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1. INTRODUCTION 

Cancer is one of the leading causes of death in the modern world (Roth et al., 
2018; WHO, 2022). Despite decades of extensive research, treatment options rarely 
go beyond chemo- and radiotherapy and surgical interventions. While immuno-
logical approaches to cancer treatment exist, they are usually not a part of the first 
line of care. Unfortunately, irradiation and chemotherapeutic agents do not 
distinguish between cancerous and normal tissues and therefore patients must 
endure a wide array of side effects from treatment. Meanwhile, researchers are 
working towards developing diagnostic and therapeutic tools that are more 
specific and convey less risks to the patients, such as many different types of spe-
cifically targeted therapies and immunotherapies. Nonetheless, these approaches 
have difficulties reaching the general clinical setting due to the heterogeneous 
nature of tumours and the resulting absence of universal cancer biomarkers. 

Cancer-testis antigens (CTA) comprise a large family of tumour-associated 
antigens that are associated with tumorigenesis, are capable of eliciting immune 
responses in cancer patients, and have a fairly tumour-restricted expression pattern. 
This makes CTAs very good targets for cancer immunotherapy and indicates their 
usage as diagnostic or prognostic biomarkers. Of these, the MAGEA family com-
prises a set of highly immunogenic CTAs that have been shown to contribute to 
various processes in tumour cells. Their expression has been associated with poor 
patient outcomes and advanced stages of cancer. Unfortunately, their clinical and 
biological significance remains poorly understood and due to this many clinical 
trials involving the MAGEA family have failed due to ineffectiveness and un-
expected side effects. 

Another novel approach to cancer treatment involves extracellular vesicles 
(EV), lipid bilayer-enclosed nanosized particles that are released by all types of 
cells. They contain proteins, nucleic acids, metabolites, etc. from their cell of 
origin and are involved in cell-to-cell communication. Similar to CTAs, EVs can 
also be used as therapeutic or diagnostic tools against cancer. EVs have been shown 
to participate in antigen recognition and can be purified from all types of sero-
logical fluids. 

CTAs and EVs both have the potential to be crucial elements of future cancer 
treatment. This dissertation focuses on the biological characteristics of MAGEA10, 
a highly immunogenic CTA. It is discovered that some known features of 
MAGEA10 are determined by unique sequences within the N-terminal part of the 
protein. Another discovery is that MAGEA10 is incorporated into native EVs and 
shares this characteristic with another family member, MAGEA4. These findings 
may support wider research into targeted cancer therapies and less invasive 
diagnostics. 
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2. LITERATURE REVIEW 

2.1 Cancer-testis antigens 

Cancer-testis (CT) antigens (Y.-T. Chen et al., 1997) (also referred to as cancer-
germline (CG) antigens (Akers et al., 2010)) have been classified as a large family 
of tumour-associated antigens (TAAs), which are expressed in a variety of 
malignant tumours of different histological origin (Y.-T. Chen et al., 1997; Cho 
et al., 2002; Hofmann et al., 2008; Scanlan, Gordon, et al., 2002) as well as the 
germ cells of the testes (Bode et al., 2014; Y.-T. Chen et al., 2011), ovaries 
(Nelson et al., 2007), and placenta (Sahin et al., 1995; Scanlan et al., 2000). In 
most adult somatic tissues, the CTA genes are not expressed (Scanlan, Gure, et al., 
2002). Another distinct feature of CT antigens is the ability to elicit immune res-
ponses in cancer patients, making them an attractive target for cancer immuno-
therapy and diagnostics (Sahin et al., 1995). 

The first CT antigen was discovered in 1977, when two separate groups deter-
mined that antigen F9, previously found to be expressed in murine embryonal 
carcinoma cells, as well as early embryos and spermatozoa of different mammalian 
species, was also expressed in human teratocarcinomas (Hogan et al., 1977; 
Holden et al., 1977). However, wider research did not begin until van der Bruggen 
and colleagues managed to clone the first CT antigen MZ2-E or melanoma-
associated antigen 1 (MAGE-1, now known as MAGEA1) and noted that it is 
responsible for the recognition of melanoma cell line MZ2-MEL by cytotoxic T 
lymphocytes (CTL) (Bruggen et al., 1991). Since then, over 250 CT antigens have 
been discovered and detailed records about most of them can be found in the CT 
database (http://www.cta.lncc.br/) (Almeida et al., 2009). 

CTAs are divided into two groups, based on their chromosomal localisation: 
CT-X antigens, encoded by the X chromosome and non-X CTAs, encoded by the 
autosomes or the Y chromosome (Rajagopalan et al., 2011; Simpson et al., 2005). 
Interestingly, CT-X antigens make up about 10% of the X chromosome (Ross et al., 
2005), whereas only one CTA is known to be encoded by the Y chromosome 
(Rajagopalan et al., 2011). CT-X genes form multigene families containing direct 
or inverted DNA repeats and are mainly distributed along the Xp11 and Xq26–28 
regions, while non-X CT genes are usually single copy genes distributed through-
out the genome (Ross et al., 2005; Simpson et al., 2005). There has been some 
debate about how many CT genes belong to either group. Initially, the CT 
Database has deemed that about half of the known CT antigens belong in the CT-X 
group (Almeida et al., 2009) but genome-wide analyses by Wang et al and 
Bruggeman et al have revealed a wide array of new potential CTAs of which only 
a small percentage (4% in the Bruggeman dataset and 105/1019 CT genes in the 
Wang dataset) turned out to be encoded by the X chromosome (Bruggeman et al., 
2018; C. Wang et al., 2016). 
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2.1.1 Expression of CTAs 

Different normal tissues express CT antigens during foetal development, but 
expression is constrained to immune-privileged sites after birth (Gjerstorff et al., 
2010), whereas the adult testis is the only tissue which expresses all CTAs univer-
sally (Scanlan, Gure, et al., 2002). In adults, CTA mRNA expression is mainly 
confined to the germ cells of the testis and placenta (Caballero & Chen, 2009; 
Simpson et al., 2005). However, some CT antigens show expression in the adult 
brain, another site of immune privilege (Hofmann et al., 2008; Lifantseva et al., 
2011), as well as other somatic tissues such as (but not limited to) the thyroid, 
spleen, liver, uterus, and pancreas although usually at mRNA levels less than 1% 
compared to the expression levels in the testis (Caballero & Chen, 2009;  
Y.-T. Chen et al., 1997; Crew et al., 1995; Lethé et al., 1998; Scanlan et al., 2004). 
Based on the differences in mRNA expression, Hofmann and colleagues 
categorised CTAs into three groups: a) testis-restrictive (genes that are expressed 
only in the adult testis and are silenced in all other normal adult tissues except for 
the placenta), b) testis/brain-restrictive (which show additional expression in all 
regions of the brain), and c) testis-selective (which have a more ubiquitous ex-
pression pattern) (Hofmann et al., 2008). Interestingly, there are noticeable dif-
ferences between CT-X and non-X CT antigens (Fig. 1). CT-X antigens have a 
mostly testis-restricted expression pattern, while non-X CTAs tend to be in the 
testis-selective category (Hofmann et al., 2008). Additionally, CT-X antigens are 
expressed during the early stages of spermatogenesis, whereas non-X CTAs are 
expressed in the later stages (Simpson et al., 2005). 
 

Figure 1. The differences between CT-X and non-X CTAs. (Hofmann et al., 2008; 
Rajagopalan et al., 2011; Simpson et al., 2005; Yamada et al., 2013) 
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CTA protein expression in normal tissues is restricted to the germ cells of the 
testis, ovaries, and placenta (dos Santos et al., 2000; Jungbluth et al., 2000, 2001), 
as well as the developing central nervous system (CNS) (Gjerstorff et al., 2010) 
and adrenal cortex (Gjerstorff et al., 2008). It is important to note that, while low 
levels of CTA mRNA expression is seen in some additional somatic tissues 
mentioned above, their expression has not been confirmed at a protein level 
(Caballero & Chen, 2009; Scanlan et al., 2004). However, during foetal develop-
ment, CT antigen expression is initiated and maintained at the protein level in 
both male and female germ cells already at 5 weeks gestation, in sexually non-
differentiated migrating primordial germ cells (Gjerstorff et al., 2007). A com-
mon denominator for CTA expression during foetal development is that the 
expression is shut down towards birth before the immune system is fully devel-
oped (Gjerstorff et al., 2010). The genes are expressed again when male germ cell 
proliferation is reinitiated during puberty (Gjerstorff et al., 2010). The only 
known exceptions to this are members of the GAGE family, whose expression is 
maintained in a subset of adult oocytes (Gjerstorff et al., 2006).  

CT antigen expression in human malignancies tends to be largely heterogenous 
between different tumour types, different tumours of the same type (intertumour 
heterogeneity) as well as between different regions of the same lesion (intra-
tumour heterogeneity) (Akers et al., 2010). However, it is common for CTAs to 
be co-expressed (Djureinovic et al., 2016; Güre et al., 2005; Sahin et al., 1998; 
Scanlan et al., 2000; Tajima et al., 2003). MAGE-A1, MAGE-A3, New York 
esophageal squamous cell carcinoma 1 (NY-ESO-1), synovial sarcoma X break-
point 2 (SSX-2), and SSX-4 are some of the most frequently expressed CTAs, 
whereas B melanoma antigen (BAGE), G antigen A1 (GAGE-A1) and synapto-
nemal complex protein 1 (SCP-1) show very rare expression (Scanlan, Gure, et al., 
2002). Cancers which frequently express CTAs include melanoma and cancers of 
the lung, bladder and breast (including triple-negative breast cancer) (Curigliano 
et al., 2011; Scanlan et al., 2004; Scanlan, Gure, et al., 2002). CT antigen expres-
sion is rarely seen in hematologic malignancies, as well as renal and colon cancers 
(Gjerstorff et al., 2010; Scanlan et al., 2004; Scanlan, Gure, et al., 2002). 

