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Melanoma associated antigen (MAGE)-A3 promotes cell
proliferation and chemotherapeutic drug resistance in gastric
cancer
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Abstract
Background Melanoma-associated antigen (MAGE)-A3 is a
member of the family of cancer-testis antigens and has been
found to be epigenetically regulated and aberrantly expressed in
various cancer types. It has also been found that MAGE-A3
expression may correlate with an aggressive clinical course and
with chemo-resistance. The objectives of this study were to
assess the relationship between MAGE-A3 promoter methyla-
tion and expression and (1) gastric cancer patient survival and
(2) its functional consequences in gastric cancer-derived cells.
Methods Samples from two independent gastric cancer co-
horts (includingmatched non-malignant gastric samples) were
included in this study. MAGE-A3 methylation and mRNA
expression levels were determined by methylation-specific
PCR (MSP) and quantitative real-time PCR (qPCR),

respectively. MAGE-A3 expression was knocked down in
MKN1 gastric cancer-derived cells using miRNAs. In addi-
tion, in vitro cell proliferation, colony formation, apoptosis,
cell cycle, drug treatment, immunohistochemistry and West-
ern blot assays were performed.
Results Clinical analysis of 223 primary patient-derived sam-
ples (ntumor = 161, nnormal = 62) showed a significant inverse
correlation betweenMAGE-A3 promoter methylation and ex-
pression in the cancer samples (R=−0.63, p=5.99e–19). A
lower MAGE-A3 methylation level was found to be associat-
ed with a worse patient survival (HR: 1.5, 95%CI: 1.02–2.37,
p=0.04). In addition, we found that miRNA-mediated knock-
down of MAGE-A3 expression in MKN1 cells caused a re-
duction in its proliferation and colony forming capacities, re-
spectively. Under stress conditions MAGE-A3 was found to
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regulate the expression of Bax and p21. MAGE-A3 knock
down also led to an increase in Puma and Noxa expression,
thus contributing to an enhanced docetaxel sensitivity in the
gastric cancer-derived cells.
Conclusions From our results we conclude that MAGE-A3
expression is regulated epigenetically by promoter methyla-
tion, and that its expression contributes to gastric cell prolif-
eration and drug sensitivity. This study underscores the poten-
tial implications of MAGE-A3 as a therapeutic target and
prognostic marker in gastric cancer patients.

Keywords MAGE-A3 .Methylation . Proliferation .

Apoptosis . Docetaxel . Gastric cancer

1 Introduction

MAGE-A3 (melanoma-associated antigen-A3) is a member
of the MAGE-A family of cancer-testis (CT) antigens. The
MAGE-A3 gene is located on chromosome Xq28. MAGE
proteins are commonly expressed in germline cells but si-
lenced in somatic cells [1]. MAGE-A3 expression is regulated
by epigenetic mechanisms such as DNA promoter methyla-
tion and histone acetylation [2–4]. Aberrant expression of
MAGE-A3 has been reported in a wide range of tumor types
[5–8]. The differential expression of MAGE-A3 in cancer and
normal tissues makes it an attractive target for anti-tumor vac-
cines [9, 10].

Although CT antigens have been shown to confer cell sur-
vival and transformation to an invasive phenotype [11], the
biological functions of MAGE-A3 are still unclear. In vitro
and in vivo studies, together with clinical data, indicate that
MAGE-A3 plays an important role in tumor progression and
metastasis in various types of cancers [12–15]. MAGE-A pro-
teins have been shown to interact with the tumor suppressor
p53 in sarcoma and non–small cell lung cancer-derived cell
lines, thereby inhibiting p53 transactivation activity and con-
ferring resistance to etoposide-induced apoptosis [16]. In ad-
dition, MAGE-A3 has been found to interact with several
apoptotic proteins such as p21, Bax and survivin through
p53-dependent and/or independent pathways, resulting in in-
creased cell survival and tumor progression [14, 17–19].

Gastric cancer remains one of the leading causes of cancer-
related death worldwide. Due to its asymptomatic character-
istics, patients are often diagnosed at late stages of the disease
[20–24]. This usually translates into a poor prognosis and,
thus, warrants a further delineation of its underlying biological
mechanisms. Recently, MAGE-A expression was reported as
a molecular marker of gastric cancer [25]. Honda et al. inves-
tigated MAGE-A3 gene expression and promoter methylation
in gastric cancer-derived cell lines and promoter methylation
in primary gastric tumor specimens. Hypomethylation of the
MAGE-A3 promoter was observed in 56 out of 84 (66 %) of

the gastric cancers studied and a correlation was observed
between hypomethylation and a higher incidence of lymph
node metastasis. The authors suggested that MAGE-A3 may
play a major role in tumor spread. However, no significant
association with a worse survival was observed in cases with
a hypomethylatedMAGE-A3 promoter [2]. To date, the func-
tional role of MAGE-A3 in gastric cancer development is still
unclear and the prognostic significance of MAGE-A3 expres-
sion has not been studied yet.

