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Extracellular matrix density promotes EMT by weakening cell-cell ad-
hesions

Sandeep Kumar,” Alakesh Das,” and Shamik Sen*¢

Epithelial to mesenchymal transition (EMT), the process during which epithelial cells lose adhesions with neighbouring cells
and get converted to migratory and invasive cells, is closely tied to cancer progression. Cancer progression is also marked by
increased deposition and cross linking of fibrillar extracellular matrix (ECM) proteins including collagen and fibronectin, that
lead to increase in ECM density and increased cell-matrix adhesions. Thus, an imbalance between cell-matrix and cell-cell
adhesions underlies cancer progression. Though several experimental studies have shown a crosstalk between cell-cell and
cell-matrix adhesions, the extent to which changes in ECM density can trigger EMT via formation of cell-matrix adhesions
and disassembly of cell-cell adhesions remains incompletely understood. In this paper, we have developed a computational
framework for studying modulation of cell-cell adhesion by ECM density, integrating findings from multiple studies that connect
ECM-mediated adhesion signaling and growth factor signaling with cell-cell adhesion. Here, we have specifically tracked
changes in the levels of E-cadherin—f catenin (E3) complex in response to alterations in ECM density. Our results illustrate a
tug-of-war between ECM density and E-cadherin in determining E 8 levels both for a single cell as well as for a cell population,
with increase in ligand density weakening cell-cell adhesions and increase in E-cadherin levels counterbalancing the effect of
ECM density. Consistent with model predictions, lower levels of membrane to cytoplasmic ratios of E-cadherin was observed
in MCF-7 human breast cancer cells plated on substrates with increasing collagen density. By performing simulations for a
heterogeneous population consisting of both normal and EMT cells, we demonstrate that ligand density and the fraction of
EMT cells collectively determine the scattering potential of a cell population. Taken together, our findings are in support of a
model where increase in cell-matrix adhesions negatively regulate cell-cell adhesions thereby contributing to EMT and enhanced
cellular invasion.

Keywords: extracellular matrix (ECM), EMT, ligand density, E-cadherin, 3-catenin, cellular automata .

1 Introduction terations in composition and organization during cancer pro-
gression, contributes to cell invasion in both EMT-dependent

Epithelial to mesenchymal transition (EMT) plays a key role and EMT-independent manners. The tumor stroma is enriched

both in embryogenesis and in carcinogenesis 2. In case of the
latter, EMT has been associated with cancer invasion, metas-
tasis, drug resistance and poor clinical outcome?. EMT is
generally induced by cytokines like TGF-, which in turn
activate several signaling pathways ultimately repressing the
expression of the cell-cell adhesion molecule E-cadherin®.
Cell-cell adhesion is maintained by the E-cadherin-f3-catenin
complex (Ef complex in short), where the extracellular do-
main of E-cadherin on one cell binds to the extracellular do-
main of E-cadherin of its neighbouring cell, and the cytoplas-
mic E-cadherin tail links to the cytoskeleton via the protein
B-catenin>®. The strength of cell-cell adhesions is directly
determined by the concentration of Eff complex at the cell
membrane’8. Cell-cell adhesion can be weakened either by
downregulating E-cadherin or by phosphorylating f3-catenin.
Upon breakage of cell-cell adhesions, both E-cadherin and -
catenin translocate to the cytoplasm?.

The extracellular matrix (ECM), that undergoes drastic al-
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Mumbai, India
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in fibrillar proteins like collagen I and fibronectin, and under-
goes reorganisation from a random network to an aligned net-
work via LOX-mediated collagen crosslinking®!°. Such re-
modelling is associated with ECM stiffening and has been di-
rectly implicated in cancer progression 12, In breast cancer,
the tumor microenvironment undergoes a nearly 10-20 fold
increase in bulk stiffness, reaching a value of 4 kPa. Even
in the absence of any soluble cues, such stiffening has been
shown to be capable of disrupting acinar morphology of mam-
mary epithelial cells, via enhanced integrin clustering, FAK
phosphorylation, RhoA activation and increased cellular con-
tractility. Further, the cross linking mediated tensing of in-
dividual ECM fibers may expose and activate soluble factors
like TGF-B '3 which further contribute to cellular invasion by
triggering EMT. Independent of stiffening effects, increase in
ECM density via crosslinking may also contribute to increased
extracellular proteolysis through modulation of myosin-based
contractility 4.

Though cell-cell adhesions are required for maintaining
the integrity of epithelial cells, and cell-matrix adhesions are
present in mesenchymal cells, several studies have demon-
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strated a crosstalk between these two types of adhesions!.

Interestingly, in a range of different cell-types including squa-
mous cell carcinoma and cadherin-expressing L fibroblasts,
integrin ligation led to an increase in cell-cell adhesion mea-
sured using a dual pipette assay '®. In direct contrast, when
cancer cells were cultured on micropatterned substrates coated
with a combination of cadherins and ECM proteins, the for-
mation of cell-matrix adhesions prevented the formation of
cell-cell adhesions !7. In the case of epithelial cells, depo-
sition of ECM proteins on top of an epithelial monolayer has
been shown to cause a re-distribution of cell-cell adhesions
from the top ECM-rich zone to the bottom ECM-free zone
18 Such negative feedback has also been observed in vas-
cular smooth muscle cells cultured at high density, wherein
concomitant with the formation of cell-cell adhesions, there
was a corresponding decrease in the expression of focal ad-
hesion proteins talin and vinculin '°. Of the several signal-
ing cascades regulating the crosstalk between cell-cell and
cell-matrix adhesions %23, one of the well characterized path-
ways involves FAK mediated phosphorylation of B-catenin
via the FAK—Grb2—Dvl—Rac—JNK cascade?*. Upon inte-
grin clustering, FAK gets activated, activates the adaptor pro-
tein Grb2, and increases the synergy between Dvl and Grb2.
Grb2 and Dvl in turn activate the Rac GTPase, which enhances
JNK activation?. Upon activation, JNK phosphorylates f3-
catenin at Ser191 and Ser605 sites leading to disassembly of
the E3 complexes®.

