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TIMELINE

Appreciating force and shape —
the rise of mechanotransduction in

cell biology

Thomas Iskratsch, Haguy Wolfenson and Michael P. Sheetz

Abstract | Although the shapes of organisms are encoded in their genome, the
developmental processes that lead to the final form of vertebrates involve a
constant feedback between dynamic mechanical forces, and cell growth and
motility. Mechanobiology has emerged as a discipline dedicated to the study of
the effects of mechanical forces and geometry on cell growth and motility — for
example, during cell-matrix adhesion development — through the signalling

process of mechanotransduction.

Mechanical forces are controlled by cells and
are integrated into tissues to produce the
final form of an organism through processes
of mechanotransduction that affect cell
shape, proliferation, migration and apoptosis
(FIG. 1). In the past, “life seemed to have
unique properties quite irreducible to the
world of physics and chemistry: ‘motion
generated from within, ‘chemistry of a very
distinct kind;, ‘replication, ‘development,
‘consciousness’ - each of these aspects of life
turned into elements that became more and
more foreign to the physicist to the extent
that many physicists even today look upon
biology as something outside their domain”
(REF. 1). Many of the early biologists, however,
did recognize the importance of physical
forces and shape in development and func-
tion of organisms, and formed the discipline
of ‘physics in biology’ or ‘physiology’ Late in
the twentieth century, this discipline fell out
of fashion because it was primarily focused
on organ-level as opposed to molecular-level
phenomena, and because there were few
good tools available with which to measure
physical parameters of protein function in
cells. At the same time, the rapid develop-
ments in molecular biology techniques,
DNA sequencing and mass spectrometry
led to the expansion of our knowledge of the
genome and proteome. However, this also
led to the realization that the DNA-encoded

information was not sufficient to determine
the final form of tissues and organs, and that
cellular expression profiles could not tell us
how complex functions are carried out.

It became increasingly evident that a
crucial aspect of organ formation — as well
as tissue regeneration, repair and aging — is
the dynamic interaction between a cell and
its microenvironment, including not only
hormones but also neighbouring cells, the
extracellular matrix (ECM) and the forces
applied to them. The same biochemical
components will have different effects on
cells when mechanical aspects of their envi-
ronment are altered. At the heart of these
processes are primarily myosin motors that
exert forces on actin filaments anchored
to cell-cell or cell-matrix adhesions, and
mechanosensors that are responsive to
counter-forces from matrices, other cells and
sometimes membranes. A quasi-steady state
in cellular tension is maintained through
these actomyosin contractility mechano-
sensors, which enables cells to define the
shape and tension of an organ.

Multidisciplinary approaches are needed
to study how organ form and function
are affected by actomyosin organization
in response to cellular microenviron-
ments. To provide an integrated view of
the mechanobiological aspects of cellular
function, a new discipline dedicated to

the study of subcellular forces, geometries
and mechanically responsive complexes is
emerging under the rubric of mechano-
biology?>. Within this discipline, novel
nanotechnology techniques and tools pro-
vide insights into the functions of various
components in sensing and relaying cell-cell
and cell-matrix dynamic mechanical forces.
Consequently, mechanobiology has become
a truly interdisciplinary field of research in
which physicists, chemists, engineers and
material scientists no longer feel “outside
their domain’, and the development of tools,
experimental systems and theoretical models
is interconnected.

In this Timeline article, we provide a
perspective on the history of mechanotrans-
duction research in cell biology and, as a case
in point, we present the current working
models for matrix adhesion development
and mechanosensing.

Milestones in mechanotransduction

The diversity of biological forms that result
from mechanotransduction processes (FIG. 1)
has interested humans for millennia and
early biologists were fascinated by the ques-
tion of how organisms developed differ-

ent shapes. In the early twentieth century,
D’Arcy Thompson published On Growth
and Form (REF. 3) (FIG. 2 (TIMELINE)), which

is an archival description of how biological
form is shaped by developmental changes.
With the advent of cell biology research
around the same time, researchers began to
explore different ways in which to mechani-
cally manipulate cells (including the use of
microneedles or changes in osmotic pres-
sure) and observe their responses. However,
the effects of mechanotransduction at the
cellular level only drew major attention

in the 1950s, when it was first shown that
cancer cells can grow in soft agar in an
anchorage-independent manner, whereas
most non-cancerous cells cannot*®. This
aberrant mechanosensing was described

