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BACKGROUND & AIMS: Carbamoyl phosphate syn-
thetase-I (CPS1) is a key enzyme in the urea cycle and
patients with defects in the function or expression of CPS1
suffer from hyperammonemia. CPS1 is expressed in the
liver at neonatal and adult stages in a CCAAT enhancer-
binding protein-alpha (C/EBPa)-dependent manner. De-
spite expression of C/EBPa, CPS1 is not expressed in fetal
liver, indicating an additional factor is involved in the reg-
ulation of CPS1 expression. The aim of this study was to
elucidate the mechanism of CPS1 expression. METHODS:
Microarray was performed to find Y-box binding protein-1
(YB-1) that was expressed in mouse fetal liver. The role of
YB-1 in CPS1 expression was investigated by overexpression
of YB-1 in mouse fetal liver culture and luciferase reporter
assays using the CPS1 promoter. Chromatin immunopre-
cipitation assay was used to examine recruitment of YB-1 to
the CPS1 promoter in vivo. RESULTS: Expression of YB-1
and CPS1 was inversely correlated in vivo, and YB-1 inhib-
ited CPS1 expression and ammonia clearance in fetal liver
culture. Although YB-1 was not expressed in adult liver,
acute liver injury up-regulated YB-1 and down-regulated
CPS1, accompanying an increase of the serum ammonia
level. YB-1 inhibited C/EBPa-induced transcription from
the CPS1 promoter via the Y-box near the C/EBPa-binding
site. Chromatin immunoprecipitation assays demonstrated
that YB-1 was recruited to the CPS1 promoter in fetal and
injured adult liver, but not in normal adult liver. CONCLU-
SIONS: YB-1 is a key regulator of ammonia detoxifica-
tion by negatively regulating CPS1 expression via sup-
pression of C/EBPu« function.

he liver functions as a major hematopoietic organ in

the fetus and acquires various merabolic functions
during perinatal and neonatal stages. Among numerous
liver functions in adult, ammonia detoxification is essen-
tial for life and excess ammonia in the body can be fatal.
The nervous system is particularly sensitive to excessive
ammonia and impaired clearance of ammonia is a major
cause of hepatic encephalopathy.’? A majority of the
excess ammonia in mammals is converted into urea via
the urea cycle, also known as the ornithine cycle, in the
liver. Urea is then excreted by the kidneys. Glutamine

synthetase (GS) also contributes to the metabolism of
ammonia by converting it to glutamine. The urea cycle
includes 5 major enzymes: carbamoylphosphate syn-
thetase-I (CPS1), ornithine transcarbamylase, arginino-
succinate synthetase, argininosuccinate lyase, and argi-
nase. CPS1 catalyzes the first and rate-limiting step of the
urea cycle, the formation of carbamoyl phosphate from
ammonia and bicarbonate. It has been well established
that defects in the function or expression of CPS1 causes
hyperammonemia, which can result in brain damage and
even death.2? CPS1-deficient mice die soon after birth
with overwhelming hyperammonemia.* These observa-
tions indicate that regulation of CPS1 expression is cru-
cial for ammonia detoxification.

Analysis of the CPS1 promoter using hepatoma cell
lines revealed that there are several cis regulatory elements
required for the maximum promoter activity: a GAGA
box at around —53 bp, a CCAAT enhancer-binding pro-
tein-alpha (C/EBP«) protein binding sequence at around
—110 bp, and a glucocorticoid-response element (GRE)
at around —95 bp. In addition to the promoter region,
there is an enhancer region at —6.3kb from the transcrip-
tion starting site, which contains C/EBP protein binding
sites, GRE, FoxA/HNF3 binding sites, and cyclic AMP-
response elements (see Figure 3A4).5-7 The —6.3 kb-distal
enhancer region was suggested to interact with the prox-
imal promoter by a glucocorticoid receptor (GR) ho-
modimer that binds both regions via GREs and to induce
CPS1 transcription® C/EBPo-deficient mice lack CPS1
expression and exhibit hyperammonemia,® indicating
that C/EBPu is essential for CPS1 expression. During
liver development, CPS1 is expressed at the neonatal

Abbreviations used in this paper: CPS1, carbamoy! phosphate syn-
thetase-l; C/EBPa, CCAAT enhancer-binding protein-alpha; CCly, car-
bon tetrachloride; ChIP, chromatin immunoprecipitation; Dlk, Delta-
like protein; EGFP, enhanced green fluorescent protein; G6Pase,
glucose-6-phosphatase; GS, glutamine synthetase; GR, glucocorticoid
receptor; GRE, glucocorticoid-response element; GS, glutamine syn-
thetase; HCC, human hepatocellular carcinoma; MDR1, multidrug re-
sistant 1; PEPCK, phosphoenolpyruvate carboxykinase; TAT, tyrosine
aminotransferase; YB-1, Y-box binding protein-1.
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stage; C/EBPa as well as other positive regulators—GR,
HNF3—are expressed in the fetal liver. Thus, an addi-
tional factor is suggested to be involved in the regulation
of CPS1 expression.

By microarray analysis of mouse hepatocytes at differ-
ent developmental stages, we found that Y-box binding
protein-1 (YB-1) was highly expressed in fetal liver and
was down-regulated along with development. Because
YB-1 expression was inversely correlated with CPS1 ex-
pression during development, in this study, we examined
the role of YB-1 in CPS1 expression. YB-1 is a multifunc-
tional DNA/RNA binding protein belonging to the cold
shock domain family, which is widely distributed from
bacteria to mammals.!® YB-1 is a transcription factor
recognizing the cis-regulatory element, Y-box, defined as a
reverse CCAAT box or ATTGG.!! YB-1 is also an RNA-
binding protein involved in the splicing, transport, and
translation of mRNA and is implicated in DNA re-
pair.1213 Y-box is present in the promoter of many genes
such as the multidrug-resistant 1 (MDRI), major histo-
compatibility complex class II, epidermal growth factor
receptor, DNA polymerase, thymidine kinase, and topo-
isomerase II genes. YB-1 promotes proliferation of tumor
cells, such as breast, ovarian, lung, and prostate cancers,
and up-regulates the expression of MDR1.1* YB-1 is also
considered as a tumor marker of human hepatocellular
carcinoma (HCC).!5 In an inflamed liver, it suppresses the
formation of collagen and modulates fibrosis.'¢ The liver
in YB-1-deficient mice is small and the mutant mice die
soon after birth.!7 These results suggest that YB-1 plays
an important role in the liver. However, its function
during liver development and in adults remains elusive.
Because YB-1 expression was inversely correlated with
CPS1 expression, we investigated role of YB-1 in CPS1
expression and revealed that YB-1 represses CPS1 expres-
sion and plays a critical role in the metabolism of am-
monia in developing hepatocytes as well as acute hyper-
ammonemia in mouse adult liver.

Materials and Methods
Mice, Cells, and Cell Culture

C57BL/6 mice (Nihon SLC, Hamamatsu, Japan)
were used for all the experiments under Guidelines of the
University of Tokyo for Animal Care. 293T and
HepG2 cells and BOSC23 cells were cultured in Dul-
becco’s modified Eagle’s medium (Invitrogen, Carlsbad,
CA) containing 10% fetal calf serum and 50 pg/ml of
gentamycin. Mouse fetal liver cells were cultured as re-
ported.'® Hepatic progenitor cells proliferating on lami-
nin cells were cultured as reported.t®

Microarray Analysis

Mouse hepatoblasts were isolated from E12.5 and
E17.5 fetal liver using anti-mouse Delta-like protein
(Dlk) monoclonal antibody according to a previous re-
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port'® and dissolved in Trizol reagent. The ¢cDNA sam-
ples synthesized from total RNA were used for a mic-
roarray analysis with the mouse GEM2 microarray.
Microarray data can be assessed by the following link:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=
fdilvegmiwowqvy&acc=GSE13363.

Luciferase Reporter Assay

Transfection was performed using Lipofectamine
plus reagent, according to the manufacturer’s instruc-
tions (Invitrogen). The luciferase assay was performed
according to the manufacturer’s instructions (Promega,
Madison, WI). Each experiment was performed in tripli-
cate. All experiments using 293T and HepG2 cells were
performed with at least three different cell preparations.

Plasmids and Antibodies

Mouse C/EBPa ¢DNA was cloned by polymerase
chain reaction into a pcDNA3 vector (Invitrogen) based
on the reported sequence.2%?! YB-1 and GR ¢cDNAs were
inserted into pcDNA3 (Invitrogen). A retroviral vector for
YB-1 expression was constructed using the plasmid
pMZXIG. The proximal region (—600 to +10) and distal-
proximal region (—6.3 kb element; 451 bps)® were in-
serted into pGL4-luc vector (Promega). The distal ele-
ment (—6.3 kb element; 451 bps) was connected to the
proximal region as shown in Figure 3C and cloned into
pGL4-luc (Figure 3B, C). Antibodies used in this study
were: anti-C/EBPa (14AA; Santa Cruz Biotech, Santa
Cruz, CS), anti-YB1 (ab12148; Abcam, Cambridge, MA),
anti-CPS1 (E-20, Santa Cruz Biotech), and anti-actin (I-
19, Santa Cruz Biotech).

Northern and Western Blotting

As described previously,?' Northern and Western
blottings were performed. Total RNA from E14.5, E17.5,
neonatal, and adult mouse livers (4 and 8 weeks old), and
also from cultured cells was extracted by using Trizol
solution (Invitrogen) and then analyzed by Northern
blotting. Livers from E14.5, E17.5, neonatal, and adult
mice (4 and 8 weeks old) were homogenized and lysed.
Protein samples were subjected to sodium dodecyl sul-
fate-PAGE, and immunoblotted using antibodies against
YB-1, CPS1, or C/EBPa.

