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The polycomb group gene product Ezh2 regulates proliferation
and differentiation of murine hepatic stem/progenitor cells
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Background & Aims: Polycomb group proteins initiate and main-
tain gene silencing through chromatin modifications and contrib-
ute to the maintenance of self-renewal in a variety of stem cells.
Among polycomb repressive complexes (PRCs), PRC2 initiates
gene silencing by methylating histone H3 lysine 27, and PRC1
maintains gene silencing through mono-ubiquitination of histone
H2A lysine 119. We have previously shown that Bmil, a core
component of PRC1, tightly regulates the self-renewal of hepatic
stem/progenitor cells.

Methods: In this study, we conducted lentivirus-mediated
knockdown of Ezh2 to characterise the function of Ezh2, a major
component of PRC2, in hepatic stem/progenitor cells.

Results: Loss of Ezh2 function in embryonic murine hepatic stem/
progenitor cells severely impaired proliferation and self-renewal
capability. This effect was more prominent than that of Bmi1-knock-
down and was partially abrogated by the deletion of both Ink4a and
Arf, major targets of PRC1 and PRC2. Importantly, Ezh2-knockdown
but not Bmil-knockdown promoted the differentiation and termi-
nal maturation of hepatocytes, followed by the up-regulation of
several transcriptional regulators of hepatocyte differentiation.
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Conclusions: Our findings indicate that Ezh2 plays an essential
role in the maintenance of both the proliferative and self-renewal
capacity of hepatic stem/progenitor cells and the full execution of
their differentiation.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Stem cells are generally defined as self-renewing cell populations that
can differentiate into multiple distinct cell types. Liver has an enor-
mous capacity to regenerate after injury, although the mechanism of
hepatic regeneration differs depending on the proliferation of pre-
existing hepatocytes, homing of bone marrow cells, and proliferation
and differentiation of hepatic stem cells [1]. In the developing murine
liver, endodermal-derived hepatoblasts or hepatic stem/progenitor
cells differentiate into hepatocytes and cholangiocytes [1]. Although
hepatic stem/progenitor cells have been successfully identified in
murine foetal liver [2,3], the molecular pathways regulating the self-
renewal and differentiation of these cells are poorly understood.
Polycomb group (PcG) proteins form multiprotein complexes
that play important roles in maintaining the transcriptional
repression of target genes. Although PcG genes are best known
for their role in maintaining the repression of Hox genes during
development, they have been implicated in stem cell self-renewal
and differentiation [4]. The PcG gene family members form two
major distinct PcG complexes: one complex, known as polycomb
repressive complex (PRC) 1, is composed of Ring1a/1b, Mph1, and
Bmi1 or Mel18, and the other complex, PRC2, is composed of Eed,
Suz12, and Ezh2. Ezh2 is a PcG protein homologous to Drosophila
enhancer of zeste, a histone methyltransferase associated with
transcriptional repression. Ezh2 has a SET domain that is typical
of histone methyltransferases, and it catalyses the addition of
methyl groups to histone H3 at lysine 27 (H3K27). In many cases,
the methylation of H3K27 by Ezh2 results in the recruitment of
PRC1, and the two PRCs cooperate in gene silencing [4]. Notably,
expression of EZH2 together with BMI1 is reportedly associated
with the progression and aggressiveness of hepatocellular carci-
noma (HCC), and EZH2-knockdown inhibits the growth of cul-

Journal of Hepatology 2010 vol. 52 | 854-863

— 355 —



tured human HCC cell lines [5]. We previously reported that Bmil
enhances the self-renewal capacity of hepatic stem/progenitor
cells and drives cancer initiation [6]. However, the role of Ezh2
in the hepatic stem cell system remains to be clarified.

In this study, we investigated the function of Ezh2 in foetal
liver DIk hepatic stem/progenitor cells by knocking down Ezh2
using lentivirus-mediated stable shRNA expression. Ezh2-knock-
down profoundly inhibited the proliferation of DIK" hepatic
stem/progenitor cells and promoted differentiation into hepato-
cytes. These findings provide the first evidence of an essential
role for Ezh2 in the homeostasis of the hepatic stem cell system.

Materials and methods
Mice

Pregnant C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan).
Ink4a-Arf*'~ mice (Strain code 01XB1) obtained from Mouse Models of Human
Cancers Consortium in NCI-Frederick (Frederick, MD, USA) were bred and main-
tained in accordance with our institutional guidelines for the use of laboratory
animals.

Purification and culture of DIk* cells

DIK* cells were prepared from liver cell suspensions of embryonic day (ED) 14.5
foetal livers as described previously [2,3]. Briefly, cells were stained with rat anti-
mouse DIk monoclonal antibody (MBL, Nagoya, Japan) followed by anti-rat
IgG-conjugated magnetic beads. DIK" cells were purified by passage through cell
separation columns in a magnetic field (Miltenyi Biotec, Bergisch Gladbach,
Germany). They were plated at 1 x 10* cells/well on collagen type 1V-coated 6-
well plates (Becton Dickinson, Franklin lakes, NJ, USA) and cultured as described
elsewhere [2,3]. Colony assays were performed in at least three independent trip-
licate experiments. To evaluate the potential to differentiate into hepatocytes,
DIk" cells were placed on an Engelbreth-Holm-Swarm (EHS) gel (Becton-Dickin-
son) in the presence of oncostatin M (OSM, R&D Systems, Minneapolis, MN, USA)
[7]. Collagen type I gel culture (Nitta Gelatin, Osaka, Japan) in the presence of
tumour necrosis factor (TNF)-a (Peprotech, Rocky Hill, NJ, USA) was also
conducted to examine the ability to differentiate into cholangiocytes [8].

