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ABSTRACT A human gene with strong homology to the
MAGE gene family located in Xq27-qter has been isolated by
using exon-trapping of cosmids in the Xp21.3 region. We have
mapped and sequenced cDNA and genomic clones correspond-
ing to this gene, MAGE-Xp, and shown that the last exon
contains the open reading frame and is present in a minimum
of five copies in a 30-kb interval. MAGE-Xp is expressed only
in testis and, unlike the Xq27-qter MAGE genes, it is not
expressed in any of 12 different tumor tissues tested. However,
the gene and predicted protein structure are conserved,
suggesting a similar function. MAGE-Xp is located in the
160-kb critical interval defined for the locus involved in sex
determination within Xp21 and is 50 kb distal to the DAX-1
gene, which is responsible for X-chromosome-linked adrenal
hypoplasia congenita.

In 1991, van der Bruggen et al (1) identified a human gene,
MAGE-1, that directs the expression of an antigen, MZ2-E,
recognized on a human melanoma by autologous cytolytic T
lymphocytes. MZ2-E is a nonapeptide encoded by MAGE-1
associated with a major histocompatibility class I molecule,
HLA-A1 (2). MAGE-1 is expressed in other tumors of various
histological types (1, 3-5) but normally only in testes (4).

By using cross-hybridization with MAGE-1, 11 closely re-
lated genes have been isolated and characterized (1, 6). The 12
MAGE-related genes have been located in Xq27-qter and
shown to have similar genomic structures: a minimum of two
exons, with the last exon containing the open reading frame
(ORF) (6, 7). They form the MAGE gene family, which has
probably arisen from successive gene duplications. The coding
region is highly conserved, whereas variation is observed in the
5’ noncoding exons, suggesting differential transcriptional
control. However, all the MAGE genes in Xq27-qter are
expressed in a number of tumors of different histological types,
where they could encode antigenic peptides separate from
MZ2-E (8). In normal tissues, their expression is limited to
testis and placenta (6). The function of the putative protein is
not known, but the amino acid sequence appears to be
conserved and related to the mouse necdin protein (6). Necdin
is a protein expressed in neurally differentiated embryonal
carcinoma cells, in the developing mouse brain during the early
stages of neuronal generation and differentiation, and in
neurons at advanced stages of differentiation (9, 10).

We report here the identification of a gene, MAGE-Xp, with
homology to the MAGE gene family significant but not strong
enough to be detected by cross-hybridization using a MAGE
probe from the Xq27-qter region. We have isolated this gene
by a positional cloning approach in the Xp21.3 critical interval
defined for the adrenal hypoplasia congenita (AHC) and the
dosage-sensitive sex reversal (DSS) X-chromosome-linked loci
(11-13). The gene responsible for X-linked AHC and hypogo-
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nadotropic hypogonadism (HH) has recently been identified
(14, 15), as DAX-1. No candidate gene has been shown to be
responsible for the male-to-female sex reversal phenotype seen
with duplications of this region (13). From a cosmid contig
covering the DSS and AHC loci, we have isolated potential
exons by using the exon amplification method (16). One of the
exons amplified was used to screen on adult testis cDNA
library, and cDNA clones corresponding to the MAGE-Xp
gene were isolated and characterized.”

MATERIALS AND METHODS

Yeast Artificial Chromosomes (YACs), Cosmids, and Pa-
tients. YAC clones 7124 (ICRFy900E(0274, 640 kb), 7130
(ICRFy900F0767, 680 kb), 7128 (ICRFy900A1283, 560 kb),
and 7125 (ICRFy900BO543, 410 kb) hybridized with probe
4965-5, which as previously been mapped (15). Cosmids D5
and 4965 have been used to map MAGE-Xp. These cosmids
and patients M.C., P.J.,, and A.M. have been previously re-
ported (15).

All YAC, cosmid, and patient DNAs were isolated, digested
with EcoRI, subjected to electrophoresis in 1% agarose gels,
and alkali blotted as previously reported (17). Blots were
prehybridized and hybridized in a 50% formamide solution at
42°C (18) with radioactively labeled probe inserts; they were
washed twice for 20 min 1X SSC and twice in 0.5X SSC at 65°C
and were exposed to x-ray film at —70°C.

