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Cellular self-organization reflects an evolutionary leap in which
multicellular coordination became essential. Driven by fundamental
constraints like oxygen and nutrient transport, physical laws generate

inevitable collective behaviors such as cavitation, folding and branching.
These behaviors couple mechanics, signaling and gene regulation to build
tissues and organs with spatiotemporal precision through the iterative
layering of simple rules. Stem cell-based models of embryogenesis and
organogenesis make these principles experimentally tractable, revealing
canonical developmental routes and alternative trajectories and failure
modes that expose bottlenecks and constraints. In this Perspective,

we trace self-organization from evolutionary origins to biophysical
inevitability and discuss how emerging tools in stem cell biology and
bioengineering are beginning to translate these insights into regenerative
strategies. Decoding the rules of morphogenesis will open possibilities

to reimagine, simulate and rationally engineer the architecture of

living tissues.

The question of how genetically identical cells organize themselves
into theintricate, spatially ordered structures that formtissues, organs
and, ultimately, entire organisms lies at the heart of developmental
biology, fueling decades of inquiry into the choreography of natural
embryogenesis. Today, this inquiry is being reimagined through the
lens of stem cell-based models of development’, atransformation that
lets us not only watch butalso reconstruct, guide, manipulate and even
redesign embryonic processes in vitro. Paired with advances in imag-
ing, single-cell technologies and synthetic biology, these models offer
opportunities to uncover the fundamental principles of development,
withimplications for understanding both normal biology and disease.

Self-organization was once viewed as an inscrutable black
box but now is emerging as a tractable, experimentally accessible
phenomenon®’. Its study is beginning to illuminate the generative
logic underlying tissue architecture, organ formation and developmen-
tal plasticity, linking the principles of patterning to the regenerative
potential of living systems.

In this Perspective, we propose a conceptual framework:
self-organization is not a byproduct of biological complexity but a

foundational principle emerging from the transition from unicellularity
to multicellularity and the physical inevitability of intercellular inter-
actions, refined through evolutionary selection. These principles are
evidentinanimal developmentand insimpler systems such as bacterial
biofilms, where adhesion, intercellular forces and diffusion gradi-
ents spontaneously generate multicellular communities with emer-
gent properties*. We trace how early multicellular organisms evolved
mechanisms for spatial coordination, which were later co-opted and
elaborated upon by animal embryos to enable precise patterning and
morphogenesis. By integrating gene expression, mechanical forces
and biochemical signaling, we illustrate how cells acquire identity,
communicate and assemble into increasingly complex forms. Stem
cell-based systems (through the coculture of distinct progenitors
or the incorporation of guiding signals) demonstrate how emergent
spatial organization arises from reciprocal signaling, compartmentali-
zationand physical self-assembly. We argue that uncovering the logic
of self-organization holds promise for understanding development
and guiding advances in synthetic biology, tissue engineering and
regenerative medicine.
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BOX1

Evolving theories of multicellularity

At its core, multicellularity emerges from a fundamental challenge:
how single cells overcome physical limits like nutrient diffusion

to form cooperative collectives. Traditional theories provide

the foundation, whereas emerging views highlight intracellular
asymmetries as the spark igniting this transition®.

The Colonial Theory (Haeckel, 1874)"° envisions multicellularity
arising when unicellular ancestors, such as choanoflagellates
(animals’ closest relatives), remained adherent after division,
forming simple aggregates. Pre-existing mechanisms, like
extracellular matrix synthesis and incomplete cytokinesis, enabled
adhesion and basic coordination, evolving into differentiated forms
through selective pressures.

The Synzoospore Theory (Zakhvatkin, 1949)"° proposes
aggregation of temporally or spatially differentiated single cells,
which fuse or coordinate to create a unified entity, emphasizing
predivision specialization as a precursor to multicellular
labor division.

Both frameworks underscore aggregation and emergent
cooperation, supported by ancient genes such as cadherins
and integrins for adhesion that predated multicellularity"*%,
Transcription factor expansions later drove cell-type diversification.
Yet these models converge with a unifying insight: multicellularity
may originate from intracellular asymmetries triggered by
environmental cues, such as mechanical compression or spatial
crowding. In confined spaces, uneven distribution of gene products

)140

From multicellularity to the principles of cellular
self-organization

Theevolutionary transition from unicellular to multicellular life repre-
sents a profound leap that reshaped life’s possibilities by enabling cel-
lular specialization, structural complexity and coordinated behavior®.
This shift set the stage for self-organization, which, once underway,
unfolds with a kind of inevitability, driven by physical laws, dynamic
biomechanical-biochemical feedback loops and spatially and tempo-
rally controlled gene expression. These processes collectively guide
tissue architecture and function.

The onset of multicellularity

Two primary models for the transition from unicellular to multicel-
lular life, the Colonial Theory and the Synzoospore Theory, propose
that multicellularity arose either through retention of daughter cells
after division or aggregation of free-living cells, respectively (Box 1and
Fig.1)’. Although both models emphasize the role of celladhesion and
cooperation, increasing evidence suggests intracellular asymmetries
as potential initiating factors for new multicellular forms to arise. In
what we call the ‘Asymmetric Initiation Hypothesis’ (Box 1and Fig. 1),
we propose that uneven distribution of gene products or organelles
within single cells may serve as the initial spark for polarization and
functional divergence. These asymmetries, potentially triggered by
external mechanical forces or spatial constraints such as crowding,
could set the stage for multicellular organization.

