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Introduction

Cancer testis or germline (CG) antigen genes are expressed in 
germ cells and human tumors and encode immunogenic tumor 
antigens.1,2 Vaccines targeting CG antigens are undergoing clini-
cal testing in a variety of human malignancies that include mela-
noma, lung, and ovarian cancers.2 In addition to their significance 
as immunotherapy targets, CG gene products may contribute to 
oncogenesis. In particular, the MAGE gene family contains a 
MAGE homology domain (MHD), which in some instances can 

MAGEA11 is a cancer germline (CG) antigen and androgen receptor co-activator. Its expression in cancers other than 
prostate, and its mechanism of activation, has not been reported. In silico analyses reveal that MAGEA11 is frequently 
expressed in human cancers, is increased during tumor progression, and correlates with poor prognosis and survival. 
In prostate and epithelial ovarian cancers (EOC), MAGEA11 expression was associated with promoter and global DNA 
hypomethylation, and with activation of other CG genes. Pharmacological or genetic inhibition of DNA methyltransferases 
(DNMTs) and/or histone deacetylases (HDACs) activated MAGEA11 in a cell line specific manner. MAGEA11 promoter activity 
was directly repressed by DNA methylation, and partially depended on Sp1, as pharmacological or genetic targeting of 
Sp1 reduced MAGEA11 promoter activity and endogenous gene expression. Importantly, DNA methylation regulated 
nucleosome occupancy specifically at the -1 positioned nucleosome of MAGEA11. Methylation of a single Ets site near 
the transcriptional start site (TSS) correlated with -1 nucleosome occupancy and, by itself, strongly repressed MAGEA11 
promoter activity. Thus, DNA methylation regulates nucleosome occupancy at MAGEA11, and this appears to function 
cooperatively with sequence-specific transcription factors to regulate gene expression. MAGEA11 regulation is highly 
instructive for understanding mechanisms regulating CG antigen genes in human cancer.
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serve as a binding module for the RING family of ubiquitin E3 
ligases to promote degradation of the tumor suppressor protein 
p53.3 MAGEA11 facilitates co-activator recruitment to the andro-
gen receptor (AR) in the absence and presence of ligand, leading 
to activation of AR target genes in prostate cancer.4 Other CG 
genes make distinct contributions to oncogenesis.5-9 These stud-
ies suggest that CG antigen proteins have potential as therapeutic 
targets, beyond their current role in cancer immunotherapy.

We previously reported that the MAGEA11 promoter CpG 
island is hypermethylated in benign prostatic intraepithelial 
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prostate cancer is associated with activation of other CG anti-
gen genes, we measured MAGEA11 and three representative CG 
genes, MAGEA1, NY-ESO1 and XAGE1, in benign or malignant 
human prostate cells. Each of the CG genes was not significantly 
expressed in benign prostate cell lines, but was heterogeneously 
expressed in prostate cancer cell lines (Fig. 1D). MAGEA11 
was low to moderately expressed in benign prostate and most 
cancer cell lines, and elevated in LAPC-4 cells (Fig. 2A). 
LAPC-4 also displayed the highest expression of other CG genes  
(Fig. 1D). To further assess the correlation between MAGEA11 
and other CG gene expression, we analyzed primary prostate tis-
sue samples, which included benign prostatic hyperplasia (BP), 
androgen-stimulated prostate cancer (AS), and castration-recur-
rent prostate cancer (CR). MAGEA11 was highly expressed in a 
CR sample (CR1), that also was the only sample with significant 
expression of other CG genes (Fig. 1E). The data suggest that 
MAGEA11 is expressed concordantly with other CG genes in 
prostate cancer. Next, Oncomine was used to determine whether 
MAGEA11 is expressed in human cancers other than prostate. 
We found that MAGEA11 expression is elevated in a number 
of different human cancers, including esophageal and kidney 
(renal cell) tumors (Fig. S1A and C). MAGEA11 was expressed 
in 20–40% of these lesions, and its expression correlated with 
that of other MAGEA genes (data not shown). Furthermore, 
in both tumor types, MAGEA11 expression was associated 
with poor prognosis, similar to prostate cancer (Fig. S1B and 
D). We also analyzed MAGEA11 expression in human EOC, 
which has proven a useful disease model to study CG antigen 
gene regulation.18-20 Oncomine analysis of the Cancer Genome 
Atlas (TCGA) high-grade serous ovarian cancer data revealed 
significant elevation of MAGEA11 expression in EOC as com-
pared with normal ovary (Fig. 2A). MAGEA11 was expressed in 
~20% of EOC lesions in the TCGA (i.e., above the Oncomine 
median expression value and significantly elevated compared 
with normal ovary). Spurred by these data, we directly examined 
MAGEA11 expression in a set of primary EOC tissues. We used 
Affymetrix HG 1.0 ST microarrays to analyze the expression of 
MAGEA11 and other CG antigens in three NO and 40 EOC 
tissues described earlier.19 In agreement with the TCGA data, we 
observed significant elevation of MAGEA11 in EOC compared 
with NO (Fig. 2B). The TCGA data was explored further to 
determine whether MAGEA11 expression correlates with other 
CG genes. Genes with the highest correlation to MAGEA11 were 
known CG antigen genes, including other MAGEA family mem-
bers (Fig. 2C). In agreement with the TCGA, MAGEA11 expres-
sion correlated with other CG antigen genes in our EOC sample 
set (Fig. 2D).

MAGEA11 expression is associated with DNA hypomethyl-
ation at its TSS. In our previous analysis of prostate cancer cell 
lines, we observed DNA methylation proximal to the predicted 
MAGEA11 TSS, rather than at the 5' end of the promoter CpG 
island.10 Bisulfite clonal sequencing was performed in the normal 
PWR-1E prostate epithelial cell line, which has low MAGEA11 
expression, to determine whether proximal promoter meth-
ylation is critical for MAGE-A11 expression (Fig. 3A). PWR-1E 
cells displayed partial DNA methylation throughout most of the 

neoplasia, but can become hypomethylated in prostate cancer, 
particularly in castration-recurrent disease, and that this occurs 
in conjunction with gene activation.10 MAGEA11 appears to 
make a specific contribution to prostate cancer via its myriad of 
effects on AR signaling.4 However, two fundamental questions 
remain. First, is MAGEA11 activation a specifically selected 
event, or is it associated with activation of other CG genes, as a 
result of a global epigenetic alteration, e.g., global DNA hypo-
methylation?11 Second, is MAGEA11 activated in human cancers 
other than prostate and, if so, does this result from epigenetic 
alterations?

