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Abstract

Epithelia act as a barrier against environmental stress and abrasion and in vivo they are
continuously exposed to environments of various mechanical properties. The impact of this
environment on epithelial integrity remains elusive. By culturing epithelial cells on 2D
hydrogels, we observe a loss of epithelial monolayer integrity through spontaneous hole
formation when grown on soft substrates. Substrate stiffness triggers an unanticipated
mechanical switch of epithelial monolayers from tensile on soft to compressive on stiff
substrates. Through active nematic modelling, we find unique patterns of cell shape texture
called nematic topological defects that underpin large isotropic stress fluctuations at certain
locations thereby triggering mechanical failure of the monolayer and hole opening. Our results
show that substrate stiffness provides feedback on monolayer mechanical state and that
topological defects can trigger stochastic mechanical failure, with potential application towards
a mechanistic understanding of compromised epithelial integrity in bacterial infection, tumor
progression and morphogenesis.

Keywords: rigidity, epithelium, MDCK cells, hole formation, polyacrylamide gels, tissue
stress and tension



50
o1
52
53
54
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81

The plasticity of epithelial tissue is crucial during animal ontogenesis, and wound healing*™.
Epithelia are cell sheets that act as a covering for most of the internal and external surfaces of
the body, playing an important role as protective barriers. As such, epithelial cells are
constantly challenged by the environment assaults. In response to these challenging
environments, epithelia are subject to constant cell renewal and cell extrusions, whose balance
is key for epithelia homeostasis but also modify their shapes®. These morphological changes
include the formation of holes between cells which are crucial for tissue development®’ but
also in macrophage infiltration® or diseases such as diabetes®, asthma®® and cancer .

Epithelial integrity is maintained under the guidance of long range and coordinated mechanical
forces®. These force patterns give rise to tissue scale stresses that assist in the maintenance of
tissue homeostasis by controlling cell division?, cell intercalation®, cell extrusion!? and cell
migration®®. While local compression contributes to cell extrusion®*, cell division? and
migration®3 occur in a tension dependent manner. In vitro, migrating epithelial cells display a
tensile stress gradient that increases as one moves from the front to the middle of the migrating
sheet!3!®> mediated through E-cadherin based adhesions®®. However, excess stress buildup can
result in tissue fracture. In vitro studies have shown that tension build up results in tearing of
suspended proliferative epithelial monolayers indicating that tensile stresses can contribute to
hole formation in growing epithelia”*8. In vivo studies across various organisms such as
Drosophila melanogaster, Trichoplax adhaerens and Hydra'®-?2 have shown hole formation to
be an important developmental feature necessary for growth. This occurs through a build-up of
force and stress within the developing epithelia leading to subsequent loss of cell-substrate
adhesions??. The rupture is either initiated through tension build-up at cell-cell contacts as in
chick lung epithelia®, or tissue level tension as in the peripodial epithelium in Drosophila leg®®.
In other studies, the loss of cell-cell junctions in Drosophila?* or reduction of junctional
contractility in Tribolium castaneum?® leads to temporary hole formation and loss of epithelial
integrity. During mouse embryogenesis, cracks at cell-cell contacts gives rise to eventual
opening up of the lumen and blastocyst formation in a tension dependent manner’. All these
results across various model organisms show that hole formation possibly occurs in a tension

dependent manner and can be related to the strength of cell-cell and cell-substrate adhesions.

However, the impact of cellular and tissular mechanical forces and stresses on epithelial
integrity remains unclear. These mechanical stresses can be modulated by parameters such as

substrate geometry and adhesiveness and rigidity?®-28, Rigidity is known to impact a large
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variety of biological processes including cell adhesion, migration and differentiation?”2°-34 and
stiffness mechanosensing relies on the cross-talk between cell-cell and cell-substrate
adhesion®-%". Here, we used substrates of various stiffness on which we cultured epithelial
cells as a tool to modulate tissue mechanics. We revealed that substrate stiffness induced a
switch from a tensile state on soft to compressive on stiff substrates. Furthermore, this tensile
state observed on softer substrates favors the formation of spontaneous holes within epithelial
monolayers at nematic topological defects, further confirmed by our modeling approaches
combining cell-based simulations and continuum hydrodynamic theory.

Hole formation in epithelial monolayers is rigidity-dependent

We first cultured MDCK epithelial cells on polyacrylamide (PA) gels of distinct stiffnesses,
2.3 and 55 kPa (hereafter referred to as unconfined condition). Surprisingly, we observed the
spontaneous formation of holes within intact monolayers on 2.3 kPa gels (Figure 1la,
Supplementary movie S1) during their expansion but not on 55 kPa (Figure la,
Supplementary movie S1). To better control culture conditions, we thus used PA gels with
circular micropatterns (Lmm diameter) using deep UV patterning (hereafter referred to as
confined condition) (Figure 1b), in combination with live cell imaging to study the response
of cell monolayers to substrate stiffness (Figure 1c, Supplementary movie S2). We noted a
significant increase in the density of holes upon confining the monolayers (Extended Figure
1a) on 2.3kPa gels to ~18+9 holes/mm?. On 2.3kPa gels holes formed at the rate of 3.4+1.5
holessmm?h (n = 15 circles in 2 independent experiments). Similar to the unconfined
conditions, MDCK monolayers formed holes in a rigidity-dependent manner and the
prevalence of holes monotonically decreased with the increase in gel stiffness (Figure 1d,
Supplementary movie S2). Hence the most stable holes were observed on gels of stiffness 2.3
kPa (Figure 1c, d) and thus, we continued to study hole growth and dynamics on 2.3 kPa gels.
Using live imaging of Cy5-tagged fibronectin coated gels, we verified that hole initiation was
not associated to any pre-existing inhomogeneity nor progressive loss of fibronectin coating

over the time scale of our experiments (Extended Figure 1b, Supplementary movie S3).

A closer examination revealed two types of cellular events prior to hole initiation: ~10% of
holes were associated to breakage of junctions between stretched cell (Extended Figure 1c,
Supplementary movies S1 and S4) while ~90% (n=30 holes, 2 independent experiments)
were formed in the immediate vicinity of a figure of cell division at the time of cytokinesis (or

of abscission of the intercellular bridge®®) (Extended Figure 1d, Supplementary movie S4),
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with the hole major axis aligned with the division axis, (Extended Figure 1d,e). Within the
preceding 50min to a hole detection event, the nearest cell division formed at a mean distance
of 14+4um, against 36um if cell division were randomly distributed, see Extended Figure 1f

and Supplementary movie S4.

Only in very few instances we observed the formation of holes on stiff substrates and only at
higher densities. However, the prevalence of hole formation on 2.3 kPa (soft) gels increased as
a function of cell density (Figure 1e) and these holes continue to grow as the density increases
(Supplementary Movie S2). As suggested above, hole formation may be induced through two
different mechanisms associated to cell stretching and cell division, respectively. Interestingly,
when comparing cell proliferation on soft and stiff, we found a significant decrease in cell

proliferation on stiff substrates (Extended figures 1g, h).

