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Morphogen gradients provide positional data and maintain tissue patterns by instructing cells to adopt distinct
fates. In contrast, morphogen gradient-forming tissues undergo dynamic morphogenetic movements that
generate mechanical forces and can disturb morphogen signal transduction. However, the interactions between
morphogen gradients and these forces remain largely unknown. In this study, we described how mechanical

Cadherin . . . . .

Wt force-mediated cell competition corrects noisy morphogen gradients to ensure robust tissue patterns. The Wnt/
Shh B-catenin morphogen gradient—that patterns the embryonic anterior-posterior axis—generates cadherin-
Piezo actomyosin interaction-mediated intercellular tension gradients—termed mechano-gradients. Naturally gener-

ated unfit cells that produce noisy Wnt/f-catenin gradients induce local deformation of the mechano-gradients.
Neighboring fit cells sense this deformation, resulting in the activation of Piezo family mechanosensitive calcium
channels and secretion of annexinAl, which specifically kills unfit cells to recover morphogen gradients.
Therefore, mechanical force-mediated cell competition between the morphogen-receiver cells supports robust
gradient formation. Additionally, we discuss the potential roles of mechanical force-driven cell competition in

other contexts, including organogenesis and cancer.

1. Introduction

For tissues and organs to function properly, cells with specific
properties should be placed at appropriate locations and numbers during
development and regeneration. This precise cellular arrangement is
mediated by morphogen gradient. Morphogens are diffusible chemicals
that act over long distances to instruct cells to adopt suitable fates for
tissue patterning by forming activity gradients [1,2]. The concept of
morphogens—introduced between the 1950s and 1970s—has been
foundational in developmental biology [3-5]. Biochemical and molec-
ular genetic studies have revealed morphogenetic molecules and their
diffusion and signaling mechanisms [6-8]. For example, a morphogen
protein, wingless-related integration site (Wnt), is secreted from the
posterior tissue of early embryos and generates the Wnt/f-catenin
signaling activity gradient to establish the anterior-posterior (AP) axis
pattern [9] (Fig. 1A). In posterior tissues, Wnt stimulates the nuclear
translocation of p-catenin, thereby inducing the expression of genes
controlling differentiation into posterior neural tissues, such as the
spinal cord. In contrast, in Wnt-unstimulated anterior tissues, genes

required for differentiating into anterior neural tissues, such as the
forebrain, are upregulated (Fig. 1A). In adult tissues undergoing
regeneration and cell replacement, such as the liver and intestinal
epithelium, cell proliferation and differentiation into functional cells is
guided by Wnt morphogen gradients. These gradients ensure the
maintenance of tissue homeostasis by facilitating appropriate fates to
the specific tissue site [10,11] (Fig. 1B).

In contrast, as morphogen gradient-forming tissues undergo dynamic
morphogenetic movements, cell adhesion and actomyosin contractile
force are dynamically regulated [11,12]. Therefore, morphogens and
mechanical forces may interact to maintain tissue homeostasis; how-
ever, the details remain unclear. Additionally, during tissue patterning,
dynamic morphogenesis, such as rapid cell proliferation and movement
occurs in parallel with morphogen gradient formation [13-15]. Rapid
cell proliferation may spontaneously generate unfit cells that cannot
transduce proper signals, whereas rapid cell movement may disrupt
morphogen diffusion and stable formation of morphogen gradients.
Therefore, developing tissues should have a system that prevents the
generation of erroneous cells to achieve robust patterning through
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Fig. 1. Wnt morphogen gradients generate tissue patterns. (A) Schematic
illustration of the Wnt morphogen gradient-mediated anterior-posterior (AP)
pattern formation. In early vertebrate embryos, Wnt proteins are secreted from
posterior tissues to generate an activity gradient of Wnt/p-catenin signaling
along the AP axis. (B) Schematic illustration of the Wnt morphogen gradient-
mediated patterning in the small intestine (upper panel) and liver sinusoid
(lower panel).

morphogen gradient formation.

