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Fig. 4 Clinical course of a 26-year-old female patient (patient 20, responder). She suffered from cryptogenic acute hepatitis showing 35% of PT
activity after a month of treatment and was admitted to our unit. Corticosteroid was administered, and her liver function tests gradually improved

and treat acute onset AIH patients before they develop
severe and fulminant disease. AIH patients with low PT
activity have very severe and advanced histology and
present impaired hepatocellular regeneration, which is
associated with resistance to immunosuppressive therapy.

In conclusion, we should be aware of the possibility that
acute onset AIH patients exist among those with cryptogenic
hepatitis, and that this condition can cause severe hepatitis

@ Springer

and fulminant hepatic failure with a poor prognosis if the
diagnosis was delayed and sufficient immunosuppressive
therapy could not be introduced at an early stage. However,
making the diagnosis of acute onset AIH is very difficult
because there is no gold standard for it. It is most important
to exclude other causes systematically, remember acute
onset AIH in the differential diagnosis and then apply the
scoring system, and comprehensive evaluations of clinical,
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Fig. 5 CT and histological
findings of a responder (patient
20). At admission to our unit,
CT scan showed marked liver
atrophy with heterogeneous
hypoattenuation areas (a),
suggesting massive hepatic
necrosis, and liver histology
showed massive necrosis
without plasma cell
accumulation, compatible with
acute autoimmune hepatitis (b).
Two months after the
administration of corticosteroid,
CT scan showed enlargement of
the left lobe and a decrease in
the hypoattenuation areas (c),
and liver histology showed
simple steatosis with minimal
necroinflammatory change (d)
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Fig. 6 Clinical course of a 70-year-old female patient (patient 23,
non-responder). She suffered from cryptogenic acute hepatitis show-
ing 20% of PT activity and 28 mg/dl of T-Bil after 50 days of
treatment and was admitted to our unit. Corticosteroid was admin-
istered in combination with artificial liver support: high flow (HF)-

continuous hemodiafiltration (CHDF) and plasma exchange. Her
hepatic encephalopathy improved to grade I, but liver function tests
did not improve. She died 3 months after admission because of
hepatic failure
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Fig. 7 CT and histological
findings of non-responder
(patient 23). At admission she
presented grade III hepatic
encephalopathy, and CT scan
showed mild liver atrophy (a).
Post mortem liver histology
showed massive necrosis with
plasma cell accumulation,
compatible with acute
autoimmune hepatitis (b—d)

biochemical, radiological and histological features are
necessary for early diagnosis. Especially precise patholog-
ical evaluation plays an important role in the differential
diagnosis: recognition of severe centrizonal necrosis with or
without plasma cell accumulation. We should study and
recognize the pathological characteristics of acute onset
AIH. The prognosis might indeed be improved without liver
transplantation by the introduction of sufficient immuno-
suppressive therapy at an early stage. Multicenter studies are
also needed to clarify the features of severe and fulminant
AIH and define the treatment strategies.
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Abstract

some patients with acute hepatitis A.

Hepatitis A virus (HAV) causes acute hepatitis and sometimes leads to fulminant hepatitis. Amantadine is a tricyclic
symmetric amine that inhibits the replication of many DNA and RNA viruses. Amantadine was reported to suppress
HAV replication, and the efficacy of amantadine was exhibited in its inhibition of the internal ribosomal entry site
(IRES) activities of HAV. Interferon (IFN) also has an antiviral effect through the induction of IFN stimulated genes
(I5G) and the degradation of viral RNA. To explore the mechanism of the suppression of HAV replication, we exam-
ined the effects of the combination of amantadine and IFN-alpha on HAV IRES-mediated translation, HAV replicon
replication in human hepatoma cell lines, and HAV KRM003 genotype IlIB strain replication in African green mon-
key kidney cell GL37. IFN-alpha seems to have no additive effect on HAV IRES-mediated translation inhibition by
amantadine. However, suppressions of HAV replicon and HAV replication were stronger with the combination than
with amantadine alone. In conclusion, amantadine, in combination of IFN-alpha, might have a beneficial effect in

Short report

Hepatitis A virus (HAV), a member of the family Picor-
naviridae, causes acute hepatitis and occasionally fulmi-
nant hepatitis, a life-threatening disease. As the broad
epidemiological picture of hepatitis A changes, the pub-
lic health importance of this disease is being increasingly
recognized [1]. It is a significant cause of morbidity
worldwide, although the mortality rate due to hepatitis
A is low (improved intensive care and transplantation
have contributed to a reduction in deaths). Improved
sanitation and living standards mean that fewer coun-
tries remain highly endemic, but the risk of HAV infec-
tion is present in countries lacking HAV immunity or
where the endemicity of hepatitis A is low or intermedi-
ate [1]. In such situations, these outbreaks can prove to
be long and difficult to control. Vaccination and inform-
ing the general public about good hygienic measures are
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important for the prevention of HAV infection, but new
therapeutic options are also desirable.

Amantadine, a tricyclic symmetric amine, inhibits
HAY replication in vitro [2]. We previously reported
that amantadine inhibits hepatitis A virus internal ribo-
somal entry site (IRES)-mediated translation in human
hepatoma cells [2]. Interferons (IFNs) also exhibit anti-
viral effects against HAV infection [2,3]. In the present
study, we examined the effects of amantadine with or
without IFN-alpha, on HAV IRES activities, HAV subge-
nomic replicon replication and HAV replication ix vitro
as a proof of concept for the development of a more
effective treatment to control HAV infection.

First, we evaluated the cytotoxicity of amantadine and
IFN-alpha by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt (MTS) assay. Amantadine concentrations in a range
of 1 - 125 pug/mL and those of 1 - 150 pg/mL for 12-h
incubation were non-toxic for Huh7 cells and for
HuhT?7 cells, respectively (Figures 1A and 1B). Amanta-
dine could be incubated for a short time, e.g., 12 h, with
the cells, and then the dose of amantadine could be

© 2010 Yang et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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Figure 1 Effects of amantadine on cell growth and viability. MTS assays of cells 12 h after treatment with amantadine with or without
100 U/mL interferon (IFN)-alpha. (A) Huh7 cells. (B) HuhT7 cells. Data are expressed as mean + SD.
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Figure 2 Structures of reporter constructs used in this study. (A) Structure of HAV genome. (B) Structure of the replication-competent HAV
replicon (HAV replicon) pT7-18f-LUC, which contains an open-reading frame of firefly luciferase (Fluc) flanked by the first four amino acids of
HAV polyprotein and by 12 C-terminal amino acids of VP1. This segment is followed by P2 and P3 domains of HAV polyprotein (HAV strain
HM175 18f) [9,10]. (C) Structure of replication-incompetent HAV replicon (mut) (mut-HAV replicon) pT7-18f-LUCmut, which contains a frame-shift
mutation in the polymerase 3 D [9,10]. (D) Bicistronic reporter constructs: pSV40-HAV IRES was described previously [2,4]. It encodes the Renilla
luciferase genes (Rluc), the internal ribosomal entry site (IRES) HAV HM175, and the firefly luciferase gene (Fluc) under the control of the simian

virus 40 promoter (5V40).
—

- 320 -



Yang et al. Virology Journal 2010, 7:212
http://www.virologyj.com/content/7/1/212

increased to higher than 100 pg/mL. With the combina-
tion of amantadine and 100 IU/mL IFN-alpha, we did
not observe increased cytotoxicity compared with aman-
tadine alone.

