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Differential expression of tescalcin by modification of promoter
methylation controls cell survival in gastric cancer cells
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Abstract. The EF-hand calcium binding protein tescalcin
(TESC) is highly expressed in various human and mouse
cancer tissues and is therefore considered a potential onco-
gene. However, the underlying mechanism that governs TESC
expression remains unclear. Emerging evidence suggests that
TESC expression is under epigenetic regulation. In the present
study, the relationship between the epigenetic modification and
gene expression of TESC in gastric cancer was investigated. To
evaluate the relationship between the methylation and expres-
sion of TESC in gastric cancer, the methylation status of CpG
sites in the TESC promoter was analyzed using microarray
with the Illumina Human Methylation27 BeadChip (Human
Methylation27_270596_v.1.2), gene profiles from the NCBI
Dataset that revealed demethylated status were acquired, and
real-time methylation-specific PCR (MSP) in gastric cancer
cells was conducted. In the present study, it was demonstrated
that the hypermethylation of TESC led to the downregulation
of TESC mRNA/protein expression. In addition, 5-aza-2c-de-
oxycytidine (5'-aza-dC) restored TESC expression in the tested
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gastric cancer cells except for SNU-620 cells. ChIP assay
further revealed that the methylation of the TESC promoter was
associated with methyl-CpG binding domain protein (MBD)I1,
histone deacetylase (HDAC)2, and Oct-1 and that treatment
with 5'-aza-dC facilitated the dissociation of MBD1, HDAC2,
and Oct-1 from the promoter of TESC. Moreover, silencing
of TESC increased MBDI expression and decreased the
H3K4me?2/3 level, thereby causing transcriptional repression
and suppression of cell survival in NCI-N87 cells; conversely,
overexpression of TESC downregulated MBDI expression and
upregulated the H3K4me?2 level associated with active tran-
scription in SNU-638 cells. These results indicated that the
differential expression of TESC via the modification status of
the promoter and histone methylation controled cell survival
in gastric cancer cells. Overall, the present study provided a
novel therapeutic strategy for gastric cancer.

Introduction

It has been reported that tescalcin (TESC) is upregulated by
treatment with class I histone deacetylase (HDAC) inhibitors.
In addition, TESC plays important roles related to chromatin
remodeling, transcriptional regulation, and epigenetic modi-
fication (1) by interacting with the cytosolic tail domain of
Na*/H* exchanger isoform type-1 (NHE1), implicating novel
gene functions in the regulation of NHEI in cardiac tissues (2).
This finding was further supported by a study that revealed
that Na*/H* exchanger was regulated by both post-translational
modifications and a number of regulatory binding proteins,
including calmodulin, moesin and TESC (3). Notably, it was
demonstrated that NHE1 was directly associated with cellular
transformation, invasion and metastasis in cancer, suggesting
that NHE] is a potential novel drug target for anticancer thera-
peutics (4), and this was further supported by the observation of
TESC overexpression in melanoma and colorectal and gastric
cancers (5-7). However, the regulation of TESC expression in
cancer and its underlying mechanisms are largely unknown.
TESC overexpression in K562 cells has been demon-
strated to regulate cell proliferation via activation of ERK
signaling, while the expression of Ets transcription factors,
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including Ets-1, Ets-2, and Fli-1, was blocked at the mRNA
level following TESC knockdown (8). The Ets gene family
belongs to one of the largest family of transcriptional targets
in cancer (9-12). Recent research further indicated that high
levels of DNA methylation were frequently observed in the
binding sites of Ets transcription factors, including PDEF,
GABPA, ELF1, FLI1 and ETS2 (13).

Epigenetic alterations caused by the methylation of cyto-
sine guanine dinucleotide (CpG) islands are reported to play
pivotal regulatory roles in gene expression, differentiation,
apoptosis and tumorigenesis (14,15). In addition, promoter
methylation is considered an important regulatory mecha-
nism for the expression of gastric cancer-related genes, such
as NDRG2, MGMT, hMLHI, RASSF1A, pl6 and RUNX3,
which have been revealed to be involved in gastric carcino-
genesis (16,17). Furthermore, tumor suppressor genes and
oncogenes are mainly detected in repetitive sequences within
the genome as well as in regions of hypermethylation where
the gene promoters are located with CpG islands. Notably,
promoter hypomethylation has been revealed to be associ-
ated with oncogene activation, whereas hypermethylation of
CpG sites was revealed to be associated with inactivation of
tumor-suppressor genes (18-21). In addition, DNA methylation
may inhibit gene expression by either blocking transcription
factors or recruiting methyl-CpG binding proteins (MBDs) via
histone methylation (22).

