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The ability of tissues and cells to move and rearrange is central to a broad range of diverse
biological processes such as tissue remodeling and rearrangement in embryogenesis, cell
migration in wound healing, or cancer progression. These processes are linked to a solid-
like to fluid-like transition, also known as unjamming transition, a not rigorously defined
framework that describes switching between a stable, resting state and an active, moving
state. Various mechanisms, that is, proliferation and motility, are critical drivers for the (un)
jamming transition on the cellular scale. However, beyond the scope of these fundamental
mechanisms of cells, a unifying understanding remains to be established. During
embryogenesis, the proliferation rate of cells is high, and the number density is
continuously increasing, which indicates number-density-driven jamming. In contrast,
cells have to unjam in tissues that are already densely packed during tumor
progression, pointing toward a shape-driven unjamming transition. Here, we review
recent investigations of jamming transitions during embryogenesis and cancer
progression and pursue the question of how they might be interlinked. We discuss the
role of density and shape during the jamming transition and the different biological factors
driving it.
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1 INTRODUCTION

Spatiotemporal tissue organization is crucial in various biological processes ranging from fundamental
shaping of tissues during embryogenesis, tissue fluidization during wound healing, and pathological
alterations in diseases like asthma [1–3] and cancer [4–6]. Sculpting biological tissues is a demanding
task, from both an (epi)genetic and physical perspective. Typically, there is no external force driving
tissue deformation and cellular rearrangement. Instead, the organisms and tissues generate internal
forces themselves. A significant ingredient for reshaping tissues is to locally control the flux of cells
while remaining in a global structurally stable state. All cells and proto-tissues are in a fluid, viscous
regime; however, larger tissues require further mechanical integrity, which a fluid cannot provide.

A solid-like tissue with force and tension percolation can exert forces onto a fluid-like without
compromising its structural integrity by the counter-acting forces. Conversely, fluid-like tissues can
deform and shear, enabling cells to moving along or through other tissues. Losing cell-cell contacts to
one cell and establishing new contacts to new cells is another primary ingredient in reshaping tissues.
Without this switching of cellular neighbors, the tissue cannot fundamentally reshape and restructure.

In recent years, observations and theoretical descriptions of sudden fluidization, collective motion
arrest, and solidification of tissues elucidated how tissues organize and structure. Local control of
viscoelasticity, rigidity, and viscosity is necessary for shaping tissues during embryogenesis [7–10].
On the other hand, it also harbors the risk of failure when tissue does not comply with its intended
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viscoelastic properties, for example, diseases like cancer. The
current concept toward understanding viscoelastic changes in
tissues in the scientific community is that tissues can undergo a
rigidity transition, similar to a phase transition. In fluids and
solids, physical properties change rapidly at the transition point.
Also, sudden changes in viscoelastic properties are seen in
biological tissues during embryogenesis and cancer progression.

The leading theoretical framework describing rigidity transitions
and sudden collective motion arrest in biological systems is the
theory of a jamming transition. Despite the jamming transition is
being well-defined in the condensed physics literature [11–13], the
biological physics community, however, uses Jamming and Jamming
Transition sometimes a rather descriptive phenomenon for an
observed rigidification, solidification, or motion arrest in tissues.
Unjamming and jamming transitions are currently interpreted as
driving principles for dynamical tissue organization and mechanical
integrity [3–6, 10, 14–19]. Here, biological cells are seen as rather
densely packed, viscoelastic cells with additional properties,
depending on the exact theoretical model, such as motility,
adhesion, and cortical tension, as mediators for force generation
and tension percolation.

Nonetheless, connecting theory and experimental observation
and thus unraveling the fundamental cause of the rigidity transition
in biological tissues is still a challenging task [3, 5, 20, 21]. For one,
jamming and unjamming and similar theories in biological tissues
made significant theoretical advances. Nonetheless, accessible
experimental data is sparse; pinpointing exact causes and driving
factors is complex.

In this review, we will briefly outline different theoretical
interpretations of the jamming phenomena in biological tissues. We
cover principles of the rigidity transition of biological systems and
discuss recentfindings in theory and experiment and disputed views. A
key determinant in jamming debated in the scientific community is
whether jamming is cell-shape- or cell-density-driven. We focus on
embryogenesis and cancer progression anddiscuss both interpretations
from experimental observations. We support jamming as a universal
principle in embryogenesis and cancer, albeit the driving factors in both
classes differ.Wehypothesize that embryogenesis favors density-driven
whereas cancer progression favors the cell-shape-induced
interpretation of the jamming phenomena. We will outline open
questions and investigation into the theory of jamming in biological
systems in this review. For some of those, we provide mindful and
tentative answers andhypotheses as an incentive for future research.As
the accessible experimental data is sparse, we elucidate possible future
experiments and possible contributions to deepen our understanding
of the jamming phenomenon.

