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Abstract Cancer cell invasion is regulated by extracellular matrix (ECM) chemical
signaling and gene expression but it also consists in a mechanical process controlled
by ECM’s array. Scanning electron microscope analysis, invasion test, and real-time
PCR demonstrated that Matrigel mimicking basement membrane (BM) doesn’t
promote epithelial–mesenchymal transition (EMT) in both low and very aggressive
breast cancer cells (MCF-7 and MDA-MB-231). A loose network of type I collagen
mimicking the sub-BM favors EMT in MCF-7 cells but physically limits their
invasion ability vs. Matrigel, as collagen does not induce an increase of
metalloproteases (MMPs) in cells following ameboid-invasion mode. Collagen
doesn’t change MDA-MB-231 phenotypes but further improves their invasion
capability vs. Matrigel, by stimulating MMPs production. Concentrated type I
collagen mimicking deeper ECM induces cells adhesion, further development of
microvesicles, microvilli, long filopodia, and tunneling nanotubes (TNTs). Non-
aligned fibronectin favors breast cancer cells adhesion, microvesicles, and TNTs
development. Densely packed and parallel collagen fibers mimicking a collagen
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array in mammary tumor progression oppose invasion. In colon cancer, LoVo-R
cells, resistant to doxorubicin, concentrated collagen favors development of invag-
inating phenotypes with invadopodia. We suggest that collagen acts as a physical
factor inducing EMT in breast cancer cells and drug resistance in LoVo-R cells.

10.1 The Biomechanical Role of ECM in Cancer
Progression

In normal conditions, extracellular matrix (ECM) connects but also separates differ-
ent tissues and provides the gaseous and metabolic support to most of them.
Similarly, progression of most diseases depends on the physical status and chemical
properties of ECM which interacts and responds to the biological changes of the
pathological processes. This is what usually happens in wounds, foreign body
granulomas, as well as in cancer (Schäfer and Werner 2008; Fouad and Aanei
2017; Foster et al. 2018; Paolillo and Schinelli 2019).

Malignant transformation is related to an uncontrolled cells growth, dissociation
of cells with loss of intercellular adhesiveness and acquisition of migration capabil-
ity. These changes allow cells to breach the basement membrane (BM), invade the
peri-tumoral microenvironment, and then colonize distant anatomical sites by
forming metastatic points. In addition, the peri-tumoral ECM undergoes significant
structural alterations which can also induce the epithelial–mesenchymal transition
(EMT) in cancer cells (Zolota et al. 2021; Karamanos et al. 2021). As a matter of
fact, the uncontrolled tumor growth generates by itself compressive stresses within
tumor which can stimulate cancer cells migration by developing of invading leader
cells and improving cell–substrate adhesion for grouped cell invasion (Tse et al.
2012).

Cancer cell invasion is foremost a mechanical process, and many experimental
studies and reviews concerning the interactions between cancer cells and surround-
ing tissues have mainly focused on gene regulation and signaling that lead to the
development of the tumor. However, the knowledge on the role that physical
properties of tumor microenvironment exert in affecting cancer cell behavior is
relatively limited (Brabek et al. 2010; Baker et al. 2011; Balkwill et al. 2012; Kim
et al. 2018; Wang et al. 2018; Malandrino et al. 2018; Scott et al. 2019). In particular,
changes in structural and biomechanical properties of ECM which favor cancer cell
adhesion ability and development of new cell phenotypes with an improved motility
just exerted by generations of mechanical actions like contractile and tensional
forces are undervalued (Friedl and Brocker 2000; Ridley et al. 2003; Zaman et al.
2006; Mierke et al. 2008; Zanotelli et al. 2021). When cancer cells migrate and travel
through the ECM, they encounter a mechanical resistance which cells must over-
come in order to reach blood and lymphatic vessels.

From a chemo-mechanical point of view, ECM consists in a meshwork of
insoluble proteins like collagen, assembling in collagen fibrils and then in fibers,
and in minor amount elastin which forms the elastic fibers; but ECM also contains a
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high molecular mass of anionic substances of predominant carbohydrate nature
including proteoglycans (PGs) and glycosaminoglycans (GAGs), which are partic-
ularly able to sequester high amount of water. The insoluble collagen fibrils, mainly
resisting to tensile stresses (Franchi et al. 2007, 2009, 2010; Pissarenko et al. 2019),
are held together by GAGs and PGs which fill the interfiber spaces and acting like
elastic strings in solution oppose compression. In ECM, these components interact
with water and contribute to form a functional dynamic scaffold which can control
the shape of tissues, organs, and whole body (Scott 1975, 2002, 2003; Yue 2014).
ECM can bind cells of different tissues and offer anchorage sites for cell movement
and migration, but also plays the role of a physical barrier separating different tissues
or opposing to cell migration (Mould and Humphries 2004; Larsen et al. 2006; Lu
et al. 2011; Yue 2014; Kular et al. 2014; Ringer et al. 2017).

ECM architecture has a significant effect on cell motility and the ability of cells to
adhere and sense the mechano-chemical environment is particularly discussed. It is
widely recognized that the chemical, mechanical, and topographical properties of the
extracellular environment of peri-tumoral tissue can also play a possible primary role
in affecting both tumor progression and cancer cells invasion (Lu et al. 2011; Baker
et al. 2011). Collagen, the main component of ECM, is widely used as substrate in
three-dimensional (3D) cultures of cancer cells. The chemical composition and
physical characteristics of the ECM, such as geometry, macro-microporosity, colla-
gen alignment, density, and stiffness, strongly contribute to cancer cell adhesion,
migration, and invasion (Wolf and Friedl 2011). Moreover, both cancer and stromal
cells can activate an enzymatic-dependent pericellular proteolysis which generates
micro- and macrotracks delimited by relatively aligned collagen bundles which
further favor cell adhesion and invasion (Gaggioli et al. 2007; Wolf et al. 2007;
Provenzano et al. 2008).

Among other factors, also confinement and topology can affect modes of cell
migration (Kurniawan et al. 2016; Pandya et al. 2017). Microporosity of ECM can
depend on caliber, density, and array of collagen fibers, but also on the hydration
level of tissue which is directly related to the content of GAGs like hyaluronic acid.
Tissue mesh size, related to microporosity, represents a physical limit to cancer cell
invasion and is related to deformation capability of the nucleus. Smaller than 7 μm2

mesh sizes in ECM do not allow cancer cells to directly invade the peri-tumoral
ECM (Wolf et al. 2013), whereas larger mesh sizes allow globular-shaped cells to
migrate through the network by the so-called amoeboid movement. Even though
collagen network plays a contrasting role to cancer cell invasion, some aggressive
cancer cells can degrade the matrix architecture by releasing proteolytic enzymes
named metalloproteases (MMPs) (Wolf et al. 2007; Friedl and Wolf 2010; Brabek
et al. 2010; Scott et al. 2019).

Alterations of ECM mechanical properties can also affect cancer cell phenotypes
as cells can sense the physical status and array of peri-tumoral ECM and respond by
adapting their phenotypes to the new environment. For instance, an increase of ECM
stiffness induces cancer cells to gain an elongated shape and re-enforce focal
adhesions, cytoplasmic protrusions, and ability to exert high-traction forces (Peyton
et al. 2008; Koch et al. 2012; Ringer et al. 2017). An increased collagen stiffness also
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affects cells in microenvironment surrounding tumor by modulating remodeling
cytoskeleton of fibroblasts and cancer associated fibroblasts (CAFs) (Stylianou
et al. 2019).

