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Background: Molecular markers displaying bimodal expression distribution can reveal dis-
tinct disease subsets and may serve as prognostic or predictive markers or represent ther-
apeutic targets. Oestrogen (ER) and human epidermal growth factor receptor 2 (HER2)
receptors are strongly bimodally expressed genes in breast cancer.

Material and methods: We applied a novel method to identify bimodally expressed genes in
394 triple negative breast cancers (TNBC). We identified 133 bimodally expressed probe sets
(128 unique genes), 69 of these correlated to previously reported metagenes that define
molecular subtypes within TNBC including basal-like, molecular-apocrine, claudin-low
and immune cell rich subgroups but 64 probe sets showed no correlation with these
features.

Results: The single most prominent functional group among these uncorrelated genes was
the X chromosome derived Cancer/Testis Antigens (CT-X) including melanoma antigen
family A (MAGE-A) and Cancer/Testis Antigens (CTAG). High expression of CT-X genes cor-
related with worse survival in multivariate analysis (HR 2.02, 95% CI 1.27-3.20; P = 0.003).
The only other significant variable was lymph node status. The poor prognosis of patients
with high MAGE-A expression was ameliorated by the concomitant high expression of
immune cell metagenes (HR 1.87, 95% CI 0.96-3.64; P = 0.060), whereas the same immune
metagene had lesser prognostic value in TNBC with low MAGE-A expression.

Conclusions: MAGE-A antigen defines a very aggressive subgroup of TNBC; particularly in
the absence of immune infiltration in the tumour microenvironment. These observations
suggest a therapeutic hypothesis; TNBC with MAGE-A expression may benefit the most
from further augmentation of the immune response. Novel immune stimulatory drugs
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such as (anti-cytotoxic T-lymphocyte antigen-4 CTLA-4) directed therapies provide a real-

istic opportunity to directly test this hypothesis in the clinic.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Bimodal gene expression indicates that two distinct subpop-
ulations exist in the data that may correspond to clinically
important subtypes of a disease. Several analytical methods
were proposed to identify bimodally or multi-modally ex-
pressed genes in high dimensional data sets."™ We recently
developed a new computational tool that assigns a continu-
ous ‘bimodality index’ (BI) score to each probe set and allows
ranking of genes by bimodality in a given data set.” The lar-
ger the separation between the two modes of distribution
and the more balanced the size of the groups is, the larger
the BI index. A large number of genes show strong bimodal
expression in breast cancer but many of these are also
highly co-expressed with oestrogen receptor (ER), progester-
one receptor (PR), and human epidermal growth factor
receptor 2 (HER2).°® Separate analysis of hormone recep-
tor-based subtypes of breast cancer is important to avoid
rediscovery of molecular markers of known subtypes. Sub-
type restricted analysis is more likely to identify novel prog-
nostic and predictive markers that could add to existing
classification.” We hypothesised that bimodally expressed
genes within ER, PgR and HER2-negative breast cancers (tri-
ple negative, TNBC) may reveal natural and clinically rele-
vant subsets of this cancer type. To test this hypothesis we
applied our method to expression data of TNBC. Our
TNBC-specific analysis revealed over 130 bimodally ex-
pressed genes, many corresponding to known metagenes
that were previously suggested as stratification tools for
TNBC. However, among the previously unknown markers
we identified several Cancer/Testis Antigens (CT-X). These
antigens are predominantly expressed in human germ line
cells, and are absent in adult somatic tissues.'® However,
they have been shown to be re-expressed in various cancers.
Because of their highly specific expression in cancer cells
and their ability to induce immune responses mediated by
cytotoxic T cells, these antigens are in the focus of efforts
to develop vaccines against them as potential cancer
treatment.'*2

2. Methods

This analysis was performed following the REMARK recom-
mendations for tumour marker studies.’® Fig. 1 illustrates
the analytical strategy and the flow of samples through the
study, including the number of cases used in each stage of
the analysis. All analyses were performed using the R soft-
ware environment (http://www.r-project.org/) and SPSS ver-
sion 17.0 (SPSS Inc., Chicago, Illinois). Chi square test was
used to assess associations between categorical parameters.
All reported P values are two sided and P < 0.05 was consid-
ered significant.

