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Introduction

The building blocks of development, organogenesis, and 
homeostasis are cell proliferation, migration, differentia-
tion, and death. For a long time, most biologists have tried 
to explain these phenomena solely in terms of biochemi-
cal reactions, e.g., binding of a hormone to its membrane-
bound receptor and the signal transduction cascades that 
follow (biochemical paradigm). These cascades involve 
modifications of a variable number of proteins, complexes, 
and other macromolecules, such as conformational altera-
tions, changes of complex composition, and/or post-trans-
lational modifications, e.g., phosphorylation, acetylation, 
etc. [1]. Signal transduction cascades converge into the 
activation of endpoint molecules. Endpoints function as 
effectors that elicit cellular responses to the initial signal, 
e.g., cell division (proliferation), migration, differentiation, 
or apoptosis.

The biochemical paradigm has been very successful in 
explaining the responses of different cell types to stimula-
tion. It has also provided fundamental knowledge for the 
development of drugs against many diseases, e.g., cancer, 
viral and bacterial infections, etc. However, this approach 
overlooks the mechanics of the molecules and cells during 
these processes. Increasing evidence, particularly from the 
development and cell biology fields, indicates that mechan-
ical forces also govern the fate of cells and tissues. They 
modulate how cells respond to environmental cues, both 
chemical and mechanical. Furthermore, alterations in the 
mechanical properties of a tissue may facilitate or interfere 
with the development of infection, degenerative syndromes, 
e.g., dystrophies, or proliferative diseases, e.g., cancer.

Here, we offer a brief summary of experiments and 
data leading to a mechano-biochemical paradigm that 
accommodates the mechanical properties of cells and their 
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microenvironment. We review evidence of mechanical 
modulation of the cellular behavior at a molecular level, 
including those events in which biochemical processes and 
mechanical forces converge. This is illustrated by discus-
sion of several mechanosensitive molecules, i.e. those that 
“sense” the forces and activate, or inhibit, cellular effec-
tors in response to mechanical inputs. We also describe the 
crucial role of myosin II in force generation and cellular 
plasticity in response to chemical or mechanical inputs. 
Based on recent evidence, we postulate that cancer growth 
and metastasis involve the subversion of mechanically 
controlled signaling pathways similar to those that con-
trol certain stages of normal development and organogen-
esis. Alterations of these relays participate in the abnormal 
responses of tumor cells and promote the modification of 
the physical properties of the microenvironment to per-
petuate and amplify malignancy and promote cancer cell 
dissemination.

From action to reaction: mechanical forces  
control different signal transduction pathways  
through myosin II

Multiple studies have shown that mechanical inputs mod-
ulate signaling pathways that control the behavior of the 
cell under different conditions. For example, the mechani-
cal properties of the substrate, i.e. its compliance or stiff-
ness, determine force generation and distribution along the 
adhesive surface of the cell. These mechanical properties 
are sufficient to direct mesenchymal stem cell differen-
tiation to a certain lineage [2]. Commitment is related to 
the rigidity of the target tissue: stiff substrates drive stem 
cells to lineages from stiff tissues, e.g., bone. Conversely, 
soft substrates steer them to become cells from soft tissues, 
e.g., brain. Substrate rigidity also controls cell proliferation 
and migration; stiff substrates increase proliferation [3] and 
promote migration [4]. Furthermore, in areas of variable 
rigidity, cells migrate towards the stiffer regions, a property 
called durotaxis [4, 5].

The regulatory mechanisms that control these responses 
are poorly characterized, but myosin II emerges as a major 
regulator and integrator. Myosin II is a motor protein that 
binds actin. Structurally, myosin II is a hexamer made 
of two long heavy chains (MHCII) that contain a head 
domain and a long coiled-coil rod domain, two regulatory 
light chains (RLC) and two essential light chains (ELC) 
that bind to the neck area that separates the head and rod 
domains (reviewed in [6]). MHCII molecules dimerize 
through the rod domain, forming the backbone of the hex-
amer. Myosin II hexamers assemble into multimers through 
interaction of the end portion of the rod domain, forming 
myosin mini-filaments. The head domain of MHCII is a 

globular domain that binds actin filaments and has ATPase 
activity. ATP hydrolysis induces a conformational move-
ment that slides the actin filament, generating contractile 
force [7]. Major insights on the function of the ATPase 
domain in actin motility have resulted from use of synthetic 
drugs, most notably blebbistatin. Blebbistatin was iden-
tified in a small molecule screening and first reported to 
impair cytokinesis and cell migration [8]. Detailed study of 
its molecular mechanism revealed that blebbistatin does not 
block the ATPase activity of myosin II, but it slows down 
phosphate release from the active pocket, lowering its affin-
ity for actin [9].

