
Abstract. ERas is a recently identified oncogene that supports
the tumorigenic growth of embryonic stem cells, it is
constitutively active in the absence of mutation. ERas
oncogene is expressed only in viviparity phase cells, but not
in somatic cells because of epigenetic transcriptional
silencing in the somatic phase. The aim of this study was
to clarify the ERas expression and its epigenetic regulation
in gastric cancer of somatic phase. Fifteen gastric cancer cell
lines were used. ERas mRNA expression and its epigenetic
regulation were examined by reverse transcription-poly-
merase chain reaction and bisulfite sequencing analysis. To
identify a subset of cancer stem cells, termed ‘side population’
(SP) cells, flow cytometry analysis was performed. ERas is
expressed in 8 of the 15 gastric cancer cell lines, but is silenced
in the remaining 7 cancer cell lines and normal cell lines. Six of
7 cancer cell lines without ERas expression had promoter
methylation, which correlated with silencing of ERas
expression. ERas expression is re-activated following
treatment with the DNA methyltransferase inhibitor 5-aza-
CdR. The percentage of SP fraction of ERas-positive gastric
cancer cells was significantly (p=0.024) higher (3.4±1.8%), in
comparison to that of ERas-negative cells (1.6±0.4%). These
findings suggested that the activating ERas oncogene might be
associated with tumorigenic growth of somatic cells, and
might be a putative molecule responsible for cancer stem cell-
like characteristics in gastric cancer. Loss of methylation in the
promoter of ERas might be one of mechanisms responsible for
the re-expression of an embryonic oncogene in gastric cancer.

Introduction

Embryonic stem (ES) cells share many growth properties
with tumor cells. There might be some common molecular

mechanisms between ES cells and tumor cells. A teratoma,
which is composed of all three germ layers, is formed when
ES cells are subcutaneously injected into immunodeficient or
isogenic mice. ERas was recently identified as an oncogene
that supports this tumor-like propagation of ES cells (1).
ERas product is a constitutively active Ras protein in the
absence of mutation (2), while conventional ras oncogenes,
K-ras, N-ras and H-ras, acquire activation of carcinogenesis
by point mutation. The phosphatidylinositol-3-OH kinase
cascade is important in the growth-promoting activity of
ERas, but not with Raf. ERas oncogene is expressed only in
viviparity phase cells, but not in somatic cells because of
epigenetic regulation of ERas oncogene in the somatic
phase. Epigenetic regulation of tumor-associated gene is a
common motif in many types of carcinomas (3). ERas
expression in cancer might also be regulated by epigenetic
modification. 

Tumor-associated transcriptional silencing is most fre-
quently described in association with epigenetic mechanisms
(4,5). DNA methylation is a common epigenetic mechanism
implicated in the transcriptional silencing of genes, and plays
an important role in human carcinogenesis. The process of
hypermethylation is carried out by DNA methyltransferase,
which catalyzes the covalent addition of a methyl group from
a donor S-adenosylmethionine to the 5 position of cytosine,
predominantly within the CpG dinucleotide (6). DNA methyl-
transferases, such as Dnmt1, Dnmt3a, and Dnmt3b, are depleted
by being bound to their inhibitors and are thereby unavailable
for methylation, resulting in significant demethylation after
repeated replication (7). The DNA methyltransferase inhibitor,
5-aza-2'-deoxycytidine (5-aza-CdR), has been shown to
reverse the hypermethylation status of promoters, allowing
re-expression of silenced genes. 

Recently, the concept of cancer stem cell (CSC) was
reported to be responsible for self-renewing, differentiation,
tumorigenesis and to contribute to some individual
resistance to cancer therapy (8-11). CSC has been isolated
from several human tumors that have markers for putative
normal stem cells, including gastric cancer (6). Previous
studies have shown that adult stem cells can be identified by a
side population (SP) phenotype. The SP, first described by
Goodell et al (12), is a small subpopulation of cells with
enriched stem cell activity that shows a distinct low Hoechst
33342 dye staining pattern. Concurrent studies have shown
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SP cells in human cancers of different origins (8-11). These
studies have suggested that the SP may be a source of
CSCs. Then we hypothesized that ERas oncogene might be
one of the markers for CSC-like characteristics.

