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Abstract
Stromal factors play a critical role in the development of the mammary gland. Using a three
dimensional-coculture model we demonstrate a significant role for stromal fibroblasts in the
regulation of normal mammary epithelial morphogenesis and the control of tumor growth. Both
soluble factors secreted by fibroblasts and fibroblast-derived modifications of the matrix
compliance contribute to the regulation of epithelial cell morphogenesis. Readjustment of matrix
tension by fibroblasts can even induce a phenotypic reversion of breast carcinoma cells. These
data offer a basis to develop new strategies for the normalization of the tumor stroma as an
innovative target in cancer therapy.
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1. Introduction
The normal mammary gland, formed by the branching epithelium and the surrounding
microenvironment, is composed of a multitude of cell types that participate in a complex
functional network. Cell–matrix and cell–cell interactions play important roles in the
development of the normal mammary gland and in tumorigenesis. Our understanding of
tumorigenesis has progressed enormously over the past several years. Historically, cancer
research has focused mainly on tumor cells themselves whereas recent findings have
highlighted the significance of interactions between epithelial cells and the surrounding
microenvironment. Bissell et al. demonstrated that stromal factors influence the
differentiation and morphogenesis of the normal mammary gland as well as tumor growth
and progression [1]. Furthermore, it is known that perturbations in the microenvironment are
associated with breast cancer and that the restoration of a normal tissue architecture can
revert the malignant phenotype [1,2].

The microenvironment accounts for nearly 80% of the breast volume and is composed of
extracellular matrix (ECM) and stromal cells including inflammatory cells, endothelial cells
and fibroblasts [3]. Known functions of fibroblasts include the deposition of the ECM and
the regulation of differentiation of the neighboring epithelium [4,5]. Tumor-associated
fibroblasts differ from normal mammary fibroblasts with respect to growth factor expression
and growth behavior [6–8]. Recent findings imply a key role for fibroblasts in
tumorigenesis, however, the underlying mechanism remains incompletely understood.

Apart from paracrine fibroblast-derived signals, mechanical tension of the
microenvironmental ECM can regulate carcinoma cell growth behavior. Boyd et al.
described an association between mammographic density and breast cancer risk, and Paszek
et al. found that increasing the ECM rigidity leads to perturbation of tissue architecture and
enhances tumor growth [9,10]. Due to their contractile ability stromal fibroblasts are able to
remodel the ECM leading to alteration of matrix compliance.

Multifaceted microenvironmental variables, such as paracrine cell-stroma interactions, ECM
composition and compliance are difficult to replicate in cell culture systems. Three-
dimensional (3D)-cell culture approximates the architecture of the mammary gland in vivo
and provides the functional context to study reciprocal signaling between epithelium and its
microenvironment that controls differentiation and tumorigenesis.

The aim of our present study was to investigate the role of mammary stromal fibroblasts in
regulating differentiation and proliferation of mammary epithelial cells in a 3D context.
Using normal and cancer-associated fibroblasts and normal and tumorigenic breast epithelial
cells we show that stromal fibroblasts are able to control morphogenesis independent of their
original background. Furthermore, we demonstrate that modifications of matrix compliance
by stromal factors contribute to fibroblast-induced morphogenesis and control growth
behavior of breast carcinoma cells.

2. Materials and methods
2.1. Tissue samples and isolation of primary fibroblasts

Tissue was obtained with approval from the Institutional Review Board of the University
Medical Center Schleswig–Holstein, Campus Kiel. Fresh surgicalspecimens (mastectomies)
were available from nine patients with primary invasive breastcarcinomas and from three
reduction mammoplasty. Patients did not receive any systemictherapy prior to surgery and
were enrolled in the study if they provided written informed consent. Primary cancer
associated fibroblast (CAF) were isolated from grossly recognizable tumors and primary
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normal mammary fibroblasts (NF) were isolated from adjacent normal breast tissue or from
reduction mammoplasty specimens. Hematoxylin and eosin-stained frozen sections were
prepared from each tissue sample to confirm benignity or malignancy. Primary fibroblasts
were isolated as previously described [8].

2.2. Culture and characterization of primary fibroblasts
CAF and NF were routinely maintained in DMEM and 10% fetal bovine serum at 37 °C in a
humidified atmosphere containing 5% CO2. After one to two passages, epithelial cells had
disappeared from confluent fibroblasts cultures and fibroblasts were used for the preparation
of 3D-cultures. If sufficient numbers of fibroblasts remained after preparation of 3D-
cultures, they were used for further characterization by immunoflourescence. The purity of
the fibroblasts cultures was confirmed by immunolabeling for the epithelial cell marker
pancytokeratin (rabbit; 1:100; abcam) and the mesenchymal marker vimentin (rabbit; 1:100;
LabVision). For further characterization, the fibroblast cultures were labeled with an
antibody against a-SMA (mouse; 1:100; LabVision).

2.3. Cell lines
The spontaneously immortalized nonmalignant human breast epithelial cell line HMT-3522
(S1 cells) was kindly provided by O.W. Petersen (Department of Cellular and Molecular
Medicine, Panum Institute, University of Copenhagen, Denmark) [11]. S1 cells were grown
in H14-medium consisting of DME-F12 medium (HyClone, Thermo Fisher Scientific,
Bonn, Germany), containing 250 ng/ml insulin, 10 µg/ml transferrin, 2.6 ng/ml sodium
selenite, 1010 M estradiol, 1.4×10−6 M hydrocortison, 5 µg/ml prolactin, 10 ng/ml
epidermal growth factor (EGF) (all from SIGMA-Aldrich Chemie GmbH, Steinheim,
Germany), and penicillin–streptomycin (Biochrom AG, Berlin, Germany). The
spontaneously transformed and tumorigenic human breast epithelial line HMT-3522 T4–2
was routinely grown in H14 medium without epidermal growth factor on collagen-coated
plates. Immortalized normal human mammary fibroblasts (HMF) labeled with green
fluorescent protein were used in cocultures [12]. HMF were cultured on plastic in DMEM
(Invitrogen GmbH, Darmstadt, Germany) with 10% fetal bovine serum (Biochrom AG,
Berlin, Germany) supplemented with streptomycin and penicillin.

2.4. Three-dimensional cell culture
3D-cell cultures were routinely prepared by trypsinization of cells followed by embedding in
collagen type I (BD Biosciences, Heidelberg, Germany) gels with a final collagen
concentration of 1.3 mg/ml. To conduct experiments of decreasing and increasing matrix
rigidity, collagen concentrations of 1.0 mg/ml, 1.5 mg/ml, 2.0 mg/ ml and 3.0 mg/ml were
used. Monocultures consisted of 0.1 × 106 S1 cells/ml or 0.07 × 106 T4–2 cells/ml. In
cocultures, epithelial cells and fibroblasts were used at a ratio of 1:2 (0.2 × 106 or 0.14 × 106

HMF/ml; 0.2 × 106 NF or CAF/ml). 750 µl of the gel-cell-mix were dispensed into each well
of a 12-well plate (Sarstedt AG & Co., Nürnberg, Germany). 3D-cultures were maintained
in H14-medium at 37 °C in a humidified atmosphere containing 5% CO2 for 9–12 days.
Medium was changed every other day.

Experiments with conditioned media were conducted using the same protocol as described
above, except the gels were maintained in conditioned media derived from HMF. 3D-
cultures with H14-Medium served as control. To generate conditioned media, HMF were
plated in H14 medium and grown to 50–80% of confluence. To remove remaining trypsin,
medium was changed for a minimum of 2–3 times. Then fibroblasts were cultured for an
additional 72 h, medium was removed and centrifuged to remove cell debris.
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For floating gel experiments, cells were cultured in collagen type I gels at a final collagen
concentration of 1.3 mg/ml as described above. When gels became attached, they were
detached from the sides and bottom of the dish and were maintained in H14-medium at 37
°C in a humidified atmosphere containing 5% CO2 for 7–10 days. As a control, one set of
gels was left attached to the dish.

