arole in the stable transcriptional circuitry
and in the rapid response upon the early
differentiation of ESCs.

The current findings also suggest that
Rest promotes the early ESC differentia-
tion. Epiblast and the primitive endoderm
are two distinct cell types in the inner cell
mass (ICM) of the blastocyst. Genetic
evidence indicates that the Nanog and
Gata family transcription factors play
a role in the segregation of epiblast and
primitive endoderm within ICM (Cham-
bers et al., 2003; Koutsourakis et al.,
1999; Mitsui et al., 2003; Soudais et al.,
1995). Indeed, Nanog and Gata6 are
expressed in the ICM in a mutually exclu-
sive manner (Chazaud et al., 2006), thus
indicating the reciprocal control of the
gene expression. The current study found
that the conditional ablation of Rest
results in the delayed repression of Nanog
during the early differentiation of ESCs,
REST ovi p 1 causes
an increased expression of Gata6, which
is accompanied by the rapid differentia-
tion. In addition, the expression of Fgf5,
an epiblast marker, was significantly
downregulated by the REST overexpres-
sion. These results suggest that Rest
may be involved in the segregation of
epiblast and primitive endoderm through
modifying the Nanog expression.

In summary, the conditional ablation of
the Rest gene revealed that Rest is not
absolutely required for the maintenance
of ESC pluripotency. These results also
indicate that Rest plays a role in the
suppression of the pluripotent gene
expression upon the early differentiation
of ESCs.

SUPPLEMENTAL INFORMATION

includes
Experimental Procedures and two figures and
can be found with this article online at doi:10.
1016/j.stem.2009.12.003.
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Colorectal cancer (CRC) is one of the most serious complications of inflammatory bowel disease. Tumor
necrosis factor-a (Tnfa) is a major mediator of inflammation and there is increasing evidence that
Tnfa/Tnf-receptor-1 (Tnfr1) signaling may act as an endogenous tumor promoter for colon carcinogene-
sis. In fact, a previous study revealed that mice lacking Tnfr1 develop significantly fewer colonic tumors in
the inflammation-related CRC model. In addition, antibodies against Tnfa have been shown to inhibit the

Keywords:

Tnfa

Inflammation-related colorectal cancer
Mouse

of infl i lated CRC. In the present study, Apc Min/+; Tnfo: —/— mice were treated
with 2% dextran sodium sulfate (DSS) and the tumor development was compared with Apc Min/+; Tnfa
+/+control mice in order to investigate the role of Tnfa by itself in the inflammation-related CRC. Surpris-
ingly, there were no detectable differences in either the severity of colonic inflammation or the expression
of DSS-induced chemokines and cytokines (Ccl2, Cxci1, Tnfp, 11 B, 116, and Cox-2) that relate to the colonic
inflammation and tumorigenesis between these two groups. Furthermore, the genetic ablation of Tnfu
did not suppress the colon tumorigenesis in comparison to the wild-type mice. Our observations suggest
that intricate inflammatory responses promote the inflammation-related mouse colon tumorigenesis.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The link between carcinogenesis and chronic inflammation has
been recognized for certain types of cancer, including colorectal
cancer (CRC) [1]. CRC is one of the serious complications of inflam-
matory bowel disease (1BD), including ulcerative colitis and Crohn’s
disease [1,2]. Although previous studies have demonstrated that
the link between inflammation and CRC offers a possible strategy
to prevent CRC, the underlying molecular processes involved in this
interaction still remain poorly understood. Tumor necrosis factor-
o (Tnfa) is a key cytokine involved in inflammation, immunity and
cellular organization [3]. It was first isolated from the serum of mice
infected with Bacillus-Calmette-Guerin treated with endotoxin, and

Abbreviations: Tnfa, tumor necrosis factor-a; IBD, inflammatory bowel dis-
ease; Tnfr1, tumor necrosis factor-receptor-1; CRC, colorectal cancer; DSS, dextran
sodium sulfate; Apc, polyposis coli; Min, iple intestinal neoplasia.
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fax: +81 58 230 6226.
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0009-2797/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.cbi.2010.01.014

shown to replicate the ability of endotoxin to induce haemorrhagic
tumor necrosis [4]. Accordingly, it was originally utilized for the
treatment of patients with advanced solid tumors [5]. In contrast,
recent evidence indicates that Tnfa may act as an endogenous
tumor promoter in several tumor tissues. Direct evidence for the
invol of Tnfa in mali y came from observations that
a genetic disruption of the Tnfo gene could significantly attenuate
chemically induced skin tumor formation [6-8]. In addition, Tnf-
receptor-1(Tnfr1) deficient mice had reduced oval cell (the putative
hepatic stem cell) proliferation during the pre-neoplastic phase of
liver carcinogenesis, correlating with fewer liver tumors than wild-
type mice [9]. It has therefore been suggested that the Tnfo/Tnfr1
signaling pathway may play an important role in tumor promotion.

The predominant expression of Tnfa in colorectal cancer is
observed within tumor-associated macrophages [10]. A previous
study reported that Tnfa and Tnfr1 protein are expressed mainly
in the infiltrating cells, such as macrophages and neutrophils which
are derived from myeloid cells in inflamed colon tissue [11]. These
infiltrating cells also express Cox-2 protein which is often up-
regulated in colon carcinoma tissues and functionally promotes
intestinal tumorigenesis [12]. Furthermore, Greten et al. reported
that depleting Ikkg in myeloid cells reduced the expression of pro-
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inflammatory factor genes encoding Tnfe, 111, 116, Kc, Cox-2 and
Mmp-9 in the colon, followed by a suppression of colorectal tumor
development in inflammation-related colon tumorigenesis [13].

It is noteworthy that the absence of Tnfr1 significantly reduces
the DSS-induced infiltration of Cox-2-expressing inflammatory
cells, thus leading to a reduced incidence of colonic tumors [11).
Moreover, Tnfa can significantly increase Nf-kb activation in vari-
ous cell types after binding to either Tnfr1 or Tnf-receptor-2 (Tnfr2)
[14]. Therefore, it has been thought that endogenous Tnfa may acti-
vate Nf-kb signaling in inflammatory cells by interacting with Tnfr1
in an autocrine/paracrine manner and activated Nf-kbincreases the
expression of pro-inflammatory factors, which could thus lead to
the promotion of colorectal tumorigenesis. Given the fact that Tnfr1
signaling is associated with tumorigenesis in the colon, Tnfa itself
might be a therapeutic target for the inflammation-related mouse
colon tumorigenesis. Indeed, previous studies demonstrated that
antibodies against Tnfa inhibit the development of inflammation-
related CRC [15].

Several animal models of experimental colitis have been devel-
oped for investigating the pathogenesis of IBD and IBD-related CRC
and these are often used to evaluate new treatments for IBD [16].
Chemically induced models of intestinal inflammation, such as the
dextran sodium sulfate (DSS)-induced model and the trinitroben-
zene sulfonic acid (TNBS)-induced model, are the most generally
used IBD animal models because the onset of inflammation is
immediate and the procedure is relatively straightforward [17,18].
In contrast to the involvement of CD4+ T cells in TNBS-induced
colitis, macrophages have been shown to play a central role in DSS-
induced colitis [18,19]. Importantly, once Apc Min/+ mice, which
harbor a germ line mutation in the Apc gene, are exposed to DSS,
colitis markedly accelerates the development of dysplasia and can-
cer in the colon of Apc Min/+ mice [20]. Therefore, DSS-treated Apc
Min/+ mouse can be useful for the investigation of inflammation-
related colorectal tumorigenesis. The current study examined the
effects of the genetic ablation of Tnfu on colon tumorigenesis using
Apc Min/+; Tnfa —/— compound mutant mice exposed to DSS in
order to determine whether Tnfa by itself could be a target for the
prevention/treatment of inflammation-related colon tumorigene-
SIS.

2. Materials and methods
2.1. Animals and diets

Apc Min/+ mice in the C57BL/6] background were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Tnfar —/— mice were
maintained in C57BL/6] background [21]. We confirmed that the
cell viability of splenocytes from Tnfa —/— mice is reduced after the
stimulation with phorbol 12-myristate 13-acetate (PMA; 80nM)
and ionomycin (1 wM) when compared with that from Tnfo +/+
mice, thus suggesting the distinguishable responses againstinflam-
matory stimuli between Tnfe +/+ and Tnfa —/— mice. Compound
mutant Apc Min/+; Tnfa —/— mice were generated by breeding Apc
Min/+; Tnfa +/— males to Apc +/+; Tnfa +/— females. These mice were
maintained on a C57BL/6] genetic background to avoid potential
strain differences in phenotype. All mice were bred and maintained
in a specific pathogen-free animal facility under standard 12:12h
light:dark cycle and fed on a basal diet, CE-2 (CLEA Japan, Inc.,
Tokyo, Japan), and water ad libitum until the termination of the
study.

2.2. Experimental procedures

DSS with a molecular weight of 36,000-50,000 (Wako, Osaka,
Japan) was dissolved in distilled water at a concentration of 2%

(@ 2% DSS
P SN 1t
5 ] 10 wks
Apcse  Tnfor 1
Apce; Tnfer ]
b
®) 2%ps8
1 1 ¥
[ 5 10 30 days
Tnfer L ]
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Fig. 1. Experimental protocols for this study. (a) Experimental design to investigate
the role of Tnfa in DSS-induced colon tumorigenesis. (W) Basal diet and 2% DSS in
drinking water, () basal diet and tap water, (1) sacrifice. (b) Experimental design
to compare the induction of pro-inflammatory factors in the presence or absence
of Tnfa. Day 0, day 10 and day 30 represent control, the acute phase of colonic
inflammation and the chronic phase of colon inflammation, respectively. (W) Basal
diet and 2% DSS in drinking water, (O) basal diet and tap water, (t ) sacrifice.

(w/v). Initially, 26 Apc Min/+; Tnfe +/+ mice (14 males and 12
females) and 25 Apc Min/+; Tnfe —/— mice (14 males and 11
females) were used for the macroscopic and histological study. The
animals of these cohorts were given 2% (w/v) DSS in drinking water
for 1 week, starting at 5 weeks of age, according to the protocol
described in previous report [20]. The DSS-exposed Apc Min/+; Tnf
+/+ mice and Apc Min/+; Tnfa —/— mice were then sacrificed at 10
weeks of age for both the macroscopic inspection and histological
analysis (Fig. 1a). Next, 20 male Tnfe +/+ mice and 19 male Tnfo —/—
mice were treated with 2% (w/v) DSS in drinking water for 5 days,
starting at 5 weeks of age, and then were sacrificed at day 0 (control,
five mice in each group), day 10 (the acute phase of colonic inflam-
mation, seven mice in each group) and day 30 (the chronic phase
of colon inflammation, eight mice in Tnfa +/+ and seven mice in
Tnfer —[-) after the exposure of DSS in order to compare the induc-
tion of pro-inflammatory factors in the presence or absence of Tnfr
(Fig. 1b). Trinitrobenzene sulfonic acid (TNBS) was also used for
another model of colonic inflammation. TNBS colitis was induced
in five male Tnf +/+ and six male Tnfa —/— mice according to the
method of Wirtz etal. [18] with minor modifications. After the TNBS
presensitization, the mice were lightly anesthetized, and an infant
feeding catheter (3.5 Fr) was then carefully inserted into the colon
such that the tip was 4 cm proximal to the anus. Five percent (w/v)
in H,0 TNBS solution dissolved in the same volume of 100% ethanol
was then slowly administered into the colon lumen through the
catheter. The total injection volume was 100 pl in both groups, thus
allowing TNBS to reach the entire colon. After the above adminis-
tration, the mice were kept upside down while being held by their
tails for 60's and then were returned to their cages. All mice were
then sacrificed at day 12 for both macroscopic inspection and histo-
logical analysis. At autopsy in each group of mice, their large bowel
was flushed with saline, and then was excised. The large bowel
from the ileocecal junction to the anal verge was measured, cut
open longitudinally along the main axis, and then washed with
saline. The total tumor number, tumor localization and the size
of each tumor were recorded. The tumor volume was calculated
as length x width x width x 0.526 [22]. After macroscopic inspec-
tion, it was rolled like a “Swiss roll” and then fixed overnight in 10%
buffered formalin. Paraffin-embedded sections were made using
routine procedures.

