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MAGE Genes: Introduction and Classification

Studying the immune system's ability to recognize and eliminate
tumors may help in developing new therapies for cancer. In
addition to the known mutated, overexpressed, fused, and
oncoviral proteins, male germ cell-specific proteins were added
to the list in 1991 when melanoma antigen 1 (MAGE-1) was
identified in the melanoma cell line MZ2-MEL. A patient-
derived MZ2-MEL cell line was created from a patient (MZ-2)
who had, for 10 years, exhibited strong T-cell activity against
autologous tumor cells in culture [1]. It is worth mentioning that
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a patient survived without disease recurrence for more than 30
years after receiving autologous melanoma cell clones that had
been mutagenized in vitro and lethally irradiated. However, all
attempts to use MAGE-vaccines clinically have failed. In that
sense, MAGE-A3 vaccine trials in Phase Ill trials were
unsuccessful because they did not provide sufficient protection
against melanoma, indicating that boosting T-cell responses to
the MAGE-A3 protein is not sufficient to hinder the disease
progression [2]. Still, MAGE proteins play an important role in
tumor biology.

MAGE protein family consists of 10 subfamilies classified into

two types based on their gene structures, chromosomal location,
and expression patterns in specific tissues (Figure 1). MAGE
type | genes (chromosome X-clustered genes), also called
cancer-testis antigens (CTAs) are characterized by human
leukocyte antigen epitope (HLA) in cancer cells and include
MAGE-A, -B, and —C. In addition to cancer cells of diverse
origins, germ-line cells in ovaries, testes, and placentas express
these genes. However, they are not commonly expressed in
adults’ tissues [3]. Type Il genes are involved in cell
proliferation and apoptosis, including MAGE-D, -E, -F, -G, and -
H. They are widely expressed in human and murine tissues and
are not restricted to cancer tissues. In eutherian mammals, the
MAGE family, which includes more than 50 related proteins, has
expanded to protect the germline from environmental stress and
help in stress adaptation. This stress tolerance may explain why
MAGEs are abnormally expressed in many cancers where new
studies showed a relation between stress and cancer growth [4].

MAGE protein family is a large and highly conserved group of
proteins that possess a common domain; 180-amino acid domain
known as the MAGE homology domain (MHD). Mammalians
share 40% of amino acids in the MHD among all the MAGE
subfamilies, but higher conservation is obvious at the subfamily
level, where MAGE-D and MAGE-A subfamily members share
75 and 70% MHD residues, respectively. Long-term research
into MAGE proteins has not yet revealed their diverse molecular
functions. In line with the dynamic nature of the MHD structure,
MAGE proteins exert their function through interactions with
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diverse proteins. It has been shown that MAGES cooperate with
distinct E3 ligases to regulate ubiquitination of target proteins
[5]. E3 ligases are enzymes that recognize and mediate the
transfer of activated ubiquitin from the E2 enzyme to a specific
target substrate. They are classified into four major classes:
RING (really interesting new gene) finger, U- box, PHD finger,
and HECT. Efforts were done to identify the function of MAGE
proteins and led to a discovery that both type | and Il MAGES
bind E3 ubiquitin ligases with RING domains and form MAGE-
RING ligases (MRLs). Several distinct MRLs have been
subsequently identified. MAGESs recognize and bind their E3
ligase partner through their MHDs [5].

MAGE Type Il

prcETEeD
MAGE-A MAGE-D
| MAGE:E |

MAGE-B MAGE-E

MAGE-C | | MAGEF |

MAGE-G |

MAGE-H |

MAGE-L |

Figure 1: Main members of the MAGE family. Two main classes of MAGE
genes, MAGE gene type | and type Il which consist of different subfamilies.

