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ABSTRACT
Tumor metastasis is a complex phenomenon that poses significant challenges to current cancer therapeutics. While the biochem-
ical signaling involved in promoting motile phenotypes is well understood, the role of biomechanical interactions has recently 
begun to be incorporated into models of tumor cell migration. Specifically, we propose the unjamming transition, adapted from 
physical paradigms describing the behavior of granular materials, to better discern the transition toward an invasive phenotype. 
In this review, we introduce the jamming transition broadly and narrow our discussion to the different modes of 3D tumor cell 
migration that arise. Then we discuss the mechanical interactions between tumor cells and their neighbors, along with the inter-
actions between tumor cells and the surrounding extracellular matrix. We center our discussion on the interactions that induce 
a motile state or unjamming transition in these contexts. By considering the interplay between biochemical and biomechanical 
signaling in tumor cell migration, we can advance our understanding of biomechanical control in cancer metastasis.

1   |   Introduction

Cancer remains the second most common cause of death in 
the United States, behind heart disease (Xu et  al.  2021). This 
is due, in part, to the challenges associated with treating met-
astatic cancers, which account for 90% of all cancer-related 
deaths (Steeg 2016; Kumari et al. 2023; Welch and Hurst 2019). 
Metastasis is the process of invasive cancer cells leaving the 
primary tumor site, circulating through the bloodstream, and 
then colonizing and forming secondary tumors in different 
organ systems (Steeg  2016; Welch and Hurst  2019; Gensbittel 
et  al.  2021; Fares et  al.  2020; Massagué and Obenauf  2016). 
Recent advances in metastatic cancer treatment involve drug and 

antibody therapies that target metastatic behaviors (Steeg 2016; 
Kumari et al. 2023; Welch and Hurst 2019). However, outcomes 
in Food and Drug Administration (FDA) trials have been mixed 
with respect to their effectiveness for different cancer types and 
stages. Thus, there is a pressing need for a better understanding 
of the progression to metastasis from the original tumor, which 
begins with biochemical and physical cues that initiate tumor 
cell migration.

Tumors are complex, multicellular systems that can be con-
sidered ecosystems, wherein tumor cells engage in heterotypic 
interactions with neighboring cells and their broader micro-
environment (Tabassum and Polyak 2015; Schulz et al. 2019; 
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Baghban et  al.  2020). These complex interactions between 
cells and the surrounding environment dictate overall cell 
proliferation, tumor longevity, and migratory phenotypes 
(Tabassum and Polyak  2015; Schulz et  al.  2019; Baghban 
et al. 2020; Egeblad, Nakasone, and Werb 2010; Yamada and 
Sixt 2019; Cox 2021). Tumor cell migration can be triggered 
by biochemical signals from the microenvironment, including 
the secretion of growth factors and cytokines that enable can-
cer cells to detach from the primary tumor (Merino-Casallo 
et al. 2022; Plou et al. 2018). Such biochemical stimuli influ-
ence the mode of migration, determining whether tumor cells 
undergo individual or collective migration (Merino-Casallo 
et al. 2022).

There is abundant evidence supporting collective tumor cell 
migration, which relies on both cell–cell and cell-extracellular 
matrix (ECM) interactions (Yamada and Sixt  2019; Cox  2021; 
Lintz, Muñoz, and Reinhart-King 2017; Ladoux and Mège 2017; 
Chaudhuri et al. 2020). In collective migration, cells must coordi-
nate their movement with neighboring cells, which is facilitated 
by mechanosensitive adhesive complexes between cells and the 
substrate (Yamada and Sixt  2019; Merino-Casallo et  al.  2022; 
Ladoux and Mège 2017; Mayor and Etienne-Manneville 2016). 
Furthermore, tumor cells interact with and migrate through the 
ECM, where the physical characteristics of the ECM shape cell 
behavior (Cox 2021; Wirtz, Konstantopoulos, and Searson 2011; 
Liu, Chaudhuri, and Parekh  2017; Saraswathibhatla, Indana, 
and Chaudhuri  2023; Eble and Niland  2019). Consequently, 
there has been a push in the field to investigate the role of me-
chanical forces on tumor cell migration.

Tumor cells experience compressive forces resulting from cell 
proliferation within solid tumors, cell–cell adhesion complexes, 
and cell-ECM interactions. There is a growing body of work 
demonstrating the role of compressive forces in the regula-
tion of cancer cell invasion (Liu, Chaudhuri, and Parekh 2017; 
Luo et al. 2022; Cai et al. 2022, 2024; Tse et al. 2012; Barbazan 
et  al.  2023). Also, it has been recently proposed that invasive 
cancer cells retain a “mechanical memory” from mechanotrans-
duction and epigenetic changes within the tumor microenviron-
ment (TME) (Cambria et al. 2024; Nasrollahi et al. 2017). Thus, 
researchers are now exploring mechanobiological strategies in 
the development of new cancer treatments, which warrants fur-
ther investigation into the biomechanical pathways that lead to 
tumor progression (Kumari et al. 2023).

In this review, we discuss how mechanical factors signal cells 
to transition from a static to a motile state (i.e., unjamming 
transition). The jamming transition describes the switch of col-
lective granular materials from a solid-like to fluid-like state. 
Various mechanical properties propagate within and outside of 
these collectives that cause these transitions to arise. We first 
introduce the concept of jamming and how it can extend from 
describing behaviors of granular materials to biological sys-
tems, such as cancer cells within solid tumors. We next pres-
ent a model whereby tumor cells are sorted based on adhesive 
properties, promoting cells with low adhesion and more motile 
behavior to the periphery of the tumor. Then, we discuss how (1) 
cell–cell interactions within the tumor and (2) ECM biomechan-
ical properties promote unjamming transitions initiating cancer 
metastasis. Elucidating the physical contributions of the TME 

to cancer cell migration will provide insight into treating lethal 
metastatic cancers.

2   |   Jamming Transitions in Cancer Cell Invasion 
Govern the Shift Between Static and Motile States

Jamming was initially introduced to explain the behavior of 
granular materials and describes a transition from a solid-like 
state to a fluid-like state (Liu and Nagel 1998; Zhang et al. 2010; 
Behringer  2015; Behringer and Chakraborty  2018; Trappe 
et  al.  2001; Cai, Harada, and Nordstrom  2021; Chang  2022). 
In collective granular systems, jamming represents a transi-
tion from a flowing state to a rigid state (Zhang et  al.  2010; 
Behringer  2015). These transitions have been observed in a 
wide variety of systems, ranging from molecular liquids to gran-
ular matter to soft materials (Behringer  2015; Das, Vinutha, 
and Sastry  2020; Pajic-Lijakovic and Milivojevic  2019). In the 
process of jamming, the viscosity of granular particles, such as 
coffee beans or sand grains, increases with density. As the par-
ticles become denser, they undergo a phase transition in which 
friction between particles slows them down, hinders neighbor 
exchanges, and causes the material to become more viscous or 
solid-like (Liu and Nagel 1998; Behringer and Chakraborty 2018; 
Ciamarra, Nicodemi, and Coniglio  2010; Meng et  al.  2020). 
Squeezed grains become so tightly packed that they lose their 
ability to flow and maintain their shape (Brown et al. 2010). In 
soft matter and glassy materials, the density, temperature, and 
load (e.g., shear stress) are key parameters controlling the tran-
sition between an unjammed, deformable state and a jammed, 
solid-like state (Liu and Nagel 1998).

