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Abstract

Cancer cell invasion into the surrounding extracellular matrix (ECM) takes place when cell-cell junctions are
disrupted upon epithelial-to-mesenchymal transition (EMT). Both cancer cell-stroma and cell-cell crosstalk are
essential to support the continuous tumor invasion. Cancer cells release microvesicles and exosomes
containing bioactive molecules and signal peptides, which are recruited by neighboring cells or carried to
distant sites, thus supporting intercellular communication and cargo transfer. Besides this indirect
communication mode, cancer cells can develop cytoplasmic intercellular protrusions or tunneling nanotubes
(TNTs), which allow the direct communication and molecular exchange between connected distinct cells.
Using scanning electron microscopy (SEM) we show for the first time that MDA-MB-231 (high metastatic
potential) and shERβ MDA-MB-231 (low metastatic potential) breast cancer cells cultured on fibronectin and
collagen type I or 17β-estradiol (E2) develop TNTs and very long flexible filopodia. Interestingly, the less
aggressive shERβMDA-MB-231 cells treated with E2 in 3D collagen matrix showed the highest development
of TNTs and filopodia. TNTs were often associated to adhering exosomes and microvesicles surfing from one
cell to another, but no filopodia exhibited vesicle-like cytoplasmic structures on their surface. Moreover, E2
affected the expression of matrix macromolecules and cell effectors mostly in the presence of ERβ. Our novel
data highlights the significance of matrix substrates and the presence of E2 and ERβ in the formation of
cellular protrusion and the production of surface structures, defining novel phenotypes that unravel nodal
reports for breast cancer progression.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Extracellular matrix (ECM) refers to a three dimen-
sional (3D) structural and functional scaffold of
macromolecules that are in a dynamic interplay forming
complex networks interacting with cells through spe-
cialized cell receptors andmatrixmediators [1–3]. ECM
components include fibrillar (collagens, elastin and
fibronectin) and non-fibrillar biomolecules [proteogly-
cans/glycosaminoglycans (PGs/GAGs) and glycopro-
teins], which exert diverse functions maintaining tissue
homeostasis and regulating cell phenotypes. Deregu-
thors. Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
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lation ofmatrix composition affects several pathological
conditions, including cancer [4–6]. Tumor invasion,
which predates metastasis, involves mutual and
dynamic interactions between the primary tumor cells
and the surrounding stromal microenvironment. Inter-
cellular communication between cancer cells and
particularly between cancer and stromal cells plays
an important role in tumor progression [7,8]. Cancer
cells are able to interact with different peritumor host
cells: blood and lymph endothelial cells, immunocytes
and macrophages, fibroblasts called peritumoral fibro-
blasts or cancer-associated fibroblasts (CAFs) and
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2 New phenotypes of breast cancer cells
myofibroblasts [9–11]. Cancer cells stimulate peritumor
fibroblasts to produce growth factors, hormones, and
cytokines favoring tumor growth and metastasis
[12–14]. In particular, cancer cells secreting growth
factors, such as transforming growth factor beta
(TGFβ), can activate stromal fibroblasts into CAFs,
which increase their contractility andexpressionofCAF
markers, including α-SMA and FAP and further
stimulating cancer cell migration, invasion and metas-
tasis [15].
Cancer cells, both by special cytoplasmic protru-

sions called invadopodia, but also from the tip of
cytoplasmic extensions, called microvilli, aberrantly
generate and disseminate high amounts of cytoplas-
mic extracellular vesicles inside of peritumor stroma,
the smaller exosomes and the larger microvesicles
[16–19]. Extracellular vesicles contain bioactive
molecules like signal peptides, matrix metallopro-
teinases (MMPs), syndecans, hyaluronic acid,
microRNAs (miRNAs), lipids, and DNA [22]. In
particular, exosomal miRNAs act as signaling
molecules and seem to promote the formation and
activation of CAFs, thus enhancing cancer cell
migration, invasion and metastasis by regulating
ECM [20]. Moreover, specific miRNAs have been
recently emerged as important regulators of breast
cancer cell behavior and matrix composition de-
pending on estrogen receptor (ER) status [21,22].
The mechanisms of microvesicle and exosome

