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Breast cancer is a very heterogeneous disease, encom-
passing several intrinsic subtypes with various morpho-
logical and molecular features, natural history and re-
sponse to therapy. Currently, molecular targeted
therapies are available for estrogen receptor (ER)� and
human epidermal growth factor receptor 2 (Her2)-positive
breast tumors. However, a significant proportion of pri-
mary breast cancers are negative for ER, progesterone
receptor (PgR), and Her2, comprising the triple negative
breast cancer (TNBC) group. Women with TNBC have a
poor prognosis because of the aggressive nature of these
tumors and current lack of suitable targeted therapies. As
a consequence, the identification of novel relevant protein
targets for this group of patients is of great importance.
Using a systematic two dimensional (2D) gel-based pro-
teomic profiling strategy, applied to the analysis of fresh
TNBC tissue biopsies, in combination with a three-tier
orthogonal technology (two dimensional PAGE/silver
staining coupled with MS, two dimensional Western blot-
ting, and immunohistochemistry) approach, we aimed to
identify targetable protein markers that were present in a
significant fraction of samples and that could define ther-
apy-amenable sub-groups of TNBCs. We present here our
results, including a large cumulative database of proteins
based on the analysis of 78 TNBCs, and the identification

and validation of one specific protein, Mage-A4, which
was expressed in a significant fraction of TNBC and Her2-
positive/ER negative lesions. The high level expression of
Mage-A4 in the tumors studied allowed the detection of
the protein in the tumor interstitial fluids as well as in sera.
The existence of immunotherapeutics approaches spe-
cifically targeting this protein, or Mage-A protein family
members, and the fact that we were able to detect its
presence in serum suggest novel management options
for TNBC and human epidermal growth factor receptor 2
positive/estrogen receptor negative patients bearing
Mage-A4 positive tumors. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M112.019786, 381–394, 2013.

Breast cancer, although a very heterogeneous disease, can
be divided into three therapeutically relevant fundamental
disease entities, simply based on estrogen receptor (ER) and
human epidermal growth factor receptor 2 (Her2)1 status (i.e.
ER� and/or Her2�, and ER�Her2�), as the major currently
available breast cancer therapeutic options are based on the
ability to target these proteins. Hormone receptor positive and
hormone receptor negative breast cancers are disease enti-
ties with distinct morphological, genetic and biological behav-
ior (1). Hormone receptor negative tumors, which constitute
�30% of primary breast cancers, tend to be high-grade, more
frequently BRCA1 and TP53 mutated, and, more importantly,
are not amenable to endocrine therapy. Her2 is amplified in
�18–20% of breast cancers, and is more frequently observed
in hormone receptor negative tumors. Her2 amplification is
associated with worse prognosis (higher rate of recurrence
and mortality) in patients with newly diagnosed breast cancer
who do not receive any adjuvant systemic therapy. Her2
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status is also predictive for several systemic therapies, par-
ticularly for agents that target Her2. The development of a
humanized monoclonal antibody against Her2 (trastuzumab)
has resulted in reduction of the risk of recurrence and mor-
tality in patients with Her2 amplification (2, 3). Although tras-
tuzumab is considered one of the most effective targeted
therapies currently available in oncology, a significant number
of patients with Her2-overexpressing breast cancer do not
benefit from it (4, 5).

Breast tumors that do not express ER, PgR, or Her2 (ER�

PgR� Her2�), as determined by immunohistochemistry (IHC),
are generally referred to as triple negative breast cancers
(TNBCs), and they are not candidates for targeted therapies
(endocrine therapy or trastuzumab). Although TNBCs account
for a relatively small proportion of breast cancer cases (10–
15%), they are responsible for a disproportionate number of
breast cancer deaths. TNBC tumors form a recognizable
prognostic group of breast cancer with aggressive behavior
that currently lacks the benefit of available systemic therapy
(6–8). Given the need to develop molecular criteria to repro-
ducibly categorize molecular breast tumor subtypes at the
protein level and the lack of targeted therapies available to
treat patients bearing TNBCs, we have implemented a sys-
tematic proteomics approach to identify, characterize, and
evaluate proteins present in triple-negative tumors that could
constitute an appropriate therapeutic target for the clinical
management of this group of patients. To this end, based on
the analysis of 78 individual TNBC samples, we have estab-
lished a large, cumulative, 2D-PAGE database of proteins
expressed by TNBCs, including some that could be of poten-
tial therapeutic value. Comparison of this TNBC protein da-
tabase with protein databases of other breast cancer sub-
types previously established by our laboratory allowed us to
single out a number of proteins preferentially expressed in
TNBCs for which targeted therapeutics exist. In this report we
further focused on the characterization of one such target, the
cancer/testis antigen, melanoma-associated antigen 4 -
Mage-A4.

Cancer/testis antigens (CTAs) are expressed in a large va-
riety of tumor types, whereas their expression in normal tis-
sues is restricted to male germ cells, which are immune-
privileged because of their lack of or low expression of human
leukocyte antigen (HLA) molecules (9). Several studies have
shown the existence of natural cellular and humoral re-
sponses against some CTAs, indicating that they are appro-
priate targets for vaccine-based cancer immunotherapy (10–
12). So far, the use of CTAs in immunotherapeutic approaches
to cancer treatment has been tested in more than 60 early
phase clinical trials, with varying success, and a few candi-
date products have reached late-stage clinical trials. One
such candidate vaccine, Astuprotimut-R (GSK-249553), a
Mage-A3 antigen-specific cancer immunotherapeutic agent,
is currently under clinical evaluation by GlaxoSmithKline in the
largest-ever treatment trial in lung cancer, called MAGRIT

(Mage-A3 as Adjuvant nonsmall cell lunG canceR Immuno-
Therapy) (13).

At present, CTAs comprise about 150 members, more than
half of which are encoded by large, recently expanded fami-
lies on chromosome X (14; see also CTDatabase at www.
cta.lncc.br; last accessed 01.09.2012). These genes are or-
ganized into clusters and have undergone rapid evolution,
possibly because of positive selection. The biological func-
tions of CTAs are not fully understood, but emerging evidence
suggest that they direct the proliferation, differentiation, and
survival of human germ line cells and may have similar effect
in cancer cells. Mage-A4 protein belongs to the Mage-A fam-
ily of CT antigens. The Mage-A family is composed by 12
proteins (14, 15) and many members of the Mage-A family of
CTAs have been associated with cancer, including breast
cancer (14, 16, 17). However, past studies reported mostly on
MAGE genes rather than protein expression, or on the ex-
pression of Mage protein families and not on any given spe-
cific protein.

In this paper we describe the identification of Mage-A4 in
breast tumor biopsies using 2D PAGE coupled with MS pro-
teomics, and follow the protein localization from the tumor
cells, to the tumor microenvironment, and to the serum of a
patient. Using a three-tier orthogonal technology approach
that combined 2D PAGE silver staining coupled with MS, with
2D Western blotting, and IHC, we showed that high level
Mage-A4 expression in breast tumors occurs almost exclu-
sively in the receptor negative disease (TNBC and
Her2�ER�PgR�). The existence of immunotherapeutic ap-
proaches targeting MAGE protein family members (Mage-A4
specific or with broader specificity) and the fact that we were
able to detect its presence in serum suggest novel manage-
ment options for patients bearing Mage-A4 positive TNBCs
and Her2�ER�PgR� tumors.

EXPERIMENTAL PROCEDURES

Sample Collection and Handling—Tissue and serum samples from
clinical high-risk patients (high-risk definition according to the Danish
Breast Cooperative Group; www.dbcg.dk, last accessed 22.10.2009)
that underwent mastectomy between 2003 and 2008, were collected
within the Danish Center for Translational Breast Cancer Research
program. All patients had no previous surgery to the breast and did
not receive preoperative treatment. They presented a unifocal tumor
of an estimated size of more than 20 mm. In addition, 78 nonselected
retrospective TNBCs and 30 Her2-positive cases were provided by
the Department of Pathology at the Copenhagen University Hospital.
Fresh breast tissue samples for 2D PAGE were flash-frozen in liquid
nitrogen following surgery and were rapidly transported to the Insti-
tute of Cancer Biology where they were stored at �80 °C until the
time of analysis; on average no more than 15 min elapsed from tissue
excision to freezing. Samples for interstitial fluid recovery from tumors
and normal specimens were kept in PBS at 4 °C and were routinely
prepared within a maximum of 30–45 min from the time of surgical
excision. The project was approved (KF 01–069/03) by the Copen-
hagen and Frederiksberg regional division of the Danish National
Committee on Biomedical Research Ethics. Testis samples were
provided by the Department of Growth and Reproduction at the
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Copenhagen University Hospital. Blood samples were drawn preop-
eratively into endotoxin-free collection tubes without anticoagulation
agents and processed as soon as possible (no later than 1.5 h after
collection). Samples were centrifuged at 2000 � g for 10 min to
separate the plasma from blood cells, and stored frozen at �80 °C
until analyzed.