In order to investigate the functional role of MAGE-A3 in
gastric cancer development and progression, we assessed the
effects MAGE-A3 expression knock down on gastric cancer
cell proliferation, survival and chemoresistance. In addition,
we examinedMAGE-A3 gene expression and promoter meth-
ylation levels in 9 gastric cancer-derived cell lines, 161 prima-
ry gastric cancer samples and 62 normal gastric tissue sam-
ples. Putative associations betweenMAGE-A3 expression and
methylation status with gastric cancer patient survival were
assessed.

2 Materials and methods

2.1 Gastric cancer cohorts and genomic profiling

Two independent patient cohorts that have been reported pre-
viously were used for this study [26, 27]. Cohort 1 included
203 gastric tumors and 94 matched non-malignant gastric
samples (Bnormals^) profiled for genomic methylation using
an Infinium human methylation 27 K BeadChips platform
(Illumina, San Diego, CA) [27]. The methylation microarray
data have been deposited into the Gene Expression Omnibus
(GEO) under accession number GSE30601 (Ntumor = 203,
Nnormal = 94). Cohort 2 included 200 gastric tumors and 147
matched non-malignant gastric samples (Bnormals^) profiled
for gene expression using an Affymetrix human genome
U133 Plus 2.0 GeneChips platform (Affymetrix, Santa Clara,
CA) [26]. The gene expression microarray data are available
at GEO under accession number GSE15460 (Ntumor = 200,
Nnormal = 147). In total 161 gastric tumors and 62 matched
Bnormals^ (i.e., 223 samples) were profiled on both platforms.
All primary gastric tissues were obtained from the National
University Hospital or National Cancer Centre Singapore tis-
sue repositories with approvals from the respective institution-
al Research Ethics Review Committees, including signed pa-
tient informed consent. The tumor samples were histologically
confirmed to contain cancer cells, with an average tumor cel-
lularity of 40 %. Non-malignant samples (i.e., Bnormals^)
refer to stomach tissues harvested from sites distant from the
tumor and showing no visible evidence of tumor or intestinal
metaplasia/dysplasia upon surgical assessment. The histopath-
ological data and patient characteristics of both cohorts have
been reported before [26, 27].
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2.2 Cell lines and reagents

Gastric cancer-derived cell lines AGS and KATO III were
purchased from the ATCC, USA, SNU620 and SNU638 from
the Korean Cell Line Bank, Korea, OCUM1, NUGC3 and
NUGC4 from the Health Science Research Resources Bank,
Japan, and AZ521 and MKN1 from the DUKE NUS, Singa-
pore. All 9 gastric cell lines were cultured at 37 °C in a hu-
midified atmosphere containing 5 % CO2 and maintained in
RPMI-1640 medium (Gibco; Grand Island, NY) containing
10 % heat inactivated fetal bovine serum (FBS, Gibco; Grand
Island, NY) and 1 % penicillin/streptomycin (Gibco; Grand
Island, NY).

2.3 Reverse transcription-PCR (RT-PCR)

Total RNA was isolated from cell lines using a RNeasy Plus
Mini Kit (Qiagen, USA). Next, 5 μg of isolated RNA was
reverse-transcribed and amplified using a GeneAmp® RNA
PCR Core Kit (Applied Biosystems, USA). The reverse-
transcribed product (cDNA) was amplified with primer se-
quences as listed in Supplementary Table S1. For MAGE-
A3 the PCR conditions were as follows: preheat at 94 °C for
5 min, then 35 cycles of denaturation at 94 °C for 30 s, an-
nealing at 64 °C for 30 s and extension at 72 °C for 60 s,
followed by a final 5 min extension at 72 °C. For GAPDH
the PCR conditions were as follows: preheat at 95 °C for
10 min, then 25 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 30 s and extension at 72 °C for 30 s,
followed by a final 10 min extension at 72 °C. The RT-PCR
products were separated on 2 % agarose gels and its bands
were visualized and documented using a Gel Doc EZ system
(Bio-Rad, USA).

2.4 Quantitative PCR (qPCR) analysis

Total RNAwas extracted from cultured cells and reverse tran-
scribed as outlined in Section 2.3. The cDNA obtained was
analysed quantitatively using a Power SYBR Green PCR
Master Mix (Applied Biosystems) on an ABI7300 Real-time
PCR system. The primers used are listed in Supplementary
Table 1. The cycling conditions were: 95 °C for 15min, 40 cy-
cles of 15 s at 94 °C, 30 s at 55 °C and 30 s at 72 °C. Ct values
were generated using default analysis settings. Relative quan-
tification (RQ) was calculated using the 2 –ΔΔCT method.

