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Abstract
New technologies and interest in cell mechanics are generating exciting new discoveries about
how material properties and forces affect biological structure and function. Mechanical forces are
transduced via a variety of mechanisms, recently beginning to be revealed, into signals capable of
altering cell function and structure. Responses to physical stimuli occur at multiple levels, from
changes in the structures of single proteins to global cascades capable of altering cell proliferation
and differentiation. This review describes recent findings in which physical stimuli were shown to
modulate transcription factor activity, including that of armadillo/β-catenin, serum response factor
(SRF), yes-associated protein (YAP) and nuclear factor κB (NF-κB).
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1. Introduction
The signal transduction cascades initiated by mechanical signals, similarly to those elicited
by chemical signals, affect many aspects of cell behavior including division, motility,
morphology and protein expression. In this review, we focus on recent experiments in which
a mechanical signal has been shown to cause a change in transcription factor activity, and
highlight a few recent discoveries about the protein-protein interactions underlying these
cascades.

Proof of the principal of mechanically-mediated transcriptional regulation comes from
studies in which stem cell lineage commitments changed as the result of growth on 2D
substrates (Engler et al., 2006) or in 3D matrices (Pek et al., 2010) of different elastic
moduli (Fig. 1A). Limiting the shape of a cell (Fig. 1B) (Gao et al., 2010), exposing cells to
a tension gradient (Ruiz and Chen, 2008) or otherwise changing the external physical
environment can also drive the alternate differentiation of pluripotent cells (reviewed by
Guilak et al., 2009).

2. Functions
Cells use a variety of sensors to sample environmental mechanical properties. One way
extrinsic physical information is sensed is by structures at the interfaces between the cell and
its surroundings. For example, focal adhesions, which mediate cell/substrate attachment,
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adherens junctions that contribute to cell/cell interactions (Gomez et al., 2011), and actin
filament bundles, sometimes called stress fibers (Hayakawa et al., 2008) are altered by
changes in tension. Mechanical sensors may also be present on structures that protrude from
cell surfaces, such as primary cilia (Hoey et al., 2011) or within the glycocalyx (Shi and
Tarbell, 2011).

Sensors can sample force directly or by way of intermediate biochemical reactions. Direct
transducers are structurally modified by force, for example a gated ion channel stretch
receptor that physically opens when stretched (Grillet et al., 2009) or the titin-associated
systems in Z-discs in which tugging forces unfold the protein (Miller et al., 2004).
Alternatively, cells can respond to biochemical changes such as F-actin depolymerization,
which will be discussed below and can be triggered by multiple inputs, some of which are
mechanical.

3. Cascades and Key Molecules
3.1 Armadillo and twist

During early embryogenesis differentiation is driven by two overarching sets of
morphogenetic signals, position-based gene expression and rearrangement by cell motility.
To test whether cell rearrangement involves transmission of force from motile to non-motile
cells, Farge applied unilateral compression (Fig. 1A, C) to whole drosophila embryos. These
studies showed that armadillo, a transcriptional coactivator and component of the cadherin
complex that is homologous to human β-catenin, translocates to the nucleus in response to
compressive stress, where it subsequently activates twist (Fig. 1A; Farge, 2003). During
normal embryogenesis, twist expression is greatest in cells that are visibly deformed. In
order to determine whether compressive forces are sufficient to cause armadillo’s nuclear
translocation and the subsequent upregulation of twist expression, experiments were
conducted in mutant drosophila incapable of generating compressive forces. The cells in the
mutant flies that would have been deformed by movement in a normal fly exhibited
abnormally low twist expression, and the local application of a pushing force rescued that
expression (Farge, 2003). These results show that force, in this case generated by the
movement of a motile cell, is transduced into a cascade that results in the activation of a
transcription factor.

3.2 SRF
Serum response factor (SRF) is a transcription factor that regulates many adhesion-related
genes, and is itself regulated by a number of independent pathways. Studies of an SRF-
modulating pathway that is affected by actin dynamics lead to identification of a G-actin-
associated cofactor, MAL (Megakaryoblastic leukemia 1; (Sotiropoulos et al., 1999,
Miralles et al., 2003). Other results suggested that SRF-MAL activity could also be
regulated by cell-migration-associated forces (Somogyi and Rorth, 2004). Eventually it was
discovered that in the nucleus, the interaction of MAL with G-actin inhibits MAL binding to
SRF (Vartiainen et al., 2007). Factors that drive F-actin polymerization decrease the pool of
G-actin, and thereby increase MAL availability and the likelihood that it will activate SRF
(Fig. 2B).

