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Abstract

Cell contractility is mainly imagined as a force dipole-like interaction based on actin stress fibers
that pull on cellular adhesion sites. Here, we present a different type of contractility based on
isotropic contractions within the actomyosin cortex. Measuring mechanosensitive cortical
contractility of suspended cells among various cell lines allowed us to exclude effects caused by
stress fibers. We found that epithelial cells display a higher cortical tension than mesenchymal cells,
directly contrasting to stress fiber-mediated contractility. These two types of contractility can even
be used to distinguish epithelial from mesenchymal cells. These findings from a single cell level
correlate to the rearrangement effects of actomyosin cortices within cells assembled in
multicellular aggregates. Epithelial cells form a collective contractile actin cortex surrounding
multicellular aggregates and further generate a high surface tension reminiscent of tissue
boundaries. Hence, we suggest this intercellular structure as to be crucial for epithelial tissue
integrity. In contrast, mesenchymal cells do not form collective actomyosin cortices reducing
multicellular cohesion and enabling cell escape from the aggregates.

1. Introduction

Biomechanical properties of eukaryotic cells are governed by passive and active cytoskeletal structures [1, 2].
Their interplay is not only crucial for cell integrity but also for tissue stability. However, although these
structures have been in the focus of many studies, it remains challenging to simultaneously address passive
and active and single and multicellular properties simultaneously [3—5]. Generally, active cellular properties
have recently gained increasing attention due to their eminent impact on single-cell and tissue functions

[3, 4, 6-10, 11,12]. An effect arising from the interplay of active and passive components is cellular
contractility, which explains cell motility and invasion and is also an integral part of tissue formation
models [10, 21]. For instance, cancer and mesenchymal cells display higher contractility when migrating
through the extracellular matrix (ECM) in comparison to healthy epithelial cells [21-36].

For cell mechanics and particularly for contractility, actomyosin interactions play the dominant role
[37-39]. However, different actin structures can cause different types of contractile behavior. On the one
hand, aligned stress fibers cause a dipole-like contractility [22, 40-45], at the same time, disordered cortical
actomyosin networks cause isotropic contractions [10, 16, 46]. Both structures are built of passive
cross-linked actin filaments and force-generating myosin II motor proteins [1, 47—49]. Stress fibers are actin
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bundles that span between focal adhesion complexes, which anchor cells to their extracellular environment
[1]. Their main function lies in propulsion during migration [21]. The actomyosin cortex is a thin,
disordered, shell-like structure underlying the plasma membrane [16, 44, 46, 50]. It creates a cortical
tension, which is regulated by intra- or extracellular signals and influences cell shape formation,
-polarization, -migration as well as tissue morphogenesis [10, 16, 46, 50-52]. The role of cortical tension is
well-documented during cell division; however, adequate quantification is still challenging [10, 50, 52—54].
Both contractile modes can contribute simultaneously to cell mechanics. However, current experimental
approaches maintain difficulties in decoupling them [3, 16]. Moreover, contractility plays a fundamental
role in a vast amount of cell- and tissue functions, while a clear and consistent use of the term ‘contractility’
is missing.

Here, we used a tailored set of methods to elucidate the diverse roles of active contractility in specific cell
and tissue functions. First, we examined the cortical contractile behavior of suspended cells, which lack actin
stress fibers [16, 46]. We use the optical stretcher (OS) to circumvent these limitations and to quantify
cortical properties (active and passive) of whole suspended cells in a contact-free manner and with high
throughput. We observed that epithelial single cells expressed higher cortical contractility compared to
mesenchymal cells. Further, we correlated these single-cell properties to multicellular assembly and showed
that collective cortical contractility stabilizes cell-cell adhesion, which seems crucial in epithelial tissue
stability. In contrast, mesenchymal cells lack collective cortical contractility, which seems essential for
single-cell escape into the ECM.

Our results provide experimental evidence that supports recent theories of tissue boundary formation
during development. In fact, expansions of the standard differential adhesion hypothesis (eDAH) [55], have
been proposed based on active cortical tension that can—additionally to cell-cell adhesion—stabilize cell
boundaries and keep cell clusters together via a collective actin cortex [56]. Our results have important
implications for cell jamming, segregation, collective motion, and single-cell escape.

We introduce the notion of cortical vs stress-fiber contractility, which we propose as a new key concept
to understand the sheer variety of cellular function across entirely different environments, from single cells
and cell clusters to invasion. Altogether, we suggest a new classification where healthy epithelial cells express
a higher cortical contractility, and in contrast, mesenchymal cells favor stress-fiber-based contractility.

2. Results

2.1. Cortical contractility of single suspended cells

Up to now, there is no appropriate contact-free technique to quantify cortical contractility of fully
suspended cells [10, 16]. Here, we use the OS to measure this quantity in cells, excluding any effects caused
by contacts or substrate adhesion, such as focal adhesion points and stress fiber formation. The OS has so
far been used to investigate particularly passive biomechanical changes such as cell stiffness [37, 57-59].

2.1.1. Suspended cells contract actively against external stretching force

The OS optically traps and stretches cells in an automated way, measuring the creep deformation as a
response to the step-stress stretch force (technical details can be found in materials and methods). The two
laser beams exert a stretching (pulling) stress oy on the trapped cells [57, 60, 61] (figure 1). During the
stretch, cells initially elongate with a slowly increasing strain € as in a passive creep deformation.

However, for some cell types, the strain starts to decrease during the step stress (figure 1 and supporting
video). As the suspended cells have no contact with the walls, the decreasing strain against a constant
external stress can only be explained by an active contraction of the cells. This effect was not reported in
most OS studies so far (an exception being [62, 63]) because cells were typically stressed for only 2 s [37, 59,
64, 65]. However, the contractile effect became evident only during longer stretches, such as the 5 s interval
we used in this study (figure 1(a)). After a few seconds, the optical forces (figure 1(b) and [38, 59, 61,

66, 67]) induced a mechanosensitive cell reaction, which can be monitored as a deformation of the long axis
of the cell or even more obvious via the elliptic shape (¢ = (h — v)/h). Here, h and v were the cell’s
horizontal and vertical relative deformations of the cell along the optical force axis and perpendicular to it
(figure 1(a)). In a measurement of n = 5, 566 epithelial MCF-10A cells, the relative ellipticity € increased by
1.2 £ 0.1% within the initial two to 3 s. Subsequently, € decreased although the external force was still
acting on the cell. This led to a rounding up of the cell shape during the later phase of the optical force
application.

We quantified the internal contractile stress by fitting an adapted standard linear solid model (SLS) with
an additional linear contractile term to the experimental data (see materials and methods section and
figure 11). This model enabled us to assess the contributions of both passive and active cell properties. It
extracts cell elasticity E, viscosity ), cortical pretension (or stiffness) E2, and an additional active cortical
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Figure 1. Cortical contractility of single suspended MCF-10A cells measured by the optical stretcher. (a) Median deformation
curves (shaded areas represent 95% confidence interval (CI)) of n = 5, 566 individual suspended cells, measured in N = 13
independent experiments. The red shaded area indicates the time period of laser-induced cell stretching (0s < t < 55), witha
constant pulling stress of ey = 0.8 Pa (the resulting force profile is shown in (b)). The turquoise curve shows the horizontal cell
deformation h along the laser axis. Cells stop to elongate around t ~ 2 s to 3 s of the stretch time interval and start to contract
against the external optical pulling force. During the relaxation phase (¢ > 5's) cells actively continue to contract even below their
original elongation (negative strain). The moss-green curve shows the deformation in the vertical direction v perpendicular to
the optical axis. Horizontal and vertical deformation is mostly anti-correlated. The violet curve shows the ellipticity

(f = (h — v)/h). (b) The spatial distribution of optical stretching forces acting on a single suspended cell within a trap of two
divergent laser beams. The hollow arrows represent the total outward-directed external stress oey. (c) Confocal image of the actin
cytoskeleton (orange) of a suspended epithelial cell. Most actin is located in the cortex below the plasma membrane without any
visible stress fibers. The external stretching stimulus triggers the contraction of the actin cortex. White arrows: contractile stress
in the cortex (schematic). Hollow arrows: resulting contractile stress oy, is directed horizontally inwards.

contractile stress oin.. We found that cells built up an increasing internal contractile stress that was similar
in magnitude to the external stress applied by the OS (on the order of 1 Pa). There were, however,
significant differences in contractility between different cell lines, which is demonstrated in the next section.

Moreover, we found that the MCF-10A cells continued contracting during the relaxation phase after
stress release. The median ellipticity reached an average of —1.0 & 0.1%, i.e. cells mostly ended up rounder
than before the stretching procedure. Thus, the active contraction is triggered by an external stress and
continues after it has vanished, emphasizing the active nature of this process (figure 1(a)).

Further, we found that the contractility o, depends on the applied stress ey, which suggests that the
contractility is a mechanosensitive effect. Increased external stress (oey) in average induced stronger
contractile responses (figures 13 and 14 (https://stacks.iop.org/NJP/23/103020/mmedia)). In addition,
individual cells that deformed with higher strain (¢) responded with stronger opposing contractile forces,
particularly after stress release (figure 19(b)).

One measurement-specific artifact we would like to mention is that cells are inevitably heated during the
stretching procedure since the OS uses laser light. However, we could partially decouple heating effects from
mechanical effects by employing additional heating lasers to regulate the temperature in the vicinity of the
cell (see materials and methods section and [66, 68—71]). We found that cells that experience less stretch
force were less contractile at given temperatures, which again suggests that contractility is primarily
force-dependent (figures 13 and 14). By controlling the temperature of the environment around the cells,
we found that cell contractility also depends on temperature (figure 15). In our experiments, the active
contractility was strongest at physiological temperatures of about T, = 37 °C, which we used throughout
this study unless stated otherwise. At elevated temperatures beyond physiological conditions T > 40 °C,
cortical contractile behavior disappeared (figure 15).

2.1.2. Cortical contractility is driven by actomyosin
The actin in suspended cells is mostly found in the cortex (figure 1(c)) [10, 16, 37, 46, 52], and can exert
contractile forces [10, 50, 52, 53]. To check whether the contractility we observed in the OS is driven by
actomyosin activity in the cortex, we inhibited myosin by treating the cells with 5 ;M blebbistatin (B).

We found that the blebbistatin-treated MCF-10A cells did not show an obvious active contractile
response anymore and displayed significantly higher maximal deformations. Quantitatively, the contractility
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Figure 2. Suspended epithelial cells show higher cortical contractility than mesenchymal cells. (a) Median relative cell
deformation € of various cell types during stretch and relaxation periods. Shaded area, 95% CI. Epithelial MCF-10A cells (bright
green) showed the highest contractility, resulting in cell contraction below their original elongation (below zero line).
Mesenchymal cells (MDA-MB-436, blue, and MDA-MB-231, red), but also MCF-10A cells treated with 5 ;zM blebbistatin (10A
+ B, dark green), were much less contractile. (b) Contractile stress o}, at end of stretch. The percentage of strongly contractile
cells S values is shown above the boxplot. This OpticalStretcher-StretchForces.svg image has been obtained by the author(s)
from the Wikimedia website where it was made available SteffenGrosser under a CC BY-SA 3.0 licence. It is included within this
article on that basis. It is attributed to SteffenGrosser. (c) Contractile stress o, during the relaxation phase. (d) Cortical
pretension E2. (a)—(d) MCF-10A epithelial cells showed the highest contractile activity in all measures: pretension E2, during
stretch o}, and after stretch oX,. Mesenchymal cells, as well as blebbistatin-treated MCF-10A, were significantly less contractile
in all measures. Significance levels (two-sided Kolmogorov—Smirnov test): *** (p < 0.001), ™ (p < 0.01),* (p < 0.05), n.s.
means not significant (p > 0.05).

