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promoter, and it has been shown that C/EBPS-FL and LIP
respectively, function as positive and negative regulators of
C/EBPx gene expression [44]. Thus it is probable that LIP
preferentially binds to the C/EBP-binding elements not only on
the albumin promoter but alse on that of C/EBPx at the ex-
pense of C/EBPS-FL, LAP and C/EBPwx. However, LIP lacks
the transactivation domain and is unable to activate transcription.
LIP expression induced by ATRA possibly down-regulates the
gene expression of albumin and C/EBPew, by competing for DNA-
binding sites as a LIP homodimer and/or by antagonizing the
transcriptional activity of C/EBP transactivators via heterodimer
formation with C/EBP-FL or LAP [37]. Hence, an increase in
the ratio of LIP to C/EBP transactivators is critical for down-
regulation of the expression of albumin and C/EBPe genes that
is mediated by ATRA. This conclusion is supported by transient
transfection experiments which indicated that the activity of the
albumin promoter is stimulated by transfection with C/EBPS-FL
or C/EBPa expression constructs (Figure 6A), whereas its activity
is decreased by co-transfection with a LIP construct (Figure 6B).
Decreased expression of C/EBPe may also contribute to the
transcriptional repression of the albumin gene, since C/EBPw is
known to be one of the positive regulators of albumin expression
[32,33].

A key question is: how does ATRA differentially induce
C/EBPS-LIP but not C/EBPS-FL expression? A previous study
[45], which describes the effect of ATRA on the alternate
production of C/EBPS isoforms, has not demonstirated its mol-
ecular mechanism. A number of recent observations have
shown that the production of C/EBPS isoforms is regulated
by epidermal growth facior [38], lipopolysacharide [44,46] and
partial hepatectomy {44,47], presumably through leaky ribosomal
scanning [34,37]. It has been proposed that a portion of ribosomes
ignore the first two AUG codons of the C/EBP8 mRNA and
initiate translation of LIP from the third in-frame AUG start
codon. The translation of LIP can be controlled by specific
cytoplasmic proteins that interact with the 5° end region of
C/EBPS mRNA, such as CUG-BP1 (CUG triplet-repeat binding
protein 1) {44,47]. Phosphorylation of CUG-BP1 is eritical for
its RNA binding and the consequent increase in LIP expression
[38]). Therefore we tested whether ATRA treatment leads to
increased phosphorylation of CUG-BP1 in FLC-4 cells. Western
blotting and immunoprecipitation of CUG-BP1 metabolically
labelled with *P, however, indicated that the expression level
and phosphorylation status of CUG-BP1 were not different in
cells with or without ATRA treatment (results not shown). It
can be speculated that other RNA-binding proteins are involved
in the mechanism by which ATRA increases the translation of
LIP because, in addition io CUG-BP1, calreticulin [48)] and elFs
(eukaryotic translation initiation factors), such as eIF-2 and elF-
4E [35], have been shown to control translation of C/EBPS.
Ancther possible mechanism for the alternate production of
C/EBP8 isoforms is the proteolytic cleavage of C/EBPS-FL [49].
However, this is less likely to expiain the mechanism for the
differential induction of LIP isoforms caused by ATRA, because
it has been shown that the cleavage of C/EBPS-FL to generate LIP
is induced by C/EBPa [49], butf that the ATRA treatment led to
no change or only a smali decrease in the expression of C/EBPa
(Figure 5A).

A previous study [13] has shown that the expression of HNF-1,
which is a potent transcription factor for the albumin gene {50],
was decreased in human hepatomna cells in which albumin gene
expression was down-regulated by ATRA, although an upstream
regulatory region of the albumin gene involved in the regulation
was not identified. In our experimental setting, mRNA expression
of HNF-1 was not affected by ATRA treatment (Figures 3A and

© 2006 Biochemicat Sociely

3B). The data in the present study suggest a model in which the
preferential increase in LIP expression mediated by ATRA results
in the antagonizaticn of C/EBP transactivators by interaction with
their binding sites on the nt — 367 to — 167 region of the albamin
premoter. We propose a novel pathway for the modulation of gene
expression by ATRA, in which C/EBPS-LIP plays a crucial role.
This mechanism may be found in other systems for physiological
processes, such as cell proliferation and differentiation, and
the elucidation of its molecular mechanism will make a great
contribution to our understanding of gene regulation mediated by
retinoic acids.
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Abstract

In a previous study, we observed that hepatitis C virus (HCV) core protein specifically inhibits translation initiated by an HCV interal
ribosome entry site (JRES). To investigale the mechanism by which down-regulation of HCV translation occurs, a series of mulations were
introduced into the IRES clement. as well as the core protein, and their effect an IRES activity examined in this study. We found that expression of
the core protein inhibits HCV wanslation possibly by binding to a stem-loop 1Ild domain, particularly a GGG triplet within the haipin loop
structure of the domain, within the IRES. Basic-residue clusters located at the N-terminus of the care protein have an inhibilory effect on HCV
translation. and at least one of three known clusters is required for inhibition. We propose a model in which competitive binding of the core protein

for the IRES and 408 ribosomal subunit regulates HCV translation.
© 2005 Elsevier Inc. All rights reserved.

Kevwords. Hepatitis C virus; internal ribosome entry site: Translation; Core protein

Introduction

Hepatitis C virus (HCV) is a major causative agent of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma
(Alter and Seeff, 2000: Pawlotsky, 2004). HCV contains
approximately 9.6 kb of positive-strand RNA with one open
reading frame encoding a precursor polyprotein, which is
proteolytically cleaved to produce the mature structural and
non-structural proteins of HCV (Choo et al., 1991, Grakoui
al.. 1993 Hijikata et al. 1991, Takamizawa er al  1991).
Although HCV exhibits considerable genetic diversity, the &
untranslated region (3'UTR) of the viral genome is relatively
well conserved among all genotypes.

* Corresponding authars, T Shimeike is 10 be contacted at fax: +81 42 561
4729 T Suzuki fax: +81 3 5285 116}
E-mail uddresses. shimoikef@nib.go jp (T, Shimoike). tesuzukit@nih.gijp
(7. Suzuki).

0042-6822/5 - see from matter © 2005 Elsevier Inc. All rights reserved.
doiz10.1916/j.virol.2005.10.013

HCV wanslation is initiated by a cap-independent mecha-
nism involving an internai ribosome entry site (IRES),
comprising nearly the entire S’UTR of the genome. There is
evidence to suggest that the first 12 to 30 nucleotides (nt) of the
coding sequence are also important for IRES activity (Hellen
and Pestova. 1999: Lu and Wimmer. 1996; Reyneids et al,
1995). The proposed secondary structure of the HCV S'UTR,
thought to confain four major domains (1 to IV) (Fig. 1), may
be conserved among HCV and related flaviviruses and
pestiviruses (Brown et al. 1992 Honda et al.. 19994, 1999b:
Zhao and Wimmer. 2001).

Recruitment of the 43§ ribosomal complex, containing a
small 405 ribosomal subunit, eukaryotic initiatior factor {eiF)
3, and a t(RNA-e¢IFZ2-GTP termary complex, to mRNA
molecules is critical for initiation of eukaryotic protein
synthesis. The 405 subunit and eIF3 can bind independently
to the HCV IRES (Bura: I 99 He len a vl Pese

999 Kichi N0 S g el a0 998), However, it
appears that interaction between IRES RNA and the 408
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Fig. 1 Predicted secondary structure of the HCV STUTR (Honda et al. 1999, 1999b). The stem-loop 1, nt 2341, and stem-loop Hld domains are highlighted. The
initiator AUG codon is shown in the sequence of loop V. Small numerals indicate the nucleotide positions from the 5'end.

subunit drives formation of the TRES-40S subunit—elF3
complex since HCV [RES RNA demonstrates similar affinity
for the 405 subunit and the 405~elF complex (Kw 1
2001). Other cellular factors such as La autoantigen (. o 1.
20000 Al and Swddic 1 997 ks omioe 10,
heterogeneaus ribonucleoproteny L (Hahm e o ), poly-
C binding protein {Fukusin ¢ al 200l Spang b
Schwartz, 1999), and pyrimidine tract-binding protein (. h
and Siddiqui. 1995, Anwar et 2 000) also bind to the JRES
element and modulate translation.

HCV core protein, which is located at the N-terminus of the
viral polyprotein, is a putative nucleocapsid protein given the

basic nature of its amine acid (aa) residues and the organization
of the HCV genome. HCV core protein can form multimeric
complexes, as well as heterodimer complexes with envelope
El protein (Lo et vaa). Physical interaction between the
core protein and viral genomic RNA is thought to occur during
nucleccapsid formation. The results of several Northwestern
analyses suggest that the core protein binds to the 5'UTR of the
HCV genome, regardless of the specific RNA sequences
mvolved {Santoling et al 994 M- g et 997 Fa

al.  1999). We previously used beth in vivo and in vitro
systems to demonstrate that the core protein preferentially
binds to positive-stranded viral RNA containing the 5 UTR and
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part of the stuctural protein-coding region (Shimoike et al..
1999). In addition, the core protein has a high affinity for the
stem-loop I1Id domain of the 5UTR (Fig. 1) and for {G)-rich
nucleotides (Tanaka et al., 2000).

