
Abstract. Epigenetic gene regulation plays essential roles in
differentiation of embryonic and tissue stem cells. In these
benign undifferentiated cells, some polycomb targeted genes
are kept in a state of DNA hypomethylation and they have a
distinct chromatin signature termed bivalent chromatin
structure to maintain their plasticity. We hypothesized that
cancer stem cells (CSC), the malignant counterpart of these
cells, are also under the control of epigenetics like benign
stem cells. We compared the DNA methylation and chromatin
structure in 10 tumor suppressor genes between CSC and
differentiated cancer cells of MCF7 and Huh7 cells. We
found that the level of DNA methylation was indeed signifi-
cantly lower in CSC, while surprisingly, the bivalent chromatin
structure was more ubiquitously seen in differentiated cancer
cells compared to CSC. However, repressive marks of
chromatin structure, namely H3K27me3 and EZH2, were
significantly lower in CSC. As a consequence, CSC remained
in a higher transcriptionally active chromatin state compared
to differentiated cancer cells. We found that the differen-
tiation of CSCs is also epigenetically regulated. These findings
could help towards a comprehensive understanding of CSC,
and also improve the development of eradicative therapies
against human malignancies.

Introduction

Epigenetic gene regulation is an essential part of key biological
processes such as differentiation, imprinting, and oncogenesis
(1-5). This regulation includes chromatin modification or DNA

methylation and controls the expression levels of various
genes (6-8). Epigenetic regulation is particularly important in
embryonic stem (ES) cells and tissue stem cells. DNA methy-
lation, which is one of the most common types of epigenetic
regulation, induces transcriptional silencing of genes (9,10).
DNA methylation has been reported to be related to the
differentiation of ES cells and embryonal carcinoma cells
(11-13). In cancer cells, aberrant DNA hypermethylation of
tumor suppressor genes leads to silencing of these genes,
which contribute to oncogenesis (1-4).

Chromatin modification includes the methylation, acety-
lation, or phosphorylation of histones (14). Recently, a distinct
stem cell specific chromatin structure, a so-called ‘bivalent’
chromatin structure, has been reported (15). Normally, chro-
matins are either in a transcriptionally active or repressive
state. Each state has state specific chromatin modifications,
such as the trimethylation of lysine 27 of histone H3 in
transcriptionally repressive chromatin, or the dimethylation
or trimethylation of lysine 4 of histone H3 in transcrip-
tionally active chromatin. However, in the bivalent chromatin
state, these active and repressive chromatin marks coexist.
The bivalent chromatin structure marks key developmental
genes in ES cells. It has also been reported that Polycomb
repressive complex (PRC), especially PRC2, plays critical
roles in the formation of this unique chromatin pattern and
the regulation of PRC targeted genes (16-18). It has been
reported that some tumor suppressor genes are also the
target of PRC and regulated epigenetically. In undifferen-
tiated cells like ES cells and embryonal cancer cells, such
tumor suppressor genes are marked by bivalent chromatin
structure and lack aberrant DNA hypermethylation, although
relatively differentiated adult cancer cells have aberrant DNA
hypermethylation (19).

On the other hand, several previous reports have indicated
that only rare cells in certain solid tumors, such as brain,
breast, colon and liver cancers, as well as in hematological
malignancies, have the capacity to initiate tumors (20-26).
These rare cells are thought to be ‘cancer stem cells (CSC)’.
These cells are thought to have many properties common to
normal stem cells, but their exact origins remain controversial.
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Table I. The primers used for MSP in the study.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene name Sequence (5'-3')
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
APC

Methyl sense TATTGCGGAGTGCGGGTC
Methyl antisense TCGACGAACTCCCGACGA
Unmethyl sense GTGTTTTATTGTGGAGTGTGGGTT
Unmethyl antisense CCAATCAACAAACTCCCAACAA

BRCA1
Methyl sense TCGTGGTAACGGAAAAGCGC
Methyl antisense AAATCTCAACGAACTCACGCCG
Unmethyl sense TTGGTTTTTGTGGTAATGGAAAAGTGT
Unmethyl antisense CAAAAAATCTCAACAAACTCACACCA