Table 1. Cortical contractile parameters of single suspended cells measured in the OS. Values listed are medians
and quantiles in parenthesis. Ao}, represents the increasing rate of internal contractile stress against optical
stress (0 = 0.8 Pa). 03, denotes the cumulative internal contractile stress at the end of laser-induced stretching
(03, = Ao}, 55). ok, describes the continuing contractile stress during relaxation. 78, approximates CST,
which was calculated by 73 = F4<, where F is cells internal contractile force, de is the change of absolute
elongation and dA accounts for the change in cells absolute surface area (all during relaxation). Despite, we see a
correlation of cortical contractility and cell surface tension, the approach had various weaknesses (see materials
and methods section). Values in parenthesis indicate a negative surface tension due to increasing cell surface.
Hence, the approach of a cell’s surface tension might be wrong in this context. pS,, accounts for the fraction of
contractile cells generating a contractile stress of at least 0.8 Pa, compensating the external pulling stress. E2 is

a measure for the cortical pretension. Cell type 4 B represents 5 ;2M blebbistatin treatment. Cell count is

at the end of stretch o3

given is 2.

Cell line Ao} (mPas™!) o5, (Pa) ok, (Pa) Vs (PN pm™)pS (%) E2 (kPa)
HMEC 321 (77 1853) 1.61 (0.38 9.26) 0.25 (—0.06 0.67) (~ —0.4) 63.4 2.9(0.35)
MCEF-10A 217 (72378) 1.09 (0.36 1.89) 0.57 (0.27 0.97) ~12.9 58.4 2.5(0.45)
MCF-10A +B 62 (0156) 0.31 (0.00 0.78) 0.25 (0.12 0.40) ~ 1.2 20.0 0.4 (0.23)
MDA-436 29 (0 169) 0.15 (0 0.84) 0.26 (0.08 0.48) ~ 2.6 24.7 0.8 (0.25)
MDA-436 + B 11 (0 145) 0.05 (0 0.73) 0.22 (0.09 0.37) ~ 1.0 19.6 0.5 (0.14.6)
MDA-231 78 (0269) 0.39 (0 1.34) 0.24 (0.05 0.52) (~ —1.6) 35.1 0.8 (0.25)
MDA-231+ B 17 (0 103) 0.08 (0 0.52) 0.17 (0.08 0.27) ~ 0.9 12.9 0.2 (0.1 1.0)
B16 0(020) 0(00.10) 0.43 (0.20 0.69) (~ —29.6) 4.8 0.1 (0.25)

mnt

was lowered by about 70% (figure 2(b), table 1, figures 18(f) and 22). We defined

cells as strongly contractile when the cortical contractile stress was larger than the external stretching stress,

o3 >US

nt

ext

= 0.8 Pa. In other words, these cells were able to reverse the deformation curve, bending it down

(figure 2(a)). Inhibition of myosin motor activity reduced the fraction of strongly contractile cells from over

two-thirds to under one-third (compare table 1).

The blebbistatin treatment did not only affect the deformation during stretch, but also the immediate

cortical response (E2) and the relaxation after switching off the lasers (oR ). The pretension E2 was reduced
by about 80% (figure 16(c)), which indicates that it is not only an additional passive spring (as suggested by
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the SLS model), but rather contributes actively. The contractility after stretch oX was also drastically
reduced (figure 2(b) and table 1).

Reduced contractile properties after blebbistatin treatment were consistent for all other cell lines that we
analyzed later on (figure 16). On the other hand, the passive viscoelastic cell properties, namely the elasticity
(E) and viscosity (1), changed only slightly (figure 16).

Further experiments interfering with the actomyosin functionality were conducted (figure 21). The
actomyosin mechanism relies on Ca?™ [62], which is present in cell culture medium but not in PBS.
Consequentially, suspending cells in PBS largely reduced the contractile response. The disruption of actin
filaments by the treatment with 250 nM latrunculin A also inhibited cell contractions (figure 21).

We conclude that the actomyosin cortex is responsible for the observed active contraction and refers to it
as cortical contractility.

2.2. Epithelial cells behave more cortical contractile than mesenchymal cells

Cortical contractile properties are characteristic of epithelial cells and tissues [3, 16, 46, 52, 54]. Recent
experiments further revealed a reduction of cortical tension during epithelial-mesenchymal transition
(EMT) [18]. In this section, we quantify cortical contractile properties of mesenchymal cells (MDA-MB-436
and MDA-MB-231) and relate them to the epithelial MCF-10A cells.

We found that the mesenchymal cell lines displayed clearly less cortical contractile behavior than the
epithelial cells (figure 2). This applied to all active contractile parameters (o3, o, and E2), which were all
statistically significantly lower (see table 1, where also an approximation of cells surface tension (CST) is
included).

During stretch, only the epithelial MCF-10A generated an internal contractile stress that was sufficient
to overcome the external stretching force, which was clearly visible by the bending of the deformation curve
(figure 2(a)). Its contractile stress, during the stretch phase, was calculated to o3, ~ 1.1 Pa. The median
deformation curves of the mesenchymal cell lines MDA-MB-436 and MDA-MB-231 seem to have
predominantly revealed passive creep behavior. Quantitatively, the SLS model quantified that MDA-
MB-436 cells actually did contract weakly with a median stress of 0335 ~ 0.2 Pa and MDA-MB-231 cells
033 ~ 0.4 Pa.

The difference between the epithelial and the mesenchymal cell lines is demonstrated by the respective
fractions of strongly contractile cells. In contrast to epithelial cells, where 58% were strongly contractile,
only 35% of the MDA-MB-231 and 25% of the MDA-MB-436 mesenchymal cells behave strongly
contractile (figure 2(b) and table 1).

In the next step, we focused on the contractility during the relaxation phase (U}fu), which we estimated
by the cells’ contraction against its viscosity (details are explained in materials and methods). Here, we
found again that epithelial MCF-10A cells (+ > 5 s in figure 2(a)) were the most contractile cells contracting
even below their initial shapes. The mesenchymal cell lines, by contrast, did not contract below their initial
shapes (e < 0 in figure 2(a)), which is in line with a passive relaxation behavior. Moreover, the cortical
pretension E2 was much lower for mesenchymal cells than epithelial cells (figure 2(d)).

Both measures of cortical contractility, during stretch as well as relaxation were correlated o3, ~ o},
(figure 19(c)). These values reached similar magnitudes (around 1 Pa, see figures 2(b) and (c)).

Additionally, all cell types showed a positive correlation between cortical pretension E2 and contractility
during stretch (figure 19(d)). These correlations indicate that distinct cells hold one contractile potential
causing the contractile response during and after the stretch and the cortical pretension.

Moreover, we characterized the protein expression profiles of the three cell lines using proteomics
(figure 12). Characteristic protein expressions could prove their appropriate usage as representative cell lines
for epithelial and mesenchymal phenotype, respectively. To what extend distinctive protein expressions
contribute to different contractile behavior remains speculative.

2.2.1. Other epithelial and mesenchymal cell lines show similar contractile properties
We hypothesized that strong cortical contractility could be a characteristic property of epithelial cells. To
investigate this, we examined human mammary epithelial cells (HMEC) and three additional mouse
mesenchymal fibroblast cell lines B16, BALB/3T3, and NIH/3T3. A majority of the epithelial HMEC cells
were strongly contractile (03, > Oex). The median cortical contractility (o3, = 1.6 Pa) and the cortical
pretension (E2 ~ 3 kPa) were even greater than for MCF-10A (figure 18). In contrast, only 5% of the B16
cells were strongly contractile, and the cortical pretension (E2 ~ 1 kPa) was also reduced (figure 18 and
table 1). BALB/3T3 and NIH/3T3 cells also showed reduced contractile behavior (figure 21). In summary,
this data supports the hypothesis that strong cortical contractility is associated with epithelial cells.
Interestingly, treating epithelial MCF-10A cells with blebbistatin rendered their contractile properties
very similar to those of the mesenchymal cell lines. Both the contractility during stretch (o7 ,) and the
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Table 2. Passive rheological parameters of single suspended cells measured in the OS.
Values listed are medians and quantiles in parenthesis. E represents cells’ elasticity during
stretching. HMEC shows the highest elastic stiffness, and B16 literally zero. All other cells
do not show high variance. Thus, even blebbistatin treatment has a minor impact. n gives
cells viscosity and is basically similar for all cell types and uninfluenced upon blebbistatin
treatment. €(EOS) represents general cell deformability. Obviously, highly contractile cell
types express low deformability, while passively behaving cell lines are more compliant.
This parameter distinctively indicates a major effect of cortical contractility, compared to a
minor contribution of passive viscoelastic. r gives the cell radius in ;m (obtained during

1 s trap period prior cell stretching). n indicates the amount of examined cells. Cell type +
B represents 5 ;«M blebbistatin treatment.

Cell line E (Pa) n (Pas) e(EOS) (%) r (um) n
HMEC 60 (81091) 81 (13213) —-0.2(—1.30.9) 92(84 10.3) 1523
MCEF-10A 11 (0 49) 100 (56 204) 0.5(—0.51.5) 0(7.58.6) 5566
MCF-10A +B 16 (044) 84 (48 145) 18(1 02.8) 78(7384) 661
MDA-436 14 (0 46) 94 (41193) 8(0.73.1) 7.2(6.57.9) 2953
MDA-436 + B 14 (0 38) 85 (42161) 23(1 13.4) 72(6580) 652
MDA-231 22 (099) 108 (42 250) 0(0.12.1) 0(7.48.7) 3955
MDA-231 +B  25(256) 110 (52211) 18(0829) 81(7587) 566
Bl6 0(08) 110 (68 170) 4(2.44.5) .8(7.38.3) 413

cortical pretension (E2) of blebbistatin-treated cells were quantitatively much closer to the values of the
mesenchymal lines (figures 1, 2 and 16). In other words, active cortical contractile properties were
distinctively reduced in mesenchymal cells. How these alterations of individual cell behavior affect
multicellular properties will be shown below.

2.2.2. Cortical contractility is crucial to understand cell rheology

Our applied SLS model (see materials and methods) allows us to infer passive rheological properties such as
the elasticity E and viscosity 7 (see table 2) at the same time with the active contractile properties (table 1).
We observed that implementing active contractions into the model was a crucial to accurately
understanding cell rheological response .

The active contraction counteracted the stretching force and thus led to lower deformations. In a passive
model, this effect would lead to an overestimation of cell stiffness E. For instance, MCF-10A cells would
appear much harder than the blebbistatin treated MCF-10A cells since they deform much less (figure 2).
However, we found that the contractility o3, was the parameter that was most affected by the
blebbistatin-treatment, while the elasticity E and viscosity 7 remained roughly similar (compare figures 1, 2
and figure 18).

Strikingly, we observed that passive parameters displayed generally lower relative variations compared to
active parameters. Stiffness E and viscosity 1 differed by a maximum of about 100% and 15%, respectively
(see table 2). Compared to these values, the internal cortical contractility during stretch (o3, ) of MCF-10A
cells was more than seven times greater than for MDA-MB-436 and almost three times greater than for
MDA-MB-231 cells (figure 2 and table 1). Likewise, the contractility during relaxation (oX,) of MCF-10A
was more than twice as strong as compared to both MDA cell lines. The cortical pretension (E2) of
epithelial MCF-10A cells was about three times higher than mesenchymal cell lines.