as an in vitro transformation phenotype
and has served as an important experi-
mental tool in cancer research. Additional
evidence for the existence of cellular
mechanosensing came from studies of the
coupling between the inner and outer layers
of the plasma membrane. The exposure of
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Figure 1| Mechanotransduction. Mechanotransduction converts mechan-
ical stimuli— such as substrate rigidity (through contractile units or mature
integrin adhesions), stretching (through cell-cell contacts or integrin adhe-
sions) or shear stress (not shown) — into chemical signals to regulate cell
behaviour and function. Typically, the pathway involves receptors at focal
adhesions or cell-cell contacts (for example, integrins and cadherins),
mechanosensors (for example, stretchable proteins such as talin and
p130CAS) and nuclear signalling factors to change gene and protein
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expression profiles. Nuclear deformation (the shape of the nucleus before
force is applied is indicated by the dashed line) can also lead to changes in
gene expression patterns. The timescale of these events ranges from milli-
seconds to seconds for the stretching of mechanosensors, hours for altered
gene expression, days for changes in cell behaviour and function, and weeks
for tissue development. FAK, focal adhesion kinase; MLP, muscle LIM pro-
tein; MRTFA, myocardin-related transcription factor A; YAP, Yes-associated

erythrocytes to anionic and cationic drugs
caused differential changes in membrane
tension at the intracellular and extracellular
surfaces, and consequently led to changes in
cell shape®. This indicated the existence of a
cellular mechanism for sensing changes in
membrane tension, which was later shown
to be important for cell spreading and
migration’.

From that point onwards, a considerable
amount of research was dedicated to under-
standing the mechanisms by which cells
communicate with the ECM and their
neighbouring cells. This led in the 1970s to
the discovery of focal contacts (adhesions),
which are multiprotein structures with integ-
rins at their core that provide the mechanical
link to the ECM, and that enable inside-out
and outside-in mechanosignalling®'’. Soon
enough, it was discovered that the actomyosin
machinery was attached to cell-matrix adhe-
sions'*'>!", raising the possibility that cellular
forces were involved in processes such as cell
locomotion. In parallel, the study of muscle
biophysics greatly contributed to the rise of
the cellular mechanobiology field, starting
with the early studies by Hugh Huxley and
Andrew Huxley in the 1950s that elucidated
the major elements of actomyosin contrac-
tion in muscle’'. These studies led to the
groundbreaking sliding filament theory and the
swinging crossbridge model ofmyosin move-
ment on actin filaments'*, which have since
been confirmed in in vitro studies'.

As many mechanosensory events occur
at cell-cell or cell-matrix adhesions, where
forces produced by the cytoskeleton are

transmitted to the cellular microenviron-
ment® ', new techniques were needed that
were sensitive enough to measure mechani-
cal forces at a subcellular level. The first of
such techniques involved the use of elastic
silicone surfaces as substrates for cell spread-
ing, and this revealed for the first time that
non-muscle cells produced force on their
environment'. This early force-sensing
tool was the basis for the later development
of traction force microscopy, in which the
movements of fluorescent beads embedded
in elastic gels are used to calculate dynamic
cellular forces on continuous surfaces'®.
Around the same time, ECM patterning at
a micrometre scale showed that the form
of the matrix contacts was crucial for cell
growth and death. In this case, the ability of
cells to generate forces over distance seemed
to be the key element for downstream signal-
ling®. This was linked to integrin-mediated
mechanotransduction (FIG. 1), because a
previous study showed that magnetic forces
applied to cells through beads coated with
integrin ligands led to rapid strengthening
of the cytoskeleton®.

Additional tools and methods were intro-
duced in the late 1990s for the application
of active and passive forces to cells and mol-
ecules (FIC. 3), and these began elucidating
the details of the mechanosensing process.
In muscles, studies using atomic force
microscopy showed that the large muscle
protein titin could be mechanically unfolded
to unravel its individual immunoglobulin-
like domains, which suggested the existence
of a mechanism for muscle stabilization

against overstretch?. Atomic force micros-
copy was also used to study the properties
of intramolecular bonds between recep-
tors and their ligands — such as biotin

and streptavidin — providing important
estimates of the energy range of molecular
bonds*>*. A study using submicrometre-
diameter beads with an optical trap showed
that high levels of passive rigidity of matrix
molecules were needed to induce strong
linkages between the ECM and the cyto-
skeleton®. In the same year, matrix rigidity
was experimentally modified by changing
the crosslinking properties of acrylamide
gels, and the resulting changes in cell adhe-
sions further reinforced the idea that ECM
rigidity affects adhesion size and stability™.
Treatment of cells with phosphatase inhibi-
tors later showed that tyrosine phosphoryl-
ation and dephosphorylation cycles were
involved in sensing rigidity, specifically
implicating receptor-type tyrosine-protein
phosphatase-a (RPTPq; also known as
PTPRA) and the kinase FYN in the case of
fibronectin-mediated rigidity sensing?.

