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Abstract: Breast cancer accounts for almost one in four cancer diagnoses in women. Studies in
breast cancer patients have identified several molecular markers, indicators of aggressiveness,
which help toward more individual therapeutic approaches. In triple-negative breast cancer (TNBC),
epidermal growth factor receptor (EGFR) overexpression is associated with increased metastatic
potential and worst survival rates. Specifically, abnormal EGFR activation leads to altered matrix
metalloproteinases’ (MMPs) expression and, hence, extracellular matrix (ECM) degradation, resulting
in induced migration and invasion. The use of matrix substrates for cell culture gives the opportunity
to mimic the natural growth conditions of the cells and their microenvironment, as well as cell-cell
and cell-matrix interactions. The aim of this study was to evaluate the impact of EGFR inhibition,
estrogen receptor beta (ERf3) and different matrix substrates [type I collagen and fibronectin (FN)]
on the functional properties, expression of MMPs and cell morphology of ER[3-positive TNBC cells
and shERp ones. Our results highlight EGFR as a crucial regulator of the expression and activity
levels of MMPs, while ER3 emerges as a mediator of MMP7 and MT1-MMP expression. In addition,
the EGFR/ERp axis impacts the adhesion and invasion potential of breast cancer cells on collagen
type L. Images obtained by scanning electron microscope (SEM) from cultures on the different matrix
substrates revealed novel observations regarding various structures of breast cancer cells (filopodia,
extravesicles, tunneling nanotubes, etc.). Moreover, the significant contribution of EGFR and ERf in
the morphological characteristics of these cells is also demonstrated, hence highlighting the possibility
of dual pharmacological targeting.

Keywords: breast cancer; estrogen receptor beta; EGFR; tumor microenvironment; filopodia;
extravesicles; tunneling nanotubes; scanning electron microscopy

1. Introduction

Breast cancer affects more than two million women worldwide every year [1], highlighting
the importance of improved diagnosis, better management and the integration of personalized
treatment [2]. Advances in diagnostic methods (e.g., mammography screening, analysis of serum
tumor markers and/or circulating tumor cells, imaging methods, etc.) significantly helped in reducing
mortality rates [3-5], though these methods prove to be inept when applied to early detection of
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metastasis. Metastasis has proven to be the single most significant factor that contributes to the
high mortality rates of breast cancer. Specifically, recent data show that metastasis is responsible
for two-thirds of breast-cancer-related deaths [6]. Metastasis is a complex process that involves
extracellular matrix (ECM) degradation, cell intravasation in the lymphatic vessels and the bloodstream,
extravasation in the distant organs/tissue and, finally, the establishment of secondary tumors [7].
Consequently, further understanding of the biochemical and biomechanical mechanisms, in particular
epithelial-to-mesenchymal transition (EMT) and interactions of matrix substrates with integrins and
other cell-surface receptors, that drive the interplay between cancer cells and tumor stroma during cancer
progression will be of strategic relevance toward cancer prevention and drug treatment development.

The interactions that occur between cancer cells and tumor microenvironment (TME) are crucial for
determining the metastatic potential of the cells. Growth factors and receptor tyrosine kinases (RTKs)
are among the essential molecules that drive EMT and therefore facilitate metastasis. In triple-negative
breast cancer (TNBC), the most aggressive type of the disease with the worst prognosis mainly due to
relapse, epidermal growth factor receptor (EGFR) is significantly overexpressed [8]. The high expression
and subsequent activation of EGFR strongly stimulates its downstream signaling pathways, hence
the transcription of target genes associated with various cell processes such as invasion, proliferation
and EMT [9,10]. More specifically, phosphoinositide 3-kinase (PI3K)/AKT, Ras/Raf/mitogen-activated
protein kinase (MAPK), janus kinase (JAK)/signal transducers and activators of transcription (STAT) and
c-Src tyrosine kinase pathways are all induced following EGFR activation [11,12]. During EMT, cells are
subjected to significant biochemical changes that result in morphological changes; polygonal and
cobble-stone-shaped cells with apical-to-basal polarity and tight cell-cell junctions turn to spindle-like
cells with mesenchymal traits, namely front-to-back polarity, reorganized cytoskeleton and increased
motility [13]. This transition is accompanied by elevated migratory potential, invasiveness and altered
ECM composition [14].

ECM, one of the most widely studied areas in TME of the last decade, is a complex, vast network
of macromolecules that serves both as a structural support for the cells and as a signal transducer
that regulates cellular processes such as migration and invasion [15]. Matrix metalloproteinases
(MMPs), the main ECM remodeling enzymes, have a physiological role in normal mammary gland
branching morphogenesis, angiogenesis and wound-healing, among others [16]. When abnormally
expressed, they can cause alterations of the biomechanical properties of ECM and guide invasion
and metastasis, hence cancer progression [17]. Notably, MMPs -2, -7, -9 and -14 (membrane-type
1 MMP/MT1-MMP) are among those overexpressed in breast cancer, and various studies in breast
cancer patients have identified them as prognostic markers for breast cancer progression, as well as
therapeutic targets [16,18].

Intriguingly, cancer cells undergo significant molecular changes that, along with the dynamic
interplay with the surrounding stroma, governed by the tumor microenvironment, drive cancer
progression and may govern future therapeutic actions [19]. Interactions of cancer cells with matrix
macromolecules of the tumor microenvironment play key roles in cancer development, such as EMT,
angiogenesis and invasion, thus promoting tumor growth and metastasis [20]. A critical initial step
toward this process is the formation of invadopodia. Invadopodia are rich in F-actin membrane
protrusions that induce ECM degradation through MMP deposition, thus enabling the penetration of
cancer cells in tumor stroma [21,22]. Other structures responsible for increased motility and migratory
potential include lamellipodia and filopodia. Lamellipodia are highly dynamic membrane protrusions
in the front region of migrating cells [23]. Filopodia are thin “finger-like” membrane projections made
of parallel actin filaments and as with lamellipodia, they appear at the leading edge of the migrating
cells [24,25]. Their function is to command the direction of the migratory cells in physiological processes
like embryonic development, wound-healing, and ECM adhesion, as well as in cancer, where they also
contribute to cancer cell invasion [26,27]. Moreover, a newly emerging way of cell communication,
tunneling nanotubes (TNTs), is attracting attention due to their ability to provide cell-cell connection
and transfer various components [28]. Specifically, TNTs facilitate extracellular vesicles (EVs) secretion
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that is not only known to promote invadopodia formation but also to increase the invasive capacity
independently of growth factor stimulation [29,30]. Thus, TNTs can advance embryonic development
but also cancer progression and chemoresistance [28,31].

Collagens and FN are two of the main structural proteins of the ECM. They play crucial roles in
cell-matrix adhesion and signaling. Collagen I is a prominent fibrillar protein present in connective
tissues, and also one of the most widely used artificial matrices [32,33]. It has a pivotal role in
tumorigenesis, as it is not only responsible for the mechanical properties (stiffness, contractility,
adhesion, etc.) of the ECM, but it can also interact with other matrix effectors, thus influencing
cell behavior [34]. FN, on the other hand, is ubiquitously expressed in tissues and capable to form
suprastructured fibril networks. FN contributes to the development of tumor blood vessel networks,
hence advancing tumor progression [15]. Moreover, its interactions with ECM effectors facilitate the
activation of various signaling pathways linked with EMT, invasion and metastasis [35].

Recent studies in TNBC implicate ER(3 as an effector of matrix macromolecules, as well as cellular
signaling [36]. Additionally, previously published data have established a correlation between estrogen
receptor beta (ERf) expression and the development of distinct morphological characteristics like
long filopodia and TNTs in breast cancer cells when cultured on matrix substrates [37]. In this paper,
we address the role of EGFR in the functional cell properties, such as adhesion on collagen typel, invasion
capacity and metastatic potential, as well as the expression of key matrix macromolecules related with
cancer progression. In addition, we highlight the role of EGFR in determining cell morphology in
cultures on major cell-matrix mediators (collagen I and FN substrates). SEM images of TNBC cells of
different ERf status offer a unique insight on the influence of EGFR inhibition, as well as exogenous
addition of 173-estradiol (E2) in cell shape, development of cytoplasmic protrusions and production of
EVs. These novel data emphasize the functional role of EGFR signaling in modulating cell morphology
in MDA-MB-231 (ERB-positive) and shER3 MDA-MB-231 (ERB-suppressed) triple-negative breast
cancer cells. Moreover, our data suggest the vital role of different matrix substrates in modifying breast
cancer cell morphology and the formation of cell protrusions and surface structures, as an underlying
mechanism contributing to better understanding breast cancer progression.

2. Materials and Methods

2.1. Chemicals and Reagents

Dulbecco’s modified Eagle medium (DMEM)), fetal bovine serum (FBS), PBS, trypsin- Na,EDTA,
L-glutamine, penicillin and streptomycin were all obtained from Biosera LTD (Courta-boeuf CEDEX,
France). FN was supplied by BD Biosciences (NJ, USA). Type I collagen was supplied by Sigma-Aldrich
(Steinheim, Germany). E2 and allosteric inhibitor of EGFR, AG1478, were supplied by Sigma Chemical
Co. (St. Louis, MO, USA). All other chemicals used were of the best commercially available grade.

