Forces During Cell Adhesion
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Abstract Cells adhere and spread by exerting forces against the cell membrane
and against the extracellular matrix. Intracellular forces drive the membrane
outward during spreading and stabilize cell shape in adherent and migrating cells.
A balance of intracellular force with exogenous forces is required for maintenance
of basic cell functions and cellular homeostasis. Here, we provide a multi-scale
overview of the cellular machinery and intracellular forces at play during cell
spreading and adhesion, including description at the molecular, cellular and tissue
levels. We describe the cellular machinery required for force generation, explain
aspects of its regulation, and show how the machinery operates to direct a cell to a
homeostatic target. The biochemical and biophysical events that dominate the
process of isotropic cell spreading are examined and the process of spreading is
explained as a series of distinct phases, each with their own force signature. In
addition, we consider how intracellular force affects mechanical cellular homeo-
stasis and maintenance of tissue structure and function. The disruption of cellular
mechanical homeostasis is described in the context of two prominent disease
states: cancer and atherosclerosis.

1 Introduction

Current research has brought much attention and interest to the role of cell
mechanics in cellular homeostasis and physiological function. Cell adhesion and
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spreading is a primary mechanism through which mechanical (and sometimes
chemical) homeostasis is achieved. These processes are crucial in both develop-
ment and the maintenance of normal tissue structure and function. As such,
improper cell adhesion and spreading has been implicated in a multitude of disease
states, including cancer and atherosclerosis. Here we will take an in-depth look at
the processes of cell adhesion and spreading, with a specific emphasis on the role
of cell mediated-force: first describing the subcellular machinery employed during
adhesion and spreading, then describing the cellular level changes of a single cell
through the process, and finally examining how disruption of cell adhesion and
spreading can lead to disease.

2 Biological Machinery Required for Force Generation
2.1 Internal Cellular Machinery

Cellular forces are primarily generated in the cytoskeleton. The cytoskeleton is
essential for maintaining cell shape and organization, imparting specific
mechanical properties to cells. There are three primary cytoskeletal components:
microfilaments, microtubules, and intermediate filaments. While each component
serves separate functions in the cell, there are several commonalities:

e Each component is composed of repeating subunits that polymerize to form
polarized filamentous structures.

e Polymerization of most components requires the binding of either ATP or GTP
to its subunits.

e Each polymerized component has characteristic mechanical properties that are
directly determined by the structure of its subunits.

e Polymerized structures associate with various other structural and signaling
proteins for purposes such as stabilization, regulation, or linkage to other parts
of the cell.

e Each component has associated motor proteins that facilitate relative axial
movement in a stepwise fashion dependent upon ATPase activity, contributing
to the generation of cellular forces.

Here we focus primarily on microfilaments and microtubules, as they are the
primary cytoskeletal filaments associated with cellular force generation.

2.1.1 Actin and Myosin

Actin is the primary component of the cytoskeleton required for the generation of
cellular forces imposed externally and is by far the most studied in the context of
the regulation of cell spreading and adhesion. In a cell, actin can generate forces
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through two primary mechanisms: (1) simply through polymerization or (2)
through coupling to its associated motor protein, myosin.

Actin Structure and Dynamics

Actin can exist in two distinct forms within the cell: globular actin (G-actin) or
filamentous actin (F-actin). G-actin is a ~43 kDa protein that can bind ATP and
polymerize to form microfilaments known as F-actin. The nucleation of F-actin
filaments is controlled and accelerated by certain chaperone proteins such as Arp2/3
among others. An F-actin filament is polarized and has a positive (+) end and a
negative (—) end. Both ends are highly dynamic but have different on/off rates;
growth of filaments occurs primarily at the positive end, as it has a much higher on
rate. Actin filaments are highly cross-linked and bundled by proteins such as -
actinin to increase their structural integrity. Actin dynamics and the two mecha-
nisms through which it can generate force are summarized in Fig. 1. Figure la, b
depicts the polymerization of actin which can drive membrane extension. Fig-
ure lc depicts actin’s interaction with myosin which can drive filament sliding and
the generation of contractile force.

Actin-Interacting Proteins

The cellular actin network owes its highly dynamic nature to the actin-interacting
proteins that facilitate its assembly, stabilization, and disassembly. The protein
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Fig. 1 Actin filament-based force generation. a Filament dynamics: filament polymerization and
depolymerization occur at opposite ends resulting in filament “treadmilling”. b Force generation
through cortical branching at the cell membrane: Arp2/3 mediates microfilament branching and
formins mediate actin polymerization at the cell membrane producing protrusive forces.
¢ Myosin-mediated contraction of microfilaments: myosin mediates the contraction of anti-par-
allel overlapping microfilaments, the mechanism at the core of cell contractile force generation.
Outer arrows indicate direction of filament displacement, inner arrows indicate direction of
myosin motor displacement
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complex Arp2/3 facilitates actin filament nucleation, enables branching by
attaching to a filament and nucleating a new filament and aids in network stabil-
ization. Filament polymerization can be enhanced by the family of proteins known
as formins and the protein VASP [1]. Formins act as “processive caps” by
attaching the (+) end of the filament to the plasma membrane while simultaneously
enabling further polymerization and protecting the filaments from other capping
proteins [2]. Complementary to these proteins are ADF/cofilin, which disassem-
bles actin from its (—) end [1]. Another group of important actin-interacting
proteins are those that link actin to transmembrane adhesion molecules (discussed
in later sections of this chapter). The linkages between actin and the membrane
involve a large, multi-component complex of proteins that facilitate transmission
of chemical and mechanical signals between the intracellular and extracellular
space. Talin is largely implicated as one of the critical structural proteins linking
f-actin filaments to transmembrane integrins [3, 4]. These transmembrane
complexes are particularly important as they allow actin-generated forces to be
transmitted to the cell’s environment.

Measurement of Actin-Generated Forces and Mechanical Properties

During cell adhesion and spreading, forces generated by actin polymerization can
be exerted directly against the cell membrane. McGrath and colleagues showed
that actin polymerization is capable of exerting forces on either curved or flat
surfaces, based on their data which shows that the force of actin polymerization
can propel micron-sized synthetic disks through solution [5]. These findings
implicated that actin polymerization can exert force on a substrate regardless of its
curvature. This is particularly important in the context of cell generated forces, as
actin polymerization forces are primarily exerted on the highly fluid cell
membrane.

Only relatively recently has the force of actin polymerization been quantita-
tively measured [1, 6]. The force generated by a branching actin network was first
investigated by Fletcher and colleagues in 2005 [6] using atomic force microscopy
(AFM). An AFM cantilever tip was coated with ActA (an actin-interacting protein
from Listeria monocytogenes that facilitates polymerization), placed into cell
extract, and an actin network was allowed to form (Fig. 2a). The AFM cantilever
tip was then used to measure the displacement of, and force exerted on, the
growing actin network. The data is depicted using a force—velocity (F,) curve as
shown in Fig. 2d.

F, curves are used to depict the force profile in biological systems because
experimentally, force in biological systems is often measured using optical
methods to track displacement against an opposing force. These opposing forces
can be provided by objects such as a micron-sized bead in a viscous suspension
[5], or an AFM cantilever tip as was the case in these experiments [6, 18]. These
measurements of actin polymerization from Fletcher and colleagues [6] revealed
two distinct phases of force generation: a load-independent phase and a stalling
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Fig. 2 Methods of measuring cellular level forces. a Actin polymerization force against an AFM
cantilever tip causes tip displacement. b Integrin ligands are attached to an AFM cantilever tip,
then brought into contact with the cell surface. The tip is then displaced away from the cell until
the ligated integrins are torn from the membrane. ¢ Lamellipod protrusion force against an AFM
cantilever tip causes tip displacement. d Reprinted by permission from Macmillan Publishers Ltd:
Nature Cell Biology [6], copyright 2005. Normalized F, curve of actin polymerization obtained
through method depicted in a [6]. e Single-cell rupture forces for various integrins using the
experimental setup depicted in c¢. Ranges are given when more than one value has been reported
[7-17]

phase. The load-independent phase indicated that the network was capable of
growing at a relatively constant rate over a fairly large range of forces, about
0-300 nN. The stall force (the force at which velocity reaches zero) measured for
the network of actin filaments is on the order of hundreds of nano-newtons.
Additional studies have used AFM to measure the force exerted by actin poly-
merization in a protruding lamellipod [18] (Fig. 2b). Data from these experiments
illustrates that actin polymerization is the driving mechanism of protrusive force
generation in cells, and is critical to cell spreading.

Microfilament rigidity is also critical to the ability of actin fibers to provide
stable cellular structure and effectively transmit force. One measure of the stiffness
of a given cytoskeletal filament is its persistence length, which represents the rough
distance over which a filament may be considered completely rigid. Persistence
lengths of actin filaments have been measured by observing their deformation
under thermal fluctuations or various loading conditions [19-22]. Early studies
concluded that the persistence length of an actin filament is around 17 um [19].
Later studies examined filaments under different conditions (nucleotide binding,
phalloidin binding, etc.) and found the persistence length could vary from 7 to
20 pum [22]. Additionally, actin-interacting proteins such as cofilin have also been
shown to influence filament persistence length [21]. The cell’s ability to modulate
microfilament persistence length is important in fine-tuning force generation.
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Myosin Structure and Dynamics

The myosins are a family of motor proteins associated with actin. Actin—-myosin
complexes generate the cellular forces used in cell contractility and migration. The
majority of myosins are (+) end motors, meaning that they move along actin
filaments towards the (+) end. There are several different types of myosins and
each participates in specific cellular functions. In this chapter, we will be primarily
concerned with non-muscle myosin II (NMII), as it is most often implicated in the
generation of cellular-level forces [23]. Myosin “heavy chains” consist of one or
more head, neck, and tail domains. Head domains bind actin and require ATP to
detach. As such, if ATP is depleted within a cell, its myosin molecules remain
attached to actin and cannot move. The neck domain contains binding sites for
myosin “light chains” (calmodulins) that regulate the head domain. Activation of
myosins such as NMII requires phosphorylation of its light chain domain. The tail
domain facilitates the interaction of myosin proteins with each other, forming
myosins with more than one head and allowing the formation of myosin filaments
(a common example of this type of filament can be found in the A-band in the
sarcomere of skeletal muscle). Functionally, myosins also strengthen the actin
network by cross-linking actin fibers. Studies of myosin molecule interactions with
actin fibers using optical trapping techniques indicated that a single myosin
molecule is capable of exerting forces on the order of ~3.5 pN while producing a
displacement of about 11 nm [24].

