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How biological systems obtain their shape and structure is a fundamental question with many
practical implications. Like much of biology, over the last several decades, tissue and organ
morphogenesis has focused on uncovering regulatory mechanisms at the cellular and sub-
cellular scales. Such studies have either implicitly or explicitly reified the view that the
creation of form is instructed or controlled by a combination of genetic and molecular
processes. However, pioneering early twentieth century biological theorists such as
Conrad Waddington cautioned against the total subsummation of biology by, for instance,
biochemistry and molecular biology. Through the coining of terms such as “epigenotype,” it
was argued that processes at every scale between genotype and phenotype were necessary to
organize morphogenesis. Thus, organizing processes exist that are not reducible merely to the
sum of inputs from “genes” and “environment.” Here, we argue that uncovering generative
epigenetic processes beyond the cell yet within the organism requires a holistically oriented
use of physical concepts involving mechanics and material phases. To uncover and clearly
articulate such “supracellular” processes, we discuss how relations between mesenchymal
cells and extracellular matrix (ECM) serve as a powerful model system. Based on the study of
mesenchymal-ECM systems, we suggest that it may notbe possible to understand the ultimate
functional role of gene products such as signaling molecules without an appreciation of
supracellular processes in their own right.

WHY DO WE NEED EPIGENETICS BEYOND

THE CELL?

he goal of this piece will be to shed light on

the role that processes beyond the cellular
scale play in organizing morphogenesis. By “or-
ganizing,” we mean having a causal influence in
determining lower levels of organization (sub-
cellular gene expression) and higher levels of
organization (organ-wide morphological pat-

terns). Such organizing processes can take input
from but are not fully determined by lower (e.g.,
genotype) or higher (e.g., environment) levels.
This is due to their self-organizing nature (see
Pfeifer et al. 2024), which leads to their creative
or generative potential in bringing about
changes in cell fate or tissue-scale form (Fig. 1).

Much of the effort in developmental biology
and biology in general in the past three to four
decades has focused on cell and subcellular lev-
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Figure 1. Supracellular dynamics serves as an organizing nexus that integrates genetic and environmental inputs.
During organ morphogenesis, regulatory mechanisms happen at multiple scales, including transcriptional
regulation at the molecular scale, cell proliferation and migration at the cellular scale, and reciprocal cell-
extracellular matrix dynamics at the supracellular scale. The supracellular scale is the key regulatory nexus where
environmental and genetic inputs are integrated through the reciprocal interactions among distinct structural
parts. These interactions ultimately give rise to the emergence of new material properties and biological forms.

els of organization. For example, individual cel-
lular processes such as migration, proliferation,
or differentiation are seen as the consequence
of gene regulation and biochemical signaling
pathways. This has dovetailed with technologies
that have proliferated around an ever-increas-
ing ability to measure and manipulate aspects
of gene expression. Moreover, improvements in
imaging have allowed for more effective tempo-
ral analysis of cells and their molecular process-
es. Despite increasing understanding at cell and
subcellular scales, which has advanced our un-
derstanding of how cell fates are specified, how
form arises in large tissues such as developing
vertebrate organs remains elusive.

We will argue that meaningful advances in
our understanding of how form arises, the pro-
cess of morphogenesis, may require significant
conceptual reorganization of the dominant
frameworks that have guided inquiry in develop-

mental biology in recent decades. Such reformu-
lation can be linked to conceptual frameworks
originating before the molecular revolution in
biology. Moreover, such reformulation uses
physical concepts to provide clarity in a space
still in its nascency. Rather than drill down into
specific components, the consistent theme is to
employ holistic physical thinking to recover
properties of the whole (Palmquist et al. 2024).
As we will show, a difference in ontology (the
nature of what is) necessitates a shift in episte-
mology (how one studies the phenomenon in
question) (Gilbert and Sarkar 2000; Nicholson
and Dupré 2018). Here, we will suggest evidence
for a particular ontology in which form is a con-
sequence of supracellular self-organization rath-
er than the transmission of molecular instruction
or “codes.” Such an ontology has epistemological
and methodological implications that suggests a
holistic rather than reductive use of physics.
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MOLECULAR HEGEMONY:
GENOCENTRISM AND THE BIOCHEMICAL
SUBSUMMATION OF EPIGENETICS

Watson and Crick’s (1953) discovery of the dou-
ble-helix structure of DNA was a significant ad-
vance that allowed for a merger between the
fields of genetics and biochemistry, two fields
that prior to this discovery had an uneasy rela-
tionship in part because of their distinct meth-
ods (Watson and Crick 1953; Nicholson 2019).
Some argue that a “molecular hegemony” began
to take hold in academic biology departments in
the 1960s (Haraway 1976; Kitcher 1999; Lewon-
tin 2000). The introduction of new genetic tech-
nologies such as recombinant DNA, genetic
engineering, and increasingly rapid DNA se-
quencing marked the following decades. In the
last four decades, much like fields such as im-
munology or cancer biology, which involve
scales of organization far beyond the subcellu-
lar, developmental biology has predominantly
focused on genes and their regulation by tran-
scription factors or signaling molecules. How-
ever, the greater focus on gene expression has
been coupled to a concomitant inability to con-
nect such patterns to the creation of form
(morphogenesis), which is arguably the most
important functional outcome of development.
Indeed, for vertebrates, which are the focus of
this piece, form or the arrangement of cell types
in space is the key differentiator between species.

