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I. VERTEX-BASED MODEL

A. Motion equation with active nematic forces

We use a vertex model simulations to mimic the experimental cell sheet as a polygonal network where inter-
connected polygons represent individual cells in contact (Fig. S2a). The dynamics of vertices (modelling tri-cellular
junctions) follows a mechanical force balance, with each vertex position satisfying the equation:

γ
dri
dt︸ ︷︷ ︸

cell-substrate friction

= F
(passive)
i︸ ︷︷ ︸

passive force

+ F
(active)
i︸ ︷︷ ︸

active force

, (S1)

where γ is the friction coefficient between cells and the substrate. The classical passive force term F
(passive)
i =

−∂U/∂ri is derived from the functional form [1–4] as,

U =
1

2

∑
J

Ka(AJ −A0J)
2

︸ ︷︷ ︸
cell area elasticity

+
1

2

∑
J

KcL
2
J︸ ︷︷ ︸

cell perimeter elasticity

+
∑
〈i,j〉

Λlij︸ ︷︷ ︸
cell-cell interfacial tension

, (S2)

where the three terms on the right hand side refer to a regulation of the cell area, the perimeter elasticity, and the
cell–cell interfacial tension, respectively. We set an identical preferred cell area for all cells, i.e., A0J = A0, except in
the cell division simulations as to be described in Sec. I H.

An originality of our approach lies in the form of an active force F
(active)
i , which accounts for active contractil-

ity/extensibility of cells. Here, following Ref. [5] and as discussed in Ref. [6], we consider that such an active force

results from the combined effects of internal homogeneous active stresses σ
(active)
J within each of the surrounding cell

J ,

F
(active)
i =

∑
J∈neighbor

F
(active)
J,i , (S3)

where F
(active)
J,i is the force applied at the vertex i induced by the cellular active stress σ

(active)
J of the J-th cell. Via

the Cauchy stress theorem, the force at the i-th vertex of cell J induced by the cellular active stress σ
(active)
J can be

calculated as [5],

F
(active)
J,i =

1

2
σ

(active)
J · [ez × (ri+1 − ri−1)] , (S4)

where ez is the unit vector normal to the cell sheet. The vertices of a cell (indexed as i = 1, 2, · · · , NJ here with NJ
being the number of vertices of cell J) are organized in a counterclockwise order.

Taking into consideration a feedback loop between cell shape, cellular active stress and alignment interaction among
neighboring cells, we assume the following cell shape-dependent active stress,

σ
(active)
J = −β1QJ − β2 〈Q〉 , with 〈Q〉 =

1

NJ

∑
K∈neighbor

QK , (S5)

where β1 and β2 quantify the contributions of the cell itself and of its neighbors to the overall active stresses level
experienced by a the cell J (see sketch in Fig. S1). The cell nematic tensor QJ characterizes the cell shape and its
orientation, and is defined as,

QJ =
1

LJ

∑
i∈cell J

li,i+1ti,i+1 ⊗ ti,i+1 −
1

2
I, (S6)

where li,i+1 = |ri+1 − ri| and ti,i+1 = (ri+1 − ri)/li,i+1 are the length and the orientation vector of the cell edge
i→ i+ 1; LJ =

∑
i∈cell J

li,i+1 is the perimeter of the cell; I is the second-order unit tensor. For regular hexagons, the

cell nematic tensor QJ = 0, while for arbitrary cell shapes QJ 6= 0, with the norm |QJ | revealing the aspect ratio of
the cell.
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Figure S1. (a) Sketch of the active stress mechanism at the single cell level. The configuration of vertices associated to the
cell J can be described by the cell shape tensor QJ represented by an ellipse with principal direction represented by the angle
θ. Here, we consider that the cell shape tensor J determines the direction and amplitude of a bulk homogeneous active stress
within the cell J (the amplitude of the active stress is represented by the circle radius). Projecting the local active stresses upon
cell-cell junctions leads to vertex forces which, in turn, affect the cell morphology. (b) Sketch of the active stress mechanism
at the multicellular level. A nematic alignment term β2 couples the active stresses generated by neighbouring cells. Here, we
consider the case of a nearly isotropic cell J , whose final active stress tensor will be mainly dictated by the cell shape tensor of
surrounding cells.

B. Relation between A0 and a cell-substrate adhesion energy

Here we show that the preferred area A0 defined in Eq. (S2) can be simplify related to an adhesion energy to the
substrate within the three-dimensional (3D) cellular model of ref. [7].

Following ref. [7], we consider a 3D cell which has a preferred volume V0 and adheres to the substrate. Ref. [7]
considers the following contribution to the cell energy functional,

δU3D = −γbAb +
B

V0
(V − V0)

2
, (S7)

where γb is the cell-substrate adhesion energy per unit area and Ab is the spreading area of the cell on the substrate;
B is the cell compressibility and V is the 3D volume of the cell. The parameter γb quantifies the tendency of a cell
to spread on the substrate: a larger γb means that a cell tends to spread more on the substrate.