2.5 Bisulphite conversion and methylation-specific
polymerase chain reaction (MSP)

DNAwas extracted from gastric carcinoma-derived cell lines
using a PuregeneTM DNA Isolation Kit (Gentra Systems,
USA). Next, 500 ng of gastric carcinoma cell line DNA, pos-
itive control DNA (CpGenome Universal Methylated DNA,

Chemicon, USA) and negative control human sperm DNA
(HsD) were subjected to bisulphite conversion using an EZ
DNA Methylation-Gold™ Kit (Zymo Research Corporation,
USA) as per manufacturer’s protocol. The primers used for the
MSP reactions are listed in Supplementary Table S2. The PCR
reactions were performed as follows: preheating at 94 °C for
5 min, then 40 cycles of denaturation at 94 °C for 30 s, an-
nealing at 56 °C/56 °C for 60 s for methylated/unmethylated
MAGE-A3, and extension at 72 °C for 60 s, followed by a
final 7 min extension at 72 °C. The PCR products were sep-
arated on 2 % agarose gels.

2.6 Immunohistochemistry (IHC)

Cells were cytospun onto glass slides and fixed with 4 %
formaldehyde for 10 min. Next, the slides where incubated
with H2O2 (Sigma-Aldrich) for 10 min, blocked with 1 %
BSA (Sigma-Aldrich) for 1 h and treated with 0.2 % triton
X100 (Thermo Scientific) for 10 min. Subsequently, the slides
were incubated with 6 μg anti-MAGE-A3 primary rabbit
monoclonal antibody (Novus Biolab) at 4 °C overnight, after
which the slides were incubated with an anti-rabbit antibody
for 1 h and stained with 1:50 chromogen substrate (Dako) for
3 min. Counterstaining was performed with hematoxylin
(Dako) for 1 min followed by ammonium hydroxide
(Sigma-Aldrich) for 3 min. Finally, the slides were immersed
serially in 70% EtOH, 95% EtOH and 100% EtOH for 5 min
and then immersed in histoclear (National Diagnosics) before
microscopic analysis.

2.7 Drug treatment

Docetaxel (Aventis Pharma., France) was stored at 4 °C, and
Trichostatin A (TSA) and 5-Aza-2’-deoxycytidine (5’aza)
(Sigma-Aldrich; USA) were stored at −20 °C. . To assess the
role of DNA promoter methylation onMAGE-A3 expression,
AZ521, AGS, MKN1 and KATOIII cell lines were cultured at
a density of 1×10 6 cells in 100 mm dishes. Next, the cells
were treated with 5’aza (10 μM) for 72 h and replenished
every 24 h with fresh medium, or with TSA (500 nM) for
24 h. In the combination treatment, cells were treated with
5’aza (10 μM) for 72 h and fresh medium was replenished
every 24 h, followed by TSA (500 nM) for 24 h. Subsequent-
ly, MAGE-A3 expression was examined by RT-PCR. To de-
termine the apoptotic effects of docetexel, the respective cell
lines were co-treated with 10 μM of the caspase inhibitor
ZVAD.fmk (Selleckchem).

2.8 miRNA transfections

Custom-designed MAGE-A3 primers were purchased from
Invitrogen (Supplementary Table S3). miRNA double-strand
fragments were ligated into appropriate vectors using Block-
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iTTM Pol II miR RNAi Expression Vector Kits (K4936-00,
Invitrogen, Germany) following the manufacturer’s instruc-
tions. MAGE-A3 miRNAvectors and control miRNAvectors
were stably transfected intoMKN1 cells using Lipofectamine-
2000 (Invitrogen, Germany) according to the manufacturer’s
instructions.

2.9 MAGE-A3 knockdown verification

MAGE-A3 expression knockdown was verified using qPCR.
To this end, a mastermix solution was prepared using DEPC
treated water, a Taqman Universal Mastermix™ (Applied
Biosystems, USA) and a gene Taqman expression Assay™
probe (Applied Biosystems, USA). 19 μl of the prepared
mastermix solution was loaded into each well of a
MicroAmp® 96-well fast plate (Applied Biosystems, USA)
followed by 1 μl of cDNA. Next, PCR reactions were carried
out at 95 °C for 30 s, followed by 35 cycles of 92 °C for 1 s
and 72 °C for 30 s using a Fast 7500 machine (Applied
Biosystems, USA). The expression of MAGE-A3 was nor-
malized to the expression of GAPDH measured in the same
RNA sample. Relative expression levels were calculated
using the 2−ΔΔCt method.

2.10 Cell proliferation assay

Cells were seeded in 96-well plates at a density of 2×103

cells/well. Cell proliferation was measured using a BrdU in-
corporation assay (Roche, Germany) at 5 and 10 h according
to the manufacturer’s protocol. The absorbance values mea-
sured correlate directly to the amount of DNA synthesis.

