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Abstract

Cell proliferation and invasion are two key drivers of tumor progression and are traditionally considered two
independent cellular processes regulated by distinct pathways. Through in vitro and in silico methods, we
provide evidence that these two processes are intrinsically coupled through matrix-adhesion friction. Using
novel tumor spheroids, we show that both tumor cell proliferation and invasion are limited by a volumetric
carrying capacity of the system, i.e. maximum spatial cell concentration supported by the system’s total cell
count, nutrient consumption rate, and collagen gel mechanical properties. To manipulate these phenotypes
in breast cancer cells, we modulate the expression of E-cadherin and its associated role in adhesion, inva-
sion, and proliferation. We integrate these results into a mixed-constitutive formulation to computationally
delineate the contributions of cellular and extracellular adhesion, stiffness, and mechanical properties of the
extracellular matrix (ECM) to the proliferative and invasive fates of breast cancer tumor spheroids. Both
approaches conclude that the dominant drivers of tumor fate are system properties modulating cell-ECM
friction, such as E-cadherin dependent cell-ECM adhesion and matrix pore size.
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1. Introduction

As the field of cancer research has rapidly advanced over the last fifty years, the hallmarks of cancer have
been discussed, defined, and revisited. With each iteration, these hallmarks consistently focus on two funda-
mental cellular processes: proliferation and invasion/migration [1} 2l]. Associated tumor growth and metas-
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tasis are regulated by these two processes. This statement is an oversimplification, however, as each process
can be subdivided into an array of phenotypes contributing to tumor fate. Proliferation involves the balance
of cell proliferation, cell death, and metabolic rewiring to sustain these fates; migration/invasion includes
both single-cell and collective invasion into the tissue stroma, as well as directed cell migration. Neverthe-
less, according to the “go or grow” hypothesis, these events are traditionally considered mutually exclusive
[3, 14, 15]. Some groups have confirmed this hypothesis by observing cancer cells that alternate between
highly motile and highly proliferative phenotypes [6, [7, |8, 9], while others report a correlation between tu-
mor proliferation and invasion [10, [11} [12].

E-cadherin (E-cad) has long been associated with the epithelial-to-mesenchymal transition (EMT), where
the loss of E-cad expression is associated with a shift to a mesenchymal phenotype [13, [14]. E-cad also
increases cell-cell adhesion via the formation of adherens junctions. The transition to a mesenchymal phe-
notype and decrease in cell-cell adhesion associated with the loss of E-cad expression encourage single-cell
invasion, while E-cad expression favors collective cell invasion [15]. More recent studies on E-cad ex-
pression in invasive ductal carcinoma (IDC) have provided evidence that E-cad also alters the proliferative
phenotype of breast cancer cells through EGFR/MEK activation [16]]. E-cad positive (E-cad+) cells are
hyper-proliferative compared to E-cad negative (E-cad-) cells. IDC patients with tumors that are E-cad+
have a lower survival rate than those with E-cad- tumors and suffer from metastatic disease more frequently
[[16} [17]. Thus, this paradoxical role of E-cad in the clinical setting has led to a re-examination of its classi-
fication and a focus on the interactions between the tumor and its microenvironment.

IDC tumors remodel the tumor microenvironment and deposit type I collagen [18]]. This increase in collagen
density changes the physical and mechanical properties of the surrounding stroma which in turn alters the
cell-extracellular matrix (ECM) interactions. In vitro studies have demonstrated that fiber alignment, pore
size, and cell speed all decrease with increasing collagen concentration [19]. However, the elastic modulus
changes non-monotonically with collagen concentration, leading to irregularities that are difficult to predict
[19]. Our overarching hypothesis is that proliferation and collective invasion are coupled and regulated by
both cell-cell and cell-ECM interactions. The constraints enforced by the extracellular system ultimately
determine the fate of the tumor. Thus, we observe a subdued proliferative response to increases in matrix
stiffness in 3D culture. When high matrix density in the surrounding tumor microenvironment prevents cell
invasion, proliferation is limited by the volumetric carrying capacity of the tumor.

Here, we develop and implement a computational model to unravel the intertwined dynamics of cell prolifer-
ation and invasion in an IDC tumor spheroid. We study cell proliferation and invasion as highly coordinated
events: tumor proliferation can be limited by low invasion rates and encouraged by high invasion rates, and
tumor invasion requires support from a high proliferation rate or will be limited by low cell counts. We use
a novel oil-in-water droplet technology to suspend a dense cluster of E-cad- or E-cad+ MDA-MB-231 cells
in matrices of increasing type I collagen density [20]. The implantation of the spheroids into matrices of ex-
cess volume allows us to study spheroid progression in a system where boundary conditions are negligible.
We observe increased proliferation in E-cad+ spheroids and an inverse relationship between proliferation
rate and collagen concentration. Our results demonstrate limited cell invasion at high collagen concentra-
tions, which is consistent with the expected behavior based on the mechanical properties of the collagen gel
[19,21]. We then integrate system parameters and in vitro data into a computational continuum model. With
this model, we analyze the influence of tumor system variables such as spheroid stiffness, cell polarization,
proliferation rate and cell-ECM friction on tumor progression from a continuum mechanics perspective.
Combining wet and dry experiments, we determine that matrix pore size and cell-matrix adhesion, both of
which influence cell-ECM friction, are the mechanical features of a tumor with the greatest influence on
tumor progression or suppression.
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2. Results

2.1. Cancer cell proliferation is promoted by E-cad and limited by extracellular collagen

This work explores the influence of intercellular and extracellular mechanical conditions on the proliferation
and invasion dynamics of tumor spheroids. These two main variables are chosen to modulate mechanical
system conditions. Intercellular mechanics are controlled by the formation of cell-cell adherens junctions
via expression of adhesion molecule E-cad. To this end, we study MDA-MB-231 breast cancer cells, which
do not endogenously express E-cad (E-cad-), and MDA-MB-231 cells with E-cad lentiviral knock-in (E-
cad+) [22]. We control the mechanical properties of the extracellular matrix (ECM) by seeding spheroids
in collagen I gels at concentrations between 1 and 6 mg/mL. Our spheroid system utilizes the previously
reported oil-in-water droplet microtechnology [23]] to enclose E-cad- or E-cad+ MDA-MB-231 cells in an
inner collagen I compartment suspended in a 100x larger collagen I matrix of the same concentration (Fig.
[Tp). With this system, we can simulate the collagen-rich stroma surrounding solid breast tumors [24] and
analyze the changes in ECM mechanical properties as additional collagen is deposited during disease pro-
gression [18]).