Additionally, it has been found that CT antigens are expressed in both normal 
(Cronwright et al., 2005) and cancer stem cells (Gjerstorff et al., 2006; Sigalotti 
et al., 2008). Under normal circumstances, CTA expression can be seen in foetal 
and adult mesenchymal stem cells (MSCs) and bone marrow (Cronwright et al., 
2005), undifferentiated human embryonic stem cells (hESCs) (Lifantseva et al., 
2011), and differentiated hESCs from different lineages (Gjerstorff et al., 2007, 
2008; Lifantseva et al., 2011). This type of CT antigen expression can be seen in 
both early human and mouse embryos, suggesting that CTAs play important roles 
in early embryo development (Gordeeva & Pochaev, 2017; Madissoon et al., 2014). 
However, it is more complicated in cancerous tissues. CTA expression has been 
found in teratomas (Gjerstorff et al., 2008), which are benign growths derived 
from all three embryonic germ layers (Lensch & Ince, 2007), and teratocarcino-
mas (Lifantseva et al., 2011), which are malignant germ cell tumours (Lensch & 
Ince, 2007). Furthermore, CTA expression and its heterogeneity in malignancies 
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can be linked to cancer stem cells (CSCs) (Gordeeva, 2018). CSCs, also referred 
to as cancer/tumour-initiating cells (C/TICs) or tumorigenic cells are described 
as a subpopulation of cancer cells that are resistant to chemo- and radiotherapy 
(Dean et al., 2005) and have the abilities of tumour-initiation, self-renewal, and 
differentiation (Clarke et al., 2006). This type of cell was first identified in hema-
tologic malignancies in both mice (Bruce & Van Der Gaag, 1963; Park et al., 
1971) and humans (Griffin & Lowenberg, 1986; Sabbath et al., 1985) over 50 
years ago and also confirmed in solid tumours (Hamburger & Salmon, 1977; 
Southam & Brunschwig, 1961). CT antigen expression in CSCs has been con-
firmed in melanoma (Gedye et al., 2009; Sigalotti et al., 2008), glioblastoma 
(Low et al., 2010), and breast cancer (J. H. Lee et al., 2010), for example. An 
interesting aspect, found by Yamada et al, is that some CTAs show preferential 
expression in CSCs, compared to non-CSCs (CSC genes), whereas others have 
similar expression levels in both cell types (shared antigens) (Yamada et al., 
2013). Curiously, a difference in expression was noted between CT-X and non-X 
CTAs (Fig. 1), as 67% of the CSC genes were located on the X chromosome 
compared to 20% of the shared antigens (Yamada et al., 2013). 

 

2.1.1.1 Regulation of CTA expression  

CTA expression is primarily regulated by epigenetics – stably heritable gene 
expression states that do not directly depend on the DNA base sequence (Berger 
et al., 2009; De Smet et al., 1999; Gjerstorff et al., 2009). Epigenetic regulation 
has been shown to influence both the coexpression of CT genes (Yao et al., 2014) 
and their heterogeneous expression pattern in tumours (Fratta et al., 2010; Siga-
lotti et al., 2004; Woloszynska-Read et al., 2008). DNA methylation was the first 
epigenetic modification to be associated with CT antigen expression (De Smet et 
al., 1996; J. Weber et al., 1994). It was noted that DNA methyltransferase inhi-
bitors (DNMTi), such as 5’-aza-2’-deoxycytidine (5DC), can upregulate existing 
and induce de novo CTA expression (Cho et al., 2002; De Smet et al., 1996, 1999; 
dos Santos et al., 2000; Lethé et al., 1998; Lurquin et al., 1997; Sigalotti, Coral, 
Altomonte, et al., 2002; Sigalotti, Coral, Nardi, et al., 2002; J. Weber et al., 1994). 
Most CT gene promoters contain CpG islands (CGI), DNA sites with a high CpG 
dinucleotide frequency (Illingworth & Bird, 2009), which are methylated in 
normal somatic tissues, thus silencing the genes (Akers et al., 2010; De Smet et al., 
1999; Güre et al., 2002). These CGI become demethylated when global DNA 
hypomethylation occurs during gametogenesis (De Smet et al., 1999; Kimmins 
& Sassone-Corsi, 2005; Reik et al., 2001) and tumorigenesis (De Smet et al., 
1996; Feinberg & Vogelstein, 1983; Gama-Sosa et al., 1983; Woloszynska-Read 
et al., 2008) and more so in the case of promoter-specific hypomethylation of CT 
genes (R. Kim et al., 2013; Woloszynska-Read et al., 2008). As described above, 
promoter methylation is an integral part of CTA expression regulation. However, 
it is not solely responsible for CT gene activity, since, for example, DNMTi treat-
ments alone do not induce CT antigen expression in primary fibroblasts, normal 
mammary epithelial cells or melanocytes (Karpf et al., 2004; J. Weber et al., 1994). 
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Histone modifications, such as acetylation and methylation, also have an 
effect on CTA expression (James et al., 2006; Link et al., 2009; Sun et al., 2009; 
Tachibana et al., 2002; Wischnewski et al., 2006; Woloszynska-Read et al., 2007). 
Histone deacetylase inhibitors (HDACi), like trichostatin A (TSA) or dep-
sipeptide FR901228 (DP), have been shown to have a minor effect on CT gene 
expression, but in combination with 5DC demonstrated a much stronger effect 
than either HDACi or DNMTi alone (Wargo et al., 2009; Weiser et al., 2001; 
Wischnewski et al., 2006). Similar effects have been observed when investigating 
the effect of histone methylation on CT gene expression (Link et al., 2009; Sun 
et al., 2009). 

There is also a wide array of non-epigenetic agents that regulate CTA ex-
pression. Studies have shown that CTA expression can also be influenced by: 

• cytokines (Z. Wang et al., 2006; Y. Zhang et al., 2009); 

• tyrosine kinases (Hoei-Hansen et al., 2007; Kondo et al., 2007; B. Yang, Wu, 
et al., 2007; X. Zhu et al., 2008); 

• erythroblast transformation specific (ETS) transcription factor sites (De Smet 
et al., 1995, 1996, 2004; Janssen et al., 1999; Loriot et al., 2008; Serrano et al., 
1996); 

• cAMP (Bai et al., 2008; Karpf et al., 2009); 

• specificity protein 1 (Sp1) (Kang et al., 2007); 

• p53 (Renaud et al., 2007); 

• ncRNA (C. Wang et al., 2016); 

• gamma radiation (Sharma et al., 2011). 
 
Furthermore, it has been suggested that brother of the regulator of imprinted sites 
(BORIS), a CT antigen, can influence the expression of other CT genes (Hong 
et al., 2005; Kang et al., 2007; Loukinov et al., 2002; Vatolin et al., 2005) but there 
is contradicting evidence (Kholmanskikh et al., 2008). 
 
 

2.1.2 Most CTAs are intrinsically disordered proteins 

Intrinsically disordered proteins (IDP) lack a rigid 3D structure in localised 
regions or along their entire length under physiological conditions (Uversky & 
Dunker, 2010). Due to this, they are structurally flexible and can undergo 
disorder-to-order transitions when binding to their biological target, which enables 
interactions with a broad range of binding partners (Tompa & Csermely, 2004). 
This, in turn, demonstrates why proteins with a higher disorder content tend to 
occupy hub positions (interacting with at least 5 partners) in protein interaction 
networks (Haynes et al., 2006; Patil et al., 2010). It has been determined that a 
significant majority (over 90%) of CT antigens can be classified as IDPs, whereas 
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CT-X antigens tend to be more disordered than non-X CTAs (Fig. 1) (Rajago-
palan et al., 2011). Moreover, Rajagopalan and colleagues noted that, in line with 
previous understandings about IDPs, the more disordered CTAs were predicted 
to occupy hub positions in protein-protein interaction networks and to have a high 
probability of binding DNA (Rajagopalan et al., 2011). 
 
 

2.1.3 Functions of CTAs 

Despite decades-long research, the relevance of CT antigens in either germ cell 
development or tumorigenesis remains poorly understood, although it has been 
implied that CTAs may have important roles in both, based on their expression 
patterns and the fact that cancer cells share similar phenotypes with germ cells 
(Beard, 1905; Gjerstorff et al., 2010; Old, 2001). However, discerning individual 
CTA functions and whether CTAs are expressed in cancer because they con-
tribute to tumorigenesis or as a side-effect of genomic instability has proven to 
be difficult (Gibbs & Whitehurst, 2018; Gjerstorff et al., 2010). The reasons for 
this include the disordered structures and lack of known motifs or domains in 
many CTAs (Rajagopalan et al., 2011) and a lack of model organisms for many 
CT-X antigens because of very rapid evolution of the genes (Stevenson et al., 
2007). On the other hand, many non-X CT antigens do have orthologs in other 
species and therefore their functional roles are much better understood (Gibbs & 
Whitehurst, 2018). 
 

2.1.3.1 Functions in normal cells 

Many CTAs, particularly non-X CTAs, have distinct functions in spermato-
genesis and fertilisation. Members of the P-element induced wimpy testis (PIWI) 
and MAGE family are involved in germline stem cell self-renewal (Cox et al., 
1998, 2000) and maintenance as well as protecting the germline from stress (Fon 
Tacer et al., 2019; A. K. Lee et al., 2020). Some CTAs participate in germ cell 
meiosis, having roles in homologous chromosome pairing, the synaptonemal 
complex and recombination (Hamer et al., 2006; Keeney et al., 1997; Meuwissen 
et al., 1992). Another CT antigen, BORIS plays a role in epigenetic reprogramming 
during spermatogenesis (Loukinov et al., 2002). It has also been determined that 
CTAs are involved in spermatid differentiation (Aoki & Matsui, 2019), acrosome 
development (Kanemori et al., 2013), chromatin compaction (Brower-Toland 
et al., 2007; Pivot-Pajot et al., 2003), sperm movement (Whitehurst, 2014), sperm-
egg adhesion (H. Nishimura et al., 2001) and successful fertilisation (Depa-
Martynów et al., 2007) and probably in many more germ cell processes. 

CT antigens also have functions outside germ cells. For example, PLU-1 is a 
transcriptional corepressor (Tan et al., 2003), nuclear RNA export factor 2 (NXF2) 
exports RNA from the nucleus to the cytoplasm and is therefore thought to be a 
part of the translational control of gene expression (Herold et al., 2000), MAGEA1 
is involved in BORIS promoter methylation (Zhao et al., 2019), MAGEB3 has a 
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role in X chromosome inactivation (W. Li et al., 2018), and PAS domain-con-
taining protein 1 (PASD1) disrupts the circadian rhythm (Michael et al., 2015). 

 

2.1.3.2 Tumour-associated functions  

CTAs have many functions in tumours which express them. Since cancer cells 
acquire a germ-like state (Old, 2001), functions like promoting proliferation and 
migration are shared by both cell types. A brief overview of CT antigens partici-
pating in different tumour cell functions is given in Table 1. The functional 
categories were reported in (C. Fan et al., 2021). 

The genome and everything surrounding it comprises a very delicate system 
within the cell. Genome integrity as well as epigenetic modulations are important 
in all types of cells and changes in either may lead to the cell becoming cancerous. 
Therefore, the aforementioned epigenetic functions of MAGEA1 and MAGEB3 
in promoter methylation (Zhao et al., 2019) and X chromosome inactivation 
(W. Li et al., 2018), respectively, can have significant roles in tumours as well. 
Other CTAs have been linked to genomic stability, for example SSX2 induces 
DNA damage (Greve et al., 2015) and HORMA domain-containing protein 1 
(HORMAD1) promotes DNA double-strand break (DSB) repair while com-
promising DNA mismatch repair (Y. Gao et al., 2018; Liu et al., 2020). 
 
