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1. INTRODUCTION  

The prevalence of cancer is alarming, with multiple myeloma 
(MM) being a significant contributor to mortality rates 
worldwide. According to the International Agency for 
Research on Cancer/GLOBOCAN (1), there were 117,077 
deaths and 176,404 new cases of MM in 2020 alone, 
indicating a significant burden on patients and the 
healthcare system. Unfortunately, there is no definite cure 
for MM, and most patients require regular treatments 
throughout their lives (2). MM management may be 
necessary for many patients due to the lack of a definitive 
remedy for the disease. The increasing number of cases and 

the chronic nature of MM highlight the urgent need for new 
and effective treatments to improve patients' quality of life.  
Efforts to discover a suitable drug for treating MM began in 
the 1950s when alkylating agents were introduced in 
combination with corticosteroids. Autologous stem cell 
transplantation followed and was put into use in the 1980s. 
Before 2000, other drugs like thalidomide, lenalidomide, 
and pomalidomide were also prescribed to MM patients. 
However, due to the presence of proteasome inhibitors, 
histone deacetylase inhibitors, and nuclear export inhibitors, 
the approach to treatment has become more optimistic. In 
2015, the use of immunotherapies such as monoclonal 

Review Article   

Harnessing the Power of MAGE Proteins in Cancer Immunotherapy for 
Multiple Myeloma 
 

Mahsa Sohani †1, Amirhossein Rastgar †2, Setare Kheyrandish1*  
1 Department of Hematology and Blood Banking, School of Allied Medical Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran 
2 Department of Hematology and Blood Banking, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran 

 

Scan and read the 

article online 
 

Citation Sohani M, Rastgar A, Kheyrandish S. Harnessing the power of MAGE proteins 
in cancer immunotherapy for Multiple Myeloma. Iran J Blood Cancer. 2024 March 
30;16(1): 1-20. 

 
0 

  

Article info: 
Received: 10 Oct 2023 
Accepted: 7 Dec 2023 
Published: 25 Mar 2024 

 
 
† These authors have contributed 
equally to this work. 
 
 

Keywords: 
Cancer vaccines 
Multiple Myeloma 
MAGE 
Cancer immunotherapy 
Prognosis 
Ubiquitin-ligases 

 

 

Abstract 
This document is a comprehensive review that focuses on the role of melanoma-
associated antigen genes (MAGE) family proteins in cancer, with a specific emphasis on 
their involvement in multiple myeloma (MM). The expression patterns of MAGE 
proteins in different tissues and their association with critical cellular processes such as 
cell cycle progression, apoptosis, and gene expression regulation were discussed. The 
document also highlighted the potential utility of MAGE proteins in cancer 
immunotherapy, including their use in prognosis and the development of MAGE-based 
cancer vaccines. In cancer vaccine therapy antigen selection is a crucial step, so by 
focusing on the vast potency of MAGE, we tried to mention it as a potent antigen for 
therapy of MM by reviewing the current studies. However, we acknowledged the need 
for further research and extensive clinical trials to evaluate the effectiveness, safety, and 
potency of MAGE antigens. 
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antibodies and chimeric antibody receptor (CAR) T-cell 
products shed new light on better management and resulted 
in higher survival rates for MM patients (3). This highlights 
the progress made in finding more effective treatments for 
MM and the potential of immunotherapies to revolutionize 
cancer treatment. 
Although the use of conventional treatments has helped in 
achieving partial success in the fight against MM, their 
various side effects may hinder their efficacy (4-6), leading 
physicians and care providers to consider alternative agents 
such as cancer vaccines to improve treatment outcomes with 
fewer undesirable side effects. Cancer vaccines can be 
preventive or therapeutic, with the latter using cancer 
antigens to activate the immune system to invade and destroy 
cancer cells. Also, depending on the source of providing 
immune cells we have two groups of autologous and 
heterologous cancer vaccines which is explained more 
explicitly in Figure 1. The selection of the right antigen is 
crucial to trigger a strong response in complex diseases such 
as MM. 
The melanoma-associated antigen genes (MAGE) protein 
family, containing a common MAGE homology domain 
(MHD) with 180 amino acids, has been identified as a 
potential target for immune therapies given its correlation 
with poor prognosis and chemotherapy resistance in many 
cancers (7, 8). Studies have shown that the MAGE family can 
enhance cancer cell survival and tumor metastasis through 
its relationship with the p53 tumor suppressor and 
adjustment of the function of RING-type E3 ubiquitin 
ligases (9, 10). The study aims to explore the potential role 
of MAGE-based cancer vaccines in treating MM and 
investigate their safety and effectiveness. By highlighting the 
potential of MAGE-based cancer vaccines, the study offers 
hope for MM patients who are seeking more effective and 
less toxic alternatives to current treatments. 
 
2. MAGE GENES 

2.1. Overview of MAGE 

The MAGE family's first member was discovered in 1991 
during experiments on melanoma cells, marking a significant 
breakthrough in understanding the role of these proteins in 
cancer (11). MAGE genes are highly conserved across 
eukaryotes, with a conservation rate of 46%, and 
mammalian copies of the gene continue to expand. Over 
forty human proteins are considered cancer testis antigens 
(CTAs), primarily expressed in the testis and silent in other 
tissues. While MAGE proteins serve an important role 
during normal germ cell development in testis or placenta, 
they are abnormally highly reactivated during oncogenic 

transformations (7). Cytolytic T-lymphocytes can recognize 
the tumor-associated antigens expression patterns of MAGE-
related antigens, making them promising targets in cancer 
immune- and target-therapies (12). 
The members of the MAGE family can be divided into two 
categories: Type I and Type II. Type I, which includes 
MAGE-A, MAGE-B, and MAGE-C on the X chromosome, 
are regarded as CTAs and play an important role in cancer 
cell survival and tumorigenesis (13). As such, they are rarely 
expressed in healthy adult tissues but are highly expressed in 
various malignancies, including hepatocellular carcinoma, 
brain cancer, breast cancer, prostate cancer, melanoma, lung 
adenocarcinoma, gastric cancer, esophageal squamous cell 
carcinoma, bladder cancer, and ovarian cancer  (12). MAGE 
proteins are typically expressed intracellularly and should be 
degraded with proteasome into short peptides, which are 
then conveyed into the endoplasmic reticulum and loaded 
onto the MHC-I. This process enables MAGE proteins to be 
used as targets for immunotherapy when they are complexed 
with MHC-I. However, the precise physiological roles and 
underlying mechanisms that regulate the expression of the 
MAGE family in cancer are not yet fully comprehended (14). 
 
2.2. Function of MAGE protein in normal cells 

The MAGE protein family has been shown to play a role in 
various cellular processes, including cell cycle progression, 
apoptosis, and neurogenetic disease. In a normal body, their 
primary function is to regulate substrate specificity, enhance 
ligase activity, and mediate the recruitment of substrates (15). 
Ubiquitination, a post-translational modification process, 
involves attaching a small protein, ubiquitin, to target 
proteins to prepare them for degradation or regulate their 
activity (16). The ubiquitination process occurs in three 
consecutive steps. First, ubiquitin (Ub) is activated by the E1 
enzyme, which consumes ATP. In this step, the C-terminus 
domain of Ub binds to the active site of the E1 enzyme. The 
next step involves the E2 attachment of Ub through 
formation of the thioester bond, which requires the 
mediating action of the E3 ligase. During the ubiquitination 
process, a thioester bond forms between ubiquitin and E2. 
E3 Ub-Ligase is the only factor that can accurately identify 
and provide a surface for the transfer of Ub to the substrate. 
E3 uses two different paths, namely direct and indirect. The 
HECT3 ligase, homologous to E6-AP carboxy terminus, acts 
indirectly by first transferring Ub to the cysteine of its active 
site before finally delivering it to the substrate. In contrast, 
the E3 rings act differently by directly attaching Ub to the 
substrate. It is noteworthy that MAGE proteins enhance the 
ligase activity of ring E3s (16, 17). MAGE proteins can attach 
to E3 hrough their MAGE homology domains (MHDs), 
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Figure 1. Schematic depiction of MAGE-directed cancer immunotherapy. (A) Many types of MAGE-directed cancer immunotherapy have 
been developed, including protein or peptide vaccines, DNA or RNA vaccines, dendritic-based vaccines, and adoptive T cell therapy. (B) The 
immune response to a cancer vaccine consists of several steps: Antigen-presenting cells (APC) capture injected MAGE (whether DNA, RNA, 
or peptides) and present them to stimulate CD4 and CD8 T cells. CD4 T cells coordinate immune responses by communicating with other 
cells and inducing B cells to differentiate into plasma cells. Finally, effector T cells, B cells, antibodies, and some cytokines have either a direct 
or indirect antitumor effect on cancer cells. 
 
