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Our organs and tissues are in constant motion, exposing epithelial cells to mechanical
stretch. How these external forces impact cellular morphology, organization and
dynamics in healthy and diseased tissues is still being elucidated. Carcinoma, the most
common type of cancer, develops in the sheets of cells forming the epithelium and lining
our organs and cavities. It usually begins with the transformation of a single cell via the
activation of oncogenes such as Ras. Here, we show in a model system how mechanical
stretch in epithelial sheets results in a more invasive phenotype in transformed cells.
Cyclic strain impedes the apical extrusion of Ras¥'? cells from the healthy monolayer
and prevents the formation of strong circumferential belts of actin in Ras¥'? cells.
Concurrently, strain also changes the metastatic phenotype of newly transformed cells by
greatly promoting the formation of Ras"'2 protrusions, potentially making them harder to
be eliminated from healthy tissues. We also show that Ras¥'? and wild type MDCK cells
possess distinct sensitivity to strain. External forces remodel their actin cytoskeletons
and adhesion complexes differently, resulting in a more invasive system dynamic. Our
work demonstrates that the Rho-ROCK mechanotransduction pathway is involved in
regulating a mechanically-induced switch to a more invasive phenotype. The insights
gained in this study reveal that the complex dynamics at play in healthy and transformed
epithelial cells is drastically different in a mechanically active microenvironment when
compared to static conditions.

Keywords: cyclic stretching, machanotransduction, oncogene, epithelial monolayer, microenvironment, invasive
phenotype, strain, extrusion

INTRODUCTION

Although they are one of the simplest tissues present in complex multicellular organisms, epithelial
mono- and bi-layers play a crucial role in first-line protection of organs and cavities they envelop
[1, 2]. Epithelial cells form tight physical barriers constituting an efficient defense against pathogens
and preventing the passage of other cells and macromolecules [3]. The monolayers maintain their
integrity and barrier function despite continuous cell division and death (normal epithelial cell
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turnover). Apical extrusion is the mechanism by which a dying
cell is eliminated, but this cellular process is also part of
normal cell competition [4-6]. Certain cells exhibiting abnormal
activities, such as some oncogenic expression, are also apically
extruded, although in a death-independent manner [7, 8]. The
majority of human cancers result from the transformation of
a single cell following alteration of its genome [9]. Mutations
converting a gene belonging to the Ras family into an active
oncogene is found in 20% of human tumors [10]. Ras proteins
influence numerous signaling pathways, such as Rho [11, 12],
leading to changes in actin cytoskeleton configuration as well as,
among others, cell shape, contractility, adhesion, motility, and
division. Previous studies showed that H-Ras"!2-transformed
cells can be recognized and eliminated via apical extrusion by
the concerted action of the surrounding wild type (WT) cells
[8, 13, 14]. This has been referred to as epithelial defense against
cancer or transformed cells. Diversion of the extrusion direction
from apical to basal is observed in certain oncogenic cells, and is
a potential mechanism to initiate metastasis [7, 15-17]. Although
the majority of Ras"!? cells are apically eliminated, some initiate
basal invasions by remaining in the monolayer and growing
protrusions. In certain cancers, the prominence of protrusions
has been linked to invasiveness [18]. Importantly, these extrusion
and protrusion behaviors of Ras¥!2-transformed cells are only
observed when surrounded by WT cells, showing that heterotypic
interactions play a crucial role.

Cells are constantly sensing and responding to mechanical
forces and physical properties of the surrounding extracellular
matrix (ECM) [19]. Through tissue matrix deformations and
cytoskeleton-adhesion interfaces, most cells in vivo are stretched
or compressed to a certain degree [20], for instance via muscle
contraction, breathing, pumping of the heart, fluid pressure,
or digestion. In this context, understanding the mechanical
contribution to tumor initiation and development is required for
a holistic comprehension of cancer biology [21, 22]. Many studies
investigate how the ECM stiffness impacts tumor progression,
including metastases formation [23, 24], but mechanically
dynamic microenvironments are considered less often. Two
recent studies illustrate the importance of integrating mechanical
factors to our understanding of cancer cell behavior. They
showed that tugging forces on human fibrosarcoma cells grown
on a 3D collagen/fibronectin scaffold lead to invadopodia
maturation and increased cell invasion [25, 26].