DNA methylation is intertwined with other epigenetic mech-
anisms that include histone acetylation, histone methylation, 
and nucleosome occupancy.12 Studies aimed to discern the rela-
tionship among these interdependent mechanisms at genes epi-
genetically activated in cancer, which include CG antigens, are 
limited. Recent work has explored the role of DNA methylation 
and histone modifications in CG antigen gene regulation,13-16 but 
information is lacking about the role of nucleosome occupancy in 
CG antigen gene regulation, or how this relates to other epigen-
etic marks. Also, epigenetic remodeling alone appears insufficient 
for CG gene activation, which additionally requires the action of 
sequence-specific transcription factors.1,17 How diverse epigenetic 
mechanisms and transcription factors are integrated to promote 
CG gene expression in cancer is unresolved.

An in silico analysis of MAGEA11 gene expression was con-
ducted in human cancer to begin to address these questions. 
Cell lines and primary tissues from prostate and epithelial ovar-
ian cancers (EOC) were analyzed to determine the relationship 
among MAGEA11 expression, promoter DNA hypomethylation, 
and global DNA hypomethylation. Genetic and pharmacologi-
cal approaches were applied to cancer cell lines to determine 
the relationship among DNA methylation, histone acetylation, 
and MAGEA11 gene expression. Promoter luciferase approaches 
addressed the impact of DNA methylation on MAGEA11 pro-
moter activity, and investigated the role of Sp1 in MAGEA11 gene 
regulation. The novel Methyltransferase Accessibility Protocol 
for individual templates (MAPit) sequencing method was used 
to assess the role of nucleosome occupancy in MAGEA11 gene 
regulation, and to determine how it is influenced by DNA 
methylation.

Results

MAGEA11 expression is elevated in multiple human cancers 
and is coordinately expressed with other CG antigen genes. We 
reported previously that MAGEA11 expression increases in cas-
tration-recurrent prostate cancer in a relatively small number of 
clinical specimens.10 To expand this analysis, we used Oncomine 
to analyze publically available microarray data sets for MAGEA11 
expression in prostate cancer and to determine the possible rela-
tionship to clinicopathology. This analysis confirmed MAGEA11 
expression in prostate cancer, and revealed significantly increased 
expression with increased Gleason grade (Fig. 1A), progression 
to metastasis (Fig. 1B), and in patients with early disease recur-
rence (Fig. 1C). To determine whether MAGEA11 expression in 
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addition to prostate cancer, we investigated DNA methylation 
relative to MAGEA11 gene regulation in EOC. Initially, bisul-
fite clonal sequencing was performed on NO and EOC samples. 
The MAGEA11 5' CpG island and TSS region were moderately to 
highly methylated in both NO and EOC samples that had low lev-
els of MAGEA11 expression, but were hypomethylated in an EOC 
sample (EOC38) expressing high levels of MAGEA11 (Fig. 3C). 
We developed a bisulfite pyrosequencing assay for MAGEA11 TSS 
methylation, to enable analysis of a larger number of biological 
samples and statistical testing of this association. Pyrosequencing 
established a significant indirect association between MAGEA11 
expression and TSS methylation in EOC (Fig. 3D).

5' CpG island, but the CpGs located adjacent to the predicted 
TSS were hypermethylated. Previously obtained methylation 
data for prostate cancer cell lines are shown for comparison10  
(Fig. 3A, TSS adjacent CpGs in red boxes), and MAGEA11 
expression and methylation in the four prostate cell lines analyzed 
are summarized in Figure 3B. MAGEA11 was expressed at the 
highest level in LAPC-4 cells, the only cell type in which the 
TSS region is hypomethylated. RLM-RACE was used to map the 
TSS of MAGEA11 in LAPC-4 cells, to confirm the relevance of 
our findings. The data confirmed that the TSS is located adjacent 
to the CpG sites showing differential methylation in the prostate 
cell lines (Fig. 3A, TSS indicated with right broken arrows). In 

Figure 1. MAGEA11 expression in human prostate cancer. (A–C) Oncomine analysis of MAGEA11 expression. Fold change, P-value, and microarray 
platform is indicated, and the title shows the first author of the referenced studies.61,62 Data are presented as a box and whiskers plot, with the box 
indicating the 25th to 75th percentiles, whiskers indicating the 10th and 90th percentiles, top and bottom points indicating the range, and center line 
indicating the median. (A) MAGEA11 expression as a function of prostate cancer Gleason grade. (B) MAGEA11 expression in primary and metastatic 
prostate cancer. (C) MAGEA11 expression as a function of prostate cancer recurrence at one year. (D) Expression of MAGEA11 and three representative 
CG antigen genes, MAGEA1, NY-ESO-1 and XAGE1 in prostate cell lines was measured using RT-qPCR. PWR-1E and RWPE-2 are cell lines derived from 
benign prostate epithelium, while the other cell lines were derived from prostate cancers. (E) Gene expression was measured as described in (D), using 
primary tissues derived from benign prostatic hyperplasia (BP), androgen-stimulated prostate cancer (AS), and castration-recurrent prostate cancer 
(CR). Absence of a bar indicates that no expression was detected.
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association between MAGEA11 expression and LINE1 methyla-
tion suggested that MAGEA11 methylation and LINE1 methyla-
tion are associated. Consistent with this hypothesis, there was a 
significant association between MAGEA11 TSS methylation and 
LINE1 methylation in prostate cancer and EOC (Fig. 4E and F).