Particular attention should be given to the different invasion modes and cancer
cells ability in switching them or “plasticity.” The different invasion modes are
related to different cell phenotypes and cell shape seems to predict ECM-driven 3D
cell invasion in breast cancer (Baskaran et al. 2020). Both individual and collective
invasions can occur: the first mode concerns cells loosing cell–cell contacts, whereas
the second one involves cells which still maintain cell–cell junctions. Cells which
invade in a collective mode can move as multicellular streams, budding, or larger
clusters, whereas cells invading individually can develop elongated-mesenchymal
phenotypes, contractility-driven rounded-amoeboid, and filopodial spike-mediated
invading strategies. Cells adopting an elongated phenotype are characterized by
actin-rich protrusions, focal adhesion formation, MMPs activity, and actomyosin
contractility at the rear of the cells (Pandya et al. 2017). In general, these
mesenchymal-like cells develop a highly motile phenotype and can easily cross
basement membranes, interstitial spaces, and endothelial barriers in a single-cell
migration. The strong cohesive intercellular forces favor the collective invasion and
offer potential advantages for tumor survival such as covering different cell roles and
improving resistance to immunologic attack (Christiansen and Rajasekaran 2006).
Transition from collective to single-cell invasion or tumor plasticity may enhance a
metastatic ability (Friedl et al. 2012). Anyway, all migration movement or invasion
mode is related to intracellular actin polymerization with development of different
cytoskeletons and new cell phenotypes.

To colonize distant organs, cancer cells must start a journey through different
body tissues, at first by spreading from the body epithelial outer layer to the
neighboring deeper tissues and then by invading blood and lymphatic vessels. In
the first step of their journey, cancer cells have to cross ECM of connective tissues
which contains different biological barriers opposing cell migration. ECM “biolog-
ical barriers” can physically opposite but also favor migration/invasion of cancer
cells: the first barrier comprises the basement membrane (BM) which serves as a
scaffold for all epithelial cells; under the BM, the second one is represented by an
interstitial loose connective tissue called papillary and subpapillary dermis in skin,
lamina propria in hollow organs, or interstitial stroma in solid organs; a third
biological barrier may be constituted by the deeper dense connective tissue which
contains higher amount of collagen fibers of different size and array. As an example,
in skin under the subpapillary dermis, we find the reticular dermis layer whose
collagen accounts for about 70% of the weight of dried tissue. Both density and
collagen array change from the papillary and subpapillary dermis, where collagen
fibers composed of thin fibrils are sparse and show a low aggregation, to the deeper
reticular dermis which contains thicker collagen fiber bundles with a horizontal
laminar organization, densely distributed and including long and thick fibrils
(Ribeiro et al. 2013; Breitkreutz et al. 2013; Limbert 2017; Ueda et al. 2019). As
shown in Fig. 10.1a, b ECM just beneath the epithelium includes thin loose collagen
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fibrils, whereas the deep connective tissue layer comprises thicker collagen fibril
bundles (Ottani et al. 1998).

The previously described biological barriers: (a) the BM, (b) the interstitial loose
connective tissue/lamina propria/interstitial stroma, and (c) the deeper dense con-
nective tissue, not only oppose cancer cells invasion but also offer anchorage and
adhesion to MDA-MB-231 breast cancer cells which can better invade ECM by
improving cell contraction and adapting their cytoskeleton (Byrne et al. 2021). In
particular, type I and type III collagen assembled in fibrils and fibrillar fibronectin
represent the main molecules composing physical scaffolds opposing and supporting
the cells migratory movement. During tumor growth, changes of architecture of peri-
tumoral collagen network are related to tumor progression and clinical prognosis
(Egeblad et al. 2010; Conklin et al. 2011).

Markers of mammary carcinoma progression have been identified in a clinical-
histological Tumor-Associated-Collagen-Signatures (TACS) classification. In a first
step, only an increase in collagen deposition or desmoplasia around the tumor occurs

Fig. 10.1 Tumor-Associated Collagen Signatures (TACS). (a) In the first stage, a peri-tumoral
deposition of collagen occurs (TACS-I). (b) When tumor grows, the collagen fibers around the
pathological mass change their array and appear aligned and parallel to the tumor surface (TACS-
II). (c) When cancer cells lose contact with each other and become able to penetrate the basement
membrane, which is the first biological physical barrier opposing invasion, they can invade ECM of
connective tissues. As an example, in skin cancer, cells pierce the basement membrane and then
begin to migrate into the papillary and sub-papillary dermis containing sparse and thin collagen
fibers. They further penetrate the depth of the tissue by invading the reticular dermis which contains
thick collagen fibers. (d) With further development of the tumor mass, the collagen fibers develop a
radial array that can favor cancer cell invasion (TACS-III)
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(TACS-I) and no metastasis are reported. When tumor mass grows in size, the
randomly arranged peri-tumoral collagen fibers are substituted by straight and
aligned collagen fibers showing a circumferential orientation (TACS-II), and at
this histological stage, no clinical metastasis occurs. However, a further remodeling
of the collagen fibers can occur, collagen fibers arrange running perpendicularly to
the tumor boundary (TACS-III). Unfortunately, this radial collagen fiber array seems
to be strongly related to a higher risk of cancer cell invasion into peri-tumoral
microenvironment, because the stretched and radially arranged collagen fibers
allow but also favor interfiber cancer cell migration and colonization in distant
organs (Provenzano et al. 2008; Riching et al. 2014; Bredfeldt et al. 2014; Wang
et al. 2018; Franchi et al. 2019). From a mechanical point of view, the remodeling of
ECM promotes matrix alignment and compaction that favors higher tractions exerted
by cancer cells (Anguiano et al. 2020) (Fig. 10.1a–c).

Besides collagen, fibronectin (FN) is one of the most abundant proteins mediating
cell adhesion and migration in ECM. It can develop into fibrils that widely differ in
their thickness, between 10 and 1000 nm (Kular et al. 2014). FN regulates collagen
assembly, and the presence of collagen fibrils induces the formation of highly
colocalized FN fibrils (Paten et al. 2019). In tumor stroma, both type I collagen
and fibronectin are strongly increased and create a denser and mechanically stiffer
tissue if compared to normal tissue (Tlsty and Coussens 2006; Rick et al. 2019). FN,
arranged into a mesh of fibrils like collagen, but also connected to and within the
(BM) of ECM, has been investigated as a possible ECM component which can favor
cancer invasion and metastasis and is linked to cell surface receptors (integrins)
(Kular et al. 2014). Tumor growth promotes compressive forces within tumor which
are accomplished by a coordinated migration of invasive phenotypes in mammary
carcinoma cells accompanied by fibronectin deposition and stronger cell–matrix
adhesion (Tse et al. 2012).

Experimental mechanical stimulation applied to a collagen–fibronectin matrix
highly enhanced invasion ability of HT1080 fibrosarcoma cancer cells only when
FN was present. This suggests a primary potential role of this ECM component in
governing the mechanical response of tumor cells and tumor progression (Menon
and Beningo 2011). Even though its role in tumorigenesis and malignant progression
has been highly controversial (Lin et al. 2019), it was reported that cancer-associated
fibroblasts (CAFs), through increased contractility and traction forces, can assemble
aligned FN matrix which seem to regulate directional migration of cancer cells
(Erdogan et al. 2017). The stretching of fibronectin can activate a mechanical
response pathway also in normal fibroblasts (Friedland et al. 2009), even though
induced mechanical extension of single FN fibers seems to limit the spreading and
migration of endothelial cells (Hubbard et al. 2015).

