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Cells and tissues can sense and react to the modifications of the physico-chemical

properties of the extracellular environment (ECM) through integrin-based adhesion sites

and adapt their physiological response in a process called mechanotransduction. Due

to their critical localization at the cell-ECM interface, transmembrane integrins are

mediators of bidirectional signaling, playing a key role in “outside-in” and “inside-out”

signal transduction. After presenting the basic conceptual fundamentals related to

cell mechanobiology, we review the current state-of-the-art technologies that facilitate

the understanding of mechanotransduction signaling pathways. Finally, we highlight

innovative technological developments that can help to advance our understanding of

the mechanisms underlying nuclear mechanotransduction.

Keywords: mechanobiology, mechanotransduction, cytoskeleon, integrins, microsystem and macrosystem

approaches, force, signaling/signaling pathways

INTRODUCTION

During the last two decades, increasing evidence has suggested that the physico-chemical properties
of the cell microenvironment and the physical forces exerted by cells and tissues play critical roles in
the regulation of physiological and pathological situations. In both contexts, cells must adapt their
behavior by converting physical signals into biochemical signals and changes in gene expression by
using mechanochemical transduction, or mechanotransduction, signaling pathways.

Adherent cells are connected to the extracellular matrix (ECM) through the transmembrane
receptor integrins. Mechanical signals can be detected via focal adhesion (FA) sites and translated
into biochemical information through integrin-related signaling pathways. The inside tension
generated by the actomyosin contractility can be transferred to the ECM through integrins
at FAs. As a consequence, FAs serve as crucial sites for both outside-in and inside-out
mechanotransduction (Figure 1). Although it is clear that integrins play a crucial role in translating
outside-in and inside-out signals, it remains unclear how cells can be able to sense mechanical
forces and convert mechanical signals into biological responses (Jaalouk and Lammerding, 2009).
Moreover, this global mechanism is further complicated by the highly dynamic behavior of cells
that can adapt their morphology and cytoskeletal organization in response to mechanical forces.
In addition, specialized mechanoreceptors can enhance mechanosensation for critical processes
such as blood pressure, auditory function or touch sensation by using specific organelles that can
detect a wide range of stimulus frequencies (Peng et al., 2011). For instance, the so-called “hair”
cells transduce mechanical vibrations into electrical signals that propagate to the brain. Located
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on the apical surface of sensory hair cells, hair bundles are
filled with actin, named stereocilia. The mechanical deflection
of the stereocilia toward the tall edge opens gated ion channels,
while opposite deflection closes channels (Katta et al., 2015).
Indeed, the actin filament sliding generates a force that changes
the conformation of a transmembrane protein, leading to the
transient entry of calcium ions. Other mechanisms such as
the modifications of intracellular protein conformations or
the direct transmission of forces to the cell nucleus are only
being explored (Chu et al., 2019). To address this issue, the
mechanobiology field has become very active at the forefront of
current research (Roca-Cusachs et al., 2017). Mechanobiology is
an interdisciplinary field that focuses on physical forces and their
impact on cell mechanics. A major challenge in mechanobiology
is to understand mechanotransduction mechanisms by which
mechanical signals are transduced into a cascade of biochemical
events (Humphrey et al., 2014) and to understand how
these molecular events contribute to development, physiology
and disease.

To answer these open questions, current studies need
to stimulate mechanically living cells and tissues and then
determine their mechanical and functional responses. Current
studies on cell mechanotransduction are mostly limited by the
techniques that are available to impose mechanical stimulation
at both single cell and tissue levels and, in turn, allow
to measure biomechanical and biochemical cell responses.
Here, we introduce some basic concepts of mechanobiology
and we review recent experimental developments that have
significant implications for addressing challenging questions in
cellular mechanotransduction.

BASIC CONCEPTS
OF MECHANOBIOLOGY

The concept of force in cell biology can be intuitively related to
pushing or pulling actions exerted by individual or assembly of
cells. Even if the concept of force in cell biology is difficult to
define, it exists a wide range of physiological situations where
mechanical events are crucial to the establishment of cellular
functions. For instance, the division of eukaryote cells requires
the assembly of a bipolar spindle, which the morphology mostly
depends on the activities of molecular motors that generate
pushing or pulling forces on the microtubule-based mitotic
spindle (Shimamoto et al., 2015). The quantification of cellular
forces requires the development of micro- or nano-sensors
capable of converting forces into mechanical deformations,
knowing the material properties of the force sensor (i.e., the
spring constant or the elastic modulus). Micro- or nano-sensors
provide therefore an exact readout of forces from the material
deformation within a range from few piconewtons to hundreds
of nanonewtons.

Force assays allow to probe the mechanical properties of cells,
which describe the cell deformation over time in response to an
applied stress. The elastic modulus corresponds to the scaling
between stress and strain of cells and depends on the deformation
mode (Figures 2A–C). The Young’s modulus corresponds to

the cell elasticity with a unit of pascals (Pa) under extension.
This fundamental property of living cells and tissues is involved
in the establishment of their three-dimensional (3D) shapes
under a mechanical stress. However, one must consider that
living cells and tissues need to be considered as viscoelastic
living materials (Figure 2D). Viscoelastic materials undergoing a
mechanical deformation store and dissipate mechanical energy
(Coppée et al., 2011). The viscoelastic behavior of cells and
tissues leads to the relaxation of the mechanical stress and the
increase of the deformation over time (Moeendarbary andHarris,
2014) (Figures 2E,F). Various rheological models, such as the
standard linear solid model, have been proposed to describe the
viscoelastic behavior of cells and tissues (Figure 2D).

In addition to the investigation of the mechanical properties
of cells themselves, forces applied by cells on their surrounding
are key for understanding inside-out mechanotransduction
pathways. Contractile cellular forces are transmitted to other
cellular neighbors via cell-cell adhesive interactions (i.e.,
cadherins) and to their local microenvironment through cell-
matrix interactions (i.e., integrins). Cellular tractions forces occur
across small-length scales (nano- to micrometers) in the range of
pico to nanonewtons, making challenging a direct experimental
measurement. Interestingly, ion channels have been proposed for
decades to be central for sensing mechanical forces, but their
identity remained largely elusive until the discovery of Piezo
1 and Piezo 2 channels (Coste et al., 2010). The current view
suggests that cellular mechanotransduction signaling is largely
mediated by transmembrane proteins, however the Piezo1 ion
channel has been suggested to be involved in the emergence
of traction forces and can therefore revisit the current concept
(Murthy et al., 2017; Nourse and Pathak, 2017).

In the human body, the magnitude of forces exerted
by cells varies significantly and mainly depends on the
physiological location of the cells. Indeed, each type of
tissue construct is characterized by both specific physico-
chemical and mechanical properties. For this reason, a
large effort has been made in the last two decades to
propose novel synthetic materials that can recapitulate
the physico-chemical properties of the complex native
cellular microenvironment.

