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The ATPase H'/K" Transporting Beta Subunit (ATP4B) encodes the B subunit of the gastric H, K*-ATPase,
which controls gastric acid secretion and is therefore a target for acid reduction. Downregulation of ATP4B was
recently observed in human gastric cancer (GC) without known mechanisms. In the present study, we demon-
strated that ATP4B expression was decreased in human GC tissues and cell lines associated with DNA hyper-
methylation and histone hypoacetylation of histone H3 lysine 9 at its intragenic region close to the transcriptional
start site. The expression of ATP4B was restored in GC cell lines by treatment with the DNA methyltransferase
inhibitor, 5-aza-2’-deoxycytidine (5-AZA), or histone deacetylase inhibitor, trichostatin A (TSA), with further
enhancement by combined treatment with both drugs. In contrast, 5-AZA had no effect on ATP4B expression
in human hepatocellular carcinoma (HCC) and pancreatic cancer cell lines, in which ATP4B was silenced and
accompanied by intragenic methylation. Chromatin immunoprecipitation (ChIP) showed that, in BGC823 GC
cells, histone H3 lysine 9 acetylation (H3K9ac) was enhanced in the intragenic region of ATP4B upon TSA
treatment, whereas 5-AZA showed a minimal effect. Additionally, ATP4B expression enhanced the inhibitory
effects of chemotherapeutic mediation docetaxel on GC cell growth. Thus, as opposed to HCC and pancreatic
cancer cells, the silencing of ATP4B in GC cells is attributable to the interplay between intragenic DNA meth-
ylation and histone acetylation of ATP4B, the restoration of which is associated with a favorable anticancer
effect of docetaxel. These results have implications for targeting epigenetic alteration at the intragenic region
of ATP4B in GC cells to benefit diagnosis and treatment of GC.
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INTRODUCTION

Gastric cancer (GC) is one of the leading malignan-
cies and remains the second most lethal cancer worldwide,
with increasing incidence in Asia'"?. It is highly desirable
to develop specific molecular biomarkers for precise diag-
nosis and surveillance of GC*. Epigenetic regulation rep-
resented by cell type-specific DNA methylation and of
histone modifications is essential for normal development
and gene expression'®"”. Epigenetic regulation is a pro-
gressive but reversible process, the alteration of which is
involved in a variety of chronic inflammation-associated
cancers, such as GC*'*". Silencing of the tumor suppressor
gene in cancer cells caused by hypermethylation of

promoter regions is a well-defined epigenetic hallmark
and thus has significant implications for early detec-
tion, treatment, and prognostic assessment of GC*'"'"**,
Therefore, considerable effort has been expended to
delineate the cell- and tissue-specific epigenetic altera-
tions during tumorigenesis*'"™’.

The gastric H*, K'-ATPase (ATP4) is a dimeric het-
erodimer (<af3>2), composed of two catalytic o-subunits
and two regulatory B subunits, coded by the ATP4A and
ATP4B genes, respectively®. This enzyme is expressed
in parietal cells of the stomach as a gastric proton pump
that exports H (+) in exchange for luminal K (+) and is
also responsible for the last step in acid secretion. ATP4
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hyperactivity may cause acid peptic disorders and gastric
inflammation and thus is the major therapeutic target in
the treatment of acid-related gastric diseases™.

In addition to high expression levels in the stomach,
ATP4A is a widely expressed pattern in human tissues
and is considered to play a “housekeeping” role, whereas
ATP4B is expressed in a cell- and tissue-specific manner
as a gene involved in gastric function®”'. Recent studies
revealed the downregulation of ATP4B in GC* 7>, We
previously reported that ATP4B might act as a diagnos-
tic biomarker because of abnormal expression changes
in GC. ATP4B was also reported to be overexpressed in
human hepatocellular carcinoma (HCC)*. However, the
mechanism for the aberrant expression of ATP4B during
gastric tumorigenesis remains elusive.

We therefore hypothesized that ATP4B is epigeneti-
cally silenced in human GC in a tissue-specific manner.
In this study, we reported that epigenetic modifiers 5-aza-
2’-deoxycytidine (5-AZA) and trichostatin A (TSA)
restored ATP4B expression in GC cells but not in HCC
and pancreatic cancer cells. Treatment of GC cells with
docetaxel (DOC) showed an inhibitory effect on GC cell
proliferation, which was synergistically enhanced when
ATP4B was ectopically expressed in GC cells. Therefore,
ATP4B is epigenetically silenced in GC, which may con-
stitute a valuable target for diagnosis and chemothera-
peutic intervention of GC.