Moreover, high contractility (o3,) was associated to slight volume contractions of the cells. The two
epithelial cell types shrank their volume during the stretch process (figure 17). In other words, these cell
lines contracted their short axes such that they overcompensated the stretch along the long axis.
Consequentially, their Poisson’s ratio v was clearly above 0.5, indicating anomalous material behavior.
Hence, cortical contractility seems to squeeze the cells resulting in actively increasing intracellular pressure.
Further, this helps to interpret recent results [72]. The Poisson’s ratio of the non-contractile cell types
(mesenchymal and blebbistatin-treated MCF-10A cells) was between 0 and 0.5 (figure 17).

These results suggest, already on the timescale of seconds, a classification into contractile and
non-contractile cell types concerning their cortical properties. Thereby, cortical contractility has the
predictable power to discriminate between epithelial and mesenchymal cells.

2.3. Cortical contractility contributes to cell-cell clustering
We have found that cortical contractility distinguishes between cell types. In a study by Pawlizak et al 2015,
the attempt to connect clustering behavior and cell mechanics remained elusive [65]. Here, we investigated
whether cortical contractility might influence cell—cell aggregation.

We seeded suspended cells into low-adhesive wells, where they formed interconnected cell clusters with
reduced substrate adhesion (figure 3). During the formation of cell—cell contacts, we observed the actin
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Figure 3. Cell—cell adhesion and cluster formation of suspended cells on low-adhesive substrate. Cluster formation was
monitored over 8 h. Cell nuclei are shown in blue and actin in orange. Corresponding videos can be found in the supplement.
Left column (¢ = 0): suspended cells were seeded. (a) After t = 4 h, MCF-10A cells adhered to neighboring cells and initiated
cluster formation. After 8 h, cell clusters became visibly stabilized by a collective actin rim that enveloped the whole-cell cluster
(hollow arrows). Interfacial actin structures at cell—cell contacts appeared reduced (white arrows). Cells and nuclei at the cluster
boundary showed a squeezed, elongated shape (see arrowheads), indicating contractile forces. (b) In MCF-10A cells treated with
5 4M blebbistatin, the formation of a collective actomyosin rim was less pronounced, and the cluster boundary appeared
rougher. Less squeezed cells and nuclei were observed at the boundary of the clusters. (c) Mesenchymal MDA-MB-436 cells
displayed significantly less cell-cell contacts. No actin redistribution became discernible during the experiment, and cell clusters
remained fragmented and unstable. (d) MDA-MB-231 cells often briefly touched neighboring cells and subsequently separated
again. As a result, they typically formed less compact clusters. (e) Schematic representation of the reorganization of cortical actin
upon cell—cell contact. After contact, the interfacial actin gets down-regulated and a collective actin rim assembles, enveloping
the cell pair. This mechanical polarization is thought to enhance the bonding strength [73].

reorganization (figure 3). We investigated the cell—cell interfaces and the cell-medium interfaces, focusing
on forming intercellular collective actin rims that envelop cell clusters.

To quantify the dynamics, we tracked cells during cluster formation. We characterized the development
of neighbor distances and stability of neighbor relationships (figure 4). As a measure of cell compaction, we
examined the cell—cell distance of the nearest neighbor (NN) of every cell during cluster formation (shown
in figure 4(d)). We further determined for every cell a set of close-by cells that are located within a distance
less than 1.5 cell radii. We characterized the temporal persistence of these close-by cells as a measure for the
stability of cell—cell bonds (figure 4(e)).
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Figure 4. Epithelial cells form tighter and more stable cell-cell contacts compared to mesenchymal cells. (a) Suspended cells
(here: MDA-MB-231) were plated on a low-adhesive substrate. Cell nuclei were tracked at time steps At = 10 min to 15 min.
During 8 h, the randomly distributed cells could form cell—cell bonds upon contact. Cell populations of different sizes
(150—1500 cells per experiment) were used to avoid density-related effects. (b) and (c) Nuclei track examples for 21 time steps
(At =10 min). The time period between (b) and (c) is 3.5 h. (d) Temporal development of the median distance to the nearest
neighbor (NN) for each cell at each time step, in units of cell radii (2). MCF-10A cells (bright green, N = 4 experiments and

n = 12,202 tracks) showed continuously decreasing median distance of the NN. MCF-10A cells treated with 5 ;1M blebbistatin
(dark green, N = 4 experiments and n = 17,230 tracks) showed less pronounced compaction. Mesenchymal cells
(MDA-MB-436 in blue N = 3 experiments and n = 10, 994 tracks, as well as MDA-MB-231 in red N = 2 experiments and

n = 26,436 tracks) displayed only slight compaction in the median distances of the NN. ((d), inset) Shows the compaction rate
(negative slope of dotted lines in (d)) of the median distance of NN for all cell types over 8 h. MCF-10A cells showed the highest
compaction rate with a change of 0.11 r/h. Blebbistatin-treated MCF-10A cells were close to 0.07 r/h. MDA-MB-436 cells
approximately kept their NN distances with a change of only 0.01 r/h. MDA-MB-231 cells approached by only about 0.03 r/h.
(e) Temporal persistence of close-by cell tracks, defined as cells within a distance of 1.5r cell radii. Half-lifes t, , of close-by cells
are given with corresponding 95% CI. Cell—cell bonds in MCF-10A clusters (with and without 5 zM blebbistatin) were the most
stable. The half-life of MDA-MB-436 cell bonds was significantly lower. MDA-MB-231 had the weakest bonding persistence.

2.3.1. Epithelial MCF-10A cells form stable clusters enveloped by an actin rim

When epithelial MCE-10A cells came into contact with each other, they quickly stuck together. The
fluorescence intensity of the cortical actin in the contact area was visibly reduced (figure 3(a), time-lapse
videos in SI)). It has been proposed that a reduction of cortical tension at cell—cell interfaces, which suggests
a mechanical polarization’, is crucial for the formation of cell—cell adhesion [4, 16, 73, 74]. The cell clusters
form a prominent actin-rich surface enveloping all cells. Besides the smooth surface, squeezed cells and
nuclei appeared within the clusters (figure 3(a)), indicating a contractile cluster, which effectively had a high
surface tension.

Additionally, our quantitative analysis confirmed the qualitative cluster observations. MCF-10A cells
continuously reduced their distance to their respective next neighbor and ultimately reached the highest
state of cell compaction (figure 4(d)). The temporal stability of close-by cell pairs was also highest
compared to other cell types (figure 4(e)).

The results in cluster formation suggest that cortical contractile mechanisms also play a role here. In the
OS, treating MCF-10A cells with blebbistatin reduced the cortical contractility. Thus, we observed how the
influence of 5 uM blebbistatin would impact cluster formation. Cluster formation was even faster
(figures 3(a) and (b) and supporting videos), potentially due to a reduced cortical pretension (figure 3(e)).
However, the formation of an outer collective rim appeared less efficient (figure 3(b)). The cell cluster
surface was rougher and seemed less tensed compared to the untreated control. We did not observe
squeezed cells and nuclei as a signature of high tissue surface tension (TST). In addition, the compaction

> Do not confuse with cell polarization used in other studies to describe directed cell migration. There, a cell fulfills spatial, structural,
and functional adaptations to form a leading edge and a rear [1].
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rate, which indicates a strong contractile cell adhesion mechanism, was decreased upon myosin inhibition
(figure 4(d)). The number/ratio of close-by cells, which is an indicator for the adhesion strength, was only
slightly affected by the blebbistatin treatment. Thus, the sustainability of cell-cell bonds was slightly
reduced compared to MCF-10A control cells (figure 4(e)). This supports the hypothesis that blebbistatin
only reduces the cortical tension/contractility. Hence, cortical contractile cell behavior potentially influences
the assembly of cell—cell bonds.

2.3.2. Mesenchymal cell lines form less stable cell clusters

Both mesenchymal cell lines MDA-MB-436 and MDA-MB-231 behave qualitatively similar, but completely
different compared to epithelial MCF-10A cells. Most obviously, we did not observe that mesenchymal cells
formed stable cell—cell contacts (figures 3(c) and (d) and supporting videos). After a brief cell-cell contact,
they quickly detached and separated again. We neither observed collective actomyosin rims nor reduced
actin cortex intensity at the cell—cell interface (figures 3(c) and (d)).

The tracking analysis confirmed these observations. The median NN distance changed much less during
experiments (figure 4(d)), pointing to reduced cell compaction. In MDA-MB-231 cells, the NN distance
shrank only by about 10% during the 8 h observation time. MDA-MB-436 approached by only 5%. The
overall short median distance between next neighbors of mesenchymal cells (figure 4(d)) was likely caused
by frequent NN exchanges. The cell-cell bonds of the mesenchymal cells were also more unstable, since
close-by cells were less persistent (figure 4(e) and supporting videos).

In these experiments, we used low-adhesive substrates to avoid cell adhesion to the substrate.
Nonetheless, after a few hours, mesenchymal cells preferred the formation of substrate adhesion points in
contrast to cell—cell bonds (supplemental videos). This behavior possibly enhances invasive individual cell
motility.

In these cluster formation experiments, we have found that the contractile MCF-10A cells formed
clusters that seemed to have a higher collective TST. The characteristic footprint of this collective contractile
tension were smoother surfaces, squeezed cells and nuclei, a stronger cluster compaction tendency, and
more persistent cell—cell contacts. In the cells with lower cortical contractility, some or all of these
tendencies appeared to be impaired. Recent theories [73, 75] have suggested that actin redistribution might
be crucial for cell—cell contact formation and effectively contributes to TST (figures 3(e) and (g)). This
agrees with our findings on epithelial cell clustering. However, an additional effect potentially comes from
higher protein expressions of cell-cell adhesion complexes, as catenins, enhancing cell bonds (figure 12).

If these observations scale up also for bigger cell clusters will be examined in the next section.

2.4. Cortical contractility influences cell aggregate mechanics

2.4.1. Surface appearance of cell aggregates

We have seen that the single-cell contractile behavior was mirrored in the formation of small cell clusters.
Subsequently, we related the cortical contractile properties further to the mechanics on tissue scales and
built larger multicellular aggregates (in the following just aggregates) up to 2000 cells. During one to two
days in a low-adhesive U-well, suspended cells assembled into an aggregate of appropriate size. To examine
the aggregates’ structure, we fixated, stained, and optically cleared the samples (material and methods).
Afterwards, we recorded confocal images to visualize the shapes of the surface and the whole aggregates.

A high TST was thought to lead to a smooth aggregate surface and an overall roundish aggregate shape
[65, 73]. To measure this, we first determined the outlines of equatorial confocal sections of the aggregates.
We quantified the surface smoothness by (1), the solidity of the aggregate outline, which is defined as the
ratio of contour area to its convex area, and (2), the outline radius of curvature (details are provided in the
materials and methods section).

On visual inspection, epithelial MCF-10A aggregates have smooth surfaces, elongated boundary cells,
and an overall roundish shape (figure 5(a)). Single cells did not stand out prominently. Instead, the actin
cortices seemed to form a collective, continuous rim that extends over several cells. The quantification
confirmed these impressions. The outline solidity was close to 1, as would be expected for a roundish
aggregate shape without invaginations. The mean radius of curvature of the outline was highest for
MCEF-10A spheroids (figures 5(e) and (f)). It was greater than the typical single-cell radius r, which
indicates that the aggregate surface shape was not determined by single cells. Since MCF-10A cells express a
high cortical contractility compacting small clusters (as shown before), a high contractile surface tension
likely generated the smooth surface and elongated cells at the boundary.

