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ABSTRACT

The melanoma antigen (MAGE) family proteins are well
known as tumor-specific antigens and comprise more
than 60 genes, which share a conserved MAGE homol-
ogy domain (MHD). Type I MAGEs are highly expressed
cancer antigens, and they play an important role in
tumorigenesis and cancer cell survival. Recently, several
MAGE proteins were identified to interact with RING
domain proteins, including a sub-family of E3 ubiquitin
ligases. The binding mode between MAGEs and RING
proteins was investigated and one important structure of
these MAGE-RING complexes was solved: the MAGE-G1-
NSE1 complex. Structural and biochemical studies
indicated that MAGE proteins could adjust the E3
ubiquitin ligase activity of its cognate RING partner
both in vitro and in vivo. However, the underlying
mechanism was not fully understood. Here, we review
these exciting advances in the studies on MAGE family,
suggest potential mechanisms by which MAGEs activate
the E3 activity of their binding RING proteins and
highlight the anticancer potential of this family proteins.

KEYWORDS MAGE, cancer testis antigen, RING,
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OVERVIEW OF THE MAGE FAMILY PROTEINS

The cancer/testis antigens are types of proteins that appear to
be only present in germline cells, trophoblasts and tumors
(Simpson et al., 2005). It is also implicated that aberrant
expression of germline genes in cancer cells might be one of
the driving forces of tumorigenesis. The family of cancer/testis
antigens has undergone expansion during the past years,
and now consists of more than 100 genes, with newmembers

still being identified (Scanlan et al., 2004; Doyle et al., 2010).
Cancer/testis antigen genes are widely expressed in various
types of tumors, such as melanoma, carcinoma of the bladder
and liver (Barker and Salehi, 2002; Miranda, 2010). These
immunogenic features have endowed them the potential as
therapeutic cancer vaccines (Simpson et al., 2005). Typically,
this family is divided into three sub-families: melanoma
antigen (MAGE), G antigen (GAGE), and X chromosome
antigen (XAGE) families. The majority of these genes exist as
multigene families, and are often under similar transcriptional
regulation, leading to their co-expression in some contexts
(Scanlan et al., 2002).

The first identified member of this family, MZ2-E, was
discovered in a patient with melanoma who had cytotoxic T
cell recognizing tumor cells (van der Bruggen et al., 1991;
Simpson et al., 2005). This gene was later found to belong to
a 12-hMAGE-A genes cluster, and thus known as MAGE-A1
(Chomez et al., 2001). Since then, the MAGE family has
extensively increased and more than 60 genes have been
identified in humans up to now. Based on their different
expression patterns, the MAGE family genes are subdivided
into two categories. The type I MAGE genes are located in
clusters of the X chromosome, and consist of MAGE-A, -B,
and -C groups, with their expression restricted to testis,
trophoblast, and placenta (Barker and Salehi, 2002; Simpson
et al., 2005). Unlike MAGE I genes, type II MAGE genes
consist of 15 genes, with undefined chromosome clustering,
and are widely expressed in a variety of tissues (Ohman
Forslund and Nordqvist, 2001), and not specifically related to
cancer. Aberrant expression of MAGE I genes occurs in a
wide range of tumors. In addition, type II MAGE genes have
also been implicated in many biologic processes, such as
neuronal differentiation and apoptosis (Espantman and
O’Shea, 2010).