2.3. Histological inflammation score

The histopathological alterations of the colon were examined on
hematoxylin and eosin (H&E) stained sections and colon inflamma-
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tion was scored according to the following morphological criteria
asdescribed previously [23]. Grade 0, normal colon mucosa; Grade
1, shortening and loss of the basal one-third of the actual crypts
with mild inflammation and edema in the mucosa; Grade 2, loss
of the basal two-thirds of the crypts with moderate inflammation
in the mucosa; Grade 3, loss of all crypts with severe inflamma-
tion in the mucosa, but with retention of the surface epithelium;
and Grade 4, loss of all crypts and surface epithelium with severe
inflammation in the mucosa.

2.4. Immunohistochemical analysis

The avidin-biotin peroxidase complex technique was used for
immunohistochemical studies. Sections (5 wm thick) were made,
deparaffinized, rehydrated in PBS, placed in 10mmol/l citrate
buffer (pH 6.0), and heated in a 750 W microwave four times
for 6min. The endogenous peroxidase activity was blocked by
incubation for 10min in 0.3% H,0,. After washing three times
with PBS, the sections were then preincubated with 2% bovine
serum albumin in PBS for 40 min at room temperature and then
incubated with primary antibodies, anti-B-catenin (1:1000; BD
Biosciences PharMingen, San Diego, CA, USA), anti-Cox-2 (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at
4°C. Subsequently, the sections were incubated with biotiny-
lated secondary antibodies against the primary antibodies (1:250;
DAKO Corp., Carpinteria, CA, USA) for 30 min followed by incu-
bation with avidin-coupled peroxidase (Vector Laboratories, Inc.,
Burlingame, CA, USA) for 30min at room temperature. The sec-
tions were developed with 3,3'-diaminobenzidine (DAB) using
DAKO Liquid DAB Substrate-Chromogen System (DAKO) and then
were counterstained with hematoxylin, dehydrated, and cover-
slipped.

2.5. Protein extraction and a Western blot analysis

Total protein was extracted from both the normal colon tis-
sues and the colon tumor tissues, which were excised from
Apc Min/+; Tnfo +/+ and Apc Min/+; Tnfa —/— mice at autopsy
(Fig. 1a), and equivalent amounts of protein (15 pg/lane) were
subjected to a Western blot analysis, as described previously
[24,25]. The primary antibodies for B-catenin, GAPDH were
purchased from BD Biosciences PharMingen (San Diego, CA,
USA) and Cell Signaling Technology, Inc. (Danvers, MA, USA),
respectively. An antibody against GAPDH served as a loading con-
trol.

2.6. Crypt isolation

The excised total colon was washed by PBS several times and cut
opened in the longitudinal direction. The total colon was divided
into three sections and the distal section was used for crypt iso-
lation. The distal tissue was washed by 1x Hank's Balanced Salt
Solution (HBSS; Sigma-Aldrich, St Louis, MO, USA) two times and
followed by incubation with 1x HBSS containing 30mM EDTA at
37°C for 15 min. After this step, the tissue was dispersed by vortex
in the 1x HBSS solution and separated into epithelial crypts and
stromal tissues.

2.7. Quantitative real-time reversed transcription-polymerase
chain reaction

Total RNA was extracted from the isolated epithelial crypts
and stromal tissues of wild-type C57B6/] and Tnfa —/— mice at
the indicated time intervals (Fig. 1b) by using the RNAqueous-
4PCR kit (Ambion, Austin, TX, USA) according to the manufacturer’s
protocol. cDNA was synthesized from 1.0 ug of total RNA by

using SuperScript Il First-Strand Synthesis System (Invitrogen
Life Technologies, Carlsbad, CA, USA). Quantitative real-time
reverse transcription-polymerase chain reaction (qQRT-PCR) ampli-
fication was performed in a final volume of 20wl containing
10l of 2x SYBR green master mix (Takara, Kyoto, Japan),
1.0l of primers (10 wmol/l), 3.0l of distilled water and
5.0pl of cDNA by using a LightCycler 1.0. (Roche Diagnos-
tics, IN, USA) according to the protocols described previously
[26]. The reaction conditions included activation at 95°C for
10min, denaturation at 95°C for 10s, annealing 60°C for 10s
and extension 72°C for 6s. All PCR amplifications were done
for 45 cycles. The expression level of each gene was nor-
malized to the B-actin expression level using the standard
curve method. The primer sequences used in gRT-PCR analyses
were obtained from the PrimerBank (http://pga.mgh.harvard.edu/
primerbank/): for B-actin, sense 5'-CATCCGTAAAGACCTCTATGCC-
AAC-3' and antisense 5'-ATGGAGCCACCGATCCACA-3'; for Tnfa,
sense 5'-CCCTCACACTCAGATCATCTTCT-3' and antisense 5'-GCTA-
CGACGTGGGCTACAG-3'; for Tnfp, sense 5'-CCACCTCTTGAGGGTG-
CTTG-3’ and antisense 5'-CATGTCGGAGAAAGGCACGAT-3'; for Ccl2,
sense 5'-TTAAAAACCTGGATCGGAACCAA-3’ and antisense 5'-GCA-
TTAGCTTCAGATTTACGGGT-3'; for Cxcl1, sense 5'-CTGGGATTCAC-
CTCAAGAACATC-3' and antisense 5-CAGGGTCAAGGCAAGCCTC-
3; for Cox-2, sense 5-TGAGCAACTATTCCAAACCAGC-3' and
antisense 5'-GCACGTAGTCTTCGATCACTATC-3'; for i1, sense 5/-
GCAACTGTTCCTGAACTCAACT-3’ and antisense 5'-ATCTTTTGGGG-
TCCGTCAACT-3'; and for 116, sense 5-TAGTCCTTCCTACCCCAATT-
TCC-3’ and antisense 5-TTGGTCCTTAGCCACTCCTTC-3".

2.8. Statistical analysis

The statistical analysis was performed using the GraphPad Prism
4 software program (Graphpad Software, Inc., San Diego, CA, USA).
The mean =+ SD was calculated for all parameters determined. Sta-
tistical significance was evaluated using either Student’s t-test or
Welch's t-test for paired samples. p values <0.05 were considered
to be statistically significant.

3. Results

3.1. Genetic ablation of Tnfa did not suppress both the colonic
i ion and the expression of pro-i 'y factors in
the colon of mice exposed to DSS

A previous study revealed that Tnfr1 deficient mice are resis-
tant to the DSS-induced colitis. In the present study, two cohorts
of Apc Min/+ mice with different Tnfo status (Apc Min/+; Tnfa
+/+, Apc Min/+; Tnfe —/— mice) were exposed to 2% DSS in
drinking water for 1 week and sacrificed at the point of week
5 (Fig. 1a). In contrast to the Tnfr1 deficient mice, mice lack-
ing Tnfe, as well as the control mice, exhibited profound body
weight loss and bloody diarrhea during the course of DSS treat-
ment. In addition, there were no significant differences in either
the physical findings or mortality between Apc Min/+; Tnfa
+[+ and Apc Min/+; Tnfa —/— mice. There were no apparent
differences in either microscopic appearance of the inflamed
colon (data not shown) or the histological inflammation score
(1.17+0.83 and 1.25+0.97, respectively, p: 0.82) between these
two cohorts.

We also examined the effect of Tnfx ablation on intestinal
inflammation using the trinitrobenzene sulfonic acid (TNBS)-
induced model, a different model of intestinal inflammation.
However, we could not detect any differences in the histolog-
ical inflammation score between Tnfa +/+ and Tnfa —/— mice
(2.75+1.50 and 2.50 + 1.22, respectively, p: 0.78).
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Fig. 2. Crypt isolation and the expression of epithelial or stromal marker gene. (a) Distal colon tissues were separated into epithelial crypts and stromal tissues by crypt

isolation as described in Section 2. (b) Quantitative RT-PCR was performed on total RNAs extracted from both epithelial cryps and stromal tissues. The levels of FABP2 and

FSP-1 mRNA were normalized to B-actin mRNA levels. Representative results from three independent experiments are shown here. Data represent the mean + SD. Statistical
igni; diffe was eval d by Student's t-test with Welch's correction. *p<0.05, **p<0.01.

Both wild-type and Tnfa deficient mice were treated with 2%
DsS for 5 days and then were sacrificed at day 0 (control), day 10
(the acute phase of colonic inflammation) and day 30 (the chronic
phase of colon inflammation; Fig. 1b)in order to compare the induc-
tion of pro-inflammatory factors in the presence or absence of Tnfa.
The crypts were isolated to separate the colons into the epithelial
crypts and stromal tissues (Fig. 2a). After crypt isolation, RNA was
extracted from these tissue specimens and real-time PCR was used
to compare the exp ion of pro-i ry factors between
wild-type and Tnfu deficient mice. The epithelial marker, fatty-acid-
binding-protein-2 (Fabp2) [27-29], was predominantly expressed
by RNAs from colonic crypts, whereas the mesenchymal marker,
fibroblast-specific-protein-1(Fsp1), was predominantly expressed at
those from stromal tissues (Fig. 2b). These findings indicate that
epithelial cells were therefore successfully separated from stromal
cells.

The expression. of pro-inflammatory factors (Tnf, TnfB, Ccl2,
Cxcl1, 1B, 116, Cox-2) were up-regulated after the DSS exposure
in wild-type mice and such altered expression was maintained at
a high level until day 30 (Fig. 3a). As expected, during the course of
DSS treatment (Fig. 1b), the expression of Tnf was not detectable
in either the epithelial or stromal tissues of Tnfa deficient mice
(Fig. 3b). However, in spite of the lack of Tnfor expression, there were
nosignificant differences in the expression of Tnfp, Ccl2, Cxcl1, 118,
116 and Cox-2 in either the epithelial or stromal tissues between the
wild-type and Tnfa deficient mice (Fig. 3c). These results indicate
that the genetic ablation of Tnfx did not influence either the sever-
ity of colitis or the expression of DSS-induced pro-inflammatory
factors.