To resolve how actin-generated contractile properties affect the contour smoothness of cell clusters, we
assembled MCF-10A aggregates in a blebbistatin-containing medium. The general assembly appeared
visually similar to untreated aggregates. The contour outlines did not differ very much from untreated
aggregates (figure 5(b)). Quantitative analysis revealed no significant differences in the solidity (figure 5(e)).
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Figure 5. Aggregate boundary smoothness correlates with cortical contractility. (a)—(d) Confocal images of equatorial plane of
aggregates of up to 2000 cells. Actin (orange) and nuclei (blue). Aggregate outlines are highlighted by the white line. (a)
MCEF-10A cells assembled into compact and roundish aggregates with a smooth contour. Actin cortices seemed visually fused
over several peripheral cells into a collective enveloping actin rim. (b) Blebbistatin-treated MCF-10A cells also generated compact
aggregates with slightly rougher contours. (¢) MDA-MB-436 cells formed looser aggregates, sometimes with holes, and a rough
surface. (d) MDA-MB-231 cells assembled into less compact, fragmented clusters. Mesenchymal spheroids did not assemble
collective actin rims. (e) and (f) Solidity and mean radius of curvature of the aggregate outlines as measures of contour
roughness. The plots show MCF-10A (bright green, N = 11), 5 uM blebbistatin treated MCF-10A (dark green, N = 17),
MDA-MB-436 (blue, N = 5), and MDA-MB-231 (red, N = 8) aggregates. (e) Boxplot of solidity (area/convex area). Higher
solidity (maximal 1) corresponds to fewer invaginations and smoother aggregate contours. (f) Boxplot of the mean radius of
curvatures of aggregate outlines, normalized by cell radii r. A mean radius of curvatures > r indicates a smooth contour which is
not determined by single cells (compare (h)). Significance levels (two-sided Kolmogorov—Smirnov test): “* (p < 0.001),

“*(p <0.01)," (p < 0.05), n.s. means not significant (p > 0.05). (g) and (h) The schematic illustrates how a collective cortical
actin rim elongates boundary cells, and increases the surface smoothness and potentially the surface tension [73].

However, boundary cells seemed less elongated and the outline less smooth. Consequentially, the mean
radius of curvature was significantly smaller and closer to the typical single-cell radius, which indicates the
transition to a grainy outline (figure 5(f)).

These observations support the hypothesis that blebbistatin reduced the emergence of a collective
contractile boundary in these aggregates. Hence, cortical contractility likely regulates surface tensile effects.
In contrast to epithelial aggregates, the mesenchymal aggregates of both cell types showed visually a

much rougher outline (figure 5). MDA-MB-436 and MDA-MB-231 aggregates (figures 5(c) and (d))
appeared less compact and even showed holes. No collective cortical actin rims were visible. The outline
solidity of the mesenchymal aggregates was significantly lower than for MCF-10A, with values of
0.73(0.60.86) for MDA-MB-436 and 0.73(0.660.81) for MDA-MB-231 (figure 5(e)). The mean radius of
curvature was even below the average cell radius (figure 5(f)). These parameters characterize a contour with
more invaginations whose outline is predominantly determined by single cells. The low solidity and mean
radius of curvature points to a reduced surface tension and consequentially in less cohesive strength within
the whole spheroid, as observed similarly in [65].

The MDA-MB-231 aggregates that we observed were typically smaller than the clusters of other cell
lines. The reason was that already pipetting them disrupted the aggregates, leading to fragmented
sub-clusters (figure 5(d)). This behavior suggests weak cell—cell bonds, which was also observed in other
studies [65].

Hence, we conclude that the epithelial cells, which hold a high cortical contractile potential, formed
aggregates with a collective actin rim and had the smoothest surface among the cell lines that we tested.
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Figure 6. Cell aggregates with higher cortical contractility are less deformable in AFM-based creep experiment. (a) Principle of
the AFM assay. Cell aggregates of up to ~ 2000 cells were plated on a hard substrate. A flat cantilever exerts a constant force of

F =50 nN on top of an aggregate. The indentation of the cantilever d was recorded and normalized with respect to the aggregate
height (Ad = d/H,). The top view shows an example of MCF-10A aggregate underneath the AFM cantilever. (b) Boxplot of
relative indentations. MCF-10A aggregates (N = 16) showed the lowest indentation Ad(10A) = 3.5% (3.1 4.0).
Blebbistatin-treated (25 uM) MCF-10A aggregates (N = 16): Ad(10A + B) = 4.1% (3.6 4.8). MDA-MB-436 aggregates

(N =11): Ad(436) = 7.2% (6.7 9.0). Blebbistatin-treated (25 M) MDA-MB-436 aggregates: Ad(436 + B) = 8.6% (6.1 9.5).
All values are median values with quantiles in parenthesis. Significance levels (two-sided Kolmogorov—Smirnov test):

“*(p <0.001), ™ (p < 0.01), * (p < 0.05), n.s. means not significant (p > 0.05).

Whether these properties correlate to effective aggregate stiffness and/or surface tension will be examined in
the following.

2.4.2. Mechanical surface indentations of spheroids correlate with cortical cell contractility

From our previous measurements, we hypothesized that more contractile cells would form stiffer
aggregates. We thus probed the resulting mechanical resistance of the aggregates using atomic force
microscopy (AFM). The degree of indentation depends on bulk mechanics and on surface tension-like
effects [76].

Aggregates were placed underneath a flat AFM cantilever and compressed with a total force of
F =50nN (figure 6(a)). The cantilever indented the aggregates by less than 10% of their height. To check
how contractile properties influence the compliance of aggregates, we compared the relative indentations
for MCF-10A aggregates with MDA-MB-436 and inhibited the actomyosin contractility in both cases. For
these measurements, we treated the aggregates with 25 ;M blebbistatin, shortly (1 h to 2 h) prior to the
experiment.

For MCF-10A aggregates the relative indentation increased by about 20% from 3.5% for untreated
aggregates to 4.1% for blebbistatin treated aggregates (figure 6(b)). Hence, blocking actomyosin-based
contractility resulted in more compliant behavior. Likewise, aggregates from the non-contractile
MDA-MB-436 were indented about two times more than MCF-10A (figure 6(b)). Blebbistatin treatment for
MDA-MB-436 aggregates showed a tendency to further increase the indentation (figure 6(b)).
MDA-MB-231 spheroids could not be measured, since they did not form into sufficiently compacted and
stable aggregates, as mentioned before.

In summary, more contractile cell types formed less compliant aggregates. However, these results cannot
clearly identify the exact mechanism by which the contractility causes this apparent aggregate stiffness, as
several mechanisms are conceivable. First (1), the cortical contractility led to an apparent single-cell stiffness
in the OS measurement, directly translating into higher aggregate stiffness. Second (2), the contractile cells
tended to compact during aggregate formation, leading to an emergent aggregate stiffness as an indirect
consequence of contractility. Third (3), the contractile cells tended to form an (apparent) collective
actomyosin rim around aggregates, thus generating an effective TST. This higher TST would, in turn, reduce
the aggregate compliance in the AFM.

Together with the results on aggregate surface properties, these results hypothesize that cortical
contractility could be associated with a higher effective TST. In the next section, we thus correlate
contractility to cell segregation, which is thought to be driven by TST.

2.4.3. Cortical contractility as a driving mechanism for cell segregation
In demixing experiments, cells of different cell types could segregate into distinct compartments that
mutually envelope each other. The order of these compartments is a function of an effective TST [55, 65,
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Figure7. Cell segregation as a measure of TST in cell aggregates. (a) Sketch of the demixing assay. Two different suspended cell
types (& 500 each, previously stained with CellTracker™), were mixed in low-adhesive U-wells. After =1 day cell demixing was
evaluated. Aggregates are thought to generate a higher TST when they segregate into the center of the mixture [55, 57]. (b)
Epithelial MCF-10A (green) cells always formed an inner core surrounded by mesenchymal MDA-MB-436 (blue) cells (N = 10).
(c) Epithelial MCF-10A (green) cells also formed an inner core surrounded by mesenchymal MDA-MB-231 (red) cells (N = 4).
(d) The mixture of the two mesenchymal cell lines resulted in inconsistent, fragmented demixing behavior (N = 8).

77, 78]. The tissues with the highest TST ended up forming the innermost compartment. Before, we could
not reliably establish a connection between the demixing order and passive biomechanical cell properties
[65]. In the cell lines that we investigated here, we found hints of a link between high contractility and high
TST in the aggregate compaction dynamics, aggregate surface properties, and aggregate bulk mechanics.
These results suggest a demixing order with the strongly contractile epithelial MCF-10A having the highest
TST, followed by MDA-MB-436 and then MDA-MB-231.

Respectively, 1000 single cells of two different cell types were stained (CellTracker™) and afterwards
intermixed in low-adhesive U-bottom wells. Eventually, after 24 h, we recorded the resulting segregation
behavior.

Indeed, MCF-10A cells reproducibly assembled into an inner core when mixed with the mesenchymal
MDA-MB-436 or MDA-MB-231 cells (figures 7(b) and (c)). This supports our hypothesis that cortical
contractility and the collective contractile rim of the epithelial cells generate a high TST. In contrast,
intermixing both mesenchymal cell lines did not lead to reproducible and consistent segregation
(figure 7(d). These results indicate a low and comparable TST for the used mesenchymal cell lines.

In summary, our investigations could consistently connect the single-cell contractility with properties on
the aggregate/tissue level, ranging from cell—cell adhesion, cluster dynamics, over surface structure, to
aggregate mechanics. So far, we have specifically addressed cortical contractile properties of single cells and
cell clusters without substrate adhesions. In the next section, we compare this with stress fiber-based
contractility in adhesive environments and emphasize that these are two distinct mechanisms.

2.5. Distinction between substrate-based stress fiber contractility and substrate-independent cortical
contractility

2.5.1. Stress fiber-based contractility deform collagen networks and foster cell escape

Contractile mechanisms are well-known in both epithelial and mesenchymal cell systems, which seems to
be in contradiction. Epithelial cells are known to form collective cell layers with prominent actin cables and
purse strings on their periphery [19, 79, 80]. Both are known to increase line and surface tension, indicated
by concave-shaped boundaries (figure 9(a)) that increase intercellular cohesion and closing wounds

[9, 13-15, 17,79, 81-88]. On the other hand, mesenchymal cells such as MDA-MB-231, also exert highly
contractile forces, particularly in adhesive environments like substrates and ECM, which might be crucial
for metastasis [21-24, 29, 89, 90].

We thus asked whether the mesenchymal cells that we used would induce higher contractile forces than
the epithelial MCF-10A if they were brought in an ECM-based environment. In a simplified 3D traction
force microscopy assay, we placed an aggregate onto a collagen matrix. Aggregates were assembled by
approximately 1000 MDA-MB-436 or MCF-10A cells, respectively. Since MDA-MB-231 cells hardly form
aggregates on their own, we assembled them (approximately 250 cells) through the addition of Matrigel ™.
All aggregates induced contractile forces that deformed the collagen matrix (figure 8(a)). We recorded the
matrix displacements for approximately 60 h and analyzed them using particle image velocimetry
(PIV) [91].

We found that the mesenchymal MDA-MB-231 cells induced the highest matrix deformations,
indicating that they exert the strongest forces (figure 8(b)). The mesenchymal MDA-MB-436 and the
epithelial MCF-10A aggregates created displacements that were comparable with each other. This
examination distinguishes whether the collective contractile rim or individual boundary cells dominantly
pull on the collagen remains unclear by this examination.

