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Fig. 5. Superdex 200 gel filtration of HCV HCR6 (1b), JFH1 (2a), and J6CF (2a) wild-type RNA polymerase with or without 0.1% Triton X-100. HCV HCR6 (1b) RdRpwt was applied on
Superdex 200 gel filtration columns in 50 mM Tris-HCl (pH 7.5}, 150 mM Nacl, 3.5 mM MnCl,, 1 mM DTT, and 0.2% glycerol without (A) or with 0.1% Triton X-100 (B). HCV JFH1
(2a) RdRpwt was applied without (C) or with 0.1% Triton X-100 (D), and J6CF (2a) RdRp was applied without Triton X-100 (E) on the same columns. The elution position of the
standard molecular weight markers is indicated below the graph. The molecular weight of the peak fraction is indicated in each graph. Inset in A: The fractions of the void volume—
158 kDa (1) and those of lower molecular weight fractions (2) of HCR6 {1b) RdRpwt gel filtration without Triton X-100 were precipitated with TCA and analyzed by western blot.
Inset in B: Fraction C8 of HCR6 (1b) RdRpwt with Triton X-100 was precipitated with TCA and analyzed by western blot. The position of HCR6 (1b) RdRpwt is indicated by an ar-
rowhead. The position of the pre-stained size marker is indicated on the left side of the blots.

Km and Vmax of HCR6 (1b) RdRp without Triton X-100 for GTP was
calculated as 54.7+3.67uM and 2.5240.108/min, respectively
(Weng et al., 2009).

4. Discussion

Non-ionic (Triton X-100, NP-40, Tween 20, Tween 80, and Brij 35)
and twitterionic (CHAPS) detergents activated HCV 1b RdRp by
7.2-16.6 folds when used at their CMC, but did not affect 1a or 2a
RdRps (Figs. 1-3, Table 2). In turn, ionic detergents (SDS and DOC)
completely inactivated polymerase activity at 0.01%. CMC is the min-
imum concentration at which a detergent forms micelles; above that
concentration, a detergent exists as a large molecular weight com-
plex. The CMC signifies the strength at which a detergent binds to
proteins, i.e., low values indicate strong binding, whereas high values
indicate weak binding. It is also an indication of the hydrophilicity of a
detergent, Triton X-100, NP-40, and Brij 35 at CMC activated Moloney
leukemia virus reverse transcriptase by interacting with the hydro-
phobic domain (Thompson et al., 1972). The activation mechanism
of HCV RdRp by these detergents may be similar. However, the deter-
gent interaction domain of HCV RdRp remains to be identified.

Triton X-100 is commonly used for purification of HCV RdRp from
the bacteria and insect cells expressing this protein (Lohmann et al.,

1997; Luo et al., 2000; Cramer et al., 2006; Weng et al., 2009). HCV
1b RdRp without the C-terminal hydrophobic region expressed in
bacteria formed a large molecule complex in 0.1% Triton X-100 or
0.5% CHAPS with a low-salt buffer (<50 mM NaCl) (Qin et al., 2002;
Wang et al., 2002). Under low-salt conditions, HCV RdRp was gel fil-
trated in void volume as a complex with contaminating nucleic
acids, because HCV RdRp binds to RNA during purification without
high-salt (0.5 M NaCl) stripping (Figs. S1 and S2). Therefore, the pres-
ence of HCV 1b RdRp in the void volume fraction of gel filtration by
Wang et al. (Wang et al,, 2002) could rather represent the complex
of HCV RdRp with contaminating nucleic acids. Nevertheless, they
also found monomers of HCV 1b RdRp in the gel filtration buffer con-
taining 0.5% CHAPS, which activated polymerase activity (Fig. 1G).
Detection of the monomeric HCV 1b RdRps by gel filtration in a buffer
containing Triton X-100 and CHAPS has also been reported by other
groups (Qin et al, 2002; Wang et al., 2002). HCR6 (1b) RdRpwt
formed oligomers in physiological conditions without Triton X-100.
In the presence of Triton X-100, HCR6 (1b) RdRpwt was eluted as
the monomer which gel-filtration size was smaller than its size in
0.5 M NaCl (Fig. S1D) or calculated from its amino acid composition
(64 kDa). HCV 2a (JFH1 and J6CF) RdRps formed a monomer in the
same buffer without Triton X-100. Gel filtration analysis of 502 mu-
tants of JFH1 (2a) and HCR6 (1b) RdRps have confirmed that 502H
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Fig. 6. Superdex 200 gel filtration of HCV JFH1 (2a) and HCR6 (1b) 502 mutant RNA polymerases. JFH1 (2a) S502H (A), and HCR6 (1b) H502S RdRps (C) were applied on Superdex
200 gel filtration columns in 50 mM Tris-HCl (pH 7.5), 150 mM Nacl, 3.5 mM MnCly, 1 mM DTT, and 0.2% glycerol. JFH1 (2a) RARpS502H was also applied with 0.1% Triton X-100
(B). Inset in A: The fractions of the void volume—158 kDa (1), those of lower molecular weight fractions (2), fractions C12, and D12 of JFH1 (2a) RdRpS502H gel filtrations were
precipitated with TCA and analyzed by western blot. Inset in B: Fraction C3-C8 of JFH1 (2a) RARpS502H in Triton X-100 were precipitated with TCA and analyzed by western
blot. Inset in C: Fractions C4 and D12 of HCR6 (1b) RARpH502S were precipitated with TCA and analyzed by western blot. The position of HCV RdRp is indicated by an arrowhead.

The position of the pre-stained size marker is indicated on the left side of the blots.

is important for the intermolecular interaction of HCV 1b RdRp (Qin
et al,, 2002). HCV RdRps without the C-terminal hydrophobic domain
were soluble in high-salt buffer (>300 mM NaCl; Fig. S1) (Ferrari et
al., 1999). The shift to the delayed elution of gel-filtration of HCR6
(1b) RdRpwt and JFH1 (2a) RdRp S502H with Triton X-100, and
HCRG6 (1b) RARpH502S may come from the interaction of the RdRps
with Superdex200 gel matrix induced by the mutations and Triton
X-100.

Our data of HCV RdRp oligomerization at 502H (Fig. 6) are in
agreement with those by Qin et al. (Qin et al., 2002), but are contra-
dictory to those obtained by more sensitive methods (fluorescence
resonance energy transfer [FRET] and yeast two-hybrid system)
(Wang et al., 2002; Clemente-Casares et al,, 2011). Interactions be-
tween a charged amino acid (His) and an aromatic residue (Trp)
(Fernandez-Recio et al., 1997; Matthews et al.,, 1997; Takeuchi et al.,
2003), or His-Glu interactions (Marti and Bosshard, 2003), are often
found in proteins. JFH1 (2a) RdRpwt did not form dimers
(Chinnaswamy et al., 2010). 502H may interact with 125 W in «F

(Clemente-Casares et al., 2011), but not with 18E (Qin et al., 2002).
This interaction is dissociated both with high-salt (Fig. S1) and with
Triton X-100 (Figs. 5 and 6). Taken together, 502H of HCV 1b RdRp
is important for oligomer formation in transcription (physiological
salt) conditions. Besides the oligomerization using 502H, the oF and
oT helixes of HCV RdRp, which were proposed to be involved in olig-
omerization (Clemente-Casares et al., 2011), may also be involved in
oligomerization of the molecules in transcription condition. The 502
mutations in HCR6 (1b) and JFH1 (2a) RdRps are likely to affect the
structure of the template channel by affecting the helix structures of
the thumb domain (Bressanelli et al, 2002; Chinnaswamy et al.,
2008) because the polymerase and RNA template binding activity of
these mutant RdRps was not activated by Triton X-100 (Figs. 3 and
4). These findings indicate the importance around amino acid 502H
for HCV 1b RdRp structure. However, these data contradict to the pre-
vious reports (Qin et al.,, 2002; Clemente-Casares et al., 2011).
Comparing the polymerase and template RNA-binding activity of
JFH1 (2a) and HCR6 (1b) RdRps with and without Triton X-100,
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RdRp which formed oligomer using 502H did not show high polymer-
ase activity (Figs. 3-6). The inactive oligomer may be a part of the rea-
son why a small fraction, less than 1%, of the purified HCV BK RdRp
which belonged to 1b participated productively in transcription in
vitro (Carroll et al, 2000). Taking together the data obtained by
FRET (Clemente-Casares et al., 2011) and yeast two-hybrid systems
(Wang et al., 2002), dynamic intermolecular interactions may occur
under transcription conditions through the oT helix where amino
acid 502 is located. The reason why only 1b RdRp was activated
with Triton X-100 although RNA binding of all the RdRps tested was
enhanced with Triton X-100, is not clear.

In case of JFH1 (2a) RdRp, the interaction with Triton X-100 may
be different from that of HCR6 (1b) RdRp because it was not activated
with Triton X-100 (Figs. 1 and 3), and because its gel-filtration profile
was not affected with Triton X-100 (Fig. 5). This may be the reason of
the inhibition of polymerase activity of JFH1 (2a) RdARpS502H by Tri-
ton X-100 although it was also disrupted to monomer (Figs. 3 and 6).

Triton X-100 activated only HCV 1b RdRp (Figs. 3 and 4). The
closed conformation of HCV RdRp is required for de novo initiation
(Chinnaswamy et al., 2008). With and without Triton X-100, JFH1
(2a) RdRpwt showed as high polymerase activity as HCR6 (1b)
RdRpwt did with Triton X-100 (Fig. 3B). The very closed conforma-
tion of JFH1 (2a) RdRp is proposed to facilitate de novo initiation
and high polymerase activity (Simister et al., 2009). Triton X-100
may also help the conformational change of HCR6 (1b) RdRp to the
very closed conformation like that of JFH1 (2a) RdRp during tran-
scription initiation.