There are three major variants of myosin II: muscle, 
smooth muscle (reviewed elsewhere [10, 11]), and non-
muscle (NMII). In mammals, there are three main iso-
forms: NMII-A, II-B, and II-C. Whenever isoform-specific 
functions have been identified, it is indicated in the text. 
NMII without reference to the isoform is used throughout 
the text for organisms that do not express NMII isoforms 
(e.g., D. discoideum or D. melanogaster), or when specific-
ity has not been determined experimentally. Specificity is 
based on the isoform of the MHCII, and heterodimeriza-
tion has not been observed in vivo. Three different isoforms 
of the MHCII are encoded by three separate genes: Myh9 
(MHCII-A), Myh10 (MHCII-B), and Myh14 (MHCII-C). 
In addition to the isoform of the heavy chain, another deter-
minant of the molecular properties of each hexamer is the 
phosphorylation state of the RLC. RLC binds to the three 
isoforms; thus, it seems unlikely that this constitutes a gen-
eral mechanism of differential regulation of the isoforms, 
although Rho-kinase has been suggested to show a modest 
preference for RLC bound to NMII-A [12]. A major mech-
anism of NMII isoform regulation is the differential phos-
phorylation of specific sequences residing in the coiled-coil 
domain and the non-helical tail of the heavy chains. Sev-
eral kinases have been reported to phosphorylate the tail 
domains of MHCII, most notably PKCζ, and TRPM6 and 
TRPM7, which are members of the TRP calcium channels 
bearing kinase activity. PKCζ phosphorylates the non-heli-
cal tail domain of MHCII-B in a PAK-1-dependent manner 
[13], whereas TRPM6 and TRPM7 phosphorylate MHCII-
A and MHCII-B in the coiled-coil and non-helical tail 
domain, potentially regulating their localization [14, 15].

NMII is central in the cellular response to mechani-
cal stimulation due to its ability to generate mechanical 
force. When attached to a fixed point, e.g., a cell–cell or 
cell–matrix adhesion, NMII-induced sliding of the actin 
filaments generates contractile force that is transmitted to 
the plasma membrane, the extracellular matrix and/or other 
cells. Interestingly, NMII also reacts to mechanical forces, 
e.g., by changing its localization. Application of mechani-
cal force to the plasma membrane recruits NMII, which 
assembles thick, stable actomyosin filaments, likely to 
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counter the tension generated in the membrane [16]. Other 
actin-binding proteins, e.g., cortexillin-I, form a com-
plex with actomyosin that constitutes a “mechanosensory 
system” that “feels” the mechanical forces applied on the 
plasma membrane and mediates the cellular response to 
such stimuli. One example is the change in cellular shape 
during cytokinesis, which is driven by NMII [17–19].

In addition to its role in the generation of contractile 
force, NMII is an actin cross-linker [20, 21]. This func-
tion is, in principle, force-independent. The mechanism 
of action of myosin II and the regulation of its different 
tissue-specific isoforms and splicing variants have been 
reviewed elsewhere [22, 23]. Here, we focus on two major 
questions: (1) the activation of myosin II, particularly 
NMII, by extracellular signals, mechanical and chemical, 
and (2) whether myosin II mechanically regulates differ-
ent endpoints to control cellular behavior, focusing on cell 
migration.

NMII activation by biochemical and mechanical signals

NMII activity is controlled by phosphorylation of the regu-
latory light chain (RLC). RLC contains several regulatory 
sites. The most important is Ser19, which enhances the 
ATPase activity of the heavy chain head domain, and also 
promotes a conformational change of NMII from folded 
into extended, assembly-competent [24]. MLCK was the 
first kinase described to phosphorylate Ser19 [25], but sev-
eral others, including ROCK-I, ROCK-II, MRCK, PAK 
kinases, and citron kinase, also phosphorylate it. Some of 
these kinases also phosphorylate Thr18, which is a syn-
ergy site [26]. Thr18 and Ser19 are dephosphorylated by 
the phosphatase MYPT1. Also, PKC phosphorylates RLC 
in Ser1 and Ser2 [27], but these phosphorylations inhibit 
NMII function, likely by preventing its normal assembly 
[24]. The expression and function of the group of kinases 
that activate NMII in a given cell in response to specific 
stimulation is, in general, not well defined.

Different extracellular signals activate NMII through 
phosphorylation of the RLC, including integrin activation 
by extracellular matrix and cellular ligands, growth factors 
acting through kinase-type receptors, e.g., EGF [28], and 
cytokines and chemokines [29]. The kinases that phospho-
rylate NMII in response to an extracellular signal may be 
cell type-dependent or exhibit preference for one isoform; 
also, different extracellular signals may activate NMII 
through different kinases, or preferentially activate one iso-
form. It is important to explore and define these redundan-
cies if these pathways are to be exploited therapeutically.

NMII assembly is also regulated by phosphorylation of 
the heavy chain of NMII by proteins of the PKC family 

as well as stretch-activated calcium channels (TRPMs) 
(reviewed in [22]). This mechanism negatively regulates 
the nucleation process that forms NMII mini-filaments. 
Different NMII isoforms have different nucleation kinetics 
that, together with the ATPase activity of the head domain, 
determines their force bearing and actin cross-linking capa-
bilities [30].