2 SHORT INTRODUCTION TO CELL
JAMMING

2.1 Jamming in Colloidal Systems
In passive colloidal or grainy systems, jamming is the transition
ranging between gas-, liquid-, solid-, and liquid crystalline-like states
controlled by density and temperature [22].With increasing density,
particle motion is more and more constrained by its neighbors.

When these systems reach a critical density ρc, single-particlemotion
becomes caged, and the systems become solid-like. However, it is still
a matter of debate whether this transition is an actual phase
transition.

In the context of this review, it is decisive to understand that
the critical parameter in colloid jamming is the particle density ρ
or their volume fraction ϕ. The exact value of the critical
parameter depends on the dimensionality of the system.
Moreover, it can be modulated by external stresses σ. For
instance, roundish colloids in three dimensions jam at a
volume fraction of around ϕ � 64% [23].

Remarkably, the particle shape can shift the critical parameter
in colloid systems. Elongated particles need higher volume
fractions to jam than roundish particles [24]—elongated
particles have more degrees of freedom and need more
neighbors to be constrained. In a colloid system, particle shape
is usually simply given; shape-dependent effects play somewhat
less of a decisive role. However, cells have highly adaptable
shapes, which is one of the main reasons cell shape potentially
serves as a control parameter in dense cell systems.

2.2 Jamming in Biological Systems: Density
and Shape
Like colloidal systems, the extracellular space and thus the density
can control the transition from an unjammed to a jammed state [10].
More extracellular space results in more uncorrelated cellular
movement and fluidizes the system. Increasing the density jams
the system, and cellular movement becomes confined by
neighboring cells [5, 10].

A striking feature of cell systems is that they can considerably
tune their number density at high volume fractions close to 100%.
The cell number can increase due to proliferation or external
pressure. An increase in number density is accompanied by a
glass-like slowing down of cell motility in 2D monolayers [14,
25]. Similar behavior was even found in 3D cell aggregates [4, 26].
At first sight, it seems that density is the main driving factor in these
systems. However, the question of how cells move at such high
volume fractions close to one remains. Hard sphere colloidal
jamming happens at much lower volume fractions, for example,
ϕ � 0.74 is the densest packing ratio for hard spheres; however,
random packing of spheres will already jam at approx. ϕ � 0.64
[23]. One key feature of cellular systems is their ability to adapt their
shapes. Cells are viscoelastic objects and can deform and actively
generate stresses to reshape themselves on the timescale of minutes.
Thus, even though they can form confluent layers or 3D cell
aggregates with a volume fraction close to 1, they might
overcome the jamming constraints of hard spheres by
elongating, thereby extending their degrees of freedom.

The concept of shape-dependent unjamming has been
strengthened by many experimental studies in the last few
years. The slowing-down of cellular motion was associated
with more roundish cell shapes in a broad range of systems
from 2D monolayers to 3D cell aggregates and primary tumor
pieces [1, 3–5, 25, 27, 28]. In densely packed environments, unlike
in typical colloidal systems, cells can still move if they elongate
and squeeze themselves through narrow spaces (Figure 1).
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Atia et al. have found that shape elongation is tied to
unjamming across a broad range of biological systems [28].
They empirically find that the shape distributions in biological
systems are linked to k-Gamma-distributions found in granular
materials. The shape variability increases as the system unjams
and decreases when the system approaches the jamming point.
This indicates that the jamming transition in living systems is also
driven by geometrical constraints similar to inert systems [28].

All of the mentioned studies point toward a significant role of
the cell shape as a geometric constraint, thus reducing the
system’s degrees of freedom leading to jamming transitions.
As cells are complex living systems, cellular properties
influence the cell shape and thus control the transition.

2.3 The SPV Model as the Paradigmatic
Model of Shape-Dependent Jamming
Besides these experimental studies, theoretical models were
developed to describe the cell jamming transition. The most
influential models are arguably the vertex- and the self-
propelled Voronoi (SPV) model, as they predict a density-
independent and shape-dependent transition. For this reason,
we want to outline the crucial features of both models. The main
difference between both models is the way that they obtain the
cell shapes. In the vertex model, the tissue is described by a
polygonal tiling of space. The Hamiltonian depends on the vertex
positions, which correspond to the degrees of freedom. On the
other hand, in the SPV model, cell shapes are given by a Voronoi
tessellation around the cell positions. Thus, the SPV model has
fewer degrees of freedom. Nonetheless, it comes to similar
conclusions. Its Hamiltonian is given by the following equation:

E � ∑
N

i�1
Ei � ∑

N

i�1
[KA(A(ri) − A0)2 + KP(P(ri) − P0)2]. (1)

Here, Ai and Pi are the area and perimeter of each cell, their
respective moduli KA,i and KP,i, and the (theoretical) target values
A0 and P0. The models assume that the energetically favored

perimeter P0 reflects the competition between cortical tension
and cell-cell adhesion, and the target area A0 accounts for the
monolayer’s resistance to height fluctuations. In this view, strong
cell-cell adhesions and low cortical tension elongate the cells, and
the system is driven toward unjamming. In the SPV model, cells
can be additionally actively self-propelled. For vanishing self-
propulsion, the model predicts a jamming transition for cells with
a target shape index pp � Pp

0��
Ap
0

√ � 3.81, which is similar to the
vertex model [20].