These principles of jamming extend beyond simple physical 
examples and have applications in understanding biological 
tissues (Garcia et  al.  2015; Kang et  al.  2021; Lawson-Keister 
and Manning  2021; Blauth et  al.  2021). In fact, cells in dense 
tissues may be thought of as behaving like granular materials, 
becoming tightly packed and arrested in a jammed state, where 
cell movement is restricted. This raises the question of whether 
biological tissues exhibit similar jamming dynamics, with cells 
transitioning between fluid-like and solid-like states depending 
on their environment and external forces (i.e., load). Could cells 
in dense tissues be considered a collection of granular materials 
arrested in a jammed state?

In cellular systems, jamming is associated with the arrest of col-
lective cell migration. Jamming is an inhibiting mechanism that 
describes a rigidity transition caused by the mutual hindrance 
of cells (Sadati et al. 2013; Atia et al. 2018; Bi et al. 2016; Lenne 
and Trivedi 2022). In the context of cancer, most invasive cells 
infiltrate collectively, and cancer aggression is more closely 
linked to collective cell migration than to single-cell migra-
tion (Blauth et al. 2021; Oswald et al. 2017; Haeger et al. 2014; 
Cheung et  al.  2016; Yang et  al.  2019; Yamamoto, Doak, and 
Cheung 2023). The process of jamming occurs when cellular re-
arrangements are diminished, and the cells become constrained 
by their neighbors (Bi et al. 2016). Consequently, jamming can 
arrest collective cell migration in both developmental and dis-
ease events. This phenomenon typically occurs at high cell den-
sities and in cells with elevated adhesion expression, leading to 
a solid-like state.
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In the following sections, we first discuss cell jamming under 
the condition of high cell density as found in a tumor, followed 
by the observations of soft and stiff cells that tend to congre-
gate together. We will next discuss cell sorting due to cell rear-
rangement and suggest that this is a potential prerequisite for 
cell invasion into the ECM. Finally, we will describe the various 
modes of 3D migration once the tumor cells invade and compare 
the unjamming transition to the epithelial-mesenchymal tran-
sition (EMT).

2.1   |   Cell Jamming Occurs at High Cell Density, 
Such as in Solid Tumors

Cell jamming and unjamming, considered key phenotypes in 
tissue development and cancer progression, describe transi-
tions between solid-like ( jammed) and fluid-like (unjammed) 
states, regulated by key factors such as cell density, cell–cell 
adhesion, and cell motility (Blauth et al. 2021; Atia et al. 2021). 
These shifts in cell state are also influenced by cell contractil-
ity, mechanical stress, and cell shape, as investigated in breast 
cancer (Cai et al. 2022; Park et al. 2015; Yang et al. 2017), bron-
chial (Cai et al. 2022; Park et al. 2015; Yang et al. 2017), and in 
silico (Cai et al. 2022; Park et al. 2015; Yang et al. 2017) migrat-
ing epithelial collectives. In 3D environments, the ECM plays 
a critical role in cancer invasion (Beunk et al. 2023), with high 
ECM stiffness promoting a jammed state by acting as a rigid 
barrier that restricts cell migration, and low ECM stiffness al-
lowing cells to rearrange and migrate more freely, leading to 
an unjammed state.

A signature of the jamming transition is the shift from solid-
like to fluid-like behavior, or unjamming, as depicted in a 

phase diagram. A hypothetical phase diagram proposes phys-
ical control parameters for cell jamming: 1/density, 1/cell–cell 
adhesion, and motility (Figure  1) (Sadati et  al.  2013). When 
cells transition from a static to a motile state, could this pro-
cess be mapped similarly to the jamming-unjamming transi-
tion? What additional biological factors should be considered? 
The cohesive and coordinated movement of cells during col-
lective migration is implicated in processes such as develop-
ment, regeneration, and cancer metastasis (Park et  al.  2016; 
Friedl and Gilmour 2009; Wu et al. 2021). While biochemical 
signaling pathways play a role in regulating cellular dynam-
ics, physical interactions between cells and their environ-
ment are also significant determinants of cellular behavior 
(Trepat et  al.  2009; Trepat and Sahai  2018; Jo, Abdi Nansa, 
and Kim 2020). Living cell dynamics are also constrained by 
jamming factors described for granular materials, including 
volume exclusion, size, deformability, crowding, caging, ad-
hesiveness, and stretch/shear forces (Sadati et al. 2013). When 
cells are sparse, they behave like a fluid, but as they proliferate, 
mutual crowding leads to a slowing down and eventual arrest 
of cell motion in a dense monolayer (Garcia et al. 2015). As the 
cell monolayer matures, it undergoes a phase transition from 
a flowing state to a jammed state. This process plays a critical 
biological role in the development of tissue elasticity and the 
formation of protective barriers in epithelial tissue (Lawson-
Keister and Manning 2021; Atia et al. 2021). Additionally, in 
cancer, jamming acts as a suppressive mechanism for tumor 
growth (Blauth et al. 2021; Oswald et al. 2017).

During tumorigenesis, cancer cells begin to proliferate in an un-
controlled manner and form a solid tumor (Blauth et al. 2021). 
In this case, cells within the core of the tumor experience an 
increase in cell density. An increase in cell density is a crucial 

FIGURE 1    |    Current understanding of the phase diagram for cell jamming. Higher cell density, stronger cell–cell adhesion, or reduced cell motil-
ity results in jamming. The transition towards cell jamming is represented by the shaded region. Near the jamming transition, cells form larger and 
slower clusters with increasing density as they approach the jammed state. Modified from Reference (Sadati et al. 2013).
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contributing factor among the various routes to cell jamming 
(Lawson-Keister and Manning 2021; Sadati et al. 2013), and the 
jamming transition occurs at a packing density of one for a 2D 
cellular system at confluence (Oswald et  al.  2017). When the 
packing density reaches one, cells are densely packed and oc-
cupy all available space within a tissue, and further compression 
requires substantial external force. Experimental observations 
of cell jamming in human bronchial epithelial cell monolayers 
involve tracking the evolution of the monolayer in a confined 
space over time (Garcia et  al.  2015). A simple method to re-
duce cell density is to create a wound, which allows cells at the 
boundary of the wound to invade and, consequently, prompts 
the jammed monolayer to rapidly revert to a flowing state 
(Chepizhko et al. 2018). Wound-induced unjamming transitions 
have been observed in various cell types, including epithelial, 
endothelial, and cancer cells (Atia et al. 2021). The mechanical 
properties of cells also influence the jamming transition in solid 
tumors.

