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Role of CAGE, a Novel Cancer/Testis Antigen, in Various Cellular Processes,
Including Tumorigenesis, Cytolytic T Lymphocyte Induction, and Cell Motility
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A cancer-associated antigen gene (CAGE) was identified
by serological analysis of a recombinant cDNA expression
library (SEREX). The gene was identified by screening
¢DNA expression libraries of human testis and gastric
cancer cell lines with sera from patients with gastric
cancer. CAGE was found to contain a D-E-A-D box
domain and encodes a putative protein of 630 amino acids
with possible helicase activity. The CAGE gene is widely
expressed in various cancer tissues and cancer cell lines.
Demethylation plays a role in the activation of CAGE in
certain cancer cell lines where the gene is not expressed.
The functional roles of CAGE in tumorigenesis, the
molecular mechanisms of CAGE expression, and cell
motility are also discussed.
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There is a great deal of evidence that the immune system
interacts with tumor cells during the course of a disease,
and the presence of tumor-infiltrating lymphocytes leads to
a better prognosis and the prolonged survival of individual
cancer patients. Several experimental strategies have already
been employed to identify antigens recognized by T cells.
For example, T-cell epitope cloning methods have successfully
identified tumor antigens recognized by cytolytic T
lymphocytes (CTLs) [5], where MAGE-1 was the first
antigen identified by such a method [5], followed by
BAGE and GAGE [4, 77]. These antigens all share a
common characteristic, as their expression in normal tissue
is restricted to the testes, ovaries, or placenta, whereas they
are widely expressed in various tumor tissues. Therefore,
this group of antigens is referred to as cancer/testis antigens.
Furthermore, the identification of tumor antigens that elicit
spontaneous T-cell responses in cancer patients and the
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discovery of the mechanisms of antigen expression, processing,
and MHC class I-restricted presentation of antigen-derived
peptides have made it possible to design peptide-based
immunotherapies.

Thus, patients with antigen-positive tumors can be
vaccinated with the relevant peptides that are presented in
the context of MHC I molecules [31]. Moreover, it has
been shown that immunization with the relevant peptides
derived from cancer/testis antigens can induce a cellular
immune response [53, 55, 58]. Meanwhile, the development
of a new cloning technology called SEREX (serological
analysis of recombinant ¢cDNA expression library) has
made it possible to identify a multitude of tumor antigens
that induce a humoral immune response in patients. These
antigens can be recognized by CTLs (CD8" T cells), and
more than 2,000 SEREX-defined antigens have already
been identified (http://www.licr.org/SEREX html).

Characteristics of Cancer/Testis Antigens

Certain cancer/testis antigen (CT) gene families contain
multiple members (e.g., MAGEA, GAGEI), as well as
splice variants (e.g., XAGEla, XAGEIb), and 89 distinct
transcripts are currently known to be encoded by the CT
genes. The CT antigens share the following characteristics:
(1) predominant mRNA expression in the testes, and not in
other normal somatic tissues, (ii) mRNA expression in a
wide range of human tumor types, (iii) existence of
multigene families, and (iv) with rare exceptions, localization
of the coding genes in the X chromosome. Table 1 shows a
partial list of the CT antigens that have already been
identified using various methods, including SEREX [12,
17,27,44,52, 64]. Many testis-specific transcripts and
proteins are under such tight regulatory control that they
are almost never expressed in cancers other than in germ
cell tumors. However, the frequent expression of CT antigens
in various types of tumors is an exception to this general
rule, suggesting that CT antigens, most with unknown
functions at present, are a distinct group of proteins in terms
of their regulation and possibly their biological function.



Table 1. Partial list of genes identified by SEREX.
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CT antigen Number of genes Chromosome Immunity in cancer patients
MAGE-A [58] 15 Xq28 Cellular and humoral
MAGE-B {58] 17 Xp21 Cellular

SSX-2 [58] 5 Xptl.2 Cellular and humoral
SCP-1 [29] 3 1pl2-13 Humoral

NY-ESO-1 [58] 3 Xq28 Cellular and humoral
CT10 [41] 1 Xq27 Humoral

SAGE [49] 1 Xq28 Unknown

c¢TAGE-1 [17] 1 18p11.2 Humoral

GAGE-A [58] 8 Xpll.4 Cellular

CT16 [41] 2 Xpll.2 Unknown

CT17 [41] 1 21gl1 Unknown
HOM-TES-85 [27] 1 Xq24 Humoral
CT7T/MAGE-C1 [58] 7 Xp26-27 Humoral

CAGE [12] 1 Xp22 Humoral

These genes were detected by CTLs or antibodies.
Numbers in parentheses denote references.

Identification of CAGE by SEREX

Evidence related to the immune regulation of different
cancers continues to grow. The presence of cancer-specific
and immune-stimulating genes was first reported in
melanomas [75], and more than 2,000 tumor antigens have
since been identified. The identification of tumor antigens
is critical for diagnosis and therapy. Since tumor antigens
are recognized by antibodies [8, 15, 31, 39, 48] and CTL
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[5,9], SEREX has been used to identify tumor antigens
recognized by autologous antibodies in cancer patients
[36,43, 63]. The SEREX approach offers the following
features: (i) the use of fresh tumor specimens restricts the
analysis to genes that are expressed by the tumor cells in
vivo, (ii) the use of patient serum allows the identification
of multiple antigens, and (iii) the screening is restricted
to antigens against which patients have raised high-titer

o Plague hybridization/Westem blot

A. ¢cDNA expression libraries were constructed from gastric cancer cell lines or human testis tissue. Poly(A)" RNA (5 pg) was converted into cDNA by
reverse transcriptase. The resulting cDNA library was cloned into a A ZAP expression vector. Each library usually consisted of 2x10° primary recombinants
on average, and 5x10° of the recombinants were used for immunoscreening. Each recombinant cDNA library was transformed into E. coli to yield a
rccombinant cDNA expression library. B. Seroreactivity of gastric cancer patients for CAGFE. Phages without an insert were mixed with test clones and
served as negative controls. Assays were only scored positive when the test clones were clearly distinguishable from the control phages. The bold arrow

indicates a test clone, whereas the blank arrow indicates a control clone.
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antibody responses. SEREX has been applied to a range of
tumor types, including melanomas [6], esophageal cancer
[10], lung cancer [24, 59], and gastric cancer [56]. SEREX
provides broad targets for a large-scale analysis of the
humoral response in cancer patients and healthy individuals,
plus it employs a bacteriophage recombinant cDNA expression
library prepared from tumor tissues, tumor cell lines, and
testis tissues (Fig. 1). The use of tumor cell lines for a
SEREX analysis also has benefits, including the absence
of contaminating normal-cell types, invariably present in
tumor specimens, and the elimination of B cells that give
rise to false-positive IgG-expressing clones in the expression
library. The ¢cDNA expression library is used to transduce
E. coli. A recombinant protein library is then induced
and transferred to nitrocellulose membranes, followed
by incubation with diluted (1:100-1:1,000) extensively
pre-adsorbed pooled serum from the autologous patient.
The clones reactive with high-titer antibodies are identified
using an enzyme (an alkaline phosphatase-conjugated
secondary antibody) specific for human IgG, and the
positive clones are then subjected to DNA sequencing. The
sequence information of a DNA insert can be used to
determine the expression profile of the transcript and
to evaluate the incidence of antibody responses to the
respective antigens.

