
Abstract. RhoE is a unique member of Rho family of GTPases
without detectable intrinsic GTPase activity. Our previous
study showed that RhoE is a tumor suppressor gene and its
expression is down-regulated in gastric cancer. However, the
mechanism underlying the down-regulated expression of RhoE
in gastric cancer has not been elucidated yet. In the present
study, the effect of epigenetic modification on the RhoE
expression in gastric cancer cells was investigated. The mRNA
and protein expression of RhoE were detected by real-time
RT-PCR and Western blotting, respectively. Results showed
RhoE was significantly down-regulated in three gastric cancer
cell lines. A promoter (2980 bp) of RhoE and its five truncated
mutants were cloned into vector pGL-3Basic for the activity
analysis by luciferase reporter assay. Treatment with tricho-
statin A, a histone deacetylation inhibitor, enhanced not only
the activity of RhoE promoter, but also the mRNA and protein
expression of RhoE in three gastric cancer cell lines, whereas
treatment with 5-Aza-2'-deoxycytidine, a DNA methylation
inhibitor, affected neither RhoE promoter activity nor RhoE
expression. No synergistic effect was observed in cells treated
with both drugs. Our results suggested that RhoE expression
in gastric cancer cells was regulated by histone deacetylation,
but not by DNA methylation, at the epigenetic level.

Introduction

Rho family proteins are members of the Ras superfamily of
small GTP-binding proteins. They cycle between an active,
GTP-bound conformation and an inactive, GDP-bound
conformation (1). Their activity is controlled by guanine
nucleotide exchange factors (GEFs), GTPase activating

proteins (GAPs), and GDIs (guanine nucleotide dissociation
inhibitors). The representative members of Rho family are
RhoA, Rac1 and Cdc42. They regulate multiple aspects of cell
behaviour, including cell proliferation, invasion, migration
and apoptosis (1-3). RhoE, together with Rnd1 and Rnd2
compose a subgroup of Rho GTPases, seems a unique member
of Rho family (4). Unlike the typical Rho-family proteins,
RhoE is found to be constitutively bound to GTP and shows
no detectable GTPase activity (5).

RhoE is involved in the regulation of a wide spectrum of
cellular functions (6). It plays an important role in regulating
cell migration, cell cycle progression, cell transformation and
promoting apoptosis (7-10). Previously, RhoE was reported
to be down-regulated in prostate cancer tissue and cells (8).
Our previous study demonstrated that compared with normal
gastric tissue, RhoE expression was low in samples taken
from gastric cancer patients (11). Therefore, RhoE may act as
an important tumor suppressor gene in certain types of
cancer.

Altered expression and/or activity of RhoE might be
crucial to cancer progression and patient response to the
therapy. However, the mechanism by which RhoE down-
regulation occurs in cancers has not been elucidated yet. To
our knowledge, no mutation of RhoE gene has been reported
in cancer types. Many researches have shown that epigenetic
modification played an important role in gene expression
regulation. Recently, two proteins in the Rho family have
been reported to be regulated by epigenetic modification. One
of two proteins is RhoB, which was reported to act as a
suppressor in many cancers (12). Interestingly, histone
deacetylation modification, rather than DNA methylation, is
the cause of its down-regulation in lung cancer (13). The
other protein studied is Rnd1, which was also reported to be
down-regulated by histone deacetylation in gastric cancer
(14). RhoE shares 57% homology with RhoB, and together
with Rnd1 belongs to the Rnd family. However, few studies
investigate the effects of epigenetic modification on RhoE
expression. In this study, we investigated whether epigenetic
modification took part in down-regulation of RhoE expression
in gastric cancer cells.

Materials and methods

Cell culture. Human gastric epithelial cell line (GES-1), human
embryonic kidney cell line (HEK293) and gastric cancer cell
lines (SGC7901, MKN45 and BGC823) were preserved in
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our laboratory. The GES-1, SGC7901, MKN45 and BGC823
cells were maintained in RPMI-1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal calf serum
(FCS) (Gibco, Grand Island, NY, USA), penicillin (100 U/ml),
and streptomycin (100 μg/ml) at 37˚C in humidified air with
5% CO2. HEK 293 cells were maintained in DMEM medium
(Invitrogen) supplemented with 10% FCS, penicillin (100 U/
ml), and streptomycin (100 μg/ml).

