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Abstract: A key feature that distinguishes cancer cells from all other cells is their capability to spread throughout the body. Although how cancer cells collectively migrate by following molecular rules which influence the state of cell-cell adhesion contacts has been comprehensively formulated, the impact of physical interactions on cell spreading remains less understood. Cumulative effects of physical interactions exist as the interplay between various physical parameters such as (1) tissue surface tension, (2) viscoelasticity caused by collective cell migration, and (3) solid stress accumulated in the cell aggregate core region. This review aims to point out the role of these physical parameters in cancer cell spreading by considering and comparing the rearrangement of various mono-cultured cancer and epithelial model systems such as the fusion of two cell aggregates. While epithelial cells undergo volumetric cell rearrangement driven by the tissue surface tension, which directs cell movement from the surface to the core region of two-aggregate systems, cancer cells rather perform surface cell rearrangement. Cancer cells migrate toward the surface of the two-aggregate system driven by the solid stress while the surface tension is significantly reduced. The solid stress, accumulated in the core region of the two-aggregate system, is capable of suppressing the movement of epithelial cells that can undergo the jamming state transition; however, this stress enhances the movement of cancer cells. We have focused here on the multi-scale rheological modeling approaches that aimed at reproducing and understanding these biological systems.
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Introduction

Cancer invasion through the extracellular matrix (ECM) and the surrounding tissue is a key step in cancer progression (Clark and Vignjevic, 2015; Gandalovičová et al., 2016; Beunk et al., 2019; Kubitschke et al., 2021). Therefore, physical interactions between cells and their surroundings guide cell spreading. Cumulative effects of these interactions appear as the interplay between physical parameters such as: (1) solid stress accumulated within the aggregate core region (Kalli and Stylianopoulos, 2018), (2) tissue surface tension (Devanny et al., 2021), and (3) viscoelasticity caused by collective cell migration (CCM) (Pajic-Lijakovic and Milivojevic, 2019a; 2022). In this review, we have discussed the influence of these factors on cell rearrangement studied in the model systems such as the fusion of two cell aggregates by emphasizing the difference between epithelial and cancer cells. We have focused here on cell rearrangement caused by CCM occurring at a time scale of hours, while cell division is neglected at this time scale, because it occurs on a much longer time scale (i.e., days).

Cell migration generally involves four basic inter-connected steps: (a) protrusion, (b) adhesion, (c) contraction, and (d) retraction (Etienne-Manneville, 2013). The prerequisite of cell movement is the formation of leading-edge protrusions. Gupta and Yap (2021) revealed different ways by which adherens junctions promote the locomotion of cells within tissues: through protrusions and contraction of the junctions. Small G proteins of the Rho family regulate cell movement by promoting protrusion and stimulating adhesion (Etienne-Manneville, 2013). Cell movement is associated with the generation of the polarization flux caused by the rearrangement of already polymerized actin filaments driven by the ATP-consuming force (Yamada and Sixt, 2019). Microtubules and intermediate filaments also contribute to cell contractions and directional cell movement, besides actin rearrangement Cell contractions result in cytoskeleton deformation which provokes the response of nucleus by influencing gene expression and signaling (Barriga and Mayor, 2019). The coordinated movement of groups of cells with respect to the surrounding tissue is often guided by short- or long-range signaling (Blanchard et al., 2019). Gene expression induces a time delay in cell response to various mechanical and biochemical stimulus. This time delay might be relevant for cell coupling because what cells acquire in real-time is the information of surrounding cells some time ago. Often, in the gene regulatory network, one gene regulator controls another, and so on. Post-translational modification, such as phosphorylation and glycosylation of membrane proteins, may only require a few minutes, whereas the synthesis of proteins and their transport can take tens of minutes (Petrungaro et al., 2019). This time scale corresponds to CCM (Pajic-Lijakovic and Milivojevic, 2019a). Warmt et al. (2021) examined the contractility of various breast cells and pointed out that MCF-10A epithelial cells show higher cortical contractility in comparison with the MDA-MB-231 and MDA-MB-436 mesenchymal cells. The dominant mechanism of the contractility of mesenchymal cells corresponds to stress fiber-mediated contractility. Rac1 enhances the stress fiber activity in MDA-MB-231 and MDA-MB-436 cells (Warmt et al., 2021). In contrast to the mesenchymal cells, increased expression of RhoA is observed in contractile MCF-10A cells, while Rac1 and Rock2 expressions were lower than in epithelial cells. Cells are capable of adapting their movement depending on the surrounding conditions by changing the strength of cell-cell and cell-matrix adhesion contacts which exerts feedback on cell contractions and persistence of cell movement.

