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Epithelia are ubiquitous tissues that display a large diversity of functions and forms, from totally flat to
highly curved. Various morphogenetic events, such as gastrulation or branching morphogenesis, correlate
to changes in the curvature of epithelia. Building a physical framework to account for the shape of cells in
epithelia is thus an important challenge to understand various normal and pathological biological processes,
such as epithelial morphogenesis or cancer metastasis. It is widely recognized that the shape of epithelial
cells is determined by the tension generated by the actomyosin cortex and the adhesion of cells to the
substrate and to each other. These tensions and adhesions are not homogeneously distributed on the cell
surface, which makes a 3D view of the problem valuable. To account for these biological and structural
contributions to cell shape, different physical models have been proposed, which include surface energies,
adhesions, line tensions, volume compressibility, or elasticity terms. However, an experimental procedure
that would allow a validation of a minimal physical model for the shape of epithelial cells in 3D has not yet
been proposed. In this study, we first made a quantitative analysis of the correlation between cell thickness
and curvature during the formation of the ventral furrow in the early Drosophila embryo. We then cultured
Madin-Darby Canine Kidney (MDCK) epithelial cells on substrates with a sinusoidal profile, allowing us
to measure the shape of the cells on various positive and negative curvatures. We found that both in the
early Drosophila ventral furrow and in MDCK epithelia cells are thicker when positively curved (on valleys
of sinusoidal substrates) than when negatively curved (on the crests). The influence of curvature on the
shape of epithelial cells could not be understood with a model using only differential apical, basal, and
lateral surface energies. However, the addition of an apical line tension was sufficient to quantitatively
account for the experimental measurements. The model also accounts for the shape of MDCK cells that
overexpress E-cadherin. On the other hand, when reducing myosin II activity with blebbistatin, we
measured a saturation of the difference in cell thickness between valleys and crests, suggesting the need for
a term limiting large cell deformations. Our results show that a minimal model that accounts for epithelial
cell shape needs to include an apical line tension in addition to differential surface energies, highlighting the
importance of structures that produce anisotropic tension in epithelial cells, such as the actin belt linking
adherens junctions. In the future, the model could be used to account for the shape of epithelial cells in
different contexts, such as branching morphogenesis. Furthermore, our experimental procedure could be
used to test a wider range of physical models for the shape of epithelia in curved environments, including,
for example, continuous models.
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I. INTRODUCTION

Physical understanding of the factors that regulate the
shape of epithelial cells is important for various biological
processes such as cancer [1,2] and embryogenesis [3.4].
For instance, metastatic events, such as the epithelial-

“sylvie.henon @u-paris. fr

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2160-3308/21/11(3)/031028(17)

031028-1

mesenchymal transition or the invasion of neighboring
tissues through collective migration of epithelial cells,
involve multiple cell shape changes. Morphogenetic events
that occur during embryogenesis also involve cell shape
changes, in addition to division, apoptosis, growth, and
migration, in order to create higher-order forms, which will
become tissues and organs. These events often involve the
occurrence of an out-of-plane curvature or a curvature
inversion that correlates with changes in cell shape [5-7].
The influence of curvature on the motility of epithelial cells
has been studied recently [8,9], but little is known about
its influence on the shape of epithelial cells. Epithelial
tissues and liquid foams share a common morphological
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characteristic: they are cellular materials. It has thus been
proposed that the shape of epithelial cells could be
governed by surface energies, similarly to that of soap
bubbles [10]. Differential cell-cell and cell-medium surface
energies were also used to explain cell sorting [11]. Various
models from the family of vertex models were then
proposed to understand the shape of epithelial cells in
2D, either in the plane of the epithelium [12—-15] or in cross
section [16—18]. Studying the shape of cells in 3D is
especially useful in curved environments and, to this end,
3D vertex models have been proposed more recently [19—
21]. In these models, the energy of an epithelial cell is
expressed with different terms accounting for the multiple
force generating processes and structures. Most often,
vertex models include surface tensions, with different
values for the different interfaces of epithelial cells: basal,
apical, and lateral. Using different values for the different
surface tensions is a way to account for the adhesion energy
at the lateral surfaces and at the basal surface and the
inhomogeneity in the contractility of the actomyosin
cortex. The models also usually include an apical perimeter
line tension or line elasticity that accounts for the con-
tribution of the actin belt that links the adherens junctions
around the cell, and is located close to the apical surface. It
also often includes a volume compressibility, which
requires two parameters on its own: the compressibility
modulus and the target volume. Finally, most models
include additional terms, which vary widely between one
model and another. All of this makes the number of
parameters in the models large and thus their experimental
validation difficult even if they have been successfully used
to describe, for instance, the formation of the Drosophila
ventral furrow [17]. To study the shape of epithelial cells,
in vitro models are also widely used in order to reduce the
variability observed in vivo. Madin-Darby Canine Kidney
(MDCK) cells are the archetype of epithelial cell lines and a
model of choice for such study, as they properly display
nearly all the biological components recognized as contrib-
uting to epithelial cell shape [22].

