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Abstract Our aim was to evaluate the interaction between
breast cancer cells and nodal fibroblasts, by means of their
gene expression profile. Fibroblast primary cultures were
established from negative and positive lymph nodes from
breast cancer patients and a similar gene expression pattern
was identified, following cell culture. Fibroblasts and breast
cancer cells (MDA-MB231, MDA-MB435, and MCF7)
were cultured alone or co-cultured separated by a porous
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membrane (which allows passage of soluble factors) for
comparison. Each breast cancer lineage exerted a particular
effect on fibroblasts viability and transcriptional profile.
However, fibroblasts from positive and negative nodes had
a parallel transcriptional behavior when co-cultured with a
specific breast cancer cell line. The effects of nodal
fibroblasts on breast cancer cells were also investigated.
MDA MB-231 cells viability and migration were enhanced
by the presence of fibroblasts and accordingly, MDA-
MB435 and MCF7 cells viability followed a similar
pattern. MDA-MB231 gene expression profile, as evaluated
by ¢cDNA microarray, was influenced by the fibroblasts
presence, and HNMT, COMT, FN3K, and SOD2 were
confirmed downregulated in MDA-MB231 co-cultured
cells with fibroblasts from both negative and positive
nodes, in a new series of RT-PCR assays. In summary,
transcriptional changes induced in breast cancer cells by
fibroblasts from positive as well as negative nodes are very
much alike in a specific lineage. However, fibroblasts
effects are distinct in each one of the breast cancer lineages,
suggesting that the inter-relationships between stromal and
malignant cells are dependent on the intrinsic subtype of the
tumor.

Keywords Breast cancer- Epithelial mesenchymal
interaction - Gene expression profile - Lymph node
metastasis - Stromal fibroblasts

Introduction

In breast cancer primary tumor, a desmoplastic reaction
usually arises, creating a suitable microenvironment for a
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cross-talk between stromal fibroblasts and malignant cells.
A few studies have explored the epithelial-mesenchymal
interactions through co-culture systems and their results
suggest that fibroblasts originated from normal tissue tend
to inhibit, contrary to fibroblasts obtained from tumors,
which tend to induce, epithelial cell proliferation. In
addition, it seems likely that direct contact between these
cell types or soluble factors secreted by them may
differentially interfere with epithelial cell proliferation [1—
4]. Furthermore, fibroblasts may also promote cancer cell
invasion [5-7].

In animal models, fibroblasts may induce tumor devel-
opment when injected together with breast cancer cells [8,
9], particularly if the fibroblasts themselves were obtained
from a breast tumor [7, 10]. In addition, fibroblasts
transfected with growth factors as TGF(3 and/or HGF,
may promote breast cancer formation, when injected with
apparently normal breast cells, indicating that they may be
adjunct factors involved in transformation of initiated cells
into fully malignant cells [11].

The effects of stromal—epithelial interactions in tumor
progression were also demonstrated in specimens from
breast cancer patients where stromal cells derived from the
tumor primary site, harboring genomic alterations, includ-
ing somatic 7P53 mutations, were shown to influence
clinical outcome in sporadic disease [12].

Stromal—epithelial cell interactions also take place in the
involved lymph nodes, where some carcinoma cells may
attach and grow, in contrast with others that are not capable
of establishing regional metastases. It was shown that the
conditioned medium obtained from stromal cell lines,
established from normal rat lymph nodes, may induce
proliferation of human breast carcinoma cells, mediated
through the secretion of growth factors as IGF-I and EGF

[13]. In addition, in a xenograft breast cancer model, gene
expression and consequently tumor behavior were specif-
ically influenced by the neighboring lymph node host cells
[14]. However, this issue was not totally addressed, as yet.

Herein, to have a better insight on the role of nodal
fibroblasts on metastasis development, we have studied the
interaction between the epithelial malignant compartment
and fibroblasts from involved and uninvolved axillary
lymph nodes, obtained from breast cancer patients, by
means of their gene expression profiling.

Patients

This study was performed in accordance with the Declara-
tion of Helsinki (1964) and was approved by the Institu-
tional Ethics Committee. Fourteen patients with breast
cancer [Table 1, six without any involved nodes (patients
1-6) and eight with histopathologically confirmed involved
nodes (patients 7—14)] agreed to take part in the study and
signed the informed consent. Patients were treated at
Instituto Brasileiro de Controle do Céancer, IBCC, Sao
Paulo, Brazil.

Methods
Cell culture

Lymph node samples were obtained during mammary
surgery and axillary lymphadenectomy (Table 1). Samples
from negative nodes were obtained from patients without
any involved nodes and samples from positive nodes were
obtained from a histopathologicaly confirmed involved node.

Table 1 Patients characteristics

Patients Age TNM HT LN(+)/LN ER PR ErbB2
1? 43 T2NOMO ILC 0/13 + + -
28 44 T2NOMO ILC 0/29 + + -
3® 74 TINOMO IDC 0/28 + + -
42 T3NOMO IDC 0/22 + + -
60 T2NOMO ILC 0/27 - + -
TNM (AJCC, 2002)
. 41 TINOMO IDC 0/10 + + -
HT histologycal type, IDC 4 TONIM . i N N
invasive ductal carcinoma, /ILC 7 NIMO C 3/19 *
invasive lobular carcinoma, ER 8 49 TIN2MO IDC 6/25 + + +
estrogen receptor, PR 9° 59 T2N3MO0 ILC 13/27 - + -
progesterone receptor, LN(+)/ 10 41 TIN3MO IDC 10/19 _ n _
LN number of involved lymph
nodes/dissected, LN (+) positive 1 70 T2ZNZMO IDC /15 N N N
immuno-expression, (—) 12 65 TINIMO IDC 2/18 - - -
negative immuno-expression 13 81 T2N3MO IDC 12/16 + _ +
*Samples used in cDNA 14 40 T2NIMO IDC 2/19 - + -

microarray experiments
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Lymph node samples were cut into small pieces and
fibroblast primary culture was established through the
explant methodology. After three cell passages, mesenchy-
mal origin of the cells was confirmed by their spindle cell
morphology and positive expression of vimentin [mouse
anti-human vimentin monoclonal antibody, clone Vim 3b4
(1:200); DAKO Corporation, Carpinteria, CA, USA] and
alpha smooth muscle actin [mouse monoclonal antibody anti-
human alpha smooth muscle actin, clone M0635 (1:200);
DAKO] and negative expression of cytokeratin [mouse
monoclonal antibody anti-human cytokeratin clone AE1/AE3
(1:100); DAKO] by immunocytochemistry (data not shown).

