the longer transcript encoded a new variant containing
48 extra nucleotides at the 5 end (Figure 1a). We named
the novel longer transcript Siah-1L. To clarify which
Siah-1 transcript was actually induced by p53, we
further investigated the expression of human Siah-1
transcripts in MCF7 cells after treatment with doxor-
ubicin (DOX; Calbiochem, San Diego, CA, USA),
which is known ta induce p53 activation. As shown in
Figure 1b, an endogenous 897-bp Siah-1L transcript was
barely detectable in control cells; however, the expres-
sion of Siah-1L mRNA was strongly induced 6-12h
after DOX treatment (Figure 1b, upper panel). In
contrast, the 849-bp Siah-1 mRNA remained unchanged
(Figure 1b, middle panel). The increase in Siah-1L
mRNA levels prompted us to examine whether the
protein levels changed in response to DOX treatment.
Next, we analysed the expression levels of p53, f-
catenin, and Siah-1-family proteins. As shown in
Figure lc, p53 protein expression was strongly induced
6 h after treatment with DOX and the expression peaked
at 12h. The level of endogenous fB-catenin protein
started to decrease 24 h and showed a marked reduction
36h after treatment. The expression of endogenous
Siah-1-family proteins was low in control cells; however,
Siah-1L but not Siah-1 was upregulated 12 h after DOX
treatment {Figure lc, lower panel).

To further investigate whether Siah-1L was induced in
a p53-dependent manner, we examined the expression
levels of Siah-family proteins and f-catenin in cells after
UV irradiation. As shown in Figure ld, the Siah-1L
transcript increased 12h after UV irradiation in MCF7
cells; in contrast, UV treatment did not trigger any
changes in the level of Siah-1 transcript. Furthermore,
Siah-1L protein expression was markedly increased in
response to UV treatment, and the elevation of p53
protein and the degradation of f-catenin were also
observed at the same time (Figure le).

Next, we investigated the expression levels of Siah-1L
transcript in Hep3B cells, which have been reported to
lack both copies of the p53 gene (Lee et af, 2002).
Expression of the p53 and f-catenin proteins was
analysed by Western blots after DOX treatment. As
expected, the p33 protein was undetectable in lysates
derived from control cells and DOX-treated cells
{Figure 1f). The expression of endogenous f-catenin
protein did not change in the presence of DOX
(Figure 1). The Siah-1 transcript was detectable in
control cells and was not changed when the cells were
treated with DOX (Figure lg, middle panel). In
contrast, the Siah-1L. mRNA was undetectable in the
presence and absence of DOX (Figure lg, upper panel).
These findings further suggest that Siah-1L is upregu-
lated in response to p53 activity.

To determine whether the induction of Siah-1L
expression is specifically dependent on p53, MCF7 and
Hep3B cells were transiently transfected with expression
plasmids encoding wild-type or mutant p53, and Siah-1-
family transcripts were analysed by RT-PCR. As shown
in Figure 2a, increased amounts of Siah-1L mRNA were
found in p53-expressing MCF7 cells, but not in control
cells. Siah-1 mRNA remained unchanged in cells after
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the overexpression of p33 protein. Mutant p53 did not
upregulate the Siah-1L mRNA, and instead decreased
its expression (Figure 2a). To explore the role of Siah-1L
in the regulation of f-catenin activity, we analysed the
expression of S-catenin protein in cells transfected with
wild-type or mutant p53. Levels of f-catenin protein
were significantly lower in pS53-overexpressing cells
compared with both control and p53-mutant-expressing
cells (Figure 2b). Since loss of p53 function is a frequent
event in various human cancer cells, we then tested
whether Siah-1L could be induced by exogenous p53 in
cells that lack functional p53. As shown in Figure 2c,
Siah-1L. mRNA was significantly upregulated in p53-
expressing Hep3B cells, while Siah-1L transcript was
undetectable in control and mutant pS3-expressing cells.
The expression levels of Siah-1 were unchanged in p33-
expressing cells compared to control cells (Figure 2¢).
Notably, levels of f-catenin protein were markedly
decreased in endogenous p53-deficient cells after trans-
fection with the pS53 expression plasmid (Figure 2d).
Next, to clarify whether Siah-1L is responsible for the
p53-mediated degradation of f-catenin, we employed
the short interfering RNA {(siRNA) approach and used
an expression plasmid encoding Siah-1 lacking the
RING finger domain (pcDNA3-FLAG-Siah-1ARING),
which is a dominant-negative form of Siah-1L. We
showed the siRNA specific for Siah-1L (siSiah-1L)
induced the reduction of the transfected Siah-1L, not
Siah-1, in HEK293T cells (Figure 2e¢). In contrast,
control siRNA (siCTR) did not show any effect of
the protein levels of Siah-1L and Siah-1. Moreover, in
the p33-transfected cells, siSiah-1L. markedly reduced
the expression level of endogenous Siah-1L, but not
Siah-1 transcript (Figure 2f). To examine the protein
levels of f-catenin in the Siah-1L knockdown cells, we
performed Western blots. Transfection of siSiah-1L
had almost rescued the p33-induced degradation of
f-catenin (Figure 2g). However, this recovery of the
B-catenin protein levels was not observed in siCTR-
transfected cells. We also demonstrated that the protein
levels of f-catenin were recovered in the cells cotrans-
fected with expression plasmids encoding FLAG-Siah-
IARING and p53 from the p53-dependent degradation
(Figure 2h). Taken together, these findings suggest that
p53 specifically enhances the expression of Siah-1L and
is involved in the regulation of f-catenin protein
degradation via the expression of Siah-1L.

Siah-1L suppresses TcfILEF transcriptional activity
and enhances the degradation of B-catenin

To explore the functional significance of p33-inducible
Siah-1L expression, we asked whether Siah-1L produc-
tion affects f-catenin activity in cells. Since B-catenin
forms a complex with a member of the T-cell factor
(Tcf)/lymphocyte enhancer-binding factor (LEF) family
and activated the target genes {Omer et al, 1999),
reporter assays were performed to monitor Tcf/LEF-
dependent gene expression in the presence or absence
of Siah-1L or Siah-l1. We used pcDNA3-FLAG-
Siah-TARING, which is a dominant-negative form of

7595

Oncogene



Siah-1L induced by p53
A Iwat et af

7596

Siah-1L, as a negative control. In addition, a reporter
plasmid with a mutated Tcf-binding site was also used as
a negative control for the reporter assay. As shown in
Figure 3a, about a 40-fold augmentation of relative
luciferase activity was found in cells transfected with an
expression plasmid encoding f-catenin. When Siah-1L
was produced in cells, the level of Tcf/LEF transcrip-
tional activity induced by overexpression of fS-catenin
was markedly decreased compared with that in control
cells (Figure 3a). In contrast, a plasmid encoding Siah-
IARING did not decrease reporter activity, instead
slightly upregulated the f-catenin activity. Transcription
from the reporter plasmid containing the mutated Tcf/
LEF-binding site was not affected by overexpression of
f-catenin or Siah-1L protein. We also found that
expressing Siah-1L in cells resulted in a dose-dependent
reduction in the relative Tef/LEF transcriptional activity
induced by f-catenin (Figure 3b). In addition, a marked
reduction in the levels of endogenous f-catenin protein
was detectable in cells expressing Siah-1L compared to
control or Siah-1ARING-expressing cells (Figure 3c).
These findings indicate that Siah-1L regulates Tcf/LEF
activity and fi-catenin protein levels in cells.

>

Figure 2 p33 specifically enhances the expression of Siah-1L and
is involved in the regulation of f-catenin protein degradation via
Siah-1L. MCF7 and Hep3B cells were transfected with pRC-CMV-
p33 (wild type) (p53), pRC-CMV-p53 (Mutl78) (Mut-p53), or
empty vector {CTR). (a) Total RNA was prepared from MCF7
cells 24 h after transfection, and RT-PCR was performed using
specific primers for Siah-1L (upper panel), Siah-1 (middle panel),
and GAPDH (lower panel). (b) MCF7 cells were cotransfected with
PPUR and expression plasmids encoding wild-type p33 (p53), p53
mutant (Mut-p53), or empty vector (CTR). After 24 h, puromycin
(2.0 pg/ml) was added to the medium and the cells were cultured
continuously for 72 h. Cell lysates (5 ug) were analysed by Western
blots using anti-f-catenin (upper panel), anti-p53 (middle panel), or
anti-z-actin (lower panel) antibodies. (¢) The levels of Siah-1L
{upper panel) and Siah-1 (middle panel) mRNAs in total] RNA
isolated from Hep3B cells transfected with plasmids encoding wild-
type p53 or mutant p53 were determined by RT-PCR. (d)
Expression plasmids encoding wild-type or mutant p53 and pPUR
were cotransfected into Hep3B cells, and puromycin (2.0 gg/ml)
was added to the medium 24 h after transfection. After 72 h, total
protein was isolated and analysed by Western blots using anti-j8-
catenin (upper panel) or anti-p53 (middle panel) antibodies. (e)
HEK293T cells were transfected with the expression plasmids of
FLAG-Siah-1L or -Siah-1 with or without siRNA for Siah-1L
(siSiah-1L). Cells were cultured for 36 h in the presence of MG 132.
Cell lysates were analysed by Western blots using anti-FLAG and
anti-z-actin antibedies. siCTR represents a control siRNA. ()
Total RNA was isolated from HEK293T cells transfected with p53
expression plasmids with or without siRNA for Siah-1L (siSiah-
IL). Control siRNA-transfected cells (siCTR) were used as a
negative control. RT-PCR was performed using specific primers
for Siah-1L (upper panel), Siah-1 (middle panel), or GAPDH
(lower panel). {g) The siRNA for Siah-1L (siSiah-1L) or control
siRNA (siCTR) was transfected in HEK293T cells. After 24 h, cells
were transfected with the expression plasmids of Myc-tagged §-
catenin (AAAA) with or without p53 expression plasmid and
cultured for 36 h. Total protein was isclated from these cells and
Western blots were performed using anti-Myc, anti-p33, and anti-
e-actin, (h) Total protein was isolated from HEK293T cells
transfected with Myc-tagged f-catenin (AAAA) and p53 expres-
sion plasmids with or without FLAG-tagped Siah-1ARING
expression plasmid. Cell lysates were analysed by Western blots
with antibodies against Myc, p33, FLAG, and x-actin
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Since a p53-activating stimulus was required for Siah-
1L expression, we asked whether Siah-1L could reduce
f-catenin activity in Hep3B cells that lack endogenous
p53. As shown in Figure 3d, expression of S-catenin
protein induced about a 20-fold in Tcf/LEF transcrip-
tional activity. When an expression plasmid encoding
Siah-1L was cotransfected, Tef/LEF activity was re-
duced almost by half. Moreover, analysis of endogenous
B-catenin levels demonstrated that exogenously ex-
pressed Siah-1L protein significantly reduced the
amount of f-catenin (Figure 3¢). Similar results were
observed in H1299 cells, which iack p53 genes (data not
shown). Thus, despite the deletion of the endogenous
p33 genes, exogenous expression of Siah-1L resulted
in the degradation of endogenous f-catenin protein,
suggesting a role for Siah-1L as a negative regulator of
f-catenin activity.