Methyl-CpG-binding domain (MBD) proteins, including
MBD1/2/3/4/5/6 and MeCP2, are classified as epigenetic
regulators (23). Recent studies have demonstrated the crucial
functions of methyl-CpG binding proteins in epigenetic
events in cancer (24), and MBD proteins were revealed to be
involved in tumorigenesis as the initiators of DNA methyla-
tion (25). Among these proteins, MBDI is the largest, and it
has been demonstrated to be associated with cancer mani-
festation (26,27). MBDI plays a role in the drug resistance
of cancers and immune cells (28). MBDI evoked epigenetic
changes via DNA methylation and the repressive H3K9me3
histone mark (29). Methylation of the lysine residue of
histone H3 (H3K4) is highly associated with the transcrip-
tional activation of genes, whereas methylation of H3K9
(H3K9me3) results in the recruiting of factors that inactivate
transcription (30). Thus, these studies indicated that MBDs
may act as a link between DNA methylation and histone
modification (31).

Although the roles of the TESC gene have been studied in
cancer, the detailed molecular mechanism remains unclear. In
addition, the involvement of TESC expression in the connec-
tion of DNA methylation and histone methylation via MBDI is
largely unknown. Therefore, the aim of the present study was
to investigate the role of TESC expression in epigenetic regu-
lation. Our data revealed that DNA methylation was negatively
associated with TESC gene expression in gastric cancer cells.
Moreover, both DNA methylation and histone modification
via MBDI may play potential roles in the regulation of TESC
expression.

Materials and methods

Cell lines and culture conditions. The human gastric cancer
cell lines, AGS, SNU-216, NCI-N87, SNU-620, SNU-638,
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NUGC-3, and MKN-74; human colon cancer cell lines,
COLO205, DLD-1, HCT116, HT-29, KM12C, KM12SM,
LS174T and SW480; human liver cancer cell lines, SK-Hep-1
and Huh-7; human cervical cancer cell lines, CaSki and SiHa;
human lung cancer cell line, A549; and human breast cancer
cell line, MCF-7, were purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA) and grown in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Cells were grown at 37°C
in a humidified, 5% CO,/air atmosphere. To identify regula-
tion by methyltransferase, 5-aza-2'-deoxycytidine (1 uM;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), a meth-
yltransferase inhibitor, was added to the culture medium for
72 h to induce demethylation of the cytosine residues.

Sodium bisulfite modification and methylation-specific PCR
(MSP). Chromosomal DNA was isolated from the cell cultures
grown in 100 mm cell culture dishes (Corning Inc., Corning,
NY, USA) using a genomic DNA purification kit (Promega
Corp., Madison, WI, USA) according to the manufacturer's
protocol. The extracted DNA was eluted with 250 pl of distilled
water. Sodium bisulfite modification of genomic DNA was
carried out using an EZ DNA Methylation kit (Zymo Research
Corp., Irvine, CA, USA) according to the manufacturer's
protocol using 0.1 mg of purified DNA. PCR was carried
out as described previously using primers (Table SI) and a
Power SYBR-Green kit (Applied Biosystems; Thermo Fisher
Scientific,Inc., Waltham,MA,USA) (20). The methylationindex
was calculated for each sample using the following formula:
Methylation index = [1/(1 + 2 - (CTu - CTme)] x 100%, where
CTu was the average cycle threshold (CT) obtained from
duplicate quantitative PCR analyses using the unmethylated
primer pair and CTme was the average CT obtained using the
methylated primer pair.

Cell viability assay. Cell viability was assessed with WST-1
assays (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer's protocol. Briefly, 10 ul of
WST-1 reagent was added to each well of a 96-well plate
(1x10° cells/well). After incubation for 1 h, the conver-
sion of the WST-1 reagent into chromogenic formazan was
evaluated with a spectrophotometer (Molecular Devices, LLC,
Sunnyvale, CA, USA).

RT-PCR and real-time PCR. Total RNA from cells cultured in
a 100-mm cell culture dish (Corning Inc.) was prepared using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocols. Reverse transcrip-
tion was conducted using 10 ug of total RNA with a reverse
transcription kit (Promega Corp.). The expression levels of
the studied genes were measured by RT-PCR and real-time
PCR analysis. One microliter of cDNA was used for the
PCR, and triplicate reactions were performed for each sample
using an AccuPower PCR premix (Bioneer Corp., Daejeon,
Korea) and a Power SYBR-Green kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.) with gene-specific primers on
an ABI ProFlex PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and an ABI StepOnePlus instrument
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
primers used for this selected gene are listed in Table SI.
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RNA quantity was normalized to that of (3-actin or GAPDH,
and gene expression was quantified according to the 2-ACq
method (32).