Bioinformatics analysis of RhoE promoter. RhoE 5' regulatory
sequence was obtained from NCBI Gene Bank database
(http://www.ncbi.nlm.nih.gov/Genbank/). Putative transcription
factor binding sites within RhoE promoter were analyzed by
online software MatInspector (http://www.genomatix.de/
matinspector.html) and TFSEARCH (http://www.cbrc.jp/
research/db/TFSEARCH.html). The CpG Island was
analyzed by online CpG island searcher (http://www.
bioinformatics.org/sms2/cpg_island.html) and FirstEF
(http://rulai.cshl.org/tools/FirstEF/).

Construction of promoter reporter plasmids. Genomic DNA
of HEK293 cells was extracted using the universal genomic
DNA extraction kit (Takara, Shiga, Japan) according to the
manufacturer's instructions. A 3-kb human RhoE promoter
fragment (-2955 - +25) relative to the translation initiation
site (+1 ATG) was amplified via PCR from HEK293 cell
genome using primers R1 and F1 (Table I). Primers were
flanked by KpnI and HindIII restriction sites (restriction sites
are underlined). The PCR products were gel-purified and
sub-cloned into a TA cloning vector (Takara). After digestion
with KpnI and HindIII enzymes (New England Biolabs, MA,
USA), the insert was ligated into the promoterless luciferase
reporter plasmid pGL-3Basic (Promega, Madison, WJ,
USA), and then named pGL3-RhoEp-2980. A series of RhoE
promoter 5' deletion constructs were amplified using the
common reverse primer F1 and following sense primers:
primer R2-R6 (Table I, restriction sites are underlined). The
PCR products were digested by KpnI and HindIII enzymes
and ligated into the promoterless luciferase reporter plasmid
pGL-3Basic. New constructed plasmids were named pGL3-
RhoEp-2653, pGL3-RhoEp-2008, pGL3-RhoEp-1480,
pGL3-RhoEp-1004, and pGL3-RhoEp-497, independently.
All constructs were verified by restriction digestion and direct
sequencing.

Cell transfection and luciferase reporter assay. Cells were
plated at a density of 8x104 cells/well in 24-well plates for 24 h
followed by transfection. Cells were transfected using lipo-
fectamine 2000 (Invitrogen) according to the manufacturer's
protocol. For cells in each well, 1 μg of luciferase reporter
constructs containing the 5' flanking fragments of human
RhoE promoter or pGL-3 Basic/pGL-3 Control vector (as a
negative/positive control) were co-transfected with 0.1 μg of
pRL-TK/pCMV-ß-galactosidase vector (Promega). PRL-TK/
pCMV-ß-galactosidase vector was used as control to detect
transfection efficiency. Cells were harvested to analyze the
basic RhoE promoter activity 24 h after transfection. To
analyze the effect of epigenetic modification on RhoE
promoter activity, the cells were treated with DNA methy-
lation inhibitor 5-Aza-2'-deoxycytidine (5-Aza-dC; Sigma,

St. Louis, MO, USA) of various concentrations (0.4, 4, and
10 μM) for 48 h or histone deacetylation inhibitor Tricho-
statin A (TSA; Sigma) of various concentrations (100, 250
and 500 nM) for 20 h. To test the synergistic effect of 5-Aza-
dC and TSA on RhoE promoter activity, cells were treated
with 4 μM 5-Aza-dC for 24 h followed by 250 nM TSA for
20 h. Then, cells were harvested in passive lysis buffer
(Promega). Promoter activity was analyzed using Dual-
Luciferase® reporter assay system (Promega) with a Synergy
HT Multi-Mode microplate reader (BioTek, Winooski,
Vermont, USA). Firefly luciferase activity was normalized to
renilla luciferase activity in the untreated and 5-Aza-dC
drug treated groups. As the activity of pRL-TK vector is
influenced by TSA, firefly luciferase activity was normalized
to ß-galactosidase level in TSA treated groups by using the
ß-galactosidase enzyme assay system (Promega) (15,16).