Tumor antigens recognized by antibodies and CTLs are
classified into differentiation antigens, mutational antigens,
overexpressed antigens, and cancer/testis antigens. The
first CT antigens were identified in melanomas, where
CT antigens, such as MAGE and BAGE, show a higher
expression in metastatic melanomas than in primary
melanomas. Since these antigens are also likely to be
oncogenic, as spermatogenic cells do not express HLA
molecules, they are excellent targets for the development
of cancer therapeutics. Gastric cancers are one of the most
common cancers in Asian countries, and are typically
resistant to chemotherapy and radiation therapy. Therefore,
the identification of tumor antigens specific for gastric
cancers is critical for the development of diagnostics and
therapeutics. As only a few antigens are currently known
to be associated with gastric cancers, the identification of
multiple tumor antigens is critical for the development of
diagnostics and therapeutics for gastric cancers. Moreover,
only a few genetic alterations have so far been reported
related to gastric cancers. Accordingly, in an effort to identify
such antigens, a SEREX analysis (Fig. 1A) was performed.
Cancer-restricted recognition suggests common origins
for immunogenicity, such as gene mutation or aberrant
expression, indicating that serological methods of gene
discovery can be used to identify molecules of etiologic
relevance to cancer. Yet, the current authors were interested
in identifying cancer/testis antigens.

To identify such antigens, cDNA libraries constructed
from gastric cancer cell lines and human testis tissues were

Table 2. SEREX-defined genes identified by screening seta
from patients with gastric cancer, using cDNA expression
libraries constructed from human gastric cancer cell lines or
human testis tissue.

Designation Accession Gene SEREX  No.
No. DB clones
St-1 XM010732 ADPRT Yes 15
St-2 BC000672 G prot. No 5
St-4 NMO006940 SOXS No 1
St-8 XM003095 ZNF288 No 7
St-9 AF309034 SOX6 No 1
St-15 XM007263 KSN2 No 3
St-17 XM008359 HDACS Yes 1
St-19 XM008972 DDXL No 2
St-21 AY039237  Novel No 1
St-28 NMO002752 JNK2 No 8
St-30 XMO018280 Poly(A) BP No 35
St-31 NM015874 RBPIK Yes il

screened with pooled sera from patients with gastric
cancer. Thirty-nine clones were identified that reacted with
the pooled sera from five gastric cancer patients. The
positive clones were then excised in vivo in a plasmid
form. In this screening, the most frequently isolated genes
were genes encoding ADP ribosyl transferase, RBP JK/
H-2k binding factor 2, and the poly(A)-binding protein,
comprising 14%, 9%, and 33% of the clones, respectively. An
RT-PCR and EST database search revealed that most of the
clones identified showed ubiquitous expression patterns.
Table 2 shows a partial list of the genes identified by the
SEREX of the sera from the gastric cancer patients. The
cDNA libraries were constructed from human gastric

Table 3. Expression pattern of CAGE in various normal tissues,
cancer cell lines, and tumor tissues.

Normal Fre Cancer Fr Cancer Fre

tissues 9 cell lines ®4  tissues 9
Liver 0/2 Stomach 9/10 Stomach 17/19
Kidney 0/2  Lung 3/4  Lung 4/4
Large intestine 0/2  Hepatic 9/10  Cervical 20/20

Small intestine  0/2  Cervical  6/7

Lung 0/2  Melanoma 0/5
Ovary 0/2  Breast 0/4
Spleen 0/3  Kidney 2/5
Trachea 0/2  Colon 2/4
Muscle 0/2 Leukemia 0/12
Stomach 0/3 Myeloma 0/5

Prostate 0/2
Pancreatic  0/6

Temporal lobe  0/2
Parietal lobe 0/2

Testis 2/2  Sarcoma 1/1
Thymus 0/1
Skin 0/1

Spinal cord 0/1
An RT-PCR analysis was performed to determine the expression of CAGE.




cancer cell lines and human testis tissues. None of the clones
reacted with sera from healthy individuals or lung cancer
patients. Among the clones, a novel gene (s7-21, later named
CAGE) attracted particular interest based on its reactivity
with the sera from the gastric cancer patients (Fig. 1B).

An RT-PCR was performed to determine the expression
profile of CAGE, which was found to be widely expressed
among cancer cell lines and cancer tissues, yet restricted to
testis tissue among normal tissues (Table 3). Next, RH-
panel mapping was performed to determine the localization
of CAGFE in human chromosomes, and shown to be located
in the X chromosome [12], which is typical of cancer/testis
antigen genes. Meanwhile, a DNA sequencing analysis
showed that CAGE contained a helicase motif, suggesting
arole in RNA processing [12]. After the DNA sequencing,
it was also found that CAGE encoded a protein containing
a D-E-A-D box domain. DEAD box-containing proteins
arc known to play important roles in various cellular
processes, including RNA processing, embryogenesis, and
cell growth [47]. In addition, proteins with a DEAD box
domain usually display helicase activity [26]. The CAGE
protein was also found to exhibit ATPase activity (unpublished
observation). A Northern blot analysis revealed the presence
of a 2.4 kb transcript. Similar to HAGE, CAGE did not
contain any intron sequences [12]. Furthermore, Southern
blot hybridization showed that CAGE existed as a single
copy in the genome.

