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Abstract

Mechanotransduction translates mechanical signals into biochemical
signals. It is based on the soft-matter properties of biomolecules or mem-
branes that deform in response to mechanical loads to trigger activation
of biochemical reactions. The study of mechanotransductive processes in
cell-structure organization has been initiated in vitro in many biological
contexts, such as examining cells’ response to substrate rigidity increases
associated with tumor fibrosis and to blood flow pressure. In vivo, the study
of mechanotransduction in regulating physiological processes has focused
primarily on the context of embryogenesis, with an increasing number
of examples demonstrating its importance for both differentiation and
morphogenesis. The conservation across species of mechanical induction
in early embryonic patterning now suggests that major animal transitions,
such as mesoderm emergence, may have been based on mechanotrans-
duction pathways. In adult animal tissues, permanent stiffness and tissue
growth pressure contribute to tumorigenesis and appear to reactivate such
conserved embryonic mechanosensitive pathways.
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GENETIC REGULATION OF MORPHOGENESIS: TISSUE GROWTH
AND MYO-II ANISOTROPY

Much of our understanding of genetically regulated biomechanical morphogenesis, as well as of
mechanosensitive pathways in development, arises from studies in Drosophila; thus, these are used
as a focus of the review, and related to the connected cases having been found in other species.

Proliferation and Growth

Embryonic patterning is regulated by developmental genes, including the Hox genes, which de-
termine anteroposterior patterning (Di-Poi et al. 2010), as well as dorsoventral patterning genes
(St. Johnston & Nusslein-Volhard 1992) (Figure 14). By contrast, the mechanical contribution to
tissue morphogenesis has traditionally been associated with tissue growth induced by cell prolif-
eration (Thompson 1917) (Figure 15). For instance, the proliferation of epithelial cells physically
connected to a sheet of connective tissue has been proposed to generate the buckling driving
force that initiates villous morphogenesis of intestinal and colonic tissues (Edwards & Chapman
2007, Hannezo et al. 2011, Shraiman 2005) (Figure 1¢). Proliferation is genetically stimulated by
cell-cycle regulators such as cyclin B, c-jun, c-myc, and n-myc (Nusse 2014). During embryogenesis,
mitotic domains are genetically patterned (Foe 1989). Chemical signals that form gradients, called
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(@) Anteroposterior patterning of Drosophila embryos by Hox genes (http://pixgood.com/hox-genes-drosophila.html).

(b) Modulation of animal shape through changes in tissue growth (Thompson 1917). (c) Tissue bending as the result of 2D epithelial
growth (adapted from Shraiman 2005). (4) Tissue bending as the result of tissue-patterned, intracellular, anisotropic, apical
accumulation of nonmuscle myosin-II (Myo-II) in the posterior endoderm of the Drosophila embryo (adapted with permission from
Young et al. 1991). (¢) The planar polarity of Myo-II, the driving force behind tissue convergence-extension (adapted with permission
from Bertet et al. 2004). E-Cadherins ensures cell-cell adhesion.

morphogens, function as instructive signals for patterning but also as growth factors within tissues.
Examples include the secreted ligands Dpp and Wnt (Wartlick et al. 2011).

Apicobasal Myo-II Anisotropy

Before being influenced by differential cell proliferation, tissue morphogenesis is driven by tem-
poral and spatial regulation of the intracellular molecular motor nonmuscle myosin-II (Myo-II),
which acts downstream of developmental patterning genes. The requirement for such anisotropy
was first observed during posterior endoderm invagination in gastrulating Drosophila embryos
(Young et al. 1991) (Figure 1d). Here, patterned apical submembrane cortical accumulation
of Myo-II was demonstrated to generate actomyosin constriction, leading to a decrease in the
apical surface area (Figure 1d). This decrease, together with a passive increase in the noncon-
tractile basal surface area, which results from maintaining constant internal volume, generates
the curvature leading to invagination. Mesoderm invagination in Drosophila embryos follows the
same principle, with medioapical stabilization of Myo-II under the control of the dorsoventral
patterning transcription factors Snail and Twist (Dawes-Hoang et al. 2005, Martin 2009). Inter-
estingly, medioapical accumulation of Rok kinase, which triggers apical accumulation of Myo-II,
requires these two transcription factors (Mason et al. 2013). How Rok kinase leading to Myo-II
medioapical accumulation is molecularly localized under the control of Snail and T'wist transcrip-
tion factor expression remains unknown today. Simulations taking into account the elastic and
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hydrodynamic flow responses of the cytoplasm to mesodermal apical actomyosin contraction suc-
cessfully phenocopy mesoderm invagination (Pouille & Farge 2008, He et al. 2014).

Planar Myo-II Anisotropy

Besides invagination, another master movement driving morphogenesis is tissue elongation and
narrowing, or convergent extension. Convergent extension is most often generated by cell inter-
calation, a specialized directed movement whereby a cell inserts itself between two neighboring
cells, thereby decreasing the width of the tissue in the direction of cell movement and increasing its
length in the perpendicular direction (Keller et al. 2000). In Drosophila embryos, this intercalation
is again the result of anisotropic, intracellular Myo-II distribution. In this case, the anisotropy is
organized in the apical plane of the ventrolateral cells, at the level of the adherens junctions. Cell
junctions parallel to the dorsoventral axis contain higher concentrations of Myo-II than perpen-
dicular junctions (i.e., those parallel to the anteroposterior axis) (Figure 1le) (Bertet et al. 2004).
The junctions parallel to the dorsoventral axis, which are enriched with Myo-II, contract, thereby
intercalating individual cells between anterior-posterior neighboring cells in a dorsoventral man-
ner (Figure 1e). Anisotropic Myo-II contraction of cell junctions can also lead to the formation of
multicellular, contractile rosette structures (Blankenship et al. 2006). Myo-II planar polarity is reg-
ulated by anteroposterior patterning genes that enrich junctions parallel to the anteroposterior axis
with Par-3. This prevents apical accumulation of Myo-II and is regulated by striped patterns of Toll
receptors (Bertet etal. 2004, Pare etal. 2014). In addition to intercalation, cell elongation, possibly
resulting from mesoderm invagination, participates in convergent extension (Butler et al. 2009).