5-Aza-2'-deoxycytidine and Trichostatin A treatment. To test
the effect of epigenetic modification on RhoE expression, the
SGC7901, MKN45 and BGC823 cells were seeded in 10-cm
dishes at a density of 1x106 cells the day before drug
treatment. Then, cells were treated with 5-Aza-dC of various
concentrations (0.4, 4 and 10 μM) for 72 h or TSA of various
concentrations (100, 250 and 500 nM) for 20 h. To test the
synergistic effect of 5-Aza-dC and TSA, the cells were treated
with 4 μM 5-Aza-dC for 72 h followed by 250 nM TSA for
another 20 h.

Real-time reverse transcription PCR. Total RNA (1 μg) was
extracted from control cells or cells treated with 5-Aza-dC,
TSA or 5-Aza-dC plus TSA with Trizol (Invitrogen). RNA
was reverse-transcribed into cDNA using random primers.
The RT reaction product was amplified in a 25 μl reaction
with 2X SYBR premixed Ex Taq (Takara). Primers for RhoE
and GAPDH were listed in Table I. The reactions were carried
out in a 96-well plate, and PCR amplification protocol was:
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Table I. Sequence of PCR primers.
–––––––––––––––––––––––––––––––––––––––––––––––––
Amplification
sequence name Primers (5'-3')
–––––––––––––––––––––––––––––––––––––––––––––––––
RhoE promoter F1: CCCAAGCTTTGGCTGGCTCTTCTCTCCTT

pGL3-RhoEp-2980 R1: CGGGGTACCGGGTCTGATCCCTACCTTAC

pGL3-RhoEp-2653 R2: CGGGGTACCGTGACTTCAGGCAGTTGGTT

pGL3-RhoEp-2008 R3: CGGGGTACCATCCATCCAAAGTCATACAG

pGL3-RhoEp-1480 R4: CGGGGTACCCATCAGTGCTTTTGACAACT

pGL3-RhoEp-1004 R5: CGGGGTACCTGTGGGGAGGTGCAACTAAG

pGL3-RhoEp-497 R6: CGGGGTACCGCATCTTTGGGATCTTCATG

RhoE F: ATAGAGTTGAGCCTGTGGGACAC

R: AGGGTCTCTGGTCTACTGATGTC 

GAPDH F: CAAGGCCAACCGCGAGAA

R: CCCTCGTAGATGGGCACAGT
–––––––––––––––––––––––––––––––––––––––––––––––––
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95˚C for 1 min and 40 cycles of amplification at 95˚C for
10 sec, 55˚C for 30 sec and 72˚C for 30 sec in an iCycler iQ
machine (Bio-Rad, Hercules, CA, USA), and melting curve
analysis was performed immediately after amplification. The
2-ΔΔCt method was used to calculate the relative fold difference
in the RhoE mRNA expression between all treated cell lines
and control cell lines. Two-fold increased or decreased
expression was considered significant (17).

Western blotting. Cells with or without treatment were
washed with cold PBS three times and lysed in lysis buffer
(10 mmol/l Tris-HCl, pH 7.4, 1% TritonX-100, 1 mM
EGTA, 1 mM EDTA, 100 mmol/l NaCl, 10% glycerol, 0.1%
SDS, and 0.5% deoxycholate) containing protease inhibitor
cocktail (Sigma) on a rotating shaker for 30 min. Nuclei and
unlysed cells were removed by centrifugation at 13,000 rpm
for 30 min at 4˚C. Protein concentrations were determined
using the BCA protein assay (Pierce, Rockford, IL, USA).
Equal amounts of total protein were separated by 12% SDS-
PAGE and transferred to polyvinylidene fluorid membranes
(Millipore, Billerica, MA, USA). Then, the membranes were
washed and blocked with 5% non-fat milk in PBS for 2 h
followed by incubation with mouse anti-RhoE monoclonal
antibody (1:200, Upstate, Lake Placid, NY, USA) or mouse
anti-ß-actin polyclonal antibody (1:1000; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) at 4˚C overnight. After
extensive washing, the membranes were incubated with an
IRDye 800 cw fluoresce donkey anti-mouse secondary
antibodies (1:10000; Li-Cor, Lincoln, NB, USA) for 2 h at
room temperature in an opaque cassette. Finally the
membranes were washed and immunoreactivity was detected
using an Odyssey infrared fluorescence scanner (Li-Cor).
Brand intensities were analyzed by using the Odyssey infrared
image system (Li-Cor).