2.2   |   Tumor Cell Mechanical Properties Result 
in Regions of Jammed Cells Surrounded by 
Unjammed Cells

When considering cellular transitions from a jammed to an 
unjammed state, it is essential to evaluate the mechanical 
properties of cancer cells and how these properties influence 
the transition. It is well-known that many tumors are rigid 
masses that are significantly stiffer than their surround-
ing tissue (Gensbittel et  al.  2021; Egeblad, Nakasone, and 
Werb 2010; Nia, Munn, and Jain 1979). Breast tumors are typi-
cally composed of cancer cell clusters ensconced within a stiff 
stromal environment characterized by excessive deposition 
of ECM—a strong tumor promoter (Henke, Nandigama, and 
Ergün 2019). Interestingly, soft cancer cells, which are softer 
than normal epithelial cells, reside within rigid tumors (Fuhs 
et al. 2022; Lee and Liu 2015). Primary tumors, from the scale 
of tissues to individual cells, possess high mechanical het-
erogeneity (Dagogo-Jack and Shaw 2017; Fisher, Pusztai, and 
Swanton 2013; Bao et al. 2023). A wide range of cell stiffness 
exists in tumors, ranging from very stiff cells to cells softer 
than those found in healthy tissue (Fuhs et al. 2022). Notably, 
tumors tend to harbor a larger fraction of softer cancer cells, 
which are more likely to undergo pronounced shifts in mem-
brane tension and are more susceptible to deformation under 
a given compressive stress. In noncancerous systems, this me-
chanical softness can increase endocytosis and the turnover 
of membrane proteins (Tan, Heureaux, and Liu  2015; Willy 
et al. 2017). Cell stiffness has been linked to E-cadherin turn-
over in tissues (Willy et al. 2017; Wu et al. 2017) and secretory 
cells (Willy et al. 2017; Wu et al. 2017), where the effect of cell 
mechanics on membrane trafficking potentially contributes 
to fluctuations in cell surface E-cadherin levels within breast 
epithelial cell monolayers (Cai et al. 2022, 2024) and 3D aggre-
gates (Cai et al. 2022, 2024) in response to mechanical stimuli. 
Intriguingly, applying mechanical load can engender dispa-
rate responses across cells of varying stiffness, even within 
the confines of the same tissue or tumor (Janmey, Fletcher, 
and Reinhart-King 2020). As a result, fluidization of certain 
regions can occur while other areas of the collective remain 
solid-like, like the behavior observed in granular materials.

Clinical studies have demonstrated that reduced E-cadherin 
expression within metastatic breast tumors in mice triggers 
detachment at the single-cell level yet is not sufficient to en-
hance distant metastasis (Ilina et al. 2020). However, cell re-
arrangement based on their mechanical properties provides 
cancer cells an efficient way of relocating towards the tumor 
periphery. Within tumors, cells of similar stiffnesses tend 
to congregate, giving rise to distinctive mechanical niches 
marked by clusters of stiff cells enveloped by softer cells (Fuhs 
et al. 2022; Baker et al. 2010; Sauer et al. 2023). These clusters 
of rigid cells within tumors contribute to tumor heterogene-
ity and influence the metastatic potential of tumor cells since 
softer cancer cells may be more adept at invading the ECM. 
At the tumor boundary, cancer cells gain greater access to es-
sential nutrients and secrete matrix metalloproteases (MMPs) 
to remodel the surrounding matrix, increasing their potential 
for invasion and dissemination. Furthermore, the inherent 
resistance of stiffer cells to mechanical forces could poten-
tially drive the selective migration or unjamming of softer 
cancer cells.

2.3   |   From Cell Sorting to Cancer Cell Invasion

If softer cancer cells tend to cluster around stiffer, wild-type 
cells, this sorting behavior may allow cancer cells to gain 
better access to factors that promote metastatic potential. 
How does cell sorting function in the context of the unjam-
ming transition? Cell sorting refers to the spatial organization 
of cells based on their adhesive and mechanical properties 
(Skamrahl et al. 2023) (Figure 2). According to the differential 
adhesion hypothesis (DAH), cells behave dynamically like a 
fluid, where cells with higher adhesion tend to aggregate to-
gether and become surrounded by cells with weaker adhe-
sion (Foty and Steinberg 2005; Steinberg 2007; Tsai, Garner, 
and Megason 2022; Wu, Yamada, and Wang 2023). The latter 
cells are more likely to segregate or form separate clusters, 
while the highly adhesive cells preferentially adhere to each 
other. The final sorted state corresponds to an equilibrium 
thermodynamic state with minimum free energy (Foty and 
Steinberg 2005). An extension of the DAH is the differential 
interfacial tension hypothesis (DITH), which states that differ-
ential adhesion, together with differences in cortical tension 
due to actomyosin contractility, can predict sorting behav-
ior in 3D mixed-cancer cell spheroids (Pawlizak et al. 2015). 
When considering surface tension of cells, the plasma mem-
brane and actin cortex can be described by their distinct ten-
sion or the measure of the energetic cost of an increase in area 
for each (Sitarska and Diz-Muñoz 2020; Diz-Muñoz, Fletcher, 
and Weiner  2013) In multicellular aggregates, tissue surface 
tension also depends on the energy from cell–cell adhesion 
and the tension generated by the cellular cortex. Cell–cell ad-
hesion strength, cortical tension, and physical changes in the 
surface area of a tissue collectively determine surface tension 
(Pajic-Lijakovic et  al.  2023). Additionally, cell stiffness and 
contractility can lead to sorting, with stiffer and more contrac-
tile cells congregating in clusters and displacing softer cells, 
such as reported for MDCKII cells (Fuhs et al. 2022; Skamrahl 
et  al.  2023) and cancer cells (Fuhs et  al.  2022; Skamrahl 
et  al.  2023). The dynamic nature of tissue surface tension, 
which varies over time, plays a crucial role in patterning 
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involved in cancer progression (Nagle et  al.  2022; Heer and 
Martin 2017) and tissue development (Nagle et al. 2022; Heer 
and Martin 2017).

The sorting of epithelial and cancer subpopulations within co-
culture spheroids is influenced by three key factors: epithelial 
surface tension, cancer surface tension, and the interfacial 
tension between epithelial and cancer cells (Pajic-Lijakovic 
et  al.  2023; Nagle et  al.  2022). High epithelial surface tension 
typically fosters a compact and cohesive spheroid structure 
(Heer and Martin  2017). The level of interfacial tension plays 
a pivotal role: high interfacial tension leads to the segregation 
of the two cell types, whereas low interfacial tension promotes 
mixing in different vertebrate tissue cell types and zebrafish 
germ layers (Méhes et al. 2023). The strength of these adhesive 
interactions influences the cohesion among epithelial cells, the 
ability of lower adhesion cells to integrate with or segregate from 
the epithelial population, and the extent to which the two cell 
types can mix (Skamrahl et al. 2023). This balance of surface 
tensions can create distinct regions within the spheroid, reflect-
ing the complex heterogeneity of the TME.