E-cad expression modulates intercellular mechanics through adherens junctions that stiffen the cell aggre-
gate to favor collective cell invasion and promotes increased proliferation dynamics of the cellular system
(Fig. [Ib). E-cad is a transmembrane protein that is ubiquitously expressed in non-invasive epithelial and
tumor cells prior to their epithelial-mesenchymal transition (EMT) [[19]]. For this reason, it was believed to
be a tumor-suppressor gene, and its loss a prerequisite for tumor metastasis; however, this hypothesis has
been recently questioned [25} 26, 27]. We showed that E-cad expression results in hyper-proliferation of
breast cancer cells by promoting activation of the ERK cascade utilizing a similar 3D organoid model. In
our spheroids, we observe an increase in proliferation in E-cad+ spheroids compared to E-cad- of more than
four-fold in the case of 1 mg/mL collagen matrices (Fig. [T). This enhanced E-cad dependent proliferation
is maintained at all collagen concentrations, supporting the previously reported hyper-proliferation observed
in 3D cultures [27].

Regarding the effects of the ECM on cancer cell proliferation, we observe that softer matrices (1 mg/mL)
promote higher proliferation rates than stiffer matrices regardless of E-cad expression (Fig. [Id). Specifi-
cally, we observed more than a three-fold decrease in E-cad+ spheroid proliferation at 4 mg/mL collagen
concentration compared to the 1 mg/mL condition. Softer matrices sustained higher proliferation rates over
time, while proliferation rates plateau over time in more rigid matrices (Fig. Sla). While many previous
studies have reported increasing cell proliferation with the elastic modulus of the ECM, we observe de-
creasing proliferation with collagen concentration/elastic modulus [[19]. These results may be explained by
a reduction in the pore size of the ECM leading to higher frictional forces that, in turn, constrain spheroid
spatial growth. As a consequence, cell proliferation is limited to a maximum local cell density that we define
as the maximum carrying capacity of the spheroid. This maximum carrying capacity is determined by the
consumption rate of nutrients, the spheroids’ spatial cell concentration, and the physical properties of the
collagen matrix.

Cell invasion patterns also influence spheroid carrying capacity. As cells invade the collagen bulk, the local
cell density is dispersed across the invaded area. Therefore, this proliferation dynamic cannot be analyzed
independently, but requires a coupled analysis with cell invasion to understand the spatial constraints on
spheroid growth and tumor progression. This phenomenon is difficult to prove experimentally but is later
addressed with the help of a computational model.
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Although both intercellular and extracellular variables have significant effects on proliferation, we observe
that E-cad expression strongly correlates with proliferation as all E-cad+ spheroids surpass the relative pro-
liferation observed in all E-cad- conditions on both day 5 and day 7 (Fig. [TId, Fig. Sla). It must be noted
that changes in collagen concentration affect several ECM properties including elastic modulus, pore size,
fiber alignment, and cell speed [19]. These parameters may have different and even contradicting effects on
cancer cell proliferation. It is challenging to engineer matrices where each property can be tuned individ-
ually, thus it is difficult to experimentally uncouple their relative contributions to cancer cell proliferation.
Therefore, we look to computational tools to evaluate the effects of each underlying mechanism individually.
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Figure 1. E-cad expression and ECM composition determine proliferation dynamics in spheroids. (a) Spheroid generation and data
collection schematic. (b) Theoretical representation of the proliferation and invasion dynamics within tumor spheroids. S denotes
single/detached cell invasion, C denotes collective invasion. (c) PrestoBlue relative proliferation on day 7 of MDA-MB-231 E-cad-
/+ spheroids at 1 mg/mL extracellular collagen concentration. Data are mean 4+ SEM. Statistical test used: unpaired t-test, ****P
< 0.0001. (d) PrestoBlue relative proliferation of MDA-MB-231 E-cad-/+ spheroids at extracellular collagen concentration of 1, 2
and 4 mg/mL comparing spheroids on day of generation (day 0) to day 7. Data are mean &= SEM. Statistical test used: two-way
ANOVA, **P < 0.01, *P < 0.05. The data in (c) and (d) are reported for N=3 biological replicates and n=3+ technical replicates.

2.2. Collective cell invasion is promoted by E-cad and limited by extracellular collagen

In addition to proliferation, another key feature of tumor progression is cell invasion. It not only dictates the
fate of the tumor by means of spatial expansion and potential metastasis, but also intrinsically encourages
proliferation. A clear consequence of collective invasion is the regulation of spatial confinement and access
to nutrients, which determines cell survival within the spheroid. This relation between proliferation and
invasion is correlative through the previously mentioned spheroid carrying capacity; an increase in invasion
leads to mechanical stress within the spheroid, thus leading to radial forces projected from the spheroid
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that promote the expansion of the cell aggregate. Therefore, both responses are intrinsically coupled and
highly dependent on both intercellular and extracellular conditions. In addition, when evaluating invasion,
it is important to distinguish between collective and single-cell phenotypes (Fig. [Ip). Intercellular adhesion
promotes an orchestrated response of the system. Mechanical waves travel within the spheroid transmitting
propulsion forces from the spheroid’s leading edge and compressive forces from the inner volume to the
intermediate regions [28]. However, low intercellular adhesion hinders the transmission of such mechanical
waves and encourages mesenchymal invasion from the outer (leading) surface of the spheroid. To better
differentiate these two invasion phenotypes, we define within our spheroids a cellular collective region and
a detached (mesenchymal) cell region (Fig. [2p).