We recently described the up-regulation of ERas by histone
acetylation in various carcinoma cells with the silencing of
the ERas oncogenes (13). Here, we report the expression of
ERas gene and epigenetic regulation by DNA methylation of
the promoter lesion in human gastric cancer cells, and the
significant correlation between the expression of ERas gene
and CSC-like SP cells. 

Materials and methods

Cell culture and cell lines. The culture medium was composed
of Dulbecco's modified Eagle's medium (DMEM; Nikken
Bio., Kyoto, Japan) with addition of 2% fetal calf serum
(FCS; Life Technologies, Grand Island, NY), 100 IU/ml of
penicillin (ICN Biomedicals, Aurora, OH), 100 μg/ml of
streptomycin (ICN Biomedicals), and 0.5 mM of sodium
pyruvate (Cambrex, Wakersville, MD). Fifteen gastric
cancer cell lines, NUGC-2, NUGC-3, NUGC-4, OCUM-1,
OCUM-2M (14), OCUM-2MD3 (15), OCUM-6 (16),
OCUM-8 (17), OCUM-9, OCUM-12, MKN-7, MKN-45,
MKN-74, FU-97, and KATO-III, and 3 normal cell lines
including 2 fibroblast cell lines, NF-24 and NF-26, and meso-
thelial cells, were used in this study. OCUM-1, OCUM-2M,
OCUM-2MD3, OCUM-6, OCUM-8, OCUM-9, OCUM-12
and normal cell lines were established in our laboratory.
Other human carcinoma cell lines were obtained from the
JCRB cell bank (Osaka, Japan) or the American Type Culture
Collection (Rockville, MD). The cells were seeded in a 100-
mm dish (Falcon, Lincoln Park, NJ) and cultured in 10 ml of
medium at 37˚C in a humidified atmosphere containing 5%
CO2 in air. 

Reverse-transcription polymerase chain reaction (RT-PCR).
Total cellular RNA was extracted from 15 gastric cancer cell
lines and normal cell lines with TRIzol (Life Technologies)
according to the manufacturer's protocol. cDNAs were
synthesized with an M-MLV-RT kit (Life Technologies) using
oligo hexamers. Relevant cDNAs were amplified by PCR for
35 cycles with Taq DNA polymerase (Nippon Gene, Tokyo,
Japan) on a thermal cycler. The following ERas primers and
Dnmt primers were used: ERas, 5'-ACCACGACCCCAT
CCA-3' and 5'-GGACCAGCAGGGAAAAGGC-3'; Dnmt1,
5'-GGCTTGGGCAGCCTATGAA and 5'-GGAATGACCG
AGACGCAGTC; Dnmt3a, 5'-CAGCGTCACACAGAAGC
ATATCC and 5'-GGTCCTCACTTTGCTGAACTTGG;
Dnmt3b, 5'-CCTGCTGAATTACTCACGCCCC and 5'-GTC
TGTGTAGTGCACAGGAAAA; and 18S rRNA, 5'-TCAAG
AACGAAAGTCGGAGG and 5'-GGACATCTAAGGGCAT
CACA. PCR conditions were as follows: predenaturation,
94˚C for 10 min; denaturation, 94˚C for 50 sec; annealing,
59˚C for 50 sec; extension, 72˚C for 1 min; and final
incubation, 72˚C for 7 min. PCR products of ERas were
383 bp in length. These products were then applied to a 2%
agarose gel and electrophoresed. As an internal control,
RT-PCR for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was performed: sense primer, 5'-ACCTGACCTG

CCGTCTAGAA-3', and antisense primer, 5'-TCCACCACC
CTGTTGCTGTA-3'. PCR conditions were as follows: pre-
denaturation, 94˚C for 5 min; denaturation, 94˚C for 30 sec;
annealing, 60˚C for 30 sec; extension, 72˚C for 1 min; and
final incubation, 72˚C for 1 min. 