Mathematical modeling approaches have contributed sig-
nificantly to our understanding of cancer and related pro-
cesses 22, While ODE and PDE-based continuous models
are widely used for studying dynamics of continuous quan-
tities, discrete models (e.g., cellular automata, lattice based
model, agent based models) are more suitable for studying
dynamics of population of cells. Of these, cellular automata
(CA) provides a computational framework in which popula-
tion is divided into automaton cells and each cell is evolved in
time as per some defined rule(s)3°. CA has received particu-
lar attention because of its ability to generate a wide range of
patterns that arise from such simple rules and can recapitulate
many features of complex biological systems. Consequently,
CA has been used to model various aspects of cancer includ-
ing tumor growth?3!, role of ECM fiber-crosslinking on ECM
degradation 2, cancer stem cell proliferation3, tumor-stroma
interaction in prostate cancer>* and influence of fibroblasts in

melanoma?.

In this paper, we have developed a mathematical model for
exploring the crosstalk between cell-cell and cell-matrix adhe-
sions during tumorigenesis. Specifically, we have varied cell-
matrix adhesions by varying ligand density and have quanti-
fied cell-cell adhesion based on the concentration of the Ef3
complex. Consistent with experiments, our results demon-
strate that upregulation in ligand density promotes EMT via

weakening of cell-cell adhesions. This effect can be partly
reversed by overexpression of E-cadherin. The model was
further extended using cellular automata framework to study
population-level Ef3 dynamics taking cell-cell crosstalk into
account. By varying ligand density and the fraction of cells
that have already undergone EMT (i.e., have very low E-
cadherin expression), we have demonstrated the collective
influence of ligand density and fraction of EMT cells on
population-level scattering. Similar results were observed ex-
perimentally in the E-cadherin localization patterns in MDA-
MB-231 and MCF-7 breast cancer cells when plated on sub-
strates with increasing collagen I density. Taken together, our
results demonstrate the complex interplay between cell-matrix
and cell-cell adhesions in determining the scattering poten-
tial of a cell population. The computational framework de-
veloped in this paper can be further extended for studying
how these variables regulate other morphogenetic processes
including cell sorting and collective cell migration.

2 Materials and Methods

Regulation of cell-cell adhesion by ECM density: an uni-
fied model

Several studies have demonstrated the influence of ECM den-
sity on cell-cell adhesions via multiple pathways. Although,
the exact mechanisms governing the propagation of signals
from cell-ECM adhesion to cell-cell adhesion are not com-
pletely known, several independent reports establish links be-
tween individual molecules. For understanding the influence
of ECM density on cell-cell adhesion, a model was developed
based on the following signaling events:

1. Increase in ECM density increases FAK activity3°.
2. Increase in FAK activity increases Grb2 activity >*.
3. Activated Grb2 drives Dvl-mediated activation of Rac?*.

4. Increase in Rac increases the concentration of activated
INK 2.

5. INK phosphorylates 3-catenin®.

6. Non-phosphorylated f-catenin complexes with mem-
brane bound E-cadherin (E.) to form E-cadherin-f-

catenin bond (E ) which facilitates cell-cell adhesion?.

7. EB complex dissociates into E-cadherin and f3-catenin®.

The schematic representation of the proposed network,
based on the above-mentioned kinetic activities, is shown in
Figure 1. In addition, protein degradation was also taken into
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Fig. 1 Model of ECM density-dependent modulation of cell-cell adhesion. Signaling network through which ECM density modulates cell-
cell adhesion. Upon integrin engagement with ECM ligand, FAK gets activated and subsequently activates the adaptor protein Grb2. Activated
Grb2 protein, synergizes with Dvl protein and causes JNK phosphorylation through Rac activation. Activated JNK phosphorylates f3-catenin
thereby reducing the rate of cell-cell adhesion formation. Solid lines represent formation/disruption of complex. Dotted lines represent protein

activation (e.g., phosphorylation). Refer to Materials and Methods for further details.
account. For studying the dynamics of the network, the ki-

netic events were converted into the following chemical ki-

netic equations:

ky,[L]

IVRENYS e))
(GrRB2] 2K, 1GRBYY 2)
[GRB2*] + [DVL] % [GRB2DV L] 3)

k4,[GRB2_DVL]
Y

[RAC] [RAC] 4)

[B] + [Em] = [EB] (7
[Ec] 5P (Em) ®)

(Em] “P, (] ©)
(EB] 2 [B]+[Ed] (10)

These kinetic reactions were transformed into ordinary

differential equation (ODE)-based continuous deterministic

UNK] ks,[RAC™] UNK*] (5) mo@el to study the ipﬂuence of ECM density on cell-cell ad-
hesion (see next section). The coupled-ODE based model was

ke UNK"] then solved using Matlab. To verify the model solution ob-

[B] =— [B"] (6) tained from Matlab, SimBiology toolbox of Matlab was used
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to directly simulate the signaling network shown in Figure
1. The details of the mathematical models, values of reac-
tion constants, and initial concentrations of all proteins are
discussed in the next section.

Mathematical model of a single cell

For developing the ODE model of a single cell, the 10 bio-
chemical reactions (Equations 1 to 10) were codified into the
following 9 differential equations (Equations 11 to 19), with
each differential equation representing the dynamics of an in-
dividual protein:

d[FAK"] LD .

T_kl*m*[FAK]—dl*[FAK] (11)
@ = ky * [FAK*][Grb2] — k3 + [Grb2"][Dvl]  (12)
CZ[G#ZIDVI] = k3 % [Grb2*|[DvI] — d3 * [Grb2_DvI]  (13)
dUZC*] = k4 * [Grb2_Dvl|[Rac] — dy * [Rac”| (14)
d[%tK*} = ks * [Rac*|[JNK] —ds * [JNK"| (15)

% = —kex[B]*[JNK"] —de * [B] + B+ k9  [EB] — kg * [B] * [En]
(16)
d[j;c] :kg*[Eﬁ]—]W*[Ec]*E”;:ﬁ +kiox[En) (A7)
Do) ) 2Pty 8] () — koo )« [EB)
(18)
d[gf] — kg * [B] * [E] — ko  [EP] (19)

Note that protein degradation was also taken into account in
these equations.