2.2. Cell Culture

MDA-MB-231 (high metastatic potential, ERx-negative, ER3-positive) breast cancer cell line
was obtained from the American Type Culture Collection (ATCC, Baltimore, MD, USA) and
routinely cultured as monolayers at 37 °C in a humidified atmosphere of 5% (v/v) CO, and 95% air.
shER3 MDA-MB-231 (ER(3-suppressed cells) were previously described [36]. MDA-MB-231-aggressive,
mesenchymal-like cell line is routinely utilized in studies of the invasion and metastatic potential
of breast cancer cells. To further investigate the role of EGFR/ERf3 axis, sShER3 MDA-MB-231 cells
(70% ERf suppression compared to MDA-MB-231 cells) were also used. ER[3 suppression results in a
partial mesenchymal-to-epithelial transition (MET), thus a less aggressive cell line with epithelial-like
morphological and molecular characteristics. Breast cancer cells were cultured in DMEM supplemented
with 10% (v/v) FBS, 1% L-glutamine and 1% penicillin/streptomycin. Puromycin dihydrochloride
(Sigma-Aldrich, Steinheim, Germany) (0.8 pg/mL) was included in the cultures of sShER3 MDA-MB-231
cells. Cells were harvested by trypsinization with 0.05% (w/v) trypsin in PBS containing 0.02% (w/v)
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Na,EDTA. All experiments were conducted in serum-free conditions. To better mimic the ECM and the
tumor microenvironment both MDA-MB-231 and shER3 MDA-MB-231 breast cancer cells were seeded
in 3D cultures prepared on isopore membrane filters, with a pore size of 8.0 um (Millipore, Milan,
Italy), covered by collagen type I (200 and 3000 pg/mL) or FN (130 ug/mL). Similarly, 3D Millipore
cultures were performed as described above prior to AG1478 (2 uM) and/or E2 (10 nM) treatment for
24 h. It should be noted that, in the mix group, AG1478 (2 uM) treatment for 30 min was conducted
prior to E2 (10 nM) addition. AG1478 is a widely used allosteric inhibitor of EGFR and has been shown
to be effective even in 1 uM and up to 10 uM. To avoid inhibition of other RTKs (Her2 and PDGFR),
a protocol based on previous studies in our lab was established where we used 2 uM of AG1478 and
that was effective in both MDA-MB-231 and shER3 MDA-MB-231 cells. E2 optimal concentration was
determined by IC50 assay previously performed in our lab.

2.3. RNA Isolation, Reverse Transcription and Real-Time gPCR Analysis

Breast cancer cells were grown in serum-containing medium up to 70-80% confluence. Cells were
serum starved for 16 h. Then, AG1478 (2 uM) and/or E2 (10 nM) were added according to the
experimental plan in serum-free culture medium for 24 h. It should be noted that, when both agents
were added, AG1478 (2 uM) treatment for 30 min was conducted prior to E2 (10 nM) addition.
Total RNA was isolated from cells, using NucleoSpin® RNA I Kit (Macherey-Nagel, Duren, Germany).
The amount of isolated RNA was quantified by measuring its absorbance at 260 nm. Moreover,
the 260/280 and 260/230 ratios of all the RNA extracts were evaluated to ensure RNA purity. The value
of all the 260/280 ratios was ~2.0, and all the 260/230 ratios were between 2.0 and 2.2, which is considered
as generally accepted. Total RNA was reverse-transcribed, using thePrimeScript™1st strand cDNA
synthesis kit perfect real time (Takara Bio Inc., Goteborg, Sweden) and KAPA Taq ReadyMix DNA
Polymerase (KAPA BIOSYSTEMS, Wilmington, MA, USA). Real-time PCR analysis was conducted in
20 pL reaction mixture, according to manufacturer’s instructions. The amplification was performed
utilizing Rotor Gene Q (Qiagen, Germantown, MD, USA). All reactions were performed in triplicates,
and a standard curve was always included for each pair of primers for assay validation. In addition,
a melting curve analysis was always performed for detecting the SYBR Green-based objective amplicon.
If more than one peak was detectable, the conditions were optimized. To provide quantification,
the point of product accumulation in the early logarithmic phase of the amplification plot was defined
by assigning a fluorescence threshold above the background, defined as the threshold cycle (Ct) number.
Relative expression of different gene transcripts was calculated by the AACt method. The Ct of any
gene of interest was normalized to the Ct of the normalizer (ACTB). Fold changes (arbitrary units)
were determined as 2724Ct. Genes of interest and utilized primers are listed in Table 1.

Table 1. Primer sequences used for quantitative RT-PCR.

Gene Primer Sequence (5'-3') Tannealing (°C)
MMP?7 F GCTGGCTCATGCCTTTGC 60
R TCCTCATCGAAGTGAGCATCTC
MT1-MMP F CATGGGCAGCGATGAAGTCT 60
R CCAGTATTTGTTCCCCTTGTAGAAGTA
ACTB F TCAAGATCATTGCTCCTCCTGAG 60
R ACATCTGCTGGAAGGTGGACA

To cross-check the primers’ properties and their quality, we wused two different
websites: https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&
LINK_LOC=blasthome and https://www.idtdna.com/pages/tools/oligoanalyzer. The selection was
based on GC content, E value (<0.1), self-dimer and hetero-dimer tendencies, query cover (100%) and
base pair (bp) size (up to 120 bp).
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2.4. Cell Invasion Assay

The invasive potential of MDA-MB-231 and shER(3 MDA-MB-231 breast cancer cells was evaluated
by using collagen type I invasion assay, as described in a previous study [38]. In brief, the collagen type
I solution with final concentration of 1 mg/mL was prepared by mixing the precooled components:
4 volumes collagen type I (stock concentration 3 mg/mL), 5 volumes of CMF-HBSS, 1 volume of MEM
(10x), 1 volume of 0.25 M NaHCOs, 2.65 volumes of standard medium and 0.3 volumes of 1 M NaOH.
The solution was gently mixed and added to one well of 12-well plate, spread homogeneously and let
gelify in a humidified atmosphere of 10% CO5, at 37 °C, for at least 1 h. MDA-MB-231 breast cancer cells
were previously cultured in the absence of serum for 16 h and then seeded at a density of 6 x 10* cells
per well on top of collagen I type gels. Cells were incubated in a humidified atmosphere of 10% CO,,
at 37 °C, and, after 24 h of treatment, digital images with objective 10x were obtained. The evaluation
of cell invasion was conducted according to the experimental protocol of DeWever et al. [38].

2.5. Cell Adhesion Assay

In order to evaluate the adhesion potential of MDA-MB-231 breast cancer cells, the following
adhesion protocol was conducted, as it was described by previous works [39,40]. Briefly, 96-well plate
was coated with collagen type I solution (40 pg/mL) and kept at 4 °C. After 12 h, the solution was
removed, and the plate was air-dried; 3% BSA in PBS solution was added in each well, for 30 min,
to block non-specific adsorption. Then the solution was removed, and the plate was washed with PBS
and air-dried. Cells treated for 24 h prior to the adhesion assay were detached with PBS-EDTA 1x
and resuspended in serum-free medium with 0.1% BSA. and seeded at a density of 2 x 10* cells/well.
Cells were incubated for 30 min, to allow adhesion to the surface. Non-adherent cells were removed
with serum free medium, and then cells were incubated with medium supplemented with 10% FBS for
2-3 h for recovery. After the incubation period, Premix WST-1 (water-soluble tetra-zolium salt) Cell
Proliferation Assay System (Takara Bio Inc., Géteborg, Sweden) was added at a ratio 1:10, and the
absorbance at 450 nm was measured (reference wavelength at 650 nm).

2.6. Gelatin Zymography

Breast cancer cells were grown in serum-containing medium up to 70-80% confluence. Cells were
serum-starved for 16 h. Then the treatments were added according to the experimental plan in
serum-free culture medium for 16 h. Gelatin zymography was performed essentially as described [41].
Serum-free conditioned media containing equal amounts of protein were subjected to SDS-PAGE in
10% poly-acrylamide gels, containing 0.1% (w/v) gelatin. After electrophoresis, the gels were washed
with 2.5% Triton X-100, to remove SDS, and then incubated at 37 °C, for 20 h, in 10 mM Tris—-HCl,
pH 7.5, containing 150 mM NaCl and 5 mM CaCl,. Gels were stained for 30 min in 0.25% (w/v)
Coomassie brilliant blue R-250 in 43% (v/v) methanol/7% (v/v) acetic acid and destained in 40% (v/v)
methanol/7% (v/v) acetic acid. Areas of protease activity were detected as clear bands against the blue
gelatin background.

2.7. SEM Imaging

Breast cancer cells seeded in 3D cultures were fixed in a Karnovsky’s solution for 30 min at
4 °C. The intact Millipore filters covered by different substrates with adhered cells were rinsed
three times with 0.1% cacodylate buffer, dehydrated with increasing concentrations of ethanol and
finally dehydrated with hexamethyldisilazane (Sigma-Aldrich, Steinheim, Germany) for 15 min.
All specimens were mounted on appropriate stubs and coated with a 5 nm palladium gold film
(Emitech 550 sputter-coater), to be observed under a SEM (Philips 515, Eindhoven, The Netherlands)
operating in secondary-electron mode.
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3. Results

3.1. EGFR Regulates the Expression of Matrix Macromolecules in Triple-Negative Breast Cancer Cells

The well-described crucial role of EGFR in the advancement of breast cancer prompted us to
investigate the effects of EGFR inhibition in TNBC cells with different ER(3 status (MDA-MB-231
(ERB-positive) and shER3 MDA-MB-231 (ER(3-suppressed)) in the expression of matrix molecules
implicated in breast cancer progression, such as MMP2, -9, -7 and -14 (MT1-MMP).