The concept of the epigenotype was present-
ed by Conrad Waddington prior to the molec-
ular dominance of the latter twentieth century
(Waddington 2012) with a scope much broader
than the molecular scale (see section below).
However, the term stagnated in usage for de-
cades. Prior to the year 2000, less than 100 arti-
cles published mention the term “epigenetics” in
their title (Haig 2012). Strikingly, from 2000 on-
ward, there was exponential growth in usage,
with more than 1300 articles containing epige-
netic(s) in their title published in the year 2010
(Haig 2012). This can be attributed to the rapid
subsummation of the notion of epigenetics by
the molecular scale and specifically the study of
DNA methylation and chromatin modification.
Such a shift was enabled by work such as that

Supracellular Organization in Morphogenesis

of Robin Holliday, who in 1975 suggested that
DNA methylation could be an important mech-
anism for the control of gene expression without
the need to change DNA sequence (Holliday
and Pugh 1975). Such a mechanism, along
with the discovery of mechanisms of histone
and posttranscriptional modifications, skewed
the contemporary study of epigenetics to the
perspective of chromatin availability and RNA
biology (Brownell et al. 1996; Allis and Jenuwein
2016).

Research on the molecular scale of epigenet-
ics has contributed to a better understanding of
gene expression regulation as cells adopt distinct
cell fates during embryonic morphogenesis
(Buecker and Wysocka 2012; Atlasi and Stun-
nenberg 2017; Gopinathan and Diekwisch
2022). Chromatin remodeling provides DNA
with the plasticity to modulate cell fate decisions
in response to specific environmental or embry-
onic requirements. The dynamics of methyl and
acetyl marks in DNA, and histones, respectively,
regulate chromatin accessibility and therefore
play an important role in gene expression, cell
fate, and differentiation (Atlasi and Stunnen-
berg 2017). Chromatin availability can even ex-
plain why the same signaling and morphogen
activation might cause completely different ef-
fects in a cell-specific manner during embryo-
genesis (Atlasi and Stunnenberg 2017) and ho-
meostasis (Sautchuk et al. 2022).

However, the remarkable amount of data
we now possess regarding genes, gene expres-
sion, and molecular epigenetics still has not
enabled a clear conceptual understanding of
the emergence of biological form during verte-
brate morphogenesis. To move beyond this im-
passe, we suggest a return to the broader notion
of the “epigenotype” that does not reduce the
concept spatially to only the subcellular scale
nor temporally to static entities such as meth-
ylation marks. By avoiding spatial and tempo-
ral reductionism (Palmquist et al. 2024), a key
idea that we aim to show is that there are epi-
genetic processes between genotype (and the
subcellular scale) and phenotype (e.g., organ-
ismic form) that possess an intrinsic generative
capacity and therefore need study in their own
right.
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A CONCEPTUAL BASIS FOR AN
EPIGENETICS BEYOND THE CELL

To develop a broader notion of epigenetics that
does not merely reaffirm the cell and subcellular
focus of much of contemporary biology, it is
helpful to return to the theory of Conrad Wad-
dington, who coined the term “epigenotype” in
1942 (Waddington 1942, 2012). Waddington is
often cited in the contemporary developmental
biology literature for his landscape diagram,
which is frequently used to motivate the study
of cell fate specification during development
(Rand et al. 2021; Valcourt et al. 2021; Sdez
et al. 2022). However, such application of his
work markedly reduces the richness of his think-
ing to the limited question of cell fate specifica-
tion and sidesteps one of his chief concerns—
the issue of morphogenesis.

Waddington cast the landscape of morpho-
genesis into three orders or scales: the genetic
space, the epigenetic space, and the phenotypic
space. The epigenetic space is the actual space
where development takes place (e.g., the system
attains its morphological order, and entropy is
decreased). Waddington states, “One might say
that the set of organizers and organizing rela-
tions to which a certain piece of tissue will be
subject during development make up its ‘epige-
netic constitution’ or ‘epigenotype’; then the ap-
pearance of a particular organ is the product of
the genotype and the epigenotype, reacting with
the external environment” (Waddington 1939).
The epigenetic organizing processes can take
in nonspecific input from genotype or the envi-
ronment. Genetic material alone, which is sim-
ply transmitted, is absent of transformative
power unless an active source is capable of in-
teracting with it (Waddington 1959a,b,c). In-
deed, Waddington expressed that, “epigenetics
[is] perhaps the most satisfactory expression
for Entwicklungsmechanik (developmental me-
chanics) or experimental embryology” (Wad-
dington 1956).

Consistent with a broader vision of epige-
netics as the study of the causal mechanisms
between genotype and phenotype (Waddington
2012), decades later, Pere Alberch recognized
that genetic and molecular analyses alone could

not fully explain how biological form emerges
and evolves (Oster and Alberch 1982; Palmquist
etal. 2024). During an era (1980s) where a focus
on genes took full hold of developmental biol-
ogy, he argued that organ form such as skeletal
or follicle pattern arises through the physical
relationship amid collectives of cells. Such in-
teractions that take place in time and space
were not “stored” as information at the cellular
or subcellular scale. Despite their promise, such
theories based on cellular self-organization were
not experimentally validated and integrated
with molecular perspectives in this context of
vertebrate organ patterning in the following de-
cades. Alberch’s ideas were notable in that they
used physical thinking in a holistic rather than
in a reductive manner (Palmquist et al. 2024). By
using physical language, they were able to pro-
vide a clearer conceptual picture of how there
could be “transformative” forces beyond the cell
that could breathe life into the inanimate struc-
ture of genes. Moreover, such work shed light on
the fact that in the context of vertebrate mor-
phogenesis, collective cell behavior involves
nontrivial integration with the extracellular ma-
trix (ECM) (to be discussed below [Oster et al.
1983]). Although multicellular in its nature,
this cooperative cell collective-ECM organiza-
tion creates a supracellular continuum where
the emergence of morphogenic form takes place
(Palmquist et al. 2022; Skillin et al. 2024).