Intracellular asymmetries in molecular components can com-
partmentalize biochemical reactions, alter biophysical properties
like membrane rigidity and generate spatial biases in signaling. These
conditions foster emergent behaviors such as polarization, cavitation
andfolding thatdrive higher-order structure. The formation of internal
cavities, for example, may enhance fitness by supporting nutrient stor-
age, long-range signaling and division of labor. These are all features

polarizes cells, compartmentalizing reactions and altering
biophysical properties like membrane tension, which could ignite the
interactions of individual cells.

We call this the Asymmetric Initiation Hypothesis, wherein
localized cues, including physical constraints (for example,
compression and adhesion gradients) and intrinsic polarity cues
(for example, spindle migration), ignite molecular imbalances
within single cells. These asymmetries catalyze self-organization,
ultimately paving the way for colonial or aggregative evolution
(Fig. 1). This perspective may synchronize ancient origins with
modern self-assembly (where cell-cell contacts negotiate fates via
mechanical signals, such as Yes-associated protein/transcriptional
coactivator with PDZ-binding motif (YAP/TAZ) pathways'*),
suggesting multicellularity not as a rare leap but as an inevitable
response to environmental pressures, as seen in recent examples
showing archaea under pressure forming tissue-like structures®. In
addition to spatial and molecular asymmetries, shifts in metabolism,
such as the transition from fermentation to respiration, may have
further reinforced group-level coordination'*. Because respiration
is more efficient in clustered cells that can share metabolites and
oxygen, this metabolic asymmetry may have favored the emergence
and stabilization of multicellular assemblies. Together, the ideas we
propose here will stimulate new experimental approaches, such
as bioengineered models to study evolutionary transitions and for
synthetic multicellular life forms.

evidentin early multicellular organismslike Volvox and sponges, which
form hollow, spherical morphologies.

Support for the biophysical origin of multicellularity has also
emerged fromrecent studiesinarchaea. InHaloarchaea, mechanical
compression alone induces a clonal multicellular state, resulting in
tissue-like assemblies with eukaryotic characteristics. When confined
under pressure, these cells cease division but continue growing, form-
ing amultinucleate, coenocyte-like stage with multiple DNA copies.
At a critical size, elevated membrane tension triggers cellulariza-
tion, where membranes grow inward to form a polygonal network of
smaller cells. This process yields two distinct cell types: tall, narrow
central cells and flatter, broader peripheral cells. Actin-based
‘pillars’ support these structures, imparting elasticity reminiscent
of animal tissues®.

Additional evidence from Asgard archaea (close relatives of eukar-
yotes) reveals acomplex actin cytoskeleton in single cells’, suggesting
that molecular machinery for multicellularity may have preceded
eukaryotic evolution. Together, these findings position mechanical
forces, particularly compression, as potential drivers of early multicel-
lular evolution. These forces may have created selective pressures that
favored genetic innovations, ultimately embedding multicellularity
into developmental programs, without eliminating the individual
cells’autonomy.

Therole of physical laws

Once multicellularity is established, physical principles inevitably
drive self-organization through processes such as cavitation, folding
and branching (Fig. 2a), as elaborated below.

As cell aggregates expand, physical constraints like limited dif-
fusion of nutrients and oxygen create central regions of hypoxia and
nutrient deprivation. These stresses promote the emergence of inter-
nal spaces through cavitation, a conserved biophysical strategy that
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Fig.1| The Asymmetric Initiation Hypothesis for the origin of multicellularity.
Classical theories explain multicellularity through either clonal retention after
cell division (the Colonial Theory) or aggregation of distinct unicellular states
(the Synzoospore Theory). We propose that these routes can be unified by an
earlierinitiating event: the emergence of intracellular asymmetry within a single
cell. In this model, local physical constraints and intrinsic polarity cues can
generate unequal distributions of molecules, organelles and mechanical tension,
creating the first spatial biases in function and fate. These initial asymmetries
may create the conditions for polarized behavior, stable adhesion, division of
labor and ultimately self-organized multicellular architecture through either
clonal (the Colonial Theory) or aggregative (the Synzoospore Theory) routes.

In this view, multicellularity can be understood as a physical and evolutionary
consequence of asymmetry under constraint. This framework connects the
origin of multicellularity with the same principles that continue to govern
morphogenesis inembryos, organoids and engineered living systems.

enhances nutrient exchange and waste removal (Fig. 2b). Cavitation
underlies a wide variety of morphogenic solutions across taxa, from
blastocoel formation in externally developing fish and amphibians®’
to blastocyst formation in internally developing mammals'®. Mecha-
nistically, cavitation can arise through apoptotic hollowing, directed
secretion, coalescence of intercellular spaces or membrane remod-
eling, offering versatile means to increase the surface area-to-volume
ratio and enable tissue specialization.

Following theinitial cavitation event that generates the blastocyst
cavity, subsequent cavitation can further sculpt embryonic architec-
ture. One mammalian example is lumenogenesis in the pluripotent
epiblast. After implantation, an unpolarized group of epiblast cells
undergoes synchronized apical-basal polarization into a rosette
stage, followed by asymmetric vesicular trafficking and apical secre-
tion to open a central lumen. In stem cell-derived embryo models,
as in mouse and human embryos, this process is coupled with the
naive-to-primed pluripotency transition; when this transition is
blocked, lumen formation stalls2. Thus, epiblast lumenogenesis
offersanepithelial instantiation of the broader principle of cavitation,
illustrating how coordinated mechanical and biochemical signals can
convert an initially disordered cell mass into a spatially organized,
tissue-like structure.