2.1.  Assembly of a combined Affymetrix dataset from
triple negative breast cancers

To generate a homogeneous dataset for the analysis of bimo-
dally expressed genes we used (i) only one array platform
(Affymetrix U133 gene chips) and (ii) included only samples
defined as triple negative based on the mRNA expression lev-
els of ER, PR, and HER2 as previously described.® To obtain the
largest possible sample size for analysis we started with gene
expression data corresponding to n=3488 primary breast
cancers representing 28 different datasets (Supplementary
Table S1). Only primary invasive breast cancers and no metas-
tases were included in this starting cohort. In addition, to
avoid any effects of treatment on gene expression, only sam-
ples from patients untreated at the time of sample acquisition
were included. In the case of neoadjuvant treatment only pre-
therapeutic biopsies were used in the analyses. All expression
data were processed with the MAS5.0 algorithm™ of the affy
package’ of the Bioconductor software project.® Subse-
quently data from each array were log,-transformed, med-
ian-centered, and the expression values of all the probe sets
from the U133A arrays were multiplied by a scale factor S so
that the magnitude (sum of the squares of the values) equals
one. Within this data set, we identified 579 triple negative
breast cancers (TNBC) based on the expression of ER, PgR,
and HER? as detected by the microarray.® Next, we calculated
a comparability metric C for each primary dataset to identify
the most comparable samples. This metric C is derived from
the sum of the squared differences of the mean () within a
specific dataset and among all datasets, respectively, norma-
lised by the standard deviation (¢) calculated for all genes (g)
on the array:

n
Cdataset, = g (
g=1

All datasets were sorted according to this metric and the
top 15 datasets with the lowest values (norm. C < 0.03) includ-
ing 394 samples combined were selected as the analysis co-
hort (Supplementary Fig. S5). The rational of this metric is
based on the assumption that the mean of a genes expression
within a dataset should be similar between different dataset.
Therefore this mean is compared to the global mean and the
difference normalised by the respective variance. When sum-
ming up these differences for all genes on the array the
resulting comparability metric C gives a measurement to
which extent the arrays in the specific dataset differ from
the complete cohort of all arrays. Importantly this method
does not intend to define which datasets are ‘right’ of ‘wrong’
per se. Moreover, larger datasets will dominate over smaller
datasets because of their higher impact on the global mean.
As demonstrated in Supplementary Fig. S5 the method allows
to identify a combined cohort of rather homogeneous arrays.

u dataset; — y, total\
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ogtotal



14

EUROPEAN JOURNAL OF CANCER 48 (2012) 12-23

Selection of 394 homogeneous samples

Analysis of bimodally expressed genes

\

Analytical strategy:

n=3488 breast cancers with
Affymetrix microarray data

—_

;\_> n=2909 samples excluded

n=579 triple negative breast
cancer (TNBC)

(non-TNBC subtypes)

n=185 samples excluded based

I on array comparability
" p— - o
n=394 comparable microarrays i
of TNBC (Suppl. Fig. S5) 1
4 \é N B
Bimodality Index (BI) of all 22,283
probesets on Affymetrix array ey
i :
\ y §

v

-8 8§

222 probesets with highest Bl (1%)
(Suppl. Fig. S1, Suppl. Table S2)

89 probesets excluded which

v

demonstrate a dataset bias
(Suppl. Fig. S2)

133 probesets analyzed for correlation
with metagenes for known molecular
phenotypes (Figure 2)

v

69 probesets associated with
known phenotypes (e.g. basal-

subgroups (Table 1)

64 probesets not associated with known

like, apocrine, immune cells...)

v

7 probesets (10.1 %) for cancer/testis
(CT-X) antigens

v

-

Analysis of metagenes for MAGE and
CTAG for clinical correlations
(Figure 3; Table 2 and Suppl.Tab.S5).
n=297 patients with follow up data;
n=237 patients with information on all
standard parameters in multivariate

~N

=

low MAGE-A metagene (n=219)

e o
> =

o
=

high MAGE-A metagene (n=78)

Event free survival

o

00| P=0.044

analysis T T e
months

Fig. 1 - Analytical strategy. The outline of the analysis strategy is schematically shown. The upper part shows the selection of
the homogenous sample cohort of 394 triple negative breast cancers (TNBC). The lower part displays the analysis of
bimodally expressed genes in this cohort according to the bimodality index (BI) and the subsequent selection of those genes
providing information independent to previous known molecular factors.