By annotating the boundary of the collective and detached cell regions, we determine both the extent and
phenotype of cell invasion of each condition (Fig. [2b, Fig. S2). The results show E-cad+ spheroids invade
the collagen bulk to a greater extent than E-cad- spheroids. The coupling between proliferation and invasion
explains this difference. In E-cad+ conditions, we have observed that cells are hyperproliferative (Fig. [If-d,
Fig. S1a). Due to such proliferation within the spheroid, peripheral cells are pushed radially outward. These
radial forces thus contribute to spheroid expansion to a larger spatial volume and allow further proliferation
until a new critical cell density threshold is reached. Furthermore, the propagation efficiency of these me-
chanical waves is improved by E-cad expression. Adherens junctions formed in E-cad+ spheroids result in
higher intercellular adhesion forces, and an increase in cell aggregate stiffness. This increased stiffness leads
to higher mechanical stress and faster transmission speed within the spheroid because wave speed is directly
related to mechanical stiffness [28]. The combined effects of E-cad expression are especially relevant within
the collective region (Fig. [2k) where we observe increased collective invasion into the surrounding collagen
ECM in E-cad+ conditions. In addition to proliferation-driven forces within the spheroid, the cells at the
spheroid’s leading surface also exert traction forces. These forces arise from cells at the spheroid’s leading
edge that, via focal adhesions, reorganize and pull on the surrounding collagen fibers as they invade. E-cad
modulates this force by forming cell-ECM focal adhesions and intercellular adherens junctions. In E-cad+
conditions, the intercellular adherens junctions facilitate the transmission of traction forces to the dense in-
ternal region of the spheroid; however, if intercellular adhesion is low, as in E-cad- conditions, the cell-ECM
propulsion forces are high enough to propel the peripheral cells outward from the spheroid. High propulsion
forces result in single-cell invasion, and as a consequence, the traction force is not propagated to the core
of the spheroid. The extent of single-cell invasion is quantified for each spheroid by measuring the average
radial distance between the edge of the collective region and the leading invasion front (Fig. [2d). Under
the same extracellular conditions, detached cells invade a larger radial distance from the collective region in
E-cad- spheroids, i.e., a larger single-cell invaded area. These results confirm the invasion phenotypes that
have been previously observed in E-cad- and E-cad+ cell lines: collective invasion is more often observed
in E-cad+ cells while E-cad- cells invade as single cells with a mesenchymal phenotype [27].

While traction forces from cells at the spheroid’s leading edge and radial expansion forces due to prolifer-
ation support invasion into the ECM, friction opposes this invasion. Friction forces are determined by the
mechanical and structural properties of the ECM; therefore, they are modulated in our spheroid system by
the collagen concentration used. An increase in collagen concentration results in a smaller pore size and a
change in the elastic modulus of the collagen gel, which controls the ability of cells to reorganize the matrix
[19]. Therefore, the net friction force depends on collagen concentration. We observe decreases in the col-
lective cell area at high collagen concentrations where the elastic modulus is high and the average pore size is
low (Fig. , Fig. S1b) [19]. In these conditions, high cell-ECM friction limits both collective and detached
cell invasion despite the previously described tensile stresses due to proliferation and cell-cell or cell-ECM
adhesion. In extreme cases (6 mg/mL collagen), null tumor expansion is observed. Spheroid confinement
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due to collagen concentration also explains the decrease in proliferation observed as collagen concentration
increases (Fig. [Id, Fig. S1a) and reinforces our understanding of a limiting cell density threshold impeding
further growth, i.e. spheroid carrying capacity. However, note that the increase in collagen concentration
from 1 mg/mL to 2 mg/mL encourages collective invasion.

The average pore size of a collagen gel decreases with collagen concentration from 1 mg/mL to 2 mg/mL;
however, the elastic modulus of the gel also decreases from 1 mg/mL to 2 mg/mL [19]. Cells can more eas-
ily remodel a gel with a lower elastic modulus to allow for continuum expansion. The increase in collagen
fibers could also provide more potential ligands for cells to adhere to and propel through the matrix. We
next evaluate this hypothesis by quantifying peripheral cell polarization, which indicates stronger propulsion
forces at the spheroid’s boundary [29, 30].
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Figure 2. E-cad expression and ECM collagen concentration impact spheroid invasion. (a) Schematic defining the detached cells
region in yellow and the collective region in cyan. (b) DIC microscopy images of MDA-MB-231 breast cancer cells (E-cad-
lentiviral control, left panel) and MDA-MB-231 cells with E-cad lentiviral knock-in (E-cad+, right panel) on day 1 and day 5.
Yellow annotations label the detached cells region and cyan annotations label the collective region. Scale bar: 1 mm. (c) E-cad
dependent expansion of collective region area of tumor spheroids from day 1 to day 5 in a 2 mg/mL collagen ECM. Data are mean
4+ SEM. Statistical test used: unpaired t-test, *P < 0.05. N = 3. (d) Average radial invasion distance from the edge of the collective
region to the edge of the detached region over time for all E-cad conditions (-/+) and extracellular collagen concentrations (1, 2,
4, 6 mg/mL). The error bar for 1 mg/mL E-cad- day 7 is cut off to improve visuaization of all data. (e) Expansion of area of the
collective region from day 1 to day 5 in E-cad- and E-cad+ spheroids at 1, 2, 4 and 6 mg/mL ECM collagen concentration. Data
are mean = SEM. Statistical test used: two-way ANOVA, *P < 0.05. The data in (d) and (e) are reported for N=3 for 1, 2 and 4
mg/mL collagen concentrations. The data for 6 mg/mL are included as a limiting case with N=1 and n=3.
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2.3. Peripheral cell polarization is limited by E-cad and promoted by extracellular collagen