SYNTHETIC MATRICES TO REPRODUCE
THE COMPLEXITY OF THE NATIVE
CELL MICROENVIRONMENT

In human tissues, the ECM is a highly 3D dynamic structure
where cells have interactions with a myriad of biochemical (e.g.,
soluble factors) and biophysical (e.g., stiffness/stress) cues that
direct their functions. Cells are constantly remodeling the ECM
through synthesis, degradation and chemical modifications.
These processes imply important changes in ECM properties
(e.g., stiffness and porosity), which in turn drive cell fate and
maintain tissue homeostasis (Baker et al., 2015). The biochemical
composition of the ECM is complex and mainly consists of
branched glycosaminoglycan structures (e.g., heparin sulfate and
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FIGURE 1 | Representation of “outside-in” (in gray) and “inside-out” (in brown) mechanotransduction signals in a cell growing in a three-dimensional (3D) fibrous

matrix. External forces applied to eukaryotic cells modulate their migration, shape, stiffness, spreading, alignment or adhesion behaviors, whereas the ECM provides

multiple cues to cells such as confinement, topography, rigidity and biochemistry. Focal adhesion (FAs, in red) serve as crucial sites for both outside-in and inside-out

mechanotransduction through the recruitment of transmembrane integrins. Mechanical signals (curved blue arrows) are converted in biological responses by the

nucleus, which is depicted in blue.

chondroitin sulfate) (Karp, 2015) and high molecular weight
proteins (e.g., collagen, fibronectin, and laminin). All of these
macromolecules form a 3D fibrillar network that provides
a unique bioactive micro-environment. Most of the ECM
components contain adhesive binding sites that are involved
in the transduction of mechanical signals exerted from the
local micro-environment (Humphries, 1990). The mechanisms
used by cells to receive and process mechanical signals are
still not understood due to the complexity of the native cell
micro-environment. In addition, cell-ECM interactions typically
involve coordinated presentation of multiple factors (e.g., cell-
ligand density, porosity or stiffness) that can be presented over
multiple time scales. To overcome this barrier, smart hydrogels
have emerged as a promising alternative strategy to standard
plastic dishes for cell culture.

Hydrogels are defined as crosslinked water-swollen
biomacromolecules that form a three-dimensional structure.
The large amount of water in hydrogels allows the diffusion of
biomolecules secreted by cells. The design of hydrogels suitable
for cell culture requires to reproduce both the biochemical
and mechanical properties of their native microenvironment.
Water-swollen polymers such as poly(ethyleneglycol) (PEG),
poly(vinyl alcohol) (PVA), poly(2-hydroxyethylmethacrylate)
(PHEMA) and poly(acrylamide) (PAAm) can form elastic
hydrogels that can reproduce some basic mechanical aspects of
soft tissues (Figure 3A) (Annabi et al., 2014). Although still not

fully understood, growing evidence suggests that cells interpret
elasticity through integrin-mediated mechanotransduction
signals that trigger outside-in signaling cascades. The
seminal work of Engler and coworkers was performed with
polyacrylamide hydrogels in order to modulate human
mesenchymal stem cells (hMSCs) differentiation by tuning
the hydrogel elastic modulus (Engler et al., 2006). Promising
matrix candidate for studying mechanobiology in vitro,
PAAm hydrogels have received a large attention in order to
overcome its native non-adhesive properties, for instance using
heterobifunctional cross-linker sulfo-SANPAH (Wang and
Discher, 2007), hydrazine and protein oxidation by periodate
(Damljanovic et al., 2005), deep UV exposure (Tseng et al.,
2011) or HS-ester during the polymerization phase (Polio et al.,
2012). However, most of these methods present difficulties for
controlling easily the cell–ligand density and decoupling the
relative contribution of mechanotransduction cues. In order to
address this limitation, Grevesse et al. introduced a new PAAm
hydrogel, called hydroxy-PAAm, that incorporates hydroxyl
groups to allow the functionalization of PAAm hydrogels with
ECM proteins with minimal requirements in cost or expertise
(Figure 3B) (Grevesse et al., 2013). Hydroxy-PAAm has been
shown to be an effective biomaterial for immobilizing any desired
proteins and tuning important physico-chemical parameters
of the matrix (Grevesse et al., 2014), such as ligand density
and matrix stiffness (Figures 3C,D), while keeping superior
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FIGURE 2 | Representation of the fundamental quantities involved in the three main modes of deformation used in material characterization: (A) linear elongation,

(B) shear deformation and (C) isotropic compression. (D) Viscoelastic models, such as the standard linear model in green, can be obtained from the association of

dashpots, that represent viscous Newtonian fluids (in red), and springs that represent ideal elastic solids (in blue). (E) The power law type of relaxation in log–log scale

is a line with a slope β, which is the power law exponent. The power law exponents are β = 0 and β = 1 for purely elastic and viscous materials, respectively. Elastic

and viscous mechanisms contribute to a complex relaxation response when 0 < β < 1 (Grevesse et al., 2015). (F) The composition and spatial organization of

cytoskeletal components significantly influence the cell rheological properties. Epifluorescence image of a C2C12 myoblast immunostained for F-actin (in green),

microtubules (in red) and DNA (in blue). The scale bar is 15µm.

optical properties (Figure 3E). For instance, hydroxy-PAAm
hydrogels were used to show the individual role of αvβ3 and
α5β1 integrins in the matrix rigidity sensing of highly motile
cells (Riaz et al., 2016) and that matrix rigidity can modulate the
axon growth, the density of synapses and the electrophysiological
activity of neuronal networks (Lantoine et al., 2016). Due to
the elastic nature of PAAm hydrogels, most of the cellular
mechanotransduction studies have converged upon the idea that
ECM elasticity is the main physical cue sensed by cells. However,
in vivo matrices exhibit viscoelastic behavior characterized
with stress relaxation properties that can regulate cell functions
(Chauduri et al., 2015, 2016; Bauer et al., 2017; Vining et al.,
2019). Recently, Charrier et al. reported the synthesis of gels with
an independent tuning of elastic and viscous moduli. By altering
systematically the hydrogel viscosity, the authors demonstrated
the time dependence of cellular mechanosensing and the
influence of viscous dissipation on cell phenotype (Charrier
et al., 2018). Despite many advantages to mimic the structure of

native tissues, one major drawback of PAAm hydrogels is that
porosity changes with variations in stiffness, leading to changes
in cell-fate decisions (Trappman et al., 2012).