Because of the specific expression in tumors and germline
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cells, but not normal cells, type I MAGE genes have been
extensively investigated (Brasseur et al., 1995; De Smet et
al., 1995; Patard et al., 1995; Bolli et al., 2002; Brichard and
Lejeune, 2007). In normal somatic cells, the promoters of
such type I MAGE genes are methylated and thus their
expression is suppressed (De Smet et al., 1995). Never-
theless in tumor cells, these genes are aberrantly activated
due to the demethylation of their promoters, which is the
consequence of a genome-wide demethylation process
occurring in many cancers (Miranda, 2010). The abnormal
expression of MAGE genes has been observed in a variety of
cancer types, including brain, liver, lung, prostate, ovarian,
skin, and thyroid (Simpson et al., 2005; Miranda, 2010).
Emerging data suggest that type I MAGE antigens modulate
cancer cell survival, proliferation, and metastasis processes
(Cilensek et al., 2002; Duan et al., 2003; Yang et al., 2007; Liu
et al., 2008). For example, recent studies showed that MAGE
proteins played an important role in tumor formation in mice.
Liu et al. (2008) reported that overexpression of MAGE-A3
promoted cell proliferation and increased primary tumor size,
in an orthotopic xenograft model of thyroid cancer. In addition,
treatment with MAGE specific small RNAs suppressed
melanoma growth in a xenograft mouse model (Yang et al.,
2007). The authors suggested that type I MAGE proteins
suppress cancer cell apoptosis by suppressing p53 function
and thus promote tumorigenesis and tumor progression.
Importantly, in vitro acquisition of paclitaxel and doxorubicin
resistance in cancer cells could also be associated with
increased expression of MAGEs and other cancer/testis
antigens (Park et al., 2002; Duan et al., 2003). In a word, type
I MAGE proteins display oncogenic properties in promoting
cancer cell survival, proliferation, and progression of malig-
nancies. Thus, class I MAGEs became ideal targets for
immunotherapies considering their specific expression in a
large variety of cancer cells and their contribution to the
development of malignancies (Chomez et al., 2001; Simpson
et al., 2005). Emerging data have focused on the potential of
MAGE proteins as targets of anti-tumor antibodies and as pre-
emptive anticancer vaccines (Brichard and Lejeune, 2007;
Goldman and DeFrancesco, 2009).

While the limited expression pattern and potential for
immunotherapy of MAGE proteins have been investigated
extensively, the more fundamental question concerning the
physiologic function and mechanism of MAGE proteins has
long been overshadowed. The common feature of the two
types of MAGEs is the conservation of a ~170-amino acid
MAGE Homology Domain (MHD) in the center of the
molecule (López-Sánchez et al., 2007). The MHD is highly
conserved among the MAGE family, with even higher
conservation in the subfamilies (Barker and Salehi, 2002;
Doyle et al., 2010). For example, the 12 MAGE-A MHDs and
the four MAGE-D MHDs have 70% and 75% conservation,
respectively. Despite the important feature of MAGE proteins,
the structure and physiological function of the highly

conserved MHD module and how it controls the steps in
tumor metastasis have long been elusive. Recently, the
structure of this mysterious domain was solved thanks to
efforts of structural genomics (PDB: 2WA0). MAGE-A4 MHD
was shown to fold in two winged-helix motifs, which are
referred to as WH-A and WH-B motif. Based on this, the
structure eventually displays its outline for us; however, the
physiological function of this conserved domain still remains a
mystery.

RING DOMAIN PROTEINS AS BINDING PARTNERS

FOR MAGE FAMILY PROTEINS

It is a powerful approach to define the cellular functions of
MAGE family members by identifying the binding partners for
the conserved MHDs. Exciting progress in this field was
achieved when several groups’ data are pointing to RING
domain proteins as binding partners for both type I and type II
MAGEs (Pebernard et al., 2004; Rual et al., 2005; Sergeant et
al., 2005; Yang et al., 2007; Taylor et al., 2008). For example,
the interspersed repeat domain of NRAGE/MAGE-D1 (herein
referred to as MAGE-D1 for simplicity) was identified to bind
RING domain protein XIAP and the avian IAP homolog ITA,
members of the inhibitor of apoptosis (IAP) family (Jordan et
al., 2001). Through the binding, MAGE-D1 mediates p38
activation and thus facilitates the apoptosis of neural
progenitors (Kendall et al., 2005). Two RING domain proteins,
Praja1 and Neurodap1, have also been identified to be
interacting partners of MAGE-D1 (Sasaki et al., 2002). In
addition, the authors also detected the interaction between
Praja1 and NECDIN, another member of type II MAGEs. As
for type I MAGEs, Yang et al. (2007) suggested that members
of all three subfamilies of type I MAGEs form complexes with
KAP1/TRIM28 (referred to as TRIM28 hereafter), which is a
co-repressor of p53. A genome-wide yeast two-hybrid study
has also identified several pairs of binding partners between
MAGEs and RING domain proteins (Rual et al., 2005).
Consistent with these results, we detected several protein
complexes formed by MAGE proteins and RING domain
proteins by tandem affinity purification (TAP) coupled to mass
spectrometry, and confirmed the results by both co-
immunoprecipitation (co-IP) and co-localization studies
(Doyle et al., 2010).

