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Abstract

Background: Mounting clinical and experimental evidence suggests that the shift of carcinomas towards a mesenchymal
phenotype is a common paradigm for both resistance to therapy and tumor recurrence. However, the mesenchymalization
of carcinomas has not yet entered clinical practice as a crucial diagnostic paradigm.

Methodology/Principal Findings: By integrating in silico and in vitro studies with our epithelial and mesenchymal tumor
models, we compare herein crucial molecular pathways of previously described carcinoma-derived mesenchymal tumor
cells (A17) with that of both carcinomas and other mesenchymal phenotypes, such as mesenchymal stem cells (MSCs),
breast stroma, and various types of sarcomas. We identified three mesenchymal/stromal-signatures which A17 cells shares
with MSCs and breast stroma. By using a recently developed computational approach with publicly available microarray
data, we show that these signatures: 1) significantly relates to basal-like breast cancer subtypes; 2) significantly relates to
bone metastasis; 3) are up-regulated after hormonal treatment; 4) predict resistance to neoadjuvant therapies.

Conclusions/Significance: Our results demonstrate that mesenchymalization is an intrinsic property of the most aggressive
tumors and it relates to therapy resistance as well as bone metastasis.
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Introduction

Despite progress in both knowledge and treatment, breast

cancer remains the major cause of morbidity and mortality in

Western Countries [1]. Mounting clinical and experimental

evidence suggests that the shift of carcinomas towards a

mesenchymal phenotype is a common paradigm of both resistance

to therapy and tumor recurrence. Pharmacological and radio-

therapeutic treatments induce the acquisition of mesenchymal

features and increased cell motility [2–7]. In HER-2/neu

experimental tumors, the anti-apoptotic mutations induce an

aberrant evolution of the stroma [8]. The spontaneous develop-

ment of mesenchymal tumors after epithelial cell regression has

been proposed as a model of tumor recurrence [9]. This evidence

demonstrates that the capacity to generate mesenchymal tumor

cells is inherent in carcinomas, and suggests they could

spontaneously evolve into mesenchymal tumors if the epithelium

is attacked.

Despite increasing awareness of the contribution of mesenchy-

mal-like cells to cancer progression, the real incidence of

mesenchymalization in human carcinomas still remains elusive

and has not yet entered clinical practice as a crucial diagnostic

paradigm. Furthermore, in the past few years, emerging evidence

that mesenchymal stem cells (MSCs) may support [10–12] and

generate tumors [13–16], as well as the recent discovery that

cancer stem cells exhibit a mesenchymal phenotype [17], suggests

that carcinoma mesenchymalization is a multi-faced phenomenon

which may also proceed in ways alternative to epithelial-to-

mesenchymal transition. Taken as a whole, these findings highlight

the importance of relating the occurrence of this phenomenon to

disease outcome in clinic settings.

From a mammary carcinoma spontaneously developed in

HER-2/neu transgenic mice, we previously established a carci-

noma derived mesenchymal tumor cell lineage, called A17 [18],

capable of developing highly aggressive mesenchymal tumors

when injected into syngeneic mice. Here, we describe three
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mesenchymal/stromal-signatures which A17 cells share with

mesenchymal stem cells (MSCs) and breast stroma, and show

that these signatures: 1) significantly relates to basal-like breast

cancer subtypes; 2) significantly relates to bone metastasis; 2) are

up-regulated after hormonal treatment; 3) predict resistance to

neoadjuvant therapies.

Results

CaMTCs exhibit different signaling pathways compared
to epithelial cells

First, we characterized A17 cells for the expression and

activation state of the MAP kinase ERK1/2, p-38, and the Ser/

Thr Kinase Akt, which are known to be key molecules in cancer

cell signaling pathways. Interestingly, we found that A17 cells

exhibited a distinctive pattern of expression and activation of these

molecules with respect to syngeneic epithelial cancer cells (BB1

and sB7) (Figure 1a).

