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Mechanosensing in embryogenesis
Priti Agarwal and Ronen Zaidel-Bar
Summary

Mechanical forces generated by living cells at the molecular
level propagate to the cellular and organismal level and have
profound consequences for embryogenesis. A direct result of
force application is movement, as occurs in chromosome
separation, cell migration, or tissue folding. A less direct, but
equally important effect of force, is the activation of mechanosensitive signaling, which allows cells to probe their mechanical surrounding and communicate with each other over
short and long distances. In this review, we focus on forces as
a means of conveying information and affecting cell behavior
during embryogenesis. We discuss four developmental processes that demonstrate the involvement of force in cell fate
determination, growth, morphogenesis, and organogenesis, in
a variety of model organisms. Finally, a generalizable pathway
of mechanosensing and mechanotransduction in vivo is
described, and we highlight similarities between morphogens
and forces in patterning of embryos.
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Introduction
Mechanical force is an unseen yet omnipresent
component of biological systems, including developing
embryos. Forces, such as gravity and osmotic pressure,
set physical limits on the body plan and constrain the
range of forms evolution can create. On the other hand,
by generating forces, embryonic cells harness mechanics
to sculp themselves into the many intricate shapes we
find in the animal kingdom, from sponges to giraffes. In
addition to setting physical constraints and powering
morphogenesis, mechanical forces play an important
www.sciencedirect.com

role within the developing embryo as a means of
communication. Through interactions with their cellular
and extracellular environment, every cell ‘perceives’ its
place within the body and ‘knows’ whether to grow or
die, to change shape, and into what type to differentiate.
These interactions, the sum of which determines cell
behavior, involve both biomolecules (e.g. morphogens)
and forces.
The ability of cells to sense mechanical signals and
transduce them into a biochemical response has been
extensively studied in cultured cells, and several
mechanosensing structures and proteins as well as
mechanotransduction pathways have been elucidated.
These include mechanosensitive ion channels on the
plasma membrane [1,2], the primary cilium [3],
integrin-mediated cellematrix adhesions [4], cadherinmediated cellecell adhesions [5], the actomyosin
cytoskeleton [6,7], the nucleoskeleton [8], Notch [9],
and growth factor receptors [10]. This review focuses on
recent attempts to ‘eavesdrop’ on mechanical communications within developing embryos. Owing to the
inherent complexity of multicellular organisms, even
when there is clear evidence force is involved in a
developmental process, it is not always clear where the
force is coming from, which cellular structures sense it,
what signaling pathways are activated by it, and how
they affect cell behavior. Nevertheless, in some instances, research has delineated entire mechanosensing
and transduction cascades. In the following sections, we
will present four such cases, which exemplify the
involvement of force in cell fate determination, growth,
morphogenesis, and organogenesis.
Gastrulation forces and mesoderm induction

An early and pivotal event in embryogenesis is gastrulation, during which an initial single layer of cells is
rearranged into a three-dimensional body composed of
three germ layers: ectoderm, mesoderm, and endoderm
[11]. Depending on the organism, mesoderm cells will
make their way into the interior of the embryo body
through different mechanisms, including invagination,
ingression, and epiboly [12]. Common to all these
movements is the exertion of mechanical force on the
inward moving cells [13]. It has now been shown in
diverse organismsdincluding Zebrafish, Drosophila,
and the sea anemone Nematostella vectensisdthat forces
on gastrulating cells activate the b-catenin pathway,
contributing to the determination of mesodermal cell
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Mechanosensation during fate specification and tissue growth. (a) Mechanosensing during mesoderm specification in a gastrulating Drosophila
embryo. (i) Before the onset of gastrulation, b-catenin interacts strongly with E-cadherin via a bond involving Y654 and remains enriched at the junctions
[18]. (ii) Force generated by invaginating cells during gastrulation stretches the E-cadherin– b-catenin bond and increases the accessibility of Y654 for
phosphorylation by Src-kinase [18]. Phosphorylated b-catenin, with reduced affinity for E-cadherin, translocates into the nucleus and activates the
expression of mesoderm-specific genes [14]. (b) Mechanosensing during growth of the Drosophila wing imaginal disc. The wing imaginal disc epithelium,
a precursor of the adult wing, has a nonuniform distribution of tension from the center to the periphery of the tissue. The cells at the center are densely
packed with low junctional tension (left) while the peripheral cells are stretched and have higher tension (right) [28,29]. (i) Under low tension, the
mechanosensor a-catenin remains in a closed conformation, which impedes its binding to Jub, a key Hippo signaling component. Under these conditions,
Warts kinase phosphorylates the transcription effector YAP and prevents its nuclear localization. (ii) High junctional tension in the peripheral cells triggers
a conformational change in a-catenin, exposing its binding site for Jub. Jub binds and recruits Warts and hence, prevents YAP phosphorylation. This leads
to the nuclear translocation of YAP and the activation of downstream genes required for cell proliferation and tissue growth [24,31,32].

