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Abstract

Tumor progression in vitro has traditionally been studied in the context of two-dimensional (2D)

environments. However, it is now well accepted that 2D substrates are unnaturally rigid compared
to the physiological substrate known as extracellular matrix (ECM) that is in direct contact with both
normal and tumorigenic cells in vivo. Hence, the patterns of interactions, as well as the strategies
used by cells in order to penetrate the ECM, and migrate through a three-dimensional (3D)
environment are notoriously different than those observed in 2D. Several substrates, such as collagen
I, laminin, or complex mixtures of ECM components have been used as surrogates of native 3D ECM
to more accurately study cancer cell behaviors. In addition, 3D matrices developed from normal or
tumor-associated fibroblasts have been produced to recapitulate the mesenchymal 3D environment
that assorted cells encounter in vivo. Some of these substrates are being used to evaluate physico-
mechanical effects on tumor cell behavior. Physiological 3D ECMs exhibit a wide range of rigidities
amongst different tissues while the degree of stromal stiffness is known to change during
tumorigenesis. In this review we describe some of the physico-mechanical characteristics of tumor-

associated ECMs believed to play important roles in regulating epithelial tumorigenic behaviors.
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Tumorigenesis occurs within dynamically changing environments; cancer cells reside within
a plethora of distinct biological locations as they advance through stages during tumor
initiation, progression and invasion [1]. Cancer cells reside within a primary site where they
are first transformed into a malignant phenotype (i.e. acquisition of hyper proliferate behavior
in an uncontrolled manner). As the tumor progresses, the basement membrane, that physically
separates the epithelial from the connective (mesenchymal) tissue, is degraded thus facilitating
a direct interaction between cancer cells and the tumor-associated mesenchymal stroma [2]. In
addition, during their invasive stage, cancer cells spend some time suspended within fluids that
serve as cell transportation means such as lymph and blood and then they extravasate from the
hematogenous compartment into distant sites where cancer cells will colonize and eventually
metastasize [3]. Interestingly, many of these compartments where cancer cells reside are
changed and affected by the tumorigenic process itself (Figure 1) and, in turn, these altered
microenvironments are believed to facilitate tumor progression [1,3-5]. Epithelial cells are
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believed to induce or suppress a different set of genes in order to accomplish the changing
physiological activities needed during the different steps of tumor progression [6-9]. In this
context, the classical paradigm of epithelial tumorigenesis (e.g., tumor development and cell
invasion to the underlying stroma) has been typically described as an exclusively epithelial-
centered mechanism. In this review, we emphasize the physico-mechanical
microenvironmental changes that are observed in the tumor-associated stromal compartments
during tumorigenesis, which are considered to be important promoters of tumor development,
progression and metastasis.

The re-consideration of the stroma as a key player in development and tumorigenesis came
back after decades of studies focused almost entirely in the epithelial counterpart of these
processes. Probably, one of the reasons of this lag has been due to the complex constitution of
the stroma, as a highly structured compartment. The cancerous stroma contains fibroblasts,
immune cells, adipocytes (e.g., in breast cancer), and myofibroblasts, in addition to increased
levels of selected extracellular matrix (ECM) proteins, such as collagen | [7]. The function that
these altered components play in the tumorigenic process is relatively poorly understood, but
extensive studies are currently undertaken in order to characterize these structures, their
relationship, and the spatial and temporal organization of the stroma, as well as the role that
tumor-stroma plays, initially preventing and later on, promoting tumor progression (Figure 1).
The interaction between cancer cells and their microenvironment, promotes tumor growth and
also protects them from innate immune response [7]. It has been suggested that the functional
association of cancer cells with their altered tissue of origin forms a new and dynamic ‘organ-
like tissue’ that changes as malignancy progresses [10]. Investigation of this process might
provide new insights into the mechanisms of tumorigenesis, and could also lead to the
development of new therapeutic targets.