Viral production and transduction

Lentiviral vectors (CS-H1-shRNA-EF-10-EGFP) expressing short-hairpin RNAs
(shRNAs) against murine Ezh2 (target sequence: sh-Ezh2-1, 5-GGAAAGAACT-
GAAACCTTA-3"; sh-Fzh2-2, 5'-GGTAAATGCTCTTGGTCAA-3') were constructed.
Lentiviral vectors (CS-H1-shRNA-EF-1a-EGFP) expressing shRNAs against Bmil
and luciferase were also used [6]. A lentiviral vector carrying enhanced red fluo-
rescent protein (ERP) (CS-H1-shRNA-RfA-ERP) expressing ShRNA against Bmil
was also constructed for the double knockdown of Ezh2 and Bmil. Recombinant
lentiviruses were produced as described previously [6]. Purified cells were trans-
duced with indicated viruses 12-18 h after pre-incubation.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as reported previously
[9]. Briefly, cross-linked chromatin was sonicated into 200- to 500-bp fragments.
The chromatin was immunoprecipitated using anti-Ezh2 (clone AC22, a gift from
Dr. Kristian Helin) and anti-H3K27me3 (Millipore, Bedford, MA, USA) antibodies.
Normal mouse IgG was used as a negative control. Quantitative PCR was con-
ducted using SYBR Premix Ex Taq Il (Takara Bio, Otsu, Japan). Primer sequences
are listed in Supplementary Table 1 [10].

Statistics

Data are presented as the means + SEM. Statistical differences were analysed
using the Mann-Whitney U test. p values less than 0.05 were considered
significant.
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Results

Basal expression of Ezh2 and stable knockdown of Ezh2 in hepatic
stem/progenitor cells

We first analysed the mRNA expression of Ezh2 in hepatic stem/
progenitor cells, which are enriched in the DIk* cell fraction [2,3]
in ED14.5 foetal liver. Haematopoietic cells were excluded by gat-
ing the CD45 Ter119™ cell fraction, and liver cells were divided
into the DIK* hepatic stem/progenitor fraction and the DIk~
non-stem/progenitor fraction. Ezh2 expression was readily
detected in both fractions, but quantitative RT-PCR and western
blot analyses revealed a higher level of Ezh2 expression in the
DIk* than the DIk~ fraction (Fig. 1A and B).

To investigate the function of Ezh2 in DIk* hepatic stem/pro-
genitor cells, we used lentivirus-mediated Ezh2-knockdown.
DIk* cells prepared from ED14.5 wild-type foetal livers were
infected with sh-Ezh2 viruses and allowed to propagate for
5days. Flow-cytometric analyses revealed that the majority
(more than 90%) of cells were positive for enhanced green fluo-
rescent protein (EGFP), a marker of lentiviral integration
(Fig. 1C). We compared the effect of the two shRNAs against
Ezh2 (sh-Ezh2-1 and sh-Ezh2-2) by real-time RT-PCR and western
blot analyses. Real-time RT-PCR showed that the level of endog-
enous Ezh2 was markedly reduced in cells infected with lentivi-
rus expressing shRNA against Ezh2 compared with the control
cells expressing shRNA against [uciferase (sh-Luc) at multiple time
points (Fig. 1D). Both shRNA severely reduced Ezh2 expression,
although sh-Ezh2-2 was less effective than sh-Ezh2-1 (Fig. 1D).
Concordant with this, the western blot analysis of cells at day 5
of culture showed that sh-Ezh2-1 was more effective in knocking
down Ezh2 than sh-Ezh2-2 (Fig. 1E). Therefore, we mainly used
sh-Ezh2-1 in the following experiments, but we also obtained
very similar results with sh-Ezh2-2 (Fig. 2C, D and data not
shown).

Impaired proliferation and self-renewal of DIk* cells following Ezh2-
knockdown

It has been reported that approximately 15% of purified DIk" cells
gave rise to colonies at day 5 of culture. Among them, DIk cells,
with the ability to form large colonies consisting of more than
100 cells at day 5 of culture, possess the properties of hepatic
stem/progenitor cells. Because DIk* cells produce a large number
of DIk~ progeny, the proportion of DIk" cells declines to less than
1% at day 5 of culture. Nonetheless, DIk" cells in culture retain clo-
nogenic activity [2,3]. Corresponding to these reports, almost 15%
of DIK" cells gave rise to colonies, which included a significant
number of large colonies, while DIk~ cells scarcely gave rise to col-
onies, and no DIk~ cells generated large colonies at day 5 of cul-
ture (Fig. 2A). Next, we performed loss-of-function assays of
Ezh2 and/or Bmil in DIk" cells. Knockdown efficiencies were con-
firmed by western blot (Figs. 1E and 2B). Ezh2-knockdown mod-
estly decreased the total number of colonies formed at day 5 of
culture (Fig. 2C). By contrast, the number of large colonies derived
from Ezh2-knockdown DIk* cells was significantly decreased com-
pared with the control, and most of the Ezh2-knockdown cells did
not proliferate beyond 14 days (Fig. 2D). The effect of Bmi1-knock-
down was milder than that of Ezh2-knockdown, and double
knockdown of Ezh2 and Bmi1 had a limited advantage over single
knockdown of Ezh2 in inhibiting the proliferation of DIk" cells
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Fig. 1. Basal expression of Ezh2 in wild-type and Ezh2-knockd hepatic stem/progenitor cells. (A) Real-time RT-PCR analysis of Dlk and Ezh2 expression in freshly

purified DIk cells. *Statistically significant (p <0.05). (B) Western blot analysis of Ezh2 expression in freshly purified DIk" cells compared to DIk~ cells. (C) The EGFP-
positivity of cells transduced with indicated viruses. (D) Real-time RT-PCR analysis of Ezh2 expression in DIK" cells transduced with sh-Ezh2-1 or sh-Ezh2-2. A lentiviral
vector expressing shRNA against luciferase (sh-Luc) was used as a control. Expression relative to the control is depicted. (E) DIk" cells transduced with sh-Ezh2-1 or sh-Ezh2-

2 were subjected to western blot analysis at day 5 of culture.

(Fig. 2C and D). Although Ezh2-knockdown enhanced apoptotic
cell death in cultures of DIk* cells, levels of apoptosis were not
prominent in control or Ezh2-knockdown cultures (1.1 + 0.2 and
3.6 £ 0.5%, respectively, Fig. 2E).