2.11 Soft agar colony formation assay

The ability to form colonies in soft agar at low cell densities
was determined by seeding 1×105 cells into 6-well plates.
Before seeding, the cells were suspended in RPMI-1640 me-
dium containing 0.35 % agar and 10 % FBS. These suspen-
sions were layered on RPMI-1640 containing 0.5 % agar and
10 % FBS and incubated for 2–3 weeks. Subsequently, the
colonies were stained with 0.5 % crystal violet in 30 % etha-
nol, 3 % formaldehyde for 10 min at room temperature and
imaged using a bright field microscope.

2.12 Apoptosis assay under starvation

To examine the apoptotic role of MAGE-A3 under conditions
of serum starvation, cells were starved in serum-free media for
24 and 48 h and re-suspended in phosphate buffered saline
(PBS) with FITC-conjugated Annexin-V. For the detection of
apoptotic cells, surface expression of phosphatidylserine was
assessed using an Annexin V–Fluos kit (Roche, Germany).

Flow cytometric analyses were conducted using a BD
FACSCalibur 6.0 equipped with Cell Quest Pro Software 5.1.

2.13 Cell cycle analysis

Cells were seeded at a density of 2×106 cells in 100 mm
dishes. After overnight incubation, the cells were treated for
24 h with either 10 nM docetaxel or docetaxel, in combination
with 10 μM ZVAD.fmk, fixed with 70 % ethanol and stained
with PI (0.1 % Triton X-100, 200 μg/ml RNase A, 20 μg/ml
PI in PBS). In total 10,000 events per sample were analyzed
by flow cytometry. Sub-G1 populations were considered as
apoptotic cells and debris was eliminated from the analysis
using a forward and side scatter plot. The flow cytometric
analyses were conducted using a BD FACSCalibur 6.0
equipped with Cell Quest Pro Software 5.1.

2.14 Western blot analysis

Western blot analyses were performed using the following
primary antibodies: anti-p21Waf1/Cip1 (12D1), anti-p53, anti-
Bax, anti-Survivin, anti-Noxa, anti-Puma and anti-GAPDH
(Cell Signaling, USA). The secondary antibodies used (anti-
rabbit IgG, HRP-linked) were also purchased from Cell Sig-
naling, USA. ForWestern blotting, cells were washed with ice
cold PBS and resuspended in lysis buffer (CelLytic; Sigma-
Aldrich, MO, USA), after which 20 μg protein was electro-
phoretically separated by 12 % SDS-PAGE and blotted. The
protein signals on the blots were visualized using an ECL
reagent (AmershamTM ECL Plus Western Blotting Detection
System; GE Healthcare, UK), followed by exposure to a
chemiluminescence film (Amersham HyperfilmTM ECL; GE
Healthcare, UK). The Western blot analyses were repeated
twice for each protein tested.

2.15 Statistical analyses

Cell Lines: χ2 or Fisher exact tests (2-sided) were performed
to compare the clinicopathological characteristics of the pa-
tients. These statistical analyses were performed using the
SPSS 11.0 statistical software program (SPSS, USA). Patient
Samples: differential analyses between tumor and normal
samples were evaluated using a Student’s t-test, and associa-
tions between gene expression and DNA methylation levels
were assessed using Pearson correlations. Survival curves
were plotted according Kaplan-Meier and statistical signifi-
cances were assessed using the Cox proportional hazards
model adjusting for stage (AJCC6: Stage I and Stage II versus
Stage III and Stage IV). Note: high and low expressing or
methylated groups were determined using the median of re-
spective distributions. These analyses were performed using
the statistical package in R (www.r-project.org). Statistical
significance was set at p-values of less than 0.05.
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3 Results

3.1 MAGE-A3 gene expression is regulated by promoter
methylation in gastric cancer-derived cells

The MAGE-A3 mRNA expression and promoter methylation
levels were examined in nine gastric cancer-derived cell lines
by qPCR and MSP, respectively (Supplementary Fig. S1a and
b). Four cell lines were found to exhibit high MAGE-A3 ex-
pression levels. Additionally, in these cell lines theMAGE-A3
gene promoter was found to be unmethylated. Conversely,
five gastric cancer-derived cell lines that showed MAGE-A3
gene promoter methylation exhibited intermediate or low
MAGE-A3 mRNA expression levels (Table 1). These qPCR
data were further supported byMAGE-A3 IHC staining of the
gastric cancer-derived cell lines (Supplementary Fig. S2).
These results indicate that MAGE-A3 expression is regulated
predominantly by promoter methylation in gastric cancer-
derived cells.

To determine whether global demethylation or histone
acetylation could affect MAGE-A3 expression, two cell lines
with a low or negligible MAGE-A3 expression (i.e., AZ521
and AGS) and two cell lines with a highMAGE-A3 expression
(i.e., MKN1 and KATO III) were treated with the
demethylating agent 5’azacytidine (5’aza) and/or the HDAC
inhibitor TSA (Fig. 1). Demethylation of the MAGE-A3 gene
promoter was observed in AZ521 and AGS cells after 5’aza
treatment, which coincided with MAGE-A3 re-expression
(Fig. 1). The expression of MAGE-A3 was, however, not af-
fected by TSA treatment, suggesting that the epigenetic mod-
ulation of MAGE-A3 expression was mediated only by
MAGE-A3 promoter methylation. Alterations in MAGE-A3
promoter methylation status or mRNA expression levels were
not observed in MKN1 and KATOIII, i.e., these cells showed

high MAGE-A3 expression levels and were unmethylated
(Fig. 1).