Table 1. CTA functions in tumour cells.  

G
en

om
e-

re
la

te
d Genome 

instability HORMAD1, SSX2 

Epigenetic 
modulation MAGEA1, MAGEB3 

Tu
m

ou
r 

pr
ol

ife
ra

tio
n 

Mediating 
apoptosis/ 
autophagy

CAGE, GAGE7C/B, MAGEA3, 
PASD1, POTEE, POTEG, SPAG6 

Promoting 
tumour growth

HSP70-2, MAGEA3, NY-ESO-1, 
POTEE, SPAG9, SPANX

Tumour 
metabolism LIN28B 

Tu
m

ou
r 

pr
og

re
ss

io
n 

Resistance to 
treatment

GAGE, HORMAD1, LIN28B, 
MAGEA

Inducing 
angiogenesis CAGE, Hiwi, XAGE-1b 

Invasion and 
metastasis 

HSP70-2, LEMD1, NY-ESO-1, 
POTEG, SPA17, SPAG9, SPANXN2 

 
Proliferation is an integral part of cancer survival and development. Thus, many 
CTAs have been found to contribute to it. Protein lin-28 homolog B (LIN28B) has 
been shown to promote aerobic glycolysis and attenuate oxidative phosphory-
lation, thus influencing the Warburg effect (Warburg, 1956) on cell metabolism 
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(Mizushima et al., 2020). CT antigens that positively affect tumour growth include, 
but are not limited to, sperm protein associated with the nucleus on the X chromo-
some (SPANX) (Lazar et al., 2020), sperm-associated antigen 9 (SPAG9) (C. Xiao 
et al., 2019), prostate, ovary, testes, and embryo (POTE) ankyrin domain family 
member E (POTEE) (Shen et al., 2019), NY-ESO-1 (F. Li et al., 2020), heat shock 
protein 70-2 (HSP70-2) (Gupta et al., 2017), MAGEA3 (X. Gao et al., 2020). It 
has recently been found that, in addition to CT antigens, tumour proliferation can 
also be influenced by CT long non-coding RNAs (Hosono et al., 2017). 

Avoiding cell death is another key element in tumour survival. However, 
CTAs can have different effects on processes like autophagy and apoptosis. Many 
CT antigens inhibit apoptosis and autophagy, like SPAG6 (M. Zhang et al., 
2020), POTEE (Shen et al., 2019), MAGEA3 (X. Gao et al., 2020), GAGE7C/B 
(Cilensek et al., 2002), PASD1 (R. Li et al., 2019), MAGEC2 (Lajmi et al., 2015). 
Meanwhile, CAGE enhances autophagosome formation (Yeon et al., 2019), 
POTE ankyrin domain family member G (POTEG) induces apoptosis (L. Wang 
et al., 2018) and MAGEA4 has been shown to both increase (Peikert et al., 2006) 
and inhibit (Bhan et al., 2012) apoptosis. 

Lastly, CTAs also influence tumour progression by promoting tumour cell 
invasion (Gupta et al., 2017; F. Li et al., 2020; Sasahira et al., 2016; C. Xiao et al., 
2019), epithelial-mesenchymal transition (EMT) (L. Chen et al., 2021; B. Shang 
et al., 2014) and metastasising (Y. Zhou et al., 2019), inducing angiogenesis (Y. 
Kim et al., 2013; S. Li et al., 2010; B. Zhou et al., 2013), and making tumours 
more resistant to chemo- and/or radiotherapy (Cilensek et al., 2002; Duan et al., 
2003; Y. Gao et al., 2018; Mizushima et al., 2020; Monte et al., 2006; Suzuki 
et al., 2021). Interestingly, some CTAs can instead inhibit cell migration and 
EMT (L. Wang et al., 2018; F. Zhu et al., 2020).  

 
 
2.1.4 Clinical implications and usage in cancer immunotherapy 

Since their discovery, implications have been made that CTAs could be used as 
cancer biomarkers and/or targets for immunotherapy (Holden et al., 1977). Over 
the years, CT antigen expression has been proven as a probable useful diagnostic 
marker in hepatocellular carcinoma (Ren et al., 2017), sarcoma (Iura et al., 2017), 
and cancers of the bladder (Afsharpad et al., 2019), lung (Ren et al., 2017), 
thyroid (Melo et al., 2017), and stomach (Shida et al., 2020). Furthermore, CTAs 
could also be used as prognostic markers, as their expression has been associated 
with advanced tumour stage (Tarnowski et al., 2016; Velazquez et al., 2007; Yao 
et al., 2014), larger tumour size (Güre et al., 2005), progressive disease (Jäger et al., 
1999), as well as both poor and better overall prognosis (da Silva et al., 2017; 
Freitas et al., 2013; Yao et al., 2014). Nevertheless, using these associations in a 
clinical setting may be cumbersome due to the large number of CTAs and their 
heterogeneous expression in cancers. A brief overview of the clinical uses of 
CTAs is given in Figure 2. 
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Figure 2. Clinical uses of CTAs. 
 
As explained beforehand, CTA expression has been detected in a multitude of 
cancers, but the genes are mainly silenced in normal adult tissues. In most cases, 
their expression is limited to immune-privileged sites (Streilein, 1995), such as 
the testes, placenta, and brain, so that when the genes are activated in other somatic 
cells, their products can elicit both cellular and humoral immune responses (Jäger 
et al., 1998; Jäger, Nagata, et al., 2000). Thus, CTAs are regarded as very good 
targets for cancer immunotherapy. In this regard, NY-ESO-1 is known as the 
most immunogenic CT antigen (Stockert et al., 1998) and is therefore one of the 
best targets for all types of therapies. Other CTAs used for immunotherapeutic 
clinical trials include members of the MAGEA family, preferentially expressed 
antigen in melanoma (PRAME), BORIS, and cancer/testis antigen family 45 
(CT45) (P. Yang et al., 2021). 

Cancer immunotherapy can largely be divided into vaccine-based and T cell 
therapy. Tumour vaccines have three main types: cellular, protein- or peptide-
based, and vector-based vaccines (Bolhassani et al., 2011). Cellular vaccines con-
taining patient-derived dendritic cells (DC) pulsated with immunogenic peptides 
have been used for MAGEA vaccinations but have not shown significant responses 
(Andersen et al., 2001; Banchereau et al., 2001, 2005). The majority of clinical 
trials have been carried out using protein- or peptide-based vaccines. NY-ESO-1 
(Davis et al., 2004; Jäger, Gnjatic, et al., 2000; Jäger, Nagata, et al., 2000) and 
members of the MAGEA family (Chianese-Bullock et al., 2005; Marchand et al., 
1999; Pujol et al., 2015; Slingluff et al., 2016) have been tested in various 
malignancies and multiple vaccine combinations, but results have revealed little 
clinical significance. It has become clear that recombinant proteins or peptides have 
a greater therapeutic effect when they are accompanied by adjuvants (Atanackovic 
et al., 2004; Davis et al., 2004) or when the vaccines include multiple epitopes 
(Migliorini et al., 2019; Walter et al., 2012; Zeng et al., 2002). The last group, 
vector-based vaccines, comprises a diverse array of vectors ranging from plasmid 
DNA to oncolytic viruses that are used to deliver tumour-specific antigens 
(Bolhassani et al., 2011). DNA vaccines have shown promising results for both 
MAGEA (Duperret et al., 2018) and NY-ESO (Xue et al., 2016). Other promising 
vaccines include lentivirus- (Somaiah et al., 2019), cowpea mosaic virus (Patel 
et al., 2020) and mRNA-based vaccines (Sahin et al., 2017, 2020; Sebastian et al., 
2019). 
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Adoptive T cell therapy includes isolation and ex vivo expansion of tumour-
infiltrating lymphocytes or blood-derived genetically engineered T cells, which 
are then reintroduced into the patient (Met et al., 2019). T cells can be genetically 
modified to express antigen-specific T cell receptors (TCR) using viral vectors 
(Morgan et al., 2006) or to bear chimeric antigen receptors (CAR) by fusing the 
antigen-binding domain to domains that can initiate T cells without the help of 
the major histocompatibility complex (MHC) (Eshhar et al., 1993). TCR T cell 
therapy has shown promising results for NY-ESO-1 (Robbins et al., 2011) and 
MAGEA (Lu et al., 2017; Meng et al., 2021) and research is ongoing with other 
CTAs as well (Meng et al., 2021). CAR T cell therapy can easily be used for 
surface antigens but with the help of TCR mimic antibodies, these cells can 
identify intracellular targets as well (Jakobsen & Gjerstorff, 2020). Thus far, 
positive results have been obtained with MAGEA1 (Mao et al., 2019), but PRAME 
and other CT antigens may prove to be useful in the future (Jakobsen & Gjer-
storff, 2020). 

Although individual strategies seem promising, CTA-based immunotherapy 
faces many challenges regarding the heterogeneous tumour expression of CTAs, 
the presence of MHCs on cancer cells, the hostile tumour microenvironment etc 
(P. Yang et al., 2021). These can be overcome by combining different conven-
tional and immunotherapeutic treatments. Cancer immunotherapy in combination 
with chemo- or radiotherapy, DNMT or HDAC inhibitors, or immune checkpoint 
inhibition, or a combination of different immunotherapeutic strategies have already 
shown and will continue to show better results than any of these alone (Gjerstorff 
et al., 2010, 2015). 

 
 

2.2 MAGE superfamily 

The MAGE family of genes has interested researchers since the discovery of the 
first member in the 1990s (Bruggen et al., 1991). It consists of over 40 genes in 
humans, including some classified as pseudogenes (Chomez et al., 2001). The 
family is divided into type I and type II based on the chromosomal localization, 
sequence homology, and tissue expression (Barker & Salehi, 2002). Type I com-
prises MAGE subfamilies A, B, and C, which are encoded by the X chromosome 
and follow the expression pattern of classical CTAs, whereas MAGE-D, -E, -F,  
-G, -H, -L and NECDIN genes, which are encoded by chromosomes X, 3, and 15 
and have a more ubiquitous expression pattern make up type II (Barker & Salehi, 
2002; Chomez et al., 2001; Fon Tacer et al., 2019; Gee et al., 2020). They can be 
further classified by their expression in normal tissues into types Ia (testis-
restricted), Ib (testis/placenta/ovary), Ic (not restricted), IIa (ubiquitous), and IIb 
(brain-enriched) (Gee et al., 2020).  
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2.2.1 MAGE homologs and evolution 

MAGE genes are found in a majority of eukaryotes, going all the way back to 
protozoa (López-Sánchez et al., 2007). Mammalian genomes have a variety of 
MAGE genes, divided into subfamilies, whereas lower eukaryotes typically have 
only one MAGE gene (Chomez et al., 2001; Katsura & Satta, 2011; López-
Sánchez et al., 2007). The MAGE found in Arabidopsis thaliana has a 25% simi-
larity to human MAGEA8 (Katsura & Satta, 2011) and MAGEG1 has homologs 
in Drosophila melanogaster (DMAGE) (I. Nishimura et al., 2007; Põld et al., 2000) 
and Danio rerio (Dre mage) (Bischof et al., 2003). CMage from the chicken 
genome shares similarities with both MAGED and MAGEG1 (López-Sánchez 
et al., 2007). The most researched homologs to human MAGEs are mouse Mages, 
in hopes of using mice as model organisms for CTA research (Fon Tacer et al., 
2019). They share many similarities with their human counterparts in both genomic 
and functional aspects and therefore provide an abundance of information about 
the gene family (Gee et al., 2020). 