Among the colonies derived from hepatic stem/progenitor
cells, those that keep growing beyond 28 days retain a significant
number of hepatic stem/progenitor cells and efficiently generate
secondary colonies in replating assays [6]. Because it is difficult

to culture Ezh2-knockdown DIk™ cells beyond 14 days, we recov-
ered cells from uninfected colonies that kept growing beyond
28 days and infected them with sh-Ezh2 viruses. At day 7 of cul-
ture, DIK"EGFP” cells expressing sh-Ezh2-1 were collected by cell
sorting and replated in order to allow the formation of colonies.
The frequencies of total secondary colonies and large secondary
colonies were markedly reduced by Ezh2-knockdown compared
to the control (Fig. 2F). Again, the inhibitory effect of Ezh2-knock-
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Fig. 2. Loss-of-function analyses of Bmi1 and Ezh2 on hepatic stem/progenitor cell proliferation. (A) The number of total colonies and large colonies consisting of more
than 100 cells generated from 1000 DIk* or DIk~ cells was counted at day 5 of culture, *Statistically significant (p <0.05) (B) DIK" cells expressing shRNA against Bmil
together with EGFP or RFP as a marker gene were subjected to western blot analysis at day 5 of culture. (C) Numbers of colonies generated from 1000 DIk" cells transduced
with indicated viruses. Total numbers of colonies were counted at day 5 of culture. *Statistically significant (p <0.05) (D) The number of large colonies containing more than
100 cells at days 5 and 14. *Statistically significant (p <0.05). (E) TUNEL assays (upper panels) and fluorescence images (lower panels) of colonies at day 5 of culture. Nuclear
DAPI staining (blue) is shown in the insets (upper panels). *Statistically significant (p <0.05). Scale bar = 500 pm. (F) Effect of Ezh2-knockdown on replating capacity. Among
the colonies derived from uninfected DIk" cells, those which kept growing beyond 28 days were infected with viruses expressing shRNAs. Seven days after infection,
DIK"EGFP* cells were collected by cell sorting and replated to allow colonies to form. The total number of total colonies and large colonies consisting of more than 100 cells
were counted at day 7 of subculture. *Statistically significant (p <0.05).

down was greater than that of Bmil-knockdown, and double role in the maintenance of both the proliferative and self-renewal
knockdown minimally enhanced the inhibitory effect of Ezh2- capacity in hepatic stem/progenitor cells. Colony PCR demon-
knockdown. These results suggest that Ezh2 plays an essential strated that secondary large colonies expressed both hepatocyte
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markers and cholangiocyte markers (Supplementary Fig. 1), indi-
cating that the ability to differentiate into either hepatocytes or
cholangiocytes was maintained in replated DIk* cells. Of interest,
the Ezh2-knockdown colonies showed a higher expression level of
albumin (Alb) than the control colonies, whereas Bmil-knockdown
caused a mild increase in the expression of Sall4, which is a regu-
lator of cholangiocyte differentiation [11].

Role of Ezh2 in differentiation of hepatic stem/progenitor cells

Ezh2 has recently been implicated in the differentiation of neural
stem cells and epidermal stem cells [12,13]. However, its role in
hepatic stem/progenitor cells remains to be addressed. In the
control colonies, cytokeratin (CK) 7* cholangiocytes predomi-
nantly differentiated compared to Alb* hepatocytes. By contrast,
comparable numbers of Alb* hepatocytes were detected in the
colonies generated from Ezh2-knockdown DIk* cells (Fig. 3A
and B). Although Bmil-knockdown did not significantly compro-
mise the differentiation of DIk™ cells, double-knockdown colonies
contained an increased number of Alb* hepatocytes as in Ezh2-
knockdown (Fig. 3A and B). These results suggest that Ezh2-
knockdown promotes the differentiation of hepatic stem/progen-
itor cells towards the hepatocyte lineage. Consistent with this
finding, an enzyme-linked immunosorbent assay (ELISA)
detected a significant increase in Alb secretion from culture of
Ezh2-knockdown DIk cells compared to that of control DIK* cells
(Supplementary Fig. 2A). The expression of liver-enriched tran-
scription factors was up-regulated in both Ezh2- and Bmi1-knock-
down DIk cells at day 5 of culture (Fig. 3C). However, the
increase was mild in the Bmil-knockdown DIk* cells compared
to the Ezh2-knockdown or double-knockdown cells. A slight
increase in the expression of Sall4 was also observed in Bmil-
knockdown and double-knockdown cells. In clear contrast, nei-
ther Ezh2- nor Bmil-knockdown DIk* cells showed remarkable
changes in the expression of Gatal (GATA binding protein 1), a
haematopoietic transcription factor gene (Fig. 3C).

Regulation of the Ink4a/Arf gene by Ezh2

Bmil, a core component of PRC1, regulates the self-renewal of
various somatic stem cells, targeting p16™“¢ and p19” in partic-
ular [14,15]. Ezh2 likewise contributes to the repression of the
Ink4a/Arf locus in mouse embryonic fibroblasts [16].

To examine whether Ezh2-knockdown results in derepression
of the Ink4a and Arf genes, we performed real-time RT-PCR anal-
yses. Expression of both p16™“** and p19*” was up-regulated in
Ezh2-knockdown DIk™ cells at day 5 of culture, although their
derepression levels were moderate compared with those in
Bmil-knockdown cells (Fig. 4A). To address whether Ezh2 is
involved in transcriptional repression through histone modifica-
tions at the Ink4a/Arf locus, we conducted ChIP analyses in
wild-type DIk* cells. ChIP assays demonstrated the binding of
Ezh2 across the Ink4a/Arf locus and an increase in H3K27me3 lev-
els (Fig. 4B).

Loss-of-function assays of Ezh2 in Ink4a/Arf~/~ DIk* cells

To evaluate directly the involvement of the Ink4a/Arf locus in
Ezh2 function in hepatic stem/progenitor cells, we isolated DIk*
cells from Ink4a-Arf~~ embryos. Deletion of the Ink4a/Arf locus
significantly enhanced the propagation of colonies compared to

the wild-type DIk" cells, and most of the colonies at day 5 of cul-
ture kept expanding up to day 14 (Fig. 5A and B). Flow-cytometric
analysis at day 14 of culture revealed that the percentage of DIk
cells in Ink4a/Arf~= colonies was approximately 9-fold higher
than in wild-type colonies (data not shown), indicating that dele-
tion of the Ink4a/Arflocus enhanced the self-renewal capability of
DIK™ cells. Notably, however, not only the total number of colo-
nies but also the number of large colonies (consisting of more
than 100 cells at day 5 of culture) was significantly reduced by
Ezh2-knockdown (Fig. 5A and B). Consistent with this, the diam-
eter of large Ezh2-knockdown colonies at day 14 of culture was
significantly smaller than in the control (Fig. 5C). Of interest,
the effect of Bmil-knockdown was largely cancelled by the dele-
tion of Ink4a/Arf, while that of Ezh2-knockdown was only par-
tially abrogated (Fig. 5A-C). Immunostaining revealed that large
colonies derived from Ezh2-knockdown Ink4a-Arf~'-DIk* cells
still harboured a similar number of Alb™ hepatocytes as those
derived from Ezh2-knockdown wild-type DIK* cells (Fig. 5D and
E).