DNA methyltransferase inhibitor treatment. Cell lines were
treated with varying doses of 5-aza-CdR (Sigma, St. Louis,
MO), a specific inhibitor of DNA methyltransferase, ranging
from 2 to 10 μM for various times (18).

K-ras mutation analysis. To reveal relations between ERas
expression and K-ras mutations, K-ras mutation analysis was
performed by dot blot analysis as previously described (19).
PCR amplification of exon 1 of K-ras containing codons 12
and 13 was performed. The 104-bp amplicons were dot-
blotted onto nylon filters (Hybond-N; Amersham,
Bukinghamshire, UK) and hybridized with radiolabeled
oligomer primers representing all possible mutations at
codon 12 and the GAC mutation of codon 13.

Bisulfite sequencing analysis. Genomic DNA of the cell
lines (1x107) was extracted with phenol-chloroform. We
treated the samples with sodium bisulfite, which converts
nucleotides C→T in the absence of methylation. In contrast,
once methylation occurs at the C residues, they will resist the
treatment. Sodium bisulfite modification of 4 μg genomic
DNA was carried out using the EZ DNA Methylation kit
(Zymo Research, Orange, CA). Bisulfite sequencing was
performed using bisulfite-modified DNA. For ERas gene, a
CpG-rich region (between positions -251 and +94 relative to
transcriptional start site) was amplified by PCR for 35 cycles
with Taq DNA polymerase on a thermal cycler. The following
ERas primers for the bisulfite sequencing analysis were
used: sense primer, 5'-AGGAGGGAAGGAGAGATGG-3'
and antisense primer, 5'-ACCCACCACCACAACCTT-3'.
PCR conditions were as follows: predenaturation, 94˚C for
10 min; denaturation, 94˚C for 50 sec; annealing, 59˚C for
50 sec; extension, 72˚C for 1 min; and final incubation, 72˚C
for 7 min. The DNA templates were sequenced using Big Dye
terminators (version 3.1). PCR products were analyzed using
a genetic analyzer (ABI PRISM 310; Applied Biosystems,
Foster City, CA) according to the manufacturer's instructions.
Cytosine residues at non-CpG sites are converted to uracil by
bisulfite treatment, whereas those at CpG sites remain as
cytosine (if methylated) or are converted to uracil (if
unmethylated). The fractional methylation was determined
at each CpG site. Universal methylated DNA (Chemicon,
Temecula, CA) was used as positive control.

Flow cytometry for SP analysis. The cell suspensions were
labeled with Hoechst 33342 dye (Sigma, Osaka, Japan) using
the methods described by Goodell et al (12) with modifications.
Briefly, cells were removed, pelleted by centrifugation, washed
with phosphate-buffered saline (PBS; Nikken Bio.), and
resuspended at 2x106/ml in prewarmed DMEM with 2% FCS
(Life Technologies). The DNA binding dye, Hoechst 33342
(Sigma), was then added at a final concentration of 5 μg/ml
and incubated for 60 min in the dark with interval mixing.
The cells were washed, 1 μg/ml propidium iodide (Sigma)
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was added, and the cells were kept at 4˚C in the dark before
FACS (FACSDiva Option, Becton-Dickinson, Mountain View,
CA) dual-wavelength analysis. Because Hoechst 33342
extrudes from cells using verapamil-sensitive ABC trans-
porters, a subset of the cells were incubated with 500 μmol/l
verapamil for 30 min at 37˚C before adding Hoechst 33342
to determine whether this would block the fluorescent efflux
of SP cells in cancer cell lines. The Hoechst dye was excited at
350 nm, and its fluorescence was measured at two wavelengths
using a 450 DF10 (450/20 nm band-pass filter) and a 675LP
(675 nm long-pass edge filter) optical filter. The gating on
forward and side scatter was not stringent, and only debris
was excluded.

