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In this supplementary note, we develop a theoretical model for the mechanics of the emergence of an apical
epithelial surface in the multi-ciliated cells (MCCs) of the Xenopus laevis epidermis. In particular, and guided
by the experimental results described in the main text, we concentrate on the role of the forces exerted by
the actomyosin cytoskeleton. This is in agreement with many previous studies that underlie the crucial
contribution of actomyosin to cellular mechanics in general, both in vivo and in vivo (Salbreux et al. 2001,
Heisenberg et al, 2013, Sedzinski et al, 2011, Marcy et al. 2004, Demoulin et al. 2014, Maitre et al. 2012,
Bertet et al. 2004, Marinari et al. 2012). Even though the mechanics underlying the extrusion of cell from
a monolayer are starting to be better understood, involving an active constriction of the apical actomyosin
ring (Marinari et al. 2012, Wu et al, 2015), very little is known of the mechanics of cell intercalation within a
monolayer, i.e. the emergence of a mature apical surface. Therefore, our strategy is to consider all possible
force contribution to the emergence, examine what would be their effect of cell shape and tissue stress, and
test each prediction successively. The model we describe here is two-dimensional, and applies to the apical
surfaces of the intercalating cells and their neighbours. The reasons for this choice, as well as extension to
three-dimensions, are discussed in the last paragraph of this note.

At the apical surface of most epithelial cells, actin is segregated into two pools : a junctional pool at the
cell-cell boundaries, forming rings which are connected from cell to cell by the adherens junction complex
(Tsukita et al, 1992), and a medial pool in the center of the apical surface (Rauzi et al, 2010). At this
stage of embryo development, this medial pool is uniform and does not display additional segregation, into
specialized cilia structures for instance.

As junctional actomyosin is condensed into a thin, well-defined layer cortical layer, it is reasonable to
model its contribution as a line tension, with the value of this tension increasing with actin and myosin
concentration. This leads to a strong analogy between the physics of epithelial packing and of soap films,
as both tend to minimise their perimeter. Both can be described by vertex models (Graner et al, 1992,
Farhadifar et al, 2007), which assume junctions to be straight lines, or cellular Potts models (Fletcher et
al, 2014), which relax this assumption. Recently, the same sort of description was extended to three-
dimensional settings (Hannezo et al, 2014).

In two-dimensional vertex-type models, an additional contribution must be added for the stability of the
epithelium, dependent on the apical area. In principle, it can be either positive (representing a pressure
exerted by the apical area) or negative (representing a tension exerted by the apical area).

In the following text, instead of concentrating on large-scale properties of cell packing, which was the
goal of many vertex-type simulations (Graner et al, 1992, Fletcher et al, 2014, Mao et al, 2013), we zoom
in on a single intercalating cell, and write the balance of force on its apical surface, taking into account both
junctional mechanics (line terms) and area mechanics (surface terms). In contrast with vertex models, we
allow the intercalating cell to have any shape. Importantly, one should note that the detailed shape of the
cell contains much information of the forces in play, and in particular on the ratio of junctional vs surface
forces, as we detail below.

From a theoretical perspective, there are two broad classes of mechanisms : cell-autonomous, where
the MCCs drives the apical expansion (pushing force) and the neighbours resist it, and non-cell autonomous,
where the neighbours drive the apical expansion (pulling force, either from the perpendicular junctions or
the neighbour medial pool) and the MCCs resist it.

In order to know the sign of each contribution, laser-dissection experiments are extremely useful. As
described in the main text, junction dissection always resulted in retraction, meaning that junctions from the
intercalating and neighborings cells are under tension. Laser dissection in the medial pool of neighborings
cells lead to a discernable recoil, but crucially, ablating either the perpendicular junctions or the medial actin
pool of the neighbouring cells during MCC intercalation did not lead to any MCC collapse, which would be
the case if neighbour tension was driving the process. This leads us to neglect neighbour area tension in



the following, and to assume that at least the first phase of apical surface emergence is cell-autonomous,
an hypothesis which we subsequently check experimentally.

1 Force balance on the intercalating cell

We call r(θ, t) the radius of the expanding apical domain of the intercalating MCC, as a function of the
polar angle θ and time t. We write force balance on the intercalating MCC, taking into account all possible
contributions (see Theory Figure S1)

η∂tr = δP − Er − γC +

N∑
i=1

Λiδ(θ − θi) (1)

where

C(θ, t) =
r2 + (∂θr)

2 − r∂θθr
(r2 + (∂θr)2)3/2

is the local curvature of the MCC apical junction, and η the viscosity of the cortex. The possible contributions
to force balance are :

• a pressure δP exerted by the MCC on its surroundings, helping expansion.