To delineate the role of cell division we blocked DNA synthesis by mitomycin C treatment.
Upon mitomycin C treatment on 2.3kPa gels we obtained a significant reduction in the number
of holes formed per unit surface (Figure 1f), indicating that when cell division is blocked, hole

formation is largely blocked as well, but cell stretching events can still lead to hole formation.

We generalize our findings by performing complementary experiments on the colorectal
adenocarcinoma epithelial cell line Caco2, which displayed a similar behavior as MDCK cells
leading to hole formation on soft (2.3 kPa) substrates (Extended Figure 1li, Supplementary
movie S5). Altogether, these observations point towards hole formation in epithelial

monolayers due to altered cell-cell interactions mediated by substrate stiffness.

Dynamics of hole initiation and growth

Tracking the dynamics of hole opening through a side view angle and imaging MDCK
monolayers tagged with actin-GFP showed differences in the curvature formed by the cell edge
at the hole periphery during and after hole opening. At early stage of hole initiation, cells spread
on the substrate and the cell front formed a contact angle with the substrate lower than 90°,
suggesting that rupture first occurs on the apical side (Figure 2a(i), b). During hole opening,
the local curvature of the cell front changes, evidenced by an increase in contact angle between
the cell front and substrate (greater than 90°) (Figure 2a(ii), b). The change in curvature of the
cell front and the radial speed of hole growth are reminiscent of an active dewetting process,
previously described during cell spreading®**° as a result of low interactions with the
underlying surface or increased tension. In addition, at high cell density, a side-view of nuclei-
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labelled monolayers revealed a preference to form multilayered epithelia at the hole boundary
(Figure 2c, d). This shows that cells at high densities prefer to pile up around the hole instead
of closing it, pointing towards reduced substrate adhesion.

Along this line, tracking the dynamics of holes revealed two distinct lifetimes: short-lived holes
that tend to close in less than 5 hours (Figure 2e, Extended Figure 1j, Supplementary movie
S6) and long-lived holes that stayed open for a longer duration (at least during the time course
of our experiments) (Figure 2f, Extended Figure 1k, Supplementary movie S6). Computing
the area of these short- and long-lived holes, revealed a threshold area, around 4000um?
(corresponding to approx. 36um in radius) beyond which the holes tended to be long-lived
(Figure 2g). These long-term holes occasionally grew through the fusion of two holes forming
a larger one while in other cases, fission of large holes results in the formation of two small
holes (Supplementary movie S2).

Reduced substrate adhesion triggers hole formation

Previous studies have shown that substrate stiffness has a strong impact on focal adhesion (FA)
mechanosensing at single and collective cell levels**~*® while its role in regulating cell-cell
adhesion remains less clear®’®, We first looked at the role of substrate adhesions during hole

formation.

To this end, we decreased the fibronectin concentration from 20 pg/ml to 5 pg/ml (see
Methods). On 2.3 kPa gels varying fibronectin concentration did not significantly affect hole
formation. On stiff (55 kPa) gels the hole formation further diminished to zero on 5 pg/mi
compared to close to zero at 20 pg/ml (Extended Figure 2a). However, when soft (2.3 kPa)
gels were patterned with different amounts of fibronectin simultaneously (see Methods), holes
preferentially formed on regions of low fibronectin coating (Figure 3a, Supplementary movie
S7), with 60% probability. No holes were formed in the other cases (n= 10 samples in 2
independent experiments). We then stained for cell-substrate adhesion marker (paxillin), where
we noted a marked increase in the length and area of focal adhesions on 55kPa gels in
comparison to 2.3kPa gels (Extended Figure 2b-d). In agreement with*, we also showed that
both the number and length of substrate adhesions reduced as cell density increases (Extended
Figures 2e-g) which may explain the higher propensity of holes to remain open at high density
(Supplementary movie S2). Altogether, these results point toward a major contribution of

stiffness sensing over purely substrate adhesion mechanisms on hole formation.
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Mechanical failure of monolayers grown on soft substrates is unlikely to be explained by a
lower strength of cell-cell adhesion as no difference in junctional E-cadherin intensity within
MDCK monolayers was observed whether grown on 2.3kPa or 55kPa gels, nor did E-cadherin
intensity change prior to hole formation on 2.3kPa (Extended Figure 2h-k). Yet, we observed
an increase in the junctional intensity of vinculin on soft substrates, as compared to the stiff
ones (Extended Figures 21, m). This increase in junctional vinculin, a mechanosensitive
protein - known to shuttle between cell-cell contacts and cell-substrate adhesions in a force
dependent manner*’8, accompanied by reduced substrate adhesion point towards a build-up in

junctional stresses leading to hole formation on soft (2.3kPa) gels.

We tested this interpretation through an in silico vertex model of epithelial tissues (see
Methods)*. In such framework, the dynamics the contacts between cell-cell junctions
(vertices) results from a balance between a drag friction to the substrate and internal stresses
generated within cells; constant tissue flows were achieved through an active stress mechanism
(see Methods and next paragraph). Modulating surface friction in our simulations resulted in
higher cellular stresses within regions of low substrate friction (Extended Figure 3a, b), in
agreement with our experimental observation of hole formation at low fibronectin density

(Figure 3a).

Importantly, these results can be recapitulated by considering a minimal Kelvin-Voigt
rheological model for cells which accounts for the role of cell-substrate friction. In such model,
the stress load imposed by the tissue on an individual cell is shared between the viscous drag
on the substrate (damper) and a bulk cell or cell-cell elastic moduli (spring). In regions of
reduced adhesion molecule density or low substrate elastic modulus®, a lower viscous drag on
the substrate is expected®. In a Kelvin-Voigt model, a weaker damper (low adhesion) results
in a higher stress load within cells (spring). Since higher stresses within epithelial monolayers
has been attributed to mechanical failure of cell-cell junctions’, our Kelvin-Voigt model
explains why hole formation is favored by a lower adhesion at the cell-substrate interface in

both experiments and simulations.

Monolayer tension on soft gels drives hole formation

Our results thus far, point towards an increase in junctional tension on soft (2.3kPa) substrates.
To assess the contributions of tension during hole formation, we measured traction forces and

inferred stress within the monolayer using Traction Force Microscopy (TFM) and Bayesian
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Inversion Stress Microscopy®? (BISM), respectively (Figure 3b). In these experiments, we
used 30 kPa as stiff substrates instead of 55 kPa due to limitations of TFM use at higher
stiffnesses. We first confirmed that cells exerted higher traction forces on stiffer substrates both
under confined and unconfined conditions (Figure 3c, Extended figure 3c). Additionally, in
confined MDCK monolayers the direction of traction forces along the diameter of the circle
changed from soft to stiff substrates, i.e., traction forces pointed inward on soft and outward
on stiff substrates (Figure 3d, Extended figure 3d), revealing a potential change in stress
patterns within the monolayer. Computing monolayer stresses, we observed a change in the
sign of averaged monolayer isotropic stress from positive values (~ 50 Pa.um) (negative
pressure) on soft substrates to a negative values (~ -60 Pa.um) (positive pressure) on stiff
substrates under both confined and unconfined conditions (Figure 3e, Extended figure 3e).
Our results are in agreement with previous studies that described cellular monolayers to be
tensile on soft substrates'®®2 but unveiled an unanticipated switch from a tensile to a
compressive state upon increase in substrate stiffness (Figure 3e). We further confirmed our
stress inference results using laser ablation on cellular monolayers plated on 2.3 kPa and 30
kPa gels (Supplementary movie S8). The recoil velocity (noise level ~0.6 pum/sec) of
monolayers was negligible on 30 kPa gels but significant around 2.5um/s on 2.3 kPa gels

(Figure 3f) confirming the tensile nature of the epithelial monolayers on soft gels.