In this chapter, we present and critically discuss the changes of phenotypes and
behavior of different breast cancer cell lines (MCF-7, MDA-MB-231) and colon
cancer cells (LoVo-R) in 3D cultures mimicking the natural ECM barriers to cancer
invasion. To mimic the natural BM, we prepared a layer of Matrigel at standard
concentration (0.18 μg/mL) for PCR analysis (Albini et al. 1987), and at higher
concentration (3.0 μg/mL) for scanning electron microscope (SEM) observations, as
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at lower concentration, we never observed a continuous layer of this coating at SEM
(Franchi et al. 2019). To reproduce the loose collagen meshwork below the BM
(subpapillary and papillary dermis in skin, lamina propria in hollow organs or
interstitial stroma in solid organs), we prepared low concentrated type I collagen
network (50 μg/mL), whereas to mimic the deeper dense connective tissue we
prepared high concentrated (3000 μg/mL) similar collagen on Millipore filters. We
also tested FN (130 μg/mL) which functioning as ECM “biological glue” is critical
for the attachment and guides directional movement of breast cancer cells (Yue
2014; Oudin et al. 2016).

Finally, just to mimic ECM collagen array of peri-tumoral denser connective
tissues as described in TACS-II (collagen fibers arrayed parallel to the tumor
boundary, i.e., orthogonal to the cancer cell invasion), we cultivated breast cancer
cells on commercial lyophilized and compressed collagen membranes of tightly
packed type I collagen fibers (Franchi et al. 2019).

10.2 2D Polystyrene Flask Cultures Partially Transformed
in 3D Cultures Induce EMT in MCF-7 Breast
Cancer Cells

The role that the physical aspect of substrate surface plays in governing the cancer
cell phenotypes was evident when we casually observed an occasional line
corresponding to a physical defect of some polystyrene flasks surface. An irregular
culture surface may represent by itself a 3D substrate for both normal and cancer
cells which become able to move in all spatial directions. When we use flat and
smooth polystyrene flasks to cultivate cells, we perform 2D cultures. Where the flask
surface was regular and very smooth, the low aggressive MCF-7 breast cancer cells
grew exhibiting an epithelial shape and characteristics: cobblestone or flattened
polygonal cells showed cell–cell contacts by short filopodia and some of them
looked melted together by intercellular tight junctions. Only few globular isolated
cells rich in cytoplasmic microvesiscles were detectable (Fig. 10.2a–d). But when
the flask surface where cells were seeded showed a line, about 10 μm deep, the 2D
substrate transformed the 2D cultures to 3D cultures and the cells which were very
next to the flask line completely changed their shape exhibiting a morphological
aggressive phenotype: these cells assuming an elongated or fusiform shape devel-
oped a morphological epithelial–mesenchymal transition (EMT). Moreover, some of
them partially lost intercellular adhesiveness and seemed also to migrate and even
cross the line. We demonstrated that changes of the physical aspect of the flask
surface, such as a line, seem to induce migration in the low aggressive MCF-7 cells
(Fig. 10.2a–d). They seem to adapt to the new microenvironment: to cross the line
the cells develop a long filopodia, which exhibiting lateral short filopodia runs from
one edge of the line to the other one (Fig. 10.2b) or a lamellipodia (Fig. 10.2d).
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Cancer invasion consists of a translocation of the cancer cell body and must be
considered as a heterogeneous and adaptive process of cancer cells involving
morphological changes and generation of cell polarity (Pandya et al. 2017). Physical
aspect (line) of a culture substrate can affect phenotypes of low-aggressive breast
cancer MCF-7 cells which develop more aggressive morphological shapes. In
particular, we observed that these cancer cells cultivated on flasks in 2D cultures
appeared isolated and developed EMT phenotypes when they casually grew on an
irregular line which transformed the 2D culture in a 3D one (Balachander et al.
2015).

A B

C D

MCF-7 cells in 2D flask cultures casually transformed in 3D cultures

Fig. 10.2 MCF-7 cells on polystyrene flask 2D culture observed at SEM. (a) MCF-7 cells appear
like flattened and smooth epithelial polygonal cells in contact with each other by short filopodia or
in tight contact so to appear melted. Very few globular isolated cells with cytoplasmic microvesicles
are detectable (large arrow). On the right of the picture, an occasional and regular line of the flask
surface is present. MCF-7 cells very next to the line assume a mesenchymal elongate shape (thin
arrows) to cross from one side to the other of the line edges. Note that cells crossing the line do not
adhere to the bottom of the line (White bar ¼ 100 μm). (b) A higher magnification of the previous
picture shows a crossing cell developing a long filopodia. The surrounding cells appear like
epithelial poligonal flattened cells (White bar ¼ 10 μm). (c) The MCF-7 cells next to the flask
line partially lose their cell–cell contact, exhibit an elongated and fusiform shape and develop
lamellipodia (large arrow) or long filopodia (thin arrow) which demonstrate that they are moving.
All the other cells show an epithelial phenotype and look in contact with each other (White
bar ¼ 100 μm). (d) A higher magnification of the previous picture shows elongated cells crossing
the line and developing filopodia or lamellipodia (White bar ¼ 10 μm)

254 M. Franchi et al.



10.3 MCF-7 Breast Cancer Cells in 2D and 3D Cultures
(Millipore Filter, Concentrated Matrigel-Covered
Millipore, Low Concentrated Type
I Collagen-Covered Millipore and Membrane
of Densely Packed Collagen Fibers)

To investigate if ECM can affect phenotypes of a low aggressive breast cancer cell
line (MCF-7), we reproduced in vitro the biological barriers which cancer cells must
invade in order to colonize distant organs. The first biological barrier of outer ECM
which cancer cells have to breach is the BM. To obtain continuous layer of culture
substrate mimicking the BM and visible at SEM, we covered a Millipore filter with a
thick layer of Matrigel. Then we also investigated how others deeper matrix biolog-
ical barriers, which were mimicked with different concentrations and array of type I
collagen fibrils or using a membrane of densely collagen fibers, could induce
changes of MCF-7 cancer cell phenotypes.

The BM is a specialized form of ECM which underlies or surrounds most tissues,
including epithelial, endothelial, muscle, and adipose tissues. BM is a sheet-like
structure of more than 200 nm thickness composed by two independent polymeric
networks, one of laminin and one of type IV collagen, which are probably linked by
several additional ECM proteins, including nidogen and perlecan (Breitkreutz et al.
2013; Jayadev and Sherwood 2017; Scott et al. 2019). Glycoproteins and PGs,
including fibulin, hemicentin, SPARC, agrin, and type XVIII collagen are also
present in BMs, creating biochemically and biophysically distinct structures serving
different functions (Jayadev and Sherwood 2017). BM was described at the trans-
mission electron microscope (TEM) as composed of two layers: the lighter-stained
layer closer to the epithelium and called lamina lucida, and the denser-stained layer
one closer to the connective tissue and called lamina densa.

BM physically supports epithelia but also acts like a tissue scaffold separating but
also connecting two different tissues: BM laminin interacts with both integrins on
epithelial cell surfaces and type VII collagen of stromal anchoring fibrils which
interact with types I and III collagen fibrils of ECM. At the same time, also BM
provides essential functions of barrier as it separates epithelial cells from stromal
connective tissues: usually cells cannot pass through the very thin pores
(10–140 nm) of this barrier without degrading it. BM is an important regulator of
cell behavior because it sends signals to epithelial cells about the external microen-
vironment. Moreover, BM is also a component of blood vessels and represents an
extracellular microenvironment sensor for endothelial cells in intravasation events of
cancer cells (Kalluri 2003a, b). To mimic the natural BM, we prepared a highly
concentrated (3.0 μg/mL) layer of Matrigel because at standard concentration
(0.18 μg/mL), we never observed at SEM the physical presence of this coating.
Matrigel mimics the because it contains laminin, entactin/nidogen, type IV collagen,
and heparan sulfate proteoglycans. Moreover, we prepared a layer of low concen-
trated type I collagen (50 μg/mL) as coating for a Millipore filter so to reproduce the
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collagen array in ECM of loose connective tissues (subpapillary and papillary
dermis, lamina propria, interstitial stroma).