Exon Amplification, cDNA Library Screening, and DNA
Sequencing. The exon amplification protocol was as previously
described (16, 17). The exon amplification product 36 was
hybridized to replica filters (Hybond N+, Amersham) con-
taining 1.2 X 106 plaques of a human adult testis cDNA library
(Agtll; Clontech). Resulting duplicated positive clones were
purified through two rounds of dilution platings and rescreen-
ing. Inserts were amplified by using primers specific to Agt11
sequences flanking the cloning site. Inserts were subcloned in
the pAMP1 vector as described by the supplier (Clone Amp
system, BRL).

Sequencing was performed on double-stranded pAMP1
DNA by the dideoxynucleotide method with Sequenase Ver-
sion 2.0 (United States Biochemical), using primers flanking
the polylinker or primers derived from the obtained sequence.

Amplification of the 5' cDNA End. The 5' RACE System was
used, following the instructions of the supplier (BRL/Life
Technologies). The anchored primer is 5'-ccttigtttacctgaacct-
getecte-3' (exon 2). The resulting PCR product was cloned in
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Fic. 1. Structure of MAGE-Xp cDNA clones and genomic locus. Two cDNAs (A4) derived by differential splicing were characterized. The
structure of the corresponding gene was established (B) from hybridization results on the cosmid contig and PCR products spanning the introns.

E, EcoRI; P, Pst I; H, HindIIl; cen, centromere; tel, telomere.

the pGEM-Tvector (Promega). Six clones have been se-
quenced as described above.

Isolation of Exon- and Intron-Specific Probes. Specific
probes for each intron were produced by PCR amplification
using exon primers flanking each intron as follows (in the 5’ —
3’ direction): intron 1, CAGTGTGGTGTCCAGCAGT-
GTCTC (sense) and CCTTTGTTTACCTGAACCTGCTC-
CTC (antisense); intron 2, GGACTGTGATCATATGAA-
GATCATCC (sense) and GAGAATTCACCCTCGGCT-
GACCAG (antisense); and intron 3, CTGGTCAGCCGA-
GGGTGAATTCTC (sense) and CAGGCAGGAAAGT-
GAGCAGAAAGG (antisense). Specific probes for exons
were produced by using the following primers (5’ — 3'): exons
1 and 2, CAGTGTGGTGTCCAGCAGTGTCTC (sense) and
CCTTTGTTTACCTGAACCTGCTCCTC (antisense); exon
2, GGACTGTGATCATATGAAGATCATCC (sense) and
CCTTTGTTTACCTGAACCTGCTCCTC (antisense); exons
2 and 3, GGACTGTGATCATATGAAGATCATCC (sense)
and GAGAATTCACCCTCGGCTGACCAG (antisense);
and exon 4, CTGCCTTTCTGCTCACTTTCCTGC (sense)
and TCTCTTCCTCATCTCTCAAAGCCTC (antisense).
PCR amplification was performed in a reaction volume of 100
ul containing 1-10 ng of cosmid DNA, each primer at 100 pM,
dNTPs (200 uM each), and 3% (vol/vol) dimethyl sulfoxide in
the reaction buffer supplied by the manufacturer (Boehringer)
with the addition of 1 unit of Tag DNA polymerase. Samples
were denatured for 3 min before the enzyme was added and
then amplified for 30 cycles of 45 sec at 95°C, 30 sec at 55°C,

and 1 min at 72°C, followed by a final extension for 5 min at
72°C on a Perkin—-Elmer/Cetus PCR machine.

PCR Assays. RNA purification and cDNA synthesis were
performed as described (5). For amplification, 1/20 of the
c¢DNA produced from 2 ug of total RNA was supplemented
with 5 pl of PCR buffer (500 mM KCl/15 mM MgCl,/1%
Triton X-100/100 mM Tris'HCl, pH 8.8), 1 ul of 10 mM
dNTPs, 25 pmol of each primer, 1.25 units of Dynazyme
(Finnzymes, Helsinki), and water to a final volume of 50 pul.
PCR was performed in a Trio-Thermoblock (Biometra, Got-
tingen, Germany) for 30 cycles (1 min at 94°C, 2 min at 63°C,
and 3 min at 72°C). We used primers 5'-GTGGTGTCCAG-
CAGTGTCTC-3' (sense, exon 1) and 5'-GTCAGATTCGG-
TACATGACACAG-3' (antisense, in exon 4). When cDNA
was amplified, we observed an abundant 446-bp fragment and
a less abundant 531-bp fragment (including the alternative
exon).