The ability of cells at the leading edge of the spheroid to adhere to surrounding collagen fibers and exert
propulsion forces is in part dependent on the ability of cells to polarize [29} [30]. Thus, cell invasion into
the surrounding collagen matrix is dependent on cell polarization. From a mechanical perspective, when a
cell that is circular in shape (epithelial) contracts while using ECM fibers as support points, it generates a
system of forces with radial symmetry so that the resultant force at its center of mass is null. This prevents
the effective propulsion force that would be required for the cell to invade the matrix. If the cell is elongated
(mesenchymal), radial symmetry is lost, and an effective force is generated along the direction of polar-
ization [29, [31]]. This effective force does not only depend on cell polarity but also on other features such
as the formation of focal adhesions, the stiffness and viscous relaxation of the ECM matrix, and the active
stress within the cell [29} 32, 130]. Therefore, the variations introduced in this work at the intercellular and
extracellular levels may alter cell polarization, explaining in part the invasion patterns presented in Fig. [2]
To examine the effects of E-cad expression and collagen concentration on the ability of cells to generate the
propulsion force required for invasion, we quantified the polarity of cells at the spheroid’s edge (Fig. [3p-b,
Fig. S3). This analysis demonstrates that E-cad- cells are more polarized than E-cad+ cells (Fig. [3p-c, Fig.
S1c). This inverse relationship of E-cad expression and polarity is explained by the decrease in intercellular
adhesion forces when E-cad is not expressed, which allows cells at the spheroid front to polarize without the
opposition of high traction stresses from the cell aggregate. The lack of E-cad expression results in highly
polarized cells that invade as single/detached cells, as expected due to E-cad’s role in EMT [14] and the
removed boundary constraints that can arise from surrounding cells. Alternatively, expression of E-cad (i.e.,
E-cad+) promotes cell-cell adhesion resulting in higher mechanical boundary constraints on the cells. These
cells invade collectively and have lower polarization scores.

In addition to intercellular dependencies, the extracellular conditions (i.e., collagen concentration) are found
to also influence cell polarization. Cell polarity increases with increasing collagen concentration (Fig. 3,
Fig. S1d). It must be noted that cell polarization results from a mechanical balance between traction forces
from the spheroid and the surrounding ECM. Therefore, the stiffness and pore size of the ECM will sig-
nificantly impact this mechanical balance by directing the resulting forces and modulating their magnitude.
Thus, a higher collagen concentration reduces ECM pore size and increases the spatial density of collagen
fibers that serve as support points for forces exerted by the cells [[19]. The reduction in pore size forces the
cells to adopt more elongated shapes to invade the ECM. In addition, the associated increase in stiffness [[19]
and presence of fibers affect the magnitude of the propulsion forces promoting invasion.

These polarization dynamics can explain the low collective invasion observed in collagen concentrations
of 1 mg/mL (Fig. [2e). Despite lower frictional forces and larger spheroid proliferation, resulting in larger
pushing forces from the internal region of the spheroid, the propulsion forces are smaller as a consequence
of low polarity (Fig. 3b). These reduced propulsion forces generated at the leading edge of the spheroid are
not sufficient for the cells to collectively invade the collagen matrix. Detached cell invasion requires smaller
propulsion forces, so these polarization effects are not as prevalent in the single-cell invasion results (Fig.

2.
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Figure 3. Cell polarity is influenced by E-cad expression and ECM concentration. (a) Morphology masks of cells detached from
spheroids on day 3, where cell polarity is quantified and correlated to mask color. Examples of cells with polarity 0.0, 0.2, 0.4, 0.6,
0.8 and 0.9. Scale bar: 1 mm, inset: 250 um. (b) Relative frequency of cell polarities in different E-cad and matrix conditions.
Cumulative values calculated over days 1, 3, 5 and 7 are shown. (c) Percentage of polarized/elongated cells (defined as having a
cell polarity greater than 0.2) within the detached region by E-cad expression. Data shown are from day 3 in 2 mg/mL extracellular
collagen. Data are mean + SEM. Statistical test used: unpaired t-test, **P < 0.01. N = 3. (d) Percentage of cells with polarity ; 0.2
on day 3 by extracellular collagen concentration. Data are mean + SEM. Statistical test used: two-way ANOVA, *** P < 0.001,
**P < 0.01. The data in (b) and (d) are from N = 3 (1 and 2 mg/mL) or N =2 (4 mg/mL), n = 2-4. The data for 6 mg/mL collagen
in (b) are included as a limiting case with N = 1 and n = 3. Each technical replicate analyzed ;100 cells.

2.4. A mechanistically based theoretical model explains proliferation and invasion dynamics

The experimental results from these tumor spheroids demonstrate the importance of both intercellular and
extracellular mechanical conditions on proliferation and invasion. An overexpression of E-cad is found to
promote proliferation and hinder cell polarization at the leading edge of the spheroid. Moreover, an in-
crease in extracellular collagen concentration is found to reduce proliferation and hinder collective invasion.
However, this experimental analysis is limited to systematic correlations and does not allow for a deeper
identification of the specific mechanobiological properties governing such processes.

To provide more specific insights into the underlying mechanistic features governing proliferation and in-
vasion, we present a physical model formulated at the continuum scale. The main physical biomechanisms
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described in the model are schematically presented in Fig. dp. Cancer cells are conceived as a continuum
cell aggregate to assess the spatial distribution of both proliferation and collective cell invasion [33]]. Here,
we define the cell aggregate as a continuum where local mechanical stimuli at the cellular level can be glob-
ally transmitted in the form of mechanical waves and thus can transport interaction forces within the cell
continuum [34} 35, 36, [37]]. In parallel to these mechanical waves, local sources of cell proliferation lead to
increases in cell density, resulting in internal stresses within the continuum. These internal stresses oppose
the external pressure from the ECM. The mechanical balance between such internal and external forces gov-
erns the expansion of the cell aggregate. Capturing a complete formulation of cancer cell proliferation and
invasion requires both the mechanical balance and the spatial evolution of cancer cell density (see Methods
for details on the formulation). The variables of the problem are the displacement and cell density fields.
The main parameters of the problem, along with their link to proliferation and invasion, are outlined in Table

Variable

Definition

Maximum carrying
capacity (psc)

The limiting cell density in a confined space preventing further proliferation due to
overrate of nutrients consumption and lack of physical space. This parameter is diffi-
cult to evaluate experimentally and, therefore, an important outcome of the modeling
framework.

Proliferation rate (g)

The proliferation rate of a single cell, which is influenced by E-cad expression. Note
that the proliferation dynamics are not only determined by this variable but are also
influenced by collective cell invasion and its modulation by the maximum carrying
capacity.

Spheroid-ECM fric-
tion ({)

The three-dimensional friction experienced by cells when invading through the ECM.
Therefore, it strongly depends on the pore size of the collagen network that is deter-
mined by collagen concentration.