In addition, evidence regarding the importance of the
interaction between HCV core protein and HCV RNA in
regulating viral translation is accwmulating. We previously
reported that expression of the core protein down-regulates
HCV translation through interaction(s) involving 5 regions of
the viral genome (Shimoike et al. 1999). Aithough some
evidence suggesting inhibition of HCV itranslation through
RNA-RNA interactions, rather than core—RNA interactions,
exists (Wang et al., 2000: Kim et al., 2003), several studies
indicate that the core protein modulates HCV translation.
Specifically, regions of the core protein corresponding to aa
34-44 (Zhang et al., 2002) or aa 1-20 {Li et al., 2003) are
important for inhibition of HCV translation. The core protein
may down- or up-regulate HCV IRES activity in a dose-
dependent manner (Boni et al., 2005).

The aim of the present study was (1) to clarify the nature of
interaction between the HCV core protein and the viral IRES
element and (2) to gain insight into the relationship between
core protein-mediated inhibition of translation and core~IRES
interactions using a combination of techniques, including an in
vivo reporter assay and in vitro surface plasmon resonance
{SPR) analysis.

Results

Effect of the core protein-coding sequence on HCV
IRES-initiated transiation

Since there is conflicting data regarding the effect of the
core protein or the core protein sequence on HCV IRES-
directed translation (Shimoike et al., 1999; Zhang et al., 2002,
Li et al., 2003; Boni et al., 2005), we sought to determine
whether the RNA sequence of the core-coding region inhibits
HCV IRES activity in the present experiment. A single
substitution replacing A with U at nt 357 was introduced to
produce a stop codon near the 5 end of the region encoding
the core protein, as previously described (Wang et al., 2000).
This mutant, known as pCAGFS, produces core protein RNA
with a single substitution, resulting in a core peptide, five
residues inn length, encoded by the N-terminal. Western blot
analysis was then used to confirm that the core protein is not
expressed by HepG2 cells following transfection with
pCAGFS (Fig. 2C). RNA molecules transcribed in vitro from
two reporter plasmids, HCVLuc and RLuc, expressing firefly
luciferase (FL) controlled by the IRES of HCV genotype 1b
and Renilla luciferase (RL) contrelled by a cap-dependent
mechanism, respectively, were cotransfected into cells afier 48
h of transfection with pCAGFS39 or core-expressing
pCAGCI9 (Suzuki et al, 2001}, Cell lysate samples were
prepared 6 h postreporter transfection and assayed for
expression of both luciferases. As shown in Fig. ZA. the
transtational activity of HCV IRES was reduced in cells
expressing the core protein, but not in cells transfected with
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Fig. 2. Effect of the core protein-coding sequence on the translation initiated by
HCV [RES. HepG?2 cells transfected with pCAGC191 (lane 1), pCAGFS {lane
2), or pCAGGS (lane 3) were cotransfected with reporter RNAs of HCVLee
and the capped RLuc. The activities of both FL (A) and RL (B) were measurad
by a luminometer, The asctivities of both FL and RL were determined in al least
three independent experiments. each of which conduced wilh triplicate samples.
(C) Weslern blot analysis of the core protein expressed in the infected cells,

pCAGFS, indicating that the HCV core protein, but not the
core-coding sequence, inhibits HCV IRES-directed transla-
tion. Transfection with neither core-expressing or non-

expressing constructs modulated cap-dependent translation
{(Fig. 2B).

Effect of partial deletion of the HCV 5 UTR on inhibition of
viral IRES-mediated translation by the core protein

In previous studies, we demonstrated that purified HCV
core protein binds most efficiently and stably to the stem-loop
II1d domain of the 5UTR of HCV RNA followed by the
stem-loop 1 domain and the region encoding nt 23-41 (Fig
1; Tanaka et al.. 2000). In addition, we revealed that the core
protein expressed in HepG2 cells inhibits the TRES-dependlent
translation of HCV (Shimoike et al., 1999). It can be
hypothesized that binding of the core protein to one or more
regions of the S'UTR might inhibit translazion. To address
this issue, we constructed three reporter plasmids: Alluc,
A23-41Luc, and AllldLuc, with deletions of domain 1 (Al -
22}, nt 23-41, and domain Ifld (A254-278) of the HCV
S'UTR, respectively, alse containing the FL gene (Fig, 3A)
RNA molecules transcribed from these reporter plasmids in
vitro were transfected into HepG2 cells, after which luciferase
activity within the cell lysate samples was analyzed.
Consistent with previous reporis, deletions of domain 1
(Allucy (Luo et al 2063: Friebe o al 2000} or Id
(AllldLuc) (Jubin et al  2000) profoundly impaired IRES
activity, with a »95% reduction in activity (data not shown),
thus demonstrating the importance of these loop stucaures for
HCV translation. Therefore, in the following experiment, we
adjusted the dose of each reporter transcript to ensure a
consistent level of FL expression.

To investigate the effect of the core protein on translation
mediated by wild-type or mutated HCV 3UTR as described
above, cells infected with a recombinant baculovirus carrying
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Fig. 3. Effeet of deletion mutations in HCV S'UTR on intubition of the viral IRES-mediated translation by the core protein. HepG2 cells infected with AcCA39 or
AeCAG a1 a multiplicity of infection of 20 were transfecled with monoeistronic wild-type (HCViuc) or deleton minants (AlLug, A23-<41Lue, AllidLuc) of reporter
RNAs together with the capped RLuc RNA or wansfected with bicisironie wild-type (RLucHCViae) or deletion mutants (RLucAlLuc, RLueA23-41Lue,
RLucAlldLuc) of reporter RNAs. The activities of both FL and RL were determined in at least three independent experiments, each of which conduced with
triplicate samples. Schematic representation of the manocistronic and bicistronic deletion mutants used in this study is shown in panels A and E, respectively. (B)
Western blot analysis of the core protein in each cell lysate in which the luciferase activities were measured. (C) Relative luciferase activities were normalized with
those of RLuc. {D)) The activities of RLuc in cells cotranstected with RLuc and HCVLuc or deletion mutants are shown. (F) HCV [RES activity was determined by
caleulating the abundance of Flue relative to RLue, with that of each reporter in the absence of the core pratein normalized 1o 100%. Mean values with standard

deviations were indicated,

the entire HCV core gene (AcCA39; Shimoike ¢t ai.. 1999) or
an empty vector (AcCAG) were cuitured for 2 days, followed
by transfection with reporter transcripts, either wild-type
HCVLue (31 pgiwell), AlLuc (6 pgfwell), A23-41Luc
(0.2 pg/well), or AllldLuc (6 pg/well), together with capped
RLuc RNA (0.08 pg/well). As indicated in Fig. 3C, expression
of the core protein inhibited HCV IRES-imediated translation
from AlLuc and A23-41Lac, as well as from HCVLuc, by
more than 50%. In contrast, inhibition of translation by the core
protein was not observed in cells transfected with AllldLuc. As
shown in Fig 3D, the expression of neither the core protein nor
any of the IRES-directed reporters influenced cap-directed
translation. Thus, as previously demonstrated (S m
1999), RL activity was used as an internal control to normalize
the efficiency of transfection in the following experiments
(Figs. 4 and 6). Western blotting was vused to contirm that core
protein concentrations within the cell lysate of cells infected
with AcCA39 were comparable in the presence of each of the
reporter RNA melecules (Fig. 3B). We observed a similar

€

effect of the core protein on HCV IRES activity when equal
amounts (6 pg/well) of each HCVLuc, AlLuc, A23—41Luc, or
AllldLuc transcript were transfected (data not shown). These
results eliminate the possibility that there is no translational
inhibition because the core protein is destabilized in cells
transfected with AIlldLuc RNA. We also determined the effect
of the core protein on HCV translation initiated from
bicistronic reporters: REucHCVLue (wild-type), RLucAlLuc
(deletion of domain 1). RLucA23~41Luc {deletion of nt 23~
41}, and RLucAllldLuc (deletion of domain 11Id) (Fig. 3E).
Consistent with results obtained from the monocistronic
constructs, expression of the core protein showed an inhibitory
effect on HCV translation mediated by RLucHCVLuc,
RLucATlue, or RLucA23-41Luc, but not by RLucAllldLuc
(Fig 5F). The capped RL activity from each reporter was
similar and was not influenced by expression of the core
protein {data not shown). These resulis suggest that the stem-
loop 11d domain of the S'UTR is importast for inhibition of
HCV transiation by the core protein.
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Fig. 4. Mutational analysis of the stem-lcop 111d domain. (A) Schematic representation of the predicted secondary structures of the 111d domain of mutated reporters
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determined and presented as described in the legend 1o Fig, 3C.

Mutational analysis of the stem-loop HId domain

To further investigate the functional role of the stem-loop
[Id domain (nt 253279} in core protein-mediated inhibition
of HCV translation, we engineered stem-loop [fld domains
with the following four mutations (Fig. 4A): (1) 1lld-1Lue, in
which the A at nt 275 was changed to UC, thus forming a
double-stranded structure instead of a bulge loop in the [11d. (2)
HId-2Luc, in which the GGG triplet {nt 266-268) was changed
to a CCC triplet within the loop of stem-loop 1Hd, (3) 2a2bLuc,
in which the U at nt 262 and the C at nt 270 were changed to C
and U, respectively, thus changing the genotype to 2a/2b, and
{4) BVDVLuc, in which the stem-loop IITd (nt 254-274)
sequence was changed to that of bovine viral diarrhea virus
(BVDV)-1. Celis that did or did not express the core protein
were transfected with each of the above described reporter
RNA transcripts, after which luciferase activity was measured.
As shown in Fig. 4B, IIId-2Luc, containing a mutation of the
GGG triplet of the apical loop, demonstrated no inhibition of
HCV IRES-mediated translation by the core protein, whereas
Ild-1Lue, containing a mutation within the bulge loop
structure, showed only a marginally reduced inhibitory effect
of the core protein. We previously demonstrated that HCV core
protein binds most efficiently to (1} the stem-loop 11d domain,
compared to other structural domains of the 5UTR, and to (2)
G octamer (Gg), as opposed to Ag Cy and Uy, using a
quantitative SPR method (Tanuks et ol 2000). Thus. the
results obtained here suggest that the apical loop is a critical
recognition site for translational inhibition by the core protein.
It is likely that the inhibitory activity of the core protein on
HCV TRES-mediated translation is related to its efficiency of
RNA binding.

