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A B S T R A C T

Morphogenetic movements and specification of germ layers during gastrulation are key processes that establish 
the vertebrate body plan. Despite substantial research into the role of tissue mechanics during gastrulation and 
detailed characterisation of the molecular signalling networks controlling fate determination, the interplay of 
mechanical cues and biochemical signals during fate specification is poorly understood. Morphogens that acti
vate Activin/Nodal/Smad2 signalling play a key role in mesoderm induction and axial patterning. We investigate 
the interplay between a single molecular input and a mechanical input using the well-established ex vivo system 
of Activin-induced explants of the mid-blastula X. laevis animal cap ectoderm. Activin alone induces mesoderm to 
form a complex elongating tissue with axial patterning, making this system similar to gastruloids generated in 
other model organisms. We observed an increase in the expression of dorsal mesoderm markers, such as chordin 
and goosecoid, and loss of elongation, in Activin-induced explants that were mechanically stimulated through 
uniaxial compression during the induction period. In addition, head mesoderm specific markers, including 
cerberus 1, were also increased. We show that mechanical stimulation leads to an increase in nuclear β-catenin 
activity. Activation of β-catenin signalling is sufficient to induce head Organiser gene expression. Furthermore, 
inhibition of β-catenin is sufficient to rescue the effect of compression on an early Wnt-signalling response gene 
siamois. Taken together these observations support the role of mechanical stimulation in modulating Activin- 
dependent mesoderm induction in favour of head Organiser formation. Given the conserved role of β-catenin 
in the dorsal specification and the dynamic morphogenetic movements of dorsal gastrula regions, mechanics- 
dependent Organiser induction may be found in other vertebrate species. Finally, the finding that mechanical 
cues affect β-catenin-dependent axial specification can be applied in the future development of more biologically 
relevant and robust synthetic organoid systems.

1. Introduction

This article is a contribution to the Special Issue of Cells & Develop
ment, celebrating one hundred years since the most famous experiment 
in embryology, where Hans Spemann and Hilde Mangold discovered 
that transplanting the dorsal blastopore lip of an amphibian gastrula to 
the ventral side of a host embryo induced the formation of a secondary 
embryonic axis (Spemann and Mangold, 1924). This seminal discovery 
laid the foundation for research on embryonic induction. Today, it is 
widely accepted that vertebrate development depends on embryonic 
induction events, where one cell population influences the fate and 
morphogenetic processes of another (Niehrs, 2004; Joubin and Stern, 

2001). In early embryogenesis, induction allows for establishing pri
mary body axes and separating germ layers (Kiecker et al., 2016; Agius 
et al., 2000). Information transfer between different populations is pri
marily driven by a combination of two types of interactions: molecular 
signalling through diffusible ligands or receptor-receptor interactions, 
and physical interactions such as tissue deformation or geometric con
straints (Vianello and Lutolf, 2019; Collinet and Lecuit, 2021). The ex
periments by Spemann and Mangold were among the first to 
demonstrate embryonic induction through the discovery of the 
amphibian Organiser (Spemann and Mangold, 1924; Niehrs, 2004). It 
was not until the successes of developmental genetics and molecular 
biology in the late 1980s that a mechanism that regulates induction of 
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the mesoderm and establishment of the Spemann-Mangold Organiser 
was described in X. laevis (Kiecker et al., 2016; Dale and Slack, 1987; 
Dale, 1997). The concept of organising centres has been extended to 
other animal model organisms, including chicken (Joubin and Stern, 
1999), zebrafish (Agathon et al., 2003), mouse (Knoetgen et al., 2000) 
and hydra (Reddy et al., 2019). The accepted view today is that the 
regulative control of early embryonic induction relies on the action of 
morphogen molecules that specify different fates along opposing gra
dients (Gurdon and Bourillot, 2001; Crease et al., 1998).

More recent work in chick (Saadaoui et al., 2020), zebrafish (Brunet 
et al., 2013), and human embryonic stem cells (Muncie et al., 2020) has 
highlighted the integral and conserved role mechanotransduction plays 
in early germ layer formation (De Belly et al., 2022; Piccolo et al., 2022; 
Miller and Davidson, 2013). Here we consider the role of tissue me
chanics in the process of mesoderm induction in early development. 
Forces produced by morphogenetic events including epiboly, blastocoel 
expansion (Alasaadi et al., 2024) as well as convergence and extension 
(Chien et al., 2015; Shook et al., 2018; Papan et al., 2007) are a likely 
source of mechanical cues in pre-gastrula X. laevis embryos during the 
time of mesoderm and Organiser formation. We hypothesised that 
mechanotransduction modulates biochemical morphogen signalling and 
therefore contributes to early fate determination. To address this central 
question of the interplay between a morphogen signal and mechanical 
cues, we used an ex vivo system where the signal intensity and duration 
can be varied experimentally.

The established ex vivo model of mesoderm induction in X. laevis by 
treatment of mid-blastula (onset of Stage 9) derived animal cap explants 
with the morphogen Activin (Ninomiya et al., 2004; Green et al., 2004) 
is a suitable system to investigate the interplay between biochemical and 
mechanical signals (Fig. 1A). Animal cap induction is an early example 
of a gastruloid, a type of in vitro embryo model system that recapitulates 
aspects of in vivo gastrulation, and its use has recently been reviewed 
(Moris et al., 2020; Emig and Williams, 2023). Activin treatment enables 
dosage and temporal control, unlike the potentially original gastruloid 
system developed by Johannes Holtfreter in 1943 by isolating the dorsal 
lip of the blastopore which relies on endogenous mesoderm inducing 
signals (Holtfreter, 1943).

