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ABSTRACT
Recently, we have reported that the product of Melanoma Antigens Genes (MAGE) 

family member MAGE-A11 is an independent poor prognostic marker for esophageal 
squamous cell carcinoma (ESCC). However, the reason how MAGE-A11 is activated 
in ESCC progression still remains unclear. In the current study, we demonstrated 
that DNA methylation and the subsequent histone posttranslational modifications 
play crucial roles in the regulation of MAGE-A11 in ESCC progression. We found that 
the methylation rate of TFCP2/ZEB1 binding site on MAGE-A11 promoter in ESCC 
tissues and cells is higher than the normal esophageal epithelial tissues and cells. 
Transcription factors TFCP2 and ZEB1 directly bind MAGE-A11 promoter and regulate 
the endogenous MAGE-A11 expression in a methylation-dependent manner in ESCC 
cells. Following MAGE-A11 promoter methylation, the methyl-CpG-binding protein 
MeCP2 was found to bind the methylated MAGE-A11 promoter to mediate histone 
deactylation by recruiting HDAC1 and HDAC2. Simultaneously, histone inactivation 
marks including H3K27me3 as well as H3K9me3 were increased, whereas histone 
activation mark H3K4me3 was decreased. HDAC inhibitor Trichostatin A (TSA) 
increased DNA methylase inhibitor Decitabine (DAC)-induced MAGE-A11 expression. 
siRNA-mediated knockdown of histone methltransferase EZH2 or DZNep (a EZH2 
inhibitor) treatment increased DAC-induced MAGE-A11 expression. Our results 
indicate that MAGE-A11 is activated through DNA demethylation, histone acetylation 
and histone methylation in ESCC, and its activation promotes ESCC tumor growth.

INTRODUCTION 

The Melanoma Antigens Genes (MAGE) proteins 
are a group of highly conserved family members that 
contain a common MAGE homology domain (MHD) [1]. 
Type I MAGEs are relevant cancer-testis antigens (CTAs), 
and originally considered as attractive targets for cancer 
immunotherapy due to their typically high expression in 
tumor tissues but restricted expression in normal adult 
tissues [2–4]. In addition to their significance as cancer 
immunotherapeutic targets, MAGE gene products may 

also contribute to cancer progression as oncoproteins 
[5, 6]. In particular, MAGE proteins bind directly to 
RING family of ubiquitin E3 ligase, thus regulating the E3 
ubiquitin ligase activity and triggering the ubiquitination 
and degradation of multiple tumor suppressors, such 
as p53 and AMPKα1, promoting tumorigenesis and 
aggressive tumor growth [7–11]. In addition, MAGE 
proteins also interact with transcription factors and 
function as co-regulators in cancer progression [12–15].

MAGE-A11, one of MAGE family members, was 
found to form complex with androgen receptor (AR) 
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and increase the AR transcriptional activity [16, 17]. The 
increased expression of MAGE-A11 facilitates prostate 
cancer progression by enhancing AR-dependent tumor 
growth [18]. In addition, MAGE-A11 also functions as a 
transcriptional coactivator of progesterone receptor (PR), 
and its capacity is in part mediated through interaction 
with p300 histone acetyltransferase [19, 20]. MAGE-A11 
expression could also serve as a cancer prognostic marker, 
based on our previous data showing that MAGE-A11 was 
correlated with tumor progression and reduced survival 
[21, 22]. We previously reported that MAGE-A11 is 
an independent poor prognostic marker for esophageal 
squamous cell carcinoma (ESCC) patients, and directly 
increase the invasion and proliferation of ESCC cells 
[22]. However, the regulation mechanism of MAGE-A11 
in ESCC progression is still unclear. 

Although believed to be activated as a result of 
global DNA demethylation, the epigenetic mechanisms 
coordinates de-repression of MAGE genes during cancer 
progression have not been fully elucidated [23–25]. 
In addition, DNA methylation is intertwined with the 
posttranslational modifications of histone [26, 27]. 
Studies aimed to discern the relationship among these 
interdependent epigenetic mechanisms of MAGE-A11 
gene are limited. 

The present study was undertaken to 
comprehensively examine mechanisms regulating 
MAGE-A11 expression in ESCC cells. We discovered 
that transcription factors TFCP2 and ZEB1 directly 
bind MAGE-A11 promoter and regulate MAGE-A11 
expression in a methylation-dependent manner in ESCC. 
The subsequent post-translational modifications of histone 
including histone acetylation and methylation followed 
DNA methylation are also involved in the activation of 
MAGE-A11. HDAC inhibitor Trichostatin A (TSA) and 
histone methltransferase EZH2 inhibitor DZNep increase 
the DNA methylase inhibitor 5-aza-2’ deoxycytidine 
(Decitabine, DAC)-induced MAGE-A11 expression. Our 
study provided insight into the role of MAGE-A11 in 
ESCC, and strengthens the possible clinical potential from 
postoperative vaccine targeting MAGE-A11 combined 
with epigenetic agents in ESCC. 