2.5. Immunofluorescence analysis and image acquisition
After 9–12 days of culture, gels were fixed and stained as described previously [13]. The
following primary antibodies were used: Rabbit polyclonal anti-cytokeratin wide spectrum
AK (1:100; abcam, Berlin, Germany), mouse monoclonal anti-cytokeratin (1:100; Medac
GmbH, Wedel, Germany), rabbit monoclonal anti-Ki-67 (1:100; Labvision/Thermo Fisher
Scientific GmbH, Dreieich, Germany), mouse monoclonal anti-golgin-97 (1:100; Invitrogen
GmbH, Darmstadt, Germany), mouse monoclonal anti-p4-integrin (1:50–1:200; BD
Biosciences, Heidelberg, Germany), mouse monoclonal anti-p1-integrin (1:200; Labvision/
Thermo Fisher Scientific GmbH, Dreieich, Germany), rabbit polyclonal anti-β-catenin
(1:25–1:50; Labvision/Thermo Fisher Scientific GmbH, Dreieich, Germany), rabbit
polyclonal antivimentin (1:100; Labvision/Thermo Fisher Scientific GmbH, Dreieich,
Germany) and rabbit polyclonal anti-ZO-I (1:25; New England Biolabs GmbH, Ipswich
Massachusetts, USA). The secondary antibodies Alexa Fluor®488 goat anti-rabbit and
Alexa Fluor® 555 goat anti-mouse (Invitrogen GmbH, Darmstadt, Germany) were diluted
1:500 and incubated for 1 h at room temperature. All antibodies were diluted with blocking
solution composed of 3% goat serum (DAKO, Hamburg, Germany), 5% PBS (20×) and
92% Milli Qwater. Nuclei were conterstained with DAPI (0.13 µg/ml). Immunofluorescence
staining procedure without the use of primary antibodies served as negative controls.

Immunofluorescence images were acquired using an inverted microscope (Axioplan2, Carl
Zeiss Jena, Jena, Germany) equipped with a digital camera and Axio Vision Rel.4.6.3
software (Carl Zeiss Jena, Jena, Germany). Confocal analysis was performed using a
LSM510 UV Meta confocal microscopy system (Carl Zeiss Jena, Jena, Germany). The
images shown are representative of three or more independent experiments.

For analysis of cell morphology, ten visual fields of each sample were analyzed for
morphology of cell clusters (inverted microscope; magnification 250x). Polarized acini were
defined as structures composed of 4 or more epithelial cells that form a single layer, express
apical golgin-97 and surround a small hollow lumen. Disorganized cell clusters are defined
as aggregates composed of 4 or more cells with an irregular shape (length > 2 fold width)
and randomly distributed golgin-97 protein.

For quantification of cell growth, ten visual fields of each sample were analyzed for total
cell area (ratio of all cell areas [pixel2] and total image size [pixel2]) (inverted microscope;
magnification: 100×) using customized macros generated in NIH ImageJ 1.40 g (http://
rsb.info.nih.gov/ij/). The area size of cell clusters immuno-labeled with pancytokeratin was
shown to be significantly correlated with the number of cell nuclei [14]. Thus, total area was
used as a surrogate measure of cell number.

2.6. Apoptosis assay
To study apoptosis of normal mammary epithelial cells in 3D-mono- and co-culture gels
were fixed after 10 days of culture and epithelial cells were identified by labeling with anti-
cytokeratin as described before [13]. Apoptotic cells were visualized using the In Situ Cell
Death Detection Kit (POD, Roche Diagnostics, Mannheim, Germany), and nuclei were
counterstained with DAPI. For quantification of apoptosis, the apoptosis index of epithelial
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cells was determined in a visual field. 14 visual fields were evaluated each containing a
minimum of 50 epithelial cells (inverted microscope; magnification 630×).

2.7. Statistical analysis
To evaluate differences in morphology and growth of S1 and T4–2 cells in 3D-cocultures
and monocultures, a t-test was used. p-Values ≤ 0.05 were considered statistically
significant.

2.8. Fluorescence-activated cell sorting
After 9 days of culture, gels were dissolved and cells were released by incubation with 2 mg/
ml collagenase VIII (SIGMA-Aldrich) at 37 °C for 20 min. HMF were separated from S1
cells by fluorescence-activated cell sorting based on GFP expression, using the BD
FACSAria, equipped with FACSDiva software (BD Biosciences, Heidelberg, Germany). S1
cells and HMF were collected in 1 × PBS. To provide identical conditions, monocultures
were subjected to the same procedure. For cell cycle analyses, cells were washed and fixed
in 100% ethanol for 30 min at room temperature. Then, cells were incubated with 20 µl
RNase A (1 mg/ml) in100 µl PBS/EDTA (5 mM)/propidium iodide (100 µg/ml) at room
temperature for 30 min. DNA content was measured by flow cytometry using the BD
FACSCalibur (Becton-Dickinson, Heidelberg, Germany).

2.9. 1D-SDS-PAGE and nano-HPLC–ESI-MS/MS
To analyze the composition of conditioned medium, HMF medium was separated by
centrifugation through a membrane (Millipore GmbH, Schwalbach/Ts., Germany) in two
fractions, fraction A > 3 kDa and fraction B < 3 kDa, respectively. Both fractions were used
as cell culture medium in 3D-monocultures. Normal H14 + medium was used as control. In
a first step 60 µg (determined by Bradfords assay [15]) of fraction A were separated via 12%
1D-SDS–PAGE and Coomassie stained [16]. The gel lane was sliced in 9 identical gel bands
(each 10 × 2.3 mm). After reduction with dithiotreitol and alkylation with iodoacetamide
each gel band was digested over night at 37 °C with 50 ng modified, sequencing grade
porcine trypsin (Promega, Mannheim, Germany) in 5% (v/v) acetonitrile (ACN)/50 mM
ammonium bicarbonate buffer, pH 8. Tryptic peptides were eluted from the gel bands, dried
by evaporation in a vacuum concentrator and redissolved in 12 µl 0.1% (v/v) trifluoroacetic
acid (TFA), 3% (v/v) ACN in 18.2 MΩ cm water (loading buffer). The digests were
separated by reversed-phase liquid chromatography on a UltiMate 3000 nano-HPLC system
(Dionex, Germering, Germany) coupled online to an LTQ Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) equipped with a nano electrosprayion source.
Briefly, 10 µl redissolved digests were loaded on a PepMap C18 trap column (300 µm i.D ×
5 mm; Acclaim PepMap 100 C18,3 µm, 100 Å, Dionex, Germering, Germany) and desalted
by washing with loading buffer at a flow rate of 30 µl/min for 6 min. Peptides were
separated by a 90 min gradient from 0% to 60% eluent B (eluent A: 0.05% (v/v) formic acid
(FA) in 18.2 MΩ cm water; eluent B: 0.1% (v/v) FA, 80% (v/v) ACN in 18.2 MΩ cm water)
on a PepMap RSLC analytical column (75 µm i.D.× 15 cm; Acclaim PepMap RSLC C18. 3
µm, 100 Å, Dionex, Germering, Germany) at a flow rate of 250 nl/min. MS scans were
acquired in the Orbitrap mass analyzer in the m/z range of 300–1600 at a resolution of
60,000. Up to 15 CID (collision induced dissociation) MS/MS spectra of the most abundant
precursors per full-scan with a signal intensity ≥500 and a charge state ≥2 were acquired in
the linear ion trap (LTQ Velos). For fragmentation, a normalized collision energy of 35% at
an activation Q-value of 25 for 10 ms was used. Fragmented precursors (±10 ppm) were
added automatically on an exclusion list for 45 s (size 500 precursor).