We also observed the core protein to exert an inhibitory
effect on translation directed by either 2aZbLuc or BVDVLuc,

similar to that observed with wild-type HCVLue, involving a
SUTR sequence of genotype 1. Since the TIId domain
sequence of HCVLuc is conserved among genotypes 1, 3.
4, and 5 and since that of 2a2bLuc is shared with genotype 6,
it appears that inhibition of HCV translation by the core
protein is independent of the viral genotype and occurs in
most HCV isolates. Sequence alignment of HCV and various
pestiviruses showed that, although the primary nucleotide
sequence of the Illd domain exhibits considerable variabiiity,
the predicted secondary structure of the domain is highly
conserved among these viruses as reviewed previously
{Rijnbrand and Lemon. 1999). Furthermore, the GGG wiplet
followed by U at the apical loop and one buige loap in the
domain are well conserved among HCV and pestiviruses.
These suggest that the nucleotide sequence of the apical loop,
particularly the GGG triplet, is more [mportant than the stem-
structure  sequence of the Ilid domain for core protein-
mediated translational inhibition.

Relationship between fransilational inhibition and ability of the
core protein fo bind to the Ilid domuin within the ¥ UTR

To investigate the reiationship between inhibition of HCV
translation by the core protein and ability of the core protein to
bind to IMld RNA, we prepared two biotinylated oligo RNA
molecules, Hld-1 and I11d-2 (nt 251-282), containing identical
mutations in the bulge and apical loops of their 11ld demains as
the mutated reporters 1fld-1Luc and T11d-2Luc, respectively
(r :A). These mutant or wild-type oligo RNA (Il1d-wt)
melecules were then coupled to streptavidin-coated sensor
chips and allowed to bind to purified recombinant core protein.
The results of subsequent SPR analysis using a BlAcore
biosensor are shown in Fig 3. The core protein was observed
to bind to Hld-1 RNA as efficiently as to Illd-wt RNA,
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Fig. 5. Binding of the core protein to olige RNAs corresponding to the mutaled
{ld domains. The real time binding between the core protein and wild-type
(1d wi) or mutants (1ild-1 and 111d-2) of the stem-loop lild was examined.
Biotinylated oligonucleotides were immebilized of the streptavidin pre-coated
sensor chips followed by being exposed to 40 jul of the solution containing the
core protein (4 pg/mly with a flow rate of 8 plVmin. The sample flow was
stopped, and the buffer washout began at 300 s. The amounts of immobilized
svnthetic cligonuclectides, 111d-wt, [11d-1, and 1i1d-2 were 211.9, 206.9, and
2124 resonance units, respectively.

suggesting that RNA mutations disrupting the bulge loop
structure have little or no effect on binding of the core protein.
In contrast, a marked reduction in binding affinity of the core
protein for mutant 11Id-2 RNA was observed. As a negative
control, we found that the core protein does not bind to olige
RNA corresponding to Ilfe or IITf domain (data not shown;
Tanaka et al., 2000). It is likely that the apical loop sequence
and/or the GGG triplet are important for RNA binding of the
core protein, which is consistent with prior observations
suggesting that the core protein binds to G-stretch sequence(s)
with high affinity.
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Combined with the data shown in Fig. 4B, the inhibitory
effect of the core protein on HCV IRES activity comrelaies well
with its ability to bind to wild-type and mutated HId RNA. in
light of the observation that the ITld domain is important for
IRES activity and from suggestion that the domain IId
interacts with 405 (Otto et al.. 2002; Jubin et ai.. 2000;
Lukavsky et al., 2000; Spahn et al., 2001), the HCV core
protein may inhibit viral IRES-dependent translation by
preventing required interactions between RNA molecules and
the 40S by binding to the IRES sequence including the apical
oop of the IHd domain.

Role of hasic-residue clusters within the core protein in
inhibition of HCV translation

The amino-terminal portion of the core protein is able to
bind to viral nucleic acids (Santolini et al., 1994). This region
contains three clusters of arginine- and lysine-rich sequences
{aa 5-13, 38-43, and 58-71). To investigate the role of these
basic-residue clusters in inhibition of HCV translation by the
core protein, we constructed a series of core mutants, in which
lysine and arginine residues within one or more of the basic-
residue clusters of the core protein were substituted with
alanine residues, as depicted in Fig. 0A. Two days afier
transfection with either wild-type (pCAGC!191) or core mutant
(PCAGCI191m1-m7) constructs, the cells were cotransfected
with HCVLuc and capped-RLuc RNA, As indicated in Fig.
6B, core mutints containing alanine substitutions within one
or two clusters (C191m1, m2, m3, m4, m5, and m6) retained
the ability to inhibit HCV [RES-mediated translation, similar
to the wild-type core protein. However, a core mutant with
alanine substitutions involving all three clusters, C191m7,
demonstrated little to no inhibition of translation. Expression
of the core protein in each transfectant was determined by
Western blotting {Fig. 6C), and nene of the mutants mfluenced
cap-dependent translation (data not shown). These results

kDa
201 -' -

Fig. 6. A tole of basic-residue clusters within the core protein in inhibition of the HCV uanslation. (A) Schematic representation of the mutated core proteing
substituted in three basic aa clusters. Lysine or arginine residues substituted with alanine in he clusters are shown with outlined letters. {B) Two days afier the
ransfeetion with cither wild-type (1913 or mutated {191m1-m7) core-expressing constructs, HepG2 cells were further cotransteeted with HCVLuc and capped-

RLuc RNAs. Relative luciferase aclivities (RLUY were defermined as described in Materials and methods and the legend to Fig
and mutant core proteing expressed in HepG2 cells are shown by Western biotting,

(CY The amounts of the wild-type
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suggest that all three basic-residue clusters of the core protein
can mediate inhibition of HCV translation and that at least one
cluster is required for inhibition.

Discussion

In this smdy, we investigated the mechanism by which the
core protein modulates HCV IRES activity using an in vivo
reporter assay and SPR technology. We demonstrated the
importance of a stem-loop 111d domain, spanning nt 253-279,
in core protein-mediated irhibition of HCV IRES-mediated
translation. In a previous study, we demonstrated preferential
binding of the core protein to domain IIId of the 5UTR
followed by domain I and a region spanning nt 23—41 (Fig. 1),
upon examining 10 oligonucleotides corresponding to various
structured domains of the viral 3UTR (Tanaka et al., 2000).
The core protein did not have an inhibitory effect on translation
directed by mutated IRES lacking the 1Id domain, However,
transiation initiated by IRES mutants with deletions of domain
I or at 23-41 was significantly inhibited by the core protein to
a similar extent as wild-type IRES-mediated translation (Fig.
3B). Further mutational analysis was then used to determine
whether specific ITld nucleotide sequences were important for
inhibition of translation by the core protein. We determined that
the GGG triplet (nt 266-268) within the IIId apical loop was
most critical for core protein-mediated inhibition (Fig. 4B).
Combined with the resuits of SPR analysis {Fig. 5), the data
presented here suggest that inhibition of HCV IRES-directed
translation by the core protein depends on the binding
efficiency of the core protein for the viral IRES element.

Domain ITI, which is composed of six distinet regions
containing stem-loop structures, forms the core of the HCV
IRES and is essential for viral translation. Previous studies
suggest that domain I plays a role in recruiting the 405
ribosomal subunit and elF3 by direct interaction with stem-
loops IMd/e/f and 1Ilb, respectively, even though the 408
subunit makes multiple interactions with the IRES and also
binds to stem-ioop 1l and the pseudoknot domain of the IRES
element (Kieft et al., 2001, Kolupaeva et al,, 2000; Sizova et
al., 1998). Stem-loop 111d is a highly conserved region within
domain IH in most HCV isolates, consisting of two double-
stranded helical elements separated by a 3-nt internal agym-
metric loop with a 6-nt hairpin loop at the distal end of each
helical region. IRES sequence deletions, including deletion of
stem-loop I1d, as well as point mutations, inhibit binding of
the 408 subunit and IRES function (Rijnbrand et al.. 1995
Honda et al., 1990: Kieft et al., 1999). Specifically, substitution
mutations of the GGG wiplet within the H1d apical loop region
produce significant loss of IRES activity, as well as alfterations
in RNA folding, indicating that the GGG triplet is a critical
region for HCV translation (Kiefi e 3l 99 lJub al
2000). In addition. antisense 2'-O-methyloligonuclieotides
targeted to the lld domain are known to compete with the
408 subumnit for binding and to inhibit viral translation (Ta let
Lopez et al. 2003). Moreover, the secondary structure of the
Illd domain is important for binding of the 59 ribosomal
protein {Odreman-Macchioli et al., 2000}, Consistent with

these observations, we also observed that deletion of the HId
domain (AIlIdLuc), or a G-to-C substitution within the GGG
triplet (1f1d-2Luc), significansly reduced IRES activity.