In addition to chemical signaling, NMII may also be 
activated directly by mechanical forces. Pipette microaspi-
ration experiments revealed that NMII locates to the point 
of mechanical perturbation [19]. This is critically depend-
ent on actin cross-linking by additional non-contractile pro-
teins, but also on the ATPase activity of myosin II as well 
as the lever arm, which controls the threshold of the exter-
nal force that triggers NMII accumulation at the perturba-
tion site [17]. Externally applied forces lead to mechanical 
strain on the NMII lever arm when bound to actin, prevent-
ing the motor from undergoing full cycle and extending 
its interaction period with actin. Importantly, these experi-
ments showed that the external force required to stall the 
motor cycle of the NMII depends on the length of the lever 
arm, providing a geometric explanation for the mechani-
cal activation of NMII [17]. This may underlie the fact that 
NMII is required for certain cellular responses to mechani-
cal stimulation, e.g., stiffness-induced stem cell differentia-
tion [2].

Interestingly, external forces can replace NMII in certain 
scenarios. For example, zipper-deficient embryos (zipper 
encodes Drosophila non-muscle myosin II heavy chain, or 
MHCII) have impaired dorsal closure, head involution, and 
axon patterning [31]. Mutants of zipper exhibit cellular and 
organization defects during dorsal closure and decreased 
rate of closure at end stages, and disorganization of the 
actin at the leading edge cells as well as the amnioserosa 
and the boundary between them [32]. In zipper mutants, 
expression of GFP-zip in the amnioserosa alone rescues the 
organization of zipper-null leading edge cells during this 
process [32]. From the point of view of the leading edge 
cells, NMII-dependent contraction generated in the amni-
oserosa acts as an external force. This suggests that NMII-
generated force is transmitted to adjoining cells (presum-
ably through cell–cell adhesions) to reorganize the actin 
and distribute morphogenetic forces at a distance. Another 
example of external force replacement of NMII occurs in 
Drosophila mutants of the snail gene, in which apical NMII 
accumulation is impaired; in these cells, external force 
application is sufficient to restore apical NMII clustering 
[33]. Likewise, in isolated cells, application of mechanical 
force using a micropipette tip is sufficient to induce focal 
adhesion elongation [34], suggesting that external forces 
can substitute actomyosin contractility to mediate adhesion 
maturation.
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NMII controls the mechanics of the molecular clutch 
that integrates cell adhesion and migration

NMII is emerging as a master integrator of the cellular 
response to mechanical forces due to its ability to generate 
forces that in turn induce activation of other downstream 
effectors. An example of this is integrin-based adhesion. 
Integrin localize to adhesive structures where the extracel-
lular matrix (ECM) and actin connect. Adhesions are also 
crossroads of biochemical and mechanical signals that con-
tain multiple mechanorreacting elements.

Fibroblast adhesion to the extracellular matrix protein 
fibronectin is mainly mediated by the integrin α5β1 [35, 
36]. Fibronectin is an ECM protein that interacts with the 
α5β1 receptor via its RGD motif (reviewed in [37]). How-
ever, other motifs (synergy sites) in fibronectin cooperate 
to α5β1-RGD binding [38]. Importantly, some of these 
sites are conformationally concealed (cryptic). An elegant 
study from the Burridge group in the late 1990s showed 
that fibronectin has a mechanorreactive cryptic site that 
is exposed upon mechanical stretching of the fibronec-
tin module [39]. Importantly, the cells themselves expose 
the fibronectin cryptic site by applying mechanical force 
on the fibronectin fibers in an NMII-dependent manner. 
NMII creates large adhesions that serve as traction points 
[40] and generate the contractile force that is transmitted to 
fibronectin and opens its conformation [41].

Forces are directly implicated in integrin activation. 
Actomyosin-generated forces expose the domain of α5β1 
that interacts with the synergy site on fibronectin [42]. A 
similar force-dependent mechanism has been proposed for 
activation of the leukocyte integrin αLβ2 (LFA-1) [43]. 
Force applied to the tail of the integrin β chain through its 
tethering to the actin cytoskeleton contributes to the separa-
tion of the tail domains of the α and β domains (Fig.  1), 
causing complete conformational extension of LFA-1 
(Fig. 1b, c). This is the high-affinity conformation that sup-
ports full leukocyte arrest during extravasation [44].