Here we argue that the dynamics of such a 3D system can be simplified into that of our 2D vertex model provided
some simplifying assumptions on the cell shape. We first identify the apical and basal areas (hence Ab = Aa = A)
and assume a fixed cell height h. In this case, we obtain that V = A× h and define A0 = V0/h

U3D = −γbA+
KA

2
(A−A0)

2
=
KA

2
(A−A∗0)

2
+ constant, (S8)

where KA = 2Bh/A0 and

A∗0 = A0 + γb/KA, (S9)
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corresponds to an effective preferred cell area.

Relation to the substrate elasticity and overall tissue tension Previous experiments showed that cells tend
to spread more on stiff substrate [8], suggesting that γb should be larger for cells adhering on stiff substrate than on
soft substrate. We therefore expect that the effective preferred cell area A∗0 to be larger for cells adhering on stiff
substrates than on soft ones.

In our vertex model framework, a difference in the adhesion energy δγb leads to a global tissue pressure difference
δP = KAδA

∗
0 = δγb, see Eq. (S12). With this perspective, we identify the overall tissue tension difference between

the soft and stiff cases and the cell-substrate adhesion energy defined at the individual cell level, leading to δγb ≈
100 Pa.µm, see Table S1.

C. Topological transitions

To account for cell rearrangements, hole opening and closing events, we need to define a set of vertex displacement
rules called topological transitions, which label ranging from T1 to T3, as shown in Fig. S2b-d. For simplicity,
here we do not consider cell division and cell extrusion/apoptosis, which mimics the case of mitomycin-C treatment
experiment. For the control case without drug treatments, cell divisions can be simply implemented (see Sec. I H).

T1 transition — T1 topological transition accounts for cell neighbor exchange, once the length of any cell edge
decreases below a threshold ∆T1 = 0.01, via rotation of the corresponding cell edge by 90 degree (see Fig. S2b).
Such a T1 topological transition is accepted only if it lowers the potential energy of the system dictated by Eq. (S2);
otherwise, it is rejected.

Anti-T2 transition — To activate hole opening, we generate small triangular holes at each interior vertex (i.e.,
excluding boundary vertices) with the probability pi by splitting the corresponding vertex into three, resulting in a
hole of triangular shape. This topological transition is referred to as the anti-T2 topological transition, as shown in
Fig. S2c. The generated triangular hole is of area ∆anti-T2 = 0.01, which is much smaller than the typical cell size
(∼ 1). Such triangular hole continues to evolve (enlarge or close) according to the dynamics of its three vertices. We
present our model assumption for the initiation of the hole opening in Sec. I G

a b

c

d

Before Intermediate After

anti-T2

T2

Figure S2. Vertex based active nematic model. (a) Illustration of a two-dimensional cell sheet as a polygonal network of
cells confined in a circular domain. (b-d) Topological transitions involved in the simulations, including (b) T1 transition, (c)
anti-T2/T2 transition, and (d) T3 transition. In (c), the red point marks where a small triangular hole is generated/closed,
and the grey triangle is the generated/closed hole. In (d), the red point and the red cell edge indicate where boundary fusion
occurs.
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T2 transition — In our simulations, the final hole sealing process is implemented through a process called T2
topological transition [1]. Specifically, if a triangular hole shrinks to below a threshold value of area ∆T2, it is
closed by merging of its three vertices. Such a process is exactly the inverse of an anti-T2 topological transition
described in Fig. S2c. To avoid immediate closing of newly created triangular holes, the area threshold for T2
transition ∆T2 was set to be much smaller than the area of newly created triangular holes ∆anti-T2. Specifically, we
set ∆T2 = 0.0003 < ∆anti-T2 in our simulations.

T3 transition — Fusion of free cell edges is performed through a transformation called T3 topological transition
[2], as shown in Fig. S2d. When a boundary vertex approaches too close to any cell edge within the same hole, i.e.,
when the distance between vertex boundary and cell edge within the same hole is less than a threshold ∆T3 = 0.01,
the boundary vertex is adhered to the corresponding cell edge, resulting in two new vertices and two new cell edges.

D. Boundary and initial conditions

1. Free boundary condition case

To mimic the behavior of tissue place on a uniformly coated fibronectin substrate, we consider a simulation where
the vertices at the edges of the tissue, which are shared by two cells only, are free to move. We find that only
short-lived holes could form, see SM Movie SM13.

Long-lived holes and tension within the bulk of the tissue is consistent with the existence of a polar traction forces
exerted by cells at the edges of the tissue, which models lamellipodia activity. Such local activation of lamellipodia
activity is coherent with the absence of a contact-inhibition of locomotion at the edges [9]. Here, specifically under
the assumption of a free boundary condition, we consider that each vertex i on the edge experiences a polar force:

F
(polar)
i = βP (ni−1,i + ni,i+1) /2 (S10)

where ni−1,i and ni,i+1 are the outward-oriented normal vectors to the two edge sides connecting the neighbour
vertices denoted i− 1 and i+ 1. With βP = 0.1, we find that a long-lived hole appears, see SM Movie SM13.