In order to track cellular forces gener-
ated by few adhesive contacts in a small
subcellular area, a device that used pads
suspended on movable cantilevers was
developed, which avoided problems in
the finite element analysis of continuous
surfaces?’. Microcontact printing of elastic
substrates later provided a simpler solution
to finite element analysis and enabled the
correlation of cellular traction forces with
the localization of fluorescent proteins
involved in adhesion assembly and force
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transmission*''2. Another tool for measur-
ing traction forces was a two-dimensional e
bed of needles (or pillars)® (FIC. 3), which ke
raised some concerns that the gaps between
pillars would cause altered cell geometry
and traction force patterns; however, the
pillar arrays generated similar traction force
maps to those generated by the previous
techniques®. These maps showed that cells Use of silicone
were contracting the matrix substrate iso- substrata to look
metrically; large forces applied from the few E;T;ﬁsez B
focal contacts at the narrow tail of a cell were

balanced by many smaller adhesion forces

D’Arcy Thompson publishes
On Growth and Form?

The sliding filament model
of muscle contraction*®

Erythrocyte bilayer couple indicates
a connection between membrane
tension and cell shape®

Micromanipulation with needles
shows alignment of microfilaments
in the direction of force!!

First evidence for the activation

applied across the front of the cell. In the of ion channels by shear stress!?° Discovery of the | _
middle of the cell, the densities of adhesions integrin family!?!
and forces were much lower. Magnetic bead fWilStihng

In addition to the study of traction forces, experiments reveatthe

i . mechanosensitive

novel tools for measuring the mechanical nature of integrins?
properties of single cells were developed.
A pair of force sensors on micromanipula- First use of microcontact printing
tors enabled .the measu1.‘ement of the elastic LC:( taerlil;lsshcaelleUi rnr;igﬁlzzlelsz to Traction force microscopy
and contractile properties of a single cell P using bead-decorated silicone

films determines cellular
forces on the substrate!®

[
Lochter and Bissell describe
the role of matrix mechanics
in tumour formation’®

over time and in response to bioactive sub- - - -

E 1 hi Iph h 1 Experiments using optical tweezers
stances. For example, sphingosylphosphoryl- demonstrate that integrin linkages
choline caused an increase in the elasticity of are rigidity dependent?*
cancer cells, which provided an explanation ‘
for how metastatic cells squeeze through A new one-dimensional traction force

w 1 qu ug device reveals different force profiles at
membrane pores**-*2, the front and tail of migrating cells?’
At the molecular level, several different ;

. . . Use of collagen-coated acrylamide
experimental approaches involving surfaces with varying crosslinking

Demonstration of force-dependent
growth of cell-matrix adhesions*’

ligand valency indicated that crosslinking shows that surface rigidity affects

of three or more integrins was crucial for cell adhesion formation?® P 3

h : dsi gll' £ surf id : Identification of talin a;ggds RPTPo as
: € sensing e%n signalling of surface rigid- Atomic force microscopy of mechano-transducers?

ity™®. Stretching of exposed cytoskeletons domain unfolding and refolding ‘

A bed of microneedles enables
measurement of cell-derived forces
by observing needle bending?®

following Triton X-100 treatment revealed provides the first insights into
force-dependent binding of several adhesion | e elastic properties of titin®
proteins to the cytoskeleton, including
paxillin, focal adhesion kinase (FAK; also
known as PTK2) and p130CAS (also known
as BCAR1)*!%%, In related studies of the First report of in vitro §tretch—dependent
. tyrosine phosphorylation of p130CAS'*?
molecular regulation of force-dependent
reinforcement of cell-matrix contacts,
several proteins involved in mechanosensing
were identified; for example, talin, p130CAS
and RPTPa**>! (FIG. 1).