Western blot analysis. Cells cultured in a 100-mm cell
culture dish (Corning Inc.) were resuspended in RIPA lysis
buffer [SO mmol/l Tris-HCI, pH 7.4, 150 mmol/l NaCl, 1%
NP40, 0.25% Na-deoxycholate, 1 mmol/l phenylmethylsul-
fonyl fluoride (PMSF), 1 mmol/l sodium orthovanadate, 1X
protease inhibitor cocktail] (Sigma-Aldrich; Merck KGaA).
Protein was assessed using a BCA Protein Assay Kit (Thermo
Fisher Scientific, Inc.). Proteins were size-fractionated
by 12% SDS-PAGE and transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore Corp., Billerica,
MA, USA). Non-specific binding was blocked by incuba-
tion with phosphate-buffered saline with Tween-20 (PBST)
with 5% powdered milk and 1% Triton X-100. Membranes
were incubated overnight at 4°C with primary antibodies
(TESC; dilution 1:1,000; cat. no. 11125-1-AP; ProteinTech
Group, Inc., Chicago, IL, USA), (MBDI, Sp-1 and MeCP2;
dilution 1:1,000; cat nos. SC-55473, SC-420 and SC-20700;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), (H3K4mel,
H3K4me2,H3K4me3, H3K9me3, H3K27me3 and H3K36me3;
dilution 1:1,000; cat. nos. ab8895, ab7766, ab8580, ab8898,
ab6147 and ab9050, respectively; Abcam, Cambridge, MA,
USA) followed by incubation with polyclonal HRP-conjugated
secondary antibodies (dilution 1:2,000; cat. nos. a6667 and
a9917; Sigma-Aldrich; Merck KGaA) for 1 h at room tempera-
ture. The membranes were incubated in Clarity Western ECL
Substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and the protein bands were visualized by exposure to X-ray
film. Protein loading was visualized by incubation of stripped
membranes with a monoclonal antibody to f-actin (dilu-
tion 1:1,000; cat. no. SC-47778; Santa Cruz Biotechnology,
Inc.).

Cell transfection. SNU-638 and NCI-N87 cells (1x10° cell/well)
grown in 24-well plates (Corning Inc.) were transfected with
specific-siRNAs (30 nmol/ml) targeting TESC (Bioneer Corp.)
and the pCMV-sports6-TESC vector (2 ug/ul) for 24 h using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocols. The medium
was replaced with DMEM containing 10% FBS for 24 h. After
recovery, cell viability was evaluated with the WST-1 assay.
The pCMV-sports6 control and pCM V-sports6é TESC vectors
were obtained from the Korea Human Gene Bank (Medical
Genomics Research Center, Korea Institute of Bioscience and
Biotechnology, Daejeon, Korea).

Nuclear fractionation. Fractionation of nuclear extracts was
carried out using a Nuclear Extract kit (Active Motif, Carlsbad,
CA, USA) according to the manufacturer's instructions. Pellets
were resuspended in 50 ml of complete lysis buffer, and super-
natants were used as the nuclear fractions after centrifugation
at 14,000 x g for 10 min at 4°C.

Chromatin immunoprecipitation (ChIP) assay. ChIP
assays were carried out using an EZ ChIP Chromatin
Immunoprecipitation kit (EMD Millipore, Billerica, MA,
USA) as described in the supplier's protocol. Briefly, the
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cross-linked chromatin was sonicated after cell lysis and then
incubated with antibodies against MBD1, HDAC2, Oct-1 and
Sp-1 (dilution 1:1,000; cat. nos. SC-55473, SC-7899, SC-232 and
SC-420, respectively; Santa Cruz Biotechnology, Inc.) at 4°C
overnight. The immunocomplex was precipitated with Protein
A-agarose (EMD Millipore), and the beads were washed,
sequentially treated with 10 ul of RNase A (37°C for 30 min)
and 75 pul of Proteinase K (45°C for 4 h), and incubated at 65°C
overnight to reverse cross-link the chromatin. The DNA was
recovered by phenol-chloroform extraction and co-precipita-
tion with glycogen and dissolved in 50 ul of Tris-EDTA (TE)
buffer. Extracted DNA was amplified by PCR using 1 pl of the
precipitated DNA. PCR primers (sequences are presented in
Table SI) were designed to amplify the expected Oct-1 or Sp-1
binding sites at the TESC gene promoter. The real-time PCR
conditions were 40 cycles at 94°C for 40 sec, 60°C for 1 min,
and 72°C for 40 sec.

