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Abstract
Many aspects of cellular motility and mechanics are cyclic in nature such as the extension and
retraction of lamellipodia or filopodia. Inherent to the cycles of extension and retraction that test
the environment is the production of mechano-chemical signals that can alter long-term cell
behavior, transcription patterns, and cell fate. We are just starting to define such cycles in several
aspects of cell motility, including periodic contractions, integrin cycles of binding and release as
well as the normal oscillations in motile activity. Cycles of local cell contraction and release are
directly coupled to cycles of stressing and releasing extracellular contacts (matrix or cells) as well
as cytoplasmic mechanotransducers. Stretching can alter external physical properties or sites
exposed by matrix molecules as well as internal networks; thus, cell contractions can cause a
secondary wave of mechano-regulated outside-in and internal cell signal changes. In some cases,
the integration of both external and internal signals in space and time can stimulate a change in
cell state from quiescence to growth or differentiation. In this review we will develop the basic
concept of the mechano-chemical cycles and the ways in which they can be described and
understood.

Introduction
Recent developments in microscopy and nanotechnology have enabled the analysis of
cellular mechanical processes at the subcellular and molecular levels in conjunction with the
analysis of the biochemical signal changes that control other cell functions. It is now
possible to approach the question of how the mechanical signals interact with the
biochemical signaling pathways. As the cyclic actions of kinases and phosphatases are
central to intracellular biochemical signaling, we need to identify the central molecular
players whose functions are altered by cycles of extension and retraction that produce
intermittent forces on matrix contacts. What is emerging is the picture that actin filaments
are assembled and disassembled in a treadmilling cycle as the cell extends the leading edge
and retracts, and each cycle generates a signal that is integrated over many cycles and
locations to produce a signal to alter the cellular state (as reviewed in [1•]). In other words,
one mechanical event is often not sufficient to cause a cell to change direction but many
events will activate a major change. In a cyclic mechanical function, for example, cell
movement can be initiated by the activation of actin filament assembly plus myosin
contraction, followed by force generation on junctional complexes (matrix or adjacent cells)
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and/or movement, ending with inactivation of the primary function [2••]. Alternatively,
external forces can cause major alterations in cell signaling often through the same pathways
as internal force generation does [3]. Many of the proteins that have been implicated in force
and geometry sensing are involved in producing long lasting changes in cell behavior (as
recently reviewed in [1•,4,5,6••,7•,8,9,10•,11•]). While it is well recognized that the
mechano-chemical signal conversion involves force-induced alterations of protein functions
(Figure 1), it remains a major mystery how physical and biochemical factors are coupled,
and how they are integrated to enable mechanical sensing.

Tensile mechanical force and biochemical signaling networks are coupled
In most cases, mammalian cell motility involves extension of the plasma membrane by actin
polymerization that pushes the membrane outwards, movement of that actin rearward by
myosin and the disassembly of actin in a treadmilling cycle (reviewed in [24]). For cells to
generate force on extracellular matrices, transmembrane integrins must link the actin
cytoskeleton to the matrix and a variety of adhesion linkages have been described at the
cytoplasmic tails of the integrins [25•]. Thus, a network of physically coupled proteins is
generated that links the outside to the cell interior. Myosin-generated force stresses this
protein network and all of its components. Once tensile force breaks the weakest protein–
protein linkage, a local relaxation occurs but stress is often restored rapidly by contraction.
Important to understanding mechanical cycles is that tensile force acting on receptor-ligand
complexes is known to typically weaken the lifetime of non-covalent bonds by accelerating
their dissociation rate [26••]. However, to enable long-lived (>10 min) adhesion complexes
to form despite the presence of cell forces, components in the complexes must either be
remodeled, for example, through the recruitment of additional integrins to the adhesion site
[27] (most molecular components of adhesion complexes have exchange half-lives much
less than 3 min), and/or form catch bonds with their respective ligands, that is, bonds that
hold on more strongly when stretched (as reviewed in [28]). Without force, these complexes
fail to assemble or disassemble relatively rapidly. Thus, force is necessary for the typical
adhesion complexes that in turn generate a number of biochemical signals.