A key aspect of epigenetics at the supracellu-
lar scale is a focus on its role in information
creation rather than merely being a recipient of
information from the genome or molecular pat-
terns. How can one conceive of the notion of
information creation in a biological system? Ba-
sic definitions stemming from the work of
Claude Shannon (Shannon information theory)
have limited utility since they focus on charac-
terizing the phenomenon of information trans-
mission rather than creation. In The Ontology of
Information, originally published in 1985, the
developmental systems theorist, Susan Oyama,
presciently exposed the limitation of the idea
that, in biological systems, “information can pre-
exist the processes that give rise to it” (p. 15)
(Oyama et al. 2000). Instead, she argues that in-
formation is “not biologically relevant until it
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participates in phenotypic processes” (p. 16). In
other words, information only becomes signifi-
cant, or comes into existence from the point of
view of a living system, in the context of active
developmental processes. To grasp information
creation, Oyama argues that it is necessary to
move beyond a linear view of causality in living
systems in which preexisting genetic or molecu-
lar information “supplies the fundamental pat-
tern of the organism” (p. 18). Instead, she argues
for the central role of the “reciprocal selectivity of
influences” or the “mutual dependence of
causes” in which the “effect of any interactant
depends both on its own qualities and on those
of others” (p. 18). Such mutual dependence be-
tween entities can bridge scales, as “cells both
constitute and are controlled by the tissues they
construct” (p. 134). Thus, biological information
is created in time through the mutual condition-
ing of an organism’s constituents. Such mutual
conditioning, or dynamic reciprocity, can lead to
the emergence of a new structure.

MECHANICAL MODELS PROVIDE
A RIGOROUS WINDOW INTO
EPIGENETICS BEYOND THE CELL

To make theories of epigenetics more concrete,
physical concepts have served a valuable role. In
line with Alberch’s conceptual scheme that me-
chanical epigenetic regulation at the multicellu-
lar scale is responsible for the emergence of bi-
ological form, Oster et al. (1983) explored the
mechanical forces generated within developing
tissues. Importantly, in the low Reynold number
regime, substantial and sustained forces must be
generated to permit cell movement and subse-
quent changes in tissue morphology (Odell et al.
1980). Such forces were observed to be provided
by mesenchymal cell traction, which could de-
form substrates and induce cell motion (Murray
and Oster 1984). An investigation of the role of
ECM led to the hypothesis that ECM serves as a
substrate interacting with cells and transmits
forces over a long range to achieve mechanical
equilibrium within developing tissues.

In quantitative physical models, the ECM
was cast as a simple viscoelastic material that
transmits elastic forces over short timescales

Supracellular Organization in Morphogenesis

and viscous forces over long timescales. Cell mi-
gration was modeled by accounting for features
such as traction and guidance, as well as other
aspects of cell motion, such as random motion,
haptotaxis, and convection. Such a model pre-
dicted that patterned clusters of cell and ECM
aggregates can emerge through self-organiza-
tion. This model was applied to two general
and widely studied morphogenetic processes:
the emergence of skin primordia pattern and
the skeletal condensation in the developing
limb. In the skin, the model predicts a sequence
of bifurcations, where a condensed and uniform
array breaks into equally spaced aggregates and
then propagates laterally to form a periodic hex-
agonal pattern (Murray and Oster 1984). In the
limb, hyaluronan is a substantial component of
the ECM, with the capability of osmotic swelling
and deswelling. Independent of other cell mo-
tions, traction force-mediated cell migration
coupled with osmotic deswelling can give rise
to cartilage condensation patterns resembling
those observed in the early limb bud (Oster
etal. 1985). Such work showed a new conceptual
framework where epigenetic processes beyond
the cell were responsible for spontaneously cre-
ating morphological patterns.

Compared with the traditional and prevail-
ing frameworks based on chemical instability
(which then leads down a path of characterizing
gene regulation and signaling), such as Turing’s
reaction-diffusion model or morphogen gradi-
ents through diffusion (Turing 1952; Driever
and Niusslein-Volhard 1988), their alternative
framework based on mechanical instability can
provide mechanisms that create physical struc-
tures directly without the need of specific mo-
lecular instruction. Change in form through
intrinsically generated physical forces is not
merely a consequence but can itself be the source
of morphological pattern creation. In Turing
models, after the spatial pattern of diffusi-
ble chemicals (i.e., morphogens) is specified
through reaction-diffusion, it still needs to be
translated into biological form. This added
step creates a layer of complication, which is
incongruous with the robustness observed dur-
ing embryonic morphogenesis. In addition,
mechanical transmission is a tensor, whereas
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chemical concentration is a scalar, so more in-
formation can be conveyed via mechanics for
long-range patterning. Despite their parsimony
and promise, it is worth noting that such theo-
ries were not rigorously explored until three de-
cades later (to be discussed below) (Shyer et al.
2017).

Mathematics of Chemical and Mechanical
Patterning

Although their biological meaning is distinct,
Turing’s chemical model and Oster’s mechani-
cal model share a similar structure mathemati-
cally (see Table 1). They are governed by the
same general equations.

_ 9
ot 0s
where
. ap
j = D(p) + R(p) + M(p), and D(p) = —D .

Here, p is the state variable in a dynamical
system, which is a function of space and can be
in any spatial dimension. In Turing’s chemical
model, it denotes the concentration of the chem-
icals of interests, while in Oster’s mechanical
model, it denotes the density of mass in relevant
physical processes. The dynamics of state vari-
able p in time is determined by its flux, which is
denoted by j, in space. The flux j is determined
by three general terms: D( p), the diffusion term
describing random motion, which is based on
Fick’s law of diffusion and characterized by the
diffusion coefficient D; R( p), the reaction term;
and M( p), the mechanical term.