To further investigate the relationship between promoter 
and global DNA methylation and MAGEA11 expression, we 
used a human colorectal cancer somatic cell genetic knockout 
system in which the cytosine DNA methyltransferase enzymes 
DNMT1 and DNMT3b have been targeted alone or in com-
bination.21 MAGEA11 expression was undetectable in wild-
type HCT116 cells, increased in single DNMT1 or DNMT3b 
knockout HCT116 cells, and was highest double knockout 
DNMT1/3b HCT116 cells (DKO) (Fig. S2A; note that expres-
sion was plotted on a log scale). In agreement with the expres-
sion results, the MAGEA11 promoter was hypermethylated in 
wild-type HCT116 cells with progressively greater hypomethyl-
ation in DNMT3b−/−, DNMT1−/−, and DKO cells, respectively  
(Fig. S2B). These results support the idea that TSS hypometh-
ylation is required for high MAGEA11 expression, since only 
HCT116 DKO cells showed robust hypomethylation at the 

MAGEA11 expression and hypomethylation is associated 
with global DNA hypomethylation. We used LINE1 methyla-
tion as a biomarker for global DNA methylation status to examine 
whether global DNA hypomethylation is related to MAGEA11 
activation in cancer.19,20 LINE1 pyrosequencing is a cost effec-
tive assay and readout for overall global methylation in cancer, 
as there is a direct correlation between LINE1 and 5mdC in can-
cer tissues.20 In prostate cell lines, an inverse correlation between 
MAGEA11 expression and LINE1 methylation was observed, 
but did not reach statistical significance (Fig. 4A; Spearman r = 
−0.455, p = 0.27). In clinical prostate tissues, LINE1 was hypo-
methylated to the greatest extent in the CR tumor that expressed 
MAGEA11 (Fig. 4B). We analyzed two groups of EOC lesions 
characterized by distinct LINE1 methylation (i.e., hypometh-
ylated and hypermethylated), and NO samples as controls, to 
more rigorously test this association (Fig. 4C). While MAGEA11 
expression was higher in both EOC sample groups compared 
with NO, its expression was highly elevated in hypomethylated 
vs. hypermethylated EOC (Fig. 4C). Moreover, there was a sig-
nificant inverse correlation between MAGEA11 expression and 
LINE1 methylation in all EOC samples (Fig. 4D). The indirect 

Figure 2. MAGEA11 expression in epithelial ovarian cancer (EOC). (A) Oncomine analysis of MAGEA11 mRNA expression in TCGA data.63 Fold change,  
P value, and microarray platform is indicated. Data presentation is as described in Figure 1. (B) Oncomine analysis of the genes most closely correlated 
with MAGEA11 in TCGA data. (C) MAGEA11 mRNA expression was determined in three normal ovary samples and 40 EOC samples using Affymetrix HG 
1.0ST microarrays. Two-tailed t-test results are shown. (D) Expression of MAGEA11 and other CG antigen genes was determined by Affymetrix microar-
ray, as described in (C). Spearman test r values and P values for correlation with MAGEA11 are shown.
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hypermethylated, MAGEA11 was induced by decitabine but not 
by TSA, with the highest level of induction following combina-
tion treatment (Fig. 5A and B). These findings suggest that DNA 
methylation plays a primary role in MAGEA11 gene repression, 
and histone deacetylation plays an accessory role, in cells with 
TSS-hypermethylated MAGEA11. In LAPC-4 cells, in which 
the MAGEA11 TSS is hypomethylated, TSA caused substantial 
induction of MAGEA11 while decitabine did not, although the 
combination treatment still showed the greatest effect (Fig. 5C). 
These findings suggest that HDACs can still repress MAGEA11, 
when TSS DNA methylation levels are lower. In agreement, 
ChIP analysis showed that TSA treatment increased histone 
acetylation at lysine 9 (H3K9-Ac) at the MAGEA11 promoter in 
LAPC-4 cells (Fig. S3A). In contrast to DU145 and PC-3 cells, 
TSA treatment did not influence MAGEA11 expression in benign 
PWR-1E prostate cells (Fig. 5D). This is suggestive of cancer-
specific alterations in HDACs, as has been reported.26

MAGEA11 TSS. The effect of DNMT loss on MAGEA11 pro-
moter methylation paralleled the effect on global DNA methyla-
tion in these cell lines,14,21,22 which provides additional evidence 
for a link between global DNA hypomethylation and MAGEA11 
expression.

DNMT and histone deacetylase (HDAC) inhibitors induce 
MAGEA11 expression in a cell type specific manner. In addition 
to DNA methylation, histone modification can play an important 
role in CG gene regulation.14-16,23 A pharmacological approach 
was used in prostate cell lines to investigate the relative roles 
of DNA methylation and histone deacetylation on MAGEA11 
repression. Prostate cell lines were treated with the pan-DNMT 
inhibitor decitabine (DAC) and the pan-class I/II HDAC inhibi-
tor Trichostatin A (TSA),24,25 individually or in combination. 
Decitabine treatment was confirmed to reduce MAGEA11 pro-
moter DNA methylation levels (data not shown). In DU145 and 
PC-3 prostate cancer cells in which the MAGEA11 TSS region is 

Figure 3. MAGEA11 promoter methylation and expression in prostate cancer and EOC. (A) Sodium bisulfite clonal sequencing of the MAGEA11 
promoter region was performed on the indicated cell lines. The transcriptional start site (TSS), as determined by RLM-RACE, is indicated by the right 
broken arrow, and the coordinates of the analyzed region are shown in the upper left panel. Filled and open circles indicate methylated and unmeth-
ylated CpG sites, respectively, and each row represents one sequenced allele. The red box indicates three TSS-adjacent CpG sites. (B) Summary of 
MAGEA11 bisulfite sequencing and mRNA expression data in prostate cell lines. Methylation percentages for the entire MAGEA11 5' CpG island (CGI) or 
for the three TSS-resident CpGs were calculated from (A), and MAGEA11 expression was determined by RT-qPCR. (C) MAGEA11 promoter methylation 
and mRNA expression in one normal ovary (NO) and four EOC samples were determined using bisulfite clonal sequencing (>10 alleles), and Affymetrix 
microarray, respectively. (D) MAGEA11 mRNA expression indirectly correlates with MAGEA11 TSS methylation in EOC. MAGEA11 expression and methyla-
tion of three TSS-resident CpG sites in 16 EOC samples was determined by RT-qPCR and bisulfite pyrosequencing, respectively. Five samples that did 
not express measurable MAGEA11 are plotted on the x-axis. Spearman test results are shown.