Further technical advances improved the — L '
temporal, spatial and force-strength reso- E'frtS; i ‘:tvr‘;toczsiigﬁt'on
lution of biomechanical cues. Forces that [
could produce stretching of specific proteins Use of quantitative proteomics to
were sensed with fluorescence resonance ng\g:oengngsygfm) Fergemdtepenint
energy transfer (FRET) at a light micros-
copy resolution (~250 nm)**, To achieve
nanometre-level resolution, fluorescence
quenching-based tension sensors were
developed*~*!, and a single-molecule track-
ing approach revealed dynamic stretch and
relaxation cycles of single talin molecules in

First report on the effect of matrix rigidity
on stem cell lineage specification’!
[

Development of three-dimensional
traction force microscopy using
digital volume correlation'??

First FRET-based protein stretch sensor?’

Use of submicrometre
pillar arrays shows
that cells use local
contraction units to
measure substrate
rigidity'*

Figure 2 | Timeline of milestones in the history of mechanotransduction research. Image of
the front cover of the 1992 edition of On Growth and Form by D’Arcy Thompson®. Image of integrin
protein structure in autoinhibited conformation (left) and active conformation (right) reprinted with
3 ) ) permission from David S. Goodsell and the Research Collaboratory for Structural Bioinformatics
cells”. In studies of traction forces on pillars, (RCSB), Protein Data Bank (PDB). Image of vinculin binding to stretched talin from del Rio, A. et al.
magnetic nickel particles were adhered Stretching single talin rod molecules activates vinculin binding. Science 323, 638-641 (2009).
to the pillars to enable local measurements of  Reprinted with permission from AAAS. Image of submicrometre pillar array courtesy of Nicolas Biais
the effects of external forces*. The resolution  and Luis Santos, Columbia University, New York, USA.
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Figure 3 | Experimental tools in mechanobiology. Pillar arrays can be made to varying dimensions,
thereby allowing the determination of substrate rigidity and force resolution. Pillar displacement is meas-
ured in live cells and is used to determine cellular forces that are applied to the substrate. Traction force
microscopy uses embedded fluorescent beads (often of two colours) and finite element analysis to
measure substrate deformations by the cell. Magnetic tweezers create magnetic fields that cause mag-
netic beads to apply forces to molecules in vitro or in vivo (for example, to integrins with fibronectin-
coated beads). Optical traps use a focused laser beam to provide lateral or axial forces onto
micrometre-diameter beads and thus apply forces to molecules; dielectric objects such as beads are
attracted to the centre of the beam. If the bead is shifted laterally or axially out of the trap centre, the
diffraction of the beam results in a restoration force on the bead, pulling it back into the centre. Each tool
has advantages in terms of spatial resolution and maximum force that can be applied or experimental
data analysis, and thus they are each suitable for specific applications. VB, magnetic field gradient;

d, distance; F, force; k, spring constant; 1, magnetic moment.

of force measurement was improved by

the coating of pillar tips with gold. This
enabled covalent labelling of the pillar tips
with a wide variety of ligands to specifically
measure the contributions of a5p1- and
avP3-integrins to the cell traction forces*.
Arrays of submicrometre-diameter pillars
supported more physiological cell spreading
than those with larger pillars and provided
increased spatial resolution of cellular
forces®. Thus, it is now possible to measure
cell-matrix forces and their effects from the
tissue level to the molecular level, over time
and in a physiologically relevant context.

The functions of mechanotransduction
With these tools at hand, the study of
integrin-dependent mechanosensing devel-
oped rapidly. One particular research catalyst
was the realization that cell-ECM contacts

are built in a step-wise manner with stand-
ard cellular protein assemblies (for example,
integrin adhesions or podosomes) and
functional modules (defined here as proteins
or protein complexes that carry out specific
functions, such as those involving motors

or kinases). For each well-defined cell state,
cell behaviour is very reproducible and thus
it is possible to dissect at a nanometre resolu-
tion (5-300nm) the mechanotransduction
steps that occur in the sequential transitions
from one cell state to the next. Often, dra-
matic changes in cell state occur abruptly
following the inactivation of some functional
modules and the activation of others. For
example, in the simple case of cell spreading
on a surface, a transition from initial rapid
isotropic spreading to subsequent contractile
spreading involves a momentary increase in
membrane tension, which activates periodic

contractions to test substrate rigidity through
local contraction units (BOX 1). The consequen-
tial cellular morphology develops through
several steps that may differ slightly in differ-
ent cell types. However, the steps share many
common functional modules that enable the
analysis of how the different modules affect
cell behaviour. Modern microscopy and
nanofabrication techniques now enable us to
follow the spatial and temporal distribution
of such functional complexes to determine
whether the proteins are involved in the
initiation, assembly, quasi-steady state behav-
iour or disassembly of an integrin adhesion
or a podosome.