2.1.2 Microtubules

In comparison to actin, microtubules are much larger, more rigid [19], and slightly
less dynamic. Although their role in cell adhesion and spreading is less understood,
it is known that they contribute to the mechanical properties of cells and are
involved in the establishment of cellular homeostasis. Like actin, microtubules
have specific associated motors that contribute to force generation. However, we
will not specifically discuss the microtubule-associated motor proteins (kinesins
and dyneins) as they function primarily for transport within the cell and are not
directly involved in the generation of cellular-level, adhesion-related forces.

Microtubule Structure and Dynamics

Microtubule subunits are heterodimers made up of the globular proteins o-tubulin
and fS-tubulin. Their structure is complex: o/f-tubulin dimers first polymerize lon-
gitudinally to form protofilaments. The protofilaments then line up side by side to
form curved sheets that eventually wrap into a tube consisting of 13 protofilaments in
circumference. Both o- and f-tubulin require GTP in order to form a dimer and
polymerize into full microtubules. Nucleation and stabilization of long microtubules
is mediated by y-tubulin and its associated proteins (known as the y-tubulin ring
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complex, or y-TuRC). In the cell, microtubules generally originate from the
microtubule organizing center (MTOC), which is found near the centrioles.

Like actin, microtubules are polarized and have both a positive end (which is
highly dynamic) and a negative end. Assembly and disassembly occurs primarily
at the microtubule (+) end. The assembly rate is lower than the disassembly rate,
primarily because disassembly can occur in a “catastrophic” fashion. Conforma-
tional changes of the subunits occur when the f-tubulin in the of/f-tubulin
heterodimer hydrolyzes its bound GTP to GDP, creating a “kink” between the
o- and fS-tubulin. This kink can cause unstable microtubule ends to disassemble by
peeling apart.

Measurement of Microtubule-Generated Forces and Mechanical Properties

Similar to actin dynamics, both microtubule polymerization and depolymerization
are known to generate force. Early studies of microtubule polymerization forces
analyzed the buckling of microtubules against an immobile barrier to calculate an
F, curve [25]. These studies found an exponential decay relationship in the F,
curve, closely resembling modeling predictions. Subsequent attempts to observe
microtubule assembly dynamics used more advanced techniques such as optical
traps, enabling molecular-level resolution [26]. Methods to measure microtubule
persistence length are similar to those used to examine actin filaments. As men-
tioned earlier in this chapter, microtubules have a much higher rigidity than actin
filaments. This is evidenced in the relatively high persistence length of microtu-
bules, which is on the order of about 5 mm (as compared to actin filaments, at
around 10-20 pum) [19]. This also fits well with observations that microtubules
generally support compressive loads within the cell [27, 28].

2.1.3 Intermediate Filaments

Intermediate filaments are the third major class of cytoskeletal elements. As a part
of the cytoskeletal network, they contribute to cellular shape and structural
integrity, and are largely considered cellular “shock-absorbers” to mediate and
mitigate external mechanical stresses [29]. The class of cytoskeleton proteins
known as intermediate filaments is really a collection of various proteins, each
with different tissue specificities, but a conserved filamentous structure. Depend-
ing on the specific filament type, intermediate filaments can have persistence
lengths ranging from 200 nm (keratin) to 1,300 nm (vimentin) [30]. Therefore
intermediate filament proteins are far softer and more flexible than microtubules
and actin filaments. While it is not known if intermediate filaments plan an active
role in adhesion and spreading, it is clear they play a mechanical role in the cell by
acting as a stress-buffering system. A more extensive review of the structure and
mechanical properties of intermediate filaments can be found in the following
extensive reviews [29, 30].
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2.2 Cell-Environment Connection Machinery

The ability of cells to generate forces through the intracellular machinery described
above is critical for a variety of essential cellular functions. Intimately tied to the
generation of forces is the ability of a cell to attach to its matrix in order to transmit
and stabilize these intracellular forces.

Early studies showed that cell-matrix adhesions are crucial for cell survival
[31, 32] and established the concept of “anchorage dependence,” referring to the
need for a cell to attach to a substrate to survive. Landmark studies using the then
newly-purified ECM protein fibronectin revealed the presence of a physical
transmembrane link between the specific constituents of the ECM and the cyto-
skeleton. For example, treatment of transformed cells with fibronectin caused
“increased cell-to-substratum adhesion of treated cells, cell spreading and flat-
tening, and elongation of cell processes” [33] as well as reorganization of cyto-
skeletal F-actin [34]. It was observed that extracellular matrix macromolecules
such as fibronectin aggregate into filaments and serve as ligands for specific
transmembrane receptors, which cluster and serve as docking stations for intra-
cellular cytoskeleton proteins such as actin [35-37]. Shortly thereafter, the phe-
nomenon of cellular “shape sensing” was identified as the basis for density
dependent cell growth inhibition and anchorage dependence [38]. This concept has
since grown significantly and implications of this work are important for our
understanding of cell adhesion, spreading, and homeostasis.

2.2.1 Integrins

The transmembrane receptors that mediate the dynamic physical interactions
between cytoskeleton-extracellular matrix were first purified in 1986 and were
termed integrins [39, 40]. Integrins are heterodimeric (o~ and f-subunits), trans-
membrane proteins with highly conserved extracellular and cytosolic domains.
These transmembrane macromolecules are being studied in a wide number of
human health-related fields, including development, cancer, hematology, and
immunology. In the past three decades, the integrin family has expanded to include
a number of homologous adhesion receptors whose most basic function is to bind
to insoluble extracellular matrix protein ligands. However, their role is more
complex, as they mediate both physical and chemical interactions through their
involvement in focal adhesions. Additionally, their signaling functions are bi-
directional, capable of both “inside-out” and “outside-in” signaling.

Integrin Specificity

Integrins bind to specific extracellular matrix glycoproteins to allow a cell to adhere,
spread, and migrate. The combination of integrin subunits imparts specificity.
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Certain cells and their integrins adhere only to specific matrix proteins. Inherent in
this is ligand-specific “outside-in” signaling. While integrins bind specific
sequences in matrix proteins, integrins do not demonstrate singularity. That is, a
given integrin (an o/ff combination) can potentially bind with several different
extracellular matrix ligands. For example, the «5f1 integrin can act as the adhesion
receptor for both fibronectin and collagen. Therefore, adhesion and spreading of a
given cell-type are mediated through cell-type specific integrins ligating their
corresponding matrix proteins.

Integrin Avidity, Affinity, and Activation

Also important in cell adhesion and spreading is a cell’s ability to control and
modulate integrin function. This ultimately determines how tightly a cell can
adhere to a substrate in its microenvironment. Studies with leukocytes and
platelets provided evidence that some cells can change their adhesiveness in
response to microenvironmental factors [41]. Changes in cellular adhesiveness
or “avidity” do not occur through recruitment of receptors to the membrane,
but rather through increased integrin affinity (through integrin activation)
and valency (governed by density of receptor and ligand on surfaces).
Regulation of integrin affinity through intermolecular interactions and intra-
molecular allostery is an elegant demonstration of the bi-directionality of
integrin signaling.

e “Inside-out” signaling:

— Short cytoplasmic integrin tails (primarily of the f-subunit) interact with
membrane-associated intracellular proteins.

— The ligand-binding site is restructured through long-range allosteric confor-
mational changes that result in increased integrin affinity (or “activation”).

e “Outside-in” signaling:

— Subsequent ligand binding causes conformational changes that are transmitted
back to the cell to regulate diverse responses [42].

This “activation” process can also run in reverse, beginning with integrins
binding to extracellular ligands and resulting in the presentation of cytoskeletal
adapter protein binding sites. Integrin avidity can also be impacted by valency:
increased integrin clustering, increased membrane diffusivity of f subunits [43].
As is often the case with integrins, movement of integrin receptors laterally within
a membrane can be initiated both extracellularly (as a result of extracellular ligand
availability) and/or intracellularly (through F-actin-mediated relocation of inte-
grins) [44]. Integrin organization within the plasma membrane has several
implications in terms of both signaling and internal cytoskeletal organization,
which will become more apparent in later sections.
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Mechanical Characterization of Integrin Interactions

Even though integrins themselves are incapable of generating force, they are
essential components in transmitting cell-generated forces to the environment. To
achieve this, integrins must be capable of withstanding relatively high levels of
mechanical stress. Studies to determine the amount of force integrins can with-
stand before failing are vast [45], although they generally fall into two categories:
whole cell studies and single integrin studies. AFM has been a useful tool in
characterizing integrin binding affinities. Using AFM in this setting allows a
substrate to be brought into contact with the cell surface and then removed with
known displacement and force (Fig. 2¢). Using this technique on the single cell
level has revealed a rupture force (force at which the ligand unbinds from the
receptor) on the order of 30-80 pN, given a loading rate of 1 nN s~ ' [45]. A more
comprehensive review of using AFM to measure cellular binding interactions
appears in a recent paper by Helenius et al. [45].