Increased cellular self-propulsion, which suggests stronger
traction forces, pushes the target shape index for the onset of
jamming toward more roundish shapes [20]. The prediction of a
collective cell motility arrest at a cell shape index of around p* �
3.81 matched the experimental observation in monolayers [3].
Since then, the model has been refined and adapted by
introducing, for example, heterogeneity of cell divisions [29,
30]. Chaing et al. also found a shape-dependent transition in a
Potts model [31]. We do not want to discuss these in detail as the
SPV model serves as a paradigm that explains the mechanism of
shape-dependent transitions in dense tissues.

3 JAMMING IN EMBRYOGENESIS

Particularly during the early stages of embryogenesis, tissues are
continuously reshaped and restructured, while cells constantly
proliferate and differentiate within a single day [32]. Physical cues
are guiding morphogenetic rearrangements of tissues with high
spatiotemporal precision [33–37]. One key ingredient is local
solidification and fluidization of tissue.

In early seminal works, Foty and Steinberg [38, 39] formulated
the differential adhesion hypothesis explaining the demixing of
different cell types during embryogenesis without relying on
intricate biological cues and function. Instead, tissues are
treated as liquids with different surface tensions and arrange
according to their surface tension, like oil droplets in water. The
hypothesis of differential adhesion provided an excellent initial

FIGURE 1 | Shape-dependent unjamming. (A) Time series of an MDA-MB-436 cancer cell nucleus (red) deforming itself to move through a densely packed three-
dimensional cell spheroid. Nuclei are stained with SiR-DNA. From [4](B), monolayers of cells from asthmatic donors were more motile and hadmore elongated cells than
monolayers of cells from healthy donors. Images were taken and adopted from Atia et al. [28]. Copyright ID 5061921078636.
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explanation of physical guiding principles during embryogenesis
[38–43]. However, cellular adhesion strength is not sufficient to
fully describe physical actions in embryogenesis and tissue
development [44, 45]. In this context, jamming and
unjamming were proposed as processes influencing the
demixing of cells [45]. Like the differential adhesion
hypothesis, the jamming phenomenon is also based on
adhesion forces, cell density, and shape.

The vertebrate body axis elongation is an essential step in
forming the anteroposterior body axis and a hallmark of animal
development [46]. The physical mechanisms that control this
process are still not fully understood; however, a study by
Mongera et al. showed that it might be driven by localized,
mesoscopic jamming and unjamming. During the formation of
the vertebrate body axis in zebrafish, the posterior tissue solidifies
at the presomitic mesoderm (PSM) while proliferating at the still
fluid-like mesodermal progenitor zone (MPZ) [10].

This observation matches previous studies showing a different
mode of cell movement during the development of the vertebrate
axis [47, 48]. More specifically, the cells in the posterior tip move
randomly and individually or fluid-like. At the same time, they
become slower and move collectively or instead solidify in the
PSM (see Figure 2). This corresponds precisely to a jamming
transition at the tip of the vertebrate body axis [48].

In this process, the jamming transition is spatiotemporally
controlled by the extracellular space regulated by cadherin-
dependent cell-cell adhesions [10, 48]. However, it remains
unclear whether jamming transitions during embryogenesis are
generally density-driven. The solidification along the vertebrate
body axis results in unidirectional growth and elongation of the

embryo. Supracellular stresses act as mechanical cues for the
morphogenetic flow.

Similar to the localized proliferation and (un)jamming during
the vertebrate body elongation, tissue jamming and unjamming
are also present during branching morphogenesis. In this process,
tubular structures are formed from remodeling epithelial or
endothelial sheaths, resulting in branched structures such as
ducts of the kidney, mammary and salivary glands, or lung
tissue [49–51].

Other embryonic processes in which jamming transitions play
a role are the ventral furrow formation inDrosophila and the early
stages of gastrulation [7, 28]. This short overview shows how
spatiotemporal control of fluid-like and solid-like tissue states by
jamming is essential during tissue morphogenesis.