The primary functional modules for
force generation in animal cells and tissues
are myosin IT motors that pull on actin
filaments, which in turn convey force to
actin-anchoring sites (FIC. 1). The major site
of actin polymerization was first found at
extending cell edges through the incorpora-
tion of G-actin into filaments'*. However,
the rapid turnover of actin filaments —
within 1-2 minutes — throughout the cell
indicated that there were many different
sites of actin polymerization. Actin assem-
bly is a tightly regulated process involving
multiple assembly, bundling, crosslinking
and severing proteins that are, at least in
part, specific for the different types of actin
networks*. Recent studies of the early stages
of cell adhesion to the ECM showed that the
formin protein FH1/FH2 domain-containing
protein 1 (FHOD1) was recruited in a force-
independent manner to early ligand-bound
integrin clusters and stimulated actin assem-
bly from them**. Formins such as mamma-
lian diaphanous homologue 1 (mDial; also
known as DIAPH1) and FHOD1 were
also found to be important for the matura-
tion of adhesion sites*”*. However, mDial
and FHOD1 were found to promote the for-
mation of distinct actin structures at different
times and thus have distinct roles in this pro-
cess. Whereas mDial was associated with the
formation of dorsal stress fibres®, FHOD1 was
— together with the actin-related protein 2/3
(ARP2/3) complex — found to be involved
in the formation of ventral stress fibres and
transverse arcs™*!. Thus, FHOD1 preferen-
tially assembles antiparallel actin structures
that probably include contractile units
involved in early adhesion formation**!,
The alignment of stress fibres in the direction
of force during periodic stretching indicated
that there is a force-dependent regulation of
actin assembly™. A theoretical model sug-
gested that a pulling force in the piconewton
range would enhance formin-driven actin
assembly from the growing barbed end*,
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Box 1 | Focal adhesion assembly

After binding to matrix-coated surfaces, clusters of activated integrins
are formed at the cell edge!®. Integrin cluster formation leads to the
recruitment of talin as well as the activation of SRC family kinases (SFKs)'**
(see the figure, part a), which then recruit the formin family protein
FH1/FH2 domain-containing protein 1 (FHOD1) to integrin clusters,
leading to actin assembly (see the figure, part b; indicated by the dashed
arrow)*. The resulting actin polymerization enables clusters to be pulled
together by myosin (see the figure, part ¢)**5. When nanofabricated
barriers (not shown) in the membrane bilayers limit lateral movements,
forces are developed on the clusters at the barriers that trigger rapid cell
spreading. This presumably involves focal adhesion kinase (FAK), which
enhances the activation of the small GTPase RAC1 and targets it to focal
adhesions!®. RAC1 activates actin assembly through actin-related
protein 2/3 (ARP2/3)'%, or formins**1% (see the figure, parts d and e)*1%’.

a Initial cluster formation

e Actin assembly

b Initial actin polymerization

Without barriers, cells will round up and often undergo apoptosis.
Analysis of membrane dynamics during cell spreading has indicated that
rapid isotropic spreading flattens the initially round cell, drawing
membrane from the reservoir of folded surface membrane’. Upon the
depletion of the folded membrane, tension increases momentarily and
signals the activation of exocytosis to increase the membrane surface
area by 40% (see the figure, part f) and activate periodic contractions to
test substrate rigidity through the local contraction units (see the figure,
part g)"”%. Rigidity signalling recruits additional proteins (such as vinculin)
and causes adhesion complex reinforcement (see the figure, part h) or
disassembly (if the matrix is too soft; not shown), followed by adhesion
maturation (see the figure, part i)*616573.108-110115 Eqllowing

adhesion maturation, stress fibres grow from adhesions and will
contract to sense matrix rigidity at the whole-cell level’.

¢ Contraction

.... e oenee

f Membrane tension activates contraction

R it dstiecas
Myosin activation W

Membrane
tension

Adhesion
formation
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Glossary

Actomyosin

A basic force-producing or structural unit in cells
consisting of myosin motors that bind and pull on actin
filaments.