which are present in all MAGE proteins of type I and II 
and consist of approximately 170 amino acids. The 
substrate's fate is determined based on the number and 
manner of ubiquitin attachment, such as mono/multi-
mono or poly-Ub. Mono-ubiquitination is involved in 
processes such as DNA damage repair through RING-type 
proteins of E3 ligase, transcription, and protein 
transportation. Multi-mono-ubiquitination is responsible 
for inducing substrate degradation in proteasomes (18). 
The performance and function of the substrate may vary 
depending on the connection through each specific 
domain of Ub. For instance, Ubs connected linearly 
through the K63 domain cause signal transductions, while 
connections through other domains can lead to DNA 
damage repair or proteasome degradation (17). 
Ubiquitination is essential in several cellular processes, 
including apoptosis, cell cycle, and proliferation (see 
Figure 2). 
MAGE proteins, particularly those of type I, are expressed 
in the testis and placenta. Initially, MAGE-A, -B, and -C 
were thought to be predominantly expressed in the testis, 
earning them the name cancer-testis antigens (CTAs). They 
were believed to play roles in gametogenesis, the 
development of premeiotic germ cells, embryonic (8), and 

spermatogonial stem cells (19). Previous studies have 
suggested that MAGE I type proteins (such as MAGE-B4 
and -B16) are mainly found in males. However, all MAGE 
II proteins are expressed in the ovary. During meiosis and 
primary stages of oocytogenesis, oocytes express MAGE-B4. 
MAGEs A-10, -B3, and -B7 have roles in later stages of 
follicle maturation (8). Moreover, MAGEs are involved in 
gene expression regulation and nervous system 
development. Table 1 provides a summary of MAGE 
protein functions in normal tissues and cells. 
 
2.3. Transcriptional and epigenetic regulation of MAGE 
can cause changes of its expression in different cancers 

MAGE genes were first described in melanoma and have since 
been found to be expressed in numerous tumors of various 
stages of progression and histological types (11, 20). Due to their 
widespread expression in various cancers, many studies seek to 
understand and identify the mechanisms leading to the 
abnormal expression of MAGEs in cancer. As a CTA subfamily, 
MAGE gene expression is specific to the male germline and 
certain tumor types, suggesting that a combination of epigenetic 
modifications is required for sustained transcriptional 
activation of MAGE genes. However, the exact regulatory 
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Figure 2. By regulating the activity of E3 ubiquitin ligases, MAGE proteins participate in a range of cellular processes, including protein 
degradation, DNA repair, and cell cycle regulation. They act as substrate adaptors that guide the ubiquitination of specific target proteins. 
E3 ubiquitin ligases are responsible for recognizing particular target proteins and catalyzing the transfer of ubiquitin molecules onto them. 
They play a critical role in determining the specificity and efficiency of the ubiquitination process. MAGE proteins and E3 ubiquitin ligases 
are involved in regulating protein abundance, protein degradation, and cellular processes such as autophagy. 
 
mechanisms that are not yet fully understood (16, 21, 22). 
Herein, we have delineated certain transcriptional and 
epigenetic mechanisms that regulate MAGE, potentially 
resulting in alterations to its expression across various types 
of cancer. 

 

2.3.1. DNA methylation 

MAGE genes display a high level of sequence similarity, but 
their promoter regions show lower similarity. These 
promoter regions contain binding sites for transcription 
factors, and excessive methylation of these sites may repress 
MAGE gene expression (25, 26). There are two families of 
DNA methyltransferases (DNMTs) in mammals that 
regulate DNA methylation: the DNMT3 family, 
responsible for de novo methylation, and the DNMT1 
family, which maintains the methylation pattern (27). 
MAGE-I expression is often repressed by DNA 
methylation, which can prevent the binding of 
transcription factors and other proteins involved in gene 
activation (28). Methyl-CpG-binding domain (MBD) 

proteins, which can bind to methylated DNA, act as 
regulators of MAGE-A gene silencing (24). Most 
hypermethylated promoters are bound by MBD proteins, 
while unmethylated promoters usually lack MBDs. The use 
of demethylating agents results in the hypomethylation of 
CpG islands, the release of MBDs, and the reactivation of 
genes, further supporting the idea that MBDs bind to 
methylated promoters based on the presence of 
methylation (29). Among all MBD-containing proteins, 
MBD1 is unique due to its distinct structure and 
specialized role in gene regulation. In addition to the 
conserved MBD domain located at its N-terminal, MBD1 
also has a transcriptional repression domain (TRD) at its 
C-terminal (30). MBD1 uses its MBD domain to interact 
with other proteins, which facilitates its binding to 
methylated DNA. Depending on the isoform of MBD1, it 
has two or three CXXC domains, with the first two 
enabling binding to methylated DNA and the third 
allowing binding to DNA regardless of its methylation 
status (31). MBD1 can bind to both methylated and 
unmethylated MAGE-A gene promoters, leading to their 
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 repression. Repression of methylated genes requires the 
MBD domain, while repression of unmethylated genes 
depends on the third CXXC domain. MBD1mut lacks the 
MBD domain and has a non-functional TRD, so it does 
not impact MAGE-A gene expression (24). In contrast, 
MBD1v1 contains an additional third CXXC domain and 
can repress MAGE-A gene promoters regardless of their 
methylation status. MBD1v3, while lacking the third 
CXXC domain, still weakly represses unmethylated 
MAGE-A gene promoters, indicating that the other two 
CXXC domains may also contribute to the repression of 
unmethylated MAGE-A promoters, albeit with less 
effectiveness. The ability of MBD1 to bind to both 
methylated and unmethylated DNA allows it to play a role 
in different epigenetic regulations for MAGE-A genes. (32). 
The recent discovery that the BORIS protein, which 
normally removes DNA methylation at specific locations 
during germ cell development, can also lead to the 
abnormal activation of MAGE genes in human cancers 
supports the idea that the regulatory mechanisms that 
activate MAGE genes in normal male germ cells and cancer 
cells are connected with respect to CpG methylation. 
BORIS, also known as 'Brother of the Regulator of 
Imprinted Sites', plays a crucial role in controlling the 
timing and positioning of epigenetic changes in germ cells. 
However, it was found to drive abnormal activation of 
MAGE genes in human tumors (33, 34). As a cancer-testis 
gene, BORIS highlights the potential link between the 
regulatory mechanisms that activate MAGE genes in 
normal male germ cells and cancer cells. The role of 
BORIS suggests that inappropriate activation of MAGEs 
may not be a result of widespread loss of DNA methylation 
in cancer, as previously thought. Thus, the presence of the 
BORIS protein in male germ cells coincides with the 
expression of multiple MAGE genes during the 
development of spermatogonia to spermatocytes, and its 
expression is also associated with the removal of 
methylation patterns across the entire genome (34).The 
inappropriate activation of BORIS protein is linked to 
increased expression of multiple MAGE genes in cancer 
cells , suggesting that aberrant MAGE activation may 
involve focused epigenetic changes. However, in 
melanoma, the expression of CTA genes like MAGE-A1 
can occur even in the absence of activated BORIS protein, 
indicating that the regulation of these genes is more 
complex and involves other factors as well (35). 
Methylation of the CpG-binding domain, a binding site for 
the ETS and SP1 transcription factors, in the MAGE-A1 
gene promoter may lead to inhibition of promoter activity 
and regulation of transcriptional activation (24, 32). 