Both 2D and all 3D cultures were observed at the SEM to evaluate the changes of
cancer cells phenotypes growing on ECM components. Always function is related to
shape but at the same time structural morphology depends on function. The mor-
phological investigations on the shape of cancer cells allow us to better understand
their behavior during invasion of the surrounding tissues and the biological events
which lead to metastasis.

MCF-7 cells cultivated on smooth polystyrene substrate displayed epithelial
phenotypes: cobblestone flattened polygonal shape with cell–cell contacts through
many thin and short filopodia. No microvesicles were detectable on their cytoplas-
mic surface (Fig. 10.3a).

When the same MCF-7 cells were cultivated in a 3D culture on a Millipore filter,
they lost their flattened epithelial phenotype observed in 2D flask cultures. All cells
still appeared gathered but exhibited a globular shape and developed a collective
invasion ability through an ameboid movement when they crossed the Millipore
holes (Fig. 10.3b).

This invasion mode was not directly observed when the same cells were seeded
on a Millipore filter covered with concentrated Matrigel (3.0 μg/mL), which
appeared like a relative thick and very smooth layer: MCF-7 cells still maintained
strong cell–cell contacts but tried to invaginate the thick Matrigel layer and devel-
oped short invadopodia breaching the artificial basement membrane (Fig. 10.3c). It
was reported that laminin receptors and collagen IV of BM can induce EMT thus
favoring cancer progression (Scott et al. 2019).

When MCF-7 cells were cultivated on a Millipore filter covered by low concen-
trated (50 μg/mL) type I collagen, mimicking ECM of the loose interstitial connec-
tive tissues below the BM, the fibrils occluded all the Millipore filter pores thus
partially limiting the invasion through an ameboid movement. MCF-7 cells
completely changed their phenotypes as many of them looked like isolated cells
exhibiting a mesenchymal elongated shape which suggested an EMT induced by
collagen fibrils. Cells showed also large lamellipodia strongly adhering to collagen
fibrils and binding to them, but other ones developed intercellular cytoplasmic
connections morphologically corresponding to tunneling nanotubes (Fig. 10.3d).

If MCF-7 cells are cultivated on a membrane of densely packed fibers of type I
collagen mimicking TACS-II, the stage of breast cancer with collagen fibers densely
packed and parallel to the tumor boundary and no clinical metastasis, they show
grouped globular and few polygonal-shaped cells with cell–cell contacts and short
microvilli on their surface, but they seem unable to invade the collagen membrane
(Fig. 10.3e, f) (Provenzano et al. 2008; Franchi et al. 2019).
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MCF-7 breast cancer cells in 3D cultures
Polystyrene flask Millipore filterA B

Matrigel-covered
Millipore filter

Low concentrated (50 μg/mL) type I
collagen-covered Millipore filter  

C D

Membrane of densely packed collagen fibers

E F 

Fig. 10.3 SEM analysis of MCF-7 cells. (a) MCF-7 cells cultivated on polystyrene flasks in 2D
cultures show epithelial phenotypes with cell–cell contact through many thin and short filopodia.
(b) MCF-7 cells on the Millipore filter in 3D cultures show a globular shape and are grouped
together. They can easily pass through the free Millipore pores (arrows) (White bar ¼ 10 μm). (c)
MCF-7 cells on Millipore filter covered by a concentrated Matrigel (3.0 μg/mL) in 3D cultures.
Concentrated Matrigel appears like a relatively thick and very smooth layer on which very grouped
globular MCF-7 cells array in tight contact with each other. They intimately adhere to Matrigel and
it seems that they are invaginating the collagen fibrils (large arrow). They develop cytoplasmic
protrusions which might morphologically correspond to invadopodia (thin arrows) (White
bar ¼ 10 μm). (d) The same MCF-7 cells cultivated on a Millipore filter covered by low
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10.4 MDA-MB-231 Breast Cancer Cells in 2D and 3D
Cultures (Millipore Filter, Concentrated
Matrigel-Covered Millipore, FN, Low and High
Concentrated Type I Collagen-Covered Millipore
and Membrane of Densely Packed Collagen Fibers)

To explore whether ECM can affect phenotypes of a high aggressive breast cancer
cell line (MDA-MB-231 cells), we reproduced in vitro the biological barriers which
cancer cells have to break and invade in vivo to develop metastasis. We reproduced
the first biological barrier of outer ECM, the BM, by covering a Millipore filter with
a thick layer of Matrigel, but to mimic the other deeper matrix biological barriers, we
covered a Millipore filter with different concentrations and array of type I collagen
fibrils or we used a collagen membrane of densely packed collagen fibers.

Both 2D and 3D cultures were then observed at SEM to detect eventual changes
of cancer cells phenotypes and cytoplasmic protrusions when cells grow on different
ECM components. When MDA-MB-231 cells are cultivated on smooth polystyrene
flasks in 2D cultures, they show different isolated phenotypes exhibiting cytoplasmic
microvesicles: elongated fusiform-shaped cells, globular ones, and few flattened
polygonal ones (Fig. 10.4a). When the same cells are cultivated on a Millipore filter
in 3D cultures, they do not change their phenotypes but exhibit more microvesicles
on their cytoplasmic surface. Single isolated cells can migrate through the Millipore
holes developing filopodia or lamellipodia (Fig. 10.4b). It is interesting to observe
that MDA-MB-231 cell phenotypes do not drastically change from 2D to 3D
cultures. The thick layer of Matrigel covering the Millipore filter and mimicking
the BM does not induce any phenotypes changes in MDA-MB-231 cells even
though cells seem to better adhere to the substrate and some of them develop ventral
cytoplasmic protrusions which are morphologically comparable to invadopodia
(Fig. 10.4c). This data confirms the results of Anguiano et al. (2017, 2020) who
demonstrated that at high concentrations, Matrigel slows down cancer cells migra-
tion, possibly due to excessive attachment, whereas at low concentration, it may
facilitates migration. From a morphological point of view, at the standard concen-
tration, Matrigel distribution does not covers all the Millipore pores so indirectly
allows free cancer cell migration.