Sample Preparation for 2D PAGE—Twenty to thirty, 6-�m cryostat
sections of frozen tissues were resuspended in 0.1 ml lysis solution
for 2D-PAGE (18, 19). The resulting lysates were frozen and kept at
�20 °C until used, usually within 24–48 h. Twenty to forty microliters
were applied to the gel tube for isoelectrofocusing (IEF) as described
(19), and each sample was run at least in duplicate. The first and last
two sections of each sample were used for hematoxylin and eosin
(H&E) staining and immunofluorescence analysis using cytokeratin 19
(CK19) antibodies, respectively. The H&E stained sections were re-
viewed by a pathologist to do a coarse determination of the percent-
age of tumors cells. In addition, we analyzed the tissue sections for
CK19 positive cells, as this epithelial marker is ubiquitously expressed
by mammary epithelial cells (20). The availability of these pictures
greatly facilitated the interpretation of the gel data as it gave a rough
estimate of the ratio of epithelial cells to stromal tissue. Only speci-
mens with at least 80% tumor cells, evaluated by the combined H&E
and CK19 stainings, were used for subsequent analysis. The propor-
tion of cells was only used as inclusion criterion of selection of
samples but not as a normalization parameter. Sample preparation for
2D PAGE from cell lines was performed as described previously (21).

Tissue Interstitial Fluid (TIF) preparation—Tissue interstitial fluid
was recovered from tumor and normal samples following a previously
published procedure (22). For analysis, 100 �l of TIF solution were
lyophilized and subsequently solubilized in 0.1 ml lysis solution for 2D
PAGE (18, 19).

2D PAGE and 2D Western Immunoblotting—2D PAGE (isoelectric
focusing, IEF and nonequilibrium pH gradient electrophoresis,
NEPHGE) and 2D gel Western blotting were performed as previously
described (23). After running the second dimension, gels were placed
in 7.5% acetic acid, 50% ethanol, and 0.05% formalin for 1 h, washed
three times for 30 min each in 7.5% acetic acid, 10% ethanol, and
stained with silver nitrate according to a procedure compatible with
mass spectrometry (23). Silver stained gels were dried between cel-
lophane followed by scanning for comparative protein and MS anal-
ysis. 2D gel Western blotting was performed according procedure
described elsewhere (24).

Image Analysis—2D gels were scanned and analyzed using the
PDQUEST software package from BioRad (version 8.0.1). A compre-
hensive protein database of TNBC expression profile was prepared
based on the analysis of 78 TNBC and using the gel of TNBC 22 as
a master image. All identified protein spots selected for the analysis
were added to the master image.

Protein Spot Handling and Mass Spectrometry Analysis—All de-
tected protein spots were excised from silver stained dry gels fol-
lowed by re-hydrating in water. Gel pieces were then detached from
the cellophane film and cut into 1 mm2 pieces followed by “in-gel”
digestion as previously described (25) followed by a MS analysis that
has been reported previously using Anchor target 600 (22). We in-
cluded in all cases a post-silver de-staining before in-gel tryptic
digestion, thus additionally improving peptide recovery from the gel.
MALDI-TOF-TOF data were acquired using an Ultraflex ™ III 200
time-of-flight mass spectrometer (Bruker Daltonik, Germany)
equipped with a Smart beam™ laser and a LIFT-TOF/TOF unit. Data
acquisition and data processing were performed by the Flex Control
3.0 and Flex Analysis 3.0 software (Bruker Daltonik, Germany). All of
the spectra were obtained using reflector positive mode with an
acceleration voltage of 25 kV, reflector voltage of 26.38 kV and
detection suppressed up to 450 Da. A total of 2000 shots in steps of

200 shots were added to one spectrum in the mass range of m/z
600–4000 using peak detection algorithm: SNAP (Sort Neaten Assign
and Place); S/N threshold: 3 and Quality Factor Threshold: 50.

Spectral Analysis and Protein Identification—Post-acquisition two
step calibration was automatically performed in FlexAnalysis using
standard peptide calibration mixture (Bruker Daltonics, Germany) for
external calibration followed by an additional post-acquisition internal
calibration step to obtain better mass accuracies. Ubiquitous pre-
sented auto-digested tryptic mass values visible in all the spectra
were used for internal calibration. The background masses (matrix,
metal adducts, tryptic peptides from contaminating alpha-keratins)
were automatically subtracted from finally generated pick list and
were excluded from the further analysis. Additionally, pairwise com-
parison of all analyzed spectra has been performed to remove irrel-
evant picks derived from putative contaminations. For protein identi-
fication, peptide masses were transferred to the BioTools 3.2
interface (Bruker Daltonik, Germany) to search in the National Center
for Biotechnology nonredundant NCBInr (20110301) database using
in house MASCOT search engine (version 2.3.0.2, Matrix Science
Ltd.). No restriction on the protein molecular mass and taxonomy was
applied as a first step. A number of fixed (acrylamide modified cystein,
i.e. propionamide/carbamidomethylation) and variable modifications
(methionine oxidation and protein N terminus acetylation) were in-
cluded in the search parameters. The peptide tolerance did not ex-
ceed 30 ppm and a maximum of one trypsin missed cleavage was
allowed. Protein identifications by peptide-mass fingerprinting were
considered to be confident when the protein score of the hit ex-
ceeded the threshold significance score of 65 (p � 0.05) and no less
than six peptides were recognized.

If peptides match to multiple members of a protein family, and it
was impossible to eliminate redundancy of unambiguous identifica-
tion by applying manual search for unique isoform specific peptides,
both family members were specified in the final table (Supplemental
Tables S1 and S2). Whenever possible SwissProt accession numbers
were assigned (UniProtKB/Swiss-Prot 55.3 (20247 human entries).
Protein identification was confirmed by sequence information ob-
tained from MS/MS analysis in “LIFT” mode. Whenever the protein
score hit was close to the threshold significance score of 65, the LIFT
analysis was performed as an additional mean to confirm the identity
of the proteins identified by peptide-mass fingerprinting (PMF) using
the same parameters as previously described (22).

Enzyme-linked Immunosorbent Assay (ELISA)—A sensitive and
specific sandwich ELISA was developed using two of the Mage-A4
specific antibodies used in this study. The rab Ab 1982 (EP101638)
rabbit polyclonal antibody was used for catching and the mouse
monoclonal antibody to human Mage-A4 (CPTC-Mage-A4–1) was
used for detection of the antigen as this combination provided the
best signal-to-noise ratio. Immunoassay 96 MicroWell Solid Plates
(Medisorp™; Nunc, Denmark) were coated overnight at 4 °C with 100
�l per well of catching antibody solution (rab Ab 1982) 2 �g/ml in 100
mM bicarbonate/carbonate buffer (3.03 g Na2CO3 and 6.0 g NaHCO3