MATERIALS AND METHODS

Cell Culture and Treatment

Human GC cell lines (BGC823, MGC803, SGC7901,
NCI-N87, and AGS), immortalized human gastric muco-
sal epithelial cell line GES-1, human HCC cell lines
(HepG2, M3, SMMC-7721, BEL-7402, and Huh7),
immortalized human embryo liver cell line L02, and
human pancreatic cancer cell lines (PANC 5.04, PANC
3.11, SW1990, MIAPACA-2, and PANC-1) were grown
in 90% DMEM (Gibco, Life Technologies, Grand
Island, NY, USA) with 10% fetal bovine serum (FBS;
Gibco, Life Technologies). GC cells were split to low
density (30% confluence) for overnight culture and then
treated with 5 uM of DNA methyltransferase inhibi-
tor, 5-AZA (Sigma-Aldrich, St. Louis, MO, USA) and/
or 5 uM of histone deacetylase inhibitor, TSA (Sigma-
Aldrich). Cells were exposed to 5-AZA for 96 h with the
growth medium being changed every 24 h or to TSA for
24 h. For combined treatment, the cells were initially
exposed to 5-AZA for 72 h and then TSA for 24 h. For
cell viability assays, GC cells were exposed to 5-AZA
for 3 days with the growth medium being changed
every day and/or to TSA at day 1. GC cells were also
treated with DOC (Taxotere, 20 mg; Aventis Pharma,
Dagenham, UK) daily for 3 days at a concentration of
20 nM after transfection of ATP4B™.
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DNA Construction and Transfection

The cDNA coding ATP4B was cloned into piRESneo
vector (Clontech Laboratories, Inc., Mountain View,
CA, USA) to construct recombinant plasmid piRESneo-
ATP4B (ATP4B). In vitro transfection was performed
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instruction®. Trans-
fection efficiency was evaluated by Western blotting of
ectopic ATP4B expression.

Patients and Specimens

Endoscopic biopsy specimens of primary GC were
obtained from patients and stored at the Tissue Bank
of Peking University Cancer Hospital according to the
standard procedures of the ethics committee of Beijing
Jiaotong University as previously described”.

RNA Isolation, Reverse Transcription (RT),
and Polymerase Chain Reaction (PCR)

Cells were harvested for RNA isolation using TRIzol
reagent (Invitrogen, Grand Island, NY, USA), and first-
strand ¢cDNA was synthesized with the SuperScript
First-Strand Synthesis System (Invitrogen). PCR was
performed using primers listed in Table 1. The mRNA
expression levels of ATP4B and internal control glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) were
analyzed using 2x Taq PCR Mix (GenStar Biosolutions,
Beijing, P.R. China) on Coyote Theater 4 x4 PCR machine
(Coyote, Beijing, P.R. China). Conventional PCR prod-
ucts were visualized on a 1.5% agarose gel. Real-time
quantitative PCR (qPCR) was performed using 2x SYBR
Green-based qPCR reagent on ABI 7500 gPCR machine
(Applied Biosystems, Foster City, CA, USA). The rela-
tive expression level of each gene was normalized to the
amount of the same cDNA using the 27**“ method and
was further compared to its own control.

DNA Extraction, Bisulfite Modification,
Methylation-Specific PCR (MSP-PCR),
and Bisulfite Sequencing (BS)