At first, three fibroblast samples from uninvolved nodes
and three from involved nodes (patients 1-3 and 8-10,
respectively, Table 1) were selected for cell culture and
gene expression analysis by cDNA microarray. Afterwards,
samples from all the patients (including new batches of the
six samples previously analyzed) were cultured and had the
expression of selected genes analyzed by real-time reverse
transcription—polymerase chain reaction (RT-PCR).

MDA-MB 231, MCF-7, and MDA-MB435 breast cancer
cells were acquired from American Type Culture Collection
(Manassas, Virginia, USA). HB4A immortalized human
mammary epithelial cells were donated by Drs. Mike
O’Hare and Alan Mackay (Ludwig Institute for Cancer
Research, London, UK). Phenotype of the cell lines was
verified by real-time RT-PCR and MCF7 cells were
estrogen receptor alpha (ER) positive and ErbB2 negative;
MDA-MB231 and MDA-MB435 cells were both ER
negative and ErbB2 negative, confirming lineage fidelity.

Proliferation rate was evaluated using the Cell Proliferation
Reagent WST-1 kit (Roche Applied Science, Basel, Switzer-
land) or Thiazolyl Blue Tetrazolium Bromide (MTT, Sigma).

Co-culture assays were performed in plates of six wells with
9.6 cm? area (Becton Dickinson, New Jersey, NJ, USA) and
1.34x10° epithelial cells were plated on the surface of each
well. Culture conditions were 3 mL 1:1 Ham’s F-12 (Cultilab,
Campinas, SP, Brazil) and Dulbecco’s (Gibco, Grand Island,
NY, USA) supplemented with horse serum 5% (Gibco), EGF
20 ng/mL (Sigma—Aldrich), cholera toxin 100 ng/mL
(Calbiochem, Darmstadt, Germany), bovine insulin
0.01 mg/mL (Sigma), and hydrocortisone 500 ng/ml (Sigma).
After 24 h, 4x10? fibroblasts were seeded on 0.4-um porous
membrane inserts with 4.2 cm® area (Becton Dickinson),
which were placed into the well. The same culture conditions
were maintained, and after 72 h, epithelial cells and
fibroblasts were harvested separately. This culture medium
was utilized in all assays (mono-culture and co-culture), in
order to allow a future comparison between these results
(fibroblasts obtained from lymph nodes co-cultured with
MDA-MB231 cells) with other results from our group
(fibroblasts obtained from the primary tumor site co-cultured
with normal and malignant epithelial breast cells) [15].

Transwell migration assay

MDA-MB231 cells were cultured alone or co-cultured with
fibroblasts in plates of six wells with 9.6 cm? area and
porous membrane (0.4 um) inserts with 4.2 cm?® area, as
described above. MDA-MB231 cells were plated on the
bottom of the well and after 24 h, fibroblasts were placed
on the inserts. After a 72-h period (without or with
fibroblasts on the inserts), MDA-MB231 cells contained
on the surface of each well and fibroblasts on the
membrane inserts were recovered by trypsinization and
used in Transwell migration assays, carried out in 24-well
tissue plates and Transwell filters, 8.0 um pore polycar-
bonate membrane insert (Costar-Corning Inc, NY, USA).
Membranes were previously incubated for 24 h at 37°C
with conditioned medium from co-culture assays or with
medium from MDA-MB231 cells cultured alone for 72 h.
Fibroblasts were placed on the surface of each well and
after a 2-h rest period for adhesion, MDA-MB231 cells
were placed on the membrane inserts. Conditioned medium
was added and after 12 h, cells contained on the inserts
were fixed with 4% paraformaldehyde in PBS. Cells were
then removed from the upper chamber with a cotton swab
and the membrane was stained using Toluidine Blue 1%.
MDA-MB231 cells contained in 20 optic microscopic
fields (x200) were counted on each filter.

cDNA microarray hybridization and analysis

A cDNA microarray platform containing 4,608 open
reading frame expressed sequence tags (ORESTES) [16]
was assembled at the Ludwig Institute for Cancer Research,
Sao Paulo, Brazil. ORESTES privileges the central part of
mRNA molecules and selection of those to be spotted on
the slides followed all the following criteria: (1) cDNA
clones representing full length genes; (2) >300 bp and a
high quality sequence (CG content); (3) 100-bp region with
gene identity >85% as verified on the site http://ncbi.nlm.
nih.gov/Blast; and (4) cDNA clone closer to the 3’
sequence. cDNA clones were derived from human breast,
colon, stomach, and head and neck tumors. These sequen-
ces could be classified among 505 function categories
(biological process). Another 192 reference sequences were
included as positive and negative controls of hybridization.
Platform characteristics complying with MIAME format may
be verified in the Gene Expression Omnibus (GEO) data
repository, under accession number GPL 1930 (www.ncbi.
nlm.nih.gov/projects/geo). This platform was used in earlier
works by our group [15, 17-20], with consistent results.
Samples (fibroblasts or MDA-MB231 cells) obtained
from cell culture, had their total RNA isolated using Trizol
reagent (Invitrogen Corporation, Carlsbad, CA, USA).
RNA quality and integrity was verified by the Absorbance
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As0280, Which was >1.8, and through observation of 28S/
18S rRNA on agarose gel (1%) electrophoresis in denatur-
ant conditions (ratio>1.5). A two-round RNA amplification
procedure carried out by combining antisense RNA
amplification with a template-switching effect followed.
Three to 5 pg of amplified RNA were then used in a reverse
transcriptase reaction in the presence of Cy3- or Cy5-
labeled dCTP (Amersham Biosciences, Sydney, Australia).
HBA4A cells were used as reference for hybridizations.