• cortical line tensions Λi from the perpendicular junctions of the neighbours, helping expansion

• a resistance from the neighbours to expansion, modelled as a linear spring of stiffness E.

• a cortical line tension γ from the MCC, resisting expansion

• an effective viscosity η which describes the viscous forces associated with apical expansion.

2 Expansion and resisting force

Let’s start with a few limits at steady state (t→∞).

• If the pressure forces are very large compared to the junctional forces (δP , Er � Λ/r, Λ/r), then we
expect the cell to be round, and reach the radius r0 = δP

E .

• In the converse case of dominant junctional tension, we expect the cell edges to be straight and make
sharp angles. We can simplify the problem to a balance of forces at the vertices, and assume that
three perpendicular junctions are pulling on the expanding apical domain. We note a the length of
perpendicular junctions and r the side of the expanding apical domain (see Theory Figure S2).

The energy of the system is

E = −3γr + 3Λa

Assuming that the outer vertex of perpendicular junction is fixed, and noting a0 maximal length of
perpendicular junction (when r = 0) leads a geometrical relationship between a and r : r =

√
3(a0−a).

From energy minimization, we see that the system has two energy minima:
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Theory Figure S 1: Top panel : Schematics of our model of force balance for an MCC. Bottom panel
: Steady shape of cells under a combination of internal pressure and pulling forces from perpendicular
junctions. Left : Varying the position of junctions changes the shape and convexity of the cell. Right :
Increasing the number of pulling junctions increases the average cell area, and changes the sign of the
curvature of the junctions.
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Theory Figure S 2: Schematics of an apical expansion driven by perpendicular cell tensions.

– if Λ <
√

3γ, the cell collapse entirely (r = 0).

– if Λ >
√

3γ, the cell expands and the perpendicular junction vanishes (a = 0).

Another way to see that is that the geometry of the cell makes it so that each vertex must have a 60
degree angle, a condition which can only be respected if Λ =

√
3γ exactly. Therefore, an intermediary

minimum with perpendicular junctions of finite size requires the existence of pressure and resistance
from the neighbors.

• In the case of Λ = 0 and E = 0 (no perpendicular junction, no external rigidity), there is a critical
nucleation radius rn = γ

δP that the cell has a pass in order to be able to grow, in order not to be



crushed by its tension γ. Cells having a radius lower than rn would collapse, whereas cells having a
radius higher than rn would grow indefinitely. Obviously, this is unphysical, and the external rigidity
prevents this.

• In the case Λ = 0 and with an external rigidity E, cells remain round, and Eq. (1) simplifies at steady
state to

δP = Er +
γ

r

, which yields a radius of

r =
δP +

√
δP 2 − 4Eγ

2E

This means that an equilibrium can only exist above a critical pressure, i.e. δP > δPc = 2
√
Eγ, which

increases with increasing rigidity and tension, as expected. The minimal radius observable in that
case is rmin = δP

2E .

• If all forces are present, then one expects to move continuously between the difference regimes, and
numerical integration are necessary, as detailed below. One should note that Eq. (1) has a simple
analytical steady state solution in the limit r → ∞, i.e. in a planar geometry. One can rewrite force
balance on a deflection r = ε due to a point force Λ in x = 0

0 = −Eε+ γ∆ε− Λδ(x)

which has the solution

ε(x) =
Λ

2El

(
ex/l(1−H(x)) + e−x/l

)
where we defined l =

√
γ
E , which is the length on which the deformation imposed by the perpendicular

junction decays. H(x) is the Heaviside step function. The above expression can be readily generalised
to an arbitrary number of perpendicular junctions Λiδ(x− xi)

We also expect the position and number of perpendicular junctions to play a role in the later refining of
MCCs’ shape. Theory Figure S1 displays two examples of this. Taking perpendicular junctions closer to
each others favour a local inversion of curvature, arising from angle equilibration at the vertices. Increasing
the number of perpendicular junctions (although maintaining their regular spacing) from 3 to 5 causes larger
cells, as well as an inversion of curvature.