12



New J. Phys. 23 (2021) 103020 E Warmt et al

(a) MDA-MB-436 MDA-MB-231 (b) ) MDAMB-231
y ROEEE ; ; - 70 =50 MDA-MB-436
Ao e £ MCE-10A
e g 40
¥ ; 60 8
8 1 230
Ob L B . &
KR, 5 20
s g
% 50 ) i:,, 10 ——
- : 1 = e =
b N % i
R 140 = 0 20 40 60
: / 4 :J 3 1 . time [h]
24h e R §©,
i AR 43 & g g 8 MDA-MB-231
: ol el 130 @ 510 MDA-MB-436
~ : . = o MCF-10A
; 2 s 8
i : . @ 4
g ‘ Es g 6
- . - o
fet o =]
72h - . g 2
tr 8
e, = 0
. 0 20 40 60
L time [h]

Figure 8. Epithelial cells generate less contractile force in the ECM, and are less invasive than mesenchymal cells. (a) Phase-
contrast time series of the spreading behavior of cell aggregates plated on top of a 1.5 g 17! collagen matrix with & 2 200 zm
thickness. Aggregates consisted of approximately 250 cells to 1000 cells. Particle image velocimetry (PIV)-derived matrix
displacements show that all aggregates pull on the collagen network. While epithelial cells remained in the aggregates,
mesenchymal cells (MDA-MB-436, MDA-MB-231) escaped into the surrounding collagen matrix. (b) Matrix displacements were
averaged over the fields of view as visible in (a) for all three cell lines. MDA-MB-231 aggregates (red) showed the highest
displacements. MDA-MB-436 (blue) and MCF-10A (green) aggregates generated lower forces deforming the collagen. Shaded
areas represent the standard deviations of (N = 5) experiments for each cell type. (c) Total area covered by cells, normalized by
the initial area. Mesenchymal (MDA-MB-231 and MDA-MB-436) aggregates increased their covered area due to escaping cells. In
contrast, epithelial (MCF-10A) aggregates preserved their original area, and only a few escaping cells were observed.

Next, we found that cell escape from the aggregates differed vastly between cell types. To quantify this
behavior, we calculated the normalized area covered by cells A/A, with A, being the area covered at the
beginning of the experiment (figure 8(c)). During the course of the experiment, the epithelial MCF-10A
aggregates did not wet the surface and maintained their roundish shape. Only very few individual cells
escaped from the aggregates (figures 8(a) and (c)). In contrast, both mesenchymal cell types showed a
predominant wetting-like behavior. Many single cells visibly escaped from the original aggregates. After
60 h, the area covered by cells has increased about eight-fold for MDA-MB-231 and about three-fold for
MDA-MB-436.

Thus, the high cortical contractility of MCF-10A cells (figure 2) and its collective aggregate formation
(figure 3) cannot be associated with pulling forces in the ECM-based assay nor the level of cell escape.
Rather, the mesenchymal cell lines exhibited the highest contractility (particularly MDA-MB-231) in the
ECM-based assay showed strong wetting-like behavior (MDA-MB-231 and MDA-MB-436). These findings
also agree with the literature [21-24, 29, 89]. Taken together, these results suggest that the underlying
contractile mechanisms need to be discriminated against. The cortical contractility might be associated with
aggregate formation, a collective actin rim, potentially hindering cell escape into the ECM and vice versa
protecting epithelial tissues from external invasion. The other type of contractility shows up in
environments, where cells form substrate adhesion points and stress fibers driving cell migration and
invasion. Stress fibers are known to be contractile in a dipole-like fashion [1, 92], suggesting to term
stress-fiber-based contractility.

2.5.2. Role of cell contractility in migration on 2D substrates
Many recent research approaches investigated cell migration on 2D substrates and revealed that both
cortical actin structures and stress fibers determine specific cell functions such as boundary formation
between tissues or enhanced single-cell migration [17, 21, 32, 33, 45, 84, 87, 93]. Hence, we also investigated
how the actin structure is organized in cells on regular adhesive substrates and whether we can correlate this
to their migration behavior and add to their specific contractility. Based on these approaches, we examined
the cell morphology and motility for our three cell lines for 4 h via staining actin and DNA (figure 9). Using
fluorescence microscopy, we tracked the cells to characterize their specific motility.

Epithelial MCE-10A cells mostly formed compact islands. Cells on the periphery of the medium
frequently generated a collective actin rim as a distinct boundary to the cell-medium interface, similar to
the structures observed in aggregates (compare figures 5 and 9). These collective actin cables and purse
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Figure 9. Actin morphology on 2D adhesive substrates and corresponding cell motility. Left: snapshots of adhesive cells. Actin is
shown in orange and nuclei in blue. Whole time-series and z-stack videos are available as supporting videos. Middle: cell nuclei
and tracks over 4 h. (a) Epithelial MCF-10A cells assemble into mono-layers with pronounced actin cortices (lower insert and
hollow arrowheads). Actin stress fibers appeared less prominent (upper insert and filled arrowheads). Cells were tightly packed
without free space in between. At the boundaries of the cell islands, collective actin cables (arrows) formed, indicating a high line
tension. (b) MCF-10A cells showed collective migration behavior indicated by aligned cell tracks. (c) Mesenchymal
MDA-MB-436 cells and (e) MDA-MB-231 formed more pronounced actin stress fibers and apparently more elongated cell
shapes. Neighboring cells were weakly connected, and no collective interconnecting actin structure was assembled. (d) Tracks of
MDA-MB-436 and (f) tracks of MDA-MB-231 revealed that mesenchymal cells migrate randomly and sometimes crawl over
each other (compare supporting videos). (g) Typical displacements after 1 h (Ax = (MSD(At = 1h))!/?). Legend gives mean
values =+ standard deviations. MDA-MB-436 cells (1 = 744 tracks) showed similar migration velocities as MCF-10A cells

(n = 448 tracks). MDA-MB-231 cells (n = 1,460 tracks) were the fastest cells.

strings, indicated by concave-shaped boundaries, are known to increase line and surface tension and hinder
single-cell escape, a behavior that seems to be particularly characteristic of epithelial cell layers [9, 14, 15,
17, 32,79, 81-88, 94].

When MCF-10A cells were treated with 5 M blebbistatin, the curved, tensed boundary structures
mostly disappeared after already 30 min, and lamellipodial protrusions emerged instead (figures 22(d) and
(e)). These results suggest that the intercellular line tension depends on the cortical contractility, supporting
our findings from 3D aggregates (figure 5).

In contrast, we observed that mesenchymal cells did not form any compact islands, but rather remained
in a disordered, single-cell state. Instead of the collective actin structure, stress fibers were dominant
(figures 9 and 10 and corresponding video), which is in line with our proteomic evaluation, where
mesenchymal cell lines showed higher expressions of focal adhesion—as well as stress fiber-related proteins
(figure 12).

The analysis of the migration behavior showed that MCF-10A cells moved collectively in flock-like packs
(see supporting time lapse video and figure 9). In contrast, the motion of the mesenchymal cells was
uncorrelated and visibly less persistent. Cells passed by each other, and the layer was unjammed [95-97].
Additionally, they crawled over one another, unlike an epithelial monolayer.

MDA-MB-231 cells were by far the fastest cells with a mean displacement Ax = (MSD(At = 1h))!/? =
(17.0 £ 6.8) pm after 1 h. MCF-10A and MDA-MB-436 displaced approximately half as much (figure 9(g)),
indicating that they generated lower traction forces. Interestingly, these forces on 2D substrates correlate
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well with the collagen displacements in 3D (figure 8(b)) in several key aspects: displacements were highest
in MDA-MB-231 cells while they were comparable for MCF-10A and MDA-MB-436 in both assays, and
MCEF-10A showed the highest level of collective cell coordination. Hence, these findings support the idea
that the counter-play of cortical and stress-fiber-based contractility controls cell motility and escape. These
patterns even appeared to be conserved (to a certain degree) across very different environments. Moreover,
we found that the presence or absence of collective cortical actin structures was reflected in the motility
behavior on substrates. Mesenchymal cells without collective actin structures featured a predominantly
individual and unjammed motion, while the collective cortical actin structures in the epithelial MCF-10A
cells were associated with collective motility effects.

Our experiments with cell layers on 2D substrates and aggregates in 3D collagen networks showed
consistently two distinct contractile mechanisms. In epithelial cells, cortical contractility leads to collective
behavior, while for mesenchymal cells, the dipole-like stress-fiber-based contractility appeared to determine
their characteristic invasiveness. It has been shown that particularly enhanced actin stress fiber alignment
improves cell motility through constrictions [45]. While both mechanisms are contractile, they lead to
complementary tissue behavior.

3. Discussion

Contractile mechanisms play a crucial role in the collective character of epithelial sheet formation and
migration [19, 32, 94]. However, they might also counteract tissue cohesion, drive invasive migration and
force generation of single cells and cell clusters in 3D networks. This might be a necessary step in the
formation of metastases [21, 23, 25, 29, 98]. Our results help to build a new framework to understand these
contrary roles of cell contractility in tissue mechanics. We introduced two distinct, paradigmatic contractile
mechanisms that fulfill these respective functions. Cortical contractility stabilizes intercellular cohesion,
maintains stable tissue boundaries, and protects the cell from external stresses, which is characteristic of
epithelial tissues. By contrast, stress fiber-based dipole-like contractility increases traction forces, which
simplifies cell escape and unjamming [21, 45, 97].

The concept of dipole-like contractility has been used before, e.g. in Koch et al 2012 [24]. In this study,
those single cells that invaded into 3D collagen matrices expressed a dipole-like force profile, while
non-invasive cells exerted a more isotropic force profile resembling the cortical contractility mode we
found. They showed that the driving factor for ECM invasion was not the force magnitude, but the
contractility mode. While these results were restricted to the case of single cells in collagen matrices, we
found that the interplay of contrasting modes is a unifying concept that explains tissue behavior across a
range of substrates and environments. A study by Ficorella et al 2019 showed that the assembly of aligned
stress fibers was determining the motility mode of single adhesive cells (even MCF-10A) passing through
micro-constrictions [45]. Depending on the cytoskeletal organization, both contractility modes may be
employed by the cells. We have summed this up in a 2 x 2 table of pivotal tissue mechanisms as shown in
figure 10.

Our results further suggest that the two different types of contractility have opposing effects on the cell
shapes and thus result in different jamming and tissue behaviors. This matches the recent observation that
traction forces and stress fibers elongate cell shapes and drive shape-dependent unjamming in 2D
mono-layers [99]. In our cell lines, the cancerous lines were dominated by stress-fiber responses, which
could not only be associated to unjamming in 2D but also to escapes from spheroids into a 3D ECM. More
generally, our findings thus suggest a tendency across the environment: stress fiber contractility elongates
cells, while cortical contractility counteracts cell elongation and may lead to jammed tissues of roundish
cells [9, 19, 20, 73-75, 92, 95, 100—103]. This line of thought applies to dense tissues as in cell jamming.
However, it also seems to hold for single cells in the ECM [23, 24, 96, 97]. Our framework thus explains
why shape-dependent cell motility occurs in very diverse situations such as cell escape from a tumor
(figure 8, [30]), cell squeezing in tumors [103], and in the maintenance of cell order in healthy multicellular
systems (figure 3, [20, 79, 95, 104]). Hence, it is likely that pronounced stress fiber assembly plays a decisive
role in cell elongation and eventually in the fluidization of malignant tissues.