854	 Epigenetics	 Volume 8 Issue 8

(Fig. 6A). Each construct was active in prostate cell lines, in 
the order, C3 > C2 > C1 > C4, in all 3 cell lines (Fig. 6B). 
Notably, C3, which contains a cluster of 10 CpG sites embedded 
within 10 consensus Sp1 binding sites, had the highest activity, 
while C4, which was identical to C3 but did not contain the 
Sp1 region, had the lowest activity (Fig. 6A–C). This suggested 

MAGEA11 is directly repressed by DNA methylation, and 
activated by Sp1. A luciferase reporter gene assay was used 
to determine the impact of DNA methylation on MAGEA11 
promoter activity in prostate cancer cells. Four constructs, C1 
through C4, were prepared that terminate 55 bp downstream 
of the MAGEA11 TSS and span different lengths upstream 

Figure 4. MAGEA11 expression and methylation and global DNA methylation. (A) MAGEA11 expression and LINE1 methylation in human prostate cell 
lines. MAGEA11 expression was determined by RT-qPCR and LINE1 methylation was determined by pyrosequencing. PWR-1E and RWPE-2 are derived 
from normal prostate epithelium, while other cell lines are derived from prostate cancer. Spearman test showed an inverse association between MA-
GEA11 expression and LINE1 methylation, which did not reach statistical significance (R = −0.455, p = 0.267). (B) MAGEA11 expression and LINE1 methyl-
ation in primary prostate tissues. Measurements were determined as described in (A). (C) MAGEA11 expression and LINE1 methylation in normal ovary 
and EOC with divergent LINE1 methylation. MAGEA11 expression and LINE1 methylation were determined as described in (A). MAGEA11 expression is 
plotted on a log axis and note that five samples in the hypermethylated EOC group did not express measurable MAGEA11. The mean LINE1 methylation 
level in three sample groups is shown below the x-axis. Two-tailed t-test results are shown. (D) MAGEA11 expression and LINE1 methylation are indi-
rectly associated in EOC. MAGEA11 expression was plotted vs. LINE1 methylation in EOC samples from both EOC groups shown in (C). Spearman test 
results are shown. (E) MAGEA11 TSS methylation and LINE1 methylation are directly associated in prostate cancer. Methylation was determined using 
bisulfite sequencing (MAGEA11) and pyrosequencing (LINE-1). Spearman test results are shown. (F) MAGEA11 TSS methylation and LINE1 methylation 
are directly associated in EOC. Methylation was determined using pyrosequencing. Spearman test results are shown.
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constructs, with the C3 construct showing highest activity. 
Unexpectedly, HpaII, which methylates only 1–2 CpGs in the 
C1-C4 constructs, strongly repressed MAGEA11 promoter activ-
ity, similar to M.SssI, which methylates all CpG sites in these 
constructs (Fig. 6E). Similar results were obtained in other pros-
tate cell lines (data not shown). The two HpaII sites within the 
MAGEA11 promoter region are found within consensus Ets tran-
scription factor binding sites (Fig. 6C). Thus, the data suggest 
that methylation at one or both of these sites impairs MAGEA11 
promoter activity. Consistent with this notion, previous studies 
have implicated Ets sites in methylation-dependent promoter 
activity of other MAGEA gene family members.1,17,27,28

Elevated activity of the C3 construct relative to C4 sug-
gested that Sp1 site binding factors regulate MAGEA11. Sp1, 
the prototype member of the Sp1 family, is expressed widely 
in benign and malignant tissues, and contributes to oncogen-
esis.29 Western blot analysis demonstrated that prostate cell 
lines express nuclear Sp1 protein (Fig. 7A). The Sp1 inhibitor 

that Sp1 factors may contribute to MAGEA11 gene activity. In 
addition, the data suggested the presence of repressive motifs in 
the 5' region of MAGEA11, based on the lower activity levels 
of C1 and C2, relative to the C3 construct. It was also notable 
that DU145 cells showed highest levels of MAGEA11 promoter 
activity, while the endogenous MAGEA11 gene is silenced by 
DNA methylation in this cell type (Fig. 6B; Fig. 3B). Thus, 
DU145 cells may express factors necessary to drive MAGEA11 
expression, but these factors may be restricted at the endogenous 
gene locus by DNA methylation.

We methylated the C1 through C4 inserts, but not the vector 
sequences, using HpaII or M.SssI, which methylate 5'-CCGG-3' 
or 5'-CG-3' sites, respectively, to directly determine the impact of 
DNA methylation on MAGEA11 promoter activity. Digestion of 
the plasmid inserts with HpaII and McrBc restriction enzymes 
confirmed their expected methylation status (Fig. 6D). The 
results in PC-3 cells are shown in Figure 6E. Mock methylated 
constructs showed a similar pattern of activity as unmethylated 

Figure 5. Epigenetic modulatory drugs induce MAGEA11 expression. MAGEA11 expression was measured by RT-qPCR following treatment of benign 
prostate or prostate cancer cell lines with vehicle (PBS/DMSO), Trichostatin A (TSA), and/or decitabine (DAC), as described in “Materials and Methods.” 
(A) DU145 cells, (B) PC-3 cells, (C) LAPC-4 cells, (D) PWR-1E cells. We noted that the MAGEA11/GAPDH copy number in control LAPC-4 cells appeared 
substantially lower than observed in other experiments, likely due to repression by DMSO. This effect was also observed in Figure 7C.
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nucleosome occupancy are based on population averaging, which 
does not give single molecule information, nor allow integration 
of endogenous DNA methylation status.32,33 A newly developed 
method, MAPit (a.k.a., NOME-seq), overcomes these limita-
tions.34,35 In MAPit, isolated nuclei are treated with CviP1, an 
enzyme that methylates nucleosome-free 5'-GC-3' sites.32 After 
CviP1 modification, gDNA is recovered and subjected to bisul-
fite clonal sequencing to simultaneously reveal nucleosome 
occupancy, as defined by protection from GC methylation, and 
endogenous DNA methylation, i.e., CG methylation.36 MAPit 
allowed us, for the first time, to examine the relationship between 
DNA methylation and nucleosome occupancy in CG gene regu-
lation, using MAGEA11 as a model.

To determine whether DNA methylation status influences 
MAGEA11 nucleosome occupancy, we utilized the isogenic 

Mithramycin A (MitA)30 was used to address whether Sp1 factors 
are involved in MAGEA11 regulation. MitA treatment caused a 
dose-dependent reduction in MAGEA11 promoter activity and 
endogenous MAGEA11 expression in LAPC-4 cells (Fig. 7B 
and C). In addition, decitabine-mediated MAGEA11 induc-
tion in PC-3 cells was inhibited in a dose-dependent manner by 
MitA treatment (Fig. 7D). Furthermore, Sp1 targeting siRNAs 
reduced MAGEA11 expression in LAPC-4 cells, proportional to 
the degree of knockdown (Fig. 7E and F). Together, the results 
demonstrate that Sp1, and potentially related factors, activate 
MAGEA11.