cell uptake and subcellular fate within recipient cells
still remain elusive. A novel physiologic function of
filopodia for exosome capture has been recently
demonstrated by cell live imaging in human primary
fibroblasts, showing that they may act as highways
for cell entry of exosomes [23]. In addition to tumor-
stromal crosstalk via cytoplasmic vesicles, an
alternative means for intercellular communication
was also suggested by direct cytoplasmic connec-
tions between distant cells. Thin tubular structures
connecting single distant cells and allowing direct
communication by facilitating the transfer of mem-
brane vesicles were firstly observed in 2004 in
cultured rat pheochromocytoma PC12 cells [24].
These bridge-like, F-actin-containing cytoplasmic
membrane extensions running straight and not
adhering to the culture substratum were named
tunneling nanotubes (TNTs) and they show quite
different structural features compared to filopodia
[25]. They extend up to 100 μm in length indicating
that TNT length can be dynamically regulated, with
diameters ranging from 50 to 200 nm in neuronal
PC12 cells and 180–380 nm in T cells, but even
800 nm in mesothelioma cells [26,27]. The gap-
junction in TNT tips has been recently demonstrated
suggesting that this intercellular system might act as
synapse-like structures playing a role in the long-
range transfer of electrical signals [28]. TNTs might
not be just passive open conduits but rather are
regulated by gating mechanisms.
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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Different types of TNTs have been found in
different cell lines and are characterized by their
diversity in terms of morphology and structure
[29,30]. In human monocyte-derived macrophages,
thick nanotubes (≥0.7 μm) containing microtubules
allow traffic of vesicles (endosomes and lysosomes,
but also mitochondria) over long distances, while
beads and bacteria “surf” using a constitutive flow of
the nanotube surface takes place along thin nano-
tubes (≤0.7 μm) lacking microtubules [31]. TNTs,
establishing a direct connection between the
cytoplasm of connected cells or in some cases
interfacing with gap junctions in plasma membranes,
serve as conduits for intercellular shuttling of cellular
organelles and other cargo between connected,
non-adjacent cells [25,27,32–34]. Sartori-Rupp and
co-workers well described TNTs in CAD (mouse
catecholaminergic neuronal cell line, Cath.a-differ-
entiated) cells using correlative focused-ion beam
scanning electron microscopy (FIB-SEM), scanning
electron microscopy (SEM), light- and cryo-electron
microscopy approaches to elucidate the structural
organization of neuronal TNTs [35]. They found both
individual TNTs but also bundle of thin open-ended
individual TNTs which contain vesicles and mito-
chondria and that are held together by threads
labeled with anti-N-cadherin antibodies.
Besides the vesicles and mitochondria, also

influenza viruses and HIV can spread using TNTs
intercellular networks that connect epithelial cells,
thus evading immune and antiviral defenses
[16,28,36]. Moreover, TNTs were described in
different cell types [29], including neurons [37],
myeloid cells [38–40], human and murine T cells
[40], normal rat kidney cells, rat cardiac myocytes
[41] and endothelial progenitor cells [42]. TNTs were
also described in different cancer cells like human
mesothelioma and lung adenocarcinoma tissues
[34], prostate cancer cells [43], breast cancer cells,
ovarian cancer cells, pancreatic cancer, human
bladder carcinoma cells [44], osteosarcoma and
human ovarian adenocarcinoma [45] and colon
cancer cells [46]. Recent reports suggest the novel
role of TNTs in drug resistance via the intercellular
transfer of proteins responsible for causing and/or
maintain resistance [47,48]. Even though the mor-
phological characteristics still remain the main
criteria for TNTs identification, as no TNT-specific
protein marker is known for all TNT types [49,50],
only very few groups deeply examined the ultra-
structure of TNTs using SEM and transmission
electron microscopy (TEM) [16,24,26,28,35,44].
We previously demonstrated the regulatory role of