CDH1
Methyl sense TGTAGTTACGTATTTATTTTTAGTGGCGTC
Methyl antisense CGAATACGATCGAATCGAACCG
Unmethyl sense TGGTTGTAGTTATGTATTTATTTTTAGTGGTGTT
Unmethyl antisense ACACCAAATACAATCAAATCAAACCAAA

CDKN2A
Methyl sense TTATTAGAGGGTGGGGCGGATCGC
Methyl antisense GACCCCGAACCGCGACCGTAA
Unmethyl sense TTATTAGAGGGTGGGGTGGATTGT
Unmethyl antisense CAACCCCAAACCACAACCATAA

DAPK
Methyl sense GGATAGTCGGATCGAGTTAACGTC
Methyl antisense CCCTCCCAAACGCCGA
Unmethyl sense GGAGGATAGTTGGATTGAGTTAATGTT
Unmethyl antisense CAAATCCCTCCCAAACACCAA

ESR1
Methyl sense ACGAGTTTAACGTCGCGGTC
Methyl antisense ACCCCCCAAACCGTTAAAAC
Unmethyl sense TGTTGTTTATGAGTTTAATGTTGTGGTT
Unmethyl antisense AAAAAAACCCCCCAAACCATT

FHIT
Methyl sense GCGGGTTTGGGTTTTTACGC
Methyl antisense CGACGCCGACCCCACTAAA
Unmethyl sense GGGTGTGGGTTTGGGTTTTTATGT
Unmethyl antisense CCATAAACAACACCAACCCCACTAAA

MGMT
Methyl sense TTTCGACGTTCGTAGGTTTTCGC
Methyl antisense GCACTCTTCCGAAAACGAAACG
Unmethyl sense TTTGTGTTTTGATGTTTGTAGGTTTTTGT
Unmethyl antisense AACTCCACACTCTTCCAAAAACAAAACA

RARb
Methyl sense TCGAGAACGCGAGCGATTCG
Methyl antisense GACCAATCCAACCGAAACGA
Unmethyl sense TTGAGAATGTGAGTGATTTGA
Unmethyl antisense AACCAATCCAACCAAAACAA

RASSF1
Methyl sense GGGTTCGTTTTGTGGTTTCGTTC
Methyl antisense TAACCCGATTAAACCCGTACTTCG
Unmethyl sense GGGGTTTGTTTTGTGGTTTTGTTT
Unmethyl antisense AACATAACCCAATTAAACCCATACTTCA
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CSCs are thought to play essential roles in cancer biology,
including tumor initiation, progression and tumor relapse
after chemotherapy. To eradicate cancer cells, CSC targeted
chemotherapy is anticipated. For this purpose, further under-
standing of characteristics of CSC is mandatory. To understand
the biology of stem cells, elucidation of epigenetics is indis-
pensable. It has been proposed that epigenetic gene regulation
is also essential not only in benign stem cells but also in CSC.
However, no report has directly demonstrated any evidence
that supports this proposal so far.

We hypothesized that the epigenetic regulation of benign
stem cells can be also applied to CSC. That is, the DNA
methylation levels in the PRC targeted genes are lower in
CSC than in differentiated cancer cells, and also the bivalent
chromatin structure may predominate in CSC. It is reasonable
that the promoters of PRC targeted genes in CSC remain
unmethylated to retain their gene expression plasticity in order
to maintain their stem cell-like characteristics, because there
is no DNA demethylase ever reported. Therefore, we attempted
to compare the DNA methylation levels and chromatin struc-
ture of these PRC-targeted tumor suppressor genes (TSGs)
between a cell population containing CSC and bulk tumor cells
that consisted of differentiated cancer cells.

Materials and methods

Cell lines and cell culture. Two cancer cell lines were studied,
the human breast cancer line MCF7 and the human liver cancer
line Huh7. MCF7 and Huh7 cells were purchased from the
American Type Culture Collection and the Japan Health
Research Resources Bank (Osaka, Japan), respectively. The
cells were cultured in DMEM, supplemented with 10% FBS,
100 Units/ml penicillin G, and streptomycin (Gibco). Cells
were maintained in 100-mm culture dishes at 37˚C in a 5% CO2

atmosphere.

