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Trans-scale mechanotransductive cascade of
biochemical and biomechanical patterning in embryonic
development: the light side of the force

Tatiana Merle and Emmanuel Farge

Embryonic development is made of complex tissue shape
changes and cell differentiation tissue patterning. Both types of
morphogenetic processes, respectively biomechanical and
biochemical in nature, were historically long considered as
disconnected. Evidences of the biochemical patterning control
of morphogenesis accumulated during the last 3 decades.
Recently, new data revealed reversal mechanotransductive
feedback demonstrating the strong coupling between
embryonic biomechanical and biochemical patterning. Here we
will review the findings of the emerging field of
mechanotransduction in animal developmental biology and its
most recent advancements. We will see how such
mechanotransductive cascade of biochemical and mechanical
patterning events ensures trans-scale direct cues of co-
regulation of the microscopic biomolecular activities with the
macroscopic morphological patterning. Mechanotransduction
regulates many aspects of embryonic development including
efficient collective cell behaviour, distant tissues
morphogenesis coordination, and the robust coordination of
tissue shape morphogenesis with differentiation.
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Introduction

Embryogenesis consists of the development of bio-
mechanical morphology of tissues and biochemical cell
differentiation patterns. In the developing embryo, the
biomechanical and biochemical patterning were long
considered as disconnected. The first was initially

thought to be exclusively regulated by Newton’s laws
of Physics, with tissue growth as a major driving force [1],
while the second was subsequently thought to be merely
induced by the biochemical cascade based on the inter-
actions between the biomolecules produced by the
genome [2,3].

The biochemical regulation of embryonic mechanical
patterning by the expression of master differentiation
genes was discovered in the 90’s, such as mesoderm
invagination controlled by the expression of the genes
rwist and snail in Drosophila melanogaster embryos [4]. In
addition, the antero-posterior patterning genes bicoid,
nanos and torso-like are required for convergence-exten-
sion movements (C&E) at the onset of Drosophila
embryo gastrulation [5]. Similarly, Xwns-54 was sug-
gested to be involved in C&E movements in Xenopus
embryos [6] and silberblick/wntl 1 and wnt5 were found to
be necessary for proper CXE movements in zebrafish
embryos [7].

The underlying molecular mechanisms downstream of
this regulation are based on a genetic regulation of
anisotropies in the intracellular concentration of a molec-
ular motor: Myosin-II (Myo-II) [8]. For instance, the
T'wist and Snail proteins were found to be required for
the medio-apical accumulation of Myo-II in Drosophila
embryos. This acto-myosin meshwork constricts meso-
derm cell apexes resulting in an apical shrinkage that
triggers the mesoderm epithelium invagination [9].

These findings interestingly showed that embryo mor-
phogenesis, that obeys the laws of Newtonian Physics, is
the product of the physical conditions and of the bio-
chemical patterns, that both introduce at a given devel-
opmental stage the internal forces that will determine the
next stage.

Inversely, it has been shown in the 2000s that biochemical
developmental patterns at a given stage can also be the
product of the biomechanical patterns of the precedent
stage through mechanotransduction processes. This
introduces at given developmental stages, new biochem-
ical signal inputs of mechanical origin. For instance, in
gastrulating Drosophila embryos, mechanical strains
developed by C&E induce beta-catenin (3-cat) signalling
activation. This activation leads to Twist expression in
the anterior endoderm, and is vitally involved in func-
tional anterior mid-gut cell differentiation at larvae stage
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(A) Defect of embryonic convergent-extension morphogenesis
development during late epiboly somitogenesis, in the ctnnat
E-a-catenin mutant rescued with the E-a-catenin AVBS lacking the
mechanosensitive Vinculin binding site, compared to rescued with the
wild-type E-a-catenin. (B-a) Quantitative mimicking of soft Sna-
dependent apex pulsations in sna-defective embryos lacking

[10,11]. Similarly, during bone development in mouse
embryos, sox9 is expressed downstream of B-cat mechan-
ical activation in response to muscle spontancous activity
to prevent bone differentiation in joints [12].