2. Confined boundary condition

Boundary conditions – To mimic the effect of a confining fibronectin pattern, boundary vertices on the circular
wall are assumed to be adhered to the wall while being able to slide along the wall. Other boundary vertices, i.e.,
those along holes, can move freely according to the governing equation (S1).

Initial condition – To mimic tissue on soft (or stiff) gels, we set the cell sheet under tension (or compression) at
t = 0, via the method described in the following paragraph.
Cell sheet under tension/compression – Here we present a method to prescribe the overall level of isotropic

stress within our simulated tissue. We first estimate the stress within each cell J through Batchelor’s formula [10]:

σJ = − 1

AJ

∑
i∈cell J

ri ⊗ F (J)
i . (S11)

Based on the force expression Eq. (S2), we find that:

σJ = Ka (AJ −A0) I +
1

AJ

(
KcLJ +

1

2
Λ

) ∑
i∈cell J

li,i+1ti,i+1 ⊗ ti,i+1 − β1QJ − β2
1

NJ

∑
K∈neighbor

QK . (S12)

We then estimate the global stress of the cell sheet as:

σ(tissue) =

∑
J

AJσJ∑
J

AJ
. (S13)

Consequently, the global tension level of a cell sheet can be characterized by the isotropic part of the global tissue
stress,

σ
(tissue)
iso = (σ(tissue)

xx + σ(tissue)
yy )/2. (S14)
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Based on the latter equation, we are able to define reference stress-free configuration
{
r

(stress-free)
i

}
where the

isotropic stress of the whole cell sheet is zero.

To mimic the effect of substrate rigidity, we impose a global tissue isotropic stress σ
(tissue)
iso through the following

affine transformation

ri = λr
(stress-free)
i . (S15)

where λ is the scaling factor; λ > 1 (resp. < 1) leads to a tissue under tension describing the soft substrate case
(resp.compression describing the stiff substrate case). Specifically, in our simulations, we take λ = 1.01 for the soft
gel case (leading to an overall tissue isotropic stress = 16 ± 2.5 Pa · µm) and λ = 0.97 for the stiff gel case (leading
to an overall tissue isotropic stress = −70± 8 Pa · µm). Such re-scaling is to be interpreted in terms of a differential
adhesion energy δγb between the stiff and soft case, as defined in Eq. (S9). Stretching by a factor λ leads to a pressure
difference δP = KA(λ2 − 1)A while an increase in adhesion energy leads to a pressure difference δP = δγb; equating

these two pressures leads a relation λ =
√

1− δγb/(KAA).
We then let the system relax for a sufficiently long time to reach a steady state (which is non-static in the presence

for a sufficiently large value of the active stress parameter β1 > 0).

E. Detection of topological defects

To detect topological defects, we first construct a coarse-grained nematic field Q(r) at regular grid. Based on the
nematic tensor QJ of cells, calculated using Eq. (S5), the coarse-grained nematic field Q(r) can be calculated as,

Q (r) =

∑
|r−rJ |<rcut-off

w (r − rJ)QJ∑
|r−rJ |<rcut-off

w (r − rJ)
, (S16)

where w(r−rJ) is the weight function with rJ being the geometrical center of cell J . Here we set the weight function
as a Gaussian function,

w (r − rJ) =
1√
2πσ

exp

(
−1

2

|r − rJ |2

σ2

)
, (S17)

where σ is the kernel size, typically set as σ = 0.75 cell length. Besides, rcut−off is the cut-off length that determines
the size of neighboring domain for coarse-graining. We set rcut−off = 3σ.

After obtaining the coarse-grained nematic field Q(r) (see Fig. S3(b) for example), we detect the location of
topological defects based on the calculation of winding number [13]. Once the location of topological defects are
detected, the orientation of topological defects can be extracted by examining the nematic field Q(r) sounding the
topological defects. We have tried two methods to extract the orientations of topological defects (see details in refs.
[11, 12]) and checked that both methods provide consistent results in the case of our simulation data (see Fig. S3).

F. Extreme value statistics of the isotropic stress around topological defects

In main text Fig. 4 and SI Fig. S4a-c, we evaluate several characteristic maps (standard deviation and 95th
percentile values) to characterize the typical fluctuation and extreme value statistics in the isotropic stress distribution
around topological defects.

Method – The 95th centile of the stress field is the stress values below which 95% of stress values fall.
Main text – The average stresses around topological defect are within the range (−20, 40) Pa · µm, which is

significantly lower than what is observed to trigger the formation of a hole (typically larger than 300 Pa · µm, see
main text Fig. 3(g-i)). However, we find that topological defects correlate with extreme stress events. In particular,
the map of the 95th centile of stresses around topological defects correlate with those for the mean (see Fig. S4a-c).
Such observation is coherent with stress field fluctuations being approximatively Gaussian with a standard deviation
that is approximatively constant, within the 200± 20 Pa · µm range.
Conclusion – We also found that the topological defects mediate extreme stress events. Such observation may

have other physiological consequences to explain other physiological processes, e.g. nuclear damage or tumoral cell
extrusion.
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Figure S3. Comparison of the two topological defect detection methods in our simulations: method 1 [11] (left columns) and
method 2 [12] (right columns). (a) The original cell sheet morphology superimposed with detected topological defects, where red
and blue markers indicate the locations and orientations of +1/2 defects and -1/2 defects, respectively. (b) The coarse-grained
nematic field Q(r) superimposed with the detected topological defects. The black lines indicate local cell orientations. The
color code corresponds to the cell elongation parameter q = |Q|. (c) Isotropic stress near topological defects, averaged over
8,553 ±1/2 topological defects. The domain size is of 10 cells length (200 µm). These simulations were generated for tension
initial conditions (soft gel case).