We previously showed that A17 exhibited a stemness-related

gene signature which was virtually identical to that of MSCs and

an angiogeneic-related signature which had significantly higher

correlation to that of MSCs with respect to that of syngeneic breast

cancer cells (BB1) [10]. Herein our comparative analysis of A17s,

MSCs and BB1s was extended to include a set of 96 genes involved

in the most important cancer signaling pathways (Table S1). In

accordance with previously described transcriptional analysis, A17

cells proved to be more highly related to MSCs than to epithelial

lineages (BB1 cells and tumors, sB7 cells, Spontaneous tumors) also

for signal transduction-related genes (Figure 1b and Table S2).

However, A17 tumors proved to be more closely correlated to the

epithelial tumor profile (BB1 and Spontaneous tumors) than to

that of mesenchymal or epithelial cells.

Several cancer genes showed different expressions in A17 cells

with respect to syngeneic epithelial cells (BB1 and sB7). Differences

in angiogenesis-related genes have been shown previously [10].

Among the cancer signal transduction pathway-related genes

(Table S1), dual specificity phosphatase 1 (Dusp1) and COX-2 (also

known as PTGS2) were significantly over-expressed (2.34-fold, Q

value = 0.008 and 3.77-fold, Q value = 0.029, respectively) in the

mesenchymal profile (A17 cells, A17 tumors, MSCs) with respect

to all the epithelial lineages.

COX-2 is a mesenchymal hallmark in tumors
The importance of COX-2 in growth, vasculogenesis and

invasiveness has been widely documented in various types of

carcinoma, both in clinical and experimental studies. However, our

microarray analysis suggests that COX-2 is a key molecule in the

malignant phenotype of mesenchymal tumor cells. In order to

investigate this hypothesis, the expression and functional activity of

COX-2 were further investigated. We confirmed at transcriptional

and protein level the overexpression of COX-2 in A17 compared to

syngeneic epithelial lineages (Figure 1c–e). Furthermore, we also

observed that COX-2/PTGS2 expressed by A17 was enzymatically

active, as it was phosphorylated (Figure 2a) and the PGE2

production by A17 cells proved to be sensitive to both non-selective

(Indometacin) and selective (NS-398 and Tyrphostin) COX-2/

PTGS2 inhibitors (Figure 2b). Moreover, we observed that the

differential expression of COX-2/PTGS2 between A17 and BB1

cells was epigenetically regulated (Figure S1). Finally we found that

COX-2/PTGS-2 was implicated in promoting cell motility and

invasiveness of A17, given that its blocking by means of selective or

non-selective inhibitors significantly hampered A17 migration

through Matrigel and motility in vitro (Figure 2e and f).

Afterward, we were interested in mapping COX-2 expression in

human tumors. To this end, we analyzed COX-2 expression values

in a cohort of 2789 microarray datasets of human breast stroma,

MSCs, and varied tumor histotypes, collected from publicly

available databases (Figure 2g and Table S3). In order to

minimize false discovery due to normalization errors, we cross-

validated the data by two complementary approaches. First, we

calculated the percentage fraction of samples expressing COX-2

values higher than three times the whole-genome intra-sample

median value. This approach is not affected by the inter-sample

noise due to normalization error and captures information about

whether COX-2 is both a highly expressed gene within the

transcriptome of a given sample. Secondly, we calculated the

percentage fraction of samples where COX-2 expression values

were higher than three times the COX-2 median value across all

samples of the dataset. Both approaches demonstrated that stroma

samples expressed the highest values of COX-2, closely followed by

MSCs and then bladder and prostate cancers, demonstrating that

COX-2/PTGS2 is a hallmark of the mesenchymal phenotype

(Figure 2h and Table S4). Gastrointestinal stromal tumors

exhibited very high COX-2 levels using the first approach, but it

was not confirmed in the second one

A17 stemness-, angiogenesis- and signal transduction-
signatures are over-represented in MSCs and Breast
Stroma

We were interested in systematically relating carcinoma-derived

mesenchymal tumor cells to varied human breast cancer histotypes

and their potential clinical outcome. To this end, we took advantage

of a recently developed computational algorithm, named GENO-

MICA [19], which makes it possible to quantify and statistically

evaluate the enrichment of one or more gene sets in all samples of a

given microarray dataset compendium (Figure 3a). Specifically, it

tests whether the fraction of over- or under-expressed genes in each

profiled sample includes a higher than randomly expected fraction

of genes from one or more gene sets under analysis. Cut-offs for

over- and under-expression are established by the user as a

parameter of the analysis. A second step in the analysis assesses

whether particular sample groups (experiment sets such as MSCs or

Basal-like tumors, etc.) preferentially over- or under-express

particular gene sets. In both steps, statistical evaluation of the

enrichment is inherent in the computational algorithm. It calculates

the p value of the fraction of over- or under-expressed genes

according to hypergeometric distribution.