3.2. Genetic ablation of Tnfu did not suppress the infiltration of
Cox-2-expressing inflammatory cells and the accumulation of
p-catenin protein in the inflamed colorectal tumor tissues

The coordinated activation of the Apc/B-catenin pathway and
the Cox-2 signaling pathway plays an important role in colon
tumor formation and progression [30]. A previous study revealed
a lack of Tnfr1 to lead to the decreased expression of Cox-2 in
the stromal tissues and the decreased expression of nuclear -
catenin in the colonic tumor cells [11]. Therefore, the infiltration
of Cox-2-expressing inflammatory cells and the accumulation of
nuclear B-catenin was examined by immunostaining. In contrast
to previous data, no significant differences were observed in the
infiltration index of Cox-2-positive inflammatory cells between
Apc Min/+; Tnfa +[+ and Apc Min/+; Tnfa —/— mice (42.62 +6.65
and 45.73 +2.90 cells per field at 400 x magnification, respectively,
p: 0.32) (Fig. 4a). The accumulation of nuclear B-catenin protein
in colon tumor cells was not different between the two cohorts
(Fig. 4b). In addition, Western blotting revealed the expression of
[B-catenin protein in colonic tumors to not change between Apc
Min/+; Tnfa +/+ and Apc Min/+; Tnfoe —/— mice (Fig. 4c).

3.3. The genetic ablation of Tnfa did not suppress the
inflammation-related colon tumorigenesis

Tnfr1 deficient mice markedly attenuate tumor formation
induced by azoxymethane (AOM) and DSS in comparison to wild-
type mice [11]. In the present study, as in a previous report [20],
colon tumors were detectable only in Apc Min/+ mice exposed to
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DSS, whereas no tumors were found in Apc +/+ mice with the DSS umes between Apc Min/+; Tnfo+[+ and Apc Min/+; Tnfa—/~ mice.
exposure. The incidence and multiplicity of colonic tumors were Microscopic examinations also failed to detect any histological dif-
100% and 16.15 + 5.84/mouse in Apc Min/+; Tnfe +/+ mice and 100% ferences in colon tumors between Apc Min/+; Tnfa +/+ and Apc
and 14.27 £+ 7.71/mouse in Apc Min/+; Tnfa —/— mice, respectively. Min/+; Tnfo —/— mice (data not shown). In addition, the incidence
The tumor volumes were 3.90 +2.55mm? and 3.81 +2.49mm3 in and multiplicity of small intestinal tumors did not alter regardless
Apc Min/+; Tnfa +/+ and Apc Min/+; Tnfa —/— mice, respectively of the Tnfa status (100% and 47.0 + 2.16/mouse in Apc Min/+; Tnfa
(Table 1). Importantly, no significant differences were observed +[+ mice and 100% and 48.8 + 3.59/mouse in Apc Min/+; Tnfa —/—
in either the tumor incidence and multiplicity or the tumor vol- mice, respectively).
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tion of macrophages and neutrophils, and attenuated subsequent
tumor formation [11]. These findings indicate Tnfo/Tnfr1 signaling
as a crucial mediator of the initiation and promotion of colitis-
associated colon carcinogenesis, and suggest that targeting Tnfa
may be a useful strategy for prevention and/or treatment of colon
cancer in the individuals with IBD.

In contrast [11], the current study revealed that, despite a defi-
ciency in the Tnfa expression, both chemically induced colonic
inflammation and the tumor formation in Tnfx deficient mice were
not attenuated in comparison to those of Tnfa +/+ control mice. In
addition, the expression of pro-inflammatory factors in the colon
mucosa exposed to DSS was not altered in comparison to wild-type
control mice. Moreover, no significant differences were observed
in either the infiltration of Cox-2-positive inflammatory cells or
the nuclear B-catenin accumulation of tumor cells between Apc
Min/+:Tnfe +/+ and Apc Min/+:Tnfa —/— mice, both of which have
been shown to be significantly suppressed in Tnfr1 deficient mice

Although Tnfa is the ligand for the Tnfr1, it is noteworthy that
Tnfr1 also binds with tumor necrosis factor-B (TnfB) or lympho-
toxin (LT) [34]. TnfB shares about 30% structural homology with
Tnfa [35,36], and Tnfa and TnfB are functionally indistinguish-
able with respect to receptor binding and activation of Nf-kB in
HL60 cells [37]. Although DSS-induced Tnff expression was almost
equalin both wild-type and Tnfa deficient mice, it might be possible
that TnfB is involved in the induction of colonic inflammation and
inflammation-related colon tumorigenesis induced by DSS. This
finding is consistent with the previous findings that activation of
Nf-kB is associated with DSS-induced inflammation-related colon

is [13,38] and that the maximum activation of Nf-kB
with Tnfa and/or TnfB requires only a small fraction of the total

number of Tnf-receptors to be occupied [39].
Previous studies demonstrated that several inflammation-
related factors mdudmg 11, Stat3 and iNOS are involved in DSS-
lated colon tumori is [38,40,41].
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Fig. 4. Cox-2-expressing cells and B-catenin nuclear accumulation in the colon
tumor tissues. Colons were immunostained with anti-Cox-2 (a) or anti-B-catenin
antibody (b) and representative results from five independent animals are shown
here. Original magnification, 100x (left panels), 400 (right panels), respectively. (c)
Western blot analysis with anti-B-catenin antibody was performed on cell lysates
from both normal colon mucosa and colon tumor tissues. Representative results
from three independent experiments are shown here.

4. Discussion

Tnfa is a hormone with a broad spectrum of biological activities,
produced mainly by activated macrophages and a variety of other
cell types, including activated T cells, mast cells, neutrophils, and
astrocytes [31]. Once the protein is efficiently exported from the
producing cell, it enters the circulation, where it has a very limited
half-life and binds to either high-affinity 55-kDa TNF-receptor-
1 (Tnfr1) or low-affinity 75-kDa TNF-receptor-2 (Tnfr2) [32,33].
Popivanova et al. revealed that mice lacking Tnfr1 treated with
AOM and DSS showed reduced mucosal damage, reduced infiltra-

In addition, the possible interaction between iNOS, TnFa and
mg is suggested to play a role in the tumor promotion
of infl lated colon carci [42]. Given such
intricate inflammatory responses, it is also possible that the Tnfa-
independent signal may promote the inflammation-related mouse
colon tumorigenesis in the present study.

Thereis increasing evidence that the anti-Tnfa monoclonal anti-
body, infliximab, is an effective therapy for IBD, including Crohn's
disease and ulcerative colitis [43-49]. Infliximab is a chimeric
monoclonal antibody that binds not only the soluble subunit of
Tnfa but also the membrane-bound precursor of Tnfa [50,51].
Infliximab inhibits a broad range of biological activities of Tnfa
by blocking the interaction of Tnfa with its receptors. Given the
fact that the genetic deletion for Tnfr1 sigrnificantly suppressed
inflammation-related colon tumorigenesis, it was expected that
the blockage for Tnfa with the use of infliximab could be a useful
strategy for both the chemoprevention and therapy for tumori-
genesis. Indeed, previous studies demonstrated that antibodies
against Tnfa strongly suppress the development of inflammation-
telated CRC[11,15]. In contrast, the current study revealed that the
genetic ablation of Tnfa alone did not either reduce colon inflam-
mation or attenuate tumor formation. Our results may therefore
suggest that an indirect action of anti-Tnfa antibodies exerts a
tumor suppressive effect in inflammation-related CRC. A previous
rated that anti-Tnfa monoclonal antibody binds to

the brane form of Tnfa, thus resulting in the efficient

;l:c‘:tlilerllce. multiplicity and tumor volume of large intestinal tumors at week 5. study d
Genotype Incidence Multiplicity* Tumor volume®
ApcMink; Tnfa** 26/26, 100% 16.15 + 5.84 3.90 + 225
ApcMini; Tnfa~/~ 25/25, 100% 1427 +£ 7.71 3.81 + 249

Statistical signi of dif was by Student's t-test.

2 Number of tumors/mouse, the mean % SD.
b Tumorvolume was calculated as length x width x width x 0.526, the mean + SD.

killing of the Tnfa-expressing cells by both antibody-dependent
cellular toxicity and complement-dependent cytotoxicity effector
mechanisms [51,52]. The mode of action of anti-Tnfa monoclonal
antibody for the treatment of IBD and IBD-related tumorigenesis
might be attributed principally to the lysis of the inflammatory
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cells rather than blocking the interaction of Tnfa with its recep-
tors.

In conclusion, the current study revealed that the genetic
ablation of Tnfx results in no detectable effect on either the sup-
pression of DSS-induced colonic inflammation or the attenuation
of inflammation-related mouse colon tumorigenesis. These obser-
vations suggest thatintricate inflammatory responses are involved
in the inflammation-related mouse colon tumorigenesis.

Conflicts of interest

No conflicts of interest.

Acknowledgments

We would like to thank Masanao Saio and Yusuke Kitou for help-
ful discussions. We would also thank Kyoko Takahashi, Ayako Suga,
and Yoshitaka Kinjyo for theirvaluable technical assistance and ani-
mal care. This study was supported by grants from Japan Science
and Technology (JST), grants from PRESTO, grants from the Min-
istry of Health, Labour and Welfare of Japan, and grants from the
Ministry of Education, Culture, Sports, Science and Technology of
Japan.

References

[1] S.P. Hussain, LJ. Hofseth, C.C. Harris, Radical causes of cancer, Nat. Rev. Cancer
3 (4)(2003) 276-285.

(2] B.A.Lashner,K.S. Provencher, ].M. Bozdech, A. Brzezinski, Worsening risk for the
development of dysplasia or cancer in patients with chronic ulcerative colitis,
Am. J. Gastroenterol. 90 (3) (1995) 377-380.

[3] RM.Locksley, N.Killeen, M. Lenardo, The TNF and TNF receptor superfamilies:
integrating mammalian biology, Cell 104 (4) (2001) 487-501.

[4] E.A.Carswell,L].Old, R.L. Kassel,S. Green, N.Fiore, B. Williamson, An endotoxin-
induced serum factor that causes necrosis of tumors, Proc. Natl. Acad. Sci. U.S.A.
72 (9) (1975) 3666-3670.

[5] N. Senzer, S. Mani, A. J itis, C. C C. Guha, N.
Bayol, M. Gillen, K. Chu, C. Rasmussen, H. Rasmussen, D. Kufe, R. Weichsel-
baum, N. Hanna, TNFerade biologic, an adenovector with a radiation-inducible
promoter, carrying the human tumor necrosis factor alpha gene: a phase I study
in patients with solid tumors, J. Clin. Oncol. 22 (4) (2004) 592-601.

[6] RJ. Moore, D.M. Owens, G. Stamp, C. Arnott, F. Burke, N. East, H. Holdsworth, L.
Turner, B. Rollins, M. Pasparakis, G. Kollias, F. Balkwill, Mice deficient in tumor
necrosis factor-alpha are resistant to skin carcinogenesis, Nat. Med. 5 (7) (1999)
828-831.

[7] M. Suganuma, S. Okabe, M.W. Marino, A. Sakai, E. Sueoka, H. Fujiki, Essential
role of tumor necrosis factor alpha (TNF-alpha) in tumor promotion as revealed
by TNF-alpha-deficient mice, Cancer Res. 59 (18) (1999) 4516-4518.

(8] K.A.Scott,R.].Moore, CH. Arnott, N. East, R.G. Thompson, B.J. Scallon, D.J. Shealy,
F.R. Balkwill, An anti-tumor necrosis factor-alpha antibody inhibits the devel-
opment of experimental skin tumors, Mol. Cancer Ther. 2 (5) (2003) 445-451.

[9] B. Knight, G.C. Yeoh, KL Husk, T. Ly, LJ. Abraham, C. Yu, J.A. Rhim, N. Fausto,
Impaired preneoplastic changes and liver tumor formation in tumor necrosis
factor receptor type 1 knockout mice, J. Exp. Med. 192 (12) (2000) 1809-1818.