Integrin binding to matrix as well as to actin, followed by force generation and finally
release constitutes just one example [29]. Furthermore, there is often a force-dependent
sequential exchange of adhesion linkages over time from one type to another with a clear
change in molecular composition and integrin content, meaning that all of the involved
proteins must turn over [29]. We understand the roles of a number of proteins in the motility
complexes that catalyze actin assembly or disassembly, myosin activation, and actin
crosslinking. How those proteins are integrated into the cycle of extension by actin
polymerization, rearward movement, and actin disassembly is only poorly understood. Some
of the important effects could be the result of force, since actin assembly in stress fibers is
linked to force as well as is the size of the adhesion complexes.

One of the obvious problems with the current approach of studying cell functions by
removing proteins (knockout or knockdown technologies) is that a motility function based
on a series of tightly coupled events will be blocked by the inhibition of any step in the
series, for example, blocking either actin polymerization or depolymerization will block the
motility cycles described above. An integrated systems description is needed to link the
physical and chemical aspects of motile functions (as reviewed in [30–33]). The urgency of
recognizing and defining these dependencies is particularly current as evidence is mounting
how many diseases involve defects in the cellular mechanoresponse system [17]. Even in
systems biology, it has so far not been considered that the physical and chemical aspects of
signaling networks are coupled. Proteins, whose functions can be upregulated or inhibited
by stretching, play very special roles in the mechano-chemical signal conversion (external
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proteins like fibronectin [34,35,36••] and internal proteins like p130Cas [18••,37] and talin
[38,39]).

A major goal thus has to be to identify all proteins that are part of various force-bearing
networks (Figure 2), as well as the detailed structural mechanisms how forces might switch
their diverse functions (Figure 1). Transmembrane proteins, such as integrins, anchor cells to
their environment and thus physically link the exterior to the cell interior. Mechanical forces
generated by myosin contractions can thus be transmitted via actin filaments through the
transmembrane adhesion proteins to ECM fibers or neighboring cells, or vice versa.
Evidence exists that mechanical forces acting on integrins can accelerate their activation
[40–42] and that some might form catch bonds ([40] and reviewed in [28]). The physical
linkage between integrins and actin can be formed independently by five cytosolic proteins.
Talin, tensin, plectin, filamin, and α-actinin were reported to individually bridge between
the various integrins and actin since they have binding sites for both proteins [10• ,25• ,
44,45] kindlin-3 requires couples to integrins via additional adaptor proteins [43]. The
stretching of talin leads to a reinforcement of the talin–actin linkage through the recruitment
of further proteins that are subsequently involved in downstream cell signaling events
[39,46–49]. Alternatively, the recruitment and stretching of p130cas regulates cell signaling
events due to its phosphorylation that is upregulated when stretched [18••].

Mechanisms leading to mechano-chemical signal conversion inside the cell
As the tools became available to study the mechanisms by which protein stretching might
alter protein functional states, it became clear that there are many molecules that can act as
mechano-chemical signal converters (Figure 1), and that many different mechanisms are at
work, two of which we would like to briefly describe below.

Vinculin is recruited to stretched talin
Upon cell adhesion, talin rapidly accumulates in focal contacts before vinculin recruitment
[50]. The recruitment of vinculin to cell adhesion sites has been shown to be upregulated by
force [46–48] and to correlate with adhesion strengthening [49] and reduced focal adhesion
turnover [51]. This indicated that vinculin recruitment to focal adhesions is upregulated by
force [46–48,52,53] through the stretching of talin. A recent study has experimentally
measured an increase in vinculin binding to the talin rod upon mechanical stretching [54]
and a high resolution structural mechanism has been proposed [39].