Data analysis: Raw MS/MS data of all 9 measurements were merged and searched against a
FASTA-database containing all entries for taxonomy human [9606] (www.uniprot.org; build
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date: 02–17–2011, 97,060 entries) using the proteome discoverer 1.1 software (Thermo
Fischer Scientific) with the implemented Sequest-algorithm. Precursor and fragment ion
tolerances were set to 10 ppm and 0.8 Da respectively. Two missed cleavages for trypsin
were allowed; carbamidomethylation was set as fixed and methionine oxidation as variable
modification. For false discovery rate (FDR) calculation Raw MS/MS data were searched
against a decoy database, which resulted in Xcores for high confident (p ≤ 0.01) and
medium confident peptide identifications (p ≤ 0.05). For a positive identification one protein
had to be identified by at least two high confident or three medium confident unique
peptides.

3. Results
3.1. Normal mammary fibroblasts regulate growth and differentiation of mammary
epithelial cells

Normal mammary epithelial cells undergo a process of acinar morphogenesis regulated by
the tissue microenvironment. Components of the microenvironment like the ECM and
stromal fibroblasts play a critical role in the regulation of epithelial differentiation [1,2,17].
In three-dimensional cell culture, a laminin-rich reconstituted basement membrane (BM) has
been shown to be crucial for establishment and maintenance of apicobasal polarized and
growth-arrested acini [18–20].

To investigate the influence of stromal fibroblasts on growth and morphogenesis of
mammary epithelial cells, phenotypically normal human non-malignant HMT-3522 cells
were cultured as either monoculture or in coculture with normal human mammary
fibroblasts in a 3D-collagen I matrix, a defined ECM free of BM components.

Growth of S1 cells in mono- and cocultures was analyzed at day 1, 4, 7 and 10 after
immunolabeling for pancytokeratin. Up to day 7, no significant difference in cell growth
was observed between mono- and coculture. While growth of epithelial cells in cocultures
plateaued after 7 days of culture, they demonstrated progressive growth in monocultures. At
day 10, growth of epithelial cells in monoculture was 2-fold higher than in coculture (p ≤
0.01) (Fig. 1A). The growth difference was maintained if culture time was extended for up
to 20 days (data not shown).

To ascertain that the presence of mammary fibroblasts leads to an inhibition of epithelial cell
proliferation, we labeled the cultures with the proliferation marker Ki-67. At day nine, the
fraction of Ki67-positve epithelial cells was significantly higher in monocultures than in
cocultures (p ≤ 0.01) (Fig. 1B). To confirm the growth data, 3D-gels were analyzed after 9
days of culture in some experiments and S1 cells were quantified by FACS, revealing a 1.9
to 2.6-fold higher number of epithelial cells in monoculture than in coculture (Additional
file 1).

Additionally, we asked whether increased apoptosis would contribute to the reduced growth
of epithelial cells observed in 3D-cocultures. Using a TUNEL-assay, no difference in the
number of apoptotic cells could be detected under both culture conditions. In monocultures,
the apoptotic index was 11.2, whereas apoptosis could be detected in 9.95% of S1 cells in
coculture (p = 0.42) (Fig. 1C). Thus, increased apoptosis does not account for decreased
growth of S1 cells in 3D-coculture.

Assessment of fibroblast growth in coculture and HMF-monoculture did not reveal a
significant increase in cell number after 10–12 days of 3D-culture and HMF did not show
positive staining for Ki-67 (data not shown). Furthermore, proliferation of HMF in
cocultures was evaluated performing cell-cycle-analysis per FACS. After 9 days of culture
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about 95% of HMF in cocultures rested in G1/G0-phase suggesting proliferation arrest of
fibroblasts in cocultures.

Apart from the different growth behavior, S1 cells growing in coculture with HMF showed
distinct morphological differences compared to monoculture. After 9–10 days of 3D-culture
the majority of epithelial cells in coculture underwent acinar morphogenesis resulting in
formation of well-ordered acini-like spheroids. In monocultures, only 20% of cell colonies
showed acini-like morphology compared to more than 60% observed in cocultures (p ≤
0.01) (Fig. 1D). The spheroids were composed of a single layer of epithelial cells
surrounding a small hollow lumen (Fig. 2A). In contrast, S1 cells in monoculture mostly
formed large, proliferative, disorganized colonies or were present as single cells (Fig. 2A).
Interestingly, some of these aggregates showed cord-like structures, but in contrast to
accomplished tubulogenesis [21] these structures were lacking a hollow lumen (Additional
file 2).

Spheroids of S1 cells in cocultures showed apicobasal polarization of the cellular axis.
Polarization was indicated by apical expression of a golgi marker (golgin-97) and basally
localized β4-integrin. β1-integrin was expressed at the basolateral surface (Fig. 2A). In
monocultures, disorganized colonies contained randomly distributed golgin-97, and β1- and
β4-integrin were present on the cell membrane circumferentially (Fig. 2A). Integrin
expression was decreased in monocultures compared to cocultures.

The morphology of cell clusters in mono- and cocultures was further characterized by
immunolabeling for β-catenin and ZO-I. Approximately 95% of epithelial cells in cocultures
showed apicolateral expression of β-catenin (Fig. 2A). In monocultures, β-catenin
expression was found to be decreased compared to the cocultures. Furthermore,
disorganized cell clusters displayed cortical and, less frequently, cytoplasmic localization of
β-catenin. ZO-I showed weak expression under both culture conditions. In cocultures,
acinus-like spheroids displayed apical expression of ZO-I whereas in monocultures
expression was more random (Fig. 2A).

Since growth of S1 cells in monocultures in collagen is characterized by unrestrained
proliferation and increased morphological disorganization, the epithelial cells resemble a
carcinoma-like growth pattern [22]. Additionally, S1 cells in monoculture have an elongated
shape with cytoplasmic extensions reminiscent of mesenchymal cell types (Fig. 2B).
Therefore we hypothesized that S1 cells in monocultures may undergo epithelial-
mensenchymal transition (EMT) as is often observed in cancer cells [23]. Vimentin is a
commonly used molecular marker for EMT [24,25]. Furthermore, when establishing and
characterizing the HMT-3522 cell line, Briand et al. showed positive vimentin expression in
S1 cells in 2D culture on plastic [26].

To investigate the effect of HMF on vimentin expression in S1 cells, 3D-gels from mono-
and cocultures were labeled with antibodies to vimentin. In monocultures 100% of S1 cells
showed strong vimentin expression. Surprisingly, S1 cells forming polarized acini in
coculture with HMF displayed negative or very weak vimentin staining, whereas epithelial
cells growing in disorganized structures showed positive vimentin expression even in
cocultures (Fig. 2B). Nuclear expression of β-catenin, an additional marker for EMT, could
not be observed under either culture conditions.

These data demonstrate that non-malignant mammary epithelial cells establish acinar
morphogenesis in a collagen-I matrix in the presence of normal mammary fibroblasts,
whereas in monoculture, in 3D-collagen gels, they form proliferative, apolar structures
reminiscent of malignant tumors in vivo.
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3.2. HMF stimulate growth of tumorigenic T4–2 cells but do not influence morphogenesis
In view of our findings that HMF regulate growth and differentiation of non-malignant
breast epithelial cells, we sought to examine the influence of normal mammary fibroblasts
on growth behavior of breast carcinoma cells in a 3D-collagen I matrix. Therefore, we took
advantage of the HMT-3522 breast tumor progression series. Tumorigenic T4–2 cells,
generated from the nontumorigenic parental line HMT-3522 by withdrawal of epidermal
growth factor, were used as malignant derivative of S1 cells [26]. Cells were cultured for 4–
8 days in mono- and coculture with HMF and growth and morphology were analyzed. In
contrast to S1/ HMF cocultures, growth of T4–2 cells in cocultures was about 30% increased
compared to monocultures (p ≤ 0.05) (Fig. 3A). No difference in morphology of T4–2 cells
grown in mono- or cocultures was observed. Carcinoma cells formed disorganized,
continuously growing structures in both mono- and coculture. Less than 20% of T4–2 cells
underwent acinar morphogenesis (Fig. 3B). Disorganized cell colonies as observed in mono-
and cocultures showed a diffuse distribution of golgin-97 and ZO-I. Expression of both
differentiation markers was reduced in monocultures (Fig. 4A). β1-and β4-integrin showed
membraneous distribution and β-catenin assumed a cortical location in mono- and
cocultures. As observed with S1 cells, expression of β-catenin was increased in cocultures
(Fig. 4A). All T4–2 cells in mono- and cocultures were vimentin positive but expression was
clearly decreased in cocultures (Fig. 4B). No nuclear expression of β-catenin could be
detected in either coor monoculture.