Connelly and colleagues further investigated SRF and the role of mechanotransduction using
a model of epidermal stem cell differentiation (Connelly et al., 2010). They ‘painted’
micropatterned islands of extracellular matrix (ECM) onto glass coverslips (Fig. 1B). Cells
could adhere to the ECM islands, but not to the ‘unpainted’ background. In this manner, the
area available to each cell could be altered, or a constant area maintained while the shape
was changed. Cells on the smallest islands were more likely to differentiate than cells
allowed greater freedom to spread, but varying the ligand to which the cells could adhere or
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the density of the ligand did not alter cell fate (Connelly et al., 2010). This result
demonstrates that mechanical signaling can dominate integrin-based biochemical signaling.
Another study, in which mesenchymal stem cell differentiation was monitored in cells
cultured on various combinations of substrate stiffness and ligand composition, showed that
substrate stiffness does not always dominate over ligand-generated chemical cues, but that
interplay exists between the two systems (Rowlands et al., 2008).

One explanation for these two findings may be that cells growing on very small islands,
even on a very hard substrate, cannot generate the cytoskeletal tension commensurate with
their substrate, and in this way are similar to cells grown on soft substrates. Whereas
maximally spread cells exhibited many stress fibers and relatively little G-actin, cells grown
on restrictively-sized islands had few stress fibers and more G-actin (Connelly et al., 2010).
The difference of G-actin levels suggested that MAL might be involved, and therefore the
expression of two SRF target genes, one requiring MAL activation (JUNB) and the other not
(FOS), were assayed. Both JUNB and FOS were expressed, showing that SRF activation
was modulated by at least two pathways in these cells (Connelly et al., 2010). Together,
these results suggest that synergies between chemical and mechanical signals might become
apparent as we learn more about crosstalk between the various signalling systems.

3.3 YAP
Yes-associated protein (YAP) is a DNA-binding transcriptional coactivator subject to
regulation by many kinases including those of the hippo pathway. Phosphorylation
inactivates YAP by promoting its exclusion from the nucleus. When YAP is nuclear, it
interacts with a number of coactivators, including its paralog TAZ (transcriptional
coactivator with PDZ-binding motif; Lei et al., 2008). YAP’s involvement in
mechanotransduction was recognized following a screen of transcripts that were
differentially expressed by a variety of human cell types plated on soft versus stiff substrates
(Dupont et al., 2011). In cells grown on stiff substrates, YAP transcription and the nuclear
localization of YAP protein increase (Fig. 2C). F-actin is required for these effects, as its
depolymerization by Latrunculin A prevents these changes, but in contrast to the regulation
of SRF/MAL, the ratio of F- to G-actin is not the regulatory factor. Furthermore, under these
conditions YAP inactivation on soft substrates does not result primarily from
phosphorylation by the LATS kinases of the hippo pathway, which has heretofore been the
best undestood YAP modulation cascade (Dupont et al., 2011). Dupont et al. also showed
that when the hippo pathway is activated by formation of cell/cell interactions, hippo
signalling overrides the hippo-independent mechanotransduced signals.

The latter result might be related to another recent study of epithelial cells, which in culture
propagate in characteristic clusters that allow formation of cell/cell junctions. These cells
normally express cadherins that extracellularly mediate cell-cell junctions and intercellularly
link via a number of intermediates to the cytoskeleton. Two of those intermediates, α- and
β-catenin, in addition to contributing to cell adhesion, are also transcription factors capable
of nuclear localization in response to signalling. On glass substrates, E-cadherin ligation, as
well as homophilic binding, drives hippo-mediated YAP transcriptional inhibition by a
mechanism that requires α- and β-catenin (Kim et al., 2011). Whereas the requirement for
β-catenin in E-cadherin-mediated YAP signalling involves only the cadherin-linked, but not
the nuclear, β-catenin, β-catenin also interacts with active YAP in the nucleus, and YAP
phosphorylation and inhibition by hippo pathway kinases negatively regulate gene activation
by β-catenin (Heallen et al., 2011).

It remains to be discovered whether this particular E-cadherin-mediated pathway transduces
a force or whether this is purely a chemical signalling mechanism. Recent experiments
suggest that it may be both. When cardiac myocytes are plated on N-cadherin-coated
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substrates – i.e. substrates that allow attachment only by N-cadherin-mediated processes –
they reorganize their cytoskeletons, generate traction forces and modulate their cortical
stiffness in response to substrate stiffness (Chopra et al., 2011).

3.4 NF-κB
It has been recognized that mechanical loading causes a biochemical response in bone for
more than 100 years, although the exact mechanisms are only more recently becoming clear
(Duncan and Turner, 1995). Many changes in transcription factor localization or activity
result from altered exposure to force (Liedert et al., 2006). One of the most studied
transcription regulators, NF-κB, is a protein complex that comprises a family of
transcription factors that are controlled by an array of activators, inhibitors and degradation
signals (Hoffmann et al., 2006).