Initial protein concentrations and reaction constants

For simulating a wide range of ligand densities (LD), the lig-
and concentration was varied between 1 and 100 mM. Initial
concentrations of $-catenin and E-cadherin were chosen sim-
ilar to those reported in the literature®. Since, in our simula-
tions, the total E-cadherin is distributed between the cytoplas-
mic pool (E.), the membrane-localized pool (E,;) and in Ef3-
complexes, for simplification, we have assumed equal concen-
trations of E., E,, and Ef at the beginning of the simulations.
The initial concentrations of FAK, GRB2 and DVL were cal-
culated based on the stoichiometry relative to -catenin re-
ported in Crampton et al.?*. The initial concentrations of Rac
and JNK, determined after multiple simulation runs, were cho-
sen to be 10 nM, so as to obtain global steady state. For cal-
culating the initial concentrations of phosphorylated forms of
proteins, the ratio of non-phosphorylated form to phosphory-
lated form was chosen as 10 for all proteins. The value of
GRB2_DVL was set equal to the value of GRB2*. Further,
as done in literature, to omit inclusion of conservation equa-
tions>’, the cell was assumed to produce saturating levels of
FAK, Grb2, Rac, Dvl and JNK, and hence the concentrations
of these proteins were kept constant. Finally, though the ini-
tial value of E,. was kept constant in most of the simulations,
the E, values were changed in simulations to study the com-
pensatory effect of E-cadherin upregulation on ligand density-
mediated EMT (Figure-4B).

Table 1 Initial concentrations of model species

Page 4 of 14

Protein Initial Conc. Ref
Ligand (LD) 1-100 mM this paper
Grb2_DvI(GDyg) 5.3nM this paper
FAK(Fp) 44 nM 25
FAK*(F}) 4.4 M this paper
GRB2 (Gy) 53 nM 25
GRB2*(Gp) 5.3nM this paper
RAC(Ry) 10 nM this paper
RAC*(R}) 1 nM this paper
INK(Jp) 10 nM this paper
INK*(J3) 1 nM this paper
B(By) 33 1M >
DVL(Dvly) 13 nM 245
Em(E o) 33 nM >

Ec(E.0) , EB(EBo) 33 nM >

The values of the kinetic constants are given in Table 2.
Wherever possible, the values were chosen from the literature.
If not available in the literature, the values were taken close to
the related parameter values and considered such that a global
steady state was reached. Values of C, k| and d; were chosen
so as to ensure saturation in levels of FAK* for LD > 503¢
and to get a global solution of the system of ODEs. Since
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Table 2 Kinetic constants and degradation rates.

with dimensionless parameters were obtained:

S.no. Parameter ~ Value Reference d[FAK*] [LD] A N
T C 10 mM Based on 0 dr V)t FAKI - dix[FAKT] - 20)
2 ki 0.01 57! Based on~°
3 d 0.04 5! Based on~° JGrba
— - G ~ ~
4 k2 0015nM 75 7 this paper 2T _ o (FAK][Grb2) — s« [Grb2’] « [Dvl] (21
5 ks 0.03nM Ts T Based on % dt
6 d3 095" this paper
7 ky 0.003 nM~1s~! Based on*’
d|Grb2_Dvl N N
8 dy 0.0018 s~ Based on*! % = ki1 * [Grb2*][Dvi] — d3 % [Grb2_Dvl|  (22)
9 ks 0.0055 nM~ s~ ! this paper !
10 ds 0.003 57! this paper
11 ke 5.1E-5 nM~ 157! Unpublished reference d[Rac*] . .
12 de SE4s | Based on> 5 = kax[Grb2_Dvi][Rac] - dy + [Rac"] (23)
13 Be 1.98 nMs™! this paper
14 k7 33nM 157! Based on” dlINK* . .
15 kg 1.7 M~ 1s~1 Based on” % = ks x [Rac™|[JNK| — ds = [JNK"] (24)
16 ko 335! Based on”
17 k1o 33nM~ 15! taken as equal to k7
d A A P N
% = —ke* [B] *[JNK"]| —dg* [B] + Pe + ko * [E B] — kg  [B] * [Ep;]

(25)
Grb2 is known to activate Rac via SH2 domain??*, the values
of k3 were taken to be equal to the value of k_gg in 38 Value
of parameter k4 was determined from*'. Since cancer cells dE] =y % [EB] - . [E.] * Enxp NI En]  (26)
have been reported to have higher B-catenin production rate dt <33 "
42 compared to the other rates, a higher value was considered
for B-catenin production (1.98 nMsec™"). Further, we have
multiplied the rate of translocation of Ec to Em (i.e. k7) by d[En] = k3% [Ec] * Enxp — K4 % [B] % [Em] — k15 % [En] [EB]
En*B 14 increase the translocation rate as the rate of Ef for- dt 33
33nM (27)
mation increases (which depends on E,, * ). Here 33 is just a
scaling factor which was selected by running multiple simula- d[EB] A N
tions (data not shown). Similarly rate of translocation of E,, to ar kio * [B] * [En] — k17 % [EP] (28)
E. (i.e. kjp) was multiplied by E B to increase the translocation where
rate as concentration of Ef increases. kAl =k *T* % :

Model non-dimensionalization

The system of coupled ODEs (11) to (19) was non-
dimensionalized. To obtained the dimensionless parameters,
time (i.e. t) was rescaled with 7 = 1 sec and all protein levels
by their respective initial concentrations (Table 1). Thus, the
dimensionless model was obtained by setting,

FAK = BX FAK® = FAK. 7 = L Grb2 = S22 Grp2* =

I G
0 0
Grb! _ Grb2_Dvl _ Dvl . _ Rac ¥
G ,Grb2_Dvl = b ,Dvl = DV[O,Rac = R ,Rac* =
Rac* Tae — INK JFager — INKE B _ B 7 _ Enw T _
R ,JNK = 7o ,JNK* = T B = By Em = Emo’EC =

Ec TR — EB
o BB =

After substituting these expressions in (11)-(19) and remov-
ing the overbars for simplicity, the following system of ODEs

Go.