4 UNJAMMING IN CANCER

In contrast to embryogenesis, cell rearrangements within healthy
adult tissues happen only rarely, for example, during wound
healing. Still, in some diseases, cells regain the ability to migrate,
for instance, metastatic cancer cells. Carcinomas are tumors that
develop from epithelial cells. The healthy epithelium separates
and protects different organs from each other. It needs to be
stable, organized, and mechanically intact against external forces.
From a biophysical point of view, bounding epithelium can be
seen as a tissue that is in a jammed state. During cancer
progression, the cancer cells start to proliferate in an
uncontrolled way, grow to a solid tumor, and even migrate
through the body. The transition from the stable non-motile

FIGURE 2 | Cell movement and tissue fluidity in the zebrafish tailbud. (A) Vector map of cell velocities. (B) Local tissue velocity averaged over a 15 μm radius. (C)
Cell velocity variation from local tissue velocity. The color red represents higher velocities, and arrows indicate the averaged velocity vectors in 2D. The tip of the tailbud
displays higher cell velocities, more local rearrangements, and proliferation, indicating an unjammed, fluid-like state. High motility and proliferation are driving factors for
unjamming tissues, as verified by Mongera et al. [10]. Images were taken and adopted from Lawton et al. [48], Copyright ID 1096693–1.
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epithelium to an unstructured, partly motile tumor can thus be
seen as an unjamming transition.

The idea to link the migration of cancer cells to unjamming has
already been proposed some years ago [6]. Particularly, the link
between the EMT and unjamming seemed natural because, during
EMT, cells detach from the solid tumor andmigrate outwards, which
resembles the fluidization of the tissue. However, it is still under
debate if EMT and unjamming are similar processes. In a 2D model
system, inducing partial EMT lead to different structural and
dynamical signatures than a pressure-induced unjamming
transition [1]. However, deregulation of adherens junctions and
downregulation of E-cadherin in epithelial tissues, which is a crucial
step during EMT, has been shown to drive invading cells toward a
more unjammed state [5]. The biological processes of cancer
invasion are heterogeneous, and the cells can adopt different
migration modes. The physical concept of unjamming represents
a unifying framework that is agnostic of molecular details.

This seems to hold for the pure tumor as well as for the
compound of tumor and microenvironment. While the presence
of moving cells at the invasive tumor front seems intuitive—most
tumors are composed of a proliferation outer rim of cancer cells
[52–54]—unjamming appears in the tumor core as well. Recent
studies found fluid-like regions with correlated moving cells in
tumor explants from humans and mice [4, 55]. This observation
is represented in Figure 3. Here, the tracks of cancer cells in
tumor explants point toward a wide variety of dynamic behavior
inside densely packed tumors. This raises the question of the role
of jamming and unjamming in the overall tumor stability and
shape. Even though uncontrolled proliferation is a hallmark of
cancer, both reports conclude that proliferation is not the driving
factor for the unjamming transition [4, 55].

Tumors often grow in close vicinity to connective and fatty
tissues [56]. While only little is known about the influence of fatty
tissue on the unjamming of cancer cells, connective tissue, mainly
composed of ECM, has been shown to influence the dynamical
behavior of cancer cells. A dilute ECM network can induce a
transition to a gas-like state, where cells move individually.
Denser networks result in constrained and collective motion
and can even block cellular motion [5, 57].

In cancer progression, a crucial determinant in patient survival
rate is the occurrence of metastasis. Metastasizing cells can be
hypothesized as single unjammed cells escaping a jammed
tumorous tissue. The heterogeneous vertex model predicts that
single unjammed cells are relatively unlikely, and jamming is a
(localized) collective property [30]. For instance, a mixture of one
cell type that typically jams and another that stays unjammed would
form a globally jammed layer when themixing ratios of jammed and
unjammed cells reach 4:1, thereby trapping the “fluid” unjammed
cells in a scaffold of “solid” jammed cells [30, 58]. The encasement of
fluid cells by jammed cells results in the percolation of the tension
network, which significantly increases the rigidity of the tissue [30].
In essence, soft cells can still form rigid tissues via tension
percolation and jamming, thus explaining why rigid tumors
contain soft cells [6].