Here we will review the findings and most recent
advances in the field reporting the existence of such
mechanotransductive cues in animal embryonic develop-
ment iz vivo. We will focus on the mechanotransductive
trigger of active morphogenetic biomechanical pattern-
ing, and on cell biochemical differentiation and specifi-
cation patterning. We will describe the physiological
functions of such coupling between the developmental
biochemical patterning cascade and biomechanical shape
development. Based on this trans-scale deterministic co-
regulation of molecular activities with macroscopic prop-
erties, we will present how long-range rapid mechano-
transductive cell—cell interactions generate either collec-
tive cell behaviour or embryonic morphogenetic
movement coordination. We will additionally discuss
how it engenders robust coordination between biochemi-
cal and biomechanical morphogenesis during embryonic
development.

The mechanical trigger of Myo-ll dependent
active biomechanical morphogenesis

Myo-II protein is the molecular motor driving forces in
embryonic active morphogenetic movements. Its
mechanosensitive behaviour was initially found in cell
culture [13]. Iz vivo, a simple micro-pipet aspiration of
Drosophila embryos ectoderm increases the junctional
concentration of Myo-II, suggesting a re-enforcement
of junctions. Myo-II concentration also increases in ecto-
derm tissue in response to the C&E morphogenetic
movements of gastrulation in Drosophila embryos [14].
In addition to re-enforcing tissue resistance to deforma-
tion, tension also stabilizes Myo-II at the purse-string
caused by a wound during Drosophila embryogenesis [15].
The purse string tension increases and generates the
wound closure.

The generalisation of such mechanically induced re-
enforcement of junctions and of tissue integrity in
response to embryonic morphogenetic movements was
recently observed in early zebrafish embryos. In mutants
with central domain-defective a-catenin, a domain
known to be mechanosensitive in cell culture, the
mechanical strains due to gastrulation led to C&E and
embryo elongation defects [16°] (Figure 1A). In cell

pulsations (here sna RNAI, as well as sna and halo sna mutants -not
shown) by magnetic forces generated with pulsatile micro-magnets on
the order of the cell size applied on the mesoderm cells injected with
ultra-magnetic liposomes, in vivo, (b) rescues the apical accumulation
of Myo-Il and of the mesoderm invagination from sna-defective
embryos lacking apical stabilisation of Myo-Il and mesoderm
invagination (ventral views).



culture, such domains mechanically open to effectors
such as Vinculin leading to the active re-enforcement
of adherens junctions [17]. A similar molecular process
was thus proposed to be at work to ensure normal C&E
morphogenesis in response to the strains generated by the
earliest embryonic morphogenetic movements [16°]. A
mechanosensitive maintenance of adherens junctions has
also been demonstrated to preserve tissue integrity dur-
ing Drosophila mesoderm invagination and during C-e/e-
gans embryo morphogenesis [18,19]. Interestingly, the
Yap/Taz mechanosensitive signalling pathway [20] has
also been found to be required for the maintenance of the
overall shape of the zebrafish embryo. In this case, the
Rho GTPase activating protein ARHGAP18 preserves
the embryonic tissue stiffness against gravity-induced
deformations in a Yap/Taz dependent process [21].

Yet, Myo-II mechanosensitivity is not only involved in
the tissue resistance to endogenous morphogenetic move-
ments. [t also triggers morphogenetic movements in
response to the mechanical strains developed by the
morphogenetic movements of the precedent stage.
Indeed, the Fog-dependent medio-apical accumulation
of Myo-II — that leads to the epithelial mesodermal cells
apex constrictions and to mesoderm invagination in Dro-
sophila embryos — has been found to be mechanotrans-
ductively induced by the Snail-dependent cell apex pul-
sations that just precede.