Equal amounts of target samples and HB4A cDNA-labeled
probes were concurrently hybridized against cDNA micro-
array slides. Dye swap was performed for each sample
analyzed, to control for dye bias. Pre-hybridization was
carried out in a humidified chamber at 42°C for 16-20 h and
hybridization at 65°C in a GeneTac hybridization station
(Genome Solutions, Ann Arbor, MI, USA).

Hybridized arrays were scanned on a confocal laser
scanner (Arrayexpress, Packard BioScience Company,
Boston, MA, USA), using identical photomultiplier voltage
for all slides and data recovered by QuantArray software
(Packard BioScience Company), using histogram methods.
Saturated spots (signal intensity>63,000) as well as low-
intensity spots (within the 95% percentile of intensity
distribution of known empty spots) were removed from
the analysis. Average signal intensity between technical
replicates was determined for each spotted sequence.
Quantified signals were then submitted to log transforma-
tion and to Lowess normalization. Reproducibility of
hybridization results was revealed by a high correlation
index (>0.85) between quantified signals of dye swap
samples. All replicates clustered together in dendrograms
reporting suitable correction of the individual dye incorpo-
ration efficiency by normalization procedure and high
experimental reproducibility.

To analyze gene expression data from fibroblasts co-
cultured with MDA MB-231 cells as compared with
matched fibroblasts cultured alone, a paired ¢ test was used,
to avoid bias due to interindividual differences, and
discriminatory genes satisfied an adjusted p value<0.01
and at least a twofold change of the ratio (co-cultured cells/
mono-cultured cells).

To evaluate the differential gene expression between
MDA-MB231 cells cultured alone and co-cultured with
fibroblasts, Student ¢ test was used and discriminatory
genes were those satisfying an adjusted p value<0.01, false
discovery rate [21] (FDR)<0.01 and a fold change >2.

Unsupervised hierarchical clustering based on Euclidean
distance and complete linkage was performed using
differentially expressed genes. The reliability of the
clustering was assessed by Bootstrap technique imple-
mented in TMEV software [22].

Our data were then searched considering the biological
processes in which differentially expressed genes were
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involved against all sequences spotted on the slides (http://
vortex.cs.wayne.edu:8080/index.jsp) [23]. A corrected
p value<0.05 was considered significant, if at least three
genes involved in that specific function were represented on
the slides (reference>3) and at least two genes were found
modulated, in order to avoid artifactual results.

Gene set enrichment analysis (GSEA) method was used
to identify whether predefined gene sets might associate
with gene expression differences between phenotypes. In
this pairwise comparison, all genes are ranked based on
signal-to-noise ratio and the alternative hypothesis that rank
ordering of distinct pathway members are associated with a
specific phenotype is tested [24]. This methodology makes
it possible to detect situations where all genes in a
predefined set change in a small but coordinated way.
Gene sets included in the analysis were from gene ontology
annotation at molecular function, cellular component, and
biological process. Permutation was based on gene sets,
as recommended, due to the small number of samples. A
p value<0.01 was considered significant.

Real-time reverse transcription—polymerase chain reaction

New batches of fibroblasts were thawed for mono-culture
or co-culture with three breast cancer cell lines, MDA MB-
231, MDA MB-435, and MCF-7, which were also cultured
alone. Culture conditions were the same as described
previously under co-culture. Cells from two or three
consecutive cell passages were recovered and pooled to
reduce interferences due to small differences in culture
conditions that might not have been controlled.

Selected genes had their expression further evaluated by
real-time RT-PCR. Primer sets were designed based on the
coding region closer to the 3’ end of the gene using the
software Primer3 (http:/frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi) (Supplementary Table 1). Sequences
present in different exons, preferentially separated by long
introns, were selected, according with sequences deposited
at http://www.ncbi.nlm.nih.gov/nucleotide. To avoid non-
specific product formation, BLAST analysis (www.ncbi.
nlm.nih.gov/blast) was carried out. To minimize self- and
cross-dimer hairpin formation, homodimer melting temper-
atures were verified using the program OligoTech version
1.00, Copyright (1995) (Oligos Etc. Inc. & Oligo Thera-
peutics Inc.).

Total RNA (2 pg) was reverse-transcribed using oligo
(dT) primer (GE Healthcare Life Sciences, Little Chalfont,
St. Giles, UK) and Superscript III (Invitrogen). Real-time
RT-PCR was carried out using SYBR-green I (Sigma) in a
Rotor-gene system (Corbett Research, Mortlake, Australia).
Reaction conditions were 200 ng cDNA (final volume of
20 uL); 1.25 U Platinum Taq Polymerase (Invitrogen); 1x
polymerase buffer (Invitrogen); 2.0 mM MgCl,; 200 uM
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each dNTP; 15 pmol each primer; 5% DMSO; 0.5 uL BSA
10 mg/mL (Promega Corporation, Madison, USA); and
0.1 ul SYBR® Green I (Sigma; working dilution 1:100).
Amplification conditions consisted of denaturation at 95°C
for 15 min, followed by 40 cycles denaturation at 94°C for
15 s, annealing at 60°C for 1 min, and extension at 72°C for
1 min. All samples were tested in triplicate and analyzed by
the software Rotor-Gene 6 System (Corbett Research).
Mean CT values were used for gene expression quantifica-
tion. A pool of fibroblasts (six samples) or HB4A cells
were used, as reference samples, for assays concerning
fibroblasts or breast cancer cells, respectively.