The invasion of cancer cells from the primary tumor into the sur-
rounding ECM is governed by a complex interplay of forces, in-
cluding cell–cell surface tension, cell-ECM surface tension, and 
cell-matrix interfacial tension (Nagle et al. 2022). Cell–cell sur-
face tension determines the structural integrity and shape of the 
tumor. High surface tension leads to a more compact and less in-
vasive tumor, whereas low surface tension promotes the detach-
ment of cancer cells, thereby facilitating invasion. Specially, loss 
of a metastatic suppressor gene, NME1 and NME2, decreases 
surface tension, E-cadherin surface expression, and aggregate 
size (Nagle et al. 2022; Huna et al. 2021). The composition, den-
sity, and organization of the ECM determine its surface tension, 
which can either inhibit or promote cancer cell invasion (Henke, 
Nandigama, and Ergün 2019). Increases in collagen deposition 
and stromal density (jamming) of human breast tumors are cor-
related with high ECM stiffness (Acerbi et al. 2015). Moreover, 

cell-matrix interfacial tension—referring to the tension at the 
interface between the tumor and the ECM—determines the 
ability of invading cells to adhere to and invade the surrounding 
matrix (Franchi, Kyriakopoulou, and Mierke  2024). Here, we 
are considering the tension generated between focal adhesions 
and the ECM, along with tension and strain generated between 
adherens junctions. High interfacial tension generally serves as 
a barrier to invasion or jamming, whereas low interfacial ten-
sion supports the invasion or unjamming of cancer cells into the 
ECM. Additionally, variations in the mechanical properties of 
the ECM across different regions, modeled computationally, can 
generate a gradient in cell-matrix interfacial tension, directing 
cancer cells towards regions of lower interfacial tension, in this 
case (Pajic-Lijakovic et al. 2023). This directional migration, un-
jamming cells away from jammed cells within the tumor, high-
lights the importance of mechanical and structural properties 
of the tumor and surrounding ECM in determining the invasive 
potential of tumors.

The physical properties of tumor cells are a factor in the reg-
ulation of the spatial arrangement of cells. This has a critical 
impact on unjamming transitions, especially in fibrous 3D ma-
trices, where physical barriers and chemoattractant gradients 
become more complex. Generally, individual cells may invade 
using mesenchymal or amoeboid migration, groups of sorted 
cells can collectively invade by maintaining strong cell–cell 
adhesions (Kabla 2012). Cancer cell migration is a key element 
of the invasion-metastasis cascade, where invasive cells secrete 
matrix-degrading enzymes and extend protrusions to promote 
migration (Krause and Wolf 2015; Caswell and Zech 2018). In 
soft collagen matrices, cancer aggregates have been observed 
to display increased pressure within the aggregate due to cell 
swelling caused by the matrix's insufficient mechanical feed-
back in response to cell pulling forces (Raghuraman et al. 2022). 
In cancer metastasis, pressure within the tumor can cause cells 
to unjam or break away from the primary tumor and invade 
surrounding tissues (Purkayastha, Jaiswal, and Lele  2021). 
Understanding the physical and biochemical mechanisms 

FIGURE 2    |    Differential cell adhesions and surface tension in multicellular aggregates prime cancer cells for unjamming transitions. Left panel: 
Schematic of contact tension in tissues, showing differences in homotypic tensions T1,1 and T2,2 and heterotypic tension T1,2. Right panel: Tissue 
spreading is governed by relative surface tensions influenced by differences in cell adhesion, with lower surface tension tissues enveloping those with 
higher surface tension. Modified from Reference (Boot, Koenderink, and Boukany 2021).
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underlying cell sorting and unjamming transitions is crucial for 
inhibiting invasive behaviors that lead to tumor cell migration.

While 2D cell migration generally involves lamellipodial or 
filopodial protrusions at the leading edge and the formation of 
focal adhesions, migration modes in 3D environments can vary 
significantly based on the mechanical properties of the sur-
rounding ECM. Migration through 3D environments and in the 
context of metastasis, presents challenges as cancer cells must 
navigate dense and complex ECMs, requiring them to adapt 
to the mechanical properties of the matrix through remodel-
ing or degradation (Yamada and Sixt  2019; Merino-Casallo 
et al. 2022; Krause and Wolf 2015). In such environments, inter-
actions between neighboring cells and the surrounding matrix 
are increased. For collective migration, cells need to maintain 
interactions with the surrounding tissue as well as other cells 
in a group (Merino-Casallo et  al.  2022; Gjorevski et  al.  2015). 
Various modes of migration are observed in 3D settings, in-
cluding mesenchymal, amoeboid, and lobopodial migration 
(Driscoll and Danuser 2015; Petrie and Yamada 2016; Pawluchin 
and Galic 2022).

2.4   |   Cells Undergo Various Modes of 3D Cell 
Migration

How do unjamming phenotypes fit into our current understand-
ing of cell migration, especially given the variety of migration 
modes cells can undergo? Different modes of cell migration are 
triggered or defined by distinct biochemical and biophysical 
mechanisms. For instance, mesenchymal migration is charac-
terized by elongated cell morphology and is commonly observed 
during development and tissue repair. Cells use actin polymer-
ization to generate lamellipodia or filopodia that protrude at the 
leading edge and secrete proteolytic enzymes such as MMPs to 
remodel the ECM, creating paths for migration (Caswell and 
Zech  2018; Driscoll and Danuser  2015). Cancer cells typically 
adhere to and move along ECM fibers, such as collagen and fi-
bronectin, and exhibit front-rear polarity, with the cell moving 
forward by contracting its rear end and pulling itself in the di-
rection of migration (Krause and Wolf 2015).