Here we combine modeling with the measurement of the
thickness of epithelial cells as a function of curvature both
in vivo during the first steps of Drosophila embryo
gastrulation and in an in vitro controlled experimental
device, to validate a minimal model that accounts for the
shape of epithelial cells. We build sinusoidally shaped
substrates, allowing for positive and negative out-of-plane
curvatures to be next to each other and measure the
thickness of MDCK cells on such substrates. We show
that for large curvatures (radius of curvature less than
typically 30 um) the cells are thicker in valleys than on
crests. We then develop a 3D energy model for the cells,
inspired by existing vertex models [19], which includes
apical, basal, and lateral surface tensions, as well as an
apical line tension, and derive the cell energy in the
particular geometry of a curved substrate. We show that

such a model accounts for our measurements, in particular
the fact that epithelia are thicker when positively curved
than when negatively curved, with only one adjustable
parameter, the ratio of apical line tension to lateral surface
tension, which we thus measure to be equal to 6.75 pym for
MDKC cells and 14.6 ym for the early stage of ventral
furrow in Drosophila embryo. On the contrary, a model
with surface tensions only cannot account for our mea-
surements. We further validate the model with measure-
ments on cells overexpressing the intercellular adhesion
protein E-cadherin. In the case of cells with decreased
contractility through exposure to blebbistatin, the thickness
difference between valleys and crests saturates at high
curvature, suggesting that an additional term limiting large
cellular or nuclear deformation should be added to the
model.

II. THICKNESS OF EPITHELIAL CELLS DURING
VENTRAL FURROW FORMATION IN
DROSOPHILA EMBRYO

During gastrulation, the single-layered blastula reorgan-
izes into a multilayered structure. This often begins with a
curvature inversion. A well-documented example is the
formation of the ventral furrow in Drosophila embryo,
which begins with the inward folding of the mesoderm
primordium (see Fig. 1), coupled to a change in the
epithelium thickness. The most ventrally located cells
elongate along their apicobasal axis while reducing their
apical areas [17,23]. In order to characterize the interplay
between cell thickness and curvature, we made measure-
ments in Drosophila embryos fixed at the beginning of
gastrulation, stained for cadherin and filamentous actin (F-
actin), sectioned at midlength, and imaged in confocal
microscopy (see Fig. 1). We saw a clear correlation
between thickness and curvature in the mesoderm primor-
dium [see Fig. 1(f)]: the cells are thicker in the positively
curved part of the ventral epithelium than in the negatively
curved part, and the thickness increases with the curvature.

There are limitations to develop simple models to
account for these measurements. First, the formation of
the ventral furrow is widely recognized to be driven by
apical contraction [24] and to be precisely temporally and
spatially controlled [23]. Hence the properties of individual
cells have to be taken into account. Second, the cells are
observed to be highly curved in the apicobasal direction,
which makes developing a simple geometrical model
difficult [25].