Iwata et al. [29] subsequently cloned CAGE by
screening cDNA expression libraries made from testis or
endometrial cancer cell lines using sera from patients with
endometrial cancer or melanomas. As a result, anti-CAGE
1gG antibodies were detected in the sera from 5 of 45
endometrial cancer patients, 2 of 24 melanoma patients,
and 2 of 33 colon cancer patients, yet not in the sera
from healthy individuals. Meanwhile, based on an ELISA
analysis, anti-CAGE antibodies were detected in the
sera from 12 of 45 endometrial cancer patients, 2 of 20
melanoma patients, and 4 of 33 colon cancer patients.
Thus, when taken together, these results suggest that
CAGE may be a valuable marker for the diagnosis and
prognosis of cancer patients.

Expression Regulation of CAGE

DNA methylation is well recognized as a possible
mechanism of tumorigenesis [1, 2, 14, 18-20, 39, 41], and
is involved in a variety of cellular activities, including
genomic imprinting [40, 46], mutagenesis [3], aging, and
the regulation of tissue-specific gene expression [16]. The
expression of cancer/testis antigens, such as MAGE, has
alrcady been reported to be under epigenetic regulation
[23,49, 67, 78]. The methylation of DNA at the CpG
dinucleotide is a post replication event, catalyzed by the
DNA (cytosine-5)-methyltransferase [68]. There is also a
close association between DNA methylation and gene
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silencing [34, 70]. Genes that are not expressed display
methylation predominantly at the CpG dinucleotides, and
the associated transcription repression manifests in stable
and heritable changes in the local chromatin structure [79].
Transcription repression caused by DNA methylation
appears to be mediated by the inhibition of the binding of a
transcription factor to the methylated CpG-containing
DNA motifs, or by the recruitment of CpG-binding proteins,
which subsequently recruit histone deacetylase containing
corepressor complexes to the methylated DNA [21, 32, 37,
50, 56,71, 72]. Thus, since CAGE was only expressed
in testis tissue among the normal tissues, the expression
of CAGE may be under epigenetic regulation, just like
MAGE. Furthermore, treatment with 5-aza-2-deoxycytidone
increased the expression of CAGE in certain cancer cell lines
that do not normally express CAGE [11], also indicating
that the expression of CAGE is under epigenetic regulation.
A methylation-specific PCR (MSP) showed that the expression
of CAGE was closely related with the methylation pattern
(Fig. 2A), because when examining the relationship between
the extent of expression and the methylation, the methylation
status generally reflected the expression of CAGE. SNU886
cells, which do not express CAGE, displayed heavy
methylation of CpG sites, where C33a cells, which express
CAGE, displayed a low level of methylation of CpG
sites. However, the methylation status of CAGE was not
completely associated with expression, suggesting the
presence of other factors regulating the expression of
CAGE. The methylation status of paired gastric tissues was
also determined, where gastric cancer tissues showed a
higher hypomethylation frequency than normal mucosa
tissues (Fig. 2C, lower panel). An RT-PCR also showed
that the expression of CAGE was higher in gastric cancer
tissues than in normal tissue (Fig. 2C, upper panel), whereas
an MSP analysis using various tissues revealed that
hypomethylation of CAGE was seen in premalignant
tissues [11], suggesting that the expression of CAGE is
associated with the progression of cancer. Methylation of
the promoter by SSsl methylase greatly decreased the
expression of CAGE, as determined in luciferase activity
assays [11], which indicates that methylation of CpG sites
prevents access by transcription factors. The C4GE promoter
sequences contain consensus sequences for the binding of
transcription factors, including GATA, ELK-1, and Ets.
Thus, the methylation status of the CpG sites of the CAGE
promoter was closely associated with the lack of CAGE
expression (Figs. 2A and 2C). Furthermore, an electrophoretic
mobility shift assay (EMSA) analysis revealed that the
methylation of the CAGE promoter prevented any binding
of nuclear factors [11].

From an MSP analysis of archival samples, high
frequencies of hypomethylation were found [11] for breast
cancer (20/24, 83%), lung cancer (18/25, 72%), and hepatic
carcinomas (19/31, 61%), whereas low frequencies of
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Fig. 2. Correlation of methylation status and expression of CAGE.

CAGE

GAPDH

A. Comparison of methylation status of 16 CpG sites of CAGE-expressing and CAGE-nonexpressing cancer cell lines. Each row of circles represents a
single plasmid cloned and sequenced from the PCR products of the amplified DNA following sodium bisulfite treatment. An open circle denotes
unmethylated cytosine, whereas a closed circle denotes methylated cytosine. To determine the DNA methylation status, PCR-amplified products from each
cell line were transformed into E. coli. The resulting plasmids were then subjected to DNA sequencing. The numbers in parentheses denote the frequency of
methylation. B. Methylation-specific PCR of various cancer cell lines. The PCR yielded a 150 bp product. C. Methylation-specific PCRs of gastric cancer
tissue and corresponding mucosa tissue. The lower panel shows an RT-PCR of gastric cancer tissue and normal tissue.

hypomethylation were found for uterine cervix cancer
(2/22, 9%), larynx cancer (4/19, 21%), colorectal cancer
(4/16, 25%), and prostate cancer (8/23, 35%). A normal
prostate (0/14), chronic hepatitis (0/11), and normal colon
(0/14) showed no hypomethylation. Therefore, the absence
of any hypomethylation of CAGE in the normal prostate
and normal colon suggests that the hypomethylation of
CAGE may be associated with the development of prostate
and colon cancers. From an MSP analysis using fresh-
frozen tissues, higher frequencies of hypomethylation
were found for hepatic carcinomas (5/6, 83%), gastric
cancer (50/64, 78%), and colorectal cancer (8/9, 89%).
The hypomethylation of CAGE was also found in blood
samples from cancer patients [11], suggesting that the

methylation of CAGE may be a valuable marker for the
diagnosis of cancers.

CTL-inducing Activity of CAGE
The immune system has been shown to interact with tumor
cells during the course of disease. The following are
general properties of cancer antigens: (i) cancer antigens
contain epitopes that bind to various HLA alleles and (ii)
tumor-infiltrating T lymphocytes contain various cancer
antigens. A large number of tumor-infiltrating lymphocytes
(TILs) from tumors greatly increase T-cell populations
capable of recognizing cancer antigens [28, 53].

CTLs recognize antigens presented as peptides (8—10 mer)
on HLA class 1 molecules. The peptide-HLA complex



is then recognized by the T cell receptor (TCR) on the
surface of a CTL. The nonamer peptides of GAGE, BAGE,
and MAGE have already been shown to be recognized by
CTLs [4, 74, 77]. Moreover, MAGE-A4- and SAGE-derived
peptides have been shown to induce CTL activity towards
human tumor cell lines [53], RAGE-1- and MAGE-9-
derived peptides were shown to induce CTL activity towards
renal tumor cell lines [58], and MAGE1-derived peptides
were shown to be recognized by CTLs on human HLA-A2
tumor cells [60]. The identification of peptides derived
from tumor-associated antigens (TAAs) expressed by different
human tumors is valuable for active immunotherapy, and
immunization studies using these tumor-associated antigen
(TAA) peptides have already been relatively successful in
generating high levels of T cells against cancer antigens
[33, 62).