HCV RdRp was co-purified with nucleic acids (Figs. ST and S2). The
contaminating nucleic acids were removed from HCV RdRp by high
salt treatment. The contaminating nucleic acids carry proteins that
have affinity to them, which misleads HCV in vitro transcription
data. They also oligomerize HCV RdRp by crosslinking them. In a sim-
ilar way, the contaminating nucleic acids in HCV RdRp preparations
may mislead the binding data of HCV RdRp with other proteins.

From the activation kinetics of the detergents (Fig. 1, Table 1), the
polymerase activation of 1b RdRp is likely to depend on the micelle
formation of the detergent and on the direct interaction between
RdRp and the detergents. The reason why the non-ionic detergent
nOG did not activate the HCV RdRp is not known (Figs. 1 and 2).

The interaction mechanism of Triton X-100 and HCV 1b RdRp may
be similar as that of sphingomyelin and HCV 1b RdRp because their
activation kinetics were similar and the activated genotype was the
same (Weng et al., 2010). Sphingomyelin activated only HCV 1b,
but did not activate 1a or 2a RdRps. Both the activation curve of
sphingomyelin and that of Triton X-100 showed the linear increase
of polymerase activity. Then, sphingomyelin reached plateau at 20
molecules, and Triton X-100 reached plateau around its CMC.

Data about TNTase activity of HCV RdRp are controversial
(Behrens et al., 1996; Ranjith-Kumar et al., 2001, 2004; Vo et al,
2004). In our system, TNTase activity was not detected with or with-
out Triton X-100 (Figs. 7C and D).

GTP binds to HCV RdRp both as substrate and as a component of
RdRp (Bressanelli et al., 2002). The apparent Km for GTP with Triton
X-100 indicated that the substrate affinity dropped as low as to lose
fidelity (Table 1, Figs. 7A and B). Triton X-100 may have affected the
substrate-binding although its mechanism is not clear. HCV 1b full-
length RdRp transcription activity obtained with CHAPS (Wang et
al.,, 2002) might be that without fidelity as shown with Triton X-
100, Detergents should not be used while screening substrate inhibi-
tors of HCV RdRp. These data indicate that caution should be exer-
cised while using detergents in anti-HCV RdRp drug screening tests.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.gene.2012.01.044.
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Production of Infectious Chimeric Hepatitis C Virus Genotype 2b
Harboring Minimal Regions of JFH-1

Asako Murayama,® Takanobu Kato,® Daisuke Akazawa,® Nao Sugiyama,® Tomoko Date,? Takahiro Masaki,® Shingo Nakamoto,?
Yasuhito Tanaka,© Masashi Mizokami,4 Osamu Yokosuka,? Akio Nomoto,** and Takaji Wakita?

Department of Virology Il, National Institute of Infectious Diseases, Shinjuku-ku, Tokyo, Japan?; Department of Medicine and Clinical Oncology, Graduate School of
Medicine, Chiba University, Chuo, Chiba, Japan®; Department of Virology and Liver Unit, Nagoya City University Graduate School of Medical Sciences, Kawasumi, Mizuho,
Nagoya, Japan<; The Research Center for Hepatitis and Immunology, National Center for Global Health and Medicine, Ichikawa, Chiba, Japand; and Department of
Microbiology, Graduate School of Medicine, University of Tokyo, Bunkyo-ku, Tokyo, Japan®

To establish a cell culture system for chimeric hepatitis C virus (HCV) genotype 2b, we prepared a chimeric construct harboring the 5
untranslated region (UTR) to the E2 region of the MA strain (genotype 2b) and the region of p7 to the 3’ UTR of the JFH-1 strain (geno-
type 2a). This chimeric RNA (MA/JFH-1.1) replicated and produced infectious virus in Huh7.5.1 cells. Replacement of the 5 UTR of
this chimera with that from JFH-1 (MA/JFH-1.2) enhanced virus production, but infectivity remained low. In a long-term follow-up
study, we identified a cell culture-adaptive mutation in the core region (R167G) and found that it enhanced virus assembly. We previ-
ously reported that the NS3 helicase (N3H) and the region of NS5B to 3’ X (N5BX) of JFH-1 enabled replication of the J6CF strain (ge-
notype 2a), which could not replicate in cells. To reduce JFH-1 content in MA/JFH-1.2, we produced a chimeric viral genome for MA
harboring the N3H and N5BX regions of JFH-1, combined with a JFH-1 5" UTR replacement and the R167G mutation (MA/
N3H+N5BX-JFH1/R167G). This chimeric RNA replicated efficiently, but virus production was low. After the introduction of four
additional cell culture-adaptive mutations, MA/N3H+N5BX-JFH1/5am produced infectious virus efficiently. Using this chimeric vi-
rus harboring minimal regions of JFH-1, we analyzed interferon sensitivity and found that this chimeric virus was more sensitive to
interferon than JFH-1 and another chimeric virus containing more regions from JFH-1 (MA/JFH-1.2/R167G). In conclusion, we estab-
lished an HCV genotype 2b cell culture system using a chimeric genome harboring minimal regions of JFH-1. This cell culture system

may be useful for characterizing genotype 2b viruses and developing antiviral strategies.

epatitis C virus (HCV) is a major cause of chronic liver disease
(5, 13), but the lack of a robust cell culture system to produce
virus particles has hampered the progress of HCV research (2). Al-
though the development of a subgenomic replicon system has en-
abled research into HCV RNA replication (15), infectious virus par-
ticle production has not been possible. Recently, an HCV cell culture
system was developed using a genotype 2a strain, JFH-1, cloned from
a fulminant hepatitis patient (14, 29, 32), thereby allowing investiga-
tion of the entire life cycle of this virus. However, several groups of
investigators have reported genotype- and/or strain-dependent ef-
fects of some antiviral reagents (6, 17) and neutralizing antibodies (7,
25). Therefore, efficient virus production systems using various ge-
notypes and strains are indispensable for HCV research and the de-
velopment of antiviral strategies.

The JFH-1 strain is the first HCV strain that can efficiently pro-
duce HCV particles in HuH-7 cells (29). Other strains can replicate
and produce infectious virus by HCV RNA transfection, but the effi-
ciency is far lower than that of JFH-1 (24, 31). In the case of
replication-incompetent strains, chimeric virus containing the JFH-1
nonstructural ‘protein coding region is useful for analyses of viral
characteristics (6, 9, 14, 23, 30, 31).

In this study, we developed a genotype 2b chimeric infectious
virus production system using the MA strain (accession number
AB030907) (19) harboring minimal regions of JFH-1 and cell
culture-adaptive mutations that enhance infectious virus
production.

MATERIALS AND METHODS

Cell culture. Huh7.5.1 cells (a kind gift from Francis V. Chisari) (32) and
Huh7-25 cells (1) were cultured at 37°C in Dulbecco’s modified Eagle’s

0022-538X/12/$12.00 Journal of Virology p. 2143-2152

medium containing 10% fetal bovine serum under 5% CO, conditions.
For follow-up study, RNA-transfected cells were passaged every 2 to 5
days depending on cell status.

Full-length genomic HCV constructs. Plasmids used in the analysis
of genomic RNA replication were constructed based on pJFH1 (29) and
pMA (19). For convenience, an EcoRI recognition site was introduced
upstream of the T7 promoter region of pMA by PCR, and an Xbal recog-
nition site was introduced at the end of the 3’ untranslated region (UTR).
To construct MA/JFH-1, the EcoRI-BsaBI (nucleotides [nt] 1 to 2570; 5
UTR to E2) fragment of pMA was substituted into pJFH1 (Fig. 1A). Re-
placement of the 5" UTR was performed by exchanging the EcoRI-Agel
(nt 1 to 159) fragment. A point mutation in the core region (R167G) was
introduced into MA chimeric constructs by PCR using the following
primers: sense, 5'-TTA TGC AAC GGG GAA TTT ACC CGG TTG CTC
T-3'; antisense, 5'-GGT AAA TTC CCC GTT GCA TAA TTT ATC CCG
TC-3'. G167R substitution in the JFH-1 construct was performed by PCR
using the following primers: sense, 5'-ATT ATG CAA CAA GGA ACC
TAC CCG GTT TCC C-3’; antisense, 5'-GGT AGG TTC CTT GTT GCA
TAA TTA ACC CCG TC-3'. Point mutations (L814S, R1012G, T1106A,
and V1951A) were introduced into MA chimeric constructs by PCR using
the following primers: L814S, 5'-GCT TAC GCC TCG GAC GCC GCT
GAA CAA GGG G-3' (sense) and 5'-AGC GGC GTC CGA GGC GTA
AGC CTG CTG CGG C-3' (antisense); R1012G, 5'-GAG GCT AGG TGG
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FIG 1 Replication and virus production by MA/JFH-1 chimeras in Huh7.5.1
cells. (A) Schematic structures of JFH-1, MA, and two MA/JFH-1 chimeras
(MA/JFH-1.1 and MA/JFH-1.2). The junction of JFH-1 and MA in the 5’ UTR
is an Agel site, and the junction of MA and JFH-1 in the NS2 region is a BsaBI
site. A, Agel; B, BsaBI; X, Xbal. (B to E) Chimeric HCV RNA replication in
Huh?7.5.1 cells. HCV core protein level in cells (B) and culture medium (C) and
HCV RNA levels in medium (D) and infectivity of culture medium (E) from
HCV RNA-transfected Huh7.5.1 cells are shown. Ten micrograms of HCV
RNA was transfected into Huh7.5.1 cells, and cells and culture medium were
harvested on days 1, 2, and 3. n.d., not determined. Assays were performed
three times independently, and data are presented as means = standard devi-
ation. Dashed line indicates detection limit. wt, wild type.