First, we compiled 3 gene sets, thereafter referred to ‘‘A17

signatures’’, (Table S5) as follows: 1) A17-stemness signature:

comprised genes of a stemness-related gene microarray the

expression of which in A17 cells was higher or equal to the

intra-sample median value; 2) A17-angiogenesis signature:

comprised genes of an angiogenesis-related gene microarray the

expression of which in A17 cells was higher or equal to the intra-

sample median value; 3) A17-signal transduction signature:

comprised genes of a cancer signal transduction-related gene

microarray the expression of which in A17 cells were higher or

equal to the intra-sample median value.

In order to relate the A17 phenotype with that of other

mesenchymal phenotypes involved in tumorigenesis, we analyzed

the enrichment of these A17 Signatures in a compendium of 360

publicly available human whole-genome microarray datasets,

including samples of MSCs, breast stroma, breast cancer and

varied types of sarcoma (Figure 3b).

After concatenating datasets, we normalized the entire com-

pendium with the Robust Multiarray Average (RMA)-algorithm.

The dataset samples included in the compendium were grouped

Cancer Mesenchymalization
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into 6 Experiment Sets as follows: 1) Breast Cancer: comprised

whole-genome microarray datasets of breast tumors; 2) Normal

Breast: comprised whole-genome microarray datasets of normal

tissue from invasive ductal or lobular breast carcinomas. 3) Breast

Stroma: comprised whole-genome microarray datasets of stroma

samples from normal or tumor breasts; 4) Breast Organelle:

comprised whole-genome microarray datasets of breast organelles;

5) MSCs: comprised whole-genome microarray datasets of MSCs;

6) Sarcomas: comprised whole-genome microarray datasets of

varied types of sarcomas.

All three gene sets were significantly over-represented in MSCs

and breast stroma and significantly under-represented in breast

cancers (Figure 3c). Sarcomas did not exhibit significant over-

expression or under-expression of any of A17-signatures. Accord-

ingly, breast stroma samples, MSCs and breast organelle expressed

the highest values of COX-2 (Figure 3d). However, both A17-

signatures and COX-2 were heterogeneously expressed in breast

cancers, indicating subsets of breast cancer that over-express a

mesenchymal related phenotype.

A17-signatures identify ER-negative breast cancers
In order to systematically relate breast cancer mesenchymaliza-

tion to any clincopathologic parameters, we analyzed the A17-

signature expression using two publicly available microarray

Figure 1. Signal transduction-related profile of A17. A17 cells exhibit a clearly different pattern of expression and activation (phosphorylation)
of key signal transduction molecules compared to syngeneic epithelial cell lines (BB1 and sB7) (a). ERK1/2 or Akt proved to be constitutively
expressed but not phosphorylated in A17 cells. In contrast, P-ERK1/2 and P-Akt were found in both BB1 and sB7 cells, where they are presumably
recruited downstream of the HER-2/neu signaling pathway. Furthermore, whereas both epithelial and A17 cells proved to express Focal Adhesion
Kinase (FAK), we found an increased phosphorylation of paxillin and p130 Cas in A17 cells, which is in line with the constitutively motile phenotype of
these mesenchymal cells. p-38 was expressed and activated in both epithelial and A17 cells. Microarray analysis restricted to 96 signal transduction-
related genes show the A17 cell profile to be more related to that of MSCs than that of syngenic epithelial cells (BB1). However, the A17 tumor profile
was shown to be more correlated to that of epithelial tumors than that of epithelial or mesenchymal cells (b). The differential expression of COX-2 in
A17 compared to epithelial cells was confirmed at the transcriptional level through quantitative real-time PCR (Figure 1c). Western Blot analysis
confirmed the differential expression of COX-2, but not of COX-1, in A17 cells and tumors comapared to BB1 cells and tumors (figure 1d). Differential
expression of COX-2 protein between A17 and BB1 was also confirmed by immunocytochemistry on cell cultures (Figure 1d, right-up panles) and
immunohistochemistry on tumor slices (figure 1e).
doi:10.1371/journal.pone.0014131.g001
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Figure 2. COX-2 was enzimatically active in A17 cells and regulated motile phenotype. Expression of the active (phosphorylated) isoform
of COX-2/PTGS2 was confirmed by western blotting in not-treated A17 cells (a). PGE2 production (b) was assessed on A17 cells treated with
Arachidonic Acid (control condition), preincubated with indomethacin (10 mM), NS-398 (10 mM and 100 mM) or Tyrphostin 47 (300 mM) for
30 minutes. Bars represent mean 6 SD of three independent experiments with triplicate samples. # # p,0.01; # p,0.05 in a standard Student t-
test. A17, but not BB1, exhibited an efficient motility throughout the Boyden chamber (c). Blocking COX-2/Ptgs2 with both selective (Indometacin)
and not-selective (NS-398) inhibitors significantly reduced the motility of A17 cells in Boyden chamber assay (d) as well as A17 invasivity in matrigel
(e). Bars represent mean 6 SEM of three independent experiments with triplicate samples. * p,0.01 in a standard Student t-test. Treatment with