3.2 Correlations between MAGE-A3 promoter
methylation and expression in primary gastric cancers
and patient survival

To investigate the relationship betweenMAGE-A3 expression
and methylation in primary gastric cancers, we evaluated the
respective data of a cohort of primary gastric cancer samples
profiled on multiple genomic platforms from previous studies
(see materials and methods). A significantly higherMAGE-A3
expression was observed in gastric cancer tissues compared to
the adjacent normal gastric tissues (p = 5.25e-12, t-test)
(Fig. 2a), while a lower MAGE-A3 methylation was found in
the gastric cancer tissues (p=9.26e-14, t-test) (Fig. 2b). Addi-
tionally, an inverse correlation betweenMAGE-A3 expression
and its methylation status was found (R=−0.63, p=5.99e-19,
Pearson correlation) (Fig. 2c). These observations on primary
clinical samples, together with the data from the gastric
cancer-derived cell lines, indicate that promoter methylation
may be the major regulator for MAGE-A3 expression in gas-
tric cancer cells. In addition, we found that a lowerMAGE-A3
promoter methylation level was significantly correlated with a
poor patient survival (Hazard ratio, adjusted for stage: 1.62,
95 % CI: 1.05–2.51, p=0.03) (Hazard ratio, unadjusted: 1.61,
95 % CI: 1.04–2.47, p=0.03) (Fig. 2d). A significant differ-
ence was observed in unadjusted patient survival for MAGE-
A3 expression, but no significant difference was observed
when adjusted for stage (Hazard ratio, adjusted for stage:
0.66, 95 % CI: 0.43–1.02, p=0.06) (Hazard ratio, unadjusted:
0.56, 95 % CI: 0.36–0.86, p=0.008) (Fig. 2e).

3.3 Loss of MAGE-A3 expression reduces proliferation
and colony formation of gastric cancer-derived cells

To further uncover the role of MAGE-A3 in gastric cancer, we
set out to knock down its expression in MKN1 cells by
targeted miRNA transfection. Two variant clones (MKN-V1
and -V2) were obtained that showed a near complete knock-
down (Fig. 3a). To subsequently assess the role of MAGE-A3
in gastric cancer cell proliferation, BrdU incorporation and
colony formation assays were performed in MAGE-A3 ex-
pressing MKN1 cells (MKN1-P) and its variant knock down
(MKN1-V1) and scrambled miRNA control (MKN1-S) cells
(Fig. 3b). Following treatment with BrdU for 5 and 10 h under
standard culture conditions, the proliferation rate of MKN1-
V1 cells was found to be significantly lower compared to that
of the parental and scrambled controls (p = 0.027 and
p=0.011, respectively), hence suggesting a role of MAGE-
A3 in gastric cancer cell proliferation.

The colony forming capacities of MKN1-P, MKN1-S and
MKN1-V1 cells were assessed by soft agar assay (1,000 cells/

Table 1 Expression and methylation status of MAGE-A3

Cell lines RNA expression
MAGE-A3

Methylation expression
MAGE-A3

SNU620 low M

AGS low M

AZ521 intermediate M

SNU638 low M

NUGC4 low M

NUGC3 high U

OCUM1 high U

MKN1 high U

KATOIII high U

A 100 % (4/4) concordance was observed between hypomethylation and
MAGE-A3 expression, and a 100 % (5/5) concordance between methyl-
ation and low/intermediate MAGE-A3 expression
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well in a 6-well plate incubated for 14–21 days). We found
that the colony forming capacity was significantly reduced in
the MKN1 MAGE-A3 knockdown variant (MKN1-V1) cells
compared to the scrambled (MKN1-S) and parental control
(MKN1-P) cells (p=0.00057) (Fig. 3c). Together, these find-
ings suggest that MAGE-A3 promotes the proliferation and
colony formation of gastric cancer-derived cells.

3.4 Loss of MAGE-A3 expression reduces proliferation
of gastric cancer-derived cells under stress conditions

To investigate whether MAGE-A3 may contribute to the pro-
liferation of gastric cancer cells under nutrient deprivation,
MKN1-P, MKN1-S and MKN1-V1 cells were starved in
serum-free media for up to 48 h, after which the effect on
apoptosis was investigated using Annexin-V staining. We
found that the MKN1-V1 cells exhibited an increased apopto-
tic rate compared to the MKN1-P andMKN-S cells (p=0.025
and p=0.009, respectively) (Fig. 4a). This result suggests that
MAGE-A3 may promote the proliferation of gastric cancer
cells under conditions of stress.