GGAAGT TCT GCT CGG CCCT-3' (sense) and 5'-AGA ACT TCC CCA
CCT AGC CTC GCG GAA ACC G-3' (antisense); T1106A, 5'-CAG ATG
TAC GCC AGC GCA GAG GGG GAC CTC-3’ (sense) and 5'-CTG CGC
TGG CGT ACA TCT GGG TGA CTG GTC-3’ (antisense); and V1951A,
5'-GTG ACG CAG GCG TTA AGC TCA CTC ACA ATT ACC-3’ (sense)
and 5'-TGA GCT TAA CGC CTG CGT CAC GCG CAG CGA G-3' (an-
tisense). To construct the MA chimeric virus harboring minimal regions
of JFH-1 (MA/N3H+N5BX-JFH1), Clal (nt 3930), EcoT22I (nt 5294),
and BsrGI (nt 7782) recognition sites were introduced into pMA by site-
directed mutagenesis. The 5" UTR (EcoRI-Agel), the region of the NS3
helicase (N3H; Clal-EcoT22I), and the region of NS5B to 3’ X (N5BX;
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BsrGI-Xbal) were then replaced with the corresponding regions from
JFH-1.

RNA synthesis, transfection, and determination of infectivity. RNA
synthesis and transfection were performed as described previously (12,
22). Determination of infectivity was also performed as described previ-
ously, with infectivity expressed as the number of focus-forming units per
milliliter (FFU/ml) (12, 22). When necessary, culture medium was con-
centrated 20-fold in Amicon Ultra-15 spin columns (100-kDa molecular-
weight-cutoff; Millipore, Bedford, MA) in order to determine infectivity.

Quantification of HCV core protein and HCV RNA. In order to esti-
mate the concentration of HCV core protein in culture medium, we per-
formed a chemiluminescence enzyme immunoassay (Lumipulse Il HCV
core assay; Fujirebio, Tokyo, Japan) in accordance with the manufactur-
er’s instructions. HCV RNA from harvested cells or culture medium was
isolated using an RNeasy Mini RNA kit (Qiagen, Tokyo, Japan) or
QiaAmp Viral RNA Minikit (Qiagen), respectively. Copy number of HCV
RNA was determined by real-time quantitative reverse transcription-PCR
(qRT-PCR), as described previously (28).

HCV sequencing. Total RNA in culture supernatant was extracted
with Isogen-LS (Nippon Gene Co., Ltd., Tokyo, Japan). cDNA was syn-
thesized using Superscript III Reverse Transcriptase (Invitrogen, Carls-
bad, CA). cDNA was subsequently amplified with LA Tag DNA polymer-
ase (TaKaRa, Shiga, Japan). Four separate PCR primer sets were used to
amplify the fragments of nt 130 to 2909, 2558 to 5142, 4784 to 7279, and
7081 to 9634 covering the entire open reading frame and part of the 5’
UTRand 3’ UTR of the MA strain. Sequences of amplified fragments were
determined directly.

Immunostaining. Infected cells were cultured on Multitest Slides
(MP Biomedicals, Aurora, OH) and were fixed in acetone-methanol (1:1,
vol/vol) for 15 min at —20°C. After a blocking step, infected cells were
visualized with anti-core protein antibody (clone 2H9) (29) and Alexa
Fluor 488 goat anti-mouse IgG (Invitrogen), and nuclei were visualized
with 4',6’-diamidino-2-phenylindole (DAPI).

Assessment of interferon sensitivity. Two micrograms of in vitro
transcribed RNA was transfected into 3 X 106 Huh7.5.1 cells. Four hours
after transfection, cells were placed in fresh medium or medium contain-
ing 0.1, 1, 10, 100, and 1,000 TU/ml of interferon a-2b (Intron A;
Schering-Plough Corporation, Osaka, Japan). Culture medium was then
harvested on day 3, and HCV core levels in the cells and in the medium
were measured.

Statistical analysis. Significant differences were evaluated by Stu-
dent’s £ test. A P value of <0.05 was considered significant.

RESULTS
Transient replication and production of 2b/2a chimeric virus.
We first tested whether the MA strain (genotype 2b) (19) was able
to replicate and produce infectious virus in cultured cells. When
the in vitro transcribed RNA of MA was transfected into Huh7.5.1
cells, a highly HCV-permissive cell line, replication and virus pro-
duction were not observed (Fig. 1A to C). We then tested whether
2b/2a chimeric RNA harboring the structural region (5’ UTR to
E2) of the MA strain and the nonstructural region (p7 to 3’ UTR)
of JFH-1 (Fig. 1A, MA/JFH-1.1) was able to replicate in the cells.
After MA/JFH-1.1 RNA transfection, time-dependent accumula-
tion of core protein in the cells (Fig. 1B) and culture medium (Fig,
1C) was observed, indicating that MA/JFH-1.1 RNA was able to
replicate in the cells autonomously. HCV RNA levels in the me-
dium were determined by qRT-PCR, and time-dependent in-
creases in HCV RNA level were also observed (Fig. 1D). Infectious
virus production was observed on day 3, but infectivity was 17.6-
fold lower than that of JFH-1 (Fig. 1E).

In order to improve the level of infectious virus production, we
tested another chimeric construct, MA/JFH-1.2, which contained
an additional MA-to-JFH-1 replacement of the 5" UTR (Fig. 1A),
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and MA/JFH-1.2 RNA-transfected cells. (B) Immunostained cells at 3 days
after transfection (a to d), at 21 days after transfection (e to h), and at the time
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HCV Genotype 2b Infectious Chimeric Virus

TABLE 1 HCV core protein levels and infectivity in culture medium
immediately after RNA transfection (day 3) and after long-term
culture (days 35 to 49)

Sample period and Sample Day no. HCV core Infectivity
virus no. ’ (fmol/liter)  (FFU/ml)
After transfection
MA/JFH-1.1 1 3 1.06 X 103 5.00 X 10!
2 3 1.14 X 103 5.70 X 10!
MA/JFH-1.2 1 3 2.14 X 103 7.30 X 10!
2 3 2.15 X 10% 9.30 X 10!
After long-term culture
MA/JFH-1.1 1 42 3.38 X 10° 1.62 X 10°
2 42 4.70 X 10° 3.23 X 10°
MA/JFH-1.2 1 35 2.27 X 10° 1.61 X 10°
2 49 4.93 X 10% 3.27 X 10°

“ For the long-term culture, the days are those of peak core protein levels.

as a 5" UTR replacement from J6CF (genotype 2a) to JFH-1 en-
hanced virus production of chimeric J6CF virus harboring the
region of NS2 to 3’ X of JFH-1 (J6/JFH-1) (A. Murayama et al.,
unpublished data). The core protein accumulation levels with
MA/JFH-1.2 RNA-transfected cells were higher than those with
MA/JFH-1.1 (P < 0.05) (Fig. 1B). Similarly, core protein and
HCV RNA levels in the medium of MA/JFH-1.2 RNA-transfected
cells were higher than those of MA/JFH-1.1 (P < 0.05) (Fig. 1C
and D). Infectivity on day 3 was also higher than with MA/JFH-1.1
(P <0.05) (Fig. 1E), indicating that the 5' UTR of JFH-1 enhanced
virus production. However, infectivity of medium from MA/JFH-
1.2 RNA-transfected cells on day 3 remained 6.4-fold lower than
that of JFH-1 although HCV RNA levels in the medium were
similar to those of JFH-1 (Fig. 1D and E).

These results indicate that 2b/2a chimeric RNA is able to rep-
licate autonomously in Huh7.5.1 cells and produce infectious vi-
rus although infectivity remains lower than that of JFH-1.

Assembly-enhancing mutation in core region introduced
duringlong-term culture. Because MA/JFH-1.1 and MA/JFH-1.2
replicated efficiently but produced small amounts of infectious
virus, we performed long-term culture of these RNA-transfected
cells in order to examine whether these chimeric RNAs would
continue replicating and producing infectious virus over the long
term. We prepared two RNA-transfected cell lines for each con-
struct (MA/JFH-1.1 and MA/JFH-1.2) as both of these replicated
and produced infectious virus at different levels.

Immediately after transfection, core protein levels and infec-
tivity in culture medium were low (1.06 X 10% to 2.15 X 10°
fmol/liter and 5.00 X 10! to 9.30 X 10! FFU/ml, respectively)
(Fig. 2A and Table 1) although a considerable number of core
protein-positive cells were observed by immunostaining (Fig. 2B,
frames a to d). Subsequently, core protein levels in the culture
medium decreased gradually (Fig. 2A), and core protein-positive
cells were rare (Fig. 2B, frames e to h). However, at 30 to 40 days

of peak core levels (days 42 to 49). Infected cells were visualized with anti-core
protein antibody (green), and nuclei were visualized with DAPI (blue). (C)
Infection of naive cells by culture medium at an MOI of 0.001. (D) Immuno-
stained cells at 15 days after infection with medium at peak core protein levels
(Fig. 2A) at an MOI of 0.001. Infected cells were visualized with anti-core
antibody (green), and nuclei were visualized with DAPI (blue).

jviasm.org 2145

— 187 —

Sv3SIA SNOILO3ANI 40 LSNI TLYN Aq Z10z ‘g Atenigad uo /Bio"wse’1Alj/:d)y woly pepeojumo(q



Murayama et al.

after transfection, core protein levels in the supernatants of all
chimeric RNA-transfected cells increased and reached 2.27 X 10°
to 4.93 X 10° fmol/liter (Fig. 2A and Table 1). Infectivity in the
culture medium also increased (1.61 X 105 to 3.27 X 10° FFU/ml)
(Table 1), and at this point, most of the cells were core protein
positive (Fig. 2B, frame i to1).