Total DNA was extracted from cell lines and tissues
using the genomic DNA rapid extraction kit (Aurora
Biomed, Inc., Vancouver, BC, Canada). Bisulfite modi-
fication of DNA was performed using Zymo DNA
Methylation Kit (Zymo Research, Irvine, CA, USA).
MSP-PCR was performed using primer pairs that spe-
cifically amplify either methylated or unmethylated
sequences of the ATP4B gene” (Table 1). The in vitro
methylation DNA (IVD) serving as the positive control
was the A&D Human Methylated DNA Standard (A&D
Technology, Beijing, P.R. China), and the negative con-
trol was the genomic DNA from normal human periph-
eral lymphocytes as previously described™. MSP products
were analyzed using a 2% agarose gel electrophoresis.
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Table 1. Primer Sequences and PCR Conditions
Target Gene Primer Oligo Use
Accession No. (Size) 1D Sequence (5" to 3) For
NM_000705 ATP4B (183 bp) F AGGAGTTCCAGCGTTACTGC RT-PCR
R GGTCTTGGTAGTCCGGTGTG
NM_000704 ATP4A (142 bp) F GCAATCGCTCTCATTGCTGTGGTT RT-PCR
R TCTGGAATTTGTCTCCATCGCGGA
NM_005953 MT2A (318 bp) F AACCTGTCCCGACTCTAGC RT-PCR
R GGAATATAGCAAACGGTCACG
NM_002046 GAPDH (472 bp) F ACCACAGTCCATGCCATCAC RT-PCR
R TCCACCACCCTGTTGCTGTA
NM_000705 ATP4B (280 bp) F GGATCGTCAAGTTCCTCCCC RT-gPCR
R GGGTCGTGGGGATTGTTGAA
NM_002046 GAPDH (189 bp) F GAGGCGGAGGAGAACAAACA RT-gPCR
R CCATGGAGAAGGCTGGG
NC_000013 REGION: ATP4B (70 bp) MF GAGTTTTAGCGTTATTGTTGGAATTCGGATAC MSP
complement MR GTACCCCACCGAAACAAAATACG
(113648804..113658198) UF GGAGTTTTAGTGTTATTGTTGGAATTTGGATATG  MSP
UR CACACATACCCCACCAAAACAAAATACA
ATP4B (240bp) F GGAGGATTTTAGGTTAGGGA BQ
R CACTATCAAAAACCCTCTACTC
ATP4B (125bp) F GCAACGGTGATTCCTTGGTC ChIP-qPCR
R TTTACTCCCCACCTCC GCAT

F, forward; R, reverse; M, methylated; U, unmethylated.

Bisulfite-treated DNA was amplified using BS primers as
described in Table 1. PCR products were gel purified and
cloned into pGEM-T vectors (Promega, Madison, WI,
USA). Colonies were randomly selected for plasmid iso-
lation using EasyPure Plasmid MiniPrep Kit (TransGen
Biotech, Beijing, P.R. China) and subjected to sequencing
with the SP6 reverse primer via automated sequencing
(Beijing AUGCT Biotechnology Co. Ltd., Beijing, PR.
China) as previously described™.

Western Blotting

Total protein was prepared using RIPA lysis buffer
(Beyotime Biotech, Jiangsu, P.R. China). Protein was
measured using a BCA Protein Assay Kit (CWBIO,
Beijing, P.R. China). Proteins were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto PVDF membranes
using a Bio-Rad Mini PROTEAN 3 system (Hercules,
CA, USA). The membranes were blocked with PBS
containing 5% milk and 0.1% Tween 20 at room tem-
perature for 1 h. The membranes were then immuno-
blotted with the desired primary antibodies and incubated
with the responding horseradish peroxidase-conjugated
anti-mouse or anti-rabbit secondary antibodies. The pri-
mary antibodies were as follows: anti-ATP4B (mouse
monoclonal; 1:1,000; ab2866), anti-H3K9ac (rabbit
polyclonal; 1:1,000; ab4441), and H4KS5ac (rabbit poly-
clonal; 1:1,000; ab114146) were purchased from Abcam
(Cambridge, UK), and anti-HDAC1 (rabbit monoclonal,

1:800; AH379) and HDAC?2 (rabbit monoclonal; 1:800;
AH382) were purchased from Beyotime, Ltd. B-Actin
(mouse monoclonal; 1:10,000; A4551) was from Sigma-
Aldrich. Horseradish peroxidase-conjugated anti-mouse
(1:2,500 dilution) or anti-rabbit (1:2,500 dilution) sec-
ondary antibodies were purchased from Bioworld Tech-
nology, Inc. (St. Louis, MO, USA). Immunoreactive
bands were visualized using the Amersham ECL Western
Blotting Detection Kit according to the manufacturer’s
instructions. B-Actin served as a loading control.