MKN1 cells have been reported to express mutant p53
harbouring a V143A amino acid substitution [28]. This muta-
tion results in activation of target genes involved in cell cycle
arrest and DNA repair, but is deficient in driving the apoptotic
machinery and, thus, protects cells from cell death [29, 30].
We found that V143A mutant p53 expression was reduced in
the MAGE-A3 knockdown MKN-V1 cells grown under stan-
dard culture conditions, as well as after 48 h of serum depri-
vation, compared to MKN1-P and MKN1-S cells (Fig. 4b).
The pro-apoptotic proteins p21 and Bax were also found to be
up-regulated in the MKN1-V1 cells (Fig. 4b). These observa-
tions are consistent with the reduced proliferation and in-
creased apoptosis observed in MKN-V1 cells under stress
conditions. Interestingly, the expression of the anti-apoptotic
protein survivin was found to be increased in MKN-V1 cells

(Fig. 4b). Together, these data suggest that MAGE-A3 may
play a role in gastric cancer cell proliferation in response to
starvation via the regulation of p21 and Bax.

3.5 Loss of MAGE-A3 expression modulates the cell cycle
and increases the sensitivity to docetaxel

To investigate the impact of MAGE-A3 expression loss on
drug sensitivity, MAGE-A3 knockdown MKN1-V1 cells, as
well as control MKN1-P andMKN1-S cells, were treated with
10 nM docetaxel for 24 h, after which cell cycle profiles were
analyzed using flow cytometry (Fig. 5a). We found that
MAGE-A3 knockdown MKN1 cells exhibited a 30 % sub-
G1 population after docetaxel treatment, whereas a 20 %
sub-G1 population was observed in the parental cells
(p<0.01). Additionally, we found that treatment with a cas-
pase inhibitor, ZVAD.fmk, resulted in a reduction of the do-
cetaxel effects, hence confirming the apoptotic induction in
docetaxel-treated cells. These data indicate that knock down
of MAGE-A3 expression modulates both the cell cycle kinet-
ics and the docetaxel sensitivity of MKN1 gastric cancer-
derived cells.

As reported above, we found that MAGE-A3 knockdown
leads to increases in Bax, p21 and survivin expression
(Fig. 5b). Additionally, we analyzed the expression of Puma
andNoxa.We found thatMAGE-A3 expression knockdown in
MKN1 cells resulted in increases in Puma and Noxa expres-
sion compared to the parental counterparts. More interesting-
ly, we found that docetaxel treatment caused a further increase
in Puma and Noxa expression in MAGE-A3 knockdown
MKN1 cells. A decrease in p53 expression was observed in
MAGE-A3 knockdown MKN1 cells, which was rescued upon
docetaxel treatment. The expression of p53 expression
remained, however, the same in the control parental variants
of the MKN1 cells, irrespective of docetaxel treatment.

Fig. 1 MAGE-A3 expression is controlled by methylation. mRNA
expressions of MAGE-A3 in cell lines treated with 5’aza (demethylating
agent) and/or TSA (histone acetylation inhibitor). Cell lines with no
MAGE-A3 expression (AZ521 and AGS) showed re-expression of
MAGE-A3 after 5’aza treatment but not after TSA treatment. In contrast,

cell lines with a high MAGE-A3 expression (MKN1 and KATO III)
showed no change in MAGE-A3 expression after 5’AZA and TSA treat-
ment.GAPDH expression was used as baseline. At least two independent
experiments were performed for each cell line
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4 Discussion

In the past, MAGE proteins have been associated with poor
clinical outcomes, including increased tumor growth, metas-
tasis and resistance to treatment. Recent studies have shown
that MAGE-A and MAGE-A3 interfere with apoptosis and
promote cell proliferation by regulating p53 and p53-
responsive genes, either directly or indirectly [16–18, 31].
Marcar et al. showed that MAGE-A interacts with the core
DNA-binding domains in p53 and, by doing so, may interfere
with its transcriptional activity. The authors reported that loss

of MAGE-A expression resulted in an up-regulation of p53
activity, thereby increasing the expression of several p53-
responsive genes including p21 [17]. Nardiello et al. reported
that silencing of MAGE-A resulted in loss of p53
ubiquitination and stabilization, which led to an increased ex-
pression of pro-apoptotic Bax and a reduced expression of
survivin [18].