In the case of gastric cancer, peptides from SEREX-
defined antigens are able to induce CTL responses,
indicating their potential uses as cancer vaccines In certain
patients with gastric cancer [38]. Since many cancer/testis
antigens elicit CTL responses, it was expected that CAGE
would be able to elicit CTL responses to kill tumor cells
that express CAGE. Therefore, various CAGE antigen-
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derived peptides were designed and synthesized. The
peptides were designed to bind to HLA-A2 molecules, and
the CTL-inducing activity of these peptides was then
determined. Fig. 3A shows the experimental schemes used
for the study. The CAGE-derived peptides (A2-1, A2-2)
were found to induce CTL responses (Fig. 3B). When
using cancer cell lines expressing the CAGE gene at a
different level, the peptides exerted cytotoxic effects
against those cell lines with a high expression of CAGE
[64], thereby suggesting that CAGE-derived peptides may
be valuable as cancer therapeutics.

Molecular Functions Associated with CAGE

Cell synchronization studies have found that CAGE shows
cell-cycle-specific expression, with an expression peak in
the late Gl phase [12]. Moreover, expression analyses
have shown that CAGE expression is higher in gastric
cancer tissue than in normal mucosa tissue (Fig. 2C),
whereas sera from patients with endometrial cancer contained
high titers of antibodies against the CAGE antigen (Fig. 1B).
Therefore, all these findings would seem to indicate that
CAGE is an oncogene. Thus, to determine the oncogenic
potential of CAGE, mouse L929 cells stably expressing
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Fig. 3. CTL-inducing activity of CAGE-derived peptides.

A.CD8" T cells were isolated from peripheral blood lymphocytes (PBLs) using magnetic beads and seeded onto 48-well plates. The PBLs depleted of CD8’
T cells were then irradiated and incubated with B2-microglobulin (2.5 pg/ml) and peptide (10 pg/ml) for 1 h and added to plates for CD8" T cell pre-
sensitization. B. CD8" T cells isolated from healthy individuals were sensitized with HLLA-A2-restricted peptides derived from CAGE and tested against T2
cells sensitized with the same peptides. C denotes the control without peptide stimulation. Each bar represents the average of spots in triplicate wells.
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CAGE were generated. The cells stably expressing CAGE
showed enhanced growth rates, anchorage independence,
and migration [65]. In addition, CAGE further enhanced
the tumorigenicity of various cancer cells in nude mice
assays (unpublished observation). Since CAGE also exhibits
cell-cycle-specific expression [12], CAGE expression may
be associated with cyclins. Hence, when using a Tet-on
induction system, CAGE overexpression was found to
increase the expression of G1 cyclins, including cyclin D
~and cyclin E (unpublished observation). Moreover, cyclin
D/E induced by CAGE caused the phosphorylation of Rb
through E2F-1 (unpublished observation). Consequently,
all these findings suggest an oncogenic potential for
CAGE. Fig. 5 shows a hypothetical model of the effect of
CAGE on the cell cycle. In detail, CAGE activates cyclin
D-CDK4 and cyclin E-CDk2. The activated cyclin-CDK
phosphorylates serines on the Rb protein. This frees E2F,
a transcription factor, from inhibitory Rb, to induce the
expression of various genes involved in cellular growth.
Since the oncogenic potential is closely related with
enhanced cell motility, the effect of CAGE on cell motility
was examined, and the overexpression of CAGE using a
Tet-on system was shown to enhance mouse 1929 cell

A B
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v 2 4 8

o e ewsd CAGE

Vector CAGE

motility [66]. The overexpression of CAGE was also
found to enhance the motility of cancer cells, such as HeLa
(unpublished observation). Next, the molecules that mediated
the effect of CAGE on cell motility were determined. Focal
adhesion kinase (FAK) is well known to be associated with
cell motility [51], and the overexpression of CAGE
increased the phosphorylation of FAK (Fig. 4B), whereas
the overexpression of FRNK, an endogenous inhibitor of
FAK, decreased the motility of cancer cells transfected
with CAGE (Fig. 4A, lower panel). The inhibition of ERK
and p38 MAK showed the same effect on cell motility
(Fig. 4B, lower panel), whereas the overexpression of
CAGE increased the phosphorylation of ERK and p38
MAPK (Fig. 4B, upper panel). However, further identification
of the targets of CAGE is required for a better understanding
of the mechanisms associated with CAGE-promoted cell
motility.

Current Progress and Future Work

CAGE exhibits oncogenic potential [65] and enhanced cell
motility via a pathway involving FAK, ERK, and p38
MAPK [66]. The oncogenic potential of CAGE is further
supported by the findings of a tissue array analysis, where

CAGE (ng)

—— G ===d4 CAGE

14 p-p38 MAPK

¢ p-ERK1/2

Vector

CAGE

Fig. 4. CAGE promotes cell motility via a pathway involving FAK, ERK, and p38 MAPK.

A. SNU387 human hepatic cancer cells were transiently transfected with a control vector or CAGE vector. After transfection (48 h), cell lysates were
prepared and subjected to a Western blot analysis (upper panel). The same cells were transiently transfected with a control vector or FRNK, an endogenous
inhibitor of FAK. After transfection (24 h), the cells were transfected with a vector containing the CAGE gene. The next day, the cells were subjected to
chemoinvasion assays (lower panel), B. Western blot analysis of SNU387 cells transiently transfected with a control vector or CAGE (upper panel). The
SNU387 cells were pretreated with PD98059 (10 uM) or SB203580 (20 uM) for 1 h, and then transfected with a control vector or vector containing the

CAGE gene. After transfection (48 h), chemoinvasion assays were performed.
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Fig. 5. Hypothetical role of CAGE in the cell cycle.

the expression of CAGE was highest in metastatic
melanoma tissue, followed by malignant melanoma tissue
and finally normal tissue (unpublished observation).
Meanwhile, the overexpression of CAGE in Hel.a cells
enhanced the tumorigenic potential of HeLa cells in nude
mice assays (unpublished observation). However, the
molecular mechanism associated with CAGE-promoted
cell motility and tumorigenesis still needs to be studied in
further detail, along with the factor(s) regulating the
expression of CAGE, and the pathway(s) in which CAGE
may play an important role.