We next performed replating assays. At day 14 of culture,
Ink4a-Arf~/~DIK*EGFP* cells transduced with knockdown vectors
were collected by cell sorting and replated to allow colonies to
form. The frequency of total secondary colonies and of large sec-
ondary colonies was markedly reduced by Ezh2-knockdown com-
pared to the control (Supplementary Fig. 3A). Deletion of the
Ink4a/Arf locus cancelled out the effect of Ezh2-knockdown to a
lesser extent than that of Bmil-knockdown. Secondary colonies
were generated in a similar fashion to the original colonies and
exhibited enhanced differentiation towards the hepatocyte line-
age (Supplementary Fig. 3B).

Role of Ezh2 in terminal differentiation and maturation in wild-type
and Ink4afArf~/~ DIk* cells

We cultured DIk™ cells in EHS gel supplemented with OSM to
selectively induce hepatocyte terminal maturation. By day 5 of
culture, multiple cell clusters with tight cell-cell contact were
formed. The Ezh2-knockdown clusters consisted of mature hepa-
tocytes with a highly condensed, granulated cytosol and clear
round nuclei compared with the control clusters (Fig. 6A). In
addition, real-time RT-PCR revealed that tyrosine aminotransfer-
ase (TAT) and glucose-6-phosphatase (G6P), the metabolic
enzyme genes highly expressed in terminally differentiated hepa-
tocytes, were significantly up-regulated in Ezh2-knockdown cells
(Fig. 6B). In addition, periodic acid-Schiff (PAS) staining success-
fully detected intracellular glycogen accumulation in Ezh2-knock-
down cells, which indicated the functional maturation of the
hepatocytes (Supplementary Fig. 2B). Although the deletion of
Ink4a/Arf in DIk cells slightly promoted hepatocyte maturation
in EHS gel cultures compared to wild-type DIk* cells, Ezh2-knock-
down further promoted hepatocyte maturation (Fig. 6A and B).
Together, these findings indicate that post-commitment hepato-
cyte maturation is facilitated by Ezh2-knockdown.

Next, DIk" cells were cultured on collagen type I gel in the
presence of TNF-o to selectively induce differentiation into cho-
langiocytes. Both the control and Ezh2-knockdown cells similarly
formed tube-like structures (Fig. 6C). Expression of CK7, CK19 and
integrin p4 (Itgb4), useful marker genes of cholangiocyte matura-
tion, was mildly up-regulated in Ezh2-knockdown cells, but
another marker gene, Sall4, did not show any changes in expres-
sion (Fig. 6D). The deletion of the Ink4a/Arf genes caused no
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Fig. 3. Effects of Ezh2- and Bmi1-knockdown on the differentiation of hepatic stem/progenitor cells. (A) Bright-field images and fluorescence micrographs of large colonies
(containing more than 100 cells) transduced with indicated viruses atday 5 of culture. Dual immunostaining was performed to detect the expression of Alb (red)and CK7 (green)
in clonal colonies. EGFP expression in single-knockdown colonies, EGFP and RFP expression in a double-knockdown colony (upper panels) and nuclear DAPI staining (middle
panels) are shown in the insets. Scale bar = 200 pm. (B) The percentages of AIb*CK7 -, Alb-CK7", AIb*CK7", and Alb~CK7~ cells in large colonies containing more than 100 cells
were calculated at day 5 of culture. The average for 10 colonies is presented as the mean + SD. *Statistically significant (p < 0.05). (C) Real-time RT-PCR analysis of the expression
of liver-enriched transcription factors and Gatal in colonies derived from DIk* cells transduced with indicated viruses at day 5 of culture. *Statistically significant (p <0.05).
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remarkable changes in collagen type I gel cultures in terms of
cholangiocyte maturation (Fig. 6C and D).

Taken together, these findings indicate that post-commitment
hepatocyte maturation rather than cholangiocyte maturation is
accelerated by Ezh2-knockdown. Moreover, these results suggest
that the Ink4a/Arf locus is also a major target of Ezh2, but there
exist additional targets of Ezh2 in the regulation of hepatic
stem/progenitor cell growth and self-renewal.

Discussion

Ezh2 plays an important role in gene silencing through the trime-
thylation of H3K27. In embryonic stem (ES) cells, most develop-
mental genes are reversibly silenced through the bivalent
domain in their transcriptional regulatory region, which consists
of large regions of trimethylated H3K27 harbouring smaller
regions of trimethylated H3K4 [17,18]. Therefore, PRC2 is critical
in maintaining the pluripotency of embryonic stem (ES) cells.
However, little is known about the role of PRC2 in somatic stem
cells, especially in primary hepatic stem/progenitor cells. Our
loss-of-function analysis of Ezh2 clearly showed that Ezh2 regu-
lates the proliferation of hepatic stem/progenitor cells in Ink4a/
Arf-dependent and -independent manners. Given that Ezh2-
knockdown profoundly affected the replating efficiency of hepa-
tic stem/progenitor cells, Ezh2 might also be needed to maintain
the self-renewal capacity of these cells. These functional charac-

teristics of Ezh2 are very similar to those of Bmil, but Ezh2
behaved quite differently from Bmi1 in the regulation of hepatic
stem/progenitor cell differentiation. Ezh2-knockdown promoted
the differentiation of hepatic stem/progenitor cells into hepato-
cytes and further enhanced the maturation of hepatocytes. How-
ever, Bmil-knockdown did not compromise their differentiation.
These findings unveil distinct functions of PRC1 and PRC2 in the
regulation of hepatic stem/progenitor cell differentiation. A sim-
ilar finding has been reported in breast cancer, in which EZH2 and
BMI1 inversely correlate with prognosis and TP53 mutation [19].