The animal cap explant is composed of a superficial epithelial layer 
and a deep layer that exhibits dynamic cell interactions and rearrange
ments (Green and Smith, 1990). The 2–3 cell layers thick deep layer 
contains pluripotent presumptive ectoderm that is receptive to the 
mesoderm inducing activity of Activin (Ariizumi et al., 2017). Note that 
in vivo this tissue is separated from mesoderm inducing signals by the 
blastocoel cavity allowing for the treatment with individual molecular 
inputs in isolated explants (Dale, 1997). For this reason, the animal cap 
induction assay has been instrumental in the identification of molecular 

inducers of mesoderm and neuroectoderm (Crease et al., 1998; Green 
and Smith, 1990; Green et al., 1997; Cornell and Kimelman, 1994). 
Remarkably, induced animal cap explants can develop into many tissue 
types including kidney, cardiac and skeletal muscle and the notochord 
when exposed to the different combinations of molecular inducers 
(Ariizumi et al., 2017; Uochi and Asashima, 1996; Logan and Mohun, 
1993). The formation of different types of mesoderm along the primary 
embryonic axes and the ability to exhibit elongation through self- 
organised convergence and extension means that the induced animal 
cap is an accessible and versatile gastruloid system (Ninomiya et al., 
2004; Green et al., 2004).

By combining the Activin-dependent induction assay with mechan
ical stimulation we have investigated the interplay between chemical 
and mechanical cues in the context of early mesoderm induction. This 
approach allowed us to induce mesodermal fate specification using a 
single morphogen signal ex vivo and avoid confounding effects from 
other signalling molecules or sources of mechanical stimulation present 
in vivo. Furthermore, this set up allowed for the mechanical deformation 
of the induced tissue without displacement of signal producing and 
receiving tissues that arise from physical manipulations in vivo. We 
observed that uniaxial compression of explant tissue during Activin 
treatment leads to the activation of gene expression characteristic of the 
anterior (head) region of the Organiser. Furthermore, we examined the 
role of β-catenin in the modulation of Activin signalling through me
chanical compression. Taken together, these results imply a role for 
mechanical cues in the formation of a crucial signalling centre.

2. Results

2.1. Morphogen induction of animal cap explant gastruloids

Animal cap explants were used in combination with mechanical 
stimulation to investigate the interplay between biochemical and me
chanical cues during fate specification. Without additional signals, an
imal cap explants cultured in vitro in a neutral medium become spherical 
and form ectoderm-derived epithelium (Fig. 1B). Animal cap explants 
taken at competent blastula stages can be induced with Activin to ex
press mesodermal markers in a dose and time dependent manner (Green 
and Smith, 1990; Ariizumi et al., 1991; Bright et al., 2021). At medium 
doses of Activin (1–10 ng/mL) induced explants express mesodermal 
markers including tbxt (commonly known as brachyury) and gsc and give 
rise to skeletal muscle expressing actc1 (Fig. 1C) (Green et al., 1997; 
Ariizumi et al., 1991; Satou-Kobayashi et al., 2021).

Fig. 1. Animal cap explant gastruloid induction assay via Activin treatment. 
A) In the mid-blastula embryo, the animal cap tissue is separated from endogenous Activin/Smad2 signalling by the blastocoel (Bl.). B) Without Smad2 activation the 
animal cap tissue differentiates into epidermis in vivo and ex vivo. C) exposed to Activin animal cap explants are induced to form mesodermal tissues exhibiting 
convergence and extension driven elongation that express markers including gsc, tbxt or actc1 and can therefore be used as a model of gastrulation morphogenetic and 
patterning events.
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2.2. Mechanical stimulation through uniaxial compression leads to cell 
shape and nuclear deformation

To investigate the interplay of biochemical signals and mechanical 
forces in early germ layer specification, we used animal cap explants 
from mid-blastula X. laevis and applied mechanical stress through 
confinement between agarose and a glass-bottom culture dish (Fig. 2A). 
This setup allows treatment of intact explants with diffusible molecules 
combined with live imaging without attachment to a coated substrate. 
Compression was applied using a custom designed tool (Supplementary 
Movie 1) described previously (Srivastava et al., 2017). After contact 
with explants was visually established, we lowered the plunger 300 μm 
(±5.0 μm precision) at 0.2 mm/s which resulted in a compression that 
we characterised in terms of change in tissue area (Fig. 2B–C). The total 
explant area during compression was 100–250 % larger than before 
compression (Supplementary Movie 2) and the increase in area was 
maintained throughout the 1-hour confinement under agarose (Fig. 2D). 
For clarity, percentage area increase was calculated as the area once the 
plunger was lowered to its final position (area during compression, e.g. 
0.531 mm2) minus the initial explant area just before compression (e.g. 
0.256 mm2) divided by the initial area and expressed as a percentage 
(107 % area increase).

A dramatic decrease in explant area was observed immediately once 
the plunger was lifted. When initial area was set to 0 and beginning of 
compression to 1, area after lifting compression was observed to be 0.3 
on average, suggesting that mechanical stress did not dissipate during 
the induction period (Fig. 2D). To determine the change in height, ex
plants were imaged in MMR medium containing rhodamine-dextran 
(Fig. 2F–G). Reslicing the images allowed for comparison of explant 
height before and during compression (Fig. 2J) and calculation of 

average compressive strain in the z-axis (ε = − 0.65 ± 0.04, 95 % con
fidence interval).

To confirm that mechanical deformation at the tissue scale led to 
deformation at cellular and subcellular scales, explants co-labelled with 
membrane-EGFP and H2B-mCherry were imaged at a higher resolution. 
The cell and nuclear shape changes of the deep layer of the ectoderm 
were characterised using a single confocal section taken at each 50 μm 
increment in compression (0–350 μm). Using a combination of manual 
and automated segmentation approaches of an explant region revealed 
that a 300 μm applied compression led to a 32 % median increase in cell 
area (Fig. 3A). The effect size of compression on cell area was evaluated 
using the Cohen’s d test where the difference in mean is divided by the 
standard deviation (Lakens, 2013). Using conventional effect size 
bounds we report a ‘moderate’ effect on cell area (Cohen’s d = − 0.508). 
This suggests that the increase in overall tissue area can be in part 
explained by cell area increase. However, at applied compression 0–100 
μm where there is no cell area increase, the increase in explant area is 
likely due to flattening as the animal cap explant partially rounds up 
between dissection and compression (Dingwell and Smith, 2018). 
Another factor that has been observed throughout compression is the 
increase in the number of visible nuclei (Supplementary Fig. 2) which 
increases from 72.8 (SD = 15.8; at 0 μm compression) to 122 (SD = 8.7; 
at 300 μm compression), or by a factor of 1.7 (SD = 0.26).