Turing acknowledged the role of mechanics
in morphogenesis but argued that mechanical
stresses mainly occur after chemical patterning
is established. From a practical perspective, con-
fining his attention to chemical aspects and ig-
noring mechanical aspects contributed to the
simplicity of his model (Turing 1952). In con-
trast, Oster and Alberch (1982; Oster et al. 1983)
demonstrated that mechanical interactions be-
tween cells and matrix could generate physical

structures without any chemical patterning. In
the mechanical term, they comprehensively con-
sidered mechanical processes such as haptotaxis,
cell division, contact guidance, cell traction, and
ECM convection. More recently, a simplified
model was developed in which the mechanical
term is limited to three components: viscosity,
friction, and active stress (i.e., contractility). De-
spite its simplicity, the model is sufficient to cre-
ate regular and robust patterns (Bois et al. 2011).
A more recent study revealed that cells and ECM
form a supracellular continuum that behaves as
an active contractile fluid (Palmquist et al. 2022).
The study further simplified the boundary con-
ditions in the mechanical term and the active
stress term from the Bois model to be linearly
correlated to the density of mass, the state vari-
able. With such a simplified mechanical term, the
model was capable of recapitulating pattern for-
mation of follicle-like aggregates.

MATERIAL PERSPECTIVES: A RETURN TO
PHYSICAL MATTER, RATHER THAN
ABSTRACT REPRESENTATION

In addition to mechanics amid collectives of
cells, another powerful physical concept for
the study of epigenetics beyond the cell is that
of material phase properties. When thinking
about characterizing cell populations today,
subcellular analysis often leads to abstract rep-
resentations such as uniform manifold approx-
imation and projection (UMAP) plots that help
distill the many variables present in a smaller
number of dimensions. Another way to charac-
terize a cell population as a whole is to consider
“field-level” physical properties such as material
phase. Features such as tissue viscosity are not
abstractions but rather tangible physical proper-
ties that can be directly measured and manipu-
lated. Moreover, when thinking about the trans-
mission of forces, the nature of the material in
question will have much bearing on how a final
morphological pattern will present itself.

Phase Properties of Cell Collectives

Malcolm Steinberg in the early 1960s began to
uncover the liquid-like behavior of biological
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Table 1. Comparison between chemical and mechanical models for pattern formation

References p

R(p) M(p)

Concentration of
chemicals

Turing 1952

One chemical stimulates the production ~ Acknowledged but suggested to
of both chemicals, while the other one

ignore for simplicity

inhibits its production, for example,

2

a
Ala, i) =——a,I(a,i)=a’*—i
i

Murray and No reaction

Oster 1984

Density of mass
(cells)

Haptotaxis, cell division, contact
guidance, cell traction,
extracellular matrix (ECM)
convection, etc.

Boisetal. 2011  Density of mass No reaction

Viscosity, friction, density-
dependent active stress

(cytoskeleton)
Palmquist Density of mass No reaction
et al. 2022 (cell-ECM

continuum)

Bois model with simplified stress
term and boundary condition

The reaction functions for activator and inhibitor are denoted by A and I, respectively. The concentrations of activator and

inhibitor are denoted by a and i, respectively.

tissues (Steinberg 1962, 1963; Steinberg and
Roth 1964). He investigated morphogenesis
through the reconstruction of tissues from dis-
sociated primary embryonic cells. He found that
certain embryonic cell masses assume a coher-
ent spherical shape when maintained in a uni-
form liquid environment in long timescales
(e.g., 5 days), which is reminiscent of the phys-
ical properties of a liquid system. To account
for the emergence of liquid-like behavior, he
proposed the differential adhesion hypothesis
(DAH), in which cell sorting can play a large
role in tissue movement. The hypothesis is
based on the principle that cell-cell adhesion
in multicellular cell masses increases as the
free energy of the whole cell masses decreases,
in the same way that liquids do. In addition, cell
rearrangement can lead to the rounding-up be-
haviors of irregular embryonic tissue fragments.
The DAH also predicts the segregation of
intermixed cell masses with different levels of
adhesion into separate tissue compartments,
the merging of identical tissue compartments,
and the spreading of different kinds of tissue
compartments one over another. While the spe-
cific cell biological details (e.g., cell-cell adhe-
sion) that enable tissue phase properties may

ultimately diverge from the DAH, the overall
approach of assigning a phase property to a field
of cells serves as a crucial conceptual advance in
the articulation of supracellular properties and
processes.

Experimental and Computational
Explorations of the DAH Theory

As genetic and molecular tools flourished in the
1990s and 2000s, a growing number of studies
have been based on aspects of the DAH theory.
For example, it has been found that differential
N-, P-, or E-cadherin expression levels enable
modulation of adhesion affinity (Foty et al.
1994; Foty and Steinberg 2004; Stevens et al.
2023). Analogous to the mutual spreading be-
havior observed in immiscible liquids, when two
types of tissues are intermixed, they segregate
into nested spheres, and the tissue with higher
surface tension becomes enveloped by those
with lower surface tension (Steinberg and Ta-
keichi 1994; Foty et al. 1996; Davis et al. 1997).
A growing number of computational models
have been developed to simulate adhesion-me-
diated multicellular assembly based on the DAH
theory in combination with other mechanisms
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of cell behaviors (Armstrong et al. 2006; Pop-
fawski et al. 2007). The DAH theory has now
been applied in many developmental contexts
(Foty and Steinberg 2013), such as Drosophila
imaginal wing disc morphogenesis (Chang et al.
2011), zebrafish gastrulation (Solnica-Krezel
2006), Drosophila imaginal wing disc morpho-
genesis (Chang et al. 2011), zebrafish spinal cord
stripe pattern formation (Tsai et al. 2020), avian
gastrointestinal gangliogenesis (Hackett-Jones
et al. 2011), mouse gastruloid anterior-posterior
(A-P) axis specification (McNamara et al. 2024),
the self-assembly of embryonic stem cell-derived
synthetic embryo (Bao et al. 2022), epithelial-
mesenchymal transition (Thiery and Sleeman
2006), and cancer (Gonzalez-Rodriguez et al.
2012).