G. Physical model for the hole opening initiation

We recall that, as discussed in Sec. I C, holes are initially formed by splitting a vertex into a small triangular hole.

Here we assume that the hole opening is stochastic and rare, such that it can be described as a barrier crossing
problem. We consider that tension build-ups lowering the barrier energy according to Bell’s law. Our model is
motivated by the observation that threshold stress appears to be deterministically preceding every hole formation.

In the following, we will consider two alternative models for the mechanical failure of a cell-cell interface: (model
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Figure S4. Comparisons of (a-c) the cellular isotropic stress maps and (d-f) the junctional normal stress maps near half-integer
topological defects: (a, d) the average value, (b, e) the 95th percentile value and (c, f) the standard derivation value. The
junction normal stress is defined in Eq. (S19). The domain size is of 10 cells length (200 µm). The 95th percentile is the value
below which 95% of scores in the cellular isotropic stress (or the junctional normal stress) field frequency distribution falls.
These simulations were generated for tension initial conditions (soft gel case).

1) the normal stress along each neighbouring junctions or (model 2) by the local strain-rate at junctions.

• In model 1, we assume that the failure of the interface ij is dictated by the total cell-cell normal stress (Extended
Fig. 8a). It should be noted that since we have checked that hole opening events are not correlated to the von
Mises stress (see Extended Fig. 7), we here only examine the normal stress. The probability of failure is then
defined according to an activation law of the form:

pij = ζh exp
[
∆σσ

(n)
ij

]
, (S18)

to account for the contribution of normal stress σ
(n)
ij at the cell–cell interface (Extended Fig. 8a). Here the

normal stress at the cell–cell interface ij is defined as

σ
(n)
ij =

σ
(n1)
ij + σ

(n2)
ij

2
, (S19)
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with σ
(n1)
ij and σ

(n2)
ij being the normal stresses of corresponding cells at the cell–cell interface ij. The normal

stresses are computed via the Cauchy’s stress theorem,

σ
(n1)
ij = nij · σ1 · nij ,

σ
(n2)
ij = nij · σ2 · nij .

(S20)

Here, σ1 and σ2 are the stresses of the two cells that connect to the cell–cell interface ij, which can be computed
by Eq. (S12); nij is a normal vector to the cell–cell interface ij. We have checked that the junction normal

stress σ
(n)
ij is highly related to the isotropic stress σiso within cells nearby, as shown in Fig. S4.

• In model 2, we assume that the failure of the interface ij is dictated by the interfacial elongation rate ε̇ij = l̇ij/lij ,

with l̇ij being the expansion speed of the interface ij (Extended Fig. 8b). The probability of failure is then
defined according to an activation law of the form:

pij = ζh exp [ηεε̇ij ] , (S21)

We then express the hole initiation at a given vertex in terms of the latter probability pij of hole initiation per
interface as

pi =
∑

neighboring vertices

pij , (S22)

In practice, we check that the probability per simulation step is always such that pi∆t� 1.
In model 1 simulations, we set ∆σ = 10 and ηε = 0; while in model 2 simulations, we set ∆σ = 0 and ηε = 0.2.

Comparisons of simulations and experiments (see main text Fig. 4 and Extended Fig. 8) show that the hole initiation
events are more correlated to a stress-dependent mechanism (i.e., model 1). Therefore, we opted for model 1 for hole
creation in the main text simulations.

H. Cell division simulation

Model – To better understand the role of cell divisions in regulating the stresses as well as hole opening events,
we here involve cell divisions in our vertex-based computational model. A cell is divided into two daughter cells once
its area is larger than the threshold Adiv. According to the Hertwig’s cell division law[14, 15], we set the cell division
plane perpendicular to the long axis (defined as the principal direction of the nematic tensor QJ) of the cell and
passing through the cell centroid.

After division, we set the preferred area of the two daughter cells as

A
(daughter cells)
0 = fA0. (S23)

Here, we assume that the factor f is an increasing function of the substrate stiffness Es, mimicking the phenomenon
that cells tend to spread more on stiffer substrates [8] (see Sec. I B). Such cell division mechanism can mimic the
effect of substrate stiffness on cell spreading. In our simulations, we set fsoft = 0.72 for soft gels and fstiff = 1 for stiff
gels.