First indicated by mechanical perturbations through
indenting the embryo [22], this was demonstrated by
the quantitative rescue of sza-dependent pulsations in
snai/ mutants. A network of pulsating micromagnets was
applied to swai/ mutant embryos injected with magnetic
liposomes [23°]. Such physiological mechanical rescue, of
pure physical origin, quantitatively mimicked the Snail-
dependent mechanical strains, and Fog-dependently res-
cued both the medio-apical accumulation of Myo-II and
mesoderm invagination (Figure 1B).

As an underlying molecular mechanism, the sza-depen-
dent apex pulsations were found to mechanically inhibit
Fog endocytosis and to enhance Fog exocytosis, presum-
ably by membrane flattening and tension increase,
thereby triggering the Rho downstream pathway leading
to medio-apical accumulation of Myo-II [22]. Interest-
ingly, the existence of a defect of endocytosis in the
mesoderm versus the ectoderm was recently corroborated
in early gastrulating Drosophila embryos [24].

In addition to mechanotransductive cues, the shape of the
embryo was found to determine the shape of the actomy-
osin meshwork [25].

Furthermore, the mechanical strains developed by meso-
derm invagination stretches the posterior pole of the
embryo, in which Fog is also expressed. As a

consequence, this leads to the Fog-dependent mechan-
otransductive activation of apical Myo-II accumulation
and to the initiation of the posterior endoderm invagina-
tion [23°]. This process, in turn, mechanically participates
in the morphogenetic movement of C&E by antero-
posterior cell elongation [26,27]. And this C&E morpho-
genetic movement also positively feedbacks into apical
Myo-II accumulation in the posterior endoderm and
robustly participate together with mesoderm invagination
in the initiation of the posterior endoderm invagination
[23°]. Thus, the mechanosensitive behaviour of Myo-II is
at the node of an active self-induced biomechanical
cascade of morphogenetic movements. Mechanotrans-
ductive feedback processes are also involved in organo-
genesis. The mechanical strains developed by contractile
apoptotic cells were found to enhance junctional apico-
basal Myo-II concentration in neighbouring cells, thereby
leading to tissue folding in Drosophila leg joint formation
[28]. Cells can also stock geometrical surrounding infor-
mation via biochemical cues to control their own geomet-
rical properties. In the Drosophila pupal epithelium,
through the recruitment of Mud proteins, tricellular junc-
tions ('T'C]Js) orient cell division via the astral microtu-
bules by pulling on the mitotic spindle [29°°]. Mechan-
otransduction is also involved in plant development.
Meristem shaping and coordinated cell growth are regu-
lated by mechano-sensitive microtubule reorganisation
via Katanin [30,31].

An active biomechanical patterning cascade is thus at
work during embryonic development, adding to the well-
known biochemical inductive cascade of patterning gene
expression.

Moreover, as we will see, the mechanical strains devel-
oped by the biomechanical cascade can also participate, in
turn, to determine the biochemical patterning cascade.

The mechanical regulation of biochemical
patterning

Myo-II is by far not the only biomolecule whose behav-
iour is mechanosensitive. Transcription or co-transcrip-
tion factor activation can also be strain dependent. For
instance, the transcription factor NF-KB translocates into
the nucleus in response to mechanical deformation in
endothelial cells in culture leading to PDGF growth
factor expression [32]. In zebrafish, laminar shear stress
generated by blood flow induces Yap nuclear transloca-
tion. This transcription factor then stimulates endothelial
cell division and contributes to vessel maintenance [33].
And Smad1 is one of the first transcription factors shown
to be mechanotransductively involved in cell differentia-
tion by triggering myoblast-osteoblast transdifferentia-
tion [34].

In vivo, the B-cat protein is responsible for the mechanical
induction of the rwist mesodermal gene expression in the



early drosophila ectoderm submitted to external uni-axial
global deformation [10]. The mechanosensitivity of B-cat
was found to vitally trigger the mechanical induction of
Twist expression in the anterior endoderm. B-Cat acti-
vates the downstream differentiation of the anterior mid-
gut following its mechanically induced partial release
from the cell junctions and its transfer from the cytoplasm
to the nucleus in response to C&E compression during
gastrulation. To perturb mechanical strains in epithelium
and inhibit the anterior endoderm compression within the
wild-type genetic background (W'T), compressing tissues
were ablated with a two photons laser. To rescue physio-
logical compressions in the W'T, a magnetic field gradient
was used to micromanipulate the neighbouring tissues
loaded with super-paramagnetic nano-particles [11].