Thus, in contrast to cocultures with non-malignant breast epithelial cells, HMF stimulate
growth but do not regulate morphology of tumorigenic mammary epithelial cells.

3.3. Ability of stromal fibroblasts to control growth and morphogenesis of mammary
epithelial cells does not depend on their origin

Fibroblasts are heterogeneous in terms of gene expression and function [27]. To examine
whether the fibroblast type determines the response of epithelial cells in coculture, we grew
S1 cells in cocultures with primary cancer associated fibroblasts or primary normal human
mammary fibroblasts. Cocultures of S1 with HMF served as controls.

Fibroblasts were isolated from breast carcinomas, from adjacent normal breast tissue or
normal breast tissue obtained from reduction mammoplasties. Tissue samples from four
patients allowed isolation of both CAF and NF (patient ID ANF/CAF, BNF/CAF, CNF/CAF,
DNF/CAF), whereas four additional samples served for isolation of either NF (patient ID ENF,
FNF, GNF, HNF) or CAF (patient ID ICAF, JCAF, KCAF, LCAF).

Labeling with antibodies to pancytokeratin and vimentin was performed to assure the purity
of fibroblast cultures. Cultures were universally positive for vimentin, whereas no
expression of cytokeratin was found, confirming the absence of epithelial contamination
(Fig. 5A and not shown). For further characterization of fibroblasts, immunoflourescent
labeling for the myofibroblast marker a-smooth muscle actin (α-SMA) was performed (Fig.
5A; Tables 1 and 2). On average, the frequency of α-SMA positive cells was higher in CAF
than in NF. Furthermore, the intensity of α-SMA expression was increased in CAF
compared to NF. HMF cultured on slides were entirely positive for vimentin and α-SMA.
Additionally, CAF and NF showed differences in cell shape (Fig. 5A).

S1 cells in cocultures with NF showed reduced cell growth at day 9 compared to
monoculture in six out of eight cases, whereas growth arrest of S1 cells was induced in five
out of eight cocultures with CAF (Fig. 5B; Tables 3 and 4). Notably, in samples of two
patients (CNF/CAF and DNF/CAF) neither NF nor CAF influenced growth of S1 cells in
cocultures (Tables 3 and 4). Thus, growth of normal breast epithelial cells appears to be
influenced by interindividual characteristics of fibroblasts rather than by fibroblast type.
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Furthermore, we examined morphogenesis of S1 cells in cocultures with NF and CAF (Fig.
5B and C). In seven out of eight cases, S1 cells underwent acinar morphogenesis in
cocultures with NF (Table 3). S1 cells grown in cocultures with CAF exhibited growth
patterns similar to those observed in cocultures with HMF or NF (Fig. 5B and C). In one
case, CAF did not induce morphogenesis as S1 cells mainly formed disorganized and apolar
colonies in mono- and coculture. Remarkably, NF isolated from the same patient (CNF/CAF)
likewise did not promote acinar morphogenesis of S1 cells (Tables 3 and 4).

Hence, morphogenesis of normal breast epithelial cells seems to be induced by different
mesenchymal cell types regardless of whether they originate from normal or tumorigenic
breast tissue. Therefore, we reasoned that integration of common signals from the
microenvironment like fibroblast-derived modifications of the mechanical and biochemical
properties of the ECM rather than particular cell specific features account for the
establishment of growth-arrested polarized acini in cocultures.

3.4. Mammary epithelial cell differentiation is influenced by fibroblast-induced changes in
matrix compliance

It is well known that breast density is strongly associated with the risk of breast cancer [9].
Furthermore, high breast density is associated with an increase of ECM components like
collagen [28]. Roeder et al. demonstrated that elevating collagen concentration leads to
increased collagen matrix stiffness [29]. Paszek et al. showed that increasing the matrix
rigidity inhibits differentiation and enhances growth of mammary epithelial cells [10].

To expand on these results, S1 cells were grown as monocultures for 10 days in 3D-collagen
I gels of different concentrations ranging from 1.0 mg/ml to 3.0 mg/ml. Our standard
collagen concentration of 1.3 mg/ml served as control. When cultured in collagen gels of
low rigidity (1.0 mg/ml), growth of S1 cells decreased about 1.8-fold compared to
monocultures with 1.3 mg/ml collagen concentration. Furthermore, 65% of S1 cells in
monoculture of low rigidity (1.0 mg/ml) formed polarized acini- like structures (Fig. 6A).
Increasing the matrix stiffness led to disorganized and progressive growth of S1 cells. Using
collagen concentrations of 2.0 mg/ml only 28% of S1 cells in monoculture differentiated
into polarized acinus-like structures and growth was increased about 1.4-fold compared to
the standard collagen concentration. Further increase of collagen concentration to 3.0 mg/ml
did not further change the growth behavior seen with 2.0 mg/ml. No difference in growth or
morphology was observed between gels of collagen concentrations of 1.3 mg/ml and 1.5
mg/ml (Fig. 6A). In agreement with the results from Paszek et al., increasing matrix tension
inhibits differentiation and enhances total growth of S1 cells.

To investigate whether fibroblasts could modify the ECM to overcome the effects of matrix
rigidity on morphogenesis observed in monocultures, we cocultured S1 cells with HMF in
collagen gels of the same concentrations used in monoculture experiments. In cocultures of
low matrix rigidity (1.0 mg/ml), fibroblasts did not increase the number of polarized acini
compared to monocultures of low rigidity. Under both conditions the number of well-
ordered polar spheroids was about 65%, whereas cell growth in cocultures of low rigidity
decreased about 1.8-fold (Fig. 6B and C).

In gels of high rigidity (2.0 mg/ml) fibroblasts significantly increased the number of
polarized acini compared to monocultures of high rigidity from 28% to 57% (p ≤ 0.001).
Furthermore, growth of S1 cells in cocultures of high rigidity was increased compared to
control. Remarkably, comparison of cocultures of high and low rigidity revealed no
difference in morphogenesis of S1 cells (Fig. 6B and C). These findings demonstrate that
mammary fibroblasts are able to reverse the perturbations of morphogenesis caused by
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increased matrix stiffness and can induce acinar morphogenesis of S1 cells even in collagen
gels of high rigidity.

Besides matrix compliance, Wozniak et al. described contractility as an important attribute
determining the ability of a cell to remodel matrix and thus to induce differentiation [30]. To
investigate the ability of mammary epithelial cells to contract a collagen-I matrix, S1 cells
were cultured in floating 3D-collagen I gels. When cultured under floating conditions no
visible contraction of gels could be observed and S1 cells did not express contractile
proteins as confirmed by immunolabeling for α-SMA (data not shown). As expected, no
difference was observed between the number of polarized acini in floating and attached
collagen gels (Fig. 7). Thus, S1 cells fail to undergo morphogenesis by contracting the gel.