We also made measurements on MDCK epithelia. With
this second system, the curvature can be controlled by
culturing cells on substrates with controlled shape.
Furthermore, MDCK cells display a very robust epithelial
type, so that the properties of the cells may be supposed to
be uniform within a sample, at least locally. Finally, the
cells are cuboidal rather than columnar.
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FIG. 1. Cross sections of Drosophila embryos, taken at
approximately 50% egg length, at different stages of ventral
furrow formation. (a) Onset of gastrulation. (b) Curvature in-
version of the ventral side of the embryo. (c) Invagination and
(d) sealing of the ventral furrow. E-cadherin appears in green and
F-actin in red. (e) The thickness and curvature radius of the
mesoderm primordium is measured at the center of the fold (H |
and R ) and at the border of the fold (H_ and R_). Scale bars are
20 ym. (f) Plot of the measured thickness as a function of
measured curvature.

III. SHAPE OF EPITHELIAL MDCK CELLS ON
CURVED SUBSTRATES

In order to study the influence of substrate curvature on
their shape, epithelial cells were cultured on substrates with
a sinusoidal profile. The details of sample preparation,
image acquisition, and image analysis are described in the
Appendix A. Briefly, MDCK cells, either wild-type (WT)
or stably expressing E-cadherin fused to Green Fluorescent
Protein (E-cadherin-GFP), were grown for a total of 96 h—
and 48 h after confluence—on polydimethylsiloxane elas-
tomer (PDMS) substrates with a sinusoidal profile, coated
with partly fluorescent fibronectin; cells were fixed and
stained for DNA (DAPI), F-actin (SiR-actin), and apical
membrane (anti-GP135); samples were finally imaged
with a confocal microscope. Typical images are displayed
in Fig. 2.
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FIG. 2. MDCK cells cultured on a substrate with a sinusoidal
profile. The nucleus of the cells is cyan, F-actin is gray, and the
apical membrane is red. (a) Top view of EcadGFP MDCK cells.
E-cadherin is green. (b) Cross-section view of EcadGFP MDCK
cells grown on a sinusoidal substrate. E-cadherin is green and
both the apical membrane and fibronectin are red. (c) Cross-
section view of WT MDCK cells grown on a sinusoidal substrate.
Fibronectin is green. Scale bars are 10 ym.

On substrates with a long wavelength 1 [Fig. 2(b)] the
shape of the epithelium closely follows that of the substrate.
On substrates with a short wavelength 4, on the contrary, the
cells are thicker in the valleys than on the crests [Fig. 2(c)]. In
order to report quantitatively this qualitative observation, we
measured on cross-section images the thickness of the cells
specifically located on the crests or in the valleys of the
substrate (see Appendix A 4 for the details of the measure-
ment). For each sample i (i.e., here a microscope field of
view, 230 x 230 um?), we obtained on average 59 cells in the
valleys and 50 cells on the crests, and we measured the mean
values of their heights H! . and H ., respectively. The

valley
relative height difference measured on sample i is then

, H
ARt =2

i
valley —

Hi

valley

Hérest (1)
+ chrest '

Ah' is therefore the difference in mean height between
cells on crests and in valleys, relative to the mean height in
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FIG. 3. Relative height difference Ak’ between cells on crests
and cells in valleys Ah’ as a function of the wave number of the
substrate 1/4. Each data point corresponds to a microscope field
of view on which the height of an average of 110 cells was
measured. The error bars are the 95% confidence intervals. Points
at (1/4) = 0 are control measurements on flat substrates.

sample i. This choice of variable Ak’ is made to smooth out
the intersample variability of the mean cell thickness. The
measurements, performed on a total of 1873 cells from 14
fields of view of 6 independent experiments, are plotted in
Fig. 3, as a function of the wave number 1/A.