Actomyosin Cables and Boundary Stabilization

Anisotropic distribution of Myo-II is involved not only in the generation of morphogenetic move-
ments but also in the maintenance of stable physical boundaries between multicellular domains
that are characterized by the expression of different patterning genes. This is the case for Drosophila
embryo segmentation domains. For example, a Myo-II cable is formed at the boundary between
the Wingless and Engrailed domains. This cable leads to actomyosin-driven line tension that
prevents deformation of the boundary and mixing of the two types of differentiated cells dur-
ing development (Landsberg et al. 2009, Monier et al. 2010). The same principle underlies the
maintenance of dorsoventral compartments during tissue growth in the wing imaginal disk of the
Drosophila embryo larvae (Aliee et al. 2012). Although differences in the expression of patterning
genes are suspected to drive apical accumulation of Myo-II in junctions at boundaries, the under-
lying molecular mechanisms that sense differential expression and translate this input into Myo-II
distribution remain to be discovered.

MECHANOTRANSDUCTIVE, MORPHOGENETIC REGULATION
OF MYO-ITI ANISOTROPY AND TISSUE GROWTH

Mechanotransductive Cues in the Establishment of Myo-II Apicobasal Polarity

The mechanisms leading to epithelial invagination in Drosophila involve the apically polarized
secretion of the signaling protein Fog, whose expression is induced by the mesoendodermal gene
product Twist. Downstream, Fog activates a Rho pathway, leading to medioapical accumulation
of Myo-II (Dawes-Hoang et al. 2005). Fog expression alone is not sufficient to trigger medioapical
accumulation of Myo-II and mesoderm invagination. It requires the expression of Snail (Morize
etal. 1998, Pouille et al. 2009, Seher et al. 2007). However, this requirement for Snail cannot be
understood in terms of purely biochemical interactions between the Snail and Fog pathways, as
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(@) Softly indenting Drosophila snail (sna) mutant embryos defective in the apical accumulation of nonmuscle myosin-II (Myo-II) and
mesoderm invagination (/) rescues the wild-type (W) phenotypes of apical accumulation of Myo-II and mesoderm invagination (for
original RVB figures, see Pouille et al. 2009). (¢) The mechanogenetic network regulating mesoderm invagination, established by
Dorsal (dl), is implemented with the Fog receptor Mist, which acts downstream of Snail (Manning et al. 2013), and another putative
receptor of Fog, Ry, which is homogenously expressed. This network is required for the apical accumulation of Myo-II in response to
both ectopic expression of Fog in the ectoderm (Dawes-Hoang et al. 2005) and mechanical indentation of szz~ embryos in the
mesoderm (Pouille et al. 2009). (4) Gradient of cell shape (apical cell area) in the growing wing disc of the Drosophila embryo. Cell
shape differences potentially regulate cell growth via mechanotransductive signals (adapted with permission from Legoff et al. 2013).

artificial ectopic expression of Fog generates apical accumulation of Myo-II in ectodermal domains,
which do not express Snail (Dawes-Hoang et al. 2005). The existence of a mechanotransductive in-
teraction between the two pathways reconciles these puzzling observations. Snail expression leads
to the transient apical nucleation of Myo-II, which generates apex pulses of mechanical constric-
tion (Martin et al. 2009). If the pathway downstream of Fog can be mechanically activated, then
Snail-dependent mechanical apical pulses may be required to activate medioapical accumulation
of Myo-II downstream of Fog. As a consequence, the resulting mesoderm invagination would
stretch the lateral neighboring ectodermal cells. If Fog is artificially expressed ectopically, this
could thus mechanically activate the Fog-dependent apical accumulation of Myo-II in the ecto-
derm, even in the absence of Snail expression. Indeed, softly indenting the mesoderm in snail (sna)
mutants rescues both the apical accumulation of Myo-II and mesoderm invagination characteristic
of the wild type, in a Fog-dependent process (Figure 2a4,b) (Pouille et al. 2009). This suggests
that apical accumulation of Myo-II and subsequent mesoderm invagination are mechanically in-
duced by Snail-dependent apical pulsations in a Fog-dependent mechanotransductive process.
The plausibility of this hypothesis is reinforced by mechanotransduction-based simulations that
quantitatively phenocopy the dynamics of experimental apical constriction (Bouclet et al. 2011),
as well as by the finding of a twist-dependent increase in the probability of having stable apex con-
striction in the cells neighboring already constricting cells (Xie & Martin 2015) (Figure 2¢). Thisis
potentially reminiscent of the hyperrestoration theoretical proposal of active mechanical reaction
of cells against deformation in amphibian embryos during morphogenesis (Beloussov et al. 1975,
Odell etal. 1981). Such a mechanotransduction process is proposed to trigger the efficient coordi-
nated constriction of mesoderm apexes required for invagination, as mechanical strains propagate
rapidly and at a long distance across tissues, possibly leading to autosynergic mechanical activation
of collective constriction through all the Fog-expressing mesoderm (Bouclet et al. 2011).
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Mechanotransductive Maintenance of Myo-II Junctional Planar Polarity

Mechanical stabilization of polarized Myo-II in the apical plane also occurs in ectodermal junc-
tions. Gentle pipette aspiration of the ectodermal cell apex enhances apical accumulation of junc-
tional Myo-II during Drosophila embryo convergence-extension (Fernandez-Gonzalez etal. 2009).
This suggests that a mechanical positive feedback loop drives auto-reinforcement (or maintenance)
of the planar polarity of Myo-II in response to the convergence-extension triggered by polarized
Myo-II. In this specific case, junctional stabilization of Myo-II could result from an increase in
the biochemical affinity of Myo-II for actin under mechanical stress, as suggested by the in vitro
work of Spudich (2006). Mechanical stabilization of junctional Myo-II appears to be exploited at
different stages of embryonic development and in different species. For instance, muscle activity
in C. elegans embryos transmits forces to the epithelium across desmosomal junctions. This has
been suggested to stabilize Myo-II in the stress fibers surrounding the epidermis, thereby leading
to radial contraction of the epithelium contributing to elongation of the embryo by 25% (Zhang
et al. 2011). Apoptosis and, more specifically, apoptotic constricting forces play a major role in
morphogenesis (Tokoyama et al. 2008). They may also mechanically activate apical accumulation
of Myo-II in junctions, although a role for biochemical signals generated from apoptotic cells
cannot yet be excluded (Monier et al. 2015). Myo-II mechanosensitivity was also suggested to
act in epithelial tissues during organogenesis in Drosophila (Bardet et al. 2013) and in chick (Filas
et al. 2011). Mechanotransductive feedback processes are also involved in plant development, in
which mechanosensitive microtubule reorganization regulates meristem shaping and coordinated
cell growth via Katanin (Hamant et al. 2008, Uyttewaal et al. 2012). Overall, the mechanosen-
sitivity of Myo-II activity participates in both embryonic morphogenetic development and the
maintenance of the established embryonic biomechanical morphology, which, in the absence of
such reactive mechanical induction of active tension, could be lost within a few hours by passive
cell rearrangements that relax tensions.