MAGE-A1 gene's promoter region is significantly 
methylated in somatic tissues, whereas the promoter is 
mostly unmethylated in male germ cells and tumor cells 
expressing this gene (36). Furthermore, studies have shown 
that the use of demethylating agents can induce the 
expression of MAGE-A1 in cells that do not normally 
express this gene, indicating that DNA methylation plays a 
crucial role in suppressing MAGE-A1 expression in 
somatic cells. In colon cancer cells, the removal of DNMT1 
resulted in a moderate increase in the expression of X-
linked cancer/germline (CG-X) genes, including MAGE-
A1, NY-ESO-1, and XAGE-1, whereas the removal of 
DNMT3b had little effect. However, the simultaneous 
removal of DNMT1 and DNMT3b led to a significant 
decrease in promoter methylation and a strong induction 
of these CG-X genes (37). Similarly, in MZ2-MEL cells, the 
suppression of DNMT1 activated the MAGE-A1 gene, 
while the down-regulation of DNMT3A and DNMT3B 
had little effect. These findings suggest that DNMT1 plays 
a more significant role than DNMT3A/B in maintaining 
the methylation pattern of the MAGE-A1 gene (38). The 
discovery that 5’-aza-2’- deoxycytidine (DAC), a 
methyltransferase inhibitor, is capable of activating the 
MAGE-A1 family suggests that DNA methylation plays a 
significant role in the abnormal expression of MAGE genes 
in cancer and the silencing of these genes in normal tissues 
(39). The degree of hypermethylation of promoter sites of 
various MAGE genes correlates with their silencing, and 
DNMT1 is the primary methyltransferase involved in 
effective CpG island hypermethylation (38, 40). Although 
the potential role of DNA methylation in controlling 
MAGE expression during spermatogenesis is largely 
unexplored, the observed methylation reprogramming 
during gametogenesis suggests that it may be involved in 
the cell type-specific regulation of MAGEs (41). 
In addition, the expression of MAGE-A11 is increased 
during the progression of prostate cancer and in the 
regrowth of cancer after castration. This increase in 
expression is associated with a decrease in methylation of 
CpG sites in proximity to the transcription start site of the 
MAGE-A11 gene. The expression of MAGE-A11 has also 
been linked to a reduction in DNA methylation at its TSS 
in epithelial ovarian cancer, which is consistent with the 
overall reduction in DNA methylation levels throughout 
the genome in this type of cancer (40). The methyl-CpG 
binding domain protein 2 (MeCP2), a protein that binds 
to methylated DNA, has been discovered to regulate the 
expression of MAGE-A11 during the progression of 
esophageal squamous cell carcinoma (42).  
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Table 1. Functions of MAGEs in normal tissues.  

Family Sub-
family 

Tissue Main role Normal functions 

MAGE-A  MAGE-A1 Testis, stomach, fat, 
spleen, esophagus 

Potent transcriptional repressor via 
interactions with Ski interacting 
protein and the deacetylase 
HDAC1 

Enables histone deacetylase and protein binding, 
negative regulation of Notch signaling pathway, and 
transcription by RNA polymerase II 

MAGE-A2 Testis, placenta, fat, 
brain, stomach 

Inhibits p53 ubiquitination and 
induces cell death 

Enables DNA-binding transcription factor, histone 
deacetylase, protein, and ubiquitin protein ligase 
binding, involved in cellular senescence. 
negative regulation of protein acetylation, protein 
sumoylation, transcription by RNA polymerase II, 
positive regulation of ubiquitin-protein transferase 
activity, involved in protein catabolic process, and 
signal transduction by p53 class mediator 

MAGE-A3 Testis, fat, placenta, 
brain, stomach 

Unknown Enables caspase, histone deacetylase, and protein 
binding, 
negative regulation of autophagy, cysteine-type 
endopeptidase activity, endoplasmic reticulum stress-
induced intrinsic apoptotic signaling pathway, 
protein processing, transcription by RNA 
polymerase II 
involved in apoptotic process 

MAGE-A4 Testis, placenta, 
lymph node 

promoting cell growth and 
inhibiting growth arrest and 
apoptosis in normal cells, but 
further investigations is still in need 

Enables histone deacetylase and protein 
binding, and also enables molecular function 
negative regulation of apoptotic process, and 
transcription by RNA polymerase II, 
positive regulation of cell cycle 

MAGE-A5 Placenta, testis, skin, 
gall bladder, 
endometrium, 
duodenum, fat, 
Colon 

Enhances the resistance to 
genotoxic stress during 
spermatogenesis and promotes cell 
survival 

Enables molecular function, and regulation of 
chromosome segregation 

MAGE-A6 Testis, fat, brain, 
spleen, placenta 

promotes anchorage-independent 
growth of normal diploid colonic 
epithelial cells 

Enables histone deacetylase binding, molecular 
function, and protein binding, 
negative regulation of autophagy, and transcription 
by RNA polymerase II 

MAGE-A7  Unknown - (pseudogene) 

MAGE-A8 Placenta, testis, Skin Unknown Enables histone deacetylase and protein 
binding, and molecular function. 
negative regulation of transcription by RNA 
polymerase II. 
involved in biological process, 

MAGE-A9 Testes, placenta, fat, 
lymph node, 
appendix 

Embryonic development Enables histone deacetylase and protein 
binding, and molecular function. 
negative regulation of transcription by RNA 
polymerase II. 
involved in biological process. 

MAGE-
A10 

Placenta, testis, fat Unknown Enables histone deacetylase binding, 
negative regulation of transcription by RNA 
polymerase II 

MAGE-
A11 

Testis, placenta 
adrenal, spleen 

Unknown Enables histone deacetylase binding and protein 
binding, negative regulation of transcription by RNA 
polymerase II 

MAGE-
A12 

Testis, brain, fat, 
Stomach, spleen, 
`endometrium, 
small intestine 

Unknown Enables histone deacetylase binding, 
enables molecular function, enables protein binding, 
involved in biological process, negative regulation of 
transcription by RNA polymerase II 
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 MAGE-B MAGE-B1 Testis, lung Unknown Negative regulation of transcription by RNA 
polymerase II 

MAGE-B2 Testis, placenta, 
Lung 

Normal spermatogenesis Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II 

MAGE-B3 Testis Unknown Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II 

MAGE-B4  Spermatogenesis and embryonic 
development 

Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II 

MAGE-B5 Testis Germ cell development and stress 
response pathways 

Enables molecular function 
Negative regulation of transcription by RNA 
polymerase II 
Involves in biological process 

MAGE-B6 Testis Germ cell development and stress 
response pathways 

Enables molecular function and protein binding 
Negative regulation of transcription by RNA 
polymerase II 
Involves in biological process 

MAGE-B7 (Rat) Germ cell development and stress 
response pathways 

- 

MAGE-
B8, B9 

(House mouse) Germ cell development and stress 
response pathways 

- 

MAGE-
B10 

Testis Germ cell development and cell-cell 
interaction 

Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II 

MAGE-
B11 

(House mouse and 
rat) 

Germ cell development and stress 
response pathways 

- 

MAGE-
B16 

Testis Germ cell development and 
pluripotent stem cell 
differentiation 

Negative regulation of transcription by RNA 
polymerase II 

MAGE-
B17 

Almost all tissues 
(Testis, appendix, 
prostate) 

Germ cell development Negative regulation of transcription by RNA 
polymerase II 

MAGE-
B18 

Testis Germ cell development Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II 

MAGE-C MAGE-C1 Testis Germ cell development and 
Aberrant expression in cancers is 
positively correlated with 
tumorigenesis progress and p53 
ubiquitination 

Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II 

MAGE-C2 Testis Germ cell development and 
regulation of cell cycle 

Enables protein, and ubiquitin protein ligase 
binding 
Negative regulation of transcription by RNA 
polymerase II 
Positive regulation of ubiquitin-protein transferase 
activity 
Involved in protein catabolic process 

MAGE-C3 Almost all tissues 
(Testis, brain, 
spleen) 

Germ cell development Negative regulation of transcription by RNA 
polymerase II 

MAGE-
C4-7 

Not characterized Germ cell development Not characterized 

MAGE-D MAGE-
D1 

Almost all tissues 
(Brain, placenta, 
adrenal) 

Upregulates p53 and inhibits the 
proliferation and migration of 
breast cancer cells, Neuronal 
functions and CNS development, 
embryonic development 

Enables identical protein binding and transcription 
co-activator activity, circadian regulation of gene 
expression, 

 [
 D

O
I:

 1
0.