; G’
k3 = k3 * T * Dvly;
]€A4=k4*T*GD0*%;
0.
Iy

S *
ky = ko x Tx F§ %

Ks = ks * T+ R *
ke :k6*T*J(Z);;
AN Eo*Po*T .
k/\7*k7>l< 33 »
kg = kg *x E;o* T,
Ko = ko * 7+ ER0.

BO ’
~ E
k1o = k1o * T —E':’(()) *Eﬁ();
~ Gy*Dvly .
ki1 = k3 x (GDy) * T,

~— Efy.
klz—kg*f*?,
~ Eo*xBo*T .
k13 =k7*%,
k14 = kg * Py * T;
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k,1\5 :kIO*EﬁO*T

A E
ki = kg * T % Bo * 7220,
16 = kg * T o * g

kj7 = ko * T,
di=d;xtfori=1,3,4,5,6;

The system of coupled dimensionless ODEs was then
solved using odelSs solver of Matlab subject to the condi-
tions stated above. To confirm the correctness of solution of
the ODE-based model, the network was also simulated using
SimBiology toolbox of Matlab, and the results compared. For
solving the model the ’sundials solver’ with absolute toler-
ance of 1E-6 and relative tolerance of 1E-3 was used. Model
was simulated for 10000 time steps in SimBiology to achieve
steady state levels of [E].

Cellular automata-based hybrid model for population of
cells

For incorporating the effect of cell-cell crosstalk in the model
of ECM density-dependent regulation of cell-cell adhesion, a
cellular automata-like hybrid model was developed in which
the concentrations of proteins were considered as continuous
quantities (unlike pure automata where each cell can attain
only discrete states) with each cell being represented as a
discrete entity. The details of the hybrid cellular automaton
model are as follows:

1. Geometry: Model consisted of 100 cells arranged in a
square lattice of 10 rows by 10 columns (Figure 2A).

2. Geometry of the neighbourhood and boundary condi-
tions: To implement the neighbourhood, von-Neuman-
based interaction model was used where, in 2D, the fu-
ture state of a cell was dependent on the states of four
neighbour cells (Figure 2B). Periodic boundary condi-
tions were imposed along the four edges of the lattice,
i.e., the last (first) cell in any row (or column) was con-
sidered to be adjacent to the first (last) cell in that row
(column) (Figure 2C).

3. States: Each state ’S’ of a cell was associated with
the values of E., E,;, Ef} and B, respectively, i.e., S =
(Ec,En,EB,B), where E., E,;, Ef and B represent the
concentrations of cytoplasmic E-cadherin, membrane-
bound E-cadherin, Ef3 complex and non-phosphorylated
B-catenin, respectively.

4. State Transition Rules: To calculate the next state S,
of a cell, first the values of E,., E,,, Ef} and B were up-
dated for every cell in parallel based on the value of the
ligand density and the current state. An earlier compu-
tational study has demonstrated that a single cell with
weak cell-cell adhesion in an epithelial sheet is capable

of inducing detachment in neighbouring cells>. For in-
corporating similar cell-cell interactions into our model,

the Ef value of each cell (i.e., E ﬁif'fl) was updated by
setting it as the average of its own value arising due to
its interaction with its underlying ligand (i.e., E ﬁf;rl’w),
and the E values of its four neighbours (i.e., EB"! =

i,j
n+1,.LD
EB;; +Eﬁﬁj—l+EﬁI!}j+l+EBin—1.j+Eﬁirirl,j) (Figure 2D)
5 .

Experimental Methods

ECM coating and cell culture: Ethanol sterilized glass cov-
erslips were incubated with rat-tail collagen I (Sigma) at den-
sities of 0.1, 1, 10 pg/cm? overnight in the refrigerator. Next
day, the coverslips were washed with PBS and blocked with
2 % F127 Pluronic (Sigma) for 10 min at room temperature.
MCF-7 human breast cancer cells were cultured at 37° in
DMEM (Dulbecco’s Modified Eagle Medium) (Gibco) sup-
plemented with 10 % FBS (Gibco) and 1 % antibiotics (Hi-
media). For experiments, equal number of cells were plated
on ECM-coated glass coverslips and cultured for 24 hours.
Immunocytochemistry and microscopy: For E-cadherin
staining, MDA-MB-231 and MCF-7 breast cancer cells were
seeded on 12 mm collagen-coated coverslips at densities of
5X10% and 5X10° cells, respectively. After 24 hrs of incuba-
tion, cells were fixed with 4 % paraformaldehyde (PFA) in 1X
phosphate buffered saline (PBS) for 20 min. Subsequently,
cells were blocked with 2 % bovine serum albumin (BSA) so-
lution for 45 min, and incubated with anti-E-cadherin rabbit
polyclonal antibody (Abcam, Cat No: ab53033) at 1:100 di-
lution for one hour at room temperature (RT). After extensive
washing with 1X PBS, cells were incubated with Alexa Fluor
555 conjugated anti-rabbit secondary antibody (Invitrogen) at
1:300 dilution for one hour at RT. Finally, cells were washed
with 1X PBS twice and mounted on glass coverslips using Eu-
kit mounting medium (Sigma). Mounted samples were im-
aged at 10x magnification on an inverted microscope (Olym-
pus IX71) with a CCD camera (QImaging) using Image-Pro
Express 6.3 acquisition software (Media Cybernetics). For
analysis of ECM density-dependent E-cadherin localization,
atleast 50 cells were analyzed per condition per experiment
and the experiment repeated twice. Statistical significance was
evaluated with the Student’s ¢ test.