We then investigated the changes of cell movement and monolayer tension in the vicinity of
the hole over time. About 30-50 minutes prior to hole initiation in a region of about 5 cell radii,
cells showed outward movement combined by high velocity vectors pointing outwards and
positive divergence (Figure 3g top, Extended Figure 3f). Traction force vectors demonstrated
a similar pattern, where cells exerted outward forces before hole initiation (Extended Figure
3g). The isotropic stress exhibited a local buildup of tensile stress which relaxed prior to hole
initiation (Figure 3g bottom, h, Extended Figure 3h) and about 14% of all tensile regions
give rise to hole formation. This local spike in stress prior to hole formation was in striking
contrast to the overall monolayer stress that remained unchanged (Figure 3h). We quantified
the straightness of E-cadherin junctions, a direct indicator of the local stress in the tissue®® and
found an increased straightness around the hole in comparison to the regions far away from the
hole (Extended Figure 3i, j) confirming the implication of local tensile stresses in the process

of hole initiation.
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To understand the origin of this difference in tissue stresses with substrate stiffness, we turned
to a vertex model approach where cell-adhesion energy can be modulated. Beyond the
individual cell shape energy function (Method), we expect substrate interactions to modify the
cell-substrate adhesion energy® through a contribution §U = —y,, A, where A4 is the cell area;
this results in a modulated spreading area Ay = Ay + vy, /Ky, Where K, is the standard area
elasticity (SI). Thus, having constant cell divisions with a constant spreading area of each
daughter cell A leads to a simulated tissue under compression (Figure S5). However, a
reduced spreading area of daughter cells upon cell division gives rise to a simulated tensile
tissue (Figure S5). Such interpretation is consistent with our experimental observations of

tensile monolayers on soft substrates with reduced size of focal adhesions.

Nematic ordering of cells initiates hole opening

To understand the origin of this increase in local stress, we looked at local organization of cells
since nematic ordering and defects (trefoils or comet shapes, corresponding to -1/2 and +1/2
topological defects) (Figure 4a), with either extensile!*>>® or contractile>®>" active stresses
give rise to characteristic stress profiles around these defects. In particular, isotropic stress
exhibits distinct patterns between -1/2 and +1/2 defects as it is tensile around -1/2 defects
(Figure 4a left) and compressive at the head portion and tensile at the tail end of a + 1/2 defect
(Figure 4a right)*. Topological defects are found on both soft and stiff substrates with
comparable number of defects formed on soft and stiff substrates as shown in Extended Figure
4a. Tracking the movement of +1/2 (comet) defects revealed monolayers to be extensile on

both soft and stiff substrates.(Extended Figure 4b) in agreement with our previous work'#6,

Upon calculating the MSD of defects, we found the lifetime of +1/2 defects to be 129+49 mins
on soft substrates and 92+90 mins on stiff substrates (Extended Figure 4c), although, -1/2
defects were slower than +1/2 defects on both substrates as shown previously®>°. We then
compared this to the persistence of tensile hotspots in a region of 51x51um at random locations
and we find that tensile regions are persistent for a longer period on soft substrates in
comparison to stiff substrates. The mean lifetime of tensile regions on soft substrates was
97.5£39 min while the mean lifetime of +1/2 defects on soft substrates was 129+49 min thereby
showing a strong correlation with the lifetime of +1/2 defects. However, the persistence of
tensile regions on stiff substrates was 5321 min and is lower than the lifetime of +1/2 defects
(Extended Figure 4d).
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The stress pattern around defects on soft and stiff substrates seem to be different. +1/2 defects
have compressive stresses at the head of the defect and tensile stresses around the tail on soft
substrates, whereas stresses are overall compressive on stiff substrates at +1/2 defects but less
at the tail (Extended Figure 4e, f). Moreover, the cores of -1/2 defects on soft substrates exhibit
tensile stresses (Extended Figure 4g) on the contrary the core of -1/2 defects are compressive

on stiff substrates.

Upon correlating the location of hole formation with the defect location, we find that the holes
form at specific locations around topological defects on soft substrates, with ~70% of holes
initiated at locations near -1/2 nematic defects which are under tensile stress prior to hole
initiation (Figure 4b left) while the remaining ~30% holes were initiated close to the tensile
tail region of a +1/2 defect (Figure 4b right). Altogether, these results show that the formation
of holes is favored on soft surfaces (i) due to the overall tensile nature of the monolayer and
(ii) near -1/2 defects or tail region of +1/2 defects due to a local amplification of tensile stresses.
However, dividing these holes into different groups based on their origin (cell division or cell
stretching) and correlating them to the formation of topological defects showed no correlation
between topological defect shape and either event of hole formation. In our experiments ~50%
of hole formation driven by cell division was related to a +1/2 defect and ~50% of holes driven

by cell stretching were driven by +1/2 defect formation. (Extended Figure 4h).

We used our cell-based vertex model to explore whether topological defects could underpin
the large stresses needed to trigger hole opening. Indeed, as visible in Figure 4a, the mean
stress around the topological defect is at a maximum of 60 Pa.um, significantly lower than the
range of stresses observed to trigger hole opening (200-500 Pa.um, Extended Figure 3d).We
utilized a recent method to generate cell-based nematic stresses*®>° that were oriented by the
cell shape®®¢96L (SI 1). We show that such cell-based active stresses lead to spontaneous tissue
flows (Supplementary movie S9) with spontaneous generation of +1/2 topological defects
with average stress patterns that match those observed in experiments (Figure 4c, d). We
further found that the 95" upper percentile (Methods) of the isotropic stress, is in that range of
values of stresses needed to create holes. Importantly, it exhibited the same pattern as mean
stress both in simulations (Figure 4d, e) and experiments (Figure 4b, f). Together, both
experimental and numerical results show that hole formation on soft surfaces emerge in areas

of high tension associated to specific location around topological defects.
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To further identify the mode of stress-mediated fracture we validated our model prediction that
regions of large shear stresses (as quantified through the Von-Mises criterium, Methods) were
anti-correlated to the location of hole opening (Extended Figure 5). Hole opening is therefore
a mode | (tension mediated) process according to classical terminology in material science®?.