In addition to these works, magnetic hydrogels (M-gel
systems) (Niland et al., 2001) and photoresponsive hydrogels
(PRHs) that include photochromic chromophores as the
photoreactive groups within the 3D hydrogels network (Tomatsu
et al., 2011) were developed to mimic the mechanical
environment of the ECM (Dong et al., 2018). Diverse
photoreactions have been used to tune the properties and
functions of hydrogels such as degradability (Kloxin et al., 2009),
polarity (Liu et al., 2005) or adhesion (Bryant et al., 2007), which
has made photoresponsive hydrogels useful for engineering a
dynamic cell microenvironment for mechanotransduction assays
(Zhang et al., 2015).

Even if considerable efforts have been made to design
synthetic hydrogels with finely tunable physico-chemical and
mechanical properties, ECM fiber networks remain more
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FIGURE 3 | (A) The elasticity of living tissues spans a wide range of rigidities which are organized in three domains: soft (0.1 ≤ E ≤ 1kPa), intermediate (1 ≤ E ≤10

kPa) and stiff (10 ≤ E ≤ 100 kPa). (B) Acrylamide (AAm, in black) and bisacrylamide (bis-AAm, in blue) and N-hydroxyethylacrylamide (HEA, in red) monomers were

co-polymerized to form a hydrophilic network of polyacrylamide containing hydroxyl groups (hydroxy-PAAm) by random radical polymerization (Grevesse et al., 2013,

2014). (C) The amount of bis-AAm cross-linker allows to modulate the stiffness of hydroxy-PAAm hydrogels. (D) Images of three hydroxy-PAAm hydrogels of various

rigidities (from left to right: soft in yellow, intermediate in orange and stiff in red) deformed by a static steel ball that exerts a constant load. The resistance of the

hydroxy-PAAm hydrogels against the deformation imposed by the steel ball is proportional to the elastic modulus of the hydrogels. (E) Hydroxy-PAAm hydrogels have

superior optical properties, such as high transparency, that do not depend on their mechanical properties.

complex than their synthetic analogs. Indeed, native ECM
fibers can be mechanically stretched by cell-generated forces
that will upregulate their Young’s modulus (Liu et al., 2006),
activate cryptic sites (Klotzsch et al., 2009) or inhibit binding
sites (Chabria et al., 2010; Kubow et al., 2015). Furthermore,
because most ECM fibers, such as fibronectin, have enzymatic
cleavage sites, particularly for metalloproteinases (MMPs), they
can be enzymatically degraded causing the release of peptide
fragments that may play a crucial role in regulating inflammatory
processes (Modol et al., 2014). In addition to MMP-degradable
hydrogel platforms (Lueckgen et al., 2018; Xiaomeng et al., 2018),
novel technologies to create synthetic matrices with stretched
fibers will be essential to learn whether and how cell-cell and
cell-ECM mechanotransduction crosstalk is regulated by ECM
fiber tension (Vogel, 2018).

STANDARDIZING CELL-SUBSTRATE
INTERACTIONS WITH
MICROFABRICATED TOOLS

Interactions of cells with the ECM determine their fate through
the modulation of cell shape, cell-surface adhesions and cell

spreading. The ability to produce precisely engineered surfaces
for cell culture that can provide robust in vitro assays to control
cell adhesion is crucial for understanding inside-out and outside-
in mechanotransduction signals.

In conventional two-dimensional (2D) cultures, cells grow
until confluence without any specific spatial organization. Major
drawbacks of conventional cultures are therefore the difficulty to
manage complex parameters involved in mechanotransduction
signaling pathways. To address this limitation, a large effort
has been made during the last two decades to develop robust
micropatterning techniques for manipulating cell adhesion
patterns. Although the first micropatterning methods were
introduced more than 40 years ago (Carter, 1967; Harris, 1973),
they only became commercially available recently. Among a
wide range of patterning techniques, the microcontact printing
(µCP) technique mainly developed by the Whitesides group
at Harvard University (Whitesides et al., 2001) has become
the most popular and widely used technique for cell biology
assays (Figure 4A). Controlling cell adhesion through adhesive
micropatterns allows to impose boundary conditions in cell
culture in order to control both cell shape and structure. Cell
shape can be precisely controlled to minimize variations of
cell morphologies inherent to any cell types (Figures 4B–E).
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FIGURE 4 | (A) Microcontact printing allows to from 2D micropatterns of proteins on flat culture substrates from a PDMS structured microstamp (Grevesse et al.,

2013; Versaevel et al., 2014b). Example of fluorescent images of different cell types grown at the single cell and tissue levels on adhesive micropatterns of various

geometries and protein coatings. Human Umbilical Vein Endothelial Cell (HUVEC) were grown on (B) a circular micropattern of fibronectin (FN) and stained for tubulin

(in red) and DNA (in blue), (C) a rectangular micropattern of FN and stained for vinculin (in red), actin (in green) and DNA (in blue). (D) A cortical neuron was grown on a

stripe of laminin (LM) and stained for MAP2 (in green), Tau (in red) and DNA (in blue). (E) A doublet of cortical neurons was grown on a rectangular micropattern of LM

and stained for tubulin (in red), actin (in green), and DNA (in blue). (F) A 2D tissue of C2C12 myoblasts was grown on a star-shaped micropattern of FN and stained for

actin (in green), troponin T (in red) and DNA (in blue) after differentiation in myotubes. Scale bars are (B) 10µm, (C) 20µm, (D) 10µm, (E) 20µm, and (F) 50µm.

Adhesive micropatterns were used to demonstrate that cells need
to spread, to extend spatially, to generate forces and not only to
have the biochemical factors to survive and grow (Chen et al.,
1997). Micropatterns have been used for instance to demonstrate
that the geometry of the adhesive micropattern influences the cell
division through the reorientation of the mitotic spindle (Thery
et al., 2005; Fink et al., 2011). Using endothelial cells grown on
a wide range of micropattern geometries, it has been shown that
compressive forces exerted by the actomyosin filaments regulate
nuclear orientations and deformations (Versaevel et al., 2012).
Changes in cell shape imposed by the geometry of the adhesive
micropattern modulate cell proliferation through chromatin
condensation, demonstrating a mechanotransduction signaling