Mechanotransductive Feedback in Tissue Growth Regulation

In cell culture, cell proliferation was long suspected to be regulated by the mechanical strains
developed by cell packing based on the common observation that cells downregulate their cell
division rate when getting condensed, reaching confluence (Ukena et al. 1976). Quantitative
control of cell shape by adhesion and micropattern control parameters confirmed its regulatory
role (Zhu & Assoian 1995, Huang & Ingber 2000), with the involvement of p27 as a premitotic
inhibitor (Chassot et al. 2008).

In vivo, cell compression inhibiting cell division has also been theorized to be at work during
tissue growth (Shraiman 2005). In the growing wing imaginal disc of Drosophila, cells in the center
of the wing pouch have a smaller and more isotropic apical surface than cells in the periphery,
which are larger and elongated tangentially (Legoff et al. 2013, Mao et al. 2013) (Figure 2d).
Laser ablation experiments have revealed that the tension along cell-cell contacts is also greater
for cells in the periphery than for cells in the center, suggesting that cells in the center are com-
pressed (Legoff et al. 2013, Mao et al. 2013). Additionally, peripheral cells show higher tension
along longer, tangential cell-cell contacts than along shorter, radial ones, which indicates that
these cells are being stretched, probably by the increased cell density in the center of the wing
pouch. Measurements of mechanical stress distribution using photo elasticity support these find-
ings (Nienhaus et al. 2009). Moreover, cells in the periphery exhibit actin-myosin cables spanning
several cells in a tangential orientation (Legoff et al. 2013), indicating mechanical induction of
actin-fiber assembly (Fernandez-Gonzalez et al. 2009). Therefore, during tissue growth, cells in
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the center may become more and more compressed and may therefore stop dividing in response
to repressive mechanotransduction signals (Hufnagel et al. 2007). In Drosophila egg chambers,
epithelial cells at the periphery also become stretched by the growth of internal germ line cysts.
"This enhances apical stabilization of Myo-1II, leading to an increase in the resistance of epithelial
cells to growth (Wang & Riechmann 2007).

Interestingly, the Hippo pathway, which has been implicated in tissue growth control in
Drosophila and vertebrates, is active during wing disc growth (Dong et al. 2007, Harvey et al.
2013, Oh & Irvine 2008). The Hippo pathway translates the stiffness of a substrate into regulation
of cell proliferation by controlling the nuclear localization of the mitogenic transcription factor
Yorkie. Soft matrices and dense cell populations have both been shown to activate the Hippo
pathway, resulting in the exclusion of Yorkie from the nucleus and the suppression of cell prolif-
eration; by contrast, inhibition of the Hippo pathway resulting from stiff matrices or low-density
cell populations leads to nuclear translocation of Yorkie and to cell proliferation (Aragona et al.
2013, Dupont et al. 2011, Zhao et al. 2007). Furthermore, the formation of actomyosin stress
fibers may play an important role in this process, possibly by sequestering activators of the Hippo
pathway such as Amot, thus leading to cell proliferation (Dupont et al. 2011, Garcia Fernindez
etal. 2011, Wada et al. 2011, Zhao et al. 2012). Therefore, compression of cells could inhibit cell
proliferation as a result of few or no stress fibers being present, whereas the formation of stress
fibers could lead to the nuclear translocation of Yorkie and to cell proliferation. Interestingly,
ectopic expression of the formin Diaphanous or depletion of actin-capping proteins induces over-
growth in the wing disc by promoting nuclear accumulation of Yorkie (Garcia Ferndndez et al.
2011, Sansores-Garcia et al. 2011). However, whether Yorkie is directly responsible for inducing
cell proliferation via stretching in the wing disc is unclear, as is whether the observed actin fibers
play a role in the nuclear translocation of Yorkie in the peripheral cells of the wing disc. The re-
lationship between mechanical strain and the cell cycle in the wing disk remains an open question
be answered experimentally.

MECHANOTRANSDUCTIVE, MORPHOGENETIC REGULATION
OF EMBRYONIC TISSUE DIFFERENTIATION

Mechanotransduction in the Differentiation of Cultured Cells

The study of mechanotransduction in cell and tissue reorganization in response to environ-
mental, mechanical strains was initiated in vitro. It was motivated by the structural response
of cells and tissues (e.g., cytoskeleton rearrangement, cell division) to the mechanical strains
associated with blood flow or pathological fibrotic rigidity (Bershadsky et al. 2003, Ghajar &
Bissell 2008, Gospodarowicz et al. 1978). The regulation of cell differentiation by mechanical
strains has been demonstrated in vitro. One mechanism demonstrates that the mechanical
tension of plasma membranes can modulate differentiation by inhibiting the endocytosis of
signaling proteins via membrane flattening (Rauch et al. 2002). In C2C12 mouse cells, the
mechanical inhibition of BMP2 endocytosis prevents the release of BMP2 from its receptor
in acidic early endosomes, which leads to enhanced signaling, acceleration of the nuclear
translocation of the transcription factor Smads, and expression of the target gene junB, inducing
myoblastic-osteoblastic transdifferentiation. Such regulation of transdifferentiation, mediated by
mechanical modulation of endocytosis (Rauch & Farge 2000, Raucher & Sheetz 1999), could
also trigger myoblastic-osteoblastic transdifferentiation in C2C12 cells exposed to concentrations
of BMP2 that are insufficient to induce differentiation without mechanical strain (Rauch et al.
2002).
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A similar mechanotransductive mechanism based on mechanical inhibition of endocytosis
is proposed to underlie the activation of the Fog pathway, which leads to Drosophila mesoderm
invagination (see above). In this case, Fog endocytosis is blocked by the apical membrane tension
proposed to be generated by Snail-dependent apical pulsations (Pouille et al. 2009). Membrane
tension—dependent mechanotransduction is probably modulated by many additional factors,
dependent on biological context. For example, caveolae are proposed to generate a reservoir
of membrane that is able to modulate any membrane tension-dependent mechanotransduction
process (Nassoy & Lamaze 2012).