Hyaluronic acid (HA) is a glycosaminoglycan found in
the extracellular matrix of the human brain. HA is already
known to promote the proliferation of certain tumor cell
lines [54, 75] and epithelial cells [22], and inhibits osteoclast
cell differentiation [7]. Tumor-specific accumulation of
HA has also been widely observed in human tumors,
including colon cancer [35] and breast cancer [13], making
studies with HA an excellent model for the mechanisms
associated with cell motility. Thus, since CAGE was
shown to promote cell motility vie a pathway involving
FAK, ERK, and p38 MAPK [65], it was interesting to
determine the relationship between HA and CAGE in
promoting cell motility. In a preliminary study, HA was
found to induce the expression of CAGE (unpublished
observation). HA increased Racl activity and the level of
reactive oxygen specics (ROS) (unpublished observation).
PKCo and -6 were also shown to regulate Racl and ROS
in melanoma cells (unpublished observation). Furthermore,
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the overexpression of Racl increased the expression of
CAGE, whereas the inhibition of Racl by its dominant
negative construct prevented HA from increasing the
expression of CAGE (unpublished observation), suggesting
that Racl is responsible for the increased expression of
CAGE by HA. Racl is already known to be responsible for
the generation of ROS in many cell lines [42]. Meanwhile,
exposure to hydrogen peroxide (H,O,) increased the
expression of CAGE (unpublished observation). However,
although the expression of the CAGE gene was shown
to be under epigenetic regulation, the expression of
CAGE was not completely associated with the methylation
status of its promoter, indicating the existence of other
factors regulating the expression of CAGE. Thus, ROS
regulation of the expression of CAGE will lead to
the identification of additional factors regulating the
expression of CAGE.

Epithelial-mesenchymal transition (EMT) occurs during
tumorigenesis, which is closely related with the expression
of EMT-related proteins [74], and HA has been found
to affect the expression of proteins involved in EMT
(unpublished observation). Thus, it would be interesting to
examine whether CAGE affects the expression of these
proteins.

The downregulation of CAGE also exerted a negative
effect on HA-promoted cell motility (unpublished observation).
Therefore, all these findings suggest that CAGE is an
important constituent in the signaling network involving
HA. Transglutaminase II (TGase II) is involved in diverse
cellular functions, including wound healing [25, 69] and
tissue inflammation [61]. HA increases the expression of
TGase II (unpublished observation), and the induction
of TGase II by HA occurs later than that of CAGE
(unpublished observation). In addition, the overexpression
of CAGE was found to increase the expression of TGase
I, whereas the downregulation of CAGE suppressed the
induction of TGase II by HA (unpublished observation).
Therefore, further identification of the downstream targets
of CAGE is critical for a better understanding of the function
of CAGE. Furthermore, the identification of the molecules
interacting with CAGE is essential for understanding the
functional role of CAGE. In a preliminary study, CAGE
exhibited interaction with Racl (unpublished observation),
and Racl has been shown to affect the expression of EMT-
related proteins, suggesting a potential role of CAGE in
EMT (unpublished observations). CAGE-derived peptides
exert cytotoxic effects on tumor cells that express the
CAGE protein [65], making it necessary to design more
CAGE-derived peptides with various HLA specificities to
develop effective therapeutic vaccines. A combination of
these peptides may also prove to be a functional therapeutic
vaccine against various solid tumors, including gastric
cancers.



608

Kim and Jeoung

Acknowledgments

This work was supported by grants from the Basic
Research Program of the Korea Science and Engineering
Foundation (0103026-1-2), the Korea Research Foundation
and Vascular Research Center, Korea Research Foundation
(0805011-1-1), and from the Korean Ministry of Health
and Welfare (A050260). This work was also supported by
the 21C Frontier Functional Human Genome Project from
the Korean Ministry of Science and Technology (FG06-2-
23).

REFERENCES

1.

10.

12.

Baylin, S. B. and J. G Herman, 2000. DNA hypermethylation
in tumorigenesis: Epigenetics joins genetics. Trends Genet. 16:

168-174.

. Baylin, S. B., M. Esteller, M. R. Rountree, K. E. Bachman, K.

Schuebel, and J. G Herman. 2001. Aberrant patterns of DNA
methylation, chromatin formation and gene expression in
cancer. Hum. Mol. Genet. 10: 687-692.

. Bird, A. 1992. The essentials of DNA methylation. Cell 70: 5—

8

. Boel, P, C. Wildmann, M. L. Sensi, R. Brasseur, J. Renauld, P.

Coulie, et al. 1995. BAGE: A new gene encoding an antigen
recognized on human melanomas by cytolytic T lymphocytes.
Immunity 2: 167-175.

. Boon, T. and P. Van der Bruggen. 1996. Human tumor antigens

recognized by T lymphocytes. J. Exp. Med. 183: 725-729.

. Boon, T., P. G Coulie, B. J. Van den Eynde, and P. van der

Bruggen. 2006. Human T cell responses against melanoma.
Annu. Rev. Immunol. 24: 175-208.

. Chang, E. J, H. J. Kim, J. Ha, H. J. Kim, J. Ryu, K. H. Park,

U. H. Kim, Z. H. Lee, H. M. Kim, D. E. Fisher, and H. H.
Kim. 2007. Hyaluronan inhibits osteoclast differentiation via
Toll-like receptor 4. J. Cell Sci. 120: 166—176.

. Chen, Y. T. 1997. A testicular antigen aberrantly expressed in

human cancers detected by autologous antibody screening.
Proc. Natl. Acad. Sci. USA 94: 1914-1918.

. Chen, Y. T, A. O. Gure, S. Tsang, E. Stockert, E. Jager,

A. Knuth, and L. J. Old. 1998. Identification of multiple cancer/
testis antigens by allogenic antibody screening of a melanoma
cell line library. Proc. Natl Acad. Sci. USA 95: 6919-6923.
Chen, Y. T.,, M. Scanlan, U. Sahin, O. Tiireci, A. O. Gure,
S. Tsang, et al. 1997. A testicular antigen abetrantly expressed
in human cancers detected by autologous antibody screening.
Proc. Natl. Acad. Sci. US4 94: 1914-1918.