pathway. It has been shown that the direction of the leading-
edge extension can be controlled by constraining cell shape using
adhesive micropatterns. For instance, square cells were found to
reorient cell-substrate adhesions and stress fibers, concentrating
therefore contractile forces in the corner regions (Parker et al.,
2002). Using µCP, it has been suggested that mechanical
interactions between cells and ECM that modulate cytoskeletal
tension may therefore play a key role in the control of directional
cell motility. In the context of cell migration, µCP was also used
to study the influence of the 2D spatial confinement by using
adhesive ratchets (Mahmud et al., 2009; Mohammed et al., 2019).
Adhesivemicropatterns were applied to the study of the influence
of the adhesive micro-environment on the actin architecture and
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contractility (Mandal et al., 2014). The study of the influence of
the geometry on multicellular systems (Figure 4F) has shown
that cells propagate the alignment observed at the edges over
hundreds of micrometers into the cell monolayer (Duclos et al.,
2014). Wide adhesive stripes have been used to demonstrate
that cells self-organize in a nematic phase developing a shear
flow close to the edges, while the cells align perfectly with the
direction of the stripe and the net flow vanishes on stripes
narrower than a critical width (Duclos et al., 2018). More
recently, micropatterns were used to study how cells distinguish
between positive and negative curvatures in their physical
environment. The authors found that concave edges promote
polarized actin structures with actin flow directed toward the
cell edge, whereas convex edges were characterized by an actin
retrograde flow (Chen et al., 2019). Proteins micropatterns have
also started to be used for studying early embryonic spatial
patterning during development (Warmflash et al., 2015). For
instance, a neuroectoderm model based on micropatterned
human pluripotent stem (hPS) cells was developed by Xue
et al. for mimicking in vitro the neuroectomderm regionalization
observed during early neurulation in vivo (Xue et al., 2018).
Most of the previous studies that controlled cell shape for
studying cell-matrix interactions have been done using 2D
micropatterned surfaces. However, a large number of cell types
experience in vivo complex 3D environments with different
physico-chemical properties.

The design of well-defined micro- and nano-structured
surfaces can help to understand interactions of cells with
topographical features. It has been observed that epithelial cells
align along the preferential direction of nano-grooves, suggesting
that the ECM topography encountered by cells in vivo is
involved in cell polarization (Teixeira et al., 2003). Interestingly
most of the components of the cytoskeleton were found to
be correlated to the cell orientation, as well as the nucleus.
By patterning microchannels using polyacrylamide hydrogels
with a stiffness ranging from 400 Pa to 120 kPa, Pathak and
Kumar found that migration velocity increased with the matrix
stiffness in narrow microchannels (Pathak and Kumar, 2012).
They attribute this behavior to an increased induction of polarity
in actin stress fibers and traction forces in cells seeded in these
narrow channels. However, this technique does not reproduce the
subcellular fibrillar architecture of the ECM that can be sensed
by migrating cells. To address this limitation, the Reinhart-
King’s group introduced a micromolding technology to form
collagen microtracks that produce a 3D micro-environment
which reproduce the physiological structure of native tracks
found in proteolytically active cancer cells (Kraning-Rush
et al., 2013). Microtracks of collagen have been used to show
that adhesion and contractility mechanisms uniquely regulate
migration through 3D collagen matrices. Interestingly, migration
in collagen microtracks was found to be insensitive to matrix
density and also independent of cell-matrix mechano-coupling,
which are both important regulators of migration within the
3D matrix (Carey et al., 2015). A migration assay consisting
of micro-channels with narrow constrictions has been used
to show that nuclear deformation during cell migration leads
to transient opening of the nuclear envelope, and that the

ESCRT III complex is required to seal rapidly the nucleo-
cytoplasmic barrier (Raab et al., 2016). This transient opening
of the nuclear membrane causes a mixing of nucleo-cytoplasmic
components, that may lead to DNA damages. More recently,
large efforts have been made to replicate out-of-plane curvatures,
such as tubular structures involved in ductal elongation in vivo.
Lumens of epithelial cell sheets grown inside narrow microtubes
exhibitedmigrationmodes that depend on both confinement and
curvature levels (Xi et al., 2017).

MECHANICAL PROBING OF
MECHANOTRANSDUCTION
SIGNALING PATHWAYS

The characterization of the cells mechanical properties requires
to apply well-controlled external forces to induce measurable
deformations. The quantification of the mechanical deformation
as a function of time and its dependence on the loading frequency
allows to determine the viscoelastic behaviors of living cells and
tissues. Over the last few years, original methods have been
developed to apply well-controlled forces to living cells and
tissues. For instance, a parallel platemethod based on the bending
of glass microplates of calibrated stiffness enables quantifying
either passive (i.e., cell deformability) or active (i.e., cell traction)
forces. Interestingly, this technique can be combined with
confocal microscopy or total internal reflection fluorescence
(TIRF) microscopy for studying the dynamics of cell-substrate
interactions (Mitrossilis et al., 2010; Fouchard et al., 2014;
Bufi et al., 2015).

However, the implementation of these techniques in the
broader biological community remains challenging due to the
inherently multidisciplinary expertise required to conduct and
interpret mechanical measurements. Interestingly, some of these
force assays can be also used for studying how external forces
are transduced into biochemical and functional responses and
to identify the corresponding mechanotranduction signaling
pathways, in normal or pathological situations (Chen, 2008). In
this section, we will review five techniques working at different
levels of force and used for interrogating mechanotransduction
pathways (Figure 5).

At the lowest force levels, Atomic Force Microscopy (AFM)
has progressively emerged as a key platform for mapping the
mechanical properties of living biological samples on spatially
defined areas ranging from few nanometers to several tens of
micrometers. By using AFM to probe fibroblasts seeded on
polyacrylamide hydrogels with varying stiffness, Solon et al.
demonstrated that fibroblasts are able to adapt their own stiffness
to match the elastic modulus of its substrate (Solon et al.,
2007). The use of cantilevers with a spherical tip protects the
cells against damage during force application and enables to
use the AFM as a local indenter (Charras and Horton, 2002).
This technique was used by Elosegui-Artola et al. to indent
the nucleus of fibroblasts and elegantly demonstrate that forces
applied to the nucleus translocate the transcription factor YAP
to the nucleus (Elosegui-Artola et al., 2017). Recently, AFM
has started to be combined with complementary techniques
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FIGURE 5 | Examples of force-application techniques used to probe the rheological properties of cells or to apply well-defined external loads for studying

mechanotransduction pathways. From left to right: atomic force microscopy (AFM), micropipette aspiration, optical tweezers, magnetic tweezers and uniaxial stretcher.

including confocal microscopy, super-resolution microscopy or
microfluidic devices to relate the 3D distribution of mechanical
responses of biological specimen to their morphologies (Krieg
et al., 2019). Indeed, the combination of AFM with additional
techniques has been required to investigate the interactions
among molecules (Zhou et al., 2017; Bhat et al., 2018). Such
combinations of complementary techniques allow to generate
multicomplexed mechanical and biochemical data from live cells
and tissues in real time.