Simulation – We perform simulations in a circular domain that consists of approximately N = 1, 000 cells.
Boundary vertices are allowed to slide along the circular ”wall”. We start a simulation from a stress-free state via
the method described in Sec. I D and stop when the system arrives at the dynamic steady state. We set the area
threshold for cell division as 1.3 times of the mean cell area, i.e., Adiv = 1.3〈AJ〉. Note that in this section we focus
on the role of cell divisions and do not allow hole openings for simplicity.

Result – Figure S5 shows the evolution of tissue isotropic stress for a cell sheet adhering on soft gel and stiff gel,
respectively. We can see that at final steady state, the cell sheet adhering on soft gel is under tension, whereas the
cell sheet adhering on stiff gel is under compression, agreeing well with our experiment measurements.

Our simulation results suggest that the cell division mechanism proposed here can account for the different isotropic
stress states of a MDCK cell monolayer adhering on soft and stiff gels.
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Figure S5. Cell divisions can lead to a tensile stress state in a cell sheet adhering on soft gels (f = 0.72) whereas to a compression
stress state in a cell sheet adhering on stiff gels (f = 1). Shown here is the evolution of the tissue isotropic stress σiso. The
solid curves refer to the mean value and the shaded area represent mean ± SD (nsim = 5 independent simulations).

I. 3D vertex model: separate apical and basal dynamics and role of the tissue height

Here we propose an extension of our vertex model to three dimensions and discuss its relation to our effective two
dimensional formalism. We model the apical and basal sides of the epithelium in terms of two two-dimensional vertex
model layers. These two layers will be interacting with each other through lateral tensions and cell area constraint.
The apical and basal layers are separated by a fixed distance denoted h (set as h = 10 µm here).

Tissue energy – Following the generic vertex model framework, the interactions between cells are described
through the following tissue energy:

U3D = Uapical + Ubasal + Ulateral (S24)

where Uapical and Ubasal account for the contributions of apical layer and basal layer, respectively, and both can be
expressed in Eq. (S2) with AJ and LJ replaced by the apical ones and basal ones, respectively; Ulateral represents the
line tension between apical layer vertices and basal layer vertices, expressed as

Ulateral =
∑
〈i,j〉

ΛT lij , (S25)

where lij is the length between the vertex i within the apical layer and its apposed vertex j within the basal layer.

Active stresses – To model the effect of active mechanical stresses – including those generated along stress fibers
bound to the substrate through focal adhesions – we consider that the cellular active stress defined through Eq. (S5)
is exerted along the cell basal surface. More precisely, we consider that the set of forces applied on the vertex of the
basal sides to be given by Eq. (S1), where the active stresses defined in Eq. (S5) are expressed in terms of a basal
cell shape Q defined through Eq. (S6), with the sum spanning over basal vertices only.

Dynamics – We assume a uniform friction on both the apical and basal sides. We obtain similar results in the
case of a viscous dynamics for all cell-cell edges which do not belong to the basal surface. Once a cell-cell junction
has reached a critical threshold length ∆T1, a topological transition takes place on both the apical and basal sides.

1. The case of low lateral tension: anticorrelated apical and basal area variations

Here we consider the result of a simulation were have set all parameters according to their values in Table S1 –
e.g. with active stresses set at β1 = 0.8 and β2 = 0.5 on the basal layer only. In particular, for simplicity, we set the
lateral line tension to be equal to the cell-cell line tension among the apical and basal layers, i.e. ΛT = Λ.

Results – We find that the overall anisotropic cell shape descriptor Q along the apical and basal sides almost
superposed and that the corresponding detected topological defects within the apical and basal sides matched (both
in terms of spatial location and orientation). Furthermore, the velocity and stress maps on the basal side around
topological defects were equivalent to those predicted by our 2D model.

We notice that the cellular apical and basal area variations were typically anti-correlated, with a large apical area
typically implying a low basal one. Correspondingly, we observe opposite stress variations near topological defects
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along the apical side as compared to the basal side. Such anti-correlation effectively lead to an approximately constant
cellular volume.

Range of validity and model extension – We expect similar results to hold in the whole range of lower lateral
tension ΛT < Λ. In addition, we expect our result to hold if the apical area elasticity constraint had been substituted
by a volume compressibility constraint, e.g. through an energy term E = KV (V − V0)2/2, with V = (Aa +A(b))h/2.
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Figure S6. Three-dimensional vertex model in the uniform tension limit ΛT = Λ, Sec. I I 1. (a) Snapshot of a typical three-
dimensional simulation output. (b,c) Associated isotropic stress averaged within a box of side length 10 (corresponding to
L = 200 µm) that is centered around the core of −1/2 (left) and +1/2 (right) topological defects, for (b) the basal layer and
(c) the apical layer. These stress maps were averaged over a total of n = 8523 half-integer defects.

2. Higher lateral tension: equal apical and basal areas

In the previous paragraph, we considered that the two layers were separated by a fixed height with a lateral tension
ΛT = Λ, and argue that our results for a smaller lateral tension parameter ΛT < Λ.

However, in a limit of large lateral tension ΛT , the apical and basal areas are bound to become strictly equal. In
such limit, the apical and basal layers are mirror of each other; we then recover the two dimensional model that we
have considered in the rest of the manuscript.