Five housekeeping genes (ACTB, GUSB, TFRC, RPLPO0,
and PPIA) were first tested in ten fibroblast samples (data
not shown) and expression of RPLP0, PPIA, and GUSB
was the most stable among them. In breast cancer cell
lineages expression of RPLP0 and PPIA was found more
stable. Expression of the selected genes was then used to
calculate a normalization factor for each sample analyzed,
using the geNorm software tool [25] (available at http://
medgen.ugent.be/~jvdesomp/genorm/). Relative expression
ratio was calculated from the real-time PCR efficiencies and
the crossing point deviation of an unknown sample versus a
control [26].

Results and discussion

Proliferation and gene expression from fibroblasts
from involved and uninvolved nodes

To compare the behavior of fibroblasts from involved and
uninvolved nodes, we have analyzed their proliferation and
transcriptional profile independently. Primary culture of
fibroblasts obtained from involved and uninvolved nodes
was established. After the third cell passage, cell viability
was equivalent between groups (Supplementary Figure 1),
indicating that the key process of cell proliferation was not
altered in fibroblasts from involved nodes, which were
previously primed by in vivo contact with malignant breast
cells, as compared with fibroblasts from uninvolved
nodes. In accordance, in a previous work, we detected no
differences in the proliferation curves of fibroblasts
obtained from benign breast diseases and breast cancer
samples [15].

Subsequently, gene expression profile of fibroblasts from
positive and negative nodes was evaluated by cDNA micro-
array and 13 genes were differentially expressed between
them (Supplementary Table 2). Seven genes (piggyBac
transposable element derived three (PGBD3), PTBP2,
HEG, ARRDC3, BCSIL, MRPL22, and AKAPSL) had their
expression further evaluated in another set of assays of
fibroblast samples obtained from ten patients, five with

involved and another five without any involved nodes. For
this analysis, new batches of fibroblast samples were thawed
and cells recovered from two to three consecutive passages
were pooled for RNA extraction. Gene expression was then
analyzed by real-time RT-PCR but only PGBD3 was
confirmed as more expressed in fibroblasts from positive
nodes, as compared with fibroblasts from negative nodes
(Mann—Whitney test, p<0.05, data not shown).

Our data suggest that fibroblasts obtained from both
involved and uninvolved nodes present a similar gene
expression pattern. This finding might be reflecting
fibroblasts activation following cell culture. In addition,
we compared the transcriptional profile of fibroblasts
obtained from involved nodes (n=3) and fibroblasts
obtained from breast primary tumors (n=4, analyzed in
our previous work) from different patients and no major
differences were detected (data nor shown), further con-
firming this hypothesis. Accordingly, Singer et al. [27],
using a similar experimental model to compare fibroblasts
from breast cancer and normal breast tissue samples, found
just subtle differences on their gene expression profiles.

Effects of breast cancer cells on gene expression of nodal
fibroblasts

Our assumption was that the behavior of nodal fibroblasts
might be affected by breast cancer cells and to evaluate this
aspect, a co-culture model was employed.

At first, co-culture assays of fibroblasts and MDA-
MB231 cells were analyzed as a prototype, and nodal
fibroblasts from positive nodes (but not from negative
nodes) maintained in the presence of these cancer cells
showed a proliferative advantage over fibroblasts cultured
alone (Fig. 1a).

To identify mechanisms that could mediate this inter-
relationship, fibroblasts from uninvolved nodes co-cultured
with MDA-MB231 cells had their gene expression com-
pared with matched fibroblasts cultured alone; however, as
a high FDR was attained, we cannot assure that all these
genes would be in fact modulated. There is evidence that
cancer cells may prime certain tissues by secreting factors
that are able to create a permissive microenvironment for
cell adhesion and invasion [28]. Although this co-culture
model may in part reproduce the primary contact between
nodal fibroblasts and cancer cells, a common transcriptional
response of the former could not be recognized in our work.

Effects of MDA MB231 cells were then evaluated in co-
cultured fibroblasts from involved nodes, condition that
models a situation of an established regional metastasis, as
tumor development in the lymph node has already taken
place in vivo. Sixty genes were potentially modulated
(considering a fold change of the ratio >2; 31 less and 29
more expressed; false discovery, 14 genes; Supplementary
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Fig. 1 Cell viability and migration ability. a Fibroblasts viability.
Fibroblasts from negative nodes [FN(—)] (from three to six different
patients) or positive nodes [FN(+)] (from three to five different patients)
were cultured alone or co-cultured with MDA-MB231 (n=5-6), MCF7
(n=3), or MDA-MB435 cells (n=5-6) for 72 h. Three to six
independent assays were performed in duplicate and viable cells were
evaluated using MTT assay. Values observed for fibroblasts co-cultured
with breast cancer cells were then normalized to that observed for
fibroblasts cultured alone, considering the mean value of the latter as
100%. Percentage of viable fibroblasts are shown on the y-axis.
MDA231 increased FN(+) viability in a co-culture system for 72 h. [p
value (fibroblast mono-culture vs co-culture) inside the figure: Wilcoxon
test]. Box plot displays the distribution of all values between bars (25th,
50th, and 75th quartiles inside the box), except outliers (open circle 1.5—
3.0 box lengths from the 75th percentile). White box fibroblasts cultured
alone. Gray box fibroblasts co-cultured with breast cancer cells. FN(—).
MDA231 (n=6); FN(+).MDA231 (n=5); FN(-).MCF7 (n=3); FN(+).
MCF7 (n=3); FN(—).MDA435 (n=6); FN(+).MDA435 (n=5). b Breast
cancer cells viability. MDA-MB231 (MDA231), MCF7, and MDA-
MB435 (MDA435) cells were cultured alone or co-cultured with
fibroblasts from negative or positive nodes for 72 h. Breast cancer cells
were plated on the bottom of the well and after 24 h (considered time
zero of co-culture), fibroblasts were added to the inserts. Co-culture was
carried out for another 72 h and viable cancer cells were evaluated by

Table 3) in co-cultured fibroblasts from involved nodes as
compared with fibroblasts cultured alone.