fate by transcriptionally activating mesoderm master
regulators [14,15] (Figure 1a). b-catenin is a prime
mechanotransduction protein because it can alternate
between acting as a transcription cofactor in the nucleus
and having a structural role at adherens junctions (AJs),
binding to the cytoplasmic tail of E-cadherin and
forming a link to the actin cytoskeleton [16]. The
cadherinecatenineactin axis is usually under basal
tension due to internal actomyosin contractility.
External pulling that stretches cellecell junctions increases this tension, making the cadherinecatenin
junction a nexus for mechanosensing [17].
Using fluorescence resonance energy transfer between
fluorescently tagged E-cadherin and b-catenin in
Drosophila embryos, it was shown that during gastrulation, a mechanical stretching of 1 nm occurred between
E-cadherin and b-catenin [18]. Molecular dynamics
simulations of the interaction interface between Ecadherin and b-catenin found that local stretching between specific helices of E-cadherin and b-catenin
would increase by 15% the accessibility of a tyrosine
residue on b-catenin [18] that when phosphorylated by
the tyrosine kinase Src inhibits its rebinding to Ecadherin [19]. Importantly, an increase in b-catenin
phosphorylation was documented in Drosophila and
Zebrafish gastrulating mesodermal cells [14]. Consistent with the idea that b-catenin phosphorylation reduces its affinity to junctions, fluorescent recovery after
photobleaching experiments, showed an increase of 16%
in the mobile fraction of b-catenin during mesoderm
invagination [18]. The increased cytoplasmic pool of bcatenin is also available for nuclear signaling, and even
low levels of b-catenin in the nucleus are sufficient to
trigger transcription [20] (Figure 1a). Mesodermspecific b-catenin target genes include brachyury in
Nematostella, brachyury ortholog notail in Zebrafish, and
twist in Drosophila. Importantly, blocking gastrulation
movements by pharmacological or genetic means
inhibited the expression of these genes, which could be
rescued by applying external mechanical stress [14,15].
Thus, early mesoderm differentiation and specification
appears to rely on an evolutionarily conserved response
to the strain associated with mesoderm invagination at
the onset of embryonic gastrulation.
www.sciencedirect.com