Translocation of cells from other layers into the focal plane was also 
observed (Supplementary Movie 3). Segmentation of nuclear shape 
showed a median area increase of 15 % at 300 μm of applied 
compression (Cohen’s d = − 0.383, Fig. 3B). This suggests that subcel
lular compartments are deformed at higher levels of compression 
(300–350 μm). Nuclear deformation has been previously described to 
allow for alteration in the shuttling of transcription factors in response to 

Fig. 2. Uniaxial compression as a method to mechanically stimulate intact explants. A) Schematic of compression set up with mechanical load applied with the use of 
a plunger (dark grey) resulting in explants being confined between agarose and culture dish glass. Set up is suitable for inverted microscope imaging (See Sup
plementary Fig. 1). B) Superficial side of an animal cap explant before compression is applied. C) The same explant was exposed to compression (plunger moved 
downwards by 300 μm from point of contact) resulting in an area increase of 175 %. The yellow circle outlines the explant before compression. D) Minimum- 
maximum standardised area (x) calculated as (x-B)/(C-B) where B is the area before compression (x = 0) and C is an area at the onset of compression (x = 100) 
at time 0. Compression was applied for 1 h with an area measurement every 10 min. The final time point (t = 63 min) is the area after the removal of confinement. 
The end of compression is marked by a vertical red line (t = 60 min). A horizontal line at standardised area 0 was added for reference. (total 26 explants in three 
independent experiments). E) Photograph of the compression tool set up fixed to the stage of an inverted microscope. TS = translational stage, P = plunger. F-G) An 
explant before and during compression imaged using a confocal microscope with fluorescent dextran in media (xz-plane view following re-slicing). J) Explant height 
decreases after compression (Welch Two Sample t-test, p-value = 2.917 × 10− 8, points represent individual explants). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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mechanical cues (Elosegui-Artola et al., 2017; Skory et al., 2023). Taken 
together these results show that uniaxial compression is sufficient to 
systematically induce mechanical deformation of cells in animal cap 
explants.

2.3. Elongation of animal cap gastruloids is reduced following 
compression during Activin induction

To investigate the interaction between mechanical stimulation and 
biochemical inputs, animal cap explants were induced with Activin, a 
well characterised system for mesodermal induction ex vivo (Ninomiya 
et al., 2004; Green et al., 2004; Moris et al., 2020). To test whether 
mechanical cues can affect Activin-dependent induction, explants 
dissected from mid-blastula embryos (Stage 8.5) were exposed to uni
axial compression sufficient to produce at least a 100 % area increase 
during the time of induction (Fig. 4A–D). Explants were then imaged 
after 20–24 h when sibling embryos reached a late gastrulation stage at 
the onset of neurulation (Stage 12.5). To accurately assess the elonga
tion of explants, an elongation index (EI) was devised where the ex
plant’s midline is divided by the diameter of the largest fitted circle 
(Fig. 4E). The elongation index performed better than other measure
ments such as aspect ratio as the midline measurement more accurately 
measures explant length when the elongation axis is curved.

Uninduced explants remain as spherical epidermal tissue (Fig. 4B). In 
explants that were treated with Activin alone (10 ng/mL), elongation is 
observed as expected (Ninomiya et al., 2004; Ariizumi et al., 1991); 
however, the elongation index is significantly reduced (t-test, p = 2.072 
× 10− 6) when compression is applied for 1 h between 0.5 and 1.5 h of 
the induction period (Fig. 4C–F). Compressing for 1 h after the period of 
induction did not lead to an inhibition of elongation (Fig. 4E) with an 
elongation index not significantly different to Activin-only controls (t- 
test, p = 0.961). This means that compressed explants can fully elongate 
and suggests that mechanical stimulation directly affects the process of 
induction and not later morphogenesis.

2.4. Mechanical stimulation of animal cap gastruloids affects mesodermal 
axial marker expression and promotes head Organiser induction ex vivo

The loss of elongation observed in response to mechanical 
compression might be explained by the inhibition of mesoderm induc
tion. Therefore, to investigate whether fate choice is affected by me
chanical stimulation of induced explants, a gene expression analysis was 
performed using established markers for ectoderm and mesoderm 
involved in early development as well as animal cap explants (Satou- 
Kobayashi et al., 2021; Briggs et al., 2018). The pan-mesodermal marker 
tbxt was highly upregulated in Activin treated samples when compared 
to uninduced control at 3 h post-induction (Fig. 5A). However, com
pressed Activin-induced explants showed a high level of tbxt expression, 
suggesting that mesoderm induction is not inhibited by mechanical 
stimulation (Mann-Whitney U test two-sided, p-value = 1, Fig. 5A).

An alternative explanation for elongation loss could be the induction 
of a different type of mesoderm. Indeed, it has been observed that 
Activin exhibits dose dependency where low doses lead to ventral 
mesodermal (VM) specification and high doses result in explants 
composed of mainly dorsal notochord tissue. Previous studies have 
shown that both these tissue types have reduced elongation when 
compared with dorsal mesoderm obtained from the 1.5 h 10 ng/mL 
Activin treatment (Ariizumi et al., 2017; Ariizumi et al., 1991; Gurdon 
et al., 1993). The ventral mesoderm markers vent1 and wnt8 (wnt8a) 
have not increased when comparing Activin-treated explants with and 
without compression. A small reduction in the mean fold change was 
observed for both vent1 and wnt8 in explants exposed to compression 
(Mann-Whitney U test, one-sided, p-value = 0.032, Fig. 5B–C). Impor
tantly, markers specific for dorsal mesoderm – which gives rise to the 
leading edge (LEM), pre-chordal (PCM) and chordal (CM) mesoderm 
tissue types – were highly increased upon compression (Mann-Whitney 
U test, one-sided, p-value = 0.032, Fig. 5D–E). At early gastrula this 
tissue corresponds to the Organiser, with the markers chordin (chrd), 
cerberus1 (cer1) and goosecoid (gsc) being the most highly upregulated 
genes. Specifically, this means an average fold change from Activin-only 
samples of >5 and an average fold change from uninduced control of at 
least 200 times. Further head Organiser markers, including gata4, otx2 

Fig. 3. Compression leads to cell area increase as well as nuclear deformation. A) Live imaging (mem-EGFP) of deep layer cells in an explant undergoing compression 
reveals deformation of cells with a 32 % increase (Cohen’s d = − 0.51) in segmented cell area at 300 μm applied compression and a gradual increase in median cell 
area with increasing extent of compression (at least 44 cells per time point in 4 separately compressed explants, points represent cells). B) Analysis of nuclei (H2B- 
mCherry) during compression (300 μm) shows a 15 % increase in nuclear area (Cohen’s d = − 0.38) with the mean number of segmented nuclei per explant 
increasing from 72 to 112 from 0 to 300 μm compression (at least 56 nuclei per time point in 4 separately compressed explants, points represent nuclei).
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and sox17b were also increased when compared to uninduced controls 
within the range between 7 and 22-fold.