Folding emerges from differential growth rates between adja-
cent cells and the geometric limitations imposed by confined space
(Fig. 2c). This physical process increases the surface area-to-volume
ratio, enhancing nutrient and oxygen diffusion, optimizing spa-
tial configurations and allowing for more intricate interactions
between cells and their environment. As such, folding is a funda-
mental strategy for forming structurally and functionally complex
tissues.

Foldingis evident across development, from the transformation
of the blastocystinto a cylinder-like structure™*when the trophoblast
foldsinthe process of extraembryonic ectoderm formation to the folds
formed during organogenesis, like the formation of the neural tube”,
braingyriand sulci’®” and intestinal villi'®, At the cellular level, folding
generates mechanical heterogeneity” (cellslocated at curved regions
experience heightened tension and compression compared tothosein
flatter regions). These mechanical differences can alter cell shape and
thedistribution of cellular components, influencing gene expression,
cellbehavior and fate, which in turnshape subsequent developmental
steps and tissue architecture.

Branching allows tissues to increase surface area while penetrat-
ing surrounding environments, as seen in the lungs, vasculature and
glands (Fig. 2d). This architecture supports efficient nutrient and gas
exchange and energy distribution by optimizing the interface between
tissues and their external environment®.

Many biological branching systems (such as blood vessels, lung
alveoli and tree roots) display fractal patterns”, where self-similar
structures repeat at different scales. This organization maximizes
exposure to nutrients and oxygen using minimal material investment.
A recent study suggests that these fractal patterns emerge from a
balance of global guidance cues dictating branch alignment and
space-filling efficiency and local interactions®, which regulate tis-
sue density within the structure. Beyond transport efficiency, many
branchingsystems canbe viewed as compact developmental programs.
In this view, simple recursive generative rules produce self-similar,
fractal geometries that maximize interface with minimal ‘instruc-
tional’ cost (an information-theoretic view related to the principle of
minimum description length), a property that may favor robustness
and evolvability®.

Collectively, cavitation, folding and branching illustrate how
physical laws govern the self-organization of multicellular systems
by optimizing morphogenesis and function under constraint. These
‘hard-wired’ rules reduce the informational burden on genetic pro-
grams, conferring robustness by buffering fluctuations. In doing so,
they reveal how complexity can emerge from simplelocal interactions
and global constraints achieved not through elaborate blueprints but
through simplicity. These relatively simple self-organizing principles
can be layered atop one another, enabling both increasing structural
and functional complexity and the correct temporal sequence of
events. These two features, complexity and chronology, are inter-
linked, with each layer setting the stage for the nextin a self-reinforcing
developmental cascade.
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Fig. 2| Physical laws governing multicellular self-organization: cavitation,
folding and branching as drivers of nutrient and oxygen optimization.

a, Schematic showing how physical constraints in growing cell masses lead

to morphogenic solutions (cavitation, folding and branching) that maximize
surface exposure for enhanced nutrient and oxygen transport. b, Cavitation:
the progression from compact cell clusters to hollow forms, alleviating central
anoxia. Top, natural embryonic stages, from an eight-cell embryo to amorula
toablastocyst with fluid-filled blastocoel (cavity formation is conserved
across species like fish, amphibians and mammals). ¢, Folding: differential
growthincreases the surface area-to-volume ratio for efficient exchange.
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Left, sea urchin gastrulation viainvagination. Right, mouse gastrulation shaping
the egg cylinder (first mammalian morphogenetic fold). Bottom, illustration

of neural tube development through progressive folding of the neural plate,
generating mechanical biases that influence gene expression and cell fate.

d, Branching: fractal patterns maximize the interface for gas/nutrient
distribution. Left, trachea and bronchial tree in the lungs. Center, vessel
branches in the vasculature. Right, Purkinje cell dendritic trees (neuronal
example of self-similar branching). These processes collectively optimize form
and function under physical constraints, as seen in developmental scaffolds and
organ architectures.

Signal feedback in time and space

In addition to physical constraints, self-organization is shaped by
dynamic feedback between cellular behaviors, biochemical signals
and gene expression. Together, these form a continuous loop. The
intrinsic properties of cells, set by their gene expressionatagiven time,
determine how they interact with their environment and neighboring
cells**. These interactions then reshape the physical and biochemi-
cal landscape, feeding back to modify gene expression and cellular
behavior in return. This ongoing, reciprocal relationship is both spa-
tiallyand temporally controlled, guiding the organization of cellsinto
higher-order structures.

For instance, when cultured in vitro, mouse embryonic stem
(ES) cells form clusters via intrinsic adhesive properties, driven
by cadherin-family proteins® 2, By contrast, cancer cells, with dif-
ferent surface protein profiles, tend to spread and migrate®°*. In
three-dimensional (3D) culture, ES cell clusters undergo lumenogen-
esis, forming so-called lumenoids'*, whereas cancer cells typically
form dispersed or invasive networks. These distinct outcomes show
that intrinsic cellular programs, interacting with external physical
forces, dictate the spatial organization of a cell population.

A compelling example is the self-organization of skin-derived
organoids®, where a‘mechano-chemical circuit’ transforms multiple

spheroidal unitsinto aflatepithelial sheet, mirroringin vivo skin archi-
tecture. Here, the intrinsic ability of cells to sense mechanical cues,
such as dermal stiffness, activates the YAP1 signaling pathway, which
then triggers Wnt/matrix metalloproteinase signaling to degrade the
basement membrane® %, This process, rooted in the cells’ genetic
and molecular programming, enhances tissue fluidity, enabling the
organoid to coalesce into a planar form. Similarly, intestinal adult
stem cells self-organize into organoids that recapitulate intestinal
architecture, complete with crypt-villus structures, cavitation, folding
and branching. This occurs through theirinherent geneticinstructions
that direct stem cells to diversify into multiple cell types and arrange
into functional patterns, even without external tissue scaffolds.