in 1000 ml distilled water, pH 9.6). The assay wells were rinsed five
times with PBS buffer containing 0.05% (v/v) Tween20 (PBS-T). Wells
were then treated with 200 �l of Protein-Free T20 (PBS) Blocking
Buffer (Pierce, Thermo Scientific) for 1h at 30 °C, and subsequently
washed five times with washing buffer (PBS-T buffer) before use. One
hundred microliter of diluted samples were added in triplicate to each
well and incubated for 1h at 30 °C. Every assay plate also contained
a series of standards, consisting of eleven serial dilutions (1:2) of
purified full length recombinant human Mage-A4 (ProSpec, Rehovot,
Israel) in triplicate. Diluent for standards was PBS with 1% bovine
serum albumin and the highest standard concentration was 50 ng/ml.
Included on each plate were blank control wells, containing sample
dilution buffer only. Before ELISA measurements, serum samples and
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interstitial fluid samples were diluted 1:4 with Bio-Plex human serum
diluent (Bio-Rad, USA), to yield values within the linear range of the
standard curve for the assay. After binding of Mage-A4 protein, the
wells were washed five times with washing buffer, and 100 �l of
mouse monoclonal detection antibody CPTC-Mage-A4–1 (1 �g/ml)
were added per well. After incubation for 1 h at 30 °C, wells were
washed five times with washing buffer and an anti-mouse immuno-
globulins peroxidase-conjugated polymer backbone (Envision™;
DAKO, Denmark) dilution 1:200 was used in the secondary detection
step. Detection was performed with 3,3�,5,5�-tetramethylbenzidine
(TMB). The TMB reaction was stopped with 2 M H2SO4 and read
spectrophotometrically at 450 nm using a VersaMax microplate
reader (Molecular Devices, Sunnyvale, CA). All samples were deter-
mined in triplicate and the mean values were used for statistical
analysis. The mean minimum detectable dose (MDD) of Mage-4 pro-
tein by this assay was determined to be 0.5 pg/�l. We performed
spike-and-recovery experiments using low (10 pg/�l), medium (25
pg/�l), and high (40 pg/�l) spike concentrations of analyte in the
various sample matrices. Average % of recovery from serum was 84
(range 77–89%), and for TIF was 92 (range 84–102%) across the
concentration range of the assay, demonstrating no quantifiable ma-
trix interference for each sample type. A four-parameter-fitted stand-
ard curve was generated using MasterPlex® ReaderFit software (Hi-
tachi Software Engineering America Ltd., MiraiBio Group, USA), by
which the concentration of Mage-A4 in samples was calculated.

Antibodies—A commercially available antibody against CK19
(mouse monoclonal; used at a dilution of 1:1000) was obtained from
Labvision-ThermoScientific. The CPTC-MageA4–1 hybridoma devel-
oped by the Clinical Proteomic Technologies for Cancer initiative was
obtained from the Developmental Studies Hybridoma Bank devel-
oped under the auspices of the NICHD and maintained by The Uni-
versity of Iowa, Department of Biology, Iowa City, IA 52242, and was
used at a dilution of 1:1000. The rabbit polyclonal anti-peptide anti-
body EP101638 (rab Ab 1982) [N-term peptide immunogen: FTC-
WRQPNEGSSSQE (aa78–92)] raised against Mage-4 was generated
by Eurogentec (Belgium) and was used at a dilution of 1:200. The
mouse monoclonal antibody clone 57B (used at a dilution of 1:100),
was kindly provided by G. Spagnoli.

Immunohistochemistry of FFPE (Formalin-Fixed, Paraffin-Embed-
ded) Samples—Following surgery, fresh tissue blocks were immedi-
ately fixed in neutral buffered formalin and paraffin embedded for
archival use. Pellets from exponentially growing breast cancer cell
lines (MDA-MB-436 and MCF-7) received from ATCC (USA) and
cultured in DMEM/10%FCS, were likewise formalin fixed and paraffin
embedded. Five-�m sections were cut from the paraffin blocks and
mounted on Super Frost Plus slides (Menzel-Gläser, Braunschweig,
Germany), baked at 60 °C for 60 min, deparaffinized, and rehydrated
through graded alcohol rinses (24). Heat induced antigen retrieval was
performed by immersing the slides in Tris/EDTA pH 9.0 buffer (10 mM

Tris, 1 mM EDTA) and heating them in a 750 W microwave oven for 10
min. The slides were then cooled at room temperature for 20 min and
rinsed abundantly in tap water. Nonspecific staining of slides was
blocked (10% normal goat serum in PBS buffer) for 15 min, and
endogenous peroxidase activity quenched using 0.3% H2O2 in meth-
anol for 30 min. Antigen was detected with a relevant primary anti-
body, followed by a suitable secondary antibody conjugated to a
peroxidase complex (HRP conjugated goat anti-rabbit or anti-mouse
antibody (DakoCytomation, Glostrup, Denmark). Finally, color devel-
opment was done with 3, 3�- diaminobenzidine (Pierce, Rockford, IL,
USA) as a chromogen to detect bound antibody complex. Slides were
counterstained with hematoxylin. Standardization of the dilution, in-
cubation, and development times appropriate for each antibody al-
lowed an accurate comparison of expression levels across samples

for each antibody (26–28). Normal rabbit or mouse sera instead of
primary antibody were used as a negative control.

Blocking Experiments for IHC Validation—The appropriate amount
of antibody was diluted in TBS buffer to the final volume needed for
staining of two section slides and divided equally into two tubes.
Recombinant Mage-A4 protein was added into one tube to a final
concentration of 5 �g/ml giving app. 1:5 molar excess of blocking
peptide). Both tubes were incubated at room temperature for 1 h with
agitation. Tandem sections of tissue or cell pellets paraffin blocks
were stained either with the blocked antibody or antibody alone and
processed in parallel for antigen detection with an appropriate sec-
ondary antibody as described in the previous section.

Tissue Microarrays (TMAs)—Breast cancer tissue microarray slides
were obtained from Pantomics (BRC1501, BRC1502 and BRC1503 -
Pantomics Inc., CA, USA). The TMAs contained a total of 210 non-
overlapping breast tumors. We also used a set of four TMAs prepared
at the Department of Pathology, Copenhagen University Hospital
comprising the 78 samples from the TNBC patients included in our
proteomic analysis. For TMA construction, a hematoxylin and eosin-
stained (H&E) slide from each block was analyzed by a pathologist
(VTW) and regions of interest for each sample were defined. Tissue
cores of 2 mm were punched from these defined areas and arrayed
into a recipient paraffin block using an automated computer con-
trolled machine (3D Histotech, Budapest, Hungary). Two donor tissue
cores were used per case. The slides were stained as above using an
appropriate primary antibody. For detection of immune complexes we
used a horseradish peroxidase-labeled polymer (Envision� detection
kit, DAKO, Denmark) as a secondary antibody. All slides were inde-
pendently reviewed by three of the authors (JEC, TC, and JMAM) and
in the few discrepant cases a consensus was reached after joint
review.

RESULTS AND DISCUSSION

Proteomic Profiling of TNBC—Triple-negative breast can-
cers are defined by absence of expression of the hormone
receptors, ER and PgR, and Her2. Because of a lack of
common molecular therapeutic targets, conventional chemo-
therapy remains the mainstay of treatment strategies for pa-
tients with TNBC. The combination of limited treatment op-
tions with clinicopathological heterogeneity of the disease
makes clinical management of these lesions very demanding
(reviewed in 29), and as a consequence, identification of novel
therapeutic targets and options for management of TNBCs is
of vital importance. We performed 2D PAGE/silver staining
profiling coupled with MS-based identification of proteins in a
prospective cohort of 78 TNBC patients (defined by lack of
ER, PgR, and Her2 expression by IHC analysis) and estab-
lished a database of proteins comprising all polypeptides
identified in the patient cohort by either IEF (Fig. 1, right hand
panel: Supplemental Fig. S1) and/or NEPHGE (Fig. 1 left hand
panel: Supplemental Fig. S2) 2D PAGE analysis. Taking into
account the fact that tumor samples are characterized by a
high degree of heterogeneity, such a cumulative protein da-
tabase could not be constructed on the basis of 2D gel/MS
analysis of only one sample. Accordingly, we selected a set of
several of the most representative 2D gels of TNBCs and the
images were matched using PDQUEST 8.0.1. Then, a master
image was prepared that contained all the proteins spots
present in the different images. To identify as many proteins
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as possible we carried out a systematic computer assisted
analysis of the 2D gels of the remaining TNBC samples. All
matched proteins were identified by MALDI MS-MS as de-
scribed in the Experimental Procedures section (The data
associated with this manuscript may be downloaded from the
ProteomeCommons.org Tranche network). Supplemental Ta-
bles S1 and S2 list all the proteins identified in the 78 TNBC
patient cohort by either IEF (553 proteins) and/or NEPHGE
(152 proteins) 2D PAGE analysis. Some polypeptides were
identified both in IEF and NEPHGE gels and in addition, some
proteins were identified in multiple spots, reflecting posttrans-
lational protein processing. Consequently, the number of
unique protein species we could identify in TNBCs was 523. It
should be noted that in many cases the matching procedure
was encumbered by confounding factors such as: the low

abundance of some proteins, the fact that some proteins
migrated close to a cluster of proteins, heterogeneity of tissue
samples, as well as to the inherent variability in the gel runs.
Consequently, it is likely that some proteins expressed by
TNBCs escaped identification.

