Open Access

Supporting Information

for Adv. Sci., DOI: 10.1002/advs.202104808

Pressure drives rapid burst-like coordinated cellular
motion from 3D cancer aggregates

Swetha Raghuraman*, Ann-Sophie Schubert, Stephan Broker, Alejandro Jurado,
Annika Muller, Matthias Brandt, Bart E. Vos, Arne D. Hofemeier, Fatemeh
Abbasi, Martin Stehling, Raphael Wittkowski, Johanna Ivaska, and

Timo Betz



WILEY-VCH

Pressure drives rapid burst-like coordinated cel-

lular motion from 3D cancer aggregates

Swetha Raghuraman®, Ann-Sophie Schubert, Stephan Broker, Alejandro Ju-
rado, Annika Miiller, Matthias Brandt, Bart E. Vos, Arne D. Hofemeier, Fate-
meh Abbasi, Martin Stehling, Raphael Wittkowski, Johanna Ivaska, and Timo
Betz

S. Raghuraman, A. Schubert, A. Jurado, A. Miiller, M. Brandt, Dr. B. E. Vos, A.
D. Hofemeier, F. Abbasi, Prof. Dr. T. Betz
Address

Institute of Cell Biology, ZMBE, University of Miinster, Von-Esmarch-Stral3e 56,
D-48149 Miinster, Germany. Email Address: s_ragh02 @uni-muenster.de

A. Jurado, Dr. B. E. Vos, E. Abbasi, Prof. Dr. T. Betz
Address

Third Physical Institute, University of Gottingen, Friedrich-Hund-Platz 1, D-37077

Gottingen, Germany.
S. Broker, Prof. Dr. R. Wittkowski
Address

Institute of Theoretical Physics, Center for Soft Nanoscience, University of Miinster,
Busso-Peus-Str. 10, D-48149 Miinster, Germany.

Dr. M. Stehling
Address

Max Planck Institute for Molecular Biomedicine, Rontgenstrale 20, D-48149

Miinster, Germany.



WILEY-VCH

Prof. Dr. J. Ivaska
Address

Turku Biosience Centre, University of Turku and Abo Akademi University, FI-
20520 Turku, Finland.

Prof. Dr. J. Ivaska
Address

Department of Life Technologies, University of Turku, FI-20520 Turku, Finland.

Keywords: coordinated cell motion, collectivity, pressure, cellular swelling, can-

cer invasion



WILEY-VCH

jlgg Day7_2;§**mg m” 7/// Bursts

% bursts
(o)}
o

Supplementary Figure 1: No bursts observed in HCC even after 4 days. Percentage of bursts when
aggregates were embedded in LCC (0.5 mg ml~!, N = 10) as against to when in HCC (2.5 mg ml ™,
N =10). Aggregates in HCC were kept longer (until day 7 (D7) post embedding) to observe bursts
as compared to LCC (checked on day 1 post embedding).
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Supplementary Figure 2: Biophysical attributes of collagen influencing the bursts. a) Average col-
lagen density (offset corrected fluorescence intensity of fibers as proxy) increases with increasing
collagen concentrations from 0.5 to 2.5 mg ml~!. The linear fit (blue dashed line) displays the
trend of the increase. b) Average number of collagen filaments detected with CT-FIRE™ for each
concentration. c¢) Average length of the fibers detected with CT-FIRE™ based on the collagen
concentrations. d) The calculated fiber radius (normalized by the first concentration 0.5 mg ml~1)
displays an ascending trend as the collagen concentration is increased. e) The calculated ligand
density increases with increase in collagen concentrations. f) The average storage (G’) and loss
(G”) component of the shear modulus showing viscoelastic behaviour of both LCC and HCC. For
all scenarios (a-f) N = 3 for each concentration. Error bars in (a-c) represent standard deviations
and (d-e) represent error propagations.
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Supplementary Figure 3: Time window MSD. Tracks from a sliding time window of 2.5 h over 12
h are retrieved and MSD is calculated (left). A linear function of the form f{x) = a x + -y is fit onto
the logarithmic data of the expression (z(7)?) = 6D7“. The exponent v and diffusion coefficient
D (where, v = log(6D)) are then extracted. Shown on the right is an example of the fit for the last

time window of the series.
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Supplementary Figure 4: Negligible pressure generated in HCC. Average internal pressure (average
traction stresses in z) of aggregates confined with LCC (0.5 mg ml~!) or HCC (2.5 mg ml~!)