1-Stroma and 3D matrices

Not only is the ECM a mere scaffold used by developing and/or cancerous cells, but it also
plays a major role during these processes [11]. Despite the rather complex organization of the
stromal ECM, several three dimensional (3D) systems that aim to recapitulate various aspects
of the in vivo microenvironmental settings have been developed [12]. Many of these 3D systems
have focused on the use of collagen I [13], which constitutes one of the main components that
are altered and over-expressed during tumorigenesis at the mesenchymal stromal compartment
[14]. In addition, many aspects of tissue development and tumorigenesis have been effectively
studied using a basement membrane material rich in laminin [15], which has also been shown
to reconstitute many aspects of the microenvironmental settings needed to induce in vivo-like
epithelial cell behaviors [16,17]. More recently, sophisticated in vitro systems such as
epithelial-mesenchymal organotypic constructs [18,19] and fibroblasts-derived 3D matrices
provided an alternative view to assist in decreasing the gap between in vitro and in vivo systems
[5,12]. To this end, it has been shown that primary fibroblasts produce mesenchymal 3D
matrices which effectively mimic the ECMs corresponding to their original mesenchymal in
vivo counterparts [20-22]. In fact, the composition of these matrices proved to be more complex
than traditional 3D collagen or laminin, reflecting more accurately the makeup and architecture
of the in vivo mesenchymal ECMs [12,23,24].

1.1 Collagen 3D gels

Collagen I, member of the fibrillar collagen family, is one of the most abundant structural
proteins of the interstitial ECM [25]. Since collagen | can spontaneously polymerize in vitro,
extracted (using acidic conditions) collagen | from mammalian tendons can be used to produce,
after pH neutralization, allogenic 3D gels which are believed to mimic many aspects of the
mesenchymal mammalian microenvironment. These 3D gels, though weaker than the parental
natural ECM, recapitulate many aspects of the biological in vivo mesenchymal ECMs [26]. In
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this context, 3D collagen gels have been used to study fibroblast contraction and migration
[27], angiogenesis [28], as well as tumor cell migration [29-31]. Historically, collagen | has
received special attention in breast development and carcinogenesis since its altered
organization is known to drive breast cancer initiation and tumorigenesis in animal models
[32,33]. Moreover, there is a very well established correlation between increased collagen |
density and greater risk for breast cancer development [34,35]. There are also strong indications
that cells could “sense” different degrees of collagen stiffness and respond to it [36,37].
Collagen | 3D gels can be studied as floating or attached substrates. Cells grown in collagen
gels attached to a surface encounter a more stressed and loaded environment that those grown
in floating collagen matrices. More than three decades ago Emerman and Pitelka observed that
cells cultured on floating collagen matrices formed alveolar structures, and maintained a long
lasting differentiated phenotype [38]. However, these same cells grown on collagen gels that
remained attached to the Petri dishes, lose their secretory and differentiation abilities [38].
These distinct 3D architectures also elicit completely different epithelial or epithelial-stromal
cell arrangements. The normal yet immortalized cell line MCF10A, grown on floating collagen
gels effectively mimics in vitro, breast gland development in vivo [39]. In this context, the cells
produce in vivo-like acini and tubular structures that will later develop into ducts. Strikingly,
attached gels fail to produce these mature structures, yielding instead sheets of cells arranged
in patterns that are parallel to the gel periphery [39]. Similar to this set of experiments, normal
and transformed mammary epithelial cells such as MCF10A, and T47D produced tubule or
duct-like structures. However, when grown in high density collagen matrices, these cells
present larger morphologies, greater cell densities and their luminal space is filled up with
cells. This differential behavior is attributed to the increased stiffness of the denser matrices,
pointing to a crucial effect of substrate rigidity and resistance to matrix contraction on epithelial
cell behavior [40]. Increased substrate stiffness results in activation of the non-receptor focal
adhesion kinase (FAK) and small GTP binding protein (RhoGTPase) pathways, leading to
increased cell proliferation and invasive phenotype changes including changes in gene
expression [40].