Upregulation of cer1 and gata4 suggests that mechanically stimulated 
explants contain more anterior head Organiser tissue (Bright et al., 
2021; Briggs et al., 2018). Head Organiser identity is consistent with the 
observed loss of elongation (Fig. 3), as the anterior dorsal mesoderm 
elongates less than the posterior dorsal mesoderm in part because of the 
production of signals (e.g. anti-Wnts) that lead to the inhibition of 

convergence and extension (Cornell and Kimelman, 1994; Guger and 
Gumbiner, 1995; Huang and Niehrs, 2014). Upregulation of gsc alone 
has been reported to disrupt Wnt/PCP signalling and reduce elongation 
in embryos and dorsal marginal zone (Keller) explants (Ulmer et al., 
2017).

The superficial ectoderm marker xk81a (epidermal keratin) was 
expressed in all explants (Fig. 6A), which is consistent with the lack of 
response to Activin treatment observed in superficial cells (Green, 1999; 

Fig. 4. Elongation of animal cap explants treated with Activin is lost when compression is applied during induction. A) Diagram illustrating the timing of application 
of compression and Activin A treatment in explants dissected at mid-blastula stages and kept until sister embryos reached early neurula (Stage 13) in MMR (Marc’s 
Modified Ringer’s culture media). B) Untreated, intact explants remain spherical during the first day of culture (Elongation index (EI) close to 1.0 ± 0.01, 95 % 
confidence interval). C) An intact explant treated with Activin A (10 ng/mL) for 1.5 h exhibits elongation driven by the convergence and extension characteristic of 
dorsal mesoderm (Elongation index = 1.8). D) Elongation is significantly reduced in Activin-treated explants when exposed to compression during induction 
(Elongation index = 1.2). E) Elongation was quantified using an ‘Elongation index’ where the midline (magenta) is divided by the diameter of the largest fitted circle 
(cyan). F) The elongation index is measured as the ratio of the midline (orange) divided by the diameter of the largest fitted circle (red). E) The elongation index of 
Activin induced explants is significantly reduced in combination with compression (Welch Two Sample t-test, p = 2.072 × 10− 6, n > 6, 3 independent experiments) 
G) The elongation index is not significantly reduced when compression is applied after the 1.5 h Activin induction period (Welch Two Sample t-test, p > 0.961, n > 5, 
3 independent experiments). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Ariizumi et al., 1998). Uninduced control animal cap explants did not 
express mesodermal markers when compared with Activin treated ex
plants (Fig. 6C) except vent1 which has been reported to be expressed in 
deep ectoderm cells in the embryo blastocoel roof (Bright et al., 2021; 
Sander et al., 2007). We observed a high level of variation in some 
upregulated genes and asked whether the increase in relative expression 
is associated with some parameter that varies between experiments. 
Interestingly, when considering the median area increase before and at 
initial compression in individual experiments the expression of head 
Organiser markers, including gsc and chrd, increases proportionally to 

mechanical stimulation (Fig. 6B). All dorsal mesoderm markers follow 
this trend, whereas the ventral marker wnt8 is highest at the lowest area 
change upon compression (Fig. 6C). This suggests that variation in gene 
expression and elongation between experimental runs is at least 
partially a result of variation in the extent of the mechanical input.

Taken together, analysis of gene expression after Activin induction 
has revealed that mechanical stimulation by compression leads to an 
increase in Organiser marker expression and particularly a shift toward 
head mesoderm. This means that the observed reduction in elongation is 
not caused by an inhibition of mesoderm induction itself but rather a 

Fig. 5. Compression leads to an increase in head organiser marker expression. Explants induced at mid-blastula (Stage 8.5) were allowed to develop until sibling 
embryo Stage 10.5 (early gastrulation), illustrated here in a cross section with endogenous pan-mesoderm marker tbxt. A) Expression of pan-mesodermal marker 
(tbxt) induced by Activin (10 ng/mL) is not affected by compression. Fold change relative to uninduced control. B) Mesodermal axial patterning in gastruloids is 
affected by compression. The cross section shows different types of mesoderm found at Stage 10.5 (VM = ventral mesoderm, CM = chordal mesoderm, PCM = pre- 
chordal mesoderm, LEM = leading-edge mesoderm). C) At 3 h post-induction ventral mesoderm markers vent1 and wnt8a show a decrease in in induced explants with 
compression compared to non-compressed explants. Fold change from intact Activin-treated controls is shown. D) Markers expressed in the head and trunk regions of 
the early gastrula organiser (chrd, gsc and otx2) are upregulated upon compression. E) Markers expressed in the head region but not the more posterior part of the 
organiser (cer1, gata4, sox17b) are also increased in compressed-induced explants. Average of 10 explants with error bars showing the range and points represent 
individual experiments (N = 3). Plot p-values: n. s. ≥ 0.05, * < 0.05 (Mann-Whitney U test, one-sided).

M. Bubna-Litic et al.                                                                                                                                                                                                                           Cells & Development xxx (xxxx) xxx 

6 



change in mesodermal fate determination.