Since fibroblast have been shown to be contractile [31] and HMF, CAF and NF were proven
to express α-SMA (Fig. 5A), we hypothesized that contractility may contribute to the
induction of differentiation observed in cocultures. Thus, we wondered if remodeling the
ECM by enhancing contractile forces would increase fibroblast-induced differentiation of S1
cells in cocultures. Therefore, S1 cells were cocultured with HMF in floating 3D-collagen I
gels. Under these conditions, a visible contraction of gels could be detected. Analysis of gels
showed that gel contraction caused by fibroblasts significantly increased the number of
polarized acini by 15–20% (p ≤ 0.001) (Fig. 7). Quantitative growth analyses of S1 cells
grown in floating gels could not be performed because of differences in the degree of gel
contraction. Therefore, we conclude that fibroblasts are able to influence matrix tension
leading to cell differentiation by contraction of gels.

3.5. Influence of fibroblast-induced changes in matrix compliance on tumorigenic T4–2
cells

Because our data suggest that growth behavior and differentiation of phenotypically normal
mammary epithelial cells are influenced by changes in matrix compliance, we sought to
evaluate the impact of fibroblast-initiated changes of matrix compliance on malignant breast
epithelial cells. Tumorigenic T4–2 cells were cultured in either mono- or coculture with
HMF under floating conditions and growth and morphology were analyzed as previously
described.

Similar to their benign counterpart (S1 cells), T4–2 cells did not contract collagen-I-gels
under floating conditions. Consistent with this observation, T4–2 cells did not express
contractile proteins as confirmed by immunolabeling for α-SMA (data not shown).

Floating cocultures showed strong contraction of the 3D-gels after 4–6 days of culture.
Thus, growth analyses of T4–2 cells under floating conditions could not be performed by
measuring the cytokeratin-positive cell clusters. Instead, we used the Ki67 proliferation
index to evaluate differences in epithelial cell proliferation between the different culture
conditions.

In line with the data presented in Fig. 3, proliferation of T4–2 cells was increased in attached
coculture compared to attached monoculture (p < 0.0001). Furthermore, in T4–2
monocultures 3D-culture under floating conditions significantly increased proliferation of
T4–2 cells (p = 0.002). Interestingly, proliferation of breast carcinoma cells in floating
coculture was clearly decreased compared to attached coculture and floating monoculture (p
< 0.01) (Fig. 8A).

When cultured in floating gels, the number of polarized acini in monoculture was mildly but
significantly increased compared to attached monoculture (Fig. 8B). Remarkably, in
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cocultures the number of organized cell clusters under floating conditions was significantly
increased about 15-fold compared to attached cocultures (p ≤ 0.001) (Fig. 8B).

In floating cocultures, T4–2 cells were able to undergo morphogenetic events as observed in
S1 cocultures resulting in formation of acini-like spheroids. In these glandular structures,
T4–2 cells were organized in a single layer surrounding a luminal space. Most of these
lumina contained residual single cells, implying that the process of lumen formation has not
been completed during the culture time of 4–8 days (Fig. 9A).

T4–2 cells organized in acinus-like structures acquired apicobasal polarization resulting in
apical expression of golgin-97 and ZO-1, basally located β4-integrin and basolaterally
expressed β1-integrin, whereas β-catenin assumed an apicolateral location (Fig. 9A). As
observed in S1 cocultures, T4–2 cells in floating cocultures showed no or weak vimentin
expression in contrast to floating monocultures, in which vimentin was strongly expressed
(Fig. 9B). T4–2 cells in floating monocultures mostly displayed randomly distributed
expression of differentiation markers comparable to attached monocultures (Fig. 9A).

Whereas T4–2 cells in monoculture display striking perturbations in tissue architecture, they
are able to reestablish phenotypically normal mammary tissue structures in floating 3D-
cocultures. These findings suggest that gel contraction caused by fibroblasts induces
changes in matrix compliance leading to a reversion of the malignant phenotype of breast
carcinoma cells.

3.6. Growth behavior and differentiation of mammary epithelial cells are influenced by
soluble stromal factors

Our findings reveal that acinar morphogenesis of mammary epithelial cells is regulated by
modifications of the ECM caused by direct contact between fibroblasts and ECM. To
investigate whether fibroblast-derived soluble factors additionally contribute to the
establishment of glandular structures, we cultured S1 cells with conditioned media (CM)
from HMF. After 10 days of culture, S1 cells in monoculture with conditioned medium
showed similar growth behavior as S1 cells grown in coculture with HMF. Cell growth of
S1 cells was 1.3-fold increased in normal monocultures compared to cocultures or
monocultures with conditioned medium (Fig. 10A). However, in monoculture with
conditioned medium, only 40% of cell colonies showed acinus-like morphology compared
to 55% observed in cocultures and 20% observed in normal monocultures (p ≤ 0.01) (Fig.
10B). These data imply that, in addition to direct interactions between fibroblasts, ECM and
epithelium, secreted stromal proteins may play a role in the regulation of mammary
epithelial cell morphogenesis.

Therefore, we asked whether the identification of the protein composition of the conditioned
medium produced by HMF would help us to delineate possible signaling pathways involved
in stromal–epithelial interactions leading to differentiation.

Analysis of conditioned medium from HMF was performed with 1D-SDS–PAGE, tryptic in
gel digest and Nano-LC–ESI-MS/MS. Using a false discovery rate of 1% fragment spectra,
6591 peptide spectrum matches (PSMs) were identified from a database obtained from
www.uniprot.org. A false discovery rate of 5% fragment spectra provided 7985 PSM, and a
total of 401 proteins could be identified.

These proteins included major components of the basement membrane like laminin,
nidogen-1 and −2 and collagen IV, which are known to be essential for mammary epithelial
cell differentiation [5,32]. Furthermore, the proteoglycans decorin and lumican and the
glycoprotein dystroglycan, that play an important role in proper ECM constitution and tumor
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suppression [33–36], were found to be secreted by HMF. Additionally, CM comprised
regulators of the tensional homeostasis required for morphogenesis of mammary epithelial
cells like filamin A, vinculin and actinin [10,30,37] (Additional file 3).

3.7. Soluble stromal factors do not contribute to reversion of tumorigenic T4–2 cells
3D-coculture with HMF induces growth arrest and morphogenesis of normal mammary
epithelial cells, whereas HMF exhibit protumoral effects in attached coculture with breast
carcinoma cells. Our data reveal that both mechanical cues and stroma-derived soluble
factors are involved in regulation of growth and morphogenesis of S1 cells. Since HMF
revert the malignant phenotype of T4–2 cells only under floating conditions, we
hypothesized that mechanical rather than soluble fibroblast-derived signals are responsible
for this effect. To determine whether this was the case, we cultured T4–2 cells in a 3D-
collagen I matrix with conditioned media from HMF in either attached or floating gels.
Under both conditions, growth of T4–2 cells in monoculture with CM was increased about
1.5–1.7-fold compared to the level observed in attached monoculture (p < 0.01) (Fig. 11A).
3D-monoculture under floating conditions caused a slight but significant increase in growth
compared to attached monoculture, which had not been observed in our previous
experiments. A strong contraction of the 3D-coculture gel under floating conditions impeded
growth assessment of T4–2 cells.

Morphology of T4–2 cells in either attached or floating monoculture with CM was
indistinguishable from monocultures without CM as > 95% of carcinoma cell clusters
formed disorganized apolar structures. However, in floating cocultures the number of
polarized acini was highly significantly increased as previously described (p < 0.01) (Fig.
11B).

These findings suggest that secreted stromal factors stimulate growth of tumorigenic
mammary cells and are not involved in the regulation of acinar morphogenesis. Collectively,
our data confirm that fibroblast-induced gel contraction is required for reversion of the
malignant phenotype of breast carcinoma cells.