[10] M.S. Naylor, G.W. Stamp, F.R. Balkwill, Investigation of cytokine gene expres-
sion in human colorectal cancer, Cancer Res. 50 (14) (1990) 4436-4440.

[11] BK.Popivanova, K. Kitamura, Y. Wu, T. Kondo, T. Kagaya, S. Kaneko, M. Oshima,
C.Fujii, N. Mukaida, Blocking TNF-alpha in mice reduces colorectal carcinogen-
esis associated with chronic colitis, J. Clin. Invest. 118 (2) (2008) 560-570.

[12] H.Sano, Y. Kawahito, RL. Wilder, A. Hashiramoto, S. Mukai, K. Asai, S. Kimura,
H. Kato, M. Kondo, T. Hla, Expression of cyclooxygenase-1 and -2 in human
colorectal cancer, Cancer Res. 55 (17) (1995) 3785-3789.

[13] ER. Greten, L. Eckmann, TF. Greten, J.M. Park, ZW. Li, L.J. Egan, M.F. Kagnoff,
M. Karin, IKKbeta links inflammation and tumorigenesis in a mouse model of
colitis-associated cancer, Cell 118 (3) (2004) 285-296.

[14] Q.Li, S. Withoff, LM. Verma, Inflammation-associated cancer: NF-kappaB is the
Iynchpin, Trends Immunol. 26 (6) (2005) 318-325.

[15] M.Onizawa, T. Nagaishi, T. Kanai, K. Nagano, S. Oshima, Y. Nemoto, A. Yoshioka,
T.Totsuka, R.Okamoto, T. Nakamura, N. Sakamoto, K. Tsuchiya, K. Aoki, K. Ohya,
H.Yagita, M. Watanabe, ngnahngpa(hway vaN Ipha/NF-kappaB in intesti-
nal epithelial cells may be directly i i i
Am. . Physiol. Gastrointest. Liver Physiol. 296 (4) (2009) G850-859.

[16] S.H.Itzkowitz, X. Yio, Inflammation and cancer IV. Colorectal cancer in mﬂam—
matory bowel disease: the role of i ion, Am. J. Physiol.

Liver Physiol. 287 (1) (2004) G7-17.

[17] M. Kawada, A. Arihiro, E. Mizoguchi, Insights from advances in research of
chemically induced experimental models of human inflammatory bowel dis-
ease, World J. Gastroenterol. 13 (42) (2007) 5581-5593.

[18] S. Wirtz, C. Neufert, B. Weigmann, M.F. Neurath, Chemically induced mouse
models of intestinal inflammation, Nat. Protoc. 2 (3) (2007) 541-546.

[19] L-A. Dieleman, B.U. Ridwan, G.S. Tennyson, KW. Beagley, R.P. Bucy, C.0. Elson,
Dextran sulfate sodium-induced colitis occurs in severe combined immunod-
eficient mice, Gastroenterology 107 (6) (1994) 1643-1652.

[20] T. Tanaka, H. Kohno, R. Suzuki, K. Hata, S. Sugie, N. Niho, K. Sakano, M. Taka-
hashi, K. Wakabayashi, Dextran sodium sulfate strongly promotes colorectal
carcinogenesis in Apc(Min/+) mice: inflammatory stimuli by dextran sodium
sulfate results in development of multiple colonic neoplasms, Int. J. Cancer 118
(1) (2006) 25-34.

[21] T Tamgu:hl, MTakara. A Xkeda, E. Momotani, K. Sehkawa. Failure of germinal

of response to in tumor necrosis
fa(tot alpha- deﬁ:lent mice, Lab. Invest. 77 (6) (1997) 647-658.

[22] N.R.Murray, J. Weems, U. Braun, M. Leitges, A.P. Fields, Protein kinase C betall
and PKCiota/lambda: collaborating partners in colon cancer promotion and
progression, Cancer Res. 69 (2) (2009) 656-662.

[23] H.S. Cooper, S.N. Murthy, RS. Shah, D). Sedergran, Clinicopathologic study of
dextran sulfate sodium experimental murine colitis, Lab. Invest. 69 (2) (1993)
238-249.

[24] M. Shimizu, A. Deguchi, Y. Hara, H. Moriwaki, 1.B. Weinstein, EGCG inhibits
activation of the insulin-like growth factor-1 receptor in human colon cancer
cells, Biochem. Biophys. Res. Commun. 334 (3) (2005) 947-953.

125) M. Shimizu, A Degucm. AK.Joe, JF. McKoy, H. Moriwaki, LB. Weinstein, EGCG
inhibits 2 in human colon
cancer cells, J. Exp. Ther Oncol. 5 (1) (2005) 69-78,

[26] T.Oyama, Y. Yamada, K. Hata, H. Tomita, A. Hirata, H Sheng, A. Hara, H. Aoki, T.
Kunisada, S. ita, H. Mori, Further of beta-catenin/Tcf tran-
scription s involved in the development of macroscopic tumors in the colon of
ApcMin/+ mice, Carcinogenesis 29 (3) (2008) 666-672.

[27] H.M. shields, M.L. Bates, N.M. Bass, CJ. Best, D.H. Alpers, RK. Ockner, Light

i i ion of hepatic and intestinal types

of fatty acid-binding proteins in rat small intestine, J. Lipid Res. 27 (5) (1986)
549-557.

[28] D.A. Sweetser, S.M. Hauft, P.C. Hoppe, EH. Birkenmeier, J.I. Gordon, Trans-
genic mice containing intestinal fatty acid-binding protein-human growth
hormone fusion genes exhibit correct regional and cell-specific expression of
the reporter gene in their small intestine, Proc. Natl. Acad. Sci. U.S.A. 85 (24)
(1988) 9611-9615.

[29] A.Haegebarth, W.Bie,R. Yang, S.E. Crawford, V. Vasioukhin, E. Fuchs, AL Tyner,
Protein tyrosine kinase 6 negatively regulates growth and promotes enterocyte
differentiation in the small intestine, Mol. Cell. . 26 (13) (2006) 4949-4957.

[30] M. Oshima, J.E. Dinchuk, S.L. Kargman, H. Oshima, B. Hancock, E. Kwong, J.M.
Trzaskos, J.F. Evans, M.M. Taketo, Suppression of intestinal polyposis in Apc
delta716 knockout mice by inhibition of cyclooxygenase 2 (COX-2), Cell 87 (5)
(1996) 803-809.

[31] P.W. Szlosarek, F.R. Balkwill, Tumour necrosis factor alpha: a potential target
for the therapy of solid tumours, Lancet Oncol. 4 (9) (2003) 565-573.

[32] BA. Beutler, LW. Milsark, A. Cerami, Cachectin/tumor necrosis factor: pro-
duction, distribution, and metabolic fate in vivo, J. Immunol. 135 (6) (1985)
3972-3977.

[33] S. de Kossodo, GE. Grau, JA. Louis, I. Muller, Tumor necrosis factor alpha
(TNF-alpha) and TNF-beta and their receptors in experimental cutaneous leish-
maniasis, Infect. Immun. 62 (4) (1994) 1414-1420.

[34] LA. Tartaglia, D.V. Goeddel, Two TNF receptors, Immunol. Today 13 (5) (1992)
151-153.

[35] MJ. Eck, M. Ultsch, E. Rinderknecht, A.M. de Vos, S.R. Sprang, The structure of
human lymphotoxin (tumor necrosis factor-beta) at 1.9-A resolution, ). Biol.
Chem. 267 (4) (1992) 2119-2122.

[36] J. Browning, A. Ribolini, Studies on the differing effects of tumor necrosis factor
and lymphotoxin on the growth of several human tumor lines, J. Immunol. 143
(6) (1989) 1859-1867. -

[37] H.P. Hohmann, R. Kolbeck, R. Remy, A.P. van Loon, Cyclic AMP-independent
activation of transcription factor NF-kappa B in HLG0 cells by tumor necrosis
factors alpha and beta, Mol. Cell. Biol. 11 (4) (1991) 2315-2318.

[38] M. Kim, S. Miyamoto, Y. Yasui, T. Oyama, A. Murakami, T. Tanaka, Zerumbone,
atropical ginger sesquiterpene, inhibits colon and lung carcinogenesis in mice,
Int. J. Cancer 124 (2) (2009) 264-271.

[39] M.M. Chaturvedi, M. Higuchi, B.B. Aggarwal, Effect of tumor necrosis factors,
interferons, interleukins, and growth factors on the acnvanon of NF-Kappa B:
evidence for lack of ion with cell i Cytokine
Res. 13 (5) (1994) 309-313,

[40] T. Tanaka, R. Suzuki, H. Kohno, S. Sugie, M. Takahashi, K. Wakabayashi, Colonic
adenomrcmumas rapxdly mduced by the combined treatment with 2-amino-

thyl-6. Ipyridine and dextran sodium sulfate in male
ICR mice possess beta- :a(emn gene i and increases
tivity for beta-catenin, cyclooxygenase-2 and inducible nitric oxide synthase,
Carcinogenesis 26 (1) (2005) 229-238.

[41] T. Tanaka, Y. Yasui, M. Tanaka, T. Oyama, K.M. Rahman, Melatonin suppresses
AOM/DsS-induced large bowel oncogenesis in rats, Chem. Biol. Interact. 177
(2) (2009) 128-136.

[42] H. Kohno, M. Takahashi, Y. Yasui, R. Suzuki, 5. Miyamoto, Y. Kamanaka, M.
Naka, T. Maruyama, K. Wakabayashi, T. Tanaka, A specific inducible nitric oxide
synthase inhibitor, ONO-1714 attenuates inflammation-related large bowel
carcinogenesis in male Apc(Min/+) mice, Int. ]. Cancer 121 (3) (2007) 506-513.

[43] D.H.Present, P. Rutgeerts, S. Targan, $.B. Hanauer, L. Mayer, R.A. van Hogezand,
D.K. Podolsky, BE. Sands, T. Braakman, K.L. DeWoody, TF. Schaible, S,J. van

—208—



430 H. Sakai et al. / Chemico-Biological Interactions 184 (2010) 423-430

Deventer, Infliximab for the treatment of fistulas in patients with Crohn’s dis-
ease, N. Engl. J. Med. 340 (18) (1999) 1398-1405.

[44] SB. Hanauer, BG. Feagan, G.R. Lichtenstein, LF. Mayer, S. Schreiber, J.F.
Colombel, D. Rachmilewitz, D.C. Wolf, A. Olson, W. Bao, P. Rutgeerts, Main-
tenance infliximab for Crohn's disease: the ACCENT I randomised trial, Lancet
359(9317) (2002) 1541-1549.

[45] C. Su, BA. Salzberg, }.D. Lewis, ].J. Deren, A. Kornbluth, D.A. Katzka, R.B. Stein,
D.R. Adler, G.R. Lichtenstein, Efficacy of anti-tumor necrosis factor therapy in
patients with ulcerative colitis, Am. ]. Gastroenterol. 97 (10) (2002) 2577-2584.

[46] L. de Ridder, J.C. Escher, J. Bouquet, J.J. Schweizer, E.H. Rings, }J. Tolboom, R.H.
Houwen, OF. Norbruis, B.H. Derkx, J.A. Taminiau, Infliximab therapy in 30
patients with refractory pediatric crohn disease with and without fistulas in
The Netherlands, J. Pediatr. Gastroenterol. Nutr. 39 (1) (2004) 46-52.

[47] P. Rutgeerts, G. Van Assche, S. Vermeire, Optimizing anti-TNF treatment in
i bowel disease, G: 126 (6) (2004) 1593-1610.