Fig. 10.3 (continued) concentrated (50 μg/mL) type I collagen fibrils occluding all the Millipore
filter pores in a 3D culture. More flattened and isolated cells show a mesenchymal elongated shape
with large lamellipodia binding collagen fibrils (large arrows), and intercellular cytoplasmic
connections which morphologically correspond to tunneling nanotubes (thin arrows) (White
bar ¼ 10 μm). (e) MCF-7 cells cultured on a commercial membrane of densely packed collagen
fibers appear grouped with cell–cell contacts and show a globular shape, but develop many
microvilli on their surface (White bar ¼ 10 μm). (f) At higher magnification, a polygonal and
globular cell adhering to the membrane of densely collagen fibers are in tight contact and develop
many cytoplasmic microvilli (White bar ¼ 10 μm)
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MDA-MB-231 breast cell 3D cultures 

Polystyrene flask Millipore filter 

A  B   

Concentrated Matrigel-covered Millipore filter Low concentrated (50 μg/mL) type I collagen
covered Millipore filter 

C  D  

FIBRONECTIN-covered Millipore filter    

E  F   

Fig. 10.4 SEM analysis of MDA-MB-231 cells. (a) MDA-MB-231 cells cultivated on polystyrene
flasks in 2D cultures display different isolated phenotypes exhibiting cytoplasmic microvesicles:
elongated-fusiform shaped cells, globular ones, and flattened polygonal ones (White bar¼ 100 μm).
From CELLS, 2020, 9, 2031, Franchi M. et al. Extracellular Matrix-Mediated Breast Cancer Cells
Morphological Alterations, Invasiveness, and Microvesicles/Exosomes Release. (b) MDA-MB-231
cells on Millipore filter in 3D cultures show the same phenotype described in flask cultures but
microvesicles are more present. Individual cells are migrating through the free Millipore filter holes
(White bar ¼ 10 μm). (c) MDA-MB-231 cells in 3D cultures on concentrated Matrigel-covered
Millipore. The three phenotypes observed in Millipore filter cultures are still visible: many isolated
elongated-fusiform and globular cells and fewer flattened polygonal ones (White bar¼ 100 μm). (d)
MDA-MB-231 cells in 3D cultures on low concentrated (50 μg/mL) type I collagen-covered
Millipore. The three isolated previously described different phenotypes of MDA-MB-231 cells
are still recognizable but show more microvesicles on their cytoplasmic surface. From CELLS,
2020, 9, 2031, Franchi M. et al. Extracellular Matrix-Mediated Breast Cancer Cells Morphological
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G H
MDA-MB-231 on densely packed collagen fibers
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MDA-MB-231 High concentrated type I collagen (3000 μg/mL)-covered Millipore filter

Fig. 10.4 (continued) Alterations, Invasiveness, and Microvesicles/Exosomes Release. (e)
MDA-MB-231 cells in 3D cultures on Millipore filter covered by fibronectin (130 μg/mL) occlud-
ing all filter holes. MDA-MB-231 cells cultured on fibronectin seem to be more grouped and better
adhere to the substrate. They show many “cobblestone” flattened polygonal cells and globular-
shaped ones, but only a few elongated ones. All cells exhibit many short filopodia or microvilli and
microvesicles (White bar ¼ 100 μm). From CELLS, 2020, 9, 2031, Franchi M. et al. Extracellular
Matrix-Mediated Breast Cancer Cells Morphological Alterations, Invasiveness, and Microvesicles/
Exosomes Release. (f) MDA-MB-231 cells in 3D cultures on Millipore filter covered by fibronectin
(130 μg/mL). Polygonal cells show microvilli and appear to be connected by thin single TNTs (thin
arrow) and forming thicker ones composed of single thin TNTs tightly bundled together (large
arrows). On the right, a globular cell exhibits many microvesicles on the cytoplasmic surface (White
bar ¼ 10 μm). From CELLS, 2020, 9, 2031, Franchi M. et al. Extracellular Matrix-Mediated Breast
Cancer Cells Morphological Alterations, Invasiveness, and Microvesicles/Exosomes Release. (g, h)
MDA-MB-231 cells in 3D cultures on Millipore filter covered by high concentrated type I collagen
(3000 μg/mL). Breast cancer cells grow in more than one layer, but no tight cell–cell contact is
visible. Only the flattened polygonal cells lay in direct contact with the collagen fibrils, whereas
both the elongated or fusiform cells and globular ones grow over the flattened ones. All cells show
both microvilli and microvesicles. TNTs were apparently distinguishable in all phenotypes and long
and thin filopodia originating from elongated cells exhibit exosomes and microvesicles (arrows) on
their surface (White bar ¼ 10 μm). From CELLS, 2020, 9, 2031, Franchi M. et al. Extracellular
Matrix-Mediated Breast Cancer Cells Morphological Alterations, Invasiveness, and Microvesicles/
Exosomes Release. (i) The MDA-MB-231 cells attached to densely packed and parallel collagen
fibers include a few isolated flattened polygonal cells, globular and elongated or also “squid”--
shaped ones developing lamellipodia. All cells produce many microvesicles. Thin intercellular
connections corresponding to TNTs are visible between adjacent cells. From CELLS, 2020,
9, 2031, Franchi M. et al. Extracellular Matrix-Mediated Breast Cancer Cells Morphological
Alterations, Invasiveness, and Microvesicles/Exosomes Release. (j) In areas where fibrils of the
collagen membrane are more exposed, elongated and fusiform shaped cells appear arrayed parallel
to the fibrils axis (White bar¼ 10 μm). From CELLS, 2020, 9, 2031, Franchi M. et al. Extracellular
Matrix-Mediated Breast Cancer Cells Morphological Alterations, Invasiveness, and Microvesicles/
Exosomes Release
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The MDA-MB-231 cells growing on low concentrated type I collagen (50 μg/
mL) network still show the same phenotypes described in previous cultures, but cells
display more evident and numerous cytoplasmic microvesicles (Fig. 10.4d). As both
Matrigel and low concentrated collagen meshwork do not affect MDA-MB-231
phenotypes, we investigated in our experiments if FN, another ECM fibrillar com-
ponent, could affect breast cancer phenotypes. Differently from previous samples,
MDA-MB-231 cells cultured on fibronectin show many “cobblestone” flattened
polygonal cells and globular shaped ones and only few elongated ones mainly
growing on the previous ones. All cells appear more grouped with cell–cell contacts
but exhibit many microvesicles and microvilli (Fig. 10.4e). Some of them are
connected by thin single and thicker composed intercellular cytoplasmic protrusions
which are morphologically comparable to tunneling nanotubes (TNTs) (Franchi
et al. 2020a) (Fig. 10.4f). These data are explained considering that tested FN is
arrayed in a network, so that the main effect of FN is just to favor cell adhesion. Only
highly aligned FN is strongly related with EMT and high-speed migration (Wang
et al. 2018). However, the presence of many microvesicles and the intercellular
connections (TNTs) which allow a direct transfer of microvesicles and mitochondria
between the connected cells suggest an increased metabolic activity in MDA-MB-
231 cells. The observation of an increased number of polygonal cell phenotypes,
which showing many microvesicles cannot be morphologically considered as low
aggressive cells, suggest MDA-MB-231 cells develop a high adhesion to the FN
substrate. Park and Helfman (2019) demonstrated that MDA-MB-231 cells develop
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MDA-MB-231 High concentrated type I collagen (3000 μg/mL)-covered Millipore filter

Fig. 10.4 (continued)
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a high FN expression in 3D suspension culture and an increase of FN facilitates cell-
attachment via integrin β-5. FN matrix can affect both cancer cells phenotypes and
guide migration via integrins which connecting FN fibrils to cell’s cytoskeleton
might act as “stretch sensors” representing a “mechanical continuity” between the
inner and outer environment of the cells (Kular et al. 2014; Oudin et al. 2016).

To observe possible stronger phenotypic changes, we covered the Millipore filter
with higher concentrated type I collagen (3000 μg/mL). In these cultures, the
previously described phenotypes showing both microvilli and microvesicles are
equally distributed and grow in more than one layer: both elongated cells showing
a fusiform shape and globular ones lay on flattened and polygonal ones which are the
only ones in direct contact and adhering to the collagen fibrils. In elongated or
fusiform cells, the higher concentration of type I collagen seems to induce the
development of long and thin filopodia with exosomes and microvesicles on their
surface. All phenotypes show microvilli and microvesicles (Fig. 10.4g, h). The
higher concentration of collagen fibrils seems to further favor the metabolic activity
and adhesion of MDA-MB-231 cells.