3 Results and discussion

Modulation of E 3 levels in a single cell by ECM density

Several studies have demonstrated a close connection between
cell-cell adhesion and cell-matrix adhesions. Existing exper-
imental data shows that integrin-mediated cell-ECM adhe-
sion inhibits cadherin mediated cell-cell adhesion2!-234344,

6| 1-14
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Fig. 2 Population model for studying influence of ECM density
on cell-cell adhesion. (A) Geometry of the population. Population
consisted of 100 cells arranged in 10 rows and 10 columns. (B) Ef3
levels of any given cell (shown in red colour) is dictated by its under-
lying ligand density and the Ef3 levels of its four orthogonal neigh-
bours (shown in orange colour). (C) Periodic boundary conditions
were imposed along the four edges, i.e., the last cell of any row (or
any column) was assumed to be adjacent to first cell of that row (col-
umn). (D) Algorithm for calculating Ef levels of any given cell in
the population. For taking both cell-matrix and cell-cell interactions
into account, the Ef level of each cell was updated by setting it as
the average of its own value arising due to its interaction with its un-
derlying matrix, and the Ef values of its four neighbours (refer to
methods for details).

To computationally probe the influence of ECM density on
the non-dimensionalized E 3 levels in a single cell, the above
model (Figure 1) was simulated for ECM densities (LD) of 1,

3, 5 10, 20 and 50 mM, respectively, and the corresponding
values of Ef3 obtained. Initial protein levels are provided in
Table 1 and discussed in the methods section. Next, the sys-
tem of ODEs (Equations 20 — 28) were solved subject to the
above initial conditions to determine the transient profiles of
EpB levels.

The transient dynamics as well as steady-state values of E 3
complex were strongly influenced by ECM density, with a de-
crease in the steady-state Ef3 levels with increase in ligand
density. The steady-state E values for LD = 1 and LD = 50
were 2.0 and 0.78, respectively (Figure 3A). Identical results
were also obtained from the Simbiology-based model. To fur-
ther quantify the ligand density-dependent modulation of Ef3
levels, the percentage reduction in Ef levels was calculated
for varying values of ligand density considering the steady-
state value of Ef3 at LD = 1 as reference (Figure 3B). The
percentage reduction in Ef levels exhibited a ligand density-
dependent saturation profile with saturation levels reached for
LD > 20. Since EMT is associated with loss of Eff complex
from the cell membrane, therefore, to establish a relationship
between ligand density and EMT potential of a cell, the per-
centage reduction in Ef levels with increasing ligand density
obtained above was normalized so that maximal EMT poten-
tial was associated on the highest density surfaces (Figure 3C).

Effect of E-cadherin overexpression on Ef3 levels in a sin-
gle cell

Several experimental studies have demonstrated that EMT in-
volves repression of E-cadherin expression’$4>4¢ and that
EMT can be suppressed by overexpressing E-cadherin®’—,
To test if similar results can be obtained within this computa-
tional framework, Ef3 levels were computed after increasing
E-cadherin levels (E,) for different values of ligand densities.
For implementing this in the simulations, E 3 levels on a given
ligand surface were allowed to reach steady-state, at which
point the value of E, was instantaneously increased and the
new value of Eff determined. The value of E, was increased
in multiples of E.;p—1 at steady state (i.e., the steady state
concentration of E. at LD = 1). As observed in Figure 4A, a
3% E. 1 p—1 increase in E. led to a corresponding increase in
E B values depending on ligand density, highlighting the posi-
tive influence of E-cadherin in suppressing EMT. However, as
is clear from the E-cadherin profiles, the overexpression has
less of an effect at higher ligand densities.

The above simulations were performed only for three lig-
and densities corresponding to a 3 * E.yp—; increases in E-
cadherin levels. Since the net increase in Ef levels is depen-
dent both on the extent of E-cadherin overexpression and the
ligand density, therefore to fully explore the parameter space,
simulations were performed for several combinations of lig-
and densities and the amount of E-cadherin overexpression.
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Fig. 3 Influence of ECM density on Ef levels in a single cell.
(A) Temporal dynamics of Ef levels (normalized w.r.t. initial con-
centration) in a single cell at varying ligand densities. Ef levels were
allowed to evolve till steady-state was reached. (B) Percentage reduc-
tion in Ef values at varying ligand densities. The percentage reduc-
tion was calculated taking EfB;p—; as reference. (C) EMT potential
was calculated by normalizing the percentage reduction in E 3 values
w.r.t the maximal reduction observed at the highest ligand density.
Thus EMT potential was zero at LD = 1 and one at LD = 50.

Specifically, simulations were performed to analyse the effect
of increasing E. levels by an amount of k * E. ;p—; where k
was varied from O (corresponding to no increase) to 15. In-
terestingly, the fold-change in Ef levels scaled linearly with
the fold-change in E-cadherin levels across all ligand densities

1Ec, =Ec,+ 3"Ec,p,

00 25 50 7.5 100
Time (x 1000 sec)

| L L. L L
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Fold Increase (k)

Fold Increase (k)

o4qe

L AL DL B

1 10 100
Ligand Density (mM)

Fig. 4 Influence of E-cadherin overexpression on Ef levels in a
single cell. (A) ECM density-dependent £ dynamics was tracked
at different ligand densities. When steady-state levels were reached,
E-cadherin levels were increased by 3  E. ;p—; and new Ef levels
determined. (B) New Ef levels (Ef3,) reached for different extents
of E-cadherin overexpression (i.e., k). (C) Fold change in E-cadherin
levels required to nullify the effect of ECM density, i.e., to ensure

EBy =EB.

(Figure 4B).

In addition to illustrating the opposing effects of E-cadherin
and ligand density on Ef3 levels in a single cell (Figures 4A,
B), these results indicate that increase in ligand density can be
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counterbalanced by increase in E-cadherin levels. To quanti-
tatively establish the nature of this relationship, ligand density
was increased from LD = 1 (chosen as reference) to higher
values, and the increase in E-cadherin determined to keep E 3
value same as the value corresponding to LD =1 and E, ;p—1.
As observed in Figure 4C, the increase in E-cadherin levels
required for counterbalancing the effect of ligand density ex-
hibited a sigmoidal dependence on ligand density (Figure 4C).
Saturation was observed for LD > 50, with a five-fold increase
in E-cadherin levels.