These examples highlight how cellular programs, operating
in conjunction with mechanical and chemical feedback, enable
self-organization in both in vivo and in vitro contexts. As cells pro-
liferate and differentiate, their gene regulatory networks coordinate
with environmental cues, shaping cell fate and positioningin real time.
This dynamic process reveals the nature of self-organization: not a
preordained outcome, but a real-time negotiation (Fig. 3a). Through
coupled feedback between gene expression, signaling and mechanics,
cellstranslateintrinsic programsinto coordinated local behaviors that
scaleto form coherent, functional structures.
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Fig. 3| Mechanical-biochemical-gene expression feedback loops driving
self-organization in organoids and embryo models. a, Schematic depicting
dynamic feedback loops in cellular self-organization. Starting from gene
expression inducing differentiation (left, single cell), reciprocal biochemical
signaling enablesinitial interactions of different cell types (center left, signaling
molecules exchanged). These evolve into cell-cell contacts shaped by geometry
and biomechanical forces (center right, clustered cells with different tension
and geometry), yielding versatile organoid and tissue structures (right).

b, Precise cell-type arrangement and timing in the early growth window enable
successful self-organization in stem cell-derived embryo models. The schematic
illustrates the critical role of spatial-temporal coordination in self-organization
of embryo-like structures, such as ETX models. Top, successful assembly
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occurs when different cell types (red, gray and blue spheres) group at the

right time and place, enabling optimal cell-cell contacts and arrangement to
formastructured embryo. Bottom, with the same cell inputs but suboptimal
contact or arrangement, self-organization fails, resulting in disorganized or
malformed structures. This principle extends to induced models like EiTX and
EiTiX, where trophectoderm-like and/or extraembryonic endoderm-like cells
areinduced from epiblast-like cells (either through transgene or chemical
approaches®**92535°3%) Induced types must emerge at precise positions and
timings through regulated cell interactions (for example, cytoskeletal tension or
adhesion codes) to ensure robust morphogenesis, as misalignment during early
growth windows prevents self-correction.

Cellfate diversification and the coordinated logic
of self-organization

A key feature of self-organization is not only how cells arrange them-
selves in space but also how they diversify into distinct cell types and
how these differentiated cells interact to shape complex tissue struc-
tures. This diversification emerges from a combination of intrinsic
genetic programs and extrinsic physical or biochemical cues, which
vary across species and developmental contexts. In embryos of flies,
frogs, seaurchins andfish, prepatterning of the oocyte (before fertiliza-
tion) or zygote (after fertilization) is prominent, with asymmetrically
deposited maternal morphogens that dictate the fates of descendant
blastomeres as they create the diverse tissues. By contrast, mammalian
embryosare likely to rely on subtler cues to bias cell fate specification’.
Such biases can be seeded by spindle migration to the cortex during

oocyte maturation®*, mechanical and molecular inputs at sperm

entry*>*, uneven inheritance of sperm-borne RNAs or mitochondrial
proteins****, mechanical compression within the elliptical zona pellu-
cidaand cleavage patterns that biasRNAs and protein distribution®*¢,
When amplified over time, these early cues help cells interpret their
uniqueness and predisposition to make context-sensitive fate decisions
where Turing’s reaction-diffusion principles* and Wolpert’s positional
information*® can actin concert to guide pattern formation®.
Asymmetric events at fertilization such as egg-sperm fusion can
trigger cytoplasmic reorganization, redistributing maternal tran-
scripts and proteins. In the mouse, cytoplasmic flows emanate from
the sperm entry site and persist in coordination with calcium spikes
for hours*, potentially initiating the first cellular asymmetries. This
might explainwhy sister blastomeres at the two-cell stage already differ
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BOX2

Mechanotransduction: translating physical forces into biological

responses

Mechanotransduction is the process by which cells convert
mechanical stimuli (such as substrate stiffness, shear stress or cell
crowding) into biochemical signals that influence gene expression,
cell behavior and fate™. This mechanism is central to self-organization,
enabling cells to sense their physical environment and adapt during
development, tissue homeostasis and disease. Key pathways link
force detection at the cell membrane to intracellular responses, often
through cytoskeletal remodeling and nuclear signaling.

A prime example is the YAP/TAZ pathway, which integrates
mechanical cues to regulate transcription'®. YAP and TAZ are
coactivators that shuttle between the cytoplasm and nucleus.

Force sensing begins at focal adhesions, where integrins bind

the extracellular matrix and transmit tension via talin and vinculin
unfolding, activating Rho GTPases'. This promotes actin
polymerization and contractility, inhibiting the Hippo pathway
kinase LATS, which normally phosphorylates YAP and TAZ to retain
them in the cytoplasm. Dephosphorylated YAP and TAZ translocate
to the nucleus, binding TEAD transcription factors to activate

genes involved in proliferation (for example, CTGF and CYR61)

and differentiation (for example, trophectoderm specification

in blastocysts)'*°. In embryos, YAP and TAZ respond to uterine
compression or cell density, determining inner cell mass versus
trophoblast fates. In addition, mechanical forces alter cellular shape,
leading to compartmentalized biochemical reactions. Stretching or
compression deforms the cytoskeleton, redistributing proteins and
creating local signaling hubs. For instance, force-induced membrane

in developmental potential: one contributing more to the epiblast
(future fetus) and the other to the trophectoderm (future placenta)
when separated and cultured individually*>**~,

Mechanical cues fromthe embryo’s environment, such asthe zona
pellucida, blastomere to blastomere contact and uterine tissues at
implantation, are also likely to be sensed during early embryogenesis.
These cues canshape gene expression through mechanotransduction
pathways, such as the Hippo pathway, which responds to tension by
driving YAP into the nucleus®*** (Box 2). In the embryo, these mecha-
nisms help specify whether a cell adopts inner cell mass or trophec-
toderm fate, illustrating how biomechanics and gene regulation are
intertwined in guiding cell identity.