Retroviral Infection

Retroviral vectors were transfected into BOSC23
cells by lipofection and the viral particles were harvested
after 2 days. The particles were collected by centrifuga-
tion at 6000 g for 16 hours at 4°C and pellets were
resuspended in fetal hepatocyte culture medium. Fetal
hepatocytes grown in 6-well plates for 2 days after plating
were incubated with the viral suspension. After 2 days,
the culture medium was changed to a virus-free fetal
hepatocyte culture medium.
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Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChIP) assay
was performed with a kit (Upstate), and also described
previously.?! Polymerase chain reaction was performed
with the following primers:

CPS1: sense (-300), S'-TGCATTATTAGCAAGGTACT-
GCCC-3'; anti-sense {-50), 5'-TTCCTTAGCCCCTC-
CTCCCAAGCTG-3'".

B-Actin: sense (-75), S'-GTTCCGAAAGTTGCCTTTT-
ATG-3'; anti-sense (+252), 5'-ATGTGGCTGCAAAG-
AGTCTACA-3',

Mouse Liver Injury by CCly and
Acetaminophen

Liver injury was induced by an IP injection at a
dose of 500 mg/kg body weight acetaminophen dissolved
in phosphate-buffered saline (Sigma, St Louis, MO) or a
20% (v/v) solution of CCl, (Wako Pure Chemicals, Osaka,
Japan) in corn oil at a dose of 7 uL/g body weight.22

Ammonia and Urea Levels

To examine the cellular activity to clear ammonia
and produce urea, fetal hepatocytes were loaded with 2
mmol/L NH,Cl at day 7 after plating and further incu-
bated for 0-72 hours.2* Concentrations of ammonia in
culture media were measured by the modified indophe-
nol method using a commercial kit (Ammonia-Test
Wako; Wako Pure Chemical Industries). Concentrations
of urea were measured by a urea assay kit (Quantichom
Urea assay kit; BioAssay systems, Hayward, CA). The

Table 1. Genes Highly Expressed in E12.5 Hepatoblasts
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blood of CCl,-treated mice was drawn and analyzed with
the same kit.

Results

Gene Expression Profiles of Mouse
Hepatoblasts/Immature Hepatocytes
During Development

Mouse hepatoblasts emerging at E8.5 from the
foregut endoderm proliferate vigorously and differentiate
to hepatocytes and biliary epithelial cells.?* To find genes
important for hepatocyte differentiation during develop-
ment, we compared gene expression profiles of mouse
hepatoblasts/immature hepatocytes at E12.5 and E17.5.
Because DIk, also known as Pref-1, is expressed in hepa-
toblasts/immature hepatocytes,'” we performed a mi-
croarray analysis of the Dlk* cells isolated from livers at
E12.5 and E17.5. Consistent with the high proliferative
potential of hepatoblasts in the early stages, cyclins D1,
D2, and E were highly expressed in E12.5 hepatoblasts
(Table 1). Among the top 30 genes preferentially ex-
pressed in E12.5 hepatoblasts, there were several tran-
scription factors such as HMGA1, CITED, FoxMI,
GATAG, and YB-1. In this study, we have focused on
YB-1.

Northern blot analysis revealed that YB-1 was highly
expressed in E14.5 liver, but its expression was signifi-
cantly down-regulated at E17.5 and was absent in adulc
liver. Consistent with a report that cyclin A expression
was regulated by YB-1,2° cyclin A was also highly ex-

No. Gene name Accession no. No. Gene name Accession no.
1 Midkine Al325764 19 Y box protein 1 AA450785
2 High mobility group AT-hook 1 AAO67083 20 Serum response factor AA415341
3 Cbp/p300-interacting transactivator with AA709508 21 Teratocarcinoma expressed, serine rich AA116831

Glu/Asp-rich carboxy-terminal

domain 1 22 Small inducible cytokine B Al158236
4 Cyclin D1 AA117547 subfamily (Cys-X-Cys),
5 Cyclin D2 AAB79568 member 10
6 Cyclin E AA437868 23 Cyclin F Al326604
7 Dickkopf homolog 3 AA073904 24 Stromal cell derived factor 1 AAO66069
8 Nik related kinase Al225895 25 Epidermal growth factor- AW210333
9 TEA domain family member 2 AAG17316 containing fibulin-like

10 Forkhead box M1 AW519587 extracellular matrix protein 2

i1 Tcra enhancer-binding factor AAA37646 26 Ras-GTPase-activating protein AAG17613

interacting protein 1 (GAP) SH3-domain-binding

12 Transmembrane 4 superfamily AA437557 protein 2

member 6 27 Transforming, acidic coiled-coil AA190123

13 Cysteine rich protein 61 AA466852 containing protein 3

14 Integral membrane protein 2 AA387218 28 EphA4 Al325333

15 Cyclin-dependent kinase 4 Al892404 29 Enhancer of zeste homolog 2 AA445767

16 GATA-6 AA536899 30 NPC derived proline rich protein 1 AA791966

17 Pleiotrophin Al047160

18 CDk2-associated protein 1 AAG38778

Dik+ hepatoblasts were isolated from E12.5 and E17.5 fetal liver using AutoMACS. Gene expression analysis was performed using a Mouse

GEM2 microarray.
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pressed in E14.5 liver, but was diminished at E17.5. In
contrast, C/EBPa was constitutively expressed from
E14.5 to adulthood, and the expression of CPS1 and GS
was up-regulated at the neonaral stage (Figure 14). West-
ern blotting also confirmed that YB-1 protein was present
in E14.5 and E17.5 liver, but not in neonatal liver, and 2
C/EBPa isoforms were expressed constitutively (Figure
1B). CPS1 was expressed from neonatal liver (Figure 1B).
Alchough YB-1 mRNA expression was significantly down-
regulated at E17.5, YB-1 protein was still detected ac this
stage, suggesting that YB-1 protein is stable in mouse
hepatoblasts.
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YB-1 Inhibits Expression of CPS1

To reveal the role of YB-1 in the maturation of
hepatocytes, we took advantage of a primary culture
system, in which fetal hepatocytes can be induced to
differentiate by oncostatin M.'¥ In this culture system,
many metabolic enzymes such as CPSI1, tyrosine amino-
transferase (TAT), and glucose-6-phosphatase (G6Pase)
were undetectable for the first 3 days and were detected at
day 7 after plating (Figure 1C and D). By contrast, YB-1
mRNA and protein were present for the first 3 days and
diminished at 7 days after plating, whereas C/EBP«a was
constitutively expressed during the culture period (Figure
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1C and D). The results are consistent with YB-1 expres-
sion during liver development in vivo (Figure 1A); that is,
YB-1 expression is strong in immature liver, but is weak
in adult liver.

To investigate the role of YB-1 protein in the matura-
tion of hepatocytes, we overexpressed YB-1 in cultured
mouse fetal liver cells using a retroviral vector encoding
both YB-1 and enhanced green fluorescent protein
(EGFP) proteins. The efficiency of the infection was esti-
mated to be about 65% based on an analysis of EGFP
expression by flow cytometry. In the control culture, fetal
hepatocytes differentiated, as shown by the morphology
of mature hepatocytes and expression of liver enzymes
such as TAT, G6Pase, and CPS1. In the cultures infected
with the YB-1-encoded retrovirus, the expression of a
YB-1 target gene, cyclin A was up-regulated (Figure 24).
Although the morphology of the hepatocytes (data not
shown) and expression of TAT and G6Pase were similar
to those in the control culture (Figure 2A), CPS1 expres-
sion was severely inhibited. In contrast with CPS1, a key
enzyme for the urea cycle, expression of GS, which also
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Figure 2. The effect of YB-1 on CPS1 expression and ammonia clear-
ance in mouse fetal liver cells. (4) YB-1 was expressed using a retroviral
system in the fetal liver culture. The levels of mBNA of CPS1, cyclin A,
G6Pase, TAT, GS, YB-1, and GAPDH at 7 days after the infection were
examined by Northern blot analysis. (8) The ammonia and urea produc-
tion levels in the culture medium of fetal fiver culture. The medium was
changed to the one containing ammonia 3 days after the retroviral
infection and the ammonia and urea levels were determined at different
time points as indicated. Because serum in the culture medium con-
tained urea, the data shown are urea produced during culture, that is,
the serum urea level was subtracted from the amount of urea measured
in the cultured media. The ability of the cells overexpressing YB-1 to
metabolize ammonia was less than that of control cells. Error bars
represent + standard deviations. *P < .05.
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contributes to ammonia clearance to a limited extent,
was not affected by YB-1. In addition, YB-1 did not
change the gene expression of other enzymes in the urea
cycle such as ornithine transcarbamylase, argininosucci-
nate synthetase, argininosuccinate lyase, or arginase (data
not shown). Besides, knockdown of YB-1 expression by
small interfering RNA up-regulated CPS1 expression in a
hepatoblast cell line (Supplementary Figure 1). These
results indicated that expression of CPS1 and YB-1 was
inversely correlated in vitro as well as in vivo (Figure 1),
suggesting that YB-1 is a negative regulator of CPSI
expression. By contrast, the expression of cyclin A was
up-regulated by YB-1 (Figure 24).

Inverse Correlation Between YB-1 Expression
and Ammonia Clearance

CPS1 is a key enzyme involved in ammonia de-
toxification in mammals. To investigate whether YB-1
regulates ammonia levels, we evaluated the ability of
hepatocytes to metabolize ammonia in the primary cul-
ture of E14.5 liver cells infected with a retrovirus en-
coding YB-1. After 7 days of culture, the medium was
replaced with ammonia-containing medium and the
ammonia concentration was measured. Ammonia-con-
taining medium did not affect viability, gene expression,
or morphology of the cultured cells (Supplementary Fig-
ure 2). The ammonia levels were higher in the culture
medium infected with YB-1-encoded virus than the con-
trol culcure (Figure 2B), consistent with the CPS1 expres-
sion. In contrast with ammonia levels, urea production in
the culture infected with virus carrying YB-1 ¢cDNA was
lower than the control culture (Figure 2B). These results
indicate that CPS1 expression modulated by YB-1 is crit-
ical for ammonia clearance and urea production.