Under stress, cell rearrangement during the fusion of two cell aggregates occurs. Besides the solid stress accumulated in the core region of the two-aggregate system, cell movement can induce additional accumulation of the residual stress depending on the viscoelasticity caused by CCM (Pajic-Lijakovic and Milivojevic, 2019a, 2020b). Solid stress represents a consequence of cell growth and compression between cell aggregate and surrounding ECM, which represents the physiological environment for cancer cells. The order of magnitude of solid stress is a few kPa (Kalli and Stylianopoulos, 2018). The solid stress in the core region of CT26 cancer cell aggregate (diameter of 240 μm) is about eight times higher than the stress at the aggregate surface under externally applied osmotic stress of 5 kPa (Dolega et al., 2017). This osmotic stress corresponds to physiological compressive stress that occurs under in vivo conditions. The maximum cell residual stress accumulation during: (1) free expansion of epithelial monolayers is 100–150 Pa (Tambe et al., 2013) and (2) rearrangement of confluent epithelial monolayers is 300 Pa (Notbohm et al., 2016). However, the accumulated stress during 3-dimensional collective migration of epithelial cells could be higher. To understand the cell rearrangement during the aggregate fusion, it is necessary to point out the cell response under various stress conditions. The compressive stress of 773 Pa is enough to suppress the movement of epithelial MCF-10A cells and tumorigenic but not metastatic MCF-7 cells (Tse et al., 2012). However, this stress enhances the movement of highly invasive 4T1, MDA-MB-231, and 67NR cells (Tse et al., 2012). Riehl et al. (2020, 2021) revealed that shear stress of 1.5 Pa stimulates movement of the MDA-MB-231 cells and reduces movement of MCF-10A epithelial cells. The response of various cell types under stress has been discussed in the context of single-cell stiffness and the level of E-cadherin in cell-cell adhesion contacts (Tse et al., 2012; Rudzka et al., 2019; Mohammed et al., 2021). Stiff cancer cells are less invasive than relatively softer ones (Rudzka et al., 2019). Mohammed et al. (2021) indicated that E-cadherin-mediated cell-cell adhesion contacts are the main cause of the reduction in MCF-10A epithelial cell movement under compressive stress.

Tissue surface tension, as the specific energy of the surface, depends on the state of cell-cell adhesion contacts and the cell contractility (Stirbat et al., 2013). Beside multicellular systems, the surface tension represents a characteristic of various soft matter systems such as: liquids and amorphous solids (Mondal et al., 2015). While epithelial cells within the aggregate establish strong E-cadherin mediated adherens junctions (AJs), cancer cells frequently establish weak cell-cell adhesion contacts and β1 integrin mediated focal adhesions (FAs) between cells and ECM which are already present within the cell aggregates (Kenny et al., 2007; Devanny et al., 2021). Consequently, the resulted surface tension of epithelial aggregates is much higher than the one of the cancer aggregates. Cell contractility significantly influences the surface tension. Epithelial cell contractions enhance the strength of AJs and cause an increase in tissue surface tension (Lin et al., 2006; Devanny et al., 2021). Migrating clusters of epithelial cells have higher tissue surface tension in comparison with resting (non-contractile) epithelial cells. However, the contractility of cancer cells, which establish integrin-mediated adhesion contacts, induces an increase in cell-cell repulsions that reduce the tissue surface tension (Devanny et al., 2021).

Based on these findings, various scenarios of cell rearrangement during the aggregate fusion can be expected depending on: (1) cell response under solid stress and (2) the magnitude of tissue surface tension. These scenarios influence the surface and volume of the two-aggregate system. Cell rearrangement, occurring via CCM, has an impact on energy storage and dissipation within a two-aggregate system (Pajic-Lijakovic and Milivojevic, 2021a). Migrating collectives have been treated as viscoelastic liquids or viscoelastic solids depending on the state of cell-cell adhesion contacts. The coordinated movement of free or weakly connected cell streams corresponds to viscoelastic liquids, while the movement of strongly connected cell clusters corresponds to viscoelastic solids (Pajic-Lijakovic and Milivojevic, 2020c, 2021a). The first mode of cell migration corresponds to a movement of cancer cells (Friedl and Alexander, 2011; Clark and Vignjevic, 2015), while the second mode corresponds to the collective migration of epithelial cells (Shellard and Mayor, 2019; Pajic-Lijakovic and Milivojevic, 2019a; 2020c).

In this review, we will discuss the interplay between tissue surface tension, solid stress and viscoelasticity caused by CCM on the cell rearrangement during the aggregate fusion based on experimental data from the literature by pointing to the difference in the spread of cancer and epithelial cells.

The Fusion of Two Cell Aggregates

The fusion of two cell aggregates caused by CCM is influenced by the interplay between tissue surface tension and solid stress accumulated within the two-aggregate system, while the CCM itself induces additional energy storage or dissipation depending on the long-time viscoelasticity occurs at a time scale of hours. The surface of the two-aggregate system in contact is expressed as (Kosztin et al., 2012): 
A(τ)=4πR(τ)2(1+cosθ(τ))
while the total volume is (Dechristé et al., 2018): 
V(τ)=2π3R(τ)3(2+3cosθ(τ)−cos3θ(τ))
(where 
R(τ)
is the aggregate radius and 
θ(τ)
is the fusion angle). The geometry of the two-aggregate system is presented in Fig. 1.
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Figure 1: Geometrical characteristics of the two-aggregate systems during fusion.
The aspect ratio is equal to AR(τ) = d(τ)/2rN(τ) (where d(τ) is the longer axis equal to d(τ) = 2R(τ)(1 + cosθ) and 2r(τ) is the shorter axis of the multicellular system, while the neck radius is equal to rN(τ) = sinθ(τ)) (Dechristé et al., 2018). The two-aggregate systems during fusion are treated as canonical ensembles such that N ≈ const (where N is the total cell number), while the cell division is neglected in the time scale of hours.

The aspect ratio is equal to 
AR(τ)=d(τ)2rN(τ)
(where 
d(τ)
is the longer axis equal to 
d(τ)=2R(τ)(1+cosθ)
and 
2r(τ)
is the shorter axis of the multicellular system, while the neck radius is equal to 
rN(τ)=R(τ)sinθ(τ)
) (Dechristé et al., 2018). The two-aggregate systems during fusion are treated as canonical ensembles such that 
N≈const
(where 
N
is the total cell number), while the cell division is neglected in the time scale of hours.