Although the sequence of the IIId domain is highly
conserved, sequence polymorphism of the helical region exists
among the six major genotypes. With regard to nt 262 and nt
270 of the IT11d domain, genotypes 1, 3, 4, and 5 of HCV encode
U (nt 262) and C (nt 270), respectively. On the other hand,
genotypes 2 and ¢ encode C (nt 262) and U (nt 270},
respectively. We observed that translation directed by the IRES
sequence of genotypes 2 and 6 (2a2bLuc) was more efficient
than that directed by the IRES sequence of genotypes 1, 3, 4,
and 5 (HCVLuc) (Fig. 4B). Previous studies also demonstrated
differences in the efficiency of IRES activity among different
HCV genotypes and suggest that the 5UTR of genotype 2(b)
has the most marked IRES activity (Tsukiyama-Kchara et al.,
1992; Kamoshita et al., 1997; Collier et al., 1998). Thus,
sequence polymorphisin involving the helical region of Id
might explain the observed variability in IRES activity when
comparing the 5UTR sequences of different HCV genotypes.
Expression of the core protein inhibits HCV translation
directed by 2a2bluc 10 a similar or same extent as that
directed by HCVLuc. This finding suggests that inhibition of
viral translation by the core protein commonly occurs during
the HCV life cycle and is not limited to certain genotypes. The
deletion of the 5 -proximal stem-loop domain I (AlLue)
significantly reduced 1IRES activity (data not shown), although
the ability of the core protein to inhibit translation was retained
(Fig. 3B). Published data regarding the role of domain I in
inhtbition of HCV translation are not consistent. Some
researchers suggest that the 5-proximal region containing
domain 1 is not essential for HCV IRES activity (Honda et al..
1996 Kamoshita et al., 1997). However, other researchers
suggest that this stem-loop element is required for optimal
IRES-mediated HCV translation (Friebe ¢t al., 2001, Fukushi
et ai., 1994: Luo et al, 2003). We compared HCV IRES
activity mediated by monacistronic and bicistronic reporters
with deletion of domain I and found that an inhibitory effect of
the domain I deletion observed from the bicistronic reporter
was less evident than that from the monocistronic one: the
reduction in IRES activity caused by the deletion was 95% and
40% for the monocistronic and bicistronic constructs, respec-
tively. Although similar trends were observed in the previous
studies using cultured cells (Friebe et al. 2001 Luo et al.
20G3: Kamoshita et al  1997), in vitro transcription/translation
studies demonstrated that the translational efficiency of the
reporters deleted with domain 1 is higher than that of the wild-
type (Hew sl 1996: Kamoskita  al - 907 It may be
likely thar differences in (1) gene constructs such as mono-
cistronic and bicistronic reporters and (2) host cell conditions
influence such inconsistent observations.

HCV core protein is highly basic, especially its N-tenminal
half, and it is thought to encapsulate the viral genome within a
viral nucleccapsid. The RNA-binding domain of the core
protein has been mapped to 75 aa residues within the N-
terminal, in which three clusters of highly arginine/tysine-rich
sequences are well conserved among HCV isolates (Santolini et
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al., 1994). We previously observed preferential binding
between the core protein and positive-stranded HCV RNA
spanning the SUTR and part of the structural-protein coding
region (nt 1-2327) (Shimoike et al., 1999). In this study, we
demonstrated the importance of three basic aa residue clusters
within the N-terminal region of the HCV core protein for its
inhibitory effect on viral IRES activity. At least one cluster is
required for inhibition of translation by the core protein.
Previous studies with a series of deletion mutants suggest that
aa 34-44 (Zhang et al., 2002) or aa 1-20 (Li et al., 2003)
within the core protein are crucial for inhibition of translation
initiated by HCV IRES. To investigate the contribution of these
basic-residue-rich domains within the core protein to inhibition
of viral translation, we employed substitution mutagenesis of
the full-length core protein in order to reduce the occurrence of
conformational changes in the core protein due to the
introduction of mutations.

Although an increasing body of evidence shows involvement
of the core pretein in translational regulation, there are
conflicting data regarding the exact mechanism by which this
occurs. In contrast to studies describing direct inhibition of HCV
translation by expression of the core protein (Shimoike et al.,
1999: Zhang et al., 2002; Li et al.. 2003), arecent report suggests
that the core protein modulates HCV IRES function in a dose-
dependent manner, with low amounts of the core protein
producing up-regulation and greater amounts resulting in
down-regulation (Boni et al.. 2003). The core protein does not
only inhibit translation initiated by the HCV IRES, but also cap-
dependent translation and translation initiated by encephato-
myocarditis virus (EMCV) IRES (Li et al., 2003). In an earlier
study, neither cap- nor EMCV IRES-dependent translation were
inhibited by expression of the core protein (Shimoike et al.
1999). Other studies suggest that the core protein-coding
sequence, but not the core protein itself, modulates HCV IRES
function, througl a long-range RNA~RNA interaction (Wang et
al.. 2000: Kim et al., 2003). In the present experiment, however,
down-regulation of HCV IRES-directed translation by the core
protein-coding RNA sequences was eliminated by introducing a
base-substitution mutation into the N-terminus of the core
sequence in order to create a termination codon (Fig. 2). These
coniradictory findings might be due to different experimental
condifions, such as the use of different reporter systems and host
cells, as well as different levels of core protein in the assays used.
To investigate the effect of the core protein on HCV IRES-
dependent translation, we employed in vivo RNA transfection of
monocistronic reporter consiructs because HCV IRES is located
at the 5 end of the viral genome, and not internally, thus making
it unnecessary to use a bicistronic reporter. Concerning
bicistronic contexts, the possibility that the first cistronic
sequence might influence IRES regulation directed by the
second cistronic gene cannot be excluded. There is evidence to
suggest that differences in translational regulation by the core
protein might exist among different cell lines, including HepG2,
Hub-7, and CV-1 cells (Wang et al. 2000: L1 et al,, 2003). We
also observed differences between HepG2 and Huh-7 cells in
terms of ability of the core protein to inhibit HCV IRES- and
cap-dependent fransiation, which was not observed in Huh-7

cells (data not shown), as previously reported {Wang et al.,
2000). Such cell-type specific effects might be related to
differences in core protein expression since core protein
expression by the recombinant baculovirus AcCA39 seems to
be less abundant in Huh-7 cells, compared to HepG2 cells (data
not shown). It is also possible that a cell-specific factor(s) are
involved in translational regulation by the core protein. Thus,
some interaction(s) between the highly ordered HCV IRES
structure and/or the core protein and related host factors are
likely cell-type-specific. Qur previous report showed difference
in the translation efficiency mediated by HCV IRES among
lnuman fiver-derived cell lines, although the effect of the core
protein on their translation was not detenmined (Aoki et al.,
1998).

We performed the gel mobility shift assay to demonstrate
the inhibition of the interaction between the HCV 5'UTR and
the ribosome 408 subunit (405). The complexes between
purified 408 and the radiolabeled HCV 5UTR {(nt 1-330)
were detected, and the amount of this band was decreased in
the core protein-dose-dependent manner. In this condition, the
core—5'UTR complex was competed with a non-labeled oligo
RNA corresponding to Hld domain, but not with oligo RNAs
of domain I'V. However, the complex between the core protein
and the 5UTR was detected around the wells of the gel. To our
knowledge, there has been no published data that in the gel
mobility shift assay the core—= Y UTR complex runs into the gel.
Although these findings may support the idea that the core
protein directly prevents binding of 40S to the HCV IRES,
direct biochemical probing of the proposed interaction must
wait for the advances in the protein chemistry of the HCV core
protein.

Finally, based on the results of the present study and the
existing literature, we propose a model of down-regulation of
HCV translation mediated by the core protein (Fig. 7). Jn HCV-
infected cells, the virus uncoats and releases its genomic RNA,
which serves as a template for protein translation. Highly
folded secondary and tertiary RNA elements in the ¥UTR
function as cis signals for interaction with the 40S subunit and
elF3 during the initial process of HCV IRES-dependent
translation. The high affinity interaction between HCV IRES
and the 405 subunit is thought to be impoertant for recruitment
of the 438 particle to viral RNA, and the stemn-loop 11d domain
is a prerequisite for this interaction. Since the core protein
binds most efficiently to the HId domain in the HCV TRES
element, it is relevant te note that the core protein may prevent
an essential RNA-40S interaction by blocking the IId
domain, thereby reducing the viral translation efficiency. At
an early stage of the HCV replication cycle, translation of the
viral genome yields a polyprotein, which is subsequently
processed to vield individual mature proteins. At a certain
point, enough core profein is available to inhibit HCV
translation by competing with the 40S subunit for IRES
binding. Cells in which HCV franslation is negatively
controlled may have reduced levels of core protein due fo its
degradation by the ubiguitin/proteasome pathway (Suzuki et
al. 2001 Moriishi et al. 2003}, thereby decreasing the
inhibitory effect of core protein. Thus, the core protein may
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core protein

Vo
0w,

Degradation of
7. core protein

Fig. 7. Mode! for the regulation of HCV translation mediated by the core protein. Step 1: HCV translation is initiated through recognition of the 403 subunit and elF3
by the IRES RNA tertiary structure. The viral polyprotein is expressed and processed into matured proteins, resulting in generation of the core protein. Step 2: The
expressed core protein binds to the stem-loop I11d in the 5 UTR and inbibits the viral translation by competing with 405 subunit for binding to the IRES. Step 3: The
reduced translational efficiency results in decreasing the levels of HCV proicins and replication. Degradation of the core protein through the ubiquitin/proteasome
pathway may also conwibule (¢ reducing the amounts of the core proicin in cells. A low concentration of the core protein possibly leads 1o recovery of the

translational efficiency.

contribute, through its competitive interaction with the IRES
111d domain, to virus persistence by maintaining a low levei of
HCV replication.