Here, the measured stress maps were obtained through coarse-graining over a few cell sizes.
We utilized our cell-based simulation framework to test whether we could test hypothesis at
the single cell-cell junction scale. Initiating holes by splitting a vertex into three, we
investigated whether cell-cell junction ruptures could either be mediated (i) through normal
stresses applied to cell-cell junction or (ii) by the junction elongation rate (Extended Figure
6a, b). We found that only the normal stress hypothesis is consistent with holes forming in

regions of extreme isotropic stresses (Extended Figure 6c-f).

Reducing the level of active stress level led to a lower amplitude of stress fluctuations thereby
suppressing hole formation in our simulations (S1). This is in qualitative agreement with our
experiments where 50uM CKG666 (inhibitor of actin polymerization) led to abrogation of hole
formation (Extended Figure 7a, b) and treatment with 20 puM blebbistatin (Myosin 1A
inhibitor) led to reduced number of holes (Extended Figure 7b, c), in spite of both

blebbistatin'* and CK666 treatment maintaining extensile activity (Extended Figure 7d, e).

Hole dynamics

We then evaluated the dynamics of holes in our simulations using the same parameter set as in
Figure 4 and Extended figure 8a. As in experiments, we identified short-lived holes with a
lifetime < 5 hours (Figure 2e, Extended figure 8a, Supplementary movie S10) and long-
lived holes that stayed open for a longer duration (Figure 2f, Extended figure 8b,
Supplementary movie S10). On short times, hole growth was linear with a radial speed of (6.1
+0.1) x 10 um/s (Extended figure 8c), leading to similar values as those reported by Beaune

et al*® for spreading sarcoma cell aggregates (9 + 0.5) x 10 um/s).

As holes grew and opened, they evolved from a circular to an irregular shape featuring finger-
like structures (Figure 5a, Extended figures 8a, e and Supplementary movie S10) both in
simulations and experiments. Occasionally, such fingers could reach the other side of the hole
and drive fission of a large hole into two smaller ones (Extended figures 8a, e and
Supplementary movie S10) both in simulations and experiments. In addition, during the phase

of opening, cells at the periphery of hole became increasingly elongated and organized

11
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themselves tangentially at the margin of the hole both in simulations and experiments (Figures
5b, c). This tangential organization continued until the hole reached its maximal area (Figure
5c, Extended Figure 8f). In contrast, closure of these holes was associated to a loss of
tangential organization in both experiments and simulations (Extended figures 8a, e).

We propose a simplified coarse-grained model to fit the hole dynamics and the existence of
short and long-lived holes (SI). The hole opening rate is determined by a mechanical balance
between (i) the local tissue tension around the hole o, (ii) a resisting line tension, denoted by y
(amount of mechanical work required to create a new free interface within the tissue), along
with stresses associated to cell elongation around the hole, denoted by {Ag where Aq quantifies
the local elongation field within a nematic layer of width A around the hole and (iii) a bulk
viscous dynamic within the monolayer hole. Our analytical prediction for hole opening rate (SI

II) reads

~ d +A y 1
fréz—%+5Aqln(rT)+a~_§+a (Equation 1)

with 7 ~y —A{Aq a renormalized tension and & = & In (21/r), where [ = m a
hydrodynamic length expressed in terms of the cell-substrate friction ¢ and the monolayer
viscosity 1. Equation (1) leads to a typical nucleation size R, = y/0o; for r < R, holes
spontaneously close while for a hole of radius » > R. holes would tend to grow in agreement
with the observation of small (resp. large) holes being short-lived (resp. long-lived). Fits of the
control experiments based on Eq. (1) are consistent with ¢ = 500 Pa.um, ¥ =~ 1.5 kPa.um?’
and & = 50 Pa.um'.min (with [ =1000 um), Figure 5d. We also compare our vertex model
result with Eq. (1) and find an increase of the hole opening rate with the exerted activity stress,

see SI. We recapitulated the key features of our model in Figure Se.

Conclusion

In vivo failure in adherens junctions?*%, increased mechanical load? and post-apoptotic failure
in sealing®®® leads to hole formation in tissues. During morphogenesis, hole formation is not
only essential for Drosophila peripodium elongation®', mouse embryogenesis’ but is also
crucial for macrophage invasion during Drosophila development®. In addition loss of epithelial
integrity has been reported under pathophysiological conditions®®%’, immune cell®® and tumor
extravasation®. Since tissue integrity and barrier function’®’* are known to be altered by

substrate stiffness, our study shows distinct mechanical states of epithelial tissues are triggered

12
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by substrate stiffness which in turn modify tissue integrity. Epithelial monolayers grown on
soft substrates exhibit the formation of holes in the bulk of the tissues at locations of high

tensile stresses.

The emergence of holes within these monolayers relies on an unanticipated behavior of cellular
monolayers, being under tension on soft and compression on stiff substrates. Tension has been
attributed to tissue tear in suspended monolayers'/, stretched monolayer’?, peripodium
elongation?, gaps in monolayer of neural progenitor cells”® and in migrating organisms*®. Our
results so far show that reduced substrate adhesion in combination with tensile nature of
monolayers on soft substrates make them sensitive to local increase in tension, resulting in
spontaneous hole formations. These tensile stresses arise from the formation of topological
defects and hole formation is initiated within the tensile regions of those defects. Theoretical
approaches, corroborated by experiments, predict that hole formation relies on the formation
of topological defects where cells experience high tensile normal stresses along cell-cell
junctions. We anticipate that our mechanistic in vitro study will bring new perspectives to
understand morphological changes of epithelial tissues as well as the maintenance of their
integrity during development and morphogenetic events.

13



385
386

387
388
389
390
391
392
393
394
395
396
397
398

399

400
401
402
403
404
405
406
407
408
409

410

411
412
413
414
415

Material and Methods

Patterned surfaces on polyacrylamide (PA) gels

Glass coverslips were plasma activated and coated with 0.1mg/ml PLL-g-PEG (SuSoS
Technology). Using a quartz mask, circles of 1mm diameter were patterned on the passivated
glass coverslips and incubated with 5 or 20pug/ml fibronectin for 30 min. After incubation, glass
coverslips were rinsed in 1x PBS to remove excess protein. Simultaneously, silanization of
another set of glass coverslips were performed by plasma activation of clean coverslips and
then incubated with an ethanol solution containing 2% (v/v) 3-(trimethoxysilyl) propyl
methacrylate (Sigma-Aldrich, St Louis, Missouri, USA) and 1% (v/v) acetic acid. The silanised
coverslips were then heated at 120°C. Freshly made Polyacrylamide (PA) mix was sandwiched
between the patterned glass coverslip and silanized coverslip. Polyacrylamide mix was made
as suggested in Plotnikov et al™. After polymerization, the patterned coverslips were peeled
off to reveal the patterns of protein on PA gels. Samples were kept hydrated with 1x PBS until
cell seeding.