Optical traps (or “optical tweezers”) have also been used extensively to mea-
sure adhesion molecule load bearing [45]. This method involves using micron-
sized beads coated with integrin ligands. These beads can be controlled using
optical techniques and used to exert force on a cell once in contact with its
adhesion receptors. Galbraith and colleagues used this method to investigate how
forces exerted on integrins mediate focal complex formation, a concept we will
discuss in more detail in Sect. 4 [44, 46].

2.3 Cell-Cell Connection Machinery

Just as cells have transmembrane integrins to connect their internal machinery to
their environment, they also have transmembrane machinery specifically for
establishing connections with other cells. These molecules follow the same theme
of exhibiting a high degree of specificity in their function, enabling cells to sense
their environment. Cell—cell contact also regulates the extent of spreading and cell
force generation [47].

The primary mediators of cell-cell adhesion are the cadherin family of proteins.
Cadherins are glycoproteins with a single transmembrane domain. There are
several types of cadherins, E-, N-, and P-cadherin, and their distribution is tissue-
specific. Their extracellular domains (N-terminal) bind other cadherins in a
homotypic manner (i.e. a E-cadherin molecule will bind only other E-cadherins)
that is Ca**-dependent. The cytoplasmic domains (C-terminal) link to the actin and
microtubules of the cytoskeleton with the help of o- and f-catenin. Dimerization of
cadherin molecules is also required for cell-cell adhesion. E-cadherin is the pro-
totypic cadherin and has been implicated in several signaling pathways relating to
the establishment of cell polarity, actin polymerization, and Rho activation.

Another family of cell-cell connection molecules is the immunoglobulin (Ig)
superfamily. This family includes molecules such as N-CAM, ICAM, VCAM,
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PECAM and several others. Like the cadherins, they are transmembrane glyco-
proteins, however they bind in a heterotypic manner and are not dependent on Ca>*
for their ligation. Expression of these molecules is tissue-specific and can be
induced by certain cytokines.

Yet another group of transmembrane glycoproteins involved in cell-cell con-
nections are the selectins. This family has several members (E-Selectin,
P-Selectin, L-Selectin). Expression is cell type specific and in some cases can be
induced by exposure to growth factors such as TNFa«. These heterotypically bind
sugar moieties on the surface of other cells in a Ca®*-dependent manner.

The cell-cell adhesion molecules, once engaged, are most commonly found
clustered in the membrane, similar to the way integrins cluster. Cell—cell junctions
mediated by cadherins linked to actin and myosin filaments are collectively known
as adherens junctions (AJs). Like matrix adhesions, these sites include proteins
such as vinculin, tropomyosin, and o-actinin (many of the same components as
focal adhesions). A second type of cell—cell junction is the desmosome. This type
of cell junction consists of a cytoplasmic plaque (made up of plakoglobin and
desmoplakins) that links keratin fibers (intermediate filaments) to desmoglein and
desmocollin, which are both cadherins. These adhesions are thought to contribute
to a cell’s shape and rigidity. They may also be able to transmit shear forces from
one cell to its neighbors.

Cell—cell connection machinery provides yet another pathway through which
cells can sense their environment to reach their homeostatic target. In the context
of cell spreading, this target takes the form of contact inhibition, a phenomena in
which cells will stop spreading if they come into contact with neighboring cells.
Such interactions are crucial to normal tissue function, but are disrupted in certain
disease states as will be described in Sect. 5.

3 Subcellular Connections and Dynamics
3.1 Matrix Adhesions

As described in the previous section, a cell possesses machinery for internal force
generation through cytoskeletal polymerization and machinery for exerting force
against its extracellular matrix. Coupling of these two separate but related
mechanisms to generate force enables cell-matrix adhesion and cell spreading.
Here we discuss the regulation of this coupling and how it translates into a means
for cells to sense their environment.

3.1.1 Initiation and Formation

Cell-matrix adhesion formation begins with the ligation of an adhesion receptor.
This initiates an “outside-in” signal—usually through conformational change of
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the adhesion receptor—that alerts the cell to its new connection. Adhesion-asso-
ciated scaffolding and signaling proteins are then recruited to the new adhesion
site. These recruited proteins often serve multiple purposes ranging from physical
reinforcement to propagation of chemical signals and regulation of the adhesion
lifetime. Important to their function, the activities of these proteins are transient;
the regulatory events governing matrix adhesions and cytoskeletal reorganization
require the molecules involved to be intrinsically dynamic. The development and
maturation of matrix adhesions is often dependent upon the exertion of forces at
the adhesion site.

Focal adhesions are commonly found in cells spread out on a 2D substrate and
their formation is based around the ligation of integrins to their specific substrate
in the ECM. Focal adhesions are molecular assemblies containing clusters of
multiple scaffolding and signaling proteins [48, 49] which are typically elongated
adhesions that are greater than 1 um? in area. Focal adhesions mature from focal
contacts, which are small dot-like adhesions, typically after the application of
force [50]. One of the first proteins to be recruited by a ligated integrin is talin.
Talin binds directly to the -subunits of integrins and serves as a platform for both
linking to the cytoskeleton via actin filaments and binding to other recruited
proteins such as paxillin (also an integrin-binding protein) and vinculin [51].
Together, talin and paxillin recruit focal adhesion kinase (FAK). FAK has multiple
functions within the cell, including contributing to focal adhesion turnover,
transduction of signals to regulatory proteins, and phosphorylation of other focal
adhesion proteins [3]. Src, a membrane-associated tyrosine kinase, forms a com-
plex with FAK that aids in further signal propagation [3]. The transient formation
of this complex and its subsequent intracellular signaling play a role in deter-
mining the lifetime of the focal adhesion. Contractile force imposed at adhesion
sites and changes in cell shape cause the clustering of additional ligated integrins
and their respective linkages to the cytoskeleton [44]. This force contributes to the
maintenance and stability of adhesion sites required for cell adhesion and
spreading.

3.2 Mechanosensing at the Cell-Matrix Interface

The inside — outside — inside mechanosensory ability of cells is a critical con-
troller of not only cell adhesion and spreading, but also of endogenous cellular
force generation, tissue homeostasis, and quiescence [52]. Moreover, the ability of
a cell to respond to external mechanical stimuli depends on highly-interconnected
and coordinated networks of regulatory signaling that are integrated in the same
pathways that regulate cell adhesion. In their role as signaling and structural
transmembrane complexes, integrin-mediated complexes have mechanosensing
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function and are capable of translating externally applied forces into cellular
phenotypic changes.

Although no single sensory molecule has been identified specifically for the
purpose of mechanotransduction (as has been identified for chemical stimuli, for
example), mechanical stimuli in the cellular microenvironment including exoge-
nous forces, physical properties of the ECM, and forces exerted through cell—cell
adhesions have a significant effect on cell behavior. It has been shown that cells
can sense external forces through a number of mechanisms, including primary
cilia, stretch-modulated ion channels, nuclear lamina, the cytoskeleton, and matrix
adhesions [53-55]. Cellular adhesion, spreading, and force generation rely pri-
marily on cytoskeletal dynamics and matrix adhesions as a mechanism to sense
and respond to externally applied mechanical forces.

The ability of cells to sense the stiffness of their environment, while an
emerging field, is becoming a classic biological example of cellular mechano-
transduction resulting in differential cell spreading. Stiffness sensing relies upon
“active tactile exploration” of the cellular microenvironment. That is, cells use
cytoskeletal contractility to exert contractile forces through matrix adhesions,
assessing the resulting substrate strains to determine the appropriate cellular
response. While this phenomenon was originally observed and identified in the
context of cell morphology, motility, and adhesion strengthening [56, 57], ongoing
work has shown that mechanosensing of matrix stiffness is intimately involved in
directional cell migration [58], cell differentiation [59], tissue development and
maintenance [60-65], disease progression [66, 67], and tensional homeostasis [66, 68].

The maturation and development of matrix adhesions into focal adhesions
during cell spreading and adhesion is directly affected by substrate stiffness. Initial
cell adhesions to the ECM through integrins initiate integrated feedback and
feedforward signaling cascades that actively regulate cell adhesion and cell force
generation [69]. Mechanosensing is a driving force for this response, and it has
been shown that stable focal adhesions, as evidenced molecularly by an adhesion-
localized increase in tyrosine phosphorylation and behaviorally by decreased
membrane ruffling and rate of spreading, only develop on sufficiently stiff sub-
strates [56]. Cells perceive stiffness by interpreting the reactive tensile force that
results from contracting the ECM through adhesions; less stiff (more compliant)
substrates resist less tension, and thus, do not promote the cytoskeletal tension and
protein kinase phosphorylation that are required for focal adhesion maturation and
stability [44, 48].

Cells use adaptive matrix adhesions to integrate mechanical cues from their
microenvironment. Through recruitment of adapter proteins and signaling mole-
cules to sites of initial matrix adhesions, cells can perceive and respond to
exogenous forces as well as physical properties of the extracellular matrix. In the
following sections we will demonstrate how cells utilize integrated biochemical
and biophysical pathways to adhere, spread, change shape, and migrate by pro-
viding analysis of the phases of cell spreading.
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4 A Spreading Cell

Thus far, we have laid the groundwork for understanding the dynamics of cell
adhesion and spreading by describing the cellular structures (cytoskeleton and
integrin-mediated adhesions) involved. Given this information, the specific pro-
cess of cell spreading can be dissected. Cell adhesion and cell spreading are
fundamental biological processes essential for establishing connections between a
cell’s internal machinery and its environment. The establishment of these con-
nections, or lack thereof, will dictate cell behavior by enabling a cell to sense and
respond to its environment. These connections are therefore critical for achieving
cellular homeostasis.