Amoeboid migration, on the other hand, is faster, lacks promi-
nent protrusions, and involves minimal proteolytic degradation 
(Lämmermann and Sixt  2009; Graziani et  al.  2022). Rapidly 
moving amoeboid cells, including neutrophils, macrophages, 
and invasive cancer cells, are highly deformable and unjamming 
can occur with the path of least resistance in terms of durotaxis 
and ECM pore size (Vesperini et al. 2021). Here, cells possess 
a rounded morphology, exhibit weak adhesions, and use acto-
myosin contractility to generate the force to squeeze through 
ECM pores of ideal size (Van Helvert, Storm, and Friedl 2017). 
Actin protrusions or hydrostatic membrane blebs drive defor-
mations of cell shape and push the cell forward (Caswell and 
Zech  2018). Cancer cells often use amoeboid migration to in-
filtrate surrounding tissues and metastasize to distant sites 
(Paňková et al. 2010; George et al. 2023). Associated with amoe-
boid movement, lobopodia are blunt cylindrical protrusions 
that extend from the leading edge of a migrating cell and are 
driven by intracellular pressure (Petrie and Yamada 2012; Bodor 
et al. 2020). Migration in this mode is driven by the assembly of 

actin filaments at the leading edge, which adheres to the ECM 
and provides traction for forward movement, while actin fila-
ments at the rear of the cell disassemble. In 3D environments, 
fibroblasts (Petrie et al. 2012; Wu, Gilkes, and Wirtz 2016) and 
other cell types tend to utilize lobopodia instead of lamellipo-
dia and filopodia commonly observed in 2D settings (Petrie 
et al. 2012; Wu, Gilkes, and Wirtz 2016).

Cells can switch between the different modes of migration 
depending on the cell type, the properties of the surrounding 
ECM, and biochemical signaling cues. For instance, cancer cells 
can switch between migration modes in response to protease in-
hibition, viscoelastic properties, adhesion strength, and confine-
ment level (Paňková et al. 2010; Khoo et al. 2019). Understanding 
these diverse migration modes and their regulation is essential 
for gaining insights into cancer progression.

2.5   |   Unjamming Transition Versus EMT in 
Signaling a Motile State

Unjamming is thought to be a distinct process from motility 
induction driven by factors such as chemoattractants, electri-
cal currents, or wound formation (Atia et  al.  2021). In  situa-
tions where cells are confined and densely packed, such as in 
tumors, they may undergo different modes of migration in re-
sponse to physical forces exerted on the cells by the tissue mi-
croenvironment (Gensbittel et  al.  2021; Baghban et  al.  2020; 
Cai et  al.  2024; Yamaguchi, Wyckoff, and Condeelis  2005; 
Polacheck, Zervantonakis, and Kamm  2013; Pastushenko and 
Blanpain 2019; Jain, Martin, and Stylianopoulos 2014; Almagro 
et al. 2022; Winkler et al. 2020). The transition from a static to a 
motile state has been investigated primarily from the EMT par-
adigm, where epithelial cells, solid-like tissue, lose cell polarity, 
cell–cell adhesions, and acquire invasive properties undergo tis-
sue fluidization (Figure 3) (Yamada and Sixt 2019; Pastushenko 
and Blanpain  2019; Campbell and Casanova  2016; Nieto 
et al. 2016). Epithelial migration is characterized by strong cell–
cell junctions (high E-cadherin and low vimentin expression), 
and focal adhesions, while mesenchymal migration involves 
weak cell–cell adhesions (low E-cadherin, high N-cadherin, 
high vimentin expression), and decreased focal adhesions in fol-
lower cells (Nieto et al. 2016). Studies have found that applying 
compressive stress to a monolayer of primary human bronchial 
epithelial cells stimulates a jammed-to-unjammed transition, 
which is not primarily driven by EMT (Park et al. 2015; Mitchel 
et al. 2020). This indicates a potential distinct nature of the un-
jamming transition.

Epithelial and mesenchymal cells display contrasting collec-
tive behaviors. Epithelial cells, when packed in position, lack 
the energy to overcome high junctional tension (Figure  3A) 
(Yamada and Sixt 2019; Park et al. 2015; Palamidessi et al. 2019). 
Unjamming can occur when tension or confinement is reduced 
and cell adhesion is high, resulting in a tightly bound group where 
all cells contribute equally to collective movement (Figure 3B) 
(Cai et al. 2024; Ilina et al. 2020). On the other hand, mesenchy-
mal cells migrate as a loosely connected pack, resembling col-
lective motion of animals, bacteria, and self-propelled particles 
(Figure 3C) (Shellard and Mayor 2020). During EMT, intercel-
lular adhesions weaken, and epithelial adhesion markers such 
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as E-cadherin are replaced by the upregulation of N-cadherin. 
Leader cells maintain strong focal adhesions, while follower 
cells experience weakened adhesions and reduced traction 
forces (Campbell and Casanova  2016). In contrast, unjammed 
bronchial epithelial cells undergoing collective motion maintain 
strong cell–cell junctions while exhibiting fluid-like behavior 
characterized by elongated cell shapes (Mitchel et al. 2020).

Traditionally, the unjamming transition and EMT have been 
regarded as distinct processes, but could they be linked in 
certain contexts? EMT is no longer viewed as a single, binary 
process; rather it encompasses a spectrum of overlapping bi-
ological characteristics. RNA and protein profiling studies 
suggest that cells can adopt intermediate states or undergo par-
tial EMT, better termed as epithelial-mesenchymal plasticity 
(EMP) (Haerinck, Goossens, and Berx 2023; Yang et al. 2020). 
EMP describes the ability of cells to move readily between ep-
ithelial- and mesenchymal-like states, primarily regulated by 
EMT-transcription factors (EMT-TFs). Notably, EMT-TFs are 
also expressed in nonepithelial cell types, adding complexity 
to the traditional understanding of EMT (Yang et  al.  2020). 
Interestingly, it has been reported that cancer stemness, cell sur-
vival, metabolic changes, and resistance to anticancer therapeu-
tic drugs can arise from EMT-TFs (Yang et al. 2020; Goossens 
et  al.  2017). In addition, the loss of the metastatic suppressor 
gene, NME1, in epithelial cancer cells results in a hybrid inter-
mediate phenotype due to altered cadherin expression (Huna 

et al. 2021) and low surface tension (Nagle et al. 2022). These 
factors associated with EMT-TFs and genes are also promoted 
in high matrix stiffness environments during jamming/unjam-
ming transitions.

Our recent work investigating multicellular sorting and migra-
tion under confinement demonstrates that partial EMT (char-
acterized by low E-cadherin expression and high vimentin 
expression) combined with reduced matrix stiffness can lead to 
burst-like migration of human breast cancer and benign cells 
(Cai et al. 2024). This burst-like migration occurs only after con-
finement is released, indicating that EMP and the unjamming 
transition may be coupled in specific contexts. Another recent 
study also reported that cancer cell spheroids exhibit solid-like 
behavior in small-pore hydrogels, compared with more gas-
like behavior in large-pore hydrogels (Van Der Net et al. 2024). 
Furthermore, this work showed that EMT and unjamming are 
linked to the expression of MMPs, which assist in degradation of 
the ECM, enhancing cell motility. Continued research into the 
coupling of EMT and unjamming transitions is warranted, both 
in cancer and noncancer systems.