Cell culture and reagents used

MDCK WT (ATCC CCL-34), stably transfected actin GFP and E-cadherin GFP MDCK cells
(kind gift from James Nelson’s lab) and Caco2 cells were cultured in 4.5 gI": DMEM containing
10% FBS (20% for Caco2) and 1% Penicillin-Streptavidin (Gibco, Thermo Fischer Scientific,
Waltham, MA, USA). 100ul cell culture media containing 100,000 cells was seeded on the
PA gels for 1 hour. 2 ml fresh media was added into the sample without washing to prevent
detachment of loosely attached cells. Samples were imaged the following day once they spread
and reached confluency. In some experiments to study the effect of blocking cell division, cells
were treated with 10pg/ml of mitomycin-C (Sigma-Aldrich, St Louis, Missouri, USA) for 1
hour and washed prior to imaging. 100uM CK666 (Sigma Aldrich) was added prior to imaging
for Arp 2/3 inhibition experiments.

Immunostaining and antibodies used

Samples were fixed with 4% paraformaldehyde (Thermo Fischer Scientific, Waltham, MA,
USA) for 10 mins and permeabilized with 0.5% Triton-X for 5 mins. Cells were then blocked
with 1% BSA/PBS and incubated with primary antibody overnight. Cells were incubated in
secondary antibody for 1 hour and then mounted on another glass coverslip using Mowiol 40-

88 (Sigma-Aldrich). For immunostaining, the following primary antibodies were used, E-
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cadherin (24E10- Cell Signaling Technology; DECMA1- Sigma Aldrich, ECCD2, Takara Bio)
(1:100)and paxillin (Abcam, Ab32084) (1:100) vinculin was a gift from Glukhova lab (1:2).
Anti-mouse, anti-rat, and anti-rabbit secondary antibodies conjugated with Alexa (488 or 568)
(used at 1:200 dilution), phalloidin (1:20) were purchased from Life Technologies and Hoechst
(Thermo Fisher, 1:10000). The fixation was slightly altered to stain vinculin at cell—cell
junctions and focal adhesions. Cells were fixed with a mix of 4% PFA and 0.5% Triton-X 100
for 90 seconds, followed by fixation with 4% PFA for 10 min.

Traction force microscopy

PA gels were embedded with 200nm fluorescent beads (Life Technologies, Paisley, UK)
during polymerization. The samples were imaged on Biostation IM-Q (Nikon) for 24 hours
after which 1ml of 10x SDS was added to the sample in order to obtain the resting position of

beads.
Differential fibronectin coating on PA gels

Differential coating of fibronectin was performed using Primo® (Alveole). Glass coverslips
were passivated with double coating of 0.1% w/v poly-L-Lysine (PLL) for 30 min and
100mg/ml poly (ethylene glycol) succinimidyl valerate (PEG-SVA) for 1 hour. After washing
the glass coverslip carefully with water, they were patterned with evenly spaced grey
circular patterns (100pum diameter, 500um apart) using a UV beam with an energy dosage of
600mJ/mm in presence of a photoinitiator, PLPP (Alveole). After patterning, the sample was
washed with 1x PBS and incubated with 20pg/ml fibronectin for 10 min. Excess protein was
washed away with 1x PBS and the rest of the unpatterned space (while covering the patterned
area with black masks) was exposed to UV beam with an energy of 600mJ/mm using a white
pattern. Newly exposed surface was incubated with 50ug/ml fibronectin (Sigma Aldrich) and
1ug/ml cy3-conjugated fibronectin for 10 min. PA gel was casted after washing off excess
protein. As mentioned previously, patterned glass coverslip was removed from the sandwich

to reveal the patterns on PA gels.
Imaging

Phase contrast long-term imaging of samples was performed with 10x objective on Olympus
inverted microscope (1X81). Traction force microscopy was performed on Biostation IM-Q
(Nikon) with a 10x objective. Imaging was done for 24 hours with frame rate of 0.2frames/min.

Fluorescent cells were imaged on Zeiss spinning disk confocal (CSU X1) using 40x water
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objective. To follow the actin dynamics, Actin-GFP MDCK cells were imaged at a frame rate
of 0.5frames/min for 12 hours. Fixed samples were imaged with 63x QOil objective on Zeiss

Confocal microscope (LSM 710).
Laser ablation experiments

Wound induction (by ablating a cell) on monolayer tissue of density of about 3000-3500 cells
per mm? was done on a Nikon A1R MP laser scanning confocal microscope with Nikon CFI
Apo LWD Lambda S 40XC WI/1.15 water-immersion objective. After about 10 s of imaging
at 1 s interval for a total duration of 5 minutes, an ultraviolet laser (355 nm, 3-5 ns pulse
duration, 1-15 Hz repetition rate, Minilite 11, High Energy Nd:YAG, Amplitude Laser) was
focused on the center of the monolayer within the region of interest for 1 s at a laser power of
450 nW at the back aperture of the objective. The recoil velocity was measured by manually

detecting cell edges over time and plotting the change in perimeter of the ablated region.
Data analysis

Images were prepared using ImageJ and analysis was done with the plugins and home-written
macros on ImageJ and MATLAB. Cross-sectional views of the tissue were represented by
Imaris. E-cadherin and vinculin intensities were measured by manually drawing a line over the
junction and measuring the intensity at cell-cell contacts. Similarly, paxillin size was measured
by manual segmenting paxillin molecules obtained from immunostaining and size

determination on ImageJ.

Junctional straightness was calculated as a ratio between Euclidean length (measured by
drawing a straight line from one end to another) and actual length of cell-cell junctions

identified by the E-cadherin staining.

Cell segmentation

Cell segmentation and division tracking shown in Supplementary Movie 4 was manually
corrected using Cellpose” with an erosion with a 3x3 square pixel kernel applied to each mask;
we used btrack’® for the cell tracking. Manual corrections were performed using the Napari
software (46 lineage for the soft case, 42 for the stiff case)’’. Figure 1f is obtained through a
standard method in spatial statistics’®: if the nearest division (with the 50min time window
prior to the hole initiation date) is located further away from the hole than the boundary of the

image, the hole is not considered in the statistics of Figure 1f. Comparison to the random case
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if achieved by considering a Poisson process of parameters matching the total number of cell

division observed during the movie.

Nematic analysis

In our experiments, nematic detection analysis was done on both untreated and mitomycin-C-
treated samples at low density as cells tend to be more isotropic at higher densities and form
3D structures making it hard to identify the cell shape. Orientation field and defect detection
was carried out as previously described'*. Briefly, the orientation of cells was obtained using
the OrientationJ plugin on ImageJ’® where the largest eigenvector of the structure tensor was
obtained for each pixel thereby giving us the orientation. The local nematic order parameter
tensor Q (averaged over 1-2 cells) (52 pm) was then calculated. The largest eigenvalue of Q
was taken to the orientation of 2-3 cells and overlaid over phase contrast images as a red line.
Based on this orientation, winding number parameter®®8, was used to identify +1/2 and -1/2
defects. In order to reduce noise, we only identify defects that stable over 60min, we obtain the
orientation of 1-2 cells. Defect detection was compared against previous studies®’. The MSD
and lifetime of defects were obtained by using TrackMate plugin in Imagel®. In the
Supplementary Material, we show the robustness of our topological defect analysis. The 95th
percentile is the value below which 95% of scores in the isotropic stress (or the von Mises

stress) field frequency distribution falls.