RESULTS

Isolation and Mapping of MAGE-Xp. Exon amplification
experiments (16) were performed on seven cosmids from
contig A (15), which define the critical region of the AHC locus
overlapping with the DSS locus. An exon-trap product (exon
2) was isolated and used to screen an adult human testis cDNA
library. Forty positive hybridization signals were detected, 20
of which were purified and their inserts were isolated. Ten
cDNA clones were partially sequenced and three clones (SH-4,
6H-1, and 7H-3) were completely sequenced. Sequence anal-
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FiG. 2. (A and B) Hybridization of testis cDNA clone 7H-3 to human genomic DNA (4) and DNA isolated from YAC clones (B). (4) Samples
digested with EcoRI: lane 1, normal male DNA; lane 2, normal female DNA; lanes 3-5, DNA from patients M.C. (3), A.M. (4), and P.J. (5), with
deletions in Xp21.3 (15). (B) DNA isolated from YAC clones, covering the AHC-DSS locus in Xp21.3, digested with EcoRI: lane 6, YAC 7124;
lane 7, YAC 7130; lane 8, YAC 7128; and lane 9, YAC 7130. (C) Schematic map of the genomic interval containing the MAGE-Xp gene (arrow)
and its copies (rectangular filled boxes). Location is indicated for the probes 4965-5 (DXS1074), QST59 (DXS319), and the DAX-1 gene, which
is approximately 60 kb proximal to QST59. The DSS critical region and the deleted region in patients M.C., A.M., and P.J. are indicated.



Genetics: Muscatelli et al

ysis of these clones indicated the existence of two transcripts,
1.8 and 1.9 kb, the latter derived from differential splicing on
an extra exon of 85 bp (Fig. 14). We have defined the number
and size of the introns by PCR on cloned genomic DNA. The
gene contains four exons, one of which is differentially spliced;
their sizes are 73, 105, 85, and 1603 bp, respectively. These
exons are separated by three introns, 2.5, 1, and 3.3 kb,
respectively. The size of the complete gene is 8.6 kb and a
restriction enzyme site map for EcoR1, HindIll, and Pst I has
been established (Fig. 1B). The proposed direction of tran-
scription of this gene is from centromere to telomere, based on
the map position of the 5’ and 3’ exons. This gene has been
named MAGE-Xp, considering its sequence homology with the
MAGE family of genes in Xq27-qter (see below).

Fig. 2 shows the hybridization pattern of cDNA 7H-3 with
EcoRI digests of human genomic DNA samples and YAC
DNA clones from the Xp21.3 region. Although the pattern of
fragments is complex, we can assign the 4-, 2.7-, and 1-kb
fragments to the genomic map of MAGE-Xp, since the EcoRI
restriction map of MAGE-Xp is known from cosmids (Fig. 1B).
The presence of additional hybridizing bands of 5.1, 4.8, 3, and
1.5 kb predicts multiple copies of MAGE-Xp in the Xp21.3
region. We hybridized, separately, the individual exons and
introns, produced by PCR amplification, to the YAC and
cosmid contigs constructed in this region (15). These hybrid-
izations showed that the first, second, and third exons are
present as single copies in this region (data not shown) and the
fourth exon is present in a minimum of five copies. All the exon
4 copies are clustered in a 30-kb region containing the probes
4965-5 (DXS1074), QST59 (DXS319), and 332F (DXS1020).
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Therefore, the MAGE-Xp gene maps 10 kb proximal to the
QST59 probe and 50 kb distal to the DAX-1 gene, which is
involved in AHC (14, 15) and is within the critical region for
the DSS locus (13, 15) (Fig. 2C).

Sequence Analysis of the MAGE-Xp cDNAs and the
Genomic Exon-Intron Boundaries. Three overlapping testis
cDNA clones, 5H-4, 6H-1, and 7H-3, 1.7, 1.3, and 1.4 kb,
respectively, have been mapped by restriction enzyme diges-
tion and completely sequenced. cDNA clones SH-4 and 7H-3
do not contain an EcoRI site and produce identical EcoRI
hybridization patterns on human genomic DNA (as shown in
Fig. 2). cDNA 6H-1 contains an EcoRI site and detects an
additional 0.7-kb EcoRI fragment by hybridization on human
genomic DNA and YAC DNA clones from the Xp21.3 region
compared with cDNA clones SH-4 and 7H-3 (data not shown).
Sequence analysis showed that cDNA 6H-1 contains an extra
exon of 85 bp between exons 2 and 4.