Statistic analysis. One-way ANOVA was used for statistical
analysis. Data were expressed as means ± SD, and a value of
P<0.05 was considered statistically significant. The Statistic
Package for the Social Sciences software program (version
13.0, SPSS, Chicago, IL, USA) was used for statistic analysis.
All data were confirmed by at least three independent
experiments.

Results

Expression of RhoE in different cell lines. In this experiment,
RhoE expression in the human gastric epithelial cell line
(GES-1 cells), human embryonic kidney cell line (HEK293
cells), and other three gastric cancer cell lines (BGC823,
SGC7901, and MKN45 cells) was detected by real-time RT-
PCR and Western blotting, respectively. The results demon-
strated that the expression of RhoE was decreased at both
mRNA and protein levels in all three gastric cancer cell lines as
compared to GES-1 cells and HEK293 cells (Fig. 1A and B),
which was consistent with our previous observations.

Analysis of RhoE promoter. The transcription initiation site of
RhoE was identified and verified though 5'RACE experiment
by Ongusaha and his colleagues (18). It is located at -249 bp
upstream from the ATG translation start codon (+1).
Computer-based analysis of RhoE promoter (-2955 - +25
relative to the translation initiation site) with online software
identified several potential transcription factor binding motifs
in the promoter region, including transcription factors p53,
AP-1, E2F, and MZF. However, no CpG island was found by
online CpG island searchers in RhoE promoter region. Two
inverted CCAAT boxes were found to be located in the RhoE
promoter region (Fig. 2). The inverted CCAAT box was
reported to be critical for the induction of RhoB promoter
activity following TPX-mediated inhibition of HDAC (histone
deacetylases) (16). To determine the critical region of RhoE
promoter required for transcription activity, the 5' flanking
region (-2955- +25 relative to the translation initiation site
+ATG) was cloned and inserted into the upstream of a
luciferase reporter plasmid pGL-3Basic vector. A series of
reporter plasmids containing various lengths of RhoE promoter
region were successfully constructed. RhoE promoter activity
was analyzed as described in Materials and methods. The
results showed that positive control plasmids pGl-3Control
had the highest promoter activity (62.3±5.5), and negative
control plasmids pGl-3Basic did not present promoter activity.
Luciferase reporter pGL3-RhoEp-2980 had the highest
promoter activity (15.3±0.57) among all RhoE promoters in
HEK293 cells. RhoE promoter activity was reduced when
RhoE promoter was truncated from -2980 to -2653: pGL3-
RhoEp-2653 (9.67±0.58), from -2008 to -1480: pGL3-
RhoEp-1480 (8±1.1), and from -1004 to -497: pGL3-RhoEp-
497 (7.3±1.15). Promoter activity was reversed back to a
high level when RhoE promoter was truncated from -2653 to
-2008: pGL3-RhoEp-2008 (13.3±0.56) and from -1480 to
-1004: pGL3-RhoEp-1004 (11.0±1.0) in HEK293 cells
(Fig. 3A). The basic promoter activity of pGL3-RhoEp-2980
in the GES-1, HEK293, and other three gastric cancer cell
lines was also analyzed. The promoter activities of pGL3-
RhoEp-2980 in different cells lines were: GES-1 (20±0.87),
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Figure 1. Expression of RhoE in different cell lines. RhoE expression in
GES-1 cells, HEK293 cells, and three gastric cancer cell lines (BGC823,
SGC7901 and MKN45) were examined by real-time RT-PCR and Western
blotting. ß-actin was used as a control. Expression of RhoE was decreased
at both RNA (A) and protein (B) levels in all three gastric cancer cell lines
as compared to GES-1 cells and HEK293 cells. Data were expressed as
means ± SD of three independent experiments.
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HEK293 (15.3±0.58), BGC823 (3.0±0.02), SGC7901
(4.67±0.58), and MKN45 (4.0±0.26). Compared with in
GES-1 and HEK293, pGL3-RhoEp-2980 promoter activity
was markedly lowered in the three gastric cancer cell lines
(P<0.05) (Fig. 3B).