Viscoelastic-Solid and Elasticoviscous-Liquid
Models of Developing Tissues

Further characterization of the viscoelastic
properties of embryonic tissues has involved
designing various multicellular cell culture as-
says to reconstruct morphogenesis and build-
ing devices to manipulate and measure material
properties (Phillips and Steinberg 1969, 1978;
Phillips et al. 1977). By subjecting a tissue to a
centrifugal force exceeding 100g, it became
possible to manipulate gravitational stress and
measure deformation (strain). During brief
manipulations, rapid tissue shape changes
and rapid relaxation with considerable elastic-
ity occurred, which was found to be due to cell
deformation rather than cell rearrangement.
This indicated that tissues behave like deform-
able solid material over short timescales. Dur-
ing prolonged manipulations, gradual and
continued tissue shape changes occurred,
which was found to be because of cohering cells
sliding past one another. This indicated that
tissues behave like viscous liquids over long
timescales. Conventional elastic-solid and
viscous-liquid models fail to recapitulate their
experimental observations, necessitating the
derivation of viscoelastic-solid and elasticovis-
cous-liquid models to account for tissue mate-
rial properties.

Techniques to Characterize Soft Matter
Material Properties of Developing Tissues

In a low rigidity regime, as is the case in embry-
onic tissues, where the ECM is not highly abun-
dant and crosslinked, the analogy between bio-
logical tissues and soft matter materials provides
fruitful opportunities to quantitatively charac-
terize tissue rheology parameters. In addition
to the gravitational approaches proposed by
Phillips and Steinberg in the 1970s, com-
pressional approaches were developed to mea-
sure tissue viscoelastic properties in the 1990s.
When biological tissues are compressed by two
parallel plates, their shape changes typically oc-
cur in two phases: an initial elastic response on
short timescales and a viscous response in long
timescales (Foty et al. 1994). By recording the
compression forces (stress) and measuring the
shape changes (strain) over time, elasticity and
viscosity can be calculated. By measuring the
curvature of the deformed tissue at the equilib-
rium shape, the surface tension of the tissue can
be calculated (for more in-depth references, see
Forgacs et al. 1998).

A complementary approach, based on mi-
cropipette aspiration (MPA), to measuring tis-
sue viscoelastic properties has, in recent de-
cades, been developed by Gonzalez-Rodriguez
et al. (2012). It operates on a similar principle
to the compressional approaches but differs in
how the stress is applied: instead of compressing
the tissue, the stress is generated by aspirating it
using a micropipette of a diameter smaller than
that of the tissue. With only a small area of the
tissues being probed, aspirational approaches
are more accurate in determining shape
changes, therefore reducing the measurement
error. Moreover, the experimental setup also
makes it easier to observe both aspiration and
retraction processes.

MPA approaches suggest that tissue materi-
al properties may be strain dependent, with tis-
sue surface tension increasing as the pressure is
applied (Guevorkian et al. 2010). This indicates
that there are active responses in biological tis-
sues, which are absent in inert soft materials.
The cells and the ECM are capable of actively
sensing the physical environment through me-
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chanotransduction and responding through ac-
tive contraction (Guevorkian et al. 2011).

Soft Matter Frameworks to Investigate the
Role of Tissue Rheology in Morphogenesis

Concepts from soft matter physics have been
used to understand cellular interactions in a
number of tissue contexts in embryonic devel-
opment in the past decade. For example, it has
been demonstrated that in addition to differen-
tial adhesion, differential surface tension driven
by contractility could also facilitate cell sorting
(Manning et al. 2010). The coupled cortices of
adhering cells allow contractility to modulate
surface tension at the cell contacts, which then
determines cell sorting (Harris 1976; Lecuit and
Lenne 2007; Manning et al. 2010; Krens and
Heisenberg 2011; Maitre et al. 2012).

Tissue spreading has been found to show
remarkable similarity to liquid wetting. In the
aggregate spreading assay in vitro, differences in
cell-cell adhesion and cell-matrix adhesion lead
to different interfacial tensions, which leads to
wetting or dewetting (Douezan and Brochard-
Wyart 2012a). By investigating the dynamics of
wetting and dewetting transition, studies have
gained valuable insights into how tissue fluid
properties affect development, regeneration,
and cancer (Douezan et al. 2011; Douezan and
Brochard-Wyart 2012a,b; Pérez-Gonzalez et al.
2019). In vivo studies of tissue spreading have
also shown that tissue-scale phase transitions
such as fluidization and rigidity percolation
can organize morphogenesis (Petridou et al.
2019, 2021; Hannezo and Heisenberg 2022;
Lenne and Trivedi 2022; Pinheiro et al. 2022;
Huycke et al. 2024).

MESENCHYME-ECM RELATIONS AS A
MODEL SYSTEM FOR THE ARTICULATION
OF SUPRACELLULAR PROPERTIES

The contemporary resurgence in studies of the
mechanics and biophysics of embryos still pre-
dominantly focuses on epithelial cells. However,
in most organs, mesenchymal cells comprise the
majority of both weight and volume. Compared
to the epithelial cells that are constrained by

Supracellular Organization in Morphogenesis

tight cell-cell interactions such as tight junc-
tions, adherens junctions, and gap junctions,
mesenchymal cells exhibit greater dispersion
and are embedded within an abundant ECM
network. They vary widely in size and shape,
are highly motile, and possess abundant filopo-
dia that engage in extensive and dynamic in-
teractions with the surrounding cells and the
ECM. Here, we will review some historical per-
spectives and recent studies on mesenchymal
cell-ECM relations, and propose that these re-
lations serve as model phenomena for supra-
cellular properties that are crucial in organizing
morphogenesis.