Various scenarios of cell rearrangement during the aggregate fusion

Two scenarios of cell rearrangement are possibly guided by the tissue surface tension on the one hand and the solid stress on the other asshown in Fig. 2.
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Figure 2: Two scenarios of the cell aggregate fusion were observed for epithelial and cancer mono-cultured multicellular systems.

The first scenario corresponds to a volumetric rearrangement, while the second can be treated as a surface rearrangement. Higher surface tension, which represents a characteristic of epithelial aggregates, induces cell movement from the surface to the core region of the two-aggregate system. The movement is intensive near the contact point between two cell aggregates (Fig. 2). Two volumetric velocity fronts with opposite directions are generated within a contact region to minimize the surface. Their collision induces an additional increase in the cell residual stress and can lead to the cell jamming state transition (Trepat et al., 2009; Nnetu et al., 2012, 2013; Pajic-Lijakovic and Milivojevic, 2019b; 2021a). If the cell jamming exists, it causes the arrested coalescence (Oriola et al., 2020; Grosser et al., 2021). In this case, cells perform the volumetric rearrangement which results in: (1) a decrease in surface and volume of the two-aggregate system, (2) an increase in the cell packing density accompanied by the cell residual stress accumulated in the core region of the two-aggregate system, and (3) an increase in the neck radius (Pajic-Lijakovic and Milivojevic, 2022). The corresponding cell volumetric rearrangement during the aggregate fusion can result in a total or arrested coalescence depending on the accumulated cell stress (Oriola et al., 2020; Grosser et al., 2021; Pajic-Lijakovic and Milivojevic, 2022).

Otherwise, reduced surface tension, which represents a characteristic of cancer aggregates, induces cell movement from the core region of the two-aggregate system toward its surface driven by the solid stress (Kalli and Stylianopoulos, 2018). Cell movement in this case results in: (1) an increase in the volume and surface of two-aggregate systems, (2) a decrease in the cell packing density accompanied by a decrease in the compressive residual stress in the core region of the two-aggregate system, and (3) an increase in the neck radius (Pajic-Lijakovic and Milivojevic, 2022). In contrast to the rearrangement of epithelial cells, cancer cells rather perform the surface rearrangement by avoiding the transition into a jamming state (Grosser et al., 2021).

Volumetric and surface cell rearrangement during the aggregate fusion: Various experimental systems

The rearrangement of cancer cells during the aggregate fusion has often been compared with the rearrangement of epithelial cells by considering various experimental systems (Kosztin et al., 2012; Shafiee et al., 2015; Dechristé et al., 2018; Grosser et al., 2021). Shafiee et al. (2015) considered the fusion of two confluent skin fibroblast cell aggregates and pointed 2.18 times decrease in the surface of the two-aggregate systems decreases 2.18 times, while and 2.38 times decrease in the volume within 140 h (Figs. 3a and 3b). Cells within these aggregates are in a confluent state. Consequently, the cell proliferation is neglected. The corresponding aspect ratio is AR ≈ 1.1 after 140 h which points out that the two-aggregate system reaches a nearly spherical shape.
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Figure 3: The fusion of two confluent skin fibroblast cell aggregates: (a) the surface of a two-aggregate system vs. time and (b) the volume of a two-aggregate system vs. time.

During the fusion process, the surface and volume relax and reach the equilibrium states. A similar result is obtained for the fusion of two MCF-10A epithelial cell aggregates (Grosser et al., 2021). The decrease in the surface of the two-aggregate system during the fusion is driven by the tissue surface tension.

However, the fusion of two cancer cell aggregates sometimes follows a quite different scenario, depending on the nature of cell-cell and cell-ECM adhesion contacts, as is shown in Fig. 2. The fusion also induces an increase in the neck radius while the surface and volume of the two-aggregate system increase by forming an irregular ellipsoidal shape. Dechristé et al. (2018) considered the fusion of two human carcinoma cell aggregates (HCT116 cell line) as a consequence of cell divisions within 70 h. The doubling time of HCT116 cells is 18 h (Gongora et al., 2008), however, the volume and surface of two-aggregate systems increase even during the first 5 h. Cancer cell divisions can be neglected within this time period, while the surface and volume changes occur primarily via CCM driven by solid stress accumulated in a core region of the two-aggregate systems (Pajic-Lijakovic and Milivojevic, 2022). The surface of two-aggregate systems increases: (1) 1.8 times for larger cancer cell aggregates (500 μm diameter) and (2) 2.3 times for smaller aggregates (300 μm diameter) within the first 5 h (Fig. 4a) (Dechristé et al., 2018). The corresponding increase in the volume of two-aggregate systems within 5 h is: (1) 1.24 times for larger aggregates and (2) 1.12 times for smaller aggregates (Fig. 4b) (Dechristé et al., 2018).
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Figure 4: The fusion of HCT116 cell aggregates: (a) an increase in the surface of a two-aggregate system vs. time and (b) an increase in the volume of a two-aggregate system vs. time.