4. Discussion
Breast tissue is a dynamically interacting complex 3D multicellular network. The
development of the normal mammary gland is not only cell autonomous but also partly
controlled by the surrounding microenvironment [38]. The microenvironment is composed
of soluble proteins such as growth factors, the ECM and stromal cells including endothelial
cells, adipocytes, infiltrating immune cells and fibroblasts [39]. Fibroblasts are the
predominant cell type of the stroma and are considered critical for tumor progression [7].

The findings presented here imply that stromal fibroblasts play an important role in the
regulation of morphogenesis and control of growth behavior of normal and tumorigenic
breast epithelial cells. Using a 3D-collagen I cell culture model, which mimics aspects of the
physiological tissue context in vitro, we found that mammary stromal fibroblasts are crucial
for the maintenance of the tissue tensional homeostasis, thus regulating epithelial
morphogenesis and reverting the malignant phenotype of breast carcinoma cells.

During normal epithelial organogenesis, mammary epithelial cells organize into acini,
spherical structures containing a hollow lumen [40]. Here, we show that phenotypically
normal mammary epithelial cells (S1) in 3D-collagen I cocultures with normal mammary
fibroblasts (HMF) arrange into growth-arrested, acini like structures with a central lumen. In
vivo, a defined apical–basal polarity of normal epithelial cells is essential for tissue function
[1]. Consistent with literature reports using 3D-cultures in laminin-rich matrices, we
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demonstrate polarized orientation of the cellular axis in 3D-collagen I gels in coculture with
HMF [41]. In contrast, S1 cells in monoculture are characterized by progressive growth,
disruption of tissue organization as shown by random distribution of basal (β4-integrin) and
apical (golgin-97, ZO-1) polarity markers and destabilization of adherent junctions indicated
by diffuse β-catein expression. Moreover, normal mammary epithelial cells in monoculture
display decreased integrin expression, upregulation of the mesenchymal marker vimentin
and formation of celular extensions as frequently observed in carcinoma cells [42].
Collectively, S1 cells growing in the absence of fibroblasts recapitulate many hallmarks of
breast cancer such as loss of normal tissue architecture, morphological disorganization and
loss of proliferation control [43].

Contrasting with our findings, Howlett et al. and Gudjonsson et al. showed that S1 cells and
normal primary mammary epithelial cells (MECs) produced well-ordered spheres when
cultured as monocultures in collagen-I gels. Despite the organization of cells into ordered
structures, both papers describe a lack of differentiation of MECs and S1 cells in collagen
gels. Whereas Howlett et al. merely observed the absence of a lumen and an endogenous
deposition of BM, which would be consistent with differentiation, Gudjonsson et al. found
that MECs exhibit inside-out polarity [18,44]. This apparent discrepancy to our findings
could be explained by their use of a higher cell number and a different collagen
concentration both of which would produce an altered matrix compliance.

Matrices composed of BM substitutes like Matrigel® have been the gold standard for 3D
experiments to study differentiation of mammary epithelial cells. Solubilized BM
preparations contain laminin as major component [45]. Normal breast epithelial cell lines
and MECs recapitulate the phenotypic characteristics of normal breast tissue in vivo when
cultured three-dimensionally with-in reconstituted BM [41,46]. These experiments imply
that BM components are required to induce polarization and differentiation of normal
mammary epithelial cells. Particularly, laminin or a combination of laminin and nidogen-1
have been shown to be critically required for the induction of differentiation of normal
mammary epithelial cells [5,47]. Our results reveal that major components of the BM like
laminin, nidogen−1 and −2 and collagen IV can be produced by mammary fibroblasts
(Additional file 3). Furthermore, we show that soluble factors secreted by HMF alone are
sufficient to induce morphogenesis of S1 cells in collagen-I monoculture. Therefore, we
hypothesize that the production of BM components by fibroblasts in 3D-collagen I
cocultures may contribute to the formation of growth arrested polarized acini by S1 cells.

Whereas coculture with normal fibroblasts or exposure to soluble factors secreted by HMF
induces differentiation of normal mammary epithelial cells, tumorigenic T4–2 cells
demonstrate increased and disorganized growth under both conditions (Figs. 3 and 11).

These findings are consistent with the results of Su et al., who showed growth stimulation of
the human breast cancer cell line T47D by HMF [13]. In concert with observations from S1-
cell experiments, these results indicate that the ability of fibroblasts to inhibit or to stimulate
cell growth and morphogenesis is context dependent. Cancer-associated fibroblasts have
been reported to exhibit distinct morphological and functional alterations compared to
normal fibroblasts [7,8,48]. We conducted gene expression analysis of HMF cocultured with
S1 or T4–2 cells and observed fundamental differences in gene expression profiles [8].
Hence, the inverse growth behavior of S1 and T4–2 cells in coculture with HMF is likely
caused by altered stromal–epithelial interactions. Furthermore, increased growth of T4–2
cells in coculture with HMF indicates that the growth arrest of S1 cells in coculture with
HMF cannot be explained by additional medium consumption by fibroblasts.
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T4–2 cells have been shown to form large, loosely disorganized colonies that continue to
grow even when cultured in reconstituted BM [41], which supports our findings, that T4–2
cells do not undergo morphogenesis when cultured with BM component-containing media
(Fig. 11). Considering those and our findings, we hypothesize that tumorigenic T4–2 cells
have lost the ability to respond to stromal factors normally leading to glandular
differentiation.

Interestingly, Krause et al. demonstrated that a matrix containing both type I collagen and
reconstituted BM, and primary normal breast fibroblasts, induces a nearly complete
reversion of the malignant phenotype of MCF7 cells in 3D-culture [49]. These results
indicate that in principle, not all breast carcinoma cells are incapable of responding to
stromal differentiation factors. Unpublished data by our group support this hypothesis.
Coculture with HMF differentiates primary human mammary carcinoma cells into a
collective of revertible and a collective of nonrevertible carcinomas.

Using a variety of primary normal human mammary fibroblasts in 3D-cocultures, we
determined that the induction of differentiation of S1 cells is a more universal activity of
mammary fibroblasts rather than a phenomenon specific to HMF. Interestingly, we found
that there was no difference between growth behavior of S1 cells in coculture with either NF
or CAF. In support of these findings, Sadlonova et al. showed that both NF and CAF inhibit
the growth of the non-tumorigenic breast epithelial cell line MCF10A when cocultured in
Matrigel [17].

Recently, we showed that the variability of gene expression is higher in NF than in CAF,
suggesting an interindividual heterogeneity of normal stroma [8]. Because NF and CAF
isolated from the same person yielded the same results in coculture with S1 cells, this
heterogeneity did not seem to contribute to the induction of differentiation of epithelial cells.
However, our results imply an interindividual heterogeneity of mammary fibroblasts rather
than differences between NF and CAF isolated from the same patient to account for the
ability to induce morphogenesis in mammary epithelial cells.

Collectively, these findings let us assume that the mechanism by which this is accomplished,
is not controlled by cell specific features. Instead, we reason that fibroblasts generally
influence the mechanical and biochemical properties of the ECM, leading to differentiation
of mammary epithelial cells.

This assumption is supported by several studies showing that cell behavior is influenced by
the stiffness of their microenvironment [10,30,50,51]. Increasing the collagen concentration
in the ECM of tissues leads to an increase in the elastic modulus and therefore stiffness [37].
We and others demonstrate that normal mammary epithelial cells are able to sense the
stiffness of their microenvironment and respond to it by regulating their cell behavior (Figs.
6 and 7; [10]). In vivo, an increase in stromal density in the breast is correlated with a
significantly increased risk of developing breast cancer [9]. These findings correlate with
our observations of cancer-like cell growth in monocultures of high density and acini-like
structures in monocultures of low density similar to the soft fatty mammary gland in vivo.
Since we found differentiation of S1 cells in cocultures with HMF even in high-density
collagen gels, we reasoned that mammary fibroblasts are able to counterbalance the
perturbations of morphogenesis caused by increased matrix stiffness.