collagen embedding as compared to only medium by the sandwich method. N = 6 (LCC, HCC), 5
(medium), s.e.m.
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Supplementary Figure 5: The bursts are ECM-dependent and can be eliminated by suppressing the
differential pressure. Percentage of bursts in Control (Ctrl, LCC) as compared to a) an external
pressure of 18 kPa using dextran (100 mg ml~') added in LCC stopped bursts completely. Con-
trol (Ctrl) N = 3, Dextran N = 10. b) Aggregates in a mixture of ECM (ECM mix) containing
100 ug ml~! of each fibronectin and laminin respectively, along with LCC. N = 10 each. c) Aggre-
gates in LCC + 0.4% low melting agarose (LMA mix) and those in only 0.4% low melting agarose
(only LMA). N = 10 in each scenario. All scenarios in (a,b,c) were checked day 1 post embedding.
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Supplementary Figure 6: Bursts are independent of Rho and Rac signaling. a) Percentage of bursts
when aggregates were embedded in LCC (Ctrl, N = 10) as against to when treated with a ROCK
inhibitor Y-27632 (N = 11). b) Percentage of bursts when aggregates were embedded in LCC (Cirl,
N = 3) as against to when treated with Rac-I inhibitor NSC23766 (N = 10). Bursts were checked

day 1 post embedding.
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Supplementary Figure 7: Aggregate volume in layers. Voronoi-based median of volumes over time
was retrieved for individual layers (up to 5, normalized to time 0) within aggregates starting from
the outermost cells, N = 10.
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Supplementary Figure 8: Number of live cells increases over days. Total number of live cells over
4 days post embedding of aggregates in LCC. N = 10, s.e.m.
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1 Setup of the simulated system

In the computer simulations of the time-evolution of an initial cancer aggregate,
the cancer cells are surrounded by collagen that is confined by a fixed spherical
boundary at a large distance (see Supplementary Figure [9). As in the experiments,
the aggregate has an initial shape of a slight oblate, with a size of 385 ym, 318 um,
and 271 pm 1n the z, y, and z direction, respectively. Furthermore, the surrounding
sphere of collagen has a radius of 400 um, its center coincides with the center
of mass of the cancer aggregate, and its boundary has a thickness of 20 um (see

Supplementary Figure [9)).

collagen

fixed boundary

cancer cells

f

i=th: cell

x t=0h

Supplementary Figure 9: Sketch of the initial setup of the simulations. The cells in the center are
surrounded by collagen and this is confined by a fixed spherical boundary.

1.1 Cancer cells

The cells are approximated as spherical particles and, as in the experiments, their
radii R(t) can increase as a function of time ¢. We choose their initial radii as
Ry = R(0) = 10 um. To be close to a realistic situation, for the initial distribution
of the cells, we place the spherical particles at the positions of the nuclei of the

cells that are observed in the experiments at the initial point in time.
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1.2 Collagen

For the collagen, we use a bead-spring model, i.e., a grid of small spherical parti-
cles that are connected with springs. The particles are initially placed on a body
centered cubic lattice and each particle is connected with springs to its nearest and
next-nearest neighbors. The local stiffness of the collagen is chosen according to
the experiments at the start of the observation period, and remains unchanged dur-
ing the simulations. For this purpose, images of the collagen from the beginning
of the experiments are used and the local density of the collagen is extracted voxel
by voxel by assuming that it is a linear function of the brightness of a voxel. The
mean of the densities corresponding to a cube of 8 voxels in each dimension, whose
center is closest to a particle of the grid, is then assigned to this particle, and the
spring constant of a spring connecting two particles is then chosen proportional to
the mean of the local collagen densities assigned to these particles. Since the voxel
size is 1.1165 um, we choose a lattice constant of ¢ = 8 - 1.1165 um = 8.932 um.
The distance to the nearest neighbor of a grid particle is then a,,, = a+/3/2 and the

distance to the next-nearest neighbor is a,, = a.

