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Pathogenicity of the MAGE family (Review)
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Abstract. The melanoma antigen gene (MAGE) protein family
is a group of highly conserved proteins that share a common
homology domain. Under normal circumstances, numerous
MAGE proteins are only expressed in reproduction-related
tissues; however, abnormal expression levels are observed
in a variety of tumor tissues. The MAGE family consists of
type I and II proteins, several of which are cancer-testis anti-
gens that are highly expressed in cancer and serve a critical
role in tumorigenesis. Therefore, this review will use the
relationship between MAGEs and tumors as a starting point,
focusing on the latest developments regarding the function of
MAGEs as oncogenes, and preliminarily reveal their possible
mechanisms.
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1. Introduction

The high incidence of tumors worldwide has become a threat
to human health, and thus, novel and effective treatments
need to be identified urgently. Due to its high specificity and
low side effects, immunotherapy has unique advantages in
preventing tumor recurrence and metastasis, and has gradu-
ally attracted attention (1). Actively screening and identifying
antigens with high specificity in tumors is the first prerequisite
for immunotherapy, and the melanoma antigen gene (MAGE)
family is one of the antigen targets of potential tumor therapy
that has been paid attention to.

MAGE, specifically type [ MAGE, is an important member
of the cancer testis antigen (CTA) family (2). The antigen
mainly has the following characteristics (3): i) Expressed only
in gamete developmental system tissues and tumor tissues;
ii) its coding genes are mainly located on the X chromosome;
iii) abnormal expression in tumor tissues, with different
expression rates in tumor tissues from different sources; iv) its
expression is related to tumor metastasis and deterioration;
and v) hypomethylation and/or histone deacetylase inhibitors
can activate it in vitro.

2. MAGE family and its encoded proteins

MAGE family members have attracted increasing attention
as biomarkers in cancer and as immunotherapy targets. In
total, >40 human proteins are considered CTAs, and these are
mainly locally expressed in testis tissues, and partly expressed
in ovarian and placental tissues (4). MAGE proteins are normal
tissue antigens that exist in testicular cells, serve an important
role in the early stages of spermatogenesis and are abnormally
highly expressed in cancer types that may be immunogenic (5).
MAGE-related antigens have a tumor-specific related
expression pattern, which can form tumor-specific antigen
polypeptides that can be recognized by immune cells and
induce immune responses, so they are often used as molecular
targets for tumor diagnosis and immunotherapy (6,7).

MAGE genes are conserved in all eukaryotes, the average
conservation rate in all human MAGEs reaches 46% and the
number of gene copies in mammals is rapidly expanding (8).
According to their tissue expression patterns, the members
of the human MAGE family can be roughly divided into two
categories (9): Type I MAGEs and type II MAGEs (Fig. 1).
Type I MAGE:s are regarded as CTAs, and these include the
sub-families of MAGE-A, MAGE-B and MAGE-C clustered
on the X chromosome (5,10). Type I MAGEs are highly
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expressed cancer antigens, and they serve an important role
in tumorigenesis and cancer cell survival (9). Therefore, they
are rarely expressed in normal adult tissues, but are highly
expressed in various cancer types, including melanoma and
breast cancer, while other types of cancer, such as prostate
cancer, lung adenocarcinoma, esophageal squamous cell
carcinoma, stomach cancer, bladder cancer, ovarian cancer,
hepatocellular carcinoma and brain cancer, may also express
high levels of MAGE (11-15). The type I MAGE family mainly
includes the MAGE-D, MAGE-E, MAG-F, MAG-G,MAGE-H
and MAGE-L subfamilies and Necdin, which are expressed in
numerous tissues of the human body and are not limited to
the X chromosome (10). Both type I and II MAGEs contain a
MAGE homology domain (MHD) of ~170 amino acids (16).
By studying its structure, it has been revealed that MHD is
composed of a series of double-winged helix motifs, and part
of the ubiquitination and methylation functions of MAGE are
inseparable from the special structure of MHD (17).