3. Experimental comparison and conclusion

Here we argue that the first model is not consistent with experimental results. Indeed, we expect the stress field
on the basal side to correspond to the one inferred experimentally using the BISM formalism [13]; however, given
the experimental location of holes (see main text Figure 4), the stress map on the basal side in Fig. S6b suggests
that holes should first form on the epithelium basal side, while experiencing a resistance from the apical side under



12

compression. Such a prediction does not appear to match experiments, where holes first form on the epithelium apical
side, see main text Figure 2.

Our second model Sec. I I 2 lead to equivalent apical and basal cell shape and stresses; the basal stress field are
compatible with those observed in experiments; the apical stress field is compatible with the experimental observation
of hole opening on the apical side at the location of maximal stress on the basal side. Generally, this shows that the
results that we obtained through our 2D vertex model are generic and robust to more elaborated and realistic model
hypothesis.

Figure S7. The isotropic stress field (a-d) and average flow field (e, f) maps near half-integer topological defects can be tuned
by the cell activity. Here we vary β2 in our simulations to mimic the effect of CK666 treatment experiment. (a, c, e) β2 = 0.5,
which mimics the control case; (b, d, f) β2 = 0.3, which mimics the CK666 treatment case. (a, b) The average isotropic stress
field. (c, d) The 95th percentile value of isotropic stress field. (e, f) The average flow field, where the color code refers to the
velocity magnitude and the black arrows indicate velocity vectors. The domain size is of 10 cells length (200 µm).

J. Parameter values

In our simulations, the governing equations and corresponding parameters are rescaled by the length scale ` =
√
A0,

the time scale τ = γ/(KaA0) , and the stress scale σ = KaA0. Table S1 gives the details of the default parameter
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values used in our simulations of hole opening.

Table S1. List of parameter values used in vertex model simulation

Parameter Description Value
(dimensionless)

Value (dimension)

` =
√
A0 Length scale 1 20 µm

τ = γ/(KaA0) Time scale 1 2 min

σ = KaA0 Stress scale 1 2, 000 Pa · µm

Ka Cell area elasticity 1.0 5× 106 Nm−3 [16]

Kc Cell perimeter elasticity 0.02 4× 10−5 Nm−1 [17]

Λ Cell–cell interfacial tension 0.1 5× 10−9 N [18]

β1 Cell activity 0.8 1, 600 Pa · µm

β2 Strength of local cell-cell nematic alignment 0.5 1, 000 Pa · µm

∆T1 Length threshold for T1 transition 0.01 0.2 µm

∆anti−T2 Area threshold for anti-T2 transition 0.01 4 µm2

∆T2 Area threshold for T2 transition 0.0003 0.12 µm2

∆T3 Length threshold for T3 transition 0.01 0.2 µm

ζh Reference hole creation rate 2× 10−5 10−5 min−1

∆σ Sensitivity of hole creation to cell junctional stress 10 0.005 Pa−1 · µm−1

ηε Sensitivity of hole creation to cell junctional elongation
rate

0 0 min

σ
(tissue)
iso,soft Tissue isotropic stress at t = 0 (soft gel) 0.008± 0.00125 16± 2.5 Pa · µm

σ
(tissue)
iso,stiff Tissue isotropic stress at t = 0 (stiff gel) −0.035± 0.004 −70± 8 Pa · µm

fsoft Factor of preferred area after cell division (soft gel) 0.72 —

fstiff Factor of preferred area after cell division (stiff gel) 1.0 —

∆t Simulation step time 0.01 0.02 min
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II. ACTIVE HYDRODYNAMIC THEORY

We propose a tissue-scale hydrodynamic model in which the hole formation and closing dynamics rely on the balance
between (i) a local line tension quantified by the amount of mechanical work required to create a new interface within
a tissue, (ii) an overall tension within the material (denoted σH), and (iii) nematic stresses associated to patterns of
cell elongation.

Here, modelling the cell monolayer as an extensile active nematic, we show that the stresses generated by elongated
cells along the edges can drive the hole opening process.

As we mainly focus on the initial hole opening process, we will consider a hole of radius r within a circular tissue
of radius R, as shown in Fig. S8. We investigate the effect of a stable nematic order in the region [r, r + λ] that
surrounds the hole during the dynamic process of hole opening.

Nematic 

Isotropic layer

Ordered layer

a b

Global tissue stress

Surface tension

Hole

R

λ

r

ordered layer

disordered layer

Figure S8. (a) Geometry of our analytical calculation: we consider a hole with radius r within a circular tissue of radius R.
The hole opening process generates order within a layer region [r, r + λ] (b) To account for cell elongation and lamellipodia
protrusions of cells surrounding the hole, we assume the existence of a nematic order (for cell elongation) within a region
[r, r + λ] (light red) that surrounds the hole. The rest of the tissue is on average apolar and isotropic.