Laminin is one of the main basement membrane components believed to be responsible for
many of the ECM-regulated activities observed on epithelial cells while inducing and
supporting tumor initiation and early tumor development [41]. The role of laminin and its role
in matrix elasticity has been linked to the acquisition and/or maintenance of epithelial cell
polarity [42] and to the formation of acinar and tubular structures in mammary (and other)
epithelial cells [43]. In fact, laminin 1 is believed to be responsible for both the “softness’ of
the breast stroma, and its signaling, believed to be transmitted though B4-integrin and to be
necessary for the expression of B-casein in mammary epithelial cells [41]. Moreover, it was
shown that blocking the activity of B;-integrin in the breast epithelial cell line SCp2 resulted
in abrogation of cell elasticity. This observation suggested a unique role for this integrin on
the process of “sensing” the physical variations imparted upon cells by the altered ECM cues
[41]. Cellular elasticity is believed to be largely the result of the contribution of the actin-
myosin cytoskeleton [41]. In fact, blockage of actin polymerization, induction of myosin Il
kinase or Rho kinase activities, resulted in decreased cell stiffness, and consequently, in
increased cell spreading when SCp2 cells where cultured under classic rigid 2D conditions.
Cells cultured on laminin-rich 3D matrices display flexibility and elasticity. However, these
cells were not sensitive to the actin-myosin inhibitors, suggesting that cells may exhibit
differences in the responses to drugs depending on their underlying 3D substrate [41].

1.3 Fibroblast-derived 3D matrices

Three-dimensional matrices derived from fibroblasts in vitro have been shown to impart in
vivo-like responses onto cells cultured using these matrices as substrates [21,23,44]. Stromal
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fiber organization, fibroblast morphology, and gene expression patterns varied not only within
the stroma of different normal tissues, but also between normal and tumor-associated stroma
[20,45,46]. These features suggest that the mesenchymal stromal ECM actively participates in
tumor progression and metastasis, thus prompting investigators to consider an approach where
both stroma and epithelial cells are integrated. As tumor progresses, epithelial and stromal cells
influence each other (Figure 1), reflecting progressively malignant patho-physiological stages
[4,5]. Itis believed that the normal stroma is restrictive of tumorigenesis [47]. Indeed,
fibroblasts of the normal stroma exert a protective barrier against hyper-proliferation and
invasion of epithelial cells [48] while in an opposite way, at later stages, the stroma becomes
more permissive to epithelial cell proliferation and invasion [49]. Although this process is
believed to be reversible, fibroblasts may co-evolve with the malignant epithelial cells and
progress to an irreversible state of progressive tumor and stroma [5,50,51]. Tumor-associated
fibroblasts (TAFs) acquire a myofibroblastic (e.g., desmoplastic) structural phenotype
reflected by the expression of a-smooth muscle actin together with additional stromal markers
such as fibroblast activating protein, desmin and others [14,52]. In fact, TAFs have been shown
to organize themselves in characteristic parallel patterns (Figure 1) that may support tumor
migration, invasion, and proliferation, and also to favor the spread of tumor cells into distant
organs [20,32,53]. The fact that fibroblasts differ between normal and tumor-associated stroma
[45,46,54,55] and that matrices derived from these distinct fibroblasts effectively recapitulate
the in vivo ECM differences and specific normal and tumor-associated architectural
characteristics [20—-22], make these cell-derived mesenchymal 3D systems to be attractive
means for the study of ECM effects on cancer cell behaviors. This system has been used to
study fibronectin fibrillogenesis [56], physical aspects of fibrillar fibronectin [57], matrix-
regulated signal transduction [21,53,58,59], cell invasion [44,60,61], cell adhesion and
dynamics [62], matrix induced drug responses [63], as well as effective drug screening [64].

