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N-Cadherin based adhesion and
Racl activity regulate tension
polarization in the actin cortex

Seyedsajad Moazzeni'?, Kelly Kyker-Snowman?, Rick I. Cohen?, Huan Wang?, Ran Li?,
David I. Shreiber?, Jeffrey D. Zahn?, Zheng Shi*** & Hao Lin'**

Tension-adhesion interplay is a crucial mechanism in multicellular organisms that determines the
tension differential among internal and external interfaces, which in turn, mediates tissue surface
tension and cell sorting, morphogenesis and remodeling, and cancer progression. Cadherins are widely
believed to be involved, yet key aspects of the process are neither well characterized nor quantified.
This study demonstrates the critical role of N-cadherin in driving tension polarization throughout

the actin cortical network. N-cadherin regulates both tension increase at the cell-medium (external)
interface and decrease at the cell-cell (internal) interface, and their quantitative magnitudes, both
absolute and relative, strongly depend on the surface density of N-cadherin. Furthermore, the strength
of tension polarization also increases with respect to the number of cell-cell interfaces for cells within

a multicellular cluster. The cadherin-actin contractility linkage is mediated by Racl, which serves as a
molecular switch to trigger cortex remodeling and contraction via myosin Il. Inhibition of Racl activity
decreases tension polarization and leads to reduced coherence in both small clusters and spheroids.
These results provide a pathway to reconcile opposing theories for tissue surface tension generation
and perspectives in cancer treatment.

Keywords Cadherin-based cell adhesion, Cortical tension, Tension polarization, Mechanotransduction,
Multicellular organization, Mechanobiology

Cortical tension and cell-cell adhesion are a closely-connected pair of physical forces that play crucial roles
in the organization of multicellular aggregates and tissues, and in biological processes such as embryogenesis,
morphogenesis, cancer metastasis, and wound healing! . For example, they determine “tissue surface tension”
(TST) which in turn directs embryonic cell sorting”. A balance between the two sets the “right” structural
strength and pliancy to allow circulating tumor cell clusters, a more malignant form of the metastatic invasion
when compared with single circulating cells, to translocate through narrow constrictions without occlusion or
breaking apart'®. Their competition in the cellular energy landscape dictates if a confluent tissue is in a “solid”
or “fluid” regime, the former showing jamming effects, whereas the latter facilitates collective migration'!2. The
tension-adhesion interplay is of fundamental significance in determining the mechanical behavior of cells in
broad physiological and pathophysiological scenarios.

For decades, researchers have debated opposing theories that identify either tension or adhesion as the
driving force in directing multicellular organization and developmental processes. The Differential Adhesion
Hypothesis (DAH!>!*) suggests that adhesive energy of cell adhesion molecules is the primary determinant of
the TST, whereas the Differential Interfacial Tension Hypothesis (DITH!>16), as its name suggests, emphasizes
the contribution of cellular tension differential. Recent advances have revealed more complex, dynamic co-action
of the two!7"20, and their crosstalk at the molecular level?!-26, Some studies focused on the role of cadherins
in adhesive strength?’-2°. However, others found cadherin contributions via binding energy negligible!”1%3;
instead, cadherins support contact formation through signaling for tension modification at cell-cell contacts?3!.
Amack and Manning further advanced these ideas and suggested that cells on the boundaries “mechanically
polarize” through cadherin signaling, leading to a tension differential along internal and external interfaces®.
These effects had been directly observed in blastomeres in compacting mouse embryos and indirectly indicated
in other studies both in vitro and in vivo, e.g., for cells and zebrafish development models*3-3°, However, as a key
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aspect of this tension differential, the tension increase at the cell-medium (external) interface appears to be “cell-
autonomous” and not mediated by E-cadherin (Cdh1) nor adhesion in general, as suggested by Maitre et al.>.

Herein, we propose that N-cadherin (Cdh2) based adhesion is capable of regulating mechanical polarization
by both mediating the tension increase at the cell-medium (external) interface and the decrease at the cell-
cell (internal) interface, leading to tension polarization'. Further, the cadherin-actin contractility molecular
linkage is proposed to be mediated by Racl. To validate these hypotheses, we employ L929 cells transduced
with LifeAct-mRuby2 and N-cadherin-EGFP, with the latter expressed at three distinct levels (LAN-High, LAN-
Med, and LAN-Low). The L929 cell line was selected due to the lack of endogenous cadherin expression (hence
adhesion-based coupling'**) in the wild type and displaying constant active cortical layer under the plasma
membrane in suspension, making them ideal cell type not only for studying the role of adhesion molecules
in cell adhesion and developmental processes, but also for monitoring changes in the cortical layer®!418:36-41,
We combine mechanical analysis by micropipette aspiration with direct F-actin and N-cadherin imaging to
perform an in-depth, systematic examination of tension-adhesion coupling in relation to tension polarization.
Particularly, different N-cadherin expression levels from low to high allow quantitative characterization of the
correlation between tension and adhesion, which has been essentially absent from prior studies. We begin with
doublets and then expand the study to greater numbers of interacting cells while using single cells as control. The
molecular linkage is interrogated via various pharmacological treatments, and their effects are also examined in
a spheroid growth model.

Results

Cortical tension quantification

Figure 1 summarizes our approach and the cortical tension measurement results using high N-cadherin expressing
cells (LAN-High) as an example. We demonstrate the process with single suspended cells, and measurements
for multiple adhered cells follow the same protocol. Tension is quantified via the Young-Laplace equation
following pipette aspiration (Fig. la,b). The LAN-High cells express both LifeAct-mRuby2 and EGFP-tagged
N-cadherin (with 3.2 + 0.6 x 10° surface molecules per cell, see Methods). Fluorescently-labeled cadherin
and actin improved visualization of cortical deformation and enabled recording and analysis of the aspiration
process in bright field, RFP, and GFP channels (Fig. 1b). To establish a tension quantification protocol, aspiration
pressure was increased in 10 Pa increments and held for various durations (10, 20, 30, or 60 sec) until the cortex
protrusion length into the pipette, L,, equalled the radius of the pipette, R,. An example of the aspiration
pressure profile for a 30-sec hold time and the corresponding evolution in cortical deformation is shown in Fig.
1c. Once the condition L, /R, = 1 is met, cortical tension 7 is computed with the Young-Laplace equation,
Y = (AP../2)(1/R, — 1/R.), where AP,, is the pressure reached at L, = R,, and R. is cell radius. The
resulting o values for different hold times are shown in Fig. 1d. Measured tension for briefer aspiration (10-sec
hold time) was greater when compared with all other groups, whereas relatively longer aspirations (60-sec hold
time) resulted in significantly lower measured values, in agreement with previous studies demonstrating the
time-dependent behavior of actin cortex*?~**, We observed spontaneous membrane elongation and rupture in
some cases with hold times shorter than or equal to 20 sec*>°, and plastic deformation of the actin cortex with
the 60-sec hold time (data not presented). On the other hand, these structural alterations were absent for the 30-
sec hold time, and this hold time was chosen for all ensuing measurements in this study**4”4%,