RESULTS 

MAGE-A11 is associated with poor prognosis of 
ESCC and increases the ESCC xenograft tumor 
growth 

Previously, we have detected MAGE-A11 
expression in ESCC tissues by IHC staining and found 
MAGE-A11 is an independent poor prognostic marker 
for ESCC. To eliminate the staining difference at 
different time, we confirmed the expression pattern and 
clinical relevance of MAGE-A11 in ESCC patients by 
using TMA-based immunohistochemistry in 106 pairs 

of ESCC tissues and the corresponding adjacent normal 
esophageal epithelial tissues. Our present study showed 
that MAGE-A11 is not expressed in the normal esophageal 
epithelial tissues, but expressed in 56.6% of ESCC tissues 
(Figure 1A; Supplementary Table 1). Furthermore, 
we found that MAGE-A11 expression was positively 
associated with tumor invasion, lymph node metastasis, 
distant metastasis or recurrence, TNM stage, histological 
grade of ESCC patients (Supplementary Table 2). In 
addition, ESCC patients with positive expression of 
MAGE-A11 have significantly reduced 5-year overall 
survival (P ﹤ 0.001; Figure 1B). A multivariate Cox 
regression analysis showed that MAGE-A11 expression 
is an independent poor prognostic factor for ESCC 
(P ﹤ 0.001; Supplementary Table 3). 

To extend our observation in clinical specimens, 
we investigated whether MAGE-A11 could regulate 
esophageal tumor growth in animal experiment. The 
esophageal cancer Eca109 cells bearing enforced 
MAGE-A11 expression and their corresponding control 
cells were subcutaneously injected into nude mice. As 
shown in Figure 1C and Supplementary Figure 1, the 
xenografts formed by MAGE-A11 overexpression cells 
revealed increased cell growth than the control tumors. In 
addition, MAGE-A11 overexpression xenografts showed 
higher expression of cell proliferation markers including 
Ki67 and PCNA, than the control tumors (Figure 1D). 
These data suggested that MAGE-A11 is a poor prognostic 
marker for ESCC and increases the tumor growth and cell 
proliferation of ESCC. 

MAGE-A11 expression is associated with 
promoter hypomethylation in ESCC cells 

Although the activation mechanism of MAGE-A11 
in ESCC is still unclear, the promoter methylation seems 
to play a crucial role in the activation of MAGE family 
in cancer progression. Commonly, CpG islands are 
frequently silenced by promoter or exon1 methylation 
as an alternative epigenetic mechanism to suppress gene 
expression and inactivate gene functions. Therefore, we 
used MethPrimer program and the CpG Island Search 
to determine whether MAGE-A11 gene contains CpG 
islands [28, 29]. As shown in Figure 1E, one around 
200bp of CpG island was found on the promoter and 
exon1 region of MAGE-A11. Therefore, we considered 
promoter hypomethylation might be a regulation 
mechanism of MAGE-A11 in ESCC. We next examined 
the expression of MAGE-A11 in six ESCC cell lines by 
qRT-PCR. As shown in Figure 1F, MAGE-A11 mRNA 
is expressed in ESCC cells at different level. Among 
these cells, Eca109 and KYSE30 showed relatively 
low expression of MAGE-A11, while TE13 showed 
relatively high expression of MAGE-A11. After treated 
with the demethylation agent DAC, MAGE-A11 mRNA 
was induced at different level in all ESCC cells. In 
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MAGE-A11 low-expressed cells, MAGE-A11 was 
induced by DAC treatment, whereas it was only slightly 
induced in MAGE-A11 high-expressed cells (Figure 
1G). Then, we performed MSP analysis to determine 
the methylation status of the CpG island on MAGE-A11 
promoter in ESCC cells. As shown in Figure 1H, this 
region was highly methylated in all these cell lines 
except for TE13 cells. After DAC treatment, this region 
were demethylated (Figure 1H). We then selected 40 
cases of ESCC tissues to detect the methylation status 
of this region by using MSP, and examined MAGE-A11 
expression by using RT-qPCR. As shown in Figure 1I, 
the expression level of MAGE-A11 was higher in the 
unmethylated group than the methylated group. Taken 
together, these date suggested that DNA methylation 
plays a crucial role in the regulation of MAGE-A11 
expression in ESCC cells. 

MAGE-A11 expression is highly associated with 
hypomethylation of the region from -140 to +1 
on MAGE-A11 promoter in ESCC cells 

For further analyze which CpG sites have a key 
role in the regulation of MAGE-A11 expression, the BSP 
method was performed in all these six ESCC cells to detect 
the methylation status of the fifteen CG sites from -140 
to +1 on MAGE-A11 promoter. As shown in Figure 2A, 
this CpG island was moderately to highly methylated 
in TE1, KYSE170, KYSE30, Eca109 cells which had 
relatively low level of MAGE-A11 expression, while this 
region was hypomethylated in Ec9706 and TE13 cells 
expressing high level of MAGE-A11. For further analysis 
which transcription factors regulate MAGE-A11 activity 
in a methylation-dependent manner, we then analyzed the 
transcription factor binding sites of this 200bp of CpG 
island covering MAGE-A11 promoter and exon1 through 
JASPAR online database [30]. This region contains a SP1 
cluster (10 embedded CpG sites) which has been reported 
to active MAGE-A11 expression in prostate cancer cells 
in a methylation-dependent manner [31]. There also exists 
a TFCP2 and ZEB1 binding site which covers three CpG 
sites following the SP1 cluster (Figure 1E). Our sequencing 
results showed that the methylation rate of TFCP2/ZEB1 
binding region was higher than the SP1 binding cluster 
in all these ESCC cells (Figure 2B). After 0.5 μM/L of 
DAC treatment, these CpG sites were dramatically 
demethylated (Figure 2C). In addition, we also detected the 
hypermethylation of these CpG sites in normal esophageal 
epithelial HEEC cells, and DAC treatment induced the 
demethylation of MAGE-A11 promoter (Supplementary 
Figure 2). Our results suggested that the TFCP2/ZEB1 
binding region had a higher methylation frequency than 
SP1 binding cluster in ESCC cells. 