Statistical analysis. The quantitative ratios of different groups
were compared using Student's t-test. The Fisher's exact test

was used to determine the significance of the difference
between the covariates. Probability values of p<0.05 were
regarded as statistically significant. 

Results

ERas expression in gastric cancer. The expression of ERas
mRNA was found 8 of 15 gastric cancer cell lines, while ERas
DNA was found in all gastric cancer cell lines (Fig. 1A). The
remaining 7 of 15 gastric cancer cell lines did not express
ERas mRNA.

Effect of DNA methyltransferase inhibitor on ERas expression.
We examined the effect of DNA methyltransferase inhibitor
on the expression of ERas mRNA in 7 gastric cancer cell
lines. We determined the optimal dose and timing for gene
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Figure 1. Expression of ERas mRNA in cell lines. (A), ERas mRNA was found in 8 (NUGC-2, NUGC-3, OCUM-1, OCUM-2MD3, MKN-7, MKN-45,
MKN-74, and KATO-III) of 15 gastric cancer cell lines, while ERas DNA was found in all gastric cancer cell lines. (B), Determination of the optimal dose
and duration of exposure of cell lines to 5-aza-CdR for ERas gene expression. ERas mRNA was expressed by 5-aza-CdR at 2-10 μM from 36 or 72 h in
OCUM-2M and NUGC-4 cells. (C), Epigenetic regulation of ERas. ERas mRNA was expressed by 5 μM of 5-aza-CdR in OCUM-2M, NUGC-4, and 3 of 4
normal cell lines (NF-24, NF-26 and mesothelial cells). 
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expression studies by characterizing the time course and dose
response of treatment by 5-aza-CdR in two cancer cell lines
of ERas-negative expression, OCUM-2M and NUGC-4. The
expression of ERas was found by 5-aza-CdR at 2-10 μM in
both cell lines (Fig. 1B). The expression of ERas was found
by 5-aza-CdR treatment from 36 h or 72 h in both gastric
cancer and normal cell lines. We then chose a standard dosing
regimen of 5-aza-CdR at 5 μM for 72 h. Effect of 5-aza-CdR
on the ERas expression was examined in the 7 cancer cell
lines without ERas mRNA expression (Fig. 1C). 5-aza-CdR
treatment resulted in ERas expression in all 7 gastric cancer
cell lines with respect to the silencing of ERas (Table I). 

Methylation status of the ERas in gastric cancer. ERas
gene contains a CpG-rich region between positions -251
and +94 relative to transcriptional start site. The results of
the methylation study were confirmed by bisulfite DNA
sequencing. DNA direct sequencing analysis at the 5' end
promoter region of ERas, which contains 12 CpGs. Fig. 2A
shows the results of a typical DNA sequencing with or without
bisulfite treatment in normal NF-24 cells. Fig. 2B shows
the results of a typical bisulfite DNA sequencing in gastric
cancer cell lines, OCUM-2M, NUGC-4, and universal DNA.
There was a ‘C’ peak at the CpG sites at nucleotide position
-84, indicating partial methylation in OCUM-2M, NUGC-4
cells, where no ERas mRNA band was observed. In contrast,
there was a ‘T’ peak at the CpG sites at nucleotide -84,
indicating unmethylation in OCUM-2MD3, OCUM-1 cells,
where ERas mRNA was expressed. The CpG sites were
completely unmethylated (Fig. 2C). CpG methylation at

ERas promoter region was significantly more frequent in
ERas-negative gastric cancer cell lines than in ERas-positive
cell lines (p=0.002; Fisher's exact test). The CpG methylation
pattern correlated well with the down-regulated ERas mRNA
expression in the cell lines (Table I).

Correlation between the expression of ERas and DNA methyl-
transferases. The expression of DNA methyltransferases,
Dnmt1, Dnmt3a, and Dnmt3b, was different among the 15
gastric cancer cell lines (Fig. 2D). Decreased expression of
Dnmt1, Dnmt3a, or Dnmt3b was recognized in NUGC-2,
OCUM-2M, OCUM-2MD3, OCUM-6, OCUM-8, and
OCUM-9 cells. However, no correlation was found between
the ERas expression and the DNA methyltransferase
expression.