2. Mechanobiology: role of the matrix architectural organization

Epithelial cell behavior can be modulated according to intrinsic characteristics of the epithelial
cells, i.e. patterns of gene expression due to differentiation stage and the presence of somatic
mutations, in case of malignant cells [65,66]. In addition, external cues such as extrinsic soluble
factors, availability of substrate ligands, direct effects imparted by neighboring cells and the
physical properties that the ECM exerts onto cells can epigenetically affect epithelial cell
behaviors [67]. Therefore, it is well accepted that the mechanical properties of the stroma, its
topography and compliance are related to the biological influences imparted upon epithelial
cells and together they dictate cellular behaviors [68]. In relatively soft tissues, a compliant or
flexible extracellular matrix favors the development of normal structures and acts as a barrier
against tumor growth and invasion. The notion that physical features of the environment control
natural cell behavior implies that traditional two-dimensional (2D) cell culturing conditions
that provide a flat and rigid environment are unnatural as they elicit cell responses to extreme
stiffness (linked to some tumorigenic processes) as opposed to more compliant (natural) 3D
settings that are typical for supporting normal cell growth [69]. The forces that a cell “senses”
are rather different when the cell growths onto a 2D substrate or within a 3D
microenvironmental setting. In the first situation, restricted surfaces of the cell (i.e., ventral or
basal surface) are attached to the provided substrate, allowing only for basal mechanical-
generated signals [70]. However, cells immersed within 3D scaffolds interact with this
microenvironment in a way that the influence of traction forces can be imparted in every
direction [70,71]. As a matter of fact, it has been shown that cues “sensed” by cells under 3D
conditions are transmitted through the cell body and affect the nucleus dynamics in a way that
they even regulate the expression of specific genes [72]. A resent work using micropatterned
wells demonstrated that three-dimensionality and changes in stiffness can influence single cell
physiology and cytoskeletal organization [73]. ECM stiffness is often quantified by calculating
the Young modulus (E values) usually in Pascal units (Pa). For instance, soft tissues exhibit a

Semin Cancer Biol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cukierman and Bassi

Page 5

low E value (0.5-2 kPa). Conversely, the rigidity of the trabecular bone has a one hundred
times higher E value (2.5 GPa). Normal mammary tissues are quite soft (0.15 kPa), but this
low stiffness is greatly modified during the process of tumorigenesis. Indeed, an advanced
invasive mammary tumor microenvironment goes through a 10 to 20 fold increase in its
rigidity, reaching a staggering E value of ~4 kPa. This increase in tautness is believed to greatly
influence cell behavior and facilitate tumor progression [1]. Interestingly, investigators have
shown that factors related with ECM remodeling, such as TGF- can be exposed and become
activated during mechano-environmental changes such as stretching of the ECM fibers [74].
Thus, physico-mechanical factors of the microenvironment are belived to play a crucial role
in cellular responses.

2.1 Matrix stiffness regulates cell behavior: natural collagen cross-linking

As a major component of the ECM, collagen | constitutes an ideal candidate to study the
changes in the biomechanical properties of the cellular microenvironment during tumor
progression [1]. Increased collagen deposition has been associated to augmented risk for breast
cancer [35]. Similarly, increased collagen cross-linking has been shown to lead to enhanced
acquisition of malignant features [37]. Elevated expression of lysil-oxidase (LOX), an enzyme
necessary for natural collagen I cross-linking [75], has been linked in premalignant cells, to
increased fibrillar collagen deposition and linearization, inducing integrin clustering and
phosphorylation of integrin-regulated effectors, such as non-receptor tyrosine kinases like focal
adhesion kinase (FAK) and p130Crk-associated substrate (p13°Cas), leading to the promotion
of invasive behaviors [1,37]. Levental et. al., recently showed that ECM stiffness increases
from normal to premalignant to tumor. Strikingly, the stiffness of the tumor adjacent stroma
was shown to be elevated in conjunction with the above-mentioned increases in levels of LOX,
and linearization of collagen [37]. Conversely, blockage of LOX activity propagated non
tumorigenic latency and lowered the incidence of tumor formation in animals injected with
breast cancer cells. Moreover, in vivo LOX inhibition resulted in the development of pre-
malignant and/or low-grade neoplasias [37]. These studies suggest that matrix stiffness plays
a decisive role in the alteration of biochemical pathways that lead to cell transformation. The
same group of investigators demonstrated that mammary epithelial cells grown within 3D
matrices at physiological Young modulus (E values of 160 to 170 Pa) form small growth-
arrested colonies with polarized B4-integrin and apical-lateral cortical actin, which are all
features found in normal mammary epithelium [76]. Strikingly, a small increase in stiffness
(400 Pa) promoted the formation of double-sized colonies while further increases in matrix
stiffness, closer to those exhibit by tumor-associated ECM, stimulated the formation of greater
colonies with atypical (tumorigenic) acini structures and altered integrin and actin polarization
[76]. The study concluded that increased matrix stiffness generates the tension necessary to
cluster agPq-integrin, increasing the length of cell-matrix adhesions thus facilitating cell
migration and invasion. In fact, the study demonstrated that integrin clustering stimulated FAK
phosphorylation, RhoA activity and cytoskeleton contractility, all factors known to enhance
cell migration and spreading [76]. It is believed that increased ECM stiffness also exerts
increased invasive effects on tumor cells since it allows for greater traction forces that can be
used by the cells to migrate to areas of nutrients availability, promoting survival. This migration
also requires integrin signaling transmitted through Rho GTPases, which results in augmented
actomyosin cytoskeleton contractility [77,78]. Lauffenburger and Horwits have identified four
stages during invasion; protrusion, attachment, localized ECM degradation, and rear end
detachment [79]. During the first two stages, cells may need a firm and stiff substrate, such as
collagen I cross-linked matrices, to exert propulsive traction forces within the leading migration
edge, sometimes referred to anterior traction zones [80]. For the other two stages, where cells
need to detach via proteolytic mechanisms, matrices’ mechanochemical properties may display
quite different characteristics [80].
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2.2. Migration and invasion are altered by the mechanical properties of ECMs

