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IFN-0/f ZEA L, WTILHTMIED ISG 25
L,

D.E £

C BUIEMERT A B 12 38V Tl Systemic IDO FEME
NEMETHY ., RO RIECHEMEILIC &
STHFEINAZLENRRBRENE, T2
BDCA3+DC X HCV % &1 L TL & D IFN-A &
EAT 5 Unique 2HIETH D Z BTSN
ot ' '

E.#% i
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HRGEE Y —RIGIIZ X% HCV HIEAE DA & H HCV BA DB R

SR TEE
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FERR S A VAR i

MEESE : YA /LARNA & RIG-I R EDEFEOE P —45FILEBRHE S OTIER
<. BEMICBERRERINAZ LICL o TRIMENAZ ERELNE R, £
OB IT—IRIZA PV RABRERE LTHLNZ DL —EEBETH B, VA NVARK
PeDBETANVARNABMKRETHD DR P LVRIGEDE| &4 L 72> TV 5,RIG-T
DEEITI b U T ECRRT AT H 7 X —F IPS-1 OBELEF & 2303,

AEEITIPS-1 DEBEICE > T FROT X & —,

TRAF XY Z L— hENABZ &%

oD LT, AR LA —EOBERRRIZIEELERAELETHY .,
FOHEEIZFHHCV A RS TP —L LTEELEZ LN,
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RNA ~U & —ERIG-I OIEHALIZHEERT D
—HEO B RAEZEIGEIL, HCV 28D0%< 00U
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DR HERICEDE I T TABEESIN
BONTRETH oo, RFETIIH Y A LR
SIFAMMEED ) 2ExED, 2hER
HCV JEEDREIZFEONDITHZ & B LT,

B. Bt %75 ik

AEET IPS-1 OFMHALICEREZY T, ABH
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IPS-1 D EDESB Y T FIVERET DD
DUWTEEM R BT 21T 2 o7,

(fREE~DOEE) BEMEE AW Td
Dl O fmEE TORMBEIL R,
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IPS-1 1% CARD. TRAF binding Motif (TBM) %
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BEEDEFTANAYTFAREEL, A
VE—Tzu EEREDIENFEINT,
IPS-1 DER RS BERBELRBEI =L Z A,
CARD., JEE®E NA A I 7 F A DiEHC
ENETIH RN ERXNHBA LR, —F, TBM

ERLSERBITBEREERIETH VI T

NWERAESTEIRNERFZRNT EXRHLD

Elpotz, ¥RICT I VBEHIZE Y TBM O X4
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b MFRIIEIC BT 5 H R OMIT & T OFFHEALIC X 551 HCV Bl O B %

SHBEER 5 B REBREBUVAVRFER HEERE
MRAEER . CENAVANLAHCV)OE FFMAIZB T 2 R R TIE T 4L % 5]
TR 92, b MFEICARFED > TWAHRAEERIZOWTIZELS FRHTH -
Teo & Z THEH A DB LT RIB(LAFRERE (HuS-E/2 #if8) Z AW T e MNTHRIZRT
% ERGCEEE IOV TIHIEEZ B Z o7, £, HuS-E/2 M8 & FI kL v MTM
JADOBRGEBETRRE T 74—V ERETAZ LT, BUF A T A Z(SV)E
Lt DEBEFRBADTHR CEUL TN D Z 2 Bbho Tz, BICSEE DD
b, Fxidaf ¥ —7 v (IFN)al BEFR U AV AFEREIREBORMB TREL
TWBAZ EERH U7, IFNal I E72 58 5 mRNA OFEBERBH I N0 T <,
Bed |2 b 2 OIEMEN B H & iz, IFNa (2% 5 RFiEME 2 o8 IFNa /&= IFN
RREPUR T T A )V ZIERRYLIREE D HuS-E2 fifa % 434 5 & RIG-I 72 ¥ K4 IFN
ISEBEEBELGFORANIR SNE Z Elbhotz, Z0 k) RFfiEEL b o
RIZ & A RIAAER T HuS-E/2 MR x3 2B &4 A v R RERE% O
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ARG N R I Nz, 202 &b MM CIZIER I IFNal 2SS EIC
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2. IFNal OJEMEREIE X IFNa BB 2 7 1
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3. U A L A IEFEY HuS-E/2 ffE % TFNa (2%t
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TUEATANA LRI D &S 3K
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NELL ERTBZ EBbholz,
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1. SEIOFKER>S b TR TIZIEEIZ
IFNal B FPHMERSLHEBEL TWNWDLH T
L ARIBE N, T 0 [FNal I3EEEIEHITE
MRIL LTHWMENTBY  laoy A 1R
R AEIC BT BH U A VR BRGETENE
EEODTWARREMENE Z bz, C BIFR
BB W T IFNTREIRGIE D B TIXIFN