Materials and methods
Plasniid consiruction

pT7AloopILuc (termed AlLuc in this report), a 271-nt
fragment containing a T7 promoter followed by nt 23-249
from the 5 terminus of the HCV genome (clone NIHJI;
genotype 1b) (Aizaki et al., 1998), was amplified by PCR using
pT7THCVLue (HCVLuc) (Shimoike et zl., 199%) as a template
and primers HindIIT7S (5'-CCCAAGCTTTAATACGACT-
CACTATACACTCCACCATAG-¥) and NhelAS (5'-CTAGC-
TAGCAGTCTCGCGCGGGG-3'). The PCR product was
digested with both HindIll and Nhel and ligated with a 5.3-
kbp HindN1-Nhel fragment of pTTHCVLuc. pT7A22-411uc
{A23-4!Luc) was made using a QuickChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) in order to introduce
a deletion of nt 23-41 from the 5 terminus. The primers used
for PCR were 23415 (3'-CCTAGATTGGGGGCGACCCCT-
GTGAGGAAC-3) and the 23-41 AS complement (5'-
GTTCCTCACAGGGGTCGCCCCCAATCAGG-3"), and
pT7HCVLuc was used as a template.

pT7AHIdLuc (AlildLuc) was made by digestion of
pT7HCVLuc with Nhel and Swil, thereby generating 30-bp
(corresponding to the stem-loop IHd region). 1.8-kbp, and
3.8-kbp fragments. After this, the 1.8-kbp and 3.8-kbp
fragments were isolated, blunt-ended, and then ligated.

pT72a2bLuc (2a2bLuc), pT7BVDVLuc (BVDVLuc),
pT7d-1Lue (Illd-iLluc), and pT7UId-2Luc (Illd-2Luc) were

made as follows. pT7HCVLuc was partially digested with Sl A
5.6-kbp fragment was isolated and completely digested with Mhel.
The resulting fragment was ligated with annealed two partially
complementary oligonucleotides with the foliowing Nhel and Swl
sites: 5'-CTAGCCGAGTAGTGTTIGGGTCGCGACTAGG-3
and 5-CCTAGTCGCGACCCAACACTACTCGG-Y for Hid-
1,5-CTAGCCGAGTAGTGTTCCCTCGCGAAAGG-3
and 5'-CCTTTCGCGAGGGAACACTACTCGG-Y for I1d-2,
5'-CTAGCCGAGTAGCGTTGGGTTGCGAAAGG-3' and 5'-
CCTTTCGCAACCCAACGCTACTCGG-3 for 2a2b, and -
CTAGCCTGAGCGGGGGTCGCCCAGG-3' and 3-CCTG-
GGCGACCCCCGCTCAGG-3' for BVDVLue (the underlined
nucleotides were substituted for the wild type nucleotides; see
Fig. 4A).

pRLucHCVLuc, pRLucA23—-41Luc, and pRLucAIllldLuc:
2.6-kb fragments were amplified by PCR using pT7HCVLue,
pT7A23-41Luc, and pT7AIIdLuc as template DNAS, respec-
tively, and primers Xbal 5endS (5-GCTCTAGAGCCAGC-
CCCCOATTGGGGGCGA) and Xbal 3endAS (5-GCTC-
TAGAACTAGTGGATCCGGAT). The PCR products were
digested with Xbal and ligated with a 3.3-kb Xéel fragment of
pRL-nuil Vector {Promega, Madison, WI).

pRLucAlLue: 2.6-kb fragment was amplified by PCR using
pT7AlLuc as a template DNA and primers XbalioopiS (3'-
GCTCTAGACACTCCACCATAGATCACCCCC) and Xhal
3'endAS. The PCR product was digested with Xbal and
ligated with a 3.3-kb Xbel fragment of pRL-null Vector.

pCAGCIO (Suznda et al. 2001} carries nt 329-914,
containing the entire HCV coding region of the core protein
of clone HCV J1 (Aizaki et al. 1998), controlled by the CAG
promoter. pCAGFS contains a frame shift mutation, involving
substitution of A with T at nt 337, to make a stop codon (TAA)
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(refer to Fig. 1). Only the first five residues (MSTNP) of the
core protein are translated from this plasmid. To create a series
of mutated core-expressing constructs: pCAGC191ml, -m2,
-m3, -m4, -m3, -m6, and -m7, alanine substitutions were
introduced into the basic-residue clusters of the core protein by
PCR mutagenesis with primers containing base alterations, as
desciibed previously (Suzuki et al., 2005). The PCR products
were then cloned into pCR2.1 (Invitrogen Corp., Carlsbad, CA)
and verified by DNA sequencing. Individual ¢cDNAs were
excised and inserted separately into pCAGGS. The primer
sequences used in these constructions are available from the
authors upon request.

Cells

A human hepatocellular carcinoma cell line, HepG2, was
obtained from the American Type Culture Collection. Cells
were maintained in Dulbecco’s modified Eagle’s medium
{Nissui, Tokyo, Japan) containing 50 pg/ml of Gentamycin
{Biological Industries Ltd., Istael) and supplemented with 10%
fetal calf serum.

RNA preparation

The reporter plasmids were linearized by digestion with
adequate restriction enzymes, and the resulting DNA fragments
were used as templates for in vitro transcription. HCVLuc and
a series of HCVLuc mutants were linearized by digestion with
Xhol, pRL-null {Promega, Madison WI) was linearized by
Xbal digestion. pRLucHCVI.uc and a series of pREUcHCVLuc
mutants were linearized by BamH] digestion. An in vitro
transcription kit, MEGAscript {(Ambion, Austin, TX), was used
for RNA synthesis, during which reaction mixtures containing
1 pug of DNA template and 2 pl of T7 enzyime mix were
incubated at 37 °C for 2 h. For capped RNA synthesis,
linearized pRL-null, pRLucHCVLuc, and a series of
pRLucHCVLuc mutants were used as templates, and 2 pl of
each ATP, CTP, and UTP (7.5 mM}, as welt as 1 nl of GTP (7.5
mM) and 1 pl of cap homologue m7G (5") ppp (5} G (7.5 mM,;
Ambion), was used. The reaction mixtures were subseguently
treated twice with 2 U of DNase Fat 37 °C for 20 min followed
by EDTA (25 mM} and lithium chloride (3.75 M) to terminate
the reaction. Capped mRNA synthesized contained 1! nucleo-
tides at 5UTR and no poly(A) tail.

Transfection

For DNA transfection, 100 pl of Opti-MEM {Invitrogen
Corp.) and 4 pl of TranslT-LT] reagent (Mirus Corp., WD
were mixed and incubated at room temperature for 5 min
followed by the addition of 2 pg of each plasmid expressing
core protein, mutant core protein, or empty vector followed
by incubation for a further 15 min. For RNA transfection,
synthesized reporter RNA and 2.5 pl of Tfx-20 (Promega)
were mixed in 100 pl of Opti-MEM and mcubated for 15
min prior to transfection. One day prior to DNA transfec-

tion, cells (2.5 x 10°) were seeded into a 12-well plate. The

transfection mixture described above was added to the cells
in 500 ul of Opti-MEM medium after the cells were washed
twice with 500 pi of Opti-MEM.

Luciferase assay

The cells infected or transfected with a recombinant
baculovirus or plasmid carrying the entire HCV core gene
{AcCA39 or pCAGC19]) or an empty vector (AcCAG or
pCAGGS) were cuftured for 2 days followed by transfection
with reporter RNA, either HCVLuc (0.1 pg/well), AlLuc
(6.0 pgiwell), A23-41Luc (0.2 pgiwell), AllldLuc (6.0 pg/
well}, II1d-1 (0.1 pg/well), 111d-2 (6.0 pg/well}, 2a2bLuc (0.1 ng/
well), or BVDVLuc (0.1 pgiwell), along with capped RL RNA
(0.08 pg/well). After 6 h of incubation, FL and RL activities
were detenmined using the Dual-Luciferase Reporter Assay
System (Promega), as previously described (Acki ef al., 1998
Shimoike et al., 1999). Luminescent signals were measured with
a TR717 luminometer (Applied Biosysterns Japan Ltd., Tokye,
Japan).

Western blot analysis

Expression of HCV core protein was detected by Western
blotting, as previously described (Shimoike et al, 1999).
Briefly, protein was transferred to a polyvinylidene difluoride
(PVDF) membrane (Iimmobilon; Millipore, Tokye, Japan) after
separation by SDS-PAGE. After blocking, the membranes were
probed with a polyclonal antibody against glutathione-$-
transferase core (aa 1191} fusion protein, at a 1:100 dilution.

SPR experimentul procedure

To prepare the core protein, insect Tn5 cells were infected
with a recombinant baculovirus Ac39. The core protein was
partiaily purified from the cell lysate, as previously described
(Tanaka et al.. 2000). Interactions between the core protein and
synthetic RNA oligonucleotides were examined by SPR
analyses with BlAcore 2000 (Biacore K.K., Tokyo, Japan).
The SPR experimental procedure was as previously described
(Tanaka ei ai.. 2000). Briefly, a biotinyiated oligonuclectide
spanning nt 251282 (IHd-wt) and mutant IT1d domains (1T1d-1
and I1Id-2) (Fig. 4A) were synthesized followed by tmmobi-
lization on sireptavidin pre-coated sensor chips. Forty micro-
liters of solution containing the core protein (4 pg/ml) was
injected onto the sensor chip surface at a flow rate of § pl/min.
The sample flow was stopped, and buffer washout started at 5
min post-injection.
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Abstract

AIM: To develop the effective technology for reconstruc-
tion of a liver organ /7 vifro using a bic-artificial liver.

