-
tures.'""" NS4B may play an important role in the
formation of the HCV RNA replication complex.’*
Evidence indicating an involvement of NS5A in viral
RNA replication is now accumulating. As described
above, a hot spot of the cell culture-adaptive mutations
that increase replication efficiency of HCV RNA is lo-
cated in the central region of NS5A.% The membrane
association of NS5A through its amino-terminal trans-
membrane domain'* and the interaction between NS5A
and 5B' are essential for RNA replication. Several
cellular proteins interacting with NS5A have been iden-
tified, and human vesicle-associated membrane protein-
associated proteins (hWWAP-A and -B) are likely to play
a key role in RNA replication through the interaction
with NS5A."*!" The 3’ NTR also contains a significant
predicted RNA structure with three distinct domains: a
variable region of about 40nt, a-variable length poly(U/
UC) tract, and a highly conserved, 98-nt 3’ terminal
segment (3'X) that putatively forms three stem-loop
structures.'"*'* Viral RNA replication was not detected
when any of the three putative stem—loop structures
within the 3'X region or the entire poly(U/UC) was
deleted.”! The variable region segment also contributes
to efficient RNA replication.'

Several groups have succeeded in demonstrating the
in vitro replication activities of HCV RCs in crude
membrane fractions of cells harboring the subgenomic
replicons.'”'? These cell-free systems provide a valu-
able complement to the in vitro RdRp assays for bio-
chemical dissection of HCV RNA replication and are a
useful source for isolation of viral RCs. From the in vi-
tro replication studies, it appears that RNA synthesis
can be initiated in the absence of added negative-strand
template RNA, suggesting that preinitiated template
RNA copurifies with the RC.**'#'7 Although the
newly synthesized single-strand RNA can be used as a
template for a further round of double-strand RNA
synthesis, no exogenous RNA serves as a template for
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HCV RC preparation.'” Added RNA templates might
not access the active site of the HCV RCs owing to se-
questration by membranes. The HCV RCs contain both
positive- and negative-strand RNAs.”*'? It has also
been reported that cell-free replication activity in-
creases at temperatures ranging from 25° to 40°C, and
divalent cations (Mn* and Mg”*) can be used in the
reaction.'>'?

Membrane flotation analysis and a replication assay
have shown that viral RNA and proteins are present in
detergent-resistant membrane structures, most likely a
lipid-raft structure, and RNA replication activity was
detected even after treatment with detergent.">'® Lipid
rafts are cholesterol- and sphingolipid-rich microdo-
mains characterized by detergent insolubility.'”"
These structures are known to play a critical role in a
number of biological processes, such as as regulators
and organizing centers of signal transduction and mem-
brane traffic pathways, including virus entry and
assembly of, for example, influenza virus,"*'* human
immunodeficiency virus type-1,”"'**'* Ebola virus, Mar-
burg virus,"’ enterovirus," avian sarcoma and leukosis
virus,” Coxsackie B virus, adenovirus,"’ measles vi-
rus,'® and respiratory syncytial virus.""! However, HCV
may be the first example of the association of a lipid raft
with viral RNA replication.

On the other hand, it has been widely believed that
most of the HCV life cycle, including protein processing
and genome replication, takes place in the ER, where
cholesterol-sphingolipid rafts are not assembled. 414
Several studies using the replicon system have indicated
that the nonstructural proteins are associated with the
ER.''® Nevertheless, it is still possible that HCV non-
structural proteins synthesized at the ER relocalize to
lipid-raft membranes when they are-actively engaged in
RNA replication. It has been shown by membrane sepa-
ration analysis that HCV nonstructural proteins are
present both in the ER and the Golgi, but the activity
of viral RNA replication was detected mainly in the
Golgi fraction.'”" Further studies to elucidate where
and how the HCV genome replicates in infected cells
are needed.