Our study highlights a pro-proliferative role of MAGE-A3
in gastric cancer-derived cells that express a mutant form of
p53 (V143A). In primary gastric lesions, an increasing fre-
quency of p53 abnormalities occurs as the gastric mucosa

Fig. 2 Statistical analysis of
MAGE-A3 expression and
methylation levels in patient
samples. a Higher MAGE-A3
expression was found in gastric
cancer tissues compared to
normal gastric tissues (p= 5.25e-
12, t-test). b Lower MAGE-A3
promoter methylation was found
in gastric cancer tissues compared
to normal gastric tissues
(p = 9.28e-14, t-test). cAn inverse
correlation between MAGE-A3
promoter methylation and
expression was found in gastric
tumor tissues. The best-fit line
reveals an inverse correlation of
MAGE-A3 expression to its
methylation (R = −0.63,
p= 5.99e-19, Pearson correla-
tion). d Lower MAGE-A3 meth-
ylation correlates with a poorer
patient survival in gastric cancer
(Hazard ratio, adjusted for stage:
1.62, 95 % CI: 1.05–2.51,
p= 0.03) (Hazard ratio, unadjust-
ed: 1.61, 95 % CI: 1.04–2.47,
p= 0.03). e Higher MAGE-A3
expression shows a marginal as-
sociation with a poorer patient
survival in gastric cancer (Hazard
ratio, adjusted for stage: 0.66,
95 % CI: 0.43–1.02, p= 0.06)
(Hazard ratio, unadjusted: 0.56,
95 % CI: 0.36–0.86, p= 0.008)
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progresses from gastritis, through intestinal mataplasia, dys-
plasia and early stage gastric cancer to advanced invasive
gastric cancer. The cancer genome atlas (TCGA) database
indicates that 50 % of the gastric cancers shows p53

mutations. Also, p53 mutations were found to be more com-
mon in intestinal gastric cancers compared to the diffuse type
[32]. Since wild-type p53 is an important denominator of the
G1-S cell cycle checkpoint, p53 mutations are considered piv-
otal events in the neoplastic transition from intestinal metapla-
sia to gastric carcinoma [33]. In the present study, we found
that loss of MAGE-A3 expression led to reduced levels of
mutant p53 expression in cells grown under standard culture
conditions as well as under serum starvation. Consistent with
this, MAGE-A3 knockdown cells exhibited a reduced prolif-
eration under standard culture conditions, as well as under
limiting cell density and serum starvation conditions. Interest-
ingly, increased levels of the pro-apoptotic proteins Bax and
p21 were observed inMAGE-A3 knockdown cells grown un-
der standard culture conditions. These data suggest that loss of
MAGE-A3 expression enhances the sensitivity of gastric can-
cer cells to cell death stimuli through down-regulation of pro-
survival mutant p53 protein, as well as through up-regulation
of pro-apoptotic proteins, possibly via p53-independent path-
ways. Although both Bax and p21 are transcriptional targets
of p53, they have also been reported to be regulated through
other, p53-independent, mechanisms. These include direct in-
duction of p21 expression by the activating enhancer binding
protein 4 (AP4) [34], and inhibition of Bax expression by the
nuclear factor-kappa B (NF-κB) [35, 36]. Although current
evidence points to the involvement of MAGE proteins in tran-
scription factor complexes regulating gene expression
[37–39], it is currently unknown whether MAGE-A3 physi-
cally interacts with these transcription factors.

Increased expression of members of the MAGE-A family
has been associated with resistance to chemotherapy in pa-
tients with various types of cancer [40–44]. Taxanes, such as
docetaxel and paclitaxel, can affect the cell cycle by arresting
cells in the G1 phase [45] or the G2/M phase [46], resulting in
cell death. Induction of apoptosis via docetaxel is tightly reg-
ulated by cell cycle control genes, including p53, Bax and p21
[47]. Over-expression of the pro-apoptotic Bax protein has
also been shown to induce apoptosis and to confer paclitaxel
sensitivity to cancer cells [48]. InMAGE-A3 knockdown cells
we found that the basal expression levels of Bax and p21 were
increased even in the absence of treatment, suggesting a reg-
ulatory role of MAGE-A3. We also observed a contributory
role of Noxa and Puma, which may at least partly explain the
enhanced sensitivity of MAGE-A3 knockdown cells to
docetaxel-induced apoptosis. Although the p53 expression
levels were found to be down-regulated in MAGE-A3 knock-
down cells, docetaxel treatment rescued the expression of mu-
tant p53 in these cells to levels similar to those in parental cells
treated with docetaxel. Despite the increased mutant (pro-
survival) p53 level, however, MAGE-A3 knockdown cells
exhibited an enhanced docetaxel sensitivity as indicated by
an accumulation of cells in the sub-G1 phase. To verify wheth-
er the increase in sub-G1 population upon docetaxel treatment
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Fig. 3 MAGE-A3 promotes proliferation and colony formation of
gastric cancer-derived cells. a Relative MAGE-A3 expression in
MKN1-P, MKN1-S, MKN1-V1 and MKN1-V2 cells as detected by q-
PCR. b Proliferation rate of MKN1-P, MKN1-S and MKN1-V1 cells as
evaluated with a BrdU incorporation assay after 5 and 10 h. c Soft agar
colony formation assay performed onMKN1-P,MKN1-S andMKN1-V1
cells. P parental control, S scrambled control, V1 and V2 knock down
variant cells. At least two independent experiments were performed for
each cell line. A p value < 0.05 was considered statistically significant
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was mediated by activation of a caspase-induced apoptotic
program, MKN1 cells were co-treated with the caspase inhib-
itor ZVAD.fmk. Although a reduction in sub-G1 population
was observed after this treatment, the significant amount of
cells that remained in the sub-G1 phase suggest a non-
apoptotic mechanism of docetaxel sensitivity that is indepen-
dent of caspase activation. Therefore, it can be inferred that the
increased docetaxel sensitivity in cells that had lostMAGE-A3
expression arises both from apoptotic and non-apoptotic
mechanisms in a p53-independent manner. It would be inter-
esting to address the role of MAGE proteins in p53-
independent pathways that confer survival. Of note, knock-
down of MAGE-A3 in MKN1 cells also resulted in a high