2.5. β-Catenin stabilisation during induction is sufficient to reduce 
elongation and upregulation of a dorsal anterior marker

To establish a mechanism by which mechanical compression leads to 

an increase in head Organiser marker expression, we considered path
ways that are both involved in Organiser formation in the embryo as 
well as known to be responsive to mechanical stimulation. The most 
promising was the Wnt/β-catenin pathway, as its role in Organiser in
duction in vivo is well established (Crease et al., 1998; Ding et al., 2017; 
Kiecker and Niehrs, 2001), and previous work has shown that β-catenin 

Fig. 6. Patterns of gene expression in mechanically stimulated induced explants. A) Animal cap superficial layer marker keratin (xk81a) was not significantly affected 
by Activin (10 ng/mL) treatment nor by combined stimulation with Activin and compression. Fold change normalised by respective non-induced control (Mann- 
Whitney U test, one-sided, p = 0.663, points represent individual experiments, error bars show range, normalised to ODC in 3 independent experiments). B) Results of 
individual RT-qPCR samples (points represent Activin and Activin + Compressed conditions from 3 independent experiments, 10 explants each) imply a relationship 
between organiser gene expression (fold change from Activin-treated samples, normalised to ODC) and the extent of mechanical stimulation (expressed as median 
area increase in percentage). C) Heatmap of fate marker gene expression quantified as 2− ΔCt normalised by mean of all samples to show relative changes in 
expression. Left column: non-induced control explants; Middle: Activin (10 ng/mL) treated explants; Right column: Activin-treated explants exposed to compression 
ordered by median area increase (%) from low to high (N = 3 experiments).
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is mechanosensitive (Muncie et al., 2020; Röper et al., 2018; Pukhlya
kova et al., 2018). We therefore tested β-catenin as a possible candidate 
for the mechanoresponsive activity of animal cap explants.

First, we investigated whether activation of β-catenin during the 1.5 
h Activin induction could have a similar effect on gastruloid develop
ment as compression. For dose and temporal control of β-catenin acti
vation, the GSK3⍺/β pharmacological inhibitor BIO was used as at later 
stages Wnt/β-catenin signalling inhibits anterior mesoderm and neural 
structures (Hikasa and Sokol, 2013). Activation of Wnt/β-catenin by 
adding 5 μM BIO to Activin (10 ng/mL) treated explants is sufficient to 
reduce elongation after 24 h (t-test, p = 1.505 × 10− 5, Fig. 7A–D). The 
amount by which elongation is reduced is similar when compared to 
compressed induced explants (Fig. 7E). We then analysed the expression 
of mesodermal markers using RT-qPCR (Fig. 7F–G). Wnt/β-catenin 
activation through BIO leads to the upregulation of cer1, a marker for the 
most anterior region of the Organiser, whereas the pan-mesodermal 
marker tbxt remains at a similar level when compared with Activin 
only samples. Therefore, the effect of compression on both elongation 
and Organiser marker expression can be reproduced using β-catenin 
activation alone.

2.6. β-Catenin is stimulated by compression and required for mechanics- 
dependent Organiser induction in gastruloids

Next, we tested whether compression is sufficient to activate Wnt/ 
β-catenin signalling. Explants were compressed for 1 h with Activin (10 

ng/mL) and stained using an antibody against total β-catenin 
(Fig. 8A–C) which showed an increase in β-catenin nuclear signal nor
malised to cytoplasmic intensity (t-test, p = 0.024). An increase in the 
nuclear to cytoplasmic ratio suggests higher β-catenin nuclear activity in 
mechanically stimulated cells.

We then asked whether β-catenin activity is required for the effect of 
compression on marker expression downstream of the β-catenin sig
nalling pathway. Previous studies have shown that Wnt inhibition after 
induction leads to a reduction of anterior mesoderm (Kiecker and 
Niehrs, 2001; Itoh and Sokol, 1999), to avoid this confounding effect on 
later mesoderm specification, we measured the expression of the earliest 
response gene sia (siamois), which is known for its role in the activation 
of head Organiser markers (gsc, chrd) and requires β-catenin and Smad2 
for transcriptional activation (Crease et al., 1998; Ding et al., 2017). In 
compressed samples sia expression was increased at 0.5 h after Activin 
induction (Mann-Whitney U test, one-sided, p-value = 0.011) in line 
with the effect of compression on head Organiser gene expression 
(Fig. 8D). We then tested whether β-catenin is necessary for sia activa
tion by mechanical stimulation. To degrade β-catenin, explants were 
treated with the small molecule IWR-1 during induction. IWR-1 is a 
Tankyrase inhibitor which prevents the ubiquitination of Axin2, stabil
ising the β-catenin destruction complex (Dyer et al., 2015). Expression of 
sia was rescued (Mann-Whitney U test, one-sided, p-value = 0.040) in 
compressed explants that were treated with IWR-1 [40 μM] during in
duction with Activin (Fig. 8E).

The correct length of the siamois product (170 bp) was confirmed 

Fig. 7. β-catenin stabilisation through BIO treatments leads to head organiser gene expression and reduction of elongation. A) Control explants with DMSO cultured 
for 24 h after induction. B) Activin-treated explants (10 ng/mL) with DMSO for 1.5 h. C) Explants exposed to both Activin (10 ng/mL) and BIO (5 μM) to stimulate 
Wnt/β-catenin signalling during induction. D) Quantification of the elongation index of explants, 5 μM BIO treatment leads to a significant reduction in elongation of 
induced explants (Welch Two Sample t-test: p = 1.505 × 10− 5, at least 5 explants per condition, 4 independent experiments represented by different point symbols). 
E) The degree of elongation reduction by BIO was compared to mechanical stimulation. The difference in elongation index normalised to the mean of elongation 
index of the Activin control in the corresponding experiment is not significant between BIO treated and compressed explants. (One-factor Anova, Tukey HSD post hoc 
test, point symbol represents either BIO or compression experiments). F) RT-qPCR analysis of expression after 3 h post induction shows that Wnt/β-catenin activation 
through BIO leads to an increase in cer1 (Mann-Whitney U test, one-side, p = 0.0404), an anterior head organiser marker expression without affecting tbxt expression 
(Mann-Whitney U test, two-sided, p = 0.663). Pool of 10 explants, points represent independent experiments, N = 3.
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using an electrophoretic DNA gel with the sia and ODC RT-qPCR prod
ucts. Quantification of band signal intensity using the background- 
subtracted mean grey value normalised to ODC showed a similar trend 
to the RT-qPCR results (Fig. 8F–G), although the difference between 
Activin and Activin with compression and IWR-1 was no longer signif
icant (Mann-Whitney U test, one-sided, p-value = 0.321). Note that the 
RT-qPCR product is the final amount of DNA after the PCR reaction and 
is not reflective of initial RNA levels.