[48] TN. Brooklyn, M.G. Dunnill, A. Shetty, ].J. Bowden, ].D. Williams, C.E. Griffiths,
A.Forbes, R. , C.S. Probert, Inflixi forthe of

gangrenosum: a randomised, double blind, placebo controlled trial, Gut 55 (4)
(2006) 505-509.

[49] A swaminath, S. Lichtiger, Dilation of colonic strictures by intralesional injec-
tion of infliximab in patients with Crohn’s colitis, Inflamm. Bowel Dis. 14 (2)
(2008) 213-216.

[50] D.M. Knight, H. Trinh, J. Le, S. Siegel, D. Shealy, M. McDonough, B. Scallon, M.A.
Moore, J. Vilcek, P. Daddona, et al., Construction and initial characterization of
a mouse-human chimeric anti-TNF antibody, Mol. Immunol. 30 (16) (1993)
1443-1453.

[51] BJ. Scallon, M.A. Moore, H. Trinh, D.M. Knight, J. Ghrayeb, Chimeric anti-
TNF-alpha monoclonal antibody cA2 binds recombinant transmembrane
‘TNF-alpha and activates immune effector functions, Cytokine 7 (3) (1995) 251~

259.

[52] S.A. Siegel, D.J. Shealy, M.T. Nakada, J. Le, D.S. Woulfe, L. Probert, G. Kollias, J.
Ghrayeb, J. Vilcek, P.E. Daddona, The chimeric anti-
body cA2 neutralizes TNF in vitro and protects transgenic mice from cachexia
and TNF lethality in vivo, Cytokine 7 (1) (1995) 15-25.

—209—



BEEIEY /L

iPSHifROITEYS/ L

— BEERICAIFIPSHEBOIFUT « I hO—ILIEBIFDIES / LEROBERM

Epigenetics in iPS cells

WHRE (5 ILAEER

Yasuhiro Yamapa'? and Shinya Yamanaka'

‘ / R iPS HUSFIZEAT, BALHREAEN & £ 5172

OiPS ###a (induced pluripotent stem cell) 2 § X TOFMIICHIEL 23 EVWI R T, BEERENDY—XEL
TRELGPFEED TV, L L, ML SN iPS MEEOMEICIRS AL BTONII-YahiBFETS
eV ERY, BEEROEROAHIC, H—TEOE iPS MEIOMER Y, iPS MEIDEM I L /-
ISHRAEOREFEENTVE. EE, TESTRT 1 v VEMREOZRY iPS MEOEICTLERIEL S
BIENESLELNDDH D, BEERICERL iPS MIROHIT - #0491t iPS MEIICH BT
b LBREECIES / LHIEEEOBBIEECEELREE LS EEA5NB. A1E TIPS #MlaN T
EX/ LFEICOWTRFAOHR BN L, Th o DMR 2ER & L /- iPS MBEOBEEREICA Y A ISHAOT

BEMEIC DWW TREER L A2,

Pior, | powmm, memEm, smsme iPs i

L Ml 4 DO R R ZEERTF 2 EA
T3 LT, RtEEE (ES #ifa) &Iz
g, $7 % induced pluripotent stem cell GiPS #ff
Ja) DRI ASETRE & 7 - 7222, iPS BT 008 R
BIEY 2T 4y ZEHMIREDOKE B ER
W, TEYLAD) ey P BEELEEERLT
ZEMHENERYDOH B, iPS METRT
DFEMEIC ALY 2L wI HT, BEEED
V—RELTRELRFEEDTVS, LrL—
7T, Bz XN iPS MO E I X MbEskE T
DN) I—YaVPFETLIELVHLL LR
h, BERBEOEHRD-DIC, H—THDE\» iPS
MHfE o e, iPS AT DB 12 ¥ U 72 i 5 ik
DEFEVWLEEINT WS, iPSHIED 74V 574 R
BRI 227 4 v 7 BEMREOZRICHR
THAREMEGEZ o, BEERICERM%Z iPS
DL - BRI D7z iciZ, iPS Mgz T3
E7 ) MENTE KO EY ) LIS O EREH
BEELHEL L THA).

AFECIE ES Mg, iPS MREZ XU D LT 248

—-210—

EEMEO L EY ) AHEIC O W TRFTOMEZ
AL, ZNOORHAZERE L iPS 0

a RIS RMIPSHRED

ZLDRBICBVT, BERECHST 2EGETFD
ECHIRE® SNP DBVLHHREINTVS . BEMNESR
DFRAEICEIS LT EBICB LT iPS #l (KBS EN
iPS #Hia) =L T DT E T, RERIADAEERRE
HETEFDLEEINTND. TESXLRBEEN
iPS MIIBZ{ERL, ZNENOERBICBVTRELL
DB AN EFEESED LT, KEOET
VR 7ZER UK D £ T HMRDBAICITHODNTL
3. iPS fiRRGBEBHOGMRN SBIITE, KR
REMBEANDEFEDTEETHDDHF ST, HER
[CHAREHHE T T2 T &I, HRBISEN iPS MBEERL
FERRICBNTAREHFFIRELD 5D, TDLSIT,
iPS fHRRFBEERDY — 2 & LTOIRANERE SN
TWRDHIEST, FREROHRERSEDRRIC
BIFBDY—ILE UTHAESHHFHFEONTVD

ER0HFH Vol 235 No. 10 2010.12. 4 | 1045



EEFE~DIEAD AR IO W THEHR L 72\,

@ ESHIOIES /L

ES i} (embryonic stem cell) {3 FE8E R 7 PI R
fasis S @z X n s Mlifa T, BT XToMiEIc
DL S 2EHEREEZEL T3 —HT, EEOM
HaEsEgE % b b HbE T\ %, ES D DNA —
REFNEAN LR L A—ChsZ td
5, ES fifan % aetEiRs, obofiliic 3isE5R
FIZ X 2l L BBICBEL 2 ¥ ) apa v
PO VDEELEE R R L T0E I EBTHE
&N 3. ES MO % BEHEHERF 121, Oct3/4, Nanog
Sox2 DIEERFICL 2 a7 Ry b7 —2 DiEM
LR EATH S Z LR EN, BERFOEER
PRI TERY,

—7 T, DNA X F)UELPER + VBfik D
EY 274y 7 EMRERLEFET S
J Ll E D X 51z LT ES M0 % aEME 2
FLTWw20p, —HTEEDOMEZRE~DIL
EHRTHE7LXIVTINVERRERZMEREL VLD
DIZDOWVTIE, WEEREAZEBS . XKitRE
W=7 I/ —2I1Z 00 ET BBITHMOES
12k, ESHIREICEBITEY ) LR ES )
LEITDT O, ZREMEMIRIC RN 22 v < 0D
DIEY 22T 14y 7EMREB LTS /) 4
FIEEEDIHES It ) 20 h B,

W DNAXFILE

¥y v DX F UGBS T RERIE, EER
&, FERBCERELREZRLTILMNTREN
TBY, =5 AHHOFLWEEDO LD L
%o T\w3Y DNADAFNLIEHF A LY b Ay
neFREEHEERH D, —RIcTvE—F—
FEIRD DNA X F ALz 2 DBEFHREE L 34
DHEEBHR NS, XFUY b et 35
&, X F )1t DNA f&& F 2 4 > (MBD)® X )L
LERZEHIBRER R & L XBEREE -7 v
Y—2MHiaEbEAEICED, ES Mgk )3
7 ) DA —)VTD DNA X F it~ v 7HERR
Intz,

DRI 6 WS b > v D X FL{kid CpG it
Floy by VICFET B EEZONTEL, L

1046 | ERD&HKFH Vol 235 No. 10 2010. 12. 4

L, tF ESHIMICBWTIEN 1/4 DA F Ay
b v i3k CpG BLFI(CNG & X T CNN) ic & 5
N3 EPREREINLY, v FoLilaTIzE
ETRTDORXF ALY b v v ps CpG FEFIC iR
ENBEHS, FECpGEFIDY b v XF L
13 ES MR R A BRREEZL oh, HENLE
HRHDBELNS.,

@ EXNUESIBETER RYUTY
E R Yo 60 EEM EDEEIC X F L, TE
Fufl, VVBLR EIck 5 & X EnLENE
fisBZEI NS, DNA X F)ufb=y 7L AREICL
T, B A F o T Ak X D BiES
X2 VEAY —hh 5D DNA B %R ERS — 2
IVY—TRETBIEICEDY ) LR — LT
DER N MEHINRY— VDS E R TES
EEEMEAERICIZE A by HL 7€ F Lk
H3 D 4 FZFBHDY Y (H3K4) DA F AL LIEL
IFHRE I N, RNICEERNEE(LERIC I H3K9
X F AL, H3K27 DX FMALEREEI T w3,
ES Mifgic B\ T, s tic EE 28 EF 3R
BiEME ~— 27 D H3K4 X F AL & RigiEf— —
27 CTH % H3K27 X F ML ERFIZFLE T % “biva-
lent domain” M L, HEEHHIFHE T 39,
ES Mifa bz & O bivalent domain 12 81F 3
H3K27 X F VLSRR E s Z Lz & b, H3K4
X F VALEIR D univalent domain ~ & 2T 3 &
LT, MOHICEENEE SN S, DNA X
FIUBERDEEII OV TOHERIIL o TA
L3, DNA X FMLIZZE LY = %
T4y 7 EMiTHBZ LREZS L, ES#l/PS
Mg s 2 BEFHRAMBO 7L XY
74— & LT bivalent domain Z 13U ® E T3k
AL EHIREPERELREZRLLTWE L
MHEBREND.
EXAPVOBHICMATERA Y Z2DHDITE
FANVT Y N OBEEBRISNG, ZORPTYH
H2AZ 13 ES filgic B W TBEREELLEF<H
2R a— LAHEAEROEREMICEEI TS
D, BERERYIC DIREICHIRIRIC @ Tws 2 s
ANENTe, RoERER, MiRgomEc:z
IJVEY—LIZBIFBERAPANY 7V FDEN

—211—



HTOEELTRB I EBHEPERDDOH
57,

& SHMBEIHLICHES TES ) LB

MR icfEy, TES ) AT B L
FRINTELDOD, BENAZLICEL T
BHRITWEFZ L\, Meissner 513 ES #f &
EEAEE D DNA X FOALIRIEZR 7/ LRI
BFTL, £ A L VEHIRAE & R L 72®, 20
R, PHRINTWALIIC, DNA X F 1 {LiREE
RO Ic X D RESENT 2 2 L SRS
ni-,

HEEH R E1E, Mlgstick > T DNA X F)L
LR #2321k % $EIS i3 highly conserved non-
coding element & X IZNAEIHICEETH D, »
FETCHBENTE L CpG island BEET 2 2
7 7ue—¥ —HEBTIEIREREBD BB E
THot, 5, ESHlEL wREMIEZD DNA
XFVAGRBEOHBIC X ), EARIC DNA X F
WAL L )V iE CpG BLSI o BB 1z K A3 5 1
BHRoNZD, ZOHFIND LIFLITEHEEINS Z
DS DI o7z, DK, DNA X F LD
EiZ e R+ v OEfing —r OB LI X
CHBT 3 LAWREhz, ZDHARIZ DNA £
FNAL Y — v DFZELIE DNA O —RERF I
LTw3Ew)Ehd, TES 2274 v 7 EH
REEHCIVREINBZZLEZRBL TV S,
Z4L5 Meissner & DIEED %5, HREMINEH
X7 APuYA P EAREATEELEREZED
B L, CpG BEDE VI BV TER % DNA
AFVAEHBHBR LI LD 2 Z B8RS, 20
ZLRBEMEEAWEIEY 22T 4 v 7B
REDIITIZN L CEEZRS T L &bz, M
RIZ BT 3 CpG island D EH X F VLD HKZ
TBTIEREEZ N, BEED