Cell competition is a mechanism that removes unfit cells by enabling
higher-fit cells to selectively eliminate lower-fit or unfit cells through
intercellular communications in a tissue environment [16-19]. Cell
competition was discovered 50 years ago as a phenomenon where
artificially induced cells with a ribosomal gene mutation were elimi-
nated through communication with normal neighboring cells in the
Drosophila epithelium [20]. Subsequently, the mechanism of cell
competition was studied in Drosophila and mammalian culture cells
[21-23]. Additionally, mouse model studies have demonstrated that cell
competition can eliminate artificially introduced cells with low myelo-
cytomatosis oncogene (Myc) expression from the heart and rat sarcoma
viral oncogene (Ras)-activated oncogenic cells from the intestine and
pancreas [24-26]. Therefore, cell competition is considered an unfit cell
elimination mechanism for maintaining tissue homeostasis. However,
the majority of research has focused on the analysis of artificially
introduced unfit cells; therefore, the physiological significance of cell
competition remains unclear. Recent studies are revealing that physio-
logical cell competition corrects heterochrony in mouse embryos. For
instance, Myc levels are intrinsically heterogeneous in the epiblast of
early mouse embryos, and prematurely-differentiated cells with low
Myc levels are eliminated from tissues, promoting the expansion of cell
populations with high Myc levels [27,28]. The fate specification-delayed
cells produced by low Transcriptional Enhanced Associate Domain
(TEAD) activity are also eliminated by cell competition with the
fate-specified cells during epiblast formation [29]. In this review, we
introduce physiological cell competition driven by mechanical forces to
ensure robust formation of morphogen gradient and spatial tissue
patterning during development and discuss its potential role in adult
tissue homeostasis.
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2. Cell competition-driven correction of noisy morphogen
gradients

2.1. Cadherin-mediated cell competition corrects noisy Wnt morphogen
gradients

Recently, using zebrafish live-imaging analysis, we discovered that
unfit cells with abnormally high or low Wnt/p-catenin activity appeared
spontaneously and disrupted the Wnt/p-catenin activity gradients dur-
ing embryonic AP axis formation [30]. Notably, these unfit cells were
eliminated through apoptosis to repair the Wnt/f-catenin activity
gradient. This elimination is driven by converting Wnt/p-catenin
signaling activity to E-cadherin levels. In the posterior tissues with
strong Wnt/p-catenin signaling activity, stabilized f-catenin proteins
translocate to the nucleus and plasma membrane. The plasma
membrane-recruited p-catenin facilitates the accumulation of mem-
brane E-cadherin.

In contrast, in the anterior tissues with low Wnt/B-catenin activity,
B-catenin is not stabilized at the plasma membrane, resulting in low
levels of membrane E-cadherin. Therefore, gradients of membrane E-
cadherin levels formed along the Wnt morphogen gradient (Fig. 2A)
[30]. Because membrane E-cadherin levels increase with Wnt/p-catenin
activity, unfit cells with abnormal Wnt/f-catenin activity disrupt this
balance. In unfit cells with abnormally high or low Wnt/p-catenin ac-
tivity, the membrane E-cadherin levels increase or decrease, respec-
tively, generating an imbalance in E-cadherin levels between the unfit
and neighboring fit cells. This imbalance activates the transcription
factors—suppressor of mothers against decapentaplegic (Smad) and
Forkhead box O3 (Foxo3)—to upregulate Foxo3 gene expression, sup-
press the negative regulator of reactive oxygen species (ROS), such as
selenophosphate synthetase 1 (Sephsl), and produce ROS in the unfit
cells. Accumulated ROS induce the degradation of apoptosis-suppressor
B-cell lymphoma 2 (Bcl2), thereby triggering apoptosis in the unfit cells
[30]. Because this morphogen gradient-correcting apoptosis selectively
eliminates abnormal cells with unfit signaling activity through cell-cell
communication, we consider this as a new type of physiological cell
competition.

When the Foxo3-Smad-ROS-Bcl2 signaling pathway was suppressed
to prevent the apoptotic elimination of unfit cells, naturally unfit cells
accumulated in the embryo—thereby significantly disrupting the
morphogen gradient and causing various morphological abnormalities,
such as head and tail deformation and tumor-like cell mass formation
[30,31]. These observations indicate that the morphogen gradient-noise
correction system contributes to the formation of precise morphogen
gradients and tissue patterning.