Cells have been shown to spread either isotropically, where they flatten against
a surface like pancake batter on a pan, or anisotropically, where the cells send out
membrane extensions unevenly in multiple directions [64]. In earlier work, we
showed that when ligand density is decreased, anisotropic spreading is favored;
however, when ligand density on a substrate is saturated, isotropic spreading is
favored [64]. While there remains much to be understood regarding the mecha-
nisms driving isotropic versus anistropic spreading, our data seem to indicate that
the need for a cell to “search” for ligand to bind to, when ligand is sparsely coated
on a surface, triggers a cell to send out increased extensions, which favors
anisotropic spreading. The rate and directionality of filopodia extension depending
on the microenvironment may be one determinant of the mode of spreading.

Although most cell types display both modes of spreading, current literature has
primarily focused on isotropic spreading [70-76]. Spreading studies, in general,
are useful model systems for simplifying the more complex process of cytoskeletal
organization, and isotropic spreading is the simplest form of that model. Spreading
can be thought of as a series of cytoskeletal movements that drive membrane
protrusion. Given this simplification, spreading becomes a relatively pure system
for understanding the forces and factors regulating cytoskeletal reorganization.
Once these aspects of spreading are understood, this knowledge can be applied to
our understanding of a more complicated cell processes like migration or cell
division, where multiple cytoskeletal processes, like adhesion, de-adhesion, ruf-
fling, blebbing, and retraction, occur.

Here, we will dissect the process of cell adhesion and spreading, by describing
the changes undergone by a single cell from initial contact to a fully spread state
and the establishment of homeostasis. To do this however, we must first make
some assumptions:

e The cell is healthy, anchorage-dependent, and spreads isotropically (equally in
all directions).

e The substrate exhibits sufficient adhesion molecule ligands on its surface. These
ligands can take the form of ECM proteins such as fibronectin, laminin, colla-
gen, etc.
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Thus, the specific phases of spreading described here may not apply to all cell
types, but because all eukaryotic organisms, including yeast, utilize similar
cytoskeletal proteins and dynamics, one might anticipate that cell spreading
generally occurs in unique phases. Isotropic spreading is focused on here because
it much simpler mechanistically. Anisotropic spreading involves the same mech-
anisms, except they are spatially biased.

4.1 Defining the Phases of Spreading

Much of what is known about the individual phases of cell spreading is largely
based on the work of only a few labs in recent year. Sheetz and colleagues were
the first group to define the distinct phases involved in cell spreading [72, 73].
These phases were identified by comparing the spread area (A) of isotropically-
spreading mouse embryonic fibroblasts on fibronectin-coated substrates with time (%).
Examining a plot of In(A) vs. In(?) revealed three distinct rates of area increase, each
following a different power law (and thus a different “rate” of spreading, dA/dr).
Generally, cells exhibit an initially slow rate of spreading, followed by a period of
rapid spreading, before finally reaching a fully spread state with minimal change in
area. Upon examining cellular traction forces over the same duration, a biphasic trend
emerges: traction forces remain low for a period of time before abruptly rising to
higher levels later on, once a constant area is achieved. An example of this behavior
can be seen in Fig. 3. The time course over which spreading occurs can vary
depending on cell type. However, the phases of spreading as identified [72, 73] occur
over the course of roughly an hour, as seen in Fig. 3.

a)s-
(a) )
| b
7 (b) gl o .
& < 1000 1
o 6 - (= .
5 8 800 { :p""\
= 61 5 ' W
g 'S 600 1 |
S 4 o |
< g 400 1 {
- >
3 < p0 '\%‘rr'
24 . . . ; T 0
2 -1 0 1 2 3 0 10 20 30 40 50
Time, In(min) Time, min

Fig. 3 Identifying the phases of spreading (a, reprinted with permission from the Journal of
Applied Physiology) double logarithmic plot of cell area over time for two different mouse
embryonic fibroblasts [73]. b Average contractile force of a single spreading mouse embryonic
fibroblast over time [76] (Reproduced under Creative Commons Attribution License). Dotted
lines indicate boundaries between phases. E, I, and L indicate early, intermediate, and late phases
of spreading respectively
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Integrating these observations with knowledge of cytoskeletal structure and
function provides some information regarding the intracellular dynamics involved
in spreading. As described earlier in this chapter, a major function of the cyto-
skeleton is to establish and support cell shape, structure and integrity. Multiple
groups of proteins (such as small GTPases) actively regulate cytoskeletal
dynamics (actin/microtubule (de)polymerization, myosin activation/inhibition,
etc.). These regulatory proteins directly control cell shape, structure, and integrity
by regulating the cytoskeleton. A cell’s degree of spreading—and more broadly,
its morphology—at any given time is thus the collective combination of all active
cytoskeletal “states” or activity [72, 73]. Precise spatial and temporal activation of
cytoskeletal states gives rise to cellular processes (membrane blebbing, ruffling,
lamellipodia or filopodia extension, contraction, etc.) that are then coordinated or
biased to achieve global movements such as adhesion, spreading, migration, etc.
[76]. Investigation of the molecular players involved in each phase of cell
spreading should provide valuable insight into the relative roles that each of these
molecules play in regulating more complex processes like migration.

4.2 Phases of Spreading

4.2.1 Early Phase Spreading
Key Events

The early phase of spreading can be thought of as containing two key events: first
is the initial physical contact between the cell and substrate, followed by the initial
sensing of the substrate surface ligands. In most cases, cells initially exhibit a
spherical or “balled-up” morphology while in suspension.

Initial Physical Contact with Substrate

The dynamics of the initial physical contact between the cell and substrate is
governed primarily by the material properties of both entities [74, 75]. Very
early spreading and the initial forces experienced by a cell can be analogously
compared to a viscous liquid droplet (the cell) contacting a surface (the sub-
strate). This very early spreading is primarily a passive process, dependent upon
the mesh-like structure of the cortical actin network of the cell and the stiffness
of the cell membrane [74, 75]. The cortical actin network can increase cell
rigidity and decrease initial passive spreading. As such, disruption of the cortical
actin network (through disrupting either actin polymerization [74], or non-muscle
myosin-ITA (NMIIA) contractility [77]) significantly increases the rate at which
early spreading occurs by decreasing the amount of force required to deform the
cytoskeleton-supported cell membrane. Another material aspect important in
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early contact with the substrate is surface charge. The surface of a cell is nor-
mally negatively charged due to carbohydrate modifications of surface proteins.
As such, the early adhesion dynamics between cell and substrate depend on the
thermodynamic balance of charges on each. Predictive models of these cell-
substrate interactions in terms of such thermodynamics have been developed
[78, 79].

Initial Sensing of Substrate Surface

Coincident with the initial physical contact of the cell and its substrate are the
formation of the initial connections between cellular adhesion receptors (pre-
dominantly integrins) and substrate-bound extracellular matrix proteins. Mem-
brane-bound adhesion receptors are brought into further contact with the
substrate via active cytoskeletal protrusion events in early spreading. These
events include either membrane blebbing or filopodia extension [76]. These first
connections are significant events because they serve as both anchoring points
for the cell facilitating adhesion, and as nexuses to transmit information
regarding the composition of the cell substrate. This ability arises from the
specificity of its adhesion receptors (e.g. specific integrin subunit pairs bind only
specific ligands).

Implications of Early Phase Events

The establishment of initial cell-substrate adhesions characterizes the early phase
of spreading, and will ultimately induce a transition to the next phase of spreading.
Activation of integrins, via binding to their extracellular ligands, initiates multiple
signaling events that can influence cytoskeletal dynamics and the maturation of the
initial adhesions.

Transduction of integrin-mediated signals typically requires the intracellular
binding of paxillin and talin, which recruit focal adhesion kinase (FAK) and Src.
FAK and Src form a complex together to initiate a cascade of signaling that results
in stimulation of the Rho GTPases Racl and Cdc42. Activity of this FAK-Src
complex also mediates suppression of active RhoA (RhoA bound to GTP) levels,
which in turn decreases the activity of Rho-associated kinase (ROCK), thereby
decreasing cell contractility [3, 80]. Paxillin and talin also serve to link the ligated
integrin to the cytoskeleton. Together, increased activity of Racl and Cdc42 serve
to stabilize the F-actin network of the cell and promote its growth through
increased polymerization [80], which is the driving mechanism of the next phase
of spreading described below [72, 73, 76].

The density of ligand available on the substrate has been shown to affect the
duration of this early phase of spreading [44, 76, 81]; cells initiate spreading
more quickly on a surface containing higher ligand density. Likely, a cell
exposed to an increased density of initial ligand will exhibit increased early
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integrin activation that results in activation of Racl and Cdc42. At the end of
early phase spreading, the cell has transformed from being a spheroid in sus-
pension, to being a flattened cylinder with roughly the same radius on the 2D
substrate.