Cancer Mesenchymalization
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datasets obtained from two independent studies carried out on

human patients. The former [20] comprised 295 human breast

cancers with mixed ER, grade and lymph node status, the latter

[21] comprised 286 human breast cancers, which were all lymph

node negative.

In Van de Vijver’s cohort (figure 4a), A17-stemness and signal

transduction-signature were significantly enriched in ER-negative

tumors, and the A17-stemness signature relates to the death of the

patient. In Wang’s cohort (Figure 4b), the A17-stemness

signature was confirmed to be enriched in ER-negative tumors,

but was inversely related to relapse events, suggesting a lower

prognostic value of this signature in lymph node negative tumors.

The A17-signal transduction signature was not significantly

enriched in ER-negative tumors. On the contrary, the A17-

angiogenesis signature was over-expressed in ER-negative tumors

and was related to brain relapse. These data suggested that A17-

signatures were enriched in ER-tumors, with some differences

related to the lymph node status.

A17-signatures relate to basal-like breast tumors
Based on the most differentially expressed genes, Sorlie et al.

[22] previously identified five ‘intrinsic subtypes’ of breast cancer,

strongly related to different clinical outcomes: normal-like, luminal

type A, luminal type B, HER-2-like and basal-like. Tumors

referred to as basal-like, or triple-negative tumors, exhibit the

worst prognosis and are recognized by the combination of ER-/

PR-/HER-2- negativity and KRT5-/KRT14-/FOXC1-/FABP4-

positivity. In accordance with that method, unsupervised cluster-

ization of Van de Vijver’s dataset filtered by a standard deviation

of $0.4 allowed us to identify the same five breast cancer subtypes

described by Sorlie et al. As expected, the basal-like tumors

showed a higher frequency of patient death, reduced time

recurrence and survival (Figure 4c, yellow frame).

Module map analysis of the Van de Vijver’s cohort showed that

basal-like tumors were significantly enriched in all three A17-

signature (Figure 4d).

A17-signatures are over-expressed in bone metastasis
compared to brain or lung metastasis

Cancer cells need to acquire a mesenchymal phenotype to

disseminate and form metastasis, but it is commonly thought that

metastatic cells revert to an epithelial phenotype after reaching a

permissive distant site. However, as the most aggressive breast cancers

may stably exhibit a mesenchymal phenotype, it is conceivable that

distant metastasis might also relate to the mesenchymal phenotype. In

order to interrogate this hypothesis, we analyzed the A17-signature

enrichment in a restricted cohort of 29 human distant metastases

(Arrayexpress, accession number E-GEOD-14017) disseminated

from primary breast cancers to lung, brain or bone. Interestingly

we found that all three A17-signatures were significantly over-

expressed in bone metastasis, but significantly under-expressed in

brain metastasis (Figure 5a). Lung metastasis did not exhibit

significant over- or under-expression for these signatures.