It has been speculated that all MAGE genes are evolved from a single ancestral 
MAGE gene and that the rapid expansion of the superfamily began with the 
emergence of placental mammals (Chomez et al., 2001; Katsura & Satta, 2011; 
López-Sánchez et al., 2007). This idea is supported by the aforementioned fact 
that genomes of lower eukaryotes have only one MAGE gene, whereas mammals 
have multiple MAGE subfamilies (Chomez et al., 2001; Katsura & Satta, 2011). 
Although the idea of an ancestral MAGE gene is commonly accepted, it is not 
entirely clear whether MAGED or MAGEG1 is more closely related to it (A. K. 
Lee & Potts, 2017). MAGED seems to be the closest match when looking at the 
genomic structure (Chomez et al., 2001; A. K. Lee & Potts, 2017) but MAGEGI 
appears to be functionally more related (López-Sánchez et al., 2007; I. Nishimura 
et al., 2007; Pebernard et al., 2004; Taylor et al., 2008). Regardless of which exact 
modern MAGE gene is the closest relative of the ancestral gene, it is clear that 
type II MAGEs are evolutionarily older than type I MAGEs (Katsura & Satta, 
2011). 

 
 

2.2.2 The MAGE homology domain 

All MAGE proteins share a conserved domain known as the MAGE homology 
domain (MHD) (Barker & Salehi, 2002). It is about 170 amino acids long and 
can be found in proteins of many eukaryotic organisms, including Drosophila 
melanogaster, Saccharomyces cerevisiae, and Arabidopsis thaliana (Barker & 
Salehi, 2002; I. Nishimura et al., 2007; Pebernard et al., 2004). The MHD is 
highly conserved in the mammalian MAGE family, all human MHDs share 46% 
of amino acids and the similarities within subfamilies are even more prevalent, 
reaching 70 and 75% in MAGEA and MAGED subfamilies, respectively (Doyle 
et al., 2010). The position of the MHD within the protein is generally near the C 
terminus (Fig. 3) and it is flanked by non-conserved N- and C-terminal sequences 
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(Barker & Salehi, 2002; Chomez et al., 2001). Although rare, some MAGE 
proteins have a truncated MHD and a few type II MAGEs have two MHDs 
(Barker & Salehi, 2002; Chomez et al., 2001). 

Figure 3. Overall structure of MAGE proteins. The 3D structure of the MHD is from 
MAGEA3 (PDB ID: 4V0P) (Newman et al., 2016). The image was constructed, using the 
Mol* Viewer software (Sehnal et al., 2021) on the Protein Data Bank (PDB) website 
www.RSCB.org (Berman et al., 2000). 
 
The MHD consists of two winged-helix (WH) motifs (Fig. 3), termed WH-A and 
WH-B of which the former contains a di-leucine motif crucial for the biochemical 
functions of MAGE proteins (Doyle et al., 2010; Newman et al., 2016). Studies 
have shown that the overall structure of individual MHDs is similar, despite peptide 
sequence differences or the presence of disordered regions (Hagiwara et al., 2016; 
Newman et al., 2016). However, the disordered regions and a broad charge state 
distribution revealed by native mass spectrometry of MAGEA4 indicate that 
although MHDs are relatively conserved, they are dynamic and give unique 
features to individual MAGE proteins (Doyle et al., 2010; Hagiwara et al., 2016). 
 
 

2.2.3 Functions of MAGE proteins 

The most ubiquitous function of MAGE proteins is their ability to bind and 
interact with different E3 ligases (Gee et al., 2020). Both type I and type II MAGE 
proteins have been shown to assemble with E3 ligases containing the really inte-
resting new gene (RING) domain to form MAGE-RING ligases (MRL) (Deshaies 
& Joazeiro, 2009; Doyle et al., 2010; Gee et al., 2020). Generally, each MAGE 
interacts with a specific ligase, however, highly homologous MAGEs tend to 
have the same binding partner (Doyle et al., 2010). For example, MAGEA2, -A3, 
-A6, and -C2 all bind E3 ligase tripartite motif-containing protein 28 (TRIM28) 
and MAGEF1 and -G1 both bind non-structural maintenance of chromosomes 
element 1 (NSE1) (Doyle et al., 2010). MAGEs bind to the RING ligases through 
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their MHD, whereas the binding region on the ligases varies across different 
MRLs, demonstrating the versatility of the MHDs (Doyle et al., 2010).  

MAGE interactions with RING E3 ligases are known to alter the subcellular 
localisation, enhance the ubiquitination activity, and specify novel substrates of 
the ligases (A. K. Lee & Potts, 2017). It has been shown that MAGEL2 binds with 
TRIM27 and mediates its localisation to retromer-positive endosomes (Y.-H. Hao 
et al., 2013). On the other hand, enhancing the ubiquitination activity of the ligases 
seems to be the most common effect of the MAGEs (Gee et al., 2020). They have 
been shown to increase the activity of E3 ligases TRIM28 (Doyle et al., 2010; 
T. Z. Xiao et al., 2011, 2014), TRIM31 (Kozakova et al., 2015), and NSE1 (Doyle 
et al., 2010; Pebernard et al., 2004). MAGEs are also able to modify RING E3 
ligases by specifying novel substrates for ubiquitination (Gee et al., 2020). For 
example, the MAGEL2-TRIM27 MRL is required for endosomal sorting of pro-
teins, since it ubiquitinates the Wiskott-Aldrich syndrome protein and scar homo-
log (WASH) complex, thus activating it and allowing F-actin assembly on endo-
somes (Y.-H. Hao et al., 2013). Moreover, the presence of MAGEA3/6 deter-
mines the ubiquitination and subsequent degradation of AMP-activated protein 
kinase AMPKα1 by TRIM28 and thus inhibits autophagy and promotes cell 
growth, since AMPKα1 is the catalytic subunit of the AMPK heterotrimer re-
sponsible for maintaining energy homeostasis, which has a cytostatic effect when 
activated. (Hardie et al., 2012; Pineda et al., 2015). Another interesting example 
is that upon binding to MAGEF1, NSE1 targets methyl methane sulfonate-sensi-
tive 19 (MMS19) for ubiquitination and degradation, which results in impaired 
DNA repair capacity due to reduced MMS19-mediated DNA repair enzyme 
activation (Weon et al., 2018). MRLs have also been shown to regulate tran-
scription (T. Z. Xiao et al., 2011, 2014), inhibit p53 (Doyle et al., 2010; B. Yang, 
O’Herrin, et al., 2007), and influence cancer metabolism (Jin et al., 2017). MAGEs 
also affect Skp1-Cullin-F-box (SCF) cullin-RING ligases (CRL), a family of 
multicomponent E3 ligases, by interacting with individual elements of the SCFs 
and thus participate in the regulation of cyclins A and E (J. Hao et al., 2015; 
Petroski & Deshaies, 2005; Su et al., 2017). Lastly, MAGEA11 has been shown 
to bind HECT, UBA and WWE domain-containing protein 1 (HUWE1), a homo-
logous to E6AP C-Terminus (HECT) E3 ligase, and to promote alternative mRNA 
polyadenylation and 3’untranslated region shortening in tumours (Rotin & Kumar, 
2009; S. W. Yang et al., 2020). 

Beyond functioning in tandem with E3 ligases, MAGEs are involved in tran-
scription regulation (Askew et al., 2009; Laduron et al., 2004; Masuda et al., 2001), 
stress tolerance (A. K. Lee et al., 2020), neurogenesis (Kendall et al., 2005), and 
genetic disorders (Fon Tacer & Potts, 2017; Laghmani et al., 2016). MAGE in-
volvement in tumour processes is briefly described in section 2.1.3.2. 
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2.2.4 MAGEA subfamily 

The MAGEA subfamily is located on the q28 region of the X chromosome and is 
comprised of 12 genes, of which 11 are protein-coding and MAGEA7 is a pseudo-
gene (Plaen et al., 1994; Rogner et al., 1995). Members of the family share a DNA 
coding sequence similarity between 70–98%, with MAGEA3 and MAGEA6 being 
the most similar (Rogner et al., 1995). MAGEA protein lengths range from 124 
(MAGEA5) to 429 (MAGEA11) amino acids, however most of them are 314–319 
amino acids long (Meek & Marcar, 2012). The proteins show a high degree of 
sequence similarity as well, especially within the MHD, but also within both 
termini (Doyle et al., 2010; Meek & Marcar, 2012). A few members have inte-
resting features, such as the truncated MHD of MAGEA5 and additional inserts 
to the termini of MAGEA10 and MAGEA11 (Meek & Marcar, 2012). 

MAGEA protein functions have mostly been described in previous sections 
of the paper, but a brief overview is given in Table 2. MAGEA proteins have 
been found to bind several other proteins. For example, MAGEA4 binds to and 
suppresses the oncoprotein gankyrin (Nagao et al., 2003) and also Miz-1, leading 
to the transcriptional suppression of p21Cip1 (Sakurai et al., 2004). MAGEA2 
binds the DNA binding surface of p53, inhibiting its interactions with chromatin 
(Marcar et al., 2010). 
 