Mutant B-catenin found in some cancer cells is resistant
to Siah-1L-induced protein degradation

Mutated f-catenin found in HepG2 cells is known to
carry an activating mutation caused by the deletion of
amino acids 25-140 (de La Coste et al., 1998). This
mutant f-catenin is known to be resistant to GSK3p-
mediated degradation, resulting in an aberrant accumu-
lation of B-catenin {de La Coste er al, 1998). To
determine whether Siah-1-family proteins can regulate
the activity of mutated B-catenin, we examined the
effects of Siah-1L expression on mutant S-catenin
protein in HepG2 cells, which have wild-type p53 gene.
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Figure 3 Effects of Siah-1L on TeffLEF reporter activity and §-
catenin Ievels in cells with or without endogenous p53. (a) MCF?
cells were cotransfected with the pTcf7wt-Luc (Tcf7wt) reporter
plasmid, together with plasmids encoding f-catenin (f-cat.) and
Siah-1L (Siah-1L), Siah-1 (Siah-1), or Siah-1ARING (Siah-1AR).
The pTef?mut-Luc (Tef7mut) reporter plasmid, which contains a
mutated Tef-binding motif, was used as a control. Reporter assays
were performed as described in Materials and methods. (b) MCF7
cells were transfected with the pTcf7wt-Luc reporter plasmid,
pcDNA3-Myc-f-catenin  (f-cat.), and increasing amounts of
plasmid encoding Siah-1L (Siah-1L) (0-0.8 pg), followed by
reporter assays. (c) MCF7 cells were transfected with pPUR and
empty vector (CTR), pcDNA3-FLAG-Siah-1L (Siah-1L),
pcDNA3-FLAG-Siah-1  (Siah-1), or pcDNA3-FLAG-Siah-
1ARING (Siah-1ARING) expression plasmids. Puromycin
(3.0 ug/ml) was added 24 h later, and cell lysates were prepared
after another 72h of culture in the presence (probed with anti-
FLAG) or absence {probed with anti-f-catenin or anti-z-actin) of
MG132. Lysates were subjected to Western blot analyses using
anti-f-catenin (upper panel), anti-FLAG {middle panel), or anti-a-
actin (Actin) (lower panel) antibodies. {(d) Hep3B cells were
transfected with the pTcf7wt-Luc (Tcf7wt) reporter plasmid,
pcDNA3-Mye-f-catenin {f-cat.), and plasmids encoding Siah-1L
(Siah-1L), Siah-1 (Siah-I1), or Siah-1ARING (Siah-14R}.
Transcriptional activities were measured by reporter assays. {e)
Hep3B cells were transfected with pPUR and empty vector
{CTR) or expression plasmids encoding Siah-1L (Siah-1L), Siah-1
(Siah-1), or Siah-1ARING (Siah-1ARING}. After 24h, puromycin
was added to the medium and culture was continued for 36h.
Cell lysates were prepared, normalized for total protein content
(10 g per lane), and analysed by Western blots using f-catenin
antibody .
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Figure 4 f-Catenin with a deletion mutation is resistant to Siah-
IL-induced degradation. (a) Total protein was isolated from
HepG2 cells immediately before (Oh) and 6, 12, 24, and 36h after
treatment with DOX (15 ug/ml). Western blot analyses using anti-
p-catenin, anti-p53 (p53), or anti-s-actin (Actin) antibody were
performed. The closed arrowhead shows wild-type p-catenin (Wt)
and the open arrowhead shows the f-catenin deletion mutant
(Mut). (b) Total RNA was prepared from HepG2 cells before (Gh)
and 6, 12, 24, and 36 h after treatment with DOX (15 gg/ml). The
levels of Siah-1L (upper panel), Siah-1 {middle panel), and
GAPDH (lower panel) mRNAs were analysed by RT-PCR. (c}
HEK293T cells were transfected with pcDNA3-Myc-f-catenin,
pcDNA3-Myec-8-catenin {AAAA), or pcDNA3-Myc-Af-catenin
(deleted 25-140) and empty vector (CTR) or plasmids encoding
each Siah-family protein. A 10 ug portion of cellular lysates was
resolved on SDS-PAGE and immunoblotted with antibodies
against Myc or #-actin (Actin)

As shown in Figure 4a, the endogenous expression of
both wild-type and mutant f-catenin proteins was
observed in cells. The levels of endogenous p53 protein
were markedly increased after DOX treatment
{Figure 4a, middle panel). The amount of Siah-1L
mRNA was strongly upregulated in response to DOX,
whereas the level of Siah-1 transcript remained un-
changed (Figure 4b). Interestingly, the degradation of
wild-type f-catenin protein in HepG2 cells was observed
after p53 activation induced by DOX. However, the
expression of mutant f-catenin protein remained un-
changed (Figure 4a, upper panel) and levels of Tcf/LEF
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activity remained unchanged in cells overexpressing
Siah-1L or Siah-1 (data not shown). We then investi-
gated the ability of Siah-1L to induce degradation of
transiently overexpressed Af-catenin (deleted 25-140) or
mutant f-catenin (AAAA). As shown in Figure 4c, both
Siah-1L and Siah-1 markedly reduced the levels of wild-
type f-catenin and f-catenin (AAAA), while the levels
of Af-catenin (deleted 25-140) remained unchanged.
Taken together, these results indicate that f-catenin
lacking amino acids 25-140 is resistant to Siah-1-
dependent degradation pathways.

Siah-1L sensitizes cancer cells to apoptosis induced
by anticancer drugs

To explore the functional significance of p53-inducible
Siah-1L in tumor cell survival, we evaluated the ability
of Siah-1L to promote apoptosis. MCF7 cells were
transiently transfected with plasmids encoding Siah-1L,
Siah-1, or Siah-1ARING, and cell death was measured
48 h after treatment with DOX. As shown in Figures Sa
and b, Sizh-1L and Siah-1 enhanced cell death by
greater than 50% compared to the control and Siah-
IARING-expressing cells, Interestingly, apoptosis-
sensitizing effects induced by Siah-1L protein were also
observed in pS3-null cells (Figures 5c and d). Moreover,
similar results were obtained when cell death was
induced by cisplatin or UV irradiation in MCF7 and
Hep3B cells (data not shown). These data strongly
suggest that Siah-1L accelerates cell death induced by
anticancer drugs irrespective of the status of endogenous
p53 protein. ‘
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Figure 5 Siah-IL sensitizes cancer cells to apoptotic cell death.
MCF7 (a, b) or Hep3B (¢, d) cells were treated with DOX (1.0 ug/
ml) 24h after transfection of pEGFP-CI together with empty
vector (CTR), pcDNA3-FLAG-Siak-1L (Siah-1L), pcDNA3-
FLAG-Siah-1 (Siah-1), or pcDNA3-FLAG-Siah-1ARING (Siah-
LARING). After 48 h, the GFP-positive viable cells were counted
and the relative number of GFP-positive cells was presented
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Discussion

It has been suggested that Siah-1 may act as a
downstream effector of p53; however, the §'-flanking
region of the Siah-1 gene is known to lack typical TATA
or CCAAT boxes and that reporter plasmids containing
the promoter region of Siah-1 do not respond to p53
(Maeda er aof, 2002). Recently, the pS3-responsive
element has been identified upstream of the alternative
in-frame ATG start codon located in the intron 1 of
the human Siah-1 gene (Matsuzawa et al., unpublished
data). In this study, we demonstrated that a novel
isoform belonging to the human Siah-1 family, Siah-1L,
was identified as a p53-inducible protein.

- Dysfunction of the f-catenin degradation pathway
results in aberrant accumulation of f-catenin: this is
a frequent event in various human cancers, and the
aberrant accumulation of S-catenin is reported to trigger
oncogenesis and tumor progression (Chung, 2000; Lin
et al., 2000; Park er al, 2001; Ueda M et al., 2001;
Inagawa et al., 2002). However, it has also been shown
that aberrant accumulation of f-catenin is not always
accompanied by known dysfunction or mutation of the
APC, Axin, or f-catenin genes. Recently, Cagatay and
Ozturk (2002) demonstrated that aberrant accumulation
of B-catenin in tumors is often associated with inactiva-
tion of the p53 gene. They also showed that worldwide
p33 and f-catenin mutation rates are inversely corre-
lated in HCC (Cagatay and Ozturk, 2002). These data
suggest that inactivation of p53 may be an important
cause of aberrant accumulation of B-catenin in cancer
cells. However, the molecular mechanism by which p53
regulates f-catenin activity has been unclear. In this
study, we have demonstrated that the expression level of
Siah-1L is regulated in a p53-dependent manner in cells
with wild-type p53. In contrast, in p53-null cells, no
induction of Siah-1L was observed after pS3-activating
stimuli, resulting in the sustained accumulation of -
catenin protein. Moreover, using specific siRNA for
Siah-1L, p53-induced degradation of A-catenin was
almost rescued. These results suggest that lack of Sizh-
IL, but not Siah-1, expression in response to p53 may
contribute to the aberrant accumulation of f-catenin
in cells harboring p53 mutations. It is important to
note that overexpression of Siah-1L in p53-null cells led
to the degradation of the accumulated endogenous f-
catenin protein, indicating that aberrant accumulation
of f-catenin can be reversed by exogenously expressed
Siah-1-family proteins in cancer cells regardless of p53
status.