As depicted in Figure 1A, in MDA-MB-231 cells, inhibition of EGFR by AG1478 significantly
downregulates the expression of both MMP7 and MT1-MMP (ca. 25% and 60% respectively), while in
the ERB3-suppressed cells no major differences were evident.
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Figure 1. EGFR inhibition affects the expression and activity levels of proteases in MDA-MB-231 and
shER3 MDA-MB-231 breast cancer cells. (A) Quantitative RT-PCR analysis of MMP7 and MT1-MMP
mRNA levels after 24 h without and with treatments (AG1478, E2 and mix). (B,C) MMP2/MMP9
gelatinolytic activities (as assayed by gelatin zymography) in MDA-MB-231 and shER3 MDA-MB-231
cells, before and after treatments (AG1478, E2, mix and 24 h). Each bar represents mean + SD values
from triplicate samples. Statistically significant differences are indicated accordingly: * p < 0.05,
** p < 0.01 and *** p < 0.01 compared to MDA-MB-231 control cells; * p < 0.05 and ** p < 0.01 compared
to shER MDA-MB-231 control cells; and # p < 0.05 and # p < 0.01 compared to E2-treated cells.

E2 treatment also causes statistically significant alterations in the ERf positive MDA-MB-231
cells, as it reduces the expression of MMP7 by 45% and MTI-MMP by 65%; however, in the
shER3 MDA-MB-231 cells, the effects were not as prominent. Notably, in the Erf3-suppressed
cells, dual treatment with AG1478 and E2 decreased the mRNA levels of MMP7 by 80%.

Furthermore, since MMPs are proteolytic enzymes integral to the ECM degradation and remodeling
process, it is important to study their activity levels. To that end, we performed gelatin zymography to
assess the gelatinolytic activity of MMP9 and MMP2 (Figure 1B,C). Notably, treatment with AG1478
alone or in combination with E2 strongly reduces pro-MMP9, MMP9 and MMP2 activities in both

cell lines.
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3.2. EGFR/ERB Axis Governs Metastasis-Related Functional Properties in Breast Cancer

The observed alterations in both expression and activity levels of the MMPs propelled us to
investigate the impact of EGFR and ERf in adhesion and invasion on collagen type L

As depicted in Figure 2A, the inhibition of EGFR significantly induces the adhesion on collagen
type I coating in both cell lines, as compared to respective control cells, hence enabling stronger
attachment to the microenvironment.
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Figure 2. EGFR/ERp axis regulates functional properties of MDA-MB-231 and shER3 MDA-MB-231
breast cancer cells. (A) Collagen type I adhesion. (B) Cell invasion in collagen type I matrix. Treatments
with AG1478 (2 uM) and/or E2 (10 nM) were performed for 24 h prior in MDA-MB-231 and shERf
MDA-MB-231 cells. Each bar represents mean + SD values from triplicate samples. Statistically
significant differences are indicated accordingly: * p < 0.05 and ** p < 0.01 compared to MDA-MB-231
control cells; * p < 0.05 and ™+ p < 0.01 compared to shERB MDA-MB-231 control cells; and # p < 0.05
compared to E2-treated cells.

Moreover, treated and untreated cells were seeded on collagen type I matrix, to compare their
invasive capability. As illustrated in Figure 2B, ER3 suppression strongly downregulates invasion of
MDA-MB-231 breast cancer cells in collagen type I matrix. Furthermore, EGFR inhibition leads to a
reduction of the number and the area that breast cancer cells invade both in MDA-MB-231 (ca. 80%)
and shER(3 MDA-MB-231 cells (ca. 55%). Finally, addition of E2 also downregulates the invasion
potential of both cell lines in a statistically significant manner, more so when combined with EGFR
inhibition in shER MDA-MB-231 cells.

3.3. Morphology of Breast Cancer Cells Cultured on Millipore Filter Covered by Type I Collagen (200 ug/mL)

Initially, untreated (control) and treated (E2, AG1478 and mix) MDA-MB-231 and shERf
MDA-MB-231 cells cultivated on a Millipore filter covered by type I collagen 200 pg/mL were
analyzed at SEM. In all of these groups, the collagen coating appeared as a thin layer of single fibrils not
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evenly spread. Nevertheless, almost all of Millipore filter holes were completely closed and masked by
collagen fibrils, which strongly adhered to the Millipore filter.

MDA-MB-231 control cells mostly showed a globular shaped phenotype with only few
flattened-polygonal- and elongated-fusiform-shaped cells; all cells presented extracellular microvesicles
(EVs) and microvilli on their cytoplasmic surface, and some of them developed many long, thin filopodia
(3080 pum in length and 300-500 nm in diameter). The globular cells appeared partially grouped in
clusters of few cells often connected one another by straight and very thin (50-300 nm) bridge-like
intercellular cytoplasmic processes. They were distinguishable from the collagen fibrils, as they were
positioned above and suspended from the culture ground, whereas collagen fibrils strongly adhered to
the Millipore surface. These intercellular cytoplasmic connections were morphologically comparable
to previously described tunneling nanotubes (TNTs) in 3D breast cancer cell cultures [37] (Figure 3A).

untreated (control) E2 AG1478 MIX (E2+AG1478)

=~

MDA-MB-231
200 pg/ml collagen |

shERB MDA-MB-231
200 pg/ml collagen |

Figure 3. MDA-MB-231 and shER3 MDA-MB-231 cells cultured on Millipore filter covered by 200 pg/mL
type I collagen. (A) Untreated MDA-MB-231 globular-shaped cells are grouped in clusters of a few cells
showing long, thin filopodia and tunneling nanotubes (TNTs). (B) Most of MDA-MB-231 cells treated
with E2 show a globular shape, but elongated-fusiform and flattened-polygonal cells are also observable.
(C) Thin long filopodia are present similarly to untreated cells, but TNTs seem more numerous vs.
control group MDA-MB-231 cells treated with AG1478 include globular, elongated-fusiform but a higher
number of flattened-polygonal-shaped cells vs. control and E2 treated groups. Thin, long filopodia
and TNTs are still detectable. (D) After both E2 and AG1478 treatment (mix group) MDA-MB-231
cells show globular, flattened-polygonal and few elongated-fusiform phenotypes. TNTs and many
long, thin filopodia adhering to the collagen substrate and radially arising from cells give the cells a
“spider” aspect. (E) Untreated shERB MDA-MB-231 mainly includes smooth globular cells grouped in
tight contact and showing short thin filopodia and few TNTs. (F) The same cells treated with E2 still
exhibit a globular shape but appear in isolated groups of two or three cells showing longer filopodia
vs. untreated control group. (G) After AG1478 treatment, the shER3 MDA-MB-231 globular-shaped
cells again look grouped and show more contact one to each other. Fewer short and thin filopodia
and intercellular TNTs are present. (H) After the combined treatment of E2 and AG1478, shERf
MDA-MB-231 cells look relatively grouped, displaying the same globular shape and show few short
filopodia and TNTs. Bar = 0.1 mm.

The addition of exogenous E2 favored a globular shape, although elongated-fusiform and few
flattened-polygonal cells were also present. Microvilli, EVs and thin, long filopodia were visible,
similar to untreated cells, but TNTs were more abundant compared to the control group (Figure 3B).
MDA-MB-231 cells treated with AG1478, which allosterically inhibits EGFR, developed microvilli, EVs,
thin, long filopodia and TNTs and included the same cell phenotypes previously described; however,
the flattened-polygonal cells were present in larger numbers than in control samples (Figure 3C).
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Combined E2 and AG1478 treatment (mix group) developed globular, flattened-polygonal and few
elongated-fusiform phenotypes. Microvilli, EVs, TNTs and many long, thin filopodia adhering to the
collagen substrate radially spread from each cell, thus giving them a “spider” aspect (Figure 3D).

Control shER MDA-MB-231 cells cultivated on low concentration type I collagen fibrils were
mainly globular shaped with few flattened-polygonal ones, but they looked smoother than the
MDA-MB-231 cells and grouped in tight contact. Fewer microvilli, EVs, short, thin filopodia and few
TNTs were also detectable (Figure 3E). When treated with E2, shERp cells mainly exhibited a globular
shape with few EVs, whilst growing isolated in groups of two or three cells and showing longer
filopodia when compared to untreated control group (Figure 3F). After AG1478 treatment the shER(,
MDA-MB-231 globular cells appeared more grouped with increased cell—cell contacts. Microvilli and
EVs seemed to be reduced by the AG1478 treatment, whereas short, thin filopodia and few intercellular
TNTs were still detectable (Figure 3G). In the mix group, the same globular shaped cells were relatively
grouped and showed few EVs, but also few short filopodia and TNTs (Figure 3H).

3.4. Morphology of Breast Cancer Cells Cultured on Millipore Filter Covered by Type I Collagen (3000 pg/mL)

Untreated (control) and treated (E2, AG1478 and mix) MDA-MB-231 and shER3 MDA-MB-231
cells cultivated on a Millipore filter covered by type I collagen 3000 pg/mL were observed at SEM.
In all of these groups, the collagen coating and the Millipore holes were not easily observable. In fact,
in most of the groups, the cells highly proliferated in different sheets that completely covered a uniform
relatively thick layer of densely arranged fibrils adhering to the Millipore filter.

Control MDA-MB-231 cells showed three different cell phenotypes: globular, elongated-fusiform
and flattened-polygonal. The latter strongly adhered to the collagen layer and were almost completely
covered by the globular and the elongated-fusiform ones. EVs on the cytoplasmic surface were
more present in globular and elongated-superficial fusiform cells. These two cell phenotypes showed
intercellular TNTs (30-50 nm in diameter); some of them exhibited few and isolated rounded cytoplasmic
protrusions similar to EVs on their surface. Long filopodia (20-80 pm in length and 0.3-2 pm in
diameter) mainly originating from elongated-fusiform cells showed many microvilli and EVs on their
cytoplasmic surface (Figures 4A,E and 5A).