While the increase in volume is limited, an increase in the surface of two-aggregate systems is intensive and approximately linear (Fig. 4a). The aspect ratio is equal to AR ≈ 0.92 for smaller aggregates after 18 h, which corresponds to a new ellipsoidal shape. In contrast, the aspect ratio change is slower for larger aggregates and equal to AR ≈ 1.1 after 18 h (Dechristé et al., 2018). This AR is similarto the one obtained during the fusion of two confluent skin fibroblast cell aggregates which point to a similar shape of these multicellular systems. While the shapes of these systems are similar, underlying scenarios of cell rearrangement are quite different. This result revealed that the surface area of two-aggregate systems vs. time can be used as an indicator of various scenarios of cell rearrangement rather than the AR.

This result points to the surface rearrangement of cancer cells, as a dominant scenario (Pajic-Lijakovic and Milivojevic, 2022). This surface rearrangement becomes more intensive with an increase in the surface-to-volume ratio of the two-aggregate system, i.e., for smaller cell aggregates. Grosser et al. (2021) examined and compared the fusion of two breast cell aggregates such as: (1) epithelial MCF-10A cell lines and (2) cancerous mesenchymal MDA-MB-436 cells within 60 h. While MCF-10A cells underwent arrested coalescence and the average cell velocity dropped to zero, cancer cells kept their velocity approximately constant within this time period and avoided the jamming state transition. This result confirms the surface activity of cancer cells; instead of generating two opposite volumetric velocity fronts near the contact point between two aggregates, cancer cells rather undergo the surface cell rearrangement. The surface cell rearrangement occurs by generating the surface velocity fronts directed toward the contact point between the aggregates (Fig. 2).

Viscoelasticity Caused by Collective Cell Migration

Cell movement induces energy storage and energy dissipation within multicellular systems (Pajic-Lijakovic, 2021). Depending on the ratio between these two parts of energy, cell rearrangement caused by CCM has been treated as viscoelastic liquids or viscoelastic solids (Guevorkian et al., 2011; Notbohm et al., 2016; Pajic-Lijakovic and Milivojevic, 2019a; 2021a). Energy storage and dissipation depend primarily on the state of cell-cell adhesion contacts. Coordinated movement of weakly connected cell streams induces intensive energy dissipation and has been treated as viscoelastic liquids, while the movement of strongly connected cell clusters corresponds to viscoelastic solids (Pajic-Lijakovic and Milivojevic, 2020b; 2021a). Consequently, collective migration of cancer cells is treated as viscoelastic liquids, while collective migration of epithelial cells corresponds rather to viscoelastic solids. The main characteristics of viscoelasticity caused by CCM are: (1) multi-time nature and (2) inhomogeneity (Pajic-Lijakovic and Milivojevic, 2019a; 2021a). The strain and the rate of strain change due to cell migration, as well as, the cell residual stress accumulation, occur at a time scale of hours, τ (Marmottant et al., 2009; Serra-Picamal et al., 2012; Notbohm et al., 2016; Pajic-Lijakovic and Milivojevic, 2020c; 2021a). However, stress relaxation occurs on a time scale of minutes, t (Marmottant et al., 2009; Pajic-Lijakovic and Milivojevic, 2020c). Consequently, cell movement occurs within successive stress relaxation cycles of short time durations (Pajic-Lijakovic and Milivojevic, 2019a; 2020c). Inhomogeneous distributions of cell velocity and cell residual stress have been recognized during (1) free expansion of cell monolayers (Serra-Picamal et al., 2012), (2) rearrangement of confluent epithelial cell monolayers (Notbohm et al., 2016), and (3) cell aggregate rounding after uni-axial compression (Pajic-Lijakovic and Milivojevic, 2017). CCM induces the generation of stress (normal and shear). Normal stress is generated within migrating cell clusters during their movement through dense surroundings or during the collision of velocity fronts caused by uncorrelated motility (Pajic-Lijakovic and Milivojevic, 2019a; 2020b). Due to their viscoelastic nature, the shear flow of cancer cells also induces the generation of normal stress (Pajic-Lijakovic and Milivojevic, 2021a). Maximum normal and shear stresses generated during 2-dimensional CCM corresponds to 150–300 Pa (Tambe et al., 2013; Notbohm et al., 2016). Shear stress can be significant within the biointerface between migrating cell clusters and surrounding cells in the resting state (Pajic-Lijakovic and Milivojevic, 2020a).

The movement of cell streams has been modeled by the Maxwell model, suitable for viscoelastic liquids. Guevorkian et al. (2011) considered cell aggregate micropipette aspiration and experimentally confirmed the validity of this model. The forced movement of cells, in this case, induces intensive energy dissipation characteristics for the viscoelastic liquids. Otherwise, the Zener model, suitable for viscoelastic solid, has been recognized in various experimental systems such as: (1) free expansion of epithelial monolayers (Serra-Picamal et al., 2012; Pajic-Lijakovic and Milivojevic, 2020c), (2) rearrangement of confluent epithelial monolayers (Notbohm et al., 2016; Pajic-Lijakovic and Milivojevic, 2017), (3) cell aggregate uni-axial compression between parallel plates (Mombach et al., 2005; Marmottant et al., 2009; Pajic-Lijakovic and Milivojevic, 2019a; 2021a), and (4) the fusion of two epithelial cell aggregates (Pajic-Lijakovic and Milivojevic, 2022). The Zener model has been chosen based on the following findings:

Cell stress relaxes linearly under constant strain during the cell aggregate uni-axial compression between parallel plates (Marmottant et al., 2009; Pajic-Lijakovic and Milivojevic, 2019a; 2019b) and cell strain relaxes linearly under constant stress condition (Mombach et al., 2005). The stress relaxation time corresponds to a few minutes, while the strain relaxation time corresponds to a few hours (Mombach et al., 2005; Marmottant et al., 2009).