To mimic the collagen fiber array described in TACS-II (collagen fibers run
parallel to the tumor boundary, i.e., orthogonal to the direction of cancer cell
invasion) and corresponding to patient with no metastasis, we cultivated breast
cancer cells on a commercial lyophilized and compressed membrane of tightly
packed type I collagen fibers. It was described that at this stage, the remodeled
collagen arrangement does not allow breast cancer cell invasion both in vivo and
in vitro (Provenzano et al. 2008; Franchi et al. 2019). Cells include very few isolated
flattened polygonal cells adhering to collagen fibrils of the membrane, globular and
many elongated-fusiform ones and “squid”-shaped ones showing lamellipodia. All
cells show microvesicles and TNTs (Fig. 10.4i). Where collagen fibrils are more
exposed the fusiform cells are arrayed parallel to the fibril axis (Fig. 10.4j) (Franchi
et al. 2020a).

10.5 Migration Test and Real-Time PCR of MCF-7
and MDA-MB-231 Cells

The migration/invasion process of cancer cells is the expression of their invasiveness
properties. MDA-MB-231 cells have a higher ability in migrating/
invading vs. MCF-7 cells, thus confirming the worst clinical prognosis of some
patients. BM (Matrigel at standard concentration: 0.18 μg/mL) seems not to strongly
affect both MCF-7 and MDA-MB-231 breast cancer cells phenotypes because when
they are cultivated on both Millipore filter and Matrigel-covered Millipore filter all
cells show the same rate of migration. However, when cells grow on collagen fibrils
network-covered Millipore filter, MDA-MB-231 cells show a higher invasion
capacity, whereas MCF-7 cells even decrease their ability in penetrating the barrier
of collagen fibrils (Fig. 10.5). This different behavior between the different cancer
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cell lines in contact with collagen might be explained by the strong and higher
increase of MMP-2 and MMP-9 expression observed in MDA-MB-231 but not in
MCF-7 (Fig. 10.6). It is well known that the release of MMPs from cancer cells
cause an ECM digestion. This suggests an individual mesenchymal protease-
dependent invasion mode for the MDA-MB-231 cultivated on a collagen network
which instead represents a resistant biological barrier for the collective ameboid-
dependent invasion of the MCF-7 cells (Bozzuto et al. 2015). In fact, if MCF-7 cells
did not follow a protease-dependent invasion mode which creates wide spaces in
ECM through MMPs of invadopodia, the very small pores size of the relative dense
collagen network could not allow the crossing of cancer cell nuclei (Wolf et al.
2013). Anyway, collagen substrate seems to affect the MCF-7 cells phenotypes
which show mesenchymal, elongated, or fusiform phenotypes (Fig. 10.3c): in fact,
they display a VIM and FN-expression improvement and loss of cell–cell contacts as
confirmed by a strong decrease of E-cadherin which was not observed in MDA-MB-
231 cells collagen group (Khalil et al. 2017) (Fig. 10.6). It was reported that cadherin
complexes act also as mechano-transducers that can sense changes in tension and
trigger adaptive reinforcement of intercellular junctions (Leckband and de Rooij
2014).
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Fig. 10.5 Migration of breast cancer cells cultured on different substrates. MDA-MB-231 and
MCF-7 cells were seeded on Millipore filters or Millipore filters covered with Matrigel (0.18 μg/
mL) or collagen type I and incubated for 5 h. Double asterisks indicate statistically significant
differences ( p� 0.01). From J. Clin. Med. 2019, 8, 213, Franchi M. et al., Collagen Fiber Array of
Peritumoral Stroma Influences Epithelial-to-Mesenchymal Transition and Invasive Potential of
Mammary Cancer Cells
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Fig. 10.6 Type I collagen induces striking changes in EMT markers and significant alterations in
the expression of ECM components of breast cancer cells. Real-time PCR analysis of a-SMA,
E-cadherin, vimentin, fibronectin, MMP-2 and MMP-9 on MDA-MB-231 and MCF-7 cells seeded
on uncoated Millipore filter or filter covered with collagen type I and incubated for 24 h. Expression
was normalized to GAPDH expression. Single and double asterisks indicate statistically significant
differences ( p � 0.05 and p � 0.01, respectively). From J. Clin. Med. 2019, 8, 213, Franchi M.
et al., Collagen Fiber Array of Peritumoral Stroma Influences Epithelial-to-Mesenchymal Transi-
tion and Invasive Potential of Mammary Cancer Cells
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10.6 Collagen as a Triggering Factor Inducing EMT
in Breast Cancer Cells

The irregular surface of 3D cultures represents the first factor favoring the EMT of
breast cancer cells, particularly evident in low aggressive (MCF-7) vs. higher aggres-
sive (MDA-MB-231) cells, but also in 3D cultures, Matrigel (BM) does not affect so
much the morphological phenotypes of all breast cancer cells. This data may be
explained by the fact that even cancer cells like all normal epithelial cells lie, adhere,
and grow in direct physical contact with a very flat and smooth scaffold, which
epithelial cells sense and recognize as the BM (a smooth 2D surface). But when even
some of the low aggressive MCF-7 cells lose their cell–cell contacts and breach, the
BM they come in contact with a new unknown microenvironment represented by
the ECM: very rough and porous collagen fibril loose meshwork, GAGs, PGs,
glycoproteins, and water. They find a new and never sensed irregular and hostile
physical microenvironment, so they adapt their phenotypes by developing cytoplas-
mic protrusions and phenotype changes which allow them to best invade ECM and
reach vessels to provide nutrients. We can say that collagen itself induces morpho-
logical EMT in MCF-7 cells even though it could not enhance cell’s ability to
perform clinical metastasis, as it does not improve the production of MMP2 and
MMP9 which allow cancer cells to penetrate lymphatic and blood vessels in
metastatic process. This is confirmed by Invasion Test data which show that
MCF-7 cells invasion decreases in collagen cultures, vs. Millipore and Matrigel
substrates.

A molecular EMT in MCF-7 cultivated on type I collagen meshwork was,
however, confirmed by a strong decrease of E-cadherin and an increase of both
VIM and FN-expression. In conclusion, MCF-7, usually preferring a collective
ameboid-dependent migration by squeezing through pliable barriers, could find a
valid barrier in the irregular and resistant collagen network (Christiansen and
Rajasekaran 2006; Bozzuto et al. 2015).

Deposition of collagen in human solid tumors is associated with higher incidence
of metastasis (Ramaswamy et al. 2003). Even though collagen seems to not mark-
edly promote morphological changes or EMT in MDA-MB-231 phenotypes, type I
collagen fibrils even at low concentration are able to strongly improve MDA-MB-
231 cells migration vs. the same cells cultivated in Millipore filter or in Matrigel-
covered Millipore filter. Also, real-time PCR shows that type I collagen slightly
promoted VIM-expression, but reveals a strong increase of α-SMA expression,
FN-expression, MMP-2, and MMP-9 expression. The physical impact with the
sub-BM collagen network could itself represent a “shock” for MDA-MB-231 cells
which try to improve their invasiveness ability by increasing the production of
MMPs. Moreover MDA-MB-231 cells showed at SEM a slight development of
cytoplasmic microvesicles which contain also MMPs as reported in literature (Rilla
et al. 2014).