E2 addition gave rise to flattened-polygonal cells adhering to the collagen substrate. Similar to
the untreated group, globular and elongated-fusiform cells with microvilli and EVs grew above the
flattened-polygonal ones, but a slight increase of the globular and elongated-fusiform ones versus
the control untreated samples could be observed. Long conical filopodia (20-80 pm in length) with
many EVs along with microvilli and intercellular TNTs with EVs on their surface were also visible
(Figure 4B,F). After EGFR inhibition, MDA-MB-231 cells still exhibited globular, elongated-fusiform
phenotypes showing microvilli and few EVs while growing on flattened-polygonal cells. However,
a slight reduction of the elongated cells and an increase of the polygonal ones compared to the control
group were noted. Filopodia with microvilli and few EVs on their surface and TNTs associated to EVs
were also visible similarly to the previous groups (Figure 4C,G). After a mix treatment, the MDA-MB-231
cells showed a layer of flattened-polygonal cells adhering to the collagen substrate and covered by
slightly decreased globular and elongated-fusiform cells. EVs, microvilli, long filopodia and TNTs
were also present (Figure 4D,H).



Cells 2020, 9, 2256 10 of 19

MDA-MB-231
3000 pg/ml collagen |

shERB MDA-MB-231
3000 pg/ml collagen |

Figure 4. MDA-MB-231 and shERBf MDA-MB-231 cells cultured on Millipore filter covered by
3000 pug/mL typeIcollagen. (A,E) Untreated MDA-MB-231 cells include globular and elongated-fusiform
phenotypes growing on flattened-polygonal cells strongly adhering to the collagen layer. Intercellular
TNTs and long filopodia mainly originating from elongated-fusiform cells are visible. (B,F) When
compared to the untreated samples, the same cells treated with E2 show a slight increase of globular
and elongated-fusiform cells on flattened-polygonal ones adhering to the collagen substrate. Horizontal
long conical filopodia and short intercellular TNTs are present. (C,G) MDA-MB-231 cells treated
with AG1478 still exhibited globular and elongated-fusiform phenotypes on slightly increased
flattened-polygonal cells. Long filopodia and TNTs are visible. (D,H) After a mix (E2 and AG1478)
treatment, the MDA-MB-231 cells show a layer of flattened-polygonal cells adhering to the collagen
substrate and covered by slightly decreased globular and elongated-fusiform cells with both long
filopodia and TNTs. (I,M) Untreated shERp MDA-MB-231 cells mainly include a globular cell
phenotype. Cells appear mainly grouped and are occasionally connected by short intercellular TNTs; no
filopodia are detectable. (J,N) When the same cells were treated with E2, mainly isolated globular and
elongated-fusiform cells grew on a layer of flattened-polygonal cells. Cells developed EVs and microvilli,
long filopodia and TNTs vs. control group. (K,O) shERB MDA-MB-231 cells treated with AG1478
include many globular cells and few elongated-fusiform cells, all covering the flattened-polygonal ones.
Cells are in very tight contact with each other, are uniformly distributed and show a smoother surface
with few microvilli and fewer EVs, if compared to control and E2 groups. Long filopodia and TNTs
were detectable. (L,P) After both E2 and AG 1478 treatments (mix group), sShERB MDA-MB-231 cells
included few elongated-fusiform- and many globular-shaped cells growing grouped in more than one
layer on the flattened-polygonal ones. Filopodia are detectable. Bar = 0.1 mm.
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MDA-MB-231 shERB MDA-MB-231
untreated (control) E2 + AG1478

)

0

3000 pg/ml collagen |

Figure 5. (A) Untreated MDA-MB-231 cells cultivated on a Millipore filter coated by 3000 ug/mL type
I collagen: Flattened-polygonal cells (F) adhering to the collagen substrate are covered by globular
(G) and elongated-fusiform (E) cells exhibiting microvilli and EVs. Long conical-shaped filopodia
(large arrows) showing microvilli and EVs on their surface originate from elongated-fusiform cells.
Straight intercellular TNTs (narrow arrow) are also present. Bar = 10 um. (B) shERB MDA-MB-231
cells treated with both E2 and AG1478 (mix) and cultivated on a Millipore filter coated by 3.0 mg/mL
type I collagen: Globular and elongated cells showing microvilli on the cytoplasmic surface grow on
flattened-polygonal cells just adhering to the collagen layer. A conical filopodia (large arrow) develops
from an elongated-fusiform cell. Short straight intercellular TNTs (narrow arrows) are detectable.
Bar = 10 pm.

Untreated shER MDA-MB-231 cells mainly included a globular cell phenotype when cultivated
in higher collagen type I concentration. Cells appeared mainly grouped and showed fewer EVs
and microvilli if compared to untreated MDA-MB-231 cells. Short intercellular TNTs (1040 pm)
were sometimes connecting the globular cells, whereas no filopodia were detectable (Figure 41,M).
When treated with E2, shERB MDA-MB-231 cells presented globular and elongated-fusiform
phenotypes, whereas growing on a layer of flattened-polygonal cells. Furthermore, cells developed
more evident EVs and microvilli, long filopodia and TNTs with EVs on their surface than in the
control group (Figure 4],N). The same cells treated with AG1478 still included many globular cells but
fewer elongated-fusiform cells, all covering the flattened-polygonal ones. Cells appeared in very tight
contact, uniformly distributed on the flattened ones and showed a smoother surface with few microvilli
and fewer EVs if compared to control and E2 groups. Long filopodia and TNTs were detectable
(Figures 4K,O and 5B). After dual E2 and AG1478 treatment, ShER3 MDA-MB-231 cells included few
elongated-fusiform and many globular-shaped cells growing grouped in more than one layer on top of
the flattened-polygonal cells. Microvilli and EVs, TNTs, and filopodia were also present (Figure 4L,P).

3.5. Morphology of Breast Cancer Cells Cultured on Millipore Filter Covered by FN

Apart from collagen type I, FN is a main ECM substrate known to play crucial roles in cell
adhesion [42]. Therefore, we further examined the effects of FN on cell morphology and aggressiveness
of both cell lines using SEM.

Untreated (control) and treated (E2, AG1478 and mix) MDA-MB-231 and shERf3 MDA-MB-231
cells cultivated on a Millipore filter covered by FN 130 pg/mL were observed at SEM. In most areas of
most samples, the cells proliferated in different layers covering both FN and Millipore filter. When the
Millipore filter surface was not covered by cells, FN was not always clearly detectable but was able to
fill almost all the Millipore holes.

Untreated MDA-MB-231 cells displayed three different cell phenotypes: numerous globular
cells, large flattened-polygonal cells sometimes in tight contact and isolated fewer elongated-fusiform
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ones were recognizable. Microvilli and EVs were evident on the cytoplasmic surface; very few short
filopodia and only a few intercellular TNTs (30-50 nm in diameter) were observed (Figure 6A E).

untreated (control) E2 AG1478 MIX (E2+AG1478)

r
20

MDA-MB-231
130 pg/ml fibronectin

shERB MDA-MB-231
130 pg/ml fibronectin

Figure 6. MDA-MB-231 and shER 3 MDA-MB-231 cells cultured on Millipore filter covered by 130 ug/mL
FN. (A,E) Untreated MDA-MB-231 cells displayed three different cell phenotypes: more numerous
globular cells, large flattened-polygonal cells and fewer elongated-fusiform ones. Very few short
filopodia and only few intercellular TNTs are observable. (B,F) With E2 treatment, MDA-MB-231
cells show isolated or grouped globular cells usually growing in more than one layer on more
numerous elongated-fusiform and flattened-polygonal ones. Long conical filopodia and intercellular
TNTs are visible. (C,G) After treatment with AG1478, MDA-MB-231 cells appear more grouped
and include globular phenotypes growing on fewer elongated-fusiform and increased very large
flattened-polygonal ones vs. control group. Few filopodia and TNTs are also visible. (D,H) With
mix treatment, MDA-MB-231 cells appear grouped and show globular, large flattened-polygonal and
elongated-fusiform shapes; long filopodia and TNTs. (I,M) Untreated shER MDA-MB-231 cells
mainly show grouped globular cells but some isolated globular cells with few microvilli, and few
EVs are also present. No filopodia are observable, whereas few short TNTs connect adjacent cells.
(JN) After E2 treatment, shER3 MDA-MB-231 cells display isolated and grouped globular cells growing
in different layers on flattened-polygonal and isolated elongated-fusiform cells. Cells display microvilli
and few EVs, long filopodia and TNTs. (K,0) After AG1478 treatment, the shER MDA-MB-231 cells
include many large flattened-polygonal, globular and elongated-fusiform cells which appeared a little
more grouped when compared to the E2 group. Few microvilli and few EVs, long filopodia and
TNTs are observable. (L,P) The same cells treated with both E2 and AG1478 (mix) comprise globular,
flattened-polygonal and elongated-fusiform cells equally represented and exhibiting few EVs and few
microvilli, long filopodia and TNTs. Bar = 0.1 mm.

E2 treatment on MDA-MB-231 cells leads to an increase of isolated or grouped globular cells
usually growing in more than one layer on top of flattened-polygonal and elongated-fusiform cells,
with the latter being more present than in the control group. All the cells showed microvilli, EVs and
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long conical filopodia (20-80 um in length) including many EVs and microvilli on their surface and
intercellular TNTs (Figures 6B,F and 7A).

MDA-MB-231 shERB MDA-MB-231
E2 + AG1478

130 pg/ml fibronectin

Figure 7. (A) MDA-MB-231 cells treated with E2 and cultivated on a Millipore filter coated by
130 pg/mL EN: Flattened-polygonal cells adhering to the collagen substrate are covered by globular
and elongated-fusiform cells showing microvilli and EVs. Long conical-shaped filopodia (large arrows)
including microvilli and EVs on their surface arise from elongated-fusiform cells. Bar = 10 pm.
(B) shER MDA-MB-231 cells treated with both E2 and AG1478 (mix) and cultivated on a Millipore filter
coated by 130 pug/mL FN: Globular and elongated-fusiform cells on the Millipore filter are detectable.
Long filopodia (large arrows) developing from elongate cells and straight intercellular TNTs (narrow
arrows) with EVs on their surface are visible. Bar = 10 um.