Since talin’s vinculin binding helices are buried in its native structure, how might tensile
mechanical forces activate them? Some key experimental observations [55–57] together
with computational simulations [39] provide high resolution structural insights into the
force-induced unfolding process of the N-terminal helix bundle of the talin rod. The
following model of activation has been derived: When mechanically strained, the tightly
packed helix bundle of the talin rod breaks into fragments thereby gradually exposing the
buried hydro-phobic surfaces of the five vinculin binding helices [39]. We suggested that a
vinculin binding helix becomes ‘activated’, if the buried surface area in mechanically
strained talin falls below the buried surface area in complex with vinculin. The vinculin
binding helices of talin can then spontaneously swap their association, breaking off from the
strained talin and associating with vinculin. We named this the helix swap mechanism [39].
Vinculin recruitment to talin thus initially increases if talin is incorporated into a force-
bearing network formed when a cell adheres to a surface or matrix fibrils [39]. However,
since each of the vinculin binding helices is exposed to water at a different time point in the
unfolding pathway of the talin tail, talin can recruit vinculin in a force-graded response.
Since vinculin can bridge talin and actin, it may reinforce the early talin–actin linkage that
has been shown previously to be a rather weak bond breaking at a force of 2pN [58].
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Increased tyrosine phosphorylation
A new paradigm was established recently that can possibly explain the basis of the increase
in tyrosine phosphorylation upon cell stretch through integrins [59] and some of the
mechanisms of tyrosine kinase and phosphatase effects on development, cancer, and
morphology [4]. Stretching of cytoskeletally attached tyrosine kinase substrates appears to
activate their phosphorylation by Src family kinases [60]. In the case of p130Cas, it is found
that a partial stretch of the substrate in vitro activates Src-family phosphorylation of
p130Cas by manyfold [18••] Because p130Cas is a scaffold protein that binds phosphatases
and kinases [61], the actual phosphorylation state upon stretch in vivo may be modulated
over time and space. Much more information is needed to determine when and under what
conditions p130Cas is phosphorylated and when does that phosphorylation result in a
biochemical signal for cell growth or differentiation. The central role that p130Cas plays in
breast cancer as the BCAR1 gene indicates that it is an important pathway that warrants
further study.

Static versus cyclic external forces acting on integrin junctions
The assembly of adhesion sites is upregulated by force, and some upregulation occurs
whether the force is applied by myosin contractions or externally [46]. It is thus interesting
that the application of static versus cyclic external forces has already been linked to major
differences in biochemical cell signaling changes. For example, laminar shear and cyclic
stretch both induced FAK phosphorylation but at different sites, that is, Y576 versus Y397
and Y576 respectively, thereby causing differential effects on Rho versus Rac activation
[62]. Cyclic stretch activates RhoA in fibroblasts and thereby induces ROCK-dependent
actin assembly [63]. Further downstream, the activation of the extracellular signal-regulated
mitogen-activated protein kinase 1/2 (ERK 1/2(MAPK)) is a prototypical marker for
integrin-mediated cell responsiveness to mechanical forces. For aortic smooth muscle cells,
a transient maximal 3.5-fold increase in phosphorylated ERK 1/2(MAPK) was seen but only
if the cells were stretched cyclicly (0.5 and 2.0 Hz). The ERK activation response peaks
after 5 min of exposure and decreased to baseline levels after 30 min [64]. In contrast to
ERK1/2, cyclic stretch induced a sustained JNK activation followed by a sustained cytokine
production and release (IL-8) as reported for alveolar epithelial cells [65].

Cycles of contractility (lamellipodial, whole cell)
Periodic cycles of contraction and extension of active lamellipodia have been correlated
with the formation of matrix contacts during contraction and the testing of matrix rigidity
(Figure 3). The displacements of cell contacts on pillars is similar in that it is also cyclic,
increasing and decreasing over time and the overall force is increasing with rigidity over a
wide range of rigidity [66••]. There is evidence for similar cycles in the contraction of
collagen fibers [67], the contraction of cytoplasm of cells after microtubule
depolymerization [68], and the leading edge of moving cells [69]. It is the effect of these
cycles that are of particular interest. Force during the contraction results in an active
signaling but why release occurs is not evident.