To obtain the full-length cDNA sequence, we used a rapid
amplification of 5' cDNA ends (5’ RACE) system (see Mate-
rials and Methods). The complete nucleotide sequence was
assembled and is shown along with the predicted amino acid
sequence in Fig. 3. It represents a total of 1866 nucleotides,
including the extra 85-bp exon. A single ORF of 1041 nucle-
otides that encodes a predicted protein of 347 amino acids was
identified. The AUG at nt position 324 was selected as the
putative initiator because it is in good agreement with the
Kozak consensus sequence (19) and it is the first AUG after
the stop codon at nt position 198. Considering the two other
reading frames, there are no significant ORFs. The structure
of this gene is unusual in that the ORF is located in the fourth
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Fic. 3. Nucleotide and de-
duced amino acid sequence of
MAGE-Xp. The predicted start of
translation is at nucleotide 324, in
exon 3, with the first in-frame stop
codon (TGA) at nucleotide 1366,
yielding an ORF of 1041 bp that
encodes a predicted protein of 347
amino acids. Splice junctions be-
tween different exons are indicated
by arrowheads. The start and stop
codons are underlined. Two con-
sensus polyadenylylation signals
are boxed in the 3’ untranslated
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exon. The three first exons are not predicted to be translated.
The 3' untranslated region is 499 bp long and two consensus
polyadenylylation signals, AAUAAA, were identified. Intron—
exon boundaries were determined through sequence compar-
isons between cDNA clones and PCR products from genomic
DNA spanning the introns.

Homology with the MAGE Gene Family. Nucleic acid or
amino acid homology searches of the nonredundant data bases
were done by using BLAST through the National Center for
Biotechnology Information server (20). A significant similarity
was found between the MAGE-Xp protein and the 11 MAGE
proteins located in Xq27-qter (6). The strongest similarity is
with MAGE-10 (50% identity and 69% conservation; Fig. 4)
and the lowest is the MAGE-5 (26% identity, 43% conserva-
tion). However, we did not detect any cross-hybridization
under normal stringency conditions with the MAGE genes
from Xq when cDNA 7H-3, 5H-4, or 6H-1 was used (data not
shown).

The typical structure of the MAGE genes (6), characterized
by the presence of three or four exons with the coding region
in the last exon, is also conserved in MAGE-Xp. The presence
of multiple copies of the last exon detected in Xp21.3 reflects
a similar organization to the MAGE family of genes in
Xq27-qter.

Expression Pattern of MAGE-Xp. The expression of
MAGE-Xp was first tested by Northern blot analysis using the
5H-4 cDNA clone. An mRNA transcript of 1.8-1.9 kb was
detected only in human adult testis and not in adult peripheral
blood, colon, small intestine, ovary, prostate, thymus, or spleen
RNA (Fig. 54); no expression was detected in adult human
heart, brain, placenta, lung, liver, skeletal muscle, kidney, or
pancreas and human fetal heart, brain, lung, liver, or kidney
tissues (data not shown). Because of the strong similarity with
the MAGE gene family and the presence of multiple copies of
exon 4 in the Xp21.3 region, we tested the expression of
MAGE-Xp by reverse transcriptase PCR using a primer spe-
cific for the 5’ end of MAGE-Xp, which is unique in the
genome (Fig. 5B). Again, we observed expression only in
human testis and no expression in stomach, breast, muscle,
uterus, thymocytes, and lymphocytes. In adult testis, we were
able to detect both transcripts with a lower level of the
transcript containing the extra exon (estimated 10-20%). A
lower expression of the smaller transcript was detected in fetal
testis. This expression pattern is similar to that of the MAGE
family of genes (6) in normal tissues. We also tested the
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expression of MAGE-Xp in a panel of tumors including four
colon carcinomas, six leukemias, seven melanomas, four lung
cancers, three sarcomas, two breast carcinomas, four kidney
tumors, six seminomas, two neuroblastomas, two brain tumors,
one stomach tumor, and two pharyngeal tumors. We did not
find expression in any of the tumors tested. This reveals a major
difference from the MAGE gene family in Xq27-qter, whose
expression was detected in one or several kinds of tumors.

The Putative MAGE-Xp Protein. The predicted protein of
MAGE-Xp is 347 amino acids, slightly longer than the other
putative MAGE proteins, which are 309-319 amino acids,
except MAGE-10 protein, which is 369 amino acids. It is devoid
of a signal sequence. MAGE-Xp protein has moderate homol-
ogy (35% identity, 55% conservation) with the mouse protein
necdin which is higher than the homology found between
necdin and the other MAGE proteins. Hydrophobic cluster
analysis (21) was used to compare the amino acid sequences of
MAGE-Xp and MAGE-1 proteins (data not shown). This
analysis demonstrated a remarkable conservation of the main
hydrophobic regions, including the putative transmembrane
domain, suggesting a conservation of function with the
MAGE-Xq and necdin proteins.