MDA-MB-231 cells treated with AG1478 appeared growing on elongated-fusiform and very large
flattened-polygonal cells; the cells were more grouped than the control ones but still included globular
cells showing microvilli and few EVs. Additionally, there was a slight reduction of the elongated cells
and an increase of the polygonal ones versus the control group, while few filopodia with microvilli
or EVs on their surface and TNTs associated to EVs were also visible (Figure 6C,G). Mix treatment
with E2 and AG1478 contributed to grouped growing cells with globular shaped phenotype, as well as
large flattened-polygonal and elongated-fusiform cells. Moreover, EVs, microvilli, few long filopodia
and TNTs were also present (Figure 6D,H).

shER3 MDA-MB-231 cells cultivated on FN mainly included a globular cell phenotype,
grouped, with cell-cell contacts even though isolated globular cells, few flattened-polygonal and
elongated-fusiform cells were also present. Few microvilli and EVs on cell surface and almost no
filopodia were detectable while few short TNTs connected adjacent cells (Figure 61,M). When shERf3
MDA-MB-231 cells were treated with E2 isolated and grouped globular cells grew in different layers
on flattened-polygonal and isolated elongated-fusiform cells. Microvilli and EVs were recognizable
on cell surface and long filopodia and TNTs with EVs on their surface were detectable (Figure 6],N).
After EGFR inhibition, shER3 MDA-MB-231 cell culture included many large flattened-polygonal,
globular and elongated-fusiform cells, which appeared a little more grouped when compared to the E2
group. Few EVs, few microvilli, long filopodia and TNTs were observed (Figure 6K,O). Finally, shERB
MDA-MB-231 cells treated with both E2 and AG1478 included globular, flattened-polygonal and
elongated-fusiform cells equally represented and exhibited few EVs and few microvilli, long filopodia
and TNTs. (Figures 6L,P and 7B).

4. Discussion

Tumor microenvironment, particularly ECM, is recognized as a critical regulator of breast cancer
cell behavior. Matrix macromolecules, especially those implicated in ECM degradation and remodeling,



Cells 2020, 9, 2256 14 of 19

like MMPs, can impact various functional cell properties hence advancing EMT [43]. Cancer cell
populations demonstrate significant heterogeneity, which explains the indirect link between EMT and
metastasis, that only some cells from the primary tumor will undergo EMT and metastasize distal
tissues [44,45]. However, for a cancer cell to be able to metastasize, it needs to undergo EMT-related
changes. Specifically, in vitro studies in breast cancer, lung adenocarcinoma and ovarian cancer cells
show cancer cells in different EMT states which exhibit increased invasion and migration [46—48].
Similarly, studies in xenograft models and primary cancers associate EMT with tumor cell dissemination,
poor survival and resistance to therapy in several cases, including pancreatic, ovarian, lung and breast
cancer [49-51]. MMPs contribute to cancer progression and tumor growth by activating growth
factors, as well as their receptors and promoting angiogenesis and invasion. Besides, studies in breast
cancer patients correlate MMP deregulation with mammary tumor development, increased metastatic
potential and worst survival prognosis [52].

The association between MMPs and growth factor receptors’ activation prompted as to evaluate
the role of EGFR in invasion and metastasis. In breast cancer the EGFR/ERs crosstalk is crucial in
regulating MMPs expression and functional cell properties [53]. Notably, when ERf is suppressed
in MDA-MB-231 cells, EGFR expression is downregulated (ca. 50%). Still, its downstream signaling
can impact several other pathways. Hence, this study focused on the evaluation of EGFR inhibition
in TNBC cells of different ERf status. As shown in the results, EGFR inhibition downregulates the
expression and activity levels of MMP2, -7, -9 and MT1-MMP, whereas ER3 seemingly mediates
MMP7 and MT1-MMP expression. These results were in agreement with the respectively increased
adhesion and reduced invasion levels when AG1478 and/or E2-treated cells were cultivated on collagen
type I, thus proving the connection between EGFR activation and ECM remodeling that leads to
EMT advancement.

Standard 2D cell cultures display significant limitations in evaluating the morphology and, thus,
the behavior of breast cancer cells, since they do not allow a natural cell growth [54]. Three-dimensional
scaffolds containing natural structural components of the tumor microenvironment, such as collagen I
and FN, are preferred, as these matrices can better simulate the tumor microenvironment and mimic the
in vivo conditions that allow breast cancer cells to grow and interact, both with one another and with the
surrounding microenvironment [55-57]. Interestingly, collagen and FN influence cancer cell migration
and behavior in an opposite way. Mechanical extension of FN fibers seems to decrease epithelial cell
adhesion and migration [58], whereas, on the contrary, aligned straight collagen fibers can favor breast
cancer migration and invasion [59-61]. Cell-matrix adhesion is mainly facilitated by integrins that
bind to various ECM proteins (FN, collagen I, laminin, etc.) [62]. Integrin heterodimers bind different
matrix proteins to activate intracellular signaling pathways; hence, depending on the integrin dimer,
different pathways will be induced every time [63]. Common FN-binding integrins include avf35,
avbl, a5p1 and acvb3, whereas a931, x131, a4p1 and «2p31 bind collagen [64—66]. These differences
between collagen and FN explain the different and opposite effects that these substrates evoke on
breast cancer cells.

Based on previously published results [37,67] and the confirmed interplay between EGFR and ERs,
our goal for this study was to evaluate the impact that different matrix substrates have on morphological
aspects of breast cancer cells, following EGFR inhibition in the presence and absence of 173-estradiol.
The use of two different types of matrices provided us with the opportunity to underscore the impact the
matrix composition can have in cell shape and morphological characteristics. In addition, the two vastly
different collagen type I concentrations (200 and 3000 pug/mL) helped to better highlight the impact of
thicker substrate in breast cancer cell behavior. Overall, we demonstrated that aggressive MDA-MB-231
breast cancer cells cultivated on a matrix scaffold of FN clearly develop less EVs, long filopodia and
TNTs. This may be correlated with the functional role of integrins (e.g., x531) that can bind FN [64]
and, due to mechanosensing, promote conformational changes in other proteins of adhesomes like
talin, paxillin and p130Cas, thus modulating cell adhesion [68-70]. On the other hand, we observed
that, in the presence of collagen type I as a culture scaffold, the aggressive morphology of MDA-MB-231
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cells is conserved, especially in the denser substrate cultures; when the concentration of collagen type
I was increased to 3000 nug/mL, the MDA-MB-231 control cell morphology partially shifted from a
mainly globular shape in the 200 pg/mL cultures to spindle-like cells, but also flattened polygonal
ones, thus demonstrating the impact of a thicker collagen substrate with denser fibrils and different
porosity. This observation is in agreement with the literature, as, even though the mechanisms behind
3D adhesion mechanosensing are not fully elucidated, it is known that lower concentrations of collagen
type I resemble the normal ECM composition of the human body, while increased matrix stiffness and
density are associated with cancer progression [71-73]. Concerning the shER MDA-MB-231 cancer
cells, we demonstrated that, regardless of the substrate (collagen type I or FN), the untreated cultures
mainly include globular cells.

E2 addition reduced cell-cell contacts in the 200 pg/mL type I collagen scaffold and increased
adhesion in FN, hence advancing the aggressive phenotype of breast cancer cells. Moreover, E2 actions
favor the development formation of long, thin filopodia and TNTs in every substrate we tested and
in both cell lines. Very long filopodia are thought to have a sensory and mechanical role during
cell migration. In addition, they facilitate exosomal capture, uptake and entry in the cell [37,74].
Direct intercellular cytoplasmic connections, like TNTs, develop when traditional intercellular
communication via cell junctions is not available, mainly due to cells being isolated [75]. TNTs are
related to intercellular molecular exchange, including exosomes and mitochondria, and, therefore,
they could be the expression of enhanced cell-cell interplay [76-78]. On the other hand, EGFR inhibition
induced cell contacts and grouped cell growth, while it bestowed less aggressive morphological traits
on the cells, including a flat polygonal or globular shape and less EVs and TNTs. The presence of E2
on top of EGFR inhibition did not attribute to great morphological alterations compared to AG1478
monotreatment, therefore suggesting the need for EGFR activation for E2 to exert its actions.

5. Conclusions

Collectively, this study explored the connection between ER{3, EGFR and ECM. The obtained
results highlight the importance of ERB/EGFR crosstalk in the modulation of critical cell functional
properties (i.e., invasion and adhesion), as well as the mRNA expression and gelatinolytic activity of
matrix macromolecules (MMPs) involved in ECM remodeling and cancer progression. The obtained
data pinpoint the importance of matrix substrates (collagen type I and FN) in the regulation of the
mesenchymal morphology of MDA-MB-231 breast cancer cells. Furthermore, we confirmed that ER
suppression leads to less filopodia and TNTs, therefore implying a synergistic effect of ER3 suppression
and differentiated matrix composition in the preservation of a less aggressive phenotype in breast
cancer, cells in accordance with the expression profiles of MMPs. In addition, EGFR inhibition and
the presence of E2 resulted in important morphological changes both in MDA-MB-231 and shERf
MDA-MB-231 cells, suggesting the significance of EGFR signaling in the modulation of breast cancer cell
morphological characteristics. Further investigation, including mechanistic aspects, will contribute to a
better understanding of the underlying mechanisms of breast cancer cell aggressiveness, thus improving
the therapeutic approaches for breast cancer management.