Spheroid  stiffness
(Keell)

The collective stiffness of the spheroid. Under compression, it represents the cell
stiffness. Under tensile forces, it represents the mechanical resistance that a cell ex-
periences when it tries to separate from the cell-aggregate. E-cad expression deter-
mines the formation of adherens junctions and intermediate actin filaments, therefore
influences the structural integrity of the spheroid as a continuum and modulates this
parameter.

Effective propulsion
force (fp)

The effective force exerted by the cells to invade. Such a cellular force is defined in a
vector format with both a magnitude and direction. The magnitude is determined by
the ability of the cells at the spheroid surface to propel themselves from the collagen
fibers, dragging other cells from the interior of the spheroid. Therefore, it is influenced
by the extracellular collagen concentration. Cell polarity determines how effective this
force is. When the leading cells are highly polarized, cells invade more efficiently.
The cell polarity can be obtained from the experimental results presented in Fig. [3|and
depends on both E-cad expression and collagen concentration.

Table 1: Key parameters in spheroid proliferation and invasion dynamics.

The theoretical model serves as a virtual framework to combine all the mechanobiological parameters identi-
fied from the experiments and evaluate our hypotheses on each parameter’s influence on the proliferation and
invasion dynamics of tumor spheroids in 3D collagen matrices. It is important to note that our experimental
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methodology controls E-cad expression and collagen concentration; however, these variables introduce a
combination of biomechanical consequences with impacts on proliferation and invasion that cannot be iso-
lated. The use of our modeling framework allows us to isolate each underlying mechanism and evaluate its
independent role in modulating proliferation and invasion.

To this end, we first calibrate the model parameters by taking as reference an E-cad+ spheroid with a col-
lagen concentration of 4 mg/mL. We choose this condition as a reference because large frictional terms
limit invasion and allow us to determine the maximum carrying capacity (p~o). Further information on the
motivation and values for the model parameters are detailed in Methods. Model predictions show a strong
agreement with experimental results for both invasion (Fig. dp) and proliferation (Fig. k). Then, we test the
model dynamics by introducing relative variations to model parameters reflective of our experimental con-
ditions (E-cad expression and collagen concentration) without further calibration (see Methods). Overall,
the model results are in good agreement with the experimental results presented in Fig. |1|and Fig. [2|(see the
comparison between experimental data and model predictions for all the conditions tested in Fig. S4a-b).
Generally, an increase in proliferation rate associated with E-cad expression leads to higher cell densities
and invasion (Fig. [dd-e). Alternatively, an increase in collagen concentration leads to lower invasion and
a significant reduction in proliferation (Fig. [4f-g, Fig. Sle-f). A collagen concentration of 1 mg/mL is the
condition where model predictions present higher deviations from experimental results.
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Figure 4. Modeling interpretation of spheroid mechanobiology from a continuum perspective. (a) Conceptual basis of the theoret-
ical model representing a continuum spheroid embedded in a collagen matrix. The model accounts for four main biomechanical
mechanisms, which are schematically described: the cell aggregate stiffness as a result of cell-cell adhesions (#ceii, top left); the
proliferation rate associated to E-cad expression (g, bottom left); the effective propulsion force dependent on cell polarity (fp,
top right); and spheroid-ECM friction (¢, bottom right). (b) Experimental invasion data and model predictions for the reference
case (E-cad+ and 4 mg/mL collagen concentration). Experimental data presented as solid fill and model predictions presented as
outline. (c) Experimental proliferation data and model predictions for the reference case. Experimental data presented in (b) and (c)
are mean = SEM. N = 3. E-cad dependence demonstrated in model results at 2 mg/mL extracellular collagen for (d) proliferation
on day 7 and (e) continuum invasion on day 5. Model predictions of the influence of extracellular collagen concentration on (f)
proliferation on day 7 and (g) continuum invasion on day 5.
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2.5. Parametric analysis of the continuum model

Although the model predictions are in good agreement with experimental data for most conditions, the re-
sults for 1 mg/mL collagen concentration present higher deviations. Previous studies have reported that
the mechanical properties (pore size, elastic modulus, etc.) of collagen gels are not linearly correlated with
collagen concentration [19]. Thus, we anticipate a complicated relationship between collagen gel concentra-
tion and spheroid dynamics. We have confirmed this via inconsistent trends in our proliferation and invasion
data as collagen concentration increases (Fig. [Id, Fig. 2g). To address these points, we provide a parametric
study of the influence of each biomechanical parameter (spheroid/cell aggregate stiffness, proliferation rate,
effective propulsion force, and spheroid-ECM friction, as depicted in Fig. d) on proliferation and invasion.
Here, we first test how extracellular conditions impact spheroid growth. The effective propulsion force of the
spheroid is the result of cell interactions with collagen fibers, thus we consider this force to be extracellular.
In our parametric analysis, we present proliferation predictions as relative cell counts and invasion predic-
tions as relative continuum radii. A reduction in propulsion force decreases both cell count and continuum
radius (Fig. [5h). The opposite effect is observed for a reduction in cell-ECM friction, which increases cell
count and continuum radius (Fig. [5b). When modulating propulsion force or spheroid-ECM friction, alter-
ing extracellular conditions has a greater effect on collective invasion than spheroid proliferation.

We consider proliferation rate an intercellular condition in our spheroid system due to its dependence on
E-cad expression and the requirement for formation of cell-cell adherens junctions to activate the ERK
hyperproliferation cascade [27]. Therefore, to analyze the impact of intercellular conditions, we alter the
stiffness of the cell aggregate and the proliferation rate, which are both modulated experimentally by E-cad
expression. When adjusting the spheroid stiffness, we predict minimal changes in cell count and continuum
radius (Fig. S5). We then consider the proliferation rate under high and low cell-ECM friction (Fig. [3k).
When altering the proliferation rate under conditions of high friction, we predict a moderate change in cell
count and null variation in collective invasion. This suggests an important regulatory effect of cell-matrix
friction on proliferation. In conditions where cell-matrix friction inhibits spatial expansion of the spheroid,
the maximum carrying capacity (i.e., allowable cell density) of the system is quickly reached and cell pro-
liferation is restricted. Under conditions of low cell-ECM friction, an increase in proliferation rate results in
a significant change in both cell count and spheroid volume. This parametric analysis agrees with our ex-
perimental observations while identifying the influence of individual biomechanical parameters on spheroid
proliferation and continuum invasion that cannot be isolated experimentally.
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Figure 5. Parametric analysis of the continuum model with perturbations to extracellular and intercellular biomechanical properties.
Model predictions of spheroid cell count and continuum radius when modulating the magnitude of extracellular conditions: (a)
propulsion force or (b) spheroid-ECM friction. (c) Model predictions of spheroid cell count and continuum radius when modulating
the magnitude of proliferation rate under high (5*(;.cs) and low (0.2%Cy. ¢ ) spheroid-ECM friction. All results shown are normalized
to the reference case used in the simulations: E-cad+ in 4 mg/mL collagen matrix. All mechanical parameters are modified by
dividing and multiplying the reference values by 5.