METHODS: We previously reported that a radial-flow
bioreactor (RFB} could provide a three-dimensional high-
density culture system. We presently reconstructed the
liver organoid using a functional human hepatocellular
carcinoma cell line (FLLC-5) as hepatocytes together with
mouse immortalized sinusoidal endothelial celt (SEC) line
M1 and mouse immorialized hepatic stellate cell (HSC)
line A7 as non parenchymal cells in the RFB. Two x 10’
FLC-5 cells were incubated in the RFB. After 5d, 2 x 10’
A7 cells were added in a similar manner followed by an-
other addition of 10° M1 cells 5 d later. After three days
of perfusion, some cellulose beads with the adherent
cells were harvested. The last incubation period included
perfusion with 200 nmol/L swinholide A for 2 h and then
the remaining cellulose beads along with adherent cells
were harvested from the RFB. The cell morphology was
observed by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). To assess hepato-

cyte function, we compared mRNA expression for urea
cycle enzymes as well as albumin synthesis by FLC-5 in
monolayer cultures compared to those of single-type cul-
tures and cocultures in the RFB.

RESULTS: By transmission electron microscopy, FLC-5,
M1, and A7 were arranged in relation to the perfusion
side in a liver-like organization. Structures resembling
bile canaliculi were seen between FCL-5 cells. Scanning
electron microscopy demonstrated fenestrae on SEC
surfaces. The number of vesiculo-vacuolar organelles
(WO) and fenestrae increased when we introduced the
actin-binding agent swinholide-A in the RFB for 2h. With
respect to liver function, urea was found in the medium,
and expression of mRNAs encoding arginosuccinate syn-
thetase and arginase increased when the three cell types
were cocultured in the RFB. However, albumin synthesis
decreased.

CONCLUSION: Co-culture in the RFB system can dra-
matically change the structure and function of all cell
types, including the functional characteristics of hepato-
cytes. Our systern proves effective for reconstruction of
a liver organoid using a bio-artificial liver.

© 2006 The WIG Press. All rights reserved.
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iNTRODUCTION

Liver regeneration rechnology has made many advances in
recent vears. Effores now are being made toward develop-
ment of embrvonic stem cells (ES cells), differentiation of
hemopoietic stem cells, and development of isolaton and
culture methods for somatic stem cells originating from
different organs. Hemopoictic stem cells, hepatoblases
originating from fetal liver, hepatocyres, and pancreatic
duct epithelial cells have been included in the list of candi-
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date cells for liver regenerationm. Development of immor-
talized cells by introduction of the simian virus 40 (SV40)
large T antigen gene or human relomerase reverse tran-
scriptase (WTERT) is also under investigation”. To date,
however, no technique for regenerating and reconstructing
parenchymal organs using these cells has been established.
Conventionat cell culture methods have achieved this goal
clinically for skin, cornea, and bone tissueP ™,

Reconstruction of organs such as the liver requires
maintenance of viable cells ac a high density and cocul-
ture under conditions favorable to several different cell
types that consttute a liver. To make a culture system is
important in reconstructing a liver organoid. Conventional
stationary culture techniques are not well suited to the
culture of cells in a layered form, e, in 2 structural and
functional organcid a simple air/CO: iacubator does not
deliver adequate oxygen supply w layered cells. Further-
more, high-density culture cannot be mainrained with the
limited auvtrients available in conventional culrures. For
these reasons, construction of a biorezctor that allows
3-dimensional growth in a high-deasity perfusion culwre
has been advocated for reconstructing a liver organoid.
In our study a radial-flow bioreactor (RFB) developed
in Japan was used as a candidate model for high-density
petfusion culture. Filled with a porous carrier, this bioreac-
tor permits culture at a cell density 10 dmes higher than
that aflowed by a hollow-fiber culture system™ ™. Another
importaat point is to select a cell source. Clinically, cells
using bio-artificial liver are required to be highly functonal
and supplied quickly in large quandues. Therefore we
established a functional human hepatocellular carcinoma
cell line (FLLC-5), which can express drug-metabolized en-
zymes {e.g, human-type carboxyl esterase or cytochrome)
and liver-specific proteins such as albumin. I wire this cell
line rerains its three-dimensional form, developing distinct
microvilli on the surface. These cells can be cultared in se-
rum-free ASIF104 medium (Ajinomote, Tokyo). A liver or-
ganoid cannot be reconstructed with hepatocytes only. At
minimum, coculture of hepatocytes with nonpatenchymal
cells, such as sinusoidal endaothelial cell (SEC) and hepatic
stellate cell (HSC} 15 required. So we established immortal-
ized SEC line M1® and an immormlized HSC line A7Y
by isofating noaparenchymal cells from an H-2IKb-tsAS58-
transgenic mouse liver transfected with the SV40 large T
antigen gene””.

Reconstruction of the fiver sinusoid is important for
activity of the liver organoid as a functional unit. Also, the
open pores on the surfaces of SEC in fenestrae have an
important functonal role in the liver sinusoid. Fenestrae
are the most remarkable characteristics of SIEC, as first de-
scribed by Wisse in 1970 using transmission electron mi-
croscopy (TEM). Diametess of these pores vary berween
specics, ranging from 100 to 200 nm™. These fencstrae
facilitate the transport of materals and solutes from the
lzminal to the abluminal side of the liver parenchymal cells
and wee rersd” The process and mechanism of formaticon
of these pores remain largely unclarified™ Bl The presence
of actin filaments at the margin of these pores has been
demonsirated by clectron microscopic studies . Swin-
holide A, a most potent microfilament-disrupting drug
available, has been demonstrated to increase the aumber
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Figure 1 The system of

radialow bioreactor. A 15-mL

radial-flow bioreacior (large

arrow), 2 mass flow controller

{arrow head), and a reservoir

{small arrow} are connected

+ each other, Culture megium is

, perfused in the RFB. Medium

4 conditions (PH, oxygen,

L CO2 and temperaiure} are
contralled by computer.

of SEC fenestrae™. However, when immortalized SEC
was treated in a2 monolayer cultare or as a monoculture in
the REB, an increase in number of fenestrae could not be
observed when the Swinholide A was introduced. The po-
tendal for drug-induced increase also has been reporred to
disappear in long-term cultures'™.

In developing a high functioning organoid using a bio-
artificial liver, the function, form and reactivity of phar-
macological agent should be near in »ivo. In the present
study, we reconstructed a functonal liver organold using
immortalized cell lines in the RFB.

MATERIALS AND METHODS

Celf culture and medium

We used the three cell lines mentioned above, FLC-5, M1,
and A7. As reported, culture of M1 cells was possible in
serum-free condidons while supplementation of ASF104
medium with 2% fetal bovine serum (FBS) was required
for cultuze of A7 cells. Therefore, in cocuiture experi-
ments, ASF104 medm was eariched with 2% 1FBS.

Cocufture in radial-flow bioreactor

As reported elsewhere, the RFB system is composed of a
15-ml radial-flow chamber (RA-15; ABLE, Tokyo), a mass
flow controller (RAD925, ABLE), a reservoir {Figure 1), a
computer, and a tissue incubator as described previously™
(Figure 1). The culture medium was oxygenated within
the reservoir, and the pH was adjusted automatically to
7.4. Oxygen pressure in the culture medium was measured
both within the reservoir and at the outler of the bioreac-
tor. Relarive oxygen consumption was monitored on the
basis of the oxygen pressure gradient. During the study
the temperature within the reservoir was kept constantly at
37 °C. Two X 10" FLC-5 cells were inoculated into the res-
ervoir. The bioreactor was perfused in a closed circuit for
2 I to aid cells in adhering o the porous cartier cellulose
beads (Asahi IKasei, Tokvo). Subsequently the bioreactor
was switched to the open-circuit mode, and incubation was
continued with addition of fresh cuiture medium o the
reservoir. After 5d, 2 X 107 A7 cells were added in 2 simi-
lar manner followed by another addition of 107 M1 cells
5 d later, Retinol (10°mol/1) was added during the frst 2
d. Afrer theee days of perfusion cellulose beads with the
adherent cells were harvested, and cells deposited ar the
bottom of the bioreactor alse were recovered. Beads with
artached cells were fixed in 1.2% or 2.0% glutaraldehyde as
described below,

Swinholide A experiments
We cultured the three cell lines as described above. The
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last incubaden included perfusion with 200 nmol/L swin-
holide A (Sigma catalog number 59810; §) for 2 h. The cel-
lulose beads along with adherent cells were harvested from
the bioreactor. Beads with atrached cells were fixed in glu-
taraldehyde and prepared for morphologic observation as
follows,

Efectron microscopy

For scanning electron microscopy (SEM), cultured celis
were fixed with 1.2% glutaraldehyde in 0.1 mol/L phos-
phate buffer (PB) at pH 7.4 and postfixed with 1% OsQq
in 0.1mol/L PB. The fixed cells were rinsed twice with
PBS, subsequently dehydrated in ascending concentrations
of ethanol, critical point-dried using carbon dioxide, and
coated by vacuum- e¢vaporated carbon and icn-spateered
gold. Specimens were observed under JSM-35 scanning
electron microscope (JEOL, Tokyo) at an accelerated volt-
age of 10 kV.