Author Contributions: Conceptualization, N.K.K. and M.E,; methodology, M.E,; investigation, K K., E.R., K.K.S.
and M.E; writing—original draft preparation, K.K., Z.P. and M.F,; writing—review and editing, KK., Z.P., H.B.,
M.E. and N.K.K,; supervision, M.F. and N.K.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is co-financed by Greece and the European Union (European Social Fund-ESF)
through the Operational Programme “Human Resources Development, Education and Lifelong Learning”,
in the context of the project “Strengthening Human Resources Research Potential via Doctorate Research”
(MIS-5000432), implemented by the State Scholarships Foundation (IKY). Z.P. received funding from the
project ArthroMicroPerMed (MIS5033644), implemented under the “Action for the Strategic Development on the
Research and Technological Sector”, funded by the Operational Programme “Competitiveness, Entrepreneurship
and Innovation” (NSRF 2014-2020) and co-financed by Greece and the European Union (European Regional
Development Fund).



Cells 2020, 9, 2256 16 of 19

Acknowledgments: We wish to thank Gianfranco Filippini, DISTAL Plant Pathology (University of Bologna) for
technical assistance during sample preparations for SEM.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ferlay, ].; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.; Pifieros, M.; Znaor, A.; Bray, F. Estimating
the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int. |. Cancer 2018,
144, 1941-1953. [CrossRef] [PubMed]

Carioli, G.; Malvezzi, M.; Rodriguez, T.; Bertuccio, P.; Negri, E.; La Vecchia, C. Trends and predictions to 2020
in breast cancer mortality in Europe. Breast 2017, 36, 89-95. [CrossRef]

Seely, ]. M. How Effective Is Mammography as a Screening Tool? Curr. Breast Cancer Rep. 2017, 9, 251-258.
[CrossRef]

Moloney, B.M.; O’Loughlin, D.; Elwahab, S.A.; Kerin, M.]. Breast Cancer Detection—A Synopsis of
Conventional Modalities and the Potential Role of Microwave Imaging. Diagnostics 2020, 10, 103. [CrossRef]
[PubMed]

Acs, B.; Rantalainen, M.; Hartman, J. Artificial intelligence as the next step towards precision pathology.
J. Intern. Med. 2020, 288, 62-81. [CrossRef]

Dillekas, H.; Rogers, M.S.; Straume, O. Are 90% of deaths from cancer caused by metastases? Cancer Med.
2019, 8, 5574-5576. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef]
Carey, L.; Winer, E.; Viale, G.; Cameron, D.; Gianni, L. Triple-negative breast cancer: Disease entity or title of
convenience? Nat. Rev. Clin. Oncol. 2010, 7, 683—-692. [CrossRef]

Kyriakopoulou, K.; Kefali, E.; Piperigkou, Z.; Bassiony, H.; Karamanos, N.K. Advances in targeting epidermal
growth factor receptor signaling pathway in mammary cancer. Cell. Signal. 2018, 51, 99-109. [CrossRef]
Maennling, A.E.; Tur, MK.; Niebert, M.; Klockenbring, T.; Zeppernick, F; Gattenlohner, S.;
Meinhold-Heerlein, I.; Hussain, A.F. Molecular Targeting Therapy against EGFR Family in Breast Cancer:
Progress and Future Potentials. Cancers 2019, 11, 1826. [CrossRef]

Masuda, H.; Zhang, D.; Bartholomeusz, C.; Doihara, H.; Hortobagyi, G.N.; Ueno, N.T. Role of epidermal
growth factor receptor in breast cancer. Breast Cancer Res. Treat. 2012, 136, 331-345. [CrossRef] [PubMed]
Foley, J.; Nickerson, N.K.; Nam, S.; Allen, K.T.; Gilmore, ].L.; Nephew, K.P;; Ii, D.J.R. EGFR signaling in breast
cancer: Bad to the bone. Semin. Cell Dev. Biol. 2010, 21, 951-960. [CrossRef] [PubMed]

Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial-mesenchymal transition and
implications for cancer. Nat. Rev. Mol. Cell Biol. 2018, 20, 69-84. [CrossRef] [PubMed]

Ye, X.; Weinberg, R.A. Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer Progression.
Trends Cell Biol. 2015, 25, 675-686. [CrossRef] [PubMed]

Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug
Deliv. Rev. 2016, 97, 4-27. [CrossRef]

Dulffy, M.].; Maguire, TM.; Hill, A.; McDermott, E.; O'Higgins, N. Metalloproteinases: Role in breast
carcinogenesis, invasion and metastasis. Breast Cancer Res. 2000, 2, 252-257. [CrossRef]

Insua-Rodriguez, J.; Oskarsson, T. The extracellular matrix in breast cancer. Adv. Drug Deliv. Rev. 2016, 97,
41-55. [CrossRef]

Radisky, E.S. Matrix metalloproteinases as drivers and therapeutic targets in breast cancer. Front. Biosci.
2015, 20, 1144-1163. [CrossRef]

Theocharis, A.D.; Karamanos, N.K. Proteoglycans remodeling in cancer: Underlying molecular mechanisms.
Matrix Biol. 2019, 75-76, 220-259. [CrossRef]

Witz, I.P. Tumor-Microenvironment Interactions: Dangerous Liaisons. Adv. Cancer Res. 2008, 100, 203-229.
[CrossRef]

Paz, H.; Pathak, N.; Yang, J. Invading one step at a time: The role of invadopodia in tumor metastasis.
Oncogene 2013, 33, 4193-4202. [CrossRef] [PubMed]

Eddy, R.J.; Weidmann, M.D.; Sharma, V.P,; Condeelis, ].S. Tumor Cell Invadopodia: Invasive Protrusions that
Orchestrate Metastasis. Trends Cell Biol. 2017, 27, 595-607. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/ijc.31937
http://www.ncbi.nlm.nih.gov/pubmed/30350310
http://dx.doi.org/10.1016/j.breast.2017.06.003
http://dx.doi.org/10.1007/s12609-017-0257-4
http://dx.doi.org/10.3390/diagnostics10020103
http://www.ncbi.nlm.nih.gov/pubmed/32075017
http://dx.doi.org/10.1111/joim.13030
http://dx.doi.org/10.1002/cam4.2474
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1038/nrclinonc.2010.154
http://dx.doi.org/10.1016/j.cellsig.2018.07.010
http://dx.doi.org/10.3390/cancers11121826
http://dx.doi.org/10.1007/s10549-012-2289-9
http://www.ncbi.nlm.nih.gov/pubmed/23073759
http://dx.doi.org/10.1016/j.semcdb.2010.08.009
http://www.ncbi.nlm.nih.gov/pubmed/20813200
http://dx.doi.org/10.1038/s41580-018-0080-4
http://www.ncbi.nlm.nih.gov/pubmed/30459476
http://dx.doi.org/10.1016/j.tcb.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26437589
http://dx.doi.org/10.1016/j.addr.2015.11.001
http://dx.doi.org/10.1186/bcr65
http://dx.doi.org/10.1016/j.addr.2015.12.017
http://dx.doi.org/10.2741/4364
http://dx.doi.org/10.1016/j.matbio.2017.10.008
http://dx.doi.org/10.1016/s0065-230x(08)00007-9
http://dx.doi.org/10.1038/onc.2013.393
http://www.ncbi.nlm.nih.gov/pubmed/24077283
http://dx.doi.org/10.1016/j.tcb.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28412099

Cells 2020, 9, 2256 17 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Alblazi, KM.O,; Siar, C.H. Cellular protrusions-lamellipodia, filopodia, invadopodia and podosomes—and
their roles in progression of orofacial tumours: Current understanding. Asian Pac. J. Cancer Prev. 2015, 16,
2187-2191. [CrossRef] [PubMed]

Jacquemet, G.; Hamidi, H.; Ivaska, J. Filopodia in cell adhesion, 3D migration and cancer cell invasion.
Curr. Opin. Cell Biol. 2015, 36, 23-31. [CrossRef]

Suraneni, P.; Rubinstein, B.; Unruh, J.R.; Durnin, M.; Hanein, D.; Li, R. The Arp2/3 complex is required for
lamellipodia extension and directional fibroblast cell migration. J. Cell Biol. 2012, 197, 239-251. [CrossRef]
Mattila, PK.; Lappalainen, P. Filopodia: Molecular architecture and cellular functions. Nat. Rev. Mol. Cell Biol.
2008, 9, 446-454. [CrossRef]

Arjonen, A.; Kaukonen, R; Ivaska, J. Filopodia and adhesion in cancer cell motility. Cell Adhes. Migr. 2011, 5,
421-430. [CrossRef]

Mittal, R.; Karhu, E.; Wang, ].-S.; Delgado, S.; Zukerman, R.; Mittal, J.; Jhaveri, V.M. Cell communication
by tunneling nanotubes: Implications in disease and therapeutic applications. J. Cell. Physiol. 2018, 234,
1130-1146. [CrossRef]

Karamanou, K.; Franchi, M.; Vynios, D.; Brézillon, S. Epithelial-to-mesenchymal transition and invadopodia
markers in breast cancer: Lumican a key regulator. Semin. Cancer Biol. 2020, 62, 125-133. [CrossRef]
Franchi, M.; Masola, V.; Bellin, G.; Onisto, M.; Karamanos, K.-A.; Piperigkou, Z. Collagen Fiber Array of
Peritumoral Stroma Influences Epithelial-to-Mesenchymal Transition and Invasive Potential of Mammary
Cancer Cells. J. Clin. Med. 2019, 8, 213. [CrossRef]