Adhesome
The combined molecular composition of focal adhesions.

Dorsal stress fibres
Long parallel actomyosin bundles that are anchored to
focal adhesions at one end.

Finite element analysis
A numerical method of approximation.

Frank—Starling mechanism

Also known as the Frank—Starling law of the heart; states
that there is a direct relationship between the force of
cardiac contraction and the volume of blood filling the
heart. The stretching of muscle fibres through the
increasing blood volume increases calcium sensitivity,
thus causing the formation of more actin—-myosin
crossbridges and hence more force.

Isotropic spreading
Spreading of cells during which their entire edge (or large
parts of it) extends rapidly.

Ligand valency
The combined effects of the binding of multiple ligands.

Local contraction units

Multiprotein complexes that are similar to muscle
sarcomeres and are used by cells to measure
substrate rigidity.

and two recent studies showed that flow
forces within a microfluidic device enhanced
actin assembly rate from the immobilized
formins mDial and Bnilp***. Thus, adhe-
sion-localized formins, such as FHODI,
could directly couple integrin-sensed forces
to alterations in actin assembly®’.

The main mechanical link from the ECM
to the actin cytoskeleton is, however, pro-
vided by proteins such as talin and a-actinin,
which can bind to both integrins and to actin
filaments®™*’. Following the early discovery
that talin is involved in force-dependent
adhesion reinforcement, it was shown that
talin, which links actin to the integrin tail,
is periodically stretched in what is best
described as a stick-slip mechanism. In this
process, the rearward-flowing actin binds to
talin (‘stick’) and exerts a force that stretches
it until the actin-talin bond breaks (‘slip’) and
talin refolds**>*-%, The stretching allows
binding of vinculin to enhance the coupling
to the actin cytoskeleton and reinforcing
the adhesion®'. Additionally, the actin cross-
linkers a-actinin and filamin A compete
with talin for integrin binding®-**. Whereas
a-actinin recruitment to nascent adhesions
enables the transmission of high forces
during the maturation of the adhesions®,

Microcontact printing

Also known as micropatterning. A form of surface
patterning, usually with fluorescent-labelled extracellular
matrix proteins.

Optical trap

Also known as laser tweezers. An appliance that provides
force from a highly focused laser beam to hold or move
objects such as microspheres.

Sliding filament theory

A model of muscle contraction postulating that thin
filament (mostly actin)-containing I-bands slide past the
myosin-containing A-bands to generate force.

Swinging crossbridge model

The first model of the myosin power stroke, which suggests
that ATP-dependent changes in the actin—-myosin
crossbridge angle would cause the thin filaments to slide
past the myosin (see sliding filament theory).

Transverse arcs
Curved, antiparallel actomyosin bundles that interact with
dorsal stress fibres and flow inward towards the cell centre.

Ventral stress fibres
Antiparallel actomyosin bundles anchored to focal
adhesions at both ends.

Z-disc

A protein complex that defines the boundaries of the
muscle sarcomere. It anchors and links actin filaments and
titin from adjacent sarcomeres, provides mechanical
stability and is a centre of cardiomyocyte signal
transduction, including mechanotransduction.

filamin — like talin — seems to be a genuine
mechanosensor, as stretching modulates its
affinity for binding partners such as integrins
or migfilin (also known as FBLIM1)%-65,
Filamin is a dimer, and its dimerization
might lead to crosslinking and the stabiliza-
tion of integrin clusters. The role of filamin
in adhesion maturation is also, at least in
part, attributed to its binding and ‘buffering’
of the protease calpain, which inhibits the
proteolysis of talin®*®.