Effect of 5-Aza-dC and/or TSA on the RhoE promoter activity
in three gastric cancer cell lines. Effect of DNA methylation
inhibitor 5-Aza-dC and/or the histone deacetylase inhibitor
TSA on luciferase reporter pGL3-RhoEp-2980 in gastric
cancer cell lines (BGC823, SGC7901, and MKN45 cells) was
further investigated. Compared with untreated cells, RhoE
promoter activity was induced by TSA (100, 250, and 500 nM)
treatment in a dose-dependent manner in BGC823 cells (3.1-,
4.2-, and 4.7-fold, respectively), SGC7901 cells (1.6-, 2-, and
2.2-fold, respectively), and MKN45 cells (1.9-, 2.9- and
3.3-fold, respectively) (Fig. 4A) (P<0.05). However, the
RhoE promoter activity was not significantly changed after
treatment with 5-Aza-dC (0.4, 4, and 10 μM) in the three
gastric cancer cell lines (Fig. 4B) (P>0.05). Compared with
TSA (250 nM) treated cells, no synergistic effect was
detected in the three gastric cancer cell lines after combined
treatment with 5-Aza-dC (4 μM) for 24 h followed by TSA
(250 nM) for 20 h (Fig. 4A) (P>0.05).

Effect of 5-Aza-dC and/or TSA on the expression of RhoE in
three gastric cancer cell lines. To investigate the epigenetic
modification on RhoE expression in gastric cancer cells, the
mRNA and protein expression of RhoE were also analyzed
by real-time RT-PCR and Western blotting, respectively,
after treatment with 5-Aza-dC and/or TSA. Compared with
untreated cells, the RhoE expression was profoundly increased
in a dose-dependent manner in the TSA (0, 100, 250, and
500 nM) treated gastric cancer cells at both RNA (Fig. 5A-C)
(P<0.05) and protein levels (Fig. 6A-F) (P<0.05). On the
contrary, treatment with 5-Aza-dC of 0.4 to 10 μM failed to
change the RhoE expression in the gastric cells at both mRNA
(Fig. 5A-C) (P>0.05) and protein levels (Fig. 6A-F) (P>0.05).
Compared with the TSA treated gastric cancer cells (250 nM),
no synergistic effect was observed in the gastric cancer cells
treated with 5-Aza-dC (4 μM) for 72 h followed by TSA
(250 nM) for 20 h by real-time RT-PCR (Fig. 5A-C) (P>0.05)
and Western blot analysis (Fig. 6A-F) (P>0.05). These results
were consistent with those in the promoter activity analysis.

Discussion

RhoE is a small GTPase protein which plays an important
role in tumorigenesis. Since all the RhoE protein is in a
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Figure 2. Bioinformatics analysis of 5' upstream regulatory region of human RhoE gene. A 642 bp DNA sequence of 5' upstream regulatory region of RhoE
gene is presented. The transcription initiation site (bold italic) of RhoE gene is located at -249 nucleotides upstream from the ATG translation start codon (+1)
(bold). The amino acid sequence is shown in small letters. Computer-based analysis of RhoE promoter identified several potential transcription factor binding
sites (underlined) located in the promoter region. Two inverted CCAAT boxes were also found to be located in the RhoE promoter region (grey box). No CpG
island was found in RhoE promoter region.
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GTP-bound active status, the expression of RhoE quite
closely represents its activity. Aberrant expression of RhoE
has been observed in several tumors. Although studies
showed that RhoE was increased in pancreatic tumors (19)
and non-small cell lung cancer (NSCLC) (20), RhoE
expression was found to be significantly reduced or non-
existent in prostate cancer (8) and the U87 human
glioblastoma cell line (9). In a previous study, we also found
RhoE was down-regulated in gastric cell lines and gastric
cancer tissue (11). Enhanced RhoE expression also affects
the malignant phenotypes of cancer. In prostate cancer cell,
exotic expression of RhoE induced cell cycle arrest and
apoptosis (8). Overexpression RhoE in the U87 human
glioblastoma cell line can inhibit cell proliferation and
promote apoptosis (9). Therefore, RhoE may function as a
tumor suppressor in these cancers. The understanding of the
mechanism for RhoE down-regulation will be important for
the development of future diagnostic and therapeutic
strategies for clinical application.