expression of survivin. Survivin is a multi potent inhibitor of
apoptosis and its expression rescues cells from apoptosis in-
duced by Bax over-expression [36, 49]. Survivin also regu-
lates cell cycle progression through transcription repression of
p21 and inhibits apoptosis through blocking caspase activa-
tion [50–52]. Moreover, expression of survivin in cancer cells
is usually associated with resistance to a broad spectrum of
chemotherapeutic drugs [53]. This could explain why in-
creased expression of pro-apoptotic Bax, p21 and Puma in
untreatedMAGE-A3 knockdown cells does not correlate with
an increase in overall apoptosis. Taken together, we conclude
that MAGE-A3 exerts a hyper-proliferative role in gastric
cancer-derived cells.
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Fig. 4 MAGE-A3 promotes cell
viability under starvation. a
Starvation assay performed on
MKN1-P, MKN1-S and MKN1-
V1 cells by culturing in serum-
free medium for 24 and 48 h, re-
spectively. The percentage of
Annexin-V positive apoptotic
cells was detected by flow-
cytometric analysis. b Expression
of apoptosis related proteins in
MKN1-P, MKN1-S and MKN1-
V1 cells after 48 h of serum star-
vation examined by Western blot
analysis. P parental control, S
scrambled control, V1 knock
down variant cells. At least two
independent experiments were
performed for each cell line. The
Western blot images were quanti-
fied using ImageJ and the relative
expression levels of Bax,
survivin, p21 and p53 were nor-
malized to GAPDH values. A p
value <0.05 was considered sta-
tistically significant
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The current study also shows a strong association between
silencing of MAGE-A3 expression and MAGE-A3 promoter
methylation in primary patient-derived gastric cancer samples
and in gastric cancer-derived cell lines.MAGE-A3 expression
was found to be restored by treatment of the cells with a
demethylating agent, but not with an HDAC inhibitor, sug-
gesting that promoter DNA methylation is the predominant
mechanism by which MAGE-A3 expression is regulated in
gastric cancer cells. The observed effects of MAGE-A3 ex-
pression on gastric cancer-derived cell proliferation and
chemoresistance are supported by our clinical findings that
theMAGE-A3 expression and methylation status differed sig-
nificantly between cancer and non-cancer tissues, and that low
methylation levels were associated with a poor survival. Our
findings underscore the results from an earlier study by Honda
et al. indicating that MAGE-A3 hypomethylation correlated
with a worse survival of gastric cancer patients [2]. Hence,

MAGE-A3 hypomethylation may serve as a useful prognostic
factor for gastric cancer patients.

5 Conclusion

We observed an inverse correlation between MAGE-A3 ex-
pression and methylation in primary gastric cancer specimens,
where lower MAGE-A3 methylation was found to be associ-
ated with a worse survival. In vitro,MAGE-A3 expression was
found to be regulated by promoter methylation. Additionally,
we found that MAGE-A3 expression knockdown led to an
increased sensitivity to cellular stress and docetaxel treatment
by regulating the expression of cell cycle and apoptosis related
genes. Taken together, this study underscores the potential
implications of MAGE-A3 as a therapeutic target and a prog-
nostic biomarker in gastric cancer patients.

Fig. 5 Silencing of MAGE-A3
modulates the cell cycle profile
and increases the sensitivity to
docetaxel. a Cell cycle analysis of
MKN1-P, MKN1-S and MKN1-
V1 cells followed by docetaxel
treatment at 10 nM ± ZVAD for
6 h b Western blot analysis of
apoptosis related proteins in
MKN1-P, MKN1-S and MKN1-
V1 cells in response to docetaxel
treatment at 10 nM for 24 h incu-
bation. P parental control, S
scrambled control, V1 knock
down variant cells. At least two
independent experiments were
performed for each cell line. A
multiple t-test was performed be-
tween MKN-1 S (scrambled con-
trol) and MKN-V1 (MAGE-A3
knockdown variant) to compare
the variation across the sub-G1,
G1, S and G2 phases of the cell
cycle. A p value <0.05 was con-
sidered statistically significant
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