In addition to mechanical strain applied to cells, the cell shape itself induces stem cell
differentiation in vitro. Round human mesenchymal stem cells spontaneously differentiate
into adipocytes, whereas adherent, flattened stem cells differentiate into osteoblasts, indicating
a signaling role for either shape or mechanical interaction with the substrate in stem cell
differentiation (McBeath et al. 2004). Mechanical control of differentiation by substrate stiffness
has been found in naive mesenchymal stem cells: neuron differentiation was observed for soft,
1 kPa substrates; myoblast differentiation for intermediate, 10 kPa substrates; and osteoblastic
differentiation for 100 kPa, rigid substrates (Engler et al. 2006).

Mechanical Induction of Embryonic Patterning and Differentiation In Vivo

In vivo, mechanical strain resulting from the morphogenetic movements of early embryogene-
sis leads to mechanical induction of cell differentiation. Results from mechanical, genetic, optical
(nonlinear photoablation), and physical (magnetic) tools have demonstrated mechanical induction
of the expression of the mesoendodermal transcription factor Twist in response to convergence-
extension cell movements (Figure 34) (Desprat et al. 2008, Farge 2003). This mechanotrans-
ductive enhancement of T'wist expression is vital for anterior midgut differentiation in the future
anterior endoderm of early Drosophila embryos. Here, a Src42A-dependent mechanotransductive
process activates the (3-catenin (3-cat) pathway, triggering the partial release of f-cat from cell
junctions and leading to -cat nuclear translocation and Twist expression (Desprat et al. 2008).
Interestingly, mechanical cues were also found to play a role in the developmental genetic program
of early mouse embryos. Mechanical strains developed by uterine tissue constraints on early mouse
embryos were proposed to regulate distal visceral endoderm developmental gene expression and
development (Hiramatsu et al. 2013).

The mechanical activation of B-cat appears to be conserved in other developmental processes,
as it is also found in the response of bone joints to spontaneous muscle activities during mouse
development (Figure 3b) (Hens et al. 2005, Kahn et al. 2009). In this case, mechanical loading
maintains the tissue in a pluripotent state, preventing osteoblastic differentiation and bone fusion
during development.

Mechanotransduction regulates development from earliest embryogenesis to organogen-
esis. For instance, RhoA-dependent mesenchymal cell compaction induces the odontogenic
differentiation involved in tooth formation (Mammoto et al. 2011). Mechanical cues are also
required for the reconstitution of proper lung tissue development ex vivo (Huh et al. 2010). In
vivo, kif2a-dependent hemodynamic forces drive valve formation in zebrafish heart formation
(Figure 3¢) (Hove etal. 2003, Vermot et al. 2009). Neural crest specification may be regulated by
Myo-II-dependent cell shape changes (Kim et al. 2014), and mitosis waves in early Drosophila
embryo syncytium are potentially generated by mechanotransductive excitable waves (Idema
etal. 2013).

In addition to its mechanosensitive role in the anterior endoderm in Drosophila embryos, the
[3-cat pathway maintains high levels of Twist in the Drosophils embryo mesoderm. Here, the
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Figure 3

(@) Dorsal photoablation prevents the compression of the anterior pole of the gastrulating Drosophila
embryos that results from convergent extension, inhibiting T'wist expression in the anterior endoderm
(between red arrows). Enhanced Twist expression is rescued by magnetic forces that quantitatively mimic
compression in vivo (for original RVB figures, see Desprat et al. 2008). (b)) 3-Galactosidase (Top-Gal)
expression as a marker of 3-catenin ([3-cat) signaling resulting from muscle pulsatile activity during mouse
joint development in vivo (adapted with permission from Hens et al. 2005; Kahn et al. 2009). () kif2a
expression induced by reverse hydrodynamic flow is downregulated after lidocaine (lido) treatment
decreasing heart rate and is required for zebrafish heart valve formation (adapted from Vermot et al. 2009,

published under a CC-BY license). Abbreviation: WT, wild type.

mechanical strain of mesoderm invagination induces phosphorylation of $-cat at its E-cadherin
binding site (Y654 in mouse, Y667 in Drosophila) by Src42A (Brunet et al. 2013). Phosphorylation
of the Y654—f-cat site leads to an 80% loss of affinity between B-cat and E-cadherin at cell
junctions (Roura et al. 1999). The mechanical activation of Y654—-cat is thus proposed as the
initial mechanotransductive cue leading to the release of a pool of B-cat from the junctions,
thereby allowing its nuclear translocation and the expression of the twist target gene. Strikingly,
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the Src-family kinase—dependent mechanical activation of Y654—f@-cat phosphorylation is
also required for mesoderm specification in a vertebrate: the zebrafish. Here, Y654—-cat
phosphorylation leads to the expression of notail (the zebrafish brachyury ortholog) in margin cells
stretched in response to the first epiboly movements in zebrafish development during the dome
stage (Figure 44-d) (Brunet et al. 2013).