Table 2. Biological functions of MAGEA proteins 

MAGEA 
protein Biological functions 

MAGEA1 

Activating p-C-JUN directly or through ERK-MAPK pathways (D. 
Wang et al., 2016)
Repressing transcription by binding to SKIP and recruiting HDAC1 
(Laduron et al., 2004)

MAGEA2 

Degradation of p53 (Doyle et al., 2010)
Inhibition of MDM2 auto-ubiquitination (Marcar et al., 2015) 
Reduced degradation of MDM4 (Marcar et al., 2015)
Increasing ER-dependent signalling (Wong et al., 2014)
Repression of p53 activity (Marcar et al., 2010; Monte et al., 2006) 

MAGEA3/6 

Degradation of p53 (Doyle et al., 2010)
Degradation of AMPKα1 (Pineda et al., 2015)
Degradation of ZNF382 (T. Z. Xiao et al., 2011)
Enhancing TRIM28-dependent degradation of FBP1 (Jin et al., 2017) 

MAGEA4 
Suppressing the oncoprotein gankyrin (Nagao et al., 2003);  
Interaction with Miz-1 and down-regulating transcription of 
p21Cip1(Sakurai et al., 2004)

MAGEA5 Not well characterised
MAGEA8 Not well characterised
MAGEA9 Not well characterised
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MAGEA 
protein Biological functions 

MAGEA10 Not well characterised

MAGEA11 

Increasing Skp2-mediated degradation of cyclin A (Su et al., 2017) 
Increasing Skp2-mediated degradation of p130 (Su et al., 2017) 
Decreasing Skp2-mediated degradation of E2F1 (Su et al., 2017) 
Decreasing Skp2 self-ubiquitination (Su et al., 2017)
Increasing the AR transcriptional activity (Bai et al., 2005, 2008) 
Promoting alternative mRNA polyadenylation and 3’untranslated 
region shortening (S. W. Yang et al., 2020)

MAGEA12 
Promoting the ubiquitination of p21 (Yanagi et al., 2017); 
Activating Akt (Y. Shang et al., 2021)

 
 

2.2.5 MAGEA10 

MAGEA10 is an interesting member of the MAGEA family. It is probably the 
most immunogenic of the 11 MAGEA proteins, eliciting strong immune responses 
and leading to the creation of very persistent CD8+ T cells (Bricard et al., 2005; 
Groeper et al., 2007; Le Gal et al., 2007; Sartorius et al., 2008; Valmori et al., 2001). 
It is a nuclear protein with a length of 369 aa and an apparent molecular weight 
of 72 kDa (Carrel et al., 1996; Rimoldi et al., 1999; Schultz-Thater et al., 2011). 
However, it has an abnormal electrophoretic mobility, since other MAGEA 
family members have a molecular weight of about 45–50 kDa and MAGEA10 is 
only about 50 aa longer (Rimoldi et al., 1999). Unfortunately, the reasons behind 
this have remained undiscovered. Another difference between MAGEA10 and 
other MAGEA proteins can be seen in the N- and C-terminal regions of the 
proteins, where MAGEA10 has additional unique inserts after amino acid 37 and 
at the C terminus (Meek & Marcar, 2012). 
 
 

2.3 Extracellular vesicles 

The term “extracellular vesicles” (EV) is used to describe lipid bilayer-enclosed, 
cell-derived particles that do not contain a functional nucleus and therefore 
cannot replicate (György et al., 2011; Théry et al., 2018). The release of EVs from 
cells is conserved across all organisms from bacteria to mammals (Cui et al., 2020; 
Deatherage & Cookson, 2012). Since the detection of “platelet dust” in the 1960s 
and the first description of EV secretion as a means for eliminating unnecessary 
compounds from cells, researchers have reached an understanding that EVs are a 
highly heterogeneous group of particles (Johnstone et al., 1987; van Niel et al., 
2018; Wolf, 1967). Due to this, the general classification of EVs remains compli-
cated and guidelines suggest to classify the particles according to physical charac-
teristics (size and density), biochemical characteristics (surface markers), or cell 

Table 2. Continuation
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of origin or the conditions of their origin (apoptotic bodies, hypoxic EVs, podocyte 
EVs) (Théry et al., 2018). However, EVs are mostly divided into three biotypes – 
exosomes, microvesicles, and apoptotic bodies – according to their biogenesis 
(L. Cheng & Hill, 2022). 

Exosomes, otherwise known as small EVs, are 50–150 nm in diameter and are 
further classified as “classical” and “non-classical” exosomes (L. Cheng & Hill, 
2022). Classical exosomes are formed via the endosomal pathway, where a multi-
vesicular body (MVB) is formed by the invagination of the late endosomal 
membrane (L. Cheng & Hill, 2022). This process is orchestrated by the proteins 
of the endosomal sorting complex required for transport (ESCRT), which in-
fluence the recruitment of cargo, the inward invagination of the late endosomal 
membrane and the subsequent formation of intraluminal vesicles (ILV) in the 
MVB (Wollert & Hurley, 2010). However, there are also ESCRT-independent 
pathways for the formation of ILVs (Verderio et al., 2018). Then, the MVB fuses 
with the cellular plasma membrane and the ILVs are released into the extra-
cellular space, where they are referred to as exosomes (Harding et al., 1984; Pan 
et al., 1985). The difference between classical and non-classical exosomes is 
defined by the presence of classical exosome surface markers (CD63, CD9, 
CD81) (Kowal et al., 2016). 

Microvesicles, also known as large EVs, have an average diameter of 250–
400 nm but their size can range from 150 to over 1000 nm and they are generated 
by the outward budding and fission of the plasma membrane (L. Cheng & Hill, 
2022; Koifman et al., 2017; Théry et al., 2018). The formation of microvesicles 
occurs at specific locations on the cell membrane, where phospholipid rearrange-
ments and cytoskeletal processes influence the pinching and detachment of 
vesicles (Connor et al., 1992; Fox et al., 1990; Piccin et al., 2007).  

Apoptotic bodies are 1–5 μm in diameter and thus the largest class of EVs 
(L. Cheng & Hill, 2022). They are formed during apoptosis, when the cell memb-
rane begins blebbing and forming microtubule spikes, apoptopodia, and beaded 
apoptopodia, which later disassemble into apoptotic bodies (Atkin-Smith et al., 
2015; L. Cheng & Hill, 2022; Moss et al., 2006; Poon et al., 2014). 

All EVs enclose cargo that represents their cell of origin (L. Cheng & Hill, 
2022; Cossetti et al., 2014; Kalra et al., 2016; Valadi et al., 2007; van Niel et al., 
2018). This cargo can be actively packaged into the EVs during their formation 
or just randomly included (L. Cheng & Hill, 2022; van Niel et al., 2018). The latter 
is more characteristic of apoptotic bodies, owing to their size and manner of 
formation (Atkin-Smith et al., 2015; L. Cheng & Hill, 2022). 

 
 

2.3.1 Functions of EVs 

EVs have a myriad of cellular functions. The initial hypothesis, that has been later 
proven to be true is that EVs facilitate the removal of harmful contents from cells 
(Takahashi et al., 2017). However, the most prominent function seems to be EV-
mediated cell to cell interaction, which in turn mediates processes such as cell 
differentiation and tissue regeneration (Qin et al., 2016), immune responses 
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(Gebraad et al., 2018; Segura et al., 2005), and genetic exchange (Valadi et al., 
2007). EVs have also been shown to be involved in blood coagulation (Mallat et al., 
1999) and to have specific roles in neurodegenerative (Ngolab et al., 2017; Vella 
et al., 2007) and cardiovascular diseases (Mesri & Altieri, 1998; Yu et al., 2012) 
as well as cancer development (Al-Nedawi et al., 2009; Y. Chen et al., 2017; Skog 
et al., 2008). Another interesting fact is that EVs can cross and even assist in the 
destruction of the blood-brain barrier (Morad et al., 2019; Tominaga et al., 2015). 
 
 

2.3.2 Clinical potential of EVs 

Researchers are very interested in the clinical potential of EVs, since they are 
involved in many pathological processes and carry a vast array of biomolecules. 
One way of exploiting the knowledge on EVs in disease is to use the particles as 
therapeutic targets. Therapies targeting EVs mainly focus on inhibiting either EV 
release pathways or their uptake by recipient cells (L. Cheng & Hill, 2022). Inhi-
biting EV release has shown good results in both neurodegenerative disease 
(Dinkins et al., 2014, 2016) and cancer (Datta et al., 2018; Kosgodage et al., 2018; 
B. Wang et al., 2019). However, blocking EV uptake in the recipient cells has 
proven to be more difficult but initial results are promising (Kawamoto et al., 2012; 
Nanbo et al., 2013). 

Another potential clinical use for EVs is their application as diagnostic bio-
markers. A wide selection of glycans, lipids, proteins, and nucleic acids have been 
identified in EVs and catalogued, but few of them are used in a clinical setting 
(Kalra et al., 2012; Keerthikumar et al., 2016). So far, EV-based tumour diag-
nostic tests are available for prostate and lung cancer (Castellanos-Rizaldos et al., 
2019; McKiernan et al., 2016) but work is ongoing to include pancreatic ductal 
adenocarcinoma (Allenson et al., 2017), melanoma (García-Silva et al., 2019), and 
other tumours with cancer-associated mutations (Domenyuk et al., 2017; Möhr-
mann et al., 2018) to the list of malignancies that can be diagnosed with the aid of 
EVs. EVs can also be used for neurodegenerative disease diagnostics. For example, 
both protein and RNA-based assays are being validated for Alzheimer’s (Goetzl 
et al., 2018; T. T. Yang et al., 2018) and Parkinson’s diseases (Cao et al., 2017; 
S. Wang et al., 2017). 

Lastly, EVs can be used as therapeutic agents. For example, native EVs derived 
from MSCs can be used to enhance recovery from myocardial infarct (Lai et al., 
2010) and stroke (Xin et al., 2013), plasma-derived EVs have shown to aid in 
wound healing (S.-C. Guo et al., 2017), and EVs from dendritic cells may be used 
for several vaccinations for infectious diseases (Beauvillain et al., 2007; Y. Cheng 
& Schorey, 2013; Choi et al., 2015) and cancer (Escudier et al., 2005; Morse et al., 
2005). Native EVs can also be manipulated to contain additional cargo to enhance 
therapeutic performance (Jang et al., 2021), target them to a specific location 
(Alvarez-Erviti et al., 2011; Pi et al., 2018; J.-H. Wang et al., 2018), or to be used 
as a carrier for therapeutic biomolecules (Alvarez-Erviti et al., 2011; Banizs et al., 
2014; Lamichhane et al., 2015). 
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3. AIMS OF THE STUDY 

As cancer is one of the leading causes of death in the modern world (Roth et al., 
2018; WHO, 2022), many efforts have been made to find better diagnostic and 
therapeutic tools to battle the disease. For the last few decades, CTAs have been 
regarded as potential targets for usage in both cancer diagnostics and immuno-
therapy due to their restrictive expression pattern and immunological properties. 
However, despite extensive research many aspects about them have remained 
elusive and thus CTAs are not a part of common oncology yet. To keep moving 
towards effective and safe therapeutical and diagnostic strategies involving CTAs, 
we must first understand their biology. 

We have discovered that MAGEA proteins MAGEA4 and MAGEA10, both 
well-known CTAs are incorporated into vesicles (virus-like particles, VLPs) re-
leased by cells and exposed on the surface of said vesicles (Kurg et al., 2016). 
This prompted us to conduct a more detailed research project concerning MAGEA 
family members to further our understanding of these CT antigens.  