The B-cat mechanosensitivity is also an important mech-
anism to stimulate and trigger mesodermal genes expres-
sion in the Drosophila (T'wist) and zebrafish (brachyury)
embryos mesoderm, in response to its invagination and to
epiboly initiation, respectively. Under mechanical ten-
sions, Src42A phosphorylates the Y654-3-cat major site of
interaction with E-cadherins (E-cad) leading to the
release of a pool of B-cat from the junctions to the
cytoplasm and the nucleus [35]. Mechanical induction
might also be involved in bdrachyury expression during
Nematostella gastrulation [36].

Interestingly in pathological contexts, B-cat mechanical
activation, leading to the expression of tumorous target
genes like eyclin DI, myc and zeb-1 in strained healthy
tissues, is also involved in tumor progression due to skin
and breast tumours stiffness and colon tumor growth
pressure 7z vivo [37,38]. We also can notice that treat-
ments activating the B-cat pathway with mechanical
vibrations in adipocytes, repressing the adipogenic Gly-
cogene Synthase, are developed to fight against obesity
[39].

B-cat mechanosensitivity was recently found to be physi-
ologically involved in several distinct developmental
processes. In particular, it was proposed to initiate feather
follicle differentiation during chicken development.
Indeed, in response to epidermis buckling under Myo-
IT contractile tension, B-cat becomes phosphorylated on
Y654 and translocates into the nucleus of bent cell
domains. When Myo-II contractile activity was blocked
with blebbistatin, no tissue buckling was observed. As a
result, B-cat activation and the expression of its target
gene dmp2, known to be upstream of follicle cell differ-
entiation, were inhibited [40°°] (Figure 2A).

In addition to B-cat, phosphorylation of the mechanosen-
sitive Yap factor was also recently found to regulate the
carliest differentiation of inner-cell mass of pre-implan-
tation mouse embryos, during cell engulfment morpho-
genesis. This follows the first asymmetric division after

fertilization, and was proposed to be the consequence of
the high acto-myosin contraction of the cell engulfed by
the less contractile one [41°]. The inhibition of the Myo-
IT contractile activity with blebblistatin prevents cell
engulfment. As a result, in a doublet, both cells express
inner cell-like markers, that is high levels of cytoplasmic
phosphorylated-Yap and low levels of Cdx2 expression
(Figure 2B).

We saw above how internal morphogenetic forces can
regulate tissue developmental biochemical patterning.
Interestingly, mechanical strains that are external to
tissues can also influence biochemical development.

For instance, mechanical constraints applied by the
uterus on the growing mouse embryo lead to the mechan-
ical induction of Cerl expression in its distal endoderm.
This protein is involved in the determination of the
antero-posterior axis of mouse embryonic development

[42].

In late stages of zebrafish embryos development, the
oscillatory shear stress induced by the blood flow stimu-
lates the expression of the endocardial flow-responsive
klf2a gene. This gene was found to control the fibronectin
synthesis that initiates cardiac valve development
through the canonical Wnt/B-cat pathway [43,44].

In mouse embryos, the oscillatory shear stress of the
lymphatic fluid enhances the B-cat signalling pathway
in endothelial cells, and the expression of target genes,
such as FOXC2, that regulates lymphatic vasculature
development [45].