Velocity measurements, strain rate, traction force and stress analysis

Velocities of the monolayer were obtained through Particle Image Velocimetry (P1V) analysis
using P1VIab® on MATLAB. Interrogation window of size 41x41um (strain rate) and 21x21
pum (monolayer) with an overlap of 50% was used for analysis and the outlier vectors were
manually removed. Having identified the location of defects, we obtain the average velocity
field around defects identified by realigning these defects. The strain rate around these defects
was calculated from the gradient of the velocity field as ¢ = Vv. By plotting the velocity around

+1/2 defect, we can characterize the system as an extensile or contractile system.

For force measurements, firstly the reference bead image was concatenated with the bead
images containing cells such that the reference frame precedes the bead image with cells. The
images were then stabilized using Image Stabilizer plugin in ImageJ (written by Kang Li,
CMU) to correct with xy drift following which the intensity correction was applied on these

images. The velocities of bead movement were obtained using PIV analysis. Using the FTTC
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plugin®, we obtain traction force fields from bead velocities using a regularization parameter
of 9 x 10-9. Using the traction force fields, stress in the monolayer is obtained using Bayesian

Inversion Stress Microscopy (BISM)>? where an unconfined boundary condition was used to
obtain stresses. The isotropic stress is defined as half of the stress tensor trace ((Gxx + ayy) /2).

Besides the isotropic stress, we also checked the von Mises stress, which is a scalar invariant

value of a stress tensor and defined as .y = /02, — 04x0yy + 0, + 302,. Using the traction

force fields, stress in the monolayer is obtained using Bayesian Inversion Stress Microscopy
(BISM)*2 where an unconfined boundary condition was used to obtain stresses'4. As a
consequence, we systematically ignored stress values obtained close to the domain boundaries,
and considered only stresses in the central part of the domain (previously validated using
numerical datal*). The heatmaps obtained for strain rate and stress were smoothed through
linear interpolation. Tensile hotspots detection was based on the time needed for the stress to

change sign over an interrogation window of 51x51 pm.

Vertex-based active nematic model
Please refer to Supplementary Information |
Statistics

Statistical analysis of all the data sets were performed by the student t-tests.
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Figure 1| Rigidity based hole formation within MDCK monolayers. (a) Time course of hole formation in an
unconfined MDCK monolayer on 2.3kPa and 55kPa PA gels. Red arrows show the holes formed within the monolayer
(Scale: 50um) (b) Schematic of the process of fibronectin patterning on PA gels; top: fibronectin coating on coverslips
patterned through deep UV; middle: PA gel is placed between patterned and silanized coverslips; bottom: MDCK cells
are seeded on patterned PA gel. (c) Time based montage of MDCK cells forming holes on 2.3kPa PA gels (top panel)
and intact monolayers on 55kPa gels (bottom panel). Red arrows show the holes formed in the monolayer (Scale:
100um). (d) Likeliness of hole formation as a function of PA gel stiffness (nN2.3 = 23, Na1kpa = 23, Ngskpa = 24, N16.3 kPa =
8, Naokpa = 7 and nss kea = 15 different circles; ***p < 0.001, ****p < 0.0001) (e) The number of holes formed as a
function of cell density on untreated and mitomycin C treated monolayers on soft (2.3kPa) substrates and monolayers
on stiff (55kPa) substrates averaged over n= 22 circles and n = 10 circles for untreated and mitomycin treated samples
on 2.3kPa and n=14 circles for 55kPa. (f) The number of holes formed within untreated and mitomycin-c treated circles
on soft (2.3kPa) gels. (N1 = 33, Nmito = 44, *p < 0.05). All results were obtained from 2 independent experiments and
solid bars represent mean and error bars standard deviation.
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Figure 2| Hole characteristics. (a) Cross-sectional view of actin-GFP MDCK cells before
(top panel) and after (bottom panel) hole formation on soft (2.3kPa) substrates (Scale: 10 um) (b) Change of contact
angle over time (to = initiation of hole) as the hole grows. Blue line represents 90° on the y-axis. (n = 6 different circles)
where (i) and (ii) illustrate the regions (i) and (ii) in panel a (c) Hlustration of cell density change around the hole
periphery on soft (2.3kPa) substrates (d) Post-hole formation, increase in cell density does not contribute to hole closure
(ns000 = 16 different circles and nagoo = 15 different circles; ****p <0.0001). (Scale: 20 um) (e, f) Time dependent change
in hole area normalized over maximum area of the hole for experiment and simulation of (e) short-lived holes (<5hr) (n
= 36 different circles) and (f) long-lived hole (>5hr) (n = 9 different circles in experiment) on soft (2.3kPa) substrates
from 2 independent experiments. (g) Maximal hole opening area for short-lived (n = 42 different circles) and long-lived
holes (n = 7 different circles) from 2 independent experiments (****p < 0.0001)). Solid lines represent mean and error
bars represent standard deviation.
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Figure 3| Substrate stiffness modulates tissue stress within MDCK monolayers. (a) Actin GFP monolayer on a soft
(2.3kPa) substrate with differential coating of fibronectin with 100 um circular islands of 50pug/ml and surroundings
with 200pg/ml allows holes formation in regions of low fibronectin coating. Velocity maps show movement of cells
towards the high fibronectin coated spaces. (scale: 20um) (b) Schematic showing the method of measurement of traction
forces and inferred stress (¢) Average traction force magnitude increases in MDCK monolayer on soft (2.3kPa) and stiff
(30kPa) substrates (n = 114 time averaged for n2apa = 11 different circles, 3 independent experiments & n = 183 time
averaged for nsuea = 12 different circles, 2 independent experiments; ****p <0.0001) (d) Representative graph of a
confined monolayer shows that traction forces are oppositely directed on soft (2.3kPa) and stiff (30kPa) gels along the
diameter of the circle (e) Average isotropic stress for no-hole regions of confined monolayers on 2.3kPa and 30kPa
substrates. Green dashed line represents 0 Pa.pum on the y-axis (n = 50 time averaged for n,.awa = 10 different circles, 3
independent experiments & n = 52 time averaged for nsokea = 8 different circles, 2 independent experiments; ****p <
0.0001, ****p < 0.0001) (f) Recoil velocity after laser ablation of the MDCK monolayers grown on substrates of
different stiffnesses. Green dashed line indicated the noise in the recoil velocity measurements (~0.6 um/sec) (Nz.skpa =
5 & nsskpa = 5 different circles; *p < 0.05) (g) Velocity vectors (top) and isotropic stress (bottom) before and during hole
formation in a local region obtained from experiments on 2.3kPa PA gels. Color bar represents the respective scale bar
for the values of the particular measurement and white arrow indicates the location of hole formation. (h) Change in
isotropic stress (blue) in a local region near a hole and the change in area of a hole (red) as a function of time (additional
trajectories are provided in Extended Figure 3). (i) Isotropic stress of the entire monolayer (grey) and isotropic stress in
a local region (red) containing the hole as a function of time until the hole is formed on soft (2.3kPa substrates). Solid
lines indicate mean values and error bars the standard deviation.
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Figure 4| Hole formation is triggered by
tensile stresses around topological defects.
(&) Orientation field overlaid over phase
contrast images obtained from experiments
on soft (2.3kPa) substrates representing -1/2
defect (left column) and +1/2 defect (right
column). Scale bar: 50um. (b) Averaged
isotropic stress overlaid with location of hole
initiation events with respect to the defect for
(left) -1/2 defects (n=2810 defects and n=35
holes) (right) +1/2 defects (n=2924 defects
and n=20 holes) obtained from experiments.
(c) Typical cell orientation and topological
defect detected in our vertex model
simulation (d) Averaged isotropic stress
overlaid with location of hole initiation events
with respect to the defect for (left) -1/2 defects
(n=8555 defects and n=1302 holes) (right)
+1/2 defects (n=8553 defects and n=1371
holes) obtained from vertex model. (e, f) 95"
percentile of isotropic stress around -1/2
defects (left) and +1/2 defects (right) obtained
from vertex simulations (e) and experiments
(f). Experimental results were obtained on
soft (2.3kPa) substrates. White dots represent
center of the defect and scale bars represent
limits of stress values in Pa.um
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hole obtained from simulations (top) and experiments (bottom) on soft (2.3kPa) substrates (c) Morphometrics of cells
along the hole periphery: circularity (red, defined as C = 4w A/P?, where A = area and P = perimeter; C = 1 for a circle)
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simulations (dashed/solid lines for the mean circularity/tangential direction. Shaded areas represent standard deviation,
n = 10). (d) Rate of hole opening as a function of the hole size defined as R = JA_ﬁr in control experiments on soft
2.3kPa substrates (mean: blue square; ; errorbar: half-variance; nexx = 10 holes) and simulations (black diamond;
errorbar: half-variance; nsim = 10 holes; soft case parameters, see Sl) and the analytical expression Eq. (1) (solid red
line for & = 50 Pa.um™.min; shaded red area in between & = 30 and & = 200 Pa.um™.min) (e) Schematic
representing the process of hole opening. Orange arrows represent extensile activity of each particle, red spots the
location of hole opening and red line represents hole boundary.