The MAGE family has specific functions in normal devel-
opment and tumor progression. Most of the type I MAGEs
are only normally expressed in the testis or placenta, and their
restricted expression characteristics suggest that they may serve
a role in germ cell development (18). Numerous studies have
consistently demonstrated that the MAGE-A family may serve
an important role in spermatogenesis and embryonic develop-
ment (15,19). In addition, MAGE-A protein has been detected
by immunohistochemistry in the early development of the
spinal cord and brain stem of the central nervous system and
peripheral nerves (20), which indicates that MAGE-A protein
is also involved in the development of neurons (16,21). A study
also found that MAGE-B4 was highly expressed during the
germ cell differentiation process before meiosis, indicating
that the MAGE protein may also serve a role in oocyte devel-
opment (22). Type I MAGEs are highly expressed in the brain
and participate in various neuromodulation processes. These
MAGE proteins may serve an important role in differentiation
and neurodevelopment, and thus, their loss of function will
lead to a series of cognitive behavioral and developmental
defects (23). The MAGE gene can encode part of an antigen
peptide to activate immune cells to kill tumor cells and become
cancer biomarkers and immunotherapy targets (24). However,
further studies have demonstrated that MAGEs can not only
drive tumorigenesis, but also participate in the regulation of a
variety of cell and developmental processes.

3. Relationship between the
ubiquitination and disease

MAGE family and

Ubiquitination refers to a process in which ubiquitin
molecules classify proteins in cells under the action of a
series of special enzymes, select target protein molecules
from them and specifically modify the target protein.
Ubiquitination is involved in the regulation of almost all
life activities, such as the cell cycle, proliferation, apoptosis,
differentiation, metastasis, gene expression, transcription
regulation, signal transmission, damage repair, inflammation
and immunity (25). Ubiquitination modification involves
a series of reactions with ubiquitin-activating enzyme El,
ubiquitin conjugating enzyme E2 and ubiquitin ligase E3:
First, enzyme El adheres to the Cys residue at the tail of the

ubiquitin molecule and is activated when ATP is supplied.
Next, E1 transfers the activated ubiquitin molecule to E2
enzyme, and then, E2 enzyme and some different types of E3
enzymes recognize the target protein together and modify
it for ubiquitination. According to the relative ratio of E3
to the target protein, the target protein can be modified by
monoubiquitination and polyubiquitination. The appearance
of the E3 enzyme acts like a clip, and the target protein is
connected in the middle gap. The left domain of the enzyme
determines the specific recognition of the target protein, and
the right domain locates the E2 enzyme to transfer ubiquitin
molecules. As a result of protein ubiquitination, the labeled
protein is broken down by proteases into smaller peptides,
amino acids and ubiquitin that can be reused (26-28). In terms
of the previously identified interactions between several
MAGE proteins and RING domain proteins, it was found
that they will form complexes, such as MAGE-A2/C2-triple
motif (TRIM)28, MAGE-B18-ligand of numb-protein X and
MAGE-GI-non-structural maintenance of chromosomes
element 1 (NSEIl) complexes (29). The RING domain is a
cysteine-rich domain, which usually forms a coordinated
cross-scaffold structure with two zinc ions (30). Experiments
have demonstrated that RING domain proteins are a large
family of E3 ubiquitin ligases, which can be combined
with E2 ubiquitin conjugating enzymes and positioned
on the substrate for ubiquitination (31). The subfamily of
E3 ubiquitin ligases change the relative orientation of the
two-winged helix motifs through the binding of the MHD
to the specific E3 RING ubiquitin ligase (11). MAGEs and
RING proteins bind to form an important structure of the
MAGE-RING complex known as the MAGE-GI-NSEI1
complex. Based on this structure, the MAGE protein can
regulate the E3 of its homologous RING partner in vivo and
in vitro via ubiquitin ligase activity (32). MAGEs can regu-
late the ubiquitination of proteins by regulating the activity
of their homologous E3 ligase, which includes enhancing
general ligase activity, binding and specifying new substrates
for ubiquitination by E3 ligase complexes, and changing the
subcellular localization of E3 ligase to produce specific
biological functions (33,34). Therefore, the abnormal expres-
sion of MAGEs in tumor cells can promote tumorigenesis via
ubiquitination and other possible changes, leading to changes
in cell processes and signaling pathways.