For the recognition and elimination of transformed cells,
epithelial defense relies on many cytoskeletal proteins and cell-
generated contractile forces in both WT [14] and transformed
cells [27, 28]. Given that external forces can remodel the
cytoskeleton architecture, we hypothesize that external forces
have a profound impact on the behavior of RasV'? cells
within the epithelial monolayer. To test this hypothesis, we
fabricated polydimethylsiloxane (PDMS) microfluidic stretchers
to mimic the complex non-uniform strain field occurring
in vivo. We used this lab-on-a-chip strategy to mechanically
stretch a cellular model system composed of Madin-Darby
Canine Kidney (MDCK) H-RasV!2-WT co-cultures. MDCK cells
are epithelial cells from the kidney tubules, which are small
structures playing an important role in filtering blood. They

are unavoidably subjected to small mechanical deformations,
similarly to other compliant structures that operate under fluid
pressure such as blood vessels [29]. We found that the application
of external strains triggers Ras¥!? cellular basal invasion, in part
by activating the Rho-ROCK signaling pathway. Their apical
extrusion is significantly reduced while protrusion formation is
greatly promoted. We demonstrated that Ras¥!'? and WT cells
have mismatched mechanoresponses with distinct cytoskeletal
reorganization, shifting the system dynamic.

RESULTS

External Mechanical Forces Promote

Ras"'2 Invasiveness

To generate a biologically relevant strain field, we employed
an all-PDMS pneumatic-based microfluidic stretcher which we
reported previously [30]. Cells were cultured on a thin suspended
membrane encased in a micro-chamber. This membrane was
cyclically stretched via the deformation of the cell chamber
walls, upon the activation of adjacent vacuum chambers (see
Supplementary Video 1 and Figures 1B,C). The MDCK H-
RasV!2-WT (1:75) cellular system was co-cultured on the type-
I collagen-treated membrane (relaxed state), and incubated in
a tetracycline-free environment until a monolayer was fully
formed (10h). Cyclic stretching (1 Hz, 3-9% strain amplitude)
and Ras"!? expression (induced by addition of tetracycline) were
then simultaneously initiated. The systems were imaged after 24 h
of stretching. A set of automated image analysis programs was
developed to precisely characterize the strain-induced changes
of key cellular components (in particular e-cadherin and actin)
throughout the co-culture. Figures 1A-C present the working
principle of the device and a portion of the image analysis.

We first examined the Ras¥!? cell behavior within the WT
monolayer when no strain was applied within the microfluidic
device. We observed the formation of small basal protrusions
and found that a significant fraction of the Ras V!2 cells were
extruding, as expected [13]. An example of an extruding cell
is shown in the upper image of Figure 1D. Since the height
of an extruding Ras¥!? cell significantly increases compared to
the neighboring healthy cells [8, 27, 31], cell height is used as
an indicator of extrusion. Figure 1E shows that their average
height was above that of the surrounding WT cells (see also
Supplementary Figure 1), as reported before [13]. To study the
impact of external mechanical forces on the system, we then
examined the Ras"!? cell behavior under cyclic stretching and we
observed a striking effect. Firstly, the average height of the Ras"!2
cells dropped below that of the WT cells (Figure 1E), indicating
not only a decrease in apical extrusion but also a redirection
in average toward the basal side of the monolayer. Secondly,
the average size of basal protrusions increased significantly
(Figure 1F), indicating increased aggressiveness in our model
system. A representative example of a Ras'!? cell growing
long protrusions under cyclic stretching is shown in the lower
image of Figure 1D. The dependence on strain amplitude of
the average protrusion size and Ras¥!? cell height indicates
that the degree of invasiveness is modulated by the force
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FIGURE 1 | Cyclic stretching increases protrusion formation and hinders apical extrusion. (A) Top: confocal image of the MDCK co-culture (Ras"'? and WT cells,
static condition) with GFP-Ras"'? cells in green, actin in red, and nuclei in blue. Scale bar is 35 um. Middle and bottom: image analysis output showing the nucleus
centers (yellow), the cellular contours (red), the Ras"'? cell bodies (dark blue), associated protrusions (middle) and the junctional regions (bottom: Ras"'?-Ras"'? in
green, Ras¥'2-WT in orange, and WT-WT in blue). (B,C) Monolayer grown in a PDMS pneumatic-based microfluidic stretcher in its relaxed (B) and stretched (C)
states (phase contrast mode). The insets (bright field mode) show the empty device with the strain map superimposed in the stretched case (dark blue: 3%, dark red:
9%). The vacuum and cell chambers are identified as v.c. and c.c., respectively. The cell chamber width is 1.6 mm. (D) Confocal images of GFP-Ras"'? transformed
cells in WT monolayers 24 h after tetracycline addition followed by F-actin (red) and nuclei (blue) staining. Scale bar is 25 pum. Top: representative example of extruding
Ras"'? cell obtained in a static control. Bottom: representative example of Ras"'? cell forming large protrusions obtained in a stretched experiment. (E) Average height
difference between the Ras"'? and WT cells for the static controls and stretched experiments. (F) Average protrusion area relative to the cell body (i.e., excluding the
protrusions) for the static controls and the stretched experiments. The drug-free case (DMSO) and three drugs were tested: FAK inhibitor, blebbistatin, and ROCK
inhibitor. Data are mean + s.e.m. ***P < 0.0001, **P < 0.005, *P < 0.05. Stars above the individual bars relate to the corresponding DMSO condition. Stars above
the horizontal lines refer to the significance between the control and strain data. From left to right in (E,F): n = 234, 188, 78, 139, 268, 233, 237, and 334 cells each
from 3 to 4 independent experiments. (G) Correlation between the average Ras"'? cell height and the average protrusion area for the 8 conditions presented in (E,F).
(H) Average Ras"'? cell height (red) and average protrusion area (blue) as a function of the strain amplitude, for the DMSO condition. The zero-strain points
correspond to the average of the control data, and the non-zero strain points were obtained by binning the data of the stretched experiments into five bins each
containing an equal (37 or 38) number of cells.