Methylation specific PCR (MSP) and quantitative RT-PCR.
DNA was extracted using a DNeasy Tissue kit (Qiagen).
Bisulfite treatment was performed using an EZ DNA Methy-
lation Gold Kit (ZYMO Research) according to the manufac-
turer's protocol. MSP of the ten tumor suppressor genes was
performed as previously described (27). The primer sequences

used for MSP are listed in Table I. The PCR products were
size-fractionated in 2% agarose gel and visualized by ethidium
bromide staining. Total RNA was extracted using an RNeasy
Mini kit (Qiagen). RNA was converted into cDNA using an
Omniscript RT kit (Qiagen) according to the manufacturer's
protocol. The primers used for quantitative RT-PCR were
purchased from Applied Biosystems (ABI). Quantitative PCR
was performed using an ABI Prism 7000 Sequence Detection
system. GAPDH mRNA was used to normalize the variability
in template loading.

Antibodies used for flow cytometry and chromatin immuno-
precipitation (ChIP) assay. Monoclonal mouse anti-human
CD24-fluorescein isothiocyanate (FITC) antibody (BD
Pharmingen no. 555427) and a monoclonal mouse anti-CD44-
phycoerythrin (PE) antibody (BD Pharmingen no. 555479)
were used for flow cytometry, while anti-H3K27me3 (Upstate
no. 07-449), anti-H3K4me2 (Abcam no. ab11946), and anti-
EZH2 (Abcam no. ab3748) were used for ChIP assay.

Flow cytometry. A FACSVantage fluorescence-activated
cell sorter (Becton-Dickinson) was used for our experiment.
We isolated CD24-CD44+ cells from MCF7 as described
previously (24). Side population cells from Huh7 were isolated
as described previously (22). Huh7 cells were labeled with
Hoechst 33342 dye either alone or in combination with
verapamil.

Mammosphere formation assay. After cell sorting, 10,000 cells
from each population were used for mammosphere formation
assay. Mammosphere formation assay was performed as
described previously (28). Mammospheres were grown in
serum-free DMEM, supplemented with 20 ng/ml EGF and
20 ng/ml bFGF, for ten days. Pictures of the mammospheres
were obtained using a Biozero (Keyence, Japan).

Bisulfite pyrosequencing. Bisulfite pyrosequencing was per-
formed by Summit Pharmaceuticals International. The primer
sequences used for PCR are as follows: 5'-GAGTTGTTTGA
GGATTGGGATGT and 5'-TCATTTACCATTTTCCAAAC
TTAC for RARb; and 5'-GTTTTTTAAGGGGTGTTGA and
5'-CRACCRCAAACTACTACC for SFRP1.
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Table I. Continued.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene name Sequence (5'-3')
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SFRP1

Methyl sense TGTAGTTTTCGGAGTTAGTGTCGCGC
Methyl antisense CCTACGATCGAAAACGACGCGAACG
Unmethyl sense GTTTTGTAGTTTTTGGAGTTAGTGTTGTGT
Unmethyl antisense CTCAACCTACAATCAAAAACAACACAAACA

TIMP3
Methyl sense CGTTTCGTTATTTTTTGTTTTCGGTTTC
Methyl antisense CCGAAAACCCCGCCTCG
Unmethyl sense TTTTGTTTTGTTATTTTTTGTTTTTGGTTTT
Unmethyl antisense CCCCCAAAAACCCCACCTCA

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Chromatin immunoprecipitation (ChIP) assays. ChIP assays
were performed based on a modification of previously pub-
lished methods (19,29) using an Imprint® Chromatin Immuno-
precipitation kit (Sigma-Aldrich). The primer sequences of
PCR were designed to be within the 500 bp region centering
the transcriptional start sites (TSS) of each gene. The TSS of
10 TSGs were identified using DBTSS (http://dbtss.hgc.jp/).
The precise primer sequences used for PCR are listed in
Table II.