2.2. Cell competition corrects noisy Sonic hedgehog (Shh) morphogen
gradients during organogenesis

Does cell competition correct noises in other morphogen gradients,
too? Shh morphogen signaling forms an activity gradient along the
dorsal-ventral (DV) axis and determines the distinct fate of each cell in
the developing spinal cord and muscle primordia. In ventral tissues, Shh
morphogen binds to its receptor Patched, which then relieves inhibition
on Smoothened (Smo), allowing Smo to activate the downstream tran-
scription factors called Gli proteins, leading to the transcription of target
genes to induce differentiation into ventral tissues, such as slow muscle
and motor neurons. The cells on the dorsal side, where the Shh
morphogen signaling activity is low, differentiate into dorsal tissue such
as fast muscle and interneurons [32-35]. We recently discovered that
the Shh morphogen gradient is also corrected through a mechanism that
eliminates unfit cells in the developing muscle and spinal cord [31]. In
contrast to Wnt signaling, Shh signaling negatively regulates membrane
N-cadherin levels through Smo, creating a dorsal-ventral axis gradient of
N-cadherin that inversely associates with Shh morphogen signaling in
the developing spinal cord and muscle [31,36]. Regions with high Shh
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Fig. 2. Cadherin-mediated cell competition corrects noisy morphogen gradients. (A) Schematic illustration of cell competition-mediated noise correction of
Wnt morphogen gradients. Unfit cells with abnormally high or low Wnt/p-catenin activity increase or decrease membrane E-cadherin levels, respectively, and
generate an E-cadherin imbalance between unfit and neighboring fit cells. Neighboring fit cells sense this E-cadherin imbalance and trigger the activation of Foxo3
and Smad in unfit cells. Foxo3-Smad activation induces ROS production and reduces the anti-apoptotic protein Bcl2 to trigger unfit cell apoptosis. (B) Schematic
illustration of cell competition-mediated noise correction of Shh morphogen gradients. Shh signaling negatively regulates membrane N-cadherin levels; therefore,
unfit cells with abnormal Shh activity generate an N-cadherin imbalance between unfit and neighboring fit cells. Unfit Shh activity-induced cadherin imbalance is
sensed by neighboring cells, and unfit cells are eliminated through the activation of the Foxo3-Smad-ROS-Bcl2 pathway in the same manner as the elimination of

unfit Wnt/p-catenin cells.
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signaling activity have reduced N-cadherin levels in the plasma mem-
brane, whereas regions with low Shh signaling activity have high
membrane N-cadherin levels. Shh-unfit cells are sensed by neighboring
normal cells through the conversion of Shh signaling activity into
N-cadherin levels. In the developing muscle and spinal cord, unfit cells
with abnormally high or low Shh signaling activity are naturally
generated and alter (decrease or increase) the membrane N-cadherin
levels, respectively, causing N-cadherin imbalance between unfit and fit
neighboring cells. This imbalance stimulates apoptosis in unfit cells by
activating the Foxo3-Smad-ROS-Bcl2 signaling pathway (Fig. 2B) [31].

3. Mechanical force drives morphogen gradient-noise correction

As described above, unfit cells with abnormally high or low Wnt/Shh
signaling activity undergo apoptosis through the Cadherin-Foxo3-Smad-
ROS-Bcl2 pathway. However, it is challenging to interpret how neigh-
boring normal cells sense the opposite signaling activity and activate the
same signaling pathway. Recently, we successfully addressed this issue
from the perspective of mechanical forces.

3.1. Morphogen gradients generate mechano-gradient

B-catenin functions both as a transcription factor downstream of Wnt
morphogen signaling and as an adherens junction component that reg-
ulates cadherin localization, and it can connect morphogen signals and
mechanical cell-cell interaction [37]. In adherens junctions, E-cadherin
and N-cadherin are associated with actomyosin through catenin pro-
teins, with the contractile force driven by myosin activation by the small
GTPase RhoA [38-43]. This alteration in mechanical force can be
transmitted to neighboring cells through cadherin, generating intercel-
lular tension (Fig. 3) [44].

We observed that a gradient of intercellular tension was formed in
correlation with the Wnt/p-catenin signaling gradient along the zebra-
fish embryonic AP axis [45]. The activity of myosin and RhoA that
regulate actomyosin contraction forms a gradient along the AP axis.
Therefore, intercellular tension also forms a gradient associated with the
Wnt morphogen signaling gradient (Fig. 4). Additionally, laser ablation
assays demonstrated that a tension gradient is formed downstream of
Wnt/p-catenin signaling and membrane E-cadherin levels. We termed
this mechanical force gradient of actomyosin contractile force the
“mechano-gradient” [45].