Particularly in the tumor cores, the question of how cells can
rearrange in an already densely packed environment, near
volume fraction 1, arises. In contrast to embryogenesis, where
changes in density have a major role in the dynamical behavior of
the cells, the cell shape is a critical parameter in dense tissues. It
can be used as a marker for tissue fluidity [4]. In clinical cancer
grading, the variance of nuclear shapes and sizes—so-called
pleomorphisms [59]—is used as a crucial marker for the

FIGURE 3 | Tumors have jammed and unjammed regions. Cell migration tracks in the core of tumor explants from mice. The ex vivo tumor shows jammed regions
with resting cells (yellow box) and unjammed regions with moving cells (green and red box). The unjammed areas display different migration dynamics, with high (red) or
lower (green) persistence. Red numbers represent the track ID numbers. Nuclei are stained with nuclear-targeting GFP (nGFP). Scale bar 100 μm. Images were taken
and adapted from Staneva et al. [55], Copyright ID 1096785–1.
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aggressiveness of tumors. The nuclear shape further correlates
with the cell shape [4]. A higher grading, which implies more
heterogeneous nuclear shapes, means that, statistically, the cell
shapes have a higher variability if the correlation is valid for
primary tumors. Since cancer cell clusters are amorphous
aggregates, higher variances are accompanied by higher
average values [28]. Thus, pleomorphism, that is, high
variance in nuclear shapes, might be accompanied by higher
cell and nuclear shapes in tumors [4, 28]. This circumstance
yields a contextual link between conventional clinical cancer
grading and the physics of unjamming.

5 CURRENT PROBLEMS IN CELL
JAMMING

5.1 Driving Factors of the Unjamming
Transition
In real biological systems andmodels, the number density, the volume
fraction, and the cell shapes play a role in the jamming transition.
However, cell shapes and densities are not intrinsic properties of cells
but result from an interplay of cell-cell adhesion, substrate adhesion,
cell activity (such as traction generation or contractile stress), and cell
stiffness. Particularly in cancer progression, it is essential to
understand which factors shape cells in a dense environment and
support migration. From a physical point of view, one can ask, what
are the different axes of the jamming phase diagram?

An emerging key feature of more unjammed cell monolayers is
strong cell-substrate interaction combined with high traction
forces. This has been shown throughout many studies in the
last years [3, 25, 60, 61]. Some studies have argued that high
substrate traction implies strong cell-cell adhesion to balance and
transmit the high intercellular tensile stresses [3, 60, 61]. However,
a recent study explicitly tried to disentangle the contributions of
cell-cell adhesion and substrate traction, pointing out that the
adhesion strength does not change visibly in a more unjammed
monolayer [25]. Saraswathibathla et al. even demonstrated that

stress fiber alignment and the related traction forces predominantly
control the cell shape and, finally, the unjamming transition [25]. A
possible explanation for the dominant role of traction forces could
be that they are stronger than the forces at the cellular interfaces.
Thus, their influence on the cell shapes prevails over cell-cell
adhesion and cortical tension effects, which are important
control parameters in the SPV model.

In confluent systems without any cell-substrate interaction, for
example, three-dimensional cell spheroids, this substrate effect should
vanish, and the role of the cell-cell adhesion becomes dominant. The
predictions of the 3D-SPVmodel [62], however, were not confirmed
by an experimental study [4]. In fact, cell spheroids built from less
adhesive cells were more unjammed, and single cells could move
through the spheroid (Figure 1), while the more adhesive cells
formed jammed spheroids with non-motile cells [4].

In another study that tested the influence of cell-cell adhesion
on the dynamics, the authors investigated a non-confluent system
by placing cell clusters in a substrate and ECM environment. The
strength of cell-cell adhesion clearly influenced cell behavior.
Here, a decrease of cell-cell adhesion leads to more individualized
and faster cell movement, more elongated cells, and fluidizes the
system further (see Figure 4) [5]. Additionally, the weaker cell-
cell contacts allowed the system to promote unjamming again
through a density decrease [5].

In both studies, the authors clearly find an association between
unjamming and cell shapes [4, 5], but these were not associated
with higher cell-cell adhesion as suggested by the SPV [16, 62].

The question of whether cell-cell adhesion or substrate traction
drives the unjamming transition can thus not be clearly answered
in general. The role of cell-cell adhesion seems to be more complex
than predicted by the SPV model. Some experimental evidence
showed that weak adhesion supports unjamming and promotes
invasive cell behavior. This behavior fits with the known role of
EMT in cancer progression.

5.2 Nuclear Jamming
Cell jamming theories have consistently emphasized cell shapes
rather than nucleus shapes because the whole cells are volume-filling

FIGURE 4 |Downregulation of E-cadherin promotes unjamming inmigrating cell layer. (A)Morphology ofwild-type (shNT) and E-cadherin downregulated (shCDH1) cell
layers migrating at a collagen interface. The wild-type cell aggregate is almost area-filling and exhibits high spatial correlations for the long axes—the orientation—of the cells.
E-Cadherin knockout cell aggregate displays density fluctuations, and cells are randomly aligned. Actin is stained in green (Alexa Fluor 568-conjugated phalloidin), while nuclei
are stained in red (DAPI). The white lines visualize a cell segmentation with holes in the tissue represented by white areas. The scale bar represents 100 μm. (B)Change
of aspect ratio due to loss of E-cadherin. An increase in aspect ratio corresponds to higher shape indices, thus promoting unjamming of tissue. (C) Change in cell migration
velocity due to downregulated E-cadherin and promoted unjamming. Graphics and data were adopted from Ilina et al. [5].
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a tissue – not the nuclei – which is a crucial element in various
theories [3, 16, 28]. In other words, cells in dense tissues should be
jammed, while nuclei alone would not be jammed, as their volume
fraction is much lower. Recent studies, however, suggest that the
nucleus might actively be involved.