B-Catenin with mutations in the GSK38 phosphory-
lation sites has been observed in various human cancers.
For example, mis-sense mutations at codons 32, 34, 37,
or 41, which affect the GSK38 phosphorylation sites of
p-catenin, were also common in HCC (Wong et al.,
2001; Cagatay and Ozturk, 2002). Siah-family proteins
trigger the degradation of fS-catenin protein regardless
of the GSK3f-mediated phosphorylation of §-catenin.
Thus, our data indicate that activation of Siah-1L-
dependent f-catenin degradation, including the over-
expression  of exogenous Siah-1L  proteins, may




represent a powerful approach to the treatment of
cancers with aberrant accumulation of f-catenin and
dysregulated Wnt/f-catenin signalling. On the other
hand, constitutive activation of f-catenin caused by
deletions in exons 3 and 4 was found in some human
cancers (de La Coste er al.,, 1998). Therefore, we must
draw attention to the finding that overexpression of
Siah-1-family protein had little effect on the degradation
of this mutant f-catenin found in HepG?2 cells. Further
analysis of the Siah-1/SIP/Ebi pathway for f-catenin
degradation is necessary to find a strategy to counteract
the various types of mutant f-catenin protein.

We have concluded that p53-dependent expression of
Siah-1L but not Siah-1 plays an important role in the
regulation of f-catenin activity in human tumor cells.
These results suggest new strategies for restoring tumor
suppressive pathways caused by p353 inactivation.

Materials and methods

Plasmids

The cDNA enceding human Siah-1L was generated by RT-
PCR from the mRNA of MCF7 cells treated with DOX using
SuperScript II (Invitrogen, San Diego, CA, USA), followed by
PCR amplification using the KOD-Plus-DNA polymerase
system {TOYOBO, Osaka, Japan) and the following oligo-
nucleotide primers: ¥-GACGAATTCATGGTTATAATTAT
TTTTCT-3 (sense) and ¥-GACCTCGAGTCAACACATGG
AAATAGTTAC-¥ (antisense). The resulting PCR fragments
were inserted into the EcoRI-Xhol sites of pcDNA3-FLAG
(Matsuzawa and Reed, 2001). pcDNA3-FLAG-Siah-1 and
pcDNA3-FLAG-Siah-1ARING plasmids were constructed by
inserting the EcoRI-X#hol fragments from the pcDNA3-Myc-
Siah-1 and pcDNA3-Myc-8iak-1ARING plasmids into the
pcDNA3-FLAG vector (Matsuzawa and Reed, 2001). pRC-
CMV-p53 (wild type) and pRC-CMV-p53 (179Mut} were
described previously (Unger et al, 1992). The expression
plasmid encoding f-catenin, pcDNA3-Myc-f-catenin, was
described previously (Ueda Y et al, 2001). The cDNAs
encoding various f-catenin mutants were generated by two-
step PCR amplification. Brefly, to construct f-catenin
(AAAA), which has alanine substitutions at the putative
GSK3f phosphorylation sites (serine or threonine amino-acid
residues at positions 33, 37, 41, and 45), a DNA fragment
encoding amino acids 1-37, a fragment encoding amino acids
33-50, and a fragment encoding amino acids 44-781 were
separately PCR amplified with the following primer sets:
BCAT-fullS, 5-GGATCCGTATGGCTACTCAAGCTGAT
TT-¥, BCAT-37AS, 5“-AGCATGGATTCCAGCGTCCAGG
TAAGAC-3; BCAT-33S, 5-GCTGGAATCCATGCTGGT
GCCACTGCCACTGCCACAGCT-¥, BCAT-50AS, 5-GCC
TTTACCACTCAGAGCAGGAGCTGTGGCAGTGGC-3;
BCAT-44S, 5-CCTGCTCTGAGTGGTAAAGGC-Y, BCAT-
fullAS, 5'-TCTAGATTACAGGTCAGTATCAAACC-3. The
resulting PCR fragments were mixed and subjected to a second
PCR reaction to obtain full-length S-catenin (AAAA) contain-
ing BamHI and Xbal sites. To construct Af-catenin {(deleted
25-140), which lacks amino acids 25-140, DNA fragments
encoding the amino- and carboxyl-terminal regions were
separately PCR amplified with primer sets BCAT-fullS
and BCAT-25AS8 (5-GTGACTAACAGCCGCTTTTC-3)
and BCAT-1208 (5-GTGTTGTTTTATGCCATTAC-3') and
BCAT-fullAS, respectively. The two PCR products were
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mixed and subjected to a second PCR reaction to obtain
full-length Af-catenin (deleted 25-140) containing BamHI and
Xbal sites. These products were subcloned into the BamHI and
Xbal sites of the pcDNA3-Myc plasmid (Matsuzawa and
Reed, 2001). The reporter plasmids pTef7wt-Lue and
pTcf7mut-Luc have been described previously (Ueda Y et al,,
2001). All constructs were confirmed by DNA sequencing.

Cell culture and transfection

Human breast cancer MCF7 cells, hepatoma Hep3B cells,
hepatoblastoma HepG2 cells, and human embryonic kidney
HEK293T cells were maintained in Dulbecco's modified
Eagle’s medium (Nissui, Tokyo, Japan) supplemented with
10% FBS, and L-glutamine at 37°C in an atmosphere
containing 5% CO,. In some cases, cells were exposed to
DOX, 10J/m* UV irradiation, or SuM MGI132 (Peptide
Institute, Osaka, Japan). For transfection of plasmids into
the cells, we used the FuGENES transfection reagent (Roche,
Indianapolis, IN, USA) according to the manufacturer’s
protocol. The amount of plasmid DNA in each transfection
was kept constant by the addition of an appropriate amount of
empty expression vector.

SiRNA transfections

We designed the following siRNA duplexes within the open
reading frame of Siah-1L to knock down Siah-1L. The siRNA
duplexes were synthesized and purified by Qiagen Inc. (Cam-
bridge, MA, USA). Siah-1L target sequence was as follows:
siSiah-1L, 5-AACTCCTGCCTCCTTATGTATTT-3'. The
nonsilencing siRNA (control siIRNA) was as follows: siCTR,
5-AAGAGCCGTCAGACTGCTACA-3". For transient
transfections, cells were seeded at a density of 40-50% in
60mm diameter plates. The following day, transfections of
siRNAs were performed by using Lipofectamine 2000 reagent
(Invitrogen), according to the manufacturer’s recommended
protocol.

Preparation of RNA and RT-PCR

Total RNA was extracted using Sepasol-RNA I Super
(Nacalai Tesque, Kyoto, Japan) according to the manufac-
turer’s protocol. RT-PCR was performed using the One Step
RNA PCR Kit (Takara, Tokyo, Japan) according to the
manufacturer’s protacol. The PCR primers for amplification
of Siah-1L, Siah-1, and GAPDH were as follows: Siah-1L-38,
5'-GGTTATAATTATTTTTICTCCTGCCTCC-3' and Siah-
1&1L-512A8, 5-AGTCAACAGCACCAGGAAGA-3; Siah-
1-minusl8S, 5-CGCTCTCCGCCCACAGAAAT-3 and Siah-
1&1L-512A8; GAPDH-I1S, 5-ATGGGGAAGGTGAAGGT
CGG-3 and GAPDH-837AS, 5-TGGAGGGATCTCGCTC
CTGG-3.

Western blot analyses

Protein samples were diluted in 2 x sodium dodecyl sulfate
{8DS) sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 5%
B-mercaptoethanol, 10% glycerol, and 0.002% bromophenol
blue). Samples were separated by 10% SDS-polyacrylamide
gel electrophoresis (PAGE). After electrotransfer, polyvinyli-
dene difluoride membranes were probed with primary anti-

bodies and secondary antibodies conjugated to HRP. The

antibodies used in these experiments were anti-f-catenin
(Transduction Laboratories, Lexington, KY, USA), anti-p53
(Ab-6) (Calbiochem), anti-c-Myc (9E10) (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA), anti-FLAG M2
(Sigma, St Louis, MO, USA), anti-a-actin (Sigma), and goat
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polyclonal anti-Siah-1 (Abcam, Cambridge, UK). Immuno-
complexes were detected by the enhanced chemiluminescence
assay (NEN Life Science, Boston, MA, USA).

Reporter assays

To determine Tcf/LEF activity, subconfluent cells were
transfected with a reporter construct (pTCF7wt-Luc or
pTCF7mut-Luc) and various expression plasmids. A thymi-
dine kinase (TK)-expressing vector (pRL-TK; Promega,
Madison, WI, USA) was included as an internal control for
transfection efficiency. After 30h, the cells were lysed and both
the luciferase and TK activities were determined using a
luciferase assay kit (Promega). Tef/LEF reporter activities
were normalized relative to TK activities and were presented as
mean+s.d. from at least three independent experiments.