Notably, blocking the mechano-gradient formation by treatment
with the myosin inhibitor blebbistatin induced the accumulation of unfit

Anterior tissue /ﬁ'caterg?cadherin
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cells with ectopic activation and abnormal reduction of the Wnt/p-cat-
enin activity [45], indicating that the mechano-gradient may be
involved in the elimination of morphogen-signaling-unfit cells.

3.2. Noisy morphogen gradients cause local mechanical stress

In Wnt/p-catenin-unfit cells, the actomyosin contractile force is
abnormally increased or decreased, resulting in local tension alterations.
These alterations contribute to the “sensing” process of unfit cells [45].
Wnt-hyper-activated unfit cells abnormally increase actomyosin con-
tractile force, altering intercellular tension through cadherin, thereby
applying a directional pulling force on neighboring cells (Fig. 4). In
contrast, Wnt-inhibited unfit cells reduced intercellular tension to
stimulate neighboring cells to move away from the unfit cells (Fig. 4).
These mechanical stresses deform neighboring cells to activate the Piezo
family of mechanosensitive calcium ion channels in neighboring cells.
Piezo channels form a three-bladed propeller-shaped homotrimer that
responds to asymmetric forces, such as membrane curvature and
stretching, with a conformational change leading to channel pore
opening and consequent ion uptake [46-50]. In morphogen
gradient-noise correcting cell competition, Wnt-hyper-activated and
-inhibited unfit cells would induce membrane stretching and curvature,
respectively, in neighboring fit cells, and consequently, they would
activate Piezo channels. In this way, Piezo channels convert the unfit
cell-causing mechanical stress into calcium ion uptake in neighboring
cells, resulting in the apoptosis of unfit cells [45] (Fig. 4).

3.3. AnnexinAl (ANXA1) eliminates noisy cells

How do neighboring fit cells induce apoptosis in noisy cells with
unfit Wnt signaling in response to calcium ion uptake? RNA-seq analysis
of neighboring fit cells identified a secretory protein, ANXA1, as a
mediator [45]. ANXA1, a member of the annexin family of proteins,
binds to the plasma membrane in a calcium ion-dependent manner
[51-53] and is reported to activate Smad signaling [54]. We observed
that Piezo-mediated calcium influx specifically upregulated ANXA1
expression in cells adjacent to unfit cells with abnormally high or low
Wnt activity [45]. ANXA1 induction in neighboring cells is essential for
eliminating unfit cells because they appear to receive ANXA1 proteins
secreted from neighboring cells to undergo apoptosis.

In summary, the Wnt morphogen gradient is converted into a
gradient of intercellular tension, with neighboring cells sensing the
morphogen gradient noise as a local alteration of the tension gradient,
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Fig. 3. Schematic illustration of Wnt/f-catenin signaling-mediated regulation of membrane E-cadherin and actomyosin contraction. (Left) Wnt signaling
activity is converted to membrane E-cadherin levels. In the Wnt signaling-active posterior tissue, p-catenin accumulates in the nucleus and plasma membrane.
B-catenin acts as a Wnt signaling transcription factor in the nucleus, whereas it also functions as a linker between the adhesion molecule E-cadherin and actin
cytoskeleton in plasma membrane. (Right) In the presence of active Wnt/p-catenin signaling, f-catenin proteins accumulate in the membrane to positively regulate
membrane E-cadherin levels and actomyosin contractile force at the adherens junctions. The RhoA-Rho-associated coiled-coil kinase (ROCK) signaling pathway
activates actin polymerization and myosin activation underneath the adherens junctions. The contractile force generated by actomyosin activation is transmitted to

adjacent cells as intercellular tension through E-cadherin.
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in neighboring cells. ANXA1 is secreted from neighboring cells and induces apoptosis in the unfit cells.

thereby initiating cell competition to eliminate unfit cells (Fig. 4).
Therefore, the robustness of the morphogen gradient is supported by the
conversion of chemical signals into mechanical signals [45].