For further confirming this notion, we selected five-
paired MAGE-A11 highly expressed ESCC tissues and 
the corresponding adjacent normal esophageal epithelial 

tissues, and collected the tumor cells and normal epithelial 
cells by using laser-capture microdissection (Figure 2D). 
Bisulfite clonal sequencing results showed that these 
fifteen CG sites from -140 to +1 on MAGE-A11 promoter 
was highly methylated in normal esophageal epithelial 
tissues, but hypomethylated in ESCC cells (Figure 2E). 
The methylation rate of TFCP2/ZEB1 binding region was 
higher than the SP1 binding cluster in normal epithelial 
cells (Figure 2F). Taken together, our results indicated that 
MAGE-A11 expression in ESCC cells is highly associated 
with DNA hypermethylation of its promoter region, 
especially the TFCP2/ZEB1 binding region. 

Transcription factors TFCP2 and ZEB1 directly 
bind MAGE-A11 promoter in a methylation-
dependent manner in ESCC cells 

To confirm whether MAGE-A11 is a direct target 
of TFCP2 and ZEB1, we detected the localization of 
these transcription factors, and then carried out ChIP 
assay in Eca109 and TE13 cells to verify whether TFCP2 
and ZEB1 directly bind to MAGE-A11 promoter in a 
methylation-dependent manner. As shown in Figure 3A 
and Supplementary Figure 3, TFCP2, ZEB1 and SP1 were 
detectable largely in cell nucleus. Transcription factor SP1 
has been reported to active MAGE-A11 expression in 
prostate cancer cells in a methylation-dependent manner. 
Therefore, we performed the experiment of SP1 ChIP for 
MAGE-A11 promoter as the positive control. ChIP results 
showed that the specific binding of SP1 to MAGE-A11 
promoter was increased as compared with IgG control in 
TE13 cells which showed high expression of MAGE-A11 
and hypomethylation of MAGE-A11 promoter (33.46 
of fold enrichment) (Figure 3B and 3C). In Eca109 
cells which showed low expression of MAGE-A11 and 
hypermethylation of MAGE-A11 promoter, the specific 
binding of SP1 to MAGE-A11 promoter was only slightly 
increased as compared with IgG control (1.93 of fold 
enrichment), whereas after DAC treatment, the specific 
binding of SP1 to MAGE-A11 promoter was increased 
(8.16 of fold enrichment). Similarly, the specific binding 
of TFCP2 to MAGE-A11 promoter was increased as 
compared with IgG control in TE13 cells (26.21 of fold 
enrichment) (Figure 3B and 3C). In Eca109 cells, the 
specific binding of TFCP2 to MAGE-A11 promoter was 
only slightly increased as compared with IgG control 
(1.72 of fold enrichment), whereas DAC treatment could 
increase the specific binding of TFCP2 to MAGE-A11 
promoter in Eca109 cells (9.63 of fold enrichment), 
suggesting that TFCP2 could directly bind to MAGE-A11 
promoter in a methylation-dependent manner in ESCC 
cells. Similar results were found in the experiment of 
ZEB1 ChIP for MAGE-A11 promoter (Figure 3B and 
3C). These date suggested that, similar with SP1, TFCP2 
and ZEB1 directly bind MAGE-A11 promoter in a 
methylation-dependent manner in ESCC cells. 
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TFCP2 and ZEB1 directly regulate the 
transcription activity of MAGE-A11 

To further confirm whether the binding of TFCP2 
and ZEB1 to MAGE-A11 promoter could regulate the 
transcription activity of MAGE-A11, we constructed 
the luciferase reporters carrying deletion mutants of 
MAGE-A11 promoter (Figure 3D), and performed the 
in vitro luciferase reporter assay. As shown in Figure 3E, 
in the presence of full length of MAGE-A11 promoter 
(-500~-1, P1) that covers -140~-1 region, the luciferase 
activity driven by MAGE-A11 promoter was induced by 
the transcription factors including TFCP2, ZEB1 and SP1, 
respectively, suggesting that these transcription factors 
could directly regulate MAGE-A11 promoter-mediated 

luciferase activity. This result was further confirmed by 
the luciferase reporter assay carrying deletion mutants of 
MAGE-A11 promoter (Figure 3F). 