Role of MAGE Genes in Cancer

Melanoma-associated antigen (MAGE) family members and
specially class | are cancer/testis antigens. They are usually
expressed in trophoblasts, germline cells, and a wide range of
human cancer types such as melanoma, lung cancer, breast
cancer, oral squamous cell carcinoma, esophageal carcinoma,
urothelial malignancies and hematopoietic malignancies [6] [7]
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[8] [9]. They drive tumor progression through various
mechanisms, thereby resulting in tumor growth, metastasis, and
recurrence. This common role in tumor progression has drawn
research attention into focusing on MAGE’s antigenicity and
expression pattern in specific tissues to target them with cancer
immunotherapy. Despite recent efforts to decipher the epigenetic
regulation of certain MAGE family members, the transcriptional
programs driving their abnormal expression remain poorly
comprehended, and much remains to be discovered. The known
tumor-related functions of MAGE family members are
summarized in Tablel. Additional mechanistical studies
concerning MAGE function and regulation will provide some
new alternative strategies targeting MAGEs in multiple types of
cancers [10].

Table 1: The known tumor-related functions of MAGE family. MAGE genes
have been classified as cancer related in various types of tumors with their
related biological functions [10].

MAGE-I | MAGE-A MAGE-A1 Melanoma, gastric, endometrial, head and neck - Activating p-C-JUN
cancer - Repressing franscription
- Recruiting HDACI
MAGE- A2 Glioma and breast cancer - Degrading P53, MDM2 and MDM4
- Increasing ER signaling

MAGE-A3 Non small lung cancer, hepatocellular carcinoma | - Degrading P53, and AMPKal

- Enhancing TRIM28-dependent FBP1degradation

MAGE-AL Hepatocellular carcinoma and lung cancer | - Inactivating the oncoprotein gankyrin

MAGE-A6 Breast, colon, and lung cancer - Degrading P53, and AMPKal

MAGE-A1l Breast cancer, esophageal squamous cell - Increasing Skp2-mediated degradation of cyclin Aand ~ P130
carcinoma, neck and prostate cancer - Decreasing Skp2-mediated degradation of E2F1
- Increasing AR transcriptional activity

MAGE-A12 Colorectal cancer, prostatic carcinoma , melanoma, | - Promoting P21 ubiquitination
bladder, lung, head and neck cancer

MAGE-C MAGE-C2 Melanoma, breast, lung and hepatocellular - Enhancing TRIM28-dependent degradation of FBF1
cartinoma - Inhibiting cyclin E degradation
- Increasing KAP1-Ser824 phospharylation

MAGE-l || MAGE-D MAGE-D2 Melanoma, gastric, colorectal and hepatocellular | - Suppressing TRAIL-induced apoptosis
carcinoma

|| MAGE-H MAGE-HI Breast and colorectal cancer - Upregulating mir-200 afb expression via P13

4 www.videleaf.com



Immunology and Cancer Biology

Class | MAGE Genes

Class-I MAGE/cancer testes antigens include the MAGE-A,
MAGE-B, and MAGE-C protein families, a group of highly
homologous proteins whose expression is repressed in all normal
tissues except developing sperm. Aberrant expression of class |
MAGE proteins occurs in a wide range of cancer types. Thus,
MAGE proteins have long been defined as tumor-specific
targets; however, their functions have largely been unknown.
Their role in cancer can be explained by the fact that Class I
MAGE protein expression may suppress apoptosis by
suppressing p53 and may actively contribute to the development
of malignancies by promoting tumor survival. Since class |
MAGE proteins expression is absent in normal tissues, inhibition
of MAGE antigen expression or function represents a novel and
specific treatment for melanoma and various malignancies [11].

MAGE-A

MAGE-A belongs to the type | melanoma antigen gene family,
and it is associated with different cancer types. MAGE-A1 was
the first identified human tumor antigen [12]. It interacts with
transcriptional regulator SKIP, which in turn intervenes in
signaling pathways involving Notchl-IC and TGF-B. SKIP can
act as a transcription activator or repressor, it recruits a
repression complex including HDAC. Therefore, MAGE-Al
aids in the setting of gene expression patterns for tumor cell
growth [13]. Moreover, MAGE-A expression is associated with
low survival in lung cancer patients [14], and it was also
associated with malignant transformation in leukoplakia which is
a precursor of oral and laryngeal squamous cell carcinoma
despite the fact that it was not expressed in healthy oral mucosa
[15]. MAGEA1-A3 and A12 have been shown to be expressed at
an early stage in breast cancer [16].