The strain rate is correlated with the rate of change in the residual stress in the cellular system during the free expansion of epithelial monolayers and the rearrangement of confluent epithelial monolayers (Serra-Picamal et al., 2012; Notbohm et al., 2016).

Volume and surface, as well as, the volumetric and surface strains can relax during the fusion of two epithelial cell aggregates (Shafiee et al., 2015; Pajic-Lijakovic and Milivojevic, 2022).

The main characteristics of the Maxwell and Zener models are shown in Table 1.
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The main characteristic of the Maxwell model is that stress can relax under a constant strain rate, while the strain itself cannot relax (Pajic-Lijakovic, 2021). In contrast, to the Maxwell model, the Zener model describes strain relaxation under constant stress conditions and stress relaxation under constant strain conditions (Pajic-Lijakovic, 2021). The main characteristic of viscoelastic solids, which distinguishes them from viscoelastic liquids, is that strain can relax under constant stress (or zero stress) conditions. This condition has been satisfied for various epithelial model systems in vitro.

The Maxwell model describes elastic behavior at a short times and viscous behavior at long times (Pajic-Lijakovic, 2021). Consequently, the corresponding cell residual stress, accumulated at a long time scale, is purely dissipative (Table 1). However, the Zener model describes viscous behavior at short times and elastic behavior at long times (Pajic-Lijakovic, 2021). Consequently, the corresponding cell residual stress, accumulated at a long time scale, is reversible (elastic) (Table 1). This is the main difference between the CCM of cancer cells and the CCM of epithelial cells. In addition, while the CCM of cancer cells induces energy dissipation, the CCM of epithelial cells leads to the storage of strain energy within the two-aggregate system during the fusion process.

Accumulation of cell normal residual stress accompanied by the strain energy during CCM of epithelial cells results in an increase in cell packing density (Trepat et al., 2009). Such an increase leads to a decrease in cell mobility and can induce the jamming state transition which has been observed experimentally during the fusion of various epithelial cell aggregates (Oriola et al., 2020; Grosser et al., 2021). The corresponding reduction in cell mobility leads to a local change in the state of viscoelasticity (Nnetu et al., 2013; Pajic-Lijakovic and Milivojevic, 2021b). While the viscoelasticity caused by CCM shows linear behavior, the viscoelasticity becomes non-linear near the cell jamming (Pajic-Lijakovic, 2019b; 2021b). In contrast to epithelial cells, cancer cells perform surface rearrangement during the aggregate fusion and can avoid the jamming state transition (Grosser et al., 2021; Pajic-Lijakovic and Milivojevic, 2022).

Cell residual stress accumulation during movement of epithelial cells: The role of tissue surface tension

The tissue surface tension induces the volumetric rearrangement of epithelial cells which leads to an accumulation of cell normal residual stress, while the surface tension gradient influences the accumulation of cell shear residual stress (Pajic-Lijakovic and Milivojevic, 2021c). The normal residual stress of the epithelial cells 
σ~rReV
is expressed as the sum of isotropic and deviatoric contributions:


σ~rReV=ΔpeI~+σ~eVd
(1)

where 
Δpe=−γe(∇→⋅n→)
is an isotropic part of the normal stress (formulated based on the Young-Laplace equation), 
γe
is the epithelial surface tension, 
n→
is the normal vector to the surface and 
σ~eVd
is the deviatoric part of the normal stress caused by the cell rearrangement, 
I~
is the unit tensor (Pajic-Lijakovic and Milivojevic, 2019b; 2021c). The shear residual stress 
σ~reS
of the epithelial cells is generated by natural convection and forced convection. The natural convection is induced by the surface tension gradient established at the biointerface between migrating epithelial clusters and the surrounding epithelial cells found in a resting state, while the forced convection is caused by the CCM (Pajic-Lijakovic and Milivojevic, 2021c). This is supported by the fact that the surface tension of active (migrating) epithelial cells is larger than the surface tension of passive (resting) epithelial cells (Devanny et al., 2021). This gradient 
∇→γe
guides the shear flow from the regions of lower surface tension to the regions of higher surface tension, i.e., from the interface between migrating and resting epithelial cells toward the bulk of migrating epithelium. The phenomenon represents the Marangoni effect that influences the rearrangement of various soft matter systems in which the surface tension gradient is caused by a change in temperature or a change in the distribution of system constituents (Karbalaei et al., 2016). Consequently, the cell shear residual stress 
σ~ReS
can be expressed as a sum of the natural convection contribution and forced convection contribution:


n→⋅σ~ReS⋅t→=∇→γe⋅t→+n→⋅σ~reSF⋅t→
(2)

where 
t→
is the tangent vector to the surface and 
σ~reSF
is the shear stress that resulted from the forced convection, and 
∇→γe
is the gradient of epithelial surface tension. The generation of the shear residual stress is accompanied by the Marangoni flux expressed for the mono-cultured epithelial systems as: 
J→Me=kMne(r,τ)∇→γe
(where 
kM
is a parameter that measures cell mobility caused by the surface tension gradient between migrating cell clusters and surrounding cells in the resting state and 
ne
is the packing density of epithelial cells) (Pajic-Lijakovic and Milivojevic, 2021c).