This study focuses mainly on MAGEA10, a highly immunogenic CTA, which 
is an outlier in the MAGEA family, based on overall biological characteristics. We 
hypothesised that the individual characteristics of MAGEA proteins are deter-
mined by the sequences flanking the conserved MHD region, whereas the shared 
properties are determined by the MHD. The aims of the study are the following: 

• Define the importance of the different regions of MAGEA10 in the context of 
its characteristics. 

• Determine the region responsible for the nuclear localisation of MAGEA10. 

• Determine whether MAGEA are incorporated into naturally occurring extra-
cellular vesicles. 
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4. MATERIALS AND METHODS 

All materials and methods used in this dissertation are described in great detail in 
the corresponding publications. This section provides a brief overview of the 
materials and methods used. 

MAGEA protein coding sequences were cloned into pQM expression vectors 
under the control of the cytomegalovirus (CMV) promoter to enable high expres-
sion levels. Deletions and point mutations were carried out using PCR. The ex-
pression plasmids were electroporated into COP5-EBNA mouse fibroblast cells 
to achieve transient MAGEA protein expression, since this cell line does not har-
bour human MAGEA genes and thus does not produce MAGEA proteins endo-
genously. U2OS human osteosarcoma cells were used to follow endogenous 
MAGEA expression to see whether the same characteristics apply to transiently 
and endogenously produced proteins (Study II). 

For isolating EVs, COP5-EBNA cells were cultivated for 72 hours post-trans-
fection and U2OS cells for 72 hours after reaching the desired confluency. EVs 
were isolated from the cell culture medium by differential centrifugation to achieve 
separation of different EVs by size. Firstly, the media was centrifuged at 300 × g 
to remove all cellular debris and dead cells. The next centrifugation step was carried 
out with the remaining supernatant at 2000 × g to sediment the large vesicles 
(2K fraction, large EVs), after that the remining supernatant from the previous step 
was centrifuged at 16 500 × g to sediment medium-sized vesicles (16K fraction, 
omitted in Study I), and finally the remaining supernatant was centrifuged at 
120 000 × g to sediment the small EVs (120K fraction, small EVs). All EVs were 
resuspended in phosphate-buffered saline (PBS) and subjected to an additional 
purification step by centrifuging the samples through PBS at either 17 000 × g 
for the 2K and 16K fractions or 120 000 × g for the 120K fraction. The samples 
were resuspended in fresh PBS and stored at 4 °C. 

Protein expression in cells and EVs was analysed by immunofluorescent 
staining (cells only), Western blotting or flow cytometry 24 to 72 hours post-trans-
fection. 
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5. RESULTS AND DISCUSSION 

5.1 The N-terminal region affects multiple MAGEA10 
characteristics (Study I)  

5.1.2 Amino acids K6 and R7 are required for the nuclear 
localisation of MAGEA10 

It has been speculated that amino acids 5–11 of MAGEA10 harbour a NLS 
similar to the simian virus 40 (SV40) large T antigen (Rimoldi et al., 1999), how-
ever, it has not been experimentally confirmed in previous studies. The amino 
acid sequence at the N-terminus of MAGEA10 (PRAPKRQR, aa 2–9) contains 
the motif (P/R)XXKR(ˆDE)(K/R) (where ˆDE refers to any aa except Asp or Glu), 
which is classified as an importin α-binding class 2 NLS (Kosugi et al., 2009). It 
was therefore determined that the positively charged amino acid residues in the 
N-terminal region can be responsible for the nuclear localisation of MAGEA10, 
with K6 and R7 being the most probable candidates, since they are located in the 
middle of the (P/R)XXKR(ˆDE)(K/R) motif. To test it, these residues were re-
placed with alanines, individually and together (Fig 2A, Study I). Expression of 
all mutants was confirmed by western blotting (Fig 2B, 2C, Study I). Indirect 
immunofluorescence analyses with antibodies against MAGEA10 revealed that 
mutating residues K6 and R7 disrupts the nuclear localisation (Fig 2D, Study I), 
confirming the presence of a NLS in the N-terminus of MAGEA10. Furthermore, 
the nuclear localisation is not influenced by the availability of the N-terminus, 
since wt MAGEA10 is located in the cell nucleus, whereas the mutated construct 
P2/R3/P5/K6/R7A localises in the cytoplasm, regardless of the positioning of the 
epitope tag E2Tag (Fig. 5D, Study I), further confirming the existence of the NLS. 
The NLS sequence classification as an importin α-binding class 2 NLS suggests 
that MAGEA10 may be imported into the nucleus via the importin α/β pathway 
(Lange et al., 2007), similar to SV40 and c-myc (Saphire et al., 1998). However, 
some cells expressing the mutated proteins retained a minute signal in the 
nucleus, suggesting that other regions of MAGEA10 may have a role in directing 
its localisation as well. 
 
 

5.1.1 The first 7 aa influence the aberrant migration  
of MAGEA10 in SDS-PAGE 

A defining characteristic of the MAGEA10 protein is that it migrates as a roughly 
70 kDa protein in SDS-PAGE, whereas its calculated molecular weight (MW) is 
42.3 kDa and other MAGEA proteins show sizes of about 45–50 kDa (Rimoldi 
et al., 1999; Schultz-Thater et al., 2011). The reasons behind this anomaly have 
remained elusive. It has been determined that proteins with certain characteristics, 
such as high net charge (Pitt-Rivers & Impiombato, 1968; K. Weber et al., 1972) 
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or an abundance of post-translational modifications (PTM) (Arndt & Berg, 1970; 
Pitt-Rivers & Impiombato, 1968) move aberrantly in SDS-PAGE. However, a 
certain reason for the abnormal mobility of MAGEA10 has not been confirmed. 

To identify the region(s) responsible for this phenomenon, deletion mutants 
of MAGEA10 (Fig. 1A, 1B, Study I) were constructed. The N-terminal 120 amino 
acids (mutant 1–120) and the C-terminal region starting from amino acid 121 
(mutant 121–369), which contains the MHD, were separated and linked to the 
EGFP protein or the epitope tag E2Tag. Furthermore, mutants 15–120 and 15–369, 
lacking the first 14 N-terminal amino acids, and mutant 121–327 encoding the 
MHD alone, were also constructed and fused with the aforementioned tags. All 
constructs had the epitope tag or EGFP attached to the C-terminus, thus the  
N-terminus remained unobstructed (Fig. 1A, 1B, Study I).  

Mouse fibroblast COP5-EBNA cells were transfected with expression plas-
mids encoding for MAGEA10 wt and mutants and protein expression was ana-
lysed by immunoblotting. It was determined that wt MAGEA10 has an apparent 
MW of about 68–70 kDa (Fig. 1C, lane 2, Study I), consistent with previous data. 
The observed difference between the computational and apparent MW for wt 
MAGEA10 was 1.6-fold (Table 3). Similar results were seen with the MAGEA 
10-EGFP fusion protein (Fig 1D lane 3, Study I), where a 1.4-fold difference was 
noted (Table 3). Interestingly, both the 1–120 and 121–369 mutans migrated as 
30–32 kDa proteins (Fig 1C, lanes 4 and 7, respectively, Study I), although only 
121–369 is expected to be around that size, whereas 1–120 should have a MW of 
14 kDa, thus demonstrating a massive 2.2-fold difference between the computa-
tional and apparent MWs (Table 3). Again, fusion proteins with EGFP showed 
the same tendencies (Fig 1D, lanes 5 and 8, Study I). It is interesting to note that 
the MAGEA10 protein has a serine-rich region within the 1–120 aa stretch, which 
holds many possible glycosylation sites. Glycosylation has been shown to de-
crease the electrophoretic mobility of proteins in SDS-PAGE (Scheller et al., 2021). 
Thus, the first assumption was that MAGEA10 might undergo PTM, where suit-
able amino acid residues undergo glycosylation. Therefore, MAGEA10 mutants 
where either four or eleven serine residues within the serine-rich stretch were sub-
stituted for glycine, were constructed and analysed. Nevertheless, no significant 
change in migration was observed (unpublished data) and, taking into account 
that each glycan is thought to add about 2.5 kDa of weight to a protein (Scheller 
et al., 2021), glycosylation is probably not the main reason behind the aberrant 
migration of MAGEA10. Although, there were still some serine residues left un-
changed which might still be subjected to PTM and thus could influence the 
electrophoretic mobility. 
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Table 3. Differences in MAGEA10 computational and apparent molecular weight. 
The observed fold-differences are highlighted in shades of red, with the highest being the 
most vibrant. 

  Protein 
length (aa) 

Calculated 
MW (kDa)

Apparent MW 
in SDS-PAGE 

(kDa) 

Apparent vs 
calculated MW 
(fold-difference) 

MAGEA10-E2tag 383 42.3 68 1.6 
15–369-E2tag 370 40.7 46 1.1 
1–120-E2tag 133 13.9 30 2.2 
121–327-E2tag 221 25.3 25 1.0 
121–369-E2tag 264 30 32 1.1 
MAGEA10-EGFP 620 69 98 1.4 
15–369-EGFP 598 66.4 74 1.1 
1–120-EGFP 369 40.4 64 1.6 
15–120-EGFP 356 38.8 48 1.2 
121–327-EGFP 457 51.8 52 1.0 
121–369-EGFP 500 56.5 56 1.0 

 
An interesting observation was that the deletion of the first 14 aa showed a 
significant change in protein mobility in SDS-PAGE. In both E2tag and EGFP 
constructs, 15–369 had a MW difference of over 20 kDa from the full-length 
MAGEA10 (Fig 1C, compare lanes 2 and 3; 1D, compare lanes 3 and 4, Study I), 
but remained around 5 kDa higher than expected (Table 3). In the case of 15–120, 
the E2tag construct showed no expression (Fig 1C, lane 5, Study I), but the EGFP 
fusion differed from 1–120 by over 10 kDa (Fig 1D, compare lanes 5 and 6, 
Study I), although the computational difference should be about 1.6 kDa (Table 3). 