Quantification of PCR products in ChIP assays. Densitometry
was performed using a LumiVision PRO 400EX (Aisin,
Japan). The ratio of the intensity value of each PCR signal
for dimethylated H3K4, trimethylated H3K27, and EZH2 to
that of input DNA for ten tumor suppressor genes was calcu-
lated. The representative results of at least three independent
experiments were averaged.

Statistical analysis. All statistical analyses were performed
using SPSS Software, version 16.0.

Results

DNA methylation and the expression of TSGs in MCF7 cells.
To examine the correlation between DNA methylation and the
expression level of TSGs, we performed quantitative RT-PCR
(Fig. 1A) and methylation specific PCR (MSP) (Fig. 1B) for
10 TSGs in MCF7 breast cancer cells. These 10 genes can also
be targets of DNA methylation in various cancers (6-8,19,30).
Among them, we found 5 genes that were aberrantly
methylated, and their mRNA expression levels were low. As
previously reported, aberrant DNA hypermethylation was
associated with repression of corresponding mRNA
expression, with the exception of FHIT.

MCF7 cells have CSC enriched population. To enrich CSC,
we selected MCF7 cells, a breast cancer cell line, because the
existence of CSC in this cell line has been reported by several
groups and the method to collect CSC appears to be well
established (24,31). We sorted CD24-CD44+ cells as a popula-
tion containing CSC from MCF7 cells by flow cytometry.
Meanwhile, we sorted the major population, CD24+CD44+

cells, as the population not containing CSC, i.e., the
population of bulk tumor cells (Fig. 2A). We found the
fraction of CD24-CD44+ were rare (0.82%) in MCF7 cells.
After cell sorting, we performed a sphere formation assay to
confirm whether CD24-CD44+ cells from MCF7 cells contain
CSC. It is known that breast cancer stem cells can form
mammospheres in vitro, while differentiated breast cancer
cells cannot (28,32-33). We found CD24-CD44+ cells could
form mammospheres in vitro (Fig. 2B). The number of
mammospheres prepared from the population containing
CSC was significantly greater than that of bulk tumor cells
(p<0.01) (Fig. 2C). These results support that the cells we
sorted from MCF7 CD24-CD44+ cells contained CSC.

DNA methylation level was lower in CSC. We compared the
DNA methylation levels of the 5 aberrantly methylated genes,
namely, APC, DAPK, RARb, RASSF1, and SFRP1, between
these two populations in MCF7 cells by MSP. We found that
unmethylated bands were seen in the population of CSC in
DAPK and RARb genes, and more prominently in APC gene
(Fig. 3A). On the other hand, methylated bands were promi-
nently seen in the population of bulk tumor cells in RASSF1
and SFRP1.

To confirm and quantify these differences observed by
MSP, we also performed bisulfite pyrosequencing to examine
the DNA methylation levels of RARb (Fig. 3B) and SFRP1
(data not shown) in MCF7 cells. By using bisulfite pyrose-
quencing, we were able to evaluate the proportion of DNA
methylation in each CpG island (34). The targeted region of
the bisulfite pyrosequencing contained MSP primer sites and
it also contained 11 CpG islands in the RARb gene and 12 in
the SFRP1 gene. We found that the DNA methylation level
was lower in the population containing CSC than in the
population of bulk tumor cells in both of the genes. Differences
of approximately 4% in DNA methylation between these two
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Table II. The primers used for PCR in the study.
–––––––––––––––––––––––––––––––––––––––––––––––––
Gene name Sequence (5'-3')
–––––––––––––––––––––––––––––––––––––––––––––––––
APC