61
18

6/
ijb

c.
16

.1
.1

 ]
 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

bc
.ir

 o
n 

20
25

-0
7-

12
 ]

 

                             7 / 20

http://dx.doi.org/10.61186/ijbc.16.1.1
https://ijbc.ir/article-1-1442-en.html


 

Page 8 of 20 | Iran J Blood Cancer, 2024, Volume 16, Issue 1 
 

 
Mahsa Sohani et al. 

Negative regulation of epithelial cell proliferation, 
protein localization to nucleus, transcription by 
RNA polymerase II, 
Positive regulation of DNA-templated transcription, 
MAP kinase activity, apoptotic signaling pathway, 
and branching involved in ureteric bud 
morphogenesis, regulation of apoptotic process and 
circadian rhythm 

MAGE-
D2 

Almost all tissues 
(Ovary, prostate, 
placenta) 

Cell cycle regulation and signaling 
pathway, protection against 
apoptosis 

Enables protein binding 
Negative regulation of transcription by RNA 
polymerase II, and renal sodium ion absorption 
involved in female pregnancy 

MAGE-
D3 

Not characterized Unknown Not characterized 

MAGE-
D4, D4B 

Almost all tissues 
(Brain, 
endometrium, 
ovary) 

Unknown Enables protein binding, 
Negative regulation of transcription by RNA 
polymerase II 
Involved in biological process 

MAGE-E MAGE-E1  Unknown Enables protein binding, 
Negative regulation of transcription by RNA 
polymerase II 
Involved in biological process 

MAGE-E2  Unknown Negative regulation of transcription by RNA 
polymerase II 

MAGE-E3 Not characterized Unknown Not characterized 

MAGE-F MAGE-F1  Unknown Enables protein binding, 
Negative regulation of double-strand break repair via 
homologous recombination, transcription by RNA 
polymerase II. 
Positive regulation of ubiquitin-dependent protein 
catabolic process, 
involved in protein maturation by iron-sulfur cluster 
transfer, and in protein ubiquitination 

MAGE-H MAGE-
H1 

 Germ cell development, stress 
response pathway 

Enables protein binding, 
Negative regulation of transcription by RNA 
polymerase II 
Involved in biological process 

MAGE-L MAGE-L2  Unknown Enables protein binding, and ubiquitin-protein 
transferase activity, 
Negative regulation of transcription by RNA 
polymerase II, and DNA-templated transcription 
Positive regulation of actin nucleation, and 
regulation of circadian rhythm, 
involved in protein K63-linked ubiquitination, 
retrograde transport (endosome to Golgi) involved in 
Arp2/3 complex-mediated actin nucleation. 

In summary, the significant roles of DNMTs and BORIS 
in spermatogenesis, their expression at specific stages of 
male germ cell development, and their involvement in 
cancer suggest that DNA methylation plays a critical role 
in the expression of MAGE genes in both germ cells and 
cancer cells. Additionally, the different patterns of 
methylation marks in male and female gametes may 
contribute to the differences in MAGE gene expression 
between male and female gonads (41). The activity of 
MAGE-A11 can be promoted by processes such as DNA 

demethylation, histone acetylation, and histone 
methylation (32). These findings help explain why the 
activation of MAGE-A genes is observed following 
promoter demethylation. DNA methylation is typically the 
primary epigenetic mechanism responsible for the 
repression of CTA genes, including MAGE genes (43). 
Nevertheless, there is a need for further research to provide 
more data about methylation in MAGE-B, C and other 
members of MAGE family and also further solid 
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 experimental evidence for clarifying the molecular 
mechanisms that underlie this regulation. 

 

2.3.2. Histone modifications 

The methylation of DNA in MAGE gene promoters is 
closely associated with the post-translational modification 
of histones, and both processes work together to increase 
the expression of MAGE genes in cancer cells (42, 44). 
Cancer cells with high levels of MAGE-A1 and -A3 genes 
exhibit more activation marks and fewer repressive marks 
(45). G9A, also known as Euchromatic Histone Lysine N-
methyltransferase 2 (EHMT2), attaches methyl groups to a 
specific amino acid (Lysine-9) on histone H3 in certain 
regions of the MAGE-A2, A6, and A8 genes. This 
modification leads to the formation of a silent and tightly 
packed chromatin structure around these genes, causing 
their repression (46). In pituitary tumors and thyroid 
cancer, fibroblast growth factor receptor 2-IIIb (FGFR2-
IIIb) can reactivate and suppress MAGE-A3/A6 gene 
expression by increasing histone methylation and histone 
deacetylation (47, 48). Conversely, in pituitary tumors of 
female patients, the hormone estradiol promotes the 
acetylation of histone H3 and the expression of MAGE-A3 
genes (25, 48). The inhibition of DNA methyltransferases 
and histone deacetylases (HDACs) leads to the activation 
of MAGE-A11 gene expression, indicating that DNA 
methylation and histone modifications jointly regulate the 
expression of MAGE genes (49). However, more research 
is needed to establish concrete experimental evidence and 
elucidate the molecular mechanisms behind this 
regulation. Research has revealed that the suppression of 
MAGE-A1, A2, A3, and A12 gene expression is caused by 
the removal of acetyl groups from histones. Histone lysine 
methylation has also been shown to impact the expression 
of MAGE genes in cancer cells (45). Several studies 
propose that diverse epigenetic mechanisms are 
responsible for regulating the activation and deactivation 
of MAGE genes in cancer cells. However, the extent to 
which these epigenetic processes regulate MAGE gene 
expression in the germline is mostly unknown. Further 
research is necessary to explore how epigenetic 
modifications regulate MAGE gene expression, 
particularly since epigenetic drugs are being combined with 
immunotherapy to improve the response of cancer patients 
(45, 50). 
 

2.3.3. Transcription factors and signal transduction pathways 

MAGE genes exhibit cell-specific expression during sperm 

development and are also expressed in various cancers, 

indicating that their regulation involves specific 

transcription factors. Although epigenetic regulation of 

MAGE genes has been explored, the transcription factors 

and upstream signaling pathways involved remain largely 

unknown. Analysis of the promoter regions of some 

MAGE genes has revealed binding sites for ETS and SP1 

transcription factors. Deletion studies and searches for 

transcription factor binding sites demonstrated that ETS 

transcription factors can bind to these sites and activate the 

expression of MAGE-A1 (51). Further research revealed 

that methylation of the ETS and SP1 binding elements in 

multiple MAGE-A promoters inhibits MAGE-A 

expression. Methylation hinders the binding of ETS and 

SP1 transcription factors and instead attracts methyl-CpG 

binding domain proteins (52). The DNA sequences of 

MAGE-A gene promoters contain ETS motifs, and 

previous research has shown that the ETS transcription 

factor is responsible for the significant activation of 

MAGE-A1 gene expression (53). Increased levels of ETS-1 

can activate MAGE-A gene promoters. Nevertheless, MBD-

1's inhibitory effect on MAGE-A gene expression cannot 

be reversed by the transcriptional activator ETS-1. This 

suggests that the binding of MBD1 to the unmethylated 

MAGE-A gene promoter leads to the repression of gene 

expression, which cannot be counteracted by ETS-1 (24). 