We previously reported that the introduction of
siRNA targeted against the 5’NTR region of HAV
HM175 inhibits HAV IRES-mediated translation and
HAV replication [4]. Interestingly, amantadine and IFN
also inhibited HAV IRES-mediated translation and HAV
replication [2,3,5-8]. Accordingly, we planned to identify
more effective strategies for suppressing HAV IRES-
mediated translation and HAV replication. IRES is an
attractive target for antivirals because HAV IRES is
located in the 5’NTR region, the most conserved region
among HAV strains. In the present study, we evaluated
the HAV antiviral activity of amantadine and IFN-alpha.
We initially examined the effects of this combination on
HAYV IRES-mediated translation using a luciferase repor-
ter assay. Huh7 cells were transfected with pSV40-HAV
IRES reporter vector, encoding SV40 promoter driven-
Renilla reniformis and firefly luciferase, separated by
HAV-IRES (Figure 2) (2], and treated with amantadine
and/or IFN-alpha. Inhibition of luciferase activity at
different levels was observed with amantadine with or
without 100 IU/mL IFN-alpha (Figure 3A). Although
the strongest suppression was noted with the combina-
tion of 10 pg/mL amantadine and 100 IU/mL
IFN-alpha, IFN-alpha showed no additive effect on the
translation inhibition by 50-100 pug/mL amantadine.
This finding prompted us to examine whether IFN-
alpha has additive suppression of HAV replicon replica-
tion by amantadine. We have reported that RNA repli-
cation of HAV can be analyzed in a DNA-based
replicon system using HuhT7 cells that stably express
T7-RNA polymerase in the cytoplasm (Figure 1) [9-11].
The luciferase activities determined after transfection of
replicon DNA are a direct measure of RNA translation
and replication. This is because replication in positive-
stranded RNA viruses can be easily assessed with a
viral replicon carrying the luciferase gene in place of
viral structural genes. Moreover, luciferase activity due
to translation or translation and replication can be eval-
uated when the transfection of a replication-competent
replicon (HAV replicon) is compared with that of a
replication-incompetent replicon (mut) (mut-HAV repli-
con) [8].

To further determine the effects of the combination of
amantadine and IFN-alpha on HAV replication, we trans-
fected the HAV replicon or mut-HAV replicon into
HuhT?7 cells, and the drugs were added 24 h later. Repor-
ter assays were performed 48 or 72 h after transfection.
The transfection efficacy of HAV replicon was estimated
as 20-30% in our systems. Luciferase activity was normal-
ized with respect to the protein concentration of cell
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Figure 3 (A) Effects of amantadine with or without interferon
on the hepatitis A virus (HAV) internal ribosomal entry site
(IRES) activities in Huh7 cells. Approximately 2 x 10° cells were
seeded on a 6-well tissue culture plate (Iwaki Glass, Tokyo, Japan) 24
h prior to transfection. pSV40-HAV-IRES (0.3 ug) was transfected into
Huh7 cells using the Effectene transfection reagent (Qiagen, Tokyo,
Japan). 24 h after transfection, amantadine and/or IFN in various
concentrations was added to cells. 48 h after transfection, cell
extracts were prepared, and luciferase assays were performed using
the Dual Luciferase assay system (Toyo Ink, Tokyo, Japan) according
to the manufacturer’s instructions [2]. For controlling the variations
in transcription, IRES activity was assessed by measuring the ratio of
Renilla and firefly luciferases. All samples were run in triplicate.
Renilla and firefly luciferase activities were measured as relative light
units using a luminescencer (JNRII-AB-2300; ATTO, Tokyo, Japan). (B,
C) Effects of amantadine with or without interferon on the
HAV subgenomic replicon replication in HuhT7 cells. (B) 48 h
after transfection and (C) 72 h after transfection. Black columns,
replication-competent HAV replicon; white columns, replication-
incompetent HAV replicon (mut). Relative luciferase activities
without any treatments were set at 1. Data are expressed as mean
(columns) + SD (vertical lines). *P < 0.05 and **P < 0.01, compared
with untreated control by Student's t test. #P < 0.01 and ## P <
0.05, compared with amantadine alone or IFN-alpha alone by
Student’s t test.

- 321 -



Yang et al. Virology Journal 2010, 7:212
http://www.virologyj.com/content/7/1/212

lysates. In this DNA-based system, 48 h after transfec-
tion, the replication rates of the HAV replicon were
100%, 77%, and 44% compared to those of control when
treated with amantadine alone, IFN alone, and their com-
bination, respectively (Figure 3B). On the other hand,
since the mut-HAYV replicon cannot replicate, the lucifer-
ase activity (39%, 37%, and 22% compared to those of
control for the same test conditions, respectively) is due
to translation of the viral RNA and not replication.
Amantadine alone showed 52% at 72 h, higher than 37%
at 48 h, supporting the notion that amantadine might
suppress translation of the viral RNA. Suppression effects
of these treatments were stronger in the mut-HAV repli-
con than in the HAV replicon. These findings support
our observation of the suppression of HAV IRES-
mediated translation by amantadine and IFN-alpha. Sup-
pression effects at 48 h after transfection by the combina-
tion of amantadine and IFN-alpha against HAV
replication were stronger than those by amantadine or
IFN-alpha monotreatment. IFN-alpha was more effective
than amantadine against the HAV replicon (P = 0.0027)
(Figure 3B).

Seventy-two hours after transfection, the replication
rates of the HAV replicon were 65%, 56%, and 23%
compared to those of control when treated with aman-
tadine alone, IFN-alpha alone, and their combination,
respectively (Figure 3C). The replication rates of the
mut-HAV replicon were 52%, 30%, and 4% of those of
control, respectively. IFN-alpha was more effective than
amantadine against the replication of HAV replicon or
mut-HAYV replicon (P < 0.001 or P < 0.001). Suppres-
sion effects of the combination of amantadine and IFN-
alpha at 72 h post-transfection were stronger than those
of amantadine or IFN-alpha monotreatment. Suppres-
sion effects of these treatments were stronger in the
mut-HAV replicon than in the HAV replicon. Moreover,
it is important to note that the effects of this combina-
tion were observed at earlier time points (Figure 3C).