As the infectivity of culture supernatant of MA/JFH-1 RNA-
transfected cells appeared to increase after long-term culture, we
compared viral spread by infection with these supernatants on day
3 (immediately after transfection) and for each peak in core pro-
tein levels (after long-term culture). When naive Huh7.5.1 cells
were infected with supernatant on days corresponding to a peak in
core protein levels at a multiplicity of infection (MOI) of 0.001,
core protein levels in the medium increased rapidly and reached
0.64 X 106 to 1.13 X 10° fmol/liter by day 15 after infection (Fig.
2C). Immunostained images showed that most cells were HCV
core protein positive on day 15 (Fig. 2D). When naive Huh7.5.1
cells were infected with supernatant from day 3 at an MOI of
0.001, core protein levels in the medium did not increase under
these conditions (Fig. 2C). These results indicate that both MA/
JFH-1 chimeric viruses (MA/JFH-1.1 and MA/JFH-1.2) acquired
the ability to spread rapidly after long-term culture.

As the characteristics of the MA/JFH-1 virus changed in long-
term culture, we analyzed the possible mutations in the viral ge-
nome from the supernatant at each peak in core protein levels
(Table 1, days at peak core levels). Nine- to 12-nucleotide muta-
tions were found in the viral genome from each supernatant, and
the detected mutations were distributed along the entire genome.
Among these mutations, a common nonsynonymous mutation
was found in the core region (Arg to Gly at amino acid [aa]167,
R167G).

In order to test the effects of R167G on virus production, an
R167G substitution was introduced into MA/JFH-1.2 as MA/JFH-
1.2 replicated and produced infectious virus more efficiently than
MA/JFH-1.1. HCV core protein levels in cells and medium of
MA/JFH-1.2 with R167G (MA/JFH-1.2/R167G) were higher than
with MA/JFH-1.2 (P < 0.05) (Fig. 3A and B). HCV RNA levels in
the medium of MA/JFH-1.2/R167G RNA-transfected cells were
also higher than with MA/JFH-1.2 (P < 0.05) (Fig. 3C). Infectious
virus production was also increased by the R167G mutation (P <
0.05) (Fig. 3D) and was 8.7-fold higher than that of JFH-1 RNA-
transfected cells on day 3 (P < 0.05) (Fig. 3D).

We then tested whether R167G was responsible for the rapid
spread observed in culture supernatant after long-term culture by
monitoring virus spread after infection of naive Huh7.5.1 with
culture medium taken 3 days after RNA transfection of MA/JFH-
1.2 and MA/JFH-1.2/R167G at an MOI of 0.005. Core protein
levels in medium from MA/JFH-1.2/R167G-infected cells in-
creased with the same kinetics as levels of JFH-1 (Fig. 3E), and the
population of core protein-positive cells was almost the same as
with JFH-1-infected cells (Fig. 3F), indicating that MA/JFH-1.2/
R167G virus spread as rapidly as JFH-1 virus. In contrast, we ob-
served no infectious foci in the MA/JFH-1.2 virus-inoculated cells
(Fig. 3F). These data suggest that the R167G mutation in the core
region was a cell culture-adaptive mutation and that it enhanced
infectious MA/JFH-1.2 virus production.

In order to determine whether R167G enhances RNA replica-
tion or other steps in the viral life cycle, we performed a single-
cycle virus production assay (11) using Huh7-25 cells, a HuH-7-
derived cell line lacking CD81 expression on the cell surface (1).
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FIG 3 Effects of R167G on replication and virus production of MA/JFH-1.2 in
Huh?7.5.1 cells. Ten micrograms of HCV RNA was transfected into Huh?7.5.1 cells, and
cells and medium were harvested on days 1, 2, and 3. HCV core protein levels in the
cells (A) and culture medium (B) and HCV RNA levels in the medium (C) and the
infectivity of culture medium (D) from HCV RNA-transfected Huh7.5.1 cells are
shown. n.d., not determined. Dashed line indicates the detection limit. Assays were
performed three times independently, and data are presented as means * standard
deviation. (E) HCV core protein levels in culture medium from cells infected with
medium at 3 days posttransfection at an MOI of 0.005. (F) Immunostained cells at 19
days postinfection. Infected cells were visualized with anti-core antibody (green), and
nuclei were visualized with DAPI (blue).

This cell line can support replication and infectious virus produc-
tion upon transfection of HCV genomic RNA but cannot be rein-
fected by progeny virus, thereby allowing observation of a single
cycle of infectious virus production without the confounding ef-
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fects of reinfection. R167G did not affect HCV core protein levels
in the chimeric RNA-transfected Huh7-25 cells (Fig. 4A), demon-
strating that R167G did not enhance RNA replication. Neverthe-
less, R167G increased HCV core protein levels in the medium
(P < 0.05 on days 2 and 3) and infectivity (Fig. 4B and C). These
results suggest that R167G did not affect RNA replication but
affected other steps such as virus assembly and/or virus secretion.

Virus particle assembly efficiency was then assessed by deter-
mining intracellular-specific infectivity from infectivity and RNA
titer in the cells, as reported previously (11). As shown in Fig. 4G,
R167G enhanced intracellular-specific infectivity of MA/JFH-1.2
virus 10.2-fold. Virus secretion efficiency was also calculated from
the amount of intracellular and extracellular infectious virus, but
R167G had no effect (Fig. 4G).

To confirm the effects of Argl67 in other HCV strains, we
tested its effects on JFH-1. Asaa 167 of JEH-1 is Gly, we replaced it
with Arg (G167R). HCV core protein levels in the cells were not
affected by G167R (Fig. 4D), and no effects on RNA replication
were confirmed. HCV core protein levels in the medium and in-
fectivity decreased after G167R mutation (Fig. 4E and F). As the
G167R mutation decreased intracellular infectious virus produc-
tion of JFH-1 to undetectable levels, we were unable to determine
the intracellular-specific infectivity and virus secretion efficiency
of JFH-1 G167R (Fig. 4G). These results indicate that Gly is fa-
vored over Arg at core position 167 for infectious virus assembly
in multiple HCV strains.

MA harboring the R167G mutation, 5' UTR, and N3H (NS3
helicase) and N5BX (NS5B to 3’ X) regions of JFH-1 replicated
and produced infectious chimeric virus. In order to establish a
genotype 2b cell culture system with the MA strain with minimal
regions of JFH-1, we attempted to reduce JFH-1 content in MA/
JFH-1.2. We previously reported that replacement of the N3H and
N5BX regions of JFH-1 allowed efficient replication of the J6CF
strain, which normally cannot replicate in cells (21). Thus, we
tested whether the N3H and N5BX regions of JFH-1 could also
support MA RNA replication.

We prepared two chimeric MA constructs harboring the 5’
UTR and N3H and N5BX regions of JFH-1, MA/N3H +N5BX-
JFH1 (Fig. 5A) and MA/N3H+N5BX-JFH1/R167G. After in vitro
transcribed RNA was transfected into Huh7.5.1 cells, intra-
cellular core protein levels of MA/N3H+N5BX-JFH1 and MA/
N3H+N5BX-JFH1/R167G RNA-transfected cells increased in a
time-dependent manner and reached almost the same levels as
with MA/JFH-1.2 RNA-transfected cells on day 5 (Fig. 5B). Extra-
cellular core protein and HCV RNA levels of MA/N3H+N5BX-
JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected cells
also increased in a time-dependent manner (Fig. 5C and D). How-
ever, they were more than 10 times lower than with MA/JFH-1.2
RNA-transfected cells although intracellular core levels were com-
parable on day 5 (Fig. 5B to D).

We then tested whether the medium from MA/N3H+N5BX-
JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected cells
was infectious. Infectivity of the medium from MA/N3H+N5BX-
JFH1 RNA-transfected cells was below the detection limit, and
that of MA/N3H+N5BX-JFH1/R167G RNA-transfected cells on
day 5 was very low (3.3 X 10! * 2.1 X 10! FFU/ml) (Fig. 5E). To
confirm infectivity, the culture media were concentrated, and
their infectivity was determined. Infected foci were observed after
infection with concentrated medium in MA/N3H +N5BX-JFH1/
R167G RNA-transfected cells (Fig. 5F), and infectivity was found
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FIG 4 Effects of R167G on replication and virus production of MA/JFH-1.2
and JFH-1 in Huh7-25 cells. Ten micrograms of HCV RNA was transfected
into Huh7-25 cells, and cells and medium were harvested on days 1, 2, and 3.
HCYV core protein levels in cells (A and D) and in medium (B and E) were
measured, and infectivity of medium (C and F) was determined. n.d., not
determined. Dashed line indicates the detection limit. (G) Intracellular specific
infectivity and virus secretion efficiency of chimeric HCV RNA-transfected
cells. Intracellular and extracellular infectivity of day 3 samples was deter-
mined, and specific infectivity and virus secretion rate were calculated. Assays
were performed three times independently, and data are presented as means *
standard deviation. NA, not available.
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FIG 5 Replication and virus production of MA/N3H+N5BX-JFH1/R167G in
Huh7.5.1 cells. (A) Schematic structures of JFH-1, MA, and MA/
N3H+NS5BX-JFHI. The junction of JFH-1 and MA in the 5" UTR is an Agel
site; the junctions of MA and JFH-1 in the NS3 regions are Clal and EcoT221
sites, and the junction in the NS5B region is a BsrGl site. A, Agel; X, Xbal. (B to
G) Chimeric HCV RNA replication in Huh7.5.1 cells. Ten micrograms of HCV
RNA was transfected into Huh7.5.1 cells, and cells and medium were harvested
ondays 1, 3,and 5. HCV core protein levels in cells (B) and in medium (C) and
HCV RNA levels in medium (D) were measured, and infectivity of medium
(E) was determined. Assays were performed three times independently, and
data are presented as means * standard deviation. n.d., not determined.
Dashed line indicates the detection limit. (F) Immunostained cells. Huh7.5.1
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tobe 7.27 X 102 &= 7.57 X 10! FFU/ml (Fig. 5G). No infected foci
were observed after infection of MA/N3H+N5BX-JFH1 RNA-
transfected cells, even when medium was concentrated (Fig. 5F),
although intracellular and extracellular core protein levels were
comparable to those with MA/N3H+N5BX-JFH1/R167G RNA-
transfected cells (Fig. 5B and C). These results indicate that re-
placement of the 5" UTR and N3H and N5BX regions in JFH-1
were necessary to rescue autonomous replication in the
replication-incompetent MA strain and for secretion of infectious
chimeric virus. However, the secretion and infection efficiencies
of the virus were low.