As development progresses and cell types diversify, the embryo
becomes an exercise in arrangement: which cells are located next to
each other and which cells communicate starts to matter as much as
identity itself. Stem cell-based embryo models make this principle
experimentally tractable by recapitulating early developmental events
in controlled systems.

Stem cell-based embryo models as developed by us and others
now span awide developmental range from simple implantation- and
early postimplantation-stage epiblast-like spheroids/lumenoids";
amnion-like amniotic sacembryoids*®; two-dimensional (2D) micropat-
terned ES cell cultures™; epiblast- and trophectoderm-like ETS
models (combining epiblast-like (E) and trophectoderm-like (T) stem
cells)**®%; epiblast-, extraembryonic trophectoderm- and extraem-
bryonic endoderm-like ETX models (combining epiblast-like (E),
trophectoderm-like (T) and extraembryonic endoderm-like (X) stem
cells) and induced (i) EiTiX variants wherein extraembryonic stem
celltypesareinduced from ES cells***"*° and bilaminoids’, capturing

curvature activates RhoA in specific compartments, driving localized
actin assembly and kinase cascades (for example, FAK/ERK)'"".
Nuclear deformation under tension opens pores, facilitating
transcription factor import or chromatin reorganization, directly
linking shape to gene expression'*®. Recent work directly links shape
to gene expression, including osmotic stress-induced condensate
remodeling that primes pluripotency exits'*.

Mechanical cues are interpreted not only through YAP/TAZ but
also within a network involving FGF, Notch and Wnt pathways,
converting local forces into tissue-scale patterns. FGF signaling,
via the RAS-ERK cascade, modulates YAP/TAZ transcriptional
programs via MAPK signaling™®, influencing proliferation and
epithelial-to-mesenchymal transition, while integrating with
biomechanical inputs. Mechano-sensitive Wnt/(-catenin signaling
converges with YAP/TAZ, where YAP can stabilize or cooperate with
[3-catenin-TCF complexes to enhance proliferative and patterning
responses, and Wnt gradients inform force-dependent decisions™'.
Contact-dependent Notch signaling senses cell geometry and
tension, interfacing with YAP and Wnt to drive lateral inhibition and
sharpen fate boundaries'®'"*°. These pathways form reinforcing loops
that amplify mechanics into robust patterning, as seen in organoid
morphogenesis™*.

These processes highlight self-organization’s plasticity and
robustness, with implications for bioengineering: manipulating shape
via scaffolds or specific molecular pathways such as YAP/TAZ'*® may
enhance embryo model fidelity and regenerative therapies.

early disc-like organization, to preimplantation stage blastoids” . In
allthese systems, correct proportions, positioning and timing of each
stem cell type (epiblast-like, trophectoderm-like and extraembryonic
endoderm-like) are critical for successful self-organization™. It is not
enough to have the right components; they must interact in the right
context (Fig. 3b). Their potency state matters too. For example, it
appearsthatithelpsifES cellsareinanaive, expanded or totipotent-like
state to generate blastoids™ 7.

In lumenoids, ETS, ETX and EiTiX embryoids, successful forma-
tion of the amniotic cavity and the symmetry-breaking events that
initiate gastrulation depend on the correct mechanical alignment of
epiblast-like, trophoblast-like and extraembryonic endoderm-like
tissues. This alignment is influenced by both intrinsic properties
(cytoskeletal tension or apical domain formation) and extrinsic
mechanical cues (stiffness of the surrounding environment®). This
alignment canbe imperfect during the early growth window, when cells
stillhave motility and can berearranged, but once cells become tightly
packed they lose the ability to rearrange. As a result, cells become
jammed, and the embryo fails to self-correct®. This illustrates how
timing and spatial arrangement are just as critical as cell identity in
enabling successful development.

Tissue and organ formation are not alinear unfolding of fate deci-
sions but a dynamic choreography in which cells interpret signals,
respond to mechanical and chemical cues and adjust their behavior
inreal time. As distinct cell types emerge, they influence one another
through paracrine signaling, cell-cell contact and mechanical forces,
creatinga constantly evolving feedback network. Much like achoreog-
rapher guiding dancers through an unfolding performance, the initial
instructions guiding cells are oftenimprecise and shaped throughlocal
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interactions, mechanical constraints and adaptive responses, gradu-
ally giving rise to an organized, functional structure. It is this ongoing
dialog between intent and possibility, constraint and discovery, that
brings biological formto life.