TFCP2 and ZEB1 regulate MAGE-A11 
transcription in a methylation-dependent 
manner in ESCC cells 

To address whether these transcription factors 
regulate MAGE-A11 transcription activity in a 
methylation-dependent manner in ESCC cells, we 
transfected TFCP2, ZEB1 and SP1 expression plasmid in 
TE13 cells which carried hypomethylation of MAGE-A11 
promoter. Our results showed that enforced expression of 
TFCP2, ZEB1 and SP1 induced MAGE-A11 expression 

Figure 1: MAGE-A11 promotes ESCC growth and its expression is associated with promoter methylation. (A) HE 
staining and IHC staining of MAGE-A11 in TMA. (a1) HE staining (×10), (a2) MAGE-A11 IHC staining (×10), and (a3) MAGE-A11 
IHC staining (×20), of pericarcinoma esophageal tissue; (b1) HE staining (×10), (b2) Negative IHC staining for MAGE-A11 (×10), and 
(b3) Negative IHC staining for MAGE-A11 (×20), of ESCC tissues; (c1) HE staining (×10), (c2) Positive IHC staining for MAGE-A11 
(×10), and (c3) Positive IHC staining for MAGE-A11 (×20), of ESCC tissue. (B) MAGE-A11 expression is associated with poor survival of 
ESCC patients. (C) Tumor size and tumor growth of Eca109 mice xenograft carrying MAGE-A11. (D) IHC showed the expression of Ki67, 
PCNA and MAGE-A11 in Eca109 mice xenograft tissues. (E) One around 200 bp of CpG island was shown on the promoter and Exon1 of 
MAGE-A11. The region from -140 to +1 on MAGE-A11 promoter contains fifteen CG sites and several transcription factors binding sites 
including SP1 cluster (10 embedded CpG sites) and a big TFCP2 and ZEB1 binding site which covers three CpG sites following the SP1 
cluster. (F) Expression of MAGE-A11 in ESCC cell lines detected by qRT-PCR. (G) ESCC cells were treated with 0.5 μM/L of DAC for 
48 h, and the expression of MAGE-A11 detected by qRT-PCR. (H) MSP method showed the methylation status of ESCC cell lines before 
and after 0.5 μM/L of DAC treatment for 48 h. (I) The relative expression of MAGE-A11 in 40 selected cases of ESCC tissues divided into 
methylated and unmethylated group based on MSP. 
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at the mRNA level and protein level, respectively (Figure 
4A and 4B). However, in Eca109 cells which carried 
hypermethylation of MAGE-A11 promoter, MAGE-A11 
was not or only slightly induced by TFCP2, ZEB1 and 
SP1 at the mRNA level and protein level, respectively 
(Figure 4C, 4D and 4E). However, DAC treatment could 
increase the transcription factors-induced MAGE-A11 
expression (Figure 4D and 4E). These date suggested 
that transcription factors TFCP2 and ZEB1 regulate 
MAGE-A11 expression in a methylation-dependent 
manner in ESCC cells. 

In addition, MTT results showed that 
overexpression of MAGE-A11 increased cell 
proliferation, whereas siRNA-mediated knockdown 
of MAGE-A11 decreased cell proliferation of ESCC 
cells (Figure 4F and 4G). Although DAC treatment 
increased the transcription factors-induced MAGE-A11 
expression of Eca109 cells (Figure 4D and 4E), it 
decreased the cell proliferation of Eca109 cells, which 
may be due to the demethylation effects of DAC on other 
tumor suppressors that are always methylated in tumor 
cells [32, 33]. In TE13 cells, the transcription factors 
including SP1, TFCP2 and ZEB1 could increase the 
cell proliferation. However, after MAGE-A11 siRNA 
treatment, these transcription factors failed to increase 
the cell proliferation of TE13 cells. Taken together, our 
results suggested that these TECP2 and ZEB1 regulate 
ESCC cells proliferation at least partly through inducing 
MAGE-A11 transcription. 

MAGE-A11 is regulated through the 
combination of DNA methylation and histone 
acetylation in ESCC cells 

Following methylation, methyl-CpG-binding 
proteins (MBPs), such as MBD1, MBD2, MeCP2 
are commonly recruited to CpG sites, and repress 
transcription by recruiting Sin3A, which interacts with 
histone deacetylases (HDACs), and form a corepressor 
complex [34]. To investigate which MBPs were recruited 
to the methylated CpG sites of MAGE-A11 promoter, 
we performed ChIP analysis using antibodies targeting 
two MBPs including MBD1 and MeCP2. As shown in 
Figure 5A and 5B, MeCP2 binds to the hypermethylated 
MAGE-A11 promoter in Eca109 cells, but not bind to the 
hypomethylated MAGE-A11 promoter in TE13 cells, and 
DAC treatment results in the decreased MeCP2 binding 
to the promoter of MAGE-A11 in Eca109 cells. However, 
MBD1 binds to MAGE-A11 promoter regardless of 
the methylation status. In addition, siRNA-mediated 
knockdown of MeCP2 increased the DAC-induced 
MAGE-A11 expression at mRNA level and protein level 
(Figure 5C and 5D). 