Ink4a and Arf are major target genes of PcG proteins such as
Bmi1 and Ezh2 [16]. Ezh2 contributes to the proliferation of pan-
creatic B-cells during regeneration by suppressing the Ink4a/Arf
locus [20]. Overexpression of Ezh2 reportedly decreases expres-
sion of p16™4? through hypermethylation of the p16™%* pro-
moter in cholangiocarcinogenesis in hepatolithiasis [21]. The
present ChIP analyses showed that Ezh2 binds to the Ink4a/Arf
locus, accompanied by increased levels of trimethylated H3K27
in hepatic stem/progenitor cells. However, deletion of the
Ink4a/Arf locus only partially abrogated the inhibitory effect of
Ezh2-knockdown on the expansion of hepatic stem/progenitor
cells. On the other hand, the inhibitory effect of Bmil-knockdown
was largely cancelled by deletion of Ink4a/Arf. These results indi-
cate that Ezh2 regulates hepatic stem/progenitor cells in both
Ink4a/Arf-dependent and -independent manners. Actually, double
knockdown of Ezh2 and Bmi1 had a limited advantage over single
knockdown of Ezh2 in inhibiting hepatic stem/progenitor cell
proliferation, further indicating additional functions of Ezh2
independent of Ink4a/Arf.

A number of liver-enriched transcription factors, including
hepatocyte nuclear factors (Hnfs) and CCAAT/enhancer binding
proteins (Cebps), play a central role in normal hepatogenesis
[22]. It has been reported that Hnf3, a marker of definitive endo-
derm, is indispensable for early liver development [23]. Consis-
tent with this, enforced expression of Hnf3B in ES cells and
mesenchymal stem cells promotes differentiation towards the
hepatocyte lineage [24,25]. Recent studies have shown that
Cebpa, a nuclear transcription factor of the bZIP protein family,
is essential for hepatocyte differentiation [26]. In addition, sup-
pression of Cebpo expression stimulates biliary cell differentia-
tion, with reduced expression of Hnf6 and Hnf1p [27].

In the present study, Ezh2-knockdown in hepatic stem/pro-
genitor cells resulted in enhanced expression of Hnfs. Likewise,
increased expression of Hnf6 and Hnflb was simultaneously
observed. Of interest, chromatin immunoprecipitation combined
with DNA microarray (ChIP-on-chip) analyses reveal that both
PRC1 and PRC2 can bind to the promoter regions of Hnf3b, Cebpa,
and Hnf6 in ES cells [28]. As Hnf3b and Cebpa have bivalent
domains in their promoter regions [17,18], we hypothesised that
Ezh2 mediates the silencing of these genes to maintain hepatic
stem/progenitor cells in an immature state. Unexpectedly, the
present ChIP analyses using purified DIk* cells failed to demon-
strate the binding of Ezh2 at these loci (data not shown). It is pos-
sible that the DIk" fraction was inappropriate for detecting the
recruitment of Ezh2 for repression of target genes because it con-
tained not only stem/progenitor cells but also cells in different
stages of differentiation. Intriguingly, a recent study showed that
Ezh2-dependent trimethylated H3K27 prevents the recruitment
of AP1 and other transcription factors required for terminal dif-
ferentiation [13]. It is also possible that Ezh2-dependent
H3K27me3 on hepatocyte differentiation-related genes likewise
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prevents the recruitment of liver-enriched transcription factors in
hepatic stem/progenitor cells.

Although PcG proteins have been characterised as self-
renewal factors of embryonic as well as somatic stem cells,
Ezh2 has recently been implicated in the differentiation of neural
stem cells and epidermal stem cells [12,13]. Our findings further
support an essential role for PcG proteins in the precise regula-
tion of stem cell differentiation. The composition of PcG com-
plexes is highly dynamic and differs among different cell types
and even at different gene loci. Given that the complexes exhibit
differences in specificity for histone substrates, the target genes
regulated by PcG proteins are quite diverse among different cell
types [29]. Efforts to unravel the molecular machinery of PcG pro-
teins, including Ezh2, would facilitate our overall understanding
of the hepatic stem cell system and contribute to the establish-
ment of liver regeneration therapy.
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Aim: Little is known about specific naturally-occurring inter-
nal ribosomal entry site (IRES) activities of hepatitis A virus
(HAV). We examined these activities using the bicistronic
reporter assay and the effects of antiviral amantadine against
their activities.

Methods: Six HAV IRES clones from three patients with ful-
minant hepatitis and three with self-limited acute hepatitis
were obtained. The activities of their IRES were analyzed
using bicistronic reporter assay in hepatocyte- and non-
hepatocyte-derived cell lines, and the potential efficacious-
ness of the amantadine was examined.

Results: One clone from fulminant hepatitis had a deletion in
domains IlI-IV of HAV IRES had higher IRES activities than

HM175 in HLE and Huh-7 cells. In Huh-7 cells, amantadine is
effective for inhibiting HAV IRES activities, and especially ful-
minant hepatitis-derived ones.

Conclusion: HAV IRES derived from clinical isolates have
various activities. Bicistronic reporter assay using clinical iso-
lates may be another useful tool for testing antiviral activities
like those of amantadine and the new acridines and hydra-
zones recently reported.

Key words: amantadine, fulminant hepatitis, hepatitis A
virus, hepatocyte, internal ribosomal entry site

INTRODUCTION

EPATITIS A VIRUS (HAV) is a member of the

genus Hepatovirus in the Picornaviridae family. HAV
is a positive-sensed single-stranded RNA genome of
approximately 7.5 kb in length. The genome codes a
large open reading frame (ORF), which is flanked by 5’
non-translated region (5'NTR) and 3’NTR. The down-
streamn part of 5'NTR represents the internal ribosomal
entry site (IRES), which mediates cap-independent
translation initiation."” HAV causes acute hepatitis and
occasionally leads to severe fulminant hepatitis with
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fatal outcomes in unvaccinated individuals. Almost
3500 acute hepatitis cases were reported in 2006, repre-
senting an estimated 32 000 HAV cases annually in the
USA.* HAV has dramatically affected rates of the disease
in the USA. There continued to be missed opportunities
for testing and/or vaccination, and so adherence to rec-
ommended HAV vaccination is still low.* This high-
lights the urgent need for a new therapeutic option other
than vaccine.*°