different fibrillar collagen arrays in modifying breast
cancer cell shape, inducing epithelial-to-mesenchymal
transition (EMT), altering ECM and modulating the
formation of extracellular vesicles in breast cancer
cells with different ER status [i.e. MCF-7 (ERα-
positive) and MDA-MB-231 (ERβ-positive)] [51]. In
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3New phenotypes of breast cancer cells
this study we analyze the ultrastructure of cytoplasmic
protrusions which could be involved in intercellular
communications in breast cancer cells with different
ERβ status [MDA-MB-231 (ERβ-positive) and shERβ
MDA-MB-231 (ERβ-suppressed)] seeded in 3D
cultures with different microenvironments (fibronectin
or collagen microenvironment), with or without
17β-estradiol (E2) treatment.
Results

Breast cancer cells grown on collagen and
fibronectin develop long filopodia and TNTs

We previously demonstrated that ERβ suppres-
sion on MDA-MB-231 cells critically affected their
morphological mesenchymal characteristics, by re-
ducing their cytoplasmic protrusions and contributing
in weakening their aggressive phenotype [52]. In this
Fig. 1. (A) 3D culture of shERβMDA-MB-231 cells treated w
cell next to a hole of Millipore filter show long and flexible filo
spreading out radially in the microenvironment. Scale bar = 1
with E2 on Millipore filter covered with collagen. Two cells sho
cells, adhering to the ground and penetrating the Millipore ho
culture of shERβMDA-MB-231 cells treated with E2 on Millipor
connected to small globular cells (on the left) by TNTs. The l
originated from the big and a small cell (large arrow). On this
10 μm. (D) 3D culture of MDA-MB-231 cells treated with E2 on
elongated and fusiform cell without showing any tight adhesio
Collagen fibrils are visible on the ground. Scale bar = 10 μm.
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study, SEM investigation revealed that both MDA-
MB-231 and shERβ MDA-MB-231 cells cultivated in
3D cultures on Millipore filters and on filters covered
with collagen type I or fibronectin with or without E2
treatment developed cytoplasmic protrusions with
different size and diameter. In general, two kinds of
cytoplasmic protrusions can be distinguished. The
first kind refers to relatively larger (300–500 nm in
diameter) curvy cytoplasmic protrusions, conical
shaped, 10–80 μm long, which exhibit the morpho-
logical aspect of long filopodia, spreading out from
the ventral side of cells always adhering to the
culture ground or substrate. The second discern-
ment includes the bridge-like ultrafine protrusions 5–
40 μm long with a constant diameter of about 50–
300 nm, which in some cases reached 900 nm
(Fig. 1A, B). They refer to straight intercellular
connections, corresponding to TNTs, with a regular
cylindrical shape, connecting two distant cells and
having no contact with the culture ground/substrate
(Fig. 1C, D). Intriguingly, the first kind of protrusions
ith E2 on Millipore filter covered with fibronectin. A globular
podia (arrow) arising from the ventral side of the cell and
0 μm. (B) 3D culture of shERβ MDA-MB-231 cells treated
w long filopodia (arrow) arising from the ventral side of the
le partially filled with collagen. Scale bar = 10 μm. (C) 3D
e filter covered with fibronectin. A large cell (on the right) is
ower result from apposition of two cytoplasmic processes
TNT an exosome is detectable (small arrow). Scale bar =
Millipore filter covered with collagen. A TNT passes over an
n or fusion with the cytoplasmic membrane (black arrow).
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4 New phenotypes of breast cancer cells
called filopodia, strongly adhere to the culture
ground/substrate and arise from the body of some
cells radially spreading out to other cells or also
towards the holes of the Millipore filter, sometimes
penetrating them (Fig. 1B). Moreover, they showed a
smooth surface, with their diameter decreasing form
the origin to the peripheral tip. These long flexible
filopodia, observed both in MDA-MB-231 and shERβ
MDA-MB-231 cells, were in general more developed
in 3D collagen matrix cultures treated with E2, and in
particular increased and looked longer in shERβ
MDA-MB-231 cells where they were longer (60–
80 μm) and about ten times higher vs. the other
ground cultures.(Fig. 1B).
The narrow protrusions, or TNTs, connecting