DNA methylation status influences nucleosome occupancy 
at the MAGEA11 promoter. DNA methylation and histone 
modifications can impact gene expression via effects on pro-
moter nucleosome occupancy.31 Traditional methods to map 

Figure 6. MAGEA11 promoter activity and repression by DNA methylation. (A) Diagram of the MAGEA11 5' region and MAGEA11 promoter luciferase 
constructs. The MAGEA11 promoter region, TSS, first part of exon I (gray box), and the CpG island (CGI) are indicated. Four promoter constructs were 
generated by PCR (C1-C4). The key indicates the location of CpG sites, Ets sites (which correspond to HpaII sites), the Sp1 site cluster, and the three 
TSS-resident CpG sites examined by bisulfite pyrosequencing. (B) C1-C4 constructs were transfected into the indicated prostate cancer cell lines, and 
promoter activity was measured. Cells treated with the transfection reagent alone served as a negative control. (C) Sequence of the two Ets sites and 
the Sp1 site cluster in the MAGEA11 promoter. CpG dinucleotides are indicated with red font. The two consensus Ets sites each contain an HpaII recog-
nition sequence (5'-CCGG-3'). The Sp1 cluster contains 10 embedded CpG sites. (D) Confirmation of the methylation status of MAGEA11 promoter con-
struct inserts. Inserts were mock-methylated (M), methylated with HpaII (H), or with M.SssI (S). Methylation status was verified by digestion with HpaII 
restriction endonuclease (top panel) or McrBc endonuclease (bottom panel). The sequence specificity of each nuclease is shown at left. (E) MAGEA11 
promoter repression by methylation. Inserts verified as shown in (C) were ligated into the pGL3-basic vector, transfected into PC-3 cells, and promoter 
activity was measured. The number of HpaII and M.SssI sites in each construct is indicated below the graph.
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noted that the region of the MAGEA11 promoter with signifi-
cant variation in GC methylation between HCT116 and DKO 
cells was localized to the area upstream of the TSS, and spanning 
approximately 200 bp. This distance is greater than the length 
of one nucleosome (147 bp), and includes what has been referred 
to as the -1 nucleosome.38 In contrast, the areas upstream and 
downstream showed low GC methylation in both HCT116 and 
DKO cells, which suggests continued nucleosome occupancy at 
these locations. Occupancy at the -1 nucleosome position may 
be critical for MAGEA11 expression, potentially by impact-
ing RNA Polymerase II (RNAP II) binding.38 In agreement, 
ChIP revealed increased RNAP II binding to the MAGEA11 

HCT116/DKO cell model system described earlier.21 MAPit 
was conducted on HCT116 wild type and DNMT1/3b 
knockout (DKO) cells, and the results were analyzed using 
MethylViewer.37 In agreement with our standard bisulfite clonal 
sequencing results, MAGEA11 was hypermethylated at CG 
sites in HCT116 cells relative to DKO cells (Fig. 8A and B). 
In contrast, GC methylation increased in DKO cells relative to 
HCT116 wild-type cells, consistent with nucleosome depletion 
at the MAGEA11 promoter (Fig. 8A and B). Approximately half 
of the sequenced alleles in DKO cells showed increased CviP1 
methylase accessibility. Decitabine-treated HCT116 cells dis-
played MAPit results similar to DKO cells (data not shown). We 

Figure 7. Sp1 contributes to MAGEA11 promoter activity and gene expression. (A) Sp1 protein expression was determined by western blot analysis of 
the indicated cell lines. C and N refer to cytosolic and nuclear extracts, respectively. (B) Mithramycin A (MitA) treatment reduces MAGEA11 promoter 
activity. LAPC-4 cells were simultaneously transfected with the C3 construct and treated with DMSO (vehicle) or the indicated concentrations of MitA. 
Cell extracts were harvested 24 h post-treatment and used for luciferase assay. (C) MitA treatment represses MAGEA11 mRNA expression. LAPC-4 
cells were treated with DMSO or MitA for 24 h, and RNA extracts were used to measure MAGEA11 expression by RT-qPCR. (D) MitA treatment sup-
presses decitabine-mediated MAGEA11 induction. PC-3 cells were treated with decitabine (DAC) and/or MitA alone or in combination. RNA extracts 
were harvested five days after initiation of treatment, and were used to measure MAGEA11 expression by RT-qPCR. (E) Sp1 knockdown in LAPC-4 cells. 
LAPC-4 cells were transfected with two different Sp1 targeting siRNAs, or with a control non-targeting siRNA, once daily for 48 h. 48 h post-treatment, 
whole cell extracts were prepared and used for western blot analysis. (F) Sp1 knockdown reduces MAGEA11 expression. LAPC-4 cells were treated as 
described in (E), and RNA extracts were prepared 48 h post treatment and used for RT-qPCR analysis of MAGEA11.
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Figure 8. MAPit analysis of MAGEA11 promoter nucleosome occupancy. MAPit data were analyzed using MethylViewer.37 Each row indicates one indi-
vidual sequenced allele, and the approximate nucleotide coordinates in relation to the TSS are indicated below each data panel. The key to symbols 
used is shown at top. The areas highlighted orange indicate CviP1-accessible regions (e.g., nucleosome-free regions) and were defined according to 
the “3 + 2 rule,” i.e., regions of three consecutive G-m5C sites broken by two consecutive GC sites. The vertical magenta lines delineate the termini of 
the region analyzed by traditional bisulfite clonal sequencing in Figure S2 (for HCT116 and DKO) and Figure 3 (for PC-3). (A) HCT116 cells. (B) DKO cells. 
(C) PC-3 cells.
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DNA hypomethylation at TSS-resident CpG sites. In addi-
tion, MAGEA11 expression and hypomethylation are associated 
with global DNA hypomethylation, as evidenced both by pri-
mary human tumor data from prostate and ovarian cancers, and 
by data from a genetic DNMT knockout cell system. DNMT 
and HDAC inhibitors can both activate MAGEA11 expres-
sion, in some cases in a synergistic fashion. Also, we showed 
that MAGEA11 promoter activity was repressed directly by 
DNA methylation and that Sp1, or related factors, contributes 
to MAGEA11 promoter activity and endogenous gene expres-
sion. For the first time, we have reported the role of nucleosome 
occupancy in CG antigen gene regulation, using MAGEA11 as a 
model. Our MAPit data provide evidence that: (1) DNA methyl-
ation specifically regulates nucleosome occupancy at the -1 posi-
tioned nucleosome at the MAGEA11 promoter, (2) methylation 
of an Ets consensus binding site positioned near the TSS closely 
correlates with MAGEA11 -1 nucleosome occupancy, (3) partial 
methylation at the 5' end of the Sp1 site cluster in the MAGEA11 
promoter CpG island correlates with -1 nucleosome depletion, 
and (4) a region overlapping the 3' end of the Sp1 site cluster is 
protected from CviP1 methylation, potentially by binding of the 
TIC, or by a transcription factor.