Statistical analysis. The one-way analysis of variance
(ANOVA) with the Tukey's post hoc test and the Student's
t-test were used to detect differences in the methylation and
expression levels in low- and high-TESC-expressing gastric
cancer cell lines using SPSS for Windows, release 17.0 (SPSS,
Inc., Chicago, IL, USA). P-values <0.05 were considered to
indicate a statistically significant difference.

Results

Differential expression of TESC mRNA and protein in gastric
cancer cell lines. To profile TESC gene expression in gastric
cancer, we examined TESC mRNA and protein expression
status in gastric cancer cell lines (Fig. 1A and B). RT-PCR
revealed the upregulation of TESC mRNA expression in the
SNU-620 cell line and a moderate level of TESC mRNA in
the AGS, SNU-216, and NCI-N87 cell lines. Conversely, the
TESC level was significantly downregulated in the SNU-638,
NUGC-3 and MKN-74 cell lines. The results of quantitative
real-time PCR also supported this observation (Fig. 1C).
Moreover, the protein level of TESC also exhibited differ-
ential expression in the gastric cancer cell lines (Fig. 1B).
Collectively, our results indicated that the TESC gene was
differentially expressed in cancer cell lines. Given the recent
studies indicating that epigenetic regulatory mechanisms such
as promoter methylation are one of the vital mechanisms for
the regulation of gene expression (33,34), these results may
indicate that the hypermethylation of the promoter inactivates
the expression of the TESC gene.

Aberrant hypermethylation of the TESC gene promoter
in gastric cancer cell lines. The methylation level of the
TESC gene in various CpG sites of the proximal promoter
using the NCBI GEO database (www.ncbi.nlm.nih.gov/geo,
datasets for GSE25869) was then analyzed and the significant
hypermethylation of the TESC promoter was revealed in
various normal tissues compared with that in cancer tissues,
including colon, breast, brain, lung and gastric cancers (data
not shown). It was thus hypothesized that promoter methylation
of the TESC gene was a key mechanism for regulating TESC
expression. cg06750167 (probe ID) of CpG sites on the
TESC gene promoter revealed very different methylation
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Figure 1. TESC expression in gastric cancer cell lines. (A and C) mRNA
expression of TESC was examined by RT-PCR and real-time PCR in gastric
cancer cell lines. (B) Protein levels were evaluated by western blotting in gas-
tric cancer cell lines. 3-Actin or GAPDH was selected as an internal control.
Each sample was examined in three independent reactions, and the average
relative level is presented with the standard error; “P<0.05. TESC, tescalcin.

levels in gastric cancer compared with those in normal
tissues (Fig. 2A). To confirm the differential methylation
and its expression level, real-time MSP (methylation-specific
PCR) was performed in gastric cancer cell lines to analyze
the specific CpG site methylation status in gastric cancer cell
lines. As revealed in Fig. 2B, a significant amplification was
detected in gastric cancer cell lines, including AGS, SNU-216,
NCI-N87, SNU-638 and NUGC-3 cells, by comparing the
methylation levels of the methylation-specific signal with the
unmethylation-specific signal (Fig. 2B). Thus, these results
revealed that the CpG site of the TESC promoter was likely
to be hypermethylated in gastric cancer cell lines, which may
suggest that the increased methylation level of the cg06750167
site was critical in determining the expression pattern of the
TESC gene in gastric cancer.

Demethylation of the CpG site onthe TESC promoter following
treatment with 5-aza-dC in gastric cancer cell lines. Given the
epigenetic regulation mechanism via the relationship between
DNA methylation and opposite gene expression (33), and the
finding that the TESC promoter was highly methylated in
gastric cancer cell lines with the exception of SNU-620 cells,
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Figure 2. Methylation of the TESC gene promoter in gastric cancer cell lines.
(A) Schematic diagram of the TESC promoter for MSP and real-time MSP.
(B) Methylation of the TESC promoter was examined by real-time MSP in
gastric cancer cell lines. Each sample was examined in three independent
reactions, and the average relative level is presented with the standard error;
“P<0.05. TESC, tescalcin; MSP, methylation-specific PCR.