The Cell-ECM Complex as the Fundamental
Unit of Morphogenesis

In a series of conceptually orientated studies in
the 1990s, Ettinger and Doljanski (1992) and
others drew on existing experimental evidence
to propose that the main driving force of mor-
phogenesis in multicellular organisms are the
continuous interactions between the cells and
the ECM. Such a view stands in contrast to the
more dominant perspective that took hold dur-
ing that time, which presumed that morphogen-
esis was governed by the movement and inter-
pretation of signaling molecules (Driever and
Niisslein-Volhard 1988; Tickle 1999; Gurdon
and Bourillot 2001). With evolving electron mi-
croscopy techniques, they observed the nuances
of cell and ECM network organization. Their
findings revealed that there is no discernible
space between the cell and the ECM (Mecham
and Heuser 1990), leading them to advocate for
treating the cell and ECM network as a “whole.”
Moreover, it was argued that the ECM is a highly
structured entity continuous with the cell sur-
face. Recognizing individual cells have minimal
impact on the ECM, they proposed that the
functional unit in mesenchyme relevant to the
generation of form is groups of cells within their
ECM. Although it is now clear that there are
emergent “field properties” not reducible to in-
dividual cells, at the time, it was visionary to
propose treating the whole of mesenchyme-
ECM structures as a functional unit and study
processes and properties beyond individual
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cells. Indeed, such proposals largely remained
untested in developmental biology and most of
developmental mechanics for decades.

From such a view, continuous reciprocal in-
teractions between the cells and the ECM be-
come a primary focus. Cells can interpret spatial
cues from the ordered environment and collec-
tively exert traction forces on the matrix (Trel-
stad 1977), and the oriented matrix can influ-
ence cell shape and provide guidance cues to the
cells (Markson et al. 1991). The interaction be-
tween the cells and the ECM is a continuous
process, shaping the tissue not through a pre-
determined or cell-autonomous pathway but
through a gradual reciprocal process. Such pro-
cesses emphasize Oyama’s perspective that de-
velopmental information is not simply encoded
in the genome or provided by the environment
but rather emerges through mutual condition-
ing of the organisms’ constituents themselves
(in this case, at the collective cellular scale). Sim-
ilarly, in organ morphogenesis, there might not
be a strictly predetermined pathway to shape the
tissue (embedded in, e.g., a gene regulatory net-
work or morphogen gradient). Instead, the con-
tinuous and dynamic exchange between the cells
and the ECM allows mesenchymal structures to
reach a more stable configuration. The existing
configurations at each moment in time then
serve as the new template, increasing the like-
lihood of certain structures while decreasing
others.

Mesenchymal Mechanics Are Rooted in Cell-
ECM Reciprocity

ECM is often approximated as a passive sub-
stance in mesenchymal tissue that responds to
cellular behaviors such as motility. However,
Stuart Newman and others have shown how
the matrix can also play an active role in cell-
ECM relationships. Using the developing verte-
brate limb as a model system, theoretical and
experimental approaches demonstrate that the
biosynthesis and distribution of diffusible ECM
proteins, such as fibronectin, could serve as the
basis of spatial pattern formation (Newman and
Frisch 1979). Further characterization focused
on the biophysical effect of ECM on cell behav-

iors. It has been widely observed that cells move
from regions lacking ECM into regions contain-
ing it (Carter 1967; SenGupta et al. 2021). While
it was commonly assumed that the main driving
force of this translocation process was diffusion,
convection, or other electrostatic effects, it was
shown that it was mainly dependent on the bio-
physical influences of the matrix, such as pH,
osmotic pressure, and cell-ECM interactions
(Newman et al. 1985).

Recognizing that the ECM alone is sufficient
to drive certain organizing processes, Newman
and others proposed a conceptual shift toward
“generic” physical mechanisms, such as adhe-
sion, surface tension, viscosity, and phase sepa-
ration, rather than exclusively relying on the
“genetic” mechanisms. They proposed this ap-
proach at multiple scales beyond individual cells
to better understand not only the self-organiza-
tion of embryonic tissues but also other tissue
reorganization processes, such as inflammation,
wound healing, and tumor invasion (Newman
and Comper 1990; Chaturvedi et al. 2005).

SKIN MORPHOGENESIS AS A CASE STUDY
FOR THE CONCEPTUAL REORIENTATION
TO SUPRACELLULAR EPIGENETICS

Following the work of Doljanski, Newman, and
contemporaries, the expansion of molecular and
genetic tools drew the field toward a search for
subcellularly rooted mechanisms of develop-
ment and, therefore, slowed progress focused
on supracellular processes. Further, in the re-
emergence of interest in biophysical aspects of
development over the past two decades, collec-
tive behavior of mesenchyme as an organizer of
patterning has gone understudied when com-
pared with epithelial tissue mechanics. The ap-
parent organization and simple, sheet-like tissue
geometry as well as the dearth of mesenchyme in
invertebrate and stem cell systems may account
for this imbalance. At the same time, the com-
plexity of the mesenchymal architecture and re-
ciprocal potential of its cell-ECM composition
offers a unique opportunity to address epigenet-
ic processes at the supracellular scale. Therefore,
we conclude with a case study of recent work
addressing supracellular regulation in mesen-
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chyme during vertebrate organ pattern forma-
tion with the goal of grounding the concepts
presented in this piece.