2.2.

Identification of genes with a bimodal expression

We applied the R function bimodalindex® from the package
ClassDiscovery  (http://bioinformatics.mdanderson.org/Soft-
ware/OOMPA/) to the expression data of 394 TNBC samples.

All 22,283 probe sets available on the Affymetrix U133A array
were included in the analysis. Probe sets were ranked accord-
ing to the bimodality index score (BI) and based on the distri-
bution of Bi values the upper 1% (n =222 probe sets) were
selected for futher analyses (Supplementary Fig. S1). Next,



Table 1 - 133 Bimodally expressed probe sets.

Assigned to Affymetrix Gene- Maximum Gene title KEGG pathway OMIM disease information
metagene probe Symbol® correlation to
set ID? metagene
Unclassified 204965_at GC -0.083 Group-specific component Susceptibility to Graves
(vitamin D binding protein) disease
Unclassified 217129_at - -0.085 Clone RP1-20N2
Unclassified 216710_x_at ZNF287 -0.086 Zinc finger protein 287
Unclassified 216140_at = 0.092 DKFZp434K1126
Zp434K1126
Unclassified 217450_at IRS3L -0.095 Similar to insulin receptor
substrate like protein
Unclassified 216498_at - 0.096 Clone RP3-336K20
Unclassified 216303_s_at MTMR1 0.098 Myotubularin related Fructose and mannose
protein 1 metabolism
Unclassified 209942_x_at MAGEA3 -0.100 Melanoma antigen
family A, 3
Unclassified 216592 _at MAGEC3 -0.103 Melanoma antigen
family C, 3
Unclassified AFFX-LysX-M_at -0.105 Lysine biosynthesis
Unclassified 221674 _s_at CHRD 0.108 Chordin TGF-B signalling pathway
Unclassified 217210_at 1422 g at 0.110 Clone 8B22
Unclassified 222277 _at -0.111 Hypothetical protein
LOC100133696
Unclassified 203815_at GSTT1 0.111 Glutathione S-transferase Glutathione metabolism
theta 1
Unclassified 217246_s_at DIAPH2 -0.115 Diaphanous homologue 2 Regulation of actin Premature ovarian failure
(Drosophila) cytoskeleton
Unclassified 207706_at USH2A -0.116 Usher syndrome 2A Retinitis pigmentosa, AR,
(autosomal recessive, mild) without hearing loss, Usher
syndrome, type 2A
Unclassified 219865_at HSPC157 -0.120 Hypothetical LOC29092
Unclassified 220567_at ZNFN1A2 0.121 IKAROS family zinc
finger 2 (Helios)
Unclassified 219831 _at CDKL3 -0.121 Cyclin-dependent
kinase-like 3
Unclassified 216951_at FCGR1A -0.123 Fc fragment of IgG, high Hematopoietic cell lineage Familial deficiency of
affinity Ia, receptor (CD64) phagocytic IgG receptor I
Unclassified 215555_at LOC148936 -0.124
Unclassified 202885_s_at PPP2R1B -0.124 Protein phosphatase 2 Oocyte meiosis Lung cancer
regulatory subunit A, B
Unclassified 216626_at -0.126 Susceptibility to pancreatic

cancer, whole genome
association study
(continued on next page)
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Table 1 (continued)