Inspection of the TNBC protein database, and comparison
with proteomic data obtained from other breast cancer sub-
types in our laboratory (23,24,30; this study), revealed a num-
ber of interesting candidate targets such as: tumor protein
D52 (TPD52, IEF SSP# 8114, Supplemental Fig. S1), a protein
frequently overexpressed in breast and other cancers (31) and
a potential tumor antigen target for immunotherapy (32-
34), D-3-phosphoglycerate dehydrogenase (PHGDH) (IEF
SSP#2512; NEPHGE SSP# 2601, Supplemental Figs. S1 and
S2, respectively), a protein involved in the serine biosynthetic

FIG. 1. Proteomic analysis of TNBCs. Representative silver stained 2D-PAGE NEPHGE (upper left hand panel) and IEF (upper right hand
panel) gels of proteins extracted from TNBC patient 22. The positions of the basal markers CK5, CK6, CK17, as well as Mage-A4, PHGDH,
and D52 protein spots are indicated for reference. The framed areas in the gels, corresponding to the portions of the gels that contain these
proteins, is shown enlarged in the lower panels of the figure, with the positions for the respective spots indicated. The position for each protein
spot is marked by a cross, with SSP number (indicated by blue) and UniProt ID. SSP is a unique sample spot protein number assigned by the
PDQuest software. Comprehensive information about 2D gel spot position, identity (protein name, UniProt, UniGene) as well as MALDI TOF
characteristics is presented in Supplemental Figs. S1, and S2, and Supplemental Tables S1 and S2, respectively.
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pathway that was recently identified in ER-negative breast
cancer (35, 36), and melanoma-associated antigen 4 (Mage-
A4) (Fig. 1 right hand panel and Supplemental Fig. S1; IEF
SSP#8314), a protein that we selected for further analysis, as
well as a number of other, potentially important, candidates
that are currently being studied and will be reported in detail
elsewhere. We also identified basal cytokeratin (CK) markers
such as CK5 (multiple variants in NEPHGE SSP#2602, 3607,
3609, 4706, 5603, 6703, and 7603), CK6 (IEF SSP# 5501;
multiple variants in NEPHGE SSP#3608, 4709, and 8601) and
CK17 (IEF SSP# 7414) (Fig. 1, and Supplemental Figs. S1 and
S2). The basal cytokeratins CK5/6 and CK17 have been pro-
posed as potential IHC-based markers that can distinguish
between basal and nonbasal tumor subtypes (37); as such the
fact that we were able to identify these foreknown TNBC
markers lend some support to the relevancy of our analysis.

Analysis of Mage-A4 Deregulation in Breast Cancer—
Selection and Specificity of Mage-A4 Antibodies—Mage-A4

is a cancer testis antigen (CTA), a protein whose expression is
restricted to human germ line cells, but which is abnormally
expressed in various types of cancer (38–42). A number of
studies have previously established the expression of CTAs in
breast tumors, and in some cases CTA expression was shown
to be associated with hormone-receptor negative breast can-
cers (41, 43–49). However, these studies reported mostly on
MAGE gene expression rather than protein levels or on the
expression of Mage protein families rather than on specific
proteins. The high degree of homology between different
Mage proteins and the limited availability of anti-Mage anti-
bodies recognizing only specific Mage family members, does
not allow one to easily distinguish among Mage proteins; for
example, the anti-Mage-A1 antibody 6C1 cross-reacts with
Mage-A2, -A3, -A4, -A6, -A10, and -A12 (50).

To overcome the inherent difficulties associated with the
extensive homology among the various Mage-A protein family
members, we implemented a three-tier orthogonal technology
approach based on the analysis of the same sample by 1)
silver stained 2D PAGE coupled with MS-based identification
of spots, 2) 2D Western blot, and 3) IHC using three different
antibodies. This strategy combines the intrinsic sensitivity and
cellular resolution of IHC, with the specificity of 2D Western
and MS-based identification, and the overall protein analysis
capability of 2D gels.

Several broad-spectrum vaccination strategies using
cross-recognized epitopes, thus targeting various Mage pro-
tein family members, have been described (51, 52). But other
more specific approaches targeting Mage-A4 also exist (53,
54). To analyze the specific expression of Mage-A4 protein we
used a panel of three different antibodies: the first antibody
was a rabbit polyclonal raised against a selected peptide of
Mage-A4 (rab Ab 1982, raised against Mage-A4 aa78–92;
Eurogentec). The second antibody was a monoclonal anti-
body (clone 57B) that was developed by Spagnoli and col-
leagues. This antibody was generated using Mage-A3 recom-

binant protein as immunogen and it recognizes an epitope
(Mage-A3 aa16–31 region) that is identical in Mage-A2 and
-A6, and differs by only 5, 3, and 1 residues in Mage-A1, -A4,
and -A12, respectively (50), permitting cross-reactivity with
Mage-A1, -A2, -A3, -A4, -A6, and -A12, as it was shown with
cellular overexpression models (50, 55). Although at physio-
logical levels of Mage-A protein family expression, the 57B
mAb antibody (dilution 1:20) has shown specificity solely to
Mage-A4, both in melanoma and nonsmall cell lung carci-
noma tissue samples (55), thus suggesting a higher affinity of
the antibody for Mage-A4, or that expression levels of this
protein in tumor cells are higher than those of the other
Mage-A proteins, any results obtained using this antibody
should be interpreted with caution considering the potential
for cross-reactivity. The third antibody we examined, was a
mouse monoclonal antibody, CPTC-MageA4–1 developed by
the U.S. NIH-Clinical Proteomic Technologies for Cancer Pro-
gram (the epitope recognized by this antibody was not dis-
closed by the provider).

Determination of Antibody Specificity—Expression of CTAs
in normal adult tissues is restricted to male germ cells in the
testis. In malignancy, this pattern of regulation is disrupted,
resulting in CTA expression in some tumors of various types.
However, the spectrum of expression of CTAs in tumors of
adult somatic tissues varies from individual tumor to individual
tumor, with different CTAs being expressed differently in each
case. Consequently, we tested the specificity of the our three
antibodies by Western blotting using 2D gels of human normal
testicular tissue, which expresses not only Mage-A4 (Fig. 2A),
but also the full complement of potential cross-reacting
Mage-A family proteins. As shown in Fig. 2B, all three anti-
bodies detected various polypeptides of similar Mw (about
46kDa) in the testis extracts (Fig. 2B, black arrowheads),
compatible with multiple post-translational modifications of
the protein. This observation is congruent with published data
identifying two phosphorylation sites (Ser90 and Ser99), and
two ubiquitylation sites (Lys154 and Lys245) for Mage-A4
(56–58). The identity of the Mage-A4 protein spot corre-
sponding to the major form recognized by all three antibodies
(Fig. 2B, white arrows) was confirmed by MS in 2D gels of
testis proteins (Fig. 2A, right hand panel). Despite an exhaus-
tive analysis of all MS spectra generated from this area we did
not find any hits (lower scores in Mascot search results) for
other Mage-A proteins. In conclusion, with the one exception
of the rab Ab 1982 antibody, which detected an additional
smaller polypeptide (Fig. 2B, rab Ab 1982, gray arrow), the
three antibodies showed comparable specificities. Interest-
ingly, rab Ab 1982 did not detect this lower Mw polypeptide in
multiple 2D blots from TNBCs samples (data not shown). It is
possible that the lower Mw polypeptide corresponds to
Mage-A5 (13 kDa, the smallest member of the Mage-A family)
or to a smaller variant of the Mage-A4 protein present in
testicular but not in breast tissue, as the existence of
Mage-A4 isoforms under specific conditions has been previ-
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ously reported (59). Immunohistochemistry analysis of testic-
ular biopsy specimens with normal spermatogenesis using
the three Mage-A4 antibodies, showed that in all three cases
Mage-A4 immunoreactivity occurred in spermatogonia, giving
a characteristic “pearl-necklace” appearance (illustrated in
Fig. 2C for rab Ab 1982). This observation reiterated the
results previously reported for mAb 57B (55). In each case,
this immunoreactivity could be blocked by pre-incubating the
antibody with recombinant Mage-A4 protein (Fig. 2C, illus-
trated with recMage-A4�rab Ab 1982). As expected, samples
exhibited strong nuclear and cytoplasmic Mage-A4 staining of
spermatogonia and weak staining of spermatocytes. Multiple
indirect immunofluorescence analysis of testis samples with

the three antibodies confirmed that the antibodies have nearly
identical staining patterns (data not shown). These data dem-
onstrated that, under the conditions of the assays, the anti-
bodies showed comparable specificity toward Mage-A4. All
subsequent analyses were done primarily using the mAb 57B
antibody, and results corroborated with the rab Ab 1982 and
CPTC-MageA4–1 antibodies. For simplicity, only the data
from the mAb 57B antibody are shown henceforth.