N-cadherin-based cell adhesion leads to tension polarization

We interrogated the co-action of tension and adhesion by performing cortical tension measurements on doublets
with mature adhesion. A doublet is a pair of cells bound via adhesion and represents the ideal, minimal unit
for observing this co-action. To examine the cortical tension regulation introduced by cell-cell adhesion, we
performed measurements on the three subclones of the L929 cell line engineered and selected to express varying
levels of N-cadherin-EGFP molecules per cell (LAN-High, LAN-Med, and LAN-Low; see Methods), which was
expected to modulate the strength of adhesion. Figure 2a illustrates the gradient of N-cadherin-EGFP expression
among these subclones, while actin (labeled with LifeAct-mRuby2) is equally expressed (see Fig. S3 and Table
3 for a detailed quantification of N-cadherin expression levels). Cortical tension was quantified for all three cell
lines for both suspended single cells (o) and doublets (ycm, where the subscript “cm” denotes cell-medium
interface) 1 hour after initial cell-cell adhesion (Fig. 2b). The interfacial tension (7.., where the subscript “cc”
denotes cell-cell interface) was calculated for doublets using the measured contact angle (6) and the Young-
Dupré equation, Yec = Yem cos 0 (Fig. 2c).

A significant increase in cortical tension was measured in doublets compared to single cells (Fig. 2d). The
increase in cortical tension from singles cells to doublets was significant for both high- and medium-expressing
cells (LAN-High, p <0.001; LAN-Med, p < 0.01), but not for low-expressing cells (LAN-Low, p =0.72). In
comparison, no significant differences in cortical tension were found among single cells of all the subclones
(ANOVA, p =0.24), which is expected. These results demonstrate that increased cortical tension in doublets
is induced by N-cadherin-based adhesion. On the other hand, the calculated interfacial tension, 7., decreases
from 7o. Notably, an approximately linear correlation is observed between the cortical tension and contact angle
in doublets, as demonstrated in Fig. 2f. When applied to the Young-Dupré equation to calculate the interfacial
tension (Fig. 2¢), the resulting ~y.. values across different subclones do not result in statistical difference (Fig.
2e, ANOVA, p = 0.25), demonstrating a trend toward interfacial tension homeostasis among subclones with
varying levels of N-cadherin expression.

!'To avoid confusion with the widely used terminology of cellular polarization, we employ the specific term of ‘tension
polarization’
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Fig. 1. Micropipette aspiration for cortical tension quantification. (a) A schematic of the aspiration process for
a single suspended cell. An aspiration pressure, AP, in the range of 40-250 Pa is applied to deform the F-actin
cortex. The Young-Laplace equation is used to extract cortical tension. Ry, is the micropipette radius, R. is

the cell radius, Ly, is the length of cell aspirated into the micropipette, and o is the cortical tension for single
suspended cells. AP, is the pressure when L, = R, is reached. (b) A single engineered L929 cell expressing a
relatively high level of N-cadherin receptors (LAN-High) and undergoing aspiration was observed in bright-
field, RFP, and GFP channels. Arrowheads indicate the aspirated region. Scale bar is 10 um. (¢) An example of
the applied aspiration pressure profile with 30-sec hold time (left axis) and the corresponding evolution of the
normalized protrusion length, L, /R, (right axis); n = 5. (d) Dependence of cortical tension measurement on
the hold time. n = 16 for 10, 20, and 30 s; n = 9 for 60 s.

We quantified tension changes in comparison with single cells in Fig. 2g. Tension increase at the cell-medium
interface is denoted by Avcrm, which is the difference between 7erm and 0. Tension reduction at the cell-cell
contact is denoted by A~c., computed as vo — Y. to maintain a positive magnitude (see Fig. 2¢). Fig. 2g shows
that both are strongly correlated with the surface cadherin number (A~c. is linearly dependent on N-cadherin
density, whereas A~y., shows linear correlation with N-cadherin density on a semi-log scale; see Fig. S1). Their
sum equals Yerm — Yee, Which we denote by AI™ and term “polarization tension” and also show in Fig. 2g. This
quantity is often used to estimate TST'®, and is also linearly correlated with the expression of N-cadherins per
cell (further discussed in the Discussion section). Together, these results affirm that N-cadherin-based adhesion
both upregulates contractility away from contact surface and down-regulates tension at the contact surface.
Further, the regulation strength is proportional to cadherin surface density per cell. In other words, N-cadherin
regulates tension polarization in a strongly density-dependent manner. It is important to note that while our
diffraction-limited images suggest N-cadherin distributes homogeneously on the cell surface (see Fig. 1b),
nanoscale heterogeneity in N-cadherin density could exist.

The magnitude of tension polarization can be quantified with the normalized tension polarization factor, P:

cm — fce A A c
p_ Jom = Yee _ DVem | DVec
Yo Yo Yo

Not surprisingly, this factor is equivalent to the leading order (via a Taylor expansion, see SI) with the so-
called adhesiveness factor, 1 — cos 6, which is a simple geometric quantifier for the strength of adhesion as it
increases monotonically with the contact angle, 6'°. The first term in the equation represents the contribution
in tension polarization due to contractility upregulation at the cell-medium boundary, whereas the second term
represents interfacial tension reduction. Table 1 summarizes the results for the individual terms as well as their
relative contribution to tension polarization factor/adhesiveness. As the strength of N-cadherin-based adhesion
increases, both contributions increase in absolute magnitude. However, the relative contribution of contractility
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Fig. 2. Tension regulation via cell-cell adhesion is proportional to the N-cadherin expression level. (a)
Fluorescence images of engineered cell lines expressing LifeAct-mRuby?2 (top) and N-cad-EGFP (bottom)
show relatively constant levels of actin and an increase in the expression of N-cadherins from right to left
respectively. Scale bar is 50 um. (b) Doublets of LAN-High, LAN-Med, and LAN-Low cell lines under
aspiration 1 hour after contact formation. The difference in contact angle is evident between cell lines. Scale bar
is 10 pm. (c) A schematic of the physical model to compute various tension quantities. o and e, are tension
at the cell-medium interface for single cell and doublet, respectively. .. is interfacial tension, and 6 is contact
angle. Aycrm and A7y, quantify tension increase at the cell-medium interface and decrease at the cell-cell
interface, respectively. (d) Comparison of cortical tension between single cells and doublets, and (e) interfacial
tension for the 3 cell lines. n = 16 for each group. (f) Correlation between cortical tension and contact angle

in doublets for each cell line. n = 48, Pearson Coefficient = 0.55, p = 4 x 107>, (g) All tension changes (at cell-
medium and cell-cell interfaces and the polarization tension) strongly depend on N-cadherin receptor density
per cell. The colored regions indicate SE, *p <0.05, **p <0.01, ***p <0.001.