Next, we performed an infectivity assay using the virus
to investigate the effects of combination of amantadine
and IFN-alpha on tissue culture-adapted HAV strain
KRMO003 (genotype I1IB, accession no. L20536) propaga-
tion in African green monkey kidney GL37 cells [12-14].
GL37 cell monolayers in 96-well culture plates were
infected with HAV at a multiplicity of infection (MOI)
of 5 or 50 for 1 h at 37°C in a CO, incubator. Without
removing the inoculum, drug-containing media were
added to appropriate wells. The final concentrations of
amantadine, IFN-alpha, and their combination were
50 pg/ml, 100 IU/ml and 50 pg/ml of amantadine and
100 IU/ml of IFN-alpha, respectively. After incubation
for 72 h, infected cells were evaluated with ELISA. Sup-
pression of HAV replication by the combination of
amantadine and IFN-alpha was stronger than those of
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amantadine alone, IFN-alpha alone, and untreated con-
trol (Figure 4).

IFNs are proteins induced by lymphocytes and other
cells including hepatocytes in response to viruses such
as HAV. In virus-infected cells, dsRNA activates anti-
viral interferon pathways and the production of IFN
type L. The secreted IFN type I induces a positive feed-
back loop that results in the expression of interferon-sti-
mulated genes (ISGs), including RNase L and protein
kinase R (PKR) [15]. Our study supports the fact that
the administration of IFN-alpha suppresses HAV repli-
cation through HAV IRES mediated-translation and
other mechanisms and that, on the other hand, amanta-
dine suppresses HAV replication mainly through HAV
IRES mediated-translation.

There are several reports concerning HAV suppres-
sing intracellular dsRNA-induced retinoic acid-inducible
gene 1 (RIG-I)-mediated IFN regulatory factor 3 (IRF-3)
activation to block induction of IFN [16,17]. Yang et al.
reported that HAV proteins interact with mitochondrial
antiviral signaling protein, an essential component of
virus-activated signaling pathways that induce protective
IFN responses [18]. However, in this study, the
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Figure 4 Effects of amantadine with or without interferon on
HAV KRM003 genotype IlIB strain replication in African green
monkey kidney cell GL37. GL37 cell monolayers in 96-well culture
plates were infected with HAV [at a multiplicity of infection (MOI) of
5 or 40] for 1 h at 37°C in a CO, incubator. Amantadine and/or IFN
was added to cells. After the incubation for 72 h, infected cells were
evaluated with ELISA. The rate of virus survival was measured using
this equation: Virus survival rate (%) = 100 x Absorbance with drug/
Absorbance without drug.
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administration of exogenous IFN-alpha could suppress
HAV replication, although endogenous IFNs produced
by cells also may play an important role in inhibiting
viral replication. Further studies will be needed.

Amantadine inhibits the replication of many DNA and
RNA viruses and is also used as a drug for the treat-
ment of Parkinson’s disease [2]. It is known that the M2
protein of influenza A virus is a target of amantadine
[19]. Furthermore, it has been reported to inhibit HAV
IRES-mediated translation and replication by our group
and other researchers [2,3,5-8].

Therefore, we examined the possibilities of the combi-
nation of amantadine and IFN-alpha against HAV
because these two drugs were previously reported to be
effective against HAV [2,3,5-8]. To our knowledge, this
is the first study demonstrating that a combination of
amantadine and IFN-alpha can suppress HAV replica-
tion more effectively than amantadine or IFN-alpha
alone.
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Bmil Promotes Hepatic Stem Cell Expansion and

Tumorigenicity in Both Ink4a/Arf-Dependent
and -Independent Manners in Mice

Tetsuhiro Chiba,"*" Atsuyoshi Seki,"** Ryutaro Aoki,"* Hitoshi Ichikawa,* Masamitsu Negishi,"

Satoru Miyagi,' Hideyuki Oguro,' Atsunori Saraya,' Akihide Kamiya,” Hiromitsu Nakauchi,”

0Osamu Yokosuka,” and Atsushi Iwama'

We previously reported that forced expression of Bmil (B lymphoma Moloney murine leu-
kemia virus insertion region 1 homolog) in murine hepatic stem/progenitor cells purified
from fetal liver enhances their self-renewal and drives cancer initiation. In the present
study, we examined the contribution of the Ink4a/Arftumor suppressor gene locus, one of
the major targets of Bmil, to stem cell expansion and cancer initiation. Bmil~'~ Delta-
like protein (Dlk)* hepatic stem/progenitor cells showed de-repression of the Ink4a/Arf
locus and displayed impaired growth activity. In contrast, Ink4a/Arf'~ DIk* cells gave
rise to considerably larger colonies containing a greater number of bipotent cells than
wild-type DIk™ cells. Although Ink4a/Arf'~ DIk cells did not initiate tumors in recipi-
ent nonobese diabetic/severe combined immunodeficiency mice, enforced expression of
Bmil in Ink4a/Arf~'~ DIk* cells further augmented their self-renewal capacity and
resulted in tumor formation #n vive. Microarray analyses successfully identified five down-
regulated genes as candidate downstream targets for Bmil in hepatic stem/progenitor cells.
Of these genes, enforced expression of sex determining region Y-box 17 (Sox17) in Dlk*
cells strongly suppressed colony propagation and tumor growth. Conclusion: These results
indicate that repression of targets of Bmil other than the Ink4a/Arflocus plays a crucial
role in the oncogenic transformation of hepatic stem/progenitor cells. Functional analyses
of Bmil target genes would be of importance to elucidate the molecular machinery under-
lying hepatic stem cell system and explore therapeutic approaches for the eradication of
liver cancer stem cells. (HeraToLOGY 2010;52:1111-1123)

Abbreviations: Alb, albumin; Bmil, B lymphoma Moloney murine leukemia virus insertion region 1 homolog; CDK, cyclin-dependent kinase; ChIE chromarin
immunoprecipitation; CK7, cytokeratin 7: DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; Dk, delta-like protein; EGFE enhanced green fluorescent protein;
ESC, embryonic stem cell; GO, Gene Ontology; H2Aubl, monoubiquitinylated histones H2A; HCC, hepatocellular carcinoma; HSC, hematopoietic stem cell; KO,
Kusabira-Orange; MACS, magnetic activated cell sortingg NOD/SCID, nonobese diabetic/severe combined immunodeficiency; NSC, neural stem cell; PcG,
polycomb group; PRC, polycomb repressive complex; Rb, retinoblastoma protein; RT-PCR, reverse transcription polymerase chain reaction; Sox17, sex determining
region Y-box 17.