Previous studies demonstrated that many factors could
increase RhoE expression under different situations. RhoE
expression was increased in cells after treatment with different

DNA damaging agents (10,18) or UVB irradiation (21).
RhoE expression was also induced through the Raf pathway
in Madin-Darby canine kidney (MDCK) cells (22), and by
platelet-derived growth factor (PDGF) in fibroblasts cells
(23) or by hepatocyte growth factor in Swiss 3T3 or MDCK
cells (24). Ongusaha and his colleagues proved RhoE was a
direct p53 targeted gene and p53 played an important role in
the up-regulated RhoE expression by DNA damaging agents
(18). A previous study also demonstrated that phos-
phorylation of RhoE could increase its stability and prevent
it from degradation by ubiquitin/proteasome (25). However,
little is known about the mechanism in the down-regulation
of RhoE in cancer. RhoE was reported to be down-regulated
by oestrogens (26) or macrophage inhibitory cytokine-1 (27)
in prostate cancer cells. However, the specific mechanism
has not been elucidated and the reason for RhoE down-
regulation in human gastric cancer is still unknown. In order
to find out the mechanism in RhoE down-regulation in
human gastric cancer, bioinformatic analysis of RhoE
promoter was performed. Results showed that no CpG island
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Figure 3. Luciferase reporter assay of RhoE promoter characteristics. (A)
Activity of different truncation constructs of RhoE promoter in HEK293
cells. A series of reporter plasmids containing various lengths of RhoE
promoter region were co-transfected with pRL-TK plasmids into the HEK
293 cells, and firefly luciferase activity was normalized to renilla luciferase
activity. The schematic representation of RhoE promoter truncation
constructs is shown on the left. The activity of RhoE promoter for each
truncated constructs is shown on the right. All experiments were performed
in triplicates. Data are presented as means ± SD (n=3). (B) Analysis of
RhoE promoter activity in GES-1 cells, HEK293 cells, and three gastric
cancer cell lines (BGC823, SGC7901, and MKN45) by luciferase reporter
assay. RhoE promoter activity was lower in the three gastric cancer cell
lines when compared with HEK293 and GES-1 cells (*P<0.05). All
experiments were performed in triplicate. Data are presented as means ±
SD (n=3).

Figure 4. Effect of TSA and/or 5-Aza-dC on the RhoE promoter activity in
three gastric cancer cell lines. (A) RhoE promoter activity changed in three
gastric cancer cell lines after treatment with TSA and 5-Aza-dC plus TSA.
Firefly luciferase activity was normalized to ß-galactosidase level.
Compared with untreated cells, RhoE promoter activity was increased in a
dose-dependent manner following TSA treatment in the three gastric cancer
cell lines (*P<0.05 vs control). Compared with TSA (250 nM) treated cells,
no synergistic effect on the RhoE promoter activity was detected in the three
cell lines after treatment with 5-Aza-dC (4 μM) followed by TSA (250 nM)
(#P>0.05). (B) RhoE promoter activity was changed in the three gastric
cancer cell lines after treatment with 5-Aza-dC. Firefly luciferase activity
was normalized to renilla luciferase activity. RhoE promoter activity did not
change after treatment with 5-Aza-dC of various concentrations (P>0.05).
Experiments were performed in triplicate. Data are presented as means ± SD
(n=3). Statistical significance was determined by one-way ANOVA.

173-180.qxd  23/11/2010  12:58 ÌÌ  ™ÂÏ›‰·177



was found in RhoE promoter region, but several transcription
factors were found to be likely bound to the RhoE promoter.
Two inverted CCAAT boxes were also found in the RhoE
promoter region. The inverted CCAAT box is critical for the
induction of RhoB promoter by TPX (a HDAC inhibitor) in
lung cancer cell (16). Further studies are needed to elucidate
the role of these transcription factors and the inverted
CCAAT boxes in regulating RhoE expression.