3. Discussion

Proliferation and invasion are two hallmarks of tumor progression that are often studied as independent
processes despite their inherently cooperative nature. The molecular mechanisms and biomechanical fea-
tures of these two processes are generally investigated as mutually exclusive events, according to the “go or
grow” hypothesis [3, 4, [5]. However, from a clinical perspective, this overlap is recognized in both breast
cancer diagnosis and standard of care treatments. One of the key determinants in breast cancer staging is
tumor size, which is the result of combined tumor cell proliferation and continuum invasion at the primary
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site [38]. Non-surgical or neoadjuvant therapies often include chemotherapy or radiation, both of which
aim to shrink the primary tumor size and kill cancer cells systemically [39,140]. While clinical practice for
breast cancer appears to account for the intrinsic coupling of proliferation and invasion of a primary tumor,
scientific research often continues to study these processes independently [6, 7, (8, 9].

Here, we first demonstrate that proliferation and invasion are intrinsically coupled using 3D experimen-
tal assays on breast cancer spheroids modulating two main variables: expression of intercellular adhesion
protein E-cad and extracellular collagen content. These data show that E-cad expression encourages both
proliferation and collective invasion, while increases in ECM collagen concentration generally hinder both
processes. From a mechanobiology perspective, E-cad expression promotes cell-cell adhesion that hinders
cell polarization and, a priori, should hinder cell invasion. However, E-cad expression increases cell pro-
liferation [27]]. This hyper-proliferation leads to an increase in tumor spheroid volume and, therefore, a
larger continuum invaded area. Increases in collagen (secreted by tumor and stromal cells) change the pore
size and elastic modulus of the matrix [[18, [19], leading to higher frictional forces opposing invasion. This
reduction in invasion is accompanied by a reduction in proliferation as well.

Manipulation of E-cad expression and collagen concentration leads to the modulation of multiple biome-
chanical parameters; however, each mechanism’s influence on proliferation and invasion cannot be isolated
experimentally. Limited collective invasion may be in part due to a low proliferation rate that is not sufficient
to support spatial expansion of the spheroid, and vice versa. Thus, we establish a continuum mechanical
model to delineate the impacts of individual biomechanics on proliferation and invasion dynamics.

Our continuum model provides insights into how E-cad expression and collagen concentration change spe-
cific biomechanical parameters and the consequences of those changes. Both extracellular (propulsion force,
cell-ECM friction) and intercellular (E-cad mediated proliferation rate) mechanics are further explored in-
dependently through this model, explaining experimental observations. For example, our experimental data
demonstrates that E-cad expression increases proliferation rate and cell-cell adhesion in the spheroid contin-
uum, but decreases cell polarity. The increase in proliferation rate induces compression stresses within the
spheroid encouraging continuum expansion. The increase in cell-cell adhesion induces a higher mechanical
resistance to single-cell invasion (i.e., spheroid deformation from a continuum perspective). The decrease in
cell polarity reduces the effective propulsion force and, therefore, continuum invasion. However, extracellu-
lar factors such as collagen concentration impact cell-ECM friction and cell polarity as well. When collagen
concentration increases, friction and polarity also increase. The resulting system balance is a competition
between propulsion forces, which increase with cell polarity, and increased friction. Both model and experi-
mental results demonstrate a predominant role of friction forces in determining the proliferative and invasive
fate of the tumor spheroid. In our system, these friction forces are modulated by E-cad-dependent cell-ECM
adhesion and matrix pore size.

In one experimental condition (the lowest probed collagen concentration, 1 mg/mL), experimental results
differ from model predictions. The divergence is likely due to the nonlinear relationship of certain collagen
gel features that impact cell-ECM friction, further demonstrating how impactful friction is on tumor fate.
For example, the average pore size for a 1 mg/mL collagen gel is significantly larger than the pore size of
2 mg/mL and 4 mg/mL gels [19]]; therefore, cell-ECM friction is reduced in the 1 mg/mL condition. Low
friction means there is a reduced resistance to collective invasion, and the spheroid can expand, thus accom-
modating cell proliferation and increasing the system’s carrying capacity. In this special case, friction forces
are overcome by the compression stresses and expansion forces promoting spheroid growth. However, low
collagen concentration and large pore size also decrease the frequency and strength of cell-ECM adhesion
thus reducing the effective propulsion forces and resulting invasion of the continuum into the matrix. We
conclude that a reduction in propulsion forces and cell-ECM friction due to the low collagen concentration

15


https://doi.org/10.1101/2022.11.15.516548

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.15.516548; this version posted November 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

in the 1 mg/mL condition encourages proliferation but limits continuum invasion (Fig. [5). This explanation
reconciles the disagreement between experimentally measured invasion and model predictions of invasion
while also supporting the agreement in proliferation results.

It is important to emphasize that the theoretical framework presented is conceptualized from a continuum
basis and aims to model the proliferation and invasion dynamics from a cell aggregate (collective) rather
than a single-cell (detached) perspective. We chose this approach to best study the proliferation and inva-
sion dynamics in E-cad+ cancers, which report decreased survival compared to E-cad- cancers specifically in
invasive ductal carcinomas [[17]]. In the region of the matrix where cells are detached, the cellular system can-
not be treated as a continuum, and alternative models should be explored, such as single-cell invasion models
[41} 142} 143} 144], mechanistic protrusive-based models [45] 146, 47], motor-clutch based models [32} 48] or
multiscale approaches [49, 150]]. Regarding the continuum description of the problem, further efforts should
focus on incorporating propulsion force dependencies with pore size, which we have identified as the main
contributor to spheroid dynamics at all extracellular concentrations examined.