The error bars are the 95% confidence intervals for each
measurement. Data points at exactly zero wave number are
controls for which the height of the cells on a flat substrate
was measured by randomly positioning imaginary crests
and valleys. This control shows that our measurement
method does not create an artificial height difference
between crests and valleys larger than +5%. This dis-
persion of +5% is mainly explained by the spatial
fluctuations in the cells thickness of a given sample.

The measured relative height differences Ah’ are not
significantly different from O for the largest wavelengths
tested, up to (1/4) ~0.009 um~'. At lower wavelengths,
on the contrary, from (1/1) =0.014 yum=' to (1/4) =
0.26 yum™!, the measured height differences are about 30%.

IV. SURFACE AND LINE TENSIONS MODEL

Our goal here is to propose a minimal model that can
account for the shape of the cells on flat and sinusoidal
substrates and, more specifically, to predict the height of the
cells in the substrate valleys compared to the height of the
cells on the crests. These predictions will then be compared
with the experimental results.

A. Geometry of the problem

The geometry in which the cells are placed is constrained
by the shape of the substrates, schematized in Fig. 4. In the
y direction, the substrate is invariant while it has a
sinusoidal profile in the x direction. The z direction is
orthogonal to the mean plane of the substrate as shown
in Fig. 4.
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FIG. 4. (a) Diagram of the substrate. (b) Top view of a cell in a
valley. (c) Cross-section view in the direction orthogonal
to the y axis.

Apical face

Basal face

In order to compute the shape of the cells on such a
substrate, we make a few geometrical assumptions. It is first
assumed that the intercellular junctions are flat and orthogo-
nal to the substrate. This is true on average and the dispersion
is low: within a given sample, the angle between the
intercellular junctions and the substrate is typically 89° +
8° both on positively and negatively curved substrates, as
well as on flat substrates. It is also assumed that the apical
surfaces are not curved. Actually, they are curved toward the
outside of the cells, but these curvatures are small enough to
consider the quantities of surface area and volume lost by this
approximation negligible. The relative error measured is
typically less than 2% on the apical surface area and 4% on
the relative volume, and is always smaller than 6% and 10%,
respectively.

1. Flat substrate

When the cells are on a flat substrate, their shape is
invariant along the z axis, since the intercellular junctions
are assumed to be orthogonal to the substrate. The apical
surface area S, and basal surface area S, are therefore equal
to each other. They are also equal to S, defined as the
surface area of the cell, at its midpoint along the z axis, in
the xy plane: S, = §, = S5, as depicted in Fig. 4(c).

The intercellular surface area S, is related to S/, and
to H, the thickness of the cell, i.e., its length in the
direction orthogonal to the substrate, through the shape
index a of the midheight surface a: S..=a,/S,,,H, with
a=(Py;/+/S1/2), P1, being the perimeter of the cell at
midheight.

2. Curved substrate

The profile of the substrate is given by the relationship

2(x) = %sin (i-%) 2)
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The height and surface area of the cells now depend on
their position along the sinusoid. They are noted H(x) and
S1/2(x), respectively.

The shape of a cell in a valley in top and side views is
depicted in Figs. 4(b) and 4(c).

In the following, we make the assumption that the sizes
of a cell in the 3 directions are small as compared to the
wavelength of the substrate profile.

The surface of the apical face is assumed to be flat
and, given the condition of orthogonal sides, S|, is related to

51/2 by

S-S0 1-3HWZ W]

It explicitly depends on the curvature (1/R) = 7" of the
substrate, z” being the second derivative of z with respect to
x. On crests, where z” is negative, the apical surface is
larger than the surface at half height. Conversely, in valleys,
the apical surface is smaller than the surface at half height,
as shown in the Figs. 4(b) and 4(c).

The basal surface S, is curved since it follows the
substrate, and

Sp = S1/2(x) [1 + %H(x)z”(x)} (4)

This result for the basal surface S, is symmetrical to that
obtained for the apical surface S, even though the two
surfaces have very different geometries: curved for S, and
flat for S,. The curvature of the basal surface has no
influence on its area, up to first order in /S >2".