MAGE proteins have a biochemical effect involving
binding to and enhancing the activity of E3 RING ubiquitin
ligase, and related proteomic analysis has revealed that
MAGE-L2, a type I MAGE, can specifically bind to TRIM27
E3 RING ubiquitin ligase (34). TRIM27 belongs to one of the
largest families of E3 RING ubiquitin ligases and is referred
to as the TRIM protein. TRIM27 was originally identified and
named Ret finger protein, as it is a gene that has a transloca-
tion mutation with the Ret tyrosine kinase receptor in thyroid
cancer (35). Additionally, subsequent studies revealed that
it was also involved in the regulation of several biological
transformation processes, including transcriptional regulation,
NF-«B signal transduction and the maintenance of CD4* T-cell
homeostasis, and that, as an oncogene, it participates in regu-
lating the occurrence and development of tumors (7,36,37).
MAGE-L2 and TRIM27 co-localize on the cytoplasmic
structure of retromer-positive endosomes (38). Furthermore,
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Figure 1. Main members of the MAGE family. The MAGE family is divided
into type I and II. Type I is only expressed in testicular and placental tissues
in normal tissues, but it is expressed at different levels in numerous types of
tumors. Type II can be expressed in some normal tissues, including testicular
and placental tissues, and it can be expressed in tumors. MAGE, melanoma
antigen gene.

the localization of TRIM27 is regulated by the protein kinase
C,JNK and RAS signaling pathways (39).

In addition to the important connection between
MAGE-L2 and TRIM27 in E3 RING ubiquitination,
MAGE-L2 also serves an important role in reverse transport
between cells (38). Studies have revealed that genes required
for reverse transport are often present in a high-copy state in
melanoma, which facilitates the transport of related proteins,
and thus helps mediate tumorigenesis (40,41). There are also
reports that the downregulation and mutation of reverse
transport-related molecules may be involved in the occur-
rence of Alzheimer's disease (42). Downregulated MAGE-L2
has been detected in the hippocampus of patients with early
Alzheimer's disease (42). Reverse transport is an indispensable
way for numerous microbial toxins and certain viruses to enter
cells. In fact, the inhibitory effect of TRIM27 can prevent the
transport of cholera toxin (43).

4. Mechanism of MAGE and tumorigenesis

MAGE proteins directly bind to RING domain proteins and
act as a substrate scaffold for the RING domain proteins,
thereby regulating their ubiquitin ligase activity (11). In
particular, it has been reported that MAGE-A2, MAGE-A3,
MAGE-A6 and MAGE-C2 binding to TRIM28, also known
as Kriippel-associated box (KRAB)-associated protein 1
(KAP1), transcriptional intermediary factor 1p or Krip125,
induces the degradation of the tumor suppressor pS3 (44.45).
In the presence of wild-type p53, knockdown of the MAGE-A
gene appears to increase the recruitment of p53 to the target
promoter and increases the mRNA levels of the p53 transcrip-
tion target (46). Type I MAGE combined with KAP1 induces
the polyubiquitination and degradation of the substrate zinc

finger protein 382 (ZNF382) (47). ZNF382 is a member of the
KRAB domain zinc finger transcription factor (KZNF) family
and is associated with apoptosis and tumor suppression (48).
KZNFs bind to the KAP1 protein and direct KAP1 to a specific
DNA sequence, and then KZNF inhibits gene expression by
inducing local heterochromatin characterized by histone 3
lysine 9 trimethylation (44). MAGE-C2 may also increase the
phosphorylation of TRIM28/KAP1 and improve DNA repair
after double-strand breaks by enhancing the formation of
complexes between TRIM28/KAP1 and ATM serine/threo-
nine kinase (49). The combination of MAGE and KAPI1
induces the degradation of ZNF382, resulting in a decrease in
the combination of KAP1 and DNA binding inhibitor 1 (ID1)
and an increase in the expression of the oncogene ID1 (44).
Therefore, it appears that the MAGE family binds to the
RING domain protein KAPI through specific upregulation,
triggering the ubiquitination and degradation of a variety of
tumor suppressor factors, such as p53, AMP-activated protein
kinase (AMPK)al and ZNF382 (44), thereby promoting
tumor occurrence and invasive growth (Fig. 2). Therefore,
the identification of novel small molecules that inhibit the
protein-protein interaction between MAGE and KAP1 may be
a potential strategy for the treatment of cancer with upregu-
lated MAGE expression (50).