Taken together, these results support the model that compression 
leads to an increase in β-catenin nuclear activity that leads to increased 
head Organiser gene expression. Transient pharmacological stimulation 
of β-catenin activity has a similar effect on Activin induced explants by 
inhibiting elongation and activating Organiser gene expression. Wnt/ 
β-catenin activation is both necessary and sufficient for the effect of 
compression on siamois expression, a key transcription factor involved in 
Organiser induction.

3. Discussion

The role of mechanical forces in instructing the fate and behaviour of 
cells in embryonic tissues has become appreciated in the last decade (De 
Belly et al., 2022; Piccolo et al., 2022; Miller and Davidson, 2013). 
Previous studies have linked mechanical tension with mesoderm for
mation in different systems including Drosophila, zebrafish and human 
embryonic stem cells (Brunet et al., 2013; Muncie et al., 2020). How
ever, how morphogen signals interact with mechanical stimuli is still 
poorly understood.

Here we present an experimental system, where mechanical stimu
lation is combined with biochemical induction in the form of uniaxial 
compression and Activin treatment. This allowed the investigation of the 
interplay of mechanics and morphogen signalling directly with high 
temporal control of both stimuli in primary embryonic explants without 
introducing confounding variables such as substrate attachment or 
disaggregation. The fast development of X. laevis compared to 

Fig. 8. β-catenin activation upon compression in Activin treated explants and its effect on sia expression. A–B) Immunostaining showed β-catenin is increased in 
animal cap explants after 1 h of compression compared with intact control explants. All explants were exposed to Activin (10 ng/mL). C) Nuclear to cytoplasmic ratio 
quantification showed a significant increase of β-catenin nuclear localisation in compressed explants. Points represent averages of at least 20 deep layer cells (total =
662 cells) of individual explants (Welch Two Sample t-test, p = 0.024; 11 explants in each condition; N = 3). D) RT-qPCR analysis at 30 min post induction showed 
that compression during normal induction (1.5 h with 10 ng/mL Activin) leads to an increase in siamois (sia) expression (Mann-Whitney U test, one-sided, p = 0.011, 
5–10 explants pooled, N = 4). E) This effect of compression was inhibited when β-catenin degradation was stimulated using IWR-1. Thereby tissue mechanics- 
dependent siamois activation was rescued by Wnt inhibition. (Pair-wise comparisons: Mann-Whitney U test, one-sided, p < 0.05; Kruskal-Wallis rank sum test, p 
= 0.024; 5–10 explants pooled; N = 3). F) Results from a DNA electrophoretic gel of the RT-PCR products shown in panel E used to confirm correct product size. Top 
row: siamois, Bottom row: ODC. G) Mean grey value of electrophoretic gel bands, siamois normalised to ODC, points represent fold change from Activin-only condition 
(pair-wise comparisons: Mann-Whitney U test; Kruskal-Wallis rank sum test, p = 0.055).
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mammalian systems allows for relatively short induction times (e.g. 1.5 
h) and this assay could be used to test new hypothesis that relate to 
different molecular and mechanical cues.

We further showed that mechanical stimulation modulates Activin 
signalling by increasing β-catenin activity which leads to the induction 
Organiser genes such as cerberus 1, goosecoid and chordin (Figs. 5–6 and 
8). Compression of animal cap explants stimulated with Activin leads to 
the reduction of elongation characteristic of the trunk and posterior 
dorsal mesoderm (Fig. 3). We show that compression can both increase 
β-catenin nuclear enrichment and that the effect of compression on 
siamois expression – a key transcription factor required for the β-catenin- 
dependent Organiser induction – is abolished when β-catenin is 
degraded. Furthermore, β-catenin activity alone during Activin induc
tion is sufficient to reproduce the effects of compression. Taken together 
these results suggest a role of compression in the β-catenin-dependent 
activation of head Organiser genes (Fig. 8).

Mechanical deformation of cells has been reported to activate 
β-catenin signalling through several mechanisms including membrane 
and cytoskeleton deformation (Röper et al., 2018; Gayrard et al., 2018) 
and through nuclear deformation by affecting mechanoresponsive 
pathways such as Hippo/Yap signalling (Deng et al., 2018; Benham-Pyle 
et al., 2015). Both cell shape and intracellular (nuclear) mechanical 

deformation have been observed during uniaxial compression of animal 
cap explants which could be sufficient to activate β-catenin through 
these reported mechanisms (Fig. 3). Compression of explants has also 
caused a substantial thinning of the tissue (Fig. 2F–J) and an increase in 
visible nuclei suggesting intercalations (Supplementary Fig. 2). These 
cell-cell rearrangements could lead to additional mechanical tension and 
remodelling of cell-cell adhesion. Cadherins are known to directly affect 
β-catenin localisation when mechanically engaged (Röper et al., 2018; 
Benham-Pyle et al., 2015). This makes C-cadherin, the type expressed at 
early stages of X. laevis development, an interesting candidate for 
mechanotransduction with β-catenin having been reported to be 
antagonised by C-cadherin binding (Fagotto et al., 1996).