Cell culture-adaptive mutations enhanced infectious virus
production of MA/N3H+N5BX-JFH1/R167G. Because MA/
N3H+N5BX-JFH1/R167G replicated efficiently but produced
very small amounts of infectious virus, we performed along-term
culture of the RNA-transfected cells in order to induce cell
culture-adaptive mutations that could enhance infectious virus
production. We prepared RNA-transfected cells using two con-
structs, MA/N3H+N5BX-JFH1 and MA/N3H+N5BX-JFH1/
R167G; both of these replicated efficiently, and MA/N3H +N5BX-
JFH1/R167G produced infectious virus at low levels while MA/
N3H+N5BX-JFHI1 did not. Immediately after transfection, the
HCV core protein levels in the medium of each RNA-transfected
cell culture peaked at 3.0 X 102 fmol/liter and declined thereafter.
However, the core protein level in the medium with MA/
N3H+N5BX-JFH1/R167G RNA-transfected cells continued to
increase and reached a peak of 2.7 X 10° fmol/liter 54 days after
transfection, at which point most cells were core protein positive
(Fig. 6B). The core protein level in the medium with MA/
N3H+N5BX-JFH1 RNA-transfected cells did not increase and
core-positive cells were scarce on day 54 (Fig. 6B). We analyzed
the viral genome in the culture supernatants from day 54 for pos-
sible mutations and identified four nonsynonymous mutations in
the MA/N3H+N5BX-JFH1/R167G genome: L814S (NS2),
R1012G, (NS2), T1106A (NS3), and V1951A (NS4B). In order to
test whether these amino acid substitutions enhance infectious
virus production, L814S, R1012G, T1106A, and V1951A were in-
troduced into MA/N3H-+N5BX-JFH1/R167G, and the product
was designated MA/N3H +N5BX-JFH1/5am (where am indicates
adaptive mutation). On day 1, although HCV core protein levels
in the MA/N3H+N5BX-JFH1/5am RNA-transfected cells were
higher than those of MA/N3H-+N5BX-JFH1/R167G RNA-
transfected cells, they were still lower than those of MA/JFH-1.2/
R167G RNA-transfected cells; however, on days 3 and 5, they
reached a level comparable to that of MA/JFH-1.2/R167G RNA-
transfected cells (Fig. 6C). HCV core protein and HCV RNA levels
in the medium of MA/N3H+N5BX-JFH1/5am RNA-transfected
cells were higher than those of MA/JFH-1.2/R167G RNA-
transfected cells (P < 0.05, Fig. 6D and 6E, respectively). MA/
N3H+N5BX-JFH1/5am, containing the four additional adaptive
mutations, produced infectious virus at the same level as MA/
JFH-1.2/R167G on day 5 (Fig. 6F). These results indicate that the

cells were infected with concentrated medium from RNA-transfected cells on
day 5. Infected cells were visualized with anti-core antibody (green), and nuclei
were visualized with DAPI (blue). (G) Infectivity of concentrated culture me-
dium from HCV RNA-transfected cells. Culture medium was concentrated by
20 times. Infectivities of original and concentrated culture media were deter-
mined. Dashed line indicates detection thelimit.
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FIG 6 Cell culture-adaptive mutations enhanced infectious virus produc-
tion of MA/N3H-+N5BX-JFH1/R167G. (A) Long-term culture of MA/
N3H+N5BX-JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected
cells. Ten micrograms of HCV RNA was transfected into Huh7.5.1 cells,
and cells were passaged every 2 to 5 days, depending on cell status. Culture
medium was collected after every passage, and HCV core protein levels
were measured. HCV core protein levels in culture medium from MA/
N3H+N5BX-JFH1 and MA/N3H+N5BX-JFH1/R167G RNA-transfected
cells are presented. (B) Immunostained cells on days 5 and 54 after trans-
fection. Infected cells were visualized with anti-core antibody (green), and
nuclei were visualized with DAPI (blue). (C to F) Effect of four additional
cell culture-adaptive mutations on virus production. Ten micrograms of
HCV RNA was transfected into Huh7.5.1 cells, and cells and medium were
harvested on days 1, 3, and 5. HCV core levels in cells (C) and in medium
(D) and HCV RNA levels in medium (E) were measured, and infectivity of
medium (F) was determined. Assays were performed three times indepen-
dently, and data are presented as means * standard deviation. n.d., not
determined. Dashed line indicates the detection limit.
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four additional adaptive mutations enhance infectious virus pro-
duction and that MA/N3H+N5BX-JFH1/5am RNA-transfected
cells replicate and produce infectious virus as efficiently as MA/
JFH-1.2/R167G RNA-transfected cells.

Comparison of interferon sensitivity between JFH-1, MA/
JFH-1.2/R167G, and MA/N3H+N5BX-JFH1/R167G. Using the
newly established genotype 2b infectious chimeric virus, we com-
pared interferon sensitivity between the JFH-1, MA/JFH-1.2/
R167G, and MA/N3H+N5BX-JFH1/5am viruses. JFH-1 or MA
chimeric viral RNA-transfected Huh7.5.1 cells were treated with
0.1, 1, 10, 100, or 1,000 IU/ml interferon a-2b, and HCV core
protein levels in the cells and in culture media were compared.
Interferon decreased HCV core protein levels in the JEFH-1 RNA-
transfected cells and in the medium in a dose-dependent manner,
and production was inhibited to 26.8% = 3.0% and 45.6% =*
4.7%, respectively, of control levels (Fig. 7A and B, respectively).
In contrast, HCV core protein levels in cells and medium of
MA/JFH-1.2/R167G and MA/N3H+N5BX-JFH1/5am RNA-
transfected cells decreased more pronouncedly in a dose-
dependent manner (Fig. 7A and B, respectively). HCV core pro-
tein levels in cells and medium from MA/N3H+N5BX-JFH1/5am
RNA-transfected cells were lower than those from MA/JFH-1.2/
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R167G RNA-transfected cells (Fig. 7A and B, respectively)
(P < 0.05 at 1, 10, 100, and 1,000 IU/ml), indicating that the
MA/N3H+N5BX-JFH1/5am virus was more sensitive to inter-
feron than the MA/JFH1.2/R167G virus, which contained more
regions from JFH-1.

DISCUSSION

In this study, we developed a novel infectious HCV production
system using a genotype 2b chimeric virus. To improve infec-
tious virus production, we introduced two modifications into
the chimeric genome.

First, we replaced the 5" UTR from MA with that of JFH-1.
Similarly to J6/JFH-1, replacement of the 5° UTR increased
core protein accumulation in both the cells and medium when
these RNAs were transfected into Huh7.5.1 cells (Fig. 1). The
same trend was observed when these RNAs were transfected
into Huh7-25 cells (data not shown), indicating that the 5’
UTR of JFH-1 enhanced RNA replication. There are two ge-
netic variations in J6CF and seven in MA in the region we
replaced (nt 1 to 154 for J6CF and nt 1 to 155 for MA), and
some of these mutations may affect RNA replication by chang-
ing the RNA secondary structure, RNA-RNA interactions, or
binding of host or viral proteins.

Second, we introduced a cell culture-adaptive mutation
(R167G) in the core region. This mutation was induced by
long-term culture of MA/JFH-1 RNA-transfected cells (Fig. 2).
MA/JFH-1 chimeric RNA (MA/JFH-1.1 and MA/JFH-1.2) rep-
licated when synthesized RNA was transfected into the cells.
However, infectious virus production was low, and virus infec-
tion did not spread over the short term. In early stages of long-
term culture, the number of core protein-positive cells gradu-
ally decreased, and core protein-positive cells were scarcely
detectable. Subsequently, the population of core protein-
positive cells increased, reaching almost 100%. At this time
point, we identified a common mutation in the core region
(R167G) of the viral genome as a cell culture-adaptive muta-
tion and found that it enhanced infectious virus production
(Fig. 3). Several nonsynonymous mutations other than R167G
were identified in the viral genome from each supernatant, and
these mutations may enhance infectious virus production.
However, there was a discrepancy between RNA levels and the
infectivity of the culture media of MA/JFH-1.2 and MA/JFH-
1.2/R167G RNA-transfected cells (Fig. 3C and D). The MA/
JFH-1.2/R167G mutant had a 2-log increase in viral infectivity
compared to that of MA/JFH-1.2 but only a 1-log increase in
secreted RNA. The replication efficiency of MA/JFH-1.2 RNA-
transfected cells was comparable to that of MA/JFH-1.2/R167G
RNA-transfected cells, but the efficiency of infectious virus as-
sembly within the cells was low, indicating that mainly nonin-
fectious virus may be produced.

Infection of MA/JFH-1.2/R167G virus spreads rapidly, sim-
ilarly to that of the JFH-1 virus, when it is inoculated into naive
Huh7.5.1 cells. On a single-cycle virus production assay, we
found that the R167G mutation did not affect RNA replication
or virus secretion but enhanced infectious virus assembly
within the cells (Fig. 4). Efficient infectious virus assembly
within the cells was mainly responsible for the rapid spread and
high virus production of MA/JFH-1.2/R167G.

The amino acid at 167 (aa 167) is located in domain 2 of the
core region, which is important for localization of the core
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protein (3, 8). Lipid droplet localization of the core protein
and/or NS5A is important for infectious virus production (4,
18, 26). The interaction between the core protein and NS5A is
also important for infectious virus production (16). Thus, aa
167 affects infectious virus production possibly by altering sub-
cellular localization of the core protein or interaction between
the core protein and NS5A. We examined the amino acid se-
quence of the core protein in 2,078 strains in the Hepatitis
Virus Database (http://s2as02.genes.nig.ac.jp/) and found that
aa 167 is Gly in all other strains. These data strongly suggest
that Gly ataa 167 is important for the HCV life cycle. As the MA
strain was cloned from the serum of a patient with chronic
hepatitis C, the low virus production by this Gly at aa 167 may
be important for persistent infection.