Expression pattern of gene sets was then analyzed and
GSEA of fibroblasts from positive nodes co-cultured with
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the MTT assay. Three to six independent experiments were performed in
duplicate. The mean optical density value of each breast cancer lineage
cultured alone was considered 100%. Values observed for breast cancer
cells co-cultured with fibroblasts were then normalized to that observed
for breast cancer cells cultured alone and are shown on the y-axis as
percentage of viable cancer cells. White box cancer cells mono-culture;
light gray box: cancer cells co-cultured with fibroblasts from negative
nodes; dark gray box cancer cells co-cultured with fibroblasts from
positive nodes. (p value inside the figure; Kruskal-Wallis test; * above
the horizontal bracket: p<0.05; Mann—Whitney test). Breast cancer cells
viability is increased upon co-culture with fibroblasts from negative and
positive nodes. Breast cancer cells co-cultured with fibroblasts from
negative and positive nodes present similar viability (p>0.05, Mann—
Whitney test). ¢ Migration of MDA-MB231 cells. MDA-MB231 cells
were cultured alone (MDA231) or co-cultured with fibroblasts from
negative [MDA231 FN(-)] or positive nodes [MDA231 FN(+)] from
six different patients for 72 h and then used on a transwell migration
assay. The number of migrating cells was counted in 20 optical
microscopic fields (x200). Values observed for MDA-MB231 cells co-
cultured with fibroblasts were then normalized to that observed for
MDA-MB231 cells cultured alone, considering the mean value as
100%; * above the horizontal bracket: p=0.05, Mann—Whitney test.
Fibroblasts from negative and positive nodes induce migration of MDA-
MB231 cells

MDA-MB231 cells revealed enrichment of genes involved
in nine gene sets (Supplementary Table 4); among them,
cellular localization and intracellular transport, both includ-
ing TGFBI over-expression, a potential mediator of
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Table 2 Functional categories (biological process) enriched in genes modulated in MDA MB231 cells co-cultured with fibroblasts from
uninvolved lymph nodes [MDA.FN(-)] (A) or involved nodes [MDA.FN(+)] (B)

A
Biological Process
Humoral immune response

Respiratory gaseous exchange

Regulation of transcription from RNA polymerase II promoter

Brain development

Positive regulation of I-kappaB kinase/NF-kappaB cascade
Positive regulation of cell proliferation

Generation of precursor metabolites and energy

INK cascade

Response to stress

Cell cycle

Lipid metabolism
Nuclear mRNA splicing, via spliceosome

Regulation of progression through cell cycle

Sensory perception of sound
®)
Biological process

Nuclear mRNA splicing, via spliceosome

Regulation of transcription, DNA-dependent

Antigen processing, endogenous antigen via MHC class I
Response to stress

Brain development

Response to DNA damage stimulus

Protein targeting

Excretion

RNA splicing

Transcription

Protein ubiquitination

Regulation of GTPase activity

Genes over-expressed in MDA.FN (-)  Genes under-expressed in MDA.FN (-) R
IL6 RFXANK 4
COXSB, HNMT 4
TFDP1 LITAF, SOD2, TEF 40
SMARCD3, CITED2
CDK5RAP2, GPR56 7
SLC20A1 LITAF, TRADD, RHOC 28
TGFB2, IL6 CUL3 STIMI 29
EHHADH WFS1 11
DUSP10 PAK1 11
DUSP10, PRKRIR SNN 22
SH3BP4, CTCF, E2F3 RIF1, SUFU, STIM1 127
TFDPI1, CUL3 PARDOA
SOAT1, HMGCS1, ACSL3 51
SF3B4, LSM3, SFRS3 32
E2F3, TFDP1, UBE2V2 PSMD8 71
RBBP6
PTPNI1 WESI 22
Genes over-expressed in MDA.FN (+)  Genes under-expressed in MDA/FN (+) R
SF3B4, LSM3, HNRPH3 32
TARDBP, SFRS6, SFRS3
SFRS2
SOX17, TARDBP ZNF19, IRF7 375
TRPC4AP, HLA-F 4
DUSP10 AHSAL, SNN, PTK2B 22
CDK5RAP2, GPR56 7
RIF1, IRF7 7
TLOCI KATNB1 8
TACR2, NEDD4L 9
SF3B4, HNRPH3, SFRS2 21
SOX17, TARDBP TEF, ZNF19, SMARCD3 315
IRF7
NEDDA4L VCP 12
GDI2 CENTG3 13

Reference (R) stands for the number of genes involved in that specific function that were represented on the cDNA microarray platform (http:/
vortex.cs.wayne.edu:8080/index.jsp; corrected p value<0.05). Genes found differentially expressed in MDA.FN co-cultured cells as compared

with MDA mono-cultured cells are shown

epithelial mesenchymal cross-interaction [11, 29]. Hence,
expression of the transforming growth factor beta family
members, TGFBI, TGFB2, and TGFB3, was further
determined by RT-PCR in a new set of assays.

Another four genes were selected for analysis (based on
a fold change >2), three of them considered more expressed
in co-cultured fibroblasts, (Supplementary Table 3), MBD3
(methyl-CpG binding domain protein 3), GBFI (Golgi-
specific brefeldin A resistant guanine nucleotide exchange
factor one), MAP2K3 (mitogen-activated protein kinase 3
or MAPK/ERK kinase 3; MEK3), and one, TTYH3 (Tweety

homolog 3), considered less expressed, in co-cultured
fibroblasts.