H ST 5 RETORAREVEES

HHEREINTREY . SEORBRNED X
HICEHETEZONEBELDICT DLERE
HEEZ BN,

2. [EEH2 IFNa ERTREIZ OV TR O
EEZRMALR ETHREN LI TWS,
BN D B FFIARE N U TR ER F I &
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MRS HEHBEE

HIFREE#E & V72 IL28B SNP D ¥ &

syHEMFEE  MBEIEMRE ELRTE HEHEER

MRER  C HEBEFRIEHAEICBEFA LS SR UFEE, B~ S BITT 5,
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F & AW RO 1s8113007 Bz 4 -
DO FEEZRE L, 158099917 3B L}
1512979860 & D EMEZ B HMNICT 5, F
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Expression of MicroRNA miR-122 Facilitates an Efficient Replication
in Nonhepatic Cells upon Infection with Hepatitis C Virus

Takasuke Fukuhara,® Hiroto Kambara,® Mai Shiokawa,® Chikako Ono,? Hiroshi Katoh,® Eiji Morita,® Daisuke Okuzaki,®

Yoshihiko Maehara, Kazuhiko Koike,® and Yoshiharu Matsuura?

Department of Molecular Virology?® and DNA-Chip Developmental Center for Infectious Diseases,” Research Institute for Microbial Diseases, Osaka University, Osaka,
Japan; Department of Surgery and Science, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan©; and Department of Gastroenterology, Graduate
School of Medicine, University of Tokyo, Tokyo, Japan®

Hepatitis C virus (HCV) is one of the most common etiologic agents of chronic liver diseases, including liver cirrhosis and hepa-
tocellular carcinoma. In addition, HCV infection is often associated with extrahepatic manifestations (EHM), including mixed
cryoglobulinemia and non-Hodgkin’s lymphoma. However, the mechanisms of cell tropism of HCV and HCV-induced EHM
remain elusive, because in vitro propagation of HCV has been limited in the combination of cell culture-adapted HCV (HCVcc)
and several hepatic cell lines. Recently, a liver-specific microRNA called miR-122 was shown to facilitate the efficient propaga-
tion of HCVcc in several hepatic cell lines. In this study, we evaluated the importance of miR-122 on the replication of HCV in
nonhepatic cells. Among the nonhepatic cell lines expressing functional HCV entry receptors, HeclB cells derived from human
uterus exhibited a low level of replication of the HCV genome upon infection with HCVcc. Exogenous expression of miR-122 in
several cells facilitates efficient viral replication but not production of infectious particles, probably due to the lack of hepato-
cytic lipid metabolism. Furthermore, expression of mutant miR-122 carrying a substitution in a seed domain was required for
efficient replication of mutant HCVcc carrying complementary substitutions in miR-122-binding sites, suggesting that specific
interaction between miR-122 and HCV RNA is essential for the enhancement of viral replication. In conclusion, although miR-
122 facilitates efficient viral replication in nonhepatic cells, factors other than miR-122, which are most likely specific to hepato-

cytes, are required for HCV assembly.

f ore than 170 million individuals worldwide are infected with
hepatitis C virus (HCV), and cirrhosis and hepatocellular
carcinoma induced by HCV infection are life-threatening diseases
(57). Although therapy combining pegylated interferon (IFN) and
ribavirin has achieved a sustained virological response in 50% of
individuals infected with HCV genotype 1 (37), a more effective
therapeutic modality for HCV infection is needed (46). The estab-
lishment of in vivo and in vitro infection systems has been ham-
pered by the narrow host range and tissue tropism of HCV. Al-
though the chimpanzee is the only experimental animal
susceptible to HCV infection, it is difficult to use the chimpanzee
in experiments due to ethical concerns (3). Furthermore, robust
in vitro HCV propagation is limited to the combination of cell
culture-adapted clones based on the genotype 2a JFH1 strain
(HCVcc) and human hepatoma cell lines, including Huh7,
Hep3B, and HepG2 (29, 43, 62).

It is well-known that HCV mainly infects hepatocytes. How-
ever, the precise mechanism underlying the liver tropism of HCV
has not been clarified. Chronic hepatitis C virus infection is often
associated with at least one extrahepatic manifestation (EHM),
including mixed cryoglobulinemia, non-Hodgkin’s lymphoma,
lichen planus, thyroiditis, diabetes mellitus, Sjégren syndrome,
and arthritis (19). EHMs are frequently more serious than hepatic
disease in some patients and sometimes occur even in patients
with persistently normal liver functions (19). Mixed cryoglobu-
linemia is the most-well-characterized HCV-associated disease
and is curable by viral clearance through antiviral therapies (6).
Although replication of HCV RNA in peripheral blood mononu-
clear cells (PBMCs) and neuronal cells at a low level was suggested
(64), the biological significance of the extrahepatic replication of
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HCV, particularly in the development of EHMs, is not well under-
stood.