We then attempted to reduce the contents of JFH-1 from
MA/JFH-1.2/R167G. We previously reported that the N3H and
N5BX regions of JFH-1 were sufficient for replication of the
J6CF strain (21). We also reported that this effect was observed
only in genotype 2a strains (J6CF, JCH-1, and JCH-4). In this
study, we tested whether the N3H and N5BX regions of JFH-1
could also support replication of a genotype 2b strain, MA. We
constructed an MA chimeric virus harboring the N3H and
N5BX regions of JFH-1 and combined this with the 5" UTR of
JFH-1 and the R167G mutation (MA/N3H+N5BX-JFH1/
R167G). This chimeric RNA was able to replicate in the cells
and produce infectious chimeric virus in culture medium al-
though infectious virus production levels were low (Fig. 5).

We showed in this paper that the N3H and N5BX regions of
JFH-1 were able to support RNA replication by both genotype
2a clones and genotype 2b clones, but the nucleotide sequence
similarity between JFH-1 and MA was lower than that between
JFH-1 and J6CF (77% versus 89%, respectively). Compared to
MA/JFH-1.2/R167G, MA/N3H+N5BX-JFH1/R167G RNA
showed the same levels of RNA replication and low levels of
infectious virus production. To clarify whether there were any
differences in the characteristics of the secreted virus, we per-
formed density gradient ultracentrifugation with the MA/JFH-
1.2/R167G and MA/N3H~+N5BX-JFH1/R167G viruses. The
distributions of the HCV core protein and infectivity showed
similar profiles (data not shown).

The differences between MA/JFH-1.2/R167G and MA/
N3H-+N5BX-JFH1/R167G are the NS2, NS3 protease domain
(N3P), and NS4A to NS5A regions. Nucleotide variation(s)
other than aa 167 in these regions of the MA strain may be
associated with reduced virus assembly. We identified four ad-
ditional cell culture-adaptive mutations, L814S (NS2), R1012G
(NS2), T1106A (NS3), and V1951A (NS4B), which resulted
from long-term culture of MA/N3H+N5BX-JFH1/R167G
RNA-transfected cells. Consequently, cells transfected with
MA/N3H~+N5BX-JFH1/5am constructed by insertion of these
four adaptive mutations into MA/N3H+N5BX-JFH1/R167G
replicated and produced infectious virus as efficiently as MA/
JFH-1.2/R167G RNA-transfected cells (Fig. 6).

This system is able to contribute to studies into the devel-
opment of antiviral strategies. It has been reported that HCV
genotype 2a was more sensitive to interferon therapy than HCV
genotype 2b in a clinical study (20). To assess the interferon
resistance of genotype 2b, a cell culture system with multiple
genotype 2b strains is necessary. The previously reported rep-
licable genotype 2b chimeric virus harbored only structural
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regions of 2b strains (6, 27). The 2b/JFH-1 chimeric virus con-
taining the region of the core protein to NS2 from the J8 strain
(genotype 2b) and the region of NS3 to 3’ X of JFH-1 was able
to replicate and showed that there were no differences in inter-
feron sensitivity among the JFH-1 chimeric viruses of other
genotypes (6, 27). Another 2b/JFH-1 chimeric virus containing
the regions of the core protein to NS2 (nt 342 to 2867) of a
genotype 2b strain and of NS2 to 3' UTR (nt 2868) of JFH-1 has
been reported (6,27). The authors reported that their 2b/JFH-1
chimeric virus was more sensitive to interferon than JFH-1 (6,
27). We developed the genotype 2b HCV cell culture system
with another HCV genotype 2b strain (MA). We identified a
virus assembly-enhancing mutation in the core region, the
minimal JFH-1 regions necessary for replication, and four ad-
ditional adaptive mutations that enhance infectious virus pro-
duction and demonstrated that MA harboring the five adaptive
mutations and the 5° UTR and N3H and N5BX regions of
JFH-1 (MA/N3H+N5BX-JFH1/5am) could replicate and pro-
duce infectious virus efficiently.

Using these novel genotype 2b chimeric viruses, we assessed
interferon sensitivity. We found that MA/JFH-1.2/R167G chi-
meric virus and MA/N3H+N5BX-JFH1/5am virus were more
sensitive to interferon than the JFH-1 virus (Fig. 7). Further-
more, we found that MA/N3H+N5BX-JFH1/5am was more
sensitive to interferon than MA/JFH-1.2/R167G, indicating
that the genetic variation(s) in the NS2, N3P, and NS4A to
NS5A regions affect interferon sensitivity. Although genotype
2a viruses are more sensitive to interferon than genotype 2b
viruses in clinical studies, JFH-1 displayed interferon resis-
tance in our study.

These results suggest that the JFH-1 regions in the 2b/JFH-1
virus affect the interferon sensitivity of the chimeric virus.
Moreover, it was reported that amino acid variations in E2, p7,
NS2, and NS5A were associated with the response to peginter-
feron and ribavirin therapy in genotype 2b HCV infection (10).
Therefore, our MA/JFH-1 chimeric virus harboring minimal
regions from JFH-1 (MA/N3H+N5BX-JFH1/5am) is more
suitable for assessing the characteristics of the MA strain than
the MA/JFH-1 chimeric virus, which includes a nonstructural
region from JFH-1 (MA/JFH-1.2/R167G). We showed here
that replacement of the 5' UTR and N3H and N5BX regions in
MA with those from JFH-1 is able to convert MA into a repli-
cable virus. Using the same strategy, numerous HCV cell cul-
ture systems with various genotype 2b strains, as well as geno-
type 2a strains, may be available.

In conclusion, we established a novel HCV genotype 2b cell
culture system using a chimeric genome in MA harboring min-
imal regions from JFH-1. This cell culture system using the
chimeric genotype 2b virus will be useful for characterization
of genotype 2b viruses and the development of antiviral strat-
egies.
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Hepatocyte-like cells from human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) are
expected to be a useful source of cells drug discov-
ery. Although we recently reported that hepatic com-
mitment is promoted by transduction of SOX17 and
HEX into human ESC- and iPSC-derived cells, these
hepatocyte-like cells were not sufficiently mature for
drug screening. To promote hepatic maturation, we
utilized transduction of the hepatocyte nuclear factor
40 (HNF40) gene, which is known as a master regula-
tor of liver-specific gene expression. Adenovirus vector-
mediated overexpression of HNF4o in hepatoblasts
induced by SOX17 and HEX transduction led to upreg-
ulation of epithelial and mature hepatic markers such
as cytochrome P450 (CYP) enzymes, and promoted
hepatic maturation by activating the mesenchymal-
to-epithelial transition (MET). Thus HNF4o. might play
an important role in the hepatic differentiation from
human ESC-derived hepatoblasts by activating the MET.
Furthermore, the hepatocyte like-cells could catalyze the
toxication of several compounds. Our method would be
a valuable tool for the efficient generation of functional
hepatocytes derived from human ESCs and iPSCs, and
the hepatocyte-like cells could be used for predicting
drug toxicity.

Received 19 July 2011; accepted 28 September 2011, published online

8 November 2011. doi:10.1038/mt.2011.234

INTRODUCTION

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differen-
tiate into most of the body’s cell types.'? They could provide an
unlimited source of cells for various applications. Hepatocyte-
like cells, which are differentiated from human ESCs and iPSCs,

would be useful for basic research, regenerative medicine, and
drug discovery.® In particular, it is expected that hepatocyte-
like cells will be utilized as a tool for cytotoxicity screening in
the early phase of pharmaceutical development. To catalyze the
toxication of several compounds, hepatocyte-like cells need to
be mature enough to exhibit hepatic functions, including high
activity levels of the cytochrome P450 (CYP) enzymes. Because
the present technology for the generation of hepatocyte-like cells
from human ESCs and iPSCs, which is expected to be utilized
for drug discovery, is not refined enough for this application,
it is necessary to improve the efficiency of hepatic differentia-
tion. Although conventional methods such as growth factor-
mediated hepatic differentiation are useful to recapitulate liver
development, they lead to only a heterogeneous hepatocyte
population.** Recently, we showed that transcription factors
are transiently transduced to promote hepatic differentiation
in addition to the conventional differentiation method which
uses only growth factors.” Ectopic expression of Sry-related
HMG box 17 (SOX17) or hematopoietically expressed homeo-
box (HEX) by adenovirus (Ad) vectors in human ESC-derived
mesendoderm or definitive endoderm (DE) cells markedly
enhances the endoderm differentiation or hepatic commitment,
respectively.”® However, further hepatic maturation is required
for drug screening.