W PSHIORIIE Y TOISI VLD
IS/ LOZEE

2006 4F, b L7z Ml 4 DOERER

T, Oct3/4, Sox2, Klf4, Myc #EAT 3 LT,

% b o7 iPS MBS RE L o

72, 2007 E12iE, & MR BT H PS i

—212—

DENIHSTEE L 2 0 Y, BEHEERAOIGHICA
B A D S T 300 iPS SR O
AAZRDFOEERAZENS L, $kE
b, iPS G DRT 12 13E BAAT D RS 2 T L F
3—7T, 4 ETFBEASNTH KBS OMMIZ
VUGV ICRET A LS IR
Tw3, KhZENZY 7’ud T s v 7k,
Z L THEERERE2ZSEICBWEEELRY Turs
SV THBFEDOLDICIE, VR SS y EE
DML EBBBELEZ 5N S,

iPS #ifEix ES MURRICIERIL 22 TURE, Y ais
BMETRTOARST, iPSMEOLEY £ 3
T4 v 7 EHRREEIX ES B OEHRRAE ICERI L
TV ENREINKL, Thbb, V/urss
VBB TRMROLE S 2 2T 1 v 7 B8
WY =5 ESHIEDAY —v ALk E B
T3, EEIC, vV X iPSHIIETOE R b EH
REEIT ES MEfRICEBIL 287 —v 2B L, X §
EEOFEELOERINTVSE LY, t} iPS
ML © b ES #iFIO 2 b EARREEIZEE 5 2
BB LI EBHEINTWS, LT,
IEY 23T 4 v 7 EMREBOUEDY Fus s
SVIDEERARY I THB I EBTFRINT
W3,

DL & 43 MR DA% 12 Bid% L 7= R F~ D%
1#, ¥ X' embryonal carcinoma i (EC #ifa)/
ES flifg & oMifg@ &I L oTY TRy v )
ENDTELWRINTELZY, PS ML
ICIHEBM OREBHETH DI LT, B
HICk B 70s5 30703 1~2 HAK, Ly
b H§h 1~2 B ORISR ORI ED b 1 FHil
SN, Va7 TICET BRI E 572 ¢
£, Tibb, iPS Mz L BBEIzY 7
Rrg Iy RENELRD I LSTRBENS,

ZD22o0)7urF Iy BROENZSH
L9 30 E2DETFIE DNA Bix F VLRI £ %
Z 5135 DNA # F 1 {tik DNA &RRICEEL T,
% b 12 DNA methyltransferase 1(DNMT1) iz & b
BEMICHERESI NS Z L b oTWw 3, —HT,
—EfmEniy by roXFAENITNS,
FTHOLIRX FVERIGICOWTIZ 2 DD RE 2
RVRBIBINT VS, DEDIIZENRBAF L

EZ0DHHFH  Vol. 235 No. 10 2010. 12. 4 | 1047



{LRIET, DNA BHOBIC, X F)VEEFHREK
DNA 85Iz i3, fEERMIC X F Ly L hHE
T4 2%CTH5. fbHIZREBNBX FLLRIET
b5, ZIEEHEOHEERIZESLHIC DNA A 5V
LU RUHBMET T2 2 EBBEIN TR, 2D
A FUALL RV DIETIZ 12578 DNA AR I3 RE->
TEST, WHOZWEINIC IIEMAIC DNA X F
WALZE IRIR T 2BEEIFET 2 2 LIRREINT
w3,

SE4E, AID/Mbd4/Gadd45a 12 & % deamination,
glycosylation % 4L 7zt X F MALKIGED X A = X
LDMRIBE T 21817 fifgIc BV TIIB S
27 BEBIHY DNA i X F VLIS IREEH E N TE
5%, BEEIRIR X FOVLRIGIEZREIN 4 & OREGR
LRI BT A RENZRIETH 5 2 LBTFRE
T3, ES #ifs & ofifga&ic k3 7n 7
3 v ZIZB W TIE Nanog locus D DNA i X )V
{ix DNA #HElZ DT, HTH 1 HOMICEE
X, iPS MRSz @R & R B L IEE IR
[T DNA i X FMALRIEDSEL 5 2 L9 5, B
B DNA i 2 F VLRI DOBE B FRILTw
5.

—hT, RcEERTEZEAT % iPS Ml
13z DR T3 Nanog locus 7 £ D DNA Bi A F
WALIZ late event TH b, KZEHHE, MEREICE
FBBEA FMELICHRTROEEEZET S 2L
RENTVS, RHIEICE\» THEEIHY DNA fBix
FUACRIGHETE L e\ & 30U, BEEIIBE X
WLRIEDE Y 707 3 v 7ICBET 2RH
ZHEEL TV WL H 5, EBIC AID OFEBE
Z{ET X7 ES Ml & ORItk 2y 7u
75 3 v ZIcBWT, AID 28 DNA i x VA
5B X X OCT3/4 % NANOG DiE#EALIcHET
HHIEBREN, T AL LHMERAICK S
V7uys 3y /icid AID 4 L - 8EEH DNA
Bix FIUALRIEDES L TWw3 2 BRI NT
‘A%W),

DL b5, #EEIAY DNA Bi A F VALRIE DR
7 FESTRETH L, iPS MEEERICE
WTHEIIIROE B, A — FIGEPFIND
DA 5T, iPSMEDE DM LI b DRI H
BEENEZ oNnS, ¥ TIREBNEA FIUERIE

1048 | E¥D&HF  Vol. 235 No. 10 2010.12. 4

—213—

DAH=ZALBAVBEETH A . AID/Mbdd/
Gadd 45a 12 X A FVALKIGIZINZ T, Tet I
Y AL X F ALy b v ADERRE N LY
by VB A FAALRIE O AT MEASRIB & LT W
%, EBEIC Tet i3 ES MR LHEHEREEA~ D
BEENREINTE Y, SEOMED B
FEhs,

& PSHIIEESHIEDIES / LK

BRod X 9 i iPS AL ES MAEICEM L 72k
BFRBEAY—VE2RTOARLZLT, EXALVD
Bhfi/$% —>, DNA X FULIREZ DI EY =
274 v VBHIREEICE TS ES MR L 3IFR
—DMERL TS, LirL, iPS Mlassiis
FENERMAESiE3E D ES fMila L Eaic/A—oEE
BETBEDEIDICOBTIERIETE TS,
EEIZ, %< D<A PS fifidix ES Mikaic
TFATIVARLBIBX A IEFEEBELI L
A3 5 4, tetraploid complementation assay 23\
T, 1FEA LDV R PS filATIz2E8 iPS
MRICHET 37 ZERTERWI L3S
NTE-, BiE, —E0<7 A iPS Mgz W»T
i& DIk1-Dio3 BETA 7Y v MEBIC BT 58
fEFFID ES Ml & R TH I NnTwar L
PRGN BRI 2 L IZ, DIkI-Dio3
EFEROFKEMET 2/ iPS #METIX, Dkl-
Dio3 BEFHEIRD DMR (differentially methylated
region) ® DNA X F VALY —V D REEHS
n, iPS ffEL 5> D= v AHEREIC b HEPRE
ENBLVY, TEY 2 RT4 v 7 EHREDE
WS iPS MO E R EMEE ) 5 T LR TREL
Twahb Likv, 8, Jhs B iPS
LI EE I NS D> EEICKIET 2 %3
BH 5.

o IPSHIIOER(C & DEHDBL

Bz D o883 X iz iPS MR 7 D ik
MBS LR TV ERE SN0 =)
ZE, Mg iPS M mkic ok L7 <,
FZER kD iPS Ml X h Blcafb L3 vk
BrETS. EoitizBEasMlErolhEn
iPS #ifEi%, DNA X FNAUEHMI Y — > DD




SRALY B ENFESINL. Tabb, iPS
HRa L X BT B epigenetic memory H3FF
T 3 2 & AR & iz, Epigenetic memory DFF
R BRI LB T 2 701X, iPS Milgoobis
FME L BRI DNA 2 FULIREDZER L DBl
EERHODTIMEND B THAYH., EHERELD
L, HBEICEY ) 7RSS 2V 7 &N ntES
MR DNA * FULIREE I iPS MlifZ I R T
X b ES MiICE L LA S he, BEIc
Y2y 7ru s s v /B SERNICIEY 2 2
T4 v 7 BEREEHREL ) 2HHBEETL T
3.

ERU7 X912, DNA X F U1kl & h BEWT
“deep” I A LV Y TICBE L TWwB EEZ S
nTEh, BBREROMFICFET 28BN
DNA Jii * F MERISOFEFED, #IE 7% DNA X
FMALREEEICERZ L RE 2R L T30
b Lz,

@ BEERICHD PSEIRO Y T UF ¢
avkO=-LEIES /L

BAEEECHERT 2 PS04 54 —2
v hur—)Vo@Ebr s, iPS etk o abiE
Bt D#E R, B K L 72 iPS MiEERR
@ DNA X FI)VLIERIRRE D&\ 1 iPS ffEDE
DNYL—avERRTZHDTHD, H—i
iPS Ml % &N 2 2 DITIZ BN ) LAEITBE
HeEzons, Lal, ZEY ) LADBORE
DEHZ, ZLTEDRE PS fila0EICHES
L2300V ELFHETH S,

S#03 iPS Ml OFEM A = 5 ) AEHTIZMZ
T, Mg b2 HET 22y ) LtlEHEEOR
BErEDBZEDERLELONSE, TV R
T4 v Z{ERMRREIZ DNA B X F U {EHFIR E 2 b
VBT X F VAGEERBE A £ MBIz & b &ML
ERIBIEBRBINTEDY, TP %
T4 v VEMEAHOFAE L CHHBARIIEOE
WHE—% iPS gz B s o7 Fu—FLib
95 TH2Y. iPS I EEEEADIGRICE
WTHIRINTw30a% 6§, KEBERW PS
MR 2 R 1 SR RERRAT IC B W CIERICE R Y —
NEieoTWw3, EERRERIPS s g % 5F

—214—

fiid 2%&1iE, PSMEBEICBTAIEY
FT 4y VEMREDIZSDEOFEERZREICE
&, REAROREW L OWELRRANZ T2 2 &
PERELRZTHA). —HT, TEVRT4 v
7 EHRREDERIZ iPS MifaO@EEL L5252
LD TE S, HEOLEEES RO FEED -
DIZ, TEY 2T 4 v 7 EMMREDEICHE
§ % iPS Mlfla MM % BB FIE S 5 7 7 r—
FOERDPS Lo,

Xk

1) Takahashi, K. et al. : Induction of pluripotent stem
cells from adult human fibroblasts by defined
factors. Cell, 131 : 861-872, 2007.

2) Takahashi, K. and Yamanaka, S. : Induction of pluri-
potent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell, 126 :
663-676, 2006.

3) Niwa, H.:How is pluripotency determined and
maintained? Development, 134 : 635-646, 2007.

4) Jaenisch, R. and Bird, A. : Epigenetic regulation of
gene expression - how the genome integrates
intrinsic and environmental signals. Nat. Genet., 33
(Suppl.) : 245-254, 2003.