Species-specific adaptations in postimplantation
self-organization

While self-organization of the embryo before implantation shares
similarities across mammals, self-organization afterimplantation var-
iesacross species, driven by both external cues and intrinsic program-
ming”. In mice, the implanting embryo transforms from a ball to an
elongated egg cylinder, astructure that adapted to the slit-like uterine
environment’s mechanical constraints®’, which guides its postimplanta-
tiondevelopment. Conversely, human and monkey embryos become a
flatbilaminar disc following implantation, reflecting a uterine wall with
fewer lateral constraints, perhaps better suited to theirimplantation
process®. These morphological differences are underpinned by spatial-
temporal variationsin critical gene expression, such as Cdx2and Oct4,
which dictate lineage patterning with species-specific precision®
and may have contributed to the observed species-specific fea-
tures of the embryonic models regarding growth timing and spatial
arrangements®®2,

These morphological and molecular differences can have direct
implications for stem cell-based embryo models. For instance, optimiz-
ing in vitro culture systems by incorporating mechanical constraints
that mimic the uterus might be able to improve their developmental
fidelity and long-term developmental success rates.

Self-organization failure in developmental disorders
and disease
When the self-choreography of assembly goes off script, the conse-
quences can range from subtle developmental changes to severe dis-
ease. The precise coordination of timing, position and interaction
among cellsis not only afeature of developmentbutalsoits foundation.
An example comes from teratomas, which are tumors that arise
from ES cells when they are allowed to differentiate without guid-
ance of cell numbers or constraints of time and mechanical cues™ .
While their microstructures are impressively organized, their overall
architecture is chaotic. This reveals a critical point: self-organization
is not only about forming the right parts but also about putting them
together at the right time, in the right place and in the right context.
Similar principles apply to congenital disorders (for example,
Down syndrome®’) where an extra copy of chromosome 21 alters gene
expression. The resulting shifts in developmental timing and interac-
tion lead to consistent features, like craniofacial changes and altered
brain morphology®®. What is remarkable is that the self-organization
programstill runs, butit doessoinaslightly altered direction due to the
gene dosage imbalance, enough to be recognized across individuals.
These cases reveal that self-organization is robust, but not infal-
lible. Understanding these missteps is influential for developmental
biology but also offers cluesinto how we might prevent or correct them.
We might be able to enhance developmental plasticity.

Stem cell-based models of mammalian embryos
Recent breakthroughs have transformed how we investigate the
self-organization of cells during early human embryo development.
Rather than relying solely on human embryos, we can now model
key stages of human embryogenesis and organogenesis using stem
cell-derived systems. These models mimic aspects of development
invitro, and they also allow a degree of experimental control that was
previously unattainable.

Systems such as lumenoids ,stem cell-derived embryo-like
structures®*¢1¢4-66100102 (for example, ETS, ETX, ETiX and EiTiX), human
embryoids®”®, gastruloids'®'* and blastoids®*”"">'°° have emerged
as tools to explore symmetry breaking, germ layer specification,

11,12,35,99

morphogenesis (including lumenogenesis, folding and branching)
and the physical constraints that influence developmental trajectories.
These models are, by their nature, simplified and incomplete, but they
demonstrate thatalimited number of stem cell types, when assembled
under theright conditions, can spontaneously organize into structures
that echo critical aspects of natural development.

The field of embryo-like structure formation in 3D (once termed
‘synthetic embryology’ to emphasize the concept of synthetic-like
interactions between different types of stem cells) began with the
development of spheroids/lumenoids, gastruloids and 2D micropat-
terns. Developed by the laboratory of M.Z.-G., a lumenoid can ini-
tiate self-organization from a single ES cell (dividing to generate a
small epiblast-like population), mirroring how a compact group of
pluripotent stem cells builds structure of the embryo. Embedded
in Matrigel, which partially substitutes for missing extraembryonic
cues™>'% these cells undergo coordinated polarization, rosette for-
mation, lumenogenesis and symmetry breaking, progressing toward
early postimplantation-like states and mesoderm specification. This
makes lumenoids a tractable model for implantation-stage mor-
phogenesis, a stage that is difficult to observe directly, especially in
humans. However, because lumenoids lack extraembryonic tissues,
their developmental progression depends on Matrigel as a critical
biochemicaland mechanical surrogate rather than on embryo-derived
tissue interactions.

A so-called ‘gastruloid’, like an embryoid body'”®, is formed from
about 100 or more ES cells aggregated under defined conditions,
specifically Wnt activation, which induces elongation and axial pat-
terning with regionally restricted gene expression, including Hox
clusters'®10319%1% This model is used for studying axis elongation
and posterior development, despite thatit does not recapitulate true
gastrulation asit lacks a primitive streak, cellintercalation and anterior
structures. As such, these models are valuable for probing posterior
patterning but are limited as complete embryo models®,

Morerecent models suchas somitoids, segmentoids and trunk-like
structures ™ take these models further by recapitulating key features
of the embryonic trunk, including somite formation and early meso-
dermal patterning. Focusing on specific processes, they enable insight
into high-resolution analysis of segmentation dynamics. However,
they lack the global architecture and complex tissue interactions of
anintactembryo.

Developed alongside lumenoids and gastruloids, 2D micropat-
terns confine ES cells to defined geometries*, enabling reproduc-
ible studies of symmetry breaking and germ layer patterning. After
BMP4 stimulation, cells self-organize into concentric rings that mimic
ectoderm, mesoderm and endoderm, depending on position and
density. Two-dimensional micropatterns are highly effective for
probing the logic of fate decisions but lack morphogenetic move-
ments and 3D architecture, limiting their ability to capture dynamic
tissue organization.