Evaluation of Antibody Specificity in Breast Carcinomas—To
address the issue of antibody specificity in malignant samples,
and given that some potential cross-reactivities may be ex-
pressed only under pathological conditions, we performed a
comparative analysis of MAGE-A4 expression in breast tumor

FIG. 2. Proteomic analysis of Mage-A4 expression in normal human testicular tissue. A, Silver stained IEF 2D PAGE analysis with MS
identification of the Mage-A4 protein (B) 2D Western blot analyses of Mage-A4 expression patterns in normal human testicular tissue lysates
using three antibodies (mAb 57B, mAb CPTC-MageA4–1, and rab Ab 1982). Several polypeptides were detected by the three antibodies; the
major peptide form corresponding to the MS-identified protein spot is indicated with white arrows and the other potential post-translationally
modified forms are indicated with black arrowheads. One additional, lower Mw, polypeptide was observed with rab Ab 1982 and is indicated
with a gray arrow (C). Immunohistochemical expression analysis of Mage-A4 in FFPE testicular biopsy specimens with normal spermatogen-
esis using rab Ab 1982 (left hand panel). Immunoreactivity occurred primarily in spermatogonia, presenting a characteristic “pearl-necklace ”
appearance. Pre-incubation control assay with purified recombinant Mage-A4 protein (recMage-A4) blocked immunoreactvity in a tandem
section (right hand panel). Scale bar, 100 �m.
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biopsies and cell lines by 2D Western blotting followed by
mass spectrometry analysis of the corresponding 2D gels. A
number of Mage-A4 positive TNBC tissue biopsies were an-
alyzed, and one representative example (DCTB T89) is shown
in Fig. 3A. In addition, one cell line, the BRCA1-mutant triple-
negative MDA-MB-436 cell line, which showed the highest
expression of Mage-A4 protein among all lines we tested
(data not shown), was also examined (Fig. 3B). As illustrated in
Fig. 3, immunoblotting for Mage-A4 in T89 (Fig. 3A, mAb 57B)
and MDA-MB-436 cell line (Fig. 3B, mAb 57B) was consistent
with the identification of the proteins in corresponding 2D
silver stained gels, both for T89 (Fig. 3A, spots 1 and 2 black
arrows; Supplemental Table S3) and MDA-MB-436 (Fig. 3B,

spots 1–5, black arrows, Supplemental Table S4). Addition-
ally, 2D Western blot detection of purified recombinant human
Mage-A4 protein (Fig. 3C, mAb57B) was also performed. The
position of the mAb 57B immunoreactive spots on the blots of
both breast carcinoma sample T89 and MDA-MB-436 cell line
was matched to that of purified recombinant human Mage-A4
protein (compare Figs. 3A, B and C, mAb 57B 2D blots). The
slightly different focusing of the Mage-A4 isoforms observed
in the case of the purified recombinant protein is not surpris-
ing given the fact that a number of additional post-transla-
tional modifications are to be expected in mammalian cells
and, additionally, the high complexity of tissue/cell lysates
can affect IEF protein separation. Interestingly, although all
visible spots in this area of the 2D PAGE gels were analyzed
by MS (data not shown), we did not hit on any other Mage-A
proteins (hits of lower scores in Mascot search results did not
show any entries for other Mage-A proteins indicating an
absence of peptides belonging to this group of proteins),
which is in agreement with previous results showing lower
expression level for the other Mage-A protein family members
in breast cancer (47). Of note is the complete lack of cross-
reactivity to any proteins from both breast tumor and MDA-
MB-436 cell line (2D Western blots of full size are presented).
No cross-reactivity was observed on the 2D Western blots of
basic proteins (NEPHGE 2DPAGE, data not shown). The same
results were obtained when rab Ab 1982 as well as CPTC-
Mage-A4 antibodies were tested (data not shown).

The specificity of mAb 57B for IHC analysis of breast tissue
was also examined by staining representative tissue speci-
mens with antibody pre-incubated with recombinant
Mage-A4 protein (Fig. 4). A number of Mage-A4 positive tu-
mor biopsies were selected for this experiment and one rep-
resentative example is shown in (Fig. 4A, T162). The pre-
incubation of the antibody with the recombinant Mage-A4
protein before IHC effectively blocked immunostaining of
T162, confirming the specificity of the antibody toward
Mage-A4 in mammary tissue in IHC (Fig. 4A, compare mAb
57B with recMage-A4�mAb 57B panel). These results were
also confirmed with the MDA-MB-436 cell line (Fig. 4B).
MCF7, a breast tumor cell line that does not express Mage-A4
at detectable levels, did not display any immunoreactivity with
mAb 57B (Fig. 4C) as expected. Taken together, these data
demonstrate that the mAb 57B antibody is highly specific
toward the Mage-A4 antigen in breast tumor samples ruling
out a potential tissue-specific cross-reactivity confounder
other than Mage-A protein family. Given the extensive homol-
ogy among the various Mage-A protein family members, it is
possible that samples with highly deregulated expression of a
Mage-A protein other than -A4, could be immunopositive in
IHC analysis with mAb 57B, and consequently incorrectly
supposed to be positive for Mage-A4. However, the combi-
nation of orthogonal technology approaches to the analysis of
the same sample we used, with IHC analysis by three different
antibodies complemented with by silver stained 2D-PAGE

FIG. 3. Silver stained 2D-PAGE (IEF) gels and respective 2D
Western blots of (A) a representative primary breast tumor (T89),
(B) MDA-MB-436 breast cancer cell line, and (C) purified recom-
binant full length Mage-A4 protein. A, Silver stained 2D IEF gel of
proteins extracted from T89 (left hand panel). Protein spots 1 and 2
identified by mass spectrometry as Mage-A4 are indicated by black
arrows. 2D Western blot of T89 developed with the anti-Mage-A4
mAb 57B antibody (right hand panel) matched the MS identities. B,
Silver stained 2D IEF gel of proteins extracted from MDA-MB-436
cells. Protein spots 1–5 identified by mass spectrometry as Mage-A4
are indicated by black arrows (left hand panel). 2D Western blot of
MDA-MB-436 cell line developed with the anti-Mage-A4 mAb 57B
antibody (right-hand panel). C, 2D Western blot of purified recombi-
nant full length Mage-A4 protein developed with the anti-Mage-A4
mAb 57B antibody.
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coupled with MS-based identification of spots and 2D West-
ern blot, was designed to address such a scenario, making it
highly unlikely.

Mage-A4 Expression Pattern in Breast Carcinomas as Eval-
uated by IHC—We then proceeded to examine our cohort of
78 TNBCs for expression of Mage-A4 by IHC. We found that
26 out of the 78 cases (33%) expressed Mage-A4 (defined by
positive reaction in more than 10% of tumor cells, see also
Supplemental Fig. S4 illustrating the spectrum of Mage-A4
staining patterns). The immunoreactivity that was observed
was in all cases moderate to strong. Concordance among the
different orthogonal assays ensured the factual expression of
Mage-A4, establishing that a subset of TNBCs, correspond-
ing to roughly one third of cases, displayed high-level expres-
sion of this protein.