MECHANOTRANSDUCTION IN THE COURSE OF EVOLUTION

Mechanotransduction in Key Evolutionary Transitions in Animals

The origin of mesoderm, which dates back to the first bilaterian animals more than 570 million
years ago, remains one of the most important questions in the field of evolutionary developmental
biology. This uncertainty results, in part, from the lack of conserved biochemical signals found
upstream of B-cat—dependent mesoderm differentiation in vertebrates. Additionally, no evidence
had surfaced before Brunet et al.’s (2013) finding that B-cat is involved in mesoderm differenti-
ation in the nonvertebrate superphylum Ecdysozoa, to which insects such as Drosophila belong.
Together, however, the conservation in Drosophila and zebrafish, which diverged directly from the
first bilaterians, of the same mechanotransductive process of phosphorylation at the same Y654
site in response to the very first morphogenetic movements of embryogenesis and the finding
that -cat is involved in mesoderm differentiation in an ecdysozoan strongly suggest that 3-cat—
dependent mechanical induction was a mesoderm inducer in the last bilaterian common ancestor
(Brunet et al. 2013).

If mechanically induced Y654—f3-cat phosphorylation was involved in the origin of the meso-
derm, one would expect this site to be ancestral for bilaterians. Indeed, this specific site is conserved
in the B-cat sequence of all bilaterian genomes examined and, in fact, of all animal genomes,
including sponges (with exception of ctenophores, whose phylogenic position is still unknown)
(Figure 4e). As all of these genomes also possess the other actors involved in the mechanosensitive
[3-cat pathway, such as Src family kinases and E-cadherins (Nichols et al. 2012, Suga et al. 2013),
mechanically induced -cat translocation may date to the last common metazoan ancestor. This
pathway would then have been co-opted for mesoderm induction in the first bilaterians.

What could have been the function of the mechanosensitive 3-cat pathway before the meso-
derm emerged? In the blastula-like, spherical colonies ancestral to animals, 3-cat may have origi-
nated as a sensor of junction stretching (Brunet etal. 2013). If we assume, like many authors (Arendt
2004, Haeckel 1874, Nielsen, 2012, Wolpert 1992), that early animal evolution then went through
an invaginating, gastrula-like stage (the gastraea), this response to stretching would have been au-
tomatically activated at the margin of the primitive blastopore, where cells are pulled by their
invaginating, apically constricting neighbors. Secreted Wnt ligands would then have evolved to
establish and consolidate marginal cell identity, as they do in later stages of development in ze-
brafish (Brunet et al. 2013). Other signaling proteins would have later complemented this pathway
in a lineage-specific fashion, such as Dorsal for early mesoderm induction in Drosophila (Brunet
etal. 2013).

Before contributing to the emergence of the first bilaterians through mechanical induction
of the mesoderm, mechanotransduction may have already played a role in the emergence of
the first animals. Indeed, as already mentioned and as first proposed by Haeckel, the evolutionary
transition from a cell colony, the blastula, to a gastrulating organism, the gastraea, is often assumed
to have led to the emergence of the probable first organ: the gut (Haeckel 1874, Jaegerstem 1956,
Wolpert 1992). A necessary physical condition for gastrulation is the generation of a difference
in surface area in thick tissues (Bozic et al. 2006). As we saw earlier, in early Drosophila embryos,
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Figure 4

Blebbistatin inhibition and magnetic rescue of initiation of epiboly. (#) Loading fluorescent ultramagnetic
liposomes (UMLs) into zebrafish embryos in which epiboly has been blocked by blebbistatin treatment

(b) allows magnetic rescue of epiboly morphogenetic movement initiation, (¢,4) rescuing the mesodermal
expression of Brachyury (Bra) that is lacking in epiboly-defective embryos in vivo (Brunet et al. 2013).

(e) Conservation of the Y654 site of 3-catenin ([3-cat), whose mechanosensitive phosphorylation regulates
[3-cat release from junctions to the cytoplasm, allowing nuclear translocation and expression of
mechanotransductive mesoderm target genes. An alignment of (3-cat protein sequences from representatives
of the main animal phyla (obtained from UniProt) is shown. Colors reflect chemical properties of amino
acids, following ClustalX 2.1 conventions. Asterisks, colons, and periods indicate single, fully conserved
residues or groups of residues with strongly or weakly similar properties, respectively. Gray bars denote the
ClustalX conservation scores for each column, ranging from 100 (fully conserved) to 0 (not conserved).

www.annualreviews.org o Mechanotransduction: Evo-Devo, Cancer

383



Annu. Rev. Cell Dev. Biol. 2015.31:373-397. Downloaded from www.annualreviews.org

Access provided by 90.44.94.111 on 11/20/15. For personal use only.

this difference can be simulated by indenting blastula-like sz2 mutant embryos, resulting in the
mechanical activation of gastrulation in a Myo-II-dependent process (Pouille et al. 2009). This
had led to postulation that Myo-II-dependent invagination was mechanically induced in primitive
organisms by contact with the sea bottom or via sea hydrodynamics constraints such as streams or
waves, for instance. This response, which could have functioned for feeding, might have existed at
the origin of gastrulation as a feeding response to touch in multicellular tissues, a primitive feature
having conditioned most ancient animals’ emergence (Farge 2003, Pouille et al. 2009).

The Mechanotransductive Pathways and Their Phylogeny

The molecular mechanisms underlying mechanotransduction are based on the soft-matter prop-
erties of the biological structures that biochemically regulate cell and tissue physiological func-
tions. Soft-matter structures are characterized by structuring energies on the order of 10 kKT (10
times Brownian molecular energy), sufficient to maintain a structure resistant to Brownian motion
but low enough to be efficiently modified by biochemical interactions with molecular partners.
Such soft-matter low-structuring-energy levels additionally confer inherent high deformability
properties to biological structures. However, the high biochemical activities of biological struc-
tures depend critically on their physical shape or conformation. This makes biological structure
and associated biochemical activities highly reactive to mechanical stresses, namely constitutively
mechanosensitive. This is the case for endocytotic vesicle buds, whose characteristic energy is ap-
proximately 10 kKT (Jin & Nossal 2000) and whose flattening is thus highly sensitive to membrane
tension (Nassoy & Lamaze 2012, Rauch & Farge 2000, Raucher & Sheetz 1999). This allows, as
we saw, mechanotransduction to result from the mechanical modulation of endocytosis (Pouille
et al. 2009, Rauch et al. 2002). A priori, similar reasoning applies to any protein physically as-
sociated with a scaffolding structure of the cell, from ion channels whose opening has long been
known to be regulated by membrane tension (Chalfie 2009) to adhesion and junctional proteins,
whose biochemical activity changes in response to tension-induced conformational changes. Talin
and «-catenin conformational changes, for example, lead to junction reinforcement (del Rio et al.
2009, Geiger etal. 2009, Grashoff etal. 2010, Riveline etal. 2001, Yonemura etal. 2010). Interest-
ingly, the mechanically induced conformational change of p130Cas in focal adhesions leads to the
opening of the protein’s phosphorylation site to Src (if active), thereby allowing its phosphoryla-
tion and the activation of the downstream p38/MAPK pathway (Sawada et al. 2006). In addition
to integrin-associated scaffold proteins, E-cadherins, which are mechanically linked to $-cat, are
under actomyosin tension (Borghi et al. 2012). Both integrin and E-cadherin junctions link the
mechanical environment of the cell with the nucleus (Wang et al. 2009), potentially modulating
the transcription state of the genome through chromatin conformational changes (Shivashankar
2011, Swift et al. 2013).