Intercellular tension and tissue growth or
degeneration

To reach their final size and form all tissues and organs
must grow, but the rate of growth is tightly regulated
and differs between tissues. During embryogenesis,
some cells divide rapidly while others divide more
slowly, stop dividing, or undergo programmed cell death.
Cell proliferation is regulated by multiple cell-intrinsic
and extrinsic factors, many of which converge on the
highly conserved Hippo signaling pathway that controls
tissue growth by inhibiting cell proliferation. During
active Hippo signaling, kinases such as LATS (large
tumor suppressor) in mammals and Warts in flies phosphorylate the transcription coactivators YAP/TAZ and
Yorkie (YKi), respectively, and sequester them in the
cytoplasm. When Hippo signaling is inactive, nonphosphorylated YAP/TAZ or YKi accumulate in the nucleus,
resulting in transcriptional activation of downstream
tissue growth factors. Uncontrolled Hippo signaling is
associated with hypertrophy and oncogenesis in multiple species ranging from insects to mammals [21].
Several studies have shown the role of extrinsic mechanical factors, such as matrix stiffness, cell density,
and shear flow, as well as the involvement of cytoskeletal
tension in regulating the nuclear localization of YAP/
TAZ/YKi [21e23]. However, the mechanism by which
these mechanical signals are transduced to regulate the
Hippo signaling pathway remained elusive. As a first
clue, it was found that increased cytoskeletal tension
recruits Ajuba family proteins (Jub in Drosophila, and
LIMD1 in mammals), components of the Hippo
pathway to AJs [24e27]. The wing imaginal disc of
Drosophila, a progenitor for the adult wing, is a wellstudied model for tissue growth and morphogenesis.
Owing to differential proliferation, it has an uneven
distribution of tension from the center of the disc to the
periphery: cells at the center are dense and compressed
while cells at the periphery are less dense and stretched
(Figure 1b). Physical stretching increases tension at the
junctions as evidenced by an elevated level of phosphorylated myosin and higher recoil velocity after laser
incision [28,29]. Increased tension recruits Jub at AJs
and it binds and sequesters Warts, the Yorkie (Yki)
kinase [24,30]. When Yki is phosphorylated, it cannot
enter the nucleus; therefore, sequestering its kinase
Current Opinion in Cell Biology 2021, 68:1–9
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Mechanosensation during tissue elongation and organ development. (a) Mechanosensing during C. elegans embryo elongation. (i) Schematic of a
C. elegans embryo during 1.3-fold to 2-fold stage. In response to muscle contraction, PAR proteins (red) planar polarize along the junctions of lateral
epidermal cells and actin filaments (green) aligns along the dorsoventral (D/V) embryonic axis, which contributes to embryonic axis elongation [39]. (ii)
Cross-sectional view of the C. elegans embryo during 1.3-fold to 2-fold stage showing attachment of contracting muscles to the dorsal and ventral
epidermis via hemidesmosomes (blue lines). (iii) During embryogenesis, punctate aggregates of hemidesmosomes components (VAB-10, LET-805, GIT1, PAX, PIX, MUA-3/MUP-4, and intermediate filaments) (top panel) mature to form fibrous organelles (bottom panel), which connect the basal and apical
membranes like intracellular tendons. Tension generated by muscle contraction unfolds and activates the mechanosensor VAB-10. Activated VAB-10
recruits the GIT-PIX-PAK module, stimulating intermediate filaments phosphorylation and maturation of hemidesmosomes and fibrous organelles [38,41].
(b) Mechanosensing during Zebrafish heart valve morphogenesis: (i) Schematic of atrioventricular (AV) and outflow tract (OFT) valve development during
Zebrafish heart morphogenesis. (ii) Shear stress induced by the oscillatory flow of blood (double headed arrow in (i)) leads to calcium influx via TRP ion
channels and activation of Klf2 expression in the neighboring endocardial cells regulating AV valve development. Furthermore, KLf-2 instructs the release
of paracrine Wnt signals that act on the underlying mesenchymal cells to remodel cardiac cushions and form a mature AV valve. The mature valve directs
unidirectional blood flow from atrium (A) to ventricle (V) [46–48]. (iii) During OFT valvulogenesis, shear stress is sensed by TRP and Piezo ion channels
activating Klf2 and Notch signaling in the adjacent endocardial cells and YAP expression in the underlying smooth muscle cells [49].

allows Yki to enter the nucleus and promotes Ykidependent tissue growth. Reducing tension by inhibiting Rho-kinase (ROCK), an activator of myosin activity,
decreases junctional localization of Jub and suppresses
tissue growth while increasing tension by overexpressing
ROCK enriches Jub at junctions and promote tissue
growth [24]. Recent studies have shown that tensiondependent junctional enrichment of Jub is facilitated
by a-catenin, a protein that links E-cadherin bound bcatenin with the actin cytoskeleton. a-catenin is
composed of the following three domains: an N-terminal
domain that associates with b-catenin, a mechanosensory domain, and a C-terminal actin-binding domain
(ABD) [31,32]. Under tension, a-catenin undergoes a
conformational change enhancing the recruitment of
Jub at junctions via its mechanosensory and ABD domains (Figure 1b). Deleting parts of the mechanosensory and ABD domains increase junctional Jub even
under low tension, and the deletion mutants have
enhanced nuclear Yki activity and large wing size in
Drosophila. Knockdown of Yki or Jub in these mutants
rescues wing overgrowth suggesting that a-catenin acts
as a mechanosensor for tension-dependent Hippo
signaling controlling tissue growth [31,32]. Intriguingly,
force-sensitive Ajuba recruitment can feedback on
cytoskeletal tension either positively or negatively. In
Xenopus, the Ajuba protein Wtip is recruited under high
tension to AJs where it physically associates with
Shroom, an actin-binding protein, to promote apical cell
constriction during Xenopus neural tube closure [33].
On the other hand, in the wing imaginal disc of
Drosophila, Jub recruits to AJs the cytohesin step that
antagonize actomyosin contractility to preserve tissue
integrity [25].
Intertissue mechanosignaling and epidermal
morphogenesis