RING domain is a cysteine-rich domain that normally forms
a cross-brace structure with two zinc ions coordinated in it
(Borden, 2000). RING domain proteins are proved to be a big
family of E3 ubiquitin ligases, which bind to and localize E2
ubiquitin-conjugating enzymes to substrates and facilitate
direct ubiquitin transfer from an E2 to the substrate (Lorick et
al., 1999; Jackson et al., 2000). The novel interactions
between MAGEs and RING proteins indicated that we could
take the protein complex as a whole, rather than looking at
MAGEs only as curious antigens expressed on cancer cells.

It is rather interesting to analyze the binding mode between
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the two protein families. In our recent studies, 14 different
MAGEs were tested for their ability to bind five different RING
domain proteins. As a consequence, MAGEs preferentially
bound to one specific RING domain protein and furthermore,
similar MAGE proteins appeared to prefer the same RING
protein. On the other hand, RING proteins tended to have less
binding specificity and one single RING protein bound at least
two MAGE proteins (Doyle et al., 2010). The minimal regions
required for binding on MAGEs and RINGs were also mapped
in three different MAGE-RING complexes, but the outcome
was a little surprising. In all three complexes, MAGEs bound
RING domain proteins through the conserved MHDs. In
contrast, the region on RING domain proteins that bound
MAGEs were variable among the three RINGs, but the most
conserved RING domain was not required for binding. For
example, MAGE-C2 and MAGE-G1 bound the coiled-coil
region on TRIM28 and the WH-A motif in NSE1, respectively.
Thus, unlike other known protein modules (Pawson and
Nash, 2003), the MHD of MAGEs appears to be very
complicated and flexible and does not interact with proteins
on the common motif, but proteins with the same function. It
also indicates that MAGE proteins might function in the
ubiquitination cascade mediated by their RING interacting
partners (Borden, 2000).

STRUCTURAL INSIGHTS INTO MAGE-RING

PROTEIN COMPLEX

The first and the only structure of these MAGE-RING
complexes till now was the MAGE-G1-NSE1 complex solved
in our recent study (Doyle et al., 2010). Actually, the nature of
this complex is to some extent special, compared with other
MAGE-RING protein complexes. Typically, MAGE-G1 and
NSE1 are components of the large SMC5/6 complex, which is
involved in genomic stability and promotes homologous
recombination-mediated DNA repair (Nasmyth and Haering,
2005; Pebernard et al., 2008; Potts, 2009). The human
SMC5/6 complex comprises six components: SMC5, SMC6,
and NSE (Non-SMC Elements) 1–4. MAGE-G1 was identified
to be the human ortholog of NSE3 (Taylor et al., 2008; Potts,
2009). Thus, the MAGE-G1-NSE1 complex is special in that
they actually represent a sub-complex within the larger
SMC5/6 complex.

Within the structure, the MAGE-G1 MHD (78–295 amino
acids) formed two winged-helix motifs (WH-A and WH-B) just
as in the structure of MAGE-A4 (PDB: 3NW0). However, a
striking difference resides in the relative orientation of the WH
motifs in the NSE1-bound MAGE-G1 and the free MAGE-A4,
indicating that MAGE-G1 MHD might undergo a conforma-
tional change upon binding NSE1. Interestingly, NSE1 also
folded in two WH motifs (referred to as WH-A and WH-B) and
a conserved carboxyl-terminal RING domain. Consistent with
the mapping experiments, the interaction requires the WH-A
motif of both proteins, but not the RING domain of NSE1. In

the structure, they interact through a large hydrophobic
binding interface, with more than 1000 Å from both MAGE-
G1 and NSE1 buried at the binding interface. A di-leucine
motif on MAGE-G1 (L96 and L97) contributes to NSE1
interaction and constitutes partially the hydrophobic core in
the MAGE-G1 WH-A motif. Furthermore, L97 and L96 of
MAGE-G1 are conserved within the MAGE family (Doyle et
al., 2010). Mutation of this motif on MAGE-G1 to alanines
disrupted the binding between the two proteins, indicating
their important roles in the interaction interface. In addition,
mutations of these conserved residues in MAGEs to alanines
completely blocked MAGE-B18-LNX1 and MAGE-C2-
TRIM28 binding both in vitro and in vivo (Doyle et al.,
2010). Though there are different motifs to bind the MAGE
proteins from the RINGs, the MAGEs most likely use the
same binding motif to bind them. Taken together, this
structure could represent a common mode of MAGE-RING
protein complex and shed light on the functional studies into
the conserved MHD in the MAGEs.