Supracellular Epigenetic Regulation
of Organ Pattern

The hair or feather follicle in the skin represents
one the most apparent morphological features
in development, and its spacing serves as a clas-
sic model system to study pattern formation.
Therefore, the developing skin is often used as
a textbook example to study self-organization. It
has been commonly presumed that a morpho-
gen prepattern in the epidermis arises first
through Turing’s chemical reaction-diffusion
model, which then dictates the formation of
morphological structures. However, recent ex-
perimental evidence supports the view that col-
lective cell dynamics of mesenchyme generate
emergent properties and cannot be fully cap-
tured by molecular observations alone.

Using a minimal cell-ECM ex vivo assay
comprised of primary dermal progenitors and
collagen matrix, a recent study involved recon-
stituting the initiation of feather follicle pattern-
ing and demonstrated that mesenchymal me-
chanics alone are sufficient and necessary to
spontaneously generate morphological patterns
(form and order) (Palmquist et al. 2022). Inves-
tigations into the mechanisms of mechanical
self-organization revealed the critical role of
the reciprocal dynamics between the cells and
ECM, demonstrating principles proposed by Et-
tinger, Doljanski, and others several decades
earlier. Specifically, contractile fibroblasts phys-
ically rearrange the ECM, and the ECM rear-
rangement in turn aligns cells and increases col-
lective contractility through calcium signaling.
These reciprocal dynamics transform a mechan-
ically unlinked collective of mesenchymal cells
into a supracellular continuum with nematic or-
dering similar to that in liquid crystals (Fig. 2A).

A soft matter physical model can be em-
ployed to represent the cell-ECM composite as
an active contractile fluid. Such a model recovers
the spontaneous formation of morphological
patterns (feather follicle primordia). Hydro-
dynamic equations describe the dynamics of

Supracellular Organization in Morphogenesis

density and material flow of the cell-ECM
supracellular continuum. Specifically, both con-
tractility and matrix resistance in the continuum
increase over time until reaching a regime of
fluid instability, which spontaneously resolves
into a periodic pattern of follicle primordia.
This process is analogous to familiar fluid insta-
bilities such as droplets dewetting from a thin
liquid film on hydrophobic surfaces. In a more
recent study, such a fluid instability mechanism
has also been illustrated in a different organ, the
intestine. Here, myosin II-dependent mesen-
chymal contractility and matrix metalloprotein-
ase-mediated tissue fluidization are sufficient to
generate spontaneous tissue folding that initi-
ates villi formation in the intestine (Huycke
et al. 2024).

Together, these studies show that the mes-
enchyme can self-organize and generate organ-
scale morphological patterns based on changes
in mechanical and material properties. Consid-
ering the cell-ECM as a whole allowed for an
explanation of how morphological patterns, can
arise in a large (vertebrate) organ through a pro-
cess organized at the supracellular scale. Such a
mechanism brings into relief the regulatory, de-
termining, and organizing nature of epigenetic
processes at the supracellular scale in organ
formation.

Supracellular Epigenetic Organization
of Subcellular Process

Supracellular behaviors are not only the effect
of genetic changes but can, in turn, regulate ge-
netic changes (e.g., initiate molecular patterns
through mechanotransduction). This has been
shown in multiple studies (Ayad et al. 2023;
Caldarelli et al. 2024). In one example, emergent
cellular self-organization is responsible for
breaking both the morphological and molecular
symmetries simultaneously (Shyer et al. 2017).
Specifically, dermal cell aggregation triggers the
activation of follicle gene expression in the ad-
jacent epidermal cells. Such rearrangement en-
ables B-catenin nuclear localization (Fig. 2B),
which activates downstream follicle genetic
programs (such as bone morphogenic protein
[BMP] signaling) observed in prior studies
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A Morphological symmetry-breaking: a fluid-like cell-ECM continuum resolves into a periodic pattern of follicle aggregates
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Molecular symmetry-breaklng: force from the subadjacent aggregating dermis triggers nuclear

C Nuclear activates follicle genes (morphogens) /

in the follicle epidermis

Polyphasic complex
drives budding
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BMP
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Morphogens are active in nested domains Morphogens enable distinct supracellular phases

Figure 2. Supracellular regulation of skin morphogenesis. (A) First symmetry-breaking event: feather follicle
primordia pattern formation (0-2D, represented in 1D). Reciprocal cell-extracellular matrix dynamics transform
a mechanically unlinked tissue into an ordered supracellular continuum, which spontaneously resolves into
periodic dermal condensates because of mechanical instability. (B) Subcellular processes regulated by supra-
cellular dynamics during follicle patterning. Mechanical forces generated during dermal condensation trigger the
nuclear translocation of B-catenin, which then activates downstream morphogens fibroblast growth factor (FGF)
and bone morphogenic protein (BMP). These molecular signals convey developmental information from the
outcome of the first symmetry-breaking event to instruct the second symmetry-breaking event. (C) Second
symmetry-breaking event: feather follicle budding (2D-3D, represented in 2D). FGF enables a stiff and solid core
compartment. BMP enables a fluid contractile margin compartment. Interactions between these basement

membrane-less compartments generate mechanical instabilities that drive follicle budding.

(e.g., Noramly et al. 1999; Houghton et al. 2005).
This B-catenin response is highly dependent on
the transmission of compression forces from the
dermal tissue to the overlying epidermis, which
suggests that changes in tissue morphology can
convey developmental information back to the
genome through mechanosensation pathways.
Such mechanosensation pathways have also
been shown in early quail development, where
tissue-level contractility and tension regulate the
expression of key cell fate determination genes
through a mechanosensitive -catenin pathway
(Caldarelli et al. 2024).