Several published literature reports postulate a relationship between cell differentiation and
the ability of a cell to contract the ECM. For example Gehler et al. describe that high-density
collagen gels are too stiff for cells to adequately contract and therefore inhibit ductal
morphogenesis [37]. As a possible molecular mechanism Wozniak et al. describe the
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molecular link between ECM stiffness and ROCK-mediated contractility as well as a
subsequent down-regulation of Rho and FAK function [30].

As early as 1977, floating collagen gels were used to show that normal breast epithelial cells
need a deformable 3D-ECM for differentiation [52]. Wozniak et al. demonstrated that
noncancerous MCF10A breast epithelial cells did not form differentiated structures when
cultured in attached 3D-collagen gels, whereas in floating 3D-collagen gels they were able
to contract the gel and undergo morphogenesis [30]. Our results show that S1 cells
themselves are not able to contract collagen gels leading to unstructured growth even in
floating monocultures. Coculturing of S1 cells and HMF under free-floating conditions leads
to visible gel contraction and increased cell differentiation. Therefore, we propose that
fibroblasts are able to influence matrix tension by contraction of gels leading to cell
differentiation. These conclusions are consistent with those of Larsen et al., who postulated
that the ability of a cell to contract and remodel the matrix is influenced by a balance
between the stiffness of the matrix and cell contractility [53].

Accordingly, we sought to investigate whether breast carcinoma cells would be influenced
in their growth behavior by fibroblast-induced remodeling of the mechanical characteristics
of the ECM. T4–2 cells in floating cocultures with HMF differentiated into polarized acini
with reduced proliferative activity, unlike T4–2 cells in floating monocultures or attached
mono- and cocultures. Gehler et al. showed that human T47D ductal breast carcinoma cells
underwent ductal morphogenesis when cultured in low-density, floating collagen gels [37].
These results are in contrast to our observations in floating monocultures of T4–2 cells.
Interestingly, T47D cells, but not T4–2 cells, are able to contract the gels similar to HMF.
These findings support our hypothesis that gel contraction caused by fibroblasts induces
changes in matrix compliance leading to differentiation of tumorigenic T4–2 cells in floating
cocultures. Supporting this reasoning, Paszek et al. demonstrated that the malignant
phenotype of T4–2 cells can be reverted by reducing intracellular tension in response to the
stiffness of the microenvironment [10]. Interestingly, exposure to soluble stromal factors
(CM) stimulates growth of T4–2 cells in both attached and floating monoculture, but does
not inhibit morphogenesis in floating coculture [39]. Hence, these findings reinforce the
notion that a readjustment of the tensional homeostasis is required for reversion of the
malignant phenotype and is furthermore sufficient to counterbalance progression promoted
by secreted stromal factors.

In conclusion, we demonstrate that stromal mammary fibroblasts induce morphogenesis of
normal mammary epithelial cells in a matrix free of BM components, whereas the absence
of fibroblasts results in tumor-like growth. Our results prove that the regulation of
morphogenesis of mammary epithelial cells relies on a complex interplay of cell–matrix
interactions, cell–cell contacts and matrix compliance. Our findings point to a key role for
stromal fibroblasts within this network. As a potential mechanism of action, we postulate the
production of BM components and fibroblast-mediated remodeling of matrix compliance. In
addition, we show that the readjustment of matrix tension can even induce a phenotypical
reversion of breast carcinoma cells. Uncovering the molecular underpinnings of these
observations will be the subject of future work. In summary, our results demonstrate a
significant role for stromal factors in regulating the differentiation of normal epithelial cells
and in the control of tumor growth. Therefore the mammary stroma promises to be an
innovative therapeutic target in the treatment of breast cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Evaluation of growth and morphology of S1 cells in 3D-monocultures and cocultures with
HMF. (A) Growth of S1 cells in mono- and coculture in a time course at day 1, 4, 7 and 10.
(B) Ki67-proliferation index of S1 cells at day 9 in mono- and coculture was calculated by
counting Ki-67 positive cells in 13 visual fields of each gel (inverted microscope;
magnification 630×). The Ki67 proliferation index is the ratio of Ki-67 positive nuclei and
all nuclei present in a visual field. (C) Apoptotic index (AI) of S1 cells after 10 days of
culture in 3D-mono- and coculture. The AI was determined using the TUNEL method. 14
visual fields were evaluated each containing at least 50 epithelial cells (inverted microscope,
magnification 630×). (D) Morphology of S1 cells in monoculture and in coculture with
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HMF was evaluated by analyzing disorganized multicellular cell clusters and polarized
acini. The diagrams are representative for more than three independent experiments.
Asterisk indicates statistical significance compared to monoculture (p ≤ 0.01).
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Fig. 2.
Morphology of S1 cells in 3D-mono- and cocultures. (A) Morphology of S1 cells (arrow) in
monoculture (upper panel) compared with S1 cells in coculture (lower panel) with HMF
(arrowhead) as shown by phase contrast microscopy (column 1) and immunoflourescence
staining (columns 2–5). Cells were labeled for apical (golgin-97 (red) and ZO-1 (green)),
basal (β4-integrin (red)), basolateral (β1-integrin (red)) and lateral (β-catenin (green))
polarity markers and epithelial (pancytoceratin (green)) markers. A nuclear counterstain
(DAPI (blue)) was employed. Blue arrow: cytoplasmic expression of β-catenin in
monoculture. (B) Vimentin (green) expression is upregulated in S1 cells in monoculture
(upper panel) compared to coculture (lower panel). Epithelial marker pancytokeratin (red).
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Red arrow: cytoplasmic process formed by epithelial cells in monoculture. Green arrow:
Vimentin positive fibroblasts in coculture. Nuclear counterstain (DAPI (blue)).
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Fig. 3.
HMF stimulate growth of T4-2 cells but do not influence morphogenesis. (A) Growth of
T4-2 cells in 3D-monoculture and coculture with HMF after 6 days of culture. Growth in
coculture was significantly increased compared to monoculture (*p < 0.05). (B) Assessment
of morphology of T4-2 cells in 3D-monoculture and coculture. In both mono- and coculture
T4-2 cells showed disorganized growth behavior.
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Fig. 4.
Morphology of T4–2 cells in 3D-mono- and cocultures. (A) Morphology of T4–2 cells in
monoculture (upper panel) compared with T4–2 cells in coculture (lower panel) with HMF
(arrowhead) as shown by phasecontrast microscopy (column 1) and immunoflourescence
staining (columns 2–5). Cells were labeled for apical (golgin-97 (red) and ZO-1 (green)),
basal (4-integrin (red)), basolateral (1-integrin (red)) and lateral (-catenin (green)) polarity
markers and epithelial markers (pancytoceratin (green)). (B) The mesenchymal marker
vimentin (green) is downregulated in T4–2 cells in coculture with HMF (lower panel)
compared to monoculture (upper panel). Cells were labeled with the epithelial marker
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pancytoeratin (red). Nuclear counterstain (DAPI (blue)). Green arrow: Vimentin positive
fibroblast in coculture.
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Fig. 5.
Influence of NFand CAFon differentiation of mammary epithelial cells. (A) Characterization
of fibroblasts: Fibroblasts isolated from human breast tissue samples and HMF were
charactetrized by immunolabeling for mesenchymal marker vimentin (upper panel (green))
and myofibroblast marker α-SMA (lower panel (red)). Note that CAF show heterogenous
morphology, whereas NF and HMF are more uniform. Nuclear counterstain (DAPI (blue)).
Original magnification: 250x for all images. (B) Assessment of growth (left bar graph) and
morphology (right bar graph) of S1 cells in 3D-monoculture and in coculture with either
CAF, NF or HMF. Growth in all three cocultures was significantly decreased compared to
monoculture (*p < 0.05). In cocultures, number of apicobasal polarized glandular structures
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was significantly increased compared to monoculture (*p < 0.05). Diagrams are
representative for more than 3 independent experiments. (C) Acinar morphogenesis of S1
cells in coculture with NF, CAF and HMF as shown by phase contrast microscopy. Arrow:
glandular structures formed by S1 cells. Arrowhead: fibroblasts.