YB-1 Inhibits C/EBPa-Mediated CPS1
Transcription

To further investigate the role of YB-1 in CPS1
expression, a luciferase reporter assay was used to deter-
mine whether or not YB-1 affected transcription from the
mouse CPS1 promoter. Previous studies on the CPS1
promoter identified 2 regions important for CPS1 ex-
pression, namely, the distal —6.3-kb enhancer and the pro-
ximal promoter (Figure 34).626 First, we cloned the
promoter region of the CPS1 gene covering 600 nucleoti-
des from the transcription starting site, and inserted it
into the pGL4 luciferase reporter vector, pGL4-CPS1
(proximal)-Luc (Figure 3B, upper scheme). Because CPS1
expression requires C/EBPa and there is a C/EBPu rec-
ognition site in the promoter fragment,?s we examined
the effect of C/EBP« on CPS1 transcription. Although
luciferase was not expressed by transfection of the re-
porter construct with the CPS1 promoter alone, co-trans-
fection of the C/EBPa expression vector dramatically
induced the expression of luciferase from the CPS1 pro-
moter in 293T or HepG2 cells (Figure 3B; Supplementary
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Figure 3A). We then co-expressed YB-1 and found that
C/EBPa-induced expression of luciferase was severely in-
hibited by YB-1 in a dose-dependent manner (Figure 3B;
Supplementary Figure 34).

It was reported that the CPS1 promoter was activated
by the distal —6.3-kb enhancer (distal). The enhancer was
suggested to interact with the promoter by a GR-GR
homodimer that binds the GRE sites in both regions
(Figure 3A).2 To investigate whether YB-1 also affects the
—6.3-kb (distal) enhancer, we constructed pGL4-CPS1
(distal-proximal)-Luc, which contained both distal and
proximal regions (Figure 3C).# GR is an essential factor
for CPS1 expression and it, in fact, induced the transcrip-
tion form pGL4-CPS1 (distal-proximal)-Luc in the pres-
ence of Dex. However, GR failed to do so from pGL4-
CPS1 (proximal)-Luc (Figure 3B). C/EBPa induced
transcription from pGL4-CPS1 (distal-proximal)-Luc
stronger than GR (Figure 3C) and co-expression of GR

and C/EBPa synergistically enhanced the transcription.
Furthermore, YB-1 suppressed the transcription by either
GR or C/EBPw alone and also by co-expression of GR and
C/EBP« (Figure 3C; Supplementary Figure 3A). These
results confirmed the previous results that the distal and
proximal regions cooperatively induced CPS1 expression
and indicated that YB-1 is a negative regulator of CPS1
expression.

YB-1 is known to bind the Y-box sequence, namely,
inverted CCAAT, to regulate gene expression.!! We found
one inverted CCAAT sequence, ATTGG, at —90 in the
CPS1 promoter (Figure 4A), which was only 10 nucleo-
tides from the C/EBP« recognition site, GTTGCAATTT-
GTAT (Figure 44).2¢ Therefore, we considered the possi-
bility that YB-1 binds to this site and inhibits the
transcriptional activation of CPS1 by C/EBPa. We exam-
ined whether this Y-box is responsible for the suppres-
sion of C/EBPa-induced CPS1 transcription by mutating
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Figure 4. Suppression of transcription from the CPS1 promoter via Y-box site. (A) Nucleotide sequence of the promoter region of the CPS1 gene.
There is an inverted CCAAT sequence at position —80 from the transcription start site of the CPS1 promoter and the C/EBPa binding site is between

—104 and —117. The Y-box was mutated to (Y-box mutant 1} an

d TCTCT (Y-box mutant 2). (B) C/EBP«a and pGL4-CPS1 {proximal)-Luc

plasmids were co-transfected into 293T cells with either CPS1 (proximal)-Luc (WT), Y-box mutant 1-Luc {mut1), or Y-box mutant 2-Luc (mut2) and
luciferase activity was measured 48 hours later. (C) Wild-type, mut1, or mut2 was transfected with C/EBP« and YB-1 expression vectors as indicated
and luciferase activity was measured 48 hours later. Data shown are normalized by Renifla luciferase activity and are mean values + standard

deviations. A representative experiment performed in triplicate is shown.

the inverted CCAAT to TTTTT or TCTCT. These mutant
promoters were still capable of expressing luciferase in a
C/BBPa-dependent manner (Figure 4B); however, YB-1
failed to repress C/EBPa-dependent transcription from
these 2 mutated promoters (Figure 4D). Roles of C/EBP«
(—104) and YB-1 (—90) recognition sites in CPS1 gene
enhancer were also tested by mutation analysis. Disrup-
tion of the C/EBPa site reduced the promoter activity,
whereas the Y-box mutation rather enhanced the pro-
moter activity in HepG2 cells (Supplementary Figure 3B).
These results clearly indicated that the suppression of
CPS1 promoter activity by YB-1 is mediated by the Y-box
in the promoter.

YB-1 Is Recruited to the CPS1 Promoter in
Fetal Liver

We examined if the YB-1 protein binds to the
CPS1 promoter in E14.5 liver in vivo using ChIP assays.
From E14.5 liver samples, anti-YB-1 antibody immuno-
precipitated the target fragment, whereas it failed to do
so in normal adult liver (Figure 5). By contrast, anti-C/
EBPa antibody immunoprecipitated the target fragment
from E14.5 as well as adult liver samples (Figure 5). These
results indicate that YB-1 binds in vivo to the CPS1
promoter in fetal but not in normal adult liver.

YB-1 in Acute Hepatitis

Detoxification of ammonia is an essential liver func-
tion.?” Because hyperammonemia is associated with liver
injury, we examined the expression of CPS1 and YB-1 dur-
ing acute liver injury induced by the administration of
carbon tetrachloride (CCL,). The serum ammonia level be-
gan to increase 24 hours after the administration of CCl,,
reached a peak at 48 hours, and then gradually declined to
the basal level (Figure 6B). In contrast, the serum urea level
was decreased at 48 hours after CCl, injection (Figure 6B).
Northern blot analysis showed that the CPS1 mRNA level
was transiently, but significantly, decreased in the liver at 24
hours after the CCly injection. By contrast, the YB-1 and
cyclin A mRNA levels were increased after the injection
(Figure 6A, left panel). Protein levels of YB-1 and CPS1 were
also inversely correlated (Figure 64, right panel). The expres-
sion of C/EBP« was not changed significantly during this
stage (Figure 6A4). Moreover, ChIP assays showed that anti-
YB-1 antibody precipitated the CPS1 promoter fragment in
injured liver, but not in normal adult liver (Figure 6C).
These results together indicate that YB-1 is recruited to the
CPS1 promoter and regulates the metabolism of ammonia
in injured liver.

As another model of liver injury, we employed acet-
aminophen-induced acute liver injury, in which CPS1
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Figure 5. Recruitment of YB-1 in liver. Recruitment of C/EBP« and
YB-1 to the target DNA demonstrated by chromatin immunoprecipita-
tion assays. The association of C/EBP« and YB-1 with the endogenous
CPS1 promoter (—300~ —50) was detected by chromatin immunopre-
cipitation assays as described in Materials and Methods. The B-actin
promoter fragment (—75~+252) failed to recruit C/EBPa and YB-1,
indicating specific recruitment of these proteins to the CPS1 promoter.

activity is inhibited and concomitantly acute hyperam-
monemia is induced.?8 We found that the administration
of acetaminophen up-regulated YB-1 expression and
down-regulated CPS1 expression (Figure 6D). These re-
sules indicace that YB-1 expression is inversely correlated
with CPS1 expression in adult mouse liver,

A

YB-1 DOWN-REGULATES CPS1 EXPRESSION 337

Discussion

YB-1 contains a cold shock domain that binds
DNA and has been shown to regulate the expression of
many genes, including the cyclin A, cyclin B, and MDR1
genes.252? YB-1 is highly expressed in fetal liver, injured
liver (Figures 1A and B; and 6A and D), and also in
HCC!5; however, the role of YB-1 in the liver remained
unclear. This study reveals a previously unrecognized
important function of YB-1 for ammonia detoxification
in mice. YB-1 expression was evident in the liver at
E14.5, and declined along with liver maturation.
Forced expression of YB-1 in fetal liver cells resulted in
suppression of CPS1 expression. YB-1 bound to a Y-
box in the CPS1 promoter, down-regulating the tran-
scriptional activity induced by C/EBPa. Moreover,
CCls-induced liver injury up-regulated YB-1 expres-
sion, accompanying the suppression of CPS1 and in-
crease of serum ammonia and decrease of urea concen-
tration. ChIP assays showed that YB-1 bound to the
CPS1 promoter in feral and CCly-injured livers, but not
in normal adult liver in mice. Based on these results,
we conclude that YB-1 is a negative regulator of CPS1
transcription,