cell viability following 5-aza-2c-deoxycytidine (5'-aza-dC)
treatment was examined, however no obvious changes were
observed, except in SNU-638 cells (Fig. 3A). Since the DNA
methyltransferase (DNMT) inhibitor 5'-aza is able to cause
DNA demethylation in the genome and induce the expression
of silenced genes, additively, 1 uM of aza is not an effective
concentration to induce cell death in gastric cancer cell lines.
Thus, the cell viability was not significantly altered in gastric
cancer cell lines after AZA treatment. It is known that the
epigenetic change in the methylation status of the specific
CpG site is involved in transcription regulation (35). Thus, the
promoter status after 5'-aza-dC treatment was examined. To
this end, 5-aza-dC, a methyltransferase inhibitor, was added to
the gastric cancer cell lines, and methylation levels were evalu-
ated by MSP and real-time MSP (Fig. 3B and C). As revealed
in Fig. 3B, there was significant amplification with unmethyl-
ated primers in AGS, SNU-216, NCI-N87, SNU-638, NUGC-3
and MKN-74 cells following treatment with 5'-aza-dC. This
was further supported by the significant hypomethylation on
the TESC promoter in gastric cancer cell lines treated with
5'-aza-dC (Fig. 3C). Numerical evaluation revealed 2.5-,
2.5-,2.5-,2.5-, 4- and 1-fold decreases in methylation on
the TESC promoter following treatment with 5'-aza-dC in
AGS, SNU-216, NCI-N87, NUGC-3, MKN-74 and SNU-638
cells, respectively. Therefore, these findings indicated that
5'-aza-dC-induced demethylation of the CpG site on the TESC
promoter may be crucial in determining the expression of the
TESC gene.

Demethylation of the TESC promoter by 5'-aza-dC leads
to the expression of TESC in gastric cancer cell lines.
Given that the treatment with 5'-aza-dC depleted promoter
methylation, it was examined whether promoter hypometh-
ylation induced by 5'-aza-dC (1 uM) treatment for 3 days
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Figure 3. 5'-Aza-dC induces the demethylation of the CpG site on the TESC
promoter in gastric cancer cell lines. After gastric cancer cell lines were
treated with 5'-aza-dC, (A) cell viability was assessed by WST-1, and the
methylation level was analyzed by (B) MSP and (C) real-time MSP. Each
sample was examined in three independent reactions, and the average rela-
tive level is presented with the standard error; "P<0.05; n.s, not significant;
5'-aza-dC, 5-aza-2c-deoxycytidine; TESC, tescalcin; MSP, methylation-spe-
cific PCR.

led to the expression of the TESC gene. The RT-PCR and
real-time PCR results indicated the upregulation of TESC
mRNA following 5'-aza-dC treatment in some gastric and
colorectal cancer cell lines (Figs. 4A and B, and 5A and B).
Quantitative real-time PCR data also revealed that 5'-aza-dC
treatment increased TESC expression by 5-, 3-, 0.5-, 6- and
0.7-fold in the AGS, SNU-216, NCI-N87, SNU-638 and
SNU-620 gastric cancer cell lines, respectively, and there
were 0.5-, 2- and 0.8-fold increases in the HT-29, KM12C,
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Figure 4. 5'-Aza-dC induces the upregulation of TESC in gastric cancer cell
lines. After gastric cancer cell lines were treated with 5'-aza-dC, the mRNA
level of TESC was assessed by (A) RT-PCR and (B) quantitative real-time
PCR. (C) The protein levels of TESC were analyzed by western blotting.
B-Actin or GAPDH was selected as an internal control. Each sample was
examined in three independent reactions, and the average relative level is
presented with the standard error; "P<0.05; n.s, not significant; 5'-aza-dC,
5-aza-2c-deoxycytidine; TESC, tescalcin; MSP, methylation-specific PCR.

and KM12SM (Figs. 4B and 5B) colorectal cancer cell lines,
respectively. In agreement with the TESC expression results,
the protein levels in 5-aza-dC-treated gastric cancer cell
lines were upregulated after 5'-aza-dC treatment (Fig. 4C).
In the MKN-74 cell line, the expression of TESC was weakly
increased after 5'-aza-dC treatment as shown in Fig. 4A and C.
The results revealed that the response of MKN-74 cells
after 5'-aza-dC treatment was not different compared to the
responses of other gastric cancer cell lines. Overall, these
data indicated that the 5'-aza-dC-induced hypomethylation in
the TESC promoter restored TESC expression. These results
strongly indicated that TESC gene expression was associated
with the methylation status of a specific CpG site, and the
methylation level of this CpG site was one of the key factors
for TESC mRNA and protein expression in gastric cancer cell
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Figure 5. 5'-Aza-dC does not significantly alter TESC expression in
colorectal cancer cell lines. After colorectal cancer cell lines were treated
with 5'-aza-dC, the mRNA level of TESC was assessed by (A) RT-PCR and
(B) real-time PCR. (3-Actin or GAPDH was selected as an internal control.
Each sample was examined in three independent reactions, and the average
relative level is presented with the standard error; "P<0.05; n.s, not signifi-
cant; 5'-aza-dC, 5-aza-2c-deoxycytidine; TESC, tescalcin.

lines. Therefore, the transcriptional and translational regula-
tion mechanism that regulates TESC gene expression via DNA
methylation was identified.