Integrin activation triggers the recruitment of a com-
plex array of adaptor proteins that form the adhesome [45]. 
Among these, talin promotes integrin conformational acti-
vation through its interaction with the tail of the β chain 
through its N-terminus [46]. The C-terminus of talin 
interacts with actin and vinculin, which is another adhe-
sion adaptor that also binds actin (reviewed in [47]). Thus, 
talin functions as a “bridge” between integrins and actin. 
This function of talin is force-dependent. Sheetz et al. [48] 
showed that the linkage between fibronectin and actin 
through integrins could be disassembled by application of 
a 2-pN mechanical force per binding unit, and that this was 
dependent on talin. In an in vitro setting, it has been shown 
that mechanical stretch “opens-up” talin, exposing its site 
of interaction with vinculin, thus reinforcing its linkage 

with the actin [49]. The actin/vinculin-binding domain is 
required for full integrin activation [50]. A model emerges 
in which force-activated talin exposes its vinculin binding 
domain, which reinforces the interaction of the integrin 
complex with actin (Fig. 1b). This model requires talin to 
incorporate to adhesions in a force-independent manner; 
talin will bind to integrin and actin in the absence of vincu-
lin, promoting a partial activation of the integrin (Fig. 1a). 
NMII generates a pulling force that is transmitted to talin 
through the actin and stretches it. In this model, NMII-gen-
erated force is not, by itself, enough to displace the integ-
rin domain to complete activation. Conformational opening 
of talin recruits vinculin, which reinforces the bonds of the 
whole complex to actin via formation of additional bonds 
to the same actin filament (Fig. 1b) or through association 
to an additional actin filament (Fig.  1c). Increased tether-
ing to actin likely increases the efficiency (or the module) 
of the force transmitted to the integrin, promoting full acti-
vation. A FRET-based force sensor has recently been used 
to show that vinculin transmits force when incorporated 
to adhesions, particularly in adhesions within protrusive 
regions, supporting this model [51].

Mechanical forces also activate other adhesion proteins, 
although the mechanisms are not always well character-
ized. For example, mechanical forces stretch p130CAS 
[52], exposing a phosphorylation site for Src [53]. The 
physiological mechanism by which CAS is stretched is 
unclear, since it does not bind actin directly (Fig. 1b). How-
ever, it interacts with several adaptor and signaling proteins 
that bind actin, e.g., zyxin-α-actinin (Fig.  1d); therefore, 
these second-order interactions may be sufficient to support 
actomyosin-dependent stretching. Mechanical forces regu-
late the preferential association of zyxin to adhesions or 
actin filaments [54]. Likewise, it has been proposed that Src 
is activated by mechanical stretch [55]; however, it remains 
undetermined whether the enzymatic activity of the kinase 
is directly activated by force, or mechanical forces increase 
Src substrate availability or accessibility.

Mechanosensitive molecules are crucial regulators of 
cell migration. Integrin ligation promotes the recruitment 
of talin and vinculin to form stable structures called adhe-
sions. In adhesions, Src phosphorylates CAS and several 
other substrates, and the clustering and activation of dif-
ferent effectors, amplify the recruitment to include >150 
proteins that form an interactive lattice including >600 pro-
tein–protein interactions [45].

The molecular makeup of the adhesions and the number 
and strength of the integrin–ECM interactions regulate cell 
adhesion and migration [56]. This means that more integrin–
ECM bonds result in stronger adhesion. Conversely, migra-
tion displays an optimal threshold of integrin–ECM bonds. 
Below this threshold, cells do not attach properly. Above the 
threshold, they attach too strongly and do not move [56].
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Adhesive strength also depends on a “molecular clutch” 
that connects the ECM with the actin cytoskeleton [57–59]. 
The clutch components interact strongly (grip) or weakly 
(slip). These interactions determine the strength of the 
adhesive bonds and their ability to transmit traction to sup-
port cell migration [60]. Migration is also enabled within 
an optimal threshold of traction force. When forces are 
within the optimal transmission threshold, cells migrate. 
Above the traction threshold, cells adhere too strongly, con-
tract the matrix and do not move; below the threshold, the 
cells slip, and the traction force generated is often insuf-
ficient to move the cell body [61].

A simplified view of this molecular clutch includes the 
interaction of the ECM ligand with the integrin, the integ-
rin with the adhesion complex (talin, vinculin, etc.) and the 
adhesion complex with actin. The efficiency of the clutch 
depends of the integrin ligand, the integrin type, and the 
recruitment of the components of the adhesive complex. It 
also depends on the type and number of molecules within 
adhesive complexes and their interacting affinities [59]. 
Ultimately, transmission efficiency depends on how adhe-
sion complexes bind actin. In general, strong interactions 
will transmit forces better than weak bonds that may be 
destroyed upon force application.