Evaluation of cell death

MCF7 and Hep3B cells were grown on plastic dishes as
monolayers. Cells were transfected with pEGFP-C1 (BD
Biosciences Clontech) and various expression plasmids encod-
ing Siah-1L, Siah-1, or Siah-1ARING or empty vector (CTR)
for 12h, followed by treatment with DOX. After 48h, the
GFP-positive cells were counted using a Zeiss AxioVert200
{Zeiss, Hallbergmoos, Germany). The histogram is presented
as the average+s.d. of three independent experiments,
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Background & Aims: Mutations In Jagged1, a Notch li-
gand, cause Alagille syndrome (AGS), a disorder charac-
terized by a paucity of intrahepatic bile ducts {{[HBD). The
mechanism underlying the contribution of the Notch
signaling pathway to IHBD formation, however, remains
unknown. Here we investigated the role of Notch signal-
ing in IHBD development, Methods: The expression pat-
terns of Jaggedl, Notch2, and Hes1 during mouse liver
development were analyzed by semiquantitative re-
verse-transcription polymerase chain reaction (RT-PCR),
immunoblot, and immunchistochemistry, The hepato-
cyte maturation level and [HBD development were stud-
ied in Hes1 null mice in comparison with wild-type mice.
The effect of Jaggedl on biliary differentiation was as-
sessed by using an in vitro 2-cell coculture system with
WB-F344 cells, a cell line derived from normal adult rat
liver. Results: Jaggedl was expressed in the portal mes-
enchyme during the neconatal period. During the same
period, Notch2 and Hes1 expression was observed in the
biliary epithelial cells adjacent to the Jagged1-positive
cells. During ducta! ptate remodeling, Notch2 and Hes1l
were up-regulated exclusively in the biliary epithelial
cells that form tubular structures. In contrast, the tubu-
lar formation of IHBD was completely absent in Hesl
null mice. Coculture with Balb3T3 cells stably overex-
pressing Jaggedl induced transactivation of the Hesl
promoter and increased expression of hiliary lineage
markers, such as cytokeratin-19 and +y-glutamyl
transpeptidase, in WB-F344 cells. Conclusions: Our re-
sults suggest that Notch signaling has an important role
in the differentiation of biliary epithelial cells and is
essential for their tubular formation during IHBD devel-
opment.

orch signaling is an evolutionarily conserved mech-
Nanism that regulates the determination of cell fate
during the development of various tissues and organs.!
The Notch family gene encodes large type I transmem-
brane receprors. To date, 4 Notch receptors have been
identified in mammals, Notchl, 2, 3, and 4. Notwch
ligands are also type I transmembrane proteins. Cur-
rently, at least 5 ligands have been idencified, including

Jaggedl, Jagged2, Delta-likel, Delta-like3, and Delta-
liked. Activation of Notch receptors, by binding with
ligands expressed on adjacent cells, leads to proteclytic
release and nuclear translocation of the intracellular do-
main of Notch. The intracellular domain of Notch acts as
a transcriprional acrivator in cooperation with the classic
DNA binding protein RBP-Jk, and activates target
genes such as Herl and Hes5, which have a critical role in
regulating differentiation.

Recently, it was shown that several human diseases are
caused by mutarions in components of the Notch signal-
ing pathway. Mutations in the Jagged! gene are respon-
sible for Alagille syndrome (AGS) (Online Mendelian
Inheritance in Man 11850),2® an autosomal-dominant
disorder characterized by neonatal jaundice and a paucicy
of intrahepatic bile ducts IHBD}.2-% Jagped] mutations
are detected in 60%-~70% of patients with clinically
confirmed AGS,7-1° and a paucity of IHBD has been
identified in 80%-85% of AGS patients.®!! Because
several studies showed that the paucity is progressive
with increasing age, impaired postnatal development of
the bile duct is proposed as a mechanism of diminishing
ITHBD in AGS.%12 These genotypic and phenotypic find-
ings in AGS suggest that Notch signaling has a crucial
role in the human postnatal development of IHBD. On
the other hand, although mice heterozygous for the
Jagged! null mutation did not exhibit any IHBD-defi-
cient phenotypes in the liver,!? it was reported. recently
that mice doubly heterozygous for the Jagged1 null allele
and a Notwh2 hypomorphic allele exhibited abnormalities
similar to those of AGS,'# suggesting that the interaction
berween Jaggedl and Notch2 also is important in mouse
[HBD development.

Abbreviations used In this paper: AGS, Alagille syndrome; DBA,
Dolichos biflorus agglutinin; ED, embryonal day; IHBD, intrahepatic bile
duct; P, postnatal day; PAS, periodic acld Schiff: RT-PCR, reverse-
transcription polymerase chaln reactlon.
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During mammalian liver development, IHBD arise
from the hepatoblasts, which are precursor cells with the
potential to differentiate into eicher hepatocytes or bili-
ary epithelial cells.'®'¢ First, hepatoblasts in contact
with the portal mesenchyme differentiate into biliary
epithelial cells. These cells then form a single cell layer,
called cthe ductal plate, around the portal vein, and then
progressive remodeling of the ductal plate occurs. Short
segments of the ductal plate dilate to form tubulac
structures, which subsequently are incorporated inco che
portal mesenchyme, whereas the nontubular parts of the
ductal plate gradually disappear. Finally, the tubular
structures develop into mature bile ducts in the portal
mesenchyme. Although it has been suggested that epi-
thelial-mesenchymal interactions between biliary epithe-
lial cells and portal mesenchyme are crucial to IHBD
development, their molecular mechanisms are mostly
unknown.!5.1?

In the present scudy, we analyzed the expression pat-
terns of Notch signaling components, especially
Jaggedl, Notch2, and their main downstream molecule,
Hesl, during mouse liver development to elucidate the
role of Notch signaling in IHBD development. Also, by
analyzing the phenotype of Hesl null mice, we investi-
gated the involvement of Notch signaling in IHBD
development. Furthermore, we studied che effect of
Notch signaling on biliary differentiation of liver pre-
cursor cells in vitro.

Materials and Methods
Animals and Tissue Preparation

The liver tissues were prepared from fetal (embryonal
day [ED} 11.5, EDI13.5, ED15.5, and EDI18.5; day of the
discovery of the vaginal plug was defined as ED 0}, postnatal,
and adule {postnaral day [P} 1, P4, P7, P10, P14, P28, and
P56; day of birth was defined as PO) ICR {an outbred Institute
for Cancer Research strain} mice that were purchased from
Japan SLC (Shizuoka, Japan). Hes! mutant mice were obrained
and genotyped as previously reported.'8

Cell Cutture

WB-F344 cells were kindly provided by Dr. J. W.
Grisham (University of Norch Carolina, Chapel Hill, NC).
Cells were culrured in Ham's F12 medium (Invicrogen Cor-
poration, Carlsbad, CA) supplemented with 5% feral bovine
serum. Jaggedl-expressing Balb3T3 cells were kindly pro-
vided by Dr. S. Sakano (Asahi Kasei Corporation, Shizuoka,
Japan). Briefly, Balb3T3 cells were stably transfected with a
full-length human Jaggedl complementary DNA chac is
cloned into pMKITheo expression vecrors,'® After G418 se-
lection (200 pg/mlL), a clone was selected for further studies
and named Balb3T3-Jaggedl, Control cells were Balb3T3
cells that were transfected with empty vectors, selected as
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described earlier, and named Balb3T32-control. These cells
were cultured in Dulbecco’s modified Eagle medium (Nissui,
Tokyo, Japan) supplemented with 10% fecal bovine serum,
L-glucamine (584 pg/mL), and G418 (200 pg/mL).

RNA Extraction and Semiquantitative
Reverse-Transcription Polymerase
Chain Reaction

Total RNA was extracted from whole liver tissues of
mice or from culture cells by using the acid guanidinium-
phenol-chlotoforrn method (Sepasol-RNA1L; Nacalai Tesque,
Kyoto, Japan). A 1-step reverse-transcription polymerase chain
reaction (RT-PCR) method was performed by using a One-
Step RNA PCR Kit (AMV; TaKaRa Biomedicals, Shiga,
Japan) according ro the manufacturer’s directions. The number
of cycles required to reach the midlogarithmic phase of am-
plification was determined for each amplicon, Primer se-
quences were 53'-ATCTGTCCACCTGGCTATGCAG-3" and
5'-ATCACTTCGCAGGTGGTGGTAC-3" (mouse Jaggedl),
5'-TGACTCTATCCCCCGTCGATTC-3' and 5'-ACTGGA-
TGTAACCTGCCCAAGC-3" (mouse Nowch2), 3'-CCAAGC-
TAGAGAAGGCAGACATTC-3" and 5'-TATTTCCCCAAC-
ACGCTCG-3' (mouse Hesl), 5'-GAGAAAAACCGACTGC-
GGAAG-3' and 5'-TGTAGTCCTGGTGCAGGCTCTT-3'
{mouse Hes5), 5'-ACTCACCCCAACCTTCCTGTC-3" and 5'-
CAGCAGTGGCTGATACCAGAG-3' {mouse a-fetoprotein),
5'-CATGACACCATGCCTGCTGAT-3' and 5'-CTCTGAT-
CTTCAGGAAGTGTAC-3' (mouse albumin), 5'-TCGATC-
CTAAGCACACTGAGG-3' and 5'-CGGCTTGTAAGACT-
GTAGC-3' (mouse al-antitrypsin), 5'-GCAGATGCTTCCT-
TCAGACTG-3" and 5'CCACCAGGGCTTTGGAGATC-3'
{mouse dipeptidylpeptidase IV), 5'-TGTGTTCAGTAAGCG-
GCACCT-3¥ and 5'-CCCGAATCTCATTGCCAAAA-3' (mouse
tyrosine aminotransferase}, 5'-AACCCATTGTGAGGCCAG-
AGG-3' and 5'-TACTCATTACACTAGTTIGGTC-3' (mouse
glucose-6-phosphatase), 5'-CGTGGGCCGCCCTAGGCA-
CCA-3' and 5'-TTGGCCTTAGGGTTCAGGGCGG-3'

{mouse B-actin).
Real-Time Quantitative RT-PCR

Real-time RT-PCR amplification and data analysis
were performed using an ABI Prism 7700 Sequence Detector
System (PE Applied Biosystems, Foster City, CA) as described
previously.?® PCR primers and probes for rat albumin (for-
ward, 5 -AGTGTTTCCTGCAGCACAAGG-3"; reverse, 5'-
GCCTCCGGCCTCTGGA-3"; flucrogenic probe, 5'-TGA-
CAACCCCAACCTGCCACCC-3"), rat cyrokeratin-19 (for-
ward, 5'-CAGATCGACAATGCCCGC-3"; reverse, 3'-AG-
GCCCTGTTCTGTCTCAAACT-3'; fluorogenic probe, 5'-
AGAGCTGTGGAGGAGCCCCGTCTT-3", rat y-glutamyl
transpepeidase  (forward, 5'-TGTGGTTCGGGTATGAT-
GTGA-3": reverse, 5'-ATTGGGCAAAAGCTGGTTGT-3';
flucrogenic probe, 5'-TGGCTGCAGATGACTTGCGGACC-
3’y and rat 188 ribosomal RNA (forward, 5'-TAGAGTGT-
TCAAAGCAGGCCC-3"; reverse, 5'-CCAACAAAATAGA-
ACCGCGGT-3', fluorogenic probe, 5'-CGCCTAGATACCG-
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CAGCTAGGAATAATG-3") were designed using the Primer
Express program (PE Applied Biosystems).