Modulation of E 3 levels by ECM density at the population
level

Though insightful, in the above simulations, £ dynamics in
single cells were computed for varying ECM density and E-
cadherin without considering the effect of cell-cell adhesion.
To study ECM density-dependent E3 dynamics in a popula-
tion of cells, a cellular automata-like hybrid model was devel-
oped where cells were considered as discrete entities and con-
centration of proteins as continuous quantities (Figure 2). For
incorporating cell-cell crosstalk in our model, a simple aver-
aging approach was used where, at every simulation step, the
EB levels of every cell was updated by setting it as the aver-
age of its own value based on cell-matrix interactions (calcu-
lated above in Figure 2) and that of its four orthogonal neigh-
bours (Figure 2B-D). Periodic boundary conditions were used
to compute the average for cells located along any one of the
four edges (Figure 2C).

When an uniform ligand density was chosen, the steady-
state Ef levels were identical to the values obtained for single
cells without taking cell-cell interactions into account (data
not shown). In vivo, ECM density can be highly heteroge-
neous both in composition and in density. To explore the
influence of heterogeneity in ECM density on population-
level Ef dynamics, simulations were performed by increas-
ing the ligand density from LD = 1 in a certain fraction of the
ECM (fecm = 30,60,90%) to higher values of ligand den-
sity (LD > 5) (Figure 5A). As observed in Figures 5B-D, in-
crease in ligand density from LD = 1 to LD > 5 led to a cor-
responding decrease in the steady-state Ef levels, with pro-
gressively lower values observed at higher ECM densities.
Further, the drop in Ef levels was higher for higher values
of fgcy. Greater than 25% reduction in Ef levels were ob-
served when the ligand density was increased at least 10-fold
in greater than 60% of the ECM. Collectively, these results
suggest that a significant increase in local ligand density is re-
quired to elicit global population-level scattering.
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Fig. 5 Influence of heterogeneously distributed ECM on
population-level £ dynamics. (A) Ef3 values of all cells were ini-
tialized to Efrp—;. Simulations were performed by increasing the
ligand density from LD = 1 (light blue regions) in a certain fraction
of the ECM (fgcy) to higher values of ligand density (LD, > 5)
(deep blue regions), and the population-averaged Ef level (i.e.,
(EB)) was tracked. The value was normalized w.r.t the initial value
(i.e., (EB)s—0). The portions of different ligand densities were ran-
domly chosen based on the value of frcps. (B-D) Temporal dynamics
of normalized (E) levels for frcy = 30,60 and 90%, respectively,
and LD, = 5,10,20 and 50, respectively.

Influence of EMT cells on scattering of a cell population

In the above simulations, all cells were assumed to be normal
cells, and the scattering was induced purely by ligand den-
sity. It is conceivable that in a heterogeneous cell population
containing cells which have already undergone EMT (referred
to here as EMT cells), a single EMT cell can influence the
EB levels of its neighbouring cells through cell-cell crosstalk.
Such crosstalk has been shown to be capable of generating an
EMT wave in the entire population®.

To study the influence of EMT cells on ECM density-
dependent modulation of Ef} levels at the population level,
simulations were performed for varying fraction of "EMT
cells’ (fgmr) placed randomly in a population of 100 cells
(Figure 6A). While cells with Ef > EfB;p—; were assumed
to be normal cells, cells with Ef§ < E 3 p—s¢ were labeled as
EMT cells. EB values for EMT cells were initialized to 0.78.
(i.e., EBrp—50 normalized w.r.t. the initial concentration), and
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the Ef values for non-EMT cells were initialized to 2 (i.e.,
EBrp-1) (see Flgure 3A). As before, the evolution of Ef} val-
ues for the entire population was dependent on ligand den-
sity. Figure 6B shows the transient evolution of population-
averaged E 3 levels at different ligand densities assuming 60%
EMT cells in the population. The population-averaged value
was normalized w.r.t. Efrp—; and fgyr = 0% yielding a
value of (W) = 0.634 at the start of the simula-
tions. Interestingly, the steady-state population-averaged E 3
values increased at lower ligand densities (LD < 5), remained
nearly constant for LD =5, and decreased at higher ligand
densities. These results indicate that EMT can be suppressed
at moderate to low ligand densities even in the presence of
sizeable population of EMT cells. Near identical results were
obtained when all the EMT cells were localized in the centre
of the population, indicating negligible influence of the spatial
location of EMT cells on cell scattering (data not shown).

To further quantify the ligand density-dependent modula-
tion of Ef levels in a heterogeneous cell population, the
above simulations were performed for varying fractions of
EMT cells (fgmr = 0,30,60,90%), and the evolution of
steady-state population-averaged Ef levels (normalized to
steady-state values reached at LD = 1 and fgy7 = 0%) plot-
ted for varying values of ligand density (Figure 6C, S1).
While the nature of the curves remained the same, increas-
ing EMT fraction led to a near constant reduction in Ef val-
ues across all the ligand densities. The simulated points were
well fit with the expression (Ef) = (0.76 — 0.0035 femr) +
(0.305 — 0.001 fgpr)e 2P/ highlighting the coupled influ-
ence of both ligand density and EMT fraction on population-
level scattering.