The role of the nucleus in single-cell migration has been clear for
quite a while. The ability of the cell nuclei to squeeze into free spaces
was found to be essential for tumor progression [63, 64]. While the
cytoplasm of migrating cells can move through pore sizes below
1 μm, this is not the case for the nucleus as it is the stiffest cell
organelle [65–67]. The nuclear compressibility and size further limit
the single-cell movement through narrow spaces [68–71]. However,
the nucleus not only has a limiting effect on cell migration in dense
environments. Two recent studies showed that the nucleus itself is
mechanosensitive and that nuclear deformation enhances cellular
force generation [72, 73]. Moreover, Staneva et al. and Grosser et al.
demonstrated that cell nuclei in tumor clusters strongly deform
while they move through the tissue (Figure 1) [4, 55]. Unjammed
regions in tumor samples were characterized by elongated nuclei [4],
typically found in elongated cells.

From single-cell movement to primary cancer samples, these
observations suggest that the nucleus is actively and passively
involved in jamming, potentially adding to the traditional role of
nuclei shapes in cancer.

5.3 Motion Arrest or Rigidity Transition
In cell systems, the terms jamming and unjamming are often used
loosely. By jamming, some authors refer to collective motion arrest
[1, 3, 74] or locally caged behavior [25, 58]. Others call the
collective motility arrest glass transition, avoiding the term
jamming [14], or simply rigidity transition [16]. In fact, cellular
systems exhibit many features typical of glasses, such as an
amorphous, disordered structure, a broad range of relaxation
time scales, and a flat plateau region of the mean squared
displacements on intermediate time scales [14, 20, 61, 75].

A key feature of jamming is that a system that jams actually
becomes solid-like. However, the connection between motion
arrest and rigidity is not obvious for non-equilibrium systems
such as tissues. Tissues are activematter, and various biological and
physical mechanisms are intertwined and work simultaneously.
They potentially react actively to external stress, for example, by
fluidization. Motion, or lack thereof, cannot sufficiently determine
jamming and unjamming in tissues in the sense of a true rigidity
transition. Fluid-like systems are characterized by stress relaxation,
whereas solid-like systems typically show no or only minor stress
relaxation. So far, only Serwane and Mongera et al. have provided
stress relaxation data in vertebrate body axis formation and
connected the data to the jamming phenomenon [10, 76].

An epithelial sheet that moves into a cell-free area could be in a
motile but (locally) jammed state. Their neighbors cage cells within
the sheet while the whole sheet collectively moves [58, 77].
Conversely, tissues could be in a non-rigid, low tension,
unjammed state with only minimal or vacant cell motion
insufficient for active neighbor exchange [78]. The relation
between rigidity and jamming is of particular interest in cancer
development. Recent research has suggested that unjamming is
involved in cancer progression. However, tumors are usually

harder than their surroundings. Future research has still to
connect the dots between hard tumors, soft cells [79], and the
role of unjamming in cancer [4–6].

There might be a rather non-physical explanation why the term
jamming has become popular. It is because it intuitively expresses
the collective, emergent character of this transition—“clearly,
jamming is not something that you can do on your own” [80].

5.4 Different Migration Modes of
Unjamming
In the literature, the word unjamming is used for various dynamical
behavior in biological systems. The observed migration patterns
range from the collective motion of sheets or packs [1, 14, 61, 74, 81]
to single-cell squeezing events [4, 25], or T1-transitions [82]. These
different migration modes can be distinguished by respective
characteristic velocity correlation length, migration persistence, or
pack size of cooperatively migrating cell clusters.