Understanding Supracellular
Epigenetics Is Necessary to Uncover
the Function of Molecules Such as
Morphogens

Individual cells can change their properties and
thereby affect supracellular properties such as
tissue contractility and fluidity. Conversely,

changes in supracellular mechanical and mate-
rial behaviors guide changes in individual cell
properties such as cellular contractility. There-
fore, the interplay between different scales may
couple in a way that they must be characterized
concurrently.

Considering multiple scales simultaneously
can be challenging in practice. Frequently,
“mechanochemical” studies, such as those based
on hypothesized models involving chemical re-
action-diffusion and cellular chemotaxis or
migration (e.g., Sudderick and Glover 2024),
do not work across scales but continue to
focus on the cellular scale and below. Such mod-
els, which were applied to the skin development
(Sick et al. 2006), are called into question when
one begins to appreciate the role of cellular self-
organization in directly creating follicle spacing
and activating gene expression patterns.

If supracellular mechanics can create molec-
ular patterns, it becomes necessary to reconsider
the functional role of morphogens. To do so,
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instead of focusing on the proximal effects of
morphogens at the cellular or subcellular scale
(e.g., on cell fates or gene regulatory networks),
a recent study investigated the ultimate func-
tional effects of morphogens in the context
of skin follicle budding and found that they
could only be appreciated through characteriza-
tion of supracellular properties and processes
(Yang et al. 2023). The study found that, within
dermal aggregate regions, morphogens enable
the creation of basement membrane-less tissue
compartments within the mesenchyme, creat-
ing neighboring cell communities with diver-
gent supracellular properties (Fig. 2C). Specifi-
cally, adjacent core and margin compartments
emerged possessing distinct material properties
with regard to elasticity, viscosity, and contrac-
tility. Furthermore, the stiff and solid hemi-
spheric core compartment and the surrounding
fluid and active contractile margin compart-
ment mutually enhanced each other’s material
properties through mechanical interactions,
indicating that supracellular scale interaction
could modify cell-level properties. Strikingly,
differences in material properties at the supra-
cellular scale are significantly reduced or lost
when measured at the cell scale, emphasizing
that such properties are emergent, existing as
more than the sum of the same properties
(e.g., stiffness) of the parts.

In modulating supracellular biophysical
properties, the authors hypothesized that the
role of morphogens is to enable the creation of
polyphasic complexes that can generate forms
over time. Testing this hypothesis involved a
phase-field physical model with the parameters
of material properties estimated or measured
from experiments. The coupling of in silico per-
turbations and experimental manipulations
suggested that the two compartments through
their geometric arrangement generate an insta-
bility and are mechanically primed to break tis-
sue symmetry and result in follicle budding.
Such a process aligns with Oyama’s perspective
in that the information for follicle bud morphol-
ogy does not preexist the dynamic process that
creates it. While morphogens do enable the for-
mation of a polyphasic complex, it is the recip-
rocal interaction between each phase in time

Supracellular Organization in Morphogenesis

that creates the follicle bud form. There is no
“code” or “representation” of the follicle bud
form that is transmitted (in the Shannon infor-
mation theoretic sense) and executed by cellular
mechanics. Thus, morphogenesis, rather than
being a consequence of supposed genetic or mo-
lecular programs, is imbued with its own crea-
tive potential at the supracellular scale that is
capable of creating morphological patterns.

CONCLUSION AND DISCUSSION

Understanding morphogenesis in vertebrate tis-
sues in development and disease poses one of
the most significant challenges in the life sci-
ences. Despite the impressive technical ad-
vances aimed at cellular and subcellular charac-
terization and manipulation over the past half
century, a clear picture of how form is created
still remains in its infancy. The dominant trend
in developmental and disease biology is to pre-
sume that form (e.g., morphological patterns at
the tissue scale) arises through regulatory infor-
mation specified by components or processes at
the subcellular scale (e.g., genes, gene regulatory
regions, epigenetic marks, morphogen concen-
trations, and morphogen spatial patterns cre-
ated by reactions and/or diffusion). In contrast,
our view is that major leaps in understanding
morphogenesis in vertebrate development and
disease will require conceptual reorientation to-
ward epigenetic processes beyond the cellular
scale.

Epigenetic processes at the supracellular
scale exhibit emergent properties (e.g., material
and mechanical properties of a cell-ECM con-
tinuum) that cannot be understood through cel-
lular and subcellular scale dissection. In addi-
tion, epigenetic processes are “creative” in their
own right and generate causal influence on both
organ-scale morphological patterns (e.g., folli-
cles across the skin) and molecular-scale gene
expression (e.g., spatial patterns of morphogen
gene expression). Such considerations challenge
entrenched molecular patterning models (e.g.,
molecular reaction-diffusion-based morpholog-
ical patterning) (Palmquist et al. 2022) and ne-
cessitate the need for a conceptual re-envision-
ing of the role of morphogens in morphological
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patterning (Yang et al. 2023). Finally, we suggest
that the reciprocal interplay between mesenchy-
mal cells and matrix is an especially fertile area
within which to understand the formative power
of supracellular epigenetic processes during ver-
tebrate organ morphogenesis.

Ontologically speaking, such work empha-
sizes the primacy of self-organization (informa-
tion creation) with the reciprocal interplay of
cellular collectives in time being its key feature.
This stands in contrast to the dominant ontol-
ogy, which is presumed even if it is not explicitly
stated, of subcellular codes (e.g., genetic and his-
tone) or patterns (e.g., molecular gradients) that
“control” or specify supracellular morphologies.
Crucially, insights based on the former ontology
dovetail with an epistemological shift in the use
of physical concepts, which focuses on charac-
terizing the whole (e.g., “field” level properties
such as supracellular stiffness or viscosity) be-
fore the analysis of its parts.
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