Effect of E-cadherin overexpression on Ef3 levels at the
population level

Our previous simulations at the single cell level had demon-
strated the ability of E-cadherin overexpression to counter the
influence of ligand density in modulating Ef3 expression. To
probe how these results would get altered at the population
level, simulations were performed with the hybrid model for a
heterogeneous cell population with varying fractions of EMT
cells (Figure 7). In doing these simulations, similar to the sin-
gle cell case, the population-averaged Ef levels on a given
ligand surface were allowed to reach steady-state, at which
point the value of E. was instantaneously increased and the
new value of population-averaged Ef value determined. In-
terestingly, in a population of normal cells (i.e., feyr = 0%),
overexpression of E-cadherin by an amount of 5* E. ;p—1 led
to an increase in the Ef levels at the population level at the
lowest ligand density (LD = 1), was able to nearly eliminate
the ligand density-induced reduction in Ef levels on a mod-
erately high ligand surface (LD = 10), and partly restored the
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Fig. 6 Influence of EMT cells on population-level scattering.
(A) Simulations were performed assuming a certain fraction of cells
(fEmt) were EMT cells (black) and the remaining were normal cells
(white). E B levels of normal cells were initialized to E 8, p— and that
of EMT cells intialized to Ef; p—so. As before, population-averaged
EP level ((EB)) was tracked till steady-state was reached. (B)
Temporal dynamics of (Ef) (normalized w.r.t. (EB)rp—1, f,,;—0%)
at different ligand densities for fryr = 60 %. (C) Steady-state
(EB) levels at varying ECM densities and varying fgyr fractions.
Lines represent fit to the equation (EB) = (0.76 — 0.0035 feyr) +
(0.305 — 0.001 fgp7)e LP/5

EB levels at the highest ligand density (LD = 50) (Figure 7A).
However, for all the cases, the restoration in Ef levels was
more gradual compared to the near instantaneous increase ob-
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served for the single cell case.
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Fig. 7 Influence of E-cadherin overexpression on population level
E 3 values. (A) ECM density-dependent (E ) dynamics was tracked
at different ligand densities. When steady-state levels were reached,
E-cadherin levels were increased by an amount of 5 x E. ;p—1 and
new (Ef) levels determined. Ef values were plotted by normaliz-
ing w.r.t. steady-state (Ef3) levels reached at LD = 1 before over-
expressing E-cadherin. (B) Required fold-change in E-cadherin lev-
els required to nullify the effect of ECM density on Ef levels for
varying fraction of EMT cells (frpr = 0,30,60,90%).

To further explore the crosstalk between E-cadherin overex-
pression and ECM density in a heterogeneous population con-
taining EMT cells, the fraction of EMT cells was varied, lig-
and density was increased from LD = 1 (chosen as reference)
to higher values, and the fold-change in E-cadherin levels (i.e.,
the factor k) determined to keep population-averaged E 3 lev-
els same as the value corresponding to LD =1 and E. ;p—1.

The nature of the dependence of fold-change in E-cadherin on
ligand density for a cell population was similar to that of sin-
gle cells (Figure 7B). Though, the requirement of E-cadherin
increase on ligand density was higher when EMT cells were
present, the nature of the dependence was found to be simi-
lar for different EMT fractions, with saturation observed for
LD > 10. Collectively, these results suggest that at the popu-
lation level, the presence of EMT cells alters the sensitivity of
E-cadherin increase in counterbalancing the effects of ECM
density.

Effect of ECM density on E-cadherin localization patterns
in human breast cancer cells

Thus far, our simulation results illustrate negative regulation
of cell-cell adhesions by ECM density. As a final step, to com-
pare our model predictions with the behavior of cancer cells,
ECM density-dependent E-cadherin localization was quanti-
fied in MCF-7 and MDA-MB-231 human breast cancer cell
lines. Specifically, the cytoplasmic/membrane localization
pattern of E-cadherin was tracked in cells cultured on sub-
strates coated with collagen at densities of 0.1, 1.0 and 10.0
pg/cm?, respectively (Figure 8). Cells were cultured for 24
hours and subsequently fixed and stained to visualize the lo-
calization pattern of E-cadherin. While MCF-7 cells were
plated at a high density to allow for cell-cell bonds to form,
MDA-MB-231 cells were cultured sparsely. Consistent with
model predictions, a distinct change in E-cadherin localization
was observed with increasing collagen density in both cases.

In MCEF-7 cells, in contrast to the lowest coating density,
where cells maintained cell-cell contacts, at the highest coat-
ing density, E-cadherin was markedly absent at cell-cell con-
tacts (Figure 8A). To assess this quantitatively, the membrane
versus cytoplasmic localization patterns of E-cadherin was de-
termined across the different collagen densities by tracking E-
cadherin intensity profiles along lines (white lines, Figure 8A)
connecting cells in contact and passing through the cell-cell
junction (Figure 8B, schematic). While E-cadherin exhibited
a stronger localization at cell-cell contacts compared to the cy-
toplasm on the 0.1 pg/cm? substrates as evidenced by the peak
in the line intensity at the cell-cell junction, localization pat-
tern was exactly reversed on the 10.0 pg/cm? substrates with
a corresponding dip in the line intensity at the cell-cell junc-
tion (Figure 8B). Tracking the membrane to cytoplasmic ratios
(i.e., E,/E.) for multiple cells revealed a significant drop from
~ 2 observed on the lowest density surfaces to ~ 0.75 on the
highest density surfaces (Figure 8C).

For MDA-MB-231 cells, which were grown under sparse
conditions, differences were observed in the E-cadherin local-
ization pattern, with highest E,, / E, ratios observed at the low-
est ECM density (Figure S2). Though these ratios were sig-
nificantly less compared to the ratios observed in MCF-7 cells
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Fig. 8 ECM density-dependent E-cadherin localization patterns
in MCF-7 human breast cancer cells. (A) MCF-7 cells were cul-
tured on 0.1, 1.0 and 10 pg/cm? collagen-coated coverslips for 24
hours. Representative images of MCF-7 cells cultured at differ-
ent ECM densities stained with E-cadherin antibody. Scale bar =
50 um. (B) Cells across different conditions were imaged under iden-
tical camera gain and exposure settings. Line intensities along lines
drawn across cell-cell contacts at the three different ECM densities
(A, schematic). (C) Ratio of membrane to cytoplasmic E-cadherin
levels (i.e., Ep /E, at varying ECM densities. Bars indicate statistical
significance (xp < 0.05).

which formed cell-cell contacts, still the density-dependent
differences were statistically significant. Collectively, this
data is consistent with the model predictions and illustrates the
strong influence of ECM density on the localization pattern of
E-cadherin.