A. Static description of forces: stable hole conformations

1. Hole opening without a cell-orientation field

Our first interpretation of the hole opening dynamics is inspired by nucleation theory [19]. Here we consider the
case of a tissue with a homogeneous isotropic stress σH . For a hole to grow, tissue tension needs to exceed line tension
forces associated to the free boundary. We expect the rate of hole opening to be related to such a force imbalance as,

dr

dt
∝ −γ

r
+ σH , (S26)

where γ is a tissue line tension and σρρ = σH is the characteristic global tissue (isotropic) stress. The critical hole
size

rc = γ/σH (S27)

defines a characteristic length size separating short from long-lived holes.
Based on Eq. (S27), we estimate the critical nucleation size to be in the order of 50µm, using estimated values

for the tissue surface tension γ and the measured tensile stress on soft substrate (Σ = 25Pa/µm) [20]. Such value is
relatively large compared to estimated single cell length, in the 10 µm range.

2. Hole opening in the presence of a cell-orientation dependent nematic stress field

Around an expanding hole, the cells are deformed into elongated objects. Here we investigate how such a pattern
of cell deformation at the cell edge plays a role in the hole opening process.
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Cell shape tensor — Both in experiments or in simulations, the spatial cell shape pattern is described through a

symmetric tensorial field Q̃(~r, t). In the following, we will focus on a radially symmetric problem where the cell shape
matrix is to be expressed as:

Q̃(ρ, θ, t) =

∣∣∣∣Qxx(ρ, θ, t) Qxy(ρ, θ, t)
Qxy(ρ, θ, t) Qyy(ρ, θ, t)

∣∣∣∣ =
1

2
R(θ)

∣∣∣∣q1(ρ, θ, t)
0 q2(ρ, θ, t)

∣∣∣∣R−1(θ), (S28)

where (ρ, θ) is the cylindrical coordinate system, q1(ρ, θ, t) (resp. q2(ρ, θ, t)) are the radial (resp. angular) axis of
elongation, and R(Θ(ρ, θ, t)) is a rotation matrix from Cartesian to cylindrical coordinates.

Tangential cell organization and interfacial tension — We now consider the case where the cells actively exert a
force dipole along their principal axis of elongation. We focus on the case:

σ̃(act) = −ζQ̃ = −ζ
[
q1
~iρ~iρ + q2

~iθ~iθ

]
, (S29)

where ζ > 0 (resp. ζ < 0) for an extensile (resp. contractile) system. An active stress field of the form Eq. (S29)
results in a radial force field df (a) = −∇ · σ̃(act) within the elementary surface element (ρ, ρ + dρ)× (θ, θ + dθ) that
reads:

df (a) = −ζ δq
ρ
~iρ. (S30)

where δq = q1 − q2. As expected, in an extensile system (ζ > 0), we find that df (a) is outward-oriented (i.e. would
favour hole opening). The total force exerted by the layer on the edges of the hole is then expected to scale as the
integral of the elementary forces along the annulus (ρ, ρ+ dρ)× (θ, θ + dθ)

fa = −2πζδq ln

(
r + λ

r

)
∼r/λ→0 −2πζδq

λ

r
. (S31)

We then expect the hole growth rate (ṙ) to be proportional to the total radial force:

dr

dt
∝ −γ − λζδq

r
+ σρρ, (S32)

which corresponds to the expression provided within the main text. In the next paragraph, we propose a mechanical
model for the proportionality coefficient in Eq. (S32).

B. Dynamics of hole opening

Here, we derive an expression for the hole opening dynamics that will be consistent with the expectation presented
in Eq. (S32).

Force balance with the substrate — Considering active traction of the monolayer on a substrate, we express the
global force balance equation as:

∂jσji =

{
ξvi − ζδq/ρ for ρ ∈ [r, r + λ] ,

ξvi for ρ ∈ [r + λ,R] ,
(S33)

where ξ is the friction coefficient on the underlying substrate. The last term proportional to δq corresponds to the
local nematic direction (describing the cell shape) as defined in Eq. (S29) and Eq. (S30).

Bulk tissue equations — Here we assume that the bulk tissue stress obeys a Maxwell relation [21, 22]

Dσij
Dt

+
1

τ
σij = Ēvij , (S34)

where E corresponds to a tissue elastic modulus and τ is a Maxwell time. In the following, we focus on the long time
regime t� τ .
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In addition, motivated by our experimental observation that no visible angular flows occur around holes, we will
focus on the case of purely radial flows such that vθ = 0. In this case, the bulk viscous dissipation is related to the
symmetric strain rate tensor which reads

~∇~v + ~∇~vT

2
=~iρ

∂
(
vρ~iρ

)
∂ρ

+
~iθ
ρ

∂
(
vρ~iρ

)
∂θ

=~iρ~iρ
∂vρ
∂ρ

+~iθ~iθ
vρ
ρ
. (S35)

Furthermore, we will neglect dissipation forces associated to pure shear, corresponding to η̄ = τĒ � η. Therefore,
we can suppose that:

σρρ = σH + η̄

(
∂vρ
∂ρ

+
vρ
ρ

)
= σθθ, (S36)

where σH is a characteristic constant of the tissue, called tissue homeostatic tension [23, 24], prescribed by the rates
of cell death, cell division and the force pattern associated to these events.