Cell-Generated Forces During Early Phase Spreading

Studies have shown that a cell at this early stage is capable of exerting con-
tractile forces on the substrate [76, 81]. Contractile forces at this stage, however,
are of significantly lower magnitude as compared to later stages of spreading.
The generation of early phase contractile forces, shown to be caused by NMIIA
[77], is enabled by the linkage of ligated integrins to the cytoskeleton via talin
[4]. These weaker contractile forces are to be expected, as RhoA activity is
suppressed by the formation of initial adhesions and that the cell’s small
adherent spread area can only minimally activate ROCK to induce myosin
contractility [82]. Our own work has shown that cells are capable of exerting
force in these early stages of spreading, even without the detectable presence of
actin stress fibers or the clustering of vinculin, one of the earliest recruited focal
adhesion-associated proteins [64]. Collectively, these data indicate that to exert
force against its substrate, a cell does not need formal focal adhesions to have
formed.
Summary: Early Phase spreading is characterized by:

e Passive deformation and disruption of the cortical cytoskeleton occurs, depen-
dent on the stiffness and tension of the cell membrane.

e The formation of initial adhesions between integrins and extracellular matrix
proteins, which initiates signaling events through Racl, Cdc42, and RhoA.
Integrin ligation alters the balance of active cytoskeletal processes.

e Weak contractile forces exerted against the substrate, likely due to minimal
integrin binding and the lack of focal contacts.

4.2.2 Intermediate Phase
Key Events in Intermediate Phase

The cell enters the intermediate phase of spreading once Racl and Cdc42 have
been activated beyond a threshold, essentially reached through ligation of adhesion
receptors to the substrate [72, 73, 76, 80]. This increased activation of Racl and
Cdc42 shift the dominant active cytoskeletal state from a primarily stagnant cor-
tical network to polymerization of the cortical actin. Therefore cell area rapidly
increases during the intermediate phase of spreading.
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Implications of Intermediate Phase Events

Increased peripheral actin polymerization results in an increase in protrusive
forces, causing a rapid increase in cell area. Racl- and Cdc42-induced actin
polymerization drives an increase in cell area by exerting protrusive forces directly
on the membrane [1]. During intermediate phase spreading, VASP localizes near
the tips of cortical protrusive processes [76]. This helps drive expansion of cell
area because VASP binds both F-actin and adhesion molecules in the cell mem-
brane [83, 84]. A number of additional actin-interacting proteins including the
Arp2/3 complex, formins, and cofilin also play a role in actin polymerization and
the protrusion of the cell membrane during spreading. Formins act as “processive
caps” by attaching the (+) end of the filament to the plasma membrane while
simultaneously enabling further polymerization and protecting the filaments from
other capping proteins. The Arp2/3 complex enables branching of the actin net-
work, providing increased stabilization between filaments. To support the
expanding cortical actin network, depolymerization of older actin filaments must
occur. Depolymerization is mediated by the cofilins, which aid in the dissociation
of ADP from G-actin. In the next phase of spreading, actin-interacting proteins
(formins, Arp2/3, VASP, and talin) also play a large role in shaping the ability of
microfilaments to exert and transmit force. The retrograde flow of actin has been
shown to be inversely related to the speed of edge protrusion and driven by a
combination of NMIIA activity and membrane resistance to actin polymerization
[70, 85, 86].

The increase in cell area, which is a hallmark of this intermediate phase of
spreading, also causes several other notable changes to occur in the cell. One of the
more obvious changes is the increase in the number of integrin-mediated adhe-
sions. As spread area increases, more of the cell surface comes in contact with the
substrate, and more integrin receptors become ligated. Integrin ligation initiates
the formation of a positive feedback loop via Racl and Cdc42 [80]. Just as occurs
during early phase spreading, initial integrin ligation activates these regulatory
small GTPases. The intermediate phase of spreading also includes an increase in
cytoskeletal tension. Studies of cells on isolated adhesive islands of ECM revealed
that cells with a greater spread area exhibit higher levels of cytoskeletal tension
[87]. Increased cytoskeletal tension translates to increased intracellular force
transmitted to the cell-matrix adhesions, which balances the internally-generated
forces across the cell. Increased tension at adhesion sites activates additional
signaling pathways inducing activation of RhoA, a key molecular regulator of
contractility [82].

Increased protrusion forces also induce the recycling of adhesion sites. As
spreading occurs and new adhesion sites are formed, mature adhesion sites (now
located towards the center of the cell body) begin to disassemble due to prolonged
FAK activation and decreased RhoA activity [70, 88]. Recall that the initial
ligation of integrins causes deactivation of RhoA and a number of other events
through FAK activation [3]. Integrins from disassembled adhesion sites are now
recycled to new sites at the cell periphery [86]. The recycling of integrins has been
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linked to ROCK signaling [89] which can become decoupled from RhoA activity
[82] (such that RhoA activation does not activate ROCK). Through this pathway,
adhesion site disassembly leads to the majority of adhesion sites being located at
the expanding cell periphery.

Cell-Generated Forces During Intermediate Phase Spreading

As described earlier, cell-generated forces in intermediate phase spreading are
predominantly protrusive. These protrusive forces are driven by actin polymeri-
zation directly against the membrane and are facilitated by specific actin-
interacting proteins [1]. Protrusive forces have been measured using a variety of
tools. The first direct measurement of these forces was in 2006 by Prass et al. [18].
They measured the deflection of an AFM cantilever tip against the advancement of
a trout keratocyte lamellipod and used that measurement to calculate the force
exerted by the lamellipod. Using this technique, the mean force produced by
lamellipodial protrusive forces was determined to be just over 1 nN [18]. The
normalized F, curves obtained in their experiments exhibited the same qualities as
the F, curve for simple actin polymerization as measured by Parekh et al. [6] in
Figure 2d, illustrating that such lamellipodial protrusive forces are generated
through actin polymerization.

As in early phase spreading, there appears to be weak contractile force gen-
eration during this phase due to minimally active ROCK [82]. Together, the
increase in cell area, recycling of adhesion molecules, and increased tension
induce onset of the third, “late” phase of spreading. The shift is driven primarily
by the increased activation of RhoA and its downstream effector ROCK, induced
by the cell reaching a critical spread area [71, 82].

Summary: Intermediate Phase cell spreading is characterized by:

e “Steady state” phase of actin polymerization [76], resulting in the generation
of protrusive forces at the cell periphery and generation of new adhesion
sites.

e Increased cytoskeletal tension.

e Recycling of adhesion receptors from initial locations to the cell periphery.

4.2.3 Late Phase
Key Events in Late Phase Spreading

Similar to the Intermediate Phase of spreading, the onset of Late Phase spreading
is induced by an increase in the levels of activated small GTPases involved in
contractility. Once the cell’s spread area reaches a critical spread area (as deter-
mined by substrate properties such as ligand density, stiffness, etc.) [71, 81], RhoA
activates its effector ROCK, resulting in NMIIA phosphorylation. This increase in
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phosphorylated NMIIA produces the hallmark event of late phase spreading:
cytoskeletal contractility.

Implications of Late Phase Events

The resultant increase in RhoA activation and its coupling to ROCK [82] leads to
the activation of myosin light chain kinase (MLCK) which in turn activates
NMIIA via phosphorylation. Increased NMIIA activation mediates contraction of
the cytoskeleton and transmission of the subsequent generated force to the sub-
strate. As in intermediate spreading, the key characteristic event, cell contraction,
promotes several changes in the cell. Most notably, contractile forces imposed at
sites of cell-matrix adhesion induce reorganization of adhesion molecules and
reinforcement of adhesion sites.

First, the increased force on ligated integrins promotes integrin clustering in the
membrane and the maturation of focal adhesions [90]. Clustering of integrins and
activated RhoA leads to bundling and cross-linking of the associated actin and
myosin network into stress fibers. RhoA also serves to inhibit actin fiber disas-
sembly by cofilins and promote its assembly via formins (the “processive caps”
described earlier in this chapter) [91].

Contractile “pulses” of the cytoskeleton are also observed in Late Phase
spreading. These contractile pulses have been proposed as a way for cells to
“sense” substrate stiffness [70, 76].

Cell-Generated Forces in Late Spreading

Late phase spreading is characterized by a rapid increase in cell-generated con-
tractile forces [71, 76]. The degree of cell contractility (and the magnitude of
generated forces) is affected by substrate stiffness, ligand concentration, cell area,
focal adhesion size, and a variety of other factors [71, 76, 81]. The contractility
observed in late phase spreading is transmitted through integrin adhesion to the
cell substrate as tractional stresses exerted tangential to the substrate. Multiple
techniques have been developed to measure cellular traction stresses, including
traction force microscopy (TFM). TEM measures the cell-mediated displacement
of fluorescent beads in a deformable substrate of known stiffness to determine
forces exerted by a cell that creates these displacements. Studies using TFM have
revealed that endothelial cells can exert traction forces almost as high as 2,500 nN
[81, 92]. Cells can therefore exert much greater force through contractile mech-
anisms in late spreading compared to polymerization-driven mechanisms in early
spreading.
Summary: Late Phase spreading is characterized by:
e NMIIA-dependent contractility.

e Formation of actin—-myosin based stress fibers linked to mature focal adhesions
(Fig. 4).
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Fig. 4 A summary of the phases of isotropic cell spreading. Top panel Flowchart of spreading
events; activated and inactivated Rho GTPases are indicated by green and red boxes, respec-
tively; orange boxes indicate the events that directly lead to initiation of the next phase of
spreading by crossing the threshold indicated in the feal boxes. Middle panel Total internal
reflection fluorescence (TIRF) microscopy images of the spread area of a mouse embryonic
fibroblast over time [76] (Reproduced under Creative Commons Attribution License). Bottom
panel Cartoon rendition of cell spreading events, viewed from the side

5 Physiologic Environmental Factors Sculpt Cellular
Spreading and Homeostasis

5.1 Regulation of Cell Shape by the Extracellular
Microenvironment

During active and quiescent cell states, the multi-molecular intracellular
machinery that is required for force responsiveness and generation is not static.
Rather, the cytoskeleton and cell-matrix adhesion complexes are continually being
assembled and disassembled, enabling the cell to generate protrusive and con-
tractile forces. These forces contribute to the maintenance of cellular homeostasis
in a potentially dynamic microenvironment, and during cell migration and the
formation of tissues [49, 93-95]. In the previous section, this coordination was
demonstrated through the phenomenon of isotropic cell spreading, which is gen-
erally considered a relatively homogeneous process. Physiologically, however,
there are many environmental factors that influence cell spreading and determine
the homeostatic shape of a cell. For example, the cellular microenvironment can
affect cell contractility, kinetics of spreading, spread area, cell polarization
(intracellular components), and isotropy of shape and cell elongation. Notably,
while these parameters generally define cell morphology, cell shape is much more



Forces During Cell Adhesion and Spreading 51

significant than a mere description of the size and appearance of a cell. Over the
past 30 years, several landmark studies in which the geometry of cells was pre-
cisely controlled have proven that cell shape, as determined by cell-matrix
adhesions and the cytoskeleton, has a critical role in cell survival and differenti-
ation as well as in tissue development, architecture, and function in vivo [38,
96-99]. Identifying the environmental factors that contribute to defining cell shape
in vivo will enable better understanding of cell and tissue homeostasis as well as
the causes and effects of deregulated cell shape in disease.