From the ' Department of Cellular and Molecular Medicine and *Department of Medicine and Clinical Oncology, Graduate School of Medicine, Chiba University,
Chiba, Japan; *Japan Science and Technology Corporation, Core Research for Evolutional Science and Technology (JST-CREST), Tokyo, Japan; T Genetics Division,
National Cancer Center Research Institute, Tokyo, Japan; and > Division of Stem Cell Therapy, Center for Stem Cell and Regenerative Medicine, Institute of Medical
Science, The University of Tokyo, Tokyo, Japan.

Received April 19, 2010; accepred May 31, 2010.

*These authors contributed equally to this work.

This work was supported in part by grants for Global COE program (Global Center for Education and Research in Immune System Regulation and Treatment)
from the Minisiry of Education, Culture, Sports, Science and Technology, Japan, and granis from the Chiba Serum Institute Memorial Fund for Health Medical
Welfare, Core Research for Evolutional Science and Technology (CREST) of Japan Science and Technology Corporation (JST), the Takeda Science Foundation, and
the Uehara Memorial Foundation.

Address reprint requests to: Atsushi lwama, Department of Cellular and Molecular Medicine, Graduate School of Medicine, Chiba University, 1-8-1 Inohana,
Chuo ward, Chiba 260-8670, Japan. E-mail: aiwama@faculty.chiba-u.jp; fax: +81-43-2262191.

Copyright © 2010 by the American Association for the Study of Liver Diseases.

View this article online at wileyonlinelibrary.com.

DOI 10.1002/hep.23793

Potential conflict of interest: Nothing to report.

Additional Supporting Information may be found in the online version of this article.

1111

— 324 -



1112 CHIBA ET AL.

cellular memory machinery through epigenetic

chromatin modifications and are indispensable to
the maintenance of cellular identity.’” In particular,
Bmil, a core molecule of polycomb repressive complex
1 (PRC1), plays an important role in the self-renewal of
various stem cell systems, including hepatic stem cells.?

Recent evidence obtained using stem cell biology—
based approaches implies that a rare population of cells
in tumors, termed cancer stem cells, possess extreme
tumorigenic potential and share several distinctive mo-
lecular mechanisms concerning self-renewal, differen-
tiation, and proliferation.>* Of note, it has been dem-
onstrated that Bmil is necessary for the maintenance
of not only leukemic stem cells but also cancer stem
cells in solid tumors.>® Considering that high expres-
sion levels of Bmil are reported in a wide range of
malignancies, Bmil could be a general regulator of
cancet stem cells as in normal stem cells.

Disruption of the tightly regulated self-renewal pro-
cess is considered a key early event in carcinogenesis.”
Enhancement or reacquisition of the self-renewal capa-
bility in hematopoietic stem or progenitor cells is
essential for leukemogenesis.® We also showed that
forced expression of Bm:l accelerated the self-renewal
of hepatic stem/progenitor cells and eventually induced
their transformation in an iz vive transplant model.’
However, the molecular machinery underlying the
Bmil-mediated transformation of hepatic stem/pro-
genitor cells remains unclear.

The Ink4a/Arf locus, which encodes a cyclin-de-
pendent kinase (CDK) inhibitor, p16™“, and a tu-
MOr SUPPIEssor, pl9A‘f, is a pivotal tagget of Bmil.’
We showed that de-repressed p/6™% and p19*
expression in Bmil-deficient mice was tightly associ-
ated with a loss of self-renewing hematopoietic stem
cells (HSCs). Deletion of both the Ink4a and Arf
genes substantially restored the self-renewal capacity of
Bmil-deficient HSCs. Bmil thus regulates HSCs by
acting as a critical failsafe against the pI6™*% and
219"-dependent senescence pathway.'®!! Deletion of
Inkda/Arf similarly rescues neural stem cell (NSC) self-
renewal and frequencies in Bmil-deficient mice,
although its effect is reportedly partial.’? In the onco-
genic setting, the Ink4a—retinoblastoma protein (Rb)
and Arf-p53 cellular senescence pathways trigger onco-
gene-induced senescence to eliminate transforming
cells that potentially develop into cancer stem cells.”
Given that enhanced expression of BMII and reduced
expression of INK4A/ARF are frequently observed in
human hepatocellular carcinoma (HCC) samples,l‘:s’“i
it would be of importance to understand the contribu-

Polycomb group (PcG) proteins operate as the

HEPATOLOGY, September 2010

tion of the /nk4a/Arf locus to the oncogenic functions
of Bmil in cancer and search for as-yet-unknown tar-
get genes of Bmil other than /nk4a/Arf

In the present study, we prepared hepatic stem/pro-
genitor cells from fetal livers of Bmil-deficient and
Ink4a/Arf-deficient mice and characterized their self-
renewal capacity and effects of Bmil overexpression on
them. Through these analyses, we found that the
Ink4a/Arfindependent function of Bmil is also essen-
tial for its full oncogenic activity in hepatic stem/pro-
genitor cells. Our microarray screening successfully
identified candidate downstream targets for Bmil in
hepatic stem/progenitor cells.

Materials and Methods

Mice. Bmil™'~ mice'® and Inkda-Arf"’" mice
(Strain code 01XB1) obtained from Mouse Models of
Human Cancers Consortium in the National Cancer
Institute (NCI, Frederick, MD) in the C57BL/G back-
ground were used. Nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mice were purchased
from Sankyo Laboratory (Tsukuba, Japan). All experi-
ments using these mice were performed in accordance
with our institutional guidelines for the use of labora-
tory animals.

Oligonucleotide  Array  Analysis. Biotin-labeled
complementary RNA was prepared with a two-cycle
complementary DNA synthesis kit (Affymetrix, Santa
Clara, CA) from purified total RNA equivalent to
10,000 cells, and was hybridized to an Affymetrix
GeneChip Mouse Genome 430 2.0 array (Affymetrix).
The array images were scanned using Affymetrix Gene-
Chip Scanner 3000 7G. The expression value (Signal)
for each probe set was calculated using GeneChip
Operating Software version 1.4 (Affymetrix). The
change value (Signal Log Ratio) and change call
(Increase, Marginal Increase, No Change, Marginal
Decrease, or Decrease) for each probe set were calcu-
lated. Data were obtained for quadrant samples from
four independent experiments. To identify differen-
tially expressed genes, we selected probe sets that pre-
sented a change call of Increase and a Signal Log Ratio
value of >1 (>twofold up-regulation) or a change call
of Decrease and a Signal Log Ratio value of <—1
(>twofold down-regulation) in more than three
experiments. Moreover, the Welch ¢ test or paired ¢
test was performed to determine significance. Gene
Ontology (GO) annotations were performed using the
GeneSpring annotation tool (Agilent Technologies,
Santa Clara, CA). Microarray data are available at
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Fig. 1. Colony assays of Bmil~/~ hepatic stem cells. (A) Western blot analysis of Bmi1 expression in Dik™ and DIk~ cells purified from wild-
type fetal liver. Tubulin was used as a loading control. (B) The number of large colonies containing more than 100 cells at day 7 of culture was
traced up to day 21. (C) Colony diameter at days 7 and 14 of culture. *Statistically significant (P < 0.05). (D) Bright-field images and immuno-
cytochemical analyses of colonies at day 7 of culture. Alb (red) and CK7 (green) expression was merged. Nuclear DAPI staining (blue) is shown
in the insets. (E) The absolute number of Alb™CK7™ bipotent cells in large colonies derived from wild-type or Bmi1~/~ DIk* cells at day 7 of
culture. *Statistically significant (P < 0.05). (F) Flow cytometric profiles of colonies derived from wild-type or Bmi1 =/~ DIk™ cells at days 7 and
14 of culture. The percentages of DIk* cells are shown as mean values for three independent analyses.

http://www.ncbi.nlm.nih.gov/geo/ (accession number:
GSE17462).