Fig. 1   Mechanical regulation of the molecular clutch that controls 
cell adhesion and migration. Diagrams show the mechanical regu-
lation of talin that controls its interaction with vinculin and force-
dependent integrin activation. a α and β integrin chains are repre-
sented in an extended, intermediate affinity conformation that binds 
to RGD motifs in ECM proteins. Integrin is bound to non-stretched 
talin (represented as a coiled spring), through the tail of the β chain. 
Talin is bound to actin. Also shown is non-muscle myosin II (NMII). 
Arrows point to the prospective sliding direction of the actin filaments 
upon force generation induced by NMII. Numbers represent the criti-
cal points of the mechanotransduction point prior to force application 
(b). b Conformation change of the NMII head (1′) slides actin fila-
ments in the indicated directions. Actin bound to the talin tail stretches 
the molecule (represented as an extended spring; a two-headed arrow 
signals the extension) and exposes a binding site (2′) for binding to 
vinculin. Vinculin binds to actin and strengthens the integrin-actin 
linkage. Also, mechanical force separates the cytoplasmic domains of 

the α and β integrin chain (3′) and evokes a conformational move-
ment that extends the head domain of the integrin (4′), increasing its 
affinity. Force is transmitted to the extracellular matrix and stretches 
fibronectin, exposing a cryptic site (5′, shown in green) that cooper-
ates to binding. c Same as (b), except vinculin is shown recruiting 
an extra actin bundle, increasing actin cross-linking at adhesions. 
d The integrin-actin linkage. Some of the mechanosensitive scaf-
folds are represented. Black dotted lines represent the talin-integrin 
force-dependent binding and activation pathway outlined in (a). Red 
dotted lines indicate the possible routes of mechanical activation of 
p130CAS. CAS has a cryptic, stretch-dependent Src-phosphorylable 
Tyr residue (Tyr165. NMII-dependent sliding of the actin filaments 
generates mechanical force that is transmitted to CAS through zyxin, 
exposing Tyr165 in CAS. Also depicted, focal adhesion kinase (FAK), 
which interacts with talin and activates Src, Crk-II, and paxillin, 
which link FAK-CAS to vinculin and could constitute an alternative 
pathway of force transmission from actomyosin to CAS
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NMII controls the efficiency of the adhesion clutch by 
applying force to the adhesions. Of note, NMII is not phys-
ically present at adhesions, but generates contractile forces 
that pass through the actin cables and are applied on the 
extracellular matrix through adhesive contacts (“action at 
a distance”), which thus act as traction points. Therefore, 
NMII-generated mechanical force relies on good trans-
mission, i.e., a clutch in which every piece is bound to the 
next with enough affinity to support mechanical force pass-
ing through the linkages without breaking the interactions. 
At the same time, the clutch must allow some slippage to 
enable disassembly, which is required to restart the assem-
bly/turnover cycle that occurs in migrating cells [62]. NMII 
also regulates adhesion growth and dynamics through actin 
cross-linking, which brings together actin-associated adhe-
sion proteins [20]. This is force-independent, although ten-
sion enhances cross-linking.

NMII not only regulates cell–matrix adhesions, but also 
cadherin-mediated cell–cell contacts. NMII is recruited to 
cell–cell contacts upon cadherin engagement and seems to 
stabilize the complex from the sides (Fig. 2) [63]. Epithelial 
cells in which NMII-A is downregulated using interfering 
RNA do not form stable contacts [64], and mice depleted of 
the heavy chain of isoform II-A (MHCII-A−/−) die very 
early (E6.5) due to massive defects in cell–cell contacts 
and epithelial layering [65]. It is unclear whether cadherin 
engagement triggers a biochemical signal that recruits 
NMII, or mechanical tension on the plasma membrane at 
the junction promotes NMII nucleation [63], similar to 
what has been observed in Drosophila [66]. The function of 
NMII in cell–cell interactions is quite different from cell–
matrix adhesions during migration. In migration, adhesions 
are dynamic and may assemble, disassemble, and reform 
elsewhere to enable traction at new gripping points [62]. 
Cell–cell adhesions are more stable, and disassemble only 
in response to massive reorganizations of the cell layers, 
e.g., during morphogenesis. In the next section, we discuss 
these differences in light of our emerging understanding of 
the molecular regulation of the role of mechanical forces 
and the function of NMII.

NMII shapes development and homeostasis

Mechanical forces contribute to shaping cells and tissues 
during development. Other excellent reviews have dissected 
the role of mechanical forces in development in anatomi-
cal detail [67–69]. The powerful genetics of development 
systems rapidly identified NMII as a central integrator of 
morphogenesis [31]. In most morphogenetic movements, 
NMII localizes to areas that undergo constriction [70], 
e.g., during spiracle invagination in Drosophila, or dur-
ing gastrulation. These areas often coincide with the apical 