During the process of intravasation, cells migrate through the stroma and display an invasive
behavior characterized by the formation of a plethora of different projections known as
lamellipodia, pseudopodia, and invadopodia [81-83]. In vivo cell migration through
mesenchymal compartments is believed to be accompanied by active proteolysis [80].
Membrane type 1 matrix metalloproteinase (MT1-MMP) has been identified as one of the main
ECM-degrading protease used by migrating fibroblasts and in epithelial to mesenchymal
transduced invasive cancer cells (which behave similarly to fibroblasts), at the major surface
in contact with the ECM [84,85]. Migratory proteolysis has been associated to integrin positive
structures localized nearby the cell’s leading edge (at the lamelopodium) under classic 2D
conditions [86,87]. In contrast, in 3D environments, numerous steric constrains, as well as
matrix factors, such as matrix density, pore size, stiffness, and susceptibility to proteolytic
degradation predict a more complex situation. The migratory patterns of cells within 3D
environments have recently been mapped with the aid of diverse microscopic techniques, such
as scanning electron microscopy [80,88,89]. Interestingly, when cells are cultured within 3D
ECMs, matrix degradation occurs at diverse regions of the invading cell as opposed to only at
the front edge. These regions include, the leading edge, compression zones at the mid-body
region, and the trailing edge [80]. The assorted regions exhibit distinct morphologies and are
apparently exposed to variation of ECM stiffness [80,90,91]. The leading edge of cells
migrating through 3D substrates develops actin-rich, thin and cylindrical pseudopodia
organized in a manner that facilitates “pulling” the cell forward [92]. In gliomas [93] and in
smooth muscle cells [94], migration ids believed to be promoted by pseudopodia formation
and to be favored by increased ECM stiffness, which is “sensed” in an integrin-dependent
manner and is regulated through Rho-A dependent cytoskeletal contractions. In this context,
it is believed that cells tend to migrate towards areas of increased stromal stiffness [76,95].
After the initial attachment of pseudopodia to stiff ECMs, the bulk of the cell located posterior
to the traction front may not be able to effectively penetrate the elastic and contracting ECM,
therefore necessitating an additional prolonged and active focus of pericellular proteolytic
activity. In order to prevent getting trapped due to steric hindrance, long-lived foci of MT1-
MMP localized immediately in the rear back of the leading edge degrading the immediately
adjacent ECM and therefore eliminating this physical obstacle [80]. In this context, traction
and proteolysis are localized in close, albeit distinct, regions of the cell and are believed to be
regulated in response to physically distinct microenvironmental cues [80]. The cell’s mid-body
diameter increases as the cell moves forward and areas of pericellular proteolysis that contain
MT1-MMP, as well as B1-integrin positive structures and F-actin, form a distinct structure that
is similar to characteristic 3D-matrix adhesions [21,23], suggesting a coupling between
proteolysis and movement [96]. In summary, it is hypothesized that the proteolytic front of the
invasive cell carves the pathway for the bulkier nucleus containing central zone of the cell; the
proteolytic processes facilitated by MT1-MMP appears to be localized lateral to invadopodia-
like spikes. Interestingly, the retracting rear edge of the migrating cell contains zones of MMP-2
and MT1-MMP. However, the pattern of proteolytic areas in the rear end is diffuse and appears
less localized. Nevertheless, proteolytic activity in this zone generates fragments of fibronectin,
collagen, and laminin, which compete with the non degraded ECM for cellular adhesion sites,
facilitating cell detachment [80,97,98]. The altered ECM composition results in the facilitated
release of growth and chemotactic factors, allowing additional cells to incorporate into this
altered microenvironmental compartment [80,99,100] Also, this alteration of the ECM leads
to areas of least resistance, and lower than normal stiffness, pointing to an unusual soft matrix,
and decreased cellular attachments which induce cell rounding [92]. As long as cells advance
in their migratory path, proteolytic processed collagen appears to realign forming low
resistance “microtracks,” favoring migration.
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Interestingly, investigators have found that different extracellular factors can regulate both
migratory and contractile features of cells thus modifying their morphologies [101]. In fact,
Grinnell and colleagues demonstrated that during fibroblast-collagen matrix interactions,
traction forces exerted by the cells can cause cells to migrate. Nonetheless, if the matrix cannot
resist the cellular traction force, then the matrix will tend to “move” therefore preventing
migration [102]. Recent studies shed new light on the implications of the physical aspects of
cell-matrix interactions in cancer cell behaviors [103,104]. In fact, the authors suggested that
integrins, which are the main receptors regulating cell-matrix interactions, are to be studied as
the sensors or regulators that transmit biochemical information into cells in response to physical
and topographical variations of the microenvironment [104]. Moreover, Zaman et. al.,
suggested that highest migratory speeds lie at regions where intermediate stiffness and
relatively low force adhesion structures are formed as well as regions of relatively high
adhesion and low stiffness when integrin binding is blocked [105]. In other words, migratory
characteristics are governed by both integrin availability and changing of the environmental
stiffness at hand.