5.2 Cell Migration: “Shape Change with a Bias”

Cell migration is a dynamic process that occurs through the biochemical and
biophysical orchestration of cell-matrix adhesions and cell shape polarization,
which itself is a coordination between intracellular contractile and protrusive
forces [100-103]. Thus, in the context of cell adhesion and spreading, cell
migration can be considered “shape change with a bias”. Indeed, the extracellular
stimuli that drive cell shape regulation often direct cell migration in tissue
development, maintenance, and disease [95, 104, 105]. Such microenvironmental
factors can influence migratory characteristics including rate of migration (speed)
and directional persistence in a coordinated manner. Highly-polarized stimuli,
such as chemical or mechanical gradients, will typically increase the directional
persistence of a migrating cell while generally isotropic stimuli, such as uniform
chemokinetic factors or ECM stiffness, will alter the migratory behavior (speed) of
a cell with no apparent directional bias. While a complete discussion of the
mechanisms of cell migration is beyond the scope of this chapter, we will discuss
how integration of exogenous stimuli drives endogenous cellular force generation,
thus enabling cells to adaptively control their shape and, as necessary, migrate to
achieve cellular homeostasis.

5.3 Tissue Specificity

Mesenchymal, connective, muscle, epithelial, and endothelial cells are each
exposed to unique microenvironmental factors in vivo that define distinctive cell
and tissue morphologies and functions [106—111]. It would be impossible to pro-
vide a comprehensive survey of instances where a cell’s microenvironment defines
its cellular homeostasis within one chapter, as research in this field is vast and
entirely tissue-specific. However, to capture the importance of the microenviron-
ment in regulating cellular shape and force generation, two specific tissue types will
be discussed: epithelial and endothelial tissues. The environmental factors that
contribute to the unique homeostasis of the cells in each tissue will be explored. We
will provide evidence that, through mechanosensing, the microenvironment
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mediates endothelial and epithelial cellular force generation, which, when
orchestrated with matrix adhesions, manifest in cell shape regulation. Finally, this
shape regulation, when spatiotemporally coordinated, can lead to cell migration,
which has implications in tissue development and disease progression.

5.4 Overview of Cellular Homeostatic Perturbations and
Disease

Cell shape changes and migration, which are required for embryogenesis, tissue
maintenance, and wound healing, are also involved in pathogenesis upon disrup-
tion of cellular homeostasis. Perturbations in cell spreading can cause cells to
undergo changes in gene expression and phenotype that drive it from its quiescent
state. Normal disruption of homeostasis is transient and can be beneficial as it
guides cell differentiation and migration during development or wound healing.
However, sustained disruption of homeostasis or aberrant cell response to
homeostatic microenvironmental conditions can drive disease. If the homeostatic
perturbation is sustained and/or excessive, it can initiate and preserve overactive
intracellular signaling loops that cause tissue-specific phenotypic changes and
promote pathogenesis. For example, changes in ECM stiffness, which are typically
a sustained perturbation, can cause deregulation of cell-generated forces, which, as
we will discuss, can significantly impact the normal structure and function of cells
and tissues. Additionally, if the ability of a cell to respond to environmental cues is
abnormal, its behavior in its native environment may be disrupted. For example,
transformed cells can have defective mechanosensing machinery, which prevents
them from sensing and responding to their mechanical environment appropriately.

5.4.1 Epithelium and Cancer: An Example of Cell Forces Correlating
with Disease

Epithelial tissues exist in several unique shapes, including spherical cysts (i.e.
thyroid, other glands) and elongated tubular structures (i.e. ducts in mammary
epithelial tissue) [112]. Regardless, the most striking characteristics of epithelial
tissues in vivo are their apical-basal polarity and tight cell-cell adhesions [113,
114]. Notably, the tissue stroma has been strongly implicated in establishing these
traits. Further, the properties and composition of both the cellular and ECM
components of the stroma evolve through development and significantly affect
tissue organization and function at all epithelial generations [108, 115]. It has been
shown that cytoskeletal tension, controlled through Rho and ROCK-mediated
contractility, drives basement membrane remodeling required for normal tubulo-
genesis in mammary epithelium [116, 117]. Additionally, several studies have
demonstrated that proper epithelial development and maintenance depends on a
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dynamic balance between cell-cell and cell-matrix adhesions [95, 118]. Guo et al.
[63] found that cell-cell adhesions compete directly with cell-matrix adhesions to
provide cells with mechanical input and thus, maintain tensional homeostasis. If
physical signals from the ECM are stronger than those from cell—cell interactions,
cells migrate away from each other, while if cell-cell adhesions dominate, cells
associate and assemble into tissue structures. This balance of epithelial cell
adhesions—to the basal lamina through integrins or to other cells through
E-cadherins—plays a critical role in establishing epithelial tissue polarity. The
nature of cell adhesions promotes polarization of the membrane and cytoskeletal
molecules across the apical and basal cell surfaces [113].

Basal Lamina Stiffness Drives the Malignant Phenotype
Through a Cellular Force Pathway

The stroma of epithelial tissues stiffens naturally during both tissue morphogenesis
and aging [119]. Naturally occurring tissue stiffening is due to the accumulation of
advanced glycation end products which crosslink the matrix as well as increased
matrix deposition. It is also well-known that tumors are stiffer than the sur-
rounding stromal tissue. This stiffening is likely a result of increased interstitial
tissue pressure and solid stress due to tumor expansion [120], an increase in the
intracellular stiffness of malignant cells [121], excessive RhoA-based cell con-
tractility [122, 123], and fibrosis [105]. Furthermore, patients presenting clinically
with fibrotic tumors typically have a poor prognosis [124]. Because of the highly
interconnected feedforward/feedback nature of mechanosensing, matrix stiffness
can initiate and maintain chronically-elevated mechanoresponsive signaling cas-
cades that can lead to malignant transformation of epithelial cells.

Stiffness sensing is an important component of a cell’s mechanosensing arsenal,
and it has been identified as a major determiner of epithelial cell shape and
epithelial tissue homeostasis. Epithelial cells probe the stiffness of the surrounding
ECM and respond through the adhesion and cytoskeletal dynamics discussed
throughout this chapter [112]. As discussed in earlier sections, matrix stiffness
induces focal adhesion formation and stability through an increase in tension at
these adhesion sites. This phenomenon is especially important in epithelial tissues,
where the balance between cell—cell and cell-matrix adhesions is controlled pri-
marily by properties of the underlying basal lamina [112, 115]. Thus, epithelial
tissue architecture is governed in part by the stiffness of ECM and cellular force
generation, and increases in stiffness can induce dissociation of cell-cell adhesions
[63]. Such deregulation of cell-cell adhesions supports an increased preference for
cell-matrix adhesions through integrins, which is critical for cancer progression. In
fact, inhibition of f1 integrins in breast cancer cells arrested cell growth and
promoted cellular apoptosis in 3D cultures and in vivo [125], underscoring the
necessity of cell-matrix adhesions and cell spreading in cell survival.

During malignancy and invasion, cells exhibit a more aggressive phenotype,
and it is thought that cell force generation is an important element of this
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phenotype [126]. Notably, epithelial cell traction forces increase with matrix
stiffness [127], which can manifest in basement membrane reorganization, cell
shape changes, and migration commonly associated with cancer [115, 117, 128].
Indeed, the expression and activity of the small GTPases Rac and Rho, which are
classically linked with cellular contractility, are enhanced in tumors, and elevated
Rho expression is clinically associated with cancer progression [122, 129, 130].
Further, Wozniak et al. [116] have implicated Rho-based cell contractility in
response to matrix stiffness as the determining factor that drives mammary epi-
thelial cells toward either tubulogenesis on soft substrates or cell proliferation on
stiff substrates. Rac and Rho have complementary roles in maintaining cell shape
and cell force generation. Cancer cells, which typically exhibit loss of spatio-
temporal control over Rac and Rho activation, show disrupted cell polarity, cell
shape, and cell force generation [131, 132].

Taken together, the deregulation of cell adhesions, increase in cell force gen-
eration, and cell shape changes that occur in response to basement membrane
stiffness provide substantial evidence that normal levels of ECM stiffness preserve
epithelial tissue architecture (Fig. 5). Several groups have shown that a sustained
increase in stromal stiffness disrupts normal cellular and tissue structure and
function both in vitro and in vivo, in a manner that is characteristic of cancer.
Paszek et al. [66] demonstrated that increased stiffness causes integrin clustering,
focal adhesion assembly, disruption of E-cadherin junctions, Rho-mediated con-
tractility, and FAK/ERK activation in non-transformed mammary epithelial cells.
These subcellular effects resulted in disruption of acini structure and promoted a
highly invasive phenotype. Moreover, Provenzano et al. [67] showed that sustained
ERK activation due to matrix stiffness promoted initiation of, and progression
through, the cell cycle as well as expression of clinically-relevant proliferation-
signature genes, which is consistent with the characteristic over-proliferative
behavior of malignant cells. Most recently, it was reported that stiffening of the
mammary stroma with lysyl oxidase (a natural collagen crosslinker) facilitates
tissue morphology breakdown and invasiveness both in vitro and in vivo [133].