Parameter LAN-Low | LAN-Med | LAN-High
(Ayem) / (70) 0.02 0.14 035
(Avee) / (v0) 0.10 0.15 0.29
(P) 0.12 0.29 0.64
Cortical tension

17% 48% 54%
increase contribution
Interfacial tension

83% 52% 46%

reduction contribution

Table 1. Relative contribution of cortical tension increase (A~enm) and interfacial tension reduction (A~..) to
tension polarization factor for the different N-cadherin expression levels. (-) denotes group average.

increases, from just 17% for LAN-Low to 48% for LAN-Med, and further to a significant 54% for LAN-High.
These results indicate that N-cadherin molecules are responsible for the upregulation of actomyosin-derived
contractility at the external boundary of cells.
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Tension polarization is further enhanced in multiplets

We further investigated adhesion-tension coupling with a greater number of cells, which is important in
understanding the collective behavior of cells in various contexts'®!1"!8, We measure tension in groups of three
(triplets) and four (quadruplets) LAN-High cells adhered together. Cells in triplets were categorized and labeled
based on their conformation (Fig. 3a): an a-cell has two contiguous cell-cell interfaces with two neighboring
cells; a 3-cell has only one neighbor hence one cell-cell interface; and a ~y-cell has two neighbors and cell-cell
interfaces on each side, discontiguous with each other. For quadruplets, only cells with 3 interfaces (neighbors)
were probed. This is due to substantial number of different arrangements for cells in this conformation that this
paper does not intend to exhaust. Figure 3b shows tension measurement based on interfacial conformation.
While doublets demonstrate tension increase compared to single cells, which we have already shown, cortical
tension varies significantly among triplet groups. The 8 group (with only one cell-cell interface) shows similar
mean and distribution of tension values compared with doublets. On the other hand, triplet cells with two
interfaces (o and +y) exhibit higher tension and also have a similar distribution to each other. Last but not least,
measured quadruplet tension values are higher on average than all others, but with no established statistical
significance when compared with the e and 3 groups. The p-values evaluated by Tukey’s HSD test are listed in
Table S1.

These observations led us to hypothesize that cortical tension is influenced more by the number of interfaces
than their group size. We thus re-group data based on such and show the results in Fig. 3¢, where “0” includes all
single cells; “17%, B-cells; “2”, a- and y-cells; and 3, cells with three contiguous cell-cell interfaces in a quadruplet.
The trend of tension increase along with more cell-cell interfaces becomes evident. Details of p-values between
each group evaluated by Tukey’s HSD test are denoted in Table S2.

F-actin cortex and N-cadherin reorganization during contact formation

We next examine cytoskeletal remodeling during contact formation and tension polarization. Figure 4a shows
representative images of de novo doublet formation with two LAN-High cells. The reorganization of the F-actin
cortex and localization of N-cadherin clusters are quantified throughout the adhesion maturation. Indeed, the
observed increase in cortical tension in the previous sections is corroborated with an increase in the thickness of
the F-actin cortical bundle at the cell periphery. The thickness of the F-actin ring was measured using a custom
image processing method at different locations over time. Cortical thickness is measured at the non-contacting
regions prior to adhesion (do) and at 1-hour post-adhesion start (d). A schematic of actin cortex remodeling
during the adhesion propagation is illustrated in Fig. 4b. On average, the cortical thickness is 10% higher in
cells after adhesion maturation (Fig. 4c, p = 0.003), which correlates with a 35% increase in tension at that
region. Simultaneously, the actin cortex undergoes thinning in the cell-cell contact region, facilitating adhesion
expansion by lowering the local tension in that region, supporting earlier studies**?>*"*. The cortex interfacial
thickness, d , diminishes by 47% on average after 1 h (Fig. 4d). The fluorescence intensity of LifeAct-mRuby2
at the contact region normalized by that at the cell-medium interfaces is stable with time as shown in Fig. 4e. It
is important to mention that our characterization of cortex thickness is based on a specific definition outlined
in the methods section, which slightly differs from that in conventional approaches®. While this method yields
typically higher cortex thickness values than those commonly reported, the relative changes across different
conditions remain informative and quantitatively meaningful.

Figure 4a also demonstrates an increased GFP intensity in the cell-cell interface over time, in line with earlier
reports!7243151 This indicates enrichment of N-cadherin-EGFP receptors as they anchor on two adjacent cells,
which is quantified in Fig. 4e. The trans-dimerization of N-cadherin molecules releases free surface energy and
activates the downstream pathways that lead to dynamic actin rearrangement®®. This, in turn, results in noted
tension changes in cortical and interfacial tensions, and consequently contact expansion, which is characterized
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Fig. 3. Tension polarization in multiplets. (a) Confocal microscopy images of LAN-High cell multiplets in
various topological configurations. Scale bar is 10 um. Measured cortical tension for single and multiplets of
LAN-High cells are shown with respect to (b) group size, and (c) number of cell-cell interfaces. The sample
sizes are: n =16 for single, doublet, and S-triplet; n =14, y-triplet; n =15, a-triplet; n = 26, quadruplet; n =
16, 32, 29, 26 for cells with 0, 1, 2, and 3 interfaces, respectively. *p <0.05, **p <0.01, ***p <0.001.
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Fig. 4. Dynamic changes in actin cortical layer and N-cadherin distribution during cell-cell adhesion
expansion. (a) Time-lapse confocal microscopy images of a de novo doublet formation with LAN-High cells
captured in GFP and RFP channels. No further changes were observed after 1 hour. Scale bar is 10 um. (b)
Schematic illustration of F-actin cortex remodeling during cell-cell adhesion; cortex thickness is denoted by do
before adhesion and by d and d after adhesion maturation in cell-medium and cell-cell interfaces, respectively.
rcc represents the radius of the contact circle. (¢) Cortical thickness before (do) and 1 hour after (d) adhesion,
n = 10. (d) Change in d’ during contact expansion. (e) Fluorescence intensity ratio between cell-cell contact
and contact-free regions for both N-cad-EGFP and LifeAct-mRuby2 proteins during the adhesion process,
n=>5. (f) Change in .. during contact expansion. The colored regions and error bars indicate SD, n = 5. *p <
0.05, **p <0.01, **p <0.001.

by an increase in radius of the contact circle between cells, 7. (Fig. 4f). The expansion of r.. over time can be
fitted with an exponential function, which suggests that cells involved in cell-cell interactions of this nature
exhibit rheological properties analogous to that of highly viscous liquid droplets under the effect of surface
tension®2, revealing the essence of similar patterns to those observed in the fusion of spheroids®. Taking together,
N-cadherin recruitment led to both cortex thinning at the contact interface and thickening at the cell-medium
interface, resulting in the respective tension changes’.