B
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Figure 6. Expression and recruitment of YB-1 in CCly-impaired liver. (A) Expression of mRNA and protein in CCls-induced liver injury, CCls was
injected into the peritoneum of mice. RNA and protein were prepared from livers at different time points after the injection. The RNA and protein levels
were determined by Northern and Western blot analyses. The level of YB-1 was increased at 24 hours after CCl4 treatment, whereas the expression
of CPS1 RNA decreased to an undetectable level at the same time point. The CPS1 protein level began to decrease at 24 hours after CCly treatment.
(B) The concentration of ammonia in serum was measured. The level began to rise from 24 hours after CCl, treatment, and reached a peak at 48
hours. The concentration of serum urea was measured. The level reached the lowest point at 48 hours. Error bars represent + standard deviations.
N = 4-6,*P < .003; #P < .002. (C) Recruitment of C/EBPa and YB-1 to the target DNA demonstrated by chromatin immunoprecipitation assays.
(D) Acetaminophen was injected into the peritoneum of mice and RNA was prepared from liver at different time points after the injection. RNA levels

were determined by Northern blot analysis.
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YB-1 Regulates CPS1 Expression

CPS1 is a key enzyme for the urea cycle and
CPS1-deficient mice die with hyperammonemia.* A defi-
ciency of CPS1 in humans also causes hyperammonemia
that results in complications including developmental
delay and mental retardation.! Thus, CPS1 is essential for
ammonia detoxification and its expression requires
C/EBPa.® CPS1 is not expressed in fetal liver and its
expression requires C/EBP« in neonatal liver. Previous
studies showed that CPS1 is regulated by several tran-
scription factors, such as C/EBPa, HNF3, and GR.%2¢ The
distal —6.3-kb enhancer and the proximal promoter of
the CPSI gene are important for CPS1 expression. The
GRE site is present in each region and has been consid-
ered to bridge the 2 regions via the GR-GR interaction®
Consistently with the previous studies we show that the
—6.3-kb enhancer increases promoter activity induced by
C/EBPa. This study has revealed that a Y-box is present
only 10 nucleotides from the C/EBP-binding site in the
CPS1 promoter and partially overlaps with the GRE (Fig-
ure 4A). Mutation analysis showed that the inhibition of
C/EBPa-dependent luciferase expression by YB-1 was in
fact mediated by this Y-box (Figure 4B; Supplementary
Figure 3B). The Y-box we identified is consistent with the
repressive element I in the CPS1 promoter, which was
previously found in rat hepatoma cells.?® YB-1 inhibits
transcription from pGL4-CPS1 (proximal)-Luc as well as
pGL4-CPS1 (distal-proximal)-Luc, indicating that YB-1
suppresses the cooperative transcription activation by
C/EBPa and GR as well as C/EBP« alone. ChIP assays
also indicated that YB-1 binds to the CPS1 promoter in
both mouse fetal liver and regenerating liver damaged by
administration of CCl,, but not in normal adult liver
(Figure 6C). These results strongly suggest that YB-1
physically interferes with the formation of transcription
complex, which contains the transcription factors on the
promoter and the distal enhancer.

The expression patterns of several metabolic genes,
such as CPS1, phosphoenolpyruvate carboxykinase
(PEPCK), TAT, and G6Pase during development, are very
similar; in fact, their expression requires C/EBPa. How-
ever, each gene seems to be regulated by an additional
mechanism. Expression of TAT and G6Pase also requires
C/EBP« and putative Y-box sites are present in their S’
untranslated regions; however, their expression was not
affected by YB-1 (Figure 24). Because their Y-boxes are far
from the C/EBPa binding site in their promoters, the
distance between the YB-1 and C/EBP« binding sites may
be an important factor for YB-1 to inhibit C/EBPa func-
tion. In the case of PEPCK and G6Pase, their expression
is also cooperatively regulated by C/EBPa and Foxol, a
target of insulin signaling.?! Posttranslational modifica-
tions of the liver enriched transcription factors also affect
the gene expression, such as SUMOylation of C/EBPa, is

" also considered to suppress TAT promoter transcrip-
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tional activity>® Thus, in addition to C/EBP«, several
distinct mechanisms are involved in expression of meta-
bolic genes during development.

Role of YB-1 in Liver Development and

Injury

Immature hepatocytes proliferate vigorously in
fetal liver and differentiate into mature hepatocytes
around the time of birth. YB-1 is expressed in fetal liver
and HCC, indicating a positive correlation between YB-1
expression and cell proliferation.!s17:32 We showed that
YB-1 and cyclin A were highly expressed in E14.5 mouse
liver and disappeared with differentiation (Figure 1A).
Although a weak signal for YB-1 mRNA was detected
even after birth, YB-1 protein was not detected in normal
adult liver by Western blotting (Figure 1B), suggesting
there to be posttranscriptional or posttransiational reg-
ulation of YB-1 in the adult liver. The absence of YB-1
protein in normal liver is also supported by the ChIP
assays. YB-1 was not expressed in adult liver, but was
re-expressed in regenerating liver injured by the admin-
istration of CCl, or acetaminophen (Figure 64 and D).

The expression of YB-1 was shown to be up-regulated

by e-Myc in cancer cells,?* consistent with the co-expres-
sion of ¢-Myc and YB-1 in fetal hepatocytes and also
HCC.3* In CCly-injured liver, c-Myc expression is also
up-regulated at an early phase3® Thus, YB-1 may be
involved in the network of c-Myc-mediated signaling in
liver. YB-1 was also shown to increase the expression of
PTPI1B, a protein tyrosine phosphatase, to regulate sig-
naling pathways triggered by cytokines, growth factors,
and hormones. The expression of antisense YB-1 in Rarl
cells enhanced gpl30-mediated signaling,3¢ suggesting
YB-1 to play a role in the suppression of gp130-mediated
signaling. Because gp130 is important for the expression

Fetal liver Adult liver
©
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@ /
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Figure 7. Role of YB-1 in CPS1 expression and ammonia detoxifica-
tion. YB-1 is highly expressed in fetal liver and down-regulated along
with differentiation, whereas C/EBP« is constitutively expressed. YB-1
is absent in normal adult liver, but is expressed in injured liver. In con-
trast, CPS1 is absent in fetal liver and expressed in normal liver. CPST
expression is down-regulated in injured liver, accompanying hyperam-
monemia.
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of liver functions,’® the shutdown of YB-1 expression in
the liver late in gestation may be necessary for gp130-
mediated expression of various metabolic functions at
the perinatal and postnatal stages. Taken together, these
results strongly implicate YB-1 in the proliferation and
also maturation of hepatocytes.

In conclusion, this study reveals that YB-1 regulates
ammonia metabolism by modulating transcription of the
CPS1 gene and solves a puzzle on CPS1 expression; al-
though C/EBPu is essential for the CPS1 expression and is
constitutively expressed in the liver throughout its develop-
ment, CPS1 is not expressed in fetal liver (Figure 7).

Supplementary Data

Note: To access the supplementary material
accompanying this article visit the online version of
Gastroenterology at www.gastrojournal.org and at doi:
10.1053/j.gastro.2009.02.064.
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In injured livers where hepatocyte growth is severely limited, facultative hepatic stem/progenitor
cells, termed oval cells in rodents, are known to emerge and contribute to the regeneration process.
Here, we investigated a possible involvement of Wnt signaling during mouse oval cell response and
found significant upregulation of several Wnt genes including Wnt7a, Wnt7b, and Wnt10a. Accord-
ingly, increase of p-catenin protein was observed in oval cell compartments. Pharmacological acti-
vation of the canonical Wnt/p-catenin signaling induced proliferation of cultured hepatic stem/

progenitor cell lines. These results together implicate the role of Wnt/$-catenin signaling in adult
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1. Introduction

The liver possesses a unique and remarkable capacity to regen-
erate upon various injuries, such as those caused by partial hepa-
tectomy or toxic insults. The liver regeneration can usually be
achieved by proliferation of the differentiated postmitotic hepato-
cytes that remain intact, without necessitating an involvement of
stem/progenitor cell populations [1]. However, under the severe
and/or chronic liver damage conditions where hepatocyte prolifer-
ation is suppressed, the facultative stem/progenitor cells are
known to emerge and contribute to the regeneration process.
Those stem/progenitor cells, referred to as oval cells in rodents,
are characterized by their potentials to proliferate as well as to dif-
ferentiate into both hepatocytes and cholangiocytes, the two epi-
thelial lineages in the liver [2-5]. Despite of their functional
relevance in the liver pathophysiology being implicated, the nature
and the regulatory mechanisms of the adult hepatic stem/progen-
itor cells still remain largely unclear.

The Wnt family of secreted factors plays multiple critical roles
in regulation of various aspects of liver biology. The Wnt ligands
can activate multiple signaling pathways in their target cells,
among which the canonical pathway mediated by p-catenin is

* Corresponding author. Fax: +81 3 5841 8475.
E-mail address: itohru@iam.u-tokyo.ac.jp (T. ltoh).
! Present address: Pharmacology Research Labs., Drug Discovery Research, Astellas
Pharma Inc., 21 Miyukigaoka, Tsukuba-shi, Ibaraki 305-8585, Japan.

the best characterized and also highly relevant in stem cell regula-
tion. In the canonical pathway, binding of Wnts to the receptor
Frizzled (Fzd) inhibits the kinase GSK3p that normally phosphory-
lates and primes destruction of the cytoplasmic B-catenin in the
absence of ligands, thereby leading to stabilization of the p-catenin
proteins, which in turn translocate into the nucleus and mediate
transcriptional activation of target genes by forming a complex
with the DNA-binding factor TCF/LEF {6,7]. In addition to its role
in adult hepatocytes, including liver zonation and hepatic carcino-
genesis, the relationship of Wnt/B-catenin signaling with fetal liver
stem/progenitor cells in particular have been extensively studied
to date and established critical roles of this signaling pathway in
controlling proliferation, differentiation, and self-renewal of these
cells (reviewed in [8], and references therein; [9]). Recently, activa-
tion and possible functional involvement of the Wnt/p-catenin
pathway in adult liver stem/progenitor cells have also been impli-
cated by two groups using rodent models of oval cell induction
[10,11]. However, detailed time course of its activation with refer-
ence to the kinetics of the stem/progenitor cell response was not
clarified. Moreover, direct effect of the pathway activation on the
adult stem/progenitor cell biology has so far been tested using only
one particular cell line.