Accordingly, with the fact that the surface tension can be neglected for migrating cancer cells, the resulted cell normal stress in this case, represents only a deviatoric part. The cell shear residual stress of cancer cells arises as a product of forced convection.
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Cell Rearrangement during the Aggregate Fusion: The Force Balance

The fusion of epithelial cell aggregates is driven by the competition between the surface tension force and the viscoelastic force, while the traction force is usually neglected. This is supported by the fact that epithelial cells within the aggregates do not establish FAs (Devanny et al., 2021). While the surface tension force tries to minimize the surface and thus induces CCM, the viscoelastic force acts to reduce the movement of the cells. The surface tension force is expressed as (Pajic-Lijakovic and Milivojevic, 2020c): 
neF→ste=neγeu→e
(where 
γe
is the surface tension of epithelial cells and 
ne
is the packing density of epithelial cells). The viscoelastic force, in this case, is 
F→Tvee=∇→⋅(σ~eRT)
(where 
σ~eRT
is the total cell residual stress 
σ~eRT=σ~eRCCM+σ~eRSD
, 
σ~eRCCM
is the cell residual stress (shear 
σ~reS
and normal 
σ~rReV
) accumulated during CCM (i.e., 
σ~eRCCM=σ~reS+σ~rReV
) and 
σ~eRSD
is the solid stress already present in the core region of two-aggregate systems) (Murray et al., 1988; Pajic-Lijakovic and Milivojevic, 2022). The role of the viscoelastic force in reducing the movement of epithelial cells is supported by experimental findings (Tse et al., 2012; Fuhrmann et al., 2017; Riehl et al., 2020). It is necessary to emphasize that the tissue surface tension influences both forces, i.e., (1) the surface tension force and (2) the viscoelastic force by impacting the cell residual stress accumulation (see Eqs. (1) and (2)).

The competition between these two forces induces an oscillatory change in cell velocity and generated strains and stresses (normal and shear), which further leads to oscillatory changes in the neck radius between the aggregates (Pajic-Lijakovic and Milivojevic, 2022). The phenomenon represents the mechanical waves caused by CCM (Pajic-Lijakovic and Milivojevic, 2020c; 2022). The oscillatory changes in cell velocity and rheological parameters have also been observed experimentally during: (1) free expansion of epithelial cell monolayers (Serra-Picamal et al., 2012; Pajic-Lijakovic and Milivojevic, 2020c), (2) the fusion of two epithelial cell aggregates (Grosser et al., 2021; Pajic-Lijakovic and Milivojevic, 2022), and (3) the rounding of epithelial cell aggregates after uni-axial compression (Pajic-Lijakovic and Milivojevic, 2017; 2022). The corresponding force balance for the rearrangement of epithelial cells during the fusion of epithelial aggregates is expressed by modifying the model proposed by Pajic-Lijakovic and Milivojevic (2020c):


⟨m⟩ene(r,τ)Dv→e(r,τ)Dτ=neF→ste−F→Tvee
(3)

where 
τ
is the time scale of hours, 
⟨m⟩e
is the average mass of a single epithelial cell, 
v→e
is the epithelial cell velocity equal to 
v→e(r,τ)=du→edτ
, 
u→e
is the epithelial cell displacement field, 
Dv→eDτ=∂v→e∂τ+(v→e⋅∇→)v→e
is the material derivative (Bird et al., 1960).

While the rearrangement of epithelial cell aggregates occurs primarily through cadherin-mediated adhesion complexes, the rearrangement of cancer cell aggregates, in the majority of cases, occurs through 
β1
integrin-mediated adhesion complexes (Devanny et al., 2021). The volume fraction of ECM within cancer aggregates is less than 2.5% (Ivascu and Kubbies, 2006). Consequently, to account for the establishment of FAs, as the main mechanism of cancer cell rearrangement, it is necessary to include the traction force into the corresponding force balance equation. The traction force of cancer cells is equal to: 
ρF→trc=ρku→ECM
(where 
k
is an elastic constant of single FA, 
ρ
is the number density of FAs, and 
u→ECM
is the displacement field of ECM caused by the movement of cancer cells) (Murray et al., 1988). The traction force can reduce the movement of cancer cells depending on the strength of FAs (Fuhrmann et al., 2017). The surface tension force of cancer cells is much lower than the one for the epithelial cells and it can be neglected (Devanny et al., 2021). Consequently, the forces that balance the rearrangement of cancer cells during the fusion of cellular aggregates are viscoelastic force and traction force. The viscoelastic force represents a driving force of cancer cell migration and can be expressed as: 
F→Tvec=∇→⋅((σ~cRSD−σ~cRCCM)−σ~RECM)
(where 
σ~cRSD
is the cancer cell solid stress, while the cell residual stress caused by CCM, 
σ~cRCCM
is the residual stress caused by the movement of cancer cells which is dissipated, and 
σ~RECM
is the residual stress accumulated within the ECM) (Murray et al., 1988; Pajic-Lijakovic and Milivojevic, 2020c). It is in accordance with the fact that accumulated solid stress enhances the movement of cancer cells (Tse et al., 2012; Kalli and Stylianopoulos, 2018; Riehl et al., 2020). The competition between these two forces induces an oscillatory change in cell velocity and neck radius during the aggregate fusion, i.e., the mechanical waves (Grosser et al., 2021; Pajic-Lijakovic and Milivojevic, 2022). The force balance, in this case, is expressed based on the modified model proposed by Pajic-Lijakovic and Milivojevic (2020c):


⟨m⟩cnc(r,τ)Dv→c(r,τ)Dτ=F→Tvec−ρF→trc
(4)

where 
⟨m⟩c
is the average mass of a single cancer cell, 
v→c
is the cancer cell velocity equal to 
v→c(r,τ)=du→cdτ
, 
u→c
is the cancer cell displacement field, 
Dv→cDτ=∂v→c∂τ+(v→c⋅∇→)v→c
is the material derivative (Bird et al., 1960), 
nc(r,τ)
is the cancer cell packing density.