Discussion

Tissue homeostasis requires a fine balance between cell-cell
and cell-matrix adhesions. In cancer, this balance is lost via
disruption of cell-cell adhesions and formation of cell-matrix
adhesions which induce cell migration and invasion. In this
paper, we have developed a computational framework to probe
the modulation of cell-cell adhesions by ECM density, which
has been documented to increase during cancer progression.
By tracking E 3 concentration as a metric of cell-cell adhesion,
we have shown that both for single cells as well as for a cell
population, Ef3 levels negatively correlate with ligand den-
sity. Next, we have computationally shown that ECM density-
induced down regulation in Ef3 levels can be partly reversed
by overexpression of E-cadherin. By simulating the dynam-
ics of a heterogeneous cell population containing a fraction of
EMT cells, we have demonstrated that the scattering tendency
of the entire population is dictated collectively by ECM den-
sity and the fraction of EMT cells. Finally, consistent with our
model predictions, we have demonstrated a re-localization of
E-cadherin from cell-cell contacts to the cytoplasm in MCF-7
cells at higher ECM densities. Taken together, our results il-
lustrate how increase in ECM density can directly contribute
to EMT through dissociation of cell-cell adhesions.

In vivo, epithelial cells are in contact with both the underly-
ing ECM as well as with neighbouring cells. While cell-matrix
adhesions are mostly integrin-based, cell-cell adhesion is pri-
marily mediated by cadherins. Several experimental studies
support the idea of a crosstalk between the two adhesion ap-
paratus, with examples of both positive !0 as well as negative
crosstalk 71821 been observed. Though the exact mechanisms
are not fully understood, the non-receptor tyrosine kinase FAK
represents an important link between the two types of struc-
tures. Here, we have explored the crosstalk between cell-cell
and cell-matrix adhesions via the pathway linking integrin en-
gagement with ECM ligand, FAK activation and FAK medi-
ated phosphorylation of S-catenin through Grb2, Dvl, Rac and
JNK 62425 Simulation of the above network has highlighted
the role of this signaling cascade in negatively regulating the
strength of cell-cell adhesions?!>!. Our results suggest that
increase in ECM density can promote EMT by weakening
cell-cell adhesions even in the absence of the EMT activator
TGF . This was also observed experimentally in MCF-7 hu-
man breast cancer cells cultured on collagen-coated surfaces
of increasing density, where increase in ECM density led to
a significant drop in the ratio of membrane-localized to cyto-
plasmic E-cadherin.

Within EMT, the epithelial and mesenchymal cells repre-
sent the two extremes of the transition process. Given the huge
heterogeneity that exists in a tumor, it is likely that intermedi-
ate phenotypes exist which correspond to partial EMT states.
Such intermediate states have been described during wound
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healing>2, migration of neural crest cells>3, in liver epithe-
lial cells>*, and in carcinosarcomas>’. The stability of such a
mixed population and sensitivity to ECM density remains un-
known. To answer this, we have tracked ECM density-induced
population scattering tendency for a mixed population con-
taining varying fraction of cells that have already undergone
EMT (i.e., have low Ef3 levels). Surprisingly, our results sug-
gest that the EMT phenotype can be partly reversed at low
ECM densities (e.g., LD = 1), as evidenced by the increase in
EB levels. Furthermore, our results are indicative of a com-
bined influence of EMT cells and ECM density on population-
level scattering. For a given fraction of EMT cells, the nature
of dependency of Ef3 levels on ligand density remained nearly
identical with no difference observed for LD > 20, suggest-
ing a certain range (1 < LD < 20) within which EMT can be
driven by ECM density alone. Increase in the EMT fraction
led to a near constant drop in Ef3 levels that was independent
of ligand density. Such change in the fraction of EMT cells
may arise from soluble factors like TGF 3. Our results also
indicate that localized induction of EMT signal and randomly
distributed EMT signals have similar effects on population-
averaged Ef3 levels. Collectively, these results indicate that
EMT can be induced by a combination of ECM-based cues
that alter ECM density or soluble and/or other cues that alter
the fraction of EMT cells.

Suppression of EMT by direct/indirect increase in E-
cadherin expression levels has been demonstrated by several
experimental studies*’*°. However, given the crosstalk be-
tween cell-cell and cell-matrix adhesions, it is likely that the
extent of EMT reversal by E-cadherin expression is influenced
by ECM density. We have addressed this question by deter-
mining the level of E-cadherin increase required to outweigh
ECM density-induced reduction in Ef levels. Our simula-
tions clearly demonstrate that the fold-change in E-cadherin
levels required for reversing EMT is dependent on ECM den-
sity. For single cells in contact with the surrounding ECM, a
two order of magnitude increase in ECM density was found
to require a 5-fold increase in E-cadherin levels for maintain-
ing constant Ef levels. At the population level, the change
in E-cadherin levels was dependent on ECM density as well
as the fraction of EMT cells. Increase in E-cadherin levels
saturated for LD > 10 to 3-fold for 0% EMT cells and 7-fold
for 90% EMT cells.Taken together, these results suggest that
ECM density and the fraction of EMT cells collectively dic-
tate the extent of E-cadherin overexpression required for EMT
reversal.

4 Conclusions

The presented work demonstrates an intimate relationship be-
tween ECM density and cell-cell adhesions, both computa-
tionally and experimentally. Our results suggest that ECM

density-induced down regulation in Ef levels can be reversed
effectively by overexpression of E-cadherin depending on
ECM density and the fraction of EMT cells. Our results also
illustrate that the scattering tendency of a heterogeneous cell
population is dictated both by ECM density and the fraction
of EMT cells. However, the spatial position of the EMT cells
does not matter. Future work will be focused on extending the
computational framework for studying the crosstalk between
ECM density and other aspects of cancer invasion including
extracellular proteolysis and collective cell invasion. Incorpo-
ration of biophysical interactions between individual cells and
with their matrix is expected to provide further insight into
these processes.
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