Sensing substrate rigidity

Of the different forms of mechanosensing
(for example, sensing of shear stress or
stretching; see FIC. 1), the sensing of matrix
rigidity caught recent attention because

of its links to cancer and development””".
The potential to harness the rigidity-sensing
pathway — for example, as a therapeutic tar-
get or for tissue engineering — led to increas-
ing efforts to characterize its underlying
mechanisms. The effects of substrate rigidity
on cellular processes were first described in
the 1950s*°, but gaining a better mechanistic
understanding relied on the development

of experimental tools that allowed the char-
acterization of matrix-rigidity sensing at a
nanometre resolution. Matrix-coated beads

placed at extending cell leading edges with
optical traps (FIC. 3) can develop an increasing
force on the cell as the bead moves inwards
with the retrograde flowing actin*. With
a rigid trap (high beam power), increased
resistance of beads to movement by the laser
trap indicated a strengthening of the adhe-
sion; with a soft trap (lower beam power), no
strengthening was observed and adhesions
often broke, causing the beads to jump back
to the cell edge. However, if the soft trap
was moved rapidly with a piezo to generate
high forces on the beads, the adhesions were
reinforced’. This indicated that adhesion
reinforcement (a rigidity response) was
force dependent, and that the adhesion was
strengthened when the force exceeded a
critical level owing to either cell-driven or
piezo-driven displacements in the trap.

At the same time as the above work was
carried out, studies of initial cell spread-
ing indicated that cells were sensing matrix
rigidity by periodically contracting their
leading edge”. Subsequently, cell-spreading
assays were developed to enable dissection
of the steps that were involved in rigidity-
dependent cell spreading and adhesion
formation”. On rigid substrates, isotropi-
cally spreading cells were found to exhibit a
highly reproducible pattern of transitional
steps, from initial adhesion formation to the
maturation of focal adhesions™. By contrast,
spreading assays on lipid bilayers only allowed
the analysis of the initial force-independent
steps in adhesion formation*”*. Following
their spreading on arrays of submicrometre-
diameter pillars (which enable traction forces
to be measured at a higher resolution), cells
produced local contractions with a constant
displacement of pillars — which were up to
2um apart — independent of substrate rigid-
ity®. The localization of myosin II between
the pillars that were displaced by the con-
tractions indicated the formation of bipolar
myosin filaments that were possibly organ-
ized in contractile units similar to muscle
sarcomeres. Furthermore, contraction forces
correlated with rigidity sensing; cells pulled
the pillars to a constant displacement regard-
less of pillar stiffness, indicating that the force
applied to the pillars was proportional to
pillar (matrix) rigidity*. Thus, we suggest that
cellular rigidity responses — adhesion forma-
tion and further spreading — are triggered by
contraction forces when they exceed a certain
threshold. How the rigidity sensors are cou-
pled with the tyrosine kinases that mediate
mechanosignalling is still a mystery”.

At longer time scales, adhesion formation
and disassembly (BOX 1) is a cyclic process,
during which the cells actively test the
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mechanical properties of their microenviron-
ment*7¢. The readout of this testing — in the
form of protein binding and unbinding, of
stretching or of changes in post-translational
modifications — is integrated over multiple
sites at the cell edge, as well as over multi-
ple cycles, with downstream effects such as
changes in cell migration or gene expression
(FIC. 1). Notably, the dynamic nature of these
processes, as well as the involvement of force
in regulating them, has caught the attention of
theoretical physicists who began developing
models to explain the relationship between
force and adhesion dynamics”*!. These
models are too complex to be discussed here
(for a recent review, see REF. 82), but they can
broadly be divided into models involving
adhesion-level forces and models involving
cellular-level forces. A major challenge is to
combine the two levels (both theoretically
and experimentally), and also to introduce
novel concepts from recent experimental
results, which indicate that intra-adhesion
forces (that is, forces that are generated within
the adhesion, rather than actin flow forces or
forces that are generated by actin stress fibres)
participate in mechanotransduction as well”.
At a subcellular level, the cell is testing
the rigidity of newly bound matrix by
contracting it*. There are clear relation-
ships between this subcellular process and
rigidity sensing at the tissue level, but the
molecular mechanisms connecting them
are not understood. Furthermore, recent
studies of the relatively simple process of a
cell spreading on a matrix-coated surface
revealed several sequential steps — that
are mechanical in nature — that precede
the rigidity-sensing step (see parts a—f of the
figure in BOX 1). The sequential nature of
these steps indicates that altering any step
(for instance, through a different molecular
composition of the adhesome in different tis-
sues) will affect subsequent steps and modify
cell behaviour, resulting in the use of alterna-
tive methods to sense rigidity®'**. Thus, in
order to understand the roles that defects in
mechanotransduction have in the aetiology
of human diseases, it will be important to
study the cellular processes that lead to adhe-
sion formation and the alternative processes
used by cells that cannot take advantage of a
particular pathway to build adhesions.