Viral assembly

The assembly of HCV and the virion structure remains
largely unknown. By analogy with related viruses, the
mature HCV virion presumably possesses a nucleocap-
sid and outer envelope composed of a lipid membrane
and envelope proteins. HCV virions are thought to have
a diameter of 40-70nm.'*"'*® These observations were
recently confirmed by immunoelectron microscopy of
infectious HCV particles produced in cell cultures.* It
has been reported that HCV circulates in various forms
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in the sera of infected hosts, for example, as (1) free
mature virions, (2) virions bound to low-density lipo-
proteins and very low density lipoproteins, (3) virions
bound to immunoglobulins, and (4) nonenveloped
nucleocapsids, which exhibit physicochemical and anti-
genic properties.'’'*

The HCV structural proteins (core, E1, and E2) are
located in the N-terminal one-third of the precursor
polyprotein (Fig. 1). A crucial function of the core pro-
tein, which is derived from the N-terminus of the viral
polyprotein, is assembly of the viral nucleocapsid. The
aa sequence of this protein is well conserved among
different HCV strains, compared with other HCV pro-
teins. The N-terminal domain of the core protein is
highly basic, while its C-terminus is hydrophobic. When
expressed in mammalian cells and transgenic mice, the
core protein is found on membranes of the ER, on
the surface of lipid droplets, on the mitochondrial outer
membrane, and, to some extent, in the nucleus.'""'*
The core protein is likely multifunctional and is not only
involved in formation of the HCV virion but also has a
number of regulatory functions, including modulation
of lipid metabolism and hepatocarcinogenesis.’*'*’"*
The envelope proteins E1 and E2 are extensively gly-
cosylated and have an apparent molecular weight of
30-35 and 70-75kDa, respectively. Predictive algo-
rithms and genetic analyses of deletion mutants and
glycosylation-site variants of the E1 protein suggest that
E1 can adopt two topologies in the ER membrane: the
conventional type I membrane topology and a polytopic
topology in which the protein spans the ER membrane
twice with an intervening cytoplasmic loop.'"® E1 and
E2 proteins form a noncovalent complex, which is be-
lieved to be the building block of the viral envelope.

Several expression systems have been used to inves-
tigate HCV capsid assembly using mammalian, insect,
yeast, bacteria, and reticulocyte lysates, as well as puri-
fied recombinant proteins.'®'*"' The results suggest
that immunogenic nucleocapsid-like particles are heter-
ologous in size and range from 30 to 80nm in diameter.
The N-terminal half of the core protein is important for
nucleocapsid formation.'®'*!" HCV capsid formation
occurs in the presence or absence of ER-derived mem-
brane, which supports cleavage of the signal peptide at
the C-terminus."”

Nucleocapsid assembly generally involves oligomer-
ization of the capsid protein and encapsidation of ge-
nomic RNA. In fact, study of a recombinant mature
core protein has shown it to exist as a large multimer in
solution under physiological conditions, within which
stable secondary structures have been observed.”
Studies using yeast two-hybrid systems have identified
a potential homotypic interaction domain within the
N-terminal region of the core protein (aa 1-115 or
-122), with particular emphasis on the region encom-
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passing aa 82-102."*'” However, other studies have
identified two C-terminal regions, extending from aa
123 to 191 and from 125 to 179, as responsible for self-
interaction. Furthermore, Pro substitution within these
C-terminal regions has been observed to abolish core
protein self-interaction.””"”* Circular dichroism spec-
troscopy has further shown that a Trp-rich region span-
ning aa 76-113 is largely solvent-exposed and unlikely
to play a role in multimerization."”” Recently, our group
demonstrated that seif-oligomerization of the core pro-
tein is promoted by aa 72-91 in the core.'®