These results and an observation that the double-mutation of K6 and R7 also 
reduced the apparent MW on SDS-PAGE (Fig. 2B, lane 5, Study I) prompted 
further investigations into the significance of the first 14 aa residues in the 
aberrant migration of MAGEA10. Two prolines (P2 and P5), three positively 
charged residues (R3, K6, R7), and three negatively charged residues (E13, E14, 
D15) were changed to alanines in different combinations (Fig. 3A, 3C, 4A, 
Study I). Western blot analyses showed that single mutations of aa residues P2, R3, 
P5, K6, and R7 to alanines had no effect on the migration of wt MAGEA10 (Fig. 
3B, Study I). However, mutants with two, three or five substitutions had differing 
effects based on the combination of substituted residues in both the wt and 1–120 
deletion mutant. Both double mutants K6/R7A and P2/R3A resulted in a small 
shift in size (Fig. 3B, lanes 5 and 9; 3F, lanes 3 and 4, Study I). Triple mutant 
P5/K6/R7A produced two bands, one similar to the double mutants and the other 
with an additional approximate 7 kDa size shift (Fig. 3B, lane 10, Study I), and a 
similar result in 1–120, where the lower band was comparable in size to the 15–
120 mutant (Fig. 3F, compare lanes 5 and 8, Study I). Interestingly, triple mutant 
E13/E14/D15 did not have an effect on the migration of 1–120 (Fig. 3F, lane 7, 
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Study I). Most notably, mutating five residues from the first seven (P2/R3/P5/ 
K6/R7A) resulted in an approximate 8 kDa shift in both the wt and 1–120 proteins. 
Fascinatingly, inserting either the native or mutated stretch of the N-terminal 
14 aa to the N-terminus of the EGFP protein did not affect the fusion-protein’s 
mobility (Fig. 3C-D, Study I). This shows that the positively charged and proline 
residues within the first seven amino acids of MAGEA10 influence the SDS-
PAGE mobility of the protein but do not account for the whole size shift and only 
work in the context of the intrinsically disordered N-terminal region of MAGEA10. 

Another probable reason behind the aberrant migration of MAGEA10 is the 
ability to bind SDS. MAGEA10 contains an abundance of both positively and 
negatively charged amino acids, as well as many proline residues, with the latter 
being more prevalent in the 1–120 region. In the context of SDS-PAGE mig-
ration, basic amino acids bind SDS very well, proline does so at a lower affinity, 
and acidic amino acids do not bind SDS at all, but repel it due to both being 
negatively charged (Maley & Guarino, 1977). The effect of negatively charged 
amino acids on SDS-binding and subsequent decreased mobility has been well 
documented (Armstrong & Roman, 1993; Klenova et al., 1997; Moussa et al., 
2004; Sang & Barbosa, 1992). However, our results state that the greatest effect 
on MAGEA10 migration was observed when mutating proline or basic residues, 
while substitution of the acidic residues had no effect. This constitutes yet another 
possibility regarding proline residues within the protein. It has been shown that 
proteins with a higher proline content migrate slower in SDS-PAGE than expected 
(Fayet et al., 2023; Hamauzu et al., 1975; Noelken et al., 1981). This may be due 
to rigid structures, that inhibit movement in the acrylamide gel. MAGEA10 has 
an overall proline content of 7,9%, whereas the proline content of the N-terminal 
region (1–120) is 12,5% and the rest of the protein contains only 5,6% proline. 
Some of the proline residues are in very close proximity to each other in the 1–120 
region, with three being located within the first 14 aa residues. This suggests the 
possibility of proline-dependent rigid structures responsible for the aberrant 
movement of the N-terminal region of MAGEA10. 

A further observation about the N-terminus of MAGEA10 in the context of 
SDS-PAGE mobility was that if the region is blocked by an epitope tag (Fig. 5A, 
Study I) or fused to another protein (Fig. 4A, Study I), its effect is significantly 
decreased and further manipulations, such as mutations, do not seem to influence 
the mobility any more (Fig. 4B, 5B, Study I). This suggests that the possible 
electrostatic or structural elements responsible for the aberrant SDS-PAGE 
migration of MAGEA10 only have an effect if the N-terminus is unobstructed. 
However, the exact mechanisms behind this phenomenon stay elusive. 
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5.1.3 The N-terminus has a stabilising effect on MAGEA10 

While analysing the aberrant migration of MAGEA10, a difference in signal 
intensity between the deletion mutants was detected. Therefore, flow cytometric 
analyses were conducted with COP5-EBNA cells transiently expressing the EGFP 
fusion proteins. It was noted that the N-terminal region 1–120 had a much higher 
mean fluorescence intensity (MFI) than the C-terminal regions 121–327 and 121–
369 (Fig 1F, Study I). Furthermore, deletion of the first 14 amino acids from the 
N-terminus resulted in an approximately two-fold decrease of MFI in both the  
1–120 region and the full-length protein (Fig. 1F, Study I). We also determined 
that the differences in expression rate emerge due to the ubiquitin-proteasome 
pathway, since treatment with the proteasome inhibitor MG-132 increased the 
expression of the C-terminal regions, while not affecting the N-terminal 1–120 
segment (Fig. 1E, Study I), indicating that the N-terminus protects the 
MAGEA10 protein from degradation. To investigate the stabilising effect of the 
N-terminus further, additional constructs were made, where the epitope tag 
E2Tag (Fig. 5A, Study I) or EGFP (Fig. 4A, Study I) was inserted in front of the 
N-terminus. The epitope tag E2Tag should not sterically influence the structure 
of the protein, singe it is a very small peptide (SSTSSDFRDR). It was evident 
that blocking the N-terminus had a detrimental effect on the expression level of 
MAGEA10 (Fig. 5B) or the truncated 1–120 region (Fig. 4B). However, this 
decreased expression was not the result of proteasomal degradation, since 
treatment with MG-132 had no effect on the expression of the N-terminal region, 
regardless of the position of the EGFP protein (Fig. 4D) and did not fully restore 
the expression of the N-terminally tagged full-length protein (Fig. 5C). 

Both the N- and C-terminal tails of MAGEA10 have been predicted as intrinsi-
cally disordered regions (IDR) by AlphaFold, but the crystallised protein structure 
has not been confirmed. Although crystal structures of the MHDs other members 
of the MAGEA family are known (Newman et al., 2016), structures of the full-
length proteins have only been predicted and these predictions also contain IDRs 
in the tails of the proteins. While IDRs are mostly known to negatively affect 
protein stability (Rogers et al., 2021; van der Lee et al., 2014), there is evidence 
that they can also stabilise their binding partners, whether it is another protein 
(L.-W. Guo & Ruoho, 2011) or a different region within the same protein (Hegde 
et al., 2013; Maurizio et al., 2011). Thus, it is possible that the N-terminal dis-
ordered tail interacts with other parts of the MAGEA10 protein, stabilising them. 
Another possibility lies within the amino acid sequence of the N-terminal region. 
Fishbain et al have demonstrated that disordered protein tails with sequence bias 
protect the proteins from proteasomal degradation and that one such bias includes 
proline-rich regions (Fishbain et al., 2015). The sequence of the N-terminal region 
1–120 of MAGEA10 contains 12,5% proline, compared to 5,6% in the remaining 
protein (121–369). Additionally, the first 14 N-terminal amino acids include three 
proline residues in close proximity to each other. This suggests that MAGEA10 
could possibly escape proteasomal degradation thanks to its N-terminal proline-
rich sequences.
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5.2 MAGEA proteins are incorporated into EVs (study II and I) 

During research regarding virus-like particles (VLP), it was discovered that 
MAGEA proteins were incorporated into and exposed on the surface of VLPs 
(Kurg et al., 2016). This prompted research into whether this phenomenon is 
extended to EVs. To test this, COP5-EBNA cells were transfected with MAGEA-
encoding expression plasmids and grown for 72 hours. Afterwards, the cell culture 
media was collected and differentially centrifuged as described by Kowal et al 
(Kowal et al., 2016) to precipitate EVs of different sizes (Fig. 1A, Study II). Three 
fractions of EVs were obtained: 2K, 16K, and 120K. Transfected cells were used 
as positive controls for protein expression. 

Western blot analyses of the cells and EVs indicated that MAGEA10 was 
present in all EV fractions, whereas 2K and 120K had stronger MAGEA10 signals 
than 16K (Fig. 1B, Study II). It seemed that the intracellular localisation of the 
protein did not influence its overall inclusion into EVs, although comparison 
between MAGEA10 and -A4 revealed that MAGEA4, a cytoplasmic protein, was 
more prevalent in EVs than the nuclear MAGEA10 (Fig. 1C, Study II). Both the 
immunoblotting and particle analyses showed that the three EV fractions were 
well distinguishable and that each MAGEA family member was incorporated into 
mouse fibroblast-derived particles of various sizes (Fig 1B-F, Study II). Inte-
restingly, since there were differences between the particle profiles of MAGEA10- 
and MAGEA4-positive EVs (Fig. 1F, Study II), it is possible that different 
mechanisms are behind each protein’s incorporation into EVs. 

 
 

5.2.1 Endogenous MAGEA4 is also incorporated into EVs 

Since previous work had been conducted with cells transiently overexpressing 
MAGEA proteins, it was difficult to ascertain whether endogenously expressed 
MAGEA proteins behave in the same way. Not many cell lines are known to 
express MAGEA proteins, but human osteosarcoma cell line U2OS is a great tool 
for researching endogenous MAGEA expression. It expresses many MAGEA 
proteins, including MAGEA4 and MAGEA10, although the latter does not have 
a very high expression level (B. Li et al., 2014; Marcar et al., 2010). EVs pro-
duced by U2OS cells were shown to express MAGEA4, confirming the packing 
of endogenous MAGEA4 into EVs (Fig. 5B, Study II). This is probably the case 
for endogenous MAGEA10 as well but needs to be proven. Nevertheless, this 
could prove difficult, since very few cell lines express MAGEA10 and at low 
levels.  

Packing of endogenous MAGE proteins has been shown in squamous cell car-
cinomas of the head and neck (Bergmann et al., 2009), glioma (Bu et al., 2011), 
and bladder carcinoma (Yazarlou et al., 2018). This may indicate that inclusion 
into EVs is a shared feature of MAGE proteins and can therefore be utilised in 
cancer therapy and diagnostics. The studies, which revealed MAGE proteins as 
components in tumour-derived EVs also indicated the immunological properties 
of the particles (Bu et al., 2011) and their possible usage as diagnostic tools 
(Yazarlou et al., 2018).
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5.2.2 MAGEA proteins are expressed on the surface of EVs 

To determine the possibility that MAGEA10 is exposed to the surface of EVs, 
flow cytometric analyses were conducted. The EVs were loaded onto aldehyde/ 
sulphate latex beads (Kurg et al., 2016) and incubated with MAGEA-specific 
antibodies. Signals were detected for all three fractions (Fig. 2A, Study II), 
suggesting that MAGEA10 is exposed on the EV surface, at least partly. Like the 
western blot analyses, MAGEA10 produced a lower signal in the 16K fraction, 
compared to 2K and 120K (Fig. 2A, Study II). The surface expression was con-
firmed with immunoprecipitation (Fig. 3A, 3B, Study II). Analyses with MAGEA4 
indicated that the C-terminal region of the protein is exposed on the surface, since 
the C-terminal epitope tag E2Tag was recognised by the corresponding antibody 
(Fig. 2B, 2C, Study II). Whether this is the case for MAGEA10, is yet to be 
determined.  