Epigenetic modification of the TESC gene is mediated by
MBDI and Oct-1 via HDAC?2 in gastric cancer cell lines. It
has been reported that the accumulation of the MBD protein
associated with the 5'-methylated cytosine residue is involved
in the transcriptional regulation of promoter methylation (36).
MBD proteins form a complex with corepressors, including
HDAC:Ss and Sin3A, and facilitate the assembly of a repressive
chromatin structure (37,38). Another silencing mechanism via
DNA methylation is the binding of transcription factors such
as Sp-1 and Oct-1 at gene promoters (39-41). A recent study
revealed that the mouse TESC gene contained CpG islands on
the promoter region and putative transcription factor binding
sites for Sp-1, EGFR1, ZBP-89, AP-2 and CDF-1 (42).

To determine whether methylation of the CpG site at the
TESC promoter influences the binding of candidate tran-
scription factors, the promoter region was divided into four
parts (R1-R4), ranging from -0.1 to -1.5K, to identify the
localization of the transcription factors (Fig. 6A). To assess the
chromatin localization of the putative regulators such as MBDI,
HDAC?2, Oct-1 and Sp-1, ChIP was performed with relevant
antibodies in hypermethylated AGS and SNU-638 cellsto assess
the chromatin localization of the regulators (Fig. 6B and C).

3469

The binding of the epigenetic transcription repressor complex
MBDI1 and HDAC?2 was only observed in the R4 region, which
contains the differential CpG methylation site. The binding of
MBDI and HDAC2 was observed in TESC downregulated
AGS and SNU-638 cells, but not in 5'-aza-dC-treated AGS
and SNU-638 cells (Fig. 6B and C). Furthermore, the ChIP
analysis of the transcription factors Oct-1 and Sp-1 at the R4
region revealed the significant localization of Oct-1 in AGS
and SNU-638 cells with a hypermethylated TESC promoter.
The Oct-1 localization was reduced following treatment with
5'-aza-dC (Fig. 6B and C). Collectively, these findings indi-
cated that in AGS and SNU-638 cells, the binding of MBDI1
to the methylated CpG site of the TESC promoter resulted in
the recruitment of corepressors, such as HDAC2, and that the
binding of Oct-1 was also critical for the transcriptional inhibi-
tion of TESC by binding to MBD1 and HDAC?2.

TESC negatively regulates MBDI and histone methylation
and enhances cell survival in gastric cancer. Given the
aforementioned results, whether TESC loss negatively regu-
lated MBDI1 expression was determined, and for this, a small
interfering RNA against TESC (siTESC) and was constructed
and used to treat NCI-N87 cells, which exhibited high TESC
expression levels. Fig. 7C revealed the significant down-
regulation of TESC expression in NCI-N87 cells that were
treated with sSiTESC compared with that in cells transfected
with siCont (Fig. 7C). In addition, the WST-1 assay results
indicated that siTESC reduced the viability of NCI-N87 cells
by 30% compared to that in the controls (Fig. 7A). Notably, the
upregulation of MBDI1 following siTESC treatment and the
downregulation of H3K4me2 and H3K4me3, which are active
transcription markers was detected. However, no obvious
change was observed for other histone methylations such as
H3K4mel and H3K9me3 (Fig. 7C). Thus, our results indicated
that the silencing of TESC by promoter hypermethylation
suppressed the survival of gastric cancer cells (Fig. 8A).

Considering the result that TESC loss suppresses the
survival of gastric cancer cells, TESC was overexpressed using
the p-CMV-sports6-TESC vector in SNU-638 cells, which
express a low level of TESC. Fig. 7B revealed that overexpres-
sion of TESC increased cell proliferation by 10% (Fig. 7B). In
addition, western blot analysis demonstrated that TESC over-
expression significantly inhibited MBDI expression, while
the levels of H3K4me2 and H3K4me3 increased (Fig. 7D).
Collectively, our findings provided evidence that TESC
upregulated H3K4me2 and H3K4me3 for transcriptional
activation and thus indicated that overexpression of TESC by
promoter hypomethylation promoted cell survival in gastric
cancer (Fig. 8B).