The curvature of the substrate also has an influence
on S,.:

a? X
See = ay/S12(x)H(x) [1 —WS;;?)(C))Z"(X) - (5)

Finally, the expression of the cell volume is different
from the case of a flat substrate. The use of the expression
V = HS >(x) would lead to overestimating the volume of
cells in the valleys and underestimating it on the crests
[cf. Fig. 4(c)]. The volume of a cell up to first order in

\/S1/27" reads:
4

a
V:HSUZ(x)_WS%/QZ”()O. (6)

B. Energy of the cell

Following previous works [12,19,26,27], we make the
assumption that the equilibrium state of the epithelium is
described by the minimization of an effective energy. In a
simple model, we consider an average cell and minimize its
effective E... We consider the following contributions to E.:

an apical energy per unit surface area (or surface tension)
7., mainly generated by the tension of the actomyosin
cortex of the apical face; a cell-substrate surface tension y,,
which has mainly two contributions, a positive cortex tension
and a negative cell-substrate adhesion energy; a cell-cell
lateral surface tension y,.., with positive tensions from the
cortex of the two cells and a negative cell-cell adhesion
contribution; and finally an energy associated to the tension
of the apical actomyosin belt, proportional to the apical
perimeter P, and characterized by a line tension A,:

Yee
E.= YaSa =+ }’bSb + %Scc + AaPa' (7)

Surface and line tensions, y,, ¥y, Yee» and A, are
considered uniform within a cell. We now derive the
energy of a cell on flat and sinusoidal substrates and
minimize it to infer the equilibrium shape of the cell, i.e., its
height H and surface at half height S;/,. All the energy
minimizations will be performed under constant cell
volume V,, which is equivalent to adding a volume
compressibility term E, = B(V — V)? with a very large
compression modulus B.

1. Flat substrate

On a flat substrate, S, =S, = S/, (cf. Sec. IVA1),
hence V = HS)(x), P, = a,/S >, and the energy of the
cell may be written as a function of §;/, only:

Yee  V
E.=v:812+ 16810 + 5 a—F=+ Ny /S 2. (8)
/ / 2 \/T/z /

We introduce the dimensionless surface tension,

y = M’ 9)
YCC

and the reduced line tension A, which is a length,
A=—. (10)
The reduced energy of the cell, which is a surface, is then

written as a function of S :

E, 1%
S+t A
Xfee QA 2 S1/2

Si/2- (11)

Its minimization at constant volume leads to the relation:

a 1
4 1/2

y = (H—2A). (12)

%

The two parameters of the model are y and A; the other
quantities, @, S}, and H, are measured from experiments,
leading to a quantitative relation between y and A.
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2. Curved substrate

On a sinusoidal substrate, the reduced energy of the cell
is obtained by using the expressions for the geometrical
quantities derived in Sec. IVA 2:

E. o? | a?
ay..  32x? 167

X [1 —%Az”(x)} + Ay /S1p(x). (13)

The minimization of this reduced energy gives the
preferred value of S/, for every value of the curvature
7. There is only one adjustable parameter since V and a are
measured on the samples, and the values of H and S, as
measured on each sample in the regions of zero curvature
set a quantitative relation between y and A [Eq. (12)]. In the
following, the adjustable parameter is A.

V. COMPARISON WITH EXPERIMENTAL
MEASUREMENTS

For cells cultured on flat substrates, we measured the
following values of the geometrical parameters: mean height
Hy=5.1+1 pm, mean surface area S;, =80 +7 um?,
mean volume V = H,S,,, = 408 um?, mean shape index
a = 4.0 £ 0.3 (data are displayed as mean £95% confidence
interval). On curved substrates, the measured shape index
had within the margin of error the same value as on flat
substrates: it was between 4.0 = 0.3 and 4.3 £ 0.4 with no
clear dependence on curvature.