Immunoblot Analysis

Immunoblot analysis was performed as described pre-
viously.?! The primary antibodies used in these experiments
were rabbit polyclonal antibody against mouse Hesl (kindly
supplied by Dr. T. Sudo, Toray Industries, Tokyo, Japan; final
dilution, 1:1000)?? and mouse monoclonal antibody against
a-tubulin (Oncogene Research Products, San Diego, CA; final
dilution, 1:3000).

Immunohistochemistry of Liver Tissues

The liver tissues from ICR mice and HerI-deficient mice
were fixed with phosphate-buffered 4% paraformaldehyde, em-
bedded in paraffin, and cut at a thickness of 4 pm. The sections
were dewaxed in xylene and rehydrated through a graded series of
ethanol washes. For detection of Jaggedl protein, the sections
were treated with proteinase K (Dako, Glostrup, Denmark) for
antigen recrieval, then treated with 0.3% H,O, in methanol to
quench endogenous peroxidase activity. Slides were washed and
incubated with a goat polyclonal antibody against Jaggedl (R&D
Systems, Minneapolis, MN) at a final concentration of 1 pg/mL.
After washing, they were incubated with biotinylated anci-goar
immunoglobulin G (IgG; Jackson ImmunoResearch, West
Grove, PA), followed by incubatinn with peroxidase-conjugated
strepravidin (Dako). Staining was visualized using 3,3'-diamino-
benzidine tetrahydrochloride color substrare (Dako) and counter-
stained with Mayer's hematoxylin. For detection of Notch2 and
keratin proteins, rabbit polyclenal antibody against Notch2
(Santa Cruz Biotechnology, Santa Cruz, CA; final dilution, 1:100)
and rabbit polyclonal antibody against bovine keratins (Dako;
final dilution 1:3000) were used, respectively. Antigen retrieval
and endogenous peroxidase blocking were performed as described
earlier, The sections were immunostained using an EnVision+
kit (Dako) according to the manufacturer’s instructions. For de-
tection of Hesl protein, rabbit polyclonal antibody against mouse
Hes1 (final dilution, 1:1000) was used. To release the antigen, the
slides were autoclaved ar 121°C for 10 minutes. The sections then
were immunostained by using an EnVision+ kit as described
earlier.

Dual Immunofluorescence of Liver Tissues

Double immunostaining for Jaggedl and keratin was
performed. The liver sections were prepared as described ear-
lier. The primary antibody combination consisting of the goat
anti-Jaggedl (final concentration, 1 g/mL) and the rabbir
polyclonal antibody against bovine keratins (final dilution,
1:3000) was used. Then primary antibodies were visualized by
using the Alexa Fluor 568 donkey anti-goat IgG conjugare
(red fluorescence; Molecular Probes, Eugene, OR) and Auores-
cein isothiocyanate—conjugated donkey anti-rabbit IgG (Jack-
son ImmunoResearch) on an Axiovert Auorescence microscope
(Carl Zeiss, Jena, Germany).
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Periodic Acid Schiff Staining and Lectin
Histochemistry

The liver sections were prepared as described earlier.
Intracellular glycogen was stained with the periodic acid Schiff
(PAS) staining solution (Muto Pure Chemicals, Tokyo, Japan)
according to the standard protocol.?? For lectin binding, bio-
tinylated Dolichor bifforus agglutinin (Vector Laborartories, Bur-
lingame, CA) was used at a final concentration of 20 pg/mL.
For detection of lectin binding, peroxidase-conjugared strepta-
vidin (Dako) was used.

Immunofluorescence of Culture Cells

Membrane localization of Jaggedl was assessed by indi-
rect immunofluorescence without permeabilization. Balb3T3
Jaggedl or Balb3T3 control cells were fixed with 4% paraformal-
dehyde. Cells were washed and incubated with the goat anti-
Jagged1 antibody (final concencration, 1 fg/mL). After washing,
they were incubated with the Alexa Fluor 568 donkey anti-goat
IgG conjugate (red fluorescence, Molecular Probes) and 4’ .6-
diamidino-2-phenylindole dihydrochloride. After washing, slides
were mounted and viewed with an Axioverr fluorescence micro-

scope (Carl Zeiss).

Transfection and Reporter Assays

Reporter plasmids under the control of the Her! pro-
morer {Hesl-luc),2* were kindly provided by Dr. T. Henjo
(Kyoto University, Kyoto, Japan). WB-F344 cells (1.0 X 10%)
were transfected with Hes! promoter cells by using the Fu-
GENEG transfection reagent (Roche, Indianapolis, IN} accord-
ing to the manufacturer’s protocol. After 12 hours, no cells,
1.0 X 10° Balb3T3 control cells, or 1.0 X 10* Balb3T3
Jaggedl cells were added and cocultured in WB-F344 me-
dium. To evaluate the possibility of the presence of a soluble
factor as a mediator of Hes! promater activation, 2 cells were
cocultured with or without separation using a rranswell mem-
brane (Cell Culture Insert; Becton Dickinson, Franklin Lakes,
NJ). After 24 hours of cocultivation, the reporter assay was
performed as deseribed previously.s

Differentiation Assay

WB-F344 cells (3.0 X 10% were plated on a 10-cm
diameter plate. After 12 hours, 3.0 X 10% Balb3T3 control
cells or 3.0 X 10° Balb3T3 Jaggedl cells were added and
cocultured in WB-F344 medium. After 3 days of cocultiva-
tion, total messenger RNA (mRNA) was extracted and zna-
lyzed for the expression of albumin, cytokeratin-19, or y-glu-
tamyl cranspeptidase by real-time quanritative RT-PCR.

Results

Jagged1 Expression in the Portal
Mesenchyme in the Neonatal Period

First, we analyzed the mRNA expression of
a-fetoprotein, albumin, al-antitrypsin, and Jaggedl
in total RNA extracted from fetal, neonartal, and adult
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mouse liver by semiquantitative RT-PCR. a-fetopro-
tein (a marker of immature hepatocytes), albumin (a
marker for immature to mature hepatocytes), and al-
antitrypsin {(a marker of mature hepatocytes) mRNAs
were detected in the expected patterns, suggesting
that these serial RN A samples reflected period-specific
characreristics (Figure 1A4). Under these conditions,
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although Jagged! mRNA was detected cthroughout the
entire period from fecus to adul, its concentration was
highest in the neonatal period (P1, P7; Figure 1A).
The localization of Jaggedl protein in this period {P7)
was analyzed by immunchistochemistry. Jaggedl pro-
tein was detected in the porral veins, hepartic arrteries,
and periportal connective tissue, but not in the central
veins, hepatocytes, or bile ducts (Figure 1B). Similar
to Jagged] mRNA expression, Jaggedl protein expres-
sion increased during the late feral (ED18.3) to neo-
natal (P7) period (Figure 1C). Furcher, dual immuno-
fluorescence staining for Jaggedl and keratin in this
period revealed prominent Jaggedl-expressing cells
adjacent to the biliary epithelial cells, which were
developing into IHBD (Figure 1D). Thus, Jaggedl
was expressed predominantly in the portal mesen-
chyme of the neonatal liver such as portal veins,
hepatic arteries, and periportal connective tissue, ad-
jacent to the developing IHBD.

Notch2 Expression in the Biliary Epithelial
Cells That Form Tubular Structures

Notch2 expression then was analyzed by semi-
quantitative RT-PCR and immunohistochemisery. Al-
though Nosch2 mRNA was detected during the entire
period from fetus to adulr, its expression was highest
in the neonatal period, similar to_Jagged (Figure 2A).
In the immunohistochemical analysis, similar to
Notch? mRNA expression, Notch? protein was not
observed in fetal liver, but was detected in biliary
epithelial cells in the portal area of neonatal and adult
livers (Figure 2B). Importantly, Notch2 proctein was
present only in the biliary epithelial cells that form
tubular structures during the remodeling process of
the ductal plate, and was absent in the nontubular pare
of the ductal plate (P1; Figure 2B, ¢, d). Thus, during

P

Figure 1. Jaggedl was expressed in the portal mesenchyme adjacent
to the developing IHBD in necnatal liver, {A) Jaggedl mRNA expres-
sion in the liver by semigquantitative RT-PCR. Jaggedl mRNA was
increased at P1 and P7. AFP, a-fetoprotein; o1-AT, al-antitrypsin. {8)
Jagged1 protein distribution by immunohistochemistry at P7. Jaggedl
protein was expressed in the portal mesenchyme such as portal
veins, hepatic arteries, and periportal connective tissue, but notin the
central veins, hepatocytes, or bile ducts. The outlined area in (a} is
magnified in (b). {C) Jaggedl protein expression of portal mesen-
chyme during liver development by immunohistochemistry. Strong
staining was observed at ED18.5 and P7 (arrows). {D) Dual immuno-
fluorescence for Jaggedl (red) and keratin (a biliary specific marker,
green) at ED18.5 (a) and P7 (b). (&) and (b} are serial liver sections to
(C, by and (C, c), respectively. Jagged1 protein in the portal mesen-
chyme was predominantly observed adjacent to the biliary epithelial
cells during the [HBD development. 8D, bile duct; CT, connective
tissue; CV, central vein; HA, hepatic artery; PV, portal vein.
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Figure 2. Notch2 was expressed in the biliary epithelial cells that
form tubular structures. (A) Notch2 mRNA expression in the liver by
semiquantitative RT-PCR. Notch2 mRNA concentration was increased
at P1 and P7. {8) Notch2 protein expression and its distribution by
immunohistochemistry during liver development (a, c, e, g). Adjacent
sections were immunostained with keratin {b, d, f, h, respectively).
Notch2 protein was present exclusively in the biliary epithelial cells
that form tubular structures (arrows) after birth, although it was
absent in the nontubular part of the ductal plate (arrowheads). BD,
bile duct; PV, portal vein.