FUNCTION AND MECHANISM OF MAGE-RING

COMPLEXES

RING domain is associated with ubiquitin ligase activity in
most proteins (Zheng et al., 2002). Thus, it is interesting to
examine whether MAGE family proteins function in the E3
ligase activity of their cognate RING domain proteins. Recent
evidence showed that MAGE-G1 and MAGE-C2 could
enhance the E3 ubiquitin ligase activity of NSE1 and
TRIM28, respectively (Doyle et al., 2010). NSE1 displayed
rather weak ubiquitin ligase activity on its own (Pebernard et
al., 2008). However, the activity of NSE1 could be heavily
enhanced by the addition of MAGE-G1, detected by NSE1’s
auto-ubiquitination. Furthermore, this enhancement relied on
the interaction between the two proteins, since the MAGE-G1
L96A/L97A mutant lost the enhancement effect. In the case of
MAGE-C2-TRIM28 complex, MAGE-C2 could not only induce
the ubiquitin ligase activity of TRIM28 itself, but also enhance
the ubiquitination of its substrate p53 by TRIM28 (Wang et al.,
2005; Doyle et al., 2010). In addition, Yang et al. (2007) also
showed that type I MAGEs binding to TRIM28 suppressed
p53-dependent apoptosis in cancer cells. Similarly, mutations
of the two conserved leucines on MAGE-C2 also blocked the
enhancement effect, indicating a common mode of MAGE
proteins binding and activity enhancing of E3 RING ligases.

An important question is how it is achieved that the E3
ubiquitin ligase activities of RING domain proteins are
activated by MAGEs, especially in the case of MAGE-C2-
TRIM28 complex. A strong hint is that MAGE-A2 and MAGE-
C2 directly bind to UbcH2, the same E2 ubiquitin-conjugating
enzyme in the ubiquitination cascade mediated by TRIM28
(Doyle et al., 2010). Thus, a proposed mechanism is that
MAGE proteins specifically bind to E2 conjugating enzyme, in
which way they help recruit E2 to the E3-substrate complex.
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Importantly, it remains to be answered whether MAGE-C2
could bind to UbcH2 and TRIM28 at the same time or the two
interactions are mutually exclusive. Based on the answer to
this question, two models could be proposed. In the first
model, after transferring one ubiquitin to the substrate, an E2
molecule could be recharged by E1 ubiquitin-activating
enzyme but at the same time in the vicinity of the E3
machinery because of its interaction with MAGE-C2 (Fig. 1A).
In this model, MAGE-C2might facilitate the on-site recharging

of the E2 conjugating enzyme. In the second model, MAGE-
C2 may bind to TRIM28 and UbcH2 at the same time. Thus,
two E2 molecules will be recruited to the TRIM28 machinery,
with one by the RING domain of TRIM28, and the other by
MAGE-C2 (Fig. 1B). In this case, MAGE-C2 might promote
the sequential assembly of a polyubiquitin chain on the
substrate, with two E2 enzymes transferring ubiquitin
molecules onto the substrate one by one. However, the
exact mechanism by which MAGE proteins enhance the E3
ligase activities of RING proteins still remains to be
uncovered.