The concept of two different contractilities might also explain cell segregation experiments that could
not solely be explained by passive cell properties such as adhesion and stiffness. In Pawlizak et al 2015 [65],
they found that these properties did not match the emergent tissue behavior. To determine whether the
framework of active contractility, that we found here, would predict tissue behavior better, we have rated
the cell lines according to their active cortical contractile behavior (figure 10(b)). To our knowledge, such a
nearly fully coherent framework, that links single-cell properties to tissue behavior, has not been established
before.
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Figure 10. Different roles of contractility in different environments. (a) The contractile machinery of epithelial MCF-10A cells is
dominated by cortical actin which appears particularly in compact cell clusters with a smooth cortical actin rim and high TST.
Mesenchymal cells formed less stable cell-cell contacts and did not form collective cortical actin structures. The balance shifts
toward stress fiber dominance for mesenchymal cells and also in adhesive environments. The combination of EMT and the
appropriate environment establishes the dipole-contractile phenotype that favors individual cell motility, unjamming and
potentially metastasis. (b) All our assays, among various environments, consistently indicated the highest cortical contractility for
MCEF-10A cells. Cortical contractility decreased upon blebbistatin treatment (+B) in all experiments. Both investigated
mesenchymal cell lines expressed the lowest cortical contractile potential.

Collective cortical contractility can emerge from single contractile cells by forming an intercellular
actomyosin rim. Such an active cortical tension and a collective actin rim have been proposed by the
extended differential adhesion hypothesis (eDAH) to resolve the problem of stable cell-cell bonds in tissues,
since adhesive forces alone are insufficient to hold tissues together [65, 73, 75, 105, 106]. Hence, active
cortical contractility and passive cell-cell adhesion act in concert during the self-organization of stable
epithelial tissues. Not only our observations, but a whole range of experiments have emphasized the
importance of cortical contractility concerning the eDAH. Epithelial clusters and layers employ contractile
mechanisms to generate high surface tension via actin rims that stabilize the aggregates [32, 8385, 102],
increase effective cell—cell cohesiveness [88, 100], enhance wound closure by purse strings [79, 81, 84, 86,
88, 94], delimit compartments and allow laminar transport of air and liquids [2, 13].

To date, it remains difficult to investigate active cortical contractility. Cortical contractile properties
cannot easily be detected by traction force microscopy since it is difficult to decouple it from stress-fiber

16



10P Publishing

New J. Phys. 23 (2021) 103020 E Warmt et al

contractility in adhesive environments. The OS, however, allows to investigate cortical contractility with
high throughput independent of the substrate. For instance, an active contractile response of another
epithelial cell line was observed by Gyger et al 2014 [62]. They related the contractile mechanism to a
calcium dependency, which we and others observed as well (figure 21) 8, 107]. Another study by Chan et al
2015 applied a similar OS approach and reported cell stiffening upon blebbistatin treatment [108].
Although our cells were more deformable after low-dose blebbistatin treatment, we also computed slightly
higher elasticity values with our SLS-model fitting (figure 16). Hence, one must take cortical contractility
into account for a meaningful biomechanical characterisation.

Cortical tension was also investigated by AFM approaches [18, 51, 54, 109]. In accordance with our
evaluations (figure 16), these previous studies have found a predominant impact on cortical pretension by
myosin activity [16, 52], and the cortical tension of epithelial cells was higher compared to mesenchymal
cells (figures 2 and 16) [18, 109]. Further, they built multicellular spheroids and correlated cortical
properties of the single cell to spheroid assembly. They related higher cortical tension to rounder single
cells, especially during mitosis enhancing cancer proliferation [18].

Next to OS and AFM experiments on single cells, a recent study by Notbohm et al 2016 revealed the
crucial relation between contractility and the global elasticity also in cell monolayers [110]. They concluded
that ‘the elasticity is not passive in nature; rather, it is the result of myosin-driven contractility within the
cell’ [110]. Consistent with this result, other groups have also found that epithelial cells in mono-layers
exert contractile tensions due to cell elongation [82, 83, 90], an effect that we have fully characterized here
for the first time in single cells in the OS on the timescale of seconds (figures 16 and 19(b)). Taken together,
our results are in agreement with previous studies, which further supports the concept that cortical
contractility is central to the rheological response, particularly in epithelial cells.

In order to shed some light on the underlying subcellular processes, we conducted proteomic analyses
(figure 12), which brought further insights into the molecular basis of the two specific contractile
mechanisms. For instance, actin cross-linker (-actinin) was upregulated in MCF-10A cells, while proteins
associated with stress-fiber organization (Racl, Rock2) were downregulated in comparison to both
mesenchymal cell lines. Other structure proteins linking the cell membrane to inner cellular structures
(radixin, ezrin, catenin) and hence involved in force sensation and transmission were generally upregulated
in the epithelial MCF-10A cells. In contrast, proteins crucial for focal adhesions (talin, vinculin) were
upregulated in mesenchymal cell lines, which might explain the enhanced tendency of mesenchymal cells to
adhere on low-adhesive substrates (see supporting videos). We further found an increased expression of
RhoA in MCF-10A cells, while Racl and Rock2 expression was lower than in mesenchymal cell lines. While
Racl plays a role in both contractile aspects, the influence on stress fiber-based contractility seems
dominant [111]. Racl could thus contribute to the enhanced stress fiber activity in MDA-MB-231 and
MDA-MB-436 cells (figure 12). The AFM-based study by Hosseini et al 2020 [18] also examined the
influence of GTPases. High cortical tension was associated with an increase in RhoA- and a decrease in Racl
activity, which goes along with our findings (figure 12). The link between protein expression and cell
function is not always obvious. Despite this, we found two general tendencies (see figure 12). First, the
proteomic data revealed changes in protein expression that are typical for the EMT. Second, we found that
the expression of bundling proteins was associated with stress-fiber base mesenchymal cells, while
cross-linking proteins favored the organization of a cortex.

To sum up, the importance of cortical contractility in cell and tissue mechanics has been indicated by
the scattered evidence of many previous studies [18, 24, 54, 62, 98, 103, 108]. Consistently, our results push
beyond these already accepted concepts and highlight for the first time, that it is in fact the interplay of the
two different types of contractility that plays a pivotal role in a whole range of effects in tissue mechanics,
from single-cell behavior to cluster formation and metastatic potential.

4. Materials and methods

4.1. Cell culture
All cells were cultured at 37 °C in 5% CO, atmosphere. Cell detachment and passaging were done with the
help of 0.25 g 1! trypsin (Sigma-Aldrich, T4049).

MCEF-10A cells are non-tumorigenic epithelial cells, bought from ATCC (CRL-10317). Its culture
medium contained a 1 : 1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12 medium
(PAA E15-813), supplemented with 5% horse serum (H 1270), 20 ng mL™! epidermal growth factor
(E9644), 10 ug mL~! insulin (19278), 100 ng mL~! cholera toxin (C8052), 500 ng mL~! hydrocortisone
(H0396), and 1% Penicillin-Streptomycin (P0781). All components were ordered from Sigma-Aldrich.
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MDA-MB-436 is a malignant mesenchymal (tumorigenic epithelial) cell line bought from ATCC
(HTB-130). The culture medium was composed of 89% DMEM (PAA E15-810), 10% Fetal Calf Serum FCS
(S 0615) and 1% Penicillin-Streptomycin (P0781). All ordered by Sigma-Aldrich.

MDA-MB-231 is a metastatic mesenchymal cell line (tumorigenic epithelial-derived from the metastatic
site) bought from ATCC (HTB-26). The culture medium was the same as for MDA-MB-436.

HMEC (human mammary epithelial cells) were purchased from Thermo Fisher (A10565). The HMEC
ready medium was prepared according to the protocol (Thermo Fisher, 12752-010).

B16-F1 is a mouse melanoma cell line obtained from ATCC (CRL-6323). Culture medium for B16 cells
contained 89% Dulbecco’s modified Eagle’s medium (ATCC, 30-2002), 10% fetal bovine serum
(Sigma-Aldrich, PAA A15-102) and 1% Penicillin-Streptomycin (Sigma-Aldrich, P0781).

The BALB/3T3 clone A31 is a fibroblast and derived from disaggregated 14- to 17 day-old BALB/c
mouse embryos obtained from ATCC (CCL-163). Culture medium contained 88% Dulbecco’s Modified
Eagle’s Medium (ATCC, 30-2002), 10% calf serum (Thermo Fisher, 26010074), 1% Penicillin/Streptomycin
(Sigma-Aldrich, P0781) and 1% HEPES (Sigma-Aldrich, H4034).

NIH/3T3 refers to a standard fibroblast cell line established from an NIH Swiss mouse embryo. ATCC
provides this cell line (CRL-1658), and they are cultured in the same medium as BALB/3T3.

The segregation hierarchy in Pawlizak et al 2015 [65], conducted with the seemingly same cell lines
differed from our results (compare figure 7). In their investigation, MDA-MB-436 cells are always sorted in
the core in their investigation, indicating they express the highest TST [65]. In contrast, in our experiments,
MCEF-10A cells always assembled the inner core. Why these ostensible ‘identical’ cell lines segregate
differently remains unclear. We assume biological adaptations during cell cultivation. In our study, cell lines
were ordered freshly from ATCC. All our experiments were conducted with cells from the same batch to
avoid potential biological and, thus, phenomenological differences. Consequently, our conclusions are
drawn exclusively, examining the same cells’ response upon different biomechanical assays.

4.2. Cell staining

In 2D cultures (low- and high-adhesive), actin was stained with 0.1 M SiR-actin (Spirochrome, SC001)
and the nuclei with 0.18 ;xM Hoechst-34580 (Molecular Probes, H21486) simultaneously 12 h prior to
observation. The stains were kept in cell medium during the whole experiment.

Fixated samples were conserved with 10% formalin (Sigma-Aldrich, HT5011) treated with 1% Triton™
X-100 solution (Sigma-Aldrich, 93443). Actin visualization for suspended example cells (figure 1(c)) as well
as in aggregates (figure 5) was done with 0.17 M Alexa Fluor™ 532 Phalloidin (Thermo Fisher, A22282).
Aggregates were additionally treated by 0.1 M SiR-DNA (Spirochrome, SC007). Stains were
simultaneously added to fixed cells or aggregates, respectively.

Before segregation experiments, the two different cell populations were stained for 1.5 h with 5 uM
CellTracker™ Green CMFDA (Molecular Probes, C7025) or CellTracker™ Red CMTPX (Molecular
Probes, C34552), respectively.

4.3. Drug treatment
All (—)-blebbistatin (Sigma-Aldrich, B0560) treatments had a dose between 5 to 30 uM and were added
30 min to 120 min before experimental investigations for the whole observation time. Exact concentrations
and application time are given in the specific results part for all experiments.

Latrunculin-A (Sigma-Aldrich, L5163), was added 8 h prior to cell investigations with a concentration
of 0.25 uM.

4.4. Multicellular aggregates

4.4.1. Preparation

Approximately one to two thousand suspended cells were placed in low-adhesive U-bottom wells (Sigma,
BR781900). After two days, cells (MCF-10A and MDA-MB-436) self-assembled into one spheroid per well.
MDA-MB-231 cells do not self-assemble stable aggregates. However, MDA-MB-231 aggregates could grown
with additional 3.5% Matrigel™ (Corning™ 354234) to the cell medium solution. For collagen
experiments with this approach, we resemble the ECM to enable the growth of MDA-MB-231 aggregates.

4.4.2. Contour analysis

After fixation and staining (see above), aggregates were cleared with Mounting Medium (ibidi, 50001).
Confocal images were recorded using a 63X 1.25 PH3 oil objective on a Leica TCS SP2 confocal laser
scanning system in an inverted Leica DM IR2 microscope. Excitation was done with HeNe laser
(>\SiR—DNA =633 nm) and ArKr laser ()\phaﬂoidin =514 nrn).