A17-signatures are over-expressed after hormonal
therapy

ER-positive tumors, with or without HER-2 over-expression,

usually undergo hormonal therapy. The most used therapeutic

protocol is based on the use of tamoxifen, but recently alternative

drugs have been developed. Although it is accepted that these

treatments frequently improve clinical outcome, a large percent-

age of tumors are ultimately resistant.

In order to assess whether therapy resistance might underlie the

change of the tumor phenotype toward a mesenchymal/basal

phenotype, we collected a cohort of 93 microarray datasets

comprising murine xenografts of human tumors before and after

hormonal therapies. The cohort was obtained by concatenating

microarray data from five independent studies (Table S6). After

concatenating datasets, the cohort was normalized by the RMA-

algorithm and underwent module map analysis to search for the

over- or under-expression of A17-signatures.

Principally, the cohort included murine xenografts of human

ER-positive breast cancer cells (MCF-7), with or without HER-2

over-expression, supplemented or not with estrogen (E2). A limited

number of samples of human colon carcinoma (COLO-205) or

melanoma cells (SK-MEL5) were also included. Colon carcinoma

and melanoma xenografts underwent PEP008 treatment and some

samples of MCF-7 underwent PEP008-based treatment, but most

of the MCF-7 xenografts were treated with a tamoxifen-based

therapy. We assigned samples to two experiment sets, which were

‘‘before’’ and ‘‘after treatment.’’

As expected, module map analysis showed that A17-signatures

(angiogenesis and signal transduction) were significantly under-

expressed in ‘‘before treatment’’ groups of samples (figure 5b).

This result indicates that post-treatment samples have a higher

expression of A17-signatures compared to pre-treatment samples.

In order to further characterize the phenotypic change induced

by the treatment, we clusterized the expression values of a

restricted gene set including well known mesenchymal, basal-like

and epithelial markers (Figure 5c). Interestingly, we found that

the highest fractional percentages of ‘after-treatment’ samples fell

into two clusters, which were identified by the highest expression

of HER-2 and KRT5, respectively.

A17-signatures predict resistance to neoadjuvant
therapies

Farmer et al [23] recently identified a stroma-related signature

which predicts resistance to neoadjuvant therapies in human

breast cancer, but fails to function as an intrinsic prognostic

marker of clinical outcome. The results shown above demonstrat-

ed that the combination of our A17 signatures are intrinsically

effective in identifying the most aggressive breast tumors (basal-

like) and bone metastasis, in predicting clinical outcome and in

characterizing changes associated to hormonal therapy-resistance

in ER-positive breast tumors. In order to assess whether A17-

signatures might also be effective in predicting resistance to

neoadjuvant therapies, we mapped their enrichment in a cohort of

human samples obtained by concatenating Farmer’s study (102

samples, all ER-negative) with a previous study from the same

laboratory [24] (125 samples, all ER-negative). Both of the two

independent studies included human breast tumors subjected to

neoadjuvant non-taxane regimens with 5-fluorouracil, epirubicin,

and cyclophosphamide (FEC). In accordance with the original

papers, samples were assigned to two types of outcome, which

were complete or not complete pathological responses (pCR and

npCR, respectively). pCR was defined as the disappearance of the

invasive component of the primary tumor after treatment, with at

Indometacin also inhibited A17 cell migration, within 18 h, into the gap after scraping of the confluent sheet (f, I:control; II, indometacin treated).
Representative data from three independent experiments are shown. An in silico analysis on 2789 samples including varied types of human tumors,
MSCs, and breast stroma (g) demonstrated the highest levels of COX-2 expression in breast stroma and MSCs (h and Table S4 online).
doi:10.1371/journal.pone.0014131.g002

Cancer Mesenchymalization

PLoS ONE | www.plosone.org 5 November 2010 | Volume 5 | Issue 11 | e14131



Cancer Mesenchymalization

PLoS ONE | www.plosone.org 6 November 2010 | Volume 5 | Issue 11 | e14131



most a few scattered tumor cells detected by the pathologist in the

resection specimens.

As the original studies were based on a similar experimental

design, the datasets were normalized as described by Segal et al.

[19]. Briefly, the original datasets were log2 transformed and

normalized separately by subtracting the mean value of the genes

across the samples from each data point. After normalization, the

original datasets were concatenated in an unique dataset.

Interestingly, pCR proved to significantly under-express A17-

stemness and A17-signal transduction signatures, whereas npCR

did not (Figure 6a).