Ina cellular context, any polarized animal cell (for example, an epithelial cell) possesses three po-
tential external mechanoreception sites (Figure 54): its apical membrane (apical field), intercellular

Figure 5

(@) Apicobasal organization of external mechanosensory fields. (#) Phylogeny of the external mechanosensory fields. Note that TRP
channels have been lost in land plants but are present in green algae. (¢) Conservation of the 3-catenin GSK3 target sites regulating
cytoplasmic -catenin degradation. Colors reflect chemical properties of amino acids, following ClustalX 2.1 conventions. Asterisks,
colons, and periods indicate single, fully conserved residues or groups of residues with strongly or weakly similar properties,
respectively. Gray bars denote the ClustalX conservation scores for each column, ranging from 100 (fully conserved) to 0 (not

conserved).
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junctions (junctional field), and basal adhesion surface to the extracellular matrix (basal field).
These sites specialize in receiving distinct types of mechanical signals. The apical field is ideally
located to perceive environmental signals, including compression/dilation waves such as sound and
shear stress resulting from liquid flow. The junctional field predominantly perceives the deforma-
tion of neighboring cells, apical constriction being one example. Finally, the basal field perceives
mechanical properties of the extracellular matrix, either static (stiffness) or dynamic (stretching).

In line with its specialization, each field expresses distinct mechanosensitive proteins
(Figure 5a). In animals, mechanosensory cells involved in hearing, touch, proprioception, and
graviception rely on a specialized apical field that often expands into dendritic trees, cilia, or
microvilli (Chalfie 2009). This field expresses mechanosensitive ion channels, including members
of the TRP, DEG/ENaC, and K,p families (reviewed in Chalfie 2009). Another family, Piezo
(Coste etal. 2010, 2012), transduces shear stress in the vascular endothelium (Li et al. 2014) and is
involved in touch (Ranade et al. 2014). Junctional mechanotransduction operates in a dual fashion.
Mild tension strengthens junctions, notably by promoting catenin-actin binding and vinculin re-
cruitment (Buckley et al. 2014, Kris et al. 2008, Leckband et al. 2011, Liu etal. 2010, Papusheva &
Heisenberg 2010, Yonemura 2011, Yonemura et al. 2010). However, high tension promotes
junction disassembly (Buckley et al. 2014), which, as we saw, is proposed to release (-cat in
the presence of activated Src-type kinases that phosphorylate -cat at its cadherin-binding site
(Y654 in mice, Y667 in Drosophila melanogaster). This, in turn, prevents cadherin from rebinding
(Daugherty & Gottardi 2007) and stimulates 3-cat transcriptional activity (Veelen et al. 2011) in
response to stretching (Brunet et al. 2013, Desprat et al. 2008, Whitehead et al. 2008). Finally,
basal mechanotransduction activates many pathways, including cell division in response to stiffness
and activation of the focal adhesion kinase (Fak) in response to a broad adhesion surface (Pirone
etal. 2006). More recently, control of cell fate by substrate stiffness has been shown to act through
lamins (Swift et al. 2013), YAP/TAZ (Yes-associated protein and transcriptional coactivator with
PDZ-binding motif) (Dupont et al. 2011), and SRF (Connelly et al. 2010). Moreover, via GSK3
inhibition, the basal field can, like the junctional field, mechanically activate canonical Wnt
signaling (Samuel et al. 2011) independently of the YAP/TAZ pathway (Benham-Pyle etal. 2015).

The three mechanosensory fields of animal cells do not only perceive different signals and
activate different pathways, they also originated at different times. The apical pathway is the
most ancient: Perception of environmental mechanical signals is widespread in single-celled
eukaryotes (Anderson 1989), and most of the proteins involved originated with opisthokonts (the
group containing the last common ancestor of Fungi and Animalia, and all its descendants) or
even earlier (Figure 5b). Most proteins of the basal pathway can be traced back to the closest
single-celled relatives of animals: choanoflagellates and Capsaspora (Figure 5b) (King et al. 2008,
Sebé-Pedros et al. 2010, Suga et al. 2013). Together with animals, they form the group Holozoa.
The basal pathway may have originated for adhesion to inorganic substrates, which is known in
these single-celled organisms to modulate differentiation and division (Figure 55).

Moreover, because the genomes of these groups also encode metazoan-type extracellular matrix
domains (King et al. 2008, Suga et al. 2013, Williams et al. 2014), holozoan ancestors could
likely embed themselves in a self-secreted matrix, possibly consolidating adhesion. Finally, most
components of the junctional pathway (catenins and conventional cadherins) and of the canonical
Wnt pathway originate with animals (Figure 5b). The only two exceptions are unconventional
cadherins, which are present in all Holozoa (Nichols et al. 2012) and may contribute to facultative
colony formation in Capsaspora and choanoflagellates (Dayel et al. 2011, Sebé-Pedrés et al. 2013),
and GSK3, present in all eukaryotes (Table 1). Comparative data from plants, yeasts, slime molds,
and animals suggest that GSK3 functions as an ancient orchestrator of a pan-eukaryotic stress
response that inhibits mitosis and promotes meiosis/sporulation (Table 1). Thus, stiffness-induced

Fernandez-Sanchez et al.