Actin-N-cadherin linkage by Racl induces tension polarization in cells through myosin Il

We next tackle the molecular pathways responsible for tension polarization in N-cadherin-based adhesion.
The Rho family of small GTPases has been linked to various cellular processes that depend on dynamic
cytoskeletal changes, including lamellipodia activity, myosin II-mediated contraction, cell migration, and cell-
cell adhesion?!31°4%5, Activation of Racl induces interactions between the cadherins and actomyosin protein
complexes, leading to changes in cellular mechanics?>. Here we investigate the role of cytoskeletal protein
components and the corresponding signaling pathways linking N-cadherin to the F-actin network. We quantify
changes in tension in doublets of LAN-High cells with respect to single cells under various pharmacological
treatments; untreated cells were used as control. We treated LAN-High cells with 50 uM of (-)-blebbistatin, an
inhibitor of myosin I ATPase that reduces actomyosin contractility>®. Moreover, we used various concentrations
of the NSC23766 (abbreviated as NSC) to inhibit Racl activation (two-dimensional IC50=30 nM, see Fig. S5a)
without RhoA attenuation®’. Extracellular dimerization of N-cadherin activates Trio, the guanine nucleotide
exchange factor (GEF) for Racl®®. Racl activation modulates actin dynamics and cytoskeletal rearrangement
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through interactions with downstream effectors and signaling pathways®. In effect, NSC decouples the Racl-
dependent molecular pathway between N-cadherin and actin by interfering with the interaction between Racl
and its GEF®*¢!, Figure 5a shows the molecular pathways and protein complexes involved in the process.
Figure 5b demonstrates the effects of treatment with 50 uM blebbistatin and 30 nM NSC on F-actin expression
and localization. In the blebbistatin-treated group, inhibition of myosin II activity led to a significant reduction
in cortical thickness in both single and doublet modes. Although the doublet appeared attached in this group,
the fusion of actin cortices at the cell-cell interface, as observed in the control group, was not evident, suggesting
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Fig. 5. Mechanical analysis of cells and aggregates under pharmacological treatments. (a) A schematic of the
protein complexes and molecular pathways involved in tension polarization. (b) Actin cortex imaging for
single and doublet LAN-High cells without or with treatments (50 uM of (-)-blebbistatin, and 30 nM NSC).
Scale bar is 10 um. Measured (c) cortical tension, (d) interfacial tension, and (e) contact angle for LAN-High
cells. In (c) colored symbols are data, the curves are Weibull distributions, and the vertical dashes are the
mean values. (f) Calculated cortical tension increase (A\7cm ) vs. interfacial tension reduction (A~y..) for all
groups. For single cell and doublets, n= 13 and 15 for control; #= 17 and 18 for blebbistatin; #= 10 and 15 for
15 nM NSC; n= 14 and 14 for 30 nM NSC; and »n= 16 and 16 for 45 nM NSC, respectively. (g-h) Formation
of spheroids for LAN-High cells treated with NSC at noted concentrations on Day 1 and Day 3 on agar,
respectively. Scale bars are 400 pm. (i) Quantified spheroid radii on day 3; n = 8, 9, 9, and 10 for control, 15,
30, and 45 nM NSC concentration, respectively. All the p-values are noted in Table S3. *p <0.05, **p <0.01,
oot £0.001.
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that the observed attachment is likely just due to N-cadherin dimerization between cells. For the NSC-treated
group, no apparent difference is observed between single and doublet cells, although the cortical layer seems
thicker at the cell-cell contact regions in this group.

We systematically examined changes in mechanical properties due to these treatments, and the results are
shown in Fig. 5c—f and Table 2. With blebbistatin, significant decreases in cortical and interfacial tension, contact
angle, and tension polarization factor/adhesiveness were observed. Importantly, upregulation of cell-medium
tension (A7em) by doublet formation is absent, as seen in both Fig. 5f and Table 2. Inhibition of myosin II
activity, therefore, led to complete inhibition of cortical contractility at the cell-medium interface. Tension
reduction at cell-cell contact is still present, although with lesser magnitude (Fig. 5f), corroborating the role of
myosin II in driving contact expansion3!4%62,

For NSC treatments, essentially no difference was observed in cortical tension for single cells (Fig. 5c left),
indicating there is no change in actin contractility. On the other hand, doublets demonstrated successive decreases
in cell-medium tension with increased NSC concentration, leading to decreased tension polarization, while cell-
cell tension (ec) again maintained a degree of homeostasis (Fig. 5d). The effect is best seen in Fig. 5f, where we
also plot results for (untreated) LAN-Med and LAN-Low cell lines as reference points. We can appreciate that
both upregulation of cell-medium tension and down-regulation of cell-cell tension are significantly reduced by
Racl activity inhibition. These effects consequently lead to reduced tension polarization factor/adhesiveness and
relative contribution of cortical tension increase (Table 2). To summarize, Racl inhibition with NSC suppresses
tension polarization in a dose-dependent manner by both suppressing tension upregulation at the cell-medium
interface and down-regulation at cell-cell contact. This conversely verifies that tension polarization is regulated
by N-cadherin-based adhesion through Racl-dependent actin reorganization and associated myosin II activities.

Tension polarization suppression led to decreased spheroid adhesiveness

We conducted further experiments to investigate the effect of Racl inhibition on the mechanics of spheroids
with larger cell populations. Spheroids were produced using the hanging-drop method from an initial seeding
of 5000 LAN-High cells treated with specified concentrations of NSC and imaged at 48h (Day 1 on agar) and
96h (Day 3 on agar) as shown in Fig. 5g,h. Spheroids on Day 2 are shown in Fig. S5b. Although aggregation
still occurred in the presence of NSC, the quantified spheroid radius values were significantly higher for treated
groups compared to the control group (Fig. 5i, ANOVA: p <0.0001). This indicates reduced adhesiveness
resulting from tension alleviation within the formed spheroids, potentially leading to an increased proliferation
rate as a result of reduced tension, all attributed to inhibition of Racl activities®>~°°.

Although aggregation still occurred in the presence of NSC, the quantified spheroid radius values were
significantly higher for treated groups compared to the control group (Fig. 5, ANOVA: p <0.0001), indicating
weaker adhesiveness, tension alleviation, and potentially increased proliferation within the spheroids formed
due to inhibition of Racl activities®.

In the above, we selected concentrations within the range of the 2D ICs¢ concentration of NSC. We further
investigated higher concentrations of NSC for spheroids as the 3D ICsq value is expected to be up to 1 order of
magnitude higher than in 2D%. We performed the same assay with all of LAN-High, LAN-Med, and LAN-Low
cells and with NSC concentrations up to 320 nM. The effects on spheroid growth are shown in Fig. S5c. Weak
aggregation was observed for treated and untreated LAN-Low cells and LAN-Med cells at lower dosages of NSC,
validating the decreased polarization/adherence in these cases. Furthermore, aggregation inhibition is evident
for all spheroid groups at 320 nM of NSC.

Discussion

Our work shows, in a quantitative manner, tension-adhesion interplay that leads to tension polarization in
multicellular entities. The study highlights that N-cadherin is intrinsically a mechanosensory receptor capable
of driving tension polarization by simultaneous tension upregulation at external (cell-medium) boundaries
and down-regulation at internal (cell-cell) interfaces. Corroborating with prior results'”!%3%7, tension down-
regulation at cell-cell contact is likely via signaling, not direct contribution to adhesion energy. Using the energy
of 2 kT (1072°]) per N-cad homogeneous binding®, the resulting tension reduction due to dimerization of
N-cadherin molecules is 0.6, 2.1, and 8 pN/um for LAN-Low, LAN-Med, and LAN-High cells, respectively,

Control 50 uM 15nM | 30nM | 45 nM
Parameter LAN-High | Blebbistatin | NSC | NSC | NSC
(Avem) / (o) |032 0 026 |0.18 |0.16
(Avee) / (yo0) 027 0.23 020 [017 020
(P) 0.59 0.23 0.46 0.35 0.36
Cortical tension
increase 54% 0% 57% | 50% | 44%
contribution
Interfacial tension
reduction 46% 100% 43% | 50% | 56%
contribution

Table 2. Relative contribution of interfacial tension reduction (A~..) and cortical tension increase (A%ycm ) to
tension polarization factor, PP, under various pharmacological treatments. (-) denotes group average.
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which only accounts for a small fraction of interfacial tension reduction in our experiments (Fig. 2g). On the
other hand, our observations show that the regulation of tension polarization is indeed strongly dependent on
surface cadherin density for all tension changes, particularly for the relative contribution of cell-medium tension
upregulation to tension polarization factor/adhesiveness. The linear dependence of polarization tension on
surface cadherin density corroborates the linear dependence of TST on the same variable'*, but the underlying
mechanism is density-depending signaling, not via binding energy as per DAH.