3 Measurement of angularity

In the wild type, it is rather apparent that there is three phases of apical expansion: cells remaining at a
very small radius, fast expansion phase with a circular cell, plateauing of the cell radius while transitioning
from round to triangular shapes. In order to quantify this in an automated and objectif manner, we extract
from the data the profiles r(θ, t) at successive time points, compute the curvature C(θi, t) for every degree
θi ∈ [0, 360].

We then calculate the time evolution of the mean curvature:

µ1(t) =

360∑
θi=0

C(θi, t)

360



the variance:

σ(t) =

√√√√√ 360∑
θi=0

(C(θi, t)− µ1)2

360

the fourth moment:

µ4(t) =

360∑
θi=0

(C(θi, t)− µ1)4

360

and finally the excess kurtosis:
K(t) =

µ4

σ4
− 3

The advantage of the excess kurtosis as defined above is that it is equal to zero either for a cell which is
perfectly circular (r = r0), or for r(θi) being a normal distribution. This means that random fluctuations in the
cell radius (either due to biological noise or segmentation inaccuracies) do not show up in this measurement.

The excess kurtosis is routinely used to quantify how much a distribution has heavy tails, i.e. extreme
values, compared to the normal distribution. Therefore, we expect it to be zero for circular cells, but to
become very large for angular cells (i.e. which have very high values for curvature at the perpendicular
junctions, and very small values otherwise). For this reason, we term it ”angularity parameter” in the main
text.

Obviously, one could have used other measures for the angularity. The variance of the distribution could
be used theoretically, but our analysis showed that it is more sensitive to noise (as we note above), but also
that cells sometimes grow as ellipsoids instead of circles. In that case, the variance σ increases, whereas
the excess kurtosis K is largely unaffected. As these were not angular cells per se, it demonstrates the
superiority of excess kurtosis as a reporter of angularity.

4 Numerical integration of Eq. 1

Let us go back to Eq. 1. The data from the main text, in particular the laser ablation experiments, as
well as the rapid cellular collapse with FMN1 KD and SMIFH2 strongly suggests that the viscoelastic time
scale of the problem is small τv = η

δP ≈ 101 − 102s, in line with previous estimates (Salbreux et al, 2012).
This means that the slow dynamics of apical expansion (on the timescale of hours) is driven by the slow
increase of pressure forces, instead of viscous dissipation. We can then neglect η → 0 and assume a
sigmoidal increase for the pressure

δP =
δP0

1 + e
− t−t0

τp

The time at which pressure increase t0 is arbitrary and unimportant to this problem, so we set it to zero
without loss of generality. We extract the mean expansion time τp = 20min from the data in Fig. 1D of the
main text.

We rescale the radius r by r0 = δP0/E, the time by τp and the tensions by δP0r0. The system of equation
then simplifies to {

0 = δP − r + γ∆θr − Λ
∑N
i=1 δ(θ − θi)

δP = 1
1+e−t

(2)

which only contains two ajustable rescaled parameters Λ and γ.
Nevertheless, our data shows unambiguously that both of these tensions change rather significantly in

time, and that this time evolution is essential to understand the shape and expansion profile of MCCs. As



we show in the main text, the angularity of the wild type cells is very low during the main phase of the apical
expansion, and peaks to high values above a radius threshold of around r ≈ 8− 9µm.

The simplest, first order theory is then to assume that the tensions are actively regulated by the apical
radius of the MCCs:

τ
dγ

dt
= γ0r − γ (3)

where γ0 is a target tension for the largest rescaled radii (r ≈ 1) and τ a delay time between radius
change and tension ajustement.

One can write a similar equation for Λ. Nevertheless, to avoid overfitting the data, we made the assump-
tions that the two tensions are proportional. We this note Λ = αγ, α being a positive coefficient.

We performed our numerical integrations both by using the dedicated functions in Mathematica, and by
using the solver Xmds (Collecut et al, 2011), and got identical results. In order to simulate the perpendicular
junctions, we approach the delta functions of Eq. (1) by very peaked gaussian distributions centered around
the same values, and with very small variance σ = 2π

500 . We verified that changing this value, keeping the
total force constant, did not modify the results.

To get the fit from the cell seen in the main text, we fit both the time evolution of the angularity of the cell
as well as of the apical radius. For the cell shown in the main text, we extracted the parameters γ0 = 0.45
and α = 1.4, as well as τ = 4.5, which reproduce well also the shape changes undergone by the apical
surface.