Other methods are shown in Supporting Materials
and Methods.

Results

Impaired Colony Propagation of Bmil™'~ He-
patic Stem Cells. Similar to the hematopoietic compo-
nents, the hepatic components developed normally in
Bmil™'~ fetal livers and we could recover a compara-
ble number of delta-like protein (DIk)* hepatic stem/
progenitor cells from them. Western blot analysis
showed a higher level of Bmil expression in wild-type
DIk™ cells than DIk~ cells (Fig. 1A). To gain an
insight into the role of Bmil in hepatic stem cells, we
conducted colony assays of wild-type and Bmil™'~
DIk™ cells purified by magnetic activated cell sorting
(MACS). Flow cytometric analysis revealed that the
purity of the sorted DIk™ cells was greater than 90%
(Supporting Fig. 1). Approximately 1.5% of wild-type

DIk™ cells gave rise to large colonies (consisting of
>100 cells) at day 7 of culture. Only a portion of the
day 7 colonies kept growing and could be detected as
large colonies at days 14 and 21, whereas the majority
of colonies stopped expanding and disappeared by
days 14 and 21 (Fig. 1B). Although the total number
of large colonies did not differ significantly between
wild-type and Bmil™’~ DIk" cells at day 7 of culture
(Fig. 1B), the diameter of colonies derived from
Bmil™'~ DIk" cells was slightly reduced (Fig. 1C).
The impeded expansion of Bmil~'~ DIk™ cell-derived
colonies was obvious at day 14 of culture (Fig. 1B,C).
Approximately 10% of large colonies from wild-type
DIk™ cells continued to proliferate up to day 21 of
culture, whereas no colonies derived from Bmil '~
DIk™ cells expanded beyond day 21 (Fig. 1B).

It has been reported that DIk cells are composed
of albumin (Alb)* cytokeratin 7 (CK7)* cells and
AIbTCK7™ cells, and AIbTCK7™" cells mainly contrib-

. . . . 16,1
ute to the regeneration in retrorsine-treated liver. )

These findings suggest that AlbTCK7* cells, which
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Fig. 2. Regulation of Ink4a/Arf expression by Bmil. (A) Real-time RT-PCR analyses of the p16"™“® and p19"" genes in freshly purified DIk*
cells and DIk™ cells cultured for 7 days. *Statistically significant (P < 0.05). (B) ChIP analyses of DIk™ cells freshly purified from wild-type fetal
livers were performed on the Ink4a/Arf locus (primer sets 1-3) and the f-actin (Actb) control promoter region using indicated antibodies. IgG,

immunoglobulin G; mRNA, messenger RNA.

have the capacity to give rise to both AIb¥CK7~ and
Alb~Ck7™ progenies, function as hepatic stem/progen-
itor cells. Therefore, the quantification of Alb*CK7™"
impotent cells is one of the approaches to evaluate the
content of hepatic stem/progenitor cells, although not
all AIb"CK7" cells necessarily have the capacity for
bipotential differentiation. Immunocytochemical analy-
ses revealed that the ability of Bm:i1~'~ DIk™ cells to
differentiate into Alb™ hepatocytes and CK7" cholan-
giocytes was preserved (Fig. 1D). However, the abso-
lute number of Alb*CK7™ bipotent cells were signifi-
cantly decreased in large colonies derived from Bmil ™'
~ DIK™ cells compared to those in wild-type large col-
onies (Fig. 1D,E). The absolute number of Alb*CK7™*
cells per each large colony was 7.6 £ 1.5 and 2.8 *
0.4, respectively (P < 0.05) (Fig. 1E).

Consistent with these findings, flow cytometric anal-
yses demonstrated that the DIk population in
Bmil™'~ colonies decreased rapidly compared to that
in wild-type colonies (Fig. 1F). The DIk* fraction in
wild-type colonies was 1.1% * 0.2% at day 7 and
0.7% * 0.1% at day 14 of culture, whereas that in
Bmil™'~ colonies was 0.5% * 0.1% and 0.3% =+
0.1%, respectively. Conversely, forced expression of
Bmil in wild-type DIk™ cells significantly promoted
colony expansion (Supporting Fig. 2A-C) and

increased the DIk* fraction and number of bipotent
cells (Supporting Fig. 2D,E).

Oval cells, although their origin is controversial, have
been considered stem/progenitor cells in adult liver.'®
Histological analyses demonstrated a drastic decrease in
A6-positive oval cell numbers in 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (DDC)-treated Bmil ~/= adulr liver
(Supporting Fig. 3). Together, these findings suggest
that Bmil plays an important role in the maintenance
and expansion of stem/progenitor cells in both fetal and
adult livers.

Transcriptional Regulation of the Ink4alArf Gene
by Bmil. To examine whether deletion of Bmil causes
de-repression of the /nk4a and Arf genes as observed
in HSGCs, we conducted real-time reverse transcription
polymerase chain reaction (RT-PCR) analyses (Fig.
2A). As expected, messenger RNA levels of /nk4a and
Arf were 2.1-fold and 8.0-fold higher in freshly puri-
fied Bmil™'~ DIk" cells than in wild-type DIk* cells,
respectively. Colonies derived from Bmil™'~ DIk*
cells also showed increased (5.8-fold greater) expression
compared to the wild-type colonies. To determine
whether Bmil is involved in transcriptional regulation
of the Ink4a/Arf locus, we performed chromatin
immunoprecipitation (ChIP) assays using wild-type
DIk™ cells. ChIP assays demonstrated the binding of
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Ink4a/Arf~'~ DIK" cells at day 7 of culture. *Statistically significant (P < 0.05). (E) Flow cytometric profiles of colonies derived from wild-type
or Ink4a/Af/‘ DIk cells at days 7 and 14 of culture. The percentages of DIK™ cells are shown as mean values for three independent

analyses.