Another important finding is that more cell-cell interfaces lead to stronger tension polarization. This lends a
possible and intriguing route to reconcile tension measurements on smaller clusters and larger aggregates. For
example, as an estimate for TST, the AT value we obtained for LAN-High cells is 138 pN/um. This value is on
par with that from zebrafish progenitor cells (~200 pN/um, estimated from the pulling force!”), but is more than
one order of magnitude below that for the LN4 cell line, which has a similar level of surface N-cadherin density
(5620 pN/um)'“. On the other hand, both the current and prior studies measured doublets or triplets with 1 to
2 interfaces, whereas a typical surface cell on an aggregate has 5.5 interfaces®. Extrapolating from our results,
it is possible that tension polarization continues to strengthen with the number of interfaces. In particular, this
may be achieved with a significant increase in v¢m, while .. maintains homeostasis. (Note similar hemostatic
behavior on .. is also observed in mouse embryo compaction; see Fig. 1e in*!). The end result is high tension on
the aggregate surface with a “soft” interior, which was predicted by our prior work”. Further investigations along
this path, including direct quantification of cortical tension on an aggregate surface, can help clear discrepancies
in this field!>1871,

This work evaluated actin cytoskeleton reorganization in connection with N-cadherin-mediated adhesion
complexes. Our results in Fig. 4 corroborate previous studies demonstrating thinning of the cortical ring along
cell-cell interface upon adhesion for contact expansion!®?42531.72-74 We also observed significant cortical
thickening in non-contacting regions as a result of adhesion. Our work confirmed the ubiquitous increase of
cortical thickness at the cell periphery, corresponding to higher contractility all around. Additionally, actin
filaments appeared to accumulate at the rim of the cell-cell contact (see Video S1), consistent with recent
observations?>7>74, Similarly, our work also demonstrates homogeneous N-cadherin distribution along the cell-
cell contact, in contrast with reported cadherin plaque formation at the edge of the contact™**3!. However,
these differences might be due to those in the attached and suspended cell systems in prior and current studies,
respectively’.

Our results clearly demonstrate the crucial role of myosin II and N-cadherin-actin linkages through Racl in
initiating contact formation, as evidenced by the effects of pharmacological treatments. Blebbistatin treatment
significantly reduced the cortical tension in single cells*>*%%7>, Tension upregulation at the cell-medium
periphery is completely annihilated, and attachment is weak, with decreased contact angle. These results again
suggest that N-cadherin contribution to adhesion and contact expansion via binding energy is at best secondary.
This is because in case of weakened cell-medium tension and if binding energy were a major contributor, cell
attachment would be stronger instead, and contact expansion would be easier. On the other hand, myosin II
inhibition also led to less interfacial tension reduction. This again corroborates the involvement of the molecule
in contact expansion®!.,

The highly specific Racl inhibition using NSC regulates the effect of N-cadherin on actin contractility,
suggesting that Racl is a molecular switch for altering tension polarization, which is triggered and regulated by
N-cadherin-based adhesion®. This is consistent with previous reports on the significance of Racl in regulating
actin cytoskeletal dynamics and strengthening adhesion?”17¢. In this work, we have limited our investigations
to Racl, whereas the roles of the Arp2/3 complex and other members of the Rho family of GTPases, such
as RhoA, quantifying the degree of contribution and the exact mechanisms by which the activation of each
subgroup regulates tension polarization are also subjects of interest for further studies.

The above work has interesting implications in the context of collective migration and cancer metastasis.
Although metastatic spread from solid tumors is canonically attributed to freely circulating individual tumor
cells”’, the collective migration of mobile clusters of tumor cells is an under-characterized driver of deadly
metastatic invasions in peritoneal tumors'®. This effect can be partly attributed to survival-enhancing signaling
that provides resistance to anoikis’®. Peritoneal metastases show patterns of cell-adhesion molecules that
are unexpected in the classical epithelial-to-mesenchymal transition (EMT) during metastasis, including
increased expression of N-cadherin. This increased expression may enhance the likelihood of withstanding
fluid mechanical forces and avoiding anchorage-dependent apoptosis during the metastatic journey to a distant
organ. Our study sheds light on how increased expression of N-cadherin enhances the stiffness and integrity of
clusters and aggregates, which may, in turn, promote metastatic spread’’. Conversely, inhibiting N-cadherin-
based tension polarization via NSC could decrease such structural integrity, inhibit small metastatic bodies
from surviving within the body to re-embed elsewhere!’, and even convert solid tumors and spheroids into
disaggregated single cells, as our results demonstrate. Indeed, prior works already demonstrated that NSC
treatment effectively decreased the transendothelial migration of prostate cancer cells, suppressed lung tumors,
and reduced cancer cell retention in bones®*8!,

Another novel perspective for cancer treatment is based on stress forecasting and alleviation in aggregates®2.
The relaxation of tension in spheroids treated with NSC could lead to a weaker diffusion barrier, allowing
nutrients, wastes, and chemotherapeutic agents to flow more freely and penetrate more easily in micrometastases
in peritoneal metastmetastases and solid tumors®34, This suggests that combining cytotoxic treatments such
as targeted chemotherapies and cell therapy methods with NSC could result in better penetration and higher
cytotoxicity towards malignant cells®>#>-%7,

Last but not least, although in this work we only focused on N-cadherin, the nearly perfectly linear trend
between TST and cadherin density, regardless of cadherin types (N-, P-, or E-cadherin) reported by Foty and
Steinberg'* (Fig. 3 therein), suggests not only that these other (P- and E-) cadherins are equally capable of
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driving tension polarization regulation, but also the quantitative effects could be similar, although further
direct measurements of tension polarization via other subtypes of cadherins needs to be addressed in future
works. Altogether the current work and prior results, which are of different cell types under different contexts,
suggest that cadherin-regulated tension polarization may be a very general mechanism of action driving critical
physiological processes and multicellular organization.

Methods

Cell culture

The HEK293FT (R70007, ThermoFisher) cell line (used below), na?ve L929 mouse fibroblasts (CCL-1, ATCC?$),
LN4 (high expressing N-cadherin control 1L929 line)', and all other L929-derived N-cadherin-EGFP (Lifeact-
mRuby?2) cell lines generated in this study were cultured using standard aseptic techniques in HEK medium
(DMEM/F12 (Gibco) containing 10% Heat Inactivated FBS (Gibco) with 10 ug/ml gentamycin (ThermoFisher))
and passaged using TrypLE (Gibco) or PBS-EDTA (PeproTech) where indicated. For flow cytometry and cell
counting procedures, all cells were filtered using 40 pm cell strainer (Corning).