Sahu, P; Jena, S.R.; Samanta, L. Tunneling Nanotubes: A Versatile Target for Cancer Therapy. Curr. Cancer
Drug Targets 2018, 18, 514-521. [CrossRef] [PubMed]

Karamanos, N.K.; Theocharis, A.D.; Neill, T.; Iozzo, R.V. Matrix modeling and remodeling: A biological
interplay regulating tissue homeostasis and diseases. Matrix Biol. 2019, 1-11. [CrossRef] [PubMed]
Chowdhury, S.R.; Busra, M.EM.; Lokanathan, Y.; Ng, M.H.; Law, ] X.; Cletus, U.C.; Idrus, R.B.H. Collagen
Type I: A Versatile Biomaterial. Adv. Exp. Med. Biol. 2018, 389—414. [CrossRef]

Karamanos, N.K.; Piperigkou, Z.; Theocharis, A.D.; Watanabe, H.; Franchi, M.; Baud, S.; Brézillon, S.;
Gotte, M.; Passi, A.; Vigetti, D.; et al. Proteoglycan Chemical Diversity Drives Multifunctional Cell Regulation
and Therapeutics. Chem. Rev. 2018, 118, 9152-9232. [CrossRef]

Multhaupt, H.A.; Leitinger, B.; Gullberg, D.; Couchman, J.R. Extracellular matrix component signaling in
cancer. Adv. Drug Deliv. Rev. 2016, 97, 28-40. [CrossRef]

Piperigkou, Z.; Bouris, P.; Onisto, M.; Franchi, M.; Kletsas, D.; Theocharis, A.D.; Karamanos, N.K. Estrogen
receptor beta modulates breast cancer cells functional properties, signaling and expression of matrix
molecules. Matrix Biol. 2016, 56, 4-23. [CrossRef]

Franchi, M.; Piperigkou, Z.; Riti, E.; Masola, V.; Onisto, M.; Karamanos, N.K. Long filopodia and tunneling
nanotubes define new phenotypes of breast cancer cells in 3D cultures. Matrix Biol. Plus. 2020, 100026.
[CrossRef]

De Wever, O.; Hendrix, A.; De Boeck, A.; Westbroek, W.; Braems, G.; Emami, S.; Sabbah, M.; Gespach, C.;
Bracke, M. Modeling and quantification of cancer cell invasion through collagen type I matrices. Int. J.
Dev. Biol. 2010, 54, 887-896. [CrossRef]

Chen, ].; Han, Q.; Pei, D. EMT and MET as paradigms for cell fate switching. J. Mol. Cell Biol. 2011, 4, 66-69.
[CrossRef]

Mobley, ].L.; Shimizu, Y. Measurement of Cellular Adhesion Under Static Conditions. Curr. Protoc. Immunol.
2000, 37, 37. [CrossRef]

Bourd-Boittin, K.; Fridman, R.; Fanchon, S.; Septier, M.; Goldberg, M.; Menashi, S. Matrix metalloproteinase
inhibition impairs the processing, formation and mineralization of dental tissues during mouse molar
development. Exp. Cell Res. 2005, 304, 493-505. [CrossRef] [PubMed]

Theocharis, A.D.; Manou, D.; Karamanos, N.K. The extracellular matrix as a multitasking player in disease.
FEBS J. 2019, 286, 2830-2869. [CrossRef]

Piperigkou, Z.; Manou, D.; Karamanou, K.; Theocharis, A.D. Strategies to Target Matrix Metalloproteinases
as Therapeutic Approach in Cancer. Adv. Struct. Saf. Stud. 2018, 325-348. [CrossRef]

Heerboth, S.; Housman, G.; Leary, M.; Longacre, M.; Byler, S.; Lapinska, K.; Willbanks, A.; Sarkar, S. EMT and
tumor metastasis. Clin. Transl. Med. 2015, 4, 6. [CrossRef] [PubMed]


http://dx.doi.org/10.7314/APJCP.2015.16.6.2187
http://www.ncbi.nlm.nih.gov/pubmed/25824735
http://dx.doi.org/10.1016/j.ceb.2015.06.007
http://dx.doi.org/10.1083/jcb.201112113
http://dx.doi.org/10.1038/nrm2406
http://dx.doi.org/10.4161/cam.5.5.17723
http://dx.doi.org/10.1002/jcp.27072
http://dx.doi.org/10.1016/j.semcancer.2019.08.003
http://dx.doi.org/10.3390/jcm8020213
http://dx.doi.org/10.2174/1568009618666171129222637
http://www.ncbi.nlm.nih.gov/pubmed/29189162
http://dx.doi.org/10.1016/j.matbio.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30130584
http://dx.doi.org/10.1007/978-981-13-0947-2_21
http://dx.doi.org/10.1021/acs.chemrev.8b00354
http://dx.doi.org/10.1016/j.addr.2015.10.013
http://dx.doi.org/10.1016/j.matbio.2016.05.003
http://dx.doi.org/10.1016/j.mbplus.2020.100026
http://dx.doi.org/10.1387/ijdb.092948ow
http://dx.doi.org/10.1093/jmcb/mjr045
http://dx.doi.org/10.1002/0471142735.im0728s37
http://dx.doi.org/10.1016/j.yexcr.2004.11.024
http://www.ncbi.nlm.nih.gov/pubmed/15748894
http://dx.doi.org/10.1111/febs.14818
http://dx.doi.org/10.1007/978-1-4939-7595-2_27
http://dx.doi.org/10.1186/s40169-015-0048-3
http://www.ncbi.nlm.nih.gov/pubmed/25852822

Cells 2020, 9, 2256 18 of 19

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Aiello, N.M.; Kang, Y. Context-dependent EMT programs in cancer metastasis. J. Exp. Med. 2019, 216,
1016-1026. [CrossRef]

Huang, R.Y.-J.; Wong, M.K,; Tan, T.Z.; Kuay, K.T.; Ng, A.H.C.; Chung, V.Y,; Chu, Y.-S.; Matsumura, N.;
Lai, H.-C.; Lee, Y.F; et al. An EMT spectrum defines an anoikis-resistant and spheroidogenic intermediate
mesenchymal state that is sensitive to e-cadherin restoration by a src-kinase inhibitor, saracatinib (AZD0530).
Cell Death Dis. 2013, 4, €915. [CrossRef]

Strauss, R.; Li, Z.-Y.; Liu, Y,; Beyer, L; Persson, J.; Sova, P.; Moller, T.; Pesonen, S.; Hemminki, A.; Hamerlik, P;
et al. Analysis of Epithelial and Mesenchymal Markers in Ovarian Cancer Reveals Phenotypic Heterogeneity
and Plasticity. PLoS ONE 2011, 6, e16186. [CrossRef]

Schliekelman, M.].; Taguchi, A.; Zhu, J.; Dai, X.; Rodriguez, J.; Celiktas, M.; Zhang, Q.; Chin, A.; Wong, C.-H.;
Wang, H.; et al. Molecular portraits of epithelial, mesenchymal, and hybrid States in lung adenocarcinoma
and their relevance to survival. Cancer Res. 2015, 75, 1789-1800. [CrossRef]

Thiery, ].P; Acloque, H.; Huang, R.Y.; Nieto, A.M. Epithelial-Mesenchymal Transitions in Development and
Disease. Cell 2009, 139, 871-890. [CrossRef]

Brabletz, S. To differentiate or not — routes towards metastasis. Nat. Rev. Cancer 2012, 12, 425-436. [CrossRef]
Pastushenko, I.; Blanpain, C. EMT Transition States during Tumor Progression and Metastasis. Trends Cell
Biol. 2019, 29, 212-226. [CrossRef] [PubMed]

Ren, F; Tang, R.; Zhang, D.; Madushi, W.M.; Luo, D.; Dang, Y.; Li, Z.; Wei, K.; Chen, G. Overexpression of
MMP Family Members Functions as Prognostic Biomarker for Breast Cancer Patients: A Systematic Review
and Meta-Analysis. PLoS ONE 2015, 10, e0135544. [CrossRef] [PubMed]

Piperigkou, Z.; Karamanos, N.K. Estrogen receptor-mediated targeting of the extracellular matrix network in
cancer. Semin. Cancer Biol. 2020, 62, 116-124. [CrossRef] [PubMed]

Linnemann, J.R.; Meixner, L.K.; Miura, H.; Scheel, C.H. An Organotypic 3D Assay for Primary Human
Mammary Epithelial Cells that Recapitulates Branching Morphogenesis. Hum. Respir. Syncytial Virus. 2017,
1612, 125-137. [CrossRef]

Luparello, C. Aspects of Collagen Changes in Breast Cancer. J. Carcinog. Mutagen. 2013, S13. [CrossRef]
Rijal, G.; Li, W. 3D scaffolds in breast cancer research. Biomaterials 2016, 81, 135-156. [CrossRef]

Ravi, M.; Paramesh, V.; Kaviya, S.; Anuradha, E.; Solomon, FP. 3D Cell Culture Systems: Advantages and
Applications. J. Cell. Physiol. 2014, 230, 16-26. [CrossRef]

Hubbard, B.; Buczek-Thomas, J.A.; Nugent, M.A.; Smith, M.L. Fibronectin Fiber Extension Decreases Cell
Spreading and Migration. J. Cell. Physiol. 2015, 231, 1728-1736. [CrossRef]

Conklin, M.W.,; Eickhoff, ].C.; Riching, K.M.; Pehlke, C.A.; Eliceiri, K.W.; Provenzano, P.P; Friedl, A.; Keely, P.
Aligned Collagen Is a Prognostic Signature for Survival in Human Breast Carcinoma. Am. |. Pathol. 2011,
178,1221-1232. [CrossRef]