The change in the cell packing density occurs on a time-scale of hours, and has been expressed by Murray et al. (1988) as:


∂nk(r,τ)∂τ=−∇→⋅J→
(5)

where 
k≡c,e
denotes the cancer and epithelium cells, 
J→=∑iJ→i
is the flux of cells which accounts for convective and conductive contributions as well as for the haptotaxis, chemotaxis, durotaxis fluxes, as well as, the Marangoni flux (Pajic-Lijakovic and Milivojevic, 2021c) in the case of the fusion of epithelial aggregates that describe different types of cell-cell interactions (e.g., mechanical, electrostatic or chemical).

Surface Rearrangement of Cancer Cells: Modeling Consideration

The surface of a two-aggregate system of cancer cells 
A(τ)
is equal to:


A(τ)=Ncs(τ)⟨ncs(τ)⟩−1
(6)

where 
Ncs(τ)
is the number of cancer cells located at the surface of cell aggregate equal to 
Ncs(τ)=∫ncs(ℜ,τ)d2ℜ
, 
ncs(ℜ,τ)
is the local cell surface packing density, and 
ℜ=ℜ(x,y,z)
is the coordinate of the surface. The 
ncs(ℜ,τ)
changes during the fusion process as a product of two opposite tendencies. The tissue surface tension acts to reduce the surface. However, the cell contractility induces repulsion between cells which cannot be compensated by weak cell-cell adhesion contacts (Devanny et al., 2021). Consequently, this repulsion among cancer cells enhances cell contractility relative to the adhesion strength between cells which leads to a decrease in the surface tension of cancer cells. In order to quantify these changes, we formulated the effective surface activity of cancer cells 
a(ℜ,τ)
, as the ratio between cell active-contractile energy and passive energy:


a(ℜ,τ)=⟨Ua⟩ℜ⟨Up⟩ℜ
(7)

where 
⟨Ua⟩ℜ
is the local average cell active contractile energy and 
⟨Up⟩ℜ
is the local average cell passive energy which accounts for the single-cell elasticity and the state of cell-cell adhesion contacts. Both energetic contributions per single cell can be expressed based on the vertex model proposed by Koride et al. (2018). The average cell active contractile energy is equal to 
⟨Ua⟩ℜ=1Nsℜ∑i=1NsTconi2Li2
(where 
Nsℜ
is the number of cells within a mesoscopic surface domain, 
Tconi
is the contractility coefficient, and 
Li
is the perimeter of the i-th cell) (Koride et al., 2018). The average cell passive energy is equal to 
⟨Up⟩ℜ=1Nsℜ[∑iNs12Ki(Ai−A0)+∑i,j⁡Λlij]
(where 
Ki
is an effective bulk modulus of the cell, 
A0
is the reference area of the cell while, 
Ai
is the current area of the i-th cell, 
Λ
is the adhesion energy per unit length, 
lij
is the edge length between vertex 
i
and 
j
) (Koride et al., 2018).

Accordingly, the change in the cell surface packing density 
ncs(ℜ,τ)
can be expressed based on particularly formulated phase model:


dncs(ℜ,τ)dτ=Γ[δFs(ncs)δncs−kBTeffln(Xa(ℜ,τ))]
(8)

where 
Γ
is the kinetic constant and 
Fs
is the Landau-Ginzburg surface free energy equal to 
Fs=∫γc(ncs)d2ℜ
, 
γc
is the surface tension of passive (non-contractile) cancer cells, 
kB
is the Boltzmann constant, 
Teff
is the effective temperature, and the derivative 
δFs(ncs)δncs
is equal to 
δFs(ncs)δncs=limϵ→0Fs[ncs(ℜ′,τ)+ϵδ(ℜ′−ℜ)]−Fs[ncs(ℜ′,τ)]ϵ
, 
ϵ
is an increment of 
ℜ
(Ala-Nissila et al., 2004). The concept of effective temperature has been applied for considering a rearrangement of various thermodynamic systems from glasses and sheared fluids to granular systems (Casas-Vazquez and Jou, 2003). Pajic-Lijakovic and Milivojevic (2019b; 2021a) applied this concept to a long-time rearrangement of dense cellular systems. The effective temperature, in this case, represents a product of cell mobility and is expressed as 
(kBTeff)1/2∼⟨|v→c|⟩
(where 
⟨|v→c|⟩
is the cell average speed). The cell activity ratio is expressed as 
Xa(ℜ,t)=aaθ
(where 
a
is the cell activity that satisfies the condition that 
a≥aθ
, while 
aθ
is the activity of epithelial cells under physiological conditions). The first term of Eq. 8 accounts for the surface tension action to increase the cell surface packing density and decrease the surface (Eq. (6)), while the second term represents the result of repulsions among cancer cells caused by their contractility which lead to a decrease in the cell surface packing density and consequently, an increase in the surface.