Discussion

The present study demonstrated that TESC expression was
negatively regulated by promoter methylation via MBDI and
that its overexpression promoted the survival of gastric cancer
cells, but not colorectal cancer cells. It has been reported
the upregulation of TESC expression in radiation-induced
thyroid cancer as well as acute myeloid leukemia resulted in
acquired resistance against sorafenib via an interaction with
NHEI (43,44). Previously, our research revealed that TESC
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Figure 6. ChIP analysis of the TESC promoter against the candidates MBD1, HDAC2, Oct-1,and Sp-1. ChIP assays were conducted on the TESC promoter using
anti-MBD1, anti-HDAC2, anti-Oct-1, and anti-Sp-1 by PCR to amplify the CpG site. (A) Schematic diagram of the TESC promoter indicating four candidate
regions (R1-R4) for putative transcription factor binding. PCR analysis of the IP derived from DMSO- or 5'-aza-dC-mediated (B) AGS and (C) SNU-638 cells
was performed using primers for the putative regions (R1-R4). Each sample was examined in three independent reactions. ChIP, chromatin immunoprecipita-
tion; TESC, tescalcin; MBD, methyl-CpG binding domain protein; HDAC, histone deacetylase; IP, immunoprecipitated DNA; DMSO, dimethyl sulphoxide.
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Figure 7. Knockdown and overexpression of TESC regulate MBD1 and histone methylation. NCI-N87 cells were transfected with control siRNA or siRNA
targeting TESC and treated with 5'-aza-dC. SNU638 cells transfected with the pCMV-sports6 vector and TESC vector and with 5'-aza-dC. (A and B) Cell
viability assays were conducted in TESC siRNA-transfected NCI-N87 and vector for TESC-transfected SNU638 cells, respectively. (C and D) Western blot
analysis of MBDI and TESC used proteins extracted from whole cell lysates, and histone methylation analysis was performed using the nuclear fraction.
B-Actin or H3 was selected as an internal control. Each sample was examined in three independent reactions, and the average relative level is presented with
the standard error; "P<0.05; n.s, not significant; TESC, tescalcin; MBD, methyl-CpG binding domain protein.
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survival in gastric cancer and (B) overexpression of TESC enhances promoter hypomethylation to increase cell survival. TESC, tescalcin.

expression was upregulated in colorectal cancer tissues
compared with that in normal tissues and that the inhibition
of TESC blocked NF-kB signaling and decreased cell survival
in vitro and in vivo (6). Furthermore, the upregulation of TESC
expression promoted migration and invasion via the activation
of epithelial-mesenchymal transition (EMT) in colorectal
cancer cells (7). Overall, these studies suggested that the iden-
tification of the regulatory mechanism of TESC expression
could provide effective therapeutic strategies for diverse types
of cancer.

In the present study, the differential expression of TESC
in gastric cancer cell lines was observed; TESC was upregu-
lated in AGS, SNU-216, NCI-N87, and SNU-620 cells but
was downregulated in SNU-638, NUGC-3 and MKN-74
cells. However, comparison to a normal gastric epithelial
cell line could not be performed since we could not obtain
a normal gastric cell line and the ATCC does not carry such
a cell line. No association between methylation and malig-
nant status was discovered. Notably, TESC expression was
negatively regulated via epigenetic regulation such as DNA
methylation and histone modification (33). DNA methylation
is considered one of the most powerful epigenetic modifica-
tions (34) and plays important roles in silencing of tumor
suppressor genes via hypermethylation and activating of
oncogenes via hypomethylation in cancer (45). To identify
specific demethylated genes in the NCBI Dataset, 32 pairs
of human normal gastric and cancer tissues were analyzed
to discover specific methylation signatures using microarray
with the Illumina HumanMethylation27 BeadChip (Human
Methylation27_270596_v.1.2). Furthermore, it was revealed
that TESC expression was negatively regulated by promoter
methylation in gastric cancer cells, not colorectal cancer
cells. Real-time MSP revealed the hypermethylation of the
TESC promoter in gastric cancer cells, except for SNU-620
cells. In addition, its hypermethylation was confirmed only in
HT-29 and KM12C colorectal cancer cells. Consistent with
these results, when cells were treated with 5'-aza-dC, a meth-
yltransferase inhibitor, real-time MSP/RT-PCR and western