For transmission electron microscopy (TEM), cultured
cells were fixed with 2.0% glutaraldehyde in 0.1mol/L. FB
for 1 h and postfixed with 1% OsOasin 0.1mol/L PB for }
h at 4 °C. Specimens were dehydrated ia ethanol and sub-
sequently embedded in a mixture of Epon-Araldite. Thin
sections (60 nm) were cut with a diamond knife mounted
on an LKB ultratome, and stained with aqueous uranyl
acetate. Specimens were examined under a JEOL 1200EX
electron microscope.

Amino acid analysis of supernatants

For analysis of amine acid fractions by high-performance
liquid chromatography (HPLC), supernatants were collect-
ed from FLC-5 alone and from cocultures of the three cell
iypes in the bioreactor. Supernatants were mixed with 5%
sulfosalicylic acid and allowed to stand at 4 C for 15 min.
After cenurifugation to precipitate protein, supernatants
were injected nto amino acid analysis columns {.-8500,
Hirachi, Tokyo).

Quantitative TagMan RT-PCR

We measured mRNA expression for the urea cycle en-
zymes, catbamoyl phosphate syntherase (CPS1), ornithine
carbamoylransferase (OCT), argininosuccinatesyntherase
{ASS), argininosuccinatelyase (ASL), and arginase (ARG),
as well as mRNA expression for albumin, hepatocyte
nuclear factor (HNF})-1 and HNF-4, by quantitatve Tag-
Man reverse transcription polymerase chain reaction (RT-
PCR). RT-PCR was performed oa the ABI PRISM 7700
sequence detection system using random hexamers from
TagMan reverse transcripton reagents and the RT reac-
ton mix (Applied Biosystems, Rockville, M) 1o reverse-
wanscribe RNA. TagMan universal PCR Master Mix and
Assays-on-Demand gene expression probes {Applied
Biosystems) were used for PCR. A standard curve for
serial dilution of 185 rRINAs was generated similarly, A
relative standard curve method (Applied Biosystems) was
used to calculate the amplification difference in urea cycie-
related enzymes between cocultured and conurol cells, and
elongation factor 1 (EF1), for each primer set and berween
albumin, HNF-1, HNF-4, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Specificity was evaluated using
GAPDH mRNA as an internal control (43108845, Perkin-
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Figure 2 Light microscopic

image of coculture in the RFB.

High-density and layered cells

L attached con the cellulose

- beads {C). Sinusoid-like

C lumen structure (L) could e

LN observed. SEC was observed

with flat shape on surface of

L 7\ c the lumen and perfusion side
l {arrow).

100.0 prm’

Elmer Applied Biosystems). Each amplification was per-
formed in triplicate, and averages were obtained.

Based on DNA sequences in GenBank, primers and
ithe TagMan probe for albumin, HNF-1, and HNF-4 were
designed using the primer design software Primer Express
TM (Perkin-Elmer Applied Biosystems, Foster Ciry, CA).
AmpliTag DNA polymerase extended the primer and dis-
placed the TagMan probe through its 5°-3” exonuclease ac-
tivity, Probes were labeled with a reporter fluorescent dye
either G-carboxy-fluorescein (FAM) or 2, 7 dimethoxy-4,5-
dichloro-6-carboxy-fluorescein (JOE) at the 5’ end and a
quencher fluorescent dye [6-carboxytetramethyl-rthodamine
{TAMRAY] at the 3” end.

Primers/probes were as follows: ornithine transcar-
bamorylase (OTC) forward primer 5-CCAGGCAATA-
AAAGAGTCAGGATT-3, reverse primer/ 5°-TTAT-
CAAAG TCCCCTGGTTAGAGATACT-3, probe/ ¥
-(FAM)- TTCAAATGCTCCTACACCCTGCCCTG-
(TAMRA)-3’; arginosucecinase (ASL) forward primer/ 5°
-TCGGCCAAGGAGGTCGTCA-3, reverse primer 5
S-TTCCTCGTCGTCCGGAAG-3, probe 5'-(FAM)-
TGTCTTCCAGACCCGGAGACCGAA-(TAMRA)-3;
albumin forward primer/ 5°-CGATTTTCTTTT-
TAGGGCAGTAGC-3’, reverse primer/ 5°-TG-
GAAACTTCTGCAAACTCAGC-3, probe/ 5°-(FAM)-
CGCCTGAGCCAGAGATTTCCCA-(TAMRA)-37;
HNF-1 forward primer/ 5-AGCGGGAGGTGGTC-
GATAC-3’, reverse primer/ 5-CATGGGAGTGCCCTT-
GTTG-3°, probe/ 5°-(FAM)-TCAACCAGTCCCACCT-
GTCCCAACA-(TAMRA}-3"; HNF-4 forward primet/
5-GGTGTCCATACGCATCCTTGA-3, reverse
prmer/ 5-TGGCTTTGAGGTAGGCATACTCA-3,
probe/ 5'-(FAM)-CCTTCCAGGAGCTGCAGATC-
GATGAC(TAMRA)-3’; GAPDH forward primer/ 5°
-CTCCCCACACACATGCACTTA-Y, reverse primer/ 5
-CCTAGTCCCAGGGCTTTGATT-3, probe/ 3°-(VIC)-
AAAAGAGCTAGGAAGGACAGGCAACTTGGC-
(TAMRA)-3

RESULTS

Structure of cells cultured in bioreactor

In the bioreacror, cells cultured in high density assumed
layered form on the cellulose beads. Lumen-like scructure
was observed. Endothelial cells were exits with flat shape
at the surface of the lumen and the perfusion side (Figure
2. Muitiple layers of FLC-5 cells adhered to the celtulose
beads, while A7 and M1 cells were predominantly localized
to the side where perfusion occurred. Layered celis were
seen in a hole of porous cellulose beads. Stnusoid-like lu-
men was ¢bserved at perfusion side in the cellulose beads

www.wignet.com
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Figure 3 Transmissicn electron microscopic images of cocultures in the RFB. A: The cells are arrayed on the cefiulose beads. Several cell clusters could be seen in a
gap of ceflulose beads (arrow). Vascular lumen slructure surrounding cell cluslers could be seen in the beads (small arrow), Cullure media flow through inside of lumen
siructure; B: The cells are arrayed in fayers on cellulose beads. Parl of & cellulose bead (arrow) is visible at the bottom of the layer. A process of a sinusoidal endolhelial celi
(arrowhead) is seen at the perfusion side. Scale bar: 5 pm; C: Sinusoidal endothelial cells {EC) can be seen at the perfusion side. Hepatic stellate cells (SC) containing fatly
vitamin A droplets are seen overlying the FLC-§ cells {H). FLC-5 cells (H) below EC and SC show bile-canaliculus-like structures (B). Scale bar: 5 pm. D: Bile canaliculus-
like structures (B) conlaining elestron dense bile components. Tight junctions {8} and desmosomes {d) are visible, as are faity vitamin A droplets {L}. Scale bar: 2 pm.

lum

Figure 4 Ultrastructure of sinuscidal endothefial cells. A: Scanning electron microscopic image of sinuscidal endothelial cells Iocafized at the perfusion side. They form
2 thin layer (arrowhead), showing the typical appearance of a sinuscid-like vascular structure. Scale bar: 5 pm; B: Transmission electron microscopic image showing
sinusoidat endotheliat calt growth at the perfusion side forming 2 thin fayer (arowhead) overlying the A7 cells (SC). Scale bar: 1 pmy; C: Transmission electron microscopic
view showing tight junctions (arrow) between sinusoldal endothelial cells {EC). Scale bar: 200 nm.

Figure 5 Scarning electron microscopic image of the surface of sinusoidal endothelial cells. A: Low-magnification sganning electren microscopic images of the surface
of sinusoidal endothelial cells cultured on plastic dishes. The sinusoidal endothelial cells formed z thin fayer on ihe plastic dish subsirate. Scale bar: 5 pm; B: High-
magnification scanning electron microscopy images of the surface of sinuscidat endothelial cells cultured on plastic dishes. Fenestrae could rot be detected on the surface
of endothefial cells. Only small pits are seen (arrow). Scale bar: 1 pym; C: Low-magnification scanaing electron microscopic view of the surface of sinusoidal endothelial cells
cocultured in the RFB. Fenestrated pores could be observed (arrow). Scale bar: 5 ym; D: High-magnification scanning electron microscopic view of the surface of sinuscidal
endothelial cells cocultured in the RFB. Pores have a diameter of 100 - 200 nm. Scale bar: 1 pm.

{(Fgure 3A). TEM showed that coculrured cells assumed
lavered form from cellulose beads to the perfusion side
{Figure 3B). M1 and A7 cells containing viramin A-laden
fat droplers were seen mainly at the perfusion side, while
dense layers of FLC-5 cells were observed beneath {Fig-
uge 3C). Ar sires where the chree cell lines were in contact
with each other bile canaliculus-iike structures wege pres-
ent between neighboring FLC-5 cells. Lemens of these
structures contained electron-dense bile components, tght
junctions and desmosomes alse could be observed (igure
3D). This side showed growth of endothelial cells with
the formation of siausoid-like vascular structures (Figores
4A and 4B). Tight junctions were scen berween cndothe-

www.wignet.com

lial cells (IFigure 4C). TFenestrae which are characzeristic of
SEC Jn sirp, were absent in monoculrures of M1 cells on
plastic dishes {Figures 5A and 5B). Because a long tme
subeulture would change the character of M1 cells, pores
were represent on the surface of M1 cells co-culrured in
the RFB system (Figure 5C). The pores had a diameter of
100 to 200 nm, being similar in morphology and size to
those of fenestrae shown by SIEC #n wive (Figure 51D).