It is therefore proposed that at the primary tumor site, a leader 
cell, surrounded by solid tissues, is triggered to transition from 
a solid-like, jammed phase to a fluid-like, motile state (Haeger 
et al. 2014; Park et al. 2016). Not only do cell–cell interactions 
within the tumor regulate the unjamming transition, but 

FIGURE 3    |    Unjamming transition and EMT models for collective tumor cell migration. Schematic of the transition between (A) jammed and (B) 
unjammed states for epithelial cell sheets. Here, nonmotile cells are jammed, and motile cells are unjammed. (C) Schematic of the EMT model for 
collective cell migration. Adapted from Reference (Yamada and Sixt 2019).
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interactions between the cells and the ECM also play a role 
(Saraswathibhatla, Indana, and Chaudhuri  2023; Eble and 
Niland 2019).

3   |   Cell-ECM Mechanotransduction Supports 
Tumor Cell Migration and Cancer Progression by 
Promoting Unjamming Transitions

Up to this point, we have focused on the influence of cell–
cell interactions in the jamming transition during cancer 
cell invasion. However, once cancer cells leave the primary 
tumor site, their interactions with the surrounding environ-
ment, shaped by various biochemical and physical charac-
teristics, can further promote metastatic behavior. The TME 
is a complex system composed of diverse cellular and extra-
cellular components, including tumor cells, stromal cells, 
immune cells, carcinoma-associated fibroblasts, and non-
cellular components within the ECM (Baghban et  al.  2020; 
Polacheck, Zervantonakis, and Kamm 2013; Zhou et al. 2022). 
In addition to biochemical signals, physical cues from the mi-
croenvironment can significantly impact cell proliferation, mi-
gration, and metastatic potential (Zhou et al. 2022; Salvatore 
et al. 2017; Wang et al. 2020). The ability of cells to migrate 
collectively is influenced by microenvironmental conditions, 
such as cell density and ECM properties. Tumors are often 
stiffer than normal tissue due to increased concentrations of 
ECM components such as collagen and fibronectin (Henke, 
Nandigama, and Ergün  2019). Mechanical inputs, such as 

ECM stiffness or interstitial pressure, and mechanical forces, 
including tension and compression, have been shown to mod-
ulate cancer cell metabolism, proliferation, migration, and 
stemness (Saraswathibhatla, Indana, and Chaudhuri  2023; 
Henke, Nandigama, and Ergün  2019; Pickup, Mouw, and 
Weaver 2014; Nguyen et al. 2022) (Figure 4). This process of 
cells sensing and responding to the ECM is referred to as cell-
ECM mechanotransduction.

In 3D environments, cells encounter various degrees of 
physical confinement in tissues, as well as mechanical 
forces including compressive and shear stresses during 
both single and collective cell migration (Jain, Martin, and 
Stylianopoulos  2014). High mechanical stress in tumors can 
prompt metabolic changes to cancer cells to acquire stem-
like cell properties, driving tumor progression and promoting 
metastasis (Liu et al. 2020). The mechanical properties of the 
TME, such as solid stress, matrix stiffness, and interstitial 
fluid flow, change as tumor growth and development occur. 
Compressive stress in human tumors can reach levels of 35–
142 mmHg, impacting cancer cells and surrounding blood and 
lymphatic vessels (Liu et al. 2020).

Beyond mechanical stress, ECM stiffness and the physical con-
finement of tumor cells within the microenvironment also play 
critical roles in influencing the unjamming transition. This 
raises important questions: How does a cell's response to its 
mechanical environment trigger transitions between jamming 
and unjamming? Can physical confinement caused by ECM 

FIGURE 4    |    Unjamming and jamming transitions in response to high matrix stiffness environments. Tumor cell adaptations resulting from 
high matrix stiffness during primary tumor development can give rise to jamming and unjamming transitions. Modified from Reference (Cambria 
et al. 2024).
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stiffness “jam” cells and hinder metastasis? Or do cancer cell 
mechanics enable them to adapt and navigate stiff ECM more 
efficiently, promoting unjamming? In the next section, we will 
delve into how cell-ECM interactions drive unjamming transi-
tions and speculate on the potential role of mechanosensitive 
channels and transcription factors in mediating the unjamming 
transition.

3.1   |   Matrix Stiffness and Physical Confinement 
Guide Unjamming Transitions

The cellular ECM is a complex network of proteins and fibers, 
including collagen, elastin, and fibronectin, with mechani-
cal properties that vary depending on tissue type (Cox 2021; 
Chaudhuri et  al.  2020). Mechanosensitive proteins such as 
integrins and focal adhesion kinase play a crucial role in 
converting mechanical signals from the cellular microen-
vironment into biochemical cues that guide cell migration 
(Guan  1997; Chen et  al.  2017). Of particular significance is 
the impact of changes in matrix stiffness on cell behavior and 
migration, mediated through mechanotransduction path-
ways and signaling mechanisms. Notably, breast cancer tis-
sue is significantly stiffer (~4 kPa) than normal breast tissue 
(~0.2 kPa), emphasizing the role of mechanical cues in cancer 
progression (Paszek et al. 2005; Xu et al. 2023). Studies have 
shown that cells cultured on stiffer substrates exhibit an elon-
gated morphology, increased spreading, and faster migration 
due to enhanced contractile forces generated on rigid surfaces 
(Janmey, Fletcher, and Reinhart-King 2020). In high-stiffness 
matrix environments, cancer cells generate increased 3D trac-
tion forces (Afthinos et al. 2022). These cells establish stron-
ger cell-ECM adhesions and traction forces, enabling more 
rapid and efficient migration.

Primary tumors are encapsulated within a basement membrane 
and are subject to increased confinement stress as they grow, 
leading to a buildup of internal pressure driven by cell prolifera-
tion (Cai et al. 2024; Yan et al. 2021). Recent work demonstrates 
how high pressure within a spheroid can result in spontaneous 
burst-like motility of tumor cells that effectively disrupts the cell 
jamming that typifies high cell density within the spheroid core 
(Cai et al. 2024; Raghuraman et al. 2022). This burst-like migra-
tion, driven by the pressure difference between the spheroid and 
the degraded ECM, allows cancer cells to gain access to distant 
sites of metastasis. Here, burst-like migration refers to the sud-
den, collective movement of cells from a multicellular aggregate 
into the surrounding matrix, resembling a “burst.” This phe-
nomenon exemplifies an unjamming transition in a 3D context.

Cell sorting within 3D multicellular aggregates contributes to 
heterogeneity, potentially creating gradients of mechanical 
stress and cell–cell interactions that drive transitions between 
jammed and unjammed states (Han, Kwon, and Kim  2021). 
During burst-like migration observed in an epithelial and can-
cer co-culture spheroid model (Cai et al. 2024), the cells initially 
exist in a jammed state, characterized by dense packing and low 
motility. Triggered by changes in the confinement by the sur-
rounding matrix, the cells rapidly transition to a state of high 
motility, enabling collective invasion into the ECM. During this 

process, cells overcome mechanical constraints imposed by both 
neighboring cells and the ECM.