In the periodic retractions on rigid substrata, the best studied case so far, there is a clear
signal that is generated by the force on the substrate. If cells spread on soft surfaces, then
they stop spreading when contraction starts and the velocity of actin contraction increases.
We interpret this as an indication that the signal from a soft surface, weakens the adhesion
between matrix and the cytoskeleton such that actin contraction velocity is increased and
surface traction force is decreased. By contrast, hard surfaces stimulate adhesion formation
that leads to further extension and the development of periodic contractions. That signal may
be the unfolding of a cytoplasmic protein in the force-bearing linkage from the fibronectin
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matrix to the actin cytoskeleton [70]. Further, the force transmitted to dendritic actin
networks (like those formed in the lamellipodia of motile cells), can cause stress stiffening
followed by a regime of reversible stress softening at higher loads [71].

Cell motility drives matrix unfolding and remodeling
Cell motility drives matrix assembly and remodeling, and vice versa, matrix properties
regulate cell motility (as reviewed in [1•]). There are a number of common themes that have
to be considered to understand different motile functions and include: (1) localized actin
filament assembly, myosin filament assembly, contraction, and disassembly; (2) localized
adhesion and force generation to produce a rigidity or force-dependent signal; and (3)
generation of a dynamic, yet force-bearing cytoskeleton. In all cases where it has been
examined, actin filament assembly occurs in a different location from myosin filament
assembly but the two are often closely coordinated [2••]. Mechanical continuity that is
provided by actomyosin networks has the important property of being adaptable to
oscillating force loads. The catch-bond property of some myosins enables tension to be
preserved with little ongoing ATP hydrolysis [72•]. Thus, for transient pulls the strain
hardening that is observed can be the result of myosin or other catch bonds.

As local contractions occur, the cells apply force via their integrin junctions to extracellular
matrix fibers. The forces generated are sufficient to not only stretch but also partially unfold
fibrillar fibronectin [35•,36••] and potentially other matrix molecules. If cell contractility is
inhibited, refolding of the fibronectin molecules embedded in fibers occurs [35•,36••]. While
the refolding of single molecules in aqueous buffers typically occurs on the second to
subsecond timescale once the force is released [73], the refolding of fibrillar fibronectin
molecules in the presence of serum proteins happens within minutes [74]. Stretching of
matrix fibers will not only increase their rigidity, but will also alter the displayed binding
sites [75]. Consequently, cell contractions will alter the physical and biochemical
microenvironment of the cell. While the significance of the microenvironment in controlling
cell function and fate is increasingly recognized [76], little attention has been given to the
question how cells can initiate a secondary feed-back loop whereby cell contractions
actively alter the cellular microenvironment by stretching and unfolding matrix fibers. Cells
start to assemble their own matrix soon after being seeded. As they pull on existing fibers
and assemble new ones, the old fibronectin fibers become increasingly more unfolded with
age, and old fibers are on average more unfolded than newly deposited fibers [77•] (Figure
4). Only during the first few hours after seeding do we find a direct correlation between the
rigidity of the initial substrate and the mechanical strain of matrix fibers, whereby fibrillar
fibronectin is more unfolded on rigid than on soft substrates [77•].

What might the physiological significance of fibronectin unfolding be? Fibronectin has
many different recognition sites distributed over its more than 54 domains, some of which
bind serum proteins, others ECM proteins and cell adhesion proteins. Mechanical force
might switch them on and off by various molecular mechanisms [75]. Since they differ in
mechanical stability [78–80] tensile force acting on fibronectin fibers can structurally alter
the fibronectin modules in a well-defined sequence, thus allowing a broad range of forces to
be translated into a well-defined sequence of biochemical changes. Stretching and module
unfolding can destroy molecular binding motifs ([13,75] or activate protein binding by
exposing cryptic binding sites buried in native protein folds [15•,81••,82].