The integrative physiological functions of
trans-scale mechanical and
mechanotransductive cues in development
Predicting the macroscopic behaviours of living systems
based on their molecular activities through an integrative
reductionist approach from one scale to another remains
an active field of biology. The challenge lies in untangling
the complex interactions through different scales. In
contrast, mechanical strains consist of a very simple
cue, as it crosses all scales, thereby directly coupling
the molecular microscopic with the macroscopic pattern-
ing scale. Indeed, as we saw, the Myo-II activity, which is
biochemically patterned, generates mechanical strains
leading to macroscopic biomechanical morphogenetic
movements. These morphogenetic movements in turn
mechanotransductively modulate the activity of Myo-II
at the molecular level, which triggers other active mor-
phogenetic movements. Macroscopic strains additionally
regulate the biochemical activities leading to (co-)tran-
scription factor nuclear translocation at the molecular
level, thereby modulating developmental gene
expression.
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(A) Contractility triggers B-catenin nuclearisation in the forming primordium of early chicken embryos and is upstream of the primordia gene
expression program. Contractility is low on the left due to blebbistatin treatment (25 wM Bb) and high on the right due to high substrate stiffness
without blebbistatin treatment (25 nM CA) compared to control conditions on the centre. 3-catenin localization (IF), and bmp2 expression (FISH)
depends on the contractility and on the buckling deformation of the sample. (B) First morphogenetic movement of cell internalisation in mouse
embryos mechanically depends on the cell contractility asymmetry and leads to asymmetric differentiation. (a) Diagram of cell doublet. y1, y2 and
yc are the surface tensions of the two cells and the contact. (b) Numerical simulation showing the equilibrium state of a doublet from a 16-cell-
stage mouse embryo. The first cell fate depends on the equilibrium state of the doublet. (c,d) Immunostaining of control (25 uM of non-efficient
Bb) and inhibited by blebbistatin (25 wM Bb) doublets showing p-Yap, the Cdx2 outer layer cells expression and phalloidin.

In other words, in embryonic patterning, the mechan-
osensitivity of the biochemical and active biomechanical
components allows mechanical “*® to be privileged mode
of direct interaction between the biochemically active
and reactive microscopic molecular regulators of embryo-
genesis and the macroscopic morphological phenotype of
the embryo [46,47].

Among the physiological functions of such mechano-
biochemical cascade that underlie embryogenesis, we
can notice integrative rapid and long-range cell-cell inter-
actions. For instance, in the Drosophila embryo, line

tensions of acto-myosin cables robustly maintain differ-
entiation boundaries across tissues [48,49]. Also, collec-
tive cell apex constrictions, coordinated across the meso-
derm tissue by rapid and long-range
mechanotransductive cell-cell interactions, are required
for tissue invagination at gastrulation [23°].

Physiological functions also reveal a robust coordination
between biomechanical and biochemical patterning. For
instance, the mechanical induction of T'wist expression
ensures that only the internalized tissue at gastrulation
will maintain Twist expression, and will i fine



differentiate into mesodermal internal organs [35]. Simi-
larly in early mouse embryos only the not-ingulfed cells
express the Cxd2 gene responsible for the trophectoderm

identity, and will not develop as an embryonic tissue
[41°].

Such mechanical cues were additionally found, and pro-
posed, to mediate long-range coordination of biomechan-
ical and biochemical patterning, throughout the whole
embryo. For instance, ventral mesoderm invagination
triggers the initiation of posterior endoderm invagination
within the 2 min time scale, thereby coordinating meso-
derm with endoderm invagination at gastrulation [23°]. In
addition, germ-band extension mediates both the anterior

Figure 3

endoderm specification — through B-cat activation — and
the posterior endoderm invagination — through the Fog/
Myoll pathway —, thereby synchronising two processes
100 cells (500 pwm) apart [11,23°]. These effects may be of
particular importance under conditions in which the
dynamics and complex topology of the embryonic tissues
prevent the establishment of the long-range morphogen
gradients that are efficient at earliest stages where cells
are arranged in simpler, static geometrical patterns.

And indeed, integrating both the macroscopic bio-
mechanical and microscopic biochemical patterns
through such reciprocal trans-scale mechanical and
mechanotransductive interaction, explains
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embryogenetic processes as important as gastrulation,
initial tissue differentiation, maintenance of patterning
boundaries, coordination of morphogenetic movements
and the coordination of biomechanical/biochemical pat-
terning (Figure 3).
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