. Cho, B, H. Lee, S. Jeong, Y. J. Bang, H. J. Lee, K. S. Hwang,

H. Y. Kim, Y. S. Lee, G H. Kang, and D. 1. Jeoung. 2003.
Promoter hypomethylation of a novel cancer/testis antigen gene
CAGE is correlated with its aberrant expression and is seen in
premalignant stage of gastric carcinoma. Biochem. Biophys. Res.
Commun. 307: 52-63.

Cho, B, Y. Lim, D. Y. Lee, S. Y. Park, H. Lee, W. H. Kim, H.
Yang, Y. J. Bang, and D. L. Jeoung. 2002. Identification and
characterization of a novel cancer/testis antigen gene CAGE.
Biochem. Biophys. Res. Commun. 292: 715-726.

13.

15.

18.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Cook, A. C., A. F. Chambers, E. A. Turley, and A. B. Tuck.
2006. Osteopontin induction of hyaluronan synthase 2 expression
promotes breast cancer malignancy. J. Biol. Chem. 281: 24381-
24389.

. Diala, E. S., M. 8. C. Cheah, D. Rotwich, and R. M. Hoffinan.

1983. Extent of DNA methylation in tumor cells. J Natl
Cancer Inst. T1: 755-764,

Disis, M. L., E. Calenoff, G McLaughlin, A. E. Murphy, W.
Chen, B. Groner, M. Jeschke, N. Lydon, E. McGlynn, R. B.
Livingston, R. Moe, and M. A. Cheever. 1994. Existent T-cell
and antibody immunity to Her/neu protein in patients with
breast cancer. Cancer Res. 54: 16-20.

. Eden, S. and H. Cedar. 1994. Role of DNA methylation in the

regulation of transcription. Curr. Opin. Genet. Dev. 4: 255-259.

. Eichmuller, S., D. Usener, R. Dummer, A. Stein, D, Thiel, and

D. Schadendorf. 2001. Serological detection of cutaneous T-cell
lymphoma-associated antigens. Proc. Natl. Acad. Sci. USA 98:
629-634,

Esteller, M., O. G. Corn, S. B. Baylin, and J. G Herman. 2001.
A gene hypermethylation profile of human cancers. Cancer Res.
61: 3225-3229.

. Feinberg, A. P. and B. Vogelstein. 1983. Hypomethylation

distinguishes genes of some human cancers from their normal
counterparts. Nature 301: §9-92.

Feinberg, A. P, C. W. Gehrke, K. C. Kuo, and M. Ehrlich.
1988. Reduced genomic S5-methylcytosine in human colonic
neoplasia. Cancer Res. 48: 1159~1161.

Fuks, F., W. A. Burgers, A, Brehm, L, Hughes-Davies, and
T. Kouzarides. 2000. DNA methyltransferase Dnmtl associates
with histone deacetylase activity. Nat. Gener. 24: 88-91.
Gomes, J. A., R. Amankwah, A. Powell-Richards, and H. S.
Dua. 2004. Sodium hyaluronate (hyaluronic acid) promotes
migration of human corneal epithelial cells in vitro. Br J.
Ophthalmol. 88: 821-825.

Grunwald, C., M. Koslowski, T. Arsiray, K. Dhaene, M. Praet,
A. Victor, A. Morresi-Hauf, M. Lindner, B. Passlick, H. A.
Lehr, S. C. Schafer, G Seitz, C. Huber, U. Sahin, and O. Tureci.
2006. Expression of multiple epigenetically regulated cancer/
germline genes in nonsmall cell lung cancer. int. J. Cancer 118:
2522-2528.

Giire, A. O., N. K. Altorki, E. Stockert, M. Scanlan, L. J. Old,
and Y. T. Chen. 1998. Human lung cancer antigens recognized
by autologous antibodies: Definition of a novel ¢cDNA dertved
from the tumor suppressor gene locus on chromosome 3p21.3.
Cancer Res. 58: 1034-1041.

Haroon, Z. A., J. M. Hettasch, T. S. Lai, M. W. Dewhirst, and
C. 8. Greenberg. 1999. Tissue transglutaminase is expressed,
active, and directly involved in rat dermal wound healing and
angiogenesis. FASEB J. 13: 1787-1795.

Hirling, H., M. Scheffner, T. Restle, and H. Stahl. 1989. RNA
helicase activity associated with the human p68 protein. Nature
339: 562-564.

Huang, S., K. D. Preuss, X. Xie, E. Regitz, and M.
Pfreundschuh. 2002, Analysis of the antibody repertoire of
lymphoma patients. Cancer Immunol. Immunother. 51: 655-
662.

Itoh, K., C. D. Platsoucas, and C. M. Balch. 1988. Autologous
tumor-specific cytotoxic T lymphocytes in the infiltrate of
human metastatic melanomas. Activation by interleukin 2 and



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

autologous tumor cells, and involvement of the T cell receptor.
J. Exp. Med, 168: 1419-1441.

Iwata, T., T. Fujia, Y. Matsuzaki, T. Okada, H. Mochimaru, N.
Susumu, et al. 2005. Frequent immune responses to a cancer/
testis antigen, CAGE, in patients with microsatellite instability-
positive endometrial cancer. Clin. Cancer Res. 119: 3949-3957.
Jager, D., M. Unkelbach, C. Frei, F. Bert, M. J. Scanlan, E.
Jager, L. J. Old, Y. T. Chen, and A. Knuth. 2002. Identification
of tumor-restricted antigens NY-BR-1, SCP-1, and a new
cancer/testis-like antigen NW-BR-3 by serological screening of
a testicular library with breast cancer serum. Cancer Immun. 2:
5.

Jager, E., Y. T. Chen, J. Drijthout, J. Karbach, M. Ringhoffer,
D. Jager, M. Arand, H. Wada, Y. Noguchi, E. Stoockert, L. J.
Old, and A. Knuth. 1998. Simultaneous humoral and immune
response against cancer-testis antigen NY-ESO-1: Definition of
human histocompatibility leukocyte antigen (HLA-2)-A2-
binding peptide epitopes. J. Exp. Med. 187: 265-270.

Jones, P. L., G J. Veenstra, P. A. Wade, D. Vermaak, S. U.
Kass, N. Landsberger, J. Strouboulis, and A. P. Wolffe. 1998.
Methylated DNA and MeCP2 recruit histone deacetylases to
repress transcription. Nat, Genet. 19: 187-191.

Khong, H. T., J. C. Yang, S. L. Topalian, R. M. Sherry, S. A.
Mavroukakis, er al. 2004. Immunization of HLA-A*0201 and/
or HLA-DPbetal*04 patients with metastatic melanoma using
epitopes from the NY-ESO-1 antigen. J. Immunother. 27: 472~
477.