Highly invasive MDA-MB-231 cells can induce metastasis in vivo so they are
also capable of invading the deeper ECM including a higher concentration of
collagen. In Millipore filter covered by high concentrated type I collagen
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(3000 μg/mL) MDA-MB-231 flattened cells strongly adhere to the collagen net-
work; on these cells, globular and elongated mesenchymal cells grow and develop
microvilli, microvesicles, and TNTs which suggest an increased invasive potential
(Franchi et al. 2020b). Also, when MDA-MB-231 cells were cultivated on
FN-covered Millipore filter, they developed a higher number of flattened cells,
expression of a good adhesion to FN, but showed a uniform and complete distribu-
tion of microvesicles on their cytoplasmic surface (Byrne et al. 2021). These
different aspects in the same cells agree with the consideration that transition to an
aggressive malignant phenotype is not an “all or nothing” event, so that we could not
always observe morphological pure epithelial or pure mesenchymal phenotypes
(Christiansen and Rajasekaran 2006).

Collagen and in particular the collagen fibrils/fibers array in tumor microenvi-
ronment plays a fundamental role in regulating tumor development and cancer cell
invasion. Maller et al. (2013) found that collagen architecture in pregnancy can
induce protection from breast cancer. They demonstrated that collagen organization,
rather than density alone, is a fundamental contributor to induce an invasive pheno-
type. In fact, high density nonfibrillar type I collagen seems to suppress the tumor
development by increasing junctional E-cadherin, upregulation of cell–cell junction
genes, and downregulation of mesenchymal and metalloproteinase genes, whereas
aligned fibrillar type I collagen favor cellular aggressive cancer cells phenotypes in
mammary tumor cells and alters β1 integrin subcellular distribution.

Considering the particular peri-tumoral collagen array described in TACS-II and
including the densely packed collagen fibers parallel to each other and to the tumor
boundary, both MCF-7 and MDA-MB-231 cells seem to be unable to penetrate the
collagen membrane used to mimic histological TACS-II stage. This ECM response
is mediated by CAFs which seem to play an important role in changing the collagen
array of tumor ECM: firstly opposing to cancer cell invasion (TACS-I and TACS-II)
and then favoring the cancer cell invasion (TACS-III) (Provenzano et al. 2008;
Egeblad et al. 2010; Conklin et al. 2011; Luhr et al. 2012; Bredfeldt et al. 2014;
Costanza et al. 2017; Franchi et al. 2019, 2020a). Densely packed and parallel
collagen fibers array observed in TACS-II are usually described in other anatomical
situations and sites: the response of ECM in foreign body granuloma develops a
tissue-encapsulation to limit diffusion of exogenous material by sheets of collagen
fibers running parallel to the implant surface. Moreover, gingival ECM around
titanium dental implants contains densely packed collagen fibers which following
a circular array around the neck of the implants are presumably able to physically
opposite virus and bacteria invasions from the oral plaque (Ruggeri et al. 1992,
1994). Which and how do the mechanical events which favor or also induce changes
of collagen array in tumor ECM from TACS-II to TACS-III act? The densely
packed, straight, and parallel collagen fibers array described in TACS-II are com-
parable to that of tendons. Tendon collagen fibers resist tension but when they are
compressed, tenocytes change their phenotypes and ECM responds by developing a
fibrocartilage, which protect both tenocytes and collagen fibers integrity. In partic-
ular, compressed tenocytes produce large amount of large PGs like aggrecan and
versican which linking significant amount of water oppose compression (Docking
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et al. 2013). However, considering the peri-tumoral microenvironment in cancer, HA
acts as a modulator of the tumor microenvironment through signal transduction
mechanisms, but also regulating the hydration and osmotic balance in tumor micro-
environment. We also know that a very hydrated peri-tumor ECM could create
interfibers spaces where cancer cells enter to invade the surrounding deeper tissue
and a HA synthesis is increased in different cancers, such as breast, prostate, lung,
colon, and ovarian (Tavianatou et al. 2019, 2021). Moreover, HA can increase the
integrin-mediated transduction thus favoring cancer cell adhesion and invasion
(Chopra et al. 2014).

If epithelial cell dissociation or loss of cell–cell adhesion related to E-cadherin
decrease and changes of ECM physical array are the main factors which favor cancer
cell invasion, clinical data suggest that cancer progression and metastasis occur also
without E-cadherin deregulation (Khalil et al. 2017). Thus, the collagen fiber array in
peri-tumor microenvironment seems to be the first actor in affecting tumor develop-
ment and cancer cell invasion. The epithelial E-cadherin-positive MCF-7 cells,
lacking the expression of membrane type 1-matrix metalloproteinase
1 (MT1-MMP)/MMP14) and not possessing the ability to proteolytically remodel
the ECM, are able to invade collectively the ECM when they find a low dense
collagen network rich in relatively wide spaces. Interestingly, repressing E-cadherin
MCF-7 cells loose cell–cell contacts but do not invade high-density collagen which
they can cross only when the MT1-MMP/MMP14 is ectopically expressed (Ilina
et al. 2020).

10.7 LoVo-R Colon Cancer Cells in 2D Cultures and 3D
Cultures (Matrigel-Covered Millipore, High
Concentrated Type I Collagen-Covered Millipore)

The tumor microenvironment and in particular collagen array play an “epigenetic”
role in influencing primary tumor growth, migration, and metastatic potential, but
also can favor the ability of cancer cells to resist chemotherapy (Provenzano et al.
2008; Conklin et al. 2011; Franchi et al. 2019; Montagner and Dupont 2020). ECM
concentration is an important and crucial parameter to evaluate drug screening. An
increase of collagen concentration in 3D microenvironment induces an increase of
the intracellular stiffness and motor activity of cancer cells and seems to influence
the intracellular fluctuations even in the presence of chemotherapeutic and anti-
MMP drugs (Kim et al. 2018). To evaluate the possible role that collagen can play in
influencing the drug resistance in cancer, we cultivated a colon cancer cell line which
is resistant to doxorubicin (LoVo-R) in a Matrigel-covered Millipore filter (control)
and in a concentrated type I collagen network (3000 μg/mL). LoVo-R cells culti-
vated on Matrigel mimicking the basement membrane appeared grouped with
relative cell–cell contacts through intercellular thin and short cytoplasmic processes;
they exhibited a smooth surface and a polygonal and flattened shape which resemble
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epithelial cells phenotype (Fig. 10.7a, b). The same cells cultivated on highly
concentrated collagen showed a rounded shape and assembled in groups of few
cells but some of them appeared isolated and showed a particular phenotype which
resembles a “donut” shape (Fig. 10.7c, d). These cells displayed thin and short
cytoplasmic protrusions which were in tight contact with the collagen fibrils or
connected adjacent cells. We suggest that these cells were invading the collagen
fibrils layer through a “funnel” invagination (Fig. 10.7e). From sectioned areas of the
collagen-covered Millipore filter, we were able to detect thin and short cytoplasmic
protrusions which developing from the ventral side of some cells penetrated the
collagen fibrils network and morphologically corresponded to invadopodia
(Fig. 10.7f). Moreover, a loss of collagen next to the cytoplasmic protrusions or
invadodia suggests that a proteolitic activity next to the same protrusions occurred.

The ultrastructural data of LoVo-R cells cultivated in Matrigel or collagen sub-
strates suggest that type I collagen induces EMT with drastic morphological changes
of phenotypes observed in BM cultures: cells on collagen appeared more isolated
and invading the collagen layer by developing invadopodia.