18



10P Publishing

New J. Phys. 23 (2021) 103020 E Warmt et al

4.5. Cell segregation experiments

Two different adherent cell lines (for instance, MCF-10A and MDA-MB-231) were individually stained with
CellTracker™ red or CellTracker™ green, respectively. Both cultures were then trypsinized, and
approximately 1000 suspended cells were transferred, by the same ratio, in low adhesive U-bottom wells
(Sigma, BR781900). After one day in segregation medium (1 : 1 mixed by corresponding cell line medium),
cells may demix according to their individual arising TST. Aggregates were fixated (see above), and
segregation was recorded using an HC PL APO CS 20.0 x 0.70 IMM/COR objective in a Leica TCS SP2
confocal laser scanning system on an inverted Leica DM IR2 microscope. Excitation for the red cells was
achieved with a laser wavelength of Ay = 543 nm) and for the green ones with a (Agreen = 488 nm).

4.6. Collagen hydrogels

Hydrogels with a final concentration of 1.5 g L™! type I collagen were polymerized from a 1 : 2 mixture of
rat-tail and bovine skin collagen as described previously [23]. In brief: for 1 mL of the final hydrogel,

125 pL type I rat-tail collagen (Collagen R solution 0.4%, Lot #190193, Serva Electrophoresis, Heidelberg,
Germany) and 250 pL type I bovine skin collagen (Collagen G solution 0.4%, Lot #0235G, Biochrom
GmbH, Berlin, Germany) were dissolved in 625 L of a 1M phosphate buffered solution (168 uL Na,HPOy,
32 uL NaH,POy4, H,O and 425 ;L doubled distilled H,O). To prevent premature polymerization during the
preparation, the process was carried out on the ice, and the collagen solution was immediately transferred
into the sample carrier of choice and incubated for 90 min at 37 °C and 95% humidity. Afterwards, the
polymerized collagen gels were washed three times with PBS and incubated with the desired cell culture
medium.

4.7. Live cell observation

All images and videos were recorded by an inverted Zeiss Axio Observer.Z1 equipped with a Yokogawa
CSU-X1A 5000 spinning disk confocal scanning unit Hamamatsu Orca Flash 4.0 camera. The observation
chamber was temperated to 37 °C and filled with 5% CO,. Dyes within the cells were excited by 405 nm or
638 nm lasers, to visualize DNA and actin structures.

4.7.1. 2D adherent cells

Cells were cultured and observed in an ibiTreat 96 p-well-plate (ibidi, 89626). After two days, confocal
images (figure 9) and videos (SI time and z-stack) were recorded. A C-Apochromat 40x/1.2 water
immersion objective was used for adherent cell observation. Cell tracking was done with TrackMate [112],
analysing the videos where nuclei were stained with 0.18 ;xM Hoechst-34580 (molecular probes, H21486).
Tracks shorter than 1 h were kicked out from further evaluation. Mean square displacement (MSD) was
calculated as follows from migration videos with identical frame rates (At = 15 min):

2
>

N
MSD = {([x() ~ xo*) = L3 [x00) ~ x(0) 1)
i=1

where At = 1h, N is the number of individual tracks (cells), vector x'(0) gives the reference position of the
ith track and x’(¢) refers to the position of the ith cell at time ¢.

4.7.2. 2D non-adherent substrate
For investigation of cell cluster assembly, several hundred, previously stained, suspended cells were
transferred into uncoated p-well-plate (ibidi, 89621), where cells can hardly adhere (figures 3 and 4). Cell
nuclei and their actin structures were recorded immediately, over a wide area (between 12 ym? to 28 yum?)
and for at least 8 h. An LD LCI Plan-Apochromat 25x/0.8 glycerin immersion objective was used here.

For evaluation of the NNs, we tracked the nuclei with TrackMate [112], for each time step (10 min to
15 min), compare figures 4(a)—(c). For each cell track, the distance to the nearest cell track was computed
for each frame individually. Then, we calculated, at each time point, the median of the distance to the NN
of all cell tracks. This median distance to the NN was plotted over all frames for each experiment (distinct
well) individually (figure 4(d)). The relative compaction was analyzed as the ratio of the median distance of
the NN between the first hour and the last hour. These ratios were calculated for all individual experiments
and boxplotted for corresponding cell types. Additionally, the time period of close-by neighbor cells (within
a distance of 1.5x of its cell radii) was examined. The ratio of close-by tracks for a certain time period
(30 min to 120 min) to all close-by cell tracks was eventually computed and boxplotted (see figure 4(e)).

4.7.3. 3D in collagen hydrogels
In each well of a 24 well p-plate (ibidi, Martinsried, Germany) 250 uL collagen was polymerized as
described above. After adequate incubation with cell culture medium, a single spheroid was transferred on
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top of each collagen gel. The plate was immediately brought onto an inverted Zeiss axio observer
microscope setup with incubation chamber (37 °C, 5% CO,) to start the measurement. The assays were
recorded over the course of 72 h every 15 min with an EC Plan-Neofluar M27 5x/0.16 objective and an
EC-Plan-Neofluar M27 2.5x/0.12 objective in one image plane.

4.8. Quantification of fiber displacement in collagen hydrogels

The collagen displacements were analyzed based on the brightfield images of each time step. We used a
custom-written MATLAB script that includes the MATLAB function imregdemons.m to detect the
displacement of the collagen disregarding the cell movement. The cellular movement is canceled out from
each displacement field by applying a mask created with the MATLAB function entropyfilt.m. The mean
displacement at each time step is calculated as the sum of the cumulative displacements over the complete
field of view.

4.9. AFM based indentation experiments of cell aggregates

Two-day-old aggregates were plated into an open cell culture plate and positioned under an AFM scanning
head (Nanowizard 4, JPK). After a short time period (30 min to 60 min), aggregates weakly adhered,
preventing them from rolling away upon mechanical contact. The cantilever was approached and indented
the aggregates with a total force of F = 50 nN. For each spheroid, the indentation was recorded three times
and averaged upon these values. Finally, the indentation was normalized with respect to the absolute
aggregates height.

4.10. Optical stretcher experiments

For optical stretcher (RS Zelltechnik) experiments, suspended cells were flushed by a microfluidic pump
(Fluigent) in the microfluidic system. Phase-contrast images of suspended cells were recorded by an Andor
Zyla 5.5 sCMOS camera mounted on an inverted Zeiss Axio Observer Z1 and an LD Plan-Neofluar
63x/0.75 Korr Ph 2 M27 objective. Single suspended cells were trapped Pryap = 100 mW 1 s in between two
opposing divergent infrared laser beams (Fibolux Fibotec, A = 1064 nm). Afterwards the laser power during
stretching was increased up to P° = 875 mW, inducing an optical stress of o>, ~ 0.8 Pa acting on the cell
surface and an energy absorption, increasing the effective temperature of the cell to Ter ~ 37 °C. The cell
deformation was recorded for 5 s upon laser application. Subsequently, the laser power was switched back
to PR = 100 mW, holding the cell stable to record its relaxation behavior for 15 s. In the end, the cell was
flushed away, and a new cell was trapped and measured by the same laser pattern. Cell shape data were
automatically calculated by a sub-pixel accurate edge detection algorithm programmed in Matlab
(MathWorks). For details, see [57-59, 66, 67]. The algorithm corrects for small-angle rotations of the
trapped cell. However, the evaluation dismisses cells rotating more than 20°. Several thousand cells were
evaluated regarding cell area, long- and short-axis, and elliptic deformation and averaged median values.
Moreover, single-cell deformations were investigated to uncover viscoelastic rheological properties.

4.10.1. Quantification of passive- and active viscoelastic cell properties

With an automated OS device, we investigated cells’ rheological responses. Here, we introduce a novel
quantification method to characterize both passive and active cell mechanical properties simultaneously. In
brief, we fitted a SLS as a Kelvin representation [113, 114] to every single cell’s strain curve. In this way, we
obtained viscoelastic properties such as shear viscosity (n), elastic modulus (E) and cortical pretension (E2).
Since the optical stretch stimulus seems to induce a cumulative active contractile cell response, we added a
linear contractile term (cortical contractile stress during the stretch (S) o3,,) counteracting external stress
stimuli, compare figure 11. Hence, we analyzed the creep behavior with a decreasing effective external stress,
where the decreasing factor defines the contractile stress (Teff = Text — Aaismt) as a first order Taylor
approximation. Ac3 represents the contractile stress compare figure 11. The internal contractile stress is
the accumulation during a stretch phase of £ = 55 (03, = Ac3, *t°), which we account for in the entire
paper as internal contractile stress, during stretch. We define cells behaving as strongly contractile, when their
internal contractile stress exceeds external applied stress (O'ism > 0.8 Pa = 0.y). Hence, cells show decreasing
deformation at the end of the stretch.

Unfortunately, the SLS model cannot describe cells’ relaxation behavior. Hence, we quantified cells’
active contractility after laser application in a different way. Since cells relax passively with an almost purely
elastic drop when optical stress ceases, we dismissed half a second of the relaxation time for our further
quantification. Hence, we decoupled passive relaxation (disregard in further evaluation) with active
contractile relaxation, which we accounted for. The cells’ relaxation behavior was mostly linear contractile
(see figures 1(a) and 11(a)). We assumed that the cells are solely fluid materials that linearly contracts under

constant contractile stress. In this case, the internal contractile stress, (o, during relaxation (R)) is
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Figure 11. Simultaneous quantification of active cortical contractile and passive viscoelastic cell properties. (a) Three exemplars
of relative horizontal deformation curves of individually stretched MCF-10A cells are represented by steady thin lines. An optical
stress of oy A 0.8 Pa was applied during the time indicated by the red shaded area. Dotted lines fit the standard linear solid
(SLS) model with an additional linear contractile term. The black curve follows a passive viscoelastic response without active

contraction (o3, = 0). The darker and brighter violet deformation curves show cells with increasing contractility. Cortical

contractility o3, is considered a linearly increasing contractile stress acting against the externally applied stress o3, as illustrated
in the insert. The internal contractile stress can prevail over the external stress, which results in a negative total stress

o (t) < 0 Pa contracting the cells. After switching off the lasers (releasing the optical pulling forces), we observed the cells’
relaxation behavior for ! > 5s. Most cells continued to contract actively even below the initial cell elongation (e(t) < 0). For the
relaxation phase, the contractile stress o&, was calculated by the contractile slope é() (dotted line gives linear fit) acting against
the cell’s temperature-dependent shear viscosity n*(T). (b) Calculation of passive and active viscoelastic properties during
optical stretching (S) via an SLS model (Kelvin representation) [113]), which is a linear combination of springs and a dashpot. E
accounts for the elastic modulus, while 1° represents the shear viscosity. The serial extension E2 represents the initial jump of the
deformation curve (cyan dotted line in (a)) as an approximation for cortical pretension. Active contractility (o7, ) was modeled
by an internal cellular stress ( Aafm) opposing the external optical stress (g.y ). When the cortical contractile stress prevails over
the external stress (o, > 0ey), cells experience an effective contractile force (red arrow heads). Otherwise, the stretched cells
follow classical passive viscoelastic characteristics (black arrows). (¢) Calculation of cortical contractile stress during relaxation
(R). Cells, which were stimulated by optical stretching, showed an ongoing contractile response. Internal contractile forces are
proportional to the slope of cells’ relative relaxation behavior (é(¢)). The cells’ shear viscosity drops upon cooling after stretching,
which can be calculated following Reynolds law.

proportional to the slope of the contractile deformation. That means: o, = n®(T)é(t), where n?(T) is the
cellular shear viscosity during relaxation. Since the shear viscosity n(T') is temperature-sensitive, the model
also includes thermal alterations upon laser exposure and release. In fact, according to Reynolds law, the
shear viscosity of single suspended cells in OS devices drops by approximately 10% upon 1 K temperature
increase [66]. Optical stretching with 875 mW heats up the cell by ~17 K yielding physiological conditions
of an effective temperature about T =~ 37 °C. Hence, we exploited the relation: R(AT) = nse(_bAﬂ,
where 7° is the cells shear viscosity during stretching (fitted by SLS model), b gives the change rate of shear
viscosity (here b = 0.1 = 10% per Kelvin), AT represents the absolute temperature change (here

AT =~ 17 K), to obtain the increased shear viscosity of cells during relaxation. Further implications of
thermal effects on contractility are discussed in the next section and in supporting figures 13—15.