Correlation between the ERas expression and the percentage
of SP fraction in gastric cancer cell lines. We examined
the existence of SPs in human gastric cancer cell lines by
staining them with Hoechst 33342 dye to generate a Hoechst
blue-red profile. SP phenotype was determined in human
gastric cancer cell lines except for NUGC-2. Representative
results analyzed by flow cytometry are shown in Fig. 3A.
Most of the gastric cancer cell lines contain a component of
cancer SP cells, ranging from 1.1% (FU-97) to 6.2% (MKN-
45) of gated cells, which decreased by treatment with
verapamil (Fig. 3A). The percentage of SP fraction of ERas-
positive gastric cancer cell lines (3.42±1.8%) was
significantly (p=0.024) higher compared to that of ERas-
negative lines (1.57±0.4%; Fig. 3B).
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Table I. Relation between ERas expression, promoter methylation, K-ras mutation, and percentage of SP fraction in gastric
carncer cell lines.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

ERas mRNA expression
–––––––––––––––––––––––––––––

Cell line No treatment 5-aza-CdR (5 μM) CpG promoter methylation K-ras mutation SP fraction (%)
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
NUGC-2 + + Unmethyl wt ND

NUGC-3 + + NI wt 2.41

NUGC-4 - + Methyl NI 1.36

OCUM-1 + + Unmethyl wt 2.47

OCUM-2M - + Methyl wt 1.40

OCUM-2MD3 + + Unmethyl wt 6.00

OCUM-6 - + Methyl wt 1.90

OCUM-8 - + Methyl wt 1.13

OCUM-9 - + Methyl wt 1.93

OCUM-12 - + Methyl wt 2.14

MKN-7 + + NI wt 1.66

MKN-45 + + Unmethyl wt 6.21

MKN-74 + + Unmethyl 12Asp 2.71

FU-97 - + NI wt 1.13

KATOIII + + NI wt 2.51
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
5-aza-CdR, 5-aza-2'-deoxycytidine. 12Asp, codon 12 aspartic acid; wt, wild-type. +, ERas mRNA expression positive; -, no ERas mRNA
expression. Methyl, CpG methylation; unmethyl, unmethylation. ND, not determined. NI, not informative. SP, side population.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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Figure 2. CpG methylation pattern of the ERas promoter in gastric cancer cells. (A), DNA sequencing with or without bisulfite treatment in the normal NF-24
cells. Partial methylation was found at -84 (arrow). (B), Bisulfite DNA sequencing of partially methylated cell lines, OCUM-2M, NUGC-4, and universal
DNA. (C), Bisulfite DNA sequencing of the unmethylated cell lines OCUM-2MD3, OCUM-1. (D), The expression of DNA methyltransferase mRNA. The
expression of DNA methyltransferases Dnmt3a or Dnmt3b, was decreased in 6 gastric cancer cell lines (arrows). Dnmt3a expression was decreased in
NUGC-2 and OCUM-2MD3 cells. Dnmt3b expression was decreased in OCUM-2M, OCUM-2MD3, OCUM-6, OCUM-8, and OCUM-9 cells.

Figure 3. Analysis of side population (SP) cells in gastrointestinal cancers. (A), Representative SP cell isolation from various human gastrointestinal system
cancer cell lines. OCUM-2MD3 and OCUM-2M cells were stained with Hoechst 33342 dye in the presence (upper panel) or absence (bottom panel) of verapamil
and analyzed by flow cytometry. The percentage of SP fraction of OCUM-2MD3, an ERas-positive gastric cancer cell line, was 6.0%, while that of OCUM-2M,
an ERas-negative gastric cancer cell line, was 1.4%. The SP, which disappears in the presence of verapamil, was gated and shown as a percentage of the whole
viable cell population. Square, portion of SP. (B), The percentage of SP fraction of ERas-positive gastric cancer cell lines (3.42%) was significantly (p=0.024)
higher compared to the control (1.57%). The quantitative ratios of different groups were compared using Student's t-test.
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Correlation between the K-ras mutation and ERas expression.
K-ras mutations were found in only one of 14 cancer cell
lines. No relation was found between ERas expression and
K-ras mutation in these cancer cell lines (Table I).