Based on the current study, we outline a schematic of 
events leading to MAGEA11 gene expression in human cancer  
(Fig. 9A). The initiating event driving MAGEA11 gene expres-
sion in cancer is likely to be global DNA hypomethylation. 
While the underlying cause of global DNA hypomethylation in 
cancer is yet to be demonstrated,11 it could reflect alterations of 
higher-order chromatin structure in the cancer cell nucleus.44,45 
MAGEA11 TSS hypomethylation is a target of global DNA 
hypomethylation, and this event provides a chromatin tem-
plate permissive for gene activation by members of the Ets and 
Sp1 transcription factor families. Our results also indicate that 
HDACs contribute to MAGEA11 gene repression, either as an 
accessory to DNA methylation or as a primary repressive mecha-
nism in some cancer cells. Full removal of epigenetic repression 
in certain tumors may allow high level MAGEA11 expression 
and downstream oncogenic effects (e.g., AR activation in pros-
tate cancer). Conversely, high expression of MAGEA11 may 
render tumor cells susceptible to immunotherapeutic approaches 
targeting this antigen.46 A model for the MAGEA11 gene config-
uration in the fully repressed and fully activated state is shown in  
Figure 9B. As indicated, a central aspect of the model is -1 nucleo-
some occupancy, which is based on the MAPit data. Preliminary 
analysis of additional cell types, including LAPC-4, also sup-
port the importance of -1 nucleosome occupancy in MAGEA11 
regulation (data not shown). The observation that DNA hypo-
methylation leads to nucleosome depletion at the MAGEA11 TSS 
has increased importance when put in the context of a recent 
report. Pandiyan et al. showed that only a small subset (<2%) 
of genes undergoing hypomethylation in DKO cells, or follow-
ing decitabine treatment, show changes in promoter nucleosome 
occupancy.47 The authors proposed that these target genes may be 
the most important for regulating tumorigenesis in the context of 
DNA hypomethylation. Experimental validation of MAGEA11 
as one of these targets further suggests an oncogenic role for this 

-1 nucleosome region in DKO cells, relative to HCT116 cells 
(Fig. S3B). In HCT and DKO cells, we additionally noted that 
the endogenous methylation status of specific CpG sites accu-
rately predicted -1 nucleosome occupancy. Notably, these sites 
included the 3' HpaII/Ets site mentioned earlier, in the context 
of luciferase assays (Fig. 8A and B).

As shown earlier, the prostate cancer cell line PC-3 displayed 
low to moderate levels of MAGEA11 expression along with 
heterogeneous methylation of the MAGEA11 5' CpG island 
(Fig. 3A and B). MAPit analysis of this cell line allowed us 
to further examine the relationship between MAGEA11 DNA 
methylation, gene expression, and nucleosome occupancy. PC-3 
cells showed a heterogeneous pattern of nucleosome occupancy, 
with nucleosome depletion at the -1 nucleosome region in some 
alleles (Fig. 8C). In addition, 3' Ets site methylation was closely 
associated with nucleosome occupancy in PC-3 cells, as was 
methylation of two other 5' CpG sites (Fig. 8C). Unexpectedly, 
nucleosome depletion in PC-3 cells correlated with partial 
methylation at the 5' end of the Sp1 cluster region, while com-
plete hypomethylation of this region correlated with nucleo-
some occupancy (Fig. 8C). This trend was also readily apparent 
in DKO cells (Fig. 8B). Finally, we noted that the region of 
CviP1 accessibility in the -1 nucleosome region was interrupted 
by a short stretch of DNA that overlapped the 3' end of the 
Sp1 cluster region (Fig. 8C). This pattern was also observed in 
some of the sequenced alleles of DKO cells (Fig. 8B). The small 
CviP1-protected region within the larger nucleosome-free -1 
region may correspond to a region bound by the transcriptional 
initiation complex (TIC) and/or a transcription factor. Taken 
together, our results indicate strong interdependence among 
DNA methylation, -1 nucleosome occupancy, and MAGEA11 
gene expression.

Discussion

MAGEA11 is a nuclear protein identified in a yeast two-hybrid 
screen for proteins that bind the human androgen receptor 
(AR).39,40 In addition to AR, MAGEA11 is now known to acti-
vate human progesterone receptor-B, and its capacity as a steroid 
receptor activator is in part mediated through interactions with 
the p300 histone acetyltransferase.41,42 In addition, MAGEA11 
can activate AR signaling by forming a molecular bridge between 
transcriptionally active AR dimers, and also contributes to pros-
tate cancer cell growth.4 Most recently, MAGEA11 has been 
found to promote oncogenesis by targeting the retinoblastoma 
(RB) pathway.43 This latter activity may provide the selective 
pressure for MAGEA11 expression in a variety of human can-
cers, as reported here. Because of its apparent role in tumori-
genesis, MAGEA11 is an important potential target of cancer 
vaccines and therapeutics. MAGEA11 expression could also serve 
as a biomarker of cancer prognosis, based on our data showing 
that MAGEA11 is expressed in a variety of human cancers, in a 
manner that correlates both with tumor progression and reduced 
survival.