neighboring cells, were observed in both MDA-MB-
231 and shERβ MDA-MB-231 cells, but were more
prominent in cultures treated with E2 on Millipore
filters covered by collagen type I. They were 5–
40 μm long and demonstrated a constant diameter,
usually ranging from 50 to 300 nm, but in some
cases reaching to 900 nm. It was not unusual to
detect round protrusions, emerging from the surface
of TNTs, that presumably correspond to microvesi-
cles and smaller exosomes (Figs. 1C, 2B, C and E).
TNTs appeared in continuity with the cytoplasmic
membrane of two connecting cells, but in some
cases, they joined more than one cell and showed
only a very tight adhesion to the plasma membrane
of the intermediate cells (Fig. 1C). As far as the
biogenesis of TNTs is concerned, the ultrastructural
observations showed that both cells connected
through TNTs developed extended cytoplasmic
protrusions towards each other in a definite orienta-
tion (Fig. 2A, B and D).
The larger TNTs were distinguishable from long

filopodia of similar diameter mainly because they first
looked like hanged ropes between and over the
cells. Moreover, filopodia always appeared as
single, isolated cytoplasmic protrusions, whereas at
higher enlargements, TNTs with larger diameter run
in interconnected bundles of single TNTs following a
slight spiral array (Fig. 2E and F). As we have
previously described, the presence of ERβ regulates
the morphological characteristics of breast cancer
cells determining their aggressive phenotype [62]. In
this study, we observed that in all substrates, MDA-
MB-231 and shERβ MDA-MB-231 cells displayed
differently distributed phenotypes. We confirmed
that the cultures of MDA-MB-231 included globular
cells and elongated or spindle-like cells but only few
polygonal and flattened ones, whereas shERβMDA-
MB-231 cultures showed globular cells and flattened
polygonal ones, yet only a few elongated cells
(Fig. 1D, 2B and C). Notably, E2 treatment highly
affected breast cancer cells by favoring the growth of
both long filopodia and TNTs (Fig. 2C and D).
Regarding the cytoplasmic surface in all substrates,
even if it was not constantly observable in all cells of
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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each groups, MDA-MB-231 cells showed in general
more microvesicles and microvilli (also ten times
higher) (Fig. 2A, C and E) when compared to the
smoother shERβ MDA-MB-231 cell surfaces
(Fig. 2B, D and F).

ERβ regulates the expression of matrix macro-
molecules in an E2-independent manner in
shERβ MDA-MB-231 cells