Subsequently, to investigate whether HDACs, 
known to be repressors of transcription, were related the 
MAGE-A11 promoter methylation, ChIP analysis was 
performed using antibodies targeting HDAC1, HDAC2, 
H3K9Ac, and H3Ac in Eca109 and TE13 cells. As 
shown in Figure 5E and 5F, HDAC1 and HDAC2 bind 

Figure 2: MAGE-A11 expression is highly associated with hypomethylation of the region from -140 to +1 on MAGE-A11 
promoter in ESCC cells. (A) Bisulfite clonal sequencing showed the methylation status of the fifteen CG sites from -140 to +1 on 
MAGE-A11 promoter in ESCC cell lines. (B) The methylation rate of the fifteen CG sites from -140 to +1 on MAGE-A11 promoter in 
ESCC cell lines. (C) Bisulfite clonal sequencing showed the methylation status of the fifteen CG sites from -140 to +1 on MAGE-A11 
promoter after 0.5 μM/L of DAC treatment for 48 h in ESCC cell lines. (D) The IHC staining showed the selected 5-paired MAGE-A11 
positive ESCC tissues and MAGE-A11 negative pericarcinoma esophageal tissues for bisulfite clonal sequencing. (E) Bisulfite clonal 
sequencing showed the methylation status of the fifteen CG sites from -140 to +1 on MAGE-A11 promoter in the selected 5-paired ESCC 
tissues and pericarcinoma esophageal tissues. (F) The methylation rate of the fifteen CG sites from -140 to +1 on MAGE-A11 promoter in 
the selected 5-paired ESCC tissues and pericarcinoma esophageal tissues. 
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to the hypermethylated MAGE-A11 promoter in Eca109 
cells, but not bind to the hypomethylated MAGE-A11 
promoter in TE 13 cells. DAC-induced demethylation 
of MAGE-A11 promoter blocks binding of HDAC1 and 
HDAC2 in Eca109 cells. Simultaneously, H3K9Ac and 
H3Ac bind to the hypomethylated MAGE-A11 promoter 
in TE 13 cells, but not bind to the hypermethylated 
MAGE-A11 promoter in Eca109 cells. DAC-induced 
demethylation of MAGE-A11 promoter increased 

the binding of H3K9Ac and H3Ac in Eca109 cells. 
In addition, in MAGE-A11 hypermethylated Eca109 
cells, the HDAC inhibitor TSA treatment increased the 
expression of MAGE-A11 when combined with DAC, 
although it could not enhance MAGE-A11 expression 
alone (Figure 5G and 5H). However, in MAGE-A11 
hypomethylated TE13 cells, TSA treatment could not 
affect the expression of MAGE-A11 individually or in 
combination (Figure 6G and 6H). These data suggested 

Figure 3: Transcription factors TFCP2 and ZEB1 directly bind MAGE-A11 promoter and regulate the transcription-
mediated luciferase activity of MAGE-A11 in a methylation-dependent manner in ESCC cells. (A) The sub-cellular 
localization experiments showed that TFCP2, ZEB1 and SP1 were detectable largely in cell nucleus. (B) and (C) ChIP results showed the 
binding of SP1, TFCP2 and ZEB1 on the promoter of MAGE-A11 in TE13 and Eca109 cells before and after 0.5 μM/L of DAC treatment 
for 48 h. (D) The construction of luciferase reporters carrying deletion mutants of MAGE-A11 promoter. (E) The luciferase reporter 
experiment showed that in the presence of full length of MAGE-A11 promoter (–500~–1), the luciferase activity driven by MAGE-A11 
promoter was induced by the transcription factors including TFCP2, ZEB1 and SP1, respectively. (F) The luciferase activity driven by 
deletion mutants of MAGE-A11 promoter. 
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that MAGE-A11 is regulated through the combination of 
DNA methylation and histone acetylation in ESCC cells. 

Histone methylation is involved in the regulation 
of MAGE-A11 transcription in ESCC cells 

DNA methylation is intertwined with the post 
translational modification of histone including histone 
acethylation, and histone methylation [26, 27]. Moreover, 
MeCP2 cooperates in maintenance of a repressive 
chromatin state by acting as a link between DNA and 
histone methylation [35]. Therefore, we carried out ChIP 
analysis using antibodies targeting H3K27me3, H3K9me3, 
H3K4me3 in Eca109 and TE13 cells. According to the 
results of Figure 6A, MAGE-A11 promoter in Eca109 
cells exhibited increased occupancy of inactivation marks 
such as H3K27me3 as well as H3K9me3, and decreased 
occupancy of activation mark H3K4me3. In contrast, 
MAGE-A11 promoter in TE13 cells exhibited decreased 
occupancy of H3K27me3 as well as H3K9me3, and 
increased occupancy of activation mark H3K4me3. After 
treatment with DAC, the occupancy of H3K27me3 as 
well as H3K9me3 on MAGE-A11 promoter in Eca109 
cells was decreased, whereas the occupancy of H3K4me3 
was increased. When we knockdown EZH2 which is 
a component of polycomb repressor complex (PRC)-2  

and mediate trimethylation of H3K27, the occupancy 
of H3K27me3 on MAGE-A11 promoter was decreased 
(Figure 6B), and the expression of MAGE-A11 was 
increased (Figure 6C). DZNep, a pharmacologic inhibitor 
of EZH2, recapitulated the effects of EZH2 knockdown 
(Figure 6D). In addition, in MAGE-A11 hypermethylated 
Eca109 cells, DZNep treatment increased the expression 
of MAGE-A11 when combined with DAC as compared 
with the DZNep treatment alone (Figure 6E and 6F). 
In MAGE-A11 hypomethylated TE13 cells, DZNep 
treatment could not affect the expression of MAGE-A11 
individually or in combination (Figure 6E and 6F), 
suggesting that histone methylation is a subsequent event 
after DNA methylation. Taken together, our present data 
demonstrated that DNA demethylation plays a primary 
role, and the subsequent histone modifications including 
histone acetylation and histone methylation changes 
play accessory roles in MAGE-A11 activation in ESCC 
progression (Figure 7). These epigenetic changes promote 
the re-expression of MAGE-A11 and facilitate the cell 
proliferation and tumor growth of ESCC. 