Other forces and signals

Cells sense other mechanical properties such
as forces from shear stress, the contractility
of neighbouring cells, or forces generated

by different cell and matrix geometries.
When considering the sensing of forces by
the actomyosin cytoskeleton, the muscle

system was historically of primary interest for
studying stretch sensing. In the early twen-
tieth century, the Frank—Starling mechanism
of the heart described the increase in active
force when a muscle is stretched"*'.

A.V. Hill** modelled the muscle as an
arrangement containing a contractile element
with one elastic element put in series (pro-
viding the intrinsic elasticity of the muscle)
and another elastic element in parallel (the
extracellular matrix). In the 1950s, Huxley
and Huxley postulated the sliding filament
theory to describe the production of force
by the muscle'>'. Later, titin was purified
and identified as the elastic component of
the muscle, and it is the main contributor to
passive tension of the myocardium?"®. Titin
also contains an inherent stretch-activated
kinase that can regulate muscle gene expres-
sion®®*®¥. Other stretch sensors, such as
muscle LIM protein (MLP; also known as
CSRP3), were discovered in the sarcomeric
Z-disc®, Similarly to rigidity sensing, stretch
is also sensed by integrins or integrin-linked
molecules (for example, the costameres in
myofibrils), and the two sensing processes
share key elements®.

It is becoming evident that the correlated
forces of the cytoskeleton and the matrix con-
tribute substantially to cell growth and tissue
morphology and development. Cyclic stretch
forces, for example, also cause major changes
in the shape and behaviour of non-muscle
cells. Initial studies on flexible-bottomed cell
culture plates and whole deformable dishes
indicated that osteoblasts increase their rate
of DNA synthesis and cell division after
bi-axial cyclic stretching®'. By contrast, uni-
axial cyclic stretch led to the re-orientation
of fibroblasts in the direction of force and
provided insights into the molecular basis of
this repolarization®*. Interestingly, a recent
study indicates that cyclic stretch forces
can stimulate cell spreading and growth on
pillar substrates that are otherwise too soft
to support spreading and growth (H. Cai
and M. P. Sheetz, unpublished observations).
In this study, the frequency, magnitude and
duration of stretch were all important factors
that translated into stress fibre formation and
downstream signalling, leading to stretch-
dependent growth. Cell growth correlated
with the nuclear translocation of myocardin-
related transcription factor A (MRTFA; also
known as MAL and MKL1), which recently
gained attention for its role in epithelial-to-
mesenchymal transition, a process that
is required for organ development and
wound healing, as well as for cancer
progression®>*”-*. The formation of actin
stress fibres is also dependent on cell shape

and on ECM rigidity (BOX 1). The formed
stress fibres in turn regulate the Hippo
signalling pathway to control organ forma-
tion'®1%!, Actin capping and severing leads
to the nuclear localization of the Hippo tran-
scription co-activators Yes-associated protein
(YAP; also known as YAP1) and TAZ, and
subsequently to cell proliferation, differen-
tiation or apoptosis'®. Thus, the activity of
YAP and TAZ, and of MRTFA, probably con-
tributes to the formation of organ shape by
regulating cell proliferation or apoptosis'®.

Future perspective and conclusions

It is unlikely that we will be able to fully
understand the important processes of cell
growth in cancer, cardiovascular diseases and
aging without understanding how mechano-
sensing processes interplay with tyrosine
kinases and other signalling pathways. Of
particular interest is how cells respond to
mechanical forces over longer timescales. It is
difficult to study the effect of force signalling
over time because cells respond to mechani-
cal and biochemical signals in a timescale of
seconds to minutes, whereas tissue formation
occurs over weeks to months.

Force is an integral part of the control of
cell function by hormones and the ECM;
however, we poorly understand how to
control or modify its effects. For example,
for unknown reasons, wound healing is dra-
matically increased in the skin following the
application of periodic pulses of pressure. It is
clear that cells actively test their environment
both chemically and mechanically, and adopt
specific cell responses depending on matrix
stiffness, neighbouring cells, hormone levels,
nutrients and other factors. Newly available
nanotechnology and advanced light micros-
copy tools can enable us to map when and
how cells make decisions to grow, to undergo
apoptosis or to differentiate. When we under-
stand which mechanosensing and signalling
pathways are activated, in what sequence
and how often, during normal and disease-
dependent motile processes, we can hope
to mitigate disease-related damage more
specifically and to facilitate repair processes.
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