Chromatin Immunoprecipitation-gPCR (ChIP-gPCR)

ChIP assay was performed by following the EpiTect
ChIP One Day Kit protocol (QIAGEN, Valencia, CA,
USA)®. BGC823 cells with different treatments were
fixed with 1% formaldehyde. Chromatin was prepared by
sonication of cell lysate and preclearing with protein A
beads. Aliquots of precleared chromatin solution (named
as “IP fractions”) were incubated with 2 ug of specific
rabbit anti-H3K9ac or preimmune rabbit IgG on a rotation
platform at 4°C overnight. IP fraction (1%) served as
the “input control” for each ChIP assay. Protein A beads
were added to precipitate the antibody-enriched protein—
DNA complexes from the IP fractions. After washing, the
immune complexes were subjected to reversal cross-link
to release DNA fragments. Immunoprecipitated DNA
fractions were purified using a QIAquick Purification Kit
(QIAGEN) and analyzed by gPCR using 0.05% immuno-
precipitated DNA as a template®.
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Figure 1. ATP4B expression in GC cell lines and paired GC tumor and matched tumor-adjacent tissue samples. (A) Semiquantitative
RT-PCR analysis of the mRNA level of ATP4B expression in human GC cell lines and an immortalized gastric cell line GES-1.
(B) RT-qPCR was used to quantify the amount of ATP4AB mRNA in the GC cell lines and GES-1 cells. Relative expression of ATP4B
was related to GAPDH mRNA using the 27*“ method and is presented as the mean +standard deviation (SD). (C, D) Western blotting
analysis of the protein level of ATP4B expression in GC cell lines and GES-1 cells (C) or the paired GC tumor and matched tumor-
adjacent tissue samples (D).

Cell Viability t-test. Results were judged to be statistically significant
BGC823, MGC803, and SGC7901 cells were seeded ~ atp<0.05.
in 96-well plates at a density of 2.5x10° cells/well in RESULTS

culture medium for 1 day and treated with 5-AZA, TSA,
and DOC or in combination for 3 days as described
above. Cell proliferation was measured every day after
the indicated treatment using the 3-(4,5-dimethylthiazol- We first determined the expression of ATP4B in the
2-yD)-2,5-diphenyltetrazolium bromide (MTT) assay kit human gastric cell lines BGC823, MGC803, AGS,
(Sigma-Aldrich). The absorbance at 570 nm was detected SGC7901, and NCI-N87, as well as in the immortalized
using a microplate reader (680 ELISA; Bio-Rad)®. All gastric cell line GES-1. Semiquantitative RT-PCR showed

Decreased Expression of ATP4B in Human GC Cell
Lines and Tissues

experiments were performed in triplicate. that ATP4AB expression was absent in the BGCS823,

MGC803, and AGS cell lines, weakly expressed in the

Statistical Analysis SGC7901 cell line, but highly expressed in the NCI-

The data are expressed as means*standard deviation N87 cell line relative to GES-1 cells (Fig. 1A), which

(SD) of at least three independent experiments. The DNA was confirmed by RT-qPCR (Fig. 1B). Western blotting

methylation in human GC was analyzed by the Student’s showed that the expression of ATP4B was completely
FACING PAGE

Figure 2. The DNA methylation of ATP4B in human GC. (A) Schematic of ATP4B genomic structure indicating regions amplified
in the methylation-specific PCR (MSP) and bisulfite sequencing (BS) as well as ChIP-PCR analysis. Each vertical bar represents one
CpG site. The numbers indicate the position relative to the TSS. TSS, transcription start site; GC, gastric cancer; ChIP, chromatin
immunoprecipitation. (B—-D) MSP analysis of ATP4B methylation in GC cell lines and GES-1 cells (B), normal gastric tissue samples
(n=14) (C), and human primary GC (n=23) (D). (E) Association of ATP4B methylation with GC. *¥p<0.01, ATP4B methylation in
GC versus ATP4B methylation in normal gastric tissue. (F) BS confirmation of ATP4B gene methylation. Representative results of BS
in BGC823 cells, GES-1 cells, normal gastric tissue samples (N1), and human primary GC (T12). U, unmethylated; M, methylated;
IVD, in vitro methylated DNA served as MSP-positive control; NL, normal blood lymphocyte DNA as negative control. Filled circles
represent methylated CpG dinucleotides, and open circles indicate unmethylated sites.
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absent in BGC823 and MGC803 cells, but weakly detect-
able in AGS, SGC7901, and NCI-N87 cells (Fig. 1C). In
specimens from GC patients, ATP4B was downregulated
in tumor tissues compared with adjacent nontumorous
tissues (Fig. 1D), confirming decreased expression of
ATP4B in GC.