4. Perspectives
4.1. Cell competition-mediated morphogen gradient correction

The morphogen gradient correction was firstly discovered through
observation of Drosophila imaginal disc; where cells with either high or
low bone morphogenic protein (BMP) signaling activity were introduced
and underwent apoptosis through cell competition or its related system
[55-59]. However, it is unclear whether cell competition corrects
morphogen gradients in the physiological situation and vertebrate tis-
sues. In addition, the detailed mechanisms of morphogen
gradients-noise correction remain unknown. As described above, we
recently discovered that physiological cell competition corrects Wnt and

Shh morphogen gradient in zebrafish and that the mechano-chemical
conversion mediated by Cadherin-Piezo-ANXA1-Foxo3-Smad-ROS-Bcl2
axis drives the noise correction [30,31,45]. This suggest that the cell
competition-driven morphogen gradient correction system is evolu-
tionarily conserved from flies to vertebrates and that the similar
mechano-chemical conversion system may also be involved in
above-mentioned Drosophila morphogen-noise correction. Further
research on this correction mechanism will solve these questions and
will allow us to understand morphogen activity and its regu-
lation/dysregulation in pathologic situations.

4.2. Mechanical force-driven cell competition in other contexts

Morphogen gradients support both tissue patterning and adult tissue
turnover, and the cells with abnormal morphogen signaling activity can
cause various diseases [60-62]. Therefore, the mechanical
force-mediated morphogen-noise correction system is essential for
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embryogenesis, organogenesis, and adult tissue homeostasis. As
mentioned above, Shh morphogen signaling negatively regulates
membrane N-cadherin levels in the developing spinal cord and muscle
[31,36] and N-cadherin also functions as a site of actomyosin assembly
just like E-cadherin [43], indicating that N-cadherin-mediated
mechano-gradients may be formed in these tissues. Actually, similar to
Wnt morphogen gradients-noise correction, the noises in Shh
morphogen gradients are also repaired via N-cadherin-Foxo3-Sma-
d-ROS-Bcl2 axis [31]. Taken together, it is likely that N-cadher-
in-mediated mechano-gradients facilitate cell competition to ensure
robust Shh morphogen gradients. Additionally, the adult intestine,
which forms Wnt morphogen gradients, may use mechanical
force-mediated cell competition. In the mouse intestines, artificially
introduced Wnt-hyper-activated cells strongly upregulate E-cadherin
levels and are eliminated through apoptosis from the tissue [63].
Notably, cells with abnormally high Wnt signaling can cause colorectal
cancer [64,65]. The mediators of mechanical force-mediated cell
competition, such as E-cadherin, Smads, and ANXAl, are
tumor-suppressor genes [66-70], indicating a close relationship be-
tween the mechanism of mechano-driven cell competition and tumor
suppression. Therefore, the mechanical force-mediated morphogen
noise correction system may help prevent tumorigenesis in adult tissues.

4.3. Unsolved mechanism in mechanical force-driven cell competition

Although we demonstrated that the unfit cell-generating mechanical
force activates the Piezo channel, further studies are required to clarify
the detailed mechanisms underlying Piezo activation in neighboring
cells, its role in ANXA1 expression, and how ANXA1 specifically elimi-
nates unfit cells. Additionally, it may be valuable to assess whether the
mechanical force-Piezo-ANXA1l axis mediates other types of cell
competition. Because actomyosin systems that generate mechanical
force interact with various cellular signaling and metabolism [71-74],
unfit cells with abnormal signaling and metabolic activity may trigger
cell competition by altering mechanical force. It is worth noting that a
recent study reported that AnnexinA2 (ANXA2) is involved in the
elimination process of Ras-hyper-activated oncogenic cells [75], sug-
gesting the possibility that the ANXA family proteins may commonly
mediate various types of cell competition.

4.4. Mechano-sensing of unfit cells: a novel mechanism of cell competition

Numerous studies have reported that mechanical force drives unfit
cell elimination during cell competition. For example, in mammalian
cell cultures, Ras-hyper-activated oncogenic cells are physically elimi-
nated by the contractile force that is generated by cytoskeletal proteins
(filamin and vimentin) expressed in neighboring normal cells [76]. In
Drosophila pupal notum, tissue crowding-induced mechanical stress
stimulates the cell competition-mediated elimination of cells with lower
proliferative activity [77]. Similarly, crowding-induced cell competi-
tion, which is triggered by stretch-induced Piezol activation, contrib-
utes to homeostasis in zebrafish fin [78,79]. In Xenopus embryos,
Piezol-driven apical cell extrusion plays an essential role in the
epithelium remodeling [80]. However, the role of mechanical force in
sensing unfit cells remains unclear. Our recent study is the first to
demonstrate that mechanical force mediates unfit cell sensing during
cell competition [45]. By focusing on mechano-sensing, we can also
understand the unfit cell-sensing mechanisms in other types of cell
competition.