Work in bone highlights the difficulty in distinguishing experimentally between a
compressive stress and one generated by fluid flow (Fig. 1A, D), particularly in vivo. Shear
stress is generated by fluid flow, and cells in bone experience shear stress as fluid is pushed
out of interstitial spaces during compression. In both endothelial cells (Khachigian et al.,
1995) and bone (Chen et al., 2003), shear stress causes NF-κB to translocate to the nucleus
and participate in gene induction. Two more recent examples of protein/protein interactions
leading to NF-κB activation are the responses of chondrocytes to dynamic compressive
strain (Nam et al., 2009) and of cultured osteoblasts to oscillatory, but not continuous, fluid
flow (Young et al., 2010). In both cell types, NF-κB was released from inactivation by IKK
(IκB kinase) and translocated to the nucleus in response to a range of stresses, but not in
response to stresses of lower magnitude (Fig. 2D). These biphasic responses indicate that at
least one other mechanically-mediated protein is involved in the response. Focal adhesion
kinase (FAK), a known mediator of mechanotransduction (Zebda et al., 2011), is one such
protein. In FAK-null osteoblasts, only an upstream portion of the NF-κB cascade is
activated by mechanical stress, whereas the cells respond to cytokine application no
differently than FAK-normal cells. This result suggests that a mechanically-mediated
pathway is perturbed when FAK is not available.

4. Associated pathologies and therapeutic implications
Defining the effect of matrix or tissue stiffness on cell function has utility both in defining
how mechanical changes impact the progression of diseases like fibrosis, atherosclerosis or
cancer, and in developing biomaterials with physical and chemical properties tuned for
specific applications. For example, measurements of liver viscoelasticity during
experimentally-triggered fibrosis showed that liver stiffness increased before there were any
histological signs of either increased matrix deposition or altered cell morphology (Georges
et al., 2007). Such results suggest that changes in tissue mechanics precede, and therefore
might contribute to, development of the pathologic state. Similarly, consideration of
stiffness effects on cells can direct the design of improved softer, biocompatible materials
for tissue engineering.
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Signaling Network Facts

• Mechanotransduction is the conversion of force into a biochemical or genetic
response.

• Forces are generated by molecular motor activity; fluid flow; changes in
membrane tension caused by osmotic gradients; and tissue stretch or
compression. Cells transduce information about the magnitude, direction, and
rate of external stress, e.g. whether flow is constant, pulsatile or oscillating, and
respond to differences in the resistance of their environment to forces they apply
to it.

• Like other environmental conditions such as temperature or nutrient availability,
mechanical inputs are constitutively sampled.

• Cell biological studies on glass or plastic substrates place the cell in a
mechanically non-physiologic setting because these materials are much stiffer
(GPa) than soft tissues in vivo, which generally range from 1 to 100 kPa.

• Physical cues have important differences from chemical cues. For instance, they
can be more exclusively unidirectional and extend without attenuation over
longer length scales.
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Figure 1. Manipulation of Mechanical Forces
A) Commonly referred to as stiffness, the Young’s or elastic (E) modulus of a material is
expressed in Pascals (N/m2) and describes the deformation (strain) that results from a force
(stress) that is applied perpendicular the surface of a material. Polyacrylamide (PAA) and
other polymeric substrates used in cell culture studies are linearly elastic, meaning that their
Young’s modulus is consistent over a wide range of applied forces. B) In order for cells to
adhere to PAA, something must be crosslinked to the inert PAA surface with which a cell
will interact. Integrin ligands such as collagen or fibronectin are often used for this purpose.
Ligands or other molecules may be crosslinked evenly over an entire surface (C, left) or
applied in discrete shapes (C, right). Because the non-modified PAA will not allow cells to
attach, this technique can be used to limit cells’ ability to spread or crawl. C) Tension is the
magnitude of a pulling force divided by the distance over which it is applied, and
compression its opposite: the magnitude of a pushing force. (A) illustrates a compressive
stress. Pulling forces generate tension. D) Shear forces interact with a surface parallel to that
surface, in contrast to extensional and compressive forces, which interact perpendicularly.
Fluid flow past a cell is a common source of shear stress in vivo, and is often reported in
dynes/cm2; 1 dyne/cm2 = 0.1 Pa.
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Figure 2. Mechanotransduction pathways lead to transcriptional regulation
A) Twist activation follows activation of the drosophila homolog of β-catenin, armadillo, in
response to compressive force. B) Interaction with unpolymerized actin inactivates MAL. F-
actin polymerization depletes the G-actin pool and removes G-actin inhibition of MAL,
leaving MAL available to interact with SRF. SRF thus activated binds to DNA and induces
transcription. C) Phosphorylated YAP is constitutively expelled from the nucleus. Nuclear
non-phosphorylated YAP interacts with TAZ, a closely related DNA-binding coactivator,
and induces transcription in a manner that is modulated by substrate stiffness. YAP also
interacts with nuclear β-catenin. D) NF-κB is released from IKK-mediated inactivation in a
FAK dependent manner.
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