The realization that reconstructing embryos with both anterior
and posterior structures requires more than ES cells alone prompted
thelaboratory of M.Z.-G. to combine ES cells with trophoblast stem (TS)
cells, leading to assembly of ETS embryoid® models: integrated struc-
tures thatallowed for modeling critical cross-talk between embryonic
and extraembryonic compartments. These models uncovered distinct
lumenogenesis mechanisms in embryonic and extraembryonic com-
partments and how their cavities merge, as well assymmetry-breaking
events that lead to mesoderm and primordial germ cell specifica-
tion. However, ETS embryos lack the visceral endoderm, asecond key
extraembryonic lineage required for anterior-posterior patterning
and anterior signaling center formation in natural embryos.

To overcomethisissue, our group built so-called completeembryo
models through coassemby of ES cells, TS cells and extraembryonic
endoderm cells (XENs), which led to ETX embryoids®*. These mod-
els continue to develop for 8.5 days, mimicking several hallmarks
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of postimplantation development, including symmetry breaking,
anterior-posterior axis formation, anterior signaling center emer-
gence, primitive streak formation and epithelial-to-mesenchymal
transition, defining features of gastrulation previously seen only in
natural embryos. More recent extensions of these models, suchas ETiX
and EiTiX structures, replaced TS cells and XENs with ES cells repro-
grammed to generate both trophectoderm-and visceralendoderm-like
lineages'®’. These advanced models progress to neurulation, forming
anterior neural tissue and beating heart-like structures, and exhibit
coordinated spatial and temporal patterning that closely mirrors
embryonic development®-6366101102,

The efficiency and fidelity of models integrating multiple stemcell
types hinge on the precise ratio, timing and biophysical interactions
among the constituent stem cell types'>. These systems revealed that
differential expression of cadherins amongES cells, TS cells and XENs
andregulation of cortical actin guide their ability to self-assemble into
correct configurations?. Enhancing cadherin expression substantially
booststhe success of ETX-embryoid formation, emphasizing how cell
adhesion codes and mechanical tension governs self-organization.

Alongside ETX models emerged blastoids, stem cell-derived struc-
tures that mimic the architecture and lineages of the blastocyst”".
Blastoids formed by combining ES cells and TS cells self-organize
into an inner cell mass-like core, a trophectoderm-like shell and a
blastocoel-like cavity. They offer a scalable system to study preim-
plantation lineage segregation.

While all these stem cell-derived models are far from being per-
fect replicas and differ in fidelity from natural embryos, they offer
numerous advantages: control over cell composition, organization
and signaling; scalability and compatibility with advanced tools. Live
imaging enables real-time 3D visualization of morphogenesis, while
single-celland spatial multiomics™ (transcriptomics, epigenomics and
proteomics) allow for detailed molecular profiling of developing cells.
CRISPR-Cas-based perturbation screens'” (Fig. 4a), layered onto these
systems, enable functional dissection of gene regulatory networks.
Importantly, environmental toxicants and drug screens applied to
embryo models allowed for testing of their impact on development
and teratogenicity"*"’ (Fig. 4b), potentially identifying vulnerable win-
dows and bottlenecks. When scaled up with organ-on-a-chip systems
(Fig. 4¢), these systems can complement efforts like the US National
Institute of Environmental Health Sciences Toxicant Exposures and
Responses by Genomic and Epigenomic Regulators of Transcription
program'® and the National Institutes of Health new initiative pro-
moting organoid-based alternatives to animal use'”. Combined with
artificial intelligence (Al)-based analysis', they bring a powerful lens
into the earliest determinants of developmental success or failure, well
before the human eye can detect.

Asstem cell-based models are extended to human development,
structures composed solely of human ES cells programmed to differ-
ent fates have begun to mimic some key postimplantation events, such
asamnion and yolk sac formation, primordial germ cellinductionand
the appearance of anterior hypoblast-like centers to induce anterior-
posterior axis specification®7’>'?2, Some models reveal unexpected
dynamics, such as the apparent dispensability of the trophoblast for
amnionand primordial germ cellinduction, challenging assumptions
based on mouse development®'** and promoting further investi-
gations. These advances open up exciting possibilities to identify
which building blocks are essential, which are supportive and how
early developmental programs might be substituted or rerouted
through alternative mechanisms, setting the stage for engineering
and optimization.

Engineering self-organization

The transition from understanding the evolutionary origins of
self-organization to harnessing them represents the next frontier
in developmental biotechnology. The same physical laws that drive

a CRISPR-Cas-based gene
function screening

€ Microfluidic device/organ-on-a-chip
for tissue/organoid cross-talk

b Toxicant/small-molecule d
screening for developmental
toxicity or support
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Fig. 4| Emerging technologies enhancing the application of embryo models.
Schematic overview of emerging biotechnological tools to advance stem
cell-derived mammalian embryo models, enabling deeper insights into self-
organization, developmental robustness and regenerative applications.

a, CRISPR-Cas-based gene function screening enables systematic perturbation
of developmental gene networks in stem cell-derived embryo models, revealing
genetic hierarchies and regulatory nodes critical for self-organization.

b, Small-molecule screening identifies compounds that either support or
disrupt developmental progression, enabling interrogation of environmental
cues, teratogens or candidate therapeutics. ¢, Microfluidic devices and organ-
on-a-chip systems recapitulate spatial patterning, tissue-tissue cross-talk and
mechanical constraints, offering adynamicin vitro environment to simulate
implantation or organogenesis. d, Three-dimensional bioprinting technologies
allow spatially defined placement of different stem cell types, enabling
architectural assembly of embryo-like structures and providing a platform to
test the minimal requirements for self-organization. Together, these approaches
transform embryo models from passive mimics to programmable systems, tools
notonly to observe but also to experimentally dissect, manipulate and even
prototype multicellular organization.

cavitation, folding and branchingin the embryo can be repurposed as
design constraints to transform stem cell biology from a descriptive
science into a robust engineering discipline.