For larger levels of forces, other techniques have emerged
such as optical tweezers (Killian et al., 2018), magnetic tweezers
(Kollmannsberger and Fabry, 2007; Sarkar and Rybenkov, 2016),
micropipette aspiration (Hochmuth, 2000) or uniaxial stretcher
(Figure 5). Optical tweezers (also called optical traps or laser
traps) consist of highly focused laser beam that provides an
attractive or repulsive force. The laser beam is focused through a
microscope objective. The narrowest point of the focused beam,
known as the beam waist, contains a very strong electric field
gradient. As a consequence, dielectric particles are attracted along
the gradient to the region of strongest electric field, which is the
center of the beam. The magnitude of the force (typically on the
order of 0.1–100 piconewtons) depends on the relative refractive
index between the particle and the surrounding medium and
allows to physically hold and move micrometer-scale objects,
similar to tweezers. Because the trapping force decreases with
decreasing object volume, the typical object size ranges from
0.5 to 10µm in diameter to ensure that objects are trapped
efficiently. In addition, the force acting on a bead is dependent
on the distance between the laser focal point and the center of
the particle. Optical tweezers have been used to study membrane
cell elasticity in many cell types such as neurons and red
blood cells (Sleep et al., 1999). Optical tweezers were integrated
with a microfluidic device to locally apply mechanical tensile
and compressive force on single cells, providing an efficient

platform for further studies of mechanotransduction in single
cells (Honarmandi et al., 2011). More recently, an oscillatory
optical trap has been used to apply forces to the cell membrane in
the piconewton range. Even if the time-scale of these experiments
was very short, this mechanical stimulation produced a local
membrane indentation that induces cellular calcium transients,
which were observed to be dependent on the stimulus strength
and the force pulse frequency (Falleroni et al., 2018). Optical
tweezers were usually used to manipulate molecules, but some
groups have developed new methodologies based on optical
tweezers to probe viscoelastic properties of cells (Yareni et al.,
2016). Interestingly, the photo-induced effects caused by laser
trapping were found to be negligible, giving the possibility to use
optical tweezers for dynamic monitoring of viscoelastic behaviors
in living cells and tissues (Lyubin et al., 2012).

Magnetic tweezers rely on the manipulation of paramagnetic
beads by applying a controlled magnetic field that exerts pulling
forces on the beads. Paramagnetic beads can be chemically
functionalized to present adhesion proteins at their surface
that can be recognized by the cell cytoskeleton. For instance,
Grevesse et al. used fibronectin-coated microbeads to link the
cytoskeleton of cortical neurons and probe the mechanical
properties of the two main subcellular compartments (soma
vs. axon) (Grevesse et al., 2015). Creep experiments revealed
two opposite rheological behaviors within cortical neurons: the
cell body was soft and characterized by a solid-like response,
whereas the neurite compartment was stiffer and viscous-like.
The authors suggested that the opposite rheological properties
of neuronal microcompartments predict axonal vulnerability in
brain injury. The neurite is a mechanosensitive compartment
that becomes softer and adopts a pronounced viscous state on
soft matrices. Furthermore, they found that local deformations
of the cell body induce a significant condensation of chromatin,
which results from nuclear shape remodeling that leads to a

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 8 July 2019 | Volume 7 | Article 162

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Mohammed et al. Outside-In and Inside-Out Mechanotransduction

force-dependent stiffening of the nucleus, providing a robust
explanation of the stress stiffening behavior of the soma.
Magnetic tweezers were also used to apply high pulsatile forces
to fibronectin-coated magnetic beads bound to normal and
alpha-actinin depleted cells to demonstrate the role of alpha-
actinin in focal adhesion maturation (Roca-Cusachs et al., 2013).
Recently, Tajik et al. applied precisely controlled oscillating
forces to magnetic beads attached to individual cells. The
authors demonstrate that external forces are transmitted to the
nucleus, leading to chromatin stretching and changes in gene
transcription (Tajik et al., 2016). Indeed, external mechanical
stresses were transmitted to the nucleus, where they induced
deformation of a bacterial artificial chromosome (BAC) reporter
inserted into the cells. By using magnetic tweezers, Tajik and
coworkers showed therefore that external forces can modulate
the structure of chromatin and the transcription of specific
genes (Tajik et al., 2016).

Micropipette aspiration partially aspirates a single cell
by applying a subatmospheric pressure through a glass
micropipette. This technique was first used on circulating
white blood cells (Tsai et al., 1993) and then performed
on adherent cells, leading to the estimation of the cell
cortical thickness which has been estimated on the order of
0.1µm (Zhelev et al., 1994).

Other techniques, such as membrane stretching, allow to
apply a fixed strain to single cells or a cell sheet by deforming an
elastic substrate. The mechanical deformation is thus transmitted
to the cells through integrin-related adhesions and involved
outside-in mechanotransduction signaling pathways. Silicone
elastomers such a poly(dimethylsiloxane), PDMS, are usually
used to form elastic membranes. Strain rates commonly vary
from 0.1 to 10Hz with a typical strain percentage ranging from
1 to 30% to keep the membrane deformation in the linear elastic
regime. Uniaxial or biaxial strain field can be applied, depending
on the complexity of the strain device. One dimensional (1D),
or uniaxial strain, corresponds to the membrane stretch in one
direction. In this configuration, the two free edges must be
constrained to avoid compression in the direction perpendicular
to the strain as a result of the Poisson effect. In two-dimensional
(2D) strain devices, a uniform biaxial deformation is obtained
from the stretching of a thin elastic membrane. Membrane
stretching presents the advantage of being applicable on 2D
tissues, providing an average readout from millions of cells.
In addition, PDMS membranes are optically transparent and
could be prepared with thicknesses ranging from 50 to 250µm,
which are particularly well-suited to perform live stretching
experiments on an inverted microscope. Uniaxial stretching
experiments have been performed to mimic the deformation
of brain tissues during traumatic events. Indeed, it was found
that traumatic stimulations of integrins are an important
etiological contributor to mild Traumatic Brain Injury (mTBI).
Cultures of cortical neurons were stretched with an abrupt
one-dimensional strain to reproduce in vitro TBI. Stretching
experiments revealed that the Rho signaling pathway can be
activated through integrins and may contribute to the diffuse
axonal injury reported in mTBI (Hemphill et al., 2011). By
integrating a cell-stretching assay with micropillars, Shao and

coworkers found a cell shape-dependent mechanotransduction
process in stretched vascular endothelial cells. Combining
experiments with theoretical modeling, the authors showed that
the global architecture of contractile actomyosin filaments is
a key determinant of the mechanotransduction process under
uniaxial stretch (Shao et al., 2014).

MEASURING QUANTITATIVELY
PROTRUSIVE AND
CONTRACTILE FORCES

Actin filaments (AFs) are semiflexible polymers with a
persistence length of ∼17µm (Gittes et al., 1993), which is
defined as the distance over which the filament is bent by thermal
forces (Morse, 1998). AFs are ∼7 nm in diameter, functionally
polar in nature and built from dimer pairs of globular actin
monomers. Actin polymerization produces most of the driving
force required for membrane protrusion (Parekh et al., 2005).
When the end of an AF is exposed to a concentration of
monomeric actin that is above its critical concentration (Cc),
the filament end binds monomers and grows by polymerization.
Conversely, when the concentration of monomeric actin is
below Cc, monomers detach from the filament end, and the actin
filament shrinks by depolymerization. These two different critical
actin concentrations are, respectively localized at both opposing
ends of the filament, leading to the asymmetrical growth of
AFs. When the actin monomer concentration is between the
two critical concentrations, only the plus-end grows while the
minus-end shrinks. This process allows to maintain a roughly
constant length of the filament and is known as “treadmilling”
(Wilson et al., 2010).