Plasmid construction

The mouse N-cadherin-EGFP lentiviral transfer plasmid pSM1-NCD-PP (Fig. S2) was constructed by ligating
(T4 DNA ligase, ThermoFisher) the Nhel-mouse N-cadherin-EGFP-BsrGI (18870, Addgene®’) TBE-agarose
gel purified restriction fragment together with the similarly restricted and dephosphorylated gel purified
pLIM1 backbone (19319, Addgene®). The ligated plasmid was transformed into the STBL3 bacterial strain
(ThermoFisher) and selected for transformants on LB Agar (ThermoFisher) containing 50 pig/ml carbenicillin
(Gold Bioscience). Colonies were screened with a standard colony PCR assay using CMV promoter forward
and mouse N-cadherin reverse primers (Kapa 2G Robust, Roche), amplified by standard mini prep procedure
(D6950-01, Omega Bio-Tek), and sequence-verified (Macrogen, Piscataway, NJ). The resulting fusion gene is
3492 bp, and encodes for a protein of 1164 amino acids with a predicted molecular weight of 128,771 Da. The
sequence is available in Fig. S2.

Lentivirus packaging and transduction

The lentiviral vectors were generated using PEI-based transfection techniques essentially as described by
Kuroda and coworkers’"?2. Briefly, HEK293FT cells were passaged using TrypLE and plated in HEK medium
at a density of 7 x 10" cell/cm? onto 100 mm cell culture grade dishes (Sarstedt, Cell+). The following day, the
cultures were washed once with warmed Opti-MEM (Gibco) and left in 7 ml of the same medium containing 2%
heat-inactivated FBS. The dishes were returned to incubator until transfection procedures. The plasmids were
combined into a sterile 2 ml low DNA binding microtube (Sarstedt) containing Opti-MEM up to a final volume
of 720 pl as follows: 10.0 pg of pPSM1-NCAD-EGFP-PP or pLenti-Lifeact-mRuby?2 BlastR (84384, Addgene®®);
6.67 ug of psPAX2 (gift from Didier Trono, 12260, Addgene), and 3.33 ug of pMD2.G (gift from Didier Trono,
12259, Addgene). PEI was added to the tube at a ratio of 3.5 pl/pug of DNA and mixed vigorously for 10 seconds.
The mixture was centrifuged briefly and incubated for 15 to 20 min at room temperature. The solution was then
applied dropwise onto the HEK293 cells while gently swirling the medium. The plates were returned to the
incubator, and the following morning the medium was changed to HEK medium containing 4 mM caffeine®*.
The next day the medium was collected (24h) and changed a second time without caffeine. The following day
(48h) the medium was collected, pooled with 24h, centrifuged at 300 x g for 5 min, and finally filtered using 50 ml
tube top 0.45 pm PES vacuum filtration device (Corning). The medium was either used directly for transduction
0f 1929 cells as described below or concentrated via ultracentrifugation using a swinging bucket SW-28 rotor for
2 hours at 25,000 rpm (average g force 82,700 g). Lentivirus was resuspended at 1:100 v/v in PBS-EDTA (0.5
mM) containing 5% trehalose and frozen at —80°c until use.

Lentivirus transduction

The naive L929 cells were transduced with pLenti-Lifeact-mRuby2-BlastR virus, clonally sorted as described
below, and then transduced with the N-cadherin-EGFP virus (Fig. S3a). The medium was changed to Opti-MEM
with 10 ug/ml gentamycin containing 8 pg/ml polybrene 1 hour before exposure to unfractionated (1:1, 1:2, and
1:3 dilutions) or concentrated lentivirus (1:50, 1:100, and 1:200 dilutions). The following day the medium was
changed to HEK medium with 10 ug/ml Blasticidin (Gold Bio) or 1 pg/ml Puromycin (Sigma-Aldrich) for up
to 1 week.

FACS sorting and cloning of LifeAct-mRuby2 and N-cadherin-EGFP expressing L929 cells

Blasticidin-selected LifeAct-mRuby2 labeled 1929 cells were prepared as described above and sorted using a
BD Biosciences Influx High-Speed Cell Sorter. The logical sorting gates were set to capture the top 5% brightest
fluorescing cells which were sorted as single cells directly into 96-well dishes (BD Falcon/Corning). The following
day and for up to 2 weeks, each well was manually scored for the presence of bright red fluorescence, consistent
spindle-shaped cell morphology, and rapid growth. At the end of 2 weeks, 6 wells were selected for subcloning,
and finally one most stable clone was chosen after several more passages (LA1). The Lifeact-mRuby2 1929
master line was used for modification with N-cadherin-EGFP lentivirus as described above, and then sorted as
single cells into 96-well dishes into three groups: highest fluorescing (top 10 percentile, 90-100% by intensity);
medium fluorescing (45-55%); and low fluorescing (lowest 10 percentile, 0-10%) as compared to na?ve cells.
The following day and up to 2 weeks, the EGFP signal was used to score the relative fluorescence in the groups
of sorted clones, along with growth and morphology. At that time, 6 clones from each group were chosen and
subcloned by passaging and selection with 2 pg/ml Puromycin. One clone from each group, LAINH21 for
high-expressing, LAINM21 for moderate-expressing, and LAINL41 for low-expressing were selected based
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on relative differences in fluorescence quantified by confocal microscopy and characterized for N-cadherin
expression using FACS assay and Western blot analysis. For ease in distinguishing, we rename the cell lines
LAN-High (for LAINH21), LAN-Med (for LAINM21), and LAN-Low (for LAINL41) in texts and figures.

Cytometric analysis of N-cadherin-EGFP cell lines

Upon selecting the desired clones, a master bank of cells was created. All cell lines were prepared for standard
FACS analysis as described above, placed into a 96-well dish, and analyzed for relative EGFP fluorescence signal
strength using CytoFlex analyzer (Beckman Coulter). Fig. S3b-c demonstrate the results. The fold EGFP signal
for LN4 and na?ve L929 cells were similar, and this value was used to normalize the EGFP signal strength for
other engineered cell lines. The median values for EGFP signal intensity of LAN-High, LAN-Med, and LAN-
Low cell lines were respectively 17.1, 4.8, and 2.2 times greater than na?ve L929 cells. To ensure consistency in
the expression of N-cadherin-EGFP over time, the same clones were drawn upon from the master banks and re-
analyzed with FACS analysis after 15 passages. The EGFP signal intensities were not significantly different than
the first round of FACS analyses presented here.