The matrix stiffness-induced intracellular changes shown by Paszek et al. and
Provenzano et al. may enable epithelial to mesenchymal transition (EMT), which
is generally characterized by fundamental changes in cell adhesion and motility
[95, 134]. Specifically, cells having undergone EMT exhibit a loss of E-cadherin
expression in favor of N-cadherin expression. These cell-cell adhesions are much
weaker, and an increase in cell-matrix adhesions is needed to satisfy the cells’
need for mechanical input and tensional homeostasis.

In addition to triggering malignant transformation, stiffness-induced Rho-
mediated cell contractility and changes in cell adhesion, when coupled with pro-
teolysis, may also contribute to metastatic migration [135]. This “shape change
with a bias” is likely enabled by defective mechanosensing components (discussed
in the next section), and allows tumor cells to navigate aggressively away from the
primary tumor. While a more thorough discussion of the mechanisms of cell
migration is outside the focus of this chapter, Friedl and Wolf [103] provide an
excellent review.
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Fig. 5 Normal ECM stiffness promotes epithelial cell quiescence and epithelial tissue structure. a
Spatiotemporally-localized activation of Ras, Rac, and Rho downstream of FAK phosphorylation
contributes to epithelial cell polarity and maintenance of tensional homeostasis under normal ECM
conditions (left side of figure). Specifically, Rac acts to stabilize cell-cell junctions through
recruitment of cortical actin (dashed gray region on left), while activated Rho and ERK phos-
phorylate MLC and drive cell contractility (dashed gray region on right). Both cell-generated and
perceived extracellular forces are represented by white arrows. b In response to a stiff extracellular
matrix (right side of figure), the cell re-establishes its tensional homeostasis by contracting more
aggressively (positive feedback pathway within green dashed region), which enables stress fiber
formation and promotes cell-matrix adhesion through integrin clustering. The impact of stiffness-
induced Rho activation on intercellular cadherin junctions is twofold (destructive signaling pathway
within red dashed region). Rho directly suppresses (thick black inhibition arrow) the laterally-
localized Rac activation that stabilized cadherin junctions and, through cell contractility, destabi-
lizes already existing intercellular junctions. ECM stiffness promotes a general loss of cellular
polarity, which drives the epithelial cells toward an invasive mesenchymal phenotype. Together, the
subcellular and cellular-level responses in green and red are indicative of a malignant phenotype and
the resulting disruption of normal tissue architecture is represented in the confocal immunofluo-
rescence images, with notable events highlighted by white arrowheads. Confocal immunofluo-
rescence images reprinted with permission from Elsevier [66]

Defective Mechanosensing Components Prevent Epithelial Cells
from Responding Appropriately to Mechanical Stimuli

The ability of cells to respond to their environment is critical for maintenance of
cellular health and homeostasis. However, the intracellular signaling pathways that
are involved in sensing and responding to external stimuli are complex and involve
a vast number of molecular players. Gain-of-function mutations in Ras that result
in its constitutive activation were among the first discovered oncogenic mutations
and represent one of the most prevalent molecular mechanisms for transformation
[136]. Overactivation of this molecular intermediate has many downstream effects,
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one of which is decreased sensitivity to the mechanical properties of the sur-
rounding ECM. Transformed cells typically exhibit increased cell contractility [66,
134], which is driven by altered RhoGTPase signaling in breast cancer [123]. This
defective mechanosensing capability was modeled in vitro by transfecting mam-
mary epithelial cells with a constitutively active isoform of Rho. This modification
eliminated the stiffness-sensing ability of these cells, causing elevated cell con-
tractility, increased cell spreading, and enhanced cell-matrix adhesion regardless
of matrix stiffness [66].

Mechanical Properties of the ECM Influence Angiogenesis in Cancer

Normal development and maintenance of endothelial tissues also depends on
mechanosensing, balance of cell-cell and cell-matrix adhesions, and coordination
of contractile and protrusive cytoskeletal dynamics. Interestingly, there is signif-
icant evidence that blood vessels associated with tumors, and specifically those
that develop within tumors through angiogenesis, are leaky, dilated, and disor-
ganized, and that the cells that reside in these blood vessels are highly prolifera-
tive, drug-resistant, and exhibit increased sensitivity to growth factors [137, 138].

The process of neovessel formation through angiogenesis is an essential part of
development, wound healing, and pathogenesis [139]. There is evidence that
proteolytic activity accompanies angiogenic network formation in vivo, suggesting
that matrix composition affects both the initiation and progression of neovessel
formation [140]. Furthermore, because sprouting involves directional migration, it
requires polarization, which is thought to arise from both biochemical and bio-
physical means. The ECM plays a significant role in establishing the cell polari-
zation that accompanies endothelial network formation. Through force generation
and mechanosensing, cells detect and respond to intrinsic properties of the ECM as
well as changes in these properties.

During angiogenic network formation, cell-cell adhesions can directly compete
with cell-matrix adhesions [63] to enable the self-assembly of cells into networks
structures. This balance supports the formation of networks in more compliant
ECM, where to satisfy their tensional homeostasis, endothelial cells increase cell—
cell interactions and connectivity [62, 64]. Our own laboratory has showed that
when EC-matrix adhesivity is low, either through insufficient matrix stiffness or
reduced ligand availability, capillary-like network formation results (Fig. 6) [47].
Alternatively, when EC-matrix adhesions are strong and stable on stiffer sub-
strates, the cells are less likely to organize into networks. While this phenomenon
was identified in vitro, it has significant implications in tissue development and
maintenance in vivo, particularly in driving endothelial sprouting and network
formation during tumor angiogenesis. Specifically, these results suggest that
increased intratumoral stiffness may cause the destabilization of endothelial cell-
cell adhesions, resulting in excessive vascular permeability [138].

Additionally, we have acquired separate data to show that ECs are capable of
mechanosensing adjacent cells over a distance during network formation. That is,
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Fig. 6 Matrix stiffness influences endothelial network formation. Compliant (low stiffness) gels
(E < 1 kPa) promote cell—cell interactions and network assembly as evidenced by EC clusters,
cords, and lacunae. Stiff gels (E > 2.5 kPa) prevent proper endothelial network formation by
restricting endothelial cells from deforming their ECM to communicate with other cells as well as
by encouraging cell-matrix adhesions. This phenomenon is important in cancer because the
ability of tumor-associated ECs to satisfy their tensional homeostasis through balance of
mechanical inputs is critical for normal vascular function. Increased intratumoral stiffness may
cause destabilization of cell—cell adhesions, resulting in vascular permeability. Notably, it was
recently reported that ECs extracted from a primary tumor may exhibit some degree of stiffness-
insensitivity, shown by a stiffness-independent increase in basal Rho activity, traction force
generation, and tubule formation. It is thought that this mechanism enables tumor-associated ECs
to form networks, although leaky, in vivo

ECs can communicate through compliant substrates using a form of stiffness
sensing in which cells sense directionally-biased increases in matrix stiffness due
to the contractility of nearby cells [64]. From these results, a novel model emerged
wherein cell-generated contraction forces induce a tension gradient in the sur-
rounding ECM that activates the adhesion and migratory machinery of a second
cell in a highly localized and polarized manner, resulting in durotaxis. Thus,
durotaxis, first demonstrated by experimentally perturbing the substrate in the
vicinity of a cell [58], is presumed to contribute to the cell spreading and migration
that is characteristic of angiogenesis [47]. This result supports the finding that a
balance between ECM stiffness and cellular traction forces determines the mor-
phological features of endothelial networks [141].

Recently, it was shown that tumor-derived capillary endothelial cells exhibit
some degree of stiffness-insensitivity similar to that which was described in epi-
thelial cells [137]. These cells express high basal levels of Rho activity, thus
preventing them from dynamically responding to the mechanical properties of
their surrounding ECM. As expected, these cells exert higher traction forces, take
on distinct cell morphologies, and assemble into tubular networks regardless of the
mechanics of the underlying substrate or presence of other cells. However, normal
mechanosensing endothelial cell behavior was restored upon ROCK inhibition.
These results provide further evidence of the importance of both ECM stiffness
and mechanosensitivity in maintaining normal tissue architecture and function.
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5.4.2 Endothelium and Atherosclerosis: An Example
of Cell Shape Correlating with Disease

Forces in the Endothelium Determine Normal Tissue Structure and Function

In addition to matrix stiffness, there are a multitude of other forces that are present
in the normal endothelial environment in vivo that influence cell adhesion and
spreading, and thus, endothelial cell homeostasis and angiogenesis. Endothelial
cells in vivo display a bi-axial hallmark of polarity (apical-basal and upstream—
downstream) in forming a monolayer that lines the interior of blood vessels. Here
we will describe two significant mechanical cues inherent in the endothelial
environment. The first is cyclic strain, which results from both the elasticity of
blood vessels and the pulsatile nature of blood flow. The second is shear stress,
which is exerted upon the endothelium as viscous blood flows over the adherent
endothelial monolayer. Both of these mechanical cues influences the balance and
localization of cell—cell and cell-matrix adhesions and alters cell shape to promote
quiescence and thus aid in the maintenance of normal tissue function. In vivo,
vessel circumference dynamically changes as a result of blood flow. This change
in vessel circumference translates to cyclic strain along the axis perpendicular to
the direction of fluid flow. This stretching induces a change in cell shape,
accompanied by a re-distribution of matrix adhesions and stress fibers perpen-
dicular to the axis of stretch. Critical to stress fiber maintenance and re-organi-
zation is the activity of the small GTPase Rho, without which cells are unable to
properly orient stress fibers [80, 142]. Rho activity mediates actin dynamics
required for cytoskeletal adaptation to maintain endothelial cell homeostasis. It is
hypothesized that stress fibers form perpendicular to the direction of cyclic strain
to reduce the net intracellular tension induced by stretch. The maintenance of
stress fibers in this orientation through cytoskeletal adaptation has also been
implicated in feedback to cellular signaling pathways that contribute to homeo-
stasis [143]. Disruption of the physiological norm due to alterations in cyclic strain
therefore has the potential to contribute to disease progression, particularly in
increasing susceptibility to atherosclerosis development.