In this study, we also explored a possible involvement of Wnt/p-
catenin signaling in regulation of adult hepatic stem/progenitor
cells by employing a mouse oval cell induction model, where
administration of the hepatotoxin 3,5-dietoxycarbonyl-1,4-dihy-
dro-collidine (DDC) causes severe chronic liver injury and stimu-
lates emergence and massive proliferation of oval cells [12].

0014-5793/$34.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods
2.1. Antibodies and reagents

Polyclonal rabbit anti-CK19 antibody was raised as previously
described [13]. Polyclonal rabbit anti-B-catenin antibody and
monoclonal mouse anti-B-catenin antibody were obtained from
SIGMA and BD Transduction Laboratories, respectively. The GSK3p
inhibitor 6-bromoindirubin-3’-oxime (BIO) [14] was kindly syn-
thesized and provided by Drs. Aya Tanatani and Yuichi Hashimoto
(IMCB, The University of Tokyo). The inactive analog 1-methyl-BIO
(MeBIO, or GSK-3 inhibitor XIV; Calbiochem) was used as a nega-
tive control.

2.2. Mice and oval cell induction

C57BL/6 mice were purchased from CLEA Japan, Inc. (Tokyo, ja-
pan) and maintained under a standard SPF condition. All animal
experiments were performed with procedures according to the
guideline set by the institutional animal care and use committee
of the University of Tokyo. Male mice of 8-12 week old were fed
0.1% DDC-containing diet (F-4643; bio serve) to induce hepatic
oval cell response, and then killed to harvest liver samples.

2.3. RNA preparation and cDNA synthesis

Total RNA was prepared from whole liver samples homogenized
in TRIzol reagent (Invitrogen), treated with DNasel (Invitrogen),
and then used for cDNA synthesis using SuperScript Il (Invitrogen)
with random hexamer primers.
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2.4. PCR analyses

Standard PCR reactions were performed with Blend Taq (TOY-
0OBO), and the products were run in 1.5% agarose gels and visual-
ized with EtBr staining. Quantitative PCR analyses were done
using LightCycler (Roche) with SYBR Premix Ex Taq reagent (TaKa-
Ra). Gapdh was used as an internal control. The primers used are
summarized in Supplementary data.

2.5. Immunohistochemistry

The fresh liver samples were fixed in Zamboni's fixative solu-
tion and embedded in OCT compound (Sakura Finetek Japan Co.
Ltd., Tokyo, Japan). The samples were frozen and sectioned onto
APS-coated glass slides (Matsunami Glass Ind. Ltd., Osaka, Japan).
After blocking in 5% skim milk/PBS, the samples were incubated
with primary antibodies and then with fluorescence-conjugated
secondary antibodies. Nuclei were counterstained with Hoechst
33342 (Sigma).

2.6. Cell culture and proliferation assay

The hepatic stem/progenitor cell lines, HSCEs, as well as their
precedent bulk culture of the EpCAM" cell-derived fraction, were
maintained in type I collagen-coated dishes using a medium sup-
plemented with 10 ng/ml each of recombinant human EGF and
HGF (see Supplementary data). The detail for their establishment
and characterization will be described elsewhere (Okabe et al.,
submitted).

Proliferative response of HSCE cells was examined by a colori-
metric assay using WST-1 cell proliferation reagent (Roche)
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Fig. 1. Expression of Fzd2 is upregulated in the livers of DDC diet-fed mice concomitantly with the oval cell marker genes. (A) Total RNA was isolated from whole liver
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according to the manufacturer's protocol. The absorbance value
(0OD4s0-0Dgs0) was measured using an Emax microplate reader
(Molecular Devices).

2.7. Transfection and luciferase assay

HSCES cells were transfected with the TOPtkLuciferase or FOP-
tkLuciferase plasmid using Lipofectamine with Plus reagent (Invit-
rogen), and cultured in the presence or absence of the GSK3
inhibitor BIO for 48 h. The cells were lysed in Passive Lysis Buffer
(Promega) and subjected to a luciferase assay using a luminometer
(MICROLUMAT LB96P; Berthold) with Dual luciferase assay re-
agent (Promega).

3. Results and discussion

We recently performed a screening project that aimed to isolate
cell surface molecules expressed in oval cells, and identified Ep-
CAM as a novel marker for mouse oval cells (Okabe et al.,, submit-
ted). Notably, EpCAM was recently reported to be a marker for rat
oval cells [15]. In the same screening, we also noticed two Frizzled
(Fzd) family members, Fzd2 and Fzd4, as molecules expressed in
the oval cell-induced rat livers. To explore the possible involve-
ment of these Fzd molecules in oval cell biology, we examined
their expression in the mouse DDC diet model for oval cell induc-
tion. As shown in Fig. 1A, feeding with DDC diet resulted in oval
cell induction in mice, as manifested by strong upregulation of
the oval cell marker genes CK19 as well as EpCAM. Basal expression
of these genes in the normal liver derived from cholangiocytes,
which are known to express these markers as well. During the
course of oval cell induction, Fzd2 also was strongly upregulated.
Expression of Fzd4, although apparently observed in DDC diet-fed
samples, was not inducible but rather constant. Quantitative PCR
analyses further confirmed that Fzd2, like CK19 and EpCAM, was
highly upregulated in oval cell-induced mouse livers (Fig. 1B-D).

The Frizzled family molecules including Fzd2 function as the
receptor component for the Wnt family ligands, which prompted
us to investigate possible induction of the Wnt genes in the oval
cell-induced livers. We compared expression of all the 19 members
of the mouse Wnt genes and found that several of them were sig-
nificantly upregulated in the livers of DDC diet-fed mice (Fig. S1A).
Specifically, Wnt7a, Wnt7b, and Wnt10a showed strong upregula-
tion with more than 50-fold increase above the basal level in the
normal livers. We further examined the time course of expression
of those Wnit genes and confirmed that their induction kinetics was
well correlated with that of the oval cell appearance (Fig. 2; com-

| /Nuclei || / Nuclei ]

H Normal liver |
DDC liver

DDC liver

|

CK19 ||

B-catenin ||  Merged |

Fig. 3. B-catenin proteins are increased in oval cells. A-D. Liver sections prepared from a normal control mouse (A and B) and a DDC diet-fed mouse (5 wk; C and D) were
subjected to immunofluorescent staining analyses using anti-CK19 (A and C) and anti-f-catenin (B and D) antibodies (Green). Nuclei were counterstained with Hoechst
33342 (Blue). E~]. Double staining experiments were performed to confirm co-expression of Ci(19 (E and H) and B-catenin (F and 1) in the livers of the oval cell-induced mice.
Panels G and | shows the merged images, where nuclear staining by Hoechst 33342 is also included (Blue). Panels H~] provide higher power images corresponding to the

squared regions in panels E-G, respectively. PV, portal vein.
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pare with Fig. 1B and C). For comparison, we also monitored
expression kinetics of Wnt3 and Wnt3q, two representative mem-
bers of the canonical Wnt ligands, and found that neither of them
was expressed during the course of oval cell induction up to
10 weeks.

It has been reported that Wnt7a, Wnt7h, and Wnt10a are all
capable of activating the canonical signaling pathway [16-19]. As
a well-established hallmark of the canonical Wnt signal activation
is stabilization and accumulation of B-catenin, we performed
immunostaining analyses of this molecule using liver sections
(Fig. 3). B-Catenin is a component of the cell adhesion complex in
every hepatocyte, so that staining of the normal liver samples de-
tected its basal level expression with a relatively uniform distribu-
tion pattern (Fig. 3B). In damaged livers, oval cells are known to
emerge from periportal regions, forming duct-like structures,
which was readily detectable based on expression of the marker
molecule CK19 (Fig. 3C). Remarkably, those propagating oval cells
were strongly positive for anti-p-catenin immunostaining (Fig. 3D).
Double staining experiments confirmed that the intense p-catenin
signals indeed co-localized with CK19 expression in the same cells
(Fig. 3E-]). Although the signals appeared most intense at and adja-
cent to the cell membrane, weaker yet significant signals were also
observed diffusively throughout the cytoplasm as well as in the nu-
cleus in some if not all cells. It should be noted that, in many cases,
cells that undergo Wnt signaling may display an overall rise in p-
catenin protein without a clear nuclear preference [6]. These re-
sults suggest that the induced expression of Wnt ligands leads to
concomitant activation of the canonical signaling pathway in oval
cells.

The canonical Wnt signaling stimulates transcriptional activa-
tion of various target genes. To further confirm that the canonical
pathway is indeed turned on and functioning in oval cells, we as-

sessed induction of known target genes in the oval cell-induced liv-
ers. Using fractionated cell samples derived from the livers of DDC
diet-fed mice, we observed that several of the known targets,
including Axin2, N-myc, and Wisp1, were significantly upregulated
predominantly in the EpCAM" oval cell population (Fig. S2). More-
over, a recent study has reported that the oval cell marker EpCAM
is itself a direct transcriptional target of Wnt/p-catenin pathway
{20]. Together, these facts further support the notion that the
canonical pathway is functionally activated in oval cells.