The observation that mechanical forces contribute to Organiser 
establishment in Activin induced explants suggests that a similar 
mechanism could be possible in vivo. It is broadly accepted that β-catenin 
accumulation in the dorsal side of X. laevis embryos is a consequence of 
cortical rotation and directly leads to the establishment of the blastula 
chordin and noggin expressing centre (sometimes termed pre-Organiser) 
as well as the Spemann-Mangold Organiser proper through the overlap 
of Activin/Nodal and β-catenin activity according to the 3-signal model 
of mesoderm induction (Ding et al., 2017; Ishibashi et al., 2008; Kuroda 
et al., 2004). However, it has been previously described that some of the 

Fig. 9. Tissue mechanics modulate Activin-dependent mesoderm induction and promote the formation of the head organiser ex vivo. Schematic representation of the 
main findings of this work. Explants derived from the blastula animal cap can be induced ex vivo using Activin and recapitulate aspects of early mesoderm 
morphogenesis by elongation through convergence and extension (C&E) and fate specification by expression of markers of a variety of mesodermal derivatives along 
the antero-posterior axis. When exposed to mechanical stimulation through compression and confinement, Activin-induced animal cap explants show increased 
nuclear β-catenin activity followed by activation of a Wnt-dependent transcription factor siamois (sia). The later expression shows an increase in Spemann-Mangold 
organiser markers including cerberus 1 (cer1), goosecoid (gsc) and chordin (chrd) in compressed explants compared with intact explants which suggest the loss of 
elongation upon compression is due to the formation of more anterior dorsal mesoderm.
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early β-catenin nuclear signals during early gastrulation movements 
cannot be explained by dorsal accumulation of maternal dorsal de
terminants and appear too early for zygotic wnt8 activity (Schohl and 
Fagotto, 2002; Schohl and Fagotto, 2003). We speculate that β-catenin 
nuclear activity in mid to late blastula stages surrounding the blastocoel 
could be explained through the effect of mechanical stimulation by 
either the expansion of the blastocoel cavity and associated increase in 
hydrostatic pressure (described recently (Alasaadi et al., 2024)) or by 
force-generating morphogenetic movements.

Indeed, the cell population that gives rise to the Organiser experi
ences one of the first major morphogenetic movements in development 
and is likely uniquely affected by the mechanics of the pre-gastrulation 
embryo (Bruce and Winklbauer, 2020; Kaneda and Motoki, 2012). The 
presumptive head Organiser cells (positioned near the blastocoel cavity) 
move toward the vegetal pole of the embryo and involute mainly by the 
combined action of the presumptive ectoderm epiboly and vegetal 
rotation (see Stage 10.5, Fig. 9) (Bauer et al., 1994). We have observed 
that both cell area and intercalation are increased during compression of 
animal cap explants. The force generation resulting from vegetal cell 
movements intercalation is sufficient to fold the most anterior part of the 
Organiser and push it against the blastocoel wall (Winklbauer and 
Parent, 2017; Wen and Winklbauer, 2017) and could be a source of 
mechanical stimulation in vivo.

Based on these observations, we propose that the presumptive 
Organiser cells could be exposed to mechanical deformation from sur
rounding force-generating cell populations sufficient to affect the 
establishment of spatial patterning of Organiser gene expression. Given 
the role of β-catenin-dependent signalling in specifying the vertebrate 
dorsal organisers is highly conserved and coincides with early large- 
scale morphogenetic movements, it is conceivable that mechanical 
stimulation plays a role in head Organiser induction or refinement of the 
anterior domain along with diffusible molecular signals. Future studies 
should investigate the possibility that head Organiser induction and its 
robustness are affected by mechanical cues in vivo.

4. Materials and methods

4.1. Obtaining and microinjecting Xenopus laevis oocytes

All work involving live adult animals (Xenopus laevis) was approved 
and done in accordance with the Home Office Project License at Uni
versity College London. UK Home Office ethics guidelines and related 
regulations were followed. Oocytes were obtained as previously 
described (Shellard et al., 2018; Pearl et al., 2017). Adult X. laevis fe
males were induced with 100 μL pregnant mare serum gonadotrophin 
hormone (equivalent to 100 IU, PMSG, Intervet) followed by injection of 
250 (±50) μL chorionic gonadotrophin (equivalent to 500–750 IU 
Chorulon, Intervet). In vitro fertilisation of oocytes was performed using 
testes provided by the European Xenopus Resource Centre (EXRC). Jelly 
was removed using 1 g L-cysteine (Sigma-Aldrich) in 50 mL distilled 
water with 500 μl 5 N NaOH. Embryos were cultured in 0.1× Marc’s 
modified Ringer’s media (MMR) and dissected in 3/8 normal amphibian 
media (NAM) in plastic untreated culture dishes. Staging was done using 
the Nieuwkoop and Faber embryonic stage series (Nieuwkoop et al., 
1994).

Injection of 2-cell or 4-cell embryos was carried out using the Nar
ishige IM300 microinjector as previously described (Shellard et al., 
2018). All blastomeres were injected with 200–400 pg mRNA in a 5 nL 
nuclease free water solution using a pulled glass capillary. Nuclear H2B- 
mCherry and Membrane-EGFP constructs were used and developed 
previously (Theveneau et al., 2010). Transcription in vitro was used to 
produce mRNA for injection. Appropriate New England Biolabs re
striction enzymes and buffer mixtures were used for linearisation fol
lowed by transcription using the mMessage mMachine Kits (SP6, 
AM1340 and T7, AM1344, Thermo Fisher) according to manufacturer 
instructions. The RNA product was purified using the Monarch RNA 

Clean-up kit (T2040, New England Biolabs).

4.2. Micromanipulation and explant procedure

To produce gastruloids explants were dissected from the animal cap 
(AC) of Stage 8.5 embryos (Nieuwkoop et al., 1994). In brief, vitelline 
membrane removal and dissection were carried out using fine forceps 
(Dumont No. 5, 500342, World Precision Instruments). Presumptive 
ectoderm explants were dissected as a circle of approximately 500 μm in 
diameter with its origin at the animal pole following previously estab
lished protocols (Ariizumi et al., 2017; Green, 1999). Intact uninduced 
explants were kept as a control for lack of contamination with non- 
ectodermal cells.

In all experiments involving AC explant-derived gastruloids, induc
tion was performed as follows: Intact explants containing both deep and 
superficial layers were placed in 0.7× MMR culture medium with 0.1 % 
BSA (R3960, Promega) and 10 ng/mL Activin A (a4941, Sigma) with the 
competent deep layer cells facing away from the hard substrate of the 
culture dish. After 1.5 h of induction, explants were washed 3 times and 
cultured in 0.7× MMR (Dale and Slack, 1987; Ariizumi et al., 2017; 
Dingwell and Smith, 2018; Sive et al., 2000).