MAGE-A3 is expressed in bladder cancer and represents a
candidate for cancer immunotherapy, where it is thought to have
an anti-oncogenic effect through diminishing proliferation and
inducing apoptosis by regulating p21 and p53 [17]. MAGE-A4 is
overexpressed in various cancers including non-small cell lung
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carcinoma and it is widely used for cancer vaccine therapy. It
was identified to inhibit apoptosis via caspase-3 and P53
interaction [18]. MAGE-A9 and MAGE-A11l are expressed in
breast cancer and their expression was positively associated with
estrogen receptors (ER) and HER2 expression [19].

As aforementioned, MAGE proteins proved to bind RING
domain-containing proteins through its MHD (Melanoma
Homology Domain). E3 ligase is a protein that recruits E2
ubiquitin conjugating enzyme that is linked to ubiquitin, which
in turn will transfer the ubiquitin from E2 to a protein targeted
for degradation. MAGE-A3/ 6-TRIM28 E3 ubiquitin ligase
complex was found to degrade AMPKal resulting in
downregulating AMPK signaling during tumorigenesis [20].

MAGE-A proteins were found to form complexes with RING
domain proteins, such as MAGEA2/C2-TRIM28, MAGE-B18-
LNX, and MAGE-G1-NSE1 complexes [21]. The RING domain
is a cysteine-rich domain that normally forms a cross-brace
structure that typically coordinates two zinc ions. RING domain
proteins are proved to be a huge E3 ubiquitin ligase family,
which bind to and localize E2 ubiquitin-conjugating enzymes to
substrates for ubiquitination [22]. MAGE proteins regulate the
ubiquitin ligase activity of RING domain proteins through
binding them and acting as scaffold to their substrates.

MAGE-A2, -A3, -A6, and -C2 bound TRIM28 (also known as
KAP1, TIF-1beta, or Krip125) were shown to downregulate the
tumor suppressor protein p53 [23].

MAGE-B

MAGE-B belongs to type | MAGE genes forming a cluster of
four human genes. The coding regions of the MAGE-B genes
share about 75% nucleotide identity and about 60% identity with
those of most MAGE-A genes. MAGE-B2 is the most abundantly
expressed member of the MAGE-B family. It has been shown to
be overexpressed in a wide range of cancer types where it
induces tumor growth and progression [24]. MAGE-B genes are
expressed with relatively high frequency and specificity in
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hepatocellular carcinoma HCC. Most HCC patients with positive
expression of at least one member of the MAGE-B or MAGE-A
gene family are adequate candidates to receive specific
immunotherapy. Frequent co-expression of multiple members of
MAGE-B and MAGE-A subfamilies provides the possibility of
using polyvalent vaccines to achieve more effective
immunotherapeutic results [25]. In light of its elevated
expression in cancers, MAGEB2 is an appealing therapeutic
target because it generates immunogenic peptides, making the
cells susceptible to vaccination therapy in the same manner as
MAGE-A genes. This would be particularly crucial in certain
tumors that do not express any of the MAGE-A genes [26].

MAGE-C

MAGE-C melanoma antigen family belongs to type | MAGE
genes. MAGE-C2 and MAGE-C3 have been shown to be cancer-
related where MAGE-C2 binds KAP1, a heterochromatin protein
that is robustly phosphorylated by ATM at Ser-824 in response
to DNA damage. This binding increases the interaction between
KAP1 and ATM and as a result increases KAP1 activation.
Therefore, MAGE-C2 may enhance tumor growth through the
enhancement of DNA damage repair [27].