To gain an insight into the role that active Wnt/B-catenin signal-
ing plays in oval cell regulation, we examined whether this could
affect proliferation of hepatic stem/progenitor cells in vitro. The
bi-potential adult hepatic stem/progenitor cell lines, referred to
as HSCEs, were originally established from the EpCAM"* oval cell
fraction in the livers of DDC diet-fed mice, and is capable of prolif-
erating in the presence of EGF and HGF (Okabe et al., submitted).
RT-PCR analyses revealed that a representative clone of HSCE
(clone 5; HSCE5) expresses several members of the Fzd family
receptors, as well as the co-receptors Lrp5/6 (Fig. S3), suggesting
that the cells could respond to Wnt stimulation per se. We em-
ployed a small compound GSK3p inhibitor, BIO, which has been
shown to be capable of mimicking activation of the canonical path-
way by suppressing GSK3g-mediated phosphorylation and con-
comitant degradation of B-catenin [14]. Stimulation with BIO
indeed led to activation of the canonical pathway in HSCE5, as
demonstrated by induction of the B-catenin/TCF-dependent TOP-
tkLuciferase reporter activity (Fig. 4A), We then tested the effect
of BIO on proliferation of HSCES, and found that application of
the compound did induce significant proliferative response of the
cells even in the absence of EGF and HGF, to a level nearly compa-
rable to the one induced by these cytokines (Fig. 4B). Application of
5 mM of BIO resulted in a less effect, due presumably to its cyto-
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Fig. 4. Pharmacological activation of Wnt/p-catenin signaling stimulates proliferation of the adult hepatic stem/progenitor cell lines HSCE. (A) HSCE5 cells were transfected
with TOPtkLuciferase (TOP; a reporter for canonical Wnt signaling activity) or FOPtkLuciferase (FOP; an unresponsive control), cultured in the presence or absence of the GSK3
inhibitor BIO, and then subjected to a luciferase assay. Stimulation with EGF and HGF was used as a control. {B) HSCES cells were plated in a 96-well plate at a density of
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clone G5 harbors the retrovirally-transduced GFP marker gene.
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toxicity at this dose. The inactive analog MeBIO was used as a neg-
ative control, showing no obvious effect. Finally, we tested the ef-
fect of the compounds on other independent clones of HSCE, as
well as on the bulk culture of the EpCAM” cell fraction-derived cells
before being subjected to clonal isolation of HSCE cell lines. As
shown in Fig. 4C, all of them were capable of responding to stimu-
lation with BIO, resulting in significant proliferative induction.

In addition to the B-catenin-dependent canonical signaling
pathway, some Wnt ligands can activate non-canonical signaling
pathways, such as the planar cell polarity/c-Jun N-terminal kinase
(JNK) pathway and the Ca®*-mediated pathway [21]. Notably, it has
been reported that Wnt7a and Wnt7b can activate the JNK path-
way in endometrial cancer cells and hippocampal neurons, respec-
tively {22,23], while Fzd2 has been shown to mediate activation of
non-canonical signaling pathways in certain types of cells [21,24-
26]. Although our results have clearly established activation of the
canonical pathway in vivo and its functional effect in vitro, a possi-
ble involvement of the non-canonical pathways in oval cell regula-
tion cannot be neglected and should also be addressed in future
studies.

In summary, our present study has identified several Wnt li-
gands and the downstream canonical signaling pathway as a pos-
sible regulatory signal for mouse oval cells, a well-recognized
facultative stem/progenitor cell population in the adult liver. Much
progress has been made in recent years in identifying and charac-
terizing various tissue stem cells as well as their specialized sur-
rounding microenvironments, or stem cell niches. The niches
play fundamental roles in controlling proliferation, differentiation,
and/or self-renewal of the stem cells through direct cell-cell inter-
actions and also via various soluble cytokines, such as Wnts,
Hedgehogs, and BMPs [27,28]. Although it still remains unknown
whether any niche structures are formed to support hepatic oval
cells, it is tempting to speculate that Wnt/p-catenin signaling
may play a role as a part of the niche signals in regulating their
development and behaviors.
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Potential hepatic stem cells reside in EpCAM™ cells of normal
and injured mouse liver

Mayuko Okabe'*, Yuko Tsukahara'*, Minoru Tanaka'*, Kaori Suzuki', Shigeru Saito?, Yoshiko Kamiya®,
Tohru Tsujimura?, Koji Nakamura? and Atsushi Miyajima'

Hepatic oval cells are considered to be facultative hepatic stem cells (HSCs) that differentiate into hepatocytes and cholangiocytes in
severely injured liver. Hepatic oval cells have also been implicated in tumorigenesis. However, their nature and origin remain
elusive. To isolate and characterize mouse oval cells, we searched for cell surface molecules expressed on oval cells and analyzed
their nature at the single-cell level by flow cytometric analysis and in the in vitro colony formation assay. We demonstrate that
epithelial cell adhesion molecule (EpCAM) is expressed in both mouse normal cholangiocytes and oval cells, whereas its related
protein, TROP2, is expressed exclusively in oval cells, establishing TROP2 as a novel marker to distinguish oval cells from normal
cholangiocytes. EpCAM®* cells isolated from injured liver proliferate to form colonies in vitro, and the clonally expanded cells
differentiate into hepatocytes and cholangiocytes, suggesting that the oval cell fraction contains potential HSCs. Interestingly, such
cells with HSC characteristics exist among EpCAM? cells of normal liver. Intriguingly, comparison of the colony formation of EpCAM*
cells in normal and injured liver reveals little difference in the number of potential HSCs, strongly suggesting that most proliferating
mouse oval cells represent transit-amplifying cells rather than HSCs.

KEY WORDS: Hepatic stem cell, Oval cell, EpCAM, TROP2 (TACSTD2), Hepatocyte, Cholangiocyte, Liver injury

INTRODUCTION

Most of the metabolic functions in the liver are carried out by
hepatocytes that form hepatic cords, whereas cholangiocytes form
bile ducts that drain bile produced by hepatocytes. During
development, hepatocytes and cholangiocytes, two types of hepatic
epithelial cells, derive from hepatoblasts emerging from the foregut
endoderm (Notenboom et al., 2003; Zaret, 2000). Hepatoblasts are
highly proliferative and express hepatocytic proteins such as
albumin (ALB) and alpha-fetoprotein (AFP), an immature
hepatocyte marker. As the liver develops, hepatoblasts propagate
and those close to the portal mesenchyme differentiate into
cholangiocytes, while the rest become mature hepatocytes
(Lemaigre, 2003). Therefore, hepatoblasts are thought to be hepatic
stem/progenitor cells in the fetus.

By contrast, it is highly controversial whether adult mammalian
liver contains hepatic stem cells (HSCs). Adult liver has a
remarkable potential to regenerate from severe parenchymal loss,
even though hepatocytes and cholangiocytes are mitotically dormant
under normal conditions. Hepatocytes have a remarkable potential
to self-replicate (Fausto, 2004; Michalopoulos and DeFrances,
1997) and are capable of at least 80 doublings by serial
transplantation (Overturf et al., 1997), allowing the liver to
regenerate. However, liver injury that limits this pathway
accompanies the proliferation of a potential stem/progenitor cell
compartment at the interface of the biliary tree and hepatic cords,
which is known as the ductular reaction (Alison et al., 1996,
Roskams et al., 2004; Theise et al., 1999). These undifferentiated
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epithelial cells are often referred to as ‘oval cells’ because of their
ovoid nucleus (Farber, 1956). Upon activation, oval cells expand
into liver parenchyma from the portal area. Oval cells express both
ALB and cytokeratin 19 (CK19; KRT19 — Mouse Genome
Informatics), which are hepatocytic and cholangiocytic markers,
respectively, and are believed to differentiate into hepatocytic and
biliary lineages, similar to hepatoblasts in embryonic liver. Thus,
oval cells are thought to be facultative stem/progenitor cells in adult
liver. Although oval cells have been most extensively studied in
rodents, similar cells have been found in connection with various
human liver diseases and are implicated in tumorigenesis (Fausto,
2004; Lee et al., 2006). Whether oval cells constitute HSCs has been
debated in numerous reports involving various rodent injury models
using chemical reagents, including carcinogenic agents. The 2-
acetylaminofluorene (2-AAF)/partial hepatectomy (PH) model, in
which hepatocyte proliferation is blocked by 2-AFF prior to PH, has
been extensively used to characterize oval cells in rats (Evarts et al.,
1987; Laishes and Rolfe, 1981). However, the same procedure does
not generate oval cells in mice and alternatives such as the use of
a choline-deficient ethionine-supplemented diet (Akhurst et al.,
2001) and a 3,5-diethoxycarbonyl-1,4-dihydro-collidine (DDC})-
containing diet (Preisegger et al., 1999; Wang et al., 2003) have been
developed. Although the proliferating epithelial cells that are present
in the periportal region upon injury caused by various insults are
referred to as oval cells, it remains unclear whether oval cells
generated via different protocols in different species have the same
characteristics. A major problem in characterizing oval cells is the
lack of appropriate cell surface markers to identify and isolate the
oval cell compartment. Therefore, despite a large number of studies,
the exact nature of oval cells — including their origin, stemness and
bi-directional differentiation — is still poorly understood. Because of
the difficulty in performing clonal analysis of HSCs, it has also been
unclear whether HSCs exist in normal liver.

The aim of this study was to identify cell surface molecules on
mouse oval cells and to analyze their nature at the clonal level. To
this end, we utilized the 2-AAF/PH rat model and the DDC diet
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mouse model to generate oval cells and found that epithelial cell
adhesion molecule (EpCAM) and the related molecule, TROP2
(TACSTD2), were upregulated in these livers. EpCAM was
expressed in normal cholangiocytes and also in oval cells in the liver
of mice fed the DDC diet (DDC liver). By contrast, TROP2 was
expressed in almost all EpCAM” cells in DDC liver, but not in
normal liver, indicating that TROP2 is a novel marker to distinguish
between normal cholangiocytes and oval cells. Furthermore, we
isolated EpCAM™ cells from DDC liver and demonstrated that
clonally expanded cells were able to differentiate into hepatocytes
and cholangiocytes. Finally, we provide evidence for the presence
of potential HSCs in EpCAM" cells of normal liver and compare
their characteristics before and after oval cell activation.