33



NPHYS-2021-05-01294-T — List of Figures

a 50 - b
NE *% E
E 40 " < B
8 8
230 s
G
é 20 1 o
3 L)
Z 101 —$%s; n.s. £
SE
2, . b e 5
Unconfined Confined Unconfined Confined S
2.3kPa 55kPa "u';
>
O

C d
0
0 2 4 6 8
Number of events
Nucleus EdU Merge
f h 8- *
0.06 mmm Exp. g —
Random »
z 8
2 E :
)
2 247 <
o c
8
o 2-
L .
0 . g 50 pm o+—
0 20 40 60 80 23 55
Hole-Cell division distance (um) Stiffness (kPa)
i 804 —m— j - - k -
. 1.5 Open Close 1.5+ Open
L 60 8 5
(4] [
% £ 1.0 £ 1.0
S 40 e ¢
< - 3
o o Q
£ £ E
z z 2
0- 0 . . 7 T 1 0.0+ T T T T 1
0 100 200 300 400 500 0 200 400 600 800 1000

Hole Lifetime (min) Hole Lifetime (min)

34



NPHYS-2021-05-01294-T — List of Figures

Extended Figure 1| Hole formation is a dynamic process influenced by cell division. (a) Number of holes formed
on unconfined and confined monolayers on 2.3kPa and 55kPa gels. (For confined, nzaw.= 23 and nsskpa =15. For
unconfined nz2awa= 19 and nsskea=19, ****p < 0.0001 (b) Hole formation in PA gels (2.3kPa) evenly coated with
fibronectin. Fibronectin coating before and after the hole formation does not change. (Scale: 50 um) (c) Representative
image of hole formation due to cell stretching on soft (2.3kPa) substrates (Scale: 10 um) (d) llustration of hole formation
after a cell division event (Scale: 5 um). Red line represents the division axis, green line, hole major axis and yellow
dots the location of hole formation. (e) Angle of division axis in degree with respect to the hole major axis (n = 20 holes
from 3 independent experiments) on soft (2.3kPa) substrates. Green line represents major axis of the hole and red line
the division axis. (f) Probability distribution as a function of distance from a newly nucleated hole to the nearest cell
division within 25mins of hole nucleation on soft (2.3kPa) substrates, blue, experiments (n = 14 holes), green, simulation
with cell divisions at random locations (identical number of divisions as in experiments). (g) Representative
immunostaining images of EdU positive cells on 2.3 kPa and 55 kPa substrates. (h) Percentage of cells stained positive
for EAU (marker of proliferation) on 2.3 kPa and 55kPa substrates (n2.skea= 4 and nsskpa = 4 0N 2 independent experiments,
*p < 0.05) (i) Number of holes formed in a circular monolayer of MDCK (n = 33 different circles) and Caco2 (n = 17
different circles, *p < 0.05) on soft (2.3kPa) substrates from 2 independent experiments. (j, k) Change in perimeter as a
function of time for (j) short-lived (n = 35 holes from 3 independent experiments) and (k) long-lived holes (n = 9 holes
from 3 independent experiments) on soft (2.3kPa) substrates. Solid lines represent mean and error bars the standard
deviation.
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Extended Figure 2| Rigidity alters focal adhesions but not cell-cell adhesions. (a) Number of holes formed/mm? on
different concentration of fibronectin coated samples (N2.3kpa-5ug=17, Nsskpas5ug=23, N2.3kPa-20ug=23, Nsskpa-20pg=15). (D)
Paxillin staining for focal adhesions formed within a MDCK monolayer on 2.3kPa (top) and 55kPa (bottom). Inset
shows the zoomed image of the representative focal adhesions. (Scale: 5 um) (c) Length (n = 69 from 2 independent
experiments circles; ***p <0.001) and (d) area (n = 50 from 2 independent experiments; ***p < 0.001) of focal adhesion
on 2.3kPa and 55kPa gels. (e, f, g) Immunostaining of actin (green) and paxillin (magenta) on monolayers grown on
glass at low (top) and high (bottom) density and the (f, g) quantification of area (f) and length (g) of paxillin at these
two different densities for n=30 focal adhesions. Scale: 20um (h) E-cadherin localization at junctions on 2.3kPa and
55kPa gels. (Scale: 10um) (i) Mean intensity plot of E-cadherin localization at junctions (n = 30 from 2 independent
experiments) (j) Averaged E-cadherin intensity of new junctions formed after a cell division event on soft (2.3kPa) and
stiff (55kPa) substrates for n=33 division events from 2 independent samples for each condition. (k) Averaged E-
cadherin intensity over time just before hole formation on soft (2.3kPa) substrates (n=12 junctions from 2 independent
experiments). (I) Immunostaining of vinculin (red) and actin (green) of monolayers grown on soft (2.3kPa) and stiff
(50kPa) substrates. (m) Quantification of vinculin intensity at cell junctions obtained from nz.skp.=151 and Nsskpa=166
junctions from 2 independent experiments. Solid lines represent mean and error bars standard deviation.
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Extended Figure 3| Cell-substrate adhesion and tissue stress contributions in hole lifetime. (a) Vertex-model for
the differential fibronectin experiment (as Figure 3a), where a circular spot with a lower friction (green) region (10% of
the friction in the rest of the tissue) mimics an area of low fibronectin concentration. (b) Probability distribution of
isotropic stress per cell in the low friction region (green) as compared to rest of the tissue region (blue). Value of the
isotropic stress in the spot with respect to rest of the tissue: mean = 87 Pa.um (resp. 37 Pa.um). 95th percentile value =
397 Pa.um (resp. 240 Pa.jum) obtained from 10 independent simulations, n = 85,715 cells within the spot and n = 422,347
cells in the rest of the tissue. Simulation parameters are specified in Table 1, SI. (¢) Average traction force magnitude
in MDCK unconfined monolayers (n = 102 time averaged for n2skea = 11 different circles & n = 112 time averaged for
naokea = 11 different circles; **p < 0.05 from 2 independent experiments). (d) Traction force quiver overlaid on phase
contrast images for soft (2.3kPa, top) and stiff (30kPa, bottom) substrates. Scale: 100um (e) Average isotropic stress for