To find out the most critical component of RhoE promoter
region in transcription, a series of reporter plasmids containing
various lengths of RhoE promoter region were generated.
After testing different truncations of RhoE promoter, we

found pGL3-RhoEp-2980 had the highest promoter activity
in HEK293 cells, and the activity was reduced when RhoE
promoter was truncated from -2980 to -2653, -2008 to -1480
and -1004 to -497. Interestingly, RhoE promoter activity was
reverted back to a high level when it was truncated from -2653
to -2008 and -1480 to -1004. These findings suggested the
binding sites of some transcription factors negatively
regulating RhoE expression might be located in these regions.
Further studies are needed to identify these important
transcription factors and their specific binding sites in RhoE
promoter. RhoE promoter activity in different cell lines was
also analyzed. Compared with GES-1 and HEK293 cells,
RhoE promoter activity was markedly lowered in the three
gastric cancer cell lines. These results were consistent with
the reduced expression of RhoE in these three gastric cancer
cell lines.

Besides genetic changes, epigenetic modification of
genomic DNA is another important cause of altered gene
expression in cancer cells. The most common epigenetic
modifications in gene silencing are DNA methylation and
histone deacetylation. Expression of many tumor suppressor
genes are down-regulated by epigenetic modification during
the tumorigenesis (28). Previous studies have shown that
silencing of tumor suppressor genes by epigenetic modifi-
cation plays an important role in gastric cancer development
(29,30). However, little is known about the effect of epigenetic
modification on RhoE expression in gastric cancer.

In this study, we delineated the roles of histone deace-
tylation and DNA methylation in the regulation of RhoE
expression in gastric cancer cell lines. RhoE promoter activity
and expression levels after treatment with 5-Aza-dC and/or
TSA in three gastric cancer cells were determined. The results
showed, in gastric cancer cell lines, TSA, a histone deacety-
lation inhibitor, enhanced not only the RhoE promoter
activity, but also the expression of RhoE both at mRNA
and protein levels. However, 5-Aza-dC, a DNA methylation
inhibitor, affected neither promoter activity nor RhoE
expression. Furthermore, no synergistic effects were observed
in cells treated with both drugs. These results suggested that,
rather than DNA methylation, histone deacetylation might
be the primary mechanism in modulating epigenetic
transcriptional silencing of RhoE in these three gastric cancer
cell lines. However, the mechanisms in the regulation of gene
expression are complicated. The epigenetic mechanism for
tumor suppressor gene silencing in cancer is not completely
understood. A large number of reports demonstrate that DNA
methylation and histone deacetylation have synergistic effects
on gene expression.

Tumor suppressor genes such as MLH1, TIMP3, CDKN2B
(31), are regulated by both DNA methylation and histone
modification. However, our results, as well as those of other
studies, showed some gene expression was regulated by only
one type of epigenetic modification. For example, APC,
P16, and RASSF1A (32) gene were reported to be regulated
by only DNA methylation, while RhoB, CAR (33) and RhoE
gene were regulated by histone deacetylation. In the case of
RhoE, no CpG island was found in its promoter. However,
the promoter region of CAR (33) and RhoB (13) contains
CpG islands, and DNA methylation still does not seem to
play a role in controlling their gene expression. The reason
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Figure 5. Effect of TSA and/or 5-Aza-dC on RhoE mRNA expression in
three gastric cancer cell lines. The fold change of RhoE mRNA expression
in BGC823 cells (A), SGC7901 cells (B), and MKN45 cells (C) after
treatment with 5-Aza-dC and/or TSA are presented. GAPDH mRNA
expression was used as control. Experiments were performed in triplicate.
Data are presented as means ± SD (n=3). Statistical significance was
determined by one-way ANOVA, *P<0.05 vs. control; #P>0.05: 5-Aza-dC
(4 μM) plus TSA (250 nM) treated cells vs. TSA (250 nM) treated cells.
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for this phenomenon is poorly understood. Further studies are
needed to find out which factors determine the epigenetic
modification process that regulates gene expression.

In summary, we analyzed the promoter characteristics of
RhoE, and found that RhoE down-regulation in gastric cancer
cell lines was modulated by histone deacetylation rather than
DNA methylation at the epigenetic level. We hypothesize that
the reversal of RhoE expression by HDAC inhibitors may be
of therapeutic interest in gastric cancer.
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