MAGEA11 activation in cancer occurs in conjunction with 
the activation of other CG genes, and in association with 
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protein. More generally, and also in agree-
ment with the data reported here, a recent 
report indicated that DNA methylation dic-
tates nucleosome occupancy at numerous 
genomic loci in human cancer cells.48

In addition to revealing a general asso-
ciation between DNA methylation den-
sity and nucleosome occupancy at the 
MAGEA11 promoter, MAPit also revealed 
strong correlation between methylation of a 
specific Ets site and nucleosome occupancy 
at MAGEA11. This finding is particularly 
striking when considered in the context of 
our promoter activity data, which demon-
strated that methylation at this site alone 
fully repressed the transcriptional activity of 
the MAGEA11 C3 and C4 promoter con-
structs. In agreement with our observations 
on MAGEA11, other recent work has impli-
cated Ets site hypomethylation in driving 
the activation of specific genes in cancer.49 
Additional studies are required to define 
which Ets family member(s) are respon-
sible for MAGEA11 regulation at this site. 
While the large size and overlapping target 
sequences of this protein family will make 
this task challenging,50 the question may 
be amenable to a focused RNAi screening 
approach.

An additional key finding from MAPit 
relates to the relationship between methyla-
tion of the Sp1 site cluster and nucleosome 
occupancy. Surprisingly, the MAGEA11 
promoter showed nucleosome depletion 
only when the Sp1 site cluster was partially 
(but not fully) methylated. How Sp1 bind-
ing is impacted by DNA methylation is con-
troversial, and it appears likely to be based 
on the specific promoter and cell type.51-55 
Although our preliminary data indicate 
that Sp1 can directly bind at the MAGEA11 
promoter in prostate cancer cells (data not 
shown), additional detailed studies are 
required to determine the epigenetic con-
text in which this binding occurs. Finally, 
MAPit showed a small CviP1 footprint over-
lapping the 3' end of the MAGEA11 Sp1 site 
cluster, in cells in which the flanking regions 
were CviP1 accessible (i.e., nucleosome-
depleted). This footprint is likely to indicate 
binding of the TIC, which can occur at Sp1 
sites in CpG island promoters that lack a 
consensus TATA box,56 as is the case for the 
MAGEA11 promoter. Highly similar foot-
prints, potentially related to binding of the 
TIC, have been observed by others.57-59 This 

Figure 9. MAGEA11 gene regulation in human cancer. (A) Flowchart of events involved in the 
activation of MAGEA11 expression in cancer. (B) Schematic of MAGEA11 promoter configuration 
in the fully repressed (top) and fully activated states (bottom). Open and filled lollipops indicate 
unmethylated and methylated CpG sites, respectively. The red outlined lollipop corresponds to 
the 3' Ets site. Ovals indicate nucleosomes, with numbers below each indicating the nucleo-
some position relative to the MAGEA11 TSS. Right bent arrow indicates TSS. Purple lines indicate 
histone H3 tails. Ac indicates acetylation.
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Life Technologies). The following primers were used: Outer 
PCR: 5'-GTGCTCACCT GGAGTCCAAA-3', Inner PCR: 
5'-TTCTTCCTCT TGATGCTGGC-3'. Primers were obtained 
from Integrated DNA Technologies.

DNA methylation analyses. One microgram gDNA was 
bisulfite converted using the EZ DNA Methylation Kit (Zymo 
Research). Bisulfite clonal sequencing of the MAGEA11 pro-
moter region was performed as described.10 Bisulfite pyrose-
quencing was performed to measure methylation of three CpG 
sites adjacent to the MAGEA11 TSS. Primers were (forward) 
5'-TTTTGTTGTA AATTTAGGGA AGTT-3', (reverse) 5'-bio-
tin-AACCCCACCC TTTATAAAAC TACC-3', and (sequenc-
ing) 5'-GGATGTGATT TTTATTGGTT-3'. Primers were 
obtained from Integrated DNA Technologies. PCR conditions 
were 10 min × 95 °C, followed by 48 cycles of (95 °C for 30 
sec, 57 °C for 30 sec, and 72 °C for one min). Pyrosequencing 
of the LINE-1 repetitive element was performed as described.19 
Pyrosequencing was performed using the PSQ HS96 system 
(Qiagen). Unmethylated and methylated genomic DNA were 
run as controls. Samples were analyzed in duplicate from sepa-
rate PCR reactions.

Drug treatments. Various prostate cell lines were treated with 
5-aza-2'-deoxycytidine (decitabine, DAC) and/or Trichostatin A 
(TSA). Decitabine and TSA (Sigma) were solubilized in phos-
phate buffered saline (PBS) and dimethyl sulfoxide (DMSO), 
respectively. For decitabine, cells were treated twice, on day 0 and 
day 2, and harvested on day 4. For TSA, cells were treated on day 
0 and harvested on day 1. For combination treatments, cells were 
treated with decitabine on days 0 and 2, with TSA on day 3, and 
harvested on day 4. Mithramycin A (MitA) (Sigma) was solubi-
lized in DMSO and added to LAPC-4 cells at 75, 125, or 200 
nM. Cell extracts were harvested one day post-treatment, and 
used for RT-qPCR or luciferase assays as described in Results. 
PC-3 cells were treated with PBS (vehicle) or decitabine on days 
0 and 3, and DMSO (vehicle) or MitA on days 2 and 4, and 
harvested for RT-qPCR analysis of MAGEA11 on day 5. As con-
trols for single drug treatments, PC-3 cells were harvested 5 d 
post-treatment with decitabine or four days post-treatment with 
MitA.

Chromatin immunoprecipitation (ChIP). ChIP was per-
formed as described.14 ChIP products were analyzed using end-
point PCR and agarose gel electrophoresis, or alternatively using 
qPCR. qPCR reactions were performed in triplicate using an 
Applied Biosystems 7300 System and qPCR MasterMix Plus 
for SYBR® with ROX master mix (AnaSpec). The region flank-
ing the MAGEA11 TSS was amplified using forward primer 
5'-CCTGCTGTAA ATCCAGGGAA-3', and reverse primer 
5'-CCCTCTGCCA CTCTCAAGAC-3'. Primers were from 
Integrated DNA Technologies. ChIP antibodies were H3K9ac 
(Upstate, Cat#06-599) and RNA Polymerase II (Abcam, Cat 
#ab5408).

Promoter luciferase assays. Four regions of the MAGEA11 
promoter (C1 through C4) were cloned into pGL3-Basic 
(Promega) using PCR. Methylation of promoter inserts and re-
ligation into pGL3-Basic were as described,18 except that KpnI 
and XhoI (Fermentas) were used for digestion. Methylation 

footprint could also indicate binding of a Sp1 family member. 
Resolution of these possibilities is of interest in future studies.