Morphology of M1 cells incubated with swinholide A

Cells incubated for 2 h with 200 nmol/L of the acun-dis-
rupting agent swinholide A showed the increased number
of pores (Figure 6), while some pores were dilated (about
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1 pm . 200 nm 200 nm

Figure & Scanning slectron micrographs of the
surface of swinholide A - treated SEC cells in the RFB
culture system. Large open pores have a fenestra-like
appearance (short arrow). Small pores were detectable

Figure 7 Transmission electron micrographs of sectioned SEC cells after swinholide A - treatment; A:
Numerous open pores or fenestrae in the cyloplasm {arrow), Fine cyloskeletal elemenis showing a close
spatial relationship with these pores (arrowhead). Scale bar: 200 nm; B: VWO coulg be observed in SEC
cells {arrows) in response to stress or actin fibers (arrowheads). Scale bar: 200 nm, Insat shows the overall

in the nonfenestrated area (long arrow). Scale bar: 1 pm.

Amine acid analysis

5000 {J ASF 104 )
450D T O FLC-5 menoculture in the RFB
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Figure 8§ Amino acid and urea analysis in supernatants. Urea was deteclable only
in coculture, at 523 nmol/mi. ASF 104 designates culture medium. Mean valus +
SD.

1 pm). Small pores {tens of nanometers in size) that prob-
ably resembled coated pits were abundant in the nonfenes-
trated areas.

TEM investigation showed that trearment with swin-
holide A resulted in fenesuated pores with a diamerer
between 100 2nd 200 nm. The pores fused with each other
formed labyrinthine structures (Figure 7A). In addidor,
vacuoles with a diamerer of about 200 nm, similar to pre-
vicusly described vesiculo vacuolar organelles (VVO), were
noted. These structures typically were seen in areas where
relatively regular overlap was seen in FLC-5, A7, and M1
The aumber of VVO increased when cells were treated
with 200 amol/L swinholide A, which was associated with
partizl fusion (Figure 7B).

Amino acid fractions from supernatants

Ar the end of culture, the supernatant was subjected 1o
amine acid aaalysis. Urea producton was not seen in
monocultures of FLC-5 cells in the RFB, while IFI.C-5
cells coculrured with M1 and A7 cells produced 523 nmol
urea /mL in the culture medium, suggesting that the urea
cycle was activated in the coculture RIFB system (Figure 8).
Several amino acids were increased in the medium,

We compared mRNA expression of CPS1, OTC, ASS,
ASL, and ARG in FLC-5 monolayer cultures with those
of monocultures in the RFB system. In addition, mRNA
expression in cocultures in the RFB also was assessed. We

compositicn of the cells. Scale bar: 1 pm.

8..
T O FLC-5 monglayer culture
3 FLC-5 in the RFB
6r # FLC-5 cocuitured in the RFB

2t

IR Oa. OB T

ASL CPS1 ASS ARG oTC

Relative expression of mRNA
(ratio to EF1 )
Y
T

Figure 9 Comparison of expressions of CPS1, OTC, ASS, ASL, and ARG mRNA
in FLC-5 incubated under different condilions as assessed by TagMan 1-step RT-
PCR. The mRNA expression of each enzyme in different conditions is relative to
ihat in monolayer cuitures. Mean valug £ 50.

could not detect OTC in any type of culture. Expression
of other urea cycle enzymes showed no notwable difference
between monolaver cultere of FLC-5 and monoculture of
FLC-5 in the RFB. However, ASS and ARG expressions
in co-culture in the RIFB were about 7 and 3 tmes greater
than those in FLC-5 monolayer culture Figure 9).

Albumin synthesis and expression of nuclear factors

We compared mRINA expression of albumin and HNF-1
and HINF-4 as wanscription regulation factors berween ex-
perimental conditions, Expression of mRNA encoding the
three proteins was less in FLLC-5 co-cultures in the RFB
system than in FLC-5 RFB monocultures or in FLC-5 cells
in monolayer culture (Figures 10A-10C). In a previous
study, albumin production was enhanced in the RFB using
the immortalized cell line™". However it was different cell
line in this srudy.

DISCUSSION

introduction of a functonal human heparocellular carci-
noma cell line (FLC) in our system can allow the cells to
be cultured at high density in a layered array and maintain
vizbility for long periods™'",

Immortalized cells can be used for artificial liver. The
reason is thart it can supply cells in large quantities and
quickly. Immortalized celis lose several characteristics in

www. wignet.com
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Figure 10 Expression of mRNA for albumin {4), HNF-4 {B) and HNF-1 (C) as transcriplion regulation factors in each condition. Messenger RNA expression for these three
proteins decreased in cocultured FLC-5 in the RFB compared with FLC-5 monocultures in the RFB and FLC-5 cultured in & menolayer. Mean value & SD. The ratio of mRNA
for each protein versus GAPDH is shown. Differences with respect to each condition were statistically significant {*P<0.01) accarding o Studenl's fest.

morphology and function. However, three cell lines were
studied in our RFB culture system, including their fine
structure according to electron microscopy. Layers of
FLC-5, A7, and M1 were acranged respectively from the
carrier attachment side to the perfusion side. In some ar-
eas, liver-like architecrures, sinusoid-like lumen structure,
bile-canalicult and functional complex, were observed,
comparable to /# vive tissue relationship. The M1 cell line
well covered the perfusion side, mimicking vascular struc-
tures, indicating that this cell type forms an arrangement
similar 1o that i» srsp. Furthermore, M1 cells in monolayer
culture did not express fenestrae, probably reflecting a
long cultare or subculture time™. 1n a previous study, we
found that M1 cells also lack fenestrae in monocultures in
the RFB™. 1n contrasts, fenesteated pores were seen in M1
cells cocultured according to the present REB experimental
design. Coculture and cell to cell contact have an influence
on these morphological changes. Because fine structures
# wine could be observed better than monoculture in the
RIB.

The electron microscopic observations in the present
study clearly showed that if an appropriate environment
for cell growth was provided in a perfusion culture system,
the individual cell types could arrange themselves accord-
ing to their i wye characieristics, even in a high-density
layered culmure.

This study also examined the numerical dynamics of
fenestrae. For this we exposed the cocultures to the actin-
disrupting drug swinholide A" When the cells were treat-
ed with swinholide A, the number of pores with a diam-
eter of about 100 to 200 nm iacreased 2 h after swinholide
A treaunent. Purthermore, by TEM, cytoplasmic vesicles
about 200 nm in diameter could be seen and were much
larger than the caveolae in the cytoplasm, and their num-
ber increased in the presence of swinholide A. These vac-
volar-iike vesicles probably represent the vesiculo vacuolar
organelle (VVO) as described by Feng ef o™ The VVO is
an organelle conutibuting t tansport of macromolecules
between luminal and abluminal sides of eadothelial cells,
thus increasing transcellular permeability. Vascular perme-
ability factor and vascular endothelial growth factor (VPF/
VEGFE) can induce formation of VWO, FLC-5 used in
this study, could express VPEF/VEGE (dara not shown).

www, wignet.com

The presence of vascular factors may pardially explain
why VVO is noted in cocultures and why fenestrae could
be observed in our experiments™. VVO is thought to be
formed by fusion of caveolae, when muldple VVOs fuse
together, a structure extending from the luminal to the ab-
luminal sides of endothelial cells is formed. In the present
study, fused VVOs also were seen in swinholide A - weated
specimens by transmission electron microscopy, suggest-
ing that this fusion represents a process culminating in
formation of the labyzinthine structures in SEC™Y. The
mechanism of pore formation in immortalized SEC and
under cocultured perfusion condidons remaing unknown
from the present study. However, pore formation may
result from muluple effects or factors working in concert
upon endothelial cells, such as cytoskeletal dynamics rep-
resented by actin and/or the influence of a vet unknown
factor secreted by other cell types present in the cocultures
such as VIIGE The observation that hepatic endothelial
cells maintain one of their typical morphological features
{i.e. an abundant number of membrane-bound coared-pits,
uncoated vesicles/vacuoles and fenesteae) is an indicaton
that the bioreactor mimics a nearby physiological cultiva-
ton environment for the varlous liver cell types. However,
the mechanism by which the bioreactor and its culture
environment bring about and maintain these membrane-
bound vesicles and fenestrae in endothelial cells remain o
be elucidated and consequently open up new directions for
furure experiments.

To assess hepatocyte funcrion, we compared mRNA
expression for urea cycle enzymes and albumin synthesis
by FLC-5 in monolayer culture compared to these single-
tvpe culteres and coculrures in the RFB. Previously, we
have demonstrated hepatocyte functions such as albumin
synthesis and cytochrome expression are enhanced in the
RFBF*", Urea production is among the most primitive
functons of liver cells. We could not detect urea in me-
dium from monolayer cultures or monocultured FLC-5 in
the RFB. In contrast, FLC-5 cells cocultured in the RFB
exhibir ability to produce urea, and mRNA expression
for ASS and ARG is enhanced. The medivm used in this
experiment, ASF 104 conmined arginine, so urea produc-
ticn was observed in cocultures in the RFB although OTC
was not expressed. One report showed that urea produc-