pole of an epithelial sheet. Interestingly, NMII clustering 
in the apical pole cannot be described using a cumulative 
distribution function, but it displays a dynamic oscillatory 
behavior that enables tissue elongation by causing periodic 
contractions of the underlying actomyosin cytoskeleton 
[71]. These systems have revealed a pattern: deactivators 
of Rho function (GTPase Activating Proteins) localize to 
the basolateral face of epithelial cells, whereas Rho acti-
vators (GTP Exchange Factors) translocate to the apical 
pole and activate Rho1 (homologue of RhoA) [72], which 
activates zipper (homologue of NMII) through the kinase 
DRok (Drosophila Rho-Associated Kinase, homologue of 
ROCK) (Fig. 3a) [73]. NMII-based actin cross-linking and 
contraction constrict the apical pole, whereas deactivation 
of Rho and accumulation of Rac/Cdc42 activators (GEFs) 
at the basolateral pole enable Rac/Cdc42 activation and 
induce actin polymerization-based extension (Fig. 3b) [72]. 
The segregation of Rho and Rac/Cdc42 activities to differ-
ent poles is a spatial mechanism that supports the obser-
vation that Rac/Cdc42 and Rho activities antagonize each 
other [74]. Several recent studies revealed that the Rho/Rac 
antagonism is more complicated than originally thought. At 
the leading edge of migrating cells, the activation pattern of 
small Rho GTPases is tightly regulated spatially and tem-
porally as follows: an initial spike of RhoA is closely fol-
lowed by Rac/Cdc42, and when Rac starts to decline inside 
the leading edge, RhoA promotes actin reorganization 
into thicker bundles [75]. Mechanistically, Rac activates 
p190RhoGAP, blocking RhoA [76]. Conversely, RhoA pro-
motes Rac inactivation via ARHGAP22 [77], providing a 
molecular switch that underlies reciprocal inhibition. How-
ever, which signals induce predominance of one or other 
pathway remains unclear. In principle, areas where NMII 
accumulate will show predominance of RhoA signaling, 
whereas protrusive areas where NMII is not found would 
be dominated by Rac signaling.

In intercalation, NMII mainly localizes to dorso-ven-
tral junctions and away from lateral junctions [78], where 
bazooka (Drosophila homologue of mammalian Par3) 
localize [79]. This decreases tension in the lateral junctions 
and allows lateral displacements, such as those required 
for cell intercalation [80]. In general, NMII localizes to 
areas that undergo constriction and subcellular structures 
resistant to deformation. NMII may also recruit additional 
signaling elements through cross-linking, or by inducing 
force-dependent conformational changes that create bind-
ing sites for other signaling components. A recent study 
has identified the GIT–PIX–PAK complex as a key compo-
nent of hemidesmosomes that reacts to mechanical forces 
[81]. NMII may control the recruitment of this complex to 
hemidesmosomes by activating mechanosensitive kinases 
(e.g., Src) and exposing phosphorylable sites in upstream 
regulators to create new docking sites for the complex [82].
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The signal that initially recruits the NMII activating 
machinery remains elusive. Early signaling can be tracked 
to polarity determinants, e.g., Par proteins, which may 
recruit and activate NMII-activating or -inhibiting signals; 
but what triggers their initial polarization is unclear. A 
hypothesis is that gradients of secreted factors, hormones 
or morphogens, induce the localized activation of polarity 
determinants. This would create an asymmetric signal that 
would initiate cellular polarization. One such molecule is 
Fog (folded gastrulation), which is secreted apically by the 
mesoderm precursor cells in a polarized fashion in response 
to tissue identity genes, e.g., Twist. Fog acts in an autocrine 
manner to recruit and activate NMII, producing apical con-
striction [70]. Wnt signaling is also involved in activating 
NMII, but the connections are not clear [83].

NMII also mediates more sophisticated morphogenetic 
movements, e.g., cell rotation during ommatidia formation 
in eye development. In this type of movement, groups of 
preformed cells rotate inside the layer to form polarized 

photorreceptors [84]. NMII localizes to the interface 
between ommatidial and undifferentiated cells and causes 
local constriction and retraction, weakening the boundary 
between the ommatidial cells and surrounding undifferen-
tiated cells, and allowing the cells to rotate. The direction 
of rotation depends on the localization of the cell clusters 
within the eye, but ultimately depends on unknown rea-
sons. Several possibilities include: polarized morphogen 
gradients, asymmetric forces exerted by the surrounding, 
undifferentiated cells, or the intrinsic chirality of the cells 
[85], which is under the control of the isoform B of NMII 
in mammalian cells [86].

Another role of NMII in morphogenesis resides in its 
ability to control retrograde flow within the cell [87]. An 
asymmetric distribution of NMII generates tension gradi-
ents that create contractile flows of actomyosin [88, 89]. 
These flow movements exert friction as the actin moves. 
Friction has been shown to direct some morphogenetic 
movements such as epiboly [90]. This is similar to the 

Fig. 2   NMII participates in 
cell–cell contact formation 
and stabilization. Diagram 
shows actin polymerization and 
NMII-mediated contraction and 
bundling in forming cell–cell 
contacts. Cadherins recruit 
different proteins, most notably 
β and α-catenin, which links 
to actin and may act as a force 
transducer [115]. Upon cadherin 
engagement (right), an early, 
transient wave of Rac/Cdc42-
mediated actin polymerization 
pushes the membrane to form 
the cell–cell contact. Later, 
Rho-dependent NMII activation 
in the periphery of the initial 
contact extends the contact 
area and solidifies the cell–cell 
contact. Bottom left, graphs are 
non-scale, schematic representa-
tions of the Rac/Cdc42 and Rho 
localization (top) and kinetics 
(bottom)
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retrograde flow of actin observed in migrating cells, which 
causes friction on substrate-bound adhesions and may 
underlie force-dependent adhesion growth [91].