In certain cancers, the expression of MAGE-A and MAGE-

C genes is stimulated by the overactive KIT tyrosine kinase, 

a cancer-causing enzyme, along with demethylation of their 

promoter regions (16). Treatment of mast cells, which rely 

on the KIT protein tyrosine kinase, with the tyrosine 

kinase inhibitor imatinib results in a reduction in the 

expression of various genes from the MAGE-A and MAGE-

C families (54). Interestingly, Mage-A gene expression 

reaches its highest level in the seminiferous cycle following 

the rise in retinoic acid that switches on KIT signaling and 

activates the differentiation of male germ cells. Consistent 

with this expression pattern, MAGE-A protein levels are 

the highest in STRA8/KIT-positive spermatogonia and 

increase in cultured primary spermatogonia after a spike in 

retinoic acid, suggesting that KIT may also help control the 

expression of MAGE-A genes during sperm cell 

development (21). 

MAGE expression may also be influenced by other 

signaling mechanisms. For instance, fibronectin and 

FGFR2 have been shown to increase MAGE-A3 expression 
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in certain types of cancers. (55). MAGE-A3 expression can 

also be augmented by carcinogens such as helicobacter 

pylori or cigarette smoking and is affected by miRNAs and 

lncRNAs (56-59). In summary, the available evidence 

suggests that the MAGE family of genes is suppressed in 

normal somatic cells by multiple epigenetic modifications 

and the actions of transcription factors and signaling 

pathways that become simultaneously disrupted in cancer.  

 

3. MAGE IN MM  

3.1. Abnormal cellular functions of MAGE proteins in 
MM 

The aberrant expression of MAGEs in cancers can 
contribute to tumorigenesis by inducing ubiquitination 
and other modifications, resulting in alterations in cellular 
processes and signaling pathways (60). As mentioned 
earlier, one of the functions of MAGEs is to activate 
ubiquitin ligases. For instance, a ubiquitin ligase such as 
TRIM-28 can cause spontaneous ubiquitination, leading to 
apoptosis by MAGE-A. Mei et al. demonstrated that by 
knocking down MAGE A3 in the MM cell line (HMCL), 
they observed an increase in the expression of pro-
apoptotic and cyclin-dependent kinase (CDK) inhibitors. 
They also found that the sensitivity of the cells to alkylating 
agents increased with this approach. Therefore, they 
concluded that MAGE-A3 plays a role in inhibiting 
apoptosis and promoting cell proliferation in MM (61). 
Additionally, other MAGEs of type I, such as A1 and A2, 
have been shown to be involved in the survival of myeloma 
cells and their drug resistance (10). MAGE-B has also been 
found to have oncogenic functions and is associated with 
certain tumors. MAGE-B2 has been identified as one of the 
most common CTAs in both newly diagnosed and relapsed 
MM patients. The expression of MAGE-C1/CT7 is 
believed to be associated with higher disease stages, cell-
cycle progression, and is crucial for MM cell survival (62). 
The presence of MAGE genes, such as MAGE-A3 and 
MAGE-C1, in MM suggests their involvement in therapy 
resistance and disease progression. 
MAGE-A3, -A6, and -C2 are among the most common 
CTAs in human cancer. They are expressed in healthy 
tissue only in immune-privileged sites but are also 
expressed in cancers (63). The expression of MAGEs, 
especially MAGE-A3/6, has been associated with more 
aggressive disease progression, poorer patient prognosis, 
metastasis, and reduced overall survival. Cancer cells that 
inappropriately activate MAGE-A3/6 become reliant on 
them, as the depletion of MAGE-A3/6 leads to reduced 

cell viability and clonogenicity (8). In MM, MAGE-A3 acts 
as an apoptosis suppressor by inhibiting the P53-dependent 
mechanism. Generally, the p53-dependent apoptosis 
pathway is a tightly regulated process that eliminates 
damaged or potentially cancerous cells, thereby preserving 
genome integrity and preventing the onset of cancer. The 
p53 protein is a crucial factor that plays a critical role in 
controlling the cell cycle and preventing the onset of 
cancer. Upon detection of DNA damage, p53 is activated 
and initiates a range of cellular responses, such as 
apoptosis, to eliminate any damaged or cancerous cells 
from the body (64). The P53-dependent apoptosis involves 
several steps, resulting in mitochondrial cytochrome C 
release into the cytoplasm and proteasome formation 
through APAF-1. The apoptosome activates caspase-9 and 
-3, resulting in biochemical and morphological changes in 
apoptosis (65). In MM, MAGEs (-A3, -C1, and C2) activate 
various mechanisms to inhibit apoptosis. For example, 
MAGE-A3 can prevent the interaction of p53 with 
TRIM28 (also known as KAP1), a RING E3 ubiquitin 
ligase that catalyzes the ubiquitination and inactivation of 
p53, thus inhibiting its function. Based on this 
information, Nardiello et al. tried silencing MAGE-A3, 
and they observed the induction of apoptosis through 
caspase-dependent and intrinsic pathways. Additionally, 
they have reported the activation of proapoptotic proteins, 
namely Bax, and a reduction in the protein levels of 
antiapoptotic elements, such as Survivin. These alterations 
ultimately result in mitochondrial depolarization and a rise 
in the number of apoptotic cells through both p53-
dependent and independent mechanisms. The study 
concluded that MAGE-A3 plays a crucial role in promoting 
the survival of proliferating myeloma cells by inhibiting 
apoptosis through multiple mechanisms (66). This general 
apoptosis mechanism is mediated by MAGE-A3 and 
MAGE-C3, both of which are present in MM. Mei et al. 
demonstrated that the silencing of MAGE-As induces 
apoptosis through the intrinsic pathway (67). Therefore, 
when they are silenced by RNAi transfection, it results in 
pro-apoptotic effects on the proliferation of myeloma cells 
(68). Despite the homology of MAGE-A1 and MAGE-A3, 
inhibition assays through shRNA transfection have shown 
that MAGE-A3 plays a crucial role in this process (69). A 
study analyzing the protein-protein interactions of CT-7 
with TRIM28, STAT1, and PIASy revealed that CT-7 is 
involved in the regulation of STAT-1 activity. MAGE-C1 
negatively regulates phosphorylated-STAT1 activity by 
trapping the transcription factor out of the nucleus 
through small Ubi-like modification (SUMO). The study 
suggests that some MAGE-I proteins may possess SUMO 
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 ligase activity and identifies STAT1 as a novel biochemical 
pathway regulated by these genes independent of p53 (66). 
 
3.2. Prognostic values of MAGE genes in MM 

Researchers have assessed the efficacy of various 
cancer/testis antigens (CTAs) in both MM samples and cell 
lines, as reported in reference (70). Longitudinal studies 
have uncovered a robust correlation between the 
expression of CTAs and the clinical progression of MM. 
Specifically, the research indicates that only a small fraction 
of patients who achieve complete remission exhibit any 
indication of CTA expression, while, on the other hand, 
approximately half of the patients who are in partial 
remission have been observed to express CTAs (71). 
Previously, Andrade et al. conducted a study which 
demonstrated that three CTAs located on the X 
chromosome, namely MAGEC1/CT7, MAGE-A3/6, and 
LAGE-1, are frequently expressed in MM, indicating their 
potential as targets for immunotherapy. The research also 
revealed that the CTA gene MAGE-C1/CT7 was the most 
commonly expressed CTA in MM and is believed to have 
a role in predicting overall survival (72). 
According to research, the expression of MAGE-A1 and 
MAGE-A2 occurs at similar rates in both newly diagnosed 
and relapsed cases of MM (70). Studies have suggested that 
the MAGE-A3 gene plays a vital role in the survival of 
myeloma cells by reducing drug-induced apoptosis (68). 
The knockdown of MAGE-A3 leads to a delay in the 
growth of plasma cell precursors, which is considered a 
poor prognostic factor in MM (73). The expression level of 
MAGE-A3 was found to be high in relapsed MM patients 
compared to newly diagnosed patients (66). Moreover, 
research indicates that more than half of MM patients with 
over 10% plasma cell infiltration in the bone marrow 
express the MAGE-A3 gene (71). In a study by Amberly et 
al., which analyzed 565 primary MM patient tissue samples 
at the time of diagnosis, MAGE-A3 expression was 
detected in 25% of MM patients, but the rate was much 
higher, 50%, in relapsed patients and even higher, 80%, in 
those with highly proliferative disease (74). Recent studies 
have found that newly diagnosed MM patients who express 
MAGE-A6 and MAGE-A9 have a shorter progression-free 
survival and overall survival, respectively. Furthermore, 
MAGE-A9 expression has also been observed in relapse 
patients (70). MAGE-B2, a testis-specific antigen, is 
frequently found in both newly diagnosed and relapsed 
MM patients, with a higher incidence in newly diagnosed 
cases. However, it has also been detected in a subset of 
normal plasma cells. Likewise, MAGE-B1 and MAGE-B4 
have been observed to be present in both groups of MM 