All these data suggest that collagen type I inducing an increase of cancer cells
aggressiveness could also play a key role in favoring the development of a drug
resistance. In fact, the previously described shock of MCF-7 and MDA-MB-
231 cells when come in contact with the rough and irregular sub-BM microenviron-
ment, could affect also LoVo-R cells, which developing a more aggressive pheno-
type could further increase their intrinsic resistance to therapeutic treatments. The
development of drug resistance is a significant complication to successful of thera-
peutic procedures and seems partially favored by type I collagen composition of
peri-tumoral ECM, which can significantly vary from patient to patient like clinical
results suggest. The question is how can collagen improve cancer cells resistance to
therapy? This could be partially explained because T-cell proliferation significantly
reduces in a high-density matrix when compared to a low-density one (Kuczek et al.
2019). Other researchers suggest that tumor microenvironment could control the
transport and thus efficacy of free doxorubicin in vitro (Brancato et al. 2018). Drug
resistance is related to cancer cell lines but also tumor microenvironment:
MDA-MB-231 cells displayed a stiffness-dependent response to the chemothera-
peutic doxorubicin, whereas low aggressive MCF7 breast carcinoma cells cultured
in the same conditions did not exhibit this stiffness-dependent resistance to the drug
(Joyce et al. 2018). Anyway, the role of tumor ECM in modulating elasticity,
adhesion, senescence, and EMT of MDA-MB-231 cells cancer cells seems associ-
ated with an improving of integrins upregulations (Poincloux et al. 2011; Mierke
et al. 2011; Brandão-Costa et al. 2020; Byrne et al. 2021). Integrins are transmem-
brane proteins that physically connect cells to different proteins of ECM like
fibronectin, vitronectin, collagens, and laminins but also to other cell surface recep-
tors (Hynes 2002; Ringer et al. 2017). If the cadherin-based adherens junctions
transduce the intercellular stresses (Leckband and de Rooij 2014), both chemical
composition and all mechanical properties of the ECM are sensed by multimolecular
complexes which are called focal adhesions (FAs) and include integrin receptors
associated with the ECM (Geiger et al. 2009; Case and Waterman 2015). In
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Fig. 10.7 SEM analysis of LoVo-R cells. (a) LoVo-R cells cultivated on a Matrigel-covered
Millipore filter show a smooth surface and a polygonal-flattened shape like normal epithelial cells
(White bar ¼ 100 μm). (b) They appear distributed in a single cell layer and grouped with cell–cell
contacts through intercellular thin and short cytoplasmic processes (White bar¼ 10 μm). (c) LoVo-
R cells on high concentrated type I collagen (3000 μg/mL)-covered Millipore filter show rounded-
shaped phenotypes assembled in small groups (White bar¼ 100 μm). (d) Some cells appear isolated
and exhibit a particular phenotype that resembles a “donut” shape (White bar ¼ 10 μm). (e) At a
higher enlargement the “donut”-shaped cells show thin and short cytoplasmic protrusions in tight
contact with the collagen fibrils or connecting adjacent cells (arrows). These cells are invading the
collagen fibrils layer through a “funnel” invagination (Co ¼ collagen) (White bar ¼ 10 μm). (f) A
lateral view of a sectioned collagen-covered Millipore filter shows that LoVo-R cells cultivated on
high concentrated type I collagen (3000 μg/mL)-covered Millipore filter develop thin and short
cytoplasmic protrusions from their ventral side which are penetrating the collagen fibrils network.
These cytoplasmic protrusions correspond to invadopodia degrading adjacent collagen fibrils
(arrows) (Co ¼ collagen) (White bar ¼ 10 μm)
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particular, Ringer et al. (2017) described an outer FA layer including ECM-specific
anchorage by integrin receptors, an intermediate layer where chemical and mechan-
ical signals are processed, and an inner layer that is dominated by the actomyosin
cytoskeleton of cells (Ringer et al. 2017). FAs complexes, linking integrins to the
actin cytoskeleton either directly or indirectly by interacting with vinculin and
α-actinin, act as mechanically elastic springs which enforce by talin unfolding
when mechanical tension increases but remain small and short-lived when forces
decrease in ECM. Therefore, they allow FAs to transmit the chemo-mechanical
stimuli from ECM to the inner actomyosin cytoskeleton (Ringer et al. 2017). The
main role of type I collagen in affecting the tumor progression is also supported by
the fact that cells adhering to collagen type I by integrin α2β1 induce a very different
signaling response compared to cells which bind collagen type IV with α1β1 integrin
(Ivaska et al. 1999; Borza et al. 2012,; Ringer et al. 2017). To support the role for
integrin expression and activation in regulating the development of oncogenic
processes, it was reported that also hyaluronan, a soft polymeric glycosaminoglycan
ECM component which is also considered a marker of breast cancer, can affect the
cellular response by increasing the integrin mechano-transduction, thus suggesting
the interaction of signaling between hyaluronan receptors and specific integrins. In
particular, hyaluronan augments or overrides mechanical signaling by some classes
of integrins to produce a spread morphology of cells otherwise observed only on
very rigid substrates (Chopra et al. 2014). It is evident that in further experiments, it
will be necessary to reproduce the in vivo conditions and include most of the ECM
components in 3D cultures. Even though we explored the critical role of collagen
and FN in affecting cancer cell phenotype and behavior vs. the BM, further inves-
tigations concerning the other molecules of ECM will help to better understand how
tumor microenvironment could play a primary role in regulating cancer cell inva-
sion. It is also plausible that only through evaluation and comparison of the interplay
among all different ECM components, we will be able to suggest innovative
therapeutic strategies to prevent or limit cancer invasion.

10.8 Conclusions: Take Home Message

1. Just a physically irregular surface of a culture substrate can transform 2D to 3D
cultures simply because cells are free to move in all three spatial directions and
may induce EMT in the low aggressive MCF-7 breast cancer cells.

2. In 3D cultures, a thick layer of Matrigel mimicking the BM does not promote
changes in morphological phenotypes of both low aggressive MCF-7 and very
aggressive MDA-MB-231 cells, probably because all epithelial cells recognize
the smooth BM on which they usually grow.

3. In 3D cultures, a loose network of type I collagen fibrils mimicking ECM of
sub-BM induces different effects on low aggressive MCF-7 cells vs. very aggres-
sive MDA-MB-231 ones. Collagen favors the development of mesenchymal
phenotypes morphology in MCF-7 cells but limits the invasion ability of the
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same cells if compared to Matrigel cultures, as collagen induces a reduction in
MMPs production in cells preferring an ameboid-invasion mode. On the contrary,
type I collagen fibrils do not improve the EMT-related morphological changes in
MDA-MB-231 cells which, however, in invasion test, show a strong increased
ability to invade the collagen layer if compared to the same cells cultivated on
Matrigel, as collagen seems to stimulate MMPs production.

4. In 3D cultures, nonaligned FN favors both MCF-7 and MDA-MB-231 cancer
cells adhesion by developing more flattened and polygonal cells suggesting that
nonaligned FN favors cancer cells adhesion. The increase of cytoplasmic
microvesicles and the development of TNTs suggest an improve of cell–cell
communications.

5. In 3D cultures, high concentrated type I collagen fibrils mimicking the deeper
ECM induce breast cancer cells to grow in more than one layer, thus suggesting
that concentrated collagen favors a further adhesion of cancer cells. The devel-
opment of microvilli, microvesicles, long filopodia, and TNTs suggests that
collagen may also stimulate communications among both adjacent and distant
cells.

6. In 3D cultures, densely packed and parallel collagen fibers mimicking TACS-II
stage in mammary tumor progression contrast both MCF-7 and MDA-MB-231
breast cancer cells invasion.

7. In 3D cultures of high concentrated type I collagen network, the LoVo-R
colorectal cancer cells, resistant to doxorubicin, develop new morphological
invaginating phenotypes and invadopodia. These morphological aspects suggest
that the increased invasion ability of cancer cells could be related to the drug
resistance.

8. Collagen, also in different arrays, could act as a physical factor inducing EMT in
MCF-7 and MDA-MB-231 cells and drug resistance in LoVo-R cells.
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