amplitude (Figure 1H). As the resulting variation is small  cell phenotype and impede the monolayer’s ability to eliminate
in our system, data were simply grouped as either static  transformed cells.

or strain (analyzed over the whole available area) elsewhere Pharmacological treatments were used to interfere with
unless otherwise stated. Overall, our results demonstrate that  the mechanical stability of cells. Blebbistatin and ROCK
biologically relevant strains (3-9%) trigger an invasive Ras'!>  inhibitor Y-27632, which, respectively, inhibit myosin II activity
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and actomyosin contractility, both decreased Ras'!? extrusion

under static conditions (Figure 1E). This agrees with previous
observations which demonstrated the importance of ROCK
in the apical extrusion process [13]. Under cyclic stretching,
both blebbistatin and ROCK inhibitor significantly reduced the
effects of strain on RasV!? cell behavior (Figures 1E,F). This
indicates that myosin II activity and actomyosin contractility
are involved in the increased invasiveness induced by strain.
We found that inhibiting focal adhesion kinase (FAK) with
PF-573228 also decreased the effect of strain, albeit more
moderately (despite having the strongest impact on cell shape, see
Supplementary Figure 2). FAK stabilizes the actin cytoskeleton
via the ROCK pathway and regulates central proteins in focal
adhesions [32], thus playing a key role in mechanosensing and
transduction [33-35]. FAK inhibition is being investigated as
a new therapeutic cancer target [22, 36] and has been shown
to bypass some extrusion defects [16]. Interestingly, it is only
when stretching is applied that we observe a reduction of Ras"!?
invasiveness upon FAK inhibitor addition. Importantly, with
respect to the DMSO data, all three pharmacological treatments
increased the size of basal protrusions under static conditions
while they decreased them under strain (Figure 1F). These results
show that the remodeling of the cellular architecture, resulting
from the interplay between the pharmacological treatments and
the microenvironment dynamics, strongly impacts invasiveness.
Therefore, considering a mechanically active environment can
be highly relevant when investigating therapies even at the
early stages.

In consideration of all conditions tested (DMSO, blebbistatin,
ROCK and FAK inhibitions, each combined to both static, and
cyclically stretched substrates), we found a strong correlation
between the average protrusion size of the Ras¥!? cells and their
average height relative to the surrounding WT cells (Figure 1G).
This is consistent with previous observations suggesting that
RasV!? cell extrusion and protrusion are opposing behaviors
[13]. From a mechanistic point of view, it is more difficult
for the WT cells to “squeeze out” a transformed cell which
has increased contact area with the substrate, as hinted by
Gudipaty et al. [1]. Conversely, reduced extrusion may facilitate
protrusion progression.

Cortical Actin Belts Around RasV'2 Cells

Diminish Under Strain

The process by which epithelial monolayers expel dying cells
to maintain their integrity is now believed to begin with the
formation of a cortical contractile F-actin belt in the dying cell
itself [4]. The cortical actomyosin cytoskeleton of a cell produces
contractile forces that are coupled to neighboring cells via e-
cadherin adhesions [2, 28, 37]. Specific patterns of intercellular
tension are controlled in part by the cortical F-actin network.
Dysregulation of this pattern of contractility at the cell-cell
junctions has been shown to drive oncogenic extrusion [27, 28].
An increase in cortical contractile F-actin within the RasV!?
cells was also found to be actively implicated in their extrusion
by the surrounding WT cells [27, 28]. Since these previous
results indicate that cortical actin is critical in determining