3. Role of matrices produced by fibroblasts

In physiological conditions, during homeostasis, the ECM is maintained within a pre-existing
micro environmental ‘status quo.” Local matrix-producing fibroblasts, embedded within
mesenchymal (connective tissue) environments “sense” the mechanical properties of the
homeostatic matrix and respond accordingly to maintain this status. For example, cells can
impart intrinsic forces onto cell-derived fibronectin elastic fibers to keep the naturally unfolded
molecules stretched [106]. In fact, it has been suggested that cellular contractility may be
necessary for the assembly of fibronectin fibers [107]. Nevertheless, under special
circumstances such as wound healing, developmental processes or disease (e.g. cancer)
mechanical changes that occur locally are “sensed” by resident cells, such as fibroblasts, which
in turn respond to these changes by altering the ECM and transforming the environment into
one that differentially regulates the activity and behavior of both resident and newly recruited
cells [5,36].

Stretching of fibronectin exposes cryptic sites on one of the molecule’s globular domains, Fnlll,
[108,109]. As a consequence, the binding of newly synthesized soluble fibronectin occurs,
directly regulating fibrillogenesis [57] and favoring de-novo deposition of matrix. In sharp
contrast to the native gels, when fibroblasts are seeded onto artificially cross-linked matrices,
the newly deposited fibronectin appears to be highly stretched, with similar proportion of
unfolded fibronectin than in the non cross linked matrices. In addition, these recently deposited
fibers do not necessarily co-localize with the pre-existing fibers [57]. In fact, studies performed
using isolated fibronectin fibers [57,110] showed that to strain fibronectin fibers within a cross-
linked matrix, a force of 5.5 pN is required as opposed only 1.7 uN needed for the non-cross
linked matrix. In this context, cytoskeleton-generated tension may not be sufficient to stretch
cross-linked matrices, decreasing the unfolding of fibronectin fibers and impairing new
deposition of fibronectin fibers [57]. Taken together, these studies suggest that altered matrix
deposition that promotes increased tensional forces, as observed during tumorigenesis and
wound healing, could play decisive roles in these pathologies.