However, the relevance of MAGE-A in tumors is not
limited to the scope of regulating p53 function. In numerous
tumor types, the expression of MAGE-A3 or MAGE-AG6 has
nothing to do with p53 mutation status (51). As aforementioned,
the MAGE-A3-TRIM28 and MAGE-A6-TRIM28 ligase
complexes can ubiquitinate the a catalytic subunit of the tumor
suppressor AMPK (PRKAA1), which mainly functions as a
cell energy sensor and regulator (52,53). This leads to degra-
dation of AMPK and decreases the expression level of total
AMPK protein in tumors. In the early stage of tumorigenesis,
the deletion of the AMPK gene promotes tumor induction (54).
Clinicopathological data have demonstrated that insufficient
AMPK activity in tumor tissues is considered to be one of the
causes of malignant tumors (54). In addition, the downregulation
of AMPK by MAGE-A3 and MAGE-AG6 leads to a decrease
in autophagy levels and an upregulation of mTOR signals,
which may provide the best conditions for the early formation
and growth of tumors (55,56). When AMPK agonists are used,
they can decrease the anchorage-independent growth mediated
by MAGE-AG6 in vitro. In addition, due to the methylation of
CpG islands in the promoter region, type I MAGEs are usually
not expressed in somatic cells (57). When the type I MAGE
promoter is demethylated, it can downregulate the activity of KIT
proto-oncogene, receptor tyrosine kinase (KIT) tyrosine kinase
and the upstream regulator fibroblast growth factor receptor 2
(FGFR2)-IIIb of MAGE-A3/6. Knockdown of fibronectin also
leads to increased MAGE-A3 expression (58,59). Fibronectin
signal transduction via integrin receptors, FGFR2 signal trans-
duction and c-KIT pathways all involve PI3K/Akt and Ras
pathways, which suggests that these pathways may be the key to
understanding how to activate type | MAGE in cancer cells (60).

MAGE-AL11 is a relatively unique subtype of type I MAGE,
and it is involved in the regulation of hormone signaling in
prostate cancer (61,62). The binding of MAGE-AL11 to the
N-terminal FXXLF motif of the androgen receptor (AR) helps
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Figure 2. Binding of the MHD of type I and II MAGE:s to a specific E3-RING ubiquitin ligase regulates protein ubiquitination. The MAGE family is upregu-
lated and bound to the RING domain protein KAPI, triggering the ubiquitination and degradation of a variety of tumor suppressor factors, and ultimately
leading to the occurrence of diseases. MAGE, melanoma antigen gene; MHD, MAGE homology domain; KAPI1, Kriippel-associated box-associated protein 1;

AMPK, AMP-activated protein kinase; ZNF382, zinc finger protein 382.

the SRC/p160 co-activator to bind and form a complex with the
AR of prostate cancer by regulating the interaction between
AR domains (62). To enhance AR transcriptional activity,
increased MAGE-11 expression promotes the progression of
prostate cancer by enhancing the growth of AR-dependent
tumors (63). Further studies have demonstrated that the
interaction between AR and MAGE-A11 is mediated by the
combination of the FXXLF motif at the AR NH2-terminal and
the highly conserved MAGE-A11 F-box (residues 329-369) in
the MHD (64,65). Additionally, this interaction is regulated
by serum-stimulated phosphorylation of mitogen-activated
protein kinase of MAGE-A1l Ser-174 (66). In addition,
epidermal growth factor-mediated phosphorylation and ubiq-
uitination of MAGE-A11 enhances the transcriptional activity
of AR (64). MAGE-A11 also acts as a transcriptional co-regu-
lator by interacting with progesterone receptor and steroid
receptor-related EP300 and EP160 coactivators (67), and by
interacting with pl07 and E2F transcription factor 1 transcrip-
tion factors, which are important in the cell cycle. MAGE-A11
is closely related to the cell cycle. Among several factors that
affect tumor progression, cell cycle intervention is an impor-
tant step (68). In addition to regulating hormone signaling,
MAGE-A11 may also mediate tumor survival by stabilizing
hypoxia-inducible factor-1a levels, possibly by binding to and
inhibiting proline 4 (69). In terms of the epigenetic regulation
of MAGE-A11, DNA methylation is involved in the specific
regulation of MAGE-A11-1 nucleosome occupancy (57),
methylation of a single Ets site near the transcription start
site and -1 nucleosome. The occupancy rate of MAGE-A11 is
related, and it strongly inhibits the activity of the MAGE-A11
promoter by itself (63). Therefore, DNA methylation regulates
the nucleosome occupancy of MAGE-A11 (63), which cooper-
ates with sequence-specific transcription factors to regulate
MAGE-A11 gene expression. In epithelial ovarian cancer,
MAGE-A11 expression is also related to DNA hypometh-
ylation at its transcription start site (70). The demethylating
agent decitabine can decrease the methylation level of the
MAGE-AL11 promoter, and its promoter activity is partly deter-
mined by the transcription factor Spl (71). The Spl inhibitor
Mithramycin A may cause a dose-dependent decrease in

MAGE-AI1 promoter activity and endogenous MAGE-A11
expression (71). In summary, DNA methylation serves an
important role in MAGE-A11 gene silencing, which is also
closely associated with the biological behavior of tumors and
is an important direction for researchers.