To test this experimentally, Prass and coworkers introduced
a very elegant way to directly measure the protrusive forces
exerted by the leading edge (Prass et al., 2006). Briefly, an AFM
cantilever of calibrated spring constant was placed vertically
perpendicular to the substrate surface in front of the leading
edge (Figure 6A). The load force applied by a migrating cell
on the advancing leading edge exerts in response an equal
and opposite protrusive force to the cantilever. The vertical
position of the cantilever was measured optically over time.
Knowing the spring constant of the cantilever and measuring
its deflection with time permits estimation of the temporal
evolution of the load force. When the lamellipodium touched
the cantilever, one can observe an initial increase of forces. The
deflection increases linearly with time until the lamellipodium
is stalled at higher forces. At this stage, the velocity of
the lamellipodia decreases close to zero and the leading-
edge stalls. The lamellipodial protrusive force was determined
from the stall force, corresponding to the moment where
the cantilever stops. The first derivative of the deflection-time
curves allows to obtain the cantilever speed vs. time. The
deflection of the cantilever provides therefore a direct measure
of the protrusive forces exerted by the lamellipodium in the
nanonewton range.

The actomyosin cytoskeleton of adherent cells generates
contractile forces which are transmitted to the ECM
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FIGURE 6 | (A) Protrusive forces exerted by the lamellipodia of migrating cells can be quantified by measuring the deflection of an AFM cantilever over time. A

cantilever of calibrated spring constant is placed vertically perpendicular to the surface in front of the leading edge and its vertical position is measured optically over

time. The polymerization of actomyosin filaments exerts a load force that pushes on the cell membrane that deflects the cantilever. (B) Traction force microscopy

(TFM) measures the contractile forces exerted by adherent cells on an elastic hydrogel that contains fluorescent embedded beads of ∼200 nm in diameter. Cell

spreads on the hydrogel, leading to its contraction (stressed state in green). After trypsin detachment, the contractile stress is released, and the fluorescent beads

relax (in red). The differences of bead position between stressed and relaxed states serve as markers to visualize the hydrogel deformation in a 2D plane. (C) Gel

deformations are estimated using a Fourier-based difference-with-interpolation image analysis. To characterize the contractile forces of each cell, the elastic strain

energy stored in the polyacrylamide gel due to cell tractions is calculated as the product of local tractions and deformations, integrated over the spreading area of the

cells. The scale bar is 20µm.

through integrin-based adhesions (Figure 1). Contractile
forces are crucial for physiological processes such as
embryo morphogenesis or wound healing (DuFort et al.,
2011) but also for pathological processes, such as cancer
metastasis (Wirtz et al., 2011). Measuring cellular traction
forces is therefore critical for a better understanding of
the mechanisms involved in inside-out and outside-in
mechanotransduction signals. To tackle this problem, Harris
and coworkers developed the traction force microscopy
(TFM) method (Harris et al., 1980). They showed that the
wrinkling of an elastic rubber used as culture surface can
be calibrated to assess the magnitude of contractile forces
exerted by fibroblasts. However, the nonlinear deformation
of silicone elastomers and the low spatial resolution lead to
the further development of this technique to improve the
resolution and reproducibility of traction force measurements
(Dembo and Wang, 1999).

In this context, PAAm hydrogels with embedded fluorescent
beads of ∼200 nm in diameter has emerged as a robust method
to determine quantitatively traction forces exerted by adherent
cells (Figures 6B,C). Adherent cells deform the substrate with
cellular tractions that have a very small magnitude (pN—nN)
and occur across small length scales (nm—µm). Due to their
superior optical and mechanical properties, PAAm hydrogels are
now considered as the substrate of choice to perform continuous
traction force measurements. Indeed, PAAm hydrogels are
optically transparent and their mechanical properties are also
ideal since they are linearly elastic over a wide range of
deformations. Traction forces can be estimated by comparing two
images of fluorescent images of fluorescent markers embedded
in the elastic hydrogel (Figure 6B). The first image corresponds
to the stressed state where the cell is applying traction forces
on the substrate, whereas the second corresponds to the fully
relaxed state of the substrate. This reference image is obtained
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by detaching cells with a trypsin treatment. Although TFM
was originally conceived to compute a 2D force field exerted
by a single cell on a flat substrate (Han et al., 2015), this
method has been then successfully extended to multicellular
clusters (Trepat et al., 2009). Recently a large effort has been
made to compute 3D force fields of cells moving in complex
fibrillar 3D microenvironment. Indeed, physiologically the ECM
is mostly composed of fibers that behave as non-linear elastic
materials. To address this problem 3D traction force fields were
computed using synthetic polyethylene glycol (PEG) with matrix
metalloprotease (MMP)-cleavable sites (Legant et al., 2010).
Interestingly, 3D traction force approaches have shown that the
traction force exerted by MDA-MB-231 breast carcinoma cells
is independent of ECM concentration and stiffness (Steinwachs
et al., 2016). It is important to note that determining the traction
field from the displacement field represents a mathematical ill-
posed problem that can be solved only by a small number
of experts in force-field calculations. This limitation has been
addressed by providing efficient open source codes (Schwarz
and Soine, 2015). Recently, hydrogels labeled with a high
density of fluorescent microspheres of two different colors
have been developed (Sabass et al., 2008) to analyze both the
distribution and dynamics of traction forces within individual
focal adhesions (Plotnikov et al., 2012). In addition, light-based
methods have been developed by employing molecular tension
sensors, such as Förster resonance energy transfer (FRET) and
deoxyribonucleic acid (DNA) (Jurchenko and Salaita, 2015). The
combination of TFM with FRET-based molecular force sensors
is an efficient tool to decipher the mechanisms of integrin-
mediated mechanosensing (Grashoff et al., 2010; Blakely et al.,
2014; Zhang et al., 2014; Jurchenko and Salaita, 2015). Moreover,
novel strategies using membrane DNA tension probes allow to
visualize tensile forces at cell junctions (Zhao et al., 2017).

In vivo cells exist within three-dimensional (3D) matrices,
however measuring tractions of cells in 3D remains difficult
and the nonlinear nature of collagen type I hydrogels, which
is already used for 3D cell culture, prevents calculation of
traction forces. To address this challenge, vertical cantilevers
were molded from silicone elastomers in order to measure
forces from tissue constructs composed of few 100 of cells
(Legant et al., 2009). This device is now considered as
a robust assay to determine contractile forces in cardiac
tissues, providing quantitative information about the
mechanotransduction signaling pathways that drive tissue
formation (Boudou et al., 2012).