Western blot analysis

Cell lines were dissociated from T75 flasks using PBS-EDTA and filtered through 40 um mesh cell strainer
into 50 ml tubes. An aliquot was mixed with Trypan Blue 1:1 v/v, counted, and the remainder centrifuged at
300xg for 4 min at room temperature. The pellets were resuspended and lysed in freshly prepared 8M urea
containing 40 mM HEPES (pH 7.4) and 1x protease inhibitor cocktail (200x, P1860, Sigma-Aldrich) at a
concentration of 107 cells per 750 pl. The suspension was transferred into a 1.5 ml low protein binding snap
top tube, and incubated at room temperature for 2-3 min. The slurry was passed through a 21-gauge needle to
shear the DNA and centrifuged for 2 min at 14,000x g at 4°C to remove any insoluble matter. The supernatant
was aliquoted into multiple tubes and stored at —173°C. An aliquot was diluted 1:4 to a final concentration of
2M urea and used for standard BCA protein determination assay. Proteins were resolved on 1.5 mm 15 well
4-12% SDS-PAGE precast NuPage gels at room temperature using MES buffer as described by the manufacturer
(ThermoFisher). Estimates of concentration and molecular weight were made using Recombinant Human
N-cadherin Fc Chimera Protein (1388-NC, R&D Systems, 5 to 80 ng/lane) and the Spectra™ Multicolor Broad
Range Protein Ladder (26634, ThermoFisher, 8 ul per well), respectively. After 1 hr the gels were removed from
the cassette and blotted at room temperature onto a nitrocellulose membrane at 25V/500mA (constant current
and/or constant power, PowerEase 500) using semi-dry transfer apparatus (B1000, ThermoFisher) with 2.5x
concentrated NuPage Bis-Tris transfer buffer (NP0006, ThermoFisher) containing 10% methanol and cooled
on ice. This higher concentration of salts was empirically determined to ensure quantitative transfer of high
molecular weight proteins.

The nitrocellulose membranes were removed from the transfer apparatus, rinsed twice with distilled deionized
water, and sealed into polyethylene bags with 5% non-fat skim milk (EMD Millipore) in TBS (Tris-Buffered
Saline). The bags were taped onto a rotary shaker and incubated for 1h at room temperature at 300 RMP. The
bag was cut open, solution was replaced with anti-N-cadherin (13A9 mouse monoclonal IgG1, Cell Signaling,
1:1000) or anti-Actin-HRP (D6A8 rabbit monoclonal, Cell Signaling, 1:5000), and placed to shake overnight
at 4°C as described above. The following day the blots were washed 4 times with TBST (TBS, 0.1% Tween 20
Detergent), and those with anti-N-Cad were resealed into bags with goat-anti-mouse-HRP (1:5000, Sigma) in
1% skim milk TBS-T, while those incubated with anti- Actin-HRP were imaged using SuperSignal™ West Femto
Maximum Sensitivity Substrate in a Syngene image capture system. After 1h shaking at room temperature, the
N-cadherin blots were washed 4x with TBST and imaged as with anti-actin blots (Fig. S3d).

Quantification of N-cadherin expression levels

Figure S3d-f shows the Western blotting and N-cadherin expression quantification results. For quantifying
N-cadherin expression level, 10, 25, and 35 pg of lysate from LAN-High, LAN-Med, and LAN-Low cell lines
followed by 35 pg of lysate extracted from na?ve cell line were loaded, separated, and blotted by the method
explained above. Figure S3d (left side) shows the N-cad-EGFP bands detected at ~130 kD and their relative
changes from LAN-High to na?ve L929 cell lines. On the right side, 20, 15, 10, 5, and 2.5 g of lysate extracted
from the LN4 cell line was used to construct a standard curve to relate back to N-cadherin receptors per cell as
previously described'. The detected bands at ~100 kD indicate the native chicken N-cadherin protein without
glycosylation, and the relative change of the band intensity due to the gradient of the protein loaded is recognized.
The Western blotting was repeated 6 times with the same amount of loaded protein as described above. Captured
images of blots were analyzed using Syngene software to quantify the detected band intensities. The signals from
N-cadherin bands were normalized to actin values (Fig. S3e) and then converted to cell numbers using values
determined by cell counting and BCA assay. LN4 lysate bands were quantified and analyzed in the same way
described to construct the standard curve for the number of N-cad receptors per cell surface vs. band intensity
(Fig. S3f). The detected N-cad-EGFP band intensities of newly transfected cell lines were located on the standard
curve to determine the number of N-cad receptors. With respect to BCA assay readings, the extracted numbers
for N-cadherin receptors per sample were converted to the number of N-cadherin receptors per cell surface. The
results are summarized in Table 3.

Live cell confocal imaging

All subclones were cultured in a TC-treated 6-well plate (Eppendorf) as described in the cell culture section. A
confluent cell layer was washed 3 x with Hank’s Balanced Salt Solution (HBSS, Corning) containing Ca** /Mg?T.
Cells were detached using 0.1% trypsin/2mM Ca** treatment, which retains N-cadherin cell surface expression
and functionality, allowing cells to effectively adhere after resuspension. Detached cells were centrifuged for 2
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Cellline | cadherin receptor per cell surface (mean+SE)
LAN-High | 317,294+63,101

LAN-Med | 84,431+8187

LAN-Low | 25,100+£7154

LN4 225,04+7457

Table 3. Extracted numbers of N-cadherin receptors per cell surface for high, medium, and low N-cadherin
expressing cell lines and LN4 cell line'*.

min at 2000 rpm (Allegra X-21, Beckman Coulter, Brea, CA). The pellet was resuspended in 3 ml of FlouroBrite
DMEM medium (ThermoFisher) containing 10% heat-inactivated FBS with 10 pug/ml gentamycin. The solution
was filtered using 40 um cell strainer to remove clumps from the suspension and form a single-cell solution. The
cell population was adjusted to 7 x 10* cell/ml. 1 ml of cell solution was transferred to 4-well Nunc™ Lab-Tek
chamber slide (Fisher Scientific) double-coated with 75 pl of 2% PolyHEMA (Sigma-Aldrich) in methanol. The
latter is to prevent cell adhesion to the substrate and ease the movement of cells in suspension. The chamber
slide was transferred to a Zeiss LSM 780 confocal laser scanning microscope. An incubation chamber made
in-house was set up surrounding the confocal microscope to keep the sample at 37°C and 5% CO3 atmosphere
with humidity, ensuring suitable conditions for live imaging. 40 slices of 500 nm-thick images were captured
as Z-stacks every 10 minutes for 90 minutes in both RFP and GFP channels simultaneously with a 63 xoil
immersion objective until adhesion reached maturity, which took about 60 minutes for each set of experiments.
The centermost cross-section of cells was selected for visualization and analysis in all assays. Video S1 shows
the 3D reconstruction of the captured confocal images for a doublet right after the first contact (top), and after
adhesion maturation (bottom) in both RFP and GFP channels.

Micropipette aspiration and imaging

Micropipette aspiration experiments were performed on a Ti2-A inverted fluorescent microscope (Nikon, Japan)
equipped with two motorized 4-axes micromanipulators, and a motorized stage (PatchPro-5000, Scientifica,
UK). Micropipettes were formed by pulling glass capillaries with a pipette puller (PUL-1000, World Precision
Instruments (WPI), USA). The micropipette tips were cut to a 3-5 um diameter opening and bent to ~40?
using a microforge (DMF1000, WPI). The other end of the micropipettes was linked to FlowEZ™ microfluidic
flow controller (-69 mbar, Fluigent SAS, France) for pressure control and regulation. The micropipette holder
location and angle were then adjusted to ensure the bent tip of the micropipette was parallel to the imaging
plane. Zero pressure of the aspiration setup was calibrated before each set of experiments following the protocols
described in Wang et al.®>.