Epigenetic Alterations in ATP4B in Human GC Cell
Lines and Tissues

We next analyzed the methylation status of ATP4B in
GC cell lines. The primers for MSP and BS were designed
using the MethPrimer Program to cover the intragenic
region close to the transcriptional start site (TSS) of the
ATPA4B (referred to as the intragenic region), where there
is a CpG island (Fig. 2A). As shown in Figure 2B, the
intragenic region of ATP4B was completely methylated in
the AGS, MGC803, and SGC7901 cell lines and partially
methylated in the BGC823 and NCI-N87 cell lines com-
pared with GES-1 cells, which contained weak methyl-
ation in this region. BS” showed a dense methylation
pattern in BGC823 cells but partial methylation in GES-1
cells, confirming the MSP findings (Fig. 2F).

We further investigated histone acetylation status in
BGC823 cells, in which ATP4B was silenced and accom-
panied by partial methylation in its intragenic region.
Western blotting showed a relatively low level of global
histone acetylation at H3 lysine 9 (H3K9ac) and H4 lysine 5
(H4K5ac) in BGC823 cells (Fig. 3C). ChIP-qPCR was
further used to examine the specific association of histone
acetylation with the ATP4B intragenic region (Fig. 2A).
As shown in Figure 3D, there was no enrichment of
H3K09ac in the intragenic region in BGC823 cells. There-
fore, ATPAB was hypermethylated in the intragenic region
accompanied by histone hypoacetylation.

To ascertain the intragenic epigenetic alteration of
ATP4B in GC, MSP was used to examine ATP4B methyl-
ation in 23 human GC tumor tissues and 14 normal gas-
tric tissue samples. The intragenic region of ATP4B
was moderately or heavily methylated in 73.91% (17 of
23) of GC tissues, but was unmethylated in 78.57% (11
of 14) of normal gastric tissues (p<0.01) (Fig. 2C-E).
Representative samples from tumor or normal tissues
subjected to BS analysis showed heavily methylated or
unmethylated status, respectively (Fig. 2F). These data
support the epigenetic alterations in the intragenic region
of ATP4B in GC.

Restoration of Silenced ATP4B in Human GC Cell
Lines Through Epigenetic Regulations

To explore whether the decreased expression of ATP4B
was attributable to epigenetic alteration, GC cells were
treated with 5-AZA, or TSA, or in combination. As shown
in Figure 3A, ATP4B expression was markedly increased
in AGS, BGC823, MGC803, and SGC7901 cells, but
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less upregulated in NCI-N87 and GES-1 cells following
5-AZA or TSA treatment alone. Combined treatment with
5-AZA and TSA resulted in a synergistic effect on ATP4B
expression in these cell lines, except NCI-N87. Similar
results were observed in GC cells for the expression of
ATP4A, which was previously identified to be epigeneti-
cally silenced in GC cells” (Fig. 3B). Western blotting
confirmed the upregulation of ATP4B in BGC823 cells
treated with 5-AZA or TSA (Fig. 3C). Moreover, TSA
treatment resulted in a marked upregulation of H3K9ac
and H4KS5ac, but a reduction in histone deacetylase 1 and
2 (HDAC1/2). 5-AZA treatment showed less effect on
HDACI expression but was capable to mediate histone
acetylation (Fig. 3C). Thus, epigenetic modifiers, 5-AZA
and TSA, coordinately regulate the expression of ATP4B
in GC cells.

The histone acetylation in the intragenic region was
further analyzed in BGC823 cells, which showed that
H3K9ac was significantly enriched upon TSA treatment.
Additionally, treatment of BGC823 cells with 5-AZA
caused a slight enrichment of H3K9ac in the intragenic
region (Fig. 3D). These results suggest that histone acety-
lation provides the open chromatin status to be accessible
to support active transcription of ATP4B in GC cells. Our
results thus showed that ATP4B silencing in GC is attrib-
utable to DNA methylation and histone deacetylation in
the intragenic region.

Specific Epigenetic Regulation of ATP4B in Human
GC Cell Lines

To elucidate whether the epigenetic silencing of
ATPA4B gene in GC cells is cell and tissue type specific,
we extended the study to other human cancer cell lines.
RT-PCR showed that ATP4B was completely silenced in
all human HCC (Fig. 4A) and pancreatic cancer cell lines
(Fig. 4B). MSP analysis showed that the ATP4B gene was
partially methylated in all HCC cell lines, including can-
cer cell lines, as well as an immortalized liver embryonic
cell line LO2 (Fig. 4C). The ATP4B gene was also com-
pletely or partially methylated in all pancreatic cancer
cell lines (Fig. 4D). However, 5-AZA treatment failed to
restore ATP4B expression in both HCC and pancreatic
cancer cells (Fig. 4A and B). These data demonstrate that
the silencing of ATP4B in HCC and pancreatic cancer
cells is not due to epigenetic regulation, such as DNA
methylation. These data indicate that epigenetic silencing
of ATP4B in GC cells is cell/tissue type specific.