patients (70). The MAGE-C1 gene is located in the Xq26-
27 region and its protein has been detected in both the 
cytoplasm and nucleus of the cell through staining 
techniques. The research also revealed that the CTA gene 
MAGE-C1/CT7 was the most commonly expressed CTA 
in MM and is believed to have a role in predicting overall 
survival (72).Furthermore, MAGE-C1/CT7 is known to 
physically interact with the NY-ESO-1 protein, which 
results in their coordinated expression in various tumor 
types, including MM (75). MAGE-C1 is among the most 
prevalent CTA found exclusively in the testis, and it has 
been detected in both newly diagnosed and relapsed MM 
patients, with expression in a small proportion of normal 
plasma cells  (76, 77). Notably, the MAGE-C1 protein has 
been identified in the majority of MM, medullary 
plasmacytoma, and extramedullary plasmacytoma samples 
(76). The expression of MAGE-C1/CT7 appears to occur 
in the initial stages of MM progression and may play a role 
in the early stages of the disease, as well as in the 
proliferation of plasma cells (72). Curioni-Fontecedro et al. 
conducted an examination to determine the ability of the 
MAGE-C1/CT7 antigen to stimulate an immune response 
in vivo. Their research revealed that this CTA elicited high 
levels of specific IgG antibodies in MM patients, and they 
also observed a specific immune response against MAGE-
C1/CT7, indicating that an antimyeloma immune 
response can be induced in individuals with this disease 
(78). The involvement of MAGE-C1/CT7 in the survival 
of malignant MM cells has been demonstrated in two 
separate studies aimed at silencing MAGE-C1/CT7. Both 
studies have indicated that the expression of MAGE-
C1/CT7 in MM reduces drug-induced apoptosis (79, 80). 
Atanackovic et al. proposed that both MAGE-C1/CT7 and 
MAGE-A3 cancer-testis antigens are involved in the 
survival of myeloma cells, reducing the apoptosis induced 
by chemotherapy, through temporary silencing of these 
genes. In addition to their previous findings, Atanackovic 
et al. also demonstrated that transient silencing of MAGE-
C1/CT7 in MM cell lines affected the expression of 
MAGE-C2/CT10, suggesting a potential interaction 
between these two genes (79). Furthermore, de Carvalho et 
al. silenced MAGE-C1/CT7 through short hairpin RNA 
in MM cell lines and found that this cancer-testis antigen 
is involved in promoting the survival of malignant plasma 
cells. MAGE-C1/CT7 protects myeloma cells from 
spontaneous and drug-induced apoptosis, with the drug 
used in the study being bortezomib, an inhibitor of the 26S 
proteasome. The authors suggest that this CTA may have a 
role in the cell cycle and speculate that silencing MAGE-
C1/CT7 could be a useful therapeutic approach for MM, 
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especially in combination with proteasome inhibitors. 
However, the precise function of the MAGE-C1/CT7 
protein in the pathophysiology of MM remains undefined 
(80). 
The presence of MAGE-C1/CT7 and MAGE-C2/CT10 
expression has been commonly observed in osteolytic 
lesions of patients with MM. A correlation between 
MAGE-C1/CT7 expression and 17p13 deletion was 
suggested, which results in the decrease and loss of the 
tumor suppressor gene TP53 and an increase in CTA 
expression particularly in those with advanced disease 
stages. Additionally, there is a correlation between the 
proportion of myeloma cells expressing MAGE-C1/CT7 
and a higher rate of cell proliferation (77, 81). 
Furthermore, the expression of MAGE-C1/CT7 has been 
shown to increase after treatment and in instances of 
recurrence (70). It has been demonstrated that if a patient 
shows MAGE-C1/CT7 expression at any point, the 
probability of its expression during relapse is nearly 100%. 
This finding is significant in selecting MAGE-C1/CT7 as 
a target for immunotherapy. Since MAGE-C1/CT7 has 
been confirmed to be present even during the remission 
phase, it is a suitable target for immunotherapy in minimal 
residual disease (71). Several studies have investigated the 
relationship between MAGE-C1/CT7 expression and 
disease stage, patient prognosis, and survival. Studies have 
demonstrated that the expression of MAGE-C1/CT7 is 
associated with the progression of MM, as MM stage III 
patients exhibit higher levels of MAGE-C1/CT7 
expression compared to individuals with MGUS or lower 
stages (72, 77). Recent research has also indicated that 
MAGE-C1/CT7 expression is elevated in MM patients 
compared to those with MGUS, and this increased 
expression is linked to reduced survival rates (82). 
Moreover, the subcellular distribution of MAGE-C1/CT7 
has been found to be associated with prognosis, where its 
presence solely in the cytoplasm is linked to a more 
favorable prognosis compared to cases where it is found in 
both the nucleus and cytoplasm, or solely in the nucleus 
(83). Furthermore, the presence of MAGE-C1/CT7 in 
malignant plasma cells in the bone marrow is indicative of 
a higher likelihood of early relapse and poorer overall 
survival following an allogeneic hematopoietic stem cell 
transplant (alloSCT). This expression also correlates with 
the extent of disease after treatment (71). In a separate 
study, the presence of MAGE-C1/CT7 was found to be the 
only prognostic factor in MM patients who had not 
undergone a transplant (72). Additionally, the frequency of 
MAGE-C1/CT7 expression was found to be higher in 
newly diagnosed MM cases compared to relapsed cases 

(70). Furthermore, specific T lymphocytes that target 
MAGE-C1/CT7 have been identified in patients with 
MM, indicating that this antigen could be a viable option 
for immunotherapy strategies. Anderson et al. identified 
immunogenic CD8+ T cell epitopes of MAGE-C1/CT7 
and demonstrated that these epitopes are naturally 
processed and presented by tumor cells (84-86). The 
MAGE-C1 gene also serves as a regulator of the expression 
of other cancer-testis antigens (71). 
MAGE-C2 is an antigen that is primarily expressed in the 
testis and brain and is more frequently observed in newly 
diagnosed MM patients than those in relapse (70). 
Moreover, the expression of MAGE-C2 has been 
commonly identified in bone-lytic lesions of individuals 
with MM (81), with approximately two-thirds of MM 
patients with bone marrow plasma cell infiltration of 10% 
or higher expressing this antigen (71). The high frequency 
of MAGE-C2 expression in MM suggests that it could be a 
potential target for cancer vaccines, especially considering 
previous research demonstrating its ability to induce both 
humoral and CD8+ T cell responses in patients with solid 
tumors expressing MAGE-C2 (87). Although MAGE 
expression is considered a prognostic factor in MM cases, 
it is only one of the many factors that should be considered. 
Other factors that could influence prognosis include the 
patient's age, disease stage, minimal residual disease 
(MRD), health status, and response to treatment. 
Therefore, it is crucial to evaluate all these prognostic 
factors in MM patients when developing a personalized 
treatment plan for them (88). 
 