The transcription factor hepatocyte nuclear factor 4o
(HNF40) is initially expressed in the developing hepatic diver-
ticulum on E8.75,%'° and its expression is elevated as the liver
develops. A previous loss-of-function study showed that HNF4o
plays a critical role in liver development; conditional deletion
of HNF4q. in fetal hepatocytes results in the faint expression of
many mature hepatic enzymes and the impairment of normal
liver morphology." The genome-scale chromatin immunopre-
cipitation assay showed that HNF4o binds to the promoters of
nearly half of the genes expressed in the mouse liver,'? including
cell adhesion and junctional proteins,'* which are important in
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the hepatocyte epithelial structure." In addition, HNF4cot playsa  RESULTS
critical role in hepatic differentiation and in a wide variety of liver ~ Stage-specific HNF4a transduction in hepatoblasts
functions, including lipid and glucose metabolism.'>'® Although  selectively promotes hepatic differentiation
HNF40 could promote transdifferentiation into hepatic lineage  The transcription factor HNF4a plays an important role in both
from hematopoietic cells,'” the function of HNF4c in hepatic  liver generation" and hepatic differentiation from human ESCs
differentiation from human ESCs and iPSCs remains unknown.  and iPSCs (Supplementary Figure S1). We expected that hepatic
A previous study showed that hepatic differentiation from mouse  differentiation could be accelerated by HNF4al transduction. To
hepatic progenitor cells is promoted by HNF4q, although many  examine the effect of forced expression of HNF4a. in the hepatic
of the hepatic markers that they examined were target genes of  differentiation from human ESC- and iPSC-derived cells, we used a
HNF40.' They transplanted the HNF4ai-overexpressed mouse  fiber-modified Ad vector.! Initially, we optimized the time period
hepatic progenitor cells to promote hepatic differentiation, but  for Ad-HNF4a transduction. Human ESC (H9)-derived DE cells
they did not examine the markers that relate to hepatic matu-  (day 6) (Supplementary Figures S2 and S3a), hepatoblasts (day
ration such as CYP enzymes, conjugating enzymes, and hepatic ~ 9) (Supplementary Figures $2 and S3b), or a heterogeneous
transporters. population consisting of hepatoblasts, hepatocytes, and cholangi-
In this study, we examined the role of HNF4q in hepatic dif-  ocytes (day 12) (Supplementary Figures S2 and S3c) were trans-
ferentiation from human ESCs and iPSCs. The human ESC- and  duced with Ad-HNF40. and then the Ad-HNF4o-transduced
iPSC-derived hepatoblasts, which were efficiently generated by  cells were cultured until day 20 of differentiation (Figure 1).
sequential transduction of SOX17 and HEX, were transduced = We ascertained the expression of exogenous HNF4o. in human
with HNF4o-expressing Ad vector (Ad-HNF40), and then the  ESC-derived hepatoblasts (day 9) transduced with Ad-HNF4q
expression of hepatic markers of the hepatocyte-like cells were ~ (Supplementary Figure S4). The transduction of Ad-HNF4o
assessed. In addition, we examined whether or not the hepato-  into human ESC-derived hepatoblasts (day 9) led to the highest
cyte-like cells, which were generated by sequential transduction  expression levels of the hepatocyte markers albumin (ALB)* and
of SOX17, HEX, and HNF4c, were able to predict the toxicity of — o-I-antitrypsin (Figure 1a). In contrast, the expression levels of

several compounds. the cholangiocyte markers cytokeratin 7 (CK7)* and SOX9% were
a b c
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Figure 1 Transduction of HNF4u into hepatoblasts promotes hepatic differentiation. (a-¢) The human ESC (H9)-derived cells, which were
cultured for 6, 9, or 12 days according to the protocol described in Figure 2a, were transduced with 3,000 vector particles (VP)/cell of Ad-HNF4q:
for 1.5 hours and cultured until day 20. The gene expression levels of (a) hepatocyte markers (ALB and o.-T-antitrypsin), (b) cholangiocyte markers
(CK7 and S0OX9), and (c) pancreas markers (PDX7 and NKX2.2) were examined by real-time RT-PCR on day 0 (human ESCs (hESCs)) or day 20 of
differentiation. The horizontal axis represents the days when the cells were transduced with Ad-HNF4c.. On the y-axis, the level of the cells without
Ad-HNF4a transduction on day 20 was taken as 1.0. All data are represented as means + SD (n = 3). ESC, embryonic stem cell; HNF4q, hepatocyte
nuclear factor 40; RT-PCR, reverse transcription-PCR.
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downregulated in the cells transduced on day 9 as compared with
nontransduced cells (Figure 1b). This might be because hepatic
differentiation was selectively promoted and biliary differen-
tiation was repressed by the transduction of HNF4a in hepato-
blasts. The expression levels of the pancreas markers PDX1% and
NKX2.2*" did not make any change in the cells transduced on day
9 as compared with nontransduced cells (Figure 1¢). Interestingly,
the expression levels of the pancreas markers were upregulated,
when Ad-HNF4o. transduction was performed into DE cells (day
6) (Figure 1c). These results suggest that HNF40 might promote
not only hepatic differentiation but also pancreatic differentiation,
although the optimal stage of HNF4 transduction for the differ-
entiation of each cell is different. We have confirmed that there
was no difference between nontransduced cells and Ad-LacZ-
transduced cells in the gene expression levels of all the markers
investigated in Figure 1a~c (data not shown). We also confirmed
that Ad vector-mediated gene expression in the human ESC-
derived hepatoblasts (day 9) continued until day 14 and almost
disappeared on day 18 (Supplementary Figure S5). These results
indicated that the stage-specific HNF4ol overexpression in human
ESC-derived hepatoblasts (day 9) was essential for promoting effi-
cient hepatic differentiation.

HNF40 Promotes Hepatic Maturation

Transduction of HNF4a into human ESC- and
iPSC-derived hepatoblasts efficiently promotes
hepatic maturation

From the results of Figure 1, we decided to transduce hepatoblasts
(day 9) with Ad-HNF4a. To determine whether hepatic maturation
is promoted by Ad-HNF4o transduction, Ad-HNF4a-transduced
cells were cultured until day 20 of differentiation according to
the schematic protocol described in Figure 2a. After the hepatic
maturation, the morphology of human ESCs was gradually changed
into that of hepatocytes: polygonal with distinct round nuclei
(day 20) (Figure 2b). Interestingly, a portion of the hepatocyte-
like cells, which were ALB®-, CK18%-, CYP2D6-, and CYP3A4%-
positive cells, had double nuclei, which was also observed in
primary human hepatocytes (Figure 2b,c, and Supplementary
Figure $6). We also examined the hepatic gene expression levels
on day 20 of differentiation (Figure 3a,b). The gene expression
analysis of CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and
CYP7A1% showed higher expression levels in all of Ad-SOX17-,
Ad-HEX-, and Ad-HNF4o-transduced cells (three factors-
transduced cells) as compared with those in both Ad-SOX17- and
Ad-HEX-transduced cells (two factors-transduced cells) on day 20
(Figure 3a). The gene expression level of NADPH-CYP reductase

a
Stage | Stage Il Stage I
Definitive endoderm differentiation Hepatic specification Hepatic maturation
hESF-DIF medium hESF-DIF medium L-15 medium
- BMP4 (20 ng/mi) HGF, OsM (20 ng/mi)
Activin A (100 ng/ml) FGF4 (20 ng/ml) DEX (10™°mol/l)
hESCs .
/hiPSCs Mesendoderm cells DE cells Hepatoblasts Hepatocytes
3 days l 2 days I 1 day i 3 days l 11 days | N
I‘ Passage ' ' '
Ad-SOX17 Ad-HEX Ad-HNF4o
b c

Ad-LacZ + Ad-LacZ + Ad-LacZ

Ad-SOX17 + - 2

Figure 2 Hepatic differentiation of human ESCs and iPSCs transduced with three factors. (a) The procedure for differentiation of human ESCs
and iPSCs into hepatocytes via DE cells and hepatoblasts is presented schematically. The hESF-DIF medium was supplemented with 10 ug/ml human
recombinant insulin, 5 ug/ml human apotransferrin, 10 pmol/l 2-mercaptoethanol, 10 umol/! ethanolamine, 10 umol/I sodium selenite, and 0.5 mg/ml
fatty-acid-free BSA. The L15 medium was supplemented with 8.3% tryptose phosphate broth, 8.3% FBS, 10 umol/l hydrocortisone 21-hemisuccinate,
1 umol/l insulin, and 25 mmol/l NaHCO,. (b) Sequential morphological changes (day 0-20) of human ESCs (H9) differentiated into hepatocytes via
DE cells and hepatoblasts are shown. Red arrow shows the cells that have double nuclei. (c) The morphology of primary human hepatocytes is shown.
Bar represents 50 pm. BSA, bovine serum albumin; DE, definitive endoderm; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.
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Figure 3 Transduction of HNF40 promotes hepatic maturation from human ESCs and iPSCs. (a,b) The human ESCs were differentiated into
hepatocytes according to the protocol described in Figure 2a. On day 20 of differentiation, the gene expression levels of (a) CYP enzymes (CYPTA2,
CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP7AT) and (b) POR were examined by real-time RT-PCR in undifferentiated human ESCs (hESCs), the
hepatocyte-like cells, and primary human hepatocytes (PH, hatched bar). On the y-axis, the expression level of primary human hepatocytes, which
were cultured for 48 hours after the cells were plated, was taken as 1.0. (c-e) The hepatocyte-like cells (day 20) were subjected to immunostaining
with (€} anti-drug-metabolizing enzymes (CYP2D6, CYP3A4, and CYP7A1), (d) anti-hepatic surface protein (ASGR1 and c-Met), and (e) anti-ALB
antibodies, and then the percentage of antigen-positive cells was examined by flow cytometry on day 20 of differentiation. All data are represented
as means + SD (n = 3). ESC, embryonic stem cell; HNF4a, hepatocyte nuclear factor 4q; iPSC, induced pluripotent stem cell.