These new experiments employing RT-PCR confirmed a
higher expression of MAP2K3, MBD3, and GBFI in
fibroblasts from positive nodes co-cultured with MDA-
MB231 cells, as compared with fibroblasts cultured alone
(Fig. 2a). In addition, similar results demonstrating higher
expression of MBD3 and MAP2K3 in co-cultured fibro-
blasts from negative nodes were found.

We have also investigated the effects of two other breast
cancer lineages (MDA-MB435 and MCF7)on nodal fibro-

@ Springer



152 Tumor Biol. (2011) 32:145-157
a MBD3 * GBF1
300 ——— ——t— 3.00 1 %
—_— —— I'—'i"'—\
Q AN " !
20071 2.00 1 :\\
=
1.00 A
0.00 T
]
-1.00
S -200 % e
2
E -3.00 p=0.013 p=0.007 -2.00 p=0.038 p=0.007
i FN(-) FN(+) FN(-) FN(+)
2 MAP2K3 TTYH3
T 3.00 1.00
Q * *
m — & o
2.00 - o
0.00
1.00 A @ $
N
000{ ° .00 - %
N\
-1.00 :l Q i E=
-2.00
-2.00 o
* o]
3004 * p=0.013 p=0.034 -3.00 p=0.241 p=0.086
FN(-) FN(+) FN(-) FN(+)
b 40 TGFB1| 4007 TGFB2 | 400+ TGFB3
o
c 2.00- * 2.001 2.00+
e e N s
g LK
g 0.00- &* * = 0.004 0.00- EEI
= o
o = :r‘ ° g —
. ? e NI
s
& -4.00- % -4.00- -4.00
-6.00+ p=0.022 p=0.098 -6.00- p=0.356 p=0.615 .00 p=0.356 p=0.915
FN(-) EN(+) FN(-) FN(+) FN(-) FN(+)

FN[_] MDA 231 [] mcF7 [l] MDA 435

Fig. 2 a Expression of MAP2K3, MBD3, GBFI, and TTYH3 in
fibroblasts. b Expression of TGFBI, TGFB2, and TGFB3 in
fibroblasts. Gene expression in fibroblasts from negative nodes [FN
(-)] and positive nodes [FN(+)] cultured alone or co-cultured with
MDA-MB231, MDA-MB435, or MCF7 cells. Fibroblasts from
uninvolved or involved nodes (four to five independent experiments)
were cultured alone or co-cultured with breast cancer cells for two or
three cell passages. Samples from each individual patient were pooled
and had their RNA extracted. Expression of MAP2K3, MBD3, GBF1,
and TTYH3 (a) and TGFB1, TGFB2, and TGFB3 (b) was verified by
real-time RT-PCR and calculated as a relative value to a reference pool
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of fibroblasts (combined equal quantities of mRNA from fibroblasts
obtained from six breast cancer samples). Results in the y-axis
represent the log, relative expression. Friedman test, p value inside
the box; * (over the horizontal bracket): p<0.05, Wilcoxon test. White
box fibroblasts cultured alone; light gray box fibroblasts co-cultured
with MDA-MB231 cells; dark gray box fibroblasts co-cultured with
MCF7 cells; dashed box fibroblasts co-cultured with MDA-MB435
cells. Box plot displays the distribution of all values between bars
(25th, 50th, and 75th quartiles inside the box), except outliers (open
circle 1.5-3.0 box lengths from the 75th quartile, *: >3.0 box lengths
from the 75th quartile)
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blasts; however, we could not identify a growth advantage of

co-cultured fibroblasts over fibroblasts cultured alone (Fig. 1a).

Expression of MBD3 in the fibroblasts from positive
nodes was also induced by these two breast cancer lineages,
in agreement with results obtained in fibroblasts co-cultured
with MDA-MB231 cells (Fig. 2a). We may hypothesize
that MBD3 may involved in the response of nodal
fibroblasts to factors secreted by breast cancer cells.

However, we could not distinguish a uniform transcrip-
tional response of fibroblasts concerning expression of
MAP2K3, GBFI1, and TTYH3. In addition, among TGFB
family members, 7GFB1 was more expressed in co-
cultured fibroblasts from negative nodes with MCF7 and
MDA-MB435 cells (Fig. 2b) and TGFB3 was more
expressed in fibroblasts from positive nodes as compared
with fibroblasts from negative nodes (n=5; p=0.016,
Mann—Whitney test). One possibility would be that breast
cancer cells from distinct intrinsic subtypes might exert a
particular influence on gene expression of stromal cells
from the regional nodes. MCF7 is a luminal estrogen
receptor positive and ERBB2 negative lineage, in contrast
with MDA-MB231 and MDA-MB435 cells, which are ER
negative lineages, widely used as metastatic models.

Another observation that deserves further attention is
that fibroblasts from positive and negative nodes show a
concordant behavior as MAP2K3, MBD3, GBFI, TTYH3,
and TGFB family members are similarly expressed in both
groups of fibroblasts co-cultured with each one of the breast
cancer cell lines (Fig. 2, FN(-).MDA231 vs FN(+).
MDAZ231; FN(—).MCF7 vs FN(+).MCF7; FN(—).MDA435
vs FN(+).MDAA435, p>0.05, Mann—Whitney test).

Our experiments with nodal fibroblasts indicate that each
breast cancer lineage exerts a particular effect in fibroblasts
viability and transcriptional profile. In addition, fibroblasts
from positive and negative nodes from different patients
have a parallel behavior.

Effects of nodal fibroblasts on gene expression of MDA
MB231 breast cancer cells

To support our hypothesis that breast cancer cells and nodal
associated fibroblasts might influence each other’s behav-
ior, we have next compared cell viability, migratory ability,
and transcriptional profile of MDA-MB231 cells main-
tained with or without fibroblasts.