Assigned to Affymetrix Gene- Maximum Gene title KEGG pathway OMIM disease information
metagene probe Symbol?® correlation to
set ID? metagene
Unclassified 215315_at ZNF549 0.129 Zinc finger protein 549
Unclassified 210289_at NAT8 -0.130 N-acetyltransferase 8
Unclassified 214612 _x_at MAGEA6 -0.131 Melanoma antigen
family A, 6
Unclassified 34471 _at MYHS8 0.132 Myosin, heavy chain 8 Tight junction Carney complex variant,
Trismus-
pseudocamptodactyly
syndrome
Unclassified 210834 _s_at PTGER3 -0.132 Prostaglandin E receptor EP3 Calcium signalling pathway
Unclassified 215312_at —-0.132 RAD52 pseudogene
Unclassified 214579_at DJ462023.2 0.133 NIPA-like domain containing
3
Unclassified 221040_at CAPN10 0.136 Calpain 10 Diabetes mellitus, non-
insulin-dependent, Diabetes
mellitus, non-insulin-
dependent 1
Unclassified 221279 _at GDAP1 0.137 Ganglioside-induced Genome-wide association
differentiation-associated study, Charcot-Marie-Tooth
protein 1 disease, axonal, type 2K
Unclassified 217228 _s_at ASB4 —-0.137 Ankyrin repeat and SOCS
box-containing 4
Unclassified 220675_s_at ADPN 0.138 Patatin-like phospholipase Tyrosine metabolism Genome-wide association
domain containing 3 studies of plasma levels of
liver enzymes
Unclassified 215356_at FLJ13072 0.140 Tudor domain containing 12
Unclassified 220997_s_at DIAPH3 —-0.142 Diaphanous homologue 3 Regulation of actin
(Drosophila) cytoskeleton
Unclassified 204545_at PEX6 0.144 Peroxisomal biogenesis Peroxisomal biogenesis
factor 6 disorder
Unclassified 210709_at —-0.144 Lipopolysaccharide specific
response-67 protein, mRNA
sequence
Unclassified 216463_at 0.144 DKFZp434P2435 Zp434P2435
Unclassified 202707_at UMPS 0.146 Uridine monophosphate Pyrimidine metabolism Oroticaciduria
synthetase
Unclassified 214521 at HES2 0.152 Hairy and enhancer of split 2
(Drosophila)
Unclassified 215846_at -0.154 DKFZp56401172 Zp56401172
Unclassified 203902_at HEPH —-0.154 Hephaestin
Unclassified 207470_at DKFZp566H0824 —-0.155 Hypothetical LOC54744
Unclassified 207703_at NLGN4Y -0.156 Neuroligin 4, Y-linked
Unclassified 207021_at ZPBP 0.159 Zona pellucida binding

protein

91
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Unclassified 206294 _at HSD3B2 -0.161 Hydroxy-delta-5-steroid Steroid hormone 3-B-hydroxysteroid

dehydrogenase biosynthesis dehydrogenase, type II,
deficiency
Unclassified 219589 s_at FLJ10922 -0.161 Transmembrane protein 143
Unclassified 216134 _at KIAA1013 0.165 FERM domain containing 4B
Unclassified 219247_s_at ZDHHC14 -0.170 Zinc finger, DHHC-type
containing 14
Unclassified 212831_at EGFL5 0.171 Multiple EGF-like-domains 9
Unclassified 215349_at -0.173  HCG1730474)
Unclassified 221092_at ZNFN1A3 0.179 IKAROS family zinc finger 3
(Aiolos)
Unclassified 203290_at HLA-DQA1 0.183 Major histocompatibility Cell adhesion molecules Genome-wide association
complex, class II, DQ alpha 1 (CAMs) study for coeliac disease
Unclassified 220055_at ZNF287 —-0.183 Zinc finger protein 287
Unclassified 202067_s_at LDLR 0.188 Low density lipoprotein Endocytosis Polygenic dyslipidemia,
receptor Genome-wide association
analysis
Unclassified 222189_at FLJ20294 0.189 FLJ20294
Unclassified 1320_at PTPN21 0.190 Protein tyrosine phosphatase,
non-receptor type 21
Unclassified 217339_x_at CTAG1B 0.192 Cancer testis antigen NY-
ESO-1
Unclassified 215915_at CED-6 0.192 GULP
Unclassified 210546_x_at CTAG1B 0.193 Cancer testis antigen NY-
ESO-1
Unclassified 201372_s_at CUL3 -0.197 Cullin 3 Ubiquitin mediated
proteolysis
Unclassified 214008_at PTK9 —-0.198 CDNA FLJ52233
Unclassified 215733_x_at CTAG2 0.199 Cancer testis antigen NY-
ESO-1
B-Cell 2 Probe sets See Supplementary Table S3 >0.2
T-Cell 8 Probe sets See Supplementary Table S3 >0.2
MHC-2 5 Probe sets See Supplementary Table S4 >0.2
IFN 2 Probe sets See Supplementary Table S4 >0.2
MHC-1 2 Probe sets See Supplementary Table S4 >0.2
VEGF 2 Probe sets See Supplementary Table S4 >0.2
Apocrine 6 Probe sets See Supplementary Table S4 >0.2
Basal-like 17 Probe sets See Supplementary Table S4 >0.2
Proliferation 12 Probe sets See Supplementary Table S4 >0.2
Haemoglobin 1 Probe set See Supplementary Table S4 >0.2
Adipocyte 1 Probe set See Supplementary Table S4 >0.2
Stroma 4 Probe sets See Supplementary Table S4 >0.2
HOXA 3 Probe sets See Supplementary Table S4 >0.2
Claudin-CD24 3 Probe sets See Supplementary Table S4 >0.2
IL-8 1 Probe set See Supplementary Table S4 >0.2
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# Full information is presented only for the 64 ‘unclassified’ probe sets with a correlation <0.2 to any metagene. For those 69 probe sets which were assigned to a metagene based on a correlation >0.2
only summary data are given. The complete information of all 133 probe sets is given in Supplementary Table S4.
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we removed probe sets which displayed a bias related to the
datasets. To assess bias, we used Kruskal Wallis statistic com-
paring the expression of each probe sets with the primary
dataset vector among the 394 TNBC. A cutoff for exclusion
of probe sets due to strong association with a data set (i.e. lab-
oratory-bias or sampling) was derived from the distribution of
the Kruskal Wallis statistic (Supplementary Fig. S2).