Discussion

ERas was reported to be expressed specifically in ES cells
but not in normal somatic tissues (1). In this study, the
constitutively active expression of ERas oncogene was found
in 8 of 15 gastric cancer cell lines. These findings suggest
that ERas oncogene might be associated with the tumorigenic
growth of some somatic cells in gastric cancers. In contrast,
K-ras mutations were found in only one of 14 cancer cell
lines. ERas signaling might be more closely associated with
the progression of gastric carcinomas than K-ras signaling.

Silenced ERas oncogene was re-expressed under DNA
methyltransferase inhibitor treatment in 3 normal and 7
cancer cell lines. The direct sequencing analysis showed
the occurrence of methylation at the promoter CpG by
showing unchanged C residues in 7 cell lines without ERas
mRNA expression. The methylation correlated well with the
down-regulated ERas mRNA expression in cell lines. ERas
mutation was not found in any of the 15 gastric cancer cell
lines (data not shown). These results suggested that the ERas
expression in tumor cell lines was epigenetically regulated by
the methylation of CpGs in this promoter region. Many reports
have described the epigenetic silencing of tumor-suppressor
genes in cancer development, but few have described the
epigenetic regulation of oncogenes (20). Loss of methylation
might be common in cancer, but it is not well studied what
genes are affected by this process. Here we found that ERas
expression was affected by epigenetic modification of DNA
promoter methylation. Our results provide an example for
re-expression of an embryonic oncogene, ERas, in cancer
cells by loss of methylation. These results suggest that DNA
methylation might be the primary mechanism that actively
modulates epigenetic transcriptional silencing of the ERas
oncogene in human gastric carcinomas. 

DNA methyltransferases were reported to regulate DNA
methylation, however, no correlation was found between
the ERas expression and the expression of DNA methyl-
transferases Dnmt1, Dnmt3a, and Dnmt3b, in this study.
Dnmt1, Dnmt3a, and Dnmt3b might not be associated with
epigenetic regulation of ERas oncogene. Other mechanisms
might exist in the epigenetic regulation of the ERas
oncogenes. ERas expression was silent again 4 days after
DNA methyltransferase inhibitor treatment, which may
suggest that these epigenetic changes are regulated by on-off
reversible systems.

CSCs generate tumors that recapitulate the phenotypic
heterogeneity found in the tumor. ERas oncogene supports the
tumor-like propagation of ES cells (1). We hypothesized that
cancer cells with ERas expression might have characteristics
of CSC. In this study, we found that ERas expression
correlates with SP frequency as a marker for tumor stem cells.
Although all of the SP cells do not necessarily represent CSCs,
SP cells might exhibit characteristics of a tumor-initiating
CSC phenotype. The percentage of CSC like-SP fraction was
3.6% in ERas-positive gastric cancer cell lines, while that of

ERas-negative was 1.6%. A previous study (6) reported that
the percentage of SP fraction of the gastric cancer cell lines
NUGC-3 and MKN-7, was 2.1% and 0.6%, respectively.
These percentages of SP fraction were similar to those of
our study in NUGC-3 (2.41%) and MKN-7 (1.66%). These
findings demonstrate that gastric cancer cells with ERas
properties contain more SP cells that show some
characteristics of so-called CSCs. ERas might be an
important target for cancer therapy and a useful tool to
identify the characteristics of CSCs. 

In conclusion, the activating ERas might be associated
with the tumorigenesis of gastric carcinomas, and might be
one of molecules responsible for cancer stem cell-like
characteristics. DNA promoter methylation of ERas might
be the primary mechanism that actively modulates epigenetic
transcriptional silencing of the ERas oncogene. 
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