MicroRNAs (miRNAs) are small noncoding RNAs consisting
of 20 to 25 nucleotides that modulate gene expression in plants
and animals (1, 24). Most miRNAs negatively regulate translation
through the interaction with the 3’ untranslated region (UTR) of
mRNA in a sequence-specific manner. miRNA 122 (miR-122) is
liver specific, is the most abundantly expressed miRNA in the
liver, and represses the translation of several mRNAs (5, 7). Jop-
ling et al. reported for the first time that the inhibition of miR-122
dramatically decreased RNA replication in HCV subgenomic rep-
licon (SGR) cells (28). In addition, several reports revealed that a
specific interaction between the seed domain of miR-122 and the
complementary sequences in the 5" UTR of HCV RNA is essential
for the enhancement of translation and replication of the HCV
genome (21,25,27,36). Endogenous expression levels of miR-122
are significantly higher in Huh7 cells than in other hepatic and
nonhepatic cell lines (Fig. 1). In addition, previous reports showed
that miR-122 expression enhanced the replication of SGR RNA in
human embryonic kidney 293 (HEK293) cells and mouse embry-
onic fibroblasts (MEFs) (8, 35). Furthermore, it was recently
shown that exogenous expression of miR-122 facilitates the effi-
cient propagation of HCVcc in Hep3B and HepG2 cells, which are
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FIG 1 Endogenous expression levels of miR-122 in hepatic and nonhepatic
cells. Total miRNAs were extracted from Huh7, Huh6, HepG2, Hep3B, NCI-
H-2030;, SK-OV3, SW620, RERF-LC-AI, Caki-2, MC-IXC, 293T, HeclB,
769-P, A-427, SW780, and SK-PN-DW cells, and the expression levels of miR-
122 were determined by qRT-PCR.

nonpermissive for HCVcc propagation (29, 43). These results sug-
gest that the high susceptibility of Huh7 cells to the propagation of
HCVccis attributable to the high expression level of miR-122 and
raise the possibility of expanding the HCV host range through the
exogenous expression of miR-122 in nonhepatic cells.

In this study, we assessed the effect of miR-122 expression on
the replication of HCVcc and SGR RNA in several nonhepatic cell
lines. Although the exogenous expression of miR-122 in the cell
lines facilitates significant RNA replication through a gene-spe-
cific interaction between miR-122 and 5’ UTR of HCV RNA, no
infectivity was detected in either the cells or the culture superna-
tants. The current study suggests that the expression of miR-122
plays an important role in HCV cell tropism, as well as in the
possible involvement of nonhepatic cells in EHM, through an in-
complete propagation of HCV.

MATERIALS AND METHODS

NextBio Body Atlas. The NextBio Body Atlas application presents an
aggregated analysis of gene expression across various normal tissues, nor-
mal cell types, and cancer cell lines. It enables us to investigate the expres-
sion of individual genes as well as gene sets. Samples for Body Atlas data
are obtained from publicly available studies that are internally curated,
annotated, and processed (31). Body Atlas measurements are generated
from all available RNA expression studies that used Affymetrix U133 Plus
or U133A Genechip arrays for human studies. The results corresponding
to 128 human tissue samples were incorporated from 1,067 arrays, the
results corresponding to 157 human cell types were incorporated from
1,474 arrays, and the results corresponding to 359 human cancer cell lines
were incorporated from 376 arrays. Gene queries return a list of relevant
tissues or cell types rank ordered by absolute gene expression and grouped
by body systems or across all body systems. In the current analysis, we
screened for nonhepatic cell lines expressing HCV receptor candidates,
including CD81, SR-BI, claudinl (CLDN1), and occludin (OCLN), or
very-low-density lipoprotein (VLDL)-associated proteins, including apo-
lipoprotein E (ApoE), ApoB, and microsomal triglyceride transfer protein
(MTTP). A detailed analysis protocol developed by NextBio was de-
scribed previously (31). The raw data used in this application are derived
from the GSK Cancer Cell Line data deposited at the National Cancer
Institute website (https://array.ncinih.gov/caarray/project/woost-00041)
and additionally from NCBI Gene Expression Omnibus (GEO) accession
number GSE5720 for cell lines SK-OV-3 and SW620.

Sample collection and RNA extraction for microarray analysis. To-
tal RNAs extracted from cells were purified by using an miRNeasy kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol. Eluted
RNAs were quantified using a Nanodrop ND-1000 (version 3.5.2) spec-
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trophotometer (Thermo Scientific, Wartham, MA). RNA integrity was
evaluated using the RNA 6000 LabChip kit and bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA). Each RNA that had an RNA integrity number
(RIN) greater than 9.0 was used for the microarray experiments.