For example, amajor bottleneck inembryoid and organoid tech-
nologyisbatchheterogeneity. The rules of self-organization described
above, particularly regarding the dependence on geometric confine-
ment and mechanical feedback, offer a potential solution. Forexample,
by using micropatterning and defined hydrogel stiffness toimpose pre-
ciseboundary conditions, we canrestrict the growing space of the cells,
forcingthemtoadoptamoredefined, deterministic trajectory rather
thanastochastic distribution. In this context, the physical parameters
of self-organization become the intrinsic quality control metricsin the
culture system needed for clinical-grade biomanufacturing.

Bioengineering innovations like microfluidic chips, organ-
on-a-chip systems and 3D bioprinting’>'?*"*¢ (Fig. 4c,d) offer further
refined opportunities to decode the ‘design logic’ of life. They allow
us to explore not only how embryos choreograph their own morpho-
genetic ‘dance’ but also why evolution selected certain forms and
pathways over others. In practice, these programmable platforms when
coupled with high-content perturbation libraries (for example, CRISPR
and small molecules) canbe used for automated imaging and Al-based
phenotypingto learn predictive maps from inputs to morphogenetic
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trajectories and outcomes and thenused in closed-loop optimization
toimproveyield and fidelity.

An emerging direction to elevate stem cell-derived embryo
models is the engineering of the embryo-uterine interface. A wave
of recently developed 3D coculture and ‘implantation-on-chip’ sys-
tems has reinforced the idea that self-organization at implantation is
areciprocal morphogenetic event”*°, These models reveal that the
uterine niche is not a passive substrate but an active driver: it recon-
structs complex luminal, glandular and stromal compartments to
guide implantation and actively accelerates lineage maturation, spe-
cifically extravillous trophoblast emergence, through critical human
chorionic gonadotropinsignaling and ligand-receptor cross-talk'>*>°,
Complementing this biochemical dialog, biomimetic studies have
identified that the mechanical properties of the niche, particularly
stress relaxation and matrix degradability viaembryo-secreted matrix
metalloproteinases'?, are essential physical prerequisites for focal
adhesion formation and developmental progression. This recipro-
cal logic also enables disease modeling: by deriving endometrioids
from individuals with recurrent implantation failure, a recent work
has recapitulated a ‘failure-to-implant’ phenotype in vitro and used
this as a platform for high-throughput screening of US Food and Drug
Administration-approved compounds to identify agents that rescue
implantation defects'.

The ability toreconstructinterfaces between tissues, such as the
embryo-endometrial boundary, should allow us to move one day from
observing development to correcting it. As demonstrated by these
recent models, failures of self-organization in disease often reflect spe-
cificmechanical or signaling mismatches, suchas disrupted hormonal
feedback or aberrant matrix mechanics, which can be predicted and
treated ex vivo. This enables a closed-loop strategy: measure trajecto-
ries, perturb systematically, learn predictive models and tuneinputs to
maximize developmental success while minimizing variance. The cor-
responding engineering ‘control knobs’ follow directly from the prin-
ciples discussed above, specifically boundary conditions (geometry,
confinement and hydrogel stress relaxation), transport fields (oxygen
and nutrient delivery, waste removal) and cell-cell/extracellular matrix
interaction codes (adhesion, ligand specificity and cortical tension).
Applying these inputs within defined time windows, when the system
can still self-correct, could pave the way for precision therapeutics in
reproductive medicine that harness the logic of life.

Future perspectives

As we uncover the fundamental principles that guided the transition
fromsingle cells to structured, multicellular organisms, we are entering
anerainwhich these rules can be reverse engineered, simulated and,
insome cases, deliberately rewritten. This might be seen as marking a
shift from observing biology to prototyping it.

Stem cell-derived models allow us to explore alternative trajec-
tories of multicellular organization, raising evolutionary questions
that were previously unsolvable. What is the minimal set of interac-
tions sufficient to produce an embryo-like structure? Could there
have been other paths to life? What changes if we tweak the timing,
geometry or lineage logic? Although current stem cell-based models
remainimperfect, with structural heterogeneity and low efficiency still
common'”, these very imperfections make them powerful exploration
tools because their failure modes expose gaps in our understanding
and point to new experimental ways to address them.

Looking ahead, these systems offer opportunities to illuminate
why so many human pregnancies fail and how suchlosses might one day
be prevented as well as to derive progenitor cell populations for organ
repair. As self-organization principles areintegrated into engineering
designs and interfaces, it will allow for distinguishing which cellular
and mechanical building blocks are essential, which are supportive but
dispensable and which can be substituted or bypassed through alterna-
tive routes. Al will be instrumental in this endeavor, extracting compact

rule sets of developmental success or failure from high-dimensional
experimental datasets.

Beyond modeling disease or aiding tissue repair, these technolo-
gies serve as conceptual frameworks to allow us to travel backward
and forward along the arc of evolution, reconstructing steps from the
first cooperating cells to complex organisms and projecting possible
futures. Integrating new methods for quantifying cell-cell mechani-
cal forces™ and positional information'* lays the groundwork for
innovations such as in vitro gametogenesis'* and organoid systems
that interact dynamically with their environments™*. As we uncover
the logic of self-organization, we edge closer to building entirely new
forms of biological complexity.
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