mouse liver development, Notch2 was produced in the
tube-forming biliary epichelial cells, and cthese
Notrch2-expressing cells were localized adjacent to the
Jaggedl-expressing cells in the neonatal period. These
observations strongly suggest that the Jaggedl-
expressing porral mesenchyme interacts with Notch2-
expressing biliary epithelial cells and affects their
development.
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Hes1 Expression in the Notch2-Expressing
Biliary Epithelial Cells

Next, we examined the expression of Hesl and
Hes5, the major downstream molecules of Notch sig-
naling. In contrast to Hes5 mRNA expression detected
mainly in the late fetal period, Hes7 mRNA expression
was increased in the neonatal period similar to Jagged!
and Notch2 (Figure 3A). These results suggest chat
Hes!, but not Hes5, has a role as a downstream Notch
signaling gene in neonatal mouse liver. We then
investigated Hesl protein expression during mouse
liver development by Western blotting. Hes! protein
concentrations increased during the neonatal period
(Figure 3B), confirming the RT-PCR dara. Immuno-
histochemical study revealed that, similar to Jagged]
and Notch2 proteins, Hesl protein was detected in the
portal area of neonatal liver (Figure 3C). Furthermore,
similar to Notch2 protein distribution, Hesl protein
was present exclusively in the biliary epithelial cells
that form tubular structures, but not in the nontubu-
lar part of the ductal plate (Figure 3C, ¢, d, e, f). In
short, Hesl protein was detected in the nuclei of
Notch2-expressing biliary epithelial cells. These ob-
servations suggested that, in the portal area of neona-
tal mouse liver, the Notch2-expressing biliary epithe-
lial cells were activated by Jaggedl and expressed
Hesl.

Hepatocyte Differentiation Was Not
Impaired in Hes1 Null Mice

To clarify the role of Hesl activation in IHBD
development further, we analyzed the phenotype of
HesI null mice liver. Mice homozygous for the Hesl
null mutation died perinatally, and mice heterozygous
for the HesI null mutation did not exhibit any phe-
notypes in the liver. We then analyzed the liver of
newbotn (P0O) homozygous mutant mice. Firse, we
analyzed hepatocyte differentiation of Hes null mice,
Morphologically, the hepatocytes of Hesl null mice
were indistinguishable from those of wild-type mice
(H&E staining, data not shown). At a late gestation or
perinatal stage, differentiated hepatocytes began to
express genes of metabolic enzymes, including «l-
antitrypsin, dipeptidylpeptidase IV, tyrosine transam-
inase, and glucose-6-phosphatase in wild-type mice
(Figure 4A), and there was no difference in the gene
expressions becween Hes! null mice and wild-type
mice at PO (Figure 44). On the other hand, hepato-
cytes were PAS-positive at the perinatal stage in wild-
type mice (Figure 4B, a—d). At PO, there was also no
difference in the PAS staining leve! between Hes! null
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mice and wild-type mice (Figure 4B, e, f). Thus, the
hepatocyte differentiation of Hes! null mice was not
impaired, at least during the newborn period.
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IHBD Development Was Impaired in Hesl1
Nul{ Mice

Nexrt, we analyzed IHBD development of Hes!
nul! mice. In wild-type mice, the periportal hepato-
blasts starced to express keratin at ED13.5. At
ED15.5, the biliary epithelial cells began to form the
ductal plate; however, these immature biliary epithe-
lial cells did not bind with Dolichos biflorus agglutinin
(DBA), a bile duct—specific lectin (Figure 54, a, €}. At
ED18.5, ductal plate remodeling scarted to form a
tubular structure in a part of the ducral plate (Figure
SA, ), and during this period, these biliary epithelial
cells began to bind with DBA (Figure 5A, b). In the
neonatal period, the remodeling further progressed to
mature the tubular structures and the nontubular part
of the ductal plate was eliminated (Figure 54, ¢, g).
Finally, the rubular structures developed into mature
bile ducts (Figure 5A, d, h). On the other hand, in
Hes1 null mice, the ductal plate formation occurred,
consisting of keratin-positive (Figure 58, f—h) and
DBA-bound (Figutre 3A, i, j) biliary epithelial cells.
Remarkably, alchough there were tubular structures
in a part of the ductal plate in wild-type mice at PO
(Figure 58, a—d), no such tubular structures were
observed in the Hesl null mice (Figure 5B, e—h).
Taken together, in the IHBD development of Hesl
null mice, although there were no abnormalities in the
differentiation of hepatoblasts to biliary epichelial
cells, ductal plate formation, and acquisition of the
binding ability with DBA, subsequent tubular forma-
tion during ductal plate remodeling was blocked com-
pletely. These results suggested that Hesl activation
in the developing biliary epithelial cells is essential for
their tubular formation. This IHBD phenotype of
HesI null mice is very similar to that of mutant mice
doubly heterozygous for Jaggedl and Notch2 4

Figure 3. Hes1 was expressed in the biliary epithelial cells that form
tubultar structures during ductal plate remodeling. (4) Hes1 mRNA and
Hes5 mRNA expressions in the liver by semiquantitative RT-PCR. In
contrast to Hes5 mRNA detected in the late fetal period, the Hesl
mRNA ¢oncentration was increased at P1 and P7. (B} Hesl protein
expression in the liver by Western blotting. Hes1 protein also in-
creased after birth. (C) Hesl protein expression and its distribution by
immunohistochemistry during liver development (a, ¢, e, g, i}. Adja-
cent sections were immunostained with keratin (b, d, f, h, j, respec-
tively). Has1 protein was observed exclusively in the biliary epithelial
cells that form tubutar structures during the ductal plate remodeling
between ED18.5 and P10 (arrows), whereas it was absent in the
nontubular part of the ductal plate (arrowheads). BD, bite duct; PV,
portal vein.
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Figure 4. Hepatocyte differentiation was not impaired in Hes1 null
mice. {A) The mRNA expression of metabolic enzymes such as al-
antitrypsin, dipeptidylpeptidase IV, tyrosine transaminase, and glu-
cose-6-phosphatase in wild-type mice and Hesi null mice by semi-
quantitative RT-PCR. In wild-type mice, hepatocytes started to express
mRNAs of these enzymes during the perinatal period. Compared with
wild-type mice, equal amounts of mRNAs were expressed in Hes1 null
mice at PO. (B) PAS staining in wild-type mice and Hes1 null mice. In
wildtype mice, hepatocytes began to be stained with PAS solution
during the perinatal period (a—d). At PQ, there was no difference in the
PAS staining level between Hes1 null mice and wild-type mice (e, f).

Jaggedl Promoted the Biliary
Differentiation of WB-F344 Cells

An in vitro 2-cell coculture assay system was used
to clarify the role of Notch signaling in the differentia-
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tion of biliary epithelial cells. The WB-F344 cell line,
derived from normal adult rac liver,25 is considered to be
a culeure counterpart of bipotential liver precursor cells
that can differentiate into both hepatocyte and biliary
lineages.?-2° After we confirmed the expression of
Notch2 on WB-F344 cells (data not shown), we inves-
tigated the effect of Jaggedl in WB-F344 cells by co-
culture with Jaggedl-expressing Balb3T3 cells.

First, we confirmed that Jaggedl protein was ex-
pressed only on the membrane of Jagpedl-transfecred
Balb3T3 cells (Balb3T3 Jaggedl), but not on concrol
cells (Balb3T3 concrol) (Figure 6A), Then we examined
whether Notch signaling in WB-F344 cells is activated
by coculture with Balb3T3 Jaggedl cells. WB-F344
cells were transfected with the luciferase reporter plasmid
under the control of the Hes! promoter, and cocultured
with eicher Balb3T3 control or Balb3T3 Jagged! cells.
The Hesl promoter was activated when cocultured with
Balb3T3 Jaggedl cells, but not with Balb3T3 control
cells (Figure 6B, left). This transacrivation was not ob-
served when the 2 cells were separated by a transwell
membrane (Figure 6B, right), suggesting that Notch
signaling activation in WB-F344 cells is dependent on
contact with Balb3T3 Jaggedl cells and was not medi-
ated by a soluble factor from Balb3T3 cells. Hesl protein
also was up-regulated only when cocultured in contact
with Balb3T3 Jaggedl cells (Figure 6C).

After culturing WB-F344 cells for 3 days either with
Balb3T3 control or Balb3T3 Jaggedl cells, the expres-
sion of several hepatocyte or biliary lineage marker genes
was analyzed by real-time quanritative RT-PCR. When
WB-F344 cells were cocultured with Balb3T3 Jagged!
cells, expression of albumin mRNA, a hepatocyte lineage
marker, was decreased compared with that of Balb3T3
control cells (Figure 6D, left). By contrast, WB-F344
cells exhibited a several-fold increase in mRNA expres-
sion of biliary lineage markers such as cytokeratin-19 and
¥-glutamyl transpeptidase by coculture with Balb3T3
Jaggedl cells as compared with Balb3T3 conrrol cells
(Figure 6D, middle, right). Thus, Jaggedl-acrivared
Norch signaling in WB-F344 cells promotes their biliary
differentiation and inhibics their differentiation toward
heparocytes.