Since it has been shown that MAGEA10 peptides are presented to the immune 
system by human leukocyte antigen (HLA) molecules (Jia et al., 2011; Valmori 
et al., 2001) and that EVs can contain MHC capable of inducing immune re-
sponses (Admyre et al., 2006; André et al., 2004; Buschow et al., 2009) it is pos-
sible that MAGEA proteins are presented to the surface of EVs via antigen pre-
senting pathways. However, MAGEA proteins have not been fully structurally or 
functionally characterised and can thus harbour other possibilities of crossing the 
lipid bilayer and reaching the EV surface. Regardless of the specific mechanisms, 
the fact that MAGEA proteins are exposed on the surface of EVs indicates usage 
of MAGEA-EVs as cancer biomarkers. Therefore, this aspect of MAGEA pro-
teins deserves to be investigated further. 

 
 

5.2.3 The C-terminal region is required for incorporation into EVs 

The notion that the C-terminus is exposed on the surface led to the question 
whether the C-terminal region influences the incorporation of MAGEA proteins 
into EVs. Truncated MAGEA4 proteins, where either 104 (MAGEA4-105) or 
160 (MAGEA4-161) amino acids from the N-terminus were deleted, were con-
structed, and expressed in COP5-EBNA cells. MAGEA4-105 retains the entire 
MHD, whereas in MAGEA4-161 the MHD is disrupted (Fig. 4A, Study II). It 
was observed that a disrupted MHD prevented the protein from being included 
into EVs (Fig. 4C, Study II). In the case of MAGEA10, mutations in the sta-
bilising N-terminus did not affect its incorporation into EVs (Fig 6C, D, Study I) 
and the truncated protein 1–120 was not incorporated into vesicles at all, further 
indicating that regions within the C-terminus of the protein are responsible for 
that function. 

As other MAGE proteins have also been found in EVs (Bergmann et al., 2009; 
Bu et al., 2011; Yazarlou et al., 2018), it is possible that a shared mechanism is 
behind their incorporation into the particles. This may be facilitated by the MHD, 
which is known to be the driving force between the interactions of MAGE pro-
teins and RING ubiquitin ligases (Doyle et al., 2010). However, since MAGEA10 
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and -A4 seem to occupy different types of EVs, it is also possible that multiple 
EV generation pathways are involved in the packaging of MAGEA proteins as 
EV cargo. 

 
 

5.2.4 MAGEA10 induces EV shedding 

While researching EVs containing MAGEA proteins, it was observed that 
MAGEA-expressing cells tend to produce more EVs than the negative controls. 
Analysing the total protein and particle yield demonstrated that MAGEA10 is 
capable of inducing EV formation and release (Fig. 6C, 6D, Study II) and showed 
an ability to induce EV shedding similar to the murine leukaemia virus (MLV) 
Gag protein, which is known to drive the formation of VLPs (Kurg et al., 2016). 
In addition to viral proteins inducing vesicle production, it seems to be a common 
phenomenon that the first regulators of EV formation are its cargoes (van Niel 
et al., 2018). For example, Fan et al demonstrated that a peptide from the charged 
multivesicular body protein 6 (CHMP6) is capable of promoting small EV 
production (J. Fan et al., 2022). This indicates that MAGEA10 may be an 
initiating factor in EV formation and secretion if it is packaged into the particles 
as cargo. This, however, needs further research as the mechanisms behind MAGEA 
incorporation into EVs and their fate in the particles is still elusive. 
 
 

5.3 EVs with MAGEA proteins are stable (study III) 

To further characterise EVs loaded with MAGEA proteins, the particles were 
subjected to long-term storage at +4 °C and –80 °C. The EVs were stored in PBS 
for three weeks at either temperature and showed no deterioration or loss of 
MAGEA signal (Fig. 1, Study III). It was determined that MAGEA-containing 
EVs can be stored at typical EV storing conditions (Kusuma et al., 2018), without 
having to consider vesicle concentration loss (Frank et al., 2018; Lőrincz et al., 
2014), possible changes in size (Maroto et al., 2017; Sokolova et al., 2011) or 
loss of cargo (H. Zhou et al., 2006) reported in some cases of EV storage. 

Another aspect of MAGEA proteins attached to EVs seems to be the tight 
binding of the protein to the particle. It seems that MAGEA are stably bound to 
the vesicles via hydrophobic forces, since disruptions of electrostatic bonds did 
not strip the EVs of MAGEA, whereas a non-ionic detergent or high pH did 
(Fig. 3C, 3D, Study III). It also seemed that the latter two tended to disintegrate 
the EVs themselves (Fig. 3E, Study III), so this might not fully reflect the 
mechanism behind MAGEA-EV interactions, as it has been shown that high pH 
can be detrimental to vesicles (Ban et al., 2015). Therefore, additional research is 
needed to determine the mechanisms behind MAGEA incorporation into and 
subsequent surface presentation on EVs. 
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6. CONCLUSIONS 

Members of the MAGEA family of cancer-testis antigens are highly immuno-
genic and have the potential to be used in cancer diagnostics and immunotherapy. 
Nonetheless, many of their biological characteristics have remained elusive. In 
this study, several aspects of MAGEA10 and, to a lesser extent, MAGEA4 were 
investigated to further the understanding of their relevance in cancer biology. 

Based on the results of the studies reviewed in this dissertation, the following 
conclusions can be made: 

• The distinct characteristics of MAGEA10, such as the nuclear localisation and 
slower SDS-PAGE movement are determined by the N-terminal region 
spanning amino acid residues 1–120, which contains sequences unique to this 
family member. Interestingly, the first 14 amino acid residues play a crucial 
role in how MAGEA10 acts. The MHD does not influence these aspects of 
the protein. 

• The nuclear localisation of MAGEA10 is determined by the first seven amino 
acid residues, which contain an importin α-binding class 2 NLS, like those of 
SV40 Large T antigen and human c-myc. 

• MAGEA10 and MAGEA4 are incorporated into native EVs released by cells 
and this process may be facilitated by the MHD, since other MAGE proteins 
have been shown to be present in naturally occurring EVs as well. 

• MAGEA10 and MAGEA4 are exposed on the surface of the EVs and the 
interactions between the protein and the particle are probably controlled by 
hydrophobic interactions. 

 
These results showcase the similarities between MAGEA proteins as well as 
distinctive features of each individual family member. Both aspects should be taken 
into consideration when exploiting MAGEA in the clinical setting to achieve the 
best results. 
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SUMMARY IN ESTONIAN 

Vähi-testise antigeen MAGEA10 omaduste paljastamine 

Vähk on tänapäeval üks juhtivatest surmapõhjustest ning seetõttu otsitakse pidevalt 
efektiivsemaid ja kahjutumaid viise selle raviks. Olenemata aastakümnete pikkus-
test pingutustest hõlmab vähiravi siiski peamiselt kirurgilist sekkumist ja/või 
kiiritus- või keemiaravi, millest viimase kahega kaasnevad laiaulatuslikud kõrval-
nähud, kuna ravi ei erista vähkkasvajat tervetest kudedest. Seetõttu on pandud 
rõhku vähispetsiifiliste sihtmärkide otsimisele, et ravi mõjuks vaid sellele ette 
nähtud kohas ning ei kahjustaks ülejäänud organismi. 

Üheks uurimissuunaks on kujunenud vähi-testise antigeenid (ingl. k cancer-
testis antigens, CTA) – valgud, mis on võimelised vähipatsientides esile kutsuma 
immuunvastuseid ning mida toodetakse enamasti vaid vähkkasvajates. Tava-
kudedes on neid valke kodeerivad geenid enamjaolt vaigistatud, erandiks suure 
osa puhul vaid sperma tüvirakud. Üheks tuntumaks vähi-testise antigeenide alam-
perekonnaks on MAGEA (melanoomi-seoseline antigeen A), kuhu kuuluvad 
valgud suudavad esile kutsuda väga tugevaid immuunvastuseid. Lisaks on 
MAGEA valke leitud väga eriilmelistest vähkkasvajatest. Seega on nende näol 
tegemist väga ahvatlevate sihtmärkidega, kasutamiseks nii diagnoosimisel kui 
ravis. Kahjuks ei ole siiani lõpuni kindlaks tehtud, milline on vähi-testise anti-
geenide roll rakkudes ning seetõttu ei ole nende kasutamine jõudnud igapäevasesse 
vähiravisse. 

Teine spetsiifiline lähenemine vähiravile hõlmab endas rakuväliseid vesiiku-
leid (ingl. k extracellular vesicle, EV). EV-d on lipiidse kaksikkihiga ümbritsetud 
nanoosakesed, mida toodavad kõik elusrakud ning milles sisalduvad päritolu-
rakust pärit nukleiinhapped, valgud, metaboliidid jms. Kuna on näidatud, et 
vähkkasvajatest eraldunud vesiikulites sisalduvad vähile omased molekulid ning 
et EV-d osalevad immuunsüsteemi töös, on ka EV-dest kujunenud potentsiaalsed 
sihtmärgid nii vähi diagnostikas kui ravis. 

Antud doktoritöös on uuritud vähi-testise antigeeni MAGEA10 ning vähemal 
määral sama perekonna valgu MAGEA4 omadusi. Leiti, et MAGEA10 omadused, 
mis erinevad teistest perekonnakaaslastest, määravad ära valgu N-terminaalses 
osas asuvad unikaalsed aminohappelased järjestused. Avastati, et MAGEA10 
tavapäratult aeglase liikuvuse eest akrüülamiidgeelis vastutavad valgu esiotsa 
aminohappejäägid 1–120. Selles regioonis sisaldub hulgaliselt proliinijääke, mis 
võivad tekitada jäiga struktuuri, mille puhul on akrüülamiidgeelist läbi liikumine 
raskendatud. Siiski, kindlat põhjust antud fenomenile ei leitud ning see vajab 
edasist uurimist. 

Lisaks näidati, et MAGEA10 tuumalokalisatsiooni eest vastutavad valgu esi-
mesed seitse aminohappejääki, milles peitub tuumalokalisatsioonisignaal. Sar-
nane signaal on olemas viiruse SV40 suurel T antigeenil ja valgul c-myc ning see 
viitab, et MAGEA10 transporditakse rakutuuma sama mehhanismi kaudu.  
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Veel tehti kindlaks, et MAGEA10 lülitatakse EV-de koostisesse ning et see 
omadus on olemas ka perekonnakaaslasel MAGEA4. Mõlema valgu puhul tähel-
dati, et need eksponeeriti erineva suurusega vesiikulite pinnale, ning lisaks nähti, 
et MAGEA valgud on vesiikulite pinnale tugevalt kinnitunud. See kõik omakorda 
tähendab, et MAGEA valke kandvaid EV-sid oleks võimalik kasutada vähi bio-
markeritena. 

Kokkuvõttes võib öelda, et MAGEA perekonna esindajad on väga head siht-
märgid vähiraviks ning diagnostikaks, nii üksi kui vesiikulite koostises, kuid heade 
kliiniliste tulemuste saavutamiseks tuleb neid sügavuti uurida. 
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