The observations on the E2-dependent morpholog-
ical changes of MDA-MB-231 breast cancer cells
before and after ERβ suppression in different matrix
substrates, prompted us to investigate the molecular
basis of E2 effects on matrix composition of breast
cancer cells in order to correlate the E2-mediated
effects on matrix composition with the observed
changes in cell morphology. By this, we investigated
whether the already established effects of ERβ
suppression in MDA-MB-231 cells [52] may be
reversed by E2. The E2-dependent effects on gene
expression of several MMPs, PGs, major EMT
markers, cell receptors and signaling molecules in
MDA-MB-231 and shERβ MDA-MB-231 cells were
evaluated. Notably, our data revealed that E2 affects
the expression of specific matrix mediators only in the
ERβ-positive MDA-MB-231 breast cancer cell line.
More specifically, E2 treatment inducedMMP7mRNA
levels (ca 25%),while not affectingMT1-MMP,MMP9,
TIMP1 and TIMP2 levels in MDA-MB-231 cells
(Fig. 3). On the other hand, E2 increased the mRNA
levels of the proteolytic enzymes MT1-MMP, MMP7
and MMP9 in shERβ MDA-MB-231 cells (Fig. 3).
Moreover, the E2/ERβ signaling pathway reduced the
expression levels of the epithelial marker E-cadherin
by 50%, which is in accordance with E2 effects on cell
morphology (Fig. 4) and upregulated the expression
levels of themesenchymalmarker vimentin; however,
E2 effects on EMT markers were less prominent in
MDA-MB-231 cells (Fig. 4). As far as the expression of
transmembrane PGs is concerned, we observed no
substantial changes in the mRNA levels syndecan-1
upon E2 treatment in neither of two breast cancer cell
lines. However, E2 increased syndecan-2 mRNA
levels in ERβ suppressed cells (Fig. 5A). Moreover,
E2-treated MDA-MB-231 cells demonstrated in-
creased glypican-1 levels (Fig. 5B). Notably, the
expression of themajor syndecan degrading enzyme,
heparanase (HPSE), was substantially decreased by
the presence of E2 in MDA-MB-231 breast cancer
cells, whereas in the absence of ERβ, E2 is not able to
affect HPSE mRNA levels (Fig. 5C). E2-treated
shERβ MDA-MB-231 cells demonstrated increased
levels of the angiogenic VEGFR2, whereas the
expression of cell receptors EGFR, IGF-IR and
HER2 was slightly decreased. Intriguingly, the
mRNA levels of these cellular receptors were not
significantly affected in ERβ-positive MDA-MB-231
breast cancer cells (Fig. 6A). Finally, no substantial
ng filopodia and tunneling nanotubes define new phenotypes of
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Fig. 2. (A) 3D culture of MDA-MB-231 cells on Millipore filter covered with fibronectin. Ovoidal cells with many
microvesicles show straight TNTs and cytoplasmic protrusion presumably forming new TNTs. Scale bar = 10 μm. (B) 3D
culture of shERβ MDA-MB-231 cells on Millipore filter covered with fibronectin. Globular cells are connected by thin
individual TNTS. Single cytoplasmic protrusions arising from distinct cells suggest the mode of TNTs formation. An
exosome is detectable on a TNT (arrow). Scale bar = 10 μm. (C) 3D culture of MDA-MB-231 cells treated with E2 on
Millipore filter. Globular cells with microvesicle on the cytoplasmic surface show two distinct individual TNTs connections.
On the upper two protrusions (exosomes) are visible (arrows). Scale bar = 10 μm. (D) 3D culture of shERβ MDA-MB-231
cells treated with E2 on Millipore filter. Very smooth globular cells with very few microvesicles and no microvilli are
connected by individual straight TNTs. In the upper portion of the pic a TNT seems to form by fusion of two distinct
cytoplasmic protrusions (arrows). Scale bar = 10 μm. (E) 3D culture of MDA-MB-231 cells treated with E2 onMillipore filter
covered with collagen. Two thick TNTs are composed by single thin individual TNTs branched together in a spiral array. An
exosome is attached to a TNT (arrow). Scale bar = 1 μm. (F) 3D culture of shERβ MDA-MB-231 cells treated with E2 on
Millipore filter covered with collagen. Two globular cells are connected by a thick TNT that at a higher enlargement shows
to be composed by single thin TNTs tight branched together. Scale bar = 1 μm.

5New phenotypes of breast cancer cells
changes have been observed in the phosphorylation
of Erk1/2 kinases, before and after E2 treatment, in
shERβ ΜDA-MB-231 cells, suggesting that E2 alone
is not enough to restore phospho-Erk1/2 in the initial
phosphorylation levels, as ERβ presence is crucial for
such regulation (Fig. 6B).
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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Collectively, these data confirmed that ERβ
suppression dramatically changes the expression
profiles of major matrix mediators, including proteo-
lytic enzymes, PGs, EMT markers, cellular receptors
and signaling molecules. Moreover, we demonstrat-
ed that the presence of E2 in shERβ MDA-MB-231
ng filopodia and tunneling nanotubes define new phenotypes of
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Fig. 3. Expression of major MMPs in MDA-MB-231 and shERβMDA-MB-231 cells before and after E2 treatment. Real-
time qPCR analysis of (A) MMP7, MMP9, MT1-MMP and (B) TIMP1 and TIMP2 mRNA levels in MDA-MB-231 and shERβ
MDA-MB-231 cells, before and after E2 treatment for 16 h. Asterisk (*) indicates statistically significant differences
between E2-treated and non-treated MDA-MB-231 cells and between MDA-MB-231 and shERβ MDA-MB-231 cells
(p ≤ 0.05). Cross (+) indicates statistically significant differences between E2-treated and non-treated shERβ MDA-MB-
231 cells (p ≤ 0.05).