3.3. Application of MAGE proteins in staging of MM 

MM is subjected to staging in order to ascertain the extent 
of the disease and to formulate an appropriate treatment 
plan. There are two staging systems that are commonly 
utilized by doctors, namely the Durie-Salmon staging 
system (DSS) and the international staging system (ISS) 
(89). However, the revised international staging system (R-
ISS) is now more frequently employed to classify MM. The 
R-ISS is based on data collected from individuals with MM 
from various regions of the world. The system comprises 
three stages, which are determined by measuring serum 
albumin, lactase dehydrogenase (LDH), and serum beta-2 
microglobulin (β2-M), as well as by identifying high-risk 
chromosomes using the fluorescence in situ hybridization 
(FISH) test (90). On the other hand, the ISS stages MM by 
analyzing the results of two blood tests, namely the albumin 
level and the beta-2-microglobulin level. The DSS, on the 
other hand, calculates the myeloma stage by measuring 
hemoglobin concentration, level of blood calcium, and the 
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 presence of bone lesions on imaging studies, in order to 
determine the extent of the myeloma, amount of the M 
protein in the blood and urine, and level of kidney 
function. It introduces three stages of myeloma: Stage I, 
Stage II, and Stage III. The stage depends on factors 
including The higher the stage number, the larger the 
amount of the myeloma in the body (91). 
 The expression of various types of MAGEs can differ not 
only based on the type of tumor but also on different stages 
of MM. Previous studies have demonstrated that MAGE 
expression can vary depending on the stage of MM. For 
instance, one study found that MAGE-A1 and MAGE-A3 
were expressed in only 5% of bone marrow (BM) samples 
from patients with monoclonal gammopathy of 
undetermined significance (MGUS). However, 50% of 
patients with early-stage MM (IA and smoldering) and 40% 
of patients with advanced-stage MM expressed MAGE-A1 
or MAGE-A3. Thus, it was confirmed that there is a 
correlation between MAGE expression and the early or late 
stage of MM. As MAGE-A1 and MAGE-A3 expression 
increases from the early stage to the advanced stage, they 
can be utilized to predict prognosis and monitor the 
progression of MM (92). Also, according to microarray 
analysis, MAGE-A2, MAGE-A4, MAGE-A5, MAGE-A6, 
MAGE-A8, and MAGE-12 are detected in MM patient 
samples and cell lines but not in MGUS (82). Additionally, 
the expression level of MAGE-A3 was found to be high in 
relapsed MM patients compared to newly diagnosed 
patients. While MAGE-C1 and C2 were typically detected 
in relapsed patients, their expression levels did not increase 
in these patients. However, MAGE-C1 expression 
increased during the progression phase of MM. In contrast 
to MAGE-C1/CT7 and MAGE-C2/CT10, other CTAs 
such as MAGE-A1, MAGE-A4, and NY-ESO-1 were 
detected in less than 20% of patients in either group (66, 
77). A study analyzing specimens from patients with stage-
III MM found that approximately 80% and 70% of 
samples expressed MAGE-C1/CT7 and MAGE-A3/6, 
respectively. Additionally, MAGE-C1 and MAGE-A 
mRNAs were detected in 87% and 100% of stage-III MM 
samples, respectively. The study concluded that a higher 
level of MAGE-C1 protein is associated with poor 
prognosis in MM. Moreover, these results suggest that 
MAGE-A3/6 and C1 may be potential therapeutic targets 
for developing cancer vaccines (93).  
 
3.4. Therapeutic potentials of MAGE vaccines for 
treatment of MM 

3.4.1. A brief overview of cancer vaccines 

Cancer vaccines have begun to exhibit indications of 
effectiveness and the potential to assist patients who are 
unresponsive to other conventional immunotherapies, 
after a prolonged period of time (94). They are a type of 
immunotherapy that work to boost the body's immune 
system against cancer. There are two main types of cancer 
vaccines: preventive cancer vaccines and therapeutic cancer 
vaccines (95). The first group is utilized in case the patients 
are infected with viruses and in need of prevention from 
getting certain cancers caused by viruses. This type of 
vaccine will only work if a person gets the vaccine before 
they are infected with the virus. However, the therapeutic 
ones, are used as a treatment in patients who already have 
cancer. They may prevent a cancer or tumor from 
relapsing, growing and/or spreading. Therapeutic cancer 
vaccines expose the immune system to antigens, that are 
associated with a specific type of cancer. These vaccines 
enable the immune system to recognize and attack cancer 
cells. The vaccine can also be made by removing the 
patient’s own immune cells and exposed to antigens in the 
laboratory and finally reinjecting the cells to create the 
vaccine. More data about types of antigens utilized in 
cancer vaccine development is provided in Figure 3. 
 Scientists are studying many different types of cancer 
vaccines and how they work in different ways. More 
research is needed before they have a full picture of how 
well this type of treatment works and which cancers it 
could treat. Researchers around the world are looking at 
the following types of cancer vaccines: protein or peptide 
vaccines, DNA and RNA vaccines, whole cell vaccines, 
dendritic cell vaccines, and virus vaccines (96, 97). The 
advantages and disadvantages of different types of cancer 
vaccines are summarized in Table 2. 
 
3.4.2. MAGE as a promising antigen in cancer vaccination of 
MM 

Antigen selection is a critical process in the design of 
cancer vaccines. It is essential to ensure that the chosen 
antigen is immunogenic enough to elicit a robust immune 
response and ultimately lead to clinical efficacy. The three 
features of high immunogenicity, specific expression in 
cancer cells, and necessity for cancer cell survival are 
important to ensure that the cancer cannot evade the new 
robust immune system after cancer vaccine therapy (26, 
99). For MM, different targets are under evaluation for 
cancer vaccines. Survivin, a cell death preventer, 
telomerase, an enzyme for sustaining the integrity of DNA, 
WT1, an abnormal mutated protein in cancers, and 
MAGEs are some of them. MAGE-targeted 
immunotherapy has shown promises in early clinical trials 
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for the treatment of MM as long as MAGEs are mostly 
expressed in myeloma cells rather than normal ones and 
have the previous mentioned appropriate targets in MM 
vaccine therapies. There are several clinical trials that 
emphasize on the usage of MAGE-based cancer vaccines in 
MM. An interventional phase II clinical trial 
(NCT01245673) reported that by injecting Poly-
ICLC/GM-CSF-primed MAGE-A3 vaccine the cellular 
immune response of the post autologous stem cell 
transplanted MM patients were increased and MAGE-A3-
specific CD8 T cells were observed in 88% of patients. 
Also, it was reported to be well-tolerated and safe with a 
high frequency of T-cell responses (102). Another phase I 
clinical trial (NCT01380145) investigated the safety, 
clinical and immunologic outcomes of autologous 
lymphocyte infusion combined with recombinant MAGE-
A3. Thirteen MM patients undergone autoSCT and then 
were injected with autologous lymphocyte infusion and 
MAGE vaccination. Combination immunotherapy 
resulted in appropriate humoral and cellular immunity, 
antigen-specific CD4+ T-cell responses in all subjects. In 
23% of subjects, CD8+ T-cell responses were also observed. 
These results demonstrated that MAGE-A3 vaccination 
has the potential to be a therapeutic option in MM (103).  
Due to the diverse expression of MAGE-A3 and the limited 
presence of anti-MAGE-A3 precursor CTLs, some other 
therapies are based on using inhibitors of epigenetic 
changes. These include epigenetic modification of MAGE-
A3 antigen expression in MM using the demethylation 
agent 5-azacitidine and the histone deacetylase inhibitor 
MGCDO103, and enhancing MAGE-A3 antigen delivery 
and uptake by DCs through antibody-opsonized MAGE-
A3 protein or bortezomib-induced immunogenic apoptosis 
(74, 104). 