Commercially available small molecules BIO (6-bromoindirubin-3′- 
oxime, B1686, Sigma) and IWR-1 (IWR-1-endo, Selleckchem, S7086) 
were used to activate or inhibit the canonical Wnt/β-catenin pathway. 
For animal cap explant treatment either 5 μM BIO or 40 μM IWR-1 were 
added to culture media used for Activin A induction. Control samples 
were exposed to a corresponding volume of dimethyl sulfoxide (DMSO, 
5.89569, Sigma).

In mechanical stimulation experiments, a custom tool was used for 
uniaxial compression followed by confinement of explants. The design 
of the compression tool has been characterised previously (Srivastava 
et al., 2017). In brief, a microscope insert is attached to a translational 
stage set up (2×, M-460P Series, Newport) that connects an aluminium 
plunger with a motorised actuator powered through a DC servo motor 
(TRA25CC, Newport). The translational stages allow for manual x and y 
position adjustments. The actuator is controlled using a motion 
controller (SMC100, Newport). To compress explants, the tissue was 
placed under a thin block of agarose (1 % agarose, BP1356, Fisher 
BioReagents, in 0.7× MMR, dimensions: 5 × 5 mm and a height of 150 
μm) to reduce deep layer cell-substrate attachment and prevent 
impeding liquid media access to the cell surface by direct contact with a 
hard impermeable substrate. Once the plunger/agarose came into direct 
contact a ‘before’ compression image was acquired followed by lowering 
the plunger by 300 μm to achieve an explant area increase of at least 
100 % which is equivalent to a compressive strain of ε = − 0.65 (based 
on resliced profiles of compressed AC in Supplementary Fig. 1). For live 
imaging of deep layer cells an identical set up was used except explants 
were inverted to enable visualisation of deep layer cells as pigment and 
yolk prevents imaging through the explant.

4.3. Detection of RNA and proteins

Extraction of total RNA from X. laevis samples was performed using 
the TRIzol reagent (15,596,026, Invitrogen) following manufacturer- 
provided protocol. RNA was extracted from 10 explants per experi
mental group and used directly following the Luna Universal One-Step 
RT-qPCR Kit (E3005, New England Biolabs) protocol. Alternatively, 
RNA was used to synthesise complementary DNA using the First Strand 
cDNA Synthesis Kit (K1612, Thermo Fisher) and analysed using the 
SYBR Green Master Mix (A25742, Applied Biosystems). Quantitative- 
PCR (RT-qPCR) analysis was run on the Thermo Fisher QuantStudio 3 
system. Primers were designed de novo spanning exon-exon junctions 
using the Primer Blast design tool (NCBI) and are included in Supple
mentary Table 1. Published primer sequences for the housekeeping gene 
ODC (odc1, encoding ornithine decarboxylase) were used for reference 
measurement (Agius et al., 2000). Raw quantification cycle values (Cq/ 
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Ct, using the ‘Baseline Threshold’ setting) were normalised to the ODC 
reference and exponentiated to obtain 2− ΔCt values used for fold change 
quantification.

For immunohistochemistry, samples are fixed in 4 % para
formaldehyde in PBS (P6148, Sigma) for 1 h at room temperature or 
overnight at 4 ◦C and washed in PBS containing 0.1 % Tween-20 (P1379, 
Sigma). To bleach pigment found in blastula cells, 1 h of 3 % hydrogen 
peroxide solution was used. Samples were permeabilised in 0.1–0.2 % 
Triton X-100 (T8787, Sigma) in PBS and blocked in 10 % NGS (Normal 
Goat Serum, PCN5000, Thermo Fisher) for at least 1 h. Both primary 
antibodies for β-catenin (C2206, Sigma, 1 in 300) and secondary anti
bodies AlexaFluor-555 (A21428, Invitrogen) or AlexaFluor-488 
(A21206, Invitrogen) were diluted in NGS and incubated for at least 
4 h. After final PBS-Tween washes, samples were dehydrated in meth
anol and cleared for imaging using a mixture of benzyl alcohol and 
benzyl benzoate (1 to 2 ratio). DAPI (D1306, Sigma, 1 in 1000) was used 
for the detection of nuclei.

4.4. Image acquisition and analysis

An inverted Zeiss widefield microscope (Zeiss Axiovert 200 M, 
Hamamatsu Orca-ER camera) was used to visualise the extent of me
chanical compression in AC explant experiments. Fluorescent imaging 
was performed on an inverted Zeiss LSM 980 microscope with Airyscan 
2 in multiplexing mode or an upright laser scanning confocal microscope 
(SP8, Leica Microsystems). Image analysis was performed using FIJI 
(Schindelin et al., 2012) and Python’s scikit-image library (van der Walt 
et al., 2014). Segmentation was done using an interactive machine 
learning-based pixel classification tool ‘ilastik’ (https://www.ilastik. 
org/) (Berg et al., 2019) and StarDist specifically for nuclear 2D shape 
segmentation (Schmidt et al., 2018). Fluorescence intensity was 
measured using the mean pixel value in FIJI.

4.5. Statistical analysis

For comparisons between two independent normally distributed 
groups an unpaired Welch t-test was used. Analysis of variance (one-way 
ANOVA) was used for multiple comparisons between more than two 
distributions followed by a Tukey’s Honest Significant Difference post- 
hoc test to obtain p-values. Cohen’s d test was used to calculate effect 
size (Lakens, 2013). Kolmogorov-Smirnov and Shapiro-Wilk’s (for 
sample size under 50) normality tests combined with visual inspection of 
a quantile-quantile plot were used to determine whether data follow a 
normal distribution. Where normality could not be assumed, a non- 
parametric one-sided Mann-Whitney U rank sum test was used when 
the data showed a clear trend, otherwise a two-sided test was used. 
Kruskal-Wallis rank sum test was used to confirm the significance of 
multiple comparisons. In Fig. 7D–E two values were removed as outliers 
(Grubb’s test, p < 0.0001) without affecting statistical significance of 
difference between means. Statistical tests were performed using the 
following R packages: ‘stats’, ‘rstatix’ and ‘ggpubr’. Redpoint and error 
bars represent the median value with 95 % confidence intervals unless 
stated otherwise. P-values from all statistical tests are represented with 
asterisks n.s. = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cdev.2024.203984.
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