Kikuchi, R., H. Tsuda, Y. Kanai, T. Kasamatsu, K. Sengoku,
S. Hirohashi, J. Inazawa, and 1. Imoto. 2007. Promoter
hypermethylation contributes to frequent inactivation of a
putative conditional tumor suppressor gene connective tissue
growth factor in ovarian cancer. Cancer Res. 67: 7095-7105.
Kim, H. R., M. A. Wheeler, C. M. Wilson, J. lida, D. Eng,
M. A, Simpson, J. B. McCarthy, and K. M. Bullard. 2004,
Hyaluronan facilitates invasion of colon carcinoma cells in vitro
vig interaction with CD44. Cancer Res. 64: 4569-4576.

Kim, M. S., H. Y. Choi, Y. S. Choi, J. Kim, and Y. S. Kim.
2007. Optimized serological isolation of lung cancer-associated
antigens from a yeast surface-expressed cDNA library. J.
Microbiol. Biotechnol. 17: 993-1001.

Knoepfler, P. S. and R. N. Eisenman. 1999. Sin meets NuRD
and other tails of repression. Cell 99: 447-450.

Kono, K., Y. Rongcun, J. Charo, F. Ichihara, E. Celis, A. Sette,
et al. 1998. Identification of HER2/neu-derived peptide epitopes
recognized by gastric cancer-specific cytotoxic T lymphocytes.
Int. J. Cancer 78: 202-208.

Labrecque, S., N. Naor, D. Thomson, and G Matlashweski.
1993. Analysis of the anti-p53 antibody response in cancer
patients. Cancer Res. 53: 3468-3471.

Laird, P. W., L. Jackson-Grusby, A. Fazeli, S. L. Dickinson,
W. E. Jung, E. Li, R. A. Weinberg, and R. Jaenisch. 1995,
Suppression of intestinal neoplasia by DNA hypomethylation.
Cell 81: 197-205.

Laird, P. W. and R. Jaenisch. 1994. DNA methylation and
cancer. Hum. Mol. Genet. 3: 1487—-1495.

Lee, S. B, I. H. Bae, Y. S. Bae, and H. D. Um. 2006. Link
between mitochondria and NADPH oxidase 1 isozyme for the
sustained production of reactive oxygen species and cell death.
J. Biol. Chem. 281: 36228-36235.

44,

45.

46.

47.

48.

49.

50.

S

52.

53.

54.

55.

56.

57.

FUNCTIONAL ROLE OF CAGE GENE 609

. Lee, S. Y. and D. Jeoung. 2007. The reverse proteomics for

identification of tumor antigens. J. Microbiol. Biotechnol. 17:
879-890.

Lee, S. Y., Y. Obata, M. Yoshida, E. Stockert, B. Williamson,
A. A. Jungbluth, Y. T. Chen, L. J. Old, and M. J. Scanlan. 2003.
Immunomic analysis of human sarcoma. Proc. Natl. Acad. Sci.
USA 100: 2651-2656.

Li, E., C. Beard, A. C. Forster, T. H. Bestor, and R. Jaenisch.
1993, DNA methylation, genomic imprinting, and mammalian
development. Cold Spring Harbor Symp. Quant. Biol. 58: 297~
305.

Li, E, C. Beard, and R. Jaenisch. 1993. Role for DNA
methylation in genome imprinting. Nature 366: 362—365.
Linder, P, P. F. Lasko, M. Ashburner, P. Leroy, P. J. Nielsen, K.
Nishi, J. Scgnier, and P. P. Slonimski. 1989. Birth of the D-E-A-
D box. Nature 337: 121-122.

Livingston, P. O., E. J. Natoli, M. J. Calves, E. Stockert, H. F.
Oettgen, and L. J. Old. 1987, Vaccines containing purified GM2
ganglioside elicit GM2 antibodies in melanoma patients. Proc.
Natl. Acad. Sci. USA 84: 2911-2915.

Loriot, A., E. De Plaen, T. Boon, and C. De Smet. 2006.
Transient down-regulation of DNMT1 methyltransferase leads
to activation and stable hypomethylation of MAGE-A1 in
melanoma cells. J. Biol. Chem. 281: 10118-10126.

Lunyak, V. V., R. Burgess, G. G Prefontaine, C. Nelson, S. H.
Sze, J. Chenoweth, P. Schwartz, P. A. Pevzner, C. Glass, G
Mandel, and M. G. Rosenfeld. 2002. Corepressor-dependent
silencing of chromosomal regions encoding neuronal genes.
Science 98: 1747-1752.

Maa, M. C.,, J. C. Lee, Y. J. Chen, Y. J. Chen, Y. C. Lee,
S. T. Wang, C. C. Huang, N. H. Chow, and T. H. Leu. 2007.
Eps8 facilitates cellular growth and motility of colon cancer
cells by increasing the expression and activity of focal adhesion
kinase. J. Biol. Chem. 282: 19399-19409.

Martelange, V., C. De Smet, E. De Plaen, C. Lurquin, and T.
Boon. 2000. Identification on a human sarcoma of two new
genes with tumor-specific expression. Cancer Res. 60: 3848~
3855.

Miyahara, Y., H. Naota, L. Wang, A. Hiasa, M. Goto, M.
Watanabe, S. Kitano, S. Okumura, T. Takemitsu, A. Yuta, Y.
Majima, F. A. Lemonnier, T. Boon, and H. Shiku. 2005.
Determination of cellularly processed HLA-A2402-restricted
novel CTL epitopes derived from two cancer germ line genes,
MAGE-A4 and SAGE. Clin. Cancer Res. 11: 5581-5589.
Mummert, M. E., D. I. Mummert, L. Ellinger, and A.
Takashima. 2003. Functional roles of hyaluronan in B16-F10
melanoma growth and experimental metastasis in mice. Mol.
Cancer Ther. 2: 295-300.

Muul, L. M., P. J. Spiess, E. P. Director, and S. A. Rosenberg.
1987. Identification of specific cytolytic immune responses
against autologous tumor in humans bearing malignant melanoma,
J. Immunol. 138: 989-995.

Nan, X., H. H. Ng, C. A. Johnson, C. D. Laherty, B. M. Turner,
R. N. Eisenman, and A. Bird. 1998. Transcriptional repression
by the methyl-CpG-binding proteins MeCP2 involves a histone
deacetylase complex. Nature 393: 386-389.