Once a HCV nucleocapsid is formed in the cyto-
plasm, it acquires an envelope as it buds through intra-
cellular membranes. Interactions between the core and
E1/E2 proteins are considered to determine viral mor-
phology. Expression of HCV structural proteins using
recombinant virus vectors has led to successful genera-
tion of virus-like particles with similar ultrastructural
properties to HCV virions. Packaging of these HCV-
like particles into intracellular vesicles as a result of
budding from the ER has been noted.'*7*'* Mapping
studies to determine the nature of interaction between
core and El proteins have demonstrated the impor-
tance of C-terminal regions in this interaction.”””'™
Since corresponding sequences are not well conserved
among various HCV isolates, interactions between core
and E1 proteins might depend more on hydrophobicity
than on specific sequences. By contrast, it has been
shown that interaction between the self-oligomerized
HCYV core and the E1 glycoprotein is mediated through
the cytoplasmic loop present in a polytopic form of the
E1 protein.'®

Implication of the ubiquitin—proteasome pathway in
core protein maturation

The ubiquitin—proteasome pathway is the major route
by which selective protein degradation occurs in eu-
karyotic cells and is now emerging as an essential mech-
anism of cellular regulation."”" This pathway is also
involved in the posttranslational regulation of the core
protein."®8- We have reported that processing at the
carboxyl-terminal hydrophobic domain of the core pro-
tein leads to its efficient polyubiquitylation and protea-
somal degradation.'™ Recently, our group identified the
ubiquitin ligase EGAP as an HCV core-binding protein
and showed that E6AP enhances ubiquitylation and
degradation of the mature as well as the carboxyl-
terminally truncated core proteins, and that the core
protein produced from infectious HCV is degraded via
an E6AP-dependent pathway (Fig. 3)."* E6AP, the pro-
totype of HECT domain ubiquitin ligases,'® was ini-
tially identified as the cellular factor that stimulates
ubiquitin-dependent degradation of the tumor suppres-
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sor p53 in conjunction with E6 protein of cancer-
associated human papillomavirus types 16 and 18."%%'%
Exogenous expression of E6AP reduces intracellular
core protein levels and supernatant viral infectivity in
infected cell cultures. Knockdown of exogenous E6AP
by siRNA increases intracellular core protein levels and
virus titers in the culture supernatants. The core protein
interacts with E6AP through the aa 58-71 region of the
core, which is highly conserved among all HCV geno-
types, suggesting that E6AP-dependent degradation of
the core protein is common to a variety of HCV isolates
and plays a critical role in the HCV life cycle or viral
pathogenesis.

A role for the proteasome activator PA28y core-
binding protein in degradation of the core protein has
also been demonstrated (Fig. 3)."*"* Overexpression of
PA28y promotes proteolysis of the core protein. PA28y
predominates in the nucleus and forms a homopolymer,
which associates with the 20S proteasome,” thereby
enhancing proteasomal activity.'® Both nuclear reten-
tion and core protein stability are regulated via a PA28y-
dependent pathway.

In eukaryotic cells, targeted protein degradation is
increasingly understood to be an important mechanism
by which cells regulate levels of specific proteins, and
thereby regulate their function. The core protein is be-
lieved to play a key role in viral replication and patho-
genesis since it forms the viral particle and regulates a
number of host cell functions. Although the biological
significance of ubiquitylation and proteasomal degrada-
tion of the core protein is not fully understood, EGAP
possibly affects the production of HCV particles through
controlling the amount of core protein (Fig. 3). This
mechanism may contribute to virus persistence by main-
‘taining a (moderately) low level of the viral nucleocap-
sid. The E6AP binding domain within the core protein
resides in the region that is considered to be important
for binding to the viral RNA and several host factors.'®
These factors may affect the interaction between
the core and E6AP, resulting in control of E6AP-
dependent core degradation. A recent study demon-
strated that a knockdown of the PA28y gene induces the
accumulation of the core protein in the nucleus of hepa-
tocytes of HCV core gene-transgenic mice and disrupts
development of both hepatic steatosis and hepatocellu-
lar carcinoma.'® Upregulation of several genes related
to fatty acid biosynthesis and lipid homeostasis by the
core protein was observed in the cells and the mouse
liver in the PA28y-dependent manner. Thus, it is likely
that PA28y plays an important role in the development
of liver pathology induced by HCV infection.
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