the fate of RasV!? cells, we investigated the effects of strain
on the remodeling of cortical actin throughout the co-culture.
We observed, in agreement with previous studies [13, 27], the
presence of a strong cortical actin belt in Ras¥1? cells under static
conditions (Figures 2A,B). In contrast, upon cyclic stretching
(in the drug-free case), the difference in cortical actin intensities
between Ras'!? and WT cells nearly vanishes. This suggests
that external strains at least partially alter the apical extrusion
mechanism by preserving uniformity among the actomyosin
contractile patterns in Ras!1? and WT cells. Upon the addition
of FAK inhibitor, blebbistatin, and ROCK inhibitor, the strain-
induced alteration of the actin ratio is largely suppressed. That is,
the formation of a strong actin belt is not eliminated (Figure 2B
and Supplementary Figure 3B). This shows that the abolition
of the strong actin belt via external strains is at least partially
regulated by the Rho-ROCK pathway. It also further supports
the importance of the actin belt in the extrusion process, as
highlighted by the strong correlation between the junctional actin
intensity ratio Ras"!2-RasV!>/WT-WT and the extruding Ras"!?
height (Figure 2C). Importantly, these results show that strain
remodels the cytoskeleton differently in RasV!? and WT cells,
specifically at their junction, thus affecting their interaction.

Depletion of the e-Cadherin Adhesive Belt

in RasV'2 Cells Under Strain
Previous studies have shown that the loss of e-cadherin is an

important step in the development of cancer [38] and that the
loss of cell-cell adhesions is related to more invasive phenotypes
[39, 40]. For instance, activating RhoA and ROCK was found
to promote cancer cell invasion via the disruption of e-cadherin
adherent junctions [41]. We investigated the effects of strain
on junctional e-cadherin signal intensity (Figures 2EG and
Supplementary Figures 4C, 5). We observed that strains induce
changes in e-cadherin differently in WT than in Ras"!? cells. In
the static control, the accumulation of e-cadherin at Ras¥!2-WT
(or RasV!2-Ras"12, see Supplementary Figure 3C) interfaces is
greater than that at the WT-WT interfaces. This e-cadherin
intensity mismatch diminishes (but does not vanishes) upon
cyclic stretching (Figure 2G). This relative depletion of the e-
cadherin adhesive belt in Ras"!? cells is coherent with a model in
which increased RhoA-ROCK activity, in our case via mechanical
strains, promotes a more invasive phenotype.

Strain Promotes Basal SF Formation in WT
Cells but Not in RasV12 Cells

To further investigate the mechanical landscape in which
RasV!? cells evolve, we analyzed the basal actin network of
the monolayer. Almost no basal actin stress fibers (SFs) were
visible in the static DMSO control (Figure 2A). In contrast, upon
stretching, they were largely promoted in the WT cells. This
is illustrated in Figure 2A and quantified in Figure 2D, which
presents the average basal actin intensity (z-slices where SFs are
the dominating contribution, when present) of the WT cells
(Supplementary Figure 4B shows the measured dependence on
strain amplitude). The observed increase of the basal actin
network is consistent with previous work showing that the
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FIGURE 2 | Cyclic stretching promotes actin and e-cadherin reorganization differently in WT and in Ras"'?-transformed cells. (A) Confocal images of the Ras¥12-WT
culture for a static control (top) and a stretched experiment (bottom). GFP-Ras"'? cells are in green. Junctional and basal actin images (red) were obtained as
described in the sections Materials and Methods and S.2. Scale bar is 25 uwm. (B) Ratio of the junctional actin intensity, Ras"'?- WT interface over WT-WT interface.
(C) Correlation between Ras"'? extrusion height and the junctional actin intensity ratio Ras¥'2- Ras"'? over WT-WT. The data from each of the 8 conditions [DMSO
and three drugs, static (c) and strain ()] were separated in three bins each of equal number of cells. (D,E) Average basal actin intensity of the WT (D) and Ras"'? (E)
cells. Both are normalized to the actin intensity summed over all stacks and averaged over the full image. (F) Representative confocal images of the Ras¥'2-WT culture
under strain showing a GFP-Ras"'? cell (green), junctional actin (red) and e-cadherin (magenta). Scale bar is 25 um. (G) Ratio of the e-cadherin junctional intensity,
RasV12-WT interface over WT-WT interface. For (B,D,E,G), three drugs were tested in addition to the drug-free case (DMSO): FAK inhibitor, blebbistatin, and ROCK
inhibitor. Data are mean + s.e.m. ***P < 0.0001, **P < 0.005, *P < 0.05. Stars above the individual bars relate to the corresponding DMSO control or DMSO strain
condition. Stars above the horizontal lines refer to the significance between the control and strain data. From left to right, n = 43, 48, 29, 44, 56, 56, 53, and 57
images, each from 3 to 4 independent experiments. The average ratios of each image were compiled and they were used to determine the mean and the s.e.m. of the
data points reported; the total number of Ras¥'? cells contained in each set of images is given in Figures 1E,F.