DISCUSSION

A Cluster of MAGE-Related Genes in Xp21.3. The gene that
we have isolated by exon-trapping in Xp21.3 is clearly related
to the MAGE family of genes recently characterized and
localized to Xq27-qter. We describe the presence of at least
five copies of the last exon and translated portion of the
MAGE-Xp transcript in a 30-kb interval, while the untrans-
lated exons are unique. Because the testis cDNA library was
screened by using the second untranslated exon, it remains to
be seen if other copies are expressed with different 5’ untrans-
lated ends. However, it seems that MAGE-Xp defines a second
MAGE gene family, in Xp21.3, in which the genes are clus-
tered, probably resulting from sequential duplications. There
may be a parallel evolution of the two MAGE gene families
similar to that of the immunoglobulin gene families.

Sequence and Structure Homologies. Although the similar-
ity between MAGE-Xp and MAGE-10 is deduced from amino
acid sequence similarity, the gene structure, with two to three
untranslated exons, is also well conserved. The role of these
untranslated exons is not known, and only a few genes with a
similar structure have been described (1). They might repre-
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FiG. 5. (A) Hybridization of cDNA 5H-4 to a Northern blot of
poly(A)* RNA from eight adult human tissues (Clontech, 2 ug per
lane). The size of the transcript detected in testis is 1.8 kb. (B)
Expression of MAGE-Xp in normal tissues detected by using PCR
amplification (Materials and Methods). Expression is detected in adult
and fetal testis.

sent translation control regions. The putative protein structure
is also well conserved and suggests a conservation of function
of the MAGE and mouse necdin proteins. MAGE-Xp has a
stronger homology with necdin than the MAGE-Xq family
does with necdin, an observation that could reflect the evo-
lutionary process with MAGE-Xp as an ancestral gene to the
MAGE-Xq genes. Recently, two mouse genes homologous to
the human MAGE genes and located apparently in the same
region have been isolated (25). It appears that MAGE-Xp has
a stronger homology with these mouse genes than does
MAGE-Xq. No function has yet been assigned to these pro-
teins, but necdin is a nuclear protein expressed at different
developmental stages of the mouse central nervous system.

The Absence of MAGE-Xp Expression in Tumors. All the
MAGE genes described in Xq27-qter are switched on and
up-regulated in tumors, and they are not expressed in normal
tissues, with the exception of testis and placenta. They all have
the potential to encode antigenic peptides which are combined
with HLA class I molecules through a consensus motif (22, 23).
The peptide—-HLA complexes are presented at the cell surface
and are recognized by cytotoxic T lymphocytes. They are
potential tumor rejection antigens and have important impli-
cations for cancer immunotherapy. The mechanism whereby
the tumor rejection antigens arise is unknown, and one hy-
pothesis is the activation of a gene which is silent in normal
tissues and for which no strong natural tolerance has been
established (24).

MAGE-Xp is specifically expressed in testis, as are the other
MAGE genes, but it is not expressed in any tumor samples
tested. This difference may be important in understanding the
molecular mechanism involved in the switching on and up-
regulating of normally silent genes in tumors. This could be
due to a different chromatin environment or the existence of
different regulatory factors or promoters.

MAGE-Xp and the DSS Locus. The DSS X-linked locus has
been recently mapped to a 160-kb duplication interval includ-
ing QST-59 (DXS$319) and the DAX-1 gene (13, 14). MAGE-Xp
is located between these two probes and therefore is a potential
candidate for the sex reversal phenotype when it is expressed
in double dosage. This could be tested in mice by transgenesis
of an extra copy of this gene or cluster of genes.

We have previously characterized some male patients with
deletions of this region including DAX-1 and the MAGE-Xp
gene (15). These patients have been diagnosed as having AHC

Proc. Natl. Acad. Sci. USA 92 (1995) 4991

only, and their phenotype is the same as that observed in
patients with point mutations in DAX-1. Therefore, it appears
that the “knock-out” of MAGE-Xp is not associated with a
particular phenotype. One cause of the absence of phenotype
could be the existence of a redundant function between
MAGE-Xp and the MAGE genes in Xq27-qter. If this is the
case, only the “knock out” of both regions should result in a
functional disturbance.
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