Set of equations — The force balance equation Eq. (S33) then reads

∂

∂ρ

(
η̄

(
∂vρ
∂ρ

+
vρ
ρ

)
+ σH

)
=

ξ
(
vρ −

λ

ρ
v1

)
for ρ ∈ [r, r + λ] ,

ξvρ for ρ ∈ [r + λ,R] ,
(S37)

where we define the local nematic velocity

v1 =
q2 − q1

λ
× ζ

ξ
. (S38)

Equation (S37) takes the dimensionless form

∂

∂ρ̂

(
∂vρ
∂ρ̂

+
vρ
ρ̂

)
=

vρ − v0 −
λ̂

ρ̂
v1 for ρ ∈ [r, r + λ] ,

vρ, for ρ ∈ [r + λ,R] ,

(S39)

where the radial coordinate ρ̂ = ρ/l and layer thickness λ̂ = λ/l are expressed in units of the hydrodynamic length
l2 = η̄/ξ [25].

Boundary equations — At ρ = r + λ, the cell velocity field and the stress must be continuous:

vρ(ρ = (r + λ)−) = vρ
(
ρ = (r + λ)+

)
, (S40)

σρρ(ρ = (r + λ)−) = σρρ(ρ = (r + λ)+), (S41)

At the outer edge of the circular tissue domain (ρ = R), we consider that:

vρ(r = R) = 0. (S42)

Our objective is to obtain expressions for the hole opening rate defined as tissue velocity at the edges:

dr

dt
= vρ(ρ = r). (S43)

Solution The solutions of Eq. (S39) are expressed in the form of modified Bessel functions K1(ρ̂) and I1(ρ̂). As
we expect the confinement size to be large compare to the hydrodynamic length R � l, we only need to consider
K1(ρ̂), since I1(ρ̂) diverges for ρ̂→∞. In such small hydrodynamic length limit, the solution to Eq. (S39) reads:

vρ =

{
vkK1(ρ̂) + vp(ρ̂) for ρ ∈ [r, r + λ] ,

vkK1(ρ̂) for ρ ∈ [r + λ,R] ,
(S44)

A particular solution of Eq. (S39) reads:

vp(ρ) = λ̂v1

− ρ̂
2

(
ln ρ̂− 1

2

)
+
ρ̂

2
ln
(
r̂ + λ̂

)
−

(
r̂ + λ̂

)2

4ρ̂

 (S45)
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r
rc

 d dr t

Figure S9. Hole opening speed dictated by Eq. (S48). Arrows indicate hole opening/closing direction. There exist only one
stationary point (dr/dt = 0; the solid red/blue point): small holes r < rc (see definition Eq. (S27)) necessarily close while
larger holes (r > rc) undergo spontaneous opening. Parameter values: γ = 1, σH = 1, ξ = 0.01, λ = 1, and v1 = 3.

where the constant vk is determined through the boundary conditions Eqs. (S40–S42) as

vk =

γ

r
− σH − ξλv1 ln

(
r̂ + λ̂

r̂

)
η̄

l

[
ln

(
r̂

2

)
+ γE

] . (S46)

A general expression for the hole opening rate therefore reads

dr

dt
=

γ

r
− σH − ξλv1 ln

(
r̂ + λ̂

r̂

)
η̄

l

[
ln

(
r̂

2

)
+ γE

] [
1

r̂
+
r̂

2
ln

(
r̂

2

)
− r̂

4
(1− 2γE)

]
+ λ̂v1

(
r̂

2
ln

(
r̂ + λ̂

r̂

)
− 1

2
λ̂− λ̂2

4r̂

)
. (S47)

We now focus on the limit where both the hole size and ordered layer width are small as compared to the hydrodynamic

length l =
√
η/ξ, i.e. that ρ̂, λ̂� 1; we find that:[

ξr ln

(
2l

r

)]
dr

dt
≈ −γ

r
+ σH + ζδq ln

(
r + λ

r

)
∼ −γ − λζδq

r
+ σH , (S48)

in the limit λ � r. We represent the corresponding hole opening rate curves for a constant homogeneous isotropic
stress σH in Figure S9. Mind that, Based on the definition (S38), Eq. (S48) is in line with Eq. (S32) at first order in
the expansion in λ/r.

In Fig. S10, we show that in our vertex model simulations, a larger cell activity β leads to a larger rate of hole
opening and large hole radius. Such increase is better modelled through an increase of the value of the local surface
tension σ around the hole than through a decrease in the value of the surface tension.
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Figure S10. A larger cell activity increases the opening speed of holes in our vertex model simulations. Shown here is the curves
of the hole opening speed versus the hole size for two different cell activity values: control case (β1 = 0.8); larger activity case
(β1 = 1.0). Data are presented as mean values ± SD (normal activity: nhole = 8 holes examined over nsim = 3 independent
simulations; high activity: nhole = 10 holes examined over nsim = 3 independent simulations). Solid lines: mean value. Error
bars: standard deviation (SD).



19
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