CONCLUSIONS

Accumulating data suggested that type I MAGE proteins
played an important role in the process of tumorigenesis and
tumor cell viability (Duan et al., 2003; Yang et al., 2007).
Importantly, MAGE proteins have also been implicated in
protein degradation; however, the underlying mechanism is
still unknown. For example, NECDIN has been reported to
stimulate the degradation of the critical hypoxia response
protein hypoxia-inducible factor 1α (HIF1α) through a
proteasome-dependent mechanism (Moon et al., 2005).
Furthermore, MAGE-D1 stimulates the ubiquitination and
degradation of the anti-apoptotic factor CHE-1 (Di Certo et al.,
2007). In addition to the functions of MAGE proteins in protein
degradation, several MAGE-associated E3 RING ubiquitin
ligases are implicated in the degradation of important cellular
targets. For example, LNX1, the E3 RING ubiquitin ligase that
binds MAGE-B18, promotes the ubiquitination and protea-
some degradation of the p53 inhibitor NUMB (Nie et al., 2002;
Colaluca et al., 2008). In addition, MAGE-D1 associated IAP
proteins have multifaceted roles in the regulation of apopto-
sis, several of which involve the ubiquitination of substrates
(Varfolomeev and Vucic, 2008). It will be interesting to
examine whether the binding MAGE proteins also stimulate
the ubiquitin ligase activity of these RING domain E3s, as well
as many other uncharacterized RING domain E3 proteins that
bind MAGEs.

MAGE cancer testis antigens have been targeted by
antibody and vaccine therapies due to their specific antigen
presentation on cancer cells (Brichard and Lejeune, 2007;
Goldman and DeFrancesco, 2009). However, due to the lack
of knowledge of how MAGE cancer testis antigens function in
cells, the development of inhibitors of MAGE cancer testis
antigens within cells has been unexplored. The subject matter
we review here is attractive in that MAGE cancer antigens
might facilitate the survival of cancer cells by binding, thus
promoting TRIM28-mediated ubiquitination and proteasomal
degradation of the critical tumor suppressor p53 (Doyle et al.,
2010).

However, the mechanism by which the E3 ubiquitin ligase
activity of TRIM28 is specifically activated by MAGEs in tumor
cells is not fully understood. The hint that MAGE-C2 binds to
E2 conjugating enzyme appears to contribute to two attractive

Figure 1. Two proposed models for the mechanism by

which the E3 ligase activity of TRIM28 is activated through
MAGE-C2 binding. (A) In the first model, the binding of TRIM28
and UbcH2 (an E2 enzyme) with MAGE-C2 are mutually

exclusive. After transferring one ubiquitin to the substrate, an
E2 molecule could be recharged by E1 ubiquitin-activating
enzyme and at the same time in the vicinity of the whole E3

ligase machinery because of its interaction with MAGE-C2. That
is, MAGE-C2 might facilitate the on-site recharging of the E2
conjugating enzyme. (B) In the second model, MAGE-C2 may
bind to TRIM28 and UbcH2 at the same time. Thus, two E2

molecules will be recruited to the TRIM28 machinery, one by the
RING domain of TRIM28, and the other by MAGE-C2. In this
case, MAGE-C2 might promote the sequential assembly of a

polyubiquitin chain on the substrate, with two E2 enzymes
transferring ubiquitin molecules onto the substrate one by one.
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models. However, is the binding of MAGE proteins to E2
molecules conserved among the MAGE family, or do different
MAGE proteins utilize the same mechanism to enhance E3
ubiquitin ligase activities of their RING partners? Exciting
answers await us when structural and biochemical studies
into other MAGE-RING complexes take their shapes.

Another key question is whether the association of type I
MAGEs with RING domain proteins and the enhancement of
E3 ubiquitin ligase activity do confer tumor cell survival
(Espantman and O’Shea, 2010). To solve this issue, the
similarities and differences between germline cells and
cancer cells must be investigated and the aberrant situation
in tumor cells (Simpson et al., 2005), such as the expression
levels of several RING E3 ligases, might be different from that
of normal cells. Of interest, some TRIM family proteins were
identified to be involved in MAGE-RING complexes (Rual et
al., 2005; Doyle et al., 2010). The TRIM family constitutes a
large E3 ubiquitin ligase family involved in a variety of cellular
processes, including apoptosis, cell proliferation, cell cycle
regulation and viral response (Meroni and Diez-Roux, 2005).
It remains to be investigated whether other TRIM family
proteins interact with MAGEs. Future structural and biochem-
ical studies to address these questions will definitely bring
forward our knowledge of the biological functions of MAGE
proteins and at the same time cast more new light on the
research into novel anti-cancer drugs targeted at MAGE-
RING complexes.
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