Sense GACTCGGAAATGGGGTAGGT
Antisense CCTGGATCCGAAGTACAGGA

BRCA1
Sense TAAGCCGCAACTGGAAGAGT
Antisense CAGAAAGAGCCAAGCGTCTC

CDH1
Sense AACAAAAGAACTCAGCCAAGTG
Antisense ACGCCACTGAGAGGGGGTGC

DAPK
Sense GAGAGGCTGCTTCGGAGTGTGAG
Antisense GCGGCGGGAACACAGCTAGG

ESR1
Sense CCCTGACATTGGCTTAAACATCA
Antisense TCTTTGGGATCGCTCCAAAT

FHIT
Sense CTACCGTGGGGTCTTCTGG
Antisense TGTTGACAGCTGGGAATGAA

MGMT
Sense CCGGATATGCTGGGACAG
Antisense GACACTCACCAAGTCGCAAA

RARb
Sense GCCGAGAACGCGAGCGATCC
Antisense GGCCAATCCAGCCGGGGC

RASSF1A
Sense GTAAAGCTGGCCTCCAGAAA
Antisense GGAAGGAGCTGAGGAGAGC

SFRP1
Sense AATTTCATGGGTTTGCAAGTATGA
Antisense TAAATAAAAGGGGGAGGAGGAAAG

–––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 1. Gene expression and DNA methylation status of 10 TSGs in MCF7 cells. (A) Quantitative RT-PCR analysis of 10 TSGs. Mean expression levels of
10 TSGs are shown in a linear scale. Error bars, SEM of the averaged values. (B) MSP analysis of 10 TSGs. Five genes (APC, DAPK, RARB, RASSF1 and
SFRP1) were aberrantly methylated.

Figure 2. (A) Analysis of flow cytometry for MCF7 cells. As a population containing CSC, we sorted CD24-CD44+ cells, and we sorted the major population,
CD24+CD44+ cells, as the population of bulk tumor cells. (B) Photograph of a mammosphere. Bar indicates 50 μm. (C) The number of mammospheres from
two populations. The number of mammospheres prepared from the population containing CSC was significantly greater than that of bulk tumor cells
(p<0.01).
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Figure 4. (A) Analysis of flow cytometry for Huh7 cells. Left, as a population containing CSC, we sorted cells from the side population (SP) of Huh7 cells
and sorted cells from the major population cells for the bulk tumor cells. Right, the SP cells disappeared with verapamil. (B) Results of MSP analysis of 9
TSGs. Three genes, namely CDKN2A, ESR1 and FHIT, are partially methylated. (C) The unmethylated bands were seen only in the SP cells for CDKN2A
and ESR1 genes, and were prominent for FHIT gene.

Figure 3. DNA methylation level was lower in CSC compared to bulk tumor cells. (A) MSP analysis of 5 TSGs. (B) Bisulfite pyrosequencing for RARb. The
numbers indicate the DNA methylation level of each CpG island. (C) Mean DNA methylation levels. The difference in DNA methylation levels between
these two populations was statistically significant (p=0.002 for RARb, p=0.004 for SFRP1).
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populations were observed in both genes and they were statis-
tically significant (p=0.002 for RARb, p=0.004 for SFRP1)
(Fig. 3C). These data strongly suggest that some of the
promoters of PRC targeted genes in CSC remain unmethy-
lated, while those in the majority of adult cancer cells are
densely methylated. The difference in the DNA methylation
level of about 4% indicates that the CSC are a minor, rare
population even in populations containing CSC, as described
elsewhere (33).

To determine if this epigenetic phenomenon is only
restricted to MCF7 cells or is widely adapted to other CSC,
we used another cell line, Huh7, from hepatocellular
carcinoma. It is reported that side population cells of Huh7
cells harbor CSC-like properties (22). In this case, we sorted
cells from the side population of Huh7 cells for the CSC
containing population and sorted cells from the major
population cells for the bulk tumor cells (Fig. 4A). Before
cell sorting, we examined the DNA methylation status of the
above PRC targeted gene promoters and found that CDKN2A,
ESR1, and FHIT are partially methylated (Fig. 4B). After cell
sorting, we compared the DNA methylation levels of these
methylated genes between the CSC containing population
and bulk tumor cell population. We found that unmethylated
bands were only seen, or were more prominently seen in the

population containing CSC compared to the bulk tumor cells
in these genes (Fig. 4C).