6 New phenotypes of breast cancer cells
cells cannot restore their expression, which in part
explains the significantly reduced invasive and
metastatic potential of ERβ-suppressed cells.
Discussion

Tumor invasion in neighbor tissues determines the
initiation of metastatic process and involves dynamic
interactions between the primary tumor cells and the
surrounding stromal microenvironment. Cell-cell
interactions in tumor stroma involves the shedding
of cytoplasmic extravesicles (microvesicles and
exosomes) containing bioactive molecules such as
signal peptides, MMPs, syndecans, hyaluronan,
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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miRNAs, lipids, and DNA which are disseminated
in the tumor environment and in body fluids of
patients with cancer [8,20]. It has also been
demonstrated that fibroblast filopodia have a direct
mechanical role in exosome capture and represent
highways favoring exosomes penetration into the
cell [23]. Moreover, cancer cell-cell communication
involves thin and straight cytoplasmic intercellular
protrusions, called TNTs, which allow a direct
bidirectional transfer of proteins, mitochondria,
Golgi, and other cytosolic components [44,53]. In
this study, we demonstrated and described at the
ultrastructural level the presence and morphological
aspects of cytoplasmic protrusions, like filopodia and
TNTs, which might be involved in exosomes and
ng filopodia and tunneling nanotubes define new phenotypes of
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Fig. 4. Effects of E2 on the expression of major EMT markers in MDA-MB-231 and shERβ MDA-MB-231 cells. Real-
time qPCR analysis of (A) E-cadherin, (B) vimentin, (C) fibronectin and (D) snail2/slug mRNA levels in MDA-MB-231 and
shERβMDA-MB-231 cells, before and after E2 treatment for 16 h. Asterisk (*) indicates statistically significant differences
between MDA-MB-231 and shERβ MDA-MB-231 cells (p ≤ 0.05). Cross (+) indicates statistically significant differences
between E2-treated and non-treated shERβ MDA-MB-231 cells (p ≤ 0.05).

7New phenotypes of breast cancer cells
mitochondria intercellular exchanges through inter-
cellular communications in breast cancer cells
[45,46,54].
Although the 2D in vitro cell culture is the most

widely used culture system, 3D cultures are more
representative to investigate TNTs in cancer [50]. To
mimic the in vivo stroma microenvironment of
mammary cancer cells we prepared 3D cultures on
Millipore filters covered with collagen type I or
fibronectin after cell treatment with E2, which is
known to promote breast cancer aggressiveness
[55]. All samples were analyzed at SEM to investigate
how the tumor microenvironment or any particular
surface structures could affect the development of
TNTs in breast cancer cells with different ERβ status
[MDA-MB-231 (ERβ-positive) and shERβ MDA-MB-
231 (ERβ-suppressed)]. No specific biomarkers have
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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been proposed so far to identify TNTs, therefore the
morphological investigation still remains the best
approach to study these cytoplasmic intercellular
connections [50]. Although in all samples we ob-
served both filopodia and thin TNTs intercellular
connections, longer and curvy filopodia adhering to
the ground and sometimes penetrating into the
Millipore holes so as thin TNTs intercellular connec-
tions showing exosomes and microvesicles like-
structures on their surface were detectable mainly in
culture with a collagen substrate after E2 treatment of
breast cancer cells in an ERβ-independent manner.
Collagen type I and E2 represent important factors

that promote the formation of both TNTs and long
filopodia. Previous studies demonstrated that mac-
rophages enhance the formation of TNTs in MCF-7
breast cancer cells and can stimulate the release of
ng filopodia and tunneling nanotubes define new phenotypes of
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Fig. 5. Effects of E2 on the expression of cell surface associated PGs in MDA-MB-231 and shERβ MDA-MB-231 cells.
Real-time qPCR analysis of (A) syndecan-1, -2, -4, (B) glypican-1 and (C) HPSEmRNA levels in MDA-MB-231 and shERβ
MDA-MB-231 cells, before and after E2 treatment for 16 h. Asterisk (*) indicates statistically significant differences
between E2-treated and non-treated MDA-MB-231 cells and between MDA-MB-231 and shERβ MDA-MB-231 cells
(p ≤ 0.05). Cross (+) indicates statistically significant differences between E2-treated and non-treated shERβ MDA-MB-
231 cells (p ≤ 0.05).