An enhancement in MDA MB231 cell viability (Fig. 1b)
and migratory ability (Fig. 1c) was observed after co-
culture with fibroblasts from involved nodes as well as
uninvolved nodes.

MDA-MB231 cells had 155 genes modulated (consider-
ing a fold change of the ratio >2; 83 downregulated and 72
upregulated, Supplementary Tables 5 and 6), when co-
cultured in the presence of fibroblasts from negative nodes,

which were involved in functions as cell cycle, regulation
of progression through cell cycle, and positive regulation of
cell proliferation (Table 2 (MDA.FN(-))). MDA-MB231
cells co-cultured with fibroblasts from positive nodes had
188 (99 downmodulated and 89 upmodulated, Supplemen-
tary Tables 6 and 7) genes regulated, which were involved
in transcription, mRNA splicing, via spliceosome, reponse
to stress (Table 2 (MDA.FN(+))). Among the differentially
expressed genes 77 transcripts were commonly modulated
in MDA-MB231 following co-culture with fibroblasts,
irrespective whether originated from uninvolved or in-
volved nodes (Supplementary Table 6).

Unsupervised clustering using the differentially
expressed genes allowed a clear separation of breast cancer
cells into two branches, one comprising all three samples of
MDA-MB231 cells co-cultured with fibroblasts and the
other one, samples of MDA-MB231 mono-cultured cells
(Fig. 3).

We have also compared the phenotypes of MDA-MB231
cells cultured in the presence or absence of fibroblasts from
positive nodes using GSEA and enrichment in three gene
sets were found, including protease inhibitor activity
(Supplementary Table 4).

We have then re-analyzed the expression of selected
genes in MDA-MB231 samples using RT-PCR. Selection
criteria were based on differential regulation in cancer cells
by fibroblasts from positive or negative nodes or both
(considering fold change of the ratio >2) as well as on their
function. Considering microarray results, FN3K and SOD2,;
SERPINB?2 and SPINT2; and HNMT, COMT, and IL6 were
more expressed in MDA-MB231 cells co-cultured with
fibroblasts from negative nodes; positive nodes; or both,
respectively. FN3K (fructosamine 3 kinase), SOD2 (super-
oxide dismutase 2), HNMT (histamine N-methyltransfer-
ase), and COMT (catechol-O-methyltransferase) code for
enzymes involved in cellular defense; /L6 (Interleukin 6)
codes for an inflammatory cytokine involved in prolifera-
tion and migration; SERPIN B2 (serpin peptidase inhibitor,
clade B (ovalbumin), member 2, also known as PA/2); and
SPINT? (serine peptidase inhibitor, Kunitz type, 2; HAI2),
code for proteins implicated in cell invasion and migration.
In this new set of experiments FN3K, SOD2, HNMT, and
COMT were confirmed less expressed in MDA-MB231
cells co-cultured with fibroblasts from both positive as well
as from negative nodes (Fig. 4), indicating that nodal
fibroblasts irrespective whether previously primed or not by
malignant cells exert similar effects on breast cancer cells.

Low mRNA levels of FN3K (fructosamine 3 kinase) and
SOD?2 (superoxide dismutase 2), enzymes involved in
defensive cellular mechanisms, were found in colon cancer
tissue with respect to normal surrounding mucosa [30] and
in tumor cells obtained from node metastases, as compared
with parental cells [14], respectively. COMT, catechol-O-
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«Fig. 3 Unsupervised hierarchical clustering of MDA-MB231 cells

cultured alone (MDA) or co-cultured with fibroblasts from uninvolved
(a) [MDA231.FN(—)] or involved nodes (b) [MDA231.FN(+)]. MDA-
MB231 cells were cultured alone or with fibroblasts from uninvolved
(samples 1, 2, and 3) or involved nodes (samples 8, 9, and 10). Three
independent assays with dye swap were performed for each
comparison. The upper colored bar indicates the variation in gene
expression in target samples (MDA-MB231) as compared with
reference cells (HB4A), i.e., red more expressed and green less
expressed in target samples. Two branches were identified, one
including co-cultured MDA-MB231 cells and another one, MDA-
MB231 cells cultured alone

methyltransferase, catalyzes an inactivation step in the
estrogen pathway. Estrone and estradiol can form catechol
estrogen metabolites and catechol estrogen quinones, which
react with DNA to form depurinating adducts, hence, low
COMT activity may dispose to mutations [31]. HNMT
(histamine N-methyltransferase) takes part is histamine
catabolism, which may be decreased in the colonic mucosa
of patients with colonic adenoma, leading to increased
histamine concentration in these patients [32]. One possi-
bility would be that downregulation of these four enzymes
might contribute to the formation of damage products in
MDA-MB231 cells co-cultured with fibroblasts.

We have then verified whether these observations
concerning cell proliferation and gene expression changes
could be generalized and fibroblasts would have the same
influence over MDA-MB435 cells and MCF7 cells. In
accordance with our data in MDA MB231 cells, cell
viability from both cancer lineages was enhanced after co-
culture with fibroblasts (Fig. 1b). Similarly, MDA-MB435
cells, previously grown as lymph node metastasis in
xenografts, were shown to increase their growth rate, as
compared with parental cells maintained in cell culture
[33]. However, most studies evaluating the proliferation
process have used as a source fibroblasts derived from the
breast tissue itself, and not from the lymph nodes.
Consistent with our present results, fibroblasts from
malignant tumor tissue and their normal adjacent counter-
parts, as well as fibroblasts from normal tissue recovered
from reduction mammoplasties may all stimulate prolifer-
ation of breast cancer cell lines, through paracrine regula-
tion [34]. Additionally, no differential influence of normal
mammary fibroblasts and mammary-cancer-associated
fibroblasts in cell viability was described [35]. On the
other hand, it was also demonstrated that stromal fibroblasts
from normal breast, maintained in a high cell density, may
inhibit MCF7 cell proliferation [3], indicating that the
proportion of each cell type is important in regulating the
proliferation process. Although such cellular ratio may be
observed in desmoplastic tumors, it is not common in the
involved nodes. Considering that our co-culture assays
utilized a ratio of three breast cancer cells to one fibroblast,
to simulate the regional metastasis, this inhibition effect
was not to be expected.
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Fig. 4 Expression of HNMT, COMT, FN3K, IL6, SOD2, and SPINT2 in
breast cancer cells. MCF7, MDA-MB231 (MDA 231), and MDA-MB
435 (MDA 435) cells were cultured alone or co-cultured with fibroblasts
from negative or positive nodes for two or three cell passages and
samples co-cultured with fibroblasts from each individual patient were
pooled for expression analysis. Three to five independent experiments
were performed. Expression of HNMT, COMT, FN3K, IL6, SOD2, and
SPINT2 was verified by real-time RT-PCR and calculated as relative
expression to HB4A cells. Results in the y-axis represent the log,