4.5. Interaction between morphogen and mechanical force

Similar to our findings, recent studies have revealed interactions
between morphogens and mechanical forces. For example, during
zebrafish gastrulation, Nodal signaling acts as a chemical morphogen to
control gene expression and as a “mechanogen” triggering collective cell
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migration through motility-driven (un)jamming [81-83]. In zebrafish
blastoderm spreading, Wntl1l morphogen signaling generates spatial
pattern of tissue fluidization via enhancing actomyosin contractility
[84]. In Xenopus animal cap experiments, mechanical stimulation of the
ectoderm activated fB-catenin and induced head organizer gene expres-
sion, thereby regulating AP axis formation [85]. Therefore, morphogens
and mechanical forces regulate embryogenesis. Future research should
explore the interaction of mechanical forces with Wnt and other mor-
phogens because similar regulatory mechanisms are likely to be
involved in organogenesis and adult tissue homeostasis. Additionally,
although we revealed a part of the significance of the mechano-gradient
(cell competition driver), this gradient likely plays other yet unknown
roles. In the future, we may aim to unravel these roles to enhance our
understanding of mechanical force-morphogen interactions during tis-
sue development and regeneration.
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Glossary

Morphogen: A signaling molecule that diffuses through tissues in a concentration-
dependent manner to provide positional data, guiding cell differentiation and tissue
patterning during development.

Morphogen gradient: A spatial distribution of morphogen concentration across a tissue,
where cells interpret different morphogen levels to adopt specific fates.

Wnt/p-Catenin pathway: A signaling pathway that regulates cell fate, proliferation, and
differentiation.

Anterior-posterior axis: A directional axis in an embryo that defines the head-to-tail
orientation.

Cadherin: A type of cell adhesion molecule (e.g. E-cadherin and N-cadherin) that mediates
calcium-dependent intercellular adhesion, playing a role in tissue integrity and
morphogenesis.

Actomyosin: A complex of actin filaments and myosin motor proteins that generates
contractile force within cells, contributing to cellular and tissue mechanics.

Mechano-gradients: Gradients of mechanical tension or force generated within tissues,
often regulated by cellular interactions involving the actomyosin system.

Piezo channels: Mechanosensitive ion channels that open in response to mechanical
forces, such as pressure or tension, enabling calcium ions to enter cells and trigger
downstream signaling.

Annexin A1 (ANXA1): A secretory protein involved in resolving inflammation and
facilitating apoptosis.

Cell competition: A process where fitter cells eliminate less fit (unfit) neighboring cells
through molecular or mechanical interactions, maintaining tissue homeostasis and
developmental robustness.

Sonic hedgehog (Shh) morphogen: A signaling molecule crucial for patterning and growth
during embryogenesis, specifically in the development of the nervous system and
limbs.

E-cadherin and N-cadherin: Specific types of cadherins involved in cell-cell adhesion. E-
cadherin is often expressed in epithelial tissues, whereas N-cadherin is common in
neural and mesenchymal tissues.

Small mothers against decapentaplegic (Smads): Intracellular proteins that mediate
signal transduction for the transforming growth factor-beta (TGF-p) superfamily,
playing roles in cell growth, differentiation, and apoptosis.

Tumor-suppressor genes: Genes that protect cells from cancer by regulating cell division,
promoting apoptosis, or maintaining DNA repair.

Nodal signaling: A signaling pathway involved in embryonic patterning, specifically in
mesoderm and endoderm formation and left-right asymmetry.

Blastoderm: A layer of cells formed during early embryogenesis, specifically in verte-
brates, that spreads and differentiates into distinct tissues.

Jamming: A process that takes place when cells become tightly packed and less mobile,
often due to increased cell-cell adhesion or reduced motility, leading to a solid-like
state

Unjamming: Transition from a jammed to an unjammed state, allowing cells to move more
freely and facilitating tissue fluidity.
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