2.3.  Correlation with molecular phenotypes in TNBC

Several investigators described molecular subgroups within
TNBC defined by groups of highly co-expressed genes (i.e.
metagenes) that vary in expression among TNBC. To deter-
mine if our bimodal genes correspond to or serve as surro-
gates for these previously described metagenes, we
calculated the correlation between each of our (bimodally ex-
pressed) genes and 16 metagenes known to represent differ-
ent cell populations and different molecular variants of
TNBC. These metagenes included the intrinsic genes of the
basal-molecular class,” an apocrine/androgen receptor sig-
nalling signature®'? five signatures related to different types
of immune cells,?>** a stromal signature,? the claudin-CD24
signature,??® markers of blood?” and adipocytes,’” as well as
an angiogenesis signature® and an inflammatory signature.?
The probe sets representing these 16 metagenes have been
assembled by unsupervised methods described in an inde-
pendent publication®® and are listed in Supplementary
Table S3. Metagene values were defined as mean expression
of the individual probe sets that define the metagene. Next,
the expression of each of the bimodal genes (i.e. probe sets)
was correlated with the expression values of the 16 metag-
enes. Genes that showed high correlation with one or more
of the 16 metagenes were considered as surrogate for that
metagene and therefore less interesting for classification pur-
poses. Probe sets whose correlation to any metagene did not
reach a pre-specified cutoff (see Section 3) were assigned as
‘unclassified’ and subsequently inspected in more detail.

2.4.  Survival analyses

Follow-up data were available for 297 of the 394 TNBC sam-
ples used for identification of bimodal genes (Supplementary
Table S1). All survival intervals were measured from the time
of surgery to the survival endpoint that was available for that
datasets. In 11 datasets (n=160), the end point was relapse
free survival (RFS) and in six other dataset (n = 137) it was dis-
tant metastasis free survival (DMFS). RFS includes local recur-
rences as events whereas DMFS does not. In order to plot
Kaplan-Meier survival curves and perform survival analysis
of the pooled data, we combined both types of endpoints into
a single event free survival (EFS) endpoint that includes either
RFS or DMFS whichever is available for the particular case. We
have previously shown that the effect of using these different
endpoints was rather small in the overall dataset.® All results
from the pooled survival analyses were also verified by exam-
ining the effect of the different endpoints in stratified analy-
ses. Follow-up data for those women in whom the survival
end point was not reached were censored at the last follow-
up or at 120 months. Subjects with missing values were ex-
cluded. We constructed Kaplan-Meier curves and used the

log-rank test to determine the univariate significance of the
variables. In order to plot Kaplan-Meier curves, patients were
dichotomised into low or high expression groups using
thresholds derived from the bimodal distribution of the CT-
X metagenes and in the case of the continuous distribution
of the B-cell metagene based on its prognostic value among
TNBC (see Supplementary Material and Supplementary
Fig. S8). Cox regression analysis was applied to analyse the
univariate hazard ratio of individual metagenes as continu-
ous factors. A Cox proportional-hazards model was used to
simultaneously examine the effects of multiple covariates
on survival. The effect of each individual variable was as-
sessed with the use of the Wald test and described by the haz-
ard ratio and 95% confidence intervals (95%CI).