Picornavirus translation is initiated in a cap-
independent fashion by a mechanism involving the
binding of the 40S ribosomal subunit at a site located
hundreds of bases downstream of the 5” end of the RNA,
which has been termed IRES. Although the details of
translation initiation by internal entry are unknown, it
likely involves the interaction of a set of trans-acting
cellular translation initiation factors with the cis-acting
IRES, resulting in the binding of the 40S ribosomal
subunit to the RNA."" 1AV IRES spans a region from nt.
161 to the first initiator, AUG, located at nt. 734, and
encompasses most of 5’NTR of the viral mRNA."? In
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HAV genomes, the nucleotide sequence of 5’NTR is
more conserved than those of other sites,”* and 5’NTR
is predicted to fold into a complex secondary/tertiary
structure characterized by six major domains designated
I-VL.” Domain VI contains the initiation codon. We
previously showed that RNA interference targeting
various domains of HAV IRES could suppress HAV
translation and replication,® indicating that some HAV
IRES domains might be used as a universal, effective
target for specific inhibition of HAV infection.® HAV
IRES could represent an appropriate target for antiviral
drug development.

Amantadine is a tricyclic symmetric amine for use
both as an antiviral and an anti-parkinsonian drug.
Amantadine inhibits cell-culture-grown HAV IRES-
mediated translation in human hepatoma cells,” sup-
porting the observation that amantadine could suppress
HAV replication in cell culture.”’*'®* We do not know
whether amantadine could suppress clinical isolates
from hepatitis A patients.

Here, we examined the HAV IRES activities of clinical
isolates from fulminant hepatitis and self-limited acute
hepatitis patients in a number of cell lines and tested the
effects of amantadine on their IRES-mediated transla-
tion by reporter assay. As translation of fulminant
hepatitis-derived IRES varies, but it is still efficiently
suppressed by amantadine, the approaches described
here might open new strategies for useful therapeutic
options in cases of fulminant hepatitis A.

METHODS

Cell lines and reagents

UMAN HEPATOMA CELL lines Huh-7, HepG2

and HLE, the human cervical carcinoma cell line
Hela, and African green monkey kidney cell lines BSC-1
and CV-1 were purchased from Health Science Research
Resources Bank (Japanese Collection of Research Biore-
sources, Osaka, Japan) and maintained in Dulbecco’s
minimum essential medium (Gibco BRL, Gaithersburg,
MD, USA). Amantadine hydrochloride was purchased
from Sigma-Aldrich (St Louis, MO, USA).

Bicistronic reporter plasmids

The simian virus (SV)40 promoter plasmid pSV40-HAV-
HM175-IRES encodes in a bicistronic fashion the Renilla
reniformis luciferase (Rluc), the HAV IRES derived from
pHM175 (kindly provided by S. U. Emerson, National
Institutes of Health, Bethesda, MD, USA)," followed by
the firefly luciferase (Fluc). It was prepared by poly-

© 2010 The Japan Society of Hepatology
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merase chain reaction (PCR)-based subcloning the IRES
(nt. 139-854) of HAV strain HM175" and Rluc into
pGL3-promoter Vector (Promega, Madison, WI, USA)
(Fig. 1a, upper part). Plasmids pSV40-HAV-F1-IRES,
PSV40-HAV-F2-IRES, pSV40-HAV-F3-IRES, pSV40-HAV-
A1-IRES, pSV40-HAV-A2-IRES and pSV40-HAV-A3-IRES
replaced HAV-F1-IRES, HAV-F2-IRES, HAV-F3-IRES,
HAV-A1-IRES, HAV-A2-IRES and HAV-A3-IRES, respec-
tively, into HAV-HM175 of the plasmid pSV40-HAV-
HM175-IRES. F1-F3 and A1-A3 are derived from
fulminant hepatitis and self-limited acute hepatitis,
respectively.?*?" The sequences of plasmids were con-
firmed by directly sequencing using ABI 377 (Applied
Biosystems, Urayasu, Japan).

Transfection and in vitro reporter assays

Approximately 1.0 x 10° cells per well were placed in a
six-well plate (Iwaki Glass, Tokyo, Japan) 24 h prior
to transfection. Cells were transfected with 0.4 pg of
pSV40-HAV-IRES using Effectene Transfection Reagent
(QIAGEN, Hilden, Germany) following the manufac-
turer’s protocol. Six hours after transfection, the cells
were washed once with phosphate buffered saline
(PBS), and culture media with or without drugs were
added. Forty-eight hours after transfection, cells were
harvested using reporter lysis buffer (Toyo Ink, Tokyo,
Japan), and luciferase activity was determined by lumi-
nometer (AB-2200-R; ATTO, Tokyo, Japan).” To control
for variations in transcription, IRES activity was assessed
by measuring the ratio of Renilla and firefly luciferases.
All samples were run in triplicate.

Data analysis

The sequences reported in this study have been depos-
ited in GenBank under accession numbers AB513790 to
AB513795 for F1 to A3. Sequence analyses were per-
formed using GENETYX ver. 9 (GENETYX, Tokyo,
Japan). Data were expressed as mean * standard devia-
tion. Statistical analysis was done using Student’s t-test.
P < 0.05 was considered significant.

RESULTS AND DISCUSSION

Naturally occurring HAV IRES

EPATITIS A VIRUS strains associated with human
disease show genetic divergence.”””* First, we
cloned the sequences of HAV derived from clinical iso-
lates and made each bicistronic vector. PCR products
were derived from serum samples of patients with ful-
minant hepatitis, in whom prothrombin time had
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Figure 1 Bicistronic reporter constructs used in this study. (a) pSV40-HAV-HM175-IRES was described previously.®” It encodes the
Renilla luciferase genes, the internal ribosome entry site (IRES) of hepatitis A virus (HAV) HM175, and the firefly luciferase gene
under the control of the simian virus 40 promoter (SV40). pSV40-HAV-F1-IRES, pSV40-HAV-F2-IRES, and pSV40-HAV-F3-IRES
encode the IRES from fulminant hepatitis F1, F2, and F3, respectively, instead of the IRES of HM175. pSV40-HAV-A1-IRES,
pSV40-HAV-A2-IRES and pSV40-HAV-A3-IRES encode the IRES from self-limited acute hepatitis A1, A2 and A3, respectively,
instead of the IRES of HM175. (b-g) Secondary structure and mutations in the HAV IRES constructs used in this study.*"! Major
structural domains are labeled I-VI; blue circles indicate mutations and red-dashed lines were deleted parts, compared with HM175
clone. HAV IRES constructs used in this study include the black line parts. F1 (b), F2 (c) and F3 (d) and A1 (e), A2 (f) and A3 (g)
were derived from fulminant and acute self-limited hepatitis, respectively.