MAGE-C3 was shown to be a potential prognostic marker and
therapeutic target in cancer. It promotes tumor growth by
enhancing epithelial-mesenchymal transition and protecting
tumors from immune surveillance [28]. MAGE-C3 plays a role
in regulating the cytokine secretion of T cells repressing
antitumor immunity and protecting cancer cells. Mechanistically,
MAGE-C3 fostered IFN-y signaling and enhanced programmed
cell death ligand 1 (PDL1) through binding IFN-y receptor 1
(IFNGR1) and strengthening the interaction between IFNGR1
and the signal transducer and activator of transcription (STAT1)
(Figure 2). Research was conducted to verify the
immunosuppressive function of MAGE-C3, demonstrating that
MAGE-C3 has a higher tumorigenic potential in immune-
competent mice than in immune-deficient nude mice [29].
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_MAGE-C2/CT10 promotes the growth of several tumors where
it was shown to induce proliferation and metastasis in prostate
cancer through the upregulation of c-Myc expression [30]. C-
Myc the master regulator gene of cellular metabolism and
proliferation.

MAGE- C1/CT7 is involved in the survival of myeloma cells
where its knockdown has led to the apoptosis of malignant cells
indicating that their expression is crucial for myeloma
precursor’s survival [31].

MAGE-C3 MAGE-C3

STAT-3 INFR/STAT-1/PD-

Tumor Metastasis

Figure 2: MAGE-C3 role in promotion of tumor metastasis. MAGE-C3
enhances EMT and tumor immunosuppression by activation of PD-L1 through
INFR signaling.

MAGE-D2

Melanoma associated antigen D2. The function of MAGE-D2
remained unclear for a long time, but discovering its cellular
localization provided the first insights into its biological role
[32]. MAGE-D2 plays a role in the regulation, plasma membrane
localization and function of the sodium chloride cotransporters
SLC12A1 and SLC12A3 in the distal convoluted renal tubule. It
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has also been shown that it plays a role in cell cycle regulation.
In addition to these functions, MAGE-D2 proved to be closely
related to cancer where it induces metastasis and cell adhesion of
tumor cells and represents a promising biomarker in gastric
tissues for malignancy of GC [33]. A significant subset of human
tumors, such as neuroblastoma, breast and melanoma cancer
have a low rate of p53 mutations and, thus, presumably, wild
type p53 is inactivated via interactions with cellular negative
regulators of p53, the p53-dissociators. Studies showed that
MAGE-D2 interacts physically with p53 and impairs its
transcriptional activity in human cancer cells [34], while a new
study proved that MAGE-D2 inhibits MDM2 ligase activity
under hypoxia [35]. This will secure P53 from Mdmz2 in the
presence of MAGE-D2. In that sense, more research should be
done to investigate the connection between MAGE-D2 and P53
in malignancies. Furthermore, MAGE-D2 negatively regulates
the expression of tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) thereby protecting melanoma cells
from TRAIL-induced apoptosis [36].

Therapeutic Approach: BITEs, T cell Engagers
Targeting MAGE-A

A therapeutic approach to attack cancer cells through targeting
MAGE genes was developed by APO-T. APO-T is a
biopharmaceutical company working on the development of new
anti-cancer treatments in Netherlands. It is focusing on the
development of a bispecific T cell engagers (BIiTESs) that target
MAGE-A cancer antigen. These engagers will attract the T cells
to the cancer cells expressing MAGE-A protein in the tumor
environment. Targeting MAGE-A family members specifically
is based on their expression in a wide range of cancer types. The
fact that MAGE-A is not expressed on the membrane like other
cancer markers renders this approach more interesting. This will
protect tissues like placenta and testes that express MAGE-A and
not MHC-1 from being attacked by these T cell engagers.
MAGE-A proteins are degraded by proteasomes and represented
on cell surface by human leukocyte antigen as HLA/MAGE
derived peptide complex. APO-T BIiTEs act as a linker between
T cells and cancer cells where it binds CD3 molecule presented
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on T cell surface to HLA/MAGE on cancer cell surface. Thus,
these engagers only help in the attraction of immune effector
cells to cancer microenvironment (Figure3) [36].

Cancer cell

HLA-  TCR

MAGE
complex

o

APO-BITE

Tcell

MAGE
protein

Proteasome

Figure 3: APO-T’s BiTEs facilitate removal of cancer cells by immune
cells. APO-BITE acts as a bridge between cancer cells and T lymphocytes
through binding CD3 molecule to HLA-MAGE complex. Biorender.com
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