Materials and Methods

In silico gene expression analysis. Oncomine (Compendia 
Bioscience) was used for analysis of MAGEA11 expression in 
publically available human microarray data sets. Additional 
details and references are presented in the Results.

Human cell lines and clinical research tissues. Prostate 
cell lines and culture conditions were as described.10 HCT116 
wild type and DNMT1/3b single or double knockout (DKO) 
HCT116 cells and their culture conditions also were as 
described.21 Human benign prostatic hyperplasia (BP), andro-
gen-stimulated prostate cancer (AS), castration-recurrent pros-
tate cancer (CR), normal ovary (NO), and epithelial ovarian 
cancer (EOC) clinical samples were as described.10,18,19 All EOC 
tissues contained greater than 90% neoplastic cells. All human 
tissues were obtained under IRB-approved protocols at the 
University of North Carolina (prostate) or Roswell Park Cancer 
Institute (ovarian).

RNA and genomic DNA (gDNA) extractions. RNA was 
extracted using TRIzol (Invitrogen) according to the manufac-
turer’s instructions. Tissue homogenization was performed as 
described.18 RNAs were quantified using Nanodrop (Thermo 
Scientific) and RNA integrity was assessed using denaturing 
agarose gel electrophoresis. gDNAs were prepared using the 
Puregene kit (Qiagen).

Reverse transcriptase quantitative PCR (RT-qPCR). 
RT-qPCR was used to measure the expression of MAGEA1, 
NY-ESO-1, XAGE-1, and GAPDH as described.14,19 
For MAGEA11, the following primers were used: F: 
5'-GGAGACTCAG TTCCGCAGAG-3', R: 5'-TGGGACCACT 
GTAGTTGTGG-3'. Primers were obtained from Integrated 
DNA Technologies. Briefly, 1 μg of RNA was DNase-treated 
using the DNA-free kit (Ambion). cDNA was generated using 
the iScript cDNA synthesis kit (BioRad). Two microliters of 1:5 
cDNA sample dilutions were used for qPCR reactions. Standard 
curves were prepared using gel-purified end-point RT-PCR prod-
ucts amplified from testis RNA. All PCR reactions were per-
formed in triplicate using an Applied Biosystems 7300 System 
and qPCR MasterMix Plus for SYBR® with ROX master mix 
(AnaSpec).

Microarray analysis of MAGEA11 and CG gene expression. 
Affymetrix HG 1.0ST arrays were used to determine the expres-
sion of MAGEA11 and other CG genes in NO and EOC. Probe 
generation, array hybridization, and expression analyses were 
performed by the Next Generation Sequencing and Expression 
Analysis Core Facility at the University at Buffalo Center for 
Excellence in Bioinformatics. Samples included three NO and 
40 EOC. Correlation between MAGEA11 expression and other 
CG genes was determined using the Spearman’s test. Full expres-
sion data from the microarray analysis will be reported elsewhere.

Determination of the MAGEA11 transcriptional start site 
(TSS). RLM-RACE was used to map the MAGEA11 TSS in 
LAPC-4 cells, using the First Choice RLM-RACE kit (Ambion, 
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and methylated in vitro using 200 units of the 5'-GC-3' methyl-
ase CviP1 (New England Biolabs), or mock methylated without 
enzyme. gDNA was recovered using phenol-chloroform extrac-
tion and bisulfite converted using the EZ DNA methylation kit 
(Zymo). The resulting DNA served as template for PCR of the 
MAGEA11 promoter region, using unbiased primers to deter-
mine methylation status (forward primer 5'-TAAGAGGAGG 
ATTTTTTTGA GTGAG-3', reverse primer 5'-AAATAAAACC 
TCTCCATAAT TTCTCAA-3'), or using a combination of 
reverse primers selective for amplification of unmethylated (reverse 
primer 5'-CCTCTACCCA AATCACACCA TA-3') and methyl-
ated (reverse primer 5'-CCTCTACCCG AATCACACCA-3') 
DNA sequences. PCR products were recovered using gel purifi-
cation (Qiagen), cloned into pTOPO 4.1 (Invitrogen), and sub-
jected to Sanger sequencing. MethylViewer was used to analyze 
MAPit data.37
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reactions utilized M.SssI or HpaII methylases (New England 
Biolabs). The methylation status of promoter inserts was veri-
fied using HpaII or McrBc endonuclease (New England Biolabs) 
digestions. Transfections utilized Lipofectamine 2000 (Life 
Technologies). Cell extracts were harvested one day post-trans-
fection. The Dual-Luciferase Reporter Assay System (Promega) 
was used to determine promoter activity.

Sp1 siRNA knockdown. Pre-designed siRNAs targeting 
human Sp1 (s13319 [siSp1 #1] and s13320 [siSp1 #2]) were 
obtained from Ambion (Life Technologies), and siRNA Control 
Non-Targeting siRNA was obtained from Dharmacon. LAPC-4 
cells were transfected with siRNAs using the Lipofectamine 
2000 (Life Technologies) reverse transfection method. Cells 
were transfected with 25 nM siRNA at 0 and 24 h. Cell extracts 
were collected at 48 h and analyzed using western blot for Sp1, or 
RT-qPCR for MAGEA11.

Western blotting. Proteins were extracted using radioimmu-
noprecipitation assay (RIPA) buffer, and quantified using the 
Lowry assay (BioRad). Equal amounts of protein samples per lane 
were separated using NuPage SDS-PAGE gels (Life Technologies). 
Alternatively, cytosolic and nuclear protein extracts were pre-
pared using the NE-PER kit (Pierce). Sp1 was detected using 
Sp1 antibody (Santa Cruz, sc-14027) at 1:200 dilution. β-actin 
was detected using anti-actin antibody (Santa Cruz, sc-4778) at 
1:1000 dilution. Donkey anti-rabbit IgG-HRP secondary anti-
body (Santa Cruz, sc-2313) was used at 1:5000 dilution. Rabbit 
anti-mouse IgG-HRP (Santa Cruz, sc-358917) was used at 
1:5000 dilution. The Novex ECL HRP Chemiluminescence kit 
(Life Technologies) was used for protein detection.

Nucleosome occupancy at the MAGEA11 pro-
moter. Nucleosome occupancy was determined using the 
Methyltransferase Accessibility Protocol for individual templates 
(MAPit), also known as Nucleosome Occupancy and Methylome 
Sequencing (NOME-seq).33,36,60 Briefly, cell nuclei were isolated 
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