decreased to less than 40% with hepatic encephalopathy
of grade II or more within 8 weeks after the onset of
disease,*" and with self-limited acute hepatitis in whom
prothrombin time had not decreased below 40%. We
sequenced these isolates, showing the differences of
these sequences in Figure 1(b-g). Of note, one was

derived from fulminant hepatitis F3 with a sequence
deletion from nt. 233-380 in the HAV IRES region
(Fig. 1d) corresponding to a portion of domain I1I to a
part of domain IV. This F3 nucleotide sequence matched
75.60-77.93% of those of cell culture-derived clone
HM175 or other clinical isolates in this study. The

© 2010 The Japan Society of Hepatology
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(d)

Figure 1 Continued.

nucleotide sequences of other clinical isolates matched
95.25-95.81% of that of HM175. The ones other than
F3 matched 98.18-99.30% with each other (data not
shown).

HAV IRES activities from clinical isolates
vary in human hepatocytes

Several mutational studies of HAV IRES were previously
reported.”?* Our major concern before starting this
study was whether HAV IRES activities were correlated

© 2010 The Japan Society of IHepatology
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to the severities of the clinical manifestations of hepati-
tis A, as HAV genome replication is directly dependent
on IRES-mediated translation. Then, we examined how
these IRES activities behaved in hepatocytes and non-
hepatocytes. It is thought that HAV mainly replicates in
the liver where it induces inflammation,’? so we initially
examined translation efficiencies of HAV IRES in the
following human hepatoma cells: Huh-7, HepG2 and
HLE cells (Fig.2a-c). The IRES activities (firefly
luciferase/Renilla  luciferase:  cap-independent/cap-
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Figure 1 Continued.

dependent translation efficiencies) of HM175 were used
as control. The HM175 strain of HAV was originally
recovered from stool of a patient with hepatitis A in
Melbourne, Australia. It is well-known that plasmid
PHM175 was isolated directly from primary African
green monkey kidney cells infected with this virus and in
vitro transcribed RNA from this clone were cell-culture
grown.""” In Huh-7 cells, in which HAV can replicate
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and which are commonly used for HAV research,” the
IRES activities of F1, F2, F3, A1, A2 and A3 were 1.05-,
0.39-, 3.76-, 0.048-, 2.19- and 0.6-fold, respectively, of
that of HM175 (Fig. 2a). In HepG2, the IRES activities of
F1, F2, F3, A1, A2 and A3 were 1.29-, 0.33-, 3.68-, 0.12-,
8.91- and 4.23-fold, respectively, of that of HM175
(Fig. 2b). In HLE, the IRES activities of F1, F2, F3, A1, A2
and A3 were 0.85-, 1.35-, 5.17-, 0.55-, 29.06- and 4.31-

© 2010 The Japan Society of Hepatology
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Figure 1 Continued.

fold, respectively, of that of HM175 (Fig. 2¢). Compared
with HM175, F3, A2 and A3 tended to have higher IRES
activities in liver-derived cell lines, F1 had similar IRES
activity to HM175, and F2 and A1 tended to have lower
IRES activities than HM175.

F3 has a large deletion in domains III-1V (Fig. 1d). In
A2, several nucleotide mutations around the AUG
codon in domain VI of IRES were seen. These mutations
possibly affected their IRES activities. A3 IRES activities
in Huh-7, HepG2 and HLE were 0.6-, 4.23- and 4.31-
fold, respectively. A2 showed very high activity in HLE
compared to other IRES. These results may have been
influenced by certain cellular factors.

HM175 HAV IRES activities not lower than
those of clinical isolates in
non-hepatocyte-derived cell lines

In HeLa, another permissive cell line?® for HAV, the IRES
activities of F1, F2, F3, A1, A2 and A3 were 0.33-, 0.31-,
1.0-, 0.11-, 0.87- and 0.32-fold, respectively, of that of
HM175 (Fig. 2d).

Acute hepatitis A occasionally presents the manifesta-
tion of acute renal failure during the course of the dis-
ease.’® We thus examined HAV IRES activities in African
green monkey kidney cell lines BSC-1 and CV-1, as they
were reported to be permissive for HAV replication,”*’
and then we examined the HAV IRES activities in these
two cell lines. In BSC-1, the IRES activities of F1, F2, F3,
A1, A2 and A3 were 0.11-, 0.10-, 0.73-, 0.02-, 0.48- and

© 2010 The Japan Society of Hepatology
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0.86-fold, respectively, of that of HM175 (Fig. 2e). In
CV-1, the IRES activities of F1, F2, F3, A1, A2 and A3
were 0.04-, 0.20-, 0.46-, 0.05-, 0.76- and 0.62-fold,
respectively, of that of HM175 (Fig. 2f). IRES activities
of F3, A2 and A3, which tended to be higher in hepato-
cytes (Fig. 2a-c), did not differ much from that of
HM175 in these non-hepatic cells (Fig. 2d-f). The IRES
activities of HM175 in Huh-7, HepG2, HLE, Hela,
BSC-1 and CV-1 were 43.3, 469, 18.2, 618, 1814 and
1097, respectively.