Cells modify their polarization and migration direction
through interaction with surrounding cells [18, 83], which
might lead to more collective motion [18, 83]. Theoretical

FIGURE 5 | Qualitative phase diagram of 2D cell monolayers at volume
fraction close to 1. The phase diagram is based on [61, 75]. Control
parameters are the target shape index p0 and the alignment interaction J � τ−1

with τ being the reorientation time which is the time that cells take to
adjust their polarities along the direction of the velocities of the corresponding
local environments. The magnitude of the motility v0 and its direction is
indicated as arrows. Tissue approaches hexagonal-like structure for
decreasing target shape factor. With increasing alignment interaction, the
system displays more long-ranged directedmotility. Blue cells in phase space:
alignment interactions are minor, and cellular reorientations are governed by
rotational diffusion. The target shape index is small yielding roundish cells.
Here, cells rarely align with neighborhood velocities and are randomly
oriented. The energetically favored shape index is low-yielding hexagonal-like
structures. Green cells in phase space: roundish cells and hexagonal-like
tissue structures are present induced by a small target shape index. High-
velocity correlations yield flowing flocks of solid-like cell aggregates. Red cells
in phase space: high-velocity correlations accompanied by elongated cells
yield a fluid phase in which aggregates undergo coordinated motion. Yellow
cells in phase space: moderate to vanishing alignment interactions and
elongated cells yield a fluid phase where cells undergo predominantly random
motion. Gray cells in phase space: cell interactions vanish in this phase due to
the high target shape index. The cellular system behaves gas-like.
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models take this into account by introducing an additional
alignment interaction. The resulting jamming phase diagram
contains four distinct phases: solid/jammed, solid flock/flowing
solid/active nematics, liquid flock/flowing liquid, and liquid (see
Figure 5) [61, 75]. These states represent the experimentally
observed migration patterns in more detail and show
that unjamming can mean different types of motion. This further
raises the question of whether the dynamical signature of moving
cells can give information about the interaction strength of cells?

This further raises the question of whether the dynamical
signature of moving cells can provide information about the
interaction strength of cells.

The observed migration modes also resemble the ones seen in
active nematic fluids. Self-propelled rods with a higher aspect
ratio, similar to elongated mesenchymal cells, display phases of
flocking, laning, and isotropic alignment with sharp phase
transitions. Furthermore, the flocking motion in active
nematics, although collectively moving, is internally, locally
jammed [84], which can be observed in biological tissues as
well [4, 10]. It should be further noticed that cellular systems
might also show mixed jammed/unjammed stated as it is, for
example, seen in spheroids embedded in collagen, where the core
can be still jammed while the outer shell starts to melt [26, 74].

6 SHAPE- AND DENSITY-DRIVEN
JAMMING IN EMBRYOGENESIS AND
CANCER
In recent years, it has become clear that rigidity transitions are
involved in embryogenesis and diseases. While early studies and

modeling approaches had focused on 2D in vitromonolayers and
2D models [3, 14, 20, 21], crucial breakthroughs were made by
several studies that observed the jamming phenomenon in 3D
systems [4, 5, 10, 55, 74]. These studies comprise in vitro but also
ex vivo and in vivo systems.

Early experiments pointed to different, even opposing, roles
in these processes (see Figure 6). Experimentally, jamming-
like fluid-to-solid transition accompanied embryogenesis [10,
47, 48, 85]. During embryonic development, cells proliferate
quickly and rearrange while they differentiate into specialized
cells and form stable, structured organs. The cellular stiffness
increases with differentiation [86]. Eventually, proliferation
and migration subside, suggesting increasing solidification in
the course of embryogenesis. The tissues are in a jammed-
like state.

During cancer progression, by contrast, cells de-
differentiate. For instance, in cervical cancer, cancer cells
de-differentiate and spread from the tissue of origin to
tissues of ontogenetic proximity in reverse order to the
mature derivatives of the morphogenetic fields [87, 88]. The
cancer cell stiffness declines with increasing malignancy [79,
89]. Metastatic cells lose cell-cell adhesion and gain higher
motility. This results in a decline in tissue integrity under
further tumor growth and cancer cell invasion. These trends
suggest a central role of unjamming and fluidization in cancer.
Several recent studies found this effect in cancer systems [4, 5,
61, 74]. In short, many processes in embryogenesis are
reversed in cancer progression, including jamming and
unjamming.

Originally, the term jamming was chosen in analogy to
colloidal systems that rigidify with increasing density. Cell

FIGURE 6 | Occurrence of Jamming and unjamming in embryogenesis and cancer. (A) Illustration of the lateral view of zebrafish embryo in the 10-somite stage.
During periodic rapid elongations at the tail of the embryo, cells from the mesodermal progenitor zone (MPZ) transform to cells of the posterior (P-PSM) presomitic
mesoderm and consecutively to anterior presomitic mesoderm (A-PSM). During this transformation, the initial cells of the MPZ slowly decrease the cell motility, filling the
voids of the extracellular space, and restructuring their N-cadherin-mediated adhesion with neighboring cells resulting in increased tissue stiffness and integrity [10].
(B) Cancer progression during early stages. Growing factors like TGF-β limit the growth of normal epithelium and early-stage tumors resulting in adenomas. After losing
growth-inhibitory responsiveness, tumors grow more rapidly, transforming into carcinomas in situ. Additional oncogenic mutations are acquired during rapid growth. By
chance, tumor cells with specific oncogenic mutations can undergo epithelial-mesenchymal transdifferentiation in response to TGF-β and are becoming more invasive
carcinomas [90]. (C) Overview of changes on tissue and cellular level during embryogenesis and cancer progression. Various processes and properties which change
during embryogenesis are reversed during cancer progression, motivating the hypothesis of cancer being inverse morphogenesis [87, 88, 91].
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number density in epithelial monolayers was the first driver of
jamming to be reported [14]. However, observations in an
asthma model have suggested cell shape as the central switch
between jamming and unjamming [3]. Consequently, the SPV
models [16, 20, 62] have become an inspiring driver of research
that promoted a new physics: cell-shape-dependent jamming.
Several years later, both shape-dependent jamming and
density-dependent jamming have experimentally been found
[3–5, 10, 28].