5) Lister, R. et al. : Human DNA methylomes at base
resolution show widespread epigenomic differences.
Nature, 462 : 315-322, 2009.

6) Bernstein, B. E. et al. : A bivalent chromatin struc-

ture marks key developmental genes in embryonic

stem cells. Cell, 125 : 315-326, 2006.

Creyghton, M. P. et al. : H2AZ is enriched at poly-

comb complex target genes in ES cells and is nec-

essary for lineage commitment. Cell, 135 : 649-

661, 2008.

Meissner, A. et al. : Genome-scale DNA methyla-

tion maps of pluripotent and differentiated cells.

Nature, 454 : 766-770, 2008.

9) Okita, K. et al. : Generation of mouse-induced plu-
ripotent stem cells with plasmid vectors. Nat.
Protoc., 5 * 418-428, 2010.

10) Nakagawa, M. et al. : Promotion of direct repro-
gramming by transformation-deficient Myc. Proc.
Natl. Acad. Sci. USA, 107 : 14152-14157, 2010.

11) Maherali, N. et al. : Directly reprogrammed fibro-
blasts show global epigenetic remodeling and wide-
spread tissue contribution. Cell Stem Cell, 1 : 55—
70, 2007.

12) Gurdon, J. : Nuclear reprogramming in eggs. Nat.
Med., 15 : 1141-1144, 2009.

13) Wilmut, I et al. : Viable offspring derived from
fetal and adult mammalian cells. Nature, 385 : 810—
813, 1997.

14) Miller, R. A. and Ruddle, E H. : Pluripotent terato-
carcinoma-thymus somatic cell hybrids. Cell, 9 :
45-55, 1976.

15) Yamanaka, S. and Blau, H. M. : Nuclear reprogram-
ming to a pluripotent state by three approaches.

3

L3

EZ0OHHH Vol 235 No. 10 2010. 12. 4 | 1049



Nature, 465 : 704-712, 2010.

16) Rai, K. et al.: DNA demethylation in zebrafish
involves the coupling of a deaminase, a glycosylase,
and gaddd5. Cell, 135 : 1201-1212, 2008.

17) Bhutani, N. et al. : Reprogramming towards pluripo-
tency requires AID-dependent DNA demethyla-
tion. Nature, 463 : 1042-1047, 2010.

19) Stadtfeld, M. et al.: Aberrant silencing of
imprinted genes on chromosome 12qF1 in mouse
induced pluripotent stem cells. Nature, 465 : 175-
181, 2010.

20) Kim, K. et al. : Epigenetic memory in induced plu-
ripotent stem cells. Nature, 467 : 285-290, 2010.

21) Polo, J. M. et al. : Cell type of origin influences the

18) Ito, S. et al. : Role of Tet proteins in 5mC to 5hmC
conversion, ES-cell self-renewal and inner cell
mass specification. Nature, 466 : 1129-1133, 2010.

molecular and functional properties of mouse
induced pluripotent stem cells. Nat. Biotechnol.,
28 : 848-855, 2010.

* % REDFFETFE (2352115 ) % % sk % %k % sk sk % %k 3 % sk %k %k % % s sk ok 5 % % % sk sk sk % % % % s sk % % % %

eEEHLE “TOFIIBAE"

—REE [FELORMERRICHTSLERE]

(7 : £ ¥/ RAEAEAEREX AR FHRBEGRRESHE)
%k 3k 3k sk sk sk %k ok ok sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok ok sk ok ok sk ok 3k sk sk sk ok sk sk sk ok ok sk sk %k ok ok sk %k %k ok 3k sk %k
IaFVIRER 10 ADHERZNRE L, ZOMEOMAS & 30 HFALKBETH 2, Y 70— IR 3 48,
HERD 13 RIC2 5 ETEIFAEL, S5 IBTEMLED 2 L 20 ERich 3, JRRMEERL & T 50 RIS
WHBRBOFHKE - BEOWELHSPICT B LIAEDEENTH 272, Z0MOBEERLREEROBEY
o Likwe, (LERHOROMERMAS R, $E - 320 “EHE bHSHIcEL, Liss<T,
FELOHRE - FEICBIT 2 ARBOATAETRIC LD, ZORB~OMEFLAZ L, TFEHEIL S S I E 21T
LhRTNERS T, TOHEIR—FRESTFELLEDRHE> TR LR HIET 2. ABHETIR, Z0kIin
HEICES FTORMP, Thd 5L E3WEOWHELRLLEDT, TOREDT L LIFIcEH LT E kR,
I SREEZEML TV (R I, ZOMERBEMEEL,

1050 | E¥®D&WH  Vol. 235 No. 10 2010. 12. 4 —9215—
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Cancer stem cells (CSCs) are generally dormant or slowly cycling tumor cells that have the ability to recon-
stitute tumors. They are thought to be involved in tumor resistance to chemo/radiation therapy and tumor
relapse and progression. However, neither their existence nor their identity within many cancers has been well
defined. Here, we have demonstrated that CD13 is a marker for semiquiescent CSCs in human liver cancer cell
lines and clinical samples and that targeting these cells might provide a way to treat this disease. CD13* cells
predominated in the Gy phase of the cell cycle and typically formed cellular clusters in cancer foci. Following
treatment, these cells survived and were enriched along the fibrous capsule where liver cancers usually relapse.
Mechanistically, CD13 reduced ROS-induced DNA damage after genotoxic chemo/radiation stress and pro-
tected cells from apoptosis. In mouse xenograft models, combination of a CD13 inhibitor and the genotoxic
chemotherapeutic fluorouracil (5-FU) drastically reduced tumor volume compared with either agent alone.
5-FU inhibited CD90" proliferating CSCs, some of which produce CD13* semiquiescent CSCs, while CD13
inhibition suppressed the self-renewing and tumor-initiating ability of dormant CSCs. Therefore, combining
a CD13 inhibitor with a ROS-inducing chemo/radiation therapy may improve the treatment of liver cancer.

Introduction
Functional and morphologic heterogeneity exists in a tumor with
a hierarchy in which tumor growth is driven by a small subset of
cancer stem cells (CSCs) (1). Like normal tissue stem cells, which
are capable of self renewal and multidifferentiation, CSCs have the
ability to reconstitute tumors (2). In the hematologic cell lineage,
stem cells exist in the dormant phase and can be detected as a side
population (SP) (3). Generally, CSCs, like somatic tissue stem cells,
proliferate slowly, i.e., they are in the dormant or slow-growing
phase of the cell cycle. This partially accounts for their therapeu-
tic refractoriness to chemo/radiation therapy, tumor relapse, and
presumably metastasis. The CSCs of acute myeloid leukemia (4)
and chronic myeloid leukemia (5) also survive in the dormant G
phase of the cell cycle in a bone marrow niche after chemotherapy.
Relapses and metastases of breast cancer often occur after inter-
vals of several decades, suggesting the involvement of a deep dor-
mant phase for CSCs (6). The majority of liver cancers are superim-
posed on a background of chronic hepatitis and hepatic cirrhosis.
Therefore, it may be difficulc to distinguish between intraheparic
metastasis through portal or hepatic venules and metachronous
multicentric development of liver cancer in a precancerous back-
ground. However, there are some cases of liver cancer in which can-
cer recurs in the liver or metastasizes to the lung and bone several
years after radical hepatectomy or liver transplantation. This sug-
gests that some slow-growing cancer cells also exist in liver cancer
but these may not be in deep dormancy like breast cancer CSCs.
Anticancer reagents in clinical use generally affect division and
proliferation of cancer cells. This could result in elimination of
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proliferating cancer cells but not reduce the survival of CSCs in
the dormant or slow-growing phase. Thus, the identification and
characterization of dormant or slow-growing CSCs are important
for developing novel therapeutic approaches.

In studies of hepatocellular carcinoma (HCC) (7), the fifch most
common cancer in the world, the SP fraction (8), CD133* (9-11),
CD44" (11, 12), CD90" (12, 13), and epithelial cell adhesion mol-
ecules (14) were reported as markers of CSCs or cancer-/tumor-ini-
tiating cells. The majority of CSC studies focus on identification
of cell markers to enrich cell populations that have high tumor
initiation ability in immune-deficient mice. In the field of liver
cancer CSCs, there have been few reports describing dormant or
slow-growing CSCs that include their cellular characteristics or
indicate a way to target these cells based on cytological evidence.
In addition, there have been few reports that clearly indicate the
interrelationships among these candidate markers.

Ina previous study (similar to hematopoietic and leukemic stud-
ies), we reported that the SP fraction enriches the CSC-like frac-
tions. Cells of the SP fraction express both hepatocyte and cholan-
giocyte markers, show high resistance to anti-cancer agents, and
high tumorigenicity in NOD/SCID mice (8). Based on our previous
dara (8) and applying the techniques of hematopoietic stem cell
studies (3-5), our aims were as follows: first, to clarify the relation-
ships between reported candidate CSC markers; second, to assess
whether dormant CSCs exist in liver cancer and to concentrate on
cell-surface markers, which definitively identify potentially dor-
mant CSCs; third, to clarify the cellular characteristics of poten-
tially dormant CSCs and to identify the mechanisms that protect
potentially dormant CSCs from chemo/radiation therapy; finally,
to identify target molecules of liver cancer CSCs to initiate novel
approaches that could lead to a future radical cure for liver cancer.
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CD13 is a candidate marker of the SP fraction. (A) The strategy used to identify cell-surface markers closely related to the SP fraction. We
determined CD13 and CD31 as candidate markers for identifying SP cells. (B) Both CD13 and CD31 expression in HuH7 cells were compared
in SP and non-SP cells by semiquantitative RT-PCR. Data represent mean + SD from independent experiments of fractions differentially sorted
by flow cytometry. *P < 0.01; **P = 0.076 versus non-SP fractions. The cut-off lines were determined using isotype controls. (C) Expression of
CD13, CD133, and CD90 in HuH7 (upper panels) and PLC/PRF/5 cells (lower panels). Horizontal and vertical axes denote expression intensity.
(D) The SP fraction is recognized as a “beak” appearing beside the Gy phase fraction. The relationship between CD13+ and CD13- cells and the

SP fraction was studied using multicolor flow cytometry.

Results

CD13 is a candidate marker closely correlated with SP cells. To identify
specific cell-surface markers that correlate with the SP fraction,
we utilized our previous data sets of SP and non-SP fraction gene
expression profiles obtained using microarray analyses (8). From a
list of 268 genes upregulated in the SP cells (with a fold change > 2)
(8), we selected 56 genes that potentially encode cell-surface proteins
via the UniProtKB database (http://www.uniprot.org/). Working
from the list of 56 upregulated genes (Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI42550D81) and an additional 43 markers reported to be closely
associated with normal stem cells and CSCs, we tested 47 commer-
cially available antibodies (Supplemental Table 2) to identify surface
markers that were enriched in the SP fraction (Figure 1A).

During this screening, we identified 2 candidate markers, CD13
and CD31. The expression analysis of CD13 was 1.64 + 0.45 in the
SPand 0.51 + 0.03 in the non-SP cell fraction (P < 0.01) (Figure
1B). We focused on CD13 in the current study, since the expres-
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sion of CD31 was abundant in the Go/M/SP fraction but was
not universal in the liver cancer cell lines studied by us (HuH7,
PLC/PRF/S, and Hep3B), and the statistical significance was weak
(P=0.076) (Figure 1B and Supplemental Figure 1, A and B).