Comparison of the expression level of TSGs, DNMTs, HMTs,
and stemness genes between CSC and bulk tumor cells. We
performed quantitative RT-PCR for the 10 TSGs mentioned
above between CSC and bulk tumor cells from MCF7 in order
to determine if any slight differences in DNA methylation led
to differences in gene expression. However, we could not
find any significant differences in gene expression (Fig. 5A).
We also performed quantitative RT-PCR for DNA methyl-
transferases (DNMTs), histone methyltransferases (HMTs)
(data not shown), and some stemness genes (Fig. 5B) to
further characterize the CSC of MCF7 cells and to ascertain
the reason for the differences in DNA methylation between
CSC and bulk tumor cells. For DNMTs, we could not find any
significant difference in expression between CSC and bulk
tumor cells, although the expression of DNMT1 and DNMT3a
was slightly lower in CSC. None of the HMTs genes showed
any difference with respect to mRNA expression level between
CSC and bulk tumor cells, while the expression levels of two
stemness genes, namely, NANOG (p=0.036) and OCT4
(P=0.006), were higher in CSC (Fig. 5B). These two genes are
transcriptional factors which are highly specific to ES cells,
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Figure 5. Comparison of the mRNA expression levels of TSGs, and two
stemness genes, NANOG and OCT4, between CSC and bulk tumor cells.
(A) The results of quantitative RT-PCR for 10 TSGs. Mean mRNA
expression levels are shown in a linear scale. Error bars, SEM of the
averaged values. (B) The results of quantitative RT-PCR for NANOG and
OCT4. The mRNA expression levels were significantly higher in CSC for
NANOG (p=0.036), and OCT4 (p=0.006).
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and play an essential role in maintaining the pluripotency of
ES cells. It is also reported these genes are expressed in some
cancer cells (35). These differences in expression of these genes
further support the existence of CSC in MCF7 cells.

Unique and distinct chromatin patterns in CSC and bulk tumor
cells. To further elucidate the epigenetic character of CSC
and understand the mechanism of the differences in DNA
methylation, we performed chromatin immunoprecipitation
(ChIP) assay using antibodies to H3K4me2, H3K27me3, and
EZH2 for MCF7 cells for 5 aberrantly methylated TSGs
(Fig. 6A) and 5 unmethylated genes (data not shown). We
found bivalent chromatin structures in both CSC and bulk
tumor cells, but they were more prominent in bulk tumor
cells, which was contrary to our hypothesis. Initially, we
expected that only CSC possessed bivalent chromatin
structures such as benign stem cells and bulk tumor cells
lacking these structures by losing H3K4me2, leading CSC to
be relatively active in transcriptional state compared to bulk
tumor cells. However, CSC were mainly marked by
H3K4me2 and the enrichment of H3K27me3 was signi-
ficantly lower than bulk tumor cells. As a consequence, CSC
remained in a relatively active transcriptional state compared
to bulk tumor cells. The enrichment of H3K4me2 was not
significantly different between CSC and bulk tumor cells,
while there was a significant difference between that of
H3K27me3 (p=0.048) and EZH2 (p=0.001) (Fig. 6B).

Discussion

DNA methylation is closely related to the differentiation of
ES cells (11-13). In differentiation, the changes of DNA methy-
lation are notably found on the promoters of developmentally
regulated genes, such as the transcription factors OCT4 and
NANOG genes, which are expressed in pluripotent ES cells.
For example, sequential DNA methylation of these genes
occurs in human NT2 cells during neural differentiation (13).
Vice versa dedifferentiation of fibroblasts to iPS cells results in
a loss of DNA hypermethylation (36). It has been reported
that bivalent chromatin structures premark the tumor suppressor
genes that include targets of polycomb group proteins for aber-
rant DNA hypermethylation (19). Polycomb group proteins
are epigenetic gene silencers, and play an essential role in the
maintenance of embryonic and adult stem cells (37-42). These
genes are kept in a low state of DNA methylation in undifferen-
tiated ES cells and embryonic cancer cells, while they are
densely methylated in relatively differentiated adult cancer
cells. The bivalent chromatin structure exists in ES cells and
embryonal cancer cells, and if some differentiation cues are
given to these cells, DNA hypermethylation occurs (19).