For consistence with the experiments, the proportionality constants for the spring
constants that correspond to nearest-neighbor and next-nearest-neighbor interac-
tions, respectively, are chosen so that the storage modulus of the collagen grid is
in line with the value 10 Pa measured in the experiments for shear of a half per-
cent. To imitate this storage modulus in the simulations, the spring constant of the
springs between nearest neighbors at positions  and 7’ is chosen as the function
kun (7, 7") = 3000a((pioc(r) + proc(r’))/(2p0)) Pa and the spring constant for the
springs between next-nearest neighbors is chosen as the function ky,, (7, r") =
kun(7,7") /2 with the initial local collagen density pj.(r) according to the ex-
periments and the spatially averaged initial collagen density gy = 0.5g17!. As
the experimental data correspond to a cuboidal domain with edge length 712 um,

807 um, and 580 um in x, y, and z direction, respectively, and thus do not cover the

12
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full simulation domain, the experimental data for the initial local collagen density

are extrapolated by mirroring at the domain’s faces.

To take the viscoelasticity of collagen into account, the springs break permanently
if they are stretched for more than five percent. The interaction force for a grid

particle 7 interacting with other grid particles is therefore
Fgrid,i - Z fnn,i,j + Z fnnn,i,j (1)
JE€Lnn (%) J€Lnnn (1)

with the sets Z,,,(7) and Z,,,(7) of the indices of the nearest neighbors and next-
nearest neighbors of the ¢-th particle, respectively. Here, the particle-particle inter-

action forces are given by

rj—ri

Fonij =7 - (lrj = 7ill = @) knn (73, 7;)O(L.05an, — [lrj — 7if]), (@)
I = 4
ri—7Tr;

Fonn,ij = j - (lmj = 73ll = anmn) Fnn (75, 75)O(1.05a0mn — [|7; — 7))
I = 4

3)

with the position of the i-th particle 7;, the position of the j-th particle r;, and the

Heaviside function ©.

1.3 Boundary

The fixed boundary confines the system. It is incorporated into the simulations by
particles that are similar to those from the collagen grid and continue the initial
collagen grid in all directions, but their positions are fixed to avoid motion of the

boundary particles.
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2 Equations of motion

We describe the motion of the cells and particles of the collagen grid as over-
damped dynamics. Brownian motion is neglected, since one can expect it to have
no significant effect on the cells’ motion. We confirmed the correctness of this

assumption by additional simulations that take Brownian motion into account.

The equations of motion of the cells are given by

_ 1
ri=— ) Fij 4)

Veell £
with the position of the i-th cell 7;, the damping coefficient .1 = 100 nN um s,
the sum over the other cells and collagen-grid particles > ji» and the force of in-
teraction with another cell or grid particle F ; ;. An overdot denotes a derivation
with respect to time. The interaction force of the i-th cell interacting with another

cell or grid particle with index j is chosen as

)
i~ Ri+R;—d; :
T.dl_jrj Rf) : €rep; if dij < Rz + Rja
_m(;fj €atts if R; + Rj < dij < 1.05(Ri + R])
Fiyij = < i (5)
and Rz = Rj = R(),
0, else
\
with the center-to-center distance d;; = ||r; — r;|| of particles ¢ and j, their radii

R; and R;, respectively, the repulsive-interaction strength €., = 50 nN, ! and the
attractive-interaction strength e,;; = 0.2nN.[*! Equation (3] describes a repulsive
interaction for small center-to-center distances and an attractive interaction when
the distance is slightly larger than the sum of the particles’ interaction radii. The
attractive interaction is omitted for inflating cells (see section [3.2). While the in-
teraction radius of a cell equals its current geometric radius, the interaction radius

of a grid particle 1s always Rj.
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The equations of motion of the grid particles are given by

N,

: 1 -

T = (Fgrid,i + Z Fint,i,j) (6)
=1

Verid

with the damping coefficient for grid particles Yyiq = Yeen and the total number of

cells N. = 3316, where the sum now runs only over the cells.