activation of the Rho-ROCK pathway (and the subsequent  generation of contractile forces via the Rho-ROCK pathway
increase in myosin phosphorylation) following the application  disrupts cell-cell junctions. From mechanical considerations, a
of substrate strain on cells promotes the formation of the  well-developed actomyosin network exerting high tension tends
actomyosin cytoskeleton [42]. Sahai et al. [43] showed that the  to reduce cell-cell contact and adhesion strength [37, 44]. We
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speculate that the WT-WT cell adhesion integrity is altered by
the increased actomyosin network following cyclic stretching.
Since the fate of Ras¥!? cells depends on their interaction with
the surrounding WT cells, we propose that this remodeling of
the monolayer facilitates the progression of Ras"!? protrusions,
since they grow preferentially at the WT-WT interfaces (see
details below).

For both the drug-free condition and the
pharmacological treatments, no significant difference in Ras
basal actin was observed between the static and stretched
conditions (Figures 2A,E). This significant discrepancy
with WT cells further demonstrates the mismatch in strain
mechanoresponsiveness between Ras"!? and WT cells, and gives
a hint that the former appear less responsive.

three
V12

Strain-Induced Cellular Reorientation Is
Different in RasV'2 and WT Cells

To further demonstrate the strain sensitivity mismatch between
RasV!? and WT cells we analyzed the cellular reorientation, a
common signature of mechanoresponse upon cyclic-stretching.
Although it is generally studied in elongated cells such as
fibroblasts, it has also been observed in epithelial cells, including
in MDCK cells [45, 46]. Interestingly, we found that while
WT cells preferentially reorient perpendicular to the stretching
direction, Ras¥!? cells exhibit a nearly random distribution
(Figure 3A). These results further support the interpretation that
WT cells are more mechanoresponsive to cyclic stretching than
RasV12 cells (in the drug-free case). This reorientation mismatch
was smaller (or non-existent) upon addition of pharmacological
treatments. Figure 3B shows a positive correlation between the
reorientation mismatch (RasV'? vs. WT) and the degree of
Ras"!2 cell invasiveness for the four pharmacological conditions
investigated (DMSO, FAK inhibitor, blebbistatin, and ROCK
inhibitor). A greater reorientation mismatch coincides with
larger basal protrusions and a lower average Ras"!? height. While
we do not suggest causality between these parameters, it is
consistent with our general results showing that Ras¥!? and WT
cells have a different sensitivity to strain. Additionally, we found
that cyclic stretching impacts differently the level of basal vinculin
intensity in RasV!? cells when compared to that of WT cells,
suggesting differences in the connections between the substrate
and F-actin networks [47] (Supplementary Figures 6A,C).

The Surrounding WT Cells Guide the

Ras"'2 Protrusion Growth Direction

The ability of transformed cells to grow protrusions is known
to facilitate and guide their invasion and progression [18,
48, 49]. We observed that the application of strain promotes
protrusion formation in our model system, although it is as yet
unclear what influences their growth direction. We analyzed their
orientation with respect to the strain direction and found a nearly
random distribution (not shown). Interestingly, we observed that
protrusions grow preferentially parallel to the strain-induced
basal SF network of the neighboring WT cells (Figure 3D). As
the driving force for protrusion growth is associated with the
polymerization of localized actin filaments [48], it is possible that

less resistance is encountered along that direction. Protrusion
formation is thus guided at least partially by their interaction
(either mechanical or chemical) with the surrounding WT
cells, whose organization is modified by strain. We also found
that Ras"!? cell protrusions grow preferentially along WT-WT
interfaces (Figure 3C). The progression of protrusion that seems
facilitated under cyclic stretching (Figure 1F) is thus consistent
with the strain-induced promotion of the actomyosin contractile
apparatus, demonstrated previously to weaken intercellular
junctions [42]. These findings demonstrate that the structure
of the WT monolayer modulates Ras"!? protrusion progression
under cyclic stretching. They suggest that the tissues comprising
the microenvironement of transformed cells, and importantly the
way they are shaped by physiological forces, are critical in guiding
basal invasion.