In the present study, we found epigenetic regulation of
CSC was in some ways very similar to these undifferentiated
cells, while it was different in other ways. The DNA methy-
lation pattern was the same in CSC as in these undifferentiated
cells. However, the chromatin pattern in CSC was different

YASUDA et al:  DISTINCT EPIGENETIC REGULATION IN CSCs1544

Figure 6. The results of ChIP assay between CSC and bulk tumor cells.
ChIP assay was performed using antibodies to H3K4me2 and H3K27me3,
and EZH2 for MCF7 cells. (A) Photographs of ChIP PCR for 5 aberrantly
methylated TSGs for CSC and bulk tumor cells of MCF7 cells. A negative
control with antibodies against normal mouse IgG is included for comparison.
We found bivalent chromatin structures in both CSC and bulk tumor cells,
but they were more prominent in bulk tumor cells. (B) Mean enrichment
levels of H3K4me2 and H3K27me3, and EZH2 for 10 TSG. The enrichment
of H3K4me2 was not significantly different between CSC and bulk tumor
cells, however, those of H3K27me3 (p=0.048) and EZH2 (p=0.001) were
significantly different. Error bars indicate SEM.
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from that in undifferentiated cells. We observed a significant
difference in epigenetics between CSC and bulk tumor cells,
however, there was no difference in mRNA expression of
targeted genes. There are two possible explanations for this.
One is that although differences in gene expression exist
between less methylated CSC and densely methylated bulk
tumor cells, the differences in gene expression levels were
too small to be detected by quantitative RT-PCR as the true
CSC were quite rare population estimated to be less than 5%
even in CSC-containing population (33). Another possibility
is that there is no difference in gene expression between less
methylated CSC and densely methylated bulk tumor cells,
however, CSC are in a state of readiness for transcription
until certain cues occur, although we were unable to identify
these cues in the present study.

It is noteworthy that the bivalent chromatin structure seen
in benign stem cells was not specific to CSC, but was observed
ubiquitously in cancer cells. We found a distinct difference in
chromatin structure between CSC and bulk tumor cells. These
findings suggest the differentiation of cancer cells is also
controlled by epigenetic mechanisms, as is the case in organ
systems.

Concerning gene expression, the balance between active
chromatin mark and repressive chromatin mark moves towards
a more active transcriptional state in CSC compared to bulk
tumor cells, because the transcriptionally repressive H3K27me3
marks are found less often in CSC. The shift towards a trans-
criptionally active epigenetic state in CSC is in concordance
with the patterns of DNA methylation that we have found. The
enrichment of EZH2 in these 10 TSGs is significantly higher
in bulk tumor cells than in CSC, which was also the case for
H3K27me3. The coincidence between DNA methylation and
chromatin modification in bulk tumor cells might indicate
that they achieved repressive mark of H3K27me3 or EZH2
during differentiation.

CSC is thought to be a cause of cancer relapse, and to
eradicate cancer we have to eradicate CSC. In order to achieve
this, more details of the characteristics of CSC need to be
elucidated. The high expression of two transcriptional factors,
NANOG and OCT4, and a less methylated state of DNA in
CSC may raise the possibility that CSC can be reprogrammed
to other differentiated tissues. In turn, differentiation therapy
may become a novel therapeutic strategy for cancer treatment
in the future.

We found that CSC possess unique epigenetic states, that
is, significantly less DNA methylation and significantly less
repressive chromatin marks. Thereby, CSC were kept in
relatively active transcriptional state compared to bulk tumor
cells. Although many features of CSC have been reported, no
report has directly demonstrated any differences in epigenetics
in CSC, which is thought to be one of the essential charac-
teristics of stem cells. Further characterization of CSC on
epigenetic regulations, should allow us to identify bona fide
targets that define tumor stemness, and facilitate the develop-
ment of targeted therapies to eradicate human malignancies.
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