Expression of CD13,CD133,and CD90 was assessed in hepatitis
infection-negative (HuH7) and -positive (PLC/PRE/S) cell lines.
The expression of CD133 was detected in HuH7 but not in PLC/
PREF/S, and the expression of CD90 was detected in PLC/PRE/S
but not in HuH7. The expression of CD13 was observed in both
these cell lines as well as in Hep3B (Figure 1C and Supplemental
Figure 1A). In HuH7 in particular, the CD13 cells typically existed
ina CD133% fraction (CD13*CD133).

Multicolor analysis with Hoechst staining exhibited clear local-
ization of CD13" cells in the SP fraction of HuH7 and PLC/PRF/S,
whereas the CD13°CD133" and CD90" fractions were localized to
the G;-to-G; fraction and not the SP fraction (Figure 1D). To con-
firm the cell-cycle status of the CD13" cells in PLC/PRE/S, cell-cycle
analysis by combined multicolor analysis and 7-amino-actinomy-
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CD13 is a candidate marker of dormant to slow-growing CSCs. (A) Dormant cells can be identified using the DNA-binding dye Hoechst 33342
and RNA-binding dye PY. Dormant cells contain lower RNA levels than G, phase cells. Combination analysis of the cell cycle with cell-surface
markers CD13, CD133, and CDS0 was performed with reserpine. The cut-off lines were determined using isotype controls. (B) Time-lapse cell-
fate tracing of HuH7 cells. Cells were labeled with PKH26GL, isolated to their CD13*, CD13-CD133+, and CD13-CD133- fractions, and traced
for 238 hours. The dye-retaining cells can be identified as red-labeled cells (white arrow). Original magnification, x20. (C) Proliferation assay
of the CD13*CD133*, CD13-CD133*, and CD13-CD133- fractions. Data represent mean + SD from independent experiments of fractions dif-
ferentially sorted by flow cytometry. *P < 0.05. (D) BrdU-retaining cells in serially transplanted control tumor specimens of HuH7 (6 weeks after
BrdU injection) and PLC/PRF/5 (10 weeks after BrdU injection). The sections were stained with anti-CD13 (red), BrdU (green), and DAPI (blug).
Top panels show lower magnification of the sections of HuH7 and PLC/PRF/5 (x10, HuH7 and left panel of PLC; x20, right panel of PLC). The

lower panels show high magnification (x40) of the place indicated by white arrows in the top panels.

cin D (7-AAD) DNA labeling was performed. The CD13*CD90"
population was mainly in the Go/G, phase, and the CD13°CD90"
population was clearly in the S to G;/M phase. The CD13-CD90*
cells were present in all phases of the cell cycle but were more
clearly present in the G/M and S phases when compared with the
CD13'CD90" population (Supplemental Figure 1C).

In these studies, we confirmed CD13 as a universal candidate
marker that correlates with the liver cancer SP fraction. There were
no definitive single markers that showed a stronger correlation to
the SP fraction than CD13 and, to a lesser extent, CD31.

CD13 is a marker of tumor-initiating and potentially dormant HCC
cells. Given that hematopoietic and leukemic stem cells are in
the Go phase, identification and characterization of dormant or
slow-growing cancer cell populations is very important because of
these populations’ relevance to chemo resistance and recurrence.
Studies of CD13 expression in HuH7 and PLC/PRF/S and their
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relationships with the cell-cycle phase, using the DNA-binding
dye Hoechst 33342 and the RNA-binding dye pyronin Y (PY) (3),
indicated that most of the CD13" fraction exists in the Gy/Go
phase and the CD13s%¢ population was clearly localized in Go.
The CD133" population in HuH7 and the CD90" fraction in PLC/
PRE/S were distributed in the G1/Go and G,/M phases, respec-
tively. The relationships between the SP fraction and the Gq cell-
cycle phase were also confirmed, and the SP fraction was clearly
localized in the Go phase under reserpine-free (ABC transporter
blocker) conditions (Figure 2A).

To study the cell fate and dye-retaining capacity of HuH7 CD13*
cells, the cell-surface membrane was labeled with PKRH26GL reagent
and cell fate was traced for 238 hours. Equal numbers of cells were
seeded for each population. The CD13*CD133" fraction exhib-
ited very slow growth compared with the CD13-CD133" fraction,
with the doubling time of the CD13*CD133" fraction estimated
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Table 1

Limiting dilution and serial transplantation assay of HuH7 and PLC/PRF/5 cells
Cell type Assay Marker/cells 1x102  5x102
HuH7 Limiting dilution CD13+CD133+ 2/4 2/4
HuH7 Limiting dilution CD13-CD133+ 0/4 0/4
HuH? Limiting dilution CD13-CD133- 0/4 0/4
HuH7 Serial transplantation ~ CD13+CD133+ 0/4 174
HuH7 Serial transplantation CD13-CD133+ 0/4 0/4
HuH7 Serial transplantation Control 0/4 0/6
PLC Limiting dilution CD13+CD90~ 2/4 2/2
PLC Limiting dilution CD13-CD90* 0/4 272
PLC Limiting dilution CD13-CD90- 0/4 074
PLC Serial transplantation CD13+CD90 0/4 2/4
PLC Serial transplantation CD13-CD90* 0/4 0/4
PLC Serial transplantation Control 0/6 0/6

atapproximately 160 hours. Dye-retaining cells could be observed
238 hours after cell seeding only in the CD13°CD133" fraction
(Figure 2B and Supplemental Videos 1-3). The CD13°CD133~
fraction exhibited cell fragmentation and apoptotic changes dur-
ing cell culture. To confirm CD13 expression in association with
cell growth, we performed cell proliferation assays. Data from iso-
lated HuH7 populations showed that CD13*CD133" cells exhib-
ited slow cell growth compared with CD13-CD133* cells 72 hours
after seeding (Figure 2C). The CD13°CD133" population also
grew slowly but maintained viability for a week, with difficulty,
because of apoptosis.

Next, cumor-formation ability of each fraction was studied in
HuH7 and PLC/PRE/S cells. Limiting dilution analysis of HuH7
cells revealed that the CD13*CD133" fraction formed tumors
from 100 cells (2/4), the CD13-CD133" fraction formed tumors
from 1,000 cells (3/4), and the CD13-CD133" fraction formed no
tumors from 5,000 cells (0/4) in NOD/SCID mice after 4 weeks
of observation. In PLC/PRF/5 cells, the CD13*CD90- fraction
formed tumors from 100 cells (2/4),and the CD13°CD90" fraction
formed tumors from 5,000 cells (2/2), whereas the CD13-CD90"
cells formed no tumors from 5,000 cells (0/4) in NOD/SCID mice
after 6 weeks of observation (Table 1). To assess the tumor forma-
tion ability definitively, formed tumors were digested, and isolated
CD13'CD133" and CD13-CD133" fractions of HuH7 and isolated
CD13'CDY0" and CD13°CDY0" fractions of PLC/PRE/S were seri-
ally transplanted to secondary NOD/SCID mice. As controls, non-
isolated cell fractions of HuH7 and PLC/PRF/S were also serially
transplanted. Tumor formation ability of CD13* cells compared
with that of CD13" cells in serial transplantation assay was demon-
strated more clearly than that of limiting dilution assay. In HuH?7,
after 6 weeks of observation, the CD13*CD133* fraction formed
tumors from 500 cells (1/4), whereas the CD13-CD133" fraction
and control formed very small tumors only in 10,000 cells (1/4 in
the CD13°CD133" fraction, and 2/6 in control). In PLC/PRF/S,
after 6 weeks of observation, the CD13*CD90" formed tumors
from 500 cells (2/4), and the control formed tumors from 5,000
cells (1/6), whereas the CD13°CD90" fraction formed 1 very small
tumor only in 10,000 cells (1/4) (Table 1).

To assess semiquiescent status of CD13* cells in vivo, BrdU-
retaining status was studied. Tumors obtained from NOD/SCID
mice xenografted with HuH7 and PLC/PRF/S cells were digested
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to single cells and serially trans-
planted without isolation of
cell-surface markers. BrdU was

1x10%  5x108 1x10¢ injected intraperitoneally. After
3/4 3/4 = 6 weeks for HuH7, and after 10
3/4 4/4 - weeks for PLC/PRE/S, tumors
0/4 0/4 = were enucleated and sections
3/4 4/a 3/4 were stained with anti-BrdU
0/4 0/4 174 and anti-CD13 antibody. In
gﬁ g;g 216 the tumors derived from HuH7
m 33 B cells, very s'mall numbers of
03 0/4 _ BrdU-retaining cells that also
34 34 3/ expressed CD13 were observed
0/4 0/4 1/4 typically in the edge of tumor
0/6 1/6 2/6 foci. BrdU-retaining cells were

not observed in the tumor

center. Tumors derived from

PLC/PRF/5 cells grew more

slowly than did those derived
from HuH7 cells. BrdU-retaining cells could be identified and did
express CD13. Interestingly, clusters of CD13*BrdU cells were
observed close to CD13*BrdU" cells, suggesting that they might
be derived from the CD13*BrdU* cells (Figure 2D).

HCC-CD13" cells form spheres and produce the CD90" phenotype.
Sphere formation is a common characteristic of stem cells. To
evaluate CD13 as a candidate CSC marker, the expression of CD13
in spheres derived from HuH7, PLC/PRF/S, and clinical HCC was
studied. The expression of CD13 was increased in both HuH7
(2.0% in control vs. 67.0% in spheres; 33.5-fold increase) and PLC/
PRE/S (15.2% in control vs. 83.8% in spheres; 5.51-fold increase)
(Figure 3A). There was no significant change in CD133 expression
in HuH7. In PLC/PREF/S, expression of CD90 was decreased in the
spheres (35.7% in control vs. 2.5% in spheres; 14.28-fold decrease).
The expression of CD13 compared with that of CD133 and CD90
appeared to be associated with a more immature stem-like and
dormant population. Spheres established from clinical HCC sam-
ples localized in the CD13*CD90-CD133" fraction in a manner
similar to that observed in PLC/PRF/S (Figure 3B).

The time-course changes in the expression of CD13 and CD90 in
PLC/PRF/S were studied. Isolation and culture of the CD13*CD90~
fraction from the PLC/PRF/S spheres in serum-containing media
resulted in che production of CD13*CD90" fraction after 96 hours
(Figure 3C). The isolated CD13-CD90" fraction elicited cell deach
within a few days and could not be maintained. Interestingly, the
isolated CD13-CD90" fraction rapidly produced the CD13*CD90~
fraction within 24 hours (Figure 3C). These findings suggest that
potentially dormant CD13" cells produce proliferating CD90 cells
and that some parts of the proliferating CD90* cells also produce
CD13" cells. It is important to determine how this CD13* popula-
tion (slow-growing potentially dormant) could be maintained in a
cancer cell line in vitro. Dormant or slow-growing cell populations
may disappear during continuous subculturing. These findings
may replicate the rapid change from dormant to active status in
cancer stem-like cells, as revealed by their cell-surface markers, or
the dormant cells might mimic a certain multipotent condition in
cellular differentiation.

CD13" cells resist ch herapy, and CD13 inbibition drives cells to apop-
tosis. The change of cell-surface marker expression before and after
doxorubicin (DXR) hydrochloride treatment or S-fluorouracil
(5-FU) was studied in HuH7 and PLC/PRF/S. In HuH7, CD13
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