However, one can only hypothesize the potentially different
roles these two mechanisms play based on the still limited
evidence. Rapidly increasing cell density and the maturation
and stabilization of cell-cell contacts characterized
embryogenesis, solidifying the system. Experimentally, the
shrinking volume of extracellular space and increasing
adhesion drive jamming during zebrafish development [10]
and other systems [7], in line with the global tendencies
during embryogenesis. However, shape also plays a role during
embryogenesis [28], especially considering 2D-like tissues such as
epithelial sheets. Cancer progression and the formation of
metastases show an opposing tendency: cancer starts in a
dense environment. Tumors grow within an already existing
organism against outside homeostatic pressure, resulting in an
effective volume constraint. Thus, if cancer progression is
accompanied by unjamming, the global environment suggests
a more prominent shape-induced unjamming in tumors. In
recent years, shape-induced unjamming was found, with
several recent studies pointing to shape-dependent unjamming
in tumor clusters [4] as well as complex tumor-ECM
environments [5] and even asthma [3].

7 CONCLUSION AND OUTLOOK

Observed in embryogenesis and diseases, tissues continuously
alter their rigidity and reshape. Solidification of tissues drives
embryogenesis, whereas fluidization of cancer cells drives
cancer progression, leading to metastasis. Recent findings
support the concept of a jamming-like transition as a
concept of tissue remodeling of rigidity and fluidity
modulation. With this review, we want to shed light on the
plurivalent concepts of the jamming phenomenon. While
tissue (un)jamming can be induced by different intracellular
(E-cadherin, RAB5A, stress fiber alignment) [4, 5, 25, 61, 74]
and extracellular mechanisms such as pressure [3, 28], density
[5, 10], irradiation [27], or ECM confinements [5], it has
turned out to be a remarkable overarching principle that
unites processes stemming from a wide variety of cues.
Nonetheless, which physical quantity or parameter is the
driving factor for jamming and unjamming is still
debatable. Given the complexity of the biological matter, it
is most likely that more than one parameter should be
considered in jamming transitions. Experimental data of
embryonic tissues favors cell-density whereas cancer models
prefer a shape-induced explanation of the jamming
phenomenon. The jamming phenomenon has likely more
than one or two sides.

While theoretical models made large advancements in
recent years, the experimental data needed for verification
or falsification is incomplete. The biological and physical
mechanisms of tissues have to be carefully dissected.
Reliable quantification of jamming-related quantities is a
challenging task.

Future experiments under controlled conditions should further
elucidate how stresses in jammed and unjammed tissues relax.
These experiments also provide the opportunity to identify (and
perhaps quantify) more molecular details involved in stress
relaxation in tissue. Cell-cell adhesion generates tension in
tissues. Thus, density-driven cell crowding can significantly
generate rigidity in tissue as predicted in vertex and SPV models
[62, 92]. When the cell density increases, the number, and thus
strength of cell-cell contacts increases. At a critical density, sufficient
force bridges are generated, the tension network percolates and the
tissue undergoes a rigidity transition [30, 93]. The rigidity
percolation can also encase fluid-like cells by rigid cells, which
significantly increases the rigidity of the tissue [30]. Data of local
tissue rigidity current provides the most convincing link to the
jamming phenomenon [10, 93] and supports the interpretation of
jamming as a density-driven transition as seen in embryogenesis. As
the largest and stiffest organelle, the cell nucleus harbors significant
potential for the observed rigidity percolation. In models (and
experiments), the feedback (loop) between nuclear deformation
and cell migration/force generation is not sufficiently investigated.
The nucleus and its importance in jamming were only considered in
one experiment by Grosser et al. [4]. Cells, however, are
mechanosensitive and adapt to the rigidity of their environment
[94–96]. Thus, experiments addressing rigidity will have difficulties
in dissecting physical aspects from biological aspects. On the other
hand, these difficulties are also a large opportunity to link jamming
to the molecular origin.
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