Eliceiri, KW.; Conklin, M.W.,; Bredfeldt, ].S.; Mackie, T.R.; Liu, Y.; Keely, P.J. Automated quantification of
aligned collagen for human breast carcinoma prognosis. J. Pathol. Inform. 2014, 5, 28. [CrossRef]
Provenzano, P.P,; Inman, D.R,; Eliceiri, K.W.; Knittel, ].G.; Yan, L.; Rueden, C.T.; White, J.; Keely, P. Collagen
density promotes mammary tumor initiation and progression. BMC Med. 2008, 6, 11. [CrossRef] [PubMed]
Winograd-Katz, S.E.; Féssler, R.; Geiger, B.; Legate, K.R. The integrin adhesome: From genes and proteins to
human disease. Nat. Rev. Mol. Cell Biol. 2014, 15, 273-288. [CrossRef] [PubMed]

Ramage, L. Integrins and extracellular matrix in mechanotransduction. Cell Health Cytoskelet. 2011, 1.
[CrossRef]

Danen, E.H.].; Sonneveld, P.; Brakebusch, C.; Fassler, R.; Sonnenberg, A. The fibronectin-binding integrins
a5B1 and avPB3 differentially modulate RhoA-GTP loading, organization of cell matrix adhesions, and
fibronectin fibrillogenesis. J. Cell Biol. 2002, 159, 1071-1086. [CrossRef] [PubMed]

Kapp, T.G.; Rechenmacher, E; Neubauer, S.; Maltsev, O.V.; Cavalcanti-Adam, E.A.; Zarka, R.; Reuning, U.;
Notni, ].; Wester, H.-J.; Mas-Moruno, C.; et al. A Comprehensive Evaluation of the Activity and Selectivity
Profile of Ligands for RGD-binding Integrins. Sci. Rep. 2017, 7, 39805. [CrossRef] [PubMed]

Schiller, H.B.; Hermann, M.-R.; Polleux, ].; Vignaud, T.; Zanivan, S.; Friedel, C.C.; Sun, Z.; Raducanu, A.;
Gottschalk, K.-E.; Théry, M.; et al. $1- and acv-class integrins cooperate to regulate myosin II during rigidity
sensing of fibronectin-based microenvironments. Nat. Cell Biol. 2013, 15, 625-636. [CrossRef] [PubMed]


http://dx.doi.org/10.1084/jem.20181827
http://dx.doi.org/10.1038/cddis.2013.442
http://dx.doi.org/10.1371/annotation/8c637352-3614-406c-89dc-e78d10fa069c
http://dx.doi.org/10.1158/0008-5472.CAN-14-2535
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://dx.doi.org/10.1038/nrc3265
http://dx.doi.org/10.1016/j.tcb.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30594349
http://dx.doi.org/10.1371/journal.pone.0135544
http://www.ncbi.nlm.nih.gov/pubmed/26270045
http://dx.doi.org/10.1016/j.semcancer.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31310807
http://dx.doi.org/10.1007/978-1-4939-7021-6_9
http://dx.doi.org/10.4172/2157-2518.S13-007
http://dx.doi.org/10.1016/j.biomaterials.2015.12.016
http://dx.doi.org/10.1002/jcp.24683
http://dx.doi.org/10.1002/jcp.25271
http://dx.doi.org/10.1016/j.ajpath.2010.11.076
http://dx.doi.org/10.4103/2153-3539.139707
http://dx.doi.org/10.1186/1741-7015-6-11
http://www.ncbi.nlm.nih.gov/pubmed/18442412
http://dx.doi.org/10.1038/nrm3769
http://www.ncbi.nlm.nih.gov/pubmed/24651544
http://dx.doi.org/10.2147/CHC.S21829
http://dx.doi.org/10.1083/jcb.200205014
http://www.ncbi.nlm.nih.gov/pubmed/12486108
http://dx.doi.org/10.1038/srep39805
http://www.ncbi.nlm.nih.gov/pubmed/28074920
http://dx.doi.org/10.1038/ncb2747
http://www.ncbi.nlm.nih.gov/pubmed/23708002

Cells 2020, 9, 2256 19 of 19

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Franchi, M.; Piperigkou, Z.; Karamanos, K.-A.; Franchi, L.; Masola, V. Extracellular Matrix-Mediated Breast
Cancer Cells Morphological Alterations, Invasiveness, and Microvesicles/Exosomes Release. Cells 2020,
9,2031. [CrossRef]

Bharadwaj, M.; Strohmeyer, N.; Colo, G.P.; Helenius, J.; Beerenwinkel, N.; Schiller, H.B.; Fassler, R.; Miiller, D.].
aV-class integrins exert dual roles on a531 integrins to strengthen adhesion to fibronectin. Nat. Commun.
2017, 8, 14348. [CrossRef]

Strohmeyer, N.; Bharadwaj, M.; Costell, M.; Féssler, R.; Miiller, D.J. Fibronectin-bound «5p31 integrins sense
load and signal to reinforce adhesion in less than a second. Nat. Mater. 2017, 16, 1262-1270. [CrossRef]
Kechagia, ].Z.; Ivaska, J.; Roca-Cusachs, P. Integrins as biomechanical sensors of the microenvironment.
Nat. Rev. Mol. Cell Biol. 2019, 20, 457-473. [CrossRef]

Doyle, A.D.; Yamada, K.M. Mechanosensing via cell-matrix adhesions in 3D microenvironments. Exp. Cell Res.
2016, 343, 60-66. [CrossRef] [PubMed]

Acerbi, I.; Cassereau, L.; Dean, I; Shi, Q.; Au, A.; Park, C.; Chen, Y.Y,; Liphardt, J.; Hwang, E.S.; Weaver, V.M.
Human breast cancer invasion and aggression correlates with ECM stiffening and immune cell infiltration.
Integr. Biol. 2015, 7, 1120-1134. [CrossRef] [PubMed]

Barcus, C.; Keely, PJ.; Eliceiri, KW.; Schuler, L.A. Stiff Collagen Matrices Increase Tumorigenic Prolactin
Signaling in Breast Cancer Cells. . Biol. Chem. 2013, 288, 12722-12732. [CrossRef] [PubMed]

Heusermann, W.; Hean, J.; Trojer, D.; Steib, E.; Von Bueren, S.; Graff-Meyer, A.; Genoud, C.; Martin, K,;
Pizzato, N.; Voshol, J.; et al. Exosomes surf on filopodia to enter cells at endocytic hot spots, traffic within
endosomes, and are targeted to the ER. J. Cell Biol. 2016, 213, 173-184. [CrossRef]

Ariazi, ].; Benowitz, A.; De Biasi, V.; Boer, M.L.D.; Cherqui, S.; Cui, H.; Douillet, N.; Eugenin, E.A.; Favre, D.;
Goodman, S.; et al. Tunneling Nanotubes and Gap Junctions-Their Role in Long-Range Intercellular
Communication during Development, Health, and Disease Conditions. Front. Mol. Neurosci. 2017, 10, 333.
[CrossRef]

Thayanithy, V.; Dickson, E.L.; Steer, C.; Subramanian, S.; Lou, E. Tumor-stromal cross talk: Direct cell-to-cell
transfer of oncogenic microRNAs via tunneling nanotubes. Transl. Res. 2014, 164, 359-365. [CrossRef]
Desir, S.; Wong, P,; Turbyville, T.; Chen, D.; Shetty, M.; Clark, C.; Zhai, E.; Romin, Y.; Manova, K.; Starr, TK.; etal.
Intercellular Transfer of Oncogenic KRAS via Tunneling Nanotubes Introduces Intracellular Mutational
Heterogeneity in Colon Cancer Cells. Cancers 2019, 11, 892. [CrossRef]

Pasquier, J.; Guerrouahen, B.S.; Althawadi, H.; Ghiabi, P.; Maleki, M.; Abu-Kaoud, N.; Jacob, A.; Mirshahi, M.;
Galas, L.; Rafii, S.; et al. Preferential transfer of mitochondria from endothelial to cancer cells through
tunneling nanotubes modulates chemoresistance. . Transl. Med. 2013, 11, 94. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/cells9092031
http://dx.doi.org/10.1038/ncomms14348
http://dx.doi.org/10.1038/nmat5023
http://dx.doi.org/10.1038/s41580-019-0134-2
http://dx.doi.org/10.1016/j.yexcr.2015.10.033
http://www.ncbi.nlm.nih.gov/pubmed/26524505
http://dx.doi.org/10.1039/c5ib00040h
http://www.ncbi.nlm.nih.gov/pubmed/25959051
http://dx.doi.org/10.1074/jbc.M112.447631
http://www.ncbi.nlm.nih.gov/pubmed/23530035
http://dx.doi.org/10.1083/jcb.201506084
http://dx.doi.org/10.3389/fnmol.2017.00333
http://dx.doi.org/10.1016/j.trsl.2014.05.011
http://dx.doi.org/10.3390/cancers11070892
http://dx.doi.org/10.1186/1479-5876-11-94
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	RNA Isolation, Reverse Transcription and Real-Time qPCR Analysis 
	Cell Invasion Assay 
	Cell Adhesion Assay 
	Gelatin Zymography 
	SEM Imaging 

	Results 
	EGFR Regulates the Expression of Matrix Macromolecules in Triple-Negative Breast Cancer Cells 
	EGFR/ER Axis Governs Metastasis-Related Functional Properties in Breast Cancer 
	Morphology of Breast Cancer Cells Cultured on Millipore Filter Covered by Type I Collagen (200 g/mL) 
	Morphology of Breast Cancer Cells Cultured on Millipore Filter Covered by Type I Collagen (3000 g/mL) 
	Morphology of Breast Cancer Cells Cultured on Millipore Filter Covered by FN 

	Discussion 
	Conclusions 
	References