DISCUSSION 

In the present study, we demonstrated that 
MAGE-A11 increased the tumor growth and cell 

Figure 4: TFCP2 and ZEB1 regulate MAGE-A11 transcription in a methylation-dependent manner in ESCC cells. 
(A) qRT-PCR results showed the expression of MAGE-A11 before and after TFCP2, ZEB1 and SP1 overexpression at the mRNA level in 
TE13 cells. (B) Western blot results showed the expression of MAGE-A11 before and after TFCP2, ZEB1 and SP1 overexpression at the 
protein level in TE13 cells. (C) and (D) showed the expression of MAGE-A11 after the treatment of TFCP2, ZEB1 and SP1 overexpression 
as well as 0.5 μM/L of DAC treatment for 48h by using qRT-PCR and western blot. (E) Western blot experiments confirmed the results in 
Figure4 C and 4D at protein level. (F) Cell proliferation assay showed the cell proliferation after MAGE-A11 overexpression and 0.5 μM/L 
of DAC treatment in Eca109 cells. (G) Cell proliferation assay showed the cell proliferation after MAGE-A11 siRNA knockdown and 
overexpression of TFCP2, ZEB1 and SP1 in TE13 cells. 
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proliferation of ESCC in vivo. In addition, we elucidated 
the epigenetic mechanisms regulating MAGE-A11 
expression in ESCC cells. MAGE-A11 activation 
in cancer progression occurs in conjuction with the 
activation of other CTA genes. DNA methylation is 
the major epigenetic mechanism silencing CTA genes 
in normal somatic cells, and CTA genes expression 
can be induced in cancer cells by DNA demethylating 
agents or knockdown of (DNA methyltransferases) 
DNMTs [24]. As suggested by James et al., CpG island 
of MAGE-A11 promoter is hypermethylated in benign 
prostate intraepithelial neoplasia, but hypomethylated 
in prostate cancer, especially at the transcription start 
site (TSS)-resident CpG sites [31, 36]. These TSS-
resident CpG sites include the SP1 transcription binding 
sites, and contribute to MAGE-A11 promoter activity 
and endogenous gene expression of MAGE-A11. In 
addition, in prostate cancer, DNA methylation regulates 
nucleosome occupancy specifically at the -1 positioned 
necleosome of MAGE-A11, therefore strongly repressing 
MAGE-A11 promoter activity. In the present study, we 
have found that beyond the SP1 binding cluster, TFCP1/
ZEB1 binding site which covers three CpG sites following 
the SP1 cluster seems to have a higher methylation 
rate in normal esophageal epithelial tissues and some 
MAGE-A11 low-expressed ESCC cells than the SP1 
cluster. MAGE-A11 promoter activity and endogenous 
expression could be directly induced by the enforced 
expression of transcription factors TFCP2 and ZEB1 in 
a methylation-dependent manner. The transcription factor 

TFCP2, also known as LSF, is involved in many biological 
events, including cell cycle, cell growth and development, 
through acting as transcription activator or repressor 
[37, 38]. In cacer-related studies, TFCP2 was reported to 
act as an oncogene in hepatocellular carcinoma, pancreatic 
cancer, and colorectal cancer [39, 40, 41]. ZEB1 is a 
transcription factor that promotes tumor invasion and 
metastasis by inducing epithelial-mesenchymal transition 
(EMT) in carcinoma cells. Through zinc finger clusters, 
ZEB1 can bind to specific DNA sequences. By recruiting 
co-suppressors or co-activators, ZEB1 can either 
downregulate or upregulate the expression of its target 
genes [42, 43]. For instance, ZEB1 directly binds to the 
promoter of CDH1 and TAp73, leading to repression 
of CDH1 and TAp73 transcription [43, 44]. On the other 
hand, by recruiting p300-P/CAF and Smad proteins, ZEB1 
can activate the transcription of TGF-β-responsive genes 
and promote osteoblastic differentiation [42, 45]. 

Although hypermethylation of CpG-rich MAGE 
gene promoters plays a crucial role in the silencing of 
MAGE genes, up-regulation of MAGE gene could not 
be always observed although tumor cells were treated by 
the DNA methylase inhibitors [46]. Histone deacetylases 
inhibitor TSA was able to up-regulate DNA methylase 
inhibitors-induced MAGE gene transcription, although 
treatment of several tumor cells with TSA alone had 
only small influence on MAGE gene expression [47]. 
Following methylation, some MBPs are commonly 
recruited to CpG sites, and repress transcription by 
recruiting HDACs [34]. According to our present results, 