Bmil to the Ink4a/Arf locus and increased levels of
monoubiquitinylated histone H2A (H2Aubl) (Fig.
2B).

Augmented Colony-Forming Activity of Ink4a/
Arf~’"~ Hepatic Stem Cells. To understand the role of
the /nk4a and Arf genes in hepatic stem cells, we next
analyzed Inkda/Arf'~ DIk™ cells in culture. In clear
contrast with Bmil™'~ DIk™ cells, Inkda/Arf”'~ DIk*
cells showed pronounced growth activity in culture.
The number of large colonies (consisting of more than
100 cells) derived from Ink4a/Arf = DIk cells was
significantly increased compared to that derived from

wild-type DIk™ cells (Fig. 3A,B). By day 14 of culture,

InkdalArf'~ DIK™ cells gave rise to distinctly abnor-
mal and large colonies compared to wild-type DIk™
cells (Fig. 3B,C). More than 95% of large colonies
from Ink4a/Arf'~ DIk cells further expanded beyond
day 21 of culture, although wild-type colonies barely
maintained their growth activity (Fig. 3A). Immunocy-
tochemical analyses showed an increase in the propor-
tion and number of Alb*CK7™ bipotent cells in colo-
nies derived from Ink4al/Arf”’~ DIK™ cells, particularly
in their central area (Fig. 3C). The absolute number
of bipotent cells in large colonies derived from wild-
type and Ink4alArf'~ DIk" cells at day 7 of culture
was 8.2 £ 2.3 versus 22.7 = 4.6 (P < 0.05) (Fig.
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3D). Flow cytometric analyses revealed that the per-
centage of DIk cells in wild-type colonies was 0.9%
* 0.2% at day 7 and 0.5% = 0.1% at day 14 of cul-
ture, although that in Ink4a/Arf'~ colonies was 8.6%
* 0.7% and 4.5% = 0.3%, respectively (Fig. 3E).
These findings indicate the enhanced self-renewal capa-
bility of hepatic stem cells on the loss of Ink4a/Arf
expression. Of note, messenger RNA expression of
Bmil was comparable between wild-type and /nk4a/
Arf” = DIk™* cells (data not shown).

As expected, but importantly, the ability of wild-
type DIk™ cells to propagate colonies was extremely
compromised by cotransduction with Ink4a and Arf
retroviruses. Immunocytochemical analyses and flow
cytometric analyses showed that the DIk™ fraction and
bipotent cells were significantly reduced in culture
(Supporting Fig. 4).

Enbanced Self-Renewal of Inkda/Arf'~ Hepatic
Stem Cells by Bmil Overexpression. We previously
reported that forced expression of Bmil enhances the
self-renewal capacity of hepatic stem/progenitor cells
and eventually induces their transformation.? To eluci-
date whether the functional significance of Bmil is at-
tributable to the repression of /nk4a/Arf, we performed
gain-of-function assays of Bmil in InkdalArf'~ cells.
InkdalArf '~ DIK™ cells were transduced with either
control enhanced green fluorescent protein (EGFP) or
Bmil 12-18 hours after purification. Enforced expres-
sion of Bmil was verified by western blot analysis
(Fig. 4A). Exogenous Bmil in /nk4a/Arf = DIk™ cells
did not significantly increase colony number (Fig. 4B).
Of note, however, the diameter of Bmil-overexpressing
colonies was significantly larger than that of the con-
trol colonies (Fig. 4C). Furthermore, flow cytometric
analyses showed that the percentage of Inkda/Arf '~
DIk™ cells labeled with EGFP was higher in Bmil cul-
tures than in control cultures (22.6% = 2.3%, 14.0%
* 1.2%, and 8.8% = 0.7% versus 8.4% = 1.1%,
3.4% = 0.5%, and 2.1% * 0.2% at days 7, 14, and
28 of culture, respectively) (Fig. 4D).

We next carried out single-cell sorting of DIk™ cells
contained in primary colonies at days 14 and 28 of culture
in order to evaluate their self-renewal capacity in terms of
replating activity. DIk™ cells overexpressing Brmil gave rise
to 3.1-fold to 4.0-fold more secondary colonies than the
control (Fig. 5A). Secondary colonies were generated in a
similar fashion to the original colonies. Immunocyto-
chemical analyses demonstrated that the frequency of
Alb™CK7™" bipotent cells was significantly higher in sec-
ondary colonies derived from DIk™ cells collected from
the primary Bmil-transduced Ink4a/Arf '~ colonies at
days 14 and 28 of culture (Fig. 5B,C).
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In contrast, Bmz’]"l_[n/e4a/A7jL = DIk"  cells
behaved like Ink4a/Arf'~ DIk™ cells (Supporting Fig.
5). Although loss of Bmil still affected the function of
Ink4alArf'~ hepatic stem/progenitor cells to some
extent, these findings indicate that nk4a/Arf is the
major target of Bmil in hepatic stem cells as in HSCs
and NSCs.

Acquisition of Tumorigenic Capacity by Bmil-
Transduced InkdalArf~'~ Hepatic Stem Cells. We
then tested whether the loss of both /nk4a and Arf is
enough for the transformation of hepatic stem cells.
Considering that a large number of cells were neces-
sary for transplantations assays, these cells were allowed
to form colonies in culture for 28 days. Immunocyto-
chemical analyses showed that more than 90% of cells
transduced with Bmil expressed both EGFP, a marker
antigen for retrovirus integration, and Flag-tagged
Bmil (Supporting Fig. 6). Subsequently, a total of 2
x 10° transduced cells were transplanted into the sub-
cutaneous space of NOD/SCID mice (Fig. 5D).
Although all the mice transplanted with Bmil-trans-
duced Inkda/Arf”’~ DIk' cells developed tumors,
none of those transplanted with control nkda/Arf™'~
DIk™ cells did. Histological analyses revealed that the
subcutaneous tumors consisted of both Alb™ parenchy-
mal cells and a CK7" glandular structure (Fig. 5D).
The histological finding is consistent with our previous
observation in tumors derived from Bmil-transduced
wild-type hepatic stem cells.> These findings clearly
indicate that repression of the /nk4a and Arf genes is
not enough for Bmil to achieve its tumorigenic poten-
tial in hepatic stem cells.