DISCUSSION

Cyclic stretching is known to induce actin cytoskeleton
remodeling and increase actomyosin contractility via the
activation of the Rho-ROCK signaling pathway, downstream
phosphorylation of the myosin light chain kinase (MLCK), and
myosin IT activation [42]. It is also recognized that reorganization
of the cytoskeleton is involved in the process of cancer cell
invasion and metastasis [1, 22, 50]. A direct link has been
established between the activation of the Rho signaling pathways
(in particular targeting actin remodeling) and the ability of a
tumor cell to initiate invasion [49, 51]. RhoC and localized RhoA
have been shown to play critical roles in protrusion growth
[18, 51]. Here we demonstrated that pharmacological treatments
inhibiting ROCK or myosin II activity hinder the effects of
strain on the system by partially restoring apical extrusion
and inhibiting protrusion formation. This indicates that cyclic
stretching drives the system toward Ras"!? invasiveness through
the activation of cytoskeleton-modifying proteins, at least in part
by activating the Rho pathway (see Figure 4). Interestingly, while
ROCK inhibition and ROCK activation (via strain) suppress
apical extrusion when applied independently, their combined
effects partially restore it. Since both of these conditions are
known to interfere with ROCK in opposite ways, it suggests that
a precise cytoskeleton mechanical configuration is required to
enable apical extrusion.

The process by which transformed epithelial cells escape their
primary site is not fully understood [7]. Apical extrusion is the
typical mechanism by which epithelial cell turnover takes place.
In contrast, oncogenic mutations can alter this process, resulting
in basal extrusion, and potentially enabling invasion and escape
toward the tissue they envelop [7, 15-17, 52]. For instance, K-
Ras cells (not studied here) were shown to be predominantly
basally extruded via degradation of S1P, preventing the formation
of the strengthened contractile belt in the surrounding WT
cells [15]. S1P is also known to be required for the H-Ras
apical extrusion [53]. Its binding to SIPR2 receptors in WT
cells leads to filamin accumulation (a force generator) via the
Rho-ROCK pathway. Here we found that while apical extrusion
is preponderant in H-Ras cells under static conditions, cyclic

Frontiers in Physics | www.frontiersin.org

April 2021 | Volume 9 | Article 654613


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Chagnon-Lessard et al. Strain Regulates an Invasive Phenotype

A B
Q
=} WT cells: |C_Jcontrol
§0'25 cells Ml strain T 2 4*;/ 2 ©
3 0.2 = = 1 L7 1 g %
3 = = 5
2 .%0 e 0 ﬁ,’ g E
©0.15 € $—“‘T 0 29
g w 0 S
5 0.1 e 71 . 15 £
o = AN o ©
E005 52 ‘22"3
"0 20 40 60 80 o
. -3 -3
cell angle (vs x-axis)
-5 0 5 10
8 0.25 Ras cells: |_Icontrol Strain-induced reorientation mismatch
S Elstrain (A0 -A0 vi2)
= avg WT avg Ras
3 0.2
o
5]
= .
2045 D Basal actin, XY:  2Y:
=)
'ﬁ 0.1
o
Y 0.05
0 15 30 45 60 75 90
cell angle (vs x-axis)
Cc
4
O
[
2
)
m ~
-4
a
u.
O
) 0.3
£ *kk ]
- a1.2 e
S e = g
e 1 0.2
o g o
:% :0 8 S
g S0
=] -
= every- above °
where protrusions =

0 153045607590

o]
6)Ras prot. ) GWT actin SFs [ ]
FIGURE 3 | Orientation analysis. (A) Cellular reorientation response to cyclic stretching (after the substrate is returned to its unstretched condition). Normalized
incidence histogram of the angle difference between the cell body direction and the stretching axis for the WT (top) and Ras"'? (bottom) cells. nwrcontol = 5,261 cells,
Nwstrain = 5,076 cells, NRascontrol = 287 cells, and Npasstrain = 189 cells from 3 independent strain and 3 independent control experiments. (B) Correlation between the
reorientation mismatch and the strain-induced changes in average Ras"'? cell height and protrusion area. Each point corresponds to one pharmacological condition
(from left to right: ROCK inhibitor, blebbistatin, FAK inhibitor, and DMSO). The reorientation mismatch is the difference between the strain-induced reorientation of the
WT cells (Abayg wr) and that of the Ras"'2 cells (AbBayg Ras), Where Abayg = Oayg strain — Bavg contro- When the mismatch is zero, the degree of cell reorientation under
strain is the same for Ras"'2 and WT cells. When it is higher than zero, the reorientation response is greater in WT cells. (C) Top: rather extreme example of Ras"'2 cell
with protrusions growing preferentially at the WT-WT junctions. Scale bar is 11 wm. Bottom: the average WT junctional actin intensity is greater above the Ras"'?
protrusions than it is in average elsewhere. Control and strain DMSO conditions combined together, n = 91 images (each image contained 1-10 Ras"'? cells from 1
to 4 clusters, and hundreds of WT cells) from 3 independent control to 3 independent strain experiments. Data are mean + s.e.m., ***P < 0.0001. (D) Top:
representative confocal images of basal actin (red) and GFP-Ras"'?~ (green) showing a protrusion growing parallel to neighboring actin SFs. The arrows point at the
same SF in two different views. Scale bar is 6 pm. Bottom: normalized incidence histogram of the angle difference between the protrusions and the neighboring WT
actin filaments (under strain only). This analysis could not be performed for the static condition due to the scarcity of basal actin filaments in the absence of stretching.
n = 190 protrusion segments from 3 independent experiments.