We also plot the final shape of cells for different values of these tensions in order to explore further the
phase diagram (Theory Figure S4):

• increasing both rescaled tensions, (γ0 = 0.5, and keeping α = 1.4) yields triangular cells.

• decreasing both rescaled tensions (γ0 = 0.05, and keeping α = 1.4) yields large and very round cells.

• decreasing the perpendicular junction tensions and increasing the cortical tension (γ0 = 0.6, and
keeping α = 0.5) yields very round cells, which are much smaller than wild-type.

• increasing the perpendicular junction tensions and decreasing the cortical tension (γ0 = 0.2, and
keeping α = 1.6) yields large cells which are star-shaped.
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Theory Figure S 3: Numerical integration of cell shapes, in different regions of the phase diagram: low
tensions (A), high tensions (B), high cortical tension and low perpendicular tension (C) and low cortical ten-
sion/high perpendicular tension (D). The values for the parameters and details on the numerical integration
are given in the main text.

In order to highlight the importance of the delay time τ , we forget about Eq. 3, and use the following toy
simulation (Theory Figure S4). We keep the values of tensions to zero until a time tc, and then increase them



abruptly to γ0 = 0.5, α = 1. For high value of tc (top panel), the cell had time to get above the nucleation
threshold, and apical expansion occurs smoothly. For low values of tc (bottom panel), the increases in cell
tension occurs two early, and the nucleation radius becomes larger than the cell radius, causing collapse.
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Theory Figure S 4: Dynamics of cellular apical expansion. Top panel : initially, the tensions are negligible,
and the cells grow spherically. As the final radius is reached, the tensions become significant, leading to a
refinement of shapes and angles, towards a mature epithelium. Bottom panel : if the tensions increase too
early, or if the pressure is too small, the cells pass below the nucleation threshold, and collapse.

Similar collapse and oscillatory behaviours occurs when changing γ0 and δP . For the phase diagram of
Fig. 4 in the main text, we therefore fixed τ = 5 and explored 100 simulations for various values of γ0 and
δP , to extract the transition lines between phases. We define a cell as oscillatory if its maximal radius is
superior by 5% to its final radius.

5 Three-dimensional aspect of cell apical expansion

The main hypothesis that we explore in the main text is that an effective 2D pressure drives apical expan-
sion. In principle, one could also assume that mechanical forces in 3D, i.e. the lateral tensions, play a role.
From a theoretical perspective, it has been shown that the basolateral tensions can contribute to this ef-
fective 2D pressure through three-dimensional incompressibility (Hannezo et al, 2014). Intuitively, if lateral
tension increases in the MCC, shortening the lateral sides, this provides a force outward driving expansion,
qualitatively similar to our 2D pressure.



This bears a strong ressemblance to the physics of cell-doublets (Maitre et al, 2012), as well as cytoki-
nesis (Turlier et al. 2014). In the latter case, Turlier et al. have developed an elegant scaling model where
the ratio of cytokinetic ring tension (apical tension in our case) and pole tension (lateral tension in our case)
determines the advancement of cytokinesis.

Similarly here, one can define κ = γ
ΓlR0

, where Γl is the lateral tension, γ the apical line tension as
before, and R0 the initial 3D radius of the MCC.

One can deduce from energy minimisation consideration, that assuming incompressibility, MCC apical
expansion can only proceed if κ goes below a critical threshold κ < κc ≈ 0.4, i.e. if the lateral tension goes
above a critical tension

Γl >
γ

κcR0

In our case, the volume of the MCC does increase, which would modify the threshold in the above
criteria, but the same physics holds.
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Theory Figure S 5: Schematics of apical expansion in 3D.

Nevertheless, our data provides four arguments against such a mechanism :

• the cortical tension γ actually increases during most of the apical expansion, as shown in our laser
ablation experiments (barring a decrease in very early stages). This goes in the opposite direction
and tends to diminish apical area.

• actin and myosin display very weak localisation on the basolateral side on the cell, and do not seem
to increase as apical expansion proceeds, opposite to what would be expected if Γl increased.

• As in cell-doublet systems (Maitre et al. 2012), such a force balance creates sharp and well-defined
angles between the apical and lateral sides (Theory Figure S5A), which is again not the case in our
3D reconstructions.



• Last, but not least, in this system, the main difference with cell doublets is that there is not a second
cell capable of balancing vertical forces applied by the lateral membrane. Therefore, to balance such
forces, the apical surface would have to become curved upwards (see schematics on Theory Figure
S5B), which is again not the case.
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