Amantadine has inhibitory effect on clinical
isolate-derived HAV-IRES-mediated
translations

Amantadine has potential as an antiviral agent against
HAV.>'6"'® We previously reported that amantadine has
an inhibitory effect on HAV HM175 IRES-mediated
translation.” However, the effects of amantadine on
clinical isolates from hepatitis A patients were still
unknown. Concentrations of 1-100 pg/mL of amanta-
dine were non-cytotoxic to hepatocytes.” Huh-7 cells
were treated with 100 pg/mL of amantadine or PBS 24 h
after transfection of reporter plasmids. Forty-eight hours
after transfection, dual-reporter assay was performed for
the evaluation of cap-dependent and cap-independent
translation initiation (Fig. 3). In A2 isolates, IRES activ-
ity in the presence of amantadine was 0.93-fold that in
its absence. However, amantadine at 100 pg/mL was
effective against all fulminant hepatitis-derived IRES
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Figure 2 Clinical isolate-derived hepatitis A virus (HAV) internal ribosome entry site (IRES) activities in hepatocytes and non-
hepatocytes. Plasmids of pSV40-HAV-IRES were transfected into hepatocytes: Huh-7 (a), HepG2 (b), HLE (c) and non-hepatocytes:
Hela (d), BSC-1 (e) and CV-1 (f). Forty-eight hours after transfection, dual-luciferase assays were performed. The IRES activities
(firefly luciferase/Renilla luciferase) of pSV40-HAV-HM175-IRES were set at 1. F1, F2 and F3 and A1, A2 and A3 were derived from
fulminant and acute self-limited hepatitis, respectively. *P < 0.05 vs HM-175; **P < 0.01 vs HM-175; ***P < 0.005 vs HM-175.

activities (Fig. 3). Future studies will reveal whether ful-
minant hepatitis-derived HAV is more sensitive to
amantadine than HAV from self-limited acute hepatitis.

Clinical manifestations among hepatitis A patients
in the present study varied from self-limited acute
hepatitis to severe fulminant hepatitis. It was reported
that chronic liver diseases and older patients influ-
enced the severity of hepatitis A, and the host immune
response may vary at the cellular level in such patients.
An absence of obvious correlation between genotypes

and clinical status has been reported.’” In this study,
the fulminant hepatitis F3 clone had a relatively higher
IRES activity in hepatocytes. We previously demon-
strated that inhibition of IRES activities by small inter-
fering RNA (siRNA) leads to the suppression of
HAV viral replication in cell culture. Fujiwara et al.*
reported that higher viral load in patients with fulmi-
nant and severe hepatitis A may be associated with the
pathogenesis of disease severity. Further studies are
needed.

© 2010 The Japan Society of Hepatology
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Figure 3 The effects of amantadine against clinical isolate-
derived hepatitis A virus (HAV) internal ribosome entry site
(IRES) activities. Twenty-four hours after transfection of
reporter plasmids, Huh-7 cells were treated with 100 pg/mL of
amantadine or phosphate buffered saline (PBS). The effects
of amantadine against IRES activities (firefly luciferase/Renilla
luciferase) are shown. Each value of IRES activity treated with
PBS was set at 1. F1, F2 and F3 and A1, A2 and A3 were derived
from fulminant and acute self-limited hepatitis, respectively.
*P < 0.05vs HM-175; **P < 0.01 vs HM-175; ***P < 0.005 vs
HM-175; ****P < 0.001 vs HM-175.

It was reported that an antibiotic resistance titration
assay (ARTA) is useful for HAV neutralization including
virus-receptor interaction.**** We also tested the effects
of amantadine against HAV IRES of clinical isolates and
confirmed the effects against fulminant hepatitis clones.
Recently, it was reported that new acridines and hydra-
zones derived from cyclic B-diketone have stronger
antiviral activities against HAV than amantadine.” Bicis-
tronic reporter assay using clinical isolates may be
another useful tool for testing antiviral activities like
those of these drugs.

In conclusion, HAV IRES activities from clinical iso-
lates vary in relation to different cell lines. For the devel-
opment of antiviral agents against HAV, it seems
important to investigate these effects on clinical isolates.
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to portal hemodynamics
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Abstract

Background: The understanding on the long-term effect
of endoscopic therapy for gastric fundal varices (FV) is
still insufficient. The aim of this study was to evaluate the
relationship between the long-term effect of the endo-
scopic injection therapy with combined cyanoacrylate
(CA) and absolute ethanol (ET) for FV, and the portal
hemodynamics.

Methods: The subjects of this retrospective study were
ten consecutive cirrhotic patients with bleeding FV
treated by endoscopic injection therapy with combined
CA and ET. Percutaneous transhepatic portography was
done after the completion of endoscopic treatment to
assess portal hemodynamics.

Results: All the patients showed hemostasis by CA
injection and complete obturation of FV by combined
therapy of 5.6 £ 2.1 (3-9) times without any severe
complications except for gastric ulcer in one case. Five
patients had recurrence (50%), and three of them showed
rebleeding (30%). The other five patients had no recur-
rence during a mean observation period of 5.58 years
(11902735 days). Although recurrence did not correlate
with portal venous pressure, it was significantly frequent
in patients without advanced portosystemic collateral
vessels (5/7, P = 0.0384) compared to patients with
them (0/3).

Conclusions: Endoscopic injection therapy combining
CA and ET may be effective for FV. Significant
development of portosystemic collateral vessels would
support long-term therapeutic effect after this treatment.
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Key words: Endoscopic injection therapy—Gastric
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Gastric fundal varices (FV) are a hemodynamic feature
of major potential consequence in patients with portal
hypertension [1]. The incidence and bleeding rate of FV
are lower than those of esophageal varices (EV) [2, 3].
However, as bleeding from FV sometimes has a serious
outcome, the control of FV bleeding is crucial in the
management of patients with portal hypertension [4-6].

Endoscopy is an effective tool for attaining hemos-
tasis in gastrointestinal bleeding cases, and intravariceal
injection of cyanoacrylate (CA, Histoacryl; B. Braun,
Melsungen AG, Germany) is a well-established tech-
nique for FV bleeding [7, 8]. However, CA injection
alone does not always provide sufficient long-term pro-
tection against FV bleeding, as previous reports have
shown a cumulative rebleeding rate from 18% to 28% per
year [7-9]. Thus, the use of CA injection alone as a
curative treatment for FV is controversial, and addi-
tional treatment may be required following CA injection.

Endoscopic injection therapy of CA combined with
ethanolamine oleate (Grelan Pharmaceutical Co., Ltd.,
Tokyo, Japan) was reported by Akahoshi et al., but the
outcome was less than satisfactory because of a cumulative
nonbleeding rate of 52.7% at 5 years after the treatment,
with a recurrent bleeding rate of 40% in a mean follow-up
period of 28.1 months [10]. Meanwhile, absolute ethanol
(ET) is also known as an effective sclerosant, and it was
shown to be superior to ethanolamine oleate in a pro-
spective randomized controlled trial in patients with EV
[11]. On the basis of these backgrounds, we carried out
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