3. Results

We hypothesised that bimodally expressed genes within
TNBC may reveal clinically important subsets of this cancer
type and could also draw attention to potential novel thera-
peutic targets. To test this hypothesis we applied our method
to pooled Affymetrix gene expression data of 394 TNBC
(Supplementary Table S1, Fig. 1). To minimise batch and
inter-laboratory variation we analysed only highly compara-
ble arrays and data set-biased genes were also filtered (see
Section 2). Supplementary Fig. S1 displays the distribution
of the BI scores for all 22,283 probe sets represented on the
Affymetrix U133 chips. The top 1% of the probe sets
(n =222) with the highest BI values were selected for further
analysis, this corresponds to a BI score threshold of >1.768
(Supplementary Table S2). As reference, the BI scores of ER,
PgR, and HER2 (probe sets 205225 _at, 208305_at, and
216836_s_at) when different breast cancer subtypes are ana-
lysed together are 1.96, 1.73, and 1.63, respectively.® Probe sets
that showed highly variable median expression values across
individual data sets using Kruskal Wallis statistic (i.e. data set
bias) were removed from further analysis. A stringent Kruskal
Wallis metric <75 flagged 89 probe sets as biased (Supplemen-
tary Fig. S2) resulting in a final list of 133 probe sets that were
strongly bimodally expressed independent of data sets
(Table 1).

Next, we examined if these probe sets correspond to
known co-expressed gene clusters (i.e. metagenes). We calcu-
lated the Pearson correlation between the 133 bimodally
expressed probe sets and each of 16 distinct metagenes
(metagene probe set IDs are presented in Supplementary
Table S3) previously described in TNBC data.’”*"* Supple-
mentary Table S4 lists the highest correlation coefficient
and the corresponding metagenes for each of the 133 probe
sets. Fig. 2 shows a heat map of the correlation matrix for
the 133 probe sets and 16 metagenes in the 394 TNBC sam-
ples. Sixty-four probe sets (48%) showed correlation <0.2 to
any metagene and these were designated as ‘bimodally ex-
pressed unclassified’ that could represent potential new classi-
fication features (Table 1). Among these 64 probe sets, 7 (11%)
targeted genes that belong to the cancer/testis (CT-X) antigen
family, including MAGE (melanoma antigen family) A3, A6
and C3, and CTAG (cancer testis antigen) 1B and 2. There were
no other large functional groups among the remaining 57
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unclassified probe sets. There was a high correlation between
MAGE-A3 and -A6 expression (but not C3) (Supplementary
Fig. S3A) and we also observed a strong correlation between
the three probe sets that targeted CTAG 1B and the single
probe set that targeted CTAG2 (Supplementary Fig. S3B).
Because of these high correlations, we used the combined
average expressions of MAGE-A3 and 6 and CTAGI1B and
CTAG2 as measures of MAGE-A and CTAG expression, respec-
tively. Cutoffs to define low and high expression groups for
these two metagenes and for MAGE-C3 expression were
established from the bimodal expression distributions of
these genes (Supplementary Fig. S4). Twenty-six percent of
the 394 TNBC samples (n = 102) were assigned to high expres-
sion of the MAGE-A metagene, 28% to high expression of
MAGE-C3 (n=110), and 22% to high expression of the CTAG
metagene (n=286). Only 12% displayed expression of both
MAGE-A and CTAG metagenes and only 6% expression of all
three metagenes.

We next examined the prognostic value of these antigens
and plotted Kaplan Meier survival curves for low and high
CT-X expression groups (Fig. 3A-C). TNBC with high
expression of either MAGE-A or CTAG had poor prognosis
compared to low expression, the 5-year event-free survivals
(EFS) were 59% (SE+5.6%) versus 70% (+3.2%), P=0.044
(Fig. 3A); and 60% (+6.3%) versus 69% (+3.1%), P=0.029
(Fig. 3C); respectively. MAGE-C3 expression had no prognostic
value (Fig. 3B). We also compared the clinical characteristics