Lühr et al. Page 27

Cancer Lett. Author manuscript; available in PMC 2013 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
The matrix stiffness regulates epithelial cell growth and differentiation and is influenced by
fibroblasts. (A) Evaluation of growth (upper bar graph) and differentiation (lower bar graph)
of S1 cells grown in 3D-monoculture in collagen gels of different collagen concentrations
after 10 days of culture. Asterisk indicates statistical significance compared to 3D-cultures
in collagen gels of a collagen concentration of 1.3 mg/ml (p < 0.05). (B) Evaluation of
growth (upper bar graph) and differentiation (lower bar graph) of S1 cells grown in 3D-
coculture with HMF in collagen gels of different collagen concentrations after 10 days of
culture. Asterisk indicates statistical significance compared to 3D-cultures in collagen gels
of a collagen concentration of 1.3 mg/ml (p < 0.05). (C) Influence of increasing the matrix
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stiffness on morphology of S1 cells in monoculture (upper panel) and in coculture with
HMF (lower panel) after 9 days of culture as shown by phase contrast microscopy. Arrow:
glandular structures formed by S1 cells. Arrowhead: fibroblasts.
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Fig. 7.
Acinar morphogenesis of S1 cells in floating 3D-collagen I gels S1 cells were cultured as
monoculture and coculture with HMF in floating and attached gels for 9 days (abbreviations:
a, attached gel; f, floating gel). Asterisk indicates statistical significance compared to
attached monoculture (p < 0.001); Section sign indicates statistical significance compared to
floating coculture (p < 0.001).

Lühr et al. Page 30

Cancer Lett. Author manuscript; available in PMC 2013 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Proliferation and acinar morphogenesis of T4-2 cells in floating 3D-collagen I gels. (A)
Ki67-proliferation index of T4-2 cells at day 8 in attached and floating mono- and cocultures
was calculated by counting Ki-67 positive epithelial cells in at least 12 visual fields of each
gel (inverted microscope; magnification 630×). The Ki67 proliferation index is the ratio of
Ki-67 positive nuclei and all nuclei present in a visual field. Asterisk indicates statistical
significance compared to attached monoculture (p < 0.01); Section sign indicates statistical
significance compared to floating coculture (p < 0.01). (B) T4-2 cells were cultured as
mono- and cocultures with HMF in floating and attached gels for days 7 days and
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morphology of cell clusters was evaluated (abbreviations: a, attached gel; f, floating gel).
Asterisk indicates statistical significance compared to attached monoculture (p < 0.05).
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Fig. 9.
Morphology of breast carcinoma cells in floating 3D-collagen I gels. (A) T4–2 cells (arrow)
in monoculture (upper panel) compared with T4–2 cells in coculture (lower panel) with
HMF (arrowhead) as shown by phasecontrast microscopy (column 1) and
immunoflourescence staining (columns 2–5). Cells were stained for apical (golgin-97 (red))
and ZO-1 (green)), basal (4-integrin (red)), basolateral (1-integrin (red)) and lateral (-catenin
(green)) polarity markers and epithelial (pancytoceratin (green)) markers. Nuclear
counterstain (DAPI (blue)). Red arrow: Lumina of acini containing single cells indicating
that the process of lumen formation has not been completed. (B) Vimentin expression is
strongly reduced in polarized acini in coculture (lower panel) compared to disorganized cell
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clusters in monoculture (upper panel). Epithelial marker pancytokeratin (red). Nuclear
counterstain (DAPI (blue)). Green arrow: Vimentin positive fibroblast in coculture.
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Fig. 10.
Soluble stromal factors influence growth behavior and differentiation of mammary epithelial
cells. (A) Growth of S1 cells at day 9 in culture with conditioned media was decreased
compared to control monoculture (abbreviations: CM, conditioned medium). Asterisk
indicates statistical significance compared to monoculture (p < 0.05). (B) Culturing S1 cells
with conditioned medium from HMF induced differentiation of S1 cells comparable to
coculture with HMF (abbreviations: CM, conditioned medium). Asterisk indicates statistical
significance compared to monoculture (p < 0.01).
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Fig. 11.
Soluble stromal factors do not contribute to reversion of tumorigenic T4–2 cells A. Growth
of tumorigenic T4–2 cells in 3D-monoculture and coculture with different matrix
compliance and different culture media. Growth of T4–2 cells is stimulated by HMF in
coculture or in monoculture with conditioned media (CM) from HMF. Asterisk indicates
statistical significance compared to attached monoculture (p < 0.01). (abbreviations: a,
attached gel; f, floating gel). (B) Morphology of breast carcinoma cells in attached or
floating 3D-collagen gels with and without conditioned media. CM from HMF does not
influence morphogenesis of T4–2 cells under either attached or floating conditions as >95%
of carcinoma cells demonstrate disorganized growth behavior. Morphogenesis of T4–2 cells
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is only induced in coculture under floating conditions. Asterisk indicates statistical
significance compared to attached monoculture (p < 0.01) (abbreviations: a, attached gel; f,
floating gel; CM, conditioned medium).
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Table 1

α-SMA expression in primary normal mammary fibroblasts.

Patient ID (%) of α-SMA positive cells

ANF/CAF   1

BNF/CAF 26

CNF/CAF   5

DNF/CAF 30

ENF 10

FNF   0

Bold, patients with corresponding CAF samples.
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Table 2

α-SMA expression in primary cancer associated fibroblasts.

Patient ID (%) of α-SMA positive cells

ANF/CAF 33

BNF/CAF 89

CNF/CAF 17

DNF/CAF NA

ICAF 100

JCAF 11

Bold, patients with corresponding NF samples.
NA, no material for α-SMA staining available.
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Table 3

Influence of primary normal mammary fibroblasts on growth and differentiation of S1 cells in 3D-collagen I
matrix.

Patient ID Induction of growth arrest
in coculture with NF at day 9

(%) of polarized acini
in coculture with NF

(%) of polarized acini
in coculture with HMF

(%) of polarized acini
in monoculture

ANF/CAF + 59a 50a 22

BNF/CAF + 64a 67a 30

CNF/CAF − 26 54a 24

DNF/CAF − 52a 55a 23

ENF + 72a 51a 20

FNF + 65a 70a 41

GNF + 44a 44a 16

HNF + 59a 60a 20

+
NF induced growth arrest of S1 cells in coculture compared to monoculture.

−
NF did not influence growth of S1 cells in coculture compared to monoculture. Bold, patients with corresponding CAF samples.

a
Significant difference compared to monoculture (p < 0.01).
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Table 4

Influence of primary cancer associated fibroblasts on growth and differentiation of S1 cells in 3D-collagen I
matrix.

Patient-ID Induction of growth arrest
in coculture with CAF at day 9

(%) of polarized acini
in coculture with CAF

(%) of polarized acini
in coculture with HMF

(%) of polarized acini
in monoculture

ANF/CAF + 65a 4a 28

BNF/CAF + 60a 67a 30

CNF/CAF − 28 54a 24

DNF/CAF − 60a 55a 23

ICAF – 54a 54a 26

JCAF + 70a 56a 30

KCAF + 81a 62a 17

LCAF + 53a 59a 33

+
CAF induced growth arrest of S1 cells in coculture compared to monoculture.

−
CAF did not influence growth of S1 cells in coculture compared to monoculture. Bold, patients with corresponding NF samples.

a
Significant difference compared to monoculture (p < 0.01).
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