Figure 5: MAGE-A11 is regulated through the combination of DNA methylation and histone acetylation in ESCC 
cells. (A) and (B) ChIP results showed the binding of MeCP2 and MBD1 on the promoter of MAGE-A11 in TE13 and Eca109 cells before 
and after 1 μM/L of DAC treatment for 48 h. (C) and (D) showed the expression of MAGE-A11 after combination treatment of MeCP2 
siRNA and 0.5 μM/L of DAC treatment for 48h, detected by qRT-PCR and Western blot. (E) and (F) ChIP results showed the binding of 
HDAC1, HDAC2, H3K9Ac, H3Ac on the promoter of MAGE-A11 in TE13 and Eca109 cells before and after 0.5 μM/L of DAC treatment 
for 48 h. (G) and (H) showed the expression of MAGE-A11 after treatment of 0.5 μM/L of TSA and 0.5 μM/L of DAC treatment for 48 h, 
detected by qRT-PCR and Western blot.
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MeCP2, but not MBD1 binds to the hypermethylated 
MAGE-A11 promoter in Eca109 cells, but not to the 
hypomethylated MAGE-A11 promoter in TE 13 cells. The 
treatment of demethylating agents causes hypomethylation 
of CpG islands, MeCP2 release, and MAGE-A11 gene 
re-activation, reinforcing the notion that the binding of 
MBPs with promoters depends on the methylation status 
of MAGE-A11 promoter. The reason why the binding of 
MBD1 on MAGE-A11 promoter could not be affected 
by DAC may be due to its unique structure and specific 
function in gene regulation. Beyond the conserved MBD 
domain at its N-terminal, it also has a transcriptional 
repression domain (TRD) and two or three specific CXXC 
domains distinct from other MBD-containing proteins. 
The first two CXXC domains (CXXC1 and CXXC2) 
allow MBD1 to bind to the methylated DNA, but the 

presence of the third CXXC domain (CXXC3) enables 
MBD1 to bind to DNA irrespective of its methylation 
status [48, 49]. MBD1 binds to methylated as well as 
unmethylated MAGE-A11 gene promoters, and leads to 
the repression of MAGE-A11 gene. Following MeCP2 
binding to the methylated CpG sites, the recruitment 
of HDAC1 and HDAC2 was also increased, and the 
binding of H3Ac and H3K9Ac was decreased, leading 
to the deacetylation of histone and gene repression. This 
binding can be suppressed by demethylating agent DAC, 
suggesting that the subsequent histone acetylation after 
DNA methylation plays an accessory role in MAGE-A11 
activation in ESCC progression. 

In addition, MBPs functions as a link between 
DNA and histone methylation by forming complexes with 
histone methyltransferases to repress gene activation [50]. 

Figure 6: Histone methylation is participated into the regulation of MAGE-A11 transcription in ESCC cells. (A) ChIP 
results showed the binding of H3K27me3, H3K9me3, and H3K4me3 on the promoter of MAGE-A11 in TE13 and Eca109 cells before 
and after 0.5 μM/L of DAC treatment for 48 h. (B) ChIP results showed the binding of H3K27me3 on the promoter of MAGE-A11 in 
Eca109 cells after treatment with EZH2 siRNA. (C) qRT-PCR and western blot showed the expression of MAGE-A11 after treatment with 
EZH2 siRNA. (D) ChIP results showed the binding of H3K27me3 on the promoter of MAGE-A11 in Eca109 cells after 1 μM/L of DZNep 
treatment for 48 h. (E) and (F) qRT-PCR and western blot showed the expression of MAGE-A11 after treatment of 1 μM/L of DZNep and 
0.5 μM/L of DAC treatment for 48 h. 
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According to our present study, following MeCP2 binding 
to the methylated CpG sites, the occupancy of inactivation 
histone marks such as H3K27me3 and H3K9me3 was 
increased, whereas the occupancy of activation mark 
H3K4me3 was decreased. The occupancy of these marks 
can be regulated by demethylating agent DAC, suggesting 
that histone methylation is a subsequent event following 
MAGE-A11 promoter methylation. Another finding of 
our present study is that inhibiting the trimethylation of 
H3K27 by knockdown of EZH2 or DZNep increased 
MAGE-A11 expression in a DNA methylation-dependent 
manner. 

Therefore, we sought to find the feasibility 
of modulating histone acetylation and methylation 
together with DNA methylation as a strategy to enhance 
MAGE-A11 activation under conditions potentially 
achievable in clinical settings [51–53]. Although DAC 
treatment could induce MAGE-A11 expression that might 
increase tumor growth, however, as a clinically used DNA 
methylation inhibitor, DAC treatment had clinical effects 
on tumors through promoting a lot of tumor suppressors 
that are commonly methylated in cancer progression 
[54, 55]. We recently reported epigenetic modulation 
by zebularine (another DNA methyltransferase inhibitor) - 
induced MAGE-A11 expression in breast cancer cells and 
facilitated cytotoxicity via MAGE-A11-specific cytotoxic 
T lymphocytes [56]. Our data support further development 
of TSA and DZNep, or other inhibitors of histone 
deacetylation and methylation for cancer immunotherapy 
targeting for MAGE-A11. 

MATERIALS AND METHODS 

Clinical specimens 

All ESCC and the corresponding adjacent normal 
esophageal epithelial specimens were obtained from 
the patients who had ESCC and underwent the surgical 
treatment in our hospital from January 2009 to October 
2009. All patients did not undergo the preoperative 
chemotherapy and radiotherapy. The clinicopathological 
parameters were collected from the case history. All 
patients were followed up for 12–60 months. This study was 
approved by the Medical Ethics Committee of our hospital. 

HE and immonuhistochemical (IHC) staining for 
tissue microarray (TMA) 

TMAs construction, HE and IHC staining were 
performed and analyzed as described in our previous study [57].