DETERMINING MECHANICAL AND
FUNCTIONAL PROPERTIES OF THE
CELL NUCLEUS

The mechanical stability of the nucleus defines its capability
of maintaining a three-dimensional shape by minimizing
deformations and recovering strain after a mechanical
deformation. Interestingly, it has been demonstrated that
large nuclear deformations increase the risk of modifying

nuclear architecture and may lead to DNA damages and
ultimately cell death (Versaevel et al., 2013; Denais et al., 2016).

The quantifications of deformations and recovery of nuclei
are required for understanding the mechanisms involved in
the nuclear response to forces and in the maintenance of its
mechanical stability. To address this challenge, micropipette
aspiration has been shown to be an interesting method by
providing a robust way to characterize nuclear viscoelastic
properties. This technique was used by Guilak and coworkers
to demonstrate the individual contribution of each nuclear
components. The authors conclude that nuclei behave as a
viscoelastic material which is 3–4 times stiffer than the cytoplasm
and nearly twice as viscous as the cytoplasm (Guilak et al., 2000).
Dahl and coworkers used the micropipette aspiration technique
to demonstrate that the nucleus is a stiff organelle that maintains
its mechanical integrity at short times, but deforms at longer
times (Dahl et al., 2005). Recently, (de-)adhesion kinetics on
micropatterned substrates have been introduced as a robust
assay for studying cellular and nuclear mechanics. Interestingly,
this non-invasive technique can be extended to high-
throughput assays for screening pharmacological candidates
(Versaevel et al., 2017).

It has been shown that genome expression is affected by
spatial positioning and chromatin motions (Misteli, 2004) but
also by nuclear compartmentalization, and other factors that
are all physically contained by the nuclear envelope (NE).
The NE separates the chromatin from the cytoplasm and
contains the peripheral protein lamina (Gruenbaum et al., 2003),
which is attached by nuclear membrane proteins that stabilize
the envelope and provide sites for chromatin binding and
organization (Figure 7A) (Burke and Stewart, 2002).

The overall nuclear stiffness is mainly established by the
remodeling of lamina and chromatin. It is therefore important
to decipher their individual roles for a better understanding of
the nuclear mechanics and the regulation of cellular functions. It
has been shown that chromatin controls the resistance to small
deformations, while lamina dictates the nuclear strain stiffening
that dominates resistance to large deformations (Stephens et al.,
2017). In a first approximation, the mechanical response of the
lamina can be described by a Maxwell model that combines in
series a purely elastic spring with a purely viscous damper. Recent
works have shown that B-type lamins contribute primarily to
the elastic response, whereas A-type lamins contribute to the
viscosity (Figure 7B) (Swift et al., 2013). As a consequence,
increasing A-type lamins relative to B-type lamins leads to
slower nuclear deformation under stress (Swift et al., 2013).
Recently, the loss of A-type lamins in human dermal fibroblasts
was observed to correspond to large stress fibers and high
traction forces, suggesting a role of A-type lamins in the balance
between cytoskeletal tension and cell-substrate adhesions, which
may contribute to mechanosensing defects as observed in
laminopathies (Corne et al., 2017). It is now clear that there is
a global connection between the physico-chemical properties of
micro-environment and gene expression. Indeed, integrins at the
focal adhesions link the cytoskeleton to the ECM proteins, which
is in close interaction with the nuclear membrane through LINC
complex (Figure 7A). Using Structured IlluminationMicroscopy
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FIGURE 7 | (A) LINC complexes are made of the inner nuclear membrane (INM), SUN protein trimers, the outer nuclear membrane (ONM) and KASH proteins. KASH

protein mediates interactions with actin cables through Nesprin 2. (B) A-type and B-type lamins (orange and blue, respectively) form individual polymer networks

which are juxtaposed on the inside of the nuclear envelope. Both lamin types are found at the interface between chromatin and the cytoskeleton (Swift and Discher,

2014). The mechanical properties of the lamina can be described by viscoelastic models based on the combination of elastic (spring-like) springs and viscous (flowing)

dahspots. The characteristic deformation time of the lamina is therefore related to the ratio of the viscous part (i.e., lamin A) on the elastic one (i.e., lamin B) (Swift et al.,

2013). Typical images of nuclei of Madin-Darby Canine Kidney (MDCK) cells stained for lamin A (in orange) and lamin B (in blue). The scale bar is 10µm. (C) Differential

mechanical forces are applied on the nucleus, such as actin contractile forces or microtubules compressive forces, through LINC complexes. The three-dimensional

organization of chromosomes is modulated by these mechanical signals, leading to new gene expression programs (Uhler and Shivashankar, 2017).

(SIM), it has been shown that nuclear indentations are generated
by accumulated tension in apical actin stress fibers that deform
the nuclear lamina. Indeed a local enrichment of LINC complexes
has been observed at indented nuclear zones where apical actin
fibers are anchored to the nuclear lamina. In addition, the deep
deformations of the nuclear envelope indices the formation of
segregated domains of condensed chromatin (Versaevel et al.,
2014a). Finally, Lamina-associated domains (LADs) along DNA
enables the interactions between chromosomes and nuclear

membrane. This global structure suggests that modifications of
the ECM can modulate the regulation of the genome architecture
and cell-fate decisions (Shivashankar, 2019).

Cell shape changes have been found to modulate nuclear
shape, DNA expression (Versaevel et al., 2012), histone
acetylation and gene expression profile (Jain et al., 2013). Inside
nuclei, DNA is packed into less condensed euchromatin
and more condensed heterochromatin, that both form
chromosomes. The spatial organization of chromosomes
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into distinct chromosome territories inside the nucleus is crucial
for regulation of gene expression (Figure 7C) (Bickmore and
van Steensel, 2013). Interestingly, the reorganization of these
territories has been observed during differentiation (Boney
and Cavalli, 2016). In view of the linkage between the cellular
micro-environment and the nucleus through the cytoskeleton
and specific connectors, the question of the effect of external
mechanical stresses applied to the cell on the spatial organization
of chromatin was raised. To address this question, Wang
et al. used fluorescence hybridization to demonstrate that the
repositioning of chromosomes correlates with gene expression
that were found to be cell geometry dependent (Wang et al.,
2017). More recently, Roy et al. demonstrated the reversibility
of the chromosome territories transitions by reprogramming
fibroblasts into stem cell-like cells through laterally confined
growth (Roy et al., 2018). Growing evidence suggests that a
mechanical load on the nucleus drives the nuclear translocation
of YAP by modulating molecular transport through nuclear
pores (Figure 7A) (Elosegui-Artola et al., 2017). In addition, the
stiffening of the ECM allows to connect the cytoskeleton and the
nucleus, allowing the propagation of forces from focal adhesions
to the nuclear envelope.