Burst-like migration occurs mostly in the form of cellular aggre-
gates rather than individual cells, increasing the potential for 
micrometastasis (Raghuraman et al. 2022). This involves tumor 
cell clusters traveling to distant sites within the body where 
they establish small secondary tumors. However, a stiff ECM 
can also impede or jam individual cells. As individual cancer 
cells navigate the surrounding matrix, they can encounter con-
straints such as the dense ECM and physical obstacles, resulting 
in slow and inefficient migration. This impediment can result in 
jamming of individual cells; while collectively migrating cells 
are more likely to unjam, a behavior that is more commonly as-
sociated with successful metastatic progression.

ECM stiffening is driven by the excessive activity of proteins 
and enzymes, leading to crosslinking of collagen fibers and 
other ECM components (Winkler et  al.  2020; Lu et  al.  2011; 
Bonnans, Chou, and Werb 2014). In the context of confined 3D 
cancer cell migration, cells can actively remodel and degrade 
the surrounding matrix to create migration pathways (Krause 
and Wolf 2015; Lu et al. 2011). The stiffness and porosity of the 
ECM influence the degree of physical confinement experienced 
by cells. In response to different levels of confinement, cancer 
cells may switch their migration mode between mesenchymal 
and amoeboid migration (Paňková et al. 2010; Khoo et al. 2019). 
Amoeboid migration is favored when navigating tight gaps in 
dense tissues, whereas mesenchymal migration is typically em-
ployed in less dense environments. Moreover, increased physi-
cal confinement stemming from high matrix stiffness can result 
in cell nucleus deformation, leading to changes in cancer cell 
polarity and gene expression (Krause and Wolf 2015).

The ECM is not merely a rigid, crosslinked network of fibers but 
also behaves as a viscoelastic material, influencing the migration 
of tumor cells (Chaudhuri et al. 2020; Saraswathibhatla, Indana, 
and Chaudhuri  2023). A recent study found that extracellular 
fluid viscosity can promote cancer cell migration by increasing 
the density of the cortical actin network (Bera et al. 2022). This 
alteration in cortical actin promotes cell swelling and increased 
membrane tension, mediating calcium influx and increased 
RhoA-dependent actin contractility (Bera et  al.  2022). In this 
case, myosin-dependent motility and intracellular pressure 
increase, resulting in an unjamming transition. Additionally, 
the plastic deformation of the ECM contributes to the ability 
of cellular forces to remodel collagen fibers (Schultz, Kyburz, 
and Anseth  2015; Ban et  al.  2018; Malandrino et  al.  2019). 
Studies demonstrate that cells can physically reorganize ECM 
networks, in addition to their ability to degrade the network 
through the release of enzymes, to better navigate through the 
ECM. In ECMs with higher plasticity, cancer and stem cells can 
create microchannels within the ECM to facilitate their motility, 
whereas more elastic ECMs tended to impede migration. In one 
study, mesenchymal stem cells promoted nuclear piston-driven 
protrusion expansion linked to the activation of mechanosensi-
tive ion channels, resulting in an increase in protrusion osmotic 
pressure (Lee et al. 2021). These findings can be related to the 
jamming transition, where higher ECM plasticity promotes the 
unjamming of cancer cells in a physical context. This illustrates 



397

how cells can sense and manipulate extracellular properties to 
promote their motility through the ECM (Chaudhuri et al. 2020).

Questions remain about how the viscoelastic properties of can-
cer cells feedback into their ability to undergo more persistent 
motility. When cells undergo relaxation or unjamming, they 
collectively act as a viscoelastic fluid, whereas the jammed phe-
notype can be considered a viscoelastic solid. Recent studies 
using atomic force microscopy and micropipette aspiration have 
reported that single cancer cells are more deformable, behaving 
more fluid-like and demonstrating lower apparent viscoelasticity 
than normal cells (Xie et al. 2019; Mierke 2021; Nematbakhsh, 
Pang, and Lim 2017). Here, it is proposed that the decreased vis-
coelasticity of cancer cells, attributed to actin cytoskeleton re-
organization, leads to enhanced motility (Nematbakhsh, Pang, 
and Lim 2017). A study characterizing viscoelastic creep behav-
ior in mouse fibroblasts and human embryonic spheroids further 
indicates that tissue relaxation following micropipette aspira-
tion is deformation-dependent (Boot et al. 2024). Furthermore, 
the interplay between the viscoelastic properties of cancer cells 
and the ECM, and how they influence each other, has yet to be 
fully explored. Further investigation is warranted to better un-
derstand the role of viscoelasticity in the unjamming transition, 
where advances in tissue engineering are necessary (Guimarães 
et al. 2020; Curvello et al. 2023; Ligorio and Mata 2023).

3.2   |   Regulation of Mechanosensitive Ion 
Channels and Transcription Factors in Unjamming 
Transitions

How might distinct biomechanical cues from the ECM regulate 
signaling in 3D cell migration? Cells encounter tensile stretch 
as they navigate through constrained spaces, such as narrow 
channels and dense ECM environments (Gjorevski et al. 2015). 
During invasion through the ECM and processes such as in-
travasation and extravasation, migrating cells experience 
compression due to constricted pathways (Pickup, Mouw, and 
Weaver 2014; Heureaux-Torres et al. 2018). In response to these 
physical limitations, cells generate forces to deform their shapes 
to squeeze through narrow passages, enabling migration within 
confined 3D regions. Jamming transitions during 3D confined 
migration offer insights into the mechanisms through which 
cells can become trapped during migration in the primary 
tumor or in attempts to invade into the ECM (Haeger et al. 2014; 
Ilina et al. 2020). As cells navigate tight spaces within the dense 
ECM, they encounter increased mechanical resistance. Cell mo-
tion can be hindered if the mechanical forces exerted by the cells 
exceed a certain threshold, and the cells can become immobi-
lized, or jammed (Janmey, Fletcher, and Reinhart-King 2020).

Mechanical stimuli have been shown to reshape epithelial cell–
cell junctions through the elongation and contraction of junc-
tions via mechanosensitive channels (Varadarajan et al. 2022). 
However, the precise molecular mechanisms that translate me-
chanical cues into changes in invasive behavior remain poorly 
understood. Earlier work from our lab revealed that the exoge-
nous expression of the mechanosensitive channel of large con-
ductance (MscL) in cancer cells inhibits cell entry into narrow 
3D channels (Heureaux-Torres et al. 2018). Another mechano-
sensitive channel of particular interest is Piezo1.