stretching rather drives their average height toward the basal side ~ in the mechanism by which strain promotes basal invasion. It
of the monolayer. In light of this, it would be relevant to study =~ would also be interesting to investigate the potential involvement
the S1P levels in the system to determine if they are involved  in our system of the mechanosensory channel Piezo, recently
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stretching, abolishes the formation of the actin belt around Ras"'? cells and potentiate Ras"'? protrusion growth. The addition of ROCK inhibitor in a mechanically
dynamic microenvironment partially restores the cortical actin belt around Ras"'2 cells and the apical extrusion process.

identified as playing a key role in the basal dissemination of
RasV12 cells in an in vivo model [52]. Furthermore, all the results
described in this work were obtained using an impenetrable solid
PDMS membrane as the substrate, which is different from in
vivo conditions. Although technically challenging, in the future
it would be enlightening to stretch cells on hydrogels or porous
membranes to investigate potential basal extrusion behaviors.
For instance, another type of Ras'!2-transformed cells, plated
on collagen gel, were previously shown to extrude toward the
basal side [54]. Directly measuring the mechanical properties of
the monolayer, such as mapping stiffness or forces generated by
the cells, would also provide crucial information. More generally,
further work is needed since the type of cell, microenvironement,
and mechanical stimulus greatly affect the cellular response.
Increased invasion of human fibrosarcoma cells was observed in
a collagen/fibronectin scaffold when subjected to tugging forces,
in line with our results [25, 26]. Interestingly, daily stretching
exercises in mice was found to reduce in vivo tumor volume [55].
When subjected to low frequency (0.01 Hz) and strain magnitude
(1.4%), in vitro human breast cancer cells were shown to increase

their length and form filopodia in the initial stretching cycle but
to undergo apoptosis in later stretching cycles [56].

Many studies have reported that the interactions (mechanical
and chemical) between epithelial WT and transformed cells
drive apical extrusion in a non-cell-autonomous fashion [13, 14,
53]. The importance of the Ras¥12-WT heterotypic interactions
for the cellular behavior of RasV!? cells is further supported
by our result that surrounding WT cells guide the Ras"!?
protrusion growth direction. The apical extrusion process is
known to involve the generation and transmission of forces via
the cytoskeleton and cell-cell adhesions [14, 27, 28]. Overall,
our study shows that strains affect key mechanical structures
differently in WT than in Ras¥'? cells, including the cortical
actin, e-cadherin, basal SFs, cell body orientation, and vinculin.
Strain-induced perturbations bring the cellular system to a
new mechanical configuration. The achieved state, at least
partially regulated by the Rho-ROCK pathway, favors basal
invasion of the epithelia by the Ras"!? cells rather than apical
extrusion. Better understanding of how these mechanically-
induced reorganizations are orchestrated may help in finding
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new potential avenues for preventing cancer spreading, for
instance by targeting mechanical strain pathways. Our results
also show that pharmaceutical treatments can have an opposite
effect on the RasV!? cell’s behavior, depending if the system is
being stretched or not. Of course, we must recognize that while
complex biophysical phenomena were observed in this study,
the system being examined is essentially a proof-of-concept
model for transformed cell extrusion and invasion phenotypes.
Certainly, much more work in vitro and in vivo will be required
to understand how the phenomena reported here translate into
more complex systems and animal study. However, these insights
gained here demonstrate the importance of considering the
implementation of mechanically dynamic environments when
designing cancer research studies [57], especially in the very
earliest stages of therapy development.