Annu. Rev. Cell Dev. Biol. 2015.31:373-397. Downloaded from www.annualreviews.org

Access provided by 90.44.94.111 on 11/20/15. For personal use only.

Table 1 Functions of GSK3 across the eukaryotic tree of life

Taxa GSK3 function
Arabidopsis thaliana (plants) Stress response: starvation
Mitosis and growth inhibition

Organogenesis: flower development, notably formation of the
megaspore mother cell (which undergoes meiosis to produce the
female gametophyte) (Saidi et al. 2012)

Dictyostelium discoideum (slime mold) | Spore formation (Schilde et al. 2004)

Saccharomyces cerevisine (yeast) Four paralogs: mckl1, rim11, mrkl, and ygk3

Stress response: glucose and nitrogen depletion; UV, ionic, and
0sSmotic stress

Mitosis inhibition

Meiosis/sporulation (Bowdish et al. 1994, Brazill et al. 1997,
Hirata et al. 2003, Kassir et al. 2006, Neigeborn & Mitchell 1991)

Metazoa Mitosis inhibition and metabolism shutdown (Bechard & Dalton
2009, Mao et al. 2009, Ohteki et al. 2000, Tseng et al. 2006)

Gametogenesis (Guo et al. 2003, Kalamegham et al. 2007,
Rentzsch et al. 2005)

GSK3 inhibition may have contributed to mitosis stimulation in response to adhesion in holozoan
ancestors. Consistent with this hypothesis, stiffness inhibits GSK3 through the basal pathway via
Fak and Akt (Samuel et al. 2011); reciprocally, GSK3 inactivates YAP/TAZ (Azzolin et al. 2014),
a basal pathway—activated mitogen (Aragona et al. 2013). Genomic data suggest that this crosstalk
between GSK3 and the basal field dates back to unicellular holozoans, as all components are
present in the choanoflagellate and Capsaspora genomes.

HYPERPROLIFERATION AND INCREASED STIFFNESS IN TUMOR
DEVELOPMENT MECHANICALLY REACTIVATES EMBRYONIC
B-CATENIN-DEPENDENT DEVELOPMENTAL PATHWAYS

Our understanding of tumor progression has progressed considerably as a result of intensive
biochemical and genetic studies of the pathways and master genes involved in the deregulation
of tissue homeostasis (Hanahan & Weinberg 2011). The role of the microenvironment in tu-
mor progression and invasion is being intensively studied (Bissell & Radisky 2001). Within this
context, pioneering approaches have implicated the fibrotic rigidity of the tumor microenviron-
ment in enhancing late-stage tumor progression (Butcher et al. 2009, Ghajar & Bissell 2008,
Wozniak & Chen 2009). This increase in rigidity may be characterized by an anomalous boost
of actomyosin activity in cells adapting to the fibrotic microenvironment. Increased actomyosin
activity is believed to activate mechanotransduction pathways as a result of the local increase in
tension applied to cell junctions, particularly adherens junctions, possibly leading to subsequent
cytoskeleton reorganization (Butcher et al. 2009, Ghajar & Bissell, 2008, Grashoff et al. 2010,
Sawada et al. 2006). Following these results, a cascade of studies has focused on the role of the
microenvironment in tumor progression from the nanoscale level to the tissue level. The evolving
extracellular matrix, the scaffold for tissue organization, provides both biochemical and biome-
chanical signals that modulate tissue development and homeostasis and, when altered, critically
influence tumor evolution (DuFort et al. 2011, Pickup et al. 2014, Yu et al. 2011). For example,
the oncogenic mechanical engagement of vinculin enhances PI3-K activation of phosphatidyl-
inositol (Rubashkin et al. 2014). Most recently, a 3D substrate with low stiffness was shown to
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regulate the self-renewing capabilities of tumor-initiating cells, with H3K9 demethylation leading
to Sox2 expression, indicating the deregulation of cell differentiation in response to low-rigidity
conditions (Tan et al. 2014). Low stiffness also enhances ovarian cancer metastasis through a
mechanosensitive Rho-Rock-dependent process in vitro (McGrail et al. 2014).

The relationship between embryonic development pathways and tumor genetic programs has
been widely investigated, yielding a multitude of hypotheses. For instance, an analogy between
gastrulation and nuclear B-cat expression in the colonic adenoma-carcinoma process has been
proposed, with the reactivation of embryonic programs in adult tissues being involved in the
initiation of tumor development (Brabletz et al. 2005, Kirchner & Brabletz 2000). Indeed, nuclear
[-cat is a generic feature of initiation and progression in many tumors, and it is involved in
three fundamental processes in embryonic development: stem cell formation, cell proliferation,
and EMT (epithelial-mesenchymal transition) (Liu et al. 2015). Because the developmental (3-cat
pathway is mechanosensitive during embryonic morphogenetic movement (Brunet et al. 2013,
Farge 2003, Kahn et al. 2009), 3-cat target oncogene expression is proposed to be mechanically
induced in healthy epithelial tissues in response to the mechanical pressure exerted by early-stage
tumor growth nearby (Whitehead et al. 2008).

Experiments have revealed that the oncogenic 3-cat pathway can be mechanically activated
in response to artificial strain mimicking tumor growth pressure in colon explants, resulting in
the mechanical induction of downstream c-Myc and Twist target gene expression (Whitehead
et al. 2008) in APC!®**N/+ [Adenomatous Polyposis Coli protein heterozygous mutant (Fodde
et al. 1994)] tissues. This ex vivo induction process is initiated by Src-family kinase-dependent
mechanotransduction that triggers the phosphorylation of the Y654 site of 3-cat, leading to the
release of a pool of B-cat into the cytoplasm that cannot be fully degraded, owing to the defect in
APC expression of APC!%*N/+ colon tissues.