blot analyses indicated the critical role that the methylation
level of the promoter cg06750167 site in the TESC gene
plays in its expression. Accumulating evidence has indicated
that promoter methylation was involved in the transcription
regulatory mechanism of cancer-related genes, such as MTOI,
MRPLA41, TCF21 and ZNF331 (46-48). Moreover, additional
evidence has suggested that CpG sites in the TESC promoter
caused different methylation patterns in cold blood from
336 Mexican-American newborns after prenatal phthalate
exposure (49). Additionally, patients with major depressive
disorder were revealed to have hypermethylation of CpG sites
on a TESC gene-regulating genetic variant (rs7294919) (50). In
addition, histone deacetylases (HDACS) play crucial roles in
epigenetic regulation of protein expression (51). HDAC inhibi-
tion also regulates processes such as DNA histone methylation
and gene expression via DNMT]1 regulation (52). This was
supported by the finding that treatment with Class I HDAC
inhibitors upregulated the TESC gene in neurons and had a
neuroprotective effect via an epigenetic mechanism (1).
Several researchers have reported the epigenetic
mechanisms through the regulation of genes by DNA
methylation via transcription factors such as E2F, Sp-1,
Oct-1 and CREB, or via methyl-CpG-binding proteins such
as MBDI1, MBD2, MBD3 and MeCp2 (22,53-57). Notably,
the present results demonstrated that TESC expression was
suppressed by the binding of MBD1, HDAC2, and Oct-1 to
its promoter; conversely, 5'-aza-dC treatment restored TESC
expression by blocking MBD1, HDAC2, and Oct-1 binding on
putative methylation sites. In support of these data, putative
Sp-1 and Sp3 binding on the promoter of the mouse TESC
gene was reported by Perera er al (41). However, Sp-1 binding
was not revealed on the TESC promoter in DMSO- or
5'-aza-dC-induced gastric cancer cells. MBDI1, a transcriptional
regulator, has been shown to repress the transcription of tumor
suppressor genes, such as pl6 and VHL, by binding their CpG
sites (58). It has been reported that the binding of MBDs and
HDACs (HDACI1 and HDAC?2) to promoters plays a crucial
role in the suppression of protein expression (59). In line with
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this, the present study demonstrated that vital regulators,
including MBDI1, HDAC?2 and Oct-1, via CpG methylation
were involved in the regulation of TESC expression and that
5'-aza-dC blocked these repressors by demethylation.

MBD proteins are considered critical regulators of
gene regulation via chromatin modification (60). Moreover,
the MBD proteins have been demonstrated to bind DNAs
containing methylated CpG sites (61). To investigate the
effects of the binding of mono-, di-, and trimethylated
histone H3K4 and trimethylated histone H3K9 on the
regulation of TESC expression, histone methylation status
was examined in siTESC-transfected NCI-N87 cells and in
TESC vector-transfected SNU-638 cells. Histone methyla-
tion analysis revealed that differential TESC expression was
associated with MBDI1 and histone methylation. Suppression
of TESC upregulated MBDI1 expression and conversely
downregulated H3K4me3 and decreased cell viability. In
addition, loss of H3K4me?2/3 caused cell death, whereas high
expression of H3K4me2/3 induced cell survival, resulting in
increased migration and invasion (62-64). In these findings,
loss of TESC mediated the increase in MBDI and decrease in
H3K4me2/3 and then induced cell death. In contrast, overex-
pression of TESC using a TESC expression vector decreased
MBDI levels and enhanced the expression of H3K4me2/3.
Previously, our team of researchers reported that TESC
expression was involved in cell migration, invasion and EMT
in colorectal cancer, but that depletion of TESC induced cell
death (6,7). Based on our findings, we propose a detailed
mechanism for the regulation of TESC expression in which
TESC expression promotes cell survival for invasion and
migration via DNA hypomethylation, decreases MBDI1, and
increases H3K4me?2/3, whereas loss of TESC may induce
cell death via promoter hypermethylation, accumulation of
MBDI, and inhibition of H3K4me?2/3. In a future study, we
may analyze the methylation status of TESC promoter using
tissues of patients with gastric cancer compared to normal
tissues and define the relationships between TESC methyla-
tion and gastric cancer.

In conclusion, TESC expression was regulated by the
methylation status of the promoter in gastric cancer cell lines,
indicating a relationship between TESC expression and its
epigenetic modification, such as promoter methylation and
histone methylation. Furthermore, 5'-aza-dC prevented the
binding of MBDI1, HDAC?2, and Oct-1 to CpG sites in the
TESC promoter. Moreover, knockdown of TESC inhibited
H3K4me?2/3, which is a transcription active code, and decreased
cell survival, whereas overexpression of TESC enhanced
H3K4me?2 for transcriptional activation and increased cell
survival. Collectively, our findings provided novel evidence for
the epigenetic regulation of the CpG site of TESC, suggesting
a mechanistic link between TESC expression and epigenetic
regulation. These findings also indicated novel cancer thera-
peutic strategies based on this identified epigenetic regulatory
mechanism in gastric cancer cells.
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