Discussion

Since Jaggedl was identified as the gene responsi-
ble for AGS in 1997, it has been thought that Notch
signaling has an important role in IHBD development.
Previous genetic and pathologic studies on AGS indicate
that the bile duct paucity in AGS is caused by impaired
postnaral development of IHBDD. To date, however, it is
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Figure 5. {HBD development was impaired in Hes1 null mice. (A) DBA binding of biliary epithelial cells in wild-type and Hes1 null mice. DBA
staining was performed serlally in wild-type mice fiver sections (a-d). Adjacent sections were immunostained with keratin (e-h, respectively). In
wild-type mice, biliary epithelial cells were able to bind with DBA at the perinatal period (b, c). The DBA binding of biliary epithelial cells was not
different between Hes1 null and wild-type mice at PO (i, j). (B} 1HBD development in Hes1 null mice in comparison with wild-type mice at PO. Hes1
protein was immunostained in HesI*/* (a) or Hes1-/* mice {e). IHBD development was analyzed by keratin immunohistochemistry in Hes1+/*
{b-~d) or Hes1~/~ mice (f-h). {b) and {f) were serial sections to (a} and (e), respectively. The outlined area in {c) and (g} is magnified in (d) and
(h), respectively. There were tubular structures {arrows) that expressed Hes1 protein in a part of the ductal plate in wild-type mice (a~d), whereas
in Hes1 null mice, no such tubular structures were observed, although there was the ductal plate formation {arrowheads) {e—h). BD, bile duct;

PV, portal vein.

not known which lineage cells in the liver express
Jaggedl and Notch, when and where they interact with
each other, and what the precise role for Notch signaling
is in THBD development. The present scudy showed that
the Notch signaling pathway, consisting of Jaggedl,
Notch2, and Hesl, is activated by che inreraction be-
tween the periportal mesenchyme and biliary epithelial
cells in the neonartal liver.

Findings in mice heterozygous for the Jagged] muta-
tion'? and mice doubly heterozygous for the Jagged! and
Notch? mutation' suggest chat interactions berween
Jagged] and Notch2 have an important role in mouse
IHBD development. Thus, we analyzed the expression
and distribution patterns of Jaggedl and Notch2 during
liver development. Although there have been several
studies on Jagged] expression in the liver, these results
are scill in controversy.'™3¢-3 Jn our present study,
consistent with the reports by Jones et al,*! Crosnier et
al,?2 or McCright et al,'* Jaggedl was expressed only in
poreal vein and hepatic arcery, bue neither in ducral plate
nor bile duct cells throughout the entire period from

fetus to adult. Furthermore, as previously reported,®
Jaggedl was present not only in the endothelial cells of
portal veins and hepatic arteries, but also in the arterial
smooth muscle cells and periportal connective tissues. In
addition, during liver development, Jaggedl expression
in the portal mesenchyme becomes most remarkable in
the neonatal period, suggesting that Jagged1 is function-
ing in this period. On the other hand, there have been
few studies of Notch2 expression in the liver.t434:3¢ In
the present study, Notch2 was expressed in the develop-
ing biliary epithelial cells in the portal area after birth.
This resulc is consistent with the previous report by
Nijjar et al’¢ showing that Notch2 is expressed in adult
human bile ducts. Alchough McCright et al'? failed to
find Notch2 in bile ducts, they proposed that at least
some of the Notch2-expressing cells were biliary lineage
cells. It should be emphasized that in our study, Notch2-
expressing biliary epithelial cells were observed predom-
inantly in the vicinicy of Jagged1-expressing portal mes-
enchyme. Previous in vitro studies showed that Jaggedl
physically interacts with Notch2 and activates the tran




December 2004

A Balb3T3 - control

Hest - luc

[ ] ~

L]

«

Relative luciferase activity
n -~

--

0
wB-Fasq
Balb3T3-control
Balb3T3-Jaggedt

C

g

7

Hest

a-tubulin

WB-F344
Balb3T3-controt

Balb3T3-Jaggod1

D

12
1.0
0.8
0.6

04

Relative expression

0.2
00
WB-F344

Balb3T3-control
Balb3T3-Jagged1

++

In contact

Albumin

CK 19

separated

T-GTT

19,

1.00 6T5

+ +
+
+

L )

o

1.00 874

+ +
+
+

in contact

in contact

in contact

NOTCH SIGNALING IN IHBD DEVELOPMENT 1783

scription of their downstream genes.*”-* Thus, our data
strongly suggest that, in the neonatal liver, Jaggedl in
the portal mesenchyme interacts with Notch2 in the
developing biliary epithelial cells adjacent to Jaggedl-
expressing mesenchyme. To confirm chis, we analyzed
the expression of Hes1, a major downstream molecule of
Notch signaling. Sumazaki et al® recently showed that
Hesl is expressed in che extrahepatic biliary epithelium
and is essential for its development. Here, we show that
Hesl is expressed in the Notch2-expressing biliary epi-
thelial cells in the liver, suggesting activation of the
Notch signaling in the developing biliary epithelial cells.
Thus, it appears that Jagged1-Notch2 interactions in the
neonatal portal area activate Hesl in the developing
biliary epithelial cells and influence their differentiation.
This mode! is supported by the findings that the IHBD
phenotype of Hes! null mice is very similar to thar of
mice doubly hecerozygous for the Jaggedl and Norch2
mutation.!?

What is the precise tole of Notch signaling activation
in biliary epithelial cell development? As stated earlier,
mammalian IHBD development can be divided into
several stages: lineage commirment stage from hepato-
blast to biliary epithelial cells, ductal plate formation
stage, ductal plate remodeling stage, and bile duct mat-
uration stage. In our study, Notch? and Hesl were
detected in the neonatal biliary epithelial cells during

Figure 6. Jaggedl induced Notch signaling activation in WB-F344
cells and promoted their biliary differentiation. (4) Membrane localiza-
tion of Jaggedl by immunofluorescence in the cell lines. Jaggedl
protein (red) was expressed strongly only in Balb3T3 Jaggedl cells.
Nuclear staining of cells was performed using 4',6-diamidino-2-phe-
nylindole dihydrochloride (blue), (B) Hes1 promoter transactivation in
WB-F344 cells by Jaggedl. WB-F344 cells were transfected tran-
siently with Hes1 reporter plasmid. Twelve hours later, either no cells,
Balb3T3 control cells, or Balb3T3 Jaggedl cells were added. Two
cells were cocultured in contact with each other (without a transwell
membrane between the 2 cells, left panel) or separated {(with a
transwell membrane, right panel) from each other, Luciferase activa-
tion represents the ratio between individual luciferase activity and the
activity measured with the reporter plasmid alone. The data are
means * SE from 3 independent experiments. Hes1 promoter was
activated in WB-F344 cells only when cocultured in contact with
Balb3T3 jaggedl cells. (C) Hes1 protein production in WB-F344 cells
by Jaggedl. Two-cell coculture was performed as described earlier.
Hes1 protein was produced only when cocultured in contact with
Balb3T3 Japgedl cells. (D) Hepatocyte or biliary differentiation of
\WB-F344 cells by Jaggedl assessed by real-time quantitative RT-PCR.
WB-F344 cells were cocultured in contact with Balb3T3 Jaggedl cells
or Balb3T3 control cells for 3 days. All expression levels are normal-
ized to the 185 ribosomal RNA levels and represent the ratio between
coculture with Balb3T3 Jaggedl cells and Balb3T3 control cells, The
data are means = SE from 3 independent experiments. Compared
with control, Jaggedl decreased albumin expression. n contrast,
Jagged1 induced the expression of biliary lineage markers such as
cytokeratin-19 and y-glutamyl transpeptidase.
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ducral plate remodeling to the bile duct maturation
stage. Interestingly, both Notch2 and Hes1 were present
exclusively in the biliary epithelial cells thar form tubu-
lar scructures, but absent in the nontubular part of the
ductal plate. This report shows the difference between
the tubular part and nontubular part of the ductal plate.
Moreover, these resulcs strongly suggest that Notch sig-
naling acrivation in the biliary epithelial cells is an
important faccor in tubular formation and maruration,
namely ductal plate remodeling. In fact, similar to the
mice doubly heterozygous for the Jaggedl and Notch2
mutation reported by McCright et al,'Y no patent bile
ducts or tubular structures consisting of biliary epithelial
cells were present in the liver of HesI null mice, although
their biliary commitment or ductal plate formation were
not impaired.

In this study, we further supported our in vive find-
ings by using the in vitro 2-cell coculture assay system.
We showed that Jaggedl-expressing fibroblasts activated
Notch signaling and induced biliary differentiation in
WB-F344 cells, and this differentiation was observed
only when WB-F344 cells were in contact with Jagged1-
expressing cells. Although we failed to induce bile duct
formation in vitro, these experiments mimicked biliary
epithelial cell differentiation by contacting the porral
mesenchyme. These findings further suggested that
Notch signaling activation induced by mesenchymal
Jaggedl has an imporeant role in biliary epithelial cell
diffetentiation.