no-hole regions of unconfined monolayer on 2.3kPa and 30kPa PA gels. Green dashed line represents O Pa-um on the
y-axis (For unconfined, n.3 = 12 & n3o = 12 different circles obtained from 2 independent experiments) (f-g) Divergence
of the velocity field and traction forces overlaid on phase contrast images on 2.3kPa substrate prior to hole formation
where white dot indicates location of hole formation. (h) Representative graphs of evolution in the hole area (red) and
averaged local isotropic stress (black) around the hole initiation site as a function of the time where t=0 indicates hole
initiation on soft (2.3kPa) substrates. (i) E-cadherin localization at junctions around the hole and within the monolayer.
(Scale: 10 um) (j) Junctional straightness (ratio between Euclidean and actual lengths) around the holes and within the
monolayer (n=35 different circles; ***p < 0.001) on soft (2.3kPa) substrates. Error bars represent standard deviation.
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Extended Figure 4| Hole formation around defects from experiments. (a) Averaged number of defects on soft and
stiff substrates obtained from n.awa = 6 circles for soft (2.3kPa) substrates and nsswa= 5 circles for stiff (55kPa)
substrates. (b) Average velocity flow field around +1/2 defects demonstrating the extensile nature of MDCK monolayers
on soft (2.3kPa) substrates (n=2646 defects) and stiff (30kPa) substrates (n=2765 defects) obtained from experiments.
(c) MSD of +1/2 and -1/2 defects on both soft and stiff substrates (n=15 defects for -1/2 defects and +1/2 defects on
55kPa and n=17 defects for +1/2 defects on 2.3kPa substrates). (d) Lifetime of random tensile regions on both soft
(2.3kPa) and stiff (30kPa) regions obtained from TFM for n=30 regions (e, f) Averaged isotropic stress, averaged stress
Xy (e’, ) and averaged stress yy (e’’, f2*) around +1/2 defects on soft (2.3kPa) substrates (e, €’, °?) (n = 2924 defects)
and stiff (30kPa) substrates (f, f*, f*) (n = 3632 defects) from 2 independent experiments. (g, g*) Averaged isotropic
stress around -1/2 defects on (g) soft (2.3kPa) substrate (n = 2810 defects) and (g’) stiff (30kPa) substrates (n = 3716
defects) from 2 independent experiments. White dots indicate the location of the defect core. (h) Percentage of +/- 1/2
linked division and stretched cell linked hole formation on 2.3kPa gels (N.1/2cel division) =7, N+1/2(cell division) =6, N-1/2(stretching)=D,
N+1/2(stretching)=6). All results were obtained from 2 independent experiments and error bars represent standard deviation.
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Extended Figure 5| Maps of the average von Mises stress near half-integer topological defects. (a, a’) Experiments:
(@) —1/2 defects (n = 2810); (°) +1/2 defects (n = 2924). (b, b’) Simulations: (b) —1/2 defects (n = 8555); (b’) +1/2
defects (n = 8553) obtained from 2 independent experiments. White dots represent centre of the defects.
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Extended Figure 6| Stress maps and hole opening locations near topological defects. (a, b) Sketches of the two
mechanisms of hole initiation: (a) stress dependent mechanism (model 1) and (b) strain rate dependent mechanism
(model 2). (c-f) Comparisons of maps of hole opening locations near half-integer topological defects: (c, €) model 1 and
(d, f) model 2. The magenta spots indicate the locations of opening holes. The 95th percentile is the value below 95%
of cellular isotropic stress (or the junctional elongation rate) field frequency distribution falls. Domain size = 200um.
These simulations were generated for tension initial conditions (soft gel case, see Table 1 SI).
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Extended Figure 7| Activity and tension drives hole formation. (a) Inhibition of arp2/3 by 100 pM CK666 treatment
prevents hole formation on 2.3 kPa gels (Scale: 100 um) (b) Number of holes/mm? under control, CK666 and
blebbistatin (5uM) treated samples averaged over n=33 for control, n = 24 for CK666 and n=23 for blebbistatin (****p
< 0.0001) (c) Area of holes formed under control (n=49) and 5uM blebbistatin treated (n=14) samples (d) Averaged
velocity profile around +1/2 defects with CK666 treatment (left) (nckess=2294) and WT (right) (nwt=2646) monolayers
on soft (2.3kPa) substrates (e) Simulations with a lower active stress (left; n = 4750 defects) as compared to the control
case (right; n = 8553 defects).
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Extended Figure 8| Lifetime of holes and cell organization around hole periphery (a) Time-lapse of a typical tissue-
scale vertex model simulation (b,c) Time dependent change in hole area normalized over maximum area of the hole for
simulation of (b) short-lived holes (<5hr) (n = 9 different simulations) and (c) long-lived holes (n = 9 different
simulations) (d) Evolution in the estimated hole radii in experiments, mean (red squares) + standard deviation (red
shaded area) and simulations, mean (black diamonds) * standard deviation (black dashed lines); n=14 in experiments
and n=10 in simulations. (e) Time-lapse of a typical opening and closing process on soft (2.3kPa) substrates. (f) Cell
alignment along the tangent of the hole obtained from experiments is highly co-related during the maximum hole area.
Scatter plot between cell angle and tangent angle shows the distribution during hole opening phase (blue dots), maximum
hole area (red dots) and hole closing phase (green dots). A linear line (black line) fits to the maximum hole area
distribution with a Pearson’s co-efficient, r = 0.83 and slope = 0.877. Majority of the maximum hole area data falls
inside the pink ellipsoid area showing the small spread of their distribution.
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