Overall, we demonstrate the advantages of complementary experimental and computational methodologies
to address mechanobiological elements of tumor progression that are difficult to isolate experimentally. We
provide a virtual testbed for the analysis of isolated biomechanical parameters governing proliferation and
invasion of breast cancer spheroids, and we use this platform to identify cell-ECM friction as a key regulator
of tumor progression driven by intercellular (E-cad dependent cell-ECM adhesion) and extracellular (matrix
pore size) properties of the tumor microenvironment.

4. Methods

4.1. Cell culture

MDA-MB-231 shRNA transfection control (E-cad -) and E-cadherin lentiviral knock-in (E-cad +) previously
described by Lee et al. [22] were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Corning, 10-
013-CV) supplemented with 10% (v/v) fetal bovine serum (FBS, Corning, 35-010-CV), 1% (v/v) Penicillin-
Streptomycin (Gibco, 15140-122), and 5 11g/ml puromycin (Gibco, A11138-03). Cells were maintained at
37°C and 5% C'Oq

4.2. Spheroid culture

Spheroid cores were generated by the oil-in-water droplet technique previously described by Lee et al. [22]
and 3D collagen I matrices following a modified version of the protocol described by Fraley et al. [19]. This
model’s framework was adapted from Jimenez, et al. [S1]. Briefly, collagen I was prepared by thoroughly
mixing equal parts cell culture medium (Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and 1% Penicillin-Streptomycin) and reconstitution buffer (1.1 g sodium bicarbonate and 2.4
g HEPES in 50 ml milli-Q water), adding collagen I (Corning, HC, Rat Tail) to 1, 2, 4, or 6 mg/ml final
concentration, and 1M NaOH at a 4% v:v ratio to the collagen volume. Cells were resuspended in collagen I
at a density of 1E+04 cells/ul and 1 pl droplets were allowed to gel in oil columns for 1 hour at 37 °C. Cores
were resuspended in a bulk collagen I gel of the same concentration, and 100 pl of the mixture was plated in
a preheated 96 wells glass bottom plate (Cellvis) with one core centrally located in each well. The spheroid
was incubated at 37 °C for 1 hour to allow the bulk collagen to gel before a warmed culture medium was
added to match the total gel volume.
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4.3. Spheroid imaging

Differential interference contrast (DIC) microscopy images of live spheroids were taken on days 1, 3, 5 and
7 using a Nikon A1R Confocal mounted on a Nikon Eclipse Ti inverted microscope and OKO Labs stage
top incubator to control temperature and C'Os. Images were taken with a 10X/0.30 Plan Fluor objective, N1
DIC condenser and a 10X DIC slider (Nikon). GFP (488 nm) or RFP (561.5 nm) lasers were run concur-
rently with transmitted light. Images were taken at 2048 resolution with 2X line averaging.

4.4. PrestoBlue viability assay

Spheroids were incubated in a 1X PrestoBlue (Invitrogen) solution diluted in normal culture medium for
3 hours at 37 °C. Blank wells prepared with 1X PresotBlue were measured and subtracted from spheroid
signals to account for background signal. A SpectraMax plate reader (Molecular Devices) was used to read
the fluorescence intensity (Excitation 540, Emission 600, Cutoff 590). PrestoBlue readings on days 5 and 7
are reported as a fold increase from day of generation (day 0). Lee et al. has previously demonstrated that
PrestoBlue readings linearly correlate to a cell count [22].

4.5. Image analysis

DIC microscopy images of the spheroids were corrected for illumination inhomogeneities and stitched using
the ImagelJ stitching plugin [52]]. The inner collective and detached cell regions were manually segmented
for all replicas. Migration distance from the collective region was defined as the mean of the minimum
distance from all points in the outer edge of the detached region to the edge of the collective region.
Regarding cell polarity analysis, at least 100 cells were manually segmented, segmenting all cells in a
spheroid region clockwise until at least 100 cells and a quarter of the spheroid had been segmented for
each technical replicate. Cell circularity was defined as 4m(Area/Perimeter?) [53]. Cell polarity was
defined as 1 — cellcircularity. A polarity value near zero means the cell presents a rounded morphology,
whereas a value near one indicates that the cell is highly polarized. To calculate the percentage of polarized
cells in each condition, cells were considered to be polarized when their polarity was above 0.2 [54, [53].
Normalized histograms of detached cells’ polarity were calculated for all conditions (expression or absence
of E-cadherin, different extracellular collagen concentrations) on days 1, 3, 5, and 7 of spheroid growth.
Cumulative histograms were calculated by accounting for all cells from the same conditions at all time
points of the experiment. Image data analysis was performed using custom Python codes.

4.6. Continuum model

For the mechanical balance, we assume negligible inertial effects and, in its spatial form, reads as:

V.-o+T=0, (D

where V is the spatial gradient. The mechanical stress within the cell aggregate is described, in its deformed
state, by the Cauchy stress tensor . The term T" describes the external body forces.

The stress within the cell aggregate o is defined by a constitutive equation which will depend on the specific
cancer cells modeled. The external body mechanical sources to the cell aggregate (1") are mainly due to
interactions between cells and the ECM [31} [29]]. Therefore, it is convenient to split this contribution into a
first component due to cell-ECM friction, and a second component related to propulsion forces exerted from
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the cell-ECM adhesion:

T =—Cu+ fp, 2)

where ( is the friction coefficient, % is the velocity field defined as the time derivative of the displacement
field u, p is the cell polarization, and f is the propulsion body force magnitude (per unit volume).
Moreover, we describe the evolution of local cell density p (here defined as number of cells per unit current
volume) as the contribution of local proliferation sources, which depends on the maximum cell carrying
capacity po, and a diffusion-like process mediated by an effective diffusion coefficient d as:

o J
p+Jp:v.dvp+gp( —p>, 3)

o0

where J = det (F'), with F being the deformation gradient. Note that the second term in the above
expression is needed to account for the evolving spatial domain during proliferation, so that the mass balance
is satisfied consistently [56 57].