Most of the experimental studies using direct mechanical tools in nature to study mechan-
otransduction in disease have been performed ex vivo in reconstituted systems, with manipulation
of the stiffness of the cell culture substrate or extracellular matrix and of external pressure
(Alexander et al. 2008, Jaalouk & Lammerding 2009). Recently, an innovative method in mice
allowing stable magnetization of deep tissues in vivo (connective colorectal tissues) on the
timescale of weeks to months was developed using intravenous injection of ultramagnetic vesicles
in the presence of a strong magnetic field gradient generated by a small intense magnet positioned
subepidermally in front of the colon (Figure 64) (Fernandez-Sanchez et al. 2015). After a couple
of months of permanent physically induced direct mechanical strain application quantitatively
mimicking tumor progression in vivo, activation of the tumorigenic 3-cat pathway was observed,
with c-Myc, axin-2, and zeb-1 overexpression and subsequent anomalous crypt formation (ACF)
in the wild type and APC!#**N/+ and adenocarcinoma formation in the APC!®*®N/*in the
initially healthy tissues (Figure 6b). This was due to both the mechanically induced inhibition
of the interaction of -cat with E-cadherin in the junctions by the phosphorylation of the Y654
interaction site, mediating its cytoplasmic release, and the mechanically induced inhibition
of GSK3p by the phosphorylation of Ser9, preventing cytoplasmic B-cat degradation and
allowing its nuclear translocation and induction of downstream oncogene expression. Strikingly,
the Src family Ret kinase was found to be mechanically activated (phosphorylated on Y1062)
and to be upstream of both f-cat and GSK3 mechanically induced phosphorylation. Tumor
growth pressure permanently applied on the weeks-to-few-months timescale thus pathologically
overactivates the mechanosensitive tumorigenic (3-cat pathway in healthy epithelial cells. The
tumorigenic (-cat pathway was additionally found to be activated in the non-genetically altered
healthy cells compressed by surrounding tumorous hyperproliferative cell domains, in line with a
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(@) Magnetic loading of mesenchymal cells conjunctive of epithelial crypt colonic cells (orange) submitted to a millimetric magnetic field
gradient generates a permanent 1 kPa pressure on the colon tissue, quantitatively mimicking tumor growth pressure on weeks to
months, in vivo. (5) Resulting mechanical activation of the phosphorylation of the Y654 site of beta-catenin ([3-cat) (in the center of the
crypts), leading to its release into the cytoplasm and nucleus (not shown), and to the expression of its tumorigenic target gene c-Myc.

mechanotransductive propagation of tumorigenesis from genetically altered hyperproliferative
to healthy compressed epithelial cells (Fernandez-Sanchez et al. 2015).

Consistent with these findings, Samuel et al. (2011) have shown that actomyosin-mediated
cellular tension increases tissue stiffness and 3-cat activation in mouse adenocarcinomas, possibly
inducing epidermal hyperplasia and tumor growth. Moreover, increased stiffness associated with
fibrosis was found to reduce expression of the tumor repressor phosphatase and tensin homolog
(PTEN) in breast tissue by modulating expression of the microRNA miR-18a in an integrin
activation—dependent process involving -cat and Myc (Mouw et al. 2014). Aberrant activation
of the Wnt/B-cat pathway is a major event in many types of cancers, including human hepato-
cellular carcinoma (Cavard et al. 2008, Colnot et al. 2004). Thus, pressure associated with tumor
growth or fibrotic stiffness is potentially involved in a wide range of cancer types. The physics
of growth instability up to a critical size, which accounts for many phase transition processes,
coupled to mechanotransductive signals, has also been proposed to regulate tumor growth via
hyperproliferation-induced tissue pressure (Basan et al. 2009, Delarue et al. 2014).

Several other mechanotransductive pathways are involved in tumor initiation, progression,
and metastasis. NF-«B, one of the first mechanosensitive transcription factors found in vitro
(Resnick et al. 1993), is involved in hepatic inflammation, fibrosis, and cancer (Elsharkawy &
Mann 2007). NF-«kB also has a role in bone and colon cancer (Linnewiel-Hermoni et al. 2014,
Sebio et al. 2014). As discussed, YAP/TAZ also sense and mediate mechanical cues transduced by
the cellular microenvironment (Dupontetal. 2011). In addition, they have been implicated in lung,
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bladder, and colorectal cancers (Hsu et al. 2015, Gao et al. 2014, Liang et al. 2014). The Rho-
ROCK signaling pathway is associated with matrix stiffness—induced malignancy (Paszek et al.
2005, Samuel et al. 2011) and mechanotransduction (Jaalouk & Lammerding 2009), and it has
recently been implicated not only in ovarian but also in gastric cancer metastasis (McGrail et al.
2014, Matsuoka & Yashiro 2014). A better understanding of the interplay between molecular
and mechanical signals and its role in the initiation, progression, and metastasis of cancer will
become indispensable for developing promising new therapies directed at cell contractility, the
regulation of matrix rigidity, and pressure-induced tumorigenic, mechanosensitive signals. Such
an understanding will benefit from in vitro and in vivo investigations, particularly within the
context of development.

CONCLUSION

The highly deformable, soft-matter properties of proteins and mesoscopic cell structures such as
membranes make many canonical biochemical pathways mechanosensitive. This has allowed cell
functions to become sensitive to different types of environmental mechanical cues throughout
evolution, from apical and basal sensing of the noncellular mechanical environment to junctional
sensing of the mechanical state of the tissue itself in Metazoa. Active morphogenesis and differ-
entiation of tissues are thus sensitive both to external mechanical cues inherent to the immediate
physical environment of multicellular living systems and to internal mechanical cues inherent to
the macroscopic shape and shape change of the living tissue system.

Mechanotransduction in development is based on the sensitivity of developmental pathways to
the internal mechanical strains inherent to the developing, biomechanical morphology of the or-
ganism. It efficiently coordinates tissue shape changes with cell differentiation and allows feedback
control of active morphogenesis. It also ensures coordination of collective cell behaviors thanks
to the rapid and long-range propagation of mechanical strains across tissues. The involvement
of mechanotransduction in responses to internal mechanical strains in development may have
been inherited from favorable mechanotransductive responses in primitive multicellular systems
to both internal transient shape changes and external mechanical cues, and mechanotransduction
may have been critically involved in major evolutionary transitions, such as mesoderm emergence.
Anomalous strains in adult tissues, for instance those associated with fibrosis or hyperproliferation,
appear to overactivate the ancestral developmental pathways that coordinate morphogenesis and
differentiation, thereby deregulating the differentiation/morphogenesis equilibrium that has led
to the establishment of stable and viable organisms.
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