Unsupervised hierarchical cluster analysis of the most differen-

tially expressed genes (SD.1.5; 313 genes passed filter) of the

entire cohort confirmed npCR samples to be enriched in the

subtype with a basal-like phenotype (ER-negative, HER-2-

negative, KRT5-positive) compared to the ER-negative/HER-2-

positive-subtype (Figure 6b). Interestingly, COX-2 were over-

expressed in this basal-like subtype, confirming this molecule as a

marker of basal-like breast tumors.

Basal-like breast tumor subtypes are breast cancers
Our results demonstrate that the most aggressive (basal-like

subtype), or therapy-resistant breast tumors, frequently over-

express mesenchymal/stromal signature. However, that does not

necessarily means they are mesenchymal tumors. Thus, we were

interested in comparing the general expression analysis of all

breast cancer subtypes to that of tumor-related mesenchymal

phenotypes. To this end, we systematically analyzed the above-

described RMA-normalized human cohort (Figure 3a), including

breast cancers, along with MSCs, breast stroma and sarcoma

samples (Figure S2 and S3). Taken as a whole, our analysis

shown that, although significantly enriched for mesenchymal/

stromal genes, basal-like tumors prevalently exhibit an epithelial

signature.

Discussion

Breast cancer is a multi-faced disease where histologically

divergent cell populations interact to carry out aberrant programs

of development. All therapeutic approaches that have been

developed in the last few decades suffer from limited efficacy,

due to the wide heterogeneity of tumors and to their ability to

elude treatment by activating alternative developmental programs.

Discovering biological paradigms that could characterize and

identify the ‘‘heart’’ of the most aggressive tumors beyond their

apparent heterogeneity represents a crucial challenge for diagnos-

ing tumor subtypes, forecasting its potential outcome and

developing appropriate therapies.

Different lines of evidence converged toward the notion that

breast tumors have a mesenchymal ‘‘heart.’’ However, for decades

the major efforts in the fight against breast cancer have searched

for diagnostic parameters and therapeutic targets directly or

indirectly related to the epithelial phenotype, such as HER-2,

estrogen receptors, progesterone receptors, anatomical architec-

ture of the gland, and ductal or luminal morphology. Only in the

last years, the convergence of several studies from different areas of

research has given rise to the notion that mesenchymalization is an

intrinsic potential of breast cancers, and that it can proceed from

alternative mechanisms other than EMT, such as the neoplastic

transformation of mesenchymal or epithelial stem cell precursors

[2–9,11,13–16,25,26].

The key finding of our study is that the shift toward a

mesenchymal/stromal phenotype is an intrinsic property of most

aggressive (basal-like) and therapy-resistant primary tumors, as

well as of bone metastasis. Although our A17 signatures have been

identified in a murine model of mammary cancer, they strongly

related to human MSCs and stromal phenotype and proved to be

unexpectedly effective in identifying basal-like subtypes, bone

metastasis and therapy reistant tumors in humans. This suggest

how mesenchymalization in breast carcinomas may have a cross-

species impact.

A mesenchymal phenotype of basal-like tumors has been

recently shown by Sarriò et al [27], which revealed how these

aggressive subtypes of tumors frequently exhibit over-expression of

some EMT markers (vimentin, alpha-SMA, SPARC) and

cadherin switching (down-regulation of E-cadherin and up-

regulation of N-, P- and cadherin-11). We provide herein

additional data in support of this idea, showing that human

basal-like tumors strongly over-express a panel of function-

restricted gene sets (angiogenesis, signal transduction and stem-

ness-related) that are highly specific to carcinoma-derived

mesenchymal tumor cells, but also strongly related to breast

stroma and mesenchymal stem cells (A17-signature).