The activity of cancer cells as well as their contractility depends on: (1) cell mobility expressed by the effective temperature, (2) cell surface packing density, and (3) the cumulative energy of AJs and FAs which is equal to 
FA=∑j⁡μjδ(ℜ−ℜj)
(where 
μj
is the chemical potential of the j-th adhesion contact). The change of 
Xa
can be expressed as:


dXa(ℜ,t)dτ=(∂Xa∂Teff)ncs,FA∂Teff∂τ−(∂Xa∂ncs)Teff,FA∂ncs∂τ−(∂Xa∂FA)ncs,Teff∂FA∂τ
(9)

The cell activity increases with an effective temperature, while an increase in the cell surface packing density and the strength of cell-cell adhesion contacts reduce the cell activity, as well as, the cancer cell invasiveness. An increase in 
ncs
under a constant number of cells within the surface 
Ncs
leads to a decrease in the surface of the two-aggregate system 
A(τ)
during the fusion of cell aggregates (Eq. (6)).

Conclusion

The surface activity of cancer cells is estimated by considering simple model systems such as the fusion of two cell aggregates. While the fusion of epithelial cell aggregate, driven by the tissue surface tension, leads to a decrease in the surface and volume of two-aggregate systems, the fusion of cancer cell aggregates follows quite a different scenario. In this case, cell movement is induced by the solid stress accumulated within a core region of a two-aggregate system, while the surface tension can be neglected. The corresponding rearrangement of cancer cells leads to an increase in the surface and volume of two-aggregate systems. Consequently, epithelial cells perform volumetric cell rearrangement, while the cancer cells undergo surface rearrangement. CCM of cancer cells is purely dissipative and results in a decrease in the solid stress, while that of epithelial cells induces an increase in the solid stress accompanied by the strain energy density, which can lead to the cell jamming state transition within the core region of two-aggregate systems and at the contact between these aggregates. The origin of this interesting phenomenon lies in the ability of cancer cells to reduce the tissue surface tension and behave as surface active constituents.

The surface activity of cancer cells is closely connected with the crosstalk between cell-cell and cell-ECM adhesion complexes obtained for contractile cells. While epithelial cells establish stronger E-cadherin mediated cell-cell adhesion contacts, cancer cells form weak cell-cell adhesion contacts and β1 integrin-mediated cell-ECM adhesion contacts. Cellular contractions, significant in the aggregate surface region, generate repulsion among cancer cells which results in a decrease in the surface tension. In contrast, the contractility of epithelial cells leads to establishing stronger cell-cell adhesion contacts which lead to an increase in surface tension.

The surface activity of cancer cells depends on: (1) the mobility of cancer cells-modeled by the effective temperature, (2) the strength of cell-cell adhesion contacts–modeled by proper free energy functional, and (3) the cell surface packing density. These factors obtained at the supracellular level influence the single-cell contractility and on that basis the surface activity of single cells.

Additional experiments are necessary to: (1) estimate the underlying molecular mechanisms for the change in the state of cell-cell adhesion contacts influenced by cellular contractions (for cancer cells and epithelial cells), (2) assess the feedback impact of these changes on cellular contractility, and (3) correlate the collective effects of these changes with the tissue surface tension and invasiveness of cancer cells.
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TABLE 1

The viscoelasticity of epithelial and cancer multicellular systems caused by collective cell migration: Constitutive models

Cell type Experimental conditions Constitutive model
Cancer Cell velocity The Maxwell model
- m ~ b3 b3
cells V. >~ 1 ,u_ ai(r,t,t) + trioi(r, t,7) = n;&(r, 1) .
Cell packigjglrclle nsity: Stress relaxation under constant strain rate & per single short-time relaxation cycle can be
"< expressed starting from the initial condition ;(r,0,7) = Go; as:
— c

n. is the cell packing density at 0i(r,t,t) = Goie = + Gpi(r, 1) (1 — e_f_Ri)

confluent state Cell residual stress is purely dissipative.

Ori = 1;€oi
Epithelial Cell velocity The Zener model
cells 0.1 <v.<~1 M &i(rv t, T) + TRi&i(rv t, T) = Gigi(rv T) + nigi(rv T)
, min Stress relaxation under constant strain conditions &y;(r, 7) per single short-time relaxation
Cell packing density:

L < cycle can be expressed starting from the initial condition 6;(r,0,7) = G¢; as:
— C

Gi(r,t,7) = Goe W + ori(7,7) (1 — e—f—;)

Cell residual stress is elastic.

ori = Gi &oi
- . do;
Note: where i = S, V, S is shear change, V is volumetric change, g; is the shear or volumetric stress, ; = d_tl , & is the shear or volumetric strain
~ 1 = = — ~ = S\ 7 . — . . — dt_i po dg
& =3 (Vu + VuT) and &y = (V : u) I, respectively, #(r, 7) is the local cell displacement field caused by CCM, ¥, = T is the cell velocity, & = d—’ is the strain
T T

rate, G; is the shear or Young’s elastic modulus, and m; is the shear or bulk viscosity and 1y, is the corresponding stress relaxation time.





OEBPS/Images/BIOCELL_23469-fig-2.png
(a) The fusion of two health epithelial cell aggregates: the volumetric cell
rearrangement ( )

Total coalescence Arrested coalescence

(b) The fusion of two cancer cell aggregates: the surface cell rearrangement

( )






OEBPS/Images/copy.png





OEBPS/Images/BIOCELL_23469-fig-1.png
The fusion of two cell aggregates






OEBPS/Images/logo.png