8 New phenotypes of breast cancer cells
independently migrating viable cytoplasmic frag-
ments, referred as microplasts, from same cells
[56]. Considering our breast cancer model, both
filopodia and TNTs were particularly developed in
shERβ MDA-MB-231 cells treated with E2 in a
collagen network as compared to the MDA-MB-231
cells. All long and flexible filopodia did not show any
protrusion which could suggest organelles or vesi-
cles inside the filopodia, whereas TNTs often
displayed exosomes like-structures which presum-
ably run from cell to cell. The presence of exosomes
and mitochondria inside TNTs has been clearly
demonstrated in neuronal cells in a recent report
[35]. Besides the single thin and individual TNTs, we
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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demonstrated also TNTs with larger diameter
composed of individual thin TNTs branched in a
slight spiral array. This particular array may ensure
the structural resistance and could favor the move-
ment of exosomes or their exchange through a
mechanical shrinkage of single TNTs which occurs
when connected cells move away from each other.
Notably, it is of great importance that the most
developed network of long filopodia and TNTs
connections was observed in shERβ MDA-MB-231
breast cancer cells treated with E2, in type I collagen
microenvironment.
Our observations under SEM did not confirm the

existence of any exosomes or microvesicles on
ng filopodia and tunneling nanotubes define new phenotypes of
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9New phenotypes of breast cancer cells
filopodia surface, thus excluding a possible role of
these structures in capturing and favoring exo-
somes uptake and penetration. Therefore, we
suggest that long filopodia might play only sensory
and mechanical roles during cell migration. Howev-
er, filopodia may be equally involved into mechan-
ical and chemical exchanges between tumor cells
and the surrounding stroma in vivo, and therefore in
tumor invasion and metastasis. This generated the
necessity to explain the formation of TNTs as a new
cell phenotype related to cancer aggressiveness as
suggested by other authors [44,46]. When EMT
occurs in cancer cells the cell junctions are
disrupted boosting the start of invasion in the
surrounding tissue. Cell-cell communication and
molecular exchange via traditional cell junctions
would be impossible also for an increase of
interstitial fluid pressure in tumor microenvironment
[57,58]. Therefore, direct intercellular connections
like TNTs could be a compensatory support cell
survival under stress conditions like local hypoxia
and would ensure cell-cell interactions for tumor
progression, invasion and metastasis especially in
aggressive cells [59].
The next goal of our study was to correlate the

morphology related E2 effects with alterations in the
molecular level in breast cancer cells with different
ERβ status. Our data confirmed that ERβ has a
crucial role in the modulation of gene expression of
several matrix mediators, including several MMPs,
transmembrane PG syndecan-1/-2/-4 and receptor
tyrosine kinases in the highly aggressive MDA-MB-
231 breast cancer cells. The expression profiles of
major ECM macromolecules (MMPs, EMT markers,
PGs and cell receptors) were not significantly
affected by E2 treatment in shERβ MDA-MB-231
cells. This observation suggests that in the absence
of ERβ, E2 is not efficient to restore the expression of
critical matrix mediators in control MDA-MB-231
levels.
The present study is the first to describe by SEM

the ultrastructure of TNTs with adhering exosomes
and microvesicles in breast cancer cells with a
different metastatic potential. In addition, we de-
scribe for the first time the ultrastructure of large
TNTs composed by single TNTs grouped in a spiral
array in cancer cells. Ultrastructural investigations
about TNTs remains scarce and the mechanisms by
which cells communicate with one another are not
well understood but further investigations concern-
ing TNTs and intercellular exchanges will help new
therapeutic approaches for cancer. Collectively, our
novel data pinpointed the significance of ERβ
expression in the estrogen-dependent morphologi-
cal characteristics and invasive potential of MDA-
MB-231. These observations open a new area of
research to further understand the roles of ECM and
improve pharmaceutical targeting of the aggressive
breast cancer.
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
breast cancer cells in 3D cultures, , https://doi.org/10.1016/j.mbplus
Materials and methods