Other methods of targeting MAGE in MM are through the 
use of genetically engineered MAGE-specific T cells that 
can recognize and eliminate cancer cells expressing MAGE 
antigens. Nonetheless, the process of engineering T cells 
can cause side effects such as fever, chills, and hypotension 
(105, 106). Generally, for MM treatments, the ongoing 
studies lie on MAGE-A3 and CT7 more than other 
MAGEs. The safety and efficacy of the MAGE vaccines are 
confirmed by mentioned trials however the possible side-
effects and challenges make the MAGE vaccines to 
progress slower in further clinical trial phases.  

 

3.4.3. Safety and challenges of MAGE vaccines 

MAGE-targeted immunotherapy holds promise for 
treating MM, but it can also give rise to adverse effects. The 

infusion of T cells, for instance, may trigger an immune 
response that can damage healthy tissues, leading to side 
effects like rash, diarrhea, and liver damage. vaccines may 
cause local reactions at the injection site, such as swelling 
and pain, as well as systemic reactions like fever, fatigue, 
and muscle pain. Clinical trials have investigated the safety 
and efficacy of cancer vaccines, and on the whole, most 
vaccines are well-tolerated and have limited toxicity (107). 
However, the safety of these vaccines depends on several 
factors, such as the type of vaccine (DNA, RNA, protein, 
and peptide), the adjuvants used, and whether they are 
autologous or heterologous. Although cancer vaccines may 
cause flu-like symptoms such as fever, chills, weakness, 
dizziness, nausea or vomiting, muscle or joint pain, and 
headache (108), their primary objective is to bolster the 
body's natural defenses against cancer. These vaccines are 
specifically designed to prompt the immune system to 
recognize and react to tumor-associated antigens (26). In a 
non-randomized clinical trial, Nooka et al. assessed the 
safety and immunogenicity of the PVX-410 multipeptide 
vaccine in patients with smoldering multiple myeloma 
(SMM). The vaccine was found to be well-tolerated, with 
mild-to-moderate injection site reactions and 
constitutional symptoms being the most common adverse 
events. (109). Despite significant progress in the 
development of cancer vaccines, most of them are still in 
the preclinical and clinical research phase, and the 
development of more specific antigens and vaccine 
platforms is necessary (107). Although cancer vaccines have 
demonstrated safety and tolerability, they may cause flu-like 
symptoms. 
 Although these side effects may be concerning, they can 
generally be managed with proper supportive care. Before 
deciding on the most appropriate cancer treatment, it is 
critical to carefully weigh the potential benefits and 
drawbacks of MAGE-targeted immunotherapy for each 
patient. Close monitoring of patients is essential, and 
treatment plans should be adjusted as necessary to 
minimize the risk of complications (110). Researchers are 
exploring various strategies, such as antibody-based and 
tumor antigens-peptide-based approaches, as well as 
genetically engineered and CARs-transfected T cell 
therapy, in clinical trials for MM patients. The transfer of 
autologous T cells that have been engineered to express the 
MAGE-A3 TCR is a matter of concern due to its potential 
to cause severe cardiovascular toxicity. This is because the 
transferred T cells may recognize an epitope from an 
unrelated protein that is present in normal cardiac 
tissue, resulting in adverse effects (111). Despite, the 
trials that have shown promising results, indicating that  
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Table 2. Advantages and disadvantages of different types of cancer vaccines 

 
immunotherapy can trigger both immune and clinical 
responses with a favorable safety profile, adverse effects 
were also reported. For instance, after injecting a peptide 
vaccine of MAGE-A3 or NY-ESO-1 peptide and GM-CSF 
adjuvant in combo with chemotherapy in high-risk MM 
patients, van Rhee et al. observed in a phase II and III 
clinical trial (NCT00090493) that 75% (n=4) of their cases 
showed deep vein thrombosis (DVT) and infection with 
staphylococcus (112). However, while the data are 
encouraging, the findings from these trials are still limited, 
and more extensive and long-term studies are necessary to 
determine the full clinical effectiveness of immunotherapy 

in MM. It is also important to note that, despite the 
progress made in this area, some MM patients may still 
experience persistent or recurrent disease after undergoing 
immune therapies (113).  
Therapies aimed at targeting the immune system have been 
developed to reduce the side effects associated with 
traditional cancer treatments. However, these 
immunotherapies have also been found to have harmful 
effects. Most of these patients’ responses have been linked 
to on-target and off-target toxicity, and a few patients have 
experienced fatal problems (114). The nature and severity 
of the effects may vary depending on the specific treatment, 
the patient's health status, and other factors. It's worth 
noting that certain cancer-testis antigens, including NY-
ESO-1, are expressed in normal stem cells, which may 
contribute to some of the potential side effects (10). In 
addition, substances utilized in the preparation of T cells 

expanded outside the body, such as intricate media, serum, 
and cytokines, as well as genetic modifications, can increase 
the risk of infusion-related reactions. Dendritic cell-based 
immunization has been shown to have low side effects 
(110) . Administering custom-made antibodies can result 
in immune reactions such as overactive responses, serum 
sickness, and the emergence of antibodies that are 
associated with various adverse effects related to their 
specific targets (115).  
Immunotherapies like all other treatments may not always 
have desired results. The failure of immunotherapy as a 
challenge, can be traced back to several underlying factors. 
Firstly, the patient's condition may be the primary cause. 
Secondly, inadequate recognition of tumor antigens (TAs) 
and changes in tumor cells due to immune pressure, 
coupled with qualitative and/or quantitative issues in 
antigen presenting cells (APCs) and T cells, can also 
influence patient outcomes. Moreover, the tumor 
microenvironment plays a critical role in determining the 
adverse events and not desired outcomes associated with 
immunotherapy in clinical settings. Numerous endeavors 
have been undertaken to surmount hurdles and achieve a 
potent and significant immune response against MM. 
These endeavors encompass refining the vaccine system, 
inhibiting factors that impede the immune system, 
augmenting immunity through engineering, and 
combining therapies such as adoptive cellular therapy 
and/or immunomodulatory molecules (116).  
 
 

Type of vaccine Advantage Disadvantage References 

Protein or 
peptide 

• Easy to produce and store 
 

• Well-tolerated and have suitable 
responses 

• Largely ineffective when it is used as a 
standalone intervention 

• Not successful in the trials for various reasons 

(98) 

DNA and RNA Simple and inexpensive production 
Not HLA-specific 

Tripping in immune tolerance mechanisms (99, 100) 

Whole cell Stimulates both T cell and antibody 
responses 

Challenging to standardize and replicate them 
consistently 

(98) 

Dendritic cell • Stimulates both T cell and antibody 
responses 

• Can be personalized to each patient’s 
tumor cells 

Challenging to standardize and replicate them 
consistently 

(98) 

Virus • Stimulates both T cell and antibody 
responses 

• Can be effective against virus-
associated cancer 

Limited to virus-associated cancers (101) 
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4. CONCLUSION 

This comprehensive review delves into the crucial role 
played by MAGE family proteins in cancer, with a 
specialized focus on their involvement in MM. The 
findings of this study explore the intricate expression 
patterns of MAGE proteins in different tissues and their 
intimate association with several critical cellular processes, 
such as cell cycle progression, apoptosis, and gene 
expression regulation. The data presented in this review 
provide a profound understanding of the structure and 
function of MAGE proteins and their potential utility in 
cancer immunotherapy. Here we underlined the potential 
of MAGEs in facilitating the prognosis of MM cases. 
Furthermore, despite, we emphasized the promising 
potential of MAGE-based cancer vaccines in the 
prevention and treatment of MM. Due to the small 
number of conducted trials, the MAGE-based cancer 
vaccines are in an area of limited attention, while the 
evidences showed that MAGE-A3 and C1/CT7 can be 
suitable and potentiated antigens to get in use. However, it 
is evident that further comprehensive research is required 
in this area, and more extensive clinical trials must be 
conducted to evaluate the effectiveness and potency of 
MAGE antigens 
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