Future research is needed to decipher which of the longer term cellular responses are
controlled by initial material properties versus those of the self-made matrix, and which cell
signaling pathways are affected by matrix unfolding.
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Summary
Major questions on how mechanical factors and stimuli, some of which persist for only short
periods, can lead to longer term changes in cell behavior remain unanswered. The
biochemical signals produced by mechanotransduction must be integrated over space and/or
time to give the appropriate graded response of the cell. Transient responses to protein
stretching such as increased tyrosine phosphorylation or protein ligand binding can be one
element that is integrated perhaps by GTP enhancing factors (GEFs) or MAP kinase
cascades to give longer term cellular responses [83,84]. Perhaps the longer term integrated
analysis of cell mechanical behavior can help to unravel the molecular mechanisms that
underlie these robust yet complex cell fate changes to produce the appropriate regenerative
response.
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Figure 1.
Mechanical and biochemical signaling networks are coupled through proteins that serve as
mechano-chemical signal converters. Protein stretching can cause a multitude of functional
changes (as recently reviewed in [6••,12,1•]). Force-induced alterations of the equilibrium
structure of proteins can destroy molecular binding motifs, expose cryptic binding sites that
are buried in native protein folds ([13,14•,15•,16•,81••,82] and recently reviewed in [17]).
This includes exposing phosphorylation sites [18••], force furthermore either accelerates the
dissociation of non-covalent bonds or activates catch bonds that bind more tightly when
activated by force [19,20••,26••,28,43]. Finally, membrane stretching can lead to the
opening of ion channels [6••,21–23].
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Figure 2.
Force-bearing protein network that links the cytoskeleton to the extracellular matrix. The
molecular motor myosin (red) pulls on an actin fiber thereby applying force to a protein
network (green) that physically links the cytoskeleton to the extracellular matrix. Diverse
proteins that are associated with the various molecules of the force-bearing network are
given in yellow. Other force-bearing networks exist too, including those that link
cytoskeletal elements to cell-cell junctions.

Vogel and Sheetz Page 12

Curr Opin Cell Biol. Author manuscript; available in PMC 2013 October 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Micrographs of cells spreading on surfaces of different rigidities show different spreading
patterns. (A) DIC images of the first and last point show the extent of spreading of a MEF
on a stiff polyacrylamide. The kymograph of the same MEF spreading on a stiff
polyacrylamide gel (20% acrylamide, 0.8% bisacrylamide) covalently linked with FN 10 µg/
ml shows that periodic contractions were generated. (B) DIC images and kymograph of a
MEF spreading on an intermediary stiffness polyacrylamide gel (10% acrylamide, 0.1%
bisacrylamide) covalently linked with FN 10 µg/ml. Note the effective protrusion of the
leading edge without the generation of periodic contractions and the following global
ruffling of the lamella. (C) DIC images and kymograph of a MEF spreading on a soft
polyacrylamide gel (10% acrylamide, 0.04% bisacrylamide) covalently linked with FN 10
µg/ml. Note the absence of both periodic contractions and effective protrusion of the leading
edge. (Left. Scale bars are equal to 5 m. Right. time bars are equal to 30 s; scale bars are
equal to 2 m. Arrows indicate the direction of protrusion.)
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Figure 4.
Fibronectin fibers are progressively more unfolded as the extracellular matrix ages as probed
by fluorescence resonance energy transfer (FRET). Fibroblasts were seeded on glass and
allowed to assemble matrix for three days in 10% serum. Trace amounts of FRET-labeled
fibronectin were added for limited time periods as indicated in the upper bar graph. On
average, each labeled fibronectin molecule carried seven donors and four acceptors. The
FRET ratios probed in matrix (without optical cross-talk correction) are compared to those
measured in solution in the presence of various concentrations of the denaturant GnHCl,
where the onset of a loss of secondary structure is seen at 1 M GnHCl and beyond.
Fibronectin is completely unfolded at 4 M GnHCl. After three days, the matrix deposited
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during the first 24 h is highly unfolded while the younger matrix is far less unfolded. Thus,
the physical properties of matrix are changing as matrix ages (adopted from [77•]). For a
comparison, the FRET ratios of fibronectin matrix assembled by fibroblasts on rigid and soft
polyacrylamide surfaces are shown 4 h after cell seeding. As inserts, a fibronectin fragment
of three type III modules is shown in a folded state as well as after partial unfolding by
tensile mechanical force acting on its termini.
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