3 Running the simulations

The simulations are run by numerically solving the equations of motion for the
cells and collagen with a time-step size of 0.2s using a modified version of the
software package LAMMPS.™ We started with a relaxation of the initial cell dis-
tribution for 1h and afterwards performed the main simulations for a period of
12 h, which agrees with the duration for which the cells are observed in the exper-

iments.

3.1 Initial relaxation

As the nucleus of a real cell is usually not exactly in the center of the cell, the initial
distribution of the spherical particles representing cells in our simulations involves
some overlap between particles. Therefore, we perform a relaxation of the initial
particle configuration before the main simulations are run. For this purpose, we set
up a homogeneous collagen grid with p;,. = py that encompasses the cells. Grid
particles that overlap with cells are removed. With this setup, the time-evolution
1s calculated to allow the cell positions to relax, which results in a slight growth of
the initial cancer spheroid. Since at the beginning of the experiments, the cells do
not push against the collagen, we reduce the spring constants of the collagen grid

during the relaxation phase to zero. The spring constants k., (7, ') and &y, (7, ')

15
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3.2 Main simulations

are therefore replaced by the functions

t
knmrelax('r; rla t) = knn(ra 'l"/) (1 - E) ) (7)
t
/ . / v
knnn,relax(ra r, t) — knnn(ra r ) (1 1 h) . (8)

This results in a cell configuration that is rather close to the initial distribution
obtained from the experiments and where the cells’ positions are fully relaxed.

During the relaxation, the radius of the cells is kept constant at 1.

Next, the relaxed cells are placed in a collagen grid that corresponds to the initial
collagen distribution in the experiments. Grid particles that overlap with the cells
are removed. This ensures that the cells exert no stress on the collagen at the start
of the main simulations. The obtained configuration of cancer cells and collagen

1s used as initial condition for the main simulations.

3.2 Main simulations

In the experiments, the outer layer of cells in contact with collagen and, with a
slight time delay, a few inner layers within the cancer aggregate have been seen
to inflate, starting at ¢y = 6h (see Supplementary Figure [7). To reproduce this
behavior, we change the cells’ radii as functions of their positions and time. For
the first 6 h after the start of the main simulations, all cells have their initial radius
Ry. Then, cells with a distance smaller than d,;(¢) to the nearest collagen particle
start to inflate. The initial critical distance is d.i(0) = 3R, and this distance
linearly grows with time so that it increases by Ry within 1 h:

duin(t) = Ry (3 n ﬁ) ©)

When d.;; has increased by 0.2 R, which occurs within 12 min, the cell-collagen
distance is determined again for each cell and for those cells, where the distance is

below d;t(t), inflation is started. An inflating cell linearly increases its radius by

16
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3.2 Main simulations

Ry over the course of 2 h so that the radius of a cell that starts inflation at time ¢

is given by the function

e

Ry, if t <+,
R(t) = { Ry + Rol5l, iftg <t <ty+2h, (10)
\QRO, else.

17
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3.2 Main simulations

Supplementary Videos

Supplementary Video 1: HeLa aggregates collectively burst in 0.5 mg ml~! col-
lagen matrix.

Bursts in LCC (0.5 mg ml~!) and non-invasive behavior in HCC (2.5 mg ml™).

Supplementary Video 2: Nuclei tracking.
Tracks of nuclei over 12 h in LCC and HCC.

Supplementary Video 3: PAA beads as local pressure sensors.
Aggregates containing elastic PAA beads as pressure sensors in LCC. Deformation

of beads until bursts (zoom).

Supplementary Video 4: Pushing forces exerted by aggregates on PAA gels.
Sandwich experiment with deformation of the bottom PAA gel as aggregate pres-
sure rises in confinement. Blue line as reference for the interface between aggre-

gate and bottom gel.

Supplementary Video 5: Collagen pockets — least mechanical resistance.

Bursts of cells into collagen pockets in LCC.

Supplementary Video 6: Induced bursts in HCC.

Holes/pockets punched in three locations, towards which bursts occur in HCC.
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