MATERIALS AND METHODS

Animals

C57BL/6 mice (Japan SLC, Hamamatsu, Japan) at 8-12 weeks were used
for all experiments. All experiments with animals were performed according
to institutional guidelines. The diet containing 0.1% DDC was purchased
from CLEA, Japan. Mouse oval cells were activated by feeding with the diet
containing 0.1% DDC.

Identification of cDNA encoding a membrane protein

Total RNA was prepared from the non-parenchymal fraction of rat liver
treated with 2-AAF/PH at 7 days after PH as described previously (Tanimizu
et al., 2004b). Total RNA was amplified using the MessageAmp aRNA
Amplification Kit (Ambion), and used to construct a cDNA library in the
pMXs-SST vector using the SuperScript Choice System (Invitrogen,
Carlsbad, CA, USA). The ¢cDNA library contained 4.3 X 108 independent
clones. The signal sequence trap method was performed as described
previously (Kojima and Kitamura, 1999).

Preparation of liver cells and flow cytometry (FCM)

A single-cell suspension from DDC and normal livers was obtained by a
modified two-step collagenase perfusion method as described previously
(Seglen, 1976). In short, livers were perfused with liver perfusion medium
(Invitrogen) at a flow rate of 3 ml/minute for 5 minutes. Then, the liver was
perfused with basic perfusion solution (136 mM NaCl, 5.4 mM KCl, 5 mM
CaCly, 0.5 mM NaH,PO; 2H,0, 0.42 mM Na,HPO; 12H,0, 10 mM
HEPES pH 7.5, 5 mM glucose and 4.2 mM NaHCQ;) containing 0.5 g/l
collagenase type 1V (Sigma, St Louis, MO, USA) at a flow rate of 3
ml/minute for 8 minutes. The digested liver was transferred to a glass dish
and chopped into small pieces using a surgical knife in D-PBS (Dulbecco’s
phosphate-buffered saline). Cells dispersed by pipetting were passed
through a 70-ptm cell strainer and the flow-through fraction was used for
the next step as the first cell suspension. The undigested clot on the strainer

Table 1. Oligonucleotides used in RT-PCR

was recovered and redigested with basic perfusion solution containing 0.5
g/l collagenase type 1V, 0.5 g/l pronase (Roche Diagnostics) and 50 mg/l
DNase I (Sigma) by stirring for 20 minutes at 37°C. This digested liver was
also passed through a 70-um cell strainer and the flow-through fraction was
combined with the first cell suspension. After centrifugation at 700 rpm
(100 g) for 2 minutes, the supernatant was transferred to a new tube and the
centrifugation repeated until no cell pellet was visible. The final superatant
was centrifuged at 1200 rpm (300 g) for 5 minutes and the precipitated cells
were used as non-parenchymal cells (NPCs) for FCM analysis. Aliquots of
cells were blocked with anti-FcR antibody, co-stained with fluorescein- and
biotin-conjugated antibodies, washed, incubated with allophycocyamin-
conjugated streptavidin (Invitrogen), and analyzed by FACSCalibur
(Becton Dickinson). Dead cells were excluded by propidium iodide
staining.

Antibodies and immunohistochemistry (IHC)

The anti-EpCAM monoclonal antibody was generated by immunization of
arat with a Ba/F3 cell transfectant overexpressing EpCAM ¢DNA. The
establishment of hybridoma clones was performed as described previously
(Hara et al., 1999). The anti-EpCAM monoclonal antibody was biotinylated
using Amersham ECL Protein Biotinylation Module (GE Healthcare, UK)
or fluorescein-conjugated using the Fluorescein Labeling Kit-NH, (Dojindo
Molecular Technologies), and then used for all FCM analyses. The rabbit
anti-mouse CK 19 polyclonal antibody was raised against the C-terminal
peptide, HYNNLPTPKAI, and the serum was used for IHC as previously
described (Tanimizu et al., 2003). The biotin-conjugated anti-mouse TROP2
antibody was purchased from R&D Systems. The anti-human Ki67 antibody
was purchased from Becton Dickinson. Frozen sections (8 um) of livers
were prepared using a HMS0SE cryostat (Microm International) after
fixation with 4% paraformaldehyde, and incubated with each antibody,
followed by a biotin- or fluorescein-conjugated secondary antibody. The
signals were visualized by fluorescence microscopy.

RNA extraction and reverse transcription PCR (RT-PCR)

Total RNA was extracted from each cell preparation using Trizol reagent
(Invitrogen). Total RNA (1 pig) and random hexamer primers were used to
synthesize cDNA using the First-Strand ¢cDNA Synthesis Kit (Amersham
Pharmacia Biotech). The samples were denatured at 94°C for 5 minutes,
then subjected to 25-40 cycles of denaturation at 94°C for 30 seconds,
annealing at 52-57°C for 30 seconds, and extension at 72°C for | minute,
with the final extension at 72°C for 5 minutes. PCR primers for mouse genes
are shown in Table 1. The quantitative real-time RT-PCR was performed
using a LightCycler ST300 (Roche) and the following primers (5 to 3'): rat
Epcam, TCTACAAGGAAGAGATCAGCAAAA and TGTGTATC-
TCACCCATCTCCTTT; rat Trop2, GACCAAATGTGTTGGCCTGT and
GTCACAGCTGGGAGGAAAAT; rat  Hprt, GACCGGTTCTGT-
CATGTCG and ACCTGGTTCATCATCACTAATCAC.

Gene Forward (5" to 3°) Reverse (5' to 3')

Epcam CGGCTCAGAGAGACTGTGTC GATCCAGTAGGTCCTCACGC
Ck19 GTCCTACAGATTGACAATG CACGCTCTGGATCTGTGACAG
Ck7 GGGATGACCTCCGCAACACC CTCCAGCAGCTTGCGGTAGG
Alb CATGACACCATGCCTGCTGAT GCCTTTCCACCAGGGATCCAC
Afp CTGGAGTGTCTGCAGGATGG CCACAGCCGGACCATTTCTC
Gapdh GGAGCGAGACCCCACTAA GTGTAGCCCAAGATGCCC
Hprt GACTGAAAGACTTGCTCGAG CCAGCAAGCTTGCAACCTTAACAA
G6Pase AACCCATTGTGAGGCCAGAGG TACTCATTACACTAGTTGGTC
Tat TGCATCCTCCTGAAGACATG CTTCTCTCTGGTGTAGCTCT
Cps ACTGAGAGATGCTGACCCTA CCTGGAAATTGGTGAGGAGA
integrin B4 GACCTATGAAGAAGGTGCTC GGCTCAGATGCGTGCCATAG
Ggt! GCTGAGCTGATTGAGCATCCG GGTTGATGAAGTTGGGCGAGC
mucin 1 GAGCGCCAGCCTTGAGTTTG GGAGGCACTACTGTGGACTG
Trop2 CTGACCTAGACTCCGAGCTG CCAACCCATCTGGTCTGAGG
claudin 4 GACTTTGACCCCTGCAGAGG GGCCACAGGCTGTTATGAGC
Cd44 CAGAGGCGACTAGATCCCTC GAGTCACAGTGCGGGAACTC
Slc10a1 AGATCAAGGCTCACTTCTGG AGAAGTCCTTCTGCAAGCTG
Tdo2 ACAATGAAGAAGACAGAGC TGTAGTCTCCTCCAAAGTTA




Hepatic stem cells in adult liver

RESEARCH ARTICLE 1953

Culture of EpCAM® cells and colony formation assay

NPCs were prepared as described above. EpCAM” cells were sorted by
FACSVantage SE (Becton Dickinson). The cells were suspended in the
standard medium (Williams’ medium E containing 10% FBS, {0 mM
nicotinamide, 2 mM L-glutamine, 0.2 mM ascorbic acid, 20 mM HEPES pH
7.5, I mM sodium pyruvate, 17.6 mM NaHCO;, 14 mM glucose, 100 nM
dexamethasone, 1 X ITS (insulin, transferrin, selenium X) and 50 mg/ml
gentamicin) and seeded on a type-I collagen-coated dish. human EGF,
human recombinant HGF and mouse [L6 were added to the culture to a final
concentration of 10 ng/ml each. After the establishment of cell lines, [L6 was
excluded from the culture medium because it was confirmed to have no
apparent effect. For colony formation assays, EpCAM" cells were sorted by
a two-step selection (see Fig. S1 in the supplementary material) and plated
at 110" cells per 35-mm dish. The isolated cells were cultured for 9 days
and then the number and size of colonies were counted.

Differentiation into the hepatocytic lineage in vitro

Clonally expanded cells (3 10° per well) were cultured in the standard
culture medium in a 6-well plate. After 2 days, 20 ng/ml Oncostatin M
(OSM) and 1% DMSO were added into the confluent culture. After 5 days,
the medium was changed to standard culture medium containing 20 ng/ml
OSM, 1% DMSO and 17% Matrigel (growth factor reduced). After 3 and 5
days, the cultured cells were used for RNA preparation and periodic acid-
Schiff (PAS) staining as described (Kamiya et al., 1999).

In vitro differentiation into the cholangiocytic lineage

Cellmatrix Type I-A (Nitta Gelatin) was used for three-dimensional culture
to induce cholangiocytic differentiation according to the manufacturer’s
instructions. In short, 0.3% Cellmatrix Type [-A, a 5X DMEM containing
250 mg/ml gentamicin, and the reconstitution buffer (0.05 M NaOH, 200
mM HEPES pH 7.5, 262 mM NaHCO3) were mixed at a ratio of 7:2:1. This
mixture was mixed with an equal volume of 5X10* cells suspended in
standard culture medium without dexamethasone and nicotinamide but with
human recombinant HGF (20 ng/ml). The cell suspension was poured into
a 6-well plate and left at 37°C to form a gel. Then, the culture medium was
gently laid onto the gel.