Confluent cell layers were prepared, trypsinized, and centrifuged as described in the live-cell confocal imaging
section. After the pellet was formed, cells were resuspended in CO2-independent medium (Gibco) containing
10% heat-inactivated FBS and 10 pg/ml gentamycin. Resuspended cells were filtered with 40 um mesh, and the
cell concentration was adjusted to 2 x 10* cell/ml. 2 ml of solution was transferred to a 15 mm glass-bottom
cell culture dish (NEST Scientific) double-coated with 150 pul of 2% PolyHEMA in methanol. The sample was
placed on the inverted microscope with 100X oil immersion objective (NA 1.3) equipped with a flexible collar
objective heater (Olympus, MA, USA) for temperature control. The sample temperature was monitored and kept
at 37 ?C using a temperature controller (UNO-T-H-CO2, OKO-Lab, USA). Suspended cells were captured at the
micropipette tip by applying a small pressure (around 20 Pa), then the pressure was increased stepwise by 10 Pa
steps until the deformation of the actin cortex layer was equal to the inner radius of the micropipette. To improve
the visualization of cortex deformation, the aspiration process was imaged in both RFP and GFP channels, as
well as brightfield. Cells selected for cortical tension measurements were monitored throughout the experiments
to ensure they were not undergoing mitosis. The 1929 cell line has a 24-hour cell cycle®, which is significantly
longer than the extended duration of 2-3 hours for cortical tension measurement, and reduces the potential
impact of cell cycle-related variations on measurements.

Image processing methods

Cortical thickness was measured from confocal images. The procedure is described in Fig. S4. First, the center
point of each cell was found by fitting a circle to the actin cortex in the RFP channel. Two points were selected
outside the cell ata 10 pm distance from the cell center (P1 and P2 in Fig. S4a) to create an arch with a subtended
angle of 252. Six 10 um lines were drawn from the cell center to the outer region within this arch, and fluorescent
intensity histograms were extracted and averaged along these lines to constitute a mean intensity profile
for cortical actin (Fig. S4b). The maximum intensity value, Iae, was found to occur at Zmao near the cell
membrane, which divides the intensity profile into inner and outer profiles. The intensity profile was fitted with
an exponential decay function as:

I, = (I’maa: cyto)einiTL(z"'La;Eiz) + Icyto T < Tmax
xr — - —_
(Imaz — Ivg)e Nout (T—Tmaz) | Ing T > Tmax

Here, I.yt0 and Iy are intensity values for cytoplasm and background, respectively, and 7;, and 1o.¢ are inner
and outer decay constants. The R? value of fitting indicated that the exponential decay function successfully
predicts the intensity profile. The inner and outer cortical thickness, di and d2 in Fig. S4c, were numerically
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estimated as the distance from Z a2 at which intensity value, I, drops to (maz —Ieyto)/e for inner profile, and
(Imaz—Tvg)/e for outer profile. The two were then added to calculate the cortical thickness, as d = d1 + d2. The
same process was repeated seven times at different locations to ensure capturing variations in actin cortical
thickness. The final thickness values were evaluated by averaging all eight estimated thicknesses.

The measured cortical thickness values found for 1929 cells are consistent with previous measurements for this
cell line*’, although due to the unique nature of cytoskeletal networks in 1929 cells, we used a different definition
for cortical thickness than what is typically used. Hence, the reported thickness values are greater than the
expected known range of 50-500 nm*° (see Fig. S4).

Spheroid radius was measured by image analysis in Fiji®®. A polar transformation was performed for the
centermost cross-section of the spheroids in the RFP channel. From this, a histogram plot was produced, giving
a measurement of fluorescence intensity from the center of the spheroid to the edge. The spheroid edge was
defined as the location at which a sudden drop-off was observed in intensity values.

Pipette radius was measured by extracting the intensity profile along a 12 um straight line that was drawn
vertically to the centerline of the pipette at 1 um distance from the tip. The inner edges of the pipette were defined
by identifying the sharp intensity difference between the white region of the pipette body and its black inner
shadow. The pipette radius was determined by measuring the distance between the edges.

Contact angle, cell radius, and fluorescence intensities were measured using Fiji and its plugins.

Pharmacological reagents

(-)-Blebbistatin (B0560, active Blebbistatin, Sigma-Aldrich) 15 mM stock in DMSO was diluted to 50 uM in
CO2-independent medium containing 10% heat-inactivated FBS and 10 pg/ml gentamycin before each set of
experiments. Cells were resuspended and kept in this medium for 10 minutes. Then, samples were prepared for
micropipette aspiration assays as described above.

NSC23766 (553502, VWR) 250 uM stock in DMSO was diluted to the indicated concentrations in DMEM-F12
and/or COz-independent medium containing 10% heat-inactivated FBS and 10 ug/ml gentamycin. For 2D
cultures and micropipette aspiration assays, cells were incubated with this medium 24h prior to experiments,
and the samples were prepared as described above. For spheroid assays, NSC23766 was added to the medium
from the first resuspension.

NSC23766 sensitivity assay

Cells were plated at 10° cell/well in a 96-well plate in complete medium containing NSC23766 at indicated
concentrations. At 5 days, cell viability was assayed with PrestoBlue reagent (A13261, ThermoFisher). Medium
was removed and replaced with complete medium with 1:10 PrestoBlue reagent and incubated at 37°C for 90
minutes. Absorbance was read using a plate reader at 570 nm with the reference wavelength of 600 nm. Readings
were normalized against the medium-only control. IC50 values were calculated using nonlinear regression in
GraphPad Prism (Fig. S5a).

Spheroid assays

Spheroids were generated using the hanging drop method. Cells were trypsinized and resuspended in complete
medium with 2 mM Ca®* at 5 x 10° cell/ml. 10 pl droplets were deposited by multichannel pipette on the lid
of a 96-well plate, which was then inverted over wells containing 50 pl PBS. After 48h, the 96-well lids were
transferred to plates containing 50 pl complete medium over 50 pl agar and centrifuged for 1 minute at 100xg
to transfer spheroids into wells. Spheroid plates were placed on a rotational rocker in an incubator for 72h and
imaged as Z-stacks at 24h, 48h, and 72h with confocal microscopy using 10x objective to observe aggregation
dynamics. The centermost image from each z-stack was selected.

Statistical analysis

All the statistical analysis was performed using MATLAB (MathWorks, Natick, MA), OriginPro 2021 (9.8.0.200,
OriginLab, Northampton, MA), and GraphPad Prism (9.4.0, GraphPad Software, San Diego, CA). Student’s
t-test, ANOVA test, and Tukey’s HSD test for all figures: *p < 0.05, **p < 0.01, ** p < 0.001. Bar plots show
meanzs.d. Error bars show s.d., whisker boxes show Min., 2nd Quartile, Median, 3rd Quartile, and Max. values.
The uncertainties in measurements are noted in Table S$4.

Data availability
All the collected data and developed codes in this study are available from the corresponding author on legiti-
mate request.
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