Obata, Y., T. Takahashi, J. Sakamoto, H. Tamaki, S. Tominaga,
N. Hamajima, er a/ 2000. SEREX analysts of gastric cancer
antigens. Cancer Chemother. Pharmacol. 46: S37-542.



610

58.

59.

60.

61.

62.

63.

64.

65.

606.

67.

68.

Kim and Jeoung

Oehlrich, N., G Devitt, M. Linnebacher, Y. Schwitalle, S.
Grosskinski, S. Stevanovic, and M. Zoller. 2005. Generation of
RAGE-1 and MAGE-9 peptide-specific cytotoxic T-lymphocyte
lines for transfer in patients with renal cell carcinoma. Inr. J.
Cancer 117: 256-264.

Okada, T., M. Akada, T. Fujita, T. Iwata, Y. Goto, K. Kido,
et al. 2006. A novel cancer testis antigen that is frequently
expressed in pancreatic, lung, and endometrial cancers. Clin.
Cancer Res. 12: 191-197.

Ottaviani, S., Y. Zhang, T. Boon, and P. van der Bruggen. 2005.
A MAGE-1 antigenic peptide recognized by human cytolytic
T Iymphocytes on HLA-A2 tumor cells. Cancer Immunol.
Immunother. 54: 1214~1220.

Quan, G, J. Y. Choi, D. S. Lee, and S. C. Lee. 2005. TGF-
betal up-regulates transglutaminase two and fibronectin in
dermal fibroblasts: A possible mechanism for the stabilization
of tissue inflammation. Arch. Dermatol. Res. 297: 84-90.
Rosenberg, S. A, J. C. Yang, D. J. Schwartzentruber, P. Hwu,
F. M. Marincola, S. L. Topalian, et al. 1998. Immunologic and
therapeutic evaluation of a synthetic peptide vaccine for the
treatment of patients with metastatic melanoma. Nat. Med. 4:
321-327.

Sahin, U., O. Tiireci, H. Schmitt, B. Cochlovius, T. Johannes,
R. Schmits, er al 1995. Human neoplasms elicit multiple
specific immune responses in the autologous host. Proc. Natl.
Acad. Sci. USA 92: 11810-11813.

Scanlan, M. J,, A. O. Gure, A. A. Jungbluth, L. J. Old, and
Y. T. Chen. 2002. Cancer/testis antigens: An expanding family
of targets for cancer immunotherapy. Immunol. Rev. 188: 22—
32.

Shim, E., H. Shim, J. Bae, H. Lee, and D. Jeoung. 2006.
CAGE displays oncogenic potential and induces cytolytic T
lymphocyte activity. Biotechnol. Lett. 28: 515-522.

Shim, H., H. Lee, and D. Jeoung. 2006. Cancer/testis antigen
cancer-associated gene (CAGE) promotes motility of cancer
cells through activation of focal adhesion kinase (FAK).
Biotechnol. Lett. 28: 2057-2063.

Sigalotti, L., E. Fratta, S. Coral, S. Tanzarella, R. Danielli, F.
Colizzi, E. Fonsatti, C. Traversari, M. Altomonte, and M. Maio.
2004, Intratumor heterogeneity of cancer/testis antigens expression
in human cutaneous melanoma is methylation-regulated and
functionally reverted by S5-aza-2'-deoxycytidine. Cancer Res.
64: 9167-9171.

Smith, S. S. 1994. Biological implications of the mechanism of
action of human DNA (cytosine-5) methyltransferase. Prog.
Nucleic Acid Res. Mol. Biol. 49: 65-111.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Stephens, P., P. Grenard, P. Aeschlimann, M. Langley, E. Blain,
R. Errington, D. Kipling, D. Thomas, and D. Aeschlimann.
2004. Crosslinking and G-protein functions of transglutaminase
2 contribute differentially to fibroblast wound healing responses.
J. Cell Sci. 117: 3389-3403.

Strathdee, G, T. L. Holyoake, A. Sim, A. Parker, D. G. Oscier,
J. V. Melo, S. Meyer, T. Eden, A. M. Dickinson, J. C. Mountford,
H. G Jorgensen, R. Soutar, and R. Brown. 2007. Inactivation of
HOXA genes by hypermethylation in myeloid and lymphoid
malignancy is frequent and associated with poor prognosis.
Clin. Cancer Res. 13: 5048-5055.

Struhl, K. 1998. Histone acetylation and transcriptional regulatory
mechanisms. Genes Dev. 12: 599-606.

Tate, P. H. and A. P. Bird. 1993. Effects of DNA methylation
on DNA-binding proteins and gene expression. Curr: Opin.
Genet. Dev. 3: 226-231.

Thiery, J. P. 2002. Epithelial-mesenchymal transitions in tumor
progression. Nat. Rev. Cancer 2: 442-454.

Traversari, C., P. van der Bruggen, 1. F. Luescher, C. Lurquin, P.
Chomez, A. Van Pel, et al. 1992. A nonapeptide encoded by
human gene MAGE-1 is recognized on HLA-A1 by cytolytic T
lymphocytes directed against tumor antigen MZ2-E. J. Exp.
Med 176: 1453-1457.

Udabage, L., G R. Brownlee, M. Waltham, T. Blick, E. C.
Walker, P. Heldin, S. K. Nilsson, E. W. Thompson, and T. J.
Brown. 2005. Antisense-mediated suppression of hyaluronan
synthase 2 inhibits the tumorigenesis and progression of breast
cancer. Cancer Res. 65: 6139-6150.

Van den Bruggen, P, C. Travesari, P. Chomez, C. Lurquin,
E. De Plaen, B. Van der Eynde, A. Knuth, and T. Boon. 1991.
A pgene encoding an antigen recognized by cytolytic T
lymphocytes. Science 254: 1643-1647.

Van den Eynde, B., O. Peeters, O. De Backer, B. Gaugler, S.
Lucas, and T. Boon. 1995. A new family of genes coding for an
antigen recognized by autologous cytolytic T lymphocytes on a
human melanoma. J. Exp. Med. 182: 689—698.

Wischnewski, F., K. Pantel, and H. Schwarzenbach. 2006.
Promoter demethylation and histone acetylation mediate gene
expression of MAGE-A1, -A2, -A3, and -A12 in human cancer
cells. Mol Cancer Res. 4: 339-349.

Wischnewski, F., O. Friese, K. Pantel, and H. Schwarzenbach.
2007. Methyl-CpG binding domain proteins and their involvement
in the regulation of the MAGE-A1, MAGE-A2, MAGE-A3,
and MAGE-A12 gene promoters. Mol Cancer Res. 5: 749—
759.