We recently demonstrated that a chemoprevention
drug, diallyl trisulfide (DATS), acted as an HDAC inhibi-
tor with the capability of inducing MT2A expression in
BGCS823 cells through histone acetylation®™. We thus
compared the effect of 5-AZA with DATS in BGC823
cells. As shown in Figure 4E, DATS treatment induced
MT2A expression, but not ATP4B. In contrast, the
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Figure 4. The silencing of ATP4B in human hepatocellular carcinoma (HCC) and pancreatic cancer cell lines not due to epigenetic
regulation. (A, B) Semiquantitative RT-PCR of the mRNA level of ATP4B expression in human HCC cell lines and immortalized liver
embryonic cell line LO2 (A) or in human pancreatic cancer cell lines (B). HCC, hepatocellular carcinoma. (C, D) MSP analysis of
ATP4B methylation in HCC cell lines (C) or pancreatic cell lines (D). (E) RT-PCR of the expression of ATP4B and MT2A in human
BGC823 cell line treated with DATS (40 uM, 12 h) as described. MT2A was used as a positive control for DATS treatment. MT2A,

metallothionein 2A.

expression of both MT2A and ATP4B was restored in
BGC823 cells by 5-AZA or TSA™ (Fig. 3A). ChIP analy-
sis revealed that DATS treatment was not able to enrich
H3K9ac in the ATP4B intragenic region in GC cells
(Fig. 3D), supporting the RT-PCR results (Fig. 4E). The
results showed that the ATP4B gene is transcriptionally
responsive to epigenetic drugs rather than the chemical
reagent DATS.

Restoration of ATP4B Enhanced the Inhibitory Effect
of Docetaxel on GC Cells

The specific epigenetic restoration of ATP4B by the
epigenetic drugs in GC cells prompted us to explore the
potential therapeutic relevance of ATP4B. Treatment of
BGC823, MGC803, and SGC7901 cells with 5-AZA or
TSA alone significantly reduced GC cell viability, and the
combination treatment with two agents resulted in a syn-
ergistic inhibition of GC cell proliferation (Fig. SA-C).

To determine whether the antitumor activity of epigenetic
drugs on GC cells is attributable to their capacity to restore
ATPA4B, a vector with ectopic expression of ATP4B was
transfected into GC cells (Fig. 6A). MTT assays showed
that restoration of ATP4B inhibited the growth of GC
cells (Fig. 6B). We then used a chemotherapeutic drug,
DOC, to test its anti-GC effects in conjunction with
ATP4B restoration. MTT assays showed that the anti-GC
effects of DOC were synergistically enhanced in GC cells
transfected with ectopic ATP4B (Fig. 6B). These results
indicate that ATP4B is a tumor suppressor that enhances
the sensitivity of GC cells to the chemotherapeutic treat-
ment by DOC.

DISCUSSION

Human ATP4B is mainly expressed in the parietal cells
of the stomach and represents a gastric function gene,
which was downregulated in human GC tissues® 2% and
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associated with poor survival of patients with gastric non-
cardia adenocarcinoma cancer’. In agreement with this,
we showed that the expression of ATP4B is significantly
decreased in human GC tumor tissues and cell lines.
We further found that ATP4B was silenced in HCC and
pancreatic cancer cell lines, consistent with recent stud-
ies'. However, in HCC, overexpression of ATP4B was
reported as more frequent in HCC tissues at the stages of
severe fibrosis and cirrhosis than in non-HCC tissues™.
Cell and tissue type-specific gene expression is reg-
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‘2 v ulated epigenetically in the patterns of genomic DNA
g 8 = é methylation and histone modifications'"'"*****, The disrup-
Sb6l & tion is associated with cancer development, as shown by
XN N prevalent tissue-specific CpG island methylation in gene
J S S S A S bodies, regulated by intragenic DNA methylation™. Cell
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type-specific methylation is most frequently present in
intragenic CpG islands. Intragenic DNA methylation sur-
rounding TSS is thought to be tightly associated with tran-
scriptional silencing regulated during cell differentiation
and cancer in a cell and tissue type-specific manner'>*"**,
In support of this, we provided evidence that intragenic
epigenetic alteration in ATP4B is critical for its silencing
in GC tissues and cell lines as shown by the significant
restoration of ATP4B expression in GC cells by 5-AZA or
TSA, alone or in combination. Moreover, we confirmed
that the suppressive effect of TSA on HDAC activity
resulted in hyperacetylation in the ATP4B intragenic