4. Matrix topography and specific architectural composition

It has been suggested that the topographical organization of substrates can greatly affect cell
responses [61]. Physical interactions within the ECM strongly depend on fiber orientation, and
not only on its stiffness. However, ECM architecture can be also characterized by the shapes
that epithelial or mesenchymal cells encounter in the process of migration and invasion. The
shape and the area where a cell resides may determine its behavior. For example, Killian et al

Semin Cancer Biol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cukierman and Bassi

Page 8

[111] studied the effect of assorted ECM shapes, using patterned substrates, on adherent
mesenchymal cell differentiation. This study demonstrated that mesenchymal stem cells can
differentiate into adipocytes or osteoblasts, depending on the geometric cues of the provided
substrate. Similarly, others have shown that cells grown in sharp-edge surfaces express higher
amounts of proteins involved in osteogenic programs of differentiation, such as RhoA, Rac,
and Cdc42, ROCK kinase [112]. Indeed, patterned substrates have been used to study force
induced proliferation due to local mechanical stress [113]. Moreover, magnetic microposts
organized in assorted architectural topographies have been suggested as new tools to mimic
and study the mechanical forces that are imparted by ECMs on cell behaviors [114]. Patterned
substrates have also been used to induce variations in the polarization state of cells. Different
substrate shapes, which are believed to induce altered sub cellular curvatures, affect the
cytoskeleton response and thus trigger different cell responses [115].

Looking at 3D substrates, additional studies have shown that cancer cell invasion strategies
are directly affected by the architecture of ECMs [116]. Interestingly, in vitro assorted
fibroblast-derived 3D matrices effectively reproduce the parallel vs. disorganized patterned
characteristics (Figure 1) of tumor-associated and normal ECM stroma in vivo [20,22]. This
observation suggests that these systems could be used for in vitro studies on which to assess
matrix effects on cancer cell behaviors. Altogether these findings indicate that the architecture
of the niches where cancer cells reside may be critical for their tumorigenic behavior and
therefore, drugs targeted at impairing specific architectural features of the microenvironment
should be looked at as possible novel therapies to inhibit invasive progression.

5. Conclusion

There is an increasing body of evidences that point to the ECM as a crucial aspect of
tumorigenic progression, wound healing, and differentiation. Although the ECM is structurally
complex, different mechano-physical and architectural elements have been considered as
contributing to tumor progression. As new techniques are being developed, the interactions of
one cell with just one fiber [117], the production of matrices spanning a wide range of stiffness
[37,76,91], and the utilization of patterned substrates [113,116] are now being determined. The
biological significance of these parameters is rapidly emerging.

Drug development largely takes into account cellular targets, focusing in the alterations
occurring to cells during disease progression, such as, genomic changes, variations in gene
expression, and distorted signaling networks. However, it is increasingly recognized that the
role of the environment, in particular the stroma, may decisively affect the outcome of therapies
[118,119]. Interestingly, increased matrix stiffness results in higher efficiency of gene
expression [120]. Dosages and therapeutic regimens may be affected by matrix stiffness; thus,
the degree of stiffness of the matrix should be determined prior to deciding on a particular
protocol treatment.

Predictive medicine seeks to analyze large amounts of data such as patterns of gene expression,
cell-cell signaling, and microenvironment cues to perform computational modeling, and
provide models outcomes of disease. Network biology takes into account the multiple signals
a cell receives and how the processing of all these signals may produce a response [121].
Needless to say that among the vast array of signals perceived by cells, the physical
characteristics of the environment are sure to play a prominent role.
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Figure 1.

Composite describing how tumorigenesis and mesenchymal stroma progression are two
processes which affect and incite each other. The photographs represent confocal 3D
reconstructions of fibroblast-derived ECMs (in brown) and cell nuclei (in green) where the
disorganized in vitro stroma is shown in the left panel while the parallel patterned architecture
of tumor-associated stromal matrix is evident in the right panel. The gradient progression bar
in brown, at the bottom of the composite, represents the increased stiffness and architectural
patterning of the stroma during these joint progression processes. The two confocal images are
a variation from images published in Amatangelo, Bassi et al. 2005 [20].
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