(POR)*, which is required for the normal function of CYPs, was
also higher in the three factors-transduced cells (Figure 3b). The
gene expression analysis of ALB, o.-1-antitrypsin (o-1-AT), tran-
sthyretin, hepatic conjugating enzymes, hepatic transporters, and
hepatic transcription factors also showed higher expression levels
in the three factors-transduced cells (Supplementary Figures S7
and $8). Moreover, the gene expression levels of these hepatic
markers of three factor-transduced cells were similar to those of
primary human hepatocytes, although the levels depended on the
type of gene (Figure 3a,b, and Supplementary Figures S7 and
§8). To confirm that similar results could be obtained with human
iPSCs, we used three human iPS cell lines (201B7, Dotcom, and
Tic). The gene expression of hepatic markers in human ESC- and
iPSC-derived hepatocytes were analyzed by real-time reverse
transcription-PCR on day 20 of differentiation. Three human
iPS cell lines as well as human ESCs also effectively differentiated
into hepatocytes in response to transduction of the three factors

130

(Supplementary Figure §9). Interestingly, we observed differences
in the hepatic maturation efficiency among the three human iPS
cell lines. That is, two of the human iPS cell lines (Tic and Dotcom)
were more committed to the hepatic lineage than another human
iP$S cell line (201B7). Because almost homogeneous hepatocyte-like
cells would be more useful in basic research, regenerative medicine,
and drug discovery, we also examined whether our novel methods
for hepatic maturation could generate a homogeneous hepatocyte
population by flow cytometry analysis (Figure 3c-e). The per-
centages of CYP2D6-, CYP3A4-, and CYP7A1-positive cells were
~80% in the three factors-transduced cells, while they were ~50%
in the two factors-transduced cells (Figure 3¢). The percentages
of hepatic surface antigen (asialoglycoprotein receptor 1 (ASGR1]
and met proto-oncogene (c-Met))-positive cells (Figure 3d) and
ALB-positive cells (Figure 3e) were also ~80% in the three fac-
tors-transduced cells. These results indicated that a nearly homo-
geneous population was obtained by our differentiation protocol
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using the transduction of three functional genes (SOX17, HEX,
and HNF40.).

The three factors-transduced cells have characteristics
of functional hepatocytes

The hepatic functions of the hepatocyte-like cells, such as the
uptake of low-density lipoprotein (LDL) and CYP enzymes activ-
ity, of the hepatocyte-like cells were examined on day 20 of dif-
ferentiation. Approximately 87% of the three factors-transduced
cells uptook LDL in the medium, whereas only 44% of the two
factors-transduced cells did so (Figure 4a). The activities of CYP
enzymes of the hepatocyte-like cells were measured according to
the metabolism of the CYP3A4, CYP2C9, or CYP1A2 substrates
(Figure 4b). The metabolites were detected in the three factors-
transduced cells and their activities were higher than those of
the two factors-transduced cells (dimethyl sulfoxide (DMSO)
column). We further tested the induction of CYP3A4, CYP2C9,
and CYP1A2 by chemical stimulation, since CYP3A4, CYP2C9,
and CYP1A2 are the important prevalent CYP isozymes in the
liver and are involved in the metabolism of a significant propor-
tion of the currently available commercial drugs (rifampicin or
omeprazole column). It is well known that CYP3A4 and CYP2C9
can be induced by rifampicin, whereas CYP1A2 can be induced
by omeprazole. The hepatocyte-like cells were treated with either
of these. Although undifferentiated human ESCs responsed to
neither rifampicin nor omeprazole (data not shown), the hepato-
cyte-like cells produced more metabolites in response to chemical
stimulation as well as primary hepatocytes (Figure 4b). The activ-
ity levels of the hepatocyte-like cells as compared with those of
primary human hepatocytes depended on the types of CYP; the
CYP3A4 activity of the hepatocyte-like cells was similar to that of
primary human hepatocytes, whereas the CYP2C9 and CYP1A2
activities of the hepatocyte-like cells were slightly lower than those
of primary human hepatocytes (Figure 3a). These results indi-
cated that high levels of functional CYP enzymes were detectable
in the hepatocyte-like cells.

The metabolism of diverse compounds involving uptake,
conjugation, and the subsequent release of the compounds is
an important function of hepatocytes. Uptake and release of
Indocyanine green (ICG) can often be used to identify hepato-
cytes in ESC differentiation models.”” To investigate this function
in our hepatocyte-like cells, we compared this ability of the three
factors-transduced cells with that of the two factors-transduced
cells on day 20 of differentiation (Figure 4c). The three factors-
transduced cells had more ability to uptake ICG and to excrete ICG
by culturing without ICG for 6 hours. We also examined whether
the hepatocyte-like cells could store glycogen, a characteristic of
functional hepatocytes (Figure 4d). On day 20 of differentiation,
the three factors-transduced cells and the two factors-transduced
cells were stained for cytoplasmic glycogen using the Periodic
Acid-Schiff staining procedure. The three factors-transduced cells
exhibited more abundant storage of glycogen than the two-factors-
transduced cells. These results showed that abundant hepatic func-
tions, such as uptake and excretion of ICG and storage of glycogen,
were obtained by the transduction of three factors,

Many adverse drug reactions are caused by the CYP-dependent
activation of drugs into reactive metabolites.” In order to examine
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metabolism-mediated toxicity and to improve the safety of drug
candidates, primary human hepatocytes are widely used.” Because
primary human hepatocytes have quite different characteristics
among distinct lots and because it is difficult to purchase large
amounts of primary human hepatocytes that have the same char-
acteristics, hepatocyte-like cells are expected to be used for this
purpose. To examine whether our hepatocyte-like cells could be
used to predict metabolism-mediated toxicity, the hepatocyte-
like cells were incubated with four substrates (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine), which are
known to generate toxic metabolites by CYP enzymes, and then
the cell viability was measured (Figure 4e). The cell viability of the
two factors plus Ad-LacZ-tansduced cells were higher than that
of the three factors-transduced cells at each different concentra-
tion of four test compounds. These results indicated that the three
factors-transduced cells could more efficiently metabolize the test
compounds and thereby induce higher toxicity than either the two
factors-transduced cells or undifferentiated human ESCs. The cell
viability of the three factors-transduced cells was slightly higher
than that of primary human hepatocytes.

HNF40 promotes hepatic maturation by activating
mesenchymal-to-epithelial transition

HNF40 is known as a dominant regulator of the epithelial
phenotype because its ectopic expression in fibroblasts (such as
NIH 3T3 cells) induces mesenchymal-to-epithelial transition
(MET)", although it is not known whether HNF40t can promote
MET in hepatic differentiation. Therefore, we examined whether
HNF4o. transduction promotes hepatic maturation from hepa-
toblasts by activating MET. To clarify whether MET is activated
by HNF4o transduction, the human ESC-derived hepatoblasts
(day 9) were transduced with Ad-LacZ or Ad-HNF4o., and the
resulting phenotype was analyzed on day 12 of differentiation
(Figure 5). This time, we confirmed that HNF40o transduction
decreased the population of N-cadherin (hepatoblast marker)-
positive cells,” whereas it increased that of ALB (hepatocyte
marker)-positive cells (Figure 5a). The number of CK7 (cholan-
giocyte marker)-positive population did not change (Figure 5a).
To investigate whether these results were attributable to MET, the
alteration of the expression of several mesenchymal and epithe-
lial markers was examined (Figure 5b). The human ESC-derived
hepatoblasts (day 9) were almost homogeneously N-cadherin®
(mesenchymal marker)-positive and E-cadherin'' (epithelial
marker)-negative, demonstrating that human ESC-derived hepa-
toblasts have mesenchymal characteristics (Figure 5a,b). After
HNF4q transduction, the number of E-cadherin-positive cells
was increased and reached ~90% on day 20, whereas that of
N-cadherin-positive cells was decreased and was less than 5% on
day 20 (Supplementary Figure $10). These results indicated that
MET was promoted by HNF4a transduction in hepatic differen-
tiation from hepatoblasts. Interestingly, the number of growing
cells was decreased by HNF4« transduction (Figure 5¢), and the
cell growth was delayed by HNF4o transduction (Supplementary
Figure S11). This decrease in the number of growing cells might
have been because the differentiation was promoted by HNF4o
transduction. We also confirmed that MET was promoted by
HNF40 transduction in the gene expression levels (Figure 5d).
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Figure 4 Transduction of the three factors enhances hepatic functions. The human ESCs were differentiated into hepatoblasts and transduced with
3,000 VP/cell of Ad-LacZ or Ad-HNF4o for 1.5 hours and cultured until day 20 of differentiation according to the protocol described in Figure 2a. The
hepatic functions of the two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) and the three factors-transduced cells (SOX17+HEX+HNF4c)
were compared. (a) Undifferentiated human ESCs (hESCs) and the hepatocyte-like cells (day 20) were cultured with medium containing Alexa-Flour
488-labeled LDL (green) for 1 hour, and immunohistochemistry and flow cytometry analysis were performed. The percentage of LDL-positive cells
was measured by flow cytometry. Nuclei were counterstained with DAPI (blue). The bar represents 100 um. (b) Induction of CYP3A4 (left), CYP2C9
(middle), or CYP1A2 (right) by DMSO (gray bar), rifampicin (black bar), or omeprazole (black bar) in the hepatocyte-like cells (day 20) and primary
human hepatocytes (PH), which were cultured for 48 hours after the cells were plated. On the y-axis, the activity of primary human hepatocytes
that have been cultured with medium containing DMSO was taken as 1.0. () The hepatocyte-like cells (day 20) (upper column) were examined for
their ability to take up Indocyanin Green (ICG) and release it 6 hours thereafter (lower column). (d) Glycogen storage of the hepatocyte-like cells
(day 20) was assessed by Periodic Acid-Schiff (PAS) staining. PAS staining was performed on day 20 of differentiation. Glycogen storage is indicated
by pink or dark red-purple cytoplasms. The bar represents 100 um. (e) The cell viability of undifferentiated human ESCs (black), two factors plus
Ad-LacZ-tansduced cells (green), the three factors-transduced cells (blue), and primary human hepatocytes (red) was assessed by Alamar Blue assay
after 48 hours exposure to different concentrations of four test compounds (troglitazone, acetaminophen, cyclophosphamide, and carbamazepine).
The cell viability is expressed as a percentage of cells treated with solvent only treat: 0.1% DMSO except for carbamazepine: 0.5% DMSO. All data
are represented as means + SD (n = 3). ESC, embryonic stem cell; DMSO, dimethyl sulfoxide; LDL, low-density lipoprotein.
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