RESULTS

Screening for cell surface markers of oval cells

To identify the cell surface molecules expressed on hepatic oval
cells, we utilized the signal sequence trap (SST) method, which can
efficiently isolate genes encoding a protein with a signal sequence
(Kojima and Kitamura, 1999; Watanabe et al., 2007). As there are
several protocols for generating oval cells in rats and mice, the
characteristics of oval cells might not be the uniform. We therefore
searched for cell surface molecules expressed on oval cells in the
two species using different protocols (see Fig. S2 in the
supplementary material). To this end, we first constructed an SST
cDNA library from non-parenchymal cells (NPCs) of rat liver
subjected to 2-AAF/PH treatment and identified 54 membrane
proteins (see Table S1 in the supplementary material). First, we
compared the expression of their counterpart genes for mouse
between normal and DDC liver by RT-PCR, and found that Epcam,
Trop2, mucin 1, claudin 4, Cd44, integrin B3, Lyvel, gpl30 (1l6sf)
and Fxyd5 were significantly upregulated in DDC liver relative to
normal liver. Chronic liver injury caused by DDC diet induces oval
cells in mice, whereas PH and carbon tetrachloride-induced acute
hepatitis do not. Next, the expression of the candidate genes was
compared by northern blotting among normal liver, DDC liver and
models of acute hepatitis, resulting in the identification of six of the
nine genes that were specifically upregulated in the DDC liver, but
not in the other livers (Fig. 1 A). The remaining three genes, Lyvel,
gp130 and Fxyd5, were upregulated in an acute hepatitis model,
suggesting that they might be involved in inflammation (data not
shown). Because the expression of EpCAM, mucin 1, CD44 and
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Fig. 1. Expression profiles of candidate genes in normal and
injured mouse and rat liver. (A) Northern blot analysis of candidate
genes in mouse liver. The expression of these genes was selectively
upregulated in DDC liver, but not in injured liver without oval celi
activation. (B) Quantitative RT-PCR of Epcam and Trop2 in rat liver.
Whereas Epcam was expressed in normal rat liver (cont.) and upregulated
in 2-AAF/partial hepatectomy (PH)-treated liver, Trop2 was not expressed
in normal liver but was expressed in 2-AAF/PH-treated liver. N, adult
mouse normal fiver; O, DDC liver (6 weeks); P, liver 48 hours after 70%
PH; C, liver 24 hours after carbon tetrachloride administration.

claudin 4 has been reported to be upregulated in the rat oval cell
fraction (Yovchev et al., 2007), the characteristics of mouse oval
cells in the DDC model appear similar to those of rat oval cells in
the 2-AAF/PH model. In this study, we have focused on two
structurally related type-1 membrane proteins, EpCAM and TROP2.
EpCAM is known to be expressed in many types of normal
epithelial cell as well as in tumor cells (Armstrong and Eck, 2003;
Went et al., 2004). In the liver, EpCAM is expressed on
cholangiocytes but not on hepatocytes (de Boer et al., 1999;
Momburg et al., 1987). Consistent with previous studies (Yovchev
et al., 2007; Yovchev et al., 2008), real-time PCR showed that
Epcam was expressed in normal rat liver and its expression was
upregulated by 2-AAF/PH (Fig. 1B). As for mouse oval cells,
Gleiberman et al. reported that EpCAM is expressed in oval cells
upon carbon tetrachloride-induced liver injury (Gleiberman et al.,
2005). However, the expression status of EpCAM in DDC liver and
the nature of isolated EpCAM” cells have remained unknown. By
contrast, Trop2 was expressed in both rat and mouse injured liver,
but not in normal liver (Fig. 1). TROP2 is a member of the EpCAM
family and exhibits nearly 50% homology with EpCAM. TROP2
has been shown to be expressed in various tumors, whereas its
expression in the liver was not known. We further examined the
expression of EpCAM and TROP2 on mouse oval cells in DDC
liver and investigated the nature of isolated EpCAM" cells.

Expression of EpCAM in mouse hepatic oval cells

As shown in Fig. 2A, after 4 weeks of DDC diet feeding, the mouse
liver turned black because of hepatic porphyria resulting from the
inhibition of the heme biosynthetic pathway (Fonia et al., 1996).
Hematoxylin and Eosin (H&E) staining was performed in adult
normal liver and DDC liver. The DDC liver clearly showed numerous
small cells with a large nucleus around the portal veins (Fig. 2B).
Immunohistochemistry (IHC) for CK 19, a marker for oval cells and
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cholangiocytes, demonstrated that these cells included oval cells as
well as other CK19-negative cells, such as inflammatory cells and
fibroblasts (Fig. 2C). Since EpCAM expression was upregulated in
DDC liver, it was examined by IHC using sections of normal liver and
of liver from mice fed DDC for 1 or 4 weeks. EpCAM" bile ducts
were located adjacent to the portal vein in normal liver as reported
previously (de Boer et al., 1999; Hreha et al., 1999; Joplin etal., 1990),
whereas there were many EpCAM" cells forming ductular structures
away from the portal vein in DDC liver (Fig. 3A). IHC with both anti-
EpCAM and anti-CK 19 antibodies demonstrated thatall CK19* cells
expressed EpCAM in DDC liver (Fig. 3B). Thus, all' oval cells
expressing CK19-also expressed EpCAM. To further investigate the
EpCAM" cells, we generated rat monoclonal antibodies against
mouse EpCAM that were applicable for flow cytometry (FCM). FCM
of NPCs prepared from DDC liver showed that neither CD45
(PTPRC) nor PECAM was expressed on EpCAM” cells, indicating
that EpCAM? cells are not hematopoietic or endothelial cells (Fig.
3C). Furthermore, the isolated EpCAM" cells were individually
examined by immunostaining after cytospin. Almost all the sorted
cells were immunostained with anti-CK19 antibody as well as A6
antibody, a mouse oval cell marker (Engelhardt et al., 1993) (Fig. 3D).
Hepatic oval cells are known to be highly proliferative. To investigate
their proliferation in vivo, the isolated EpCAM? cells were stained
with anti-Ki67 antibody (Fig. 3E). Whereas the percentage of Ki67"
cells in the isolated EpCAM®" cells was ~1% in normal liver, it was
12.2% after 1 week on the DDC diet and increased to 17.4% after 4
weeks (Fig. 3F). These results strongly suggested that EpCAM is
expressed in proliferating oval cells and that anti-EpCAM antibody is
useful for isolating oval cells from mice fed with DDC.

TROP2 is a novel marker for mouse oval cells

Because TROP2 expression was specifically upregulated in both the
mouse and rat injury models with oval cell activation (Fig. 1),
TROP2 was anticipated to be expressed in oval cells. To reveal
TROP2-expressing cells in normal and injured liver, we performed
IHC with anti-EpCAM and anti-TROP2 antibodies. In contrast to

Fig. 2. DDC diet causes hepatic injury
and oval cell activation. (A) The liver
turned black after mice were fed a DDC
o : diet. (B) H&E staining of a frozen section of
Ry | mouse normal liver (top) and 4 weeks after
o o DDC feeding (middle and bottom).
Numerous small cells appeared around the
portal veins in the DDC liver (arrows). The
brown clots represent the deposition of
iron-hemes (arrowheadsy).
(€) Immunohistochemistry (HC) with anti-
CK19 antibody showed that these
numerous small cells included CK19-
expressing oval cells (arrows) in DDC liver.
PV, portal vein. Scale bars: 100 um
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EpCAM; TROP2 was not expressed in normal mouse liver (Fig.
4A). However, numerous TROP2" cells appeared around the portal
area in DDC liver (Fig. 4B). Double immunostaining of TROP2 and
EpCAM clearly showed that most of the EpCAM™ cells co-
expressed TROP2 in DDC liver, suggesting that TROP2 is a novel
marker for oval cells (Fig. 4B). Although we could not distinguish
the original bile duct in DDC liver, almost all EpCAM™ cells
expressed TROP2. FCM of the NPCs prepared from DDC liver also
showed that the expression level of TROP2 and the population of
TROP2® cells among EpCAM" cells gradually increased upon
ingestion of the DDC diet (Fig. 4C). Consistent with the result of
IHC, whereas TROP2 was not present in cholangiocytes expressing
EpCAM at day 0, almost all EpCAM” cells became TROP2" in the
DDC-fed mice and EpCAM* TROP2™ cells were hardly detected
after 4 weeks, suggesting that cholangiocytes themselves might also
begin to express TROP2 by oval cell activation in the DDC model.
Alternatively, it is also possible that TROP2" oval cells differentiate
into mature cholangiocytes and _replace. the pre-existing
cholangiocytes damaged by DDC administration.

Characterization of mouse oval cells

To reveal the characteristics of mouse oval cells, the gene expression
profile of freshly isolated EpCAM® cells from DDC liver was
examined by RT-PCR. As previously reported in rat oval cells,
mouse EpCAM! cells also expressed both cholangiocytic markers
[Ck19, Ck7 (Krt7) and Ggfl} and a hepatocytic marker (4/b),
whereas the other NPCs did not (Fig. 5A). Consistent with the
previous report that AFP expression was rarely detected in mouse
oval cells (Jelnes et al., 2007), AFP was not detected in mouse
EpCAM" cells (data not shown). Rat oval cells were reported to
express c-KIT, CD34 and THY 1 (Petersen et al., 1998). It was also
reported that CD133 (PROM1) is expressed in both mouse and rat
oval cells (Rountree et al., 2007; Suzuki et al., 2008; Yovchev et al.,
2008). Taking advantage of FCM using the anti-EpCAM antibody,
we investigated the expression of these oval cell markers in
EpCAM' cells before and after DDC feeding (Fig. 5B) and found