NMII participates in mechanotransduction during 
malignant transformation and metastasis

Growing evidence indicates that cancer cells modify them-
selves and their microenvironment to promote their own 
survival and proliferation [92]. They also undergo differ-
ent transitions that enhance cell invasion and migration 
[93]. Together, these changes facilitate their adaptation 
against external aggressions, e.g., chemotherapy. A major 
difference with normal cells is that, whereas normal cells 

die as part of differentiation and renewal programs, tumors 
develop mechanisms to avoid programmed death and grow 
uncontrollably [94]. As part of this “super-adaptation” pro-
gram, cancer cells can modify the mechanical properties 
of their microenvironment as well as their own to enhance 
proliferation and/or to migrate away from the primary 
tumor and generate distal metastases.

Physiological stiffness acts a proliferation inhibitor: in 
vitro increased stiffness relieves growth inhibition, and even 
normal cells increase their proliferation [3]. Tumor cells 
increase tissue stiffness, likely to enhance proliferation and 
tumor growth [92]. Stiffness enhances proliferation through 
several molecular mechanisms. These may be dependent 
on the cell type and its context. For example, increased 
stiffness promotes integrin clustering, which leads to an 

Fig. 3   Role of NMII and actin 
polymerization in morphoge-
netic epithelial movements. a 
Apical constriction mediated 
by NMII. The initial signal is 
represented by a morphogenetic 
hormone or peptide, but other 
signals may accomplish the 
same effect. The hormone binds 
a G protein-coupled receptor 
that, acting through G proteins, 
activates RhoGEFs, which 
in turn activate Rho, which 
induces NMII phosphorylation 
and activation via ROCK [116]. 
NMII-mediated actin contrac-
tion mediates constriction of 
the apical pole. b Basolateral 
extension in the direction of 
migration is induced by actin 
polymerization. Constriction at 
this area is prevented by accu-
mulation of RhoGAPs, which 
inactivate Rho and locally 
deactivate NMII. This is simul-
taneous to the clustering of 
Rac/Cdc42 activators (GEFs), 
which depends of the presence 
of the polarity proteins Par3/
Par6 and may require atypical 
PKC activation [72]. Rac/Cdc42 
promote actin polymerization 
through the Arp2/3 complex via 
WASP/WAVE proteins
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increase in FAK/Src kinase activity and promotes recruit-
ment of the Ras/MAPK pathway scaffolds SHC and Grb2 
[95]. As outlined in previous sections, p130CAS phospho-
rylation by Src depends on its mechanical extension [53]. 
Src-dependent phosphorylation of p130CAS facilitates 
its interaction with the adaptor Nck, which also serves as 
a MAPK/ERK scaffold [96]. Therefore, it seems that the 
mechanical properties of the microenvironment modulate 
cell proliferation through different pathways that converge 
on the activation of the MAPK/ERK pathway.

How do tumor cells increase the stiffness of their micro-
environment? Enhanced proliferation increases the cell 
density per volume unit, packing the cells more tightly, 
which increases the overall resistance of the tumor mass. 
This phenomenon also enhances resistance against some 
forms of chemotherapy [97]. Another mechanism is extra-
cellular matrix deposition and reorganization. Most car-
cinomas of epithelial origin display increased matrix 
deposition and also reorganize collagen fibers by several 
mechanisms, including secretion of matrix metalloprotein-
ases (reviewed in [98]), post-translational modifications, 
e.g., oxidation by lysyl oxidases [99], and NMII-medi-
ated cell contraction [39, 100]. Tumor cells reorganize the 
matrix using focal adhesions and stress fibers as traction 
devices that pull the matrix in a RhoA- and NMII-depend-
ent manner [40]. In fact, some solid tumors display elevated 
rigidity that depends on the activity of RhoA and ERK; 
countering RhoA decreases cellular stiffness and reverts 
some of the cellular traits associated with malignant trans-
formation [101]. The in vivo role of Rho-mediated contrac-
tility in promoting tumorigenesis was recently illustrated in 
a rodent model in which conditional induction of ROCK, 
a downstream effector of RhoA that activates NMII, pro-
motes tumorigenesis, whereas its inhibition blocked tumor 
formation and progression [102].