Chemicals and reagents

Dulbecco's modified Eagle medium (DMEM), fetal
bovine serum (FBS), L-glutamine, penicillin, strepto-
mycin were all obtained from Biosera LTD (Courta-
boeuf Cedex, France). E2 was supplied by Sigma
Chemical Co. (St. Louis, MO, USA). All other
chemicals used were of the best commercially
available grade.

Cell culture

MDA-MB-231 (high metastatic potential, ERα-
negative, ERβ-positive) breast cancer cell line was
obtained from the American Type Culture Collection
(ATCC) and routinely cultured as monolayers at
37 °C in a humidified atmosphere of 5% (v/v) CO2
and 95% air. shERβ ΜDA-MB-231 (ERβ-sup-
pressed cells) were previously described [52].
Breast cancer cells were cultured in DMEM supple-
mented with 10% (v/v) FBS, 1% L-glutamine and 1%
penicillin/streptomycin. Puromycin (0.8 μg/mL) was
included in the cultures of shERβ ΜDA-MB-231
cells. Cells were harvested by trypsinization with
0.05% (w/v) trypsin in PBS containing 0.02% (w/v)
Na2EDTA. All experiments were conducted in
serum-free conditions. To better mimic the ECM
and the tumor microenvironment both MDA-MB-231
and shERβ MDA-MB-231 breast cancer cells
were seeded in 3D cultures prepared on isopore
membrane filters, with a pore size of 8.0 μm
(Millipore, Milan, Italy), or on similar Millipore filters
covered by collagen type I (250 μg/cm2) or fibro-
nectin (5 μg/cm2). Similarly, 3D Millipore cultures
were performed as described above prior to E2
treatment for 16 h.

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-Al-
drich, Inc.) for 15 min. All specimens were mounted
on appropriate stubs, coated with a 5 nm palladium
gold film (Emitech 550 sputter-coater) to be ob-
served under a SEM (Philips 515, Eindhoven, The
Netherlands) operating in secondary-electron mode.

RNA isolation and real-time qPCR analysis

Breast cancer cells were grown in serum-
containing medium up to 70–80% confluence. Cells
ng filopodia and tunneling nanotubes define new phenotypes of
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were serum starved for 16 h. Then, E2 (10nM) was
added in serum-free culture medium for 16 h. Total
RNA was isolated from cells using a NucleoSpin®
RNA II Kit (Macherey-Nagel, Duren, Germany). The
Please cite this article as: M. Franchi, Z. Piperigkou, E. Riti, et al., Lo
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amount of isolated RNA was quantified by measur-
ing its absorbance at 260 nm. Total RNA was
reverse transcribed using the PrimeScript™ 1st
strand cDNA synthesis kit perfect real time (Takara
ng filopodia and tunneling nanotubes define new phenotypes of
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Bio Inc., Japan) and KAPA Taq ReadyMix DNA
Polymerase (KAPABIOSYSTEMS). Real-time PCR
analysis was conducted in 20 μL reaction mixture,
according to the manufacturer's instructions. The
amplification was performed utilizing Rotor Gene Q
(Qiagen, USA). All reactions were performed in
triplicate 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. 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 ΔΔCt method.
The Ct of any gene of interest was normalized to the
Ct of the normalizer (GAPDH). Fold changes
(arbitrary units) were determined as 2−ΔΔCt. Genes
of interest and utilized primers are presented in
Supplementary Table 1.

Statistical analysis

Reported values are expressed as mean ± stan-
dard deviation (SD) of experiments in triplicate.
Statistically significant differences were evaluated
using the analysis of variance (ANOVA) test and
were considered statistically significant at the level of
at least p ≤ 0.05.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.mbplus.2020.
100026.
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