133 probesets with bimodal expression among TNBC

/\

of patients with tumours displaying high or low expression
of MAGE-A and CTAG metagenes. Supplementary Table S5
shows that age, tumour size, and nodal status were all equally
distributed across the groups with only a somewhat higher
percentage of histological grade 3 tumours in the group with
high CTAG expression (88.3% versus 70.7%; P = 0.037). We also
performed a multivariate Cox regression analysis including
237 samples for which information on lymph node status,
age, tumour size, histological grade and follow-up were avail-
able. Only lymph node status (HR 2.17, 95% CI 1.00-3.69;
P =0.050) and high expression of the MAGE-A metagene (HR
2.02, 95% CI 1.27-3.20; P = 0.003) were significant independent
prognostic factors (Table 2). Similar results were obtained for
the CTAG metagene (Supplementary Table S6).

We and others have previously shown that lymphocyte
infiltration of TNBC is associated with improved progno-
sis.?>% The high expression of CT-X antigens among these
tumours might represent a bona fide target for an immune
response and could identify a group of patients where local
immune response may alter otherwise poor prognosis. We
examined whether the presence or absence of CT-X expres-
sion alters the prognostic value of a B cell signature. Cancers
with high expression of MAGE-A and also high expression of
B-cell metagene showed a strong trend for better survival
compared to high MAGE-A cancers with low B-cell signature
(5yr-EFS 67 +6% versus 42+ 10%; P=0.06; Fig. 3E). The
prognostic value of the B-cell metagene was lower in cancers
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Fig. 2 - Colour representation of the correlation matrix of 133 probe sets with bimodal expression and 16 metagenes in TNBC.
Shown is a colour representation of the correlation matrix of the 133 probe sets with bimodal expression from Table 1 and the
16 metagenes. Probe sets are grouped according to the assigned metagene and sorted according to their correlation from left
to right in decreasing order. Positive correlation values are represented by magenta and negative correlation values by yellow.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3 - Prognosis of TNBGC according to MAGE and Cancer/Testis Antigen (CTAG) metagene expression. Kaplan-Meier analysis
of event free survival of the 297 TNBC patients with follow up information. Samples were stratified either according to the
expression of the MAGE-A metagene in (A), MAGE-C3 in (B), or the CTAG metagene in (C) using the cutoff values derived from
their distribution. The prognostic value of a B-cell metagene as a surrogate marker for lymphocyte infiltration was analysed
in (D) and (E) for TNBC patients either without (D) or with high MAGE-A metagene expression (E), respectively.

Table 2 - Multivariate Cox analysis of event free survival according to clinical variables and expression of MAGE-A genes.

Variable No. of patients® Hazard ratio 95% CI P-value®
Lymph node status LNP versus LNN 27 versus 210 2.17 1.00-3.69 0.050
Age >50 versus <50 113 versus 124 0.69 0.44-1.10 0.116
Tumour size <2 cm versus >2 cm 71 versus 166 0.80 0.48-1.32 0.38
Histological grading G3 versus G1&2 166 versus 71 1.11 0.67-1.82 0.69
MAGE-A expression High versus Low 59 versus 178 2.02 1.27-3.20 0.003

@ Information on all parameters was available for 237 of the 297 TNBC samples with follow up data.

® Significant P-values are given in bold.

with low MAGE-A expression (5 yr-EFS 74 + 4% versus 62 + 5%;
P =0.09; Fig. 3D). When interaction between CTAG expression
and the B-cell metagene was examined, no similar relation-
ship was seen (Supplementary Fig. S9). These observations
suggest a therapeutic hypothesis; TNBC with MAGE-A expres-
sion may benefit the most from further augmentation of the
immune response.’’*?

4. Discussion

We have applied a recently developed bioinformatic method
the bimodality index (BI) to a cohort of triple negative breast
cancers (TNBC). Thus this cohort was rather homogenous
with respect to the well known molecular subtypes of breast
cancer.” Nevertheless, the persisting heterogeneity of this