The fact that unsupervised hierarchical clustering of both

whole-genome and array-set restricted genes didn’t directly

clusterize basal-like tumors with any mesenchymal phenotype

(breast stroma, mesenchymal stem cells, sarcomas) indicates that

basal-like tumors only rarely acquire a completely sarcomatoid

phenotype, whereas the appearance of mesenchymal traits are

more frequently mixed with a variable fraction of epithelial

features. In accordance with this notion, it has been previously

shown that basal-like tumors, more frequently than other breast

Figure 3. A17-signatures are enriched in MSCs and breast stroma. The GENOMICA algorithm makes it possible to quantitatively and
statistically evaluate the enrichment of genes of interest in the samples of a given compendium of microarray datasets (a). Input data consist of the
Dataset compendium and of a collection of Gene sets, the enrichment of which has to be tested. Optionally, samples may be grouped in Experiment
sets. In the example in the Figure, input data comprise a Dataset Compendium with n samples, n Gene Sets and n Experiment sets; Gene set 1
includes genes 1 to 6, whereas Experiment set 2 includes samples 2 to 6, etc. Genes are scored as over- or under-expressed if their values are higher
or lower than given cut off values established by the researcher. GENOMICA analysis consists of statistical evaluation, according to the
Hypergeometric distribution, of whether the fraction of over-expressed (or under-expressed) genes in each sample includes a higher-than-randomly-
expected fraction of genes from a particular gene set. If samples have been grouped in Experiment sets, a second step of analysis assesses whether
specific gene sets are enriched in particular Experiment sets. Output consists of three heat maps: the first (Gene hits) depicts over-expressed (red
squares) or under-expressed (green squares) genes in each sample; the second (beneath the Gene hits) depicts enriched (red squares) or under-
represented (green squares) gene sets in each sample; the third (on the right of Gene Hits) depicts whether particular Gene sets are enriched in
particular Experiment sets. Heat maps report only genes (or Gene sets) which met the criteria of statistical significance in at least 1 sample (or
Experiment set). Black squares indicate genes (or Gene sets) which did not meet the criteria of statistical significance. GENOMICA analysis on a cohort
of 360 publicly available human microarray datasets (b) demonstrated that all three A17 signatures are significantly enriched (red squares) in breast
organelle, breast stroma and MSCs samples, but are significantly under-represented (green squares) in breast cancers (c). Plotting samples along an
increasing order of the COX-2 expression value, it turned out that MSCs and Breast stroma expressed the highest values of COX-2 (d). The upper
histogram displays increasing values of COX-2/PTGS2. The bars beneath depict samples ordered according to their COX-2/PTGS2 expression value.
The different colors indicate the respective sample category each sample belongs to (breast cancer, MSCs, etc.).
doi:10.1371/journal.pone.0014131.g003
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tumor types, exhibit the presence of restricted spindle cell tumor

areas [28].

Interestingly, despite the fact that the A17-signature was

enriched in ER-negative and even more basal-like primary

tumors, its expression was up-regulated in ER-positive tumors

after hormonal therapy. This suggests that therapeutic treatments

specifically addressed to luminal cancer cells can prompt the shift

toward a mesenchymal, basal-like phenotype. ER-negative tumors

are preferentially subjected to preoperative (neoadjuvant) chemo-

therapy, which leads to the disappearance of the primary tumor

Figure 4. A17-signatures are enriched in basal-like breast tumors. Module map analysis of Van the Vijver’s (a) and Wang’s (b) cohort
indicated that A17-signatures were enriched in ER-negative human breast cancers. ‘Intrinsic subtypes’ of breast cancers with different clinical
outcomes were identified on the Van de Vijver’s cohort based on the clusterization of the most differentially expressed genes (c). Module map
analysis using these subtypes as experimental groups demonstrated that all A17 signatures were significantly enriched in the basal-like subtype (d).
doi:10.1371/journal.pone.0014131.g004
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Figure 5. A17-signatures are enriched in bone metastasis and are up-regulated after hormonal therapy in ER-positive tumors.
Module map analysis of public available microarray dataset of human metastatic tumors disseminated from primary breast cancers demonstrated
that A17-signatures were significantly over-represented in bone metastasis samples and under-expressed in brain metastasis samples (a). Module
map analysis on murine xenotransplats of breast tumor cells before and after hormonal therapy showed that A17-signatures were significantly under-
represented in samples before treatment (b). Hierarchical clusterization for a restricted gene set of epithelial, basal-like and mesenchymal markers (c)
showed that the highest percentages of ‘after treatment’ samples fell in two clusters, which were characterized by the higher-then-median
expression of HER-2 and KRT5, respectively.
doi:10.1371/journal.pone.0014131.g005
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