To determine if the expression of Mage-A4 was restricted to
TNBCs or if it was a more general event in breast cancer, we
performed IHC analysis of Mage-A4 expression using mAb
57B in an independent cohort of 228 carcinoma samples
(including 22 TNBC and 18 ER� PgR� Her2� samples) col-
lected from mastectomies of high-risk breast cancer patients
enrolled as part of a long-term translational study at DCTB

(23, 25, 60). The results showed that 7 out of the 228 tumors
expressed Mage-A4 (3.1% of all samples). The tumors ex-
pressing this protein belonged to two hormone receptor neg-
ative subtypes. Indeed, among the seven tumors expressing
Mage-A4, four, DCTB T41, T58, T87, and T113 were of the
ER� PgR� Her2� subtype (corresponding to 1.8% of all sam-
ples and 39% of the ER� PgR� Her2� cases), and the re-
maining three, DCTB T22, T89 and T162 belonged to the triple
negative subtype (corresponding to 1.3% of all samples and
13.6% of the TNBC cases). These data showed that in the
DCTB 228 breast carcinoma sample cohort, expression of
Mage-A4 was restricted to hormone-receptor negative tu-
mors. As before, immunoreactivity for Mage-A4 (Fig. 5C, yel-
low arrow), was supported by MS-based identification of the
protein in 2D gels (Fig. 5A, arrows indicate Mage-A4 spots)
and 2D Western blot detection (Fig. 5B), verifying the specific
expression of Mage-A4 in the ER� PgR� Her2� tumors. No-
tably, we were able to identify two Mage-A4 spots in tumor
DCTB 41 (Fig. 5A) confirming the existence of multiple post-
translational modifications of the protein we had observed by
2D Western blots.

To confirm the high prevalence of Mage-A4 expression in
ER� PgR� Her2� breast tumors, we analyzed by IHC a panel
of 30 additional retrospective ER� PgR� Her2� breast tumor
samples. We found that six samples (20%) expressed Mage-
A4, showing that although the exact number of Mage-A4
expressing tumors may vary depending on the cohort, the
prevalence of Mage-A4 in hormone- receptor negative dis-
ease is quite significant.

Because of inclusion criteria (see Experimental Procedures
section), the DCTB patient cohort is biased toward high-grade
tumors, a potential confounding factor of our analysis, partic-
ularly because previous studies showed that CTAs, in general,
and Mage-A4, in particular, are associated with poorly differ-
entiated histological phenotypes (45, 61). With this in mind
and to validate our observations in an independent sample
data set, we used a set of three commercial tissue microar-
rays (TMAs) comprising 210 cases (BRC1501, 1502, and
1503; Pantomics Inc., USA) for which hormonal and HER2
status is known. IHC analysis of the TMAs showed that seven
cases expressed Mage-A4 (3.3%). Of these, five tumors were
of the TNBC subtype, one was ER� PgR� Her2�, and the
remaining case was a micropapillary carcinoma (ER� PgR�

Her2�) confirming that Mage-A4 was preferentially expressed
in hormone-receptor negative breast cancer (six out of the
seven positive cases; p � 0.001).

In brief, we found expression of Mage-A4 in roughly 3% of
the cases present in the two all-inclusive sets of breast cancer
samples examined, with 228 (DCTB cohort) and 210 cases
(BRCA1501, 1502, and 1503 TMAs), respectively. Of these, 7
out of 7 cases, and 6 out of 7 cases, respectively, were
hormone receptor negative (ER� PgR�). Conversely, when we
examined two sets of hormone receptor negative subtypes,
using TNBC (78 cases) and ER� PgR� Her2� (30 cases)

FIG. 4. Immunohistochemical expression analysis of Mage-A4
in (A) a representative FFPE primary breast tumor sample (T162),
(B) MDA-MB-436, and (C) MCF7 cell lines. No immunostaining was
observed neither in a breast tumor section (A, compare left and right
hand panels) nor in MDA-MB-436 cell line (B, compare left and right
hand panels) reacted with mAb 57B antibody pre-incubated with full
length recombinant Mage-A4 polypeptide. No immunostaining was
observed in MCF7 cell line (negative control) reacted with the anti-
Mage-A4 mAb 57B antibody. Scale bar, 100 �m.
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breast cancer cohorts, we found that 33 and 20% of cases,
respectively, expressed Mage-A4. We concluded that expres-
sion of Mage-A4 protein was predominantly associated with
hormone receptor negative breast cancers.

Several studies have previously reported an association
between expression of CTAs and ER status in breast cancer
(43–47). However, in the specific case of Mage-A4, no signif-
icant relationships with ER status were found in the two
studies that explicitly addressed this question (46, 47). The
study by Grigoriadis and colleagues refers to the combined
analysis of nine publicly available gene expression datasets
(47). ER status-specific MAGE-A4 gene expression for these
breast tumor data sets showed a nonsignificant, median ad-
justed, p value of 0.314, indicating that MAGE-A4 gene ex-
pression is independent of ER-status. However, in one of the
data sets underlying this study, the Desmedt dataset (62),
MAGE-A4 did show estrogen specific expression (p �

0.00235). Moreover, in another data set underlying this study,
the van de Vijver dataset, MAGE-A4 expression showed a
significant correlation with the basal subgroup (p � 0.001)
(47). Basal-like tumors are of a higher grade and predomi-
nantly ER-negative. In brief, although the combined analysis
of nine publicly available gene expression datasets by Grigo-
riadis and colleagues found no association between
MAGE-A4 expression and ER- status, two of the constituent
datasets did display this association.

In the case of the work by Bandić et al. (46) expression of
Mage-A4 was studied by IHC using the 57B mAb antibody
undiluted, and as such the results are more relatable to our
own. In this study, the authors examined the expression of
Mage-A4 by IHC on archival paraffin-embedded samples of

breast cancer tissue from 81 patients and found that Mage-A4
immunoreactivity was not significantly associated with ER
status (46). However, because the patients included in the
study had to comply with a set of selection criteria (all patients
had T1 to T3, N0 to N1, M0 tumors and underwent postop-
erative adjuvant radiotherapy), there is an inherent bias in the
cohort. Moreover, Mage-A4 expression did show a trend,
albeit nonsignificant, toward association with ER status (p �

0.082). In conclusion, the results we present here and the fact
that several studies have reported an association between
expression of CTAs and ER status in breast cancer (43–47)
indicate that it is likely that expression of Mage-A4 protein is
also associated with hormone receptor negative breast
cancer.

Detection of Mage-A4 Protein in Interstitial Fluid and Patient
Sera—As part of the breast cancer biomarker early detection
program within DCTB we have systematically collected tumor
interstitial fluid (TIF) from portions of freshly dissected DCTB
tumor samples (22, 63). TIFs collected from the seven DCTB
cases that expressed Mage-A4 were analyzed by 2D Western
blotting. We found Mage-A4 was present in TIFs derived from
tumors bearing a high percentage of Mage-A4 positive cells.
This is illustrated in Fig. 6 for DCTB 89, a triple negative tumor
that exhibited high-level expression of Mage-A4 as deter-
mined by 2D Western immunoblotting (Fig. 6A, DCTB T89
panel) and generalized tumoral cell expression evaluated by
IHC (Fig. 6B, DCTB T89 panel). The externalization of
Mage-A4 to the interstitial fluid is illustrated in Fig. 6A (DCTB
TIF89 panel). As expected, no immunoreactivity for Mage-A4
was observed in normal tissue (Fig. 6B; DCTB N89 panel).
Externalization of Mage-A4 was coupled with cellular expres-

FIG. 5. Three-tier orthogonal technology approach to the analysis of Mage-A4 expression in ER� PgR� Her2� breast cancer tissue.
A, Silver stained IEF 2D-PAGE analysis of DCTB patient 41 tumor sample (ER� PgR� Her2�), with MS identification of the Mage-A4 protein.
Two spots were identified in this case. B, 2D Western blot analyses of Mage-A4 expression confirmed the presence of Mage-A4 (white arrows
correspond to the MS-identified spots; antibody mAb 57B) and, as it was the case for TNBCs, revealed the existence of multiple forms of the
protein (black arrowheads). C, Expression of the protein by tumor cells was confirmed by IHC (antibody mAb 57B; yellow arrow). Scale bar,
100 �m.
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sion of the protein, and not solely specific for TNBCs, as we
could also detect Mage-A4 in interstitial fluids from ER� PgR�

Her2� tumors that expressed Mage-A4 (data not shown).
In view of these results, we decided to develop an ELISA

assay for detection of Mage-A4 protein to address the ques-
tion of whether Mage-A4 protein could be detected in human
sera of patients bearing breast tumors. Given that we had
extensively established the specificity of a set of three differ-
ent antibodies recognizing Mage-A4, we decided to establish
a sandwich ELISA assay for detecting Mage-A4 using a com-
bination of these antibodies. The rab Ab 1982 and CPTC-
MageA4–1 antibody combination showed the best perform-
ance in ELISA assays in exploratory studies and was chosen
for further validation. The minimum reproducibly detectable
level of Mage-4A protein by this assay was determined to be
0.5 pg/�l. We performed spike and recovery experiments
using low (10 pg/�l), medium (25 pg/�l), and high (40 pg/�l)
spike concentrations. We applied the ELISA assay to the
analysis of a set of 12 interstitial fluid samples collected from
patients within the DCTB cohort of 228 carcinoma samples,
and for which we had sufficient biomaterial available. Of
these, two samples, TIF58 and TIF113, both of the ER� PgR�

Her2� subtype, were obtained from tumors that expressed
Mage-A4. The remaining TIFs were collected from tumors that
did not express Mage-A4 (DCTB 46, 51, 52, 56, 57, 74, and
78). As an additional control for possible sample heterogene-
ity we used interstitial fluid from three matched normal sam-

ples (NIFs 46, 51, 56) because normal glandular cells do not
express Mage-A4 (illustrated in Fig. 6B, DCTB N89 panel). We
found that one single sample (TIF from DCTB 58) presented
increased levels of Mage-A4 protein (10.04 pg/�l; Fig. 7A, left
hand axis). The presence of Mage-A4 in this TIF was con-
firmed by 2D Western blot (Figs. 7B DCTB TIF58 panel), as
well its expression in tumor cells both by 2D Western (Fig. 7B,
DCTB T58 panel) and IHC (Fig. 7C). We were unable to detect
Mage-A4 in TIF collected from DCTB 113, even though im-
munostaining of the tumor showed that it was positive for
Mage-A4. Because Mage-A4 immunostaining was quite het-
erogenous in this tumor (data not shown), it is possible that
the tissue piece we extracted TIF from did not express this
protein at sufficient levels to allow detection.

FIG. 6. Identification of Mage-A4 protein in tissue interstitial
fluid of TNBC samples. A, 2D Western blot analyses of Mage-A4
confirmed externalization of Mage-A4 protein to the interstitial fluid of
triple-negative tumor samples (TIF89). The pattern of expression was
not completely identical to that of cellular lysates (compare DCTB T89
with TIF89, respectively), suggesting that only some of the forms of
this protein are externalized. B, Differential expression of Mage-A4
was confirmed by IHC (antibody mAb 57B), showing that only tumor
(DCTB T89; yellow arrow) but not normal cells express the protein.
Scale bar, 100 �m. Additionally, full section image of low/high power
IHC staining of TNBC tissue sample is presented in Supplemental Fig.
S3.

FIG. 7. Quantitative analysis of Mage-A4 protein by sandwich
ELISA. A, Mage-A4 protein levels were determined in interstitial fluids
from tumor samples, as well as available serum samples from our
DCTB cohort by ELISA. One patient, DCTB 58, showed detectable
levels of Mage-A4 protein in serum, as well as in TIF. Measurements
were performed in triplicate and are expressed as mean values. Data
shown are from a representative experiment out of three independent
experiments. (B and C) Confirmation of Mage-A4 protein expression
in DCTB patient 58. We confirmed the presence of Mage-A4 in tumor
tissue and externalization of the protein by (B) 2D Western blots of
tissue lysates (DCTB T58) and interstitial fluid (DCTB TIF58) of DCTB
58 tumor samples and (C) IHC (antibody mAb 57B). Scale bar, 50 �m.
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Although we had access to a very limited number of sera
from DCTB patients, we used our sandwich-ELISA assay to
analyze the 16 sera available. Of the sera examined (DCTB 15,
19, 20, 26, 31, 40, 42, 43, 46, 47, 51, 53, 55, 55, 58, and 59)
only one case was from a patient bearing a Mage-A4 positive
tumor (DCTB 58), and this was also the only sample showing
detectable levels of serum Mage-A4 (3.62 pg/�l) (Fig. 7A, right
hand axis). These results indicate that Mage-4A protein is
detectable in sera of breast cancer patients. Unfortunately,
the limited number of samples available to us did not allow us
to address critical issues, such as the influence of tumor size
and intrinsic biological factors affecting the ability of Mage-A4
of being detected in blood (for example Mage-A4 shedding
rates from tumor cells) (64). Given the potential high specificity
of any well-validated detection assay based on Mage-A4,
because no normal cells express Mage-A4 other than testis
and placenta so that background levels of the protein are
minimal, this protein has been suggested as a useful bio-
marker for early detection of cancer, and in some cases such
as head-and-neck squamous cell carcinoma, hepatocellular
carcinoma, and ovarian carcinoma, ELISA assays for detec-
tion of elevated serum Mage-A4 were successfully estab-
lished (65–69) and harbor some promise. In the case of breast
cancer, however, the low frequency of Mage-A4 positive tu-
mors (3–3.3%) we showed here makes its use as screening
biomarker for early detection of limited clinical potential. How-
ever, serum Mage-A4 protein might be a useful tumor marker
to monitor course of treatment and the recurrence of Mage-
A4-positive TNBCs and ER� PgR� Her2� tumors. This is of
particular importance as these two subtypes are associated
with increased risk of recurrence (70–72). However, additional
studies in well-defined case/control cohorts using validated
high sensitivity assays will be required to provide level 1
evidence for the feasibility of using Mage-A4 as monitoring
marker. The detection of Mage-A4 in the sera of patients
would allow the implementation of a valuable clinical blood
assay to monitor treatment response and recurrence of Mage-
A4-positive TNBCs and ER� PgR� Her2� tumors.

CONCLUSIONS

We have made a detailed proteomic analysis of triple-neg-
ative breast carcinomas and established an extensive data-
base of proteins expressed in TNBCs. This allowed us to
identify a number of markers that could be targeted by cur-
rently available therapeutic approaches; these will be reported
elsewhere. One marker in particular, Mage-A4, was ex-
pressed in a substantial proportion of cases. Expression of
MAGE-A4 was restricted to receptor negative tumors: the
ER� PgR� Her2� and TNBC subtypes.

It has been found that Mage-A4 and other members of the
Mage-A protein family can elicit immune responses and con-
sequently constitute an attractive target for vaccine-based
immunotherapy. Several broad-spectrum vaccination strate-
gies using cross-recognized epitopes, thus targeting various

Mage protein family members, have been described (51, 52).
But other more specific approaches targeting Mage-A4 also
exist (53, 54). Given the spectrum of expression of Mage-A
proteins in the basal subgroup of breast cancers (47), where
CTAs, including Mage-A3 (that was not even in the list of the
CTAs most prevalently expressed), were expressed at much
lower levels as compared with Mage-A4, and the fact that we
could unequivocally identify the Mage-A4 protein in a signif-
icant proportion of TNBCs and ER� PgR� Her2� tumors,
using a three-tier orthogonal technology approach, we would
suggest that targeting of Mage-A4 protein would constitute a
promising therapeutic approach to the management of pa-
tients bearing Mage-A4 positive tumors.
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34. Shehata, M., Bièche, I., Boutros, R., Weidenhofer, J., Fanayan, S., Spald-
ing, L., Zeps, N., Byth, K., Bright, R. K., Lidereau, R., and Byrne, J. A.
(2008) Nonredundant functions for tumor protein D52-like proteins sup-
port specific targeting of TPD52. Clin. Cancer Res. 14, 5050–5060