Note that the complete definition of the constitutive framework requires a constitutive equation for the cell
aggregate stress (potentially linked to cell density) and the definition of the local proliferation source. Note
also that the term g refers to the proliferation rate of cells per unit current volume.

The definition of the mechanical behavior of the cell aggregate is formulated to provide a direct link between
the mechanical stress within the cells and the cell density by making use of a multiplicative decomposition
of the deformation gradient F' as [58 59, 60]:

F = F.F,, “)

where F and F), are the elastic and proliferation deformation gradient components, respectively. Note that
the proliferation deformation is assumed volumetric and, therefore, the isochoric deformation (F¢) is only
related to the elastic component as:

F,=J'3F. 5)

The energy potential describing the mechanical response of the cells is defined adopting a modeling scheme
motivated by the neo-Hookean formulation as:

U (F,F.) = “026” [tr(FTF,) — 3] + ”026” (J. —1)2, (6)

where J. = det (Fe) is the elastic Jacobian. The parameters fi..;; and k. are, respectively, the apparent
shear and bulk moduli of the cell aggregate describing the stiffness of the cell continuum to deform. Note that
Keel1 adopts different values depending on the stretch state. If J. < 1, the cells are locally under compression
and this parameter refers to their material stiffness. Moreover, if J. > 1, this parameter is determined by the
intercellular adhesion modulated by adhesive complexes and intermediate filaments. From thermodynamics
principles the first Piola-Kirchhoff stress tensor can be derived as:
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ov

-2 = 23\ p
OF HcellJ

p tr( _:e;—rﬁ'e)

FT + ke (Je — 1) JF™T, (7

which is related to the Cauchy stress tensor by o = J~ ' PFT. Note that the proposed framework allows
for the definition of other complex constitutive equations by simply changing the conceptualization of the
energy potential W. Thus, an additive composition of ¥ can be used to add viscoelastic components (see
[61}162] for consistent continuum visco-hyperelastic formulation).

Regarding the proliferation deformation gradient, it is directly linked to the current density as [63]]:

1/3
F, = (p> I, (8)
Po

where I is the second order unit tensor and p, is the initial cell density.

4.7. Calibration of model parameters and motivations for perturbations

The model is conceptualized to isolate intercellular and extracellular mechanical properties in a simplified
manner considering the cell aggregate as a continuum. We first calibrate the model parameters taking as
reference a spheroid condition with overexpressed E-cad, i.e., E-cad+, and a collagen concentration of 4
mg/mL. In this condition, invasion is limited by large frictional forces, so the maximum carrying capacity
(poo) can be determined.

Then, all the variations in model parameters between experimental conditions are defined based on experi-
mental observations without further fitting. In Table[2] we present the motivation for each choice.
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Variable

Definition

Maximum carrying
capacity (pso)

This value is calibrated once with the reference case (E-cad+, 4 mg/ml) and kept con-
stant for all conditions.

Proliferation rate (g)

This parameter differs from E-cad+ and E-cad- conditions and can be directly iden-
tified from the experimental data. Note that this parameter is kept constant for all
extracellular conditions.

Spheroid-
extracellular matrix
friction (¢)

As discussed previously, this parameter is directly linked to the pore size of the col-
lagen matrix. We first calibrate it for the reference case (4 mg/ml), as this parameter
cannot be measured experimentally. Then, the friction coefficient for the different ex-
tracellular conditions is determined by an inverse relation with the pore volume of the
surrounding collagen, so no fitting is used. This relation is taken from the experimen-
tal results obtained in a previous work by the authors [19]]. This work provides the
change in pore size depending on the collagen concentrations used herein. Therefore,
the friction is found to be the highest at high collagen concentrations (6 mg/ml) and
the lowest at low collagen concentrations (1 mg/ml) where the pores are larger.

Spheroid  stiffness
(Keell)

This parameter is related to the mechanical resistance of the spheroid. Under com-
pressive forces, this parameter is defined as the cell stiffness [64} |65, [66]. In tensile
conditions, it is defined as the force needed to detach cells. As adhesions between cells
are the main cause of resistance to cell detachment, this parameter is defined by the E-
cad expression of the cells. This stiffness is determined as the ratio of the mechanical
stress prior to cell detachment to the corresponding strain. Note that this strain must
be understood considering the two adhered cells as a continuum. The experimental
data to obtain the values for E-cad- and E-cad+ conditions are taken from a previous
work by the authors [[15]. The stress is calculated as the force needed to separate two
cells divided by the cross-sectional area of the cell. Such a force can be defined as the
force of one E-cad/E-cad bond multiplied by the average number of bonds between
two cells. Note that absent E-cadherin will reduce both the number of bonds and their
strength. Therefore, the value for the spheroid stiffness in both E-cad+ and E-cad-
conditions is directly taken from experimental data without ad-hoc fitting.

Effective propulsion
force (fp)

This parameter is defined by two variables: the propulsion body force and the cell
polarity. The propulsion body force is kept constant for all conditions. This value is
estimated considering that the force per individual cell is in the order of 10? — 103 nN
[67]. Therefore, the propulsion body force (i.e., per unit volume) in the spheroid can be
computed as the force exerted by a single cell multiplied by the cell density (we have
considered the initial cell density of our spheroids for this approximation). The cell
polarity is directly taken from the experiments (Fig. [3] Fig. Slc-d), as the mean experi-
mental value. Under E-cad+ conditions, where there is a strong coupling between cells,
we assumed a linear distribution of the polarization to zero from the leading edge to
the center of the spheroid. For E-cad- conditions, intercellular connections are weaker,
which results in easier detachment of the leading cells and lower force transmission.
For this case, the propulsion force was modeled as a steep exponential function where
only cells very close to the edge have a non-negligible propulsion force.

Table 2: Motivation for parameter values for model calibration.

The model parameters used in the simulations are collected in Table S1. Note that the diffusion coefficient is
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kept constant to not influence the proliferation and migration dynamics between the tested conditions. This
variable represents the tendency of cells to occupy regions of lower cell density.
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