relative expression. p value inside the figure, Kruskal-Wallis test; *
(over or below the horizontal brackets): p<0.05, Mann—Whitney test.
Box plot displays the distribution of all values between bars (25th, 50th,
and 75th quartiles inside the box), except outliers (open circle 1.5-3.0
box lengths from the 75th quartile, *: >3.0 box lengths from the 75th
quartile). White box breast cancer cells cultured alone; light gray box
breast cancer cells co-cultured with fibroblasts from negative nodes;
dark gray box breast cancer cells co-cultured with fibroblasts from
positive nodes
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COMT, FN3K, and SOD2 were not modulated in MDA-
MB435 as well as in MCF7 cells co-cultured with
fibroblasts (Fig. 4). HNMT was downregulated in MCF7
grown in the presence of fibroblasts, in accordance with
data from MDA-MB231 cells (Fig. 4). Additionally, IL6
(Fig. 4) as well as SERPINB? (data not shown), were not
confirmed regulated in breast cancer cell lines co-cultured
with nodal fibroblasts. Hence, there was not a common
transcriptional response of breast cancer cell lines to the
presence of nodal fibroblasts, suggesting that the inter-
relationships between stromal and cancer cells are heterog-
enous and probably dependent on the subtype of tumor. We
have also analyzed the transcriptional profile of MCF10A
mammary epithelial cells co-cultured with nodal fibroblasts
and cultured alone (data not shown) and compared with
MDA-MB231 co-cultured and mono-cultured cells. In
agreement with our present results, less than 4% of genes
(indicating just a small overlap) were commonly regulated
in both mammary cell lines, by the presence of fibroblasts.

Although SPINT2 was not modulated in breast cancer
cells co-cultured with fibroblasts from negative nodes, it
was downregulated in all the three cell lines, upon the
presence of fibroblasts from positive nodes (p<0.05;
Mann—Whitney test). SPINT2 regulates hepatocyte growth
factor (HGF) activity through inhibition of HGF activator.
Stromal fibroblasts are the main source of pro-HGF in the
body, which following activation, has an important role in
cancer metastasis and tumor growth. Elimination of HAI-2
expression, in MDA-MB-231 cells was previously shown
to be associated with enhanced migratory, proliferative, and
invasive nature of these cells [36].

To exploit potential differences in the interaction
between fibroblasts from positive and negative nodes and
the malignant cells we have also analyzed expression of
genes involved in two specific functions, JNK cascade and
response to stress (Table 2 (MDA.FN(—-)/MDA.FN(+))),
which may be mediating the intracellular signaling initiated
by factors secreted by the fibroblasts, including TGFB [15,
29]. We have then compared the expression of six genes,
DUSPI10 (dual specificity phosphatase 10); PAKI (p2l
protein (Cdc42/Rac)-activated kinase 1); PRKRIR (protein
kinase, interferon-inducible double-stranded RNA depen-
dent inhibitor), SNN (stannin), AHSAI (AHAI, activator of
heat shock 90 kDa protein ATPase homolog 1 (yeast)), and
PTK2B (PTK2B protein tyrosine kinase 2 beta) in all the
three cell lines co-cultured with fibroblasts from involved
or uninvolved nodes; however, no differences were en-
countered. These observations further support the hypoth-
esis that fibroblasts from positive and negative nodes exert
a similar effect in a specific breast cancer line.

Just a few studies have dealt with gene expression
regulation in breast cancer nodal metastasis: Montel et al.
[14] have compared MDA MB435 cells and nodal metastasis
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established from xenografts and Ellsworth et al. [37] have
analyzed microdissected tumor cells from the primary tumor
and paired nodal metastasis. These studies have added
information about regulation resulting from secreted factors
and cell-cell contact in a specific microenvironment [14].
The model we have used, co-culture of breast cancer cells
and nodal fibroblasts, may contribute information on gene
modulation through secreted factors. Additionally, it allows
the independent analysis of both malignant cells and
fibroblasts. Hence, gene expression regulation in the lymph
node microenvironment through soluble factors and cell
contact may be complementary, and dissecting this mecha-
nism may help determining not only the molecular targets
but also the best timing for interfering in the process.

In summary, fibroblasts from both involved and unin-
volved nodes may similarly induce breast cancer cells
viability. Transcriptional changes induced in the cancer
cells by the fibroblasts from positive and negative nodes are
very much alike in a specific breast cancer cell line (MDA-
MB231, MDA-MB435, and MCF7). However, fibroblasts
effects are distinct in each one of the breast cancer lineages,
suggesting that the inter-relationships between stromal and
cancer cells are dependent on the intrinsic subtype of the
tumor. Breast cancer cells may also interfere in the transcrip-
tional profile of nodal fibroblasts, but probably in a reversible
way, as no major differences are detected between fibroblasts
from negative and positive nodes, the latter having had a
previous contact with malignant cells in vivo.
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