single subtype was demonstrated by the identification of sev-
eral bimodally expressed genes. Many of those genes corre-
lated well to different previously described molecular
features as the basal-like,"” the apocrine,'®'® the claudin-
low?>?® subtypes as well as infiltration of immune cells.?>"?3
But still bimodally expressed markers were identified which
are not associated with those characteristics. Most of them
did not show correlations to each other and future studies
are needed on their functional and prognostic role. However
the most prominent group of genes was X chromosome de-
rived Cancer/Testis Antigens (CT-X). CT-X antigens are mark-
ers which are predominantly expressed in human germ line
cells, but not in somatic tissues,'® but become frequently acti-
vated in different cancer types. CT-X gene products are also
targets of immune responses mediated by cytotoxic T cells
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in some cancers, and strategies in developing vaccines that
induce these responses has gained much interest.’*? In
breast cancer previous studies based on PCR detection sug-
gested prevalences of 13-60%>'>* for CTAG1B and 6-19% for
MAGE genes.* However the immunohistochemical detection
of the protein was far lower with only 1-2%.3*3¢ In our study
we found rather high frequencies of expression of MAGE-A,
MAGE-C, and CTAG1B mRNAs in TNBC of 26.1%, 27.9% and
21.8%, respectively. The distribution in different subtypes of
breast cancer is shown in Supplementary Fig. S7 revealed that
these markers are mainly confined to TNBC. This explains
their high frequency we observed. A very recent publication
by Grigoriadis et al. analysed the expression of CT-X antigens
in unselected breast cancers using massively parallel signa-
ture sequencing (MPSS) and microarray analysis.>” The find-
ings of this study were similar to our results with a high
expression of CTAG and MAGE families in up to 26% of ER neg-
ative breast cancers. Moreover, the authors of this study also
confirmed the correlation with a negative ER status by immu-
nohistochemical analysis.*”

We have observed a poor prognosis for the subset of TNBC
which displayed high expression of CTAG1B and MAGE-A
metagenes (P =0.002). Similar results of a worse prognosis
for CT-X expression have also been described for other types
of cancer.?® In our cohort of TNBC the expression of MAGE-A
and CTAG metagenes was an independent prognostic factor
in multivariate regression analysis (HR 2.02, 95% CI 1.27-
3.20; P =0.003, and HR 2.32, 95% CI 1.41-3.82; P = 0.001, respec-
tively). In contrast, with the exception of lymph node status
other known prognostic factors in breast cancer such as
age, tumour size, and histological grading were not significant
in this analysis. Most TNBC are usually of highly proliferating
and grading is not as important for prognosis in this subtype
as it is in ER positive disease. TNBCs are also often associated
with younger age but the impact of age and tumour size for
prognosis within this subtype is not yet fully clear. Still it can-
not be excluded that a bias in our cohort is the reason for the
lack of significance of these factors. Since we used a mixed
cohort from different datasets e.g. considerable heterogeneity
regarding treatment of patients can exist.

Until now both the prognosis and the therapeutic options
in TNBC are rather limited.?**° In this respect an immuno-
therapy targeting CT-X antigens as highly specific markers
for cancer cells might be an interesting option. This is espe-
cially the case since the very subset of tumours expressing
these antigens was characterised by an even worse prognosis
in our analyses. Today immunotherapy is mostly placed as a
possible addendum after initial treatment for patients with
minimal residual disease. Several clinical trials of vaccines
against members of the MAGE-A and CTAG1B families are al-
ready in progress in melanoma, lung cancer, and ovarian can-
cer.*™* Thus it seems a reasonable approach to test these
vaccines also in those patients with TNBC showing high
expression of the corresponding antigens. Moreover a possi-
ble clue of the immune system for these tumours was high-
lighted by the pronounced prognostic effect of the B-cell
metagene in tumours with high MAGE-A expression (Fig. 3D
and E). The expression of this B-cell metagene corresponds
to the presence of tumour infiltrating lymphocytes,”® How-
ever, as we and others have shown lymphocyte infiltration

in breast cancer generally represents a mixture of both B-
and T-cells. This is demonstrated by immunohistochemistry
and the strong correlation of B-cell and T-cell metagene
expression?® which bear nearly identical information. B-cell
and T-cell metagenes can be used as a surrogate marker for
infiltration of both types of lymphocytes. Therefore TNBC
with MAGE-A expression may benefit the most from further
augmentation of the immune response.’™'? Novel immune
stimulatory drugs such as anti-CTLA-4 directed therapies
have shown highly promising results especially in mela-
noma*’ but have also been applied in others cancers*®*°
including breast cancer.”® These drugs may provide a realistic
opportunity to directly test the hypothesis of immune aug-
mentation in TNBC with MAGE-A expression in the clinic.
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