Gene Expression Analyses of Bmil-Transduced
InkdalArf~'~ Hepatic Stem Cells. In order to
explore novel targets for Bmil, Ink4a/Arf’'~ DIk"
cells were infected with either the control EGFP or
Bmil-expressing retrovirus and allowed to form colo-
nies. DIk™ cells were purified from colonies at day
28 of culture by cell sorting and subjected to gene
expression profiling using oligonucleotide microarrays.
We selected genes exhibiting a twofold or greater
change with statistical significance in Bmil-transduced
Inkda/Arf'~ DIk cells compared to control Ink4a/
Arf' DIk' cells. As a result, we identified 75
down-regulated genes and 97 up-regulated genes in
total (Supporting Table 1). Functional annotation
based on GO showed significant enrichment for
down-regulated genes which fell into the category
“metabolism” and “transport”, which included many
hepatocyte maturation genes (Fig. 6A). This indicates
that Bmil strongly suppresses the differentiation and
maturation of hepatocytes.
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Fig. 4. Gain-of-function assays of Bmil in Inkda/Arf~ /= DIk cells. (A) Cells transduced with indicated retroviruses were subjected to western
blot analysis using anti-Bmil and anti-tubulin (loading control) antibodies. (B) The number of large colonies containing more than 100 cells at
day 7 of culture was traced up to day 21. (C) The diameter of colonies at days 7, 14, and 28 after transduction of indicated retroviruses. *Stat-
istically significant (P < 0.05). (D) Flow cytometric profiles of colonies derived from nontransduced (mock) and EGFP or Bmil-transduced Ink4a/
Arf~/~ DIK* cells at days 7, 14, and 28 in culture, The percentages of each fraction are shown as mean values for three independent analyses.

Recent whole-genome ChIP-on-chip analyses suc-
cessfully identified genes that are bound by PRC1 and
PRC2 complexes in embryonic stem cells (ESCs).172!
Boyer et al. reported the genes occupied by PRCI
(Phcl and Rnf2) and PRC2 (Suzl2 and Eed) in mu-
rine ESCs.'” To explore a novel target of Bmil in he-
patic stem/progenitor cells, we compared the list of
down-regulated genes with the ChIP-on-chip data

documented by Boyer et al.'” As a result, five genes
namely, Sox17, Irx5, Gjb2, Shox2, and Bhmt2 in the
present study appeared to be regulated by both PRC1
and/or PRC2 in ESCs (Fig. 6B). We therefore consid-
ered these genes as candidates for direct targets of
Bmil in hepatic stem cells and performed further anal-
yses on them. In order to confirm the altered expres-
sion of these 5 candidate genes, Inkda/Arf~ '~ DIk*
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Fig. 5. Replating assays and implantation of Bmil-transduced Ink4a/Arf~/~ DIk cells. (A) DIk™ cells in primary colonies generated from
nontransduced (mock) and EGFP or Bmil-transduced Ink4a/Arf~/~ DIk™ cells were clone-sorted at days 14 and 28 of culture and allowed to
form colonies. The replating efficiency of DIk™ cells was evaluated by counting the number of secondary colonies containing more than 100 cells
14 days after replating by clone-sorting. *Statistically significant (P < 0.05). (B) Fluorescence images (upper panels) and dual immunostaining
(lower panels) of secondary clonal colonies derived from EGFP or Bmil-transduced Ink4a/Arf ™/~ DIk™ cells at day 28 of culture. Alb (red) and
CKT7 (green) expression in secondary colonies was merged with nuclear DAPI staining (blue). Scale bar = 100 um. (C) The absolute number of
AIb*CK7™ bipotent cells in secondary large colonies at day 14 of subculture. *Statistically significant (P < 0.05). (D) Ink4a/Arf’~ DIk™ cells
were transduced with the control EGFP or Bmil-expressing retrovirus and a total of 2 x 10° transduced cells were transplanted into the subcuta-
neous space of NOD/SCID mice. Bmil-transduced Ink4a/Arf_/_ cells formed tumors in the right subcutaneous space of recipient mice (arrows),
whereas the same number of control EGFP-transduced Ink4a/Arf~’~ cells did not generate tumors in the left space. Hematoxylin and eosin
(H&E) staining of tumors demonstrated histological features compatible with combined hepatocellular and cholangiocellular carcinoma. Immuno-
histochemical analysis revealed that the tumors were positive for EGFP and consisted of Alb™ parenchymal cells (red) and CK7™ glandular struc-
tures (green). Scale bar = 200 um.

cells transduced with either control EGFP or Bmil
were purified from colonies at day 28 of culture and

determining region Y-box 17 (Sox17) was most severely
down-regulated following Bmil-overexpression in he-

subjected to real-time RT-PCR analyses. The selected
five genes exhibited similar expression profiles as in the
microarray analysis in [nk4a/Arf’~ DIk' cells (Fig.
6C). Forced expression of Bmil in wild-type DIk"
cells significantly repressed the expression of these
genes in a similar fashion to that in Inkda/Arf™'~
DIk™ cells (Fig. 6C).

Gain-of-Function Assays of Soxl7 in Hepatic
Stem Cells. Among candidates for Bmil targets, sex

patic stem cells (Fig. 6C). It has been reported that
Sox17 is highly expressed in the very early definitive
endoderm® and in hepatocyte-like cells derived from
ESCs.*® These findings prompted us to further exam-
ine the role of Sox17 in hepatic stem cell self-renewal
and tumorigenesis. ChIP assays in wild-type DIk™ cells
demonstrated specific binding of Bmil and an
increased level of H2Aub]1 at the SoxI7 promoter only
in cells transduced with the Bmil retrovirus (Fig. 7A).
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with either the control EGFP or 0
Bmil-expressing retrovirus  and &
allowed to form colonies. DIk* D -2~
cells were purified from these colo- g

nies at day 28 of culture and sub- o 44
jected to real-time RT-PCR analysis. °

The messenger RNA expression of N
candidate genes in Bmil-overex- § I
pressing cells was compared to -8
that in control cells. The data

obtained by microarray analyses 104

are also presented.

All these findings indicate that Bmil could directly
regulate the expression of Sox17.

We next tested the effect of Sox17 in a gain-of-
function assay. Overexpression of Sox17 was con-
firmed by western blotting (Fig. 7B). Enforced expres-
sion of SoxI7 in wild-type DIk" cells severely
impaired the formation of colonies and reduced the
number as well as size of colonies (Fig. 7C,D). DIk™
cells transduced with Sox17 did not form any large
colonies containing more than 100 cells at day 7 of