Importantly, recent progress using atomic force micros-
copy (AFM) has revealed that tissue becomes heteroge-
neously rigid during breast malignant transformation. 
Whereas the overall stiffness of breast tumors increases 
likely due to ECM stiffening, the actual tumor cells become 
“softer” or less rigid. Also, tumors display discrete areas 
of increased stiffness towards the outer edge of the tumors 
[103]. Interestingly, similar increases in peripheral stiffness 
have been recorded using AFM in transgenic mice in which 
the ROCK–NMII axis was activated [102], suggesting that 
NMII is at least partially responsible for the local changes 
in tissue rigidity during tumor formation.

The mechanical properties of the microenvironment 
also play a central role in how cells break away from the 
primary tumor and invade the surrounding healthy tissue. 
The initial process can be envisioned as a “perversion” of 
the apical constriction/basolateral extension observed in 
morphogenesis, which is likely enhanced by the increased 

rigidity of the tumor microenvironment and the reorganiza-
tion of the collagen fibers. In this case, the “apical” side 
of the tumor cells would be facing the core of the tumor, 
whereas the basolateral area would be oriented outwards, 
towards the host tissue. How these cells acquire a polar-
ized, migratory morphology is unclear. One possibility is 
that chemoattractant signals from outside the tumor induce 
polarized actin polymerization at the front and switch sign-
aling from cadherin-based to integrin-based, promoting 
motility [104]. Another possibility is based on an initial 
constriction of the rear. This would result from mechanical 
and cell–cell contact cues, similar to what is observed in 
gastrulation and morphogenesis (reviewed in [105]).

The change of cellular behavior from epithelial-like to 
migratory and invasive can also be explained in terms of 
a possible differentiation of migratory cancer cells from 
a hypothetical “cancer stem cell”. This has yet to be fully 
demonstrated in vivo, and implies that the migratory cells 
would not need to be located to the periphery of the tumor; 
but they would still require to break free from their micro-
environment using mechanisms similar to those described.

Dissociation from the primary tumor may occur in two 
different ways: as single cells that become migratory, or 
as collective “chains” of cells that migrate together. Both 
situations have been observed in vivo [106]. Important out-
standing questions are whether different types of tumor 
cells display preference for one mechanism of egress or the 
other, and whether NMII regulates their “choice”.

There is emerging evidence that increased stiffness pro-
motes the acquisition of migratory traits by tumor cells [92, 
107]. Although the picture is not complete, the current data 
suggest that rigidity promotes an epithelial–mesenchymal 
transition (EMT) [101], which means that the cells undergo 
morphological changes from epithelial-like to mesenchy-
mal, becoming more migratory [108]. Interestingly, some 
genes that control matrix rigidity and metastasis through 
post-translational modification of the ECM components, 
e.g., lysyl oxidase (LOX)-2 [109], also control EMT from 
inside cancer cells [110]. Tumor cells follow reorganized 
collagen bundles emanating from the tumor in a radial 
manner and move towards the basement membrane [111].

Cancer cells adopt varied morphologies during migra-
tion. EMT postulates that most invasive cells display mes-
enchymal morphology and behavior, but different morphol-
ogies have been observed both in vitro and in vivo (Fig. 4). 
These morphologies are part of a continuum that includes 
cell shapes from non-migratory epithelial, to mesenchymal, 
to amoeboid-like, or blebbing [106]. Unlike mesenchymal 
cells, blebbing cells do not generally degrade the matrix as 
they go and their migration depends on oscillatory, NMII-
dependent contractions of the cellular cortex [112], similar 
to leukocytes [113]. Importantly, this process depends on 
the microenvironment of the migrating cell and occurs in 
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a matter of seconds, suggesting that, unlike EMT, this is a 
transcription-independent process [114].

Another type of migratory morphology is that of very 
fast, amoeboid cells, e.g., leukocytes. This modality shares 
traits of the mesenchymal mode (front–back polarization, 
small adhesive contacts, Rho/Rac dependence) and bleb-
bing mode (high speed, possible integrin independence), 
but whether mesenchymal or blebbing cells can adopt 
amoeboid morphologies is currently undetermined.

Future perspectives

Despite the abundance of data, current research is only 
scratching the surface of the regulatory role of mechani-
cal forces and NMII on cellular behavior. Progress has 
been more evident in development. This is due to the size 
of the experimental systems, which enables observing large 
movements caused by forces of a relatively high magni-
tude. But advances in physical detection and measure-
ment methods, microscopy, and cell biology, have allowed 
a rapid development of the field of mechanobiology at a 
molecular level. In this review, we have illustrated rela-
tively well-characterized molecular phenomena, but it is 
unlikely these are unique, and the list of mechanorreactive 
molecules will likely extend over subsequent years.

Over 90 % of cancer-related deaths are due to metastatic 
dissemination of cells of the original tumor. Although 

the connection of these molecular events with normal 
development and malignancy is still tenuous, it opens 
up novel avenues of possible therapeutic intervention to 
arrest malignant cells. Careful understanding of how the 
forces implicated in the conversion of normal into tumor 
cells, and the acquisition of motile, invasive features, may 
prompt the discovery of novel therapeutic targets to con-
trol metastasis.
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