MATERIALS AND METHODS

Microfluidic Device and Strain

Characterization

A detailed description of the microfluidic device fabrication
and characterization can be found in previously reported
work [30]. Briefly, the PDMS (Sylgard184, Ellsworth Adhesives
Canada Corporation) microfluidic stretchers were prepared
using standard microfabrication techniques, including UV
photolithography and soft lithography. Each device contains a
thin square suspended PDMS membrane (1.6 mm x 1.6 mm x
10 um) that is attached to four vacuum chambers (two were used
here). The cyclic action of a pair of isolated vacuum chambers
(sinusoidal wave form, controlled via a homemade Labview
program) deforms the walls in which the membrane is anchored,
thus stretching the latter. The generated strain field pattern is
biologically relevant with strain amplitudes varying from 3 to 9%
and strain gradient amplitudes varying from 0 to 12% mm™!,
mimicking in vivo strain non-uniformity [58]. The estimated
stiffness of the PDMS membrane is 0.5 MPa based on previously
reported characterizations of similar PDMS substrates [59, 60].

Cell Lines, Cell Culture, and Inhibitors

RasV!? is a stable MDCK cell line expressing in a tetracycline-
inducible manner the oncogene Ras (GFP-tagged) [13]. Prior
to seeding the cells into the microdevice, the PDMS membrane
was air-plasma treated (Glow Research, Tempe, AZ, USA) at
70 W for 5min. Sterilization and washing were performed by
flowing 70% ethanol for 5 min followed by autoclaved phosphate
buffered saline (PBS) solution for another 5 min. The membrane
was then coated with Rat-tail collagen I (5 jLg cm™~2, Gibco) for
4h and rinses with PBS. A solution of suspended cells (ratio
of 1:75 Ras¥1? to WT MDCK) was injected into the device
and incubated for 10 h to grow the monolayer. Cyclic stretching
of the well-adhered co-culture was initiated immediately after
RasV!? activation with tetracycline (2 jLg/ml). The monolayer was
stretched for 24 h at 1 Hz in the incubator. Inhibition studies of
focal adhesion kinase (PF-573228, 10 M, Selleckchem Inhibitor
Expert, Catalog No. S2013), Rho-kinase (Y-27632; 10 uM, S
cadherin ma, Catalog No. Y0503), and myosin-II (blebbistatin;
10 .M, Sigma, Catalog No. B0560), were achieved by exposing

the cells immediately before stretching. The pharmacological
treatments used were stored in dimethyl sulfoxide (DMSO) stock
solutions. The drug-free experiments were supplemented with
0.1% DMSO.

Immunofluorescence Microscopy

Prior to DNA, actin, and e-cadherin staining, cells were fixed
with 3.5% paraformaldehyde (15min) and permeabilized with
Triton X-100 (3min) at 37°C. The DNA was labeled with
DAPI (Invitrogen, Catalog No. D1306), the actin with phalloidin
conjugated to Alexa Fluor 546 (Invitrogen, Catalog No. A22283),
and the e-cadherin with monoclonal rat anti-e-cadherin (Sigma,
Catalog No. U3254) primary antibody followed by polyclonal
anti-rat IgG secondary antibody conjugated CF-647 (Sigma,
Catalog No. SAB4600186). On-chip cell imaging was carried
on with a long-distance 25x objective (NA = 1.1) and an
upright laser scanning multiphoton confocal microscope (Nikon
A1RsiMP). Fluorescence imaging was performed with a z-step
size of 1um and each stack typically contained between 15
and 40 slices, depending on the Ras"!? cell extrusion level.
The fluorescence signal of the images presented here have been
optimized by adjusting the brightness/contrast settings using the
program Image]. The despeckle function has only been used
on images showing large cell components to remove salt and
pepper noise. The maximum intensity z-projection of either the
full stack or of a subset of slices is shown depending on the
element of interest. Further details are provided in section S.2 of
the Supplementary Material.

Data and Image Analysis

Statistical significances were determined using unpaired two-
tailed Student’s ¢-tests, assuming unequal variances. The image
analysis was performed using homemade Matlab programs
making use of the image processing toolbox. Details of the
image analysis strategies (as well as additional information on
the material and experimental methods) are provided in section
S.2 of the Supplementary Material. Briefly, in each image, the
nucleus positions and the cell contours of all RasV!> and WT
cells were determined (Figure 1A). The basal z-slice projections
were obtained using the three slices centered 4 um below the
local average height of the nuclei and were used to extract the
protrusions and the basal actin (Figures 1F-H, 2D,E, 3B,D). The
cell heights (Figures 1E,G,H, 2C, 3B) were determined based
on the apical maxima of the actin intensity profiles along the
z-axis, averaged over the cell areas. The junctional intensities
(Figures 2B,C,G) were determined based on the extracted cell
contours using a width of ~4 um and summing over all slices.
The orientation (in the X-Y plane) of the major axis of the cell
bodies was extracted to produce Figures 3A,B.
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