]

|

[ microarray
RT-PCR (Ink4a/Arf- DIk* cells
transduced with Bmi7)

i RT-PCR (Wild-type DIk* cells
transduced with Bmi1)

culture (Fig. 7C) and no colonies expanded beyond
day 14 of culture (data not shown). Immunocyto-
chemical analyses showed a decrease in number of
Alb*CK7" bipotent cells in colonies derived from
DIk* cells transduced with Sox/7 compared to the
control colonies (Fig. 7D,E). Concordant with this,
flow cytometric analyses demonstrated that the Dlk™
fraction in SoxI7-transduced colonies was 0.3% =
0.1%, much lower that that in wild-type colonies
(0.9% = 0.2%) (Fig. 7F).
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Fig. 7. Gain-of-function assay of Sox17 in wild-type DIk™ cells. (A) ChIP analyses of wild-type DIk™ cells transduced with EGFP or Bmil on
the Sox17 locus and Actb control promoter region using anti-Bmil and anti-H2Aub1 antibodies. *Statistically significant (P < 0.05). (B) Western
blot analysis in Sox17-transduced wild-type DIk™ cells using anti-Sox17 and anti-tubulin (loading control) antibodies. (C) Enforced expression of
Sox17 in wild-type DIk™ cells markedly decreased both the total number of colonies and the number of large colonies containing more than
100 cells at day 7 of culture. *Statistically significant (P < 0.05). (D) Bright-field images and immunocytochemical analyses of colonies derived
from wild-type DIk™ cells transduced with Sox17 at day 7 of culture. Alb (red) and CK7 (green) expression was merged. Nuclear DAPI staining
(blue) is shown in the insets. Scale bar = 200 um. (E) The absolute number of Alb™CK7™ bipotent cells in colonies derived from wild-type
DIk* cells transduced with Sox17 at day 7 of culture. *Statistically significant (P < 0.05). (F) Flow cytometric profiles of colonies derived from
EGFP or Sox17-transduced wild-type DIk™ cells at day 7 of culture. The percentages of each fraction are shown as mean values for three inde-
pendent analyses.
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To elucidate the impact of SoxI7 on the tumori-
genic process driven by Bmil-overexpressing hepatic
stem cells, we cotransduced Ink4alArf '~ Dkt cells
with Bmil and Sox17. Inkda/Arf'~ DIk cells were
simultaneously transduced with Sex!7-IRES-EGFP
and Bmil-IRES-Kusabira-Orange (KO)-expressing ret-
roviral vectors (Supporting Fig. 7A). Flow cytometric
profiles demonstrated that more than 90% of cells
were successfully cotransduced (Supporting Fig. 7B). A
total of 2 X 10° Ink4a/Arf”'~ cells cotransduced with
Bmil and Sox17 or control EGFP were transplanted
into the subcutaneous space of NOD/SCID mice.
Cotransduction of Bmil and Sex17 resulted in a sig-
nificant reduction in tumor volume compared to the
cotransduction of Bmil and control EGFP (Supporting
Fig. 6C). This result indicates that SoxI7 suppresses
the tumorigenic activity of Bmil-overexpressing he-
patic stem cells.

We then further tested the effect of SexI7 knock-
down in wild-type DIk" cells (Supporting Fig. 8).
Sox17 knockdown mildly promoted colony expansion
and increased the DIk™ fraction and the number of
bipotent cells, although its effect was not statistically
significant. Transplantation of 2 x 10° SoxI7-knock-
down DIk™ cells did not develop subcutaneous tumors

in NOD/SCID mice at all (data not shown).

Discussion

Bmil, a component of PRCI, regulates the cell cycle,
apoptosis and senescence by repressing the [nk4a/Arf
locus.>'® p19*% suppresses MDM2, which mediates
ubiquitin-dependent degradation of p53, and subse-
quently activates p53 target genes involved in cell cycle
arrest and apoptosis, including p21.%* Direct binding of
p16™* to CDK4 and CDKG6 keeps Rb hypophosphor-
ylated. Hypophosphorylated Rb represses E2F-depend-
ent transcription leading to cell cycle arrest and senes-
cence.®® Thus, the repression of the Jnk4alArf locus by
Bmil has a great impact on the maintenance of self-
renewing stem cells.

In the present study, Bmil™'~ hepatic stem cells
showed high levels of /nk4a and Arf expression and
significantly but modestly impaired colony expansion
and self-renewal in culture. Although Bmil '™ liver is
functionally and histologically normal,"® oval cell
induction following DDC treatment was apparently
impaired in Bmil~'~ mice (Supporting Fig. 3). Con-
sidering the results of gain-of-function (Supporting
Fig. 2) and loss-of-function assays of Bmil (Fig. 1),
the possibility exists that redundancy among other
PcG molecules such as Mel18 weakens the phenotype
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of Bmil™'~ hepatic stem cells in developing and adult
liver.”® In clear contrast, Ink4a/Arf'~ hepatic stem
cells exhibited enhanced colony formation and retained
a large DIk* population in culture compared to the
wild type. Furthermore, deletion of both Inkda and
Arf largely restored the impaired self-renewal capacity
of Bmil™'~ hepatic stem cells (Supporting Fig. 5).
These findings indicate that /nk4a/Arf is the major tar-
get of Bmil in hepatic stem cells as in HSCs and
NSCs. !

Bmil is also essential for cancer stem cells as demon-
strated in a mouse leukemia model as well as in a
mouse lung tumor model generated by the expression of
a mutant K-ras gene in bronchioalveolar stem cells.” 26
In addition, we previously demonstrated that forced
expression of Bmil promotes the self-renewal of hepatic
stem/progenitor cells and contributes to malignant trans-
formation.” All these findings highlight the important
role of Bmil in both the development and maintenance
of cancer stem cell systems. Of interest, an Ink4a/Arfin-
dependent contribution of Bmil to not only self-renewal
in neural stem cells but also tumorigenesis in a mouse
model for glioma has been reported.”*® The current in
vivo transplant assays ascertained that Bweil-transduced
Ink4alArf'~ DIk cells but not control Inkda/Arf =
DIk cells acquire tumorigenic potential. Brmil-trans-
duced InkdalArf'~ DIkt cells showed an augmented
self-renewal capability as evident from the higher replat-
ing efficiency in the single cell-sorting analysis compared
to InkdalArf~'~ DIk* cells. These results clearly demon-
strated that repression of the fnk4a/Arf locus only does
not directly drive tumor initiation in hepatic stem cells.
Considering that Inkda/Arf'~ mice barely developed
primary liver tumors in their lifetime,”® repression of
additional targets of Bmil may be needed in cancer
initiation.

To evaluate the impact of Bmil on gene expression
in hepatic stem cells and to explore the additional tar-
gets of Bmil related to tumorigenesis, we conducted
an oligonucleotide array analysis using Bmil-trans-
duced Inkda/Arf'~ DIk cells and the control /nkda/
Arf'~ DIK" cells. The screening of more than 39,000
transcripts successfully identified 75 down-regulated
and 97 up-regulated genes (Supporting Table 1). As
expected, enforced expression of Bmil contributed to
the maintenance of stemness features and suppression
of differentiation-related genes. The present analysis
revealed gene expression to be up-regulated for the he-
patic stem cell markers Proml (CDI33) (P = 0.041)
and EpCAM (P = 0.017) and down-regulated for the
hepatocyte differentiation markers Cpsl (P = 0.010),
Matla (2 = 0.011), and Gjb2 (Cx26) (P = 0.010).