(Aesse LIW) AynqeiAned

il

=N

P region to provide accessible chromatin in response to
— Ly i 5-AZA treatment. In contrast, in both HCC and pancre-
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© oo accompanied by DNA methylation, its transcription may
LN N be regulated through nonepigenetic mechanisms, since
2 'J: é g i ° 5-AZA failed to alter ATP4B expression. A recent study

showed that both ATP4B and ATP4A were repressed in
gastric tumor tissues and associated with intragenic DNA
methylation. However, the data shown are technically
questionable since a pair of the same primers of ATP4A
was used in RT-PCR for both ATP4A and ATP4B*.
Garlic-derived component DATS was capable of
inducing transcriptional expression of another tumor
suppressor gene MT2A in GC through an epigenetic
mechanism®. MT2A belongs to the metallothionein fam-
ily, functioning as a heavy metal-binding protein for metal
storage and transport*. The expression of MT2A is thought
to be through a tissue-specific manner, and thus is con-
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3). ¥*p<0.05, **p <0.005, significant differences from the control.

GC®. These data suggest that ATP4B in GC may be reg-
ulated by the interplay between intragenic DNA methyl-
ation and histone modifications.
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Figure 5. The effects of epigenetic drugs on GC cell proliferation. MTT assays monitoring the cell variability of GC cells treated with 5 uM 5-AZA daily for 3 days, or with 5 uM
TSA for 1 day, or with 5-AZA daily for 3 days and TSA at day 1. (A) BGC 823. (B) MGC803. (C) SGC7901. 5-AZA, 5-aza-2’-deoxycytidine; TSA, trichostatin A. Results shown
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ATP4B is a critical component of gastric H", K*-ATPase
and is essential for homeostasis of gastric tissue®. ATP4B
was reported in a mouse model to be required for nor-
mal development and function of mouse parietal cells®.
Gastric H*, K*-ATPase is the major target for treatment of
peptic and duodenal ulcers and gastroesophageal reflux
disease by acid-suppressive drugs such as proton pump
inhibitors (PPIs), as well as treatment of parietal cell
autoantibodies associated with autoimmune gastritis*.
However, recently, the increased risk of GC associated
with acid-suppressive drugs has been reported”™. A
meta-analysis of 11 studies by pooling 94,558 partici-
pants (5,980 GC patients and 88,578 controls) showed
that acid-suppressive drug use was associated with an
increased risk of GC*. Nevertheless, there has been
no study so far to show whether functional disruption
of ATP4B is associated with the development of GC.
Therefore, it is important to clarify whether the incidence
of GC is increased due to acid suppression using PPIs to
block the gastric HY, K*-ATPase.

The antitumor effects of epigenetic drugs have been
observed in cultured and primary cancer cells by altering
epigenetic pathways and affecting sensitivity of cancer
cells to chemotherapeutic drugs®'. We showed that the
inhibitory effects of 5-AZA and TSA on GC cells might
be attributable to their capacity to induce ATP4B expres-
sion, since restoration of ATP4B by ectopic expression
displayed a similarly tumor-suppressive role in GC cells.
Importantly, ectopic expression of ATP4B enhanced the
inhibitory effect of DOC on GC cell growth. Docetaxel
is one of the widely used chemotherapeutic medications
approved by the FDA for the treatment of many cancers,
including GC™. Our results therefore suggest that resto-
ration of ATP4B may enhance the sensitivity of GC cells
to chemotherapeutic treatments, which provides new
insights into gastric carcinogenesis and a biomarker for
diagnosis, as well as a target for treatment of GC.

In conclusion, we reported in this study that ATP4B
is epigenetically silenced in GC, attributable to the
intragenic DNA methylation and histone deacetylation in
a tissue-specific manner. Our findings of epigenetic alter-
ation of ATP4B in the intragenic region may therefore
represent a promising target for future efforts to develop
diagnostic biomarkers as well as chemotherapeutic inter-
vention for GC.
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