Fluid shear stress imposed by blood flow acts directly on the apical surface of
endothelial cells, and similar to cyclic strain, contributes significantly to the
geometrical anisotropy and cellular alignment observed in EC monolayers
throughout the vasculature [143-145] (Fig. 7a). Because fluid shear stress (FSS)-
induced endothelial cell shape change is associated with cytoskeleton rearrange-
ment [146, 147] and is tyrosine kinase-dependent [109], the Rho family of small
GTPases and cell-generated forces have been heavily implicated in this cellular
response [148]. Furthermore, the establishment and maintenance of the charac-
teristic polarized morphology of ECs is adhesion-dependent and requires spatio-
temporally-localized activation of intracellular signaling machinery [148, 149].
One of the earliest observable cellular responses to FSS acting on the apical
surface is integrin activation on the basal surface due to an allosteric change that
increases integrin affinity [150]. This activation and subsequent adhesion of
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integrins results in rapid focal adhesion remodeling in the direction of the FSS
[149], with increased FAK activation at the site of new focal adhesions [151].
Several groups have shown that regulation of intracellular signaling activity by
shear stress occurs downstream of new integrin-ligand binding [150, 152-154],
further emphasizing the importance of FSS-enhanced cell-matrix adhesion and
focal adhesion turnover. Together, these localized biomolecular events contribute
to the maintenance of the polarized cell shape shown in Fig. 7a.

In an elegant study by Wojciak-Stothard and Ridley [155], it was shown that
cellular response to physiological shear stress occurs through regulation of Rho-
based cellular contraction and Racl-driven protrusion. The authors demonstrated
that within 5 min of exposure to shear, endothelial cells exhibit rapid depolar-
ization and contraction, produced by elevated RhoA-GTPase activity and actin
stress fiber formation. Shortly thereafter, RhoA activity returns to basal levels as
Racl activity increases, driving lamellipodial protrusion from the downstream side
of cells in the direction of fluid flow. As cells achieve a spread and aligned
morphology, Racl-driven protrusion subsides while RhoA-based contractility and
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stress fiber formation increases, reestablishing tensional homeostasis with the
underlying substrate. Several studies have confirmed that appropriate alignment
and spreading in response to FSS depends upon dynamic regulation of RhoA
activity [150, 155, 156] as well as local Racl activation within protruding
lamellipodia [157, 158]. These FSS-induced effects are observed in the previously
discussed middle and late stages of cell spreading, where Racl and RhoA have
been implicated, respectively. Moreover, EC traction forces—which represent the
biophysical manifestation of biomolecular events such as cell-matrix adhesions,
intracellular signaling, and cytoskeletal dynamics—were increased and localized
along the upstream and downstream edges of the cell in response to FSS, enabling
cell shape change and realignment in flow [159].

One of the atheroprotective roles of FSS in vivo is to enable appropriate and
efficient tissue maintenance and repair through control of cell shape and polarity.
Investigating the time course of shear stress-regulated cell shape, Remuzzi et al.
[146] showed that bovine aortic endothelial cells lose their polarized morphology
20 h after removal of flow. After 72 h in this static condition, FSS-conditioned
cells reverted back to control (unstressed) levels of spreading, but still contained
some aligned cytoskeletal components [146]. These results indicate that shear
stress imposed by hemodynamic blood flow is essential for maintaining physio-
logical endothelial cell morphology and illustrate how the loss or disruption of
flow could have significant implications in pathology. Tissue vessel architecture
relies not only upon moderation of cell-matrix adhesions, but also FSS-dependent
maintenance of intercellular junctions, which preserve the barrier function of
endothelial tissues [160, 161]. EC junctions, like cell-matrix adhesions, are inti-
mately involved with the cytoskeleton, and are in fact regulated by localized Rac
and Rho activity, which act antagonistically to stabilize and perturb EC junctions,
respectively [155, 162].

Endothelial cell migration is not observed in quiescent blood vessels, but has
been observed in disease states. As previously discussed, cell migration can be
seen as cell shape change with a bias, and indeed, the forces that determine
endothelial cell spreading and shape also contribute to EC migration. Cell
migration during in vivo wound healing, in particular, is fluid shear stress-directed
[163, 164]. In vitro, both EC orientation and migration increase in response to
physiological fluid shear stress in a scrape wound assay [165]. Likewise, Vyalov
et al. [164] demonstrated that the healing response of wounded endothelial mon-
olayers exposed to reduced shear stress in vivo is abnormal and insufficient. Thus,
fluid shear stress likely plays a dual role in improving the efficiency of wound
healing. First, FSS continually maintains ECs in a highly polarized state, thus
equipping them to migrate immediately upon disruption of an adjacent cell—cell
contact or other injury. This polarized morphology enhances the directional per-
sistence of EC migration through Rac-induced alignment of the cytoskeleton and
FSS-oriented cell spreading [166]. Second, as previously discussed, FSS causes
increased Rho activation and thus, traction force generation, at the leading edge
and rear of a cell, suggesting that FSS promotes a migratory phenotype [159].
Moreover, there is evidence that the biochemical composition of the basement
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membrane provides additional cues that influence stress fiber formation, cell
spreading, and migration that follow injury in vitro [167].

Mechanical Properties of the Basement Membrane and ECM

It is becoming increasingly apparent that, in addition to fluid shear stress, the
mechanical properties of endothelial ECM contribute to its adhesion and spread-
ing, and thus, the establishment and maintenance of cellular homeostasis. Matrix
mechanical properties affect all generations of the vascular system, from quiescent
ECs lining large arteries to branching ECs during angiogenesis. The fibrillar nature
of the ECM allows it to impart mechanical forces on cells through its intrinsic
mechanical properties and transmitted forces, like those due to cyclic strain, in
established blood vessels [143, 168, 169].

Perturbation of Normal Endothelial Mechanical Homeostasis and
Cell Spreading

Atherosclerosis is a vascular disease characterized by the development of plaques
or lesions within blood vessels involving proliferation of the vascular smooth
muscle layer, thrombus formation, and accumulation of inflammatory mediators
[170]. Atherosclerosis progression depends on multiple factors including genetic
predisposition, dietary factors and lipid metabolism [170]. In the past two decades
it has become apparent that the loss of endothelial mechanical homeostasis (due to
factors including aberrant cyclic strain or fluid shear stress) also plays a significant
role in the progression of cardiovascular disease. The cellular and molecular
processes involved are highly complex and are strongly influenced by mechanical
forces and cell shape.

Physiological FSS is atheroprotective, as it contributes to the maintenance of
endothelial cell polarity, orientation, cell-cell adhesions, and thus, homeostasis
[143, 171]. Regions of the vasculature that are most prone to early atherogenesis are
often exposed to disrupted flow. Disruptions primarily occur at points of vascular
branching or bifurcations, where flow may become oscillatory (change direction)
[172]. Additionally, the architecture of these bifurcations can result in altered
magnitude and direction of the cyclic strain exerted on the endothelial layer, which
can also be proatherogenic [143] (Fig. 7b). Interestingly, cell shape is one of the
most obvious phenotypic differences between endothelial cells in atheroprone
versus atheroprotective regions: endothelial cells in these atheroprone areas tend to
be square in comparison to the elongated morphology seen in straight portions of
the vessel. The ramifications of changes in cell shape in response to flow, including
cytoskeletal and adhesion dynamics that permit minimization of flow resistance,
have been under active investigation for a number of years [173-175].

Notably, there also is direct evidence that endothelial cell contractility and
shape mediated through Rho signaling also contributes to endothelial permeability.
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This suggests a mechanism of cross-talk between fluid shear stress and EC con-
tractility through the Rho pathway to affect cell structure and function.

6 Summary

Cells modulate their cytoskeleton to generate forces, which, when coordinated
with cell-matrix and cell-cell adhesion regulation, enable cell shape change.
This force is born in the molecular-level forces generated by actin polymeriza-
tion and actin—-myosin interactions that drive the membrane outward during
spreading and stabilize cell shape of spread cells. Attention has been paid to the
early process of spreading because it is a tractable, simplified model of the multi-
step integrated process of migration. Moreover, cell adhesion, the extent of
spreading and cell shape have been shown to determine cell fate and function
and drive several other adaptive cellular processes such as migration, growth and
proliferation. Therefore knowledge of the biochemical and biophysical mecha-
nism involved in inducing or controlling spreading will lead to greater insight
into the factors controlling cellular homeostasis. While multiple examples exist
where cell shape and spreading become disrupted during disease, as in cancer
and atherosclerosis, there remains much to be learned about the inside-out and
outside-in signals present during cell spreading and adhesion that help establish
cellular homeostasis.
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