ESCC xenograft in mice 

Three-week old nude mice were randomly divided 
into two groups (n = 3 per group). Human ESCC Eca109 
cells were transfected with MAGE-A11 overexpression 
plasmid. The stable clones were subsequently established, 
and the transfection effects were examined with RT-PCR. 
Cells (5 × 106) in 0.2 ml of PBS were harvested and 
injected subcutaneously into the flank region of nude mice. 
Mice were observed daily and palpated for tumor formation 

Figure 7: Regulation of MAGE-A11 gene in ESCC. (A) Flowchart of epigenetic events and the associated agents involved in 
MAGE-A11 activation in ESCC. (B) Schematic of epigenetic events involved in MAGE-A11 activation in ESCC.
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per two days. Two-dimensional tumor measurements 
were made after tumor formation. The tumor volume was 
calculated according to the formula: volume = π (short 
diameter2) × (long diameter)/6. After 22 days, the mice were 
sacrificed by cervical dislocation. Tumors were excised 
and used for IHC by using rabbit anti-human MAGE-A11 
polyclonal antibody (Epitomics, California, USA), rabbit 
anti-human PCNA antibody (Proteintech, USA), and rabbit 
anti-human Ki76 antibody (Abcam, USA). The growth 
curve of the tumors was drawn.

Cell culture and transfection

All cell lines were maintained in RPMI1640 
(GIBCO, USA) supplemented with 10% heat-inactivated 
fetal bovine serum (GIBCO, USA), 50 units of penicillin 
and 50 μg/ml streptomycin. Cells were grown at 37°C in 
a water-saturated atmosphere of 5% CO2 in air. cDNA 
transfection and siRNA-mediated knockdown experiments 
were performed as described in our previous literature [58]. 

RNA preparation, reverse transcription and 
quantitative real-time PCR (RT-qPCR) 

Total RNA preparation and RT-qPCR were 
performed as described in our previous study [59]. PCR-
based amplification was performed using the following 
primers in Supplementary Table 4. 

DNA preparation, sodium bisulfite treatment, 
methylation specific PCR (MSP), and Bisulfite 
sequencing PCR (BSP) 

Genomic DNA was isolated by using a simplified 
Proteinase K (Merck, Darmstadt, Germany) digestion 
method. Bisulfite modification of DNA (1 µg) was performed 
by using an EZ DNA methylation-direct kit (Zymo Research, 
Irvine, CA, USA). The methylation status of MAGE-A11 
promoter was detected by MSP. The primers for MSP were 
shown in Supplementary Table 5. MSP was performed by 
PCR using GoTaq® G2 Green Master Mix (Promega, USA). 
The methylation status of each CpG site was confirmed 
by BSP. Bisulfite-modified DNA was subjected to PCR 
amplification. The PCR products were cloned into pGEM-T 
vectors (Promega, CA, USA) and 12 clones of each sample 
were selected for sequencing. The BSP primers were 
designed to recognize sodium bisulfite-converted DNA and 
encompassing CpG Island within the human MAGE-A11 
(from −140 to +6 bp) (Supplementary Table 6). 

Western blot analysis

Cell lysates preparation and western blot were performed 
as described previously [59]. The primary antibodies for 
western blot were shown in Supplementary Table 7. 

Immunostaining 

The immunostaining procedure was performed as 
described in our previous study [58].

Chromatin immunoprecipitation assay (ChIP) 

ChIP analysis was performed as described 
in our previous literature50. Immunoprecipitations 
were performed with 2 µg indicated antibodies or 
IgG. The primary antibodies for ChIP were shown in 
Supplementary Table S8. Primers used to measure the 
enrichment of MAGE-A11 promoter DNA sequence 
containing the CpG island are as follows: forward, 5′-CCC 
TCGCCACTACTTTTCC-3′; reverse, 5′-AGGAGCGAAC 
CCGATTCT-3′. The enrichment fold of ChIP DNA was 
calculated as percentage of input. The PCR products were 
resolved electrophoretically and visualized by ethidium 
bromide staining. 

Luciferase promoter assay 

Cells were seeded at a density of 5 × 104/12-well 
plate and cultured overnight. Cells were then transfected 
with the indicated MAGE-A11 promoter luciferase 
reporter plasmid, Renilla luciferase plasmid together 
with or without the expression plasmid for SP1, TFCP2 
or ZEB1. Total amount of plasmid DNA was kept 
constant with the empty plasmid. Forty-eight hours after 
transfection, cell lysates were prepared and their luciferase 
activities were measured using dual luciferase reporter 
assay system (Promega, Madison, WI, USA). 

Cell proliferation assay

Cell proliferation assay was performed and analyzed 
as described in our previous study [59]. 

Statistical analysis 

All statistical analyses were performed with SPSS 
22.0 software (SPSS Inc, Chicago, IL, USA). Results 
for RT-qPCR, ChIP, and luciferase reporter assay were 
analyzed by Student’s t-test. Chi-square test was used 
to analyze the association of MAGE-A11 expression 
with the cliniopathological parameters. Overall survival 
were estimated by the Kaplan-Meier method, differences 
between groups were compared were by the log-rank 
test. The Cox proportional hazards model was used for 
multivariate analysis to examine the potential prognostic 
value of different variables on overall survival. All 
statistical tests were two-sided, and P value less than 0.05 
was considered statistically significant. 
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