Finally, the fitting curves match the measured irregular deformation curves surprisingly well, justifying
our approach. Passive creep compliance is overlaid by active contractility. For short application times
(stretching below 2 s, compare supplemental figure 20), active cell contraction might not be visible in
observed data due to the retarded response of the contraction mechanism. However, cells are prestressed,
and the contractile reaction can drastically alter curve shapes and could result in the misinterpretation of
the cell’s rheological properties when the data are described with solely passive viscoelastic properties.
Hence, we generally suggest applying a passive viscoelastic creep model (e.g. SLS) with an implemented
active contractile parameter, as introduced here. The model does not represent actual cytoskeletal
structures, and its contributions to viscoelastic or contractile deformations allow an unbiased view of its
origin.

The following notation was used:

® 0. = 0.8 Pa—is the optical stress acting on the cell surface upon an optical laser power of

LP = 875 mW, for details compare calculations in [62]. However, in supplemental data figures 13, 20
and 21 different external stresses were applied.
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e Ao, (Pas™')—is the rate of cortical contractility a suspended cells gains due to external stimuli.
Our model suggests a linear increase upon optical stretching.

S

e o3 Pa—is the total contractile stress after 5 s stretch period. Hence, o3, = Ao * 5 s.
e o} Pa—is the internal contractile stress leading to cortical contraction during relaxation.

e oxy—gives the exerted stress upon the Kelvin—Voigt arm.
e 0 —is the exerted stress upon the additional serial spring.

o ¢(t)—the strain represents cell deformation upon external stress o,y and potentially induced internal
contractile stress oip;.

e E (Pa)—represents the elasticity of single suspended cells within our SLS model.

e 1) (Pa s)—is the shear viscosity of a cell.

e E2 (Pa)—represents a serially aligned elastic modulus reflecting the instantaneous response to cell
stretch. In a biomechanical view, it determines the total cortical stiffness of a cell’s actomyosin cortex
and combines the contribution of both active pretension and passive cross-linking. Our analysis
indicates its main contribution to active pretension due to a distinct drop in E2 upon blebbistatin
treatment, see supporting figure 16(c).

e 7[1/s] =n/E.

For creep curve fitting following relations were used:

0(t) = Oext — Aaﬁltt = Ee + né = E2e # const. (2)
oKV 9E2

Oext = AcSt + Ee +né = Acs, t + E2e (3)

€(t) = exv + €m. (4)

Solving these differential equations leads to the following strain dependence, which was used for fitting
the individual creep curves:

Oext — A()’intlL

1 t
€(t) = = [(Oext — Aaismt + Aaismr) — (Oext + AO’ismT) exp (—7)} +
E T E2

(5)

For a passive model, where the internal contractile stress is zero (Aaism = 0), which was used for short

stretches of only 2 s (see supporting figures 20 and 21), the solution is calculated as:

@="2 e (2] 4%

The 2D images of suspended cells recorded during optical stretching experiments provide us with the
horizontal and vertical axes for all frames. An approximation of a cell as a prolate spheroid quantifies the
cell volume during the whole stretching process.

4 . . . .
Vel = gﬁhvz ,where h representshorizontal — and v theverticalelongation,respectively. (7)

The relative volume change can be approximated by

Ah(t) Av(t) L ) ,

2
I’l() + Vo

Avcell(t) =V (1 + (8)
where V4, ho, vo indicates the initial volume, horizontal and vertical elongation, while V(¢), h(t), v(t)
represents the time dependent volume, horizontal and vertical elongation, respectively. We calculated the
median change of cell volume for each cell type by averaging the last ten frames (0.5 s) at the end of stretch
(EOS) and compared it with the corresponding initial cell volume (dVgos).

While other studies have linked contractility to CST [18, 52, 54], we believe that a straightforward
derivation is not easy due to a number of reasons. First, the calculation of a CST assumes the conservation
of the cell volume, but we observed slight cell compression during cell contraction (figure 17). Second,
other energies involved in this deformation were neither considered. An appropriate calculation considering
cell compression and further energy changes, would exceeds the scope of this paper. Nonetheless, we have
used the method described below to estimate the CST, but have not included this result in the main section
due to the aforementioned reasons. We focused only on the relaxation process, where only contractile forces
apply and are not superimposed by external pulling forces as it is the case during the stretching process. In
general, surface tension is defined as the change of surface energy over the change of surface area:

Yest = %, where the change of surface energy is the contractile force (F) times the absolute deformation
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(de). Cells surface area (A) was approximated as an prolate spheroid, where the horizontal axis (h) from our
individual suspended cells, corresponds to the long axis, and our vertical axis (v) determines both short axis

in the calculation:
2

Acen = 2"pi 2 (1 + ﬁ arcsin e) ,where ¢ =1— —. 9)
ve h?
7§ST =F %, where F is cells internal contractile force, de is the change of absolute elongation, and dA
accounts for the change in cells absolute surface area (all during relaxation).

However, during the evaluation, we see cell types increasing their surface area. Hence, this effect is not
explainable with a surface tension minimizing its surface area. Since we approximate the spatial surface area
via only a 2D projection, it is very likely to miscalculate the surface area. Even due to minimal alterations of
the surface area during relaxation, which increases the potential error.

Values in parenthesis indicate a negative surface tension due to increased cell surface. Hence the
approach of a cell’s surface tension might be difficult in this context.

4.10.2. Thermal influence on cells contractility upon optical stretching

To prevent potential misinterpretations of gained contractile properties, we additionally analyzed heating
effects during optical stretching. Recent studies revealed a significant temperature increase in the OS,
reducing cells viscosity, which results in enhanced cell deformability [66, 68]. Simultaneously, higher
temperature increases contractility due to enhanced single myosin efficiency according to the Arrhenius law
[115]. Decoupling these interfering effects, we compared firstly various optical forces at similar effective
temperatures (supplemental figure 14) and secondly similar applied force at different effective temperatures
(supplemental figure 15). The first revealed, higher optical stress induced higher contractility, see
supplemental figure 14. This indicates that the observed contractility is more mechanosensitive and less
thermosensitive. In the second, we observed a thermal threshold when stretching with similar forces an
increasing effective temperatures, see supplemental figure 15. In fact, beyond Ter > 40 °C, the motor
protein based mechanism involved in the actomyosin contraction seems to lose its functionality. However,
the contractile mechanism seems reversible since, after stress release, the effective temperature rapidly drops
back to TX; ~ 20 °C and the contractile mechanism became functional again, see also supplemental

figures 13 and 20.

Additionally, we compared the contractile response during relaxation between long (5 s) and short (2 s)
stretch stimuli. We quantified about half of the contractile stress after only half of the stimulation time. For
instance, for MCF-10A cells upon 5 s stretch we evaluated o, = 0.6 Pa and for the same cells upon 2 s
stretch: o}, = 0.3 Pa, the internal contractile stress was only half (compare figures 2 and 21 for 800 mW).
Similar behavior show HMEC cells. After 5 s optical stress o&\, = 0.25 Pa, and after short stretch application
oR, = 0.1 Pa (compare figures 2 and 21 for 800 mW).

Despite these efforts, we could not fully decouple mechanical and thermal stimuli since both effects
depend on the laser power. Our results indicate that mechano-responsive effects than temperature-induced
more drive observed cortical contractility. Altogether, the underlying mechanism of activating
myosin motors and thus cortical contractility scales with induced optical stress, effective temperature, and
application time (see supporting figures 13—15, 20).

Despite considerable heating within the OS, its analytical advantages prevail potential artifacts upon
thermal alterations. Suspended cells in the OS are independent of their microenvironment without any
mechanical contact influencing their contractile force distribution, which is not the case in approaches such
as AFM or micropipette aspiration approaches [115, 116]. Thermal alterations within OS experiments were
already investigated and indicated only influences on passive viscoelastic properties within physiological
temperatures [66, 68] and disturbed only active properties beyond physiological temperatures [69, 117],
which we discerned as well (figure 15). However, if thermal stimuli are crucial for cortical contractions, we
observed mechanical distinctions of contractile properties within our cell types and conclude their
mechanical impact upon cell-cell assembly and tissue formation. Their origin is not the focus of this
survey.

4.11. Quantitative proteomics

Proteomic analysis was carried out using stable isotope labeling in cell culture (SILAC) and liquid
chromatography-mass spectrometry (LS-MS/MS). An in-depth quantitative analysis protocol is provided in
previous publications [118—121]. All experiments were conducted with five biological replicates without
any technical replicates. In brief, proteomic labeling was achieved by nurturing cell lines MCF-10A,
MDA-MB-231, and MDA-MB-436 with stable isotopically labeled amino acids with different nucleotide
masses (SILAC approach). Corresponding medium for MCF-10A cells was prepared with unlabeled 0.1 mg
L-arginine/0.1 mg l-lysine/ml (‘light’-weight isotopes), for MDA-MB-436 cells with 0.1 mg
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[13C6]-L-arginine/0.1 mg [2H4]-L-lysine/ml (‘medium’-weight isotopes), and for MDA-MB-231 cells with
0.1 mg [13C6/15N4]-L-arginine/0.1 mg [13C6/15N2]-L-lysine/ml (‘heavy’-weight isotopes). All SILAC
amino acids were purchased from Thermo Fisher Scientific GmbH and added with each medium change
twice per week. Cells were cultivated at least seven days before analysis to ensure at least 95 percent
incorporation of isotopically labeled amino acids. Cells of the biological replicates were washed and lysed
with 6 M urea, 2 M thiourea, and protease inhibitor (Roche, Mannheim, Germany). Sample handling of the
biological replicates and the whole-cell extracts are in detail described elsewhere [120]. Protein lysates of all
whole-cell extract triplets, i.e. ‘light’, ‘medium’, and ‘heavy’ labeled lysates, were equimolarly mixed before
separation by 1D-SDS-PAGE and prepare for LC-MS/MS [121]. Protein concentrations were subsequently
quantified by BCA protein assay (Pierce, Rockford, IL, USA). For protein identification, MaxQuant
(www.maxquant.org) was used described in detail elsewhere [118]. All protein quantifications of all
biological replicates were median normalized. Differentially expressed SILAC-ratios were subsequently
calculated for all five triplets of MCF-10A, MDA-MB-231, and MDA-MB-436, e.g. ratio
MFC-10A/MDA-MB-231. Proteins quantified in three out of five replicates were considered quantified.
SILAC-ratios follow a ratio distribution p(X/Y) with X and Y being random variables representing the
quantified protein expression of two isotope-labeled cell extracts, e.g. cell extracts of ‘light” MCF-10A and
‘heavy’ MDA-MB-231. The random variables X and Y are assumed uncorrelated, noncentral normal
distributed. The exact ratio distribution can be found elsewhere [122]. The mean of ratios was calculated
and corrected for statistical errors according to [122, 123]. Well-suited approximations can be found
elsewhere [124, 125]. All ratios are log 2-plotted. In total, we identified 3954 intracellular proteins, of which
2678 were reliably quantified in at least three of the five biological replicates. For our analysis, we selected
the actin-related proteins as presented in figure 12.
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