Similar to our observations, it has been reported that
in humans the ductal plate remodeling and bile duct
maturation also progress in the late fetal to neonatal
period.4%4! Thus, our present data are consistent with the
idea that, in AGS, insufficient activation of Notch sig-
naling in the biliaty epithelial cells owing ro Jaggedl
mutation is a principal cause of impaired ductal plate
remodeling and subsequent impaired postnatal THBD
development. In this regard, HesI null mice appear to be
a good model for AGS in their IHBD phenotype. Besides
paucity of IHBD, AGS patients exhibit other features
such as eye abnormalities, vertebral anomalies, congeni-
tal heare defects, kidney abnormalities, and a characrer-
istic facial appearance. Among them, phenotypes of liver,
eye, hearr, and kidney were reproduced in mice doubly
heterozygous for the Jaggedl and Noteh2 muration.’¥ In
Hes! null mice, in addition to our present findings of
impaired IHBD development, the eye abnormalities have
been shown previously.4243 In contrast, it was reported
that these mutant mice do not display vertebral de-
feces 844 Furchermore, although we intensively investi-
gated the HesI null mice in this study, no abnormalities
were found in their heart, kidney, and craniofacial de-
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velopment (data not shown). Consequently, the pheno-
types of the mice doubly heterozygous for the Jaggedl
and Notch2 mutation were reproduced only in liver and
eye of HesI null mice. These findings suggest that Hesl
plays a crucial role as the downstream target for Jaggedl
and Notch2, especially in liver and eye development.
Although the precise reason for the phenotypic difference
between Hes! null mice and mice doubly heterozygous
for the JaggedI and Nezch2 mutation is unclear at present,
it is possible that in the heart and kidney of Hes! null
mice, the deficiency of Hesl is compensated by some
other carget genes of Notch signaling pathway such as
Hey genes, that recently were reported to be essential for
cardiovascular development®-47 and to be expressed in
the developing kidney.48

In summary, our data show that Notch signaling is
activated through epithelial-mesenchymal interactions
during THBD development, and is essential for the con-
trol of ducral plate remodeling and bile duct maturarion.
Besides AGS, various congenital diseases of IHBD have
been considered to originate from abnormalities in ductal
plate remodeling, so-called ductal plate malforma-
tion.*>3¢ Furthermore, recent studies suggested the pos-
sible contribution of Notch signaling to biliary defects in
adult human diseased liver.3-36 Thus, further studies are
required to clarify the precise role of Notch signaling not
only in IHBD development but also in the pathogenesis
of various congenital ot acquired biliary diseases.
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Abstract

Hepatitis C virus (HCV) is one of the major causative agents of liver diseases, such as liver inflammation, fibrosis, cirrhosis, and
hepatocellular carcinoma. Using an efficient HCV subgenomic replicon system, we demonstrate that transforming growth factor-beta (TGF-i3)
suppresses viral RNA replication and protein expression from the HCV replicon. We further show that the anti-virat effect of this cytokine is
associated with cellular growth arrest in a manner dependent on Smad signaling, not mitogen-activated protein kinase (MAPK) signaling.
These results suggest a novel insight into the mechanisms of liver diseases caused by HCV.

© 2004 Elsevier Inc. All rights reserved,
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Introduction

Hepatitis C virus (HCV), a member of the Flaviviridae
family, is an enveloped virus with a positive single-stranded
9.6-kb RNA genome (Murphy et al., 1995). The virus has
been identified as the major causative agent of non-A, non-
B hepatitis (Choo et al., 1989) that persistently infects
severa] millions of people throughout the world. Although
acute phase HCV infection is asymptomatic in most cases,
the virus frequently establishes a persistent infection. This
condition is associated with serious clinical diseases,
including chronic hepatitis and liver fibrosis, which can
lead to liver cirrhosis and eventually hepatocellular carci-
norma (Goodman and Ishak, 1995).

Despite the clinical significance, molecular investigation
of the virus has been hampered due to the lack of celt culture
systems that efficiently support HCV replication. In 1999,
the establishment of an HCV subgenomic replicon cell
culture system (Lohmann et al, 1999) improved the
situation. The subgenomic replicon RNA is composed of
the HCV 5-untranslated region (UTR) containing an

* Corresponding author. Fax; +81 75 751 3998.
E-mail address: kshimoto{@virus kyoto-v.ac jp (K. Shimotohno),
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internal ribosomal entry site (IRES), a neomycin phospho-
transferase (neo) gene, the HCV nonstructural (NS) proteins
3 through 5B under the control of an encephalomyocarditis
virus (EMCV) IRES, followed by the HCV 3-UTR. The
neo gene is expressed under the control of the HCV IRES,
and thereby, gives the resistance to the cells in which
replicon RNA exists. Instead of the neo gene, the luciferase
gene can be used as a marker. Using the liciferase gene is
beneficial in that it offers easy, speedy, and reliable
detection. As the RNA replicates autonomously in cultured
cells, this replicon system provides a unique tool for the
analysis of the molecular mechanisms of HCV replication
and the screening of anti-HCV compounds.

Transforming growth factor-beta (TGF-B) promotes the
development of liver fibrosis and cirthosis (Gressner et al.,
2002); serum cytokine levels are associated with the severity
of liver fibrosis in patients with chronic HCV (Nelson et al.,
1997; Neuman et al., 2001; Tsushima et al., 1999). As high
levels of TGF-B expression correlate with chronic hepatitis
and cirrhosis (Calabrese et al., 2003; Shirai et al., 1994),
cytokine serum concentrations serve as useful serologic
markers for hepatitis, cirrhosis, and carcinoma (Song et al.,
2002). Despite accumulating clinical observations, the direct
effect of TGF- on HCV replication remains unknown.
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Molecular biclogical analyses have revealed that the
cytokine is a multifunctional cytokine that regulates multi-
ple biological functions, including cellular growth inhib-
ition, extracellular matrix (ECM) formation, apoptosis, and
cell differentiation (reviewed in Derynck and Zhang, 2003;
Miyazono et al., 2000). Following receptor ligation, the
activation of receptor-regulated Smad (R-Smad, Smad2, and
Smad3) enhances complex formation with the common-
mediator Smad (Co-Smad, Smad4). These complexes
translocate to the nucleus, where they directly regulate the
transcription of various target genes. TGF-f receptor
ligation also activates members of the mitogen-activated
protein kinase (MAPK) family, including p38 MAPK, c-Jun
N-terminal kinase (JNK}, and extracellular signal-regulated
kinase (ERK).

In this study, we demonstrate that TGF-f inhibits HCV
RNA replication and viral protein expression using a HCV
subgenomic replicon system. The anti-viral effect of TGF-B
was associated with growth arrest of cells and the activation
of Smad, not MAPK, signaling, Our results provide insight
into the mechanisms of liver disease pathogenesis caused by
HCV.

Results

Construction of a highly efficient and sensitive replicon
system :

Although we had previously developed subgenomic HCV
replicon cell lines (Kishine et al., 2002), we desired a highly
efficient replicon system to study the molecular mechanisms
of HCV replication. Among the G418-resistant subgenomic
replicon cell lines, we identified a replicon cell clone (MH14)
in which the vira]l RNA levels were higher than those in other
replicon cells (Miyanari et al., 2003). The amount of replicon
RNA present in MH14 cells was approximately five times
greater than that present in typical MHS replicon cells (Fig.
1B). The production of NS5 A protein in MH14 cells was also
greater (Fig. 1C), suggesting efficient replication of the viral
RNA. Sequence analysis of replicon RNA in the MH14 cells
revealed two point mutations; S2204R, the replacement of the
Ser residue at position 2204 with Arg, and a silent mutation
L1882L in the NS4B coding region, which did not encode an
amino acid substitution, The S2204R mutation corresponded
to a previously reported adaptive mutation in NSSA
(Lohmann et al., 2003). At least two forms of NS5A, p56
(basally phosphorylated form), and p58 (hyper-phosphory-
lated form), have been reported. Residue Ser-2204 is
important for hyper-phosphorylation of the protein (Tanji et
al., 1995). As expected, only the basally phosphorylated p56
form was detected and hyper-phosphorylated p58 was
missing in the MHI4 cells, while MHS5 cells, which do not
carry a mutation at the sequences liable for the hyper-
phosphorylation, produce both the p56 and p58 forms of
NSSA (Fig. 10).

To test permissiveness of MH14 cells for HCV repli-
cation, cells were cured of the HCV replicon RNA by
prolonged treatment with IFN-«,resulting in the curedMH14
line (Figs. 1B, C). MHS5 replicon cells were treated with
IFN-a in parallel, for use as controls. To examine
permissiveness, cured cells were transfected with replicon
RNAs in which the firefly luciferase gene was inserted (Fig.
IA). We, here, used luciferase gene as a marker since it is
more convenient and has the sensitivity for better quanti-
tation. Cells were harvested at various time points after
transfection and cellular luciferase activities were measured
subsequently (Figs. 1D-F). Luciferase activity in transfected
cells reflects the replication of the replicon RNA. Polymer-
ase-defective RNA replicon constructs, in which the
catalytic GDD motif of the NS5B polymerase was
substituted to the inactive GHD motif, were used as negative
controls. When cells were transfected with the prototype NN
replicon RNA, luciferase activity decreased rapidly 3 to 5
days after transfection (Figs. 1D-F, NN). Use of the MH14
RNA, which is identical to the prototype NN RNA with the
exception of the L.1882L, and $2204R. mutations, resuited in
higher luciferase activities (Figs. 1D-F, MH14) than those
observed in cells transfected with the NN RNA. For the
curedMH 14 cells, Iuciferase activity did not decrease (Fig.
IF, MHHi4), but increased, peaking 3 to 5 days after
transfection, suggesting highly efficient replication,

We also tested the effect of the mutations and cured cell
lines on G418-resistance transduction efficiencies (not
shown) and confirmed that the numbers of G418-resistant
colonies exhibited a similar trend as seen for the luciferase
activities described above.

These results suggest that the curedMHI14 cells were
highly permissive for replication of RNA containing the
adaptive mutations.

Furthermore, when curedMH14 cells were transfected
with the highest efficiency replicon RNA, high luciferase
activity persisted for greater than ! month (data not shown)
in the absence of selection.

Suppression of HCV replicon with luciferase by TGF-8

As we have constructed a highly efficient and sensitive
replicon system using a luciferase reporter and curedMH14
cells, we used this system to screen anti-HCV compounds.
Treatment for 3 days with IFN-«, IL-18, or cyclosporin A
reduced the observed luciferase activities to 3.8%, 9.5%, or
3.4% of control levels, respectively (Fig, 2A). As all three
treatments have been reported to repress HCV replicon
(Blight et al., 2000; Watashi et al., 2003; Zhu and Lin,
2003), the system is an effective method to screen for
potential anti-HCV drugs. We also observed the suppressive
effect of TGF-§ on luciferase activity (Fig. 2A). While
treatment with 2 ng/ml TGF-B (Fig. 2B, open circle) for 35
h had little effect on luciferase activity, enzymatic activity
decreased to 11%, 12%, 10% that of the mock-treated cells
(black circle) at 48, 60, and 72 h, respectively. To examine