Microarray experiment. Expression profiling was generated using the
4 X 44K whole-human-genome oligonucleotide microarray (version 2.0)
G4845A (Agilent Technologies). Each microarray uses 44,495 probes to
interrogate 27,958 Entrez gene RNAs. One hundred nanograms of total
RNA was reverse transcribed into double-stranded ¢cDNAs by Affini-
tyScript multiple-temperature reverse transcriptase and amplified for 2 h
at 40°C. The resulting cDNAs were subsequently used for in vitro tran-
scription by the T7 polymerase and labeled with cyanine-3-labeled cyto-
sine triphosphate (Perkin Elmer, Waltham, MA) for 2 h at 40°C using a
low-input Quick-Amp labeling kit (Agilent Technologies) according to
the manufacturer’s protocol. After labeling, the rates of dye incorporation
and quantification were measured with a Nanodrop ND-1000 (version
3.5.2) spectrophotometer (Thermo Scientific), and then the cRNAs were
fragmented for 30 min at 60°C in the dark. Differentially labeled samples
of 1,650 ng of cRNA were hybridized on Agilent 4 X 44K whole-genome
arrays (version 2.0; 026652; Agilent Design) at 65°C for 17 h with rotation
in the dark. Hybridization was performed using a gene expression hybrid-
ization kit (Agilent Technologies) following the manufacturer’s instruc-
tions. After washing in gene expression washing buffer, each slide was
scanned with the Agilent microarray scanner G2505C. Feature extraction
software (version 10.5.1.1) employing defaults for all parameters was used
to convert the images into gene expression data. Raw data were imported
into a Subio platform (version 1.12) for database management and quality
control. Raw intensity data were normalized against GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) expression levels for further analysis.
These raw data have been accepted by GEO (a public repository for mi-
croarray data aimed at storing minimum information about microarray
experiments [MIAME]).

Plasmids. The ¢cDNA clones of wild-type (WT) and mutant (MT)
pri-miR-122 and Aequorea coerulescens green fluorescent protein
(AcGFP) were inserted between the Xhol and Xbal sites of lentiviral vec-
tor pCSII-EF-RfA, which was kindly provided by M. Hijikata, and the
resulting plasmids were designated pCSII-EF-WT-miR-122, pCSII-EF-
MT-miR-122, and pCSII-EF-AcGFP, respectively. Plasmids pHH-JFH1
and pSGR-JFH1, which encode full-length and subgenomic ¢cDNA of the
JFH1 strain, respectively, were kindly provided by T. Wakita. pHH-JFH1-
E2p7NS2mt contains three adaptive mutations in pHH-JFH1 (53). pHH-
JFH1-M1 and pHH-JFH1-M2 were established by the introduction of a
point mutation of nucleotide 26 located in site 1 and nucleotide 41 in site
2 of the 5" UTR of the JFH1 ¢DNA construct pHH-JFH1. pSGR-Conl,
which encodes SGR of the Conl strain, was kindly provided by R. Barten-
schlager. The complementary sequences of miR-122 were introduced into
the multicloning site of the pmirGLO vector (Promega, Madison, WI),

~ and the resulting plasmid was designated pmirGLO-compl-miR-122. The

plasmids used in this study were confirmed by sequencing with an ABI
3130 genetic analyzer (Applied Biosystems, Tokyo, Japan).

Cell lines. All cell lines were cultured at 37°C under the conditions of
a humidified atmosphere and 5% CO,. The following cells were main-
tained in Dulbecco modified Eagle medium (DMEM; Sigma-Aldrich, St.
Louis, MO) supplemented with 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 10% fetal calf serum (FCS): human hepatocellular carcinoma-
derived Huh7, Hep3B, and HepG2; embryonic kidney-derived HEK293
and 293T; lung-derived RERF-LC-AI, NCI-H-2030, and A-427; kidney-
derived Caki-2 and 769-P; neuron-derived MC-IXC and SK-PN-DW;
uterus-derived HeclB; ovary-derived SK-OV3; colon-derived SW620;
and urinary bladder-derived SW780 cells. RERF-LC-AI (RCB0444) cells
were provided by the RIKEN BRC through the National Bio-Resource
Project of MEXT, Japan. HeclB (JCRB1193) cells were obtained from the
JCRB Cell Bank. NCI-H-2030, A-427, Caki-2, 769-P, MC-IXC, SK-PN-
DW, SK-OV3, and SW780 cells were obtained from the American Type
Culture Collection (ATCC). SW620 cells were kindly provided by C.
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