A simple form of morphogenesis that is independent of
proliferation or cell rearrangement involves a coordinated change in cells’ shape. An example of this is the
elongation of Caenorhabditis elegans embryos during
epidermal morphogenesis. Following the enveloping of
the ovoid-shaped embryo by four rows of epidermal
cells, it reduces its circumference threefold and elongates fourfold over 4 h of development to establish its
www.sciencedirect.com

vermiform. Elongation involves the coordinated elongation of epidermal cells along their antero-posterior
axis and shortening of the orthogonal cellecell junctions
[34,35] (Figure 2a). Although the first half of elongation
(until twofold) is powered exclusively by actomyosin
contractions within the lateral epidermal cells [35],
genetic screens have demonstrated a long time ago that
elongation beyond the twofold stage requires muscle
activity [36,37]. The reason for this requirement was
not immediately clear, especially given that the four
longitudinal body muscles act to shorten the embryo
when they contract. More recently, it was found that the
contraction force of muscles is relayed through the
extracellular matrix to the epidermal cells, where it is
sensed and initiates a mechanotransduction pathway
leading to maturation of cellematrix adhesions in the
dorsal and ventral epidermis and remodeling of the actin
network in the lateral epidermis [38,39]. Separating the
epidermis from the underlying muscle is a basal lamina.
Muscle sarcomeres connect to the basal lamina via
integrins at focal adhesion-like structures and the
epidermal cells are mechanically linked to the same
basal lamina from the other side by LET-805 receptors
at hemidesmosome-like structures (CeHDs). Major
components of CeHDs include intermediate filaments
spanning the entire epidermis and VAB-10, a human
plectin homolog, associated with the basal transmembrane receptor, LET-805 and apical receptors
MUP-4/MUA-3 [40]. During the second half of elongation, VAB-10 and LET-805 at the basal epidermis sense
the muscle contractions. Under low tension, the highly
conserved SH3 domain of the plakin domain of VAB-10
is concealed by preceding spectrin repeats. Molecular
dynamic simulations suggest that mechanical force,
caused by muscle contraction, unfold those spectrin
repeats thereby exposing and activating the SH3 domain
of VAB-10 [41]. Activated VAB-10 recruits the signaling
molecule GIT-1 to CeHDs stimulating downstream kinases, PAK-1 and PIX-1. This eventually leads to the
phosphorylation and reorganization of IFs and maturation of CeHDs [38,41] (Figure 2a). Interestingly, the
mechanotransduction pathway relayed from muscle
contractions to CeHDs does not halt there. It is further
communicated from the dorsal/ventral epidermis to the
lateral epidermis via AJs. Mechanical forces transmitted
Current Opinion in Cell Biology 2021, 68:1–9
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via CeHDs and AJs planar polarize PAR complex proteins at the apical surface of the lateral epidermis and
orient actin bundles along the dorsoventral axis [39].
Laser ablation experiments suggest that dorsoventral
actin organization promotes higher tension that shrinks
epidermal junctions along the dorsoventral axis [39].
This causes a decrease in the circumference but an increase in the length of the epidermal cells along the
antero-posterior axis, which finally results in embryonic
elongation.

narrowest and stipulated to have the highest shear
stress. Signaling from the endothelial cells propagates to
cells underneath, as evident by shear stress-dependent
localization and activation of Yap1 in the smooth
muscle cell progenitors, as required for valve morphogenesis [49]. Thus, valvulogenesis relies on the sensing
of shear forces by mechanosensitive channels in endothelial cells to specify the correct location for valve
development and activation of the relevant genetic plan
in those cells and the underlying tissue.