In addition to having oncogene functions, MAGEs also
have the characteristics of stem cell-like side populations of
certain tumors. Compared with that in the main population,
MAGE-A3 is expressed at higher levels in the tumor stem
cell-like side population of bladder cancer (72). In addition,
MAGE-A2, MAGE-A3, MAGE-A4, MAGE-A6, MAGE-A12
and MAGE-B2 are highly enriched in stem cell-like side
populations of various tumor cell lines, such as liver and lung
cancer cells and melanoma cells (73,74). Furthermore, analysis
of the maturation stage of B cells revealed that MAGE-C1 is
expressed at a high frequency in CD34" stem cells and imma-
ture B cells (CD10* or CD19%), suggesting that MAGE-CI
may be related to the initial cell population of the disease (75).
Furthermore, MAGE-C1 is associated with a shortened recur-
rence cycle and a decrease in overall survival after allogeneic
stem cell transplantation (76-78).

5. Relationship between MAGE and tumor prognosis and
invasion

Extensive research on MAGE expression in various cancer
types has demonstrated its predictive association with a poor
clinical prognosis. For example, in non-small cell lung cancer,
high expression levels of MAGE-A3 and MAGE-A9 are asso-
ciated with a decrease in patient survival rate (63,77). In breast
cancer, high expression levels of MAGE-A3, MAGE-A6 and
MAGE-C2 are associated with a high probability of negative
estrogen receptor or progesterone receptor status, and increased
malignant degree of the tumor (79). In ovarian cancer, the
expression of MAGE-A1l, MAGE-A9 and MAGE-AI10 is
associated with a poor prognosis (80,81). In addition, high
expression levels of MAGEs are also related to the increase
in the recurrence rate after treatment. In gastric cancer, the
expression levels of MAGE-A1-6 in the peritoneal lavage
fluid after tumor resection are associated with a decrease in
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disease-free survival rate (82). In hepatocellular carcinoma,
MAGE-A9 expression is closely associated with a decrease in
the disease-free survival rate, and the grade, metastasis, portal
vein invasion and overall survival rate of advanced tumors are
closely related (83).

MAGEs are not only associated with a poor clinical prog-
nosis, but, as indicated by previous studies, can act as drivers
of tumorigenesis. High expression of MAGEs in a variety of
tumors, including breast, lung and colon cancer, may increase
their viability and invasiveness. In melanoma and multiple
myeloma, MAGE-As or MAGE-Cs are involved in promoting
survival and invasion (84,85). The expression of MAGE-A3
and MAGE-C?2 in cancer cell lines has been demonstrated
to increase the invasion potential in vitro (86). In addition,
MAGE-A3 and MAGE-A6 promote the transformation of
fibroblasts and increase the proliferation of cancer cells, and
MAGE-A6 promotes the anchorage-independent growth of
normal diploid colon epithelial cells (13). Overexpression
of MAGE-A3 is associated with an increased probability of
tumor growth and metastasis to the lungs of human thyroid
cancer cells, while knockdown of MAGE-C delays the forma-
tion of metastatic melanoma in the body (87). This conclusion
has been further verified in a syngeneic mouse tumor model.

6. Summary and outlook

In conclusion, the MAGE family is overexpressed in various
tumors and some diseases. MAGEs can promote tumor
progression through various mechanisms, and eventually lead
to more aggressive and recurring possibilities for some tumors.
Therefore, MAGEs have also become potential targets for
cancer treatment. More research on the mechanism of MAGE
function in cancer will promote the development of its targeted
therapy. In short, as the majority of researchers conduct more
and more in-depth studies on the MAGE family, its potential
pathogenic mechanism will gradually become clear, laying the
foundation for the treatment of related diseases.
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