35. Possemato, R., Marks, K. M., Shaul, Y. D., Pacold, M. E., Kim, D., Birsoy,
K., Sethumadhavan, S., Woo, H. K., Jang, H. G., Jha, A. K., Chen, W. W.,
Barrett, F. G., Stransky, N., Tsun, Z. Y., Cowley, G. S., Barretina, J.,
Kalaany, N. Y., Hsu, P. P., Ottina, K., Chan, A. M., Yuan, B., Garraway,
L. A., Root, D. E., Mino-Kenudson, M., Brachtel, E. F., Driggers, E. M.,
and Sabatini D. M. (2011) Functional genomics reveal that the serine
synthesis pathway is essential in breast cancer. Nature 476, 346–350

36. Locasale, J. W., Grassian, A. R., Melman, T., Lyssiotis, C. A., Mattaini, K. R.,
Bass, A. J., Heffron, G., Metallo, C. M., Muranen, T., Sharfi, H., Sasaki,
A. T., Anastasiou, D., Mullarky, E., Vokes, N. I., Sasaki, M., Beroukhim,
R., Stephanopoulos, G., Ligon, A. H., Meyerson, M., Richardson, A. L.,
Chin, L., Wagner, G., Asara, J. M., Brugge, J. S., Cantley, L. C., and
Vander Heiden, M. G. (2011) Phosphoglycerate dehydrogenase diverts
glycolytic flux and contributes to oncogenesis. Nat. Genet. 43, 869–874

37. Rastelli, F., Biancanelli, S., Falzetta, A., Martignetti, A., Casi, C., Bascioni,
R., Giustini, L., and Crispino, S. (2010) Triple-negative breast cancer:
current state of the art. Tumori 96, 875–888

38. Sharma, P., Shen, Y., Wen, S., Bajorin, D. F., Reuter, V. E., Old, L. J., and
Jungbluth, A. A. (2006) Cancer-testis antigens: expression and correla-
tion with survival in human urothelial carcinoma. Clin. Cancer Res. 12,
5442–5447

39. Peikert, T., Specks, U., Farver, C., Erzurum, S. C., and Comhair, S. A. (2006)
Melanoma antigen A4 is expressed in nonsmall cell lung cancers and
promotes apoptosis. Cancer Res. 66, 4693–4700

40. Richie, J. P. (2002) Mage-A4, a germ cell specific marker, is expressed
differentially in testicular tumors. J. Urol. 168, 1287–1288

41. Otte, M., Zafrakas, M., Riethdorf, L., Pichlmeier, U., Löning, T., Jänicke, F.,
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Hudolin, T., Spagnoli, G. C., Cović, D., and Samija, M. (2006) Expression
and possible prognostic role of Mage-A4, NY-ESO-1, and HER-2 anti-
gens in women with relapsing invasive ductal breast cancer: retrospec-
tive immunohistochemical study. Croat. Med. J. 47, 32–41

47. Grigoriadis, A., Caballero, O. L., Hoek, K. S., da Silva, L., Chen, Y. T., Shin,
S. J., Jungbluth, A. A., Miller, L. D., Clouston, D., Cebon, J., Old, L. J.,
Lakhani, S. R., Simpson, A. J., and Neville, A. M. (2009) CT-X antigen
expression in human breast cancer. Proc. Natl. Acad. Sci. U.S.A. 106,
13493–13498

48. Chen, Y. T., Hsu, M., Lee, P., Shin, S. J., Mhawech-Fauceglia, P., Odunsi,
K., Altorki, N. K., Song, C. J., Jin, B. Q., Simpson, A. J., and Old, L. J.
(2009) Cancer/testis antigen CT45: analysis of mRNA and protein ex-
pression in human cancer. Int. J. Cancer 124, 2893–2898

49. Adams, S., Greeder, L., Reich, E., Shao, Y., Fosina, D., Hanson, N., Tas-
sello, J., Singh, B., Spagnoli, G. C., Demaria, S., and Jungbluth, A. A.
(2011) Expression of cancer testis antigens in human BRCA-associated
breast cancers: potential targets for immunoprevention? Cancer Immu-
nol. Immunother. 60, 999–1007

50. Rimoldi, D., Salvi, S., Schultz-Thater, E., Spagnoli, G. C., and Cerottini, J. C.
(2000) Anti-Mage-3antibody 57B and anti-Mage-1 antibody 6C1 can be
used to study different proteins of the Mage-A family. Int. J. Cancer 86,
749–751

51. Graff-Dubois, S., Faure, O., Gross, D. A., Alves, P., Scardino, A., Chouaib,
S. Lemonnier, F. A., and Kosmatopoulos, K. (2002) Generation of CTL
recognizing an HLA-A*0201-restricted epitope shared by Mage-A1, -A2,
-A3, -A4, -A6, -A10, and -A12 tumor antigens: implication in a broad-
spectrum tumor immunotherapy. J. Immunol. 169, 575–580

52. Kawada, J., Wada, H., Isobe, M., Gnjatic, S., Nishikawa, H., Jungbluth,
A. A., Okazaki, N., Uenaka, A., Nakamura, Y., Fujiwara, S., Mizuno, N.,
Saika, T., Ritter, E., Yamasaki, M., Miyata, H., Ritter, G., Murphy, R.,
Venhaus, R., Pan, L., Old, L. J., Doki, Y., and Nakayama, E. (2012)
Heteroclitic serological response in esophageal and prostate cancer
patients after NY-ESO-1 protein vaccination. Int. J. Cancer 130, 584–592

53. Cruz, C. R., Gerdemann, U., Leen, A. M., Shafer, J. A., Ku, S., Tzou, B.,
Horton, T. M., Sheehan, A., Copeland, A., Younes, A., Rooney, C. M.,
Heslop, H. E., and Bollard, C. M. (2011) Improving T cell therapy for
relapsed EBV negative Hodgkins Lymphoma by targeting upregulated
Mage-A4. Clin. Cancer Res. 17, 7058–7066

54. Shirakura, Y, Mizuno, Y, Wang, L, Imai, N, Amaike, C, Sato, E, Ito, M,
Nukaya, I, Mineno, J, Takesako, K, Ikeda, H, and Shiku, H. (2012) TCR
gene therapy targeting Mage-A4 inhibits human tumor growth in NOD/
SCID/�c(null) mice. Cancer Sci. 103, 17–25

55. Landry, C., Brasseur, F., Spagnoli, G. C., Marbaix, E., Boon, T., Coulie, P.,
Godelaine, D. (2000) Monoclonal antibody 57B stains tumor tissues that
express gene Mage-A4. Int. J. Cancer 86, 835–841

56. Tsai, C. F., Wang, Y. T., Chen, Y. R., Lai, C. Y., Lin, P. Y., Pan, K. T., Chen,
J. Y., Khoo, K. H., and Chen, Y. J. (2008) Immobilized metal affinity
chromatography revisited: pH/acid control toward high selectivity in
phosphoproteomics. J. Proteome Res. 7, 4058–4069

57. Raijmakers, R., Kraiczek, K., de Jong, A. P., Mohammed, S., and Heck,
A. J. (2010) Exploring the human leukocyte phosphoproteome using a
microfluidic reversed-phase-TiO2-reversed-phase high-performance liq-
uid chromatography phosphochip coupled to a quadrupole time-of-flight
mass spectrometer. Anal. Chem. 82, 824–832

58. Kim, W., Bennett, E. J., Huttlin, E. L., Guo, A., Li J., Possemato, A., Sowa,

M. E., Rad, R., Rush, J., Comb, M. J., Harper, J. W., and Gygi, S. P.
(2011) Systematic and quantitative assessment of the ubiquitin-modified
proteome. Mol. Cell. 44, 325–340

59. Sakurai, T., Itoh, K., Higashitsuji, H., Nagao, T., Nonoguchi, K., Chiba, T.,
and Fujita, J. (2004) A cleaved form of Mage-A4 binds to Miz-1 and
induces apoptosis in human cells. J. Biol. Chem. 279, 15505–15514

60. Celis, J. E., Gromov, P., Gromova, I., Moreira, J. M., Cabezón, T., Ambart-
sumian, N., Grigorian, M., Lukanidin, E., Thor Straten, P., Guldberg, P.,
Bartkova, J., Bartek, J., Lukas, J., Lukas, C., Lykkesfeldt, A., Jäättelä, M.,
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