Shear stress and heart valve formation

Summary and perspectives

Man-made machines are first manufactured and only
then turned ‘on.’ In contrast, animal organs start functioning from the time of their initial formation and
continue to develop while operating. A case in point is
the heart, which starts out as a simple tube and develops
into a multichamber apparatus while continuously
pumping blood [42]. Fluid flow generates shear stress at
the interface with stationary surfaces. Endothelial cells,
which line the inner walls of all blood vessels, including
the heart, are thus exposed to shear stress that is proportional to the local flow rate. It is well established that
shear stress is sensed by endothelial cells and has profound effects on their architecture and physiology [43].
Within the developing heart, mechanosensing of shear
stress plays a critical role in the genesis of valves [44]
(Figure 2b). Heart complexity varies between organisms, but all hearts develop valves at the entrance and
exit of each chamber to ensure unidirectional blood flow.
Studies in chick, zebrafish, and mouse embryos have
shown that perturbation of shear stress by blocking
blood flow or changing blood viscosity disrupt valve
formation [45]. In the case of the atrioventricular valve,
the mechanosensitive channels TRPP2 and TRPV4,
expressed on the endothelial cells overlaying the
developing valve, are activated by shear stress-induced
stretching of the plasma membrane [46]. The influx of
calcium in response to oscillatory shear stress activates
the transcription factor KLF2, which is essential for
valve development [47]. KLF2 is responsible for secretion of WNT9B, which activates WNT signaling in the
underlying mesenchymal cells and induces them to form
bulky cardiac cushions that are then remodeled into thin
valve leaflets [48] (Figure 2b). Oscillatory flow amplitude scales with KLF2 expression and calcium levels,
and loss of KLF2 results in valve development defects
similar to those caused by interfering with hemodynamic forces [46]. Although the outflow tract valves
develop differently from the atrioventricular valves in
terms of cellular morphogenesis, activation of both
KLF2a and Notch signaling downstream of mechanosensitive TRP channels is a common mechanosensing
pathway [49]. In the outflow tract, TRP channels work
in parallel with the mechanosensitive channel Piezo1
[49]. The channels are activated and induce KLF2a
expression specifically where the outflow tract is
Current Opinion in Cell Biology 2021, 68:1–9

The four examples given above share a common principle: mechanical force stretches a protein located along
the line of tension and changes its conformation in a way
that affects its activity. The origin of the force can be
internal, as when a cell is probing its mechanical environment by ‘pinching’ [50], or external, as when a cell is
pulled by a contracting neighbor [51]. The protein that
responds directly to tension with a conformational
change is the mechanosensor. The effect this conformational change has on its activity (e.g. the passage of
ions, binding or unbinding of interacting proteins) initiates a cascade of signaling events that is called
mechanotransduction and usually ends in a transcriptional response and/or a reorganization of the cytoskeleton that modulates cell behavior (Figure 3). In this
review, we delineated pathways in which a single force is
sensed by a single protein and is transduced to a single
cellular response. However, reality is far more complex,
as every cell is simultaneously exposed to multiple
forces and each force can be sensed by more than one
mechanosensor and excite multiple signaling pathways
that affect cell behavior in a variety of ways.
Measuring or modulating forces within embryos is still
much more challenging than measuring or modulating
biochemical signals [52]. Nevertheless, it is becoming
clear that forces play a similar role to morphogens in
patterning embryos (e.g. Refs. [53e55]). Similar to how
a relatively small set of morphogens operate repeatedly
during development, it is likely that also mechanical
forces have recurring and evolutionary conserved roles
during embryogenesis. This idea is supported by the
observation that cadherinecatenin junctions were
shown to play a mechanosensing role in multiple
morphogenic events (e.g. Refs. [32,56,57]) and that bcateninedependent mechanotransduction for mesoderm induction is a conserved feature of gastrulation
dating back at least to the common ancestor of Cnidaria
and Bilateria [15,18]. Another striking similarity between morphogens and mechanical force was revealed in
Drosophila endoderm, where a wave of invagination is
propagated by a mechanically-driven cycle of cell deformations [58], similar to traveling chemical waves that
control somitogenesis and other processes. As the
mechanobiological toolkit improves, we will be better
www.sciencedirect.com
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Figure 3

Common principles of mechanosensing and mechanotransduction during embryogenesis. (a) During tissue development and homeostasis, cells
experience multiple mechanical forces, which may be intrinsic (actomyosin contractility, osmotic pressure) or extrinsic (shear stress, gravity, stretching).
(b) These mechanical stimuli are sensed and interpreted by mechanosensors such as adhesion receptors and transmembrane ion channels, a process
known as mechanosensation, and usually involves a change in protein conformation. Furthermore, mechanosensors respond to mechanical stimuli by
initiating a biochemical signaling cascade, referred to as mechanotransduction, which often activates downstream target genes. (c) Mechano-activated
genes influence multiple cellular behaviors that affect both cell and tissue fate and morphology.

www.sciencedirect.com
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equipped to decipher the mechanical communications
taking place between cells within embryos, and shed
light on the intricate cross-talk between forces and
chemical signaling in driving embryogenesis.

The authors show in the sea anemone Nematostella vectensis that
mechanical pressure can ectopically activate or restore expression of
the mesoderm fate determinant brachyury in a b-catenin dependent
manner, suggesting b-catenin–dependent mechanotransduction
during gastrulation is an ancient regulatory mechanism, which was
present in the common ancestor of cnidarians and bilaterians.
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