Piezo1 regulates cell proliferation and migration in response to 
various mechanical stimuli and mediates cell motility in both 
individual and collective migration (Gudipaty et  al.  2017; Yu 
et al. 2020; Li et al. 2015; Holt et al. 2021; Murthy, Dubin, and 
Patapoutian  2017). Importantly, Piezo1 has been shown to be 
upregulated in most cancers and is associated with unfavor-
able prognosis (Li et al. 2015, 2022; Dombroski et al. 2021). In 
tumor cell migration, Piezo1 activation enhances the ability of 
cancer cells to migrate under compressive stress and through 
tight spaces by inducing a switch from F-actin–driven pseudo-
pods to bleb-driven motility (Dombroski et al. 2021; Srivastava 
et al. 2020). Recent work from our lab and others demonstrates 
that mechanical activation of Piezo1 leads to enhanced matrix 
degradation, actin protrusion formation, and an influx of cal-
cium ions (Luo et al. 2022; Grannemann et al. 2023). Given that 
Piezo channels are tethered to the actin cytoskeleton through the 
cadherin-β-catenin complex (Wang et al. 2022), Piezo1 and E-
cadherin may work together to transmit adhesion-cytoskeleton 
forces. A compelling aspect is the potential involvement of 
Piezo1 mechanotransduction in the regulation of E-cadherin 
expression due to the role of Piezo1 in transducing mechanical 
forces applied externally and internally at the plasma membrane 
(Li et  al.  2015). A recent study from our group demonstrated 
that cell sorting and burst-like migration resulting from ECM 
stiffness is E-cadherin dependent, supporting Piezo1 activity in 
tumor cell migration (Cai et al. 2024). As a result, the influence 
of mechanosensitive channels potentially extends to governing 
E-cadherin turnover, thereby linking mechanotransduction and 
cellular adhesion dynamics, potentially as a mechanism for the 
unjamming transitions.

Furthermore, mechanosensitive transcription activators, YAP 
and TAZ, are implicated in altering cellular adhesion dynamics 
and transcription factor expression, which are upregulated in 
several cancers (Zanconato, Cordenonsi, and Piccolo 2019). YAP 
and TAZ were first identified as important genes in the Hippo 
pathway, a conserved signaling pathway involved in organ devel-
opment (Boopathy and Hong 2019; Zheng and Pan 2019). With 
respect to cell migration, YAP/TAZ are well understood to regu-
late actin cytoskeleton rearrangement and focal adhesion matu-
ration, enabling persistent motility (Zanconato, Cordenonsi, and 
Piccolo 2019; Qiao et al. 2017; Mason et al. 2019). Beyond bio-
chemical signaling, there is overwhelming evidence supporting 
how YAP and TAZ regulation is heavily influenced by cellular 
mechanotransduction (Panciera et al. 2017).

Specifically, the localization of YAP changes when subjected 
to force (Nasrollahi et  al.  2017; Panciera et  al.  2017; Elosegui-
Artola et  al.  2017). It is understood that when the nucleus is 
stretched, such as in the case of cells migrating on a stiff sub-
strate, YAP is activated and localizes to the nucleus (Panciera 
et  al.  2017; Elosegui-Artola et  al.  2017). For human breast tu-
mors, YAP nuclear localization increases in high ECM stiffness, 
along with an increase in pMLC, pFAK, and activated β1 integ-
rin mechanosignaling (Acerbi et al. 2015). Recently, it has been 
reported that epithelial cells primed on stiff substrates maintain 
faster motility even when migrating on softer substrates, and 
this “memory” is YAP-dependent (Nasrollahi et al. 2017). It is 
also suggested that YAP localization to the nucleus is due pri-
marily to nuclear compression rather than substrate stiffness 
alone (Koushki et al. 2023). When tumor cells migrate through 
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confined spaces in stiff ECMs, not only do cells sense stiffer 
substrates, but the nucleus also deforms, such as with the for-
mation of a nuclear piston (Lee et al. 2021), to facilitate migra-
tion through confinement. Whether substrate-induced nuclear 
deformation alone or in combination with other mechanisms for 
nuclear stretching leads to a transition to an unjammed state re-
mains to be investigated.

4   |   Conclusions and Future Perspectives

Tumor cell migration is a complex phenomenon due to the 
heterogeneity of the TME and involves multi-mode migration, 
which makes treating metastatic cancers challenging. Within 
the tumor, different cell types reside and congregate based on 
cell–cell mechanical interactions, such as cell adhesiveness and 
stiffness. Furthermore, tumor cells interact with the surround-
ing ECM, where ECM stiffness and viscoelasticity can influence 
gene expression and motility. In addition to the well-understood 
biochemical signaling of tumor cell invasion, we favor the par-
adigm of the jamming transition. Here, the mechanical prop-
erties of cells drive sorting within the tumor, creating areas of 
jammed, solid-like cell mass surrounded by unjammed, fluid-
like cell motion. Unjammed, fluid-like cells are located at the pe-
riphery with better access to the ECM, where they are triggered 
by and remodel the ECM for more efficient tumor cell migration 
and ultimate invasion. Future work needs to continue elucidat-
ing the molecular mechanisms underlying the unjamming tran-
sition to help uncouple the different roles of biochemical and 
mechanical signaling in tumor cell migration.

In this review, we primarily discussed unjamming transi-
tions regulated by cell–cell interactions within the tumor and 
cell-ECM interactions. Recently, there has been an increased 
emphasis on the broader TME and how cooperation among dif-
ferent cell types favors cancer progression (Schulz et al. 2019). 
Fibroblasts are a dominant cell type within the TME and have 
a major role in tissue repair (Kalluri  2016; Yang et  al.  2023). 
Cancer-associated fibroblasts (CAFs) are of great interest in 
cancer biology due to their ability to secrete soluble factors 
and remodel the ECM, impacting tumor cell behavior, such 
as those linked with the jamming transitions (Yoshida  2020; 
Chen, McAndrews, and Kalluri  2021). The remodeling of the 
ECM by CAFs changes the mechanical properties of the ECM 
and the resulting forces experienced by tumor cells. CAFs pro-
duce collagen, which increases the stiffness of the ECM (Takai 
et al. 2016), having implications in tumor cell mechanosensing 
expression (Acerbi et al. 2015). Even more intriguing and novel 
are the interactions between tumor cells and CAFs, where it has 
been reported that cancer cells exhibit changes in YAP nuclear 
localization due to CAF capsules (Barbazan et al. 2023). Here, 
CAFs induce compressive forces on cancer cells, demonstrat-
ing that not only can ECM stiffness influence gene expression, 
but also forces induced by fibroblasts in the TME. Interestingly, 
CAF capsules surrounding and applying compressive force on 
cancer cells in this system were shown to restrain cancer cell 
growth (Barbazan et al. 2023), potentially leading to a jammed 
state. This suggests a complex interplay between substrate/cell 
stiffness and gene expression for inducing or inhibiting tumor 
cell migration. Despite this, it remains unclear how interactions 

with other cell types within the TME directly lead to unjamming 
transitions in cancer cell progression. Innovations in long-term, 
high-resolution imaging, 3D tumor cell models, multi-scale com-
putational models, and the engineering of more complex TMEs 
will assist in the effort to understand the molecular mechanisms 
underlying the unjamming paradigm in tumor cell migration.
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