OPTOGENETIC METHODS TO
INTERROGATE
MECHANOTRANSDUCTION PATHWAYS

Optogenetics is a rapidly evolving technology that aims to control
optically and precisely specific events in genetically targeted
living cells and tissues. Optogenetic methods allow to deliver an
optical control at high temporal (millisecond-scale) and spatial
resolution in physiological or pathological situations (Deisseroth,
2011). The principle of optogenetics uses the heterologous
expression of light-sensitive microbial membrane proteins, called
opsins, to induce optically a cell depolarization or silencing on
a millisecond time scale (Figure 8A). Optogenetics combines
therefore optics, genetics and bioengineering to either stimulate
or inhibit cellular activity via light-sensitive opsins (Figure 8B)
(Nagel et al., 2002, 2003).

In 1979 Francis Crick described one of the major challenges
facing neuroscience by the need to control one cell type in the
brain while leaving other cell types unaltered. Since electrodes
cannot be used to precisely target defined cells, Crick envisioned
that light might be used to control and monitor the activity of
genetically defined neuronal populations. However, it took more
than 30 years for neuroscientists to develop the first approaches
for optogenetics. In the early 2000s, Zemelman and Miesenbock
(Sloan- Kettering Cancer center, New York) (Zemelman et al.,
2003) and Trauner, Kramer and Isacoff (University of California,
Berkeley) (Banghart et al., 2004) considered alternative strategies
based on cascades or combination of different genes. In
2005, Deisseroth and coworkers used a light-sensitive microbial
protein, Channelrhodopsin-2 (ChR2), expressed in neurons to
activate neurons with light pulses in a temporally precise manner
(Boyden et al., 2005). The current optogenetics tool box opens the
door to experiments where neuronal activity can be controlled in
real time.

Although it arose from neurosciences, optogenetics
has started to address recently open questions about
mechanotransduction mechanisms in various cell types. For
instance, Bruegman et al. showed that optogenetic stimulations
of skeletal muscles expressing the light-sensitive channel ChR2
can generate large forces, which could be useful for studying
mechanotransduction signaling pathways in muscle cells
(Bruegmann et al., 2015). More recently, Valon and coworkers
reported the up- and down- regulation of contractile forces
with optogenetic tools working at high spatiotemporal accuracy
(Valon et al., 2017). The authors found a rapid increase of cellular
traction forces in response to the translocation of RhoA activator
ARHGEF11 to CRY2-mCherry (optoGEF-RhoA). Changes in
cell contractility were found to be related to modifications in
the transcriptional regulator YAP, demonstrating the ability of
optogenetic approach to control mechanotransduction signaling
pathways. More recently, Baaske and coworkers reported an
optogenetic system based on an integrin engineered with a
phytochrome-interacting factor domain (OptoIntegrin) and
a red light-switchable phytochrome B-functionalized matrix
(OptoMatrix) (Baaske et al., 2019). This receptor-ligand pair
enables a reversible optogenetic control of integrin-matrix
interaction, as well as the controlled activation of downstream
mechanosensory signaling pathways.

SUMMARY AND FUTURE PERSPECTIVES

Novel techniques developed to probe cellular forces have
reported a wide range of mechanisms acting over multiple
length scales (from molecular forces to supra-cellular force
patterns). As a consequence, physical forces cannot be only
considered as basic switches of mechanotransduction signals,
but as the key mechanism to propagate signals between cells.
Interestingly, recent technological developments allow to study
the molecular mechanisms used by cellular forces to alter gene
activities by modulating the conversion of mechanical stimuli
into biochemical signals. Advancements in force measurement
methods will therefore permit to address many remaining
open questions surrounding cell-substrate but also cell-cell
interactions, such as cadherins. For instance, understanding
how mechanical tension exerted on cadherins is converted
into biochemical signals and how this signaling in turn leads
to changes in cell expression remains an open question in
cell biology.

The understanding of the molecular mechanisms involved
in outside-in and inside-out mechanotransduction signaling
pathways requires to elaborate integrated strategies combining
super resolution fluorescence microscopy (e.g., stimulated
emission depletion, STED—photo-activated localization
microscopy, PALM—stochastic optical reconstruction
microscopy, STORM) with biophysical probes and
multipatterning of proteins. In addition to these combined
imaging techniques, FRET biosensors could be applied
to examine force transmission across the cytoskeleton
to nuclear envelope proteins, chromatin remodeling or
mechanically induced changes within the nucleus. FRET
between fluorophores of a single type, known as homoFRET,
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FIGURE 8 | (A) The optogenetic principle is based on light-sensitive proteins from algae called opsins. (B) Opsins can be expressed in single cells, cell clusters or

tissues by using transfection with a gene construct inserted in viruses. By using different wavelengths, optogenetics allows to activate or inhibit for instance

neurotransmission, or specific mechanotransduction signaling pathways in living cells, such as neurons.

is a promising method to visualize and quantitatively measure
changes in protein ratios upon force application, based on
the signal produced when molecules labeled with enhanced
green fluorescent protein, such as G-actin, assemble into
actin filaments.

A further challenge should be devoted to a better
understanding of how ECM sensing can activate specific
transcription factors and translocates them to the cell nucleus.
Indeed, it remains unclear whether chromosome configurations
can be altered in response to the modifications of the mechanical
properties of the nucleus that can be modulated by changes in
the ECM physico-chemical properties. Furthermore, several
aspects of Piezo channels must be addressed in the near future
to determine the role of specific mechanotransduction processes
in regulating physiological and pathological processes. For
instance, it will be important to decouple the role of Piezo 1 and
2 that makes them such versatile mechanosensors. In addition,
questions about conformational changes leading to channel
(in-)activation remain to be answered.

Finally, a major technical challenge in cellular
mechanotransduction concerns the development of synthetic
models of the stem cell niche to manipulate the biophysical
and biochemical properties of the stem cell microenvironment.
Indeed, the discovery of induced pluripotent stem (iPS) cells
as patient-specific stem cells represents a breakthrough for
the basic cell biology and new therapies. Understanding how
stem cell behavior can be regulated by mechanical forces can
provide fundamental insights for the design of artificial niches
for regenerative therapies. In this context, we envision exciting

technical developments for the light-controlled activation
of cellular forces, dynamic organoid systems and synthetic
niches with a spatiotemporally controlled release of proteins
and growth factors. Smart stem cell niches that integrate the
control of material properties (stiffness, topography, etc.) and
protein patterning to recapitulate cell-cell and cell-matrix
interactions is required to identify the ECM cues which are
relevant to niche-like regulation of stem cell fate. By guiding
collections of stem cells that can assemble in 3D, organ-on-a-chip
platforms represent a valuable technology to form realistic in
vitro models of organ-level systems required to interrogate
mechanotransduction pathways in stem cells but also to realize a
precision medicine approach by testing important differences in
varied patient cohorts.
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