For each value of the curvature in the experimentally
tested range, and for chosen values of the adjustable
parameter A in range [—100 xm; 100 pm], we find numeri-
cally the preferred value of §;/, that minimizes E.. Then
we deduce the preferred value of H using Eq. (6) and
finally infer the relative height difference Ah’ for two
opposite values of the curvature.

In our experiments, we could test substrates with
curvatures up to (1/R) ~0.068 ym~', which corresponds
to a radius of curvature R ~ 15 um. The relative height
difference Ah' is not significantly different from zero up to
(1/R) ~0.03 um~! and then significantly increases with
the curvature of the substrate, as reported in Fig. 5.

The dotted line in Fig. 5 corresponds to the prediction of
a model with cell surface energies only, obtained by setting
A, = 0 in the present model. This is the model that draws
the most direct analogy between a cell and a liquid drop or a
soap bubble. It has no adjustable parameter, since Eq. (12)
with A = 0O sets the value of y from the measured volume,
surface, and shape index of cells on flat substrates. Such a
model can clearly not account for our measurements since
it predicts negative values of ARl i.e., cells thicker on crests

i MDCK WT
041 | A —6.75 um
--A =0 um
0.3} K’ i

. 02
5
0.1
0_ _________________________________________________
_oqlt L.
0 002 004 006
% (pm™1)

FIG. 5. Relative height difference Ak’ between cells on the
crests and cells in the valleys as a function of 1/R. Each data
point corresponds to the average value of Ah' measured on the
cells within a microscope field, the error bars are the 95% con-
fidence intervals. The dotted curve corresponds to the model with
only surface tensions. The solid curve corresponds to the best fit
of the model with surface tensions and apical line tension.

than in valleys. The line tension is therefore the indispen-
sable ingredient of the model in order to account for the
measurements.

The best agreement with experimental results is obtained
for A = 6.75 ym and is displayed in Fig. 5 as a plain line.

The apical line tension has been measured in the
Drosophila embryo by laser manipulation: A, ~ 100 pN
[28], which gives, with an intercellular tension of the order
of 7.e~0.1mNm™ [29], A~ 1 um. The apical line
tension in Drosophila embryo has also been measured
by laser ablation: A, ~1-10 nN [30], which leads to
A ~10-100 ym. Our measurement of A is thus within
the same order of magnitude.

With A = 6.75 um, Eq. (12) gives y = —0.94. A neg-
ative value of y implies either y.. < 0 ory, +y, < 0. The
possibility of a negative intercellular tension can be ruled
out because all measurements have given positive values
for this surface energy [30,31]. This leaves the possibility
of y,+ v, <0, which implies y, < 0 since the apical
surface energy y, is necessarily positive. A negative basal
surface energy is possible since the adhesion of the cell
with the substrate gives a negative contribution to y,. If the
adhesion energy exceeds the positive contribution of the
actomyosin contractility, then y; is negative.

The basal surface tension y, could be modulated by
modifying the basal adhesion: when increasing the density
of fibronectin, the adhesion of the cells to the substrate is
expected to increase and y, is expected to decrease (to
become more negative). Our model predicts that both the
thickness H of the epithelium and the relative thickness
difference Ah; increase with y,, and this is what we
observed qualitatively. However, a quantitative agreement
could not be verified, because the accuracy on the relative
height difference becomes very low when the thickness of
the epithelium decreases, and conversely when decreasing
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the density of fibronectin, the epithelium partially detached
from the curved substrates, as was also observed in
the experiments with 50 yuM blebbistatin (see the end
of Sec. VI).

VI. INFLUENCE OF BIOLOGICAL PARAMETERS

A. Intercellular adhesion protein E-cadherin

We also used a genetically modified MDCK cell line that
stably expresses the protein EcadGFP, the fusion of
E-cadherin with GFP [32]. We expect overexpression of
E-cadherin to have an impact in particular on the value
of the intercellular surface energy, given the central role of
E-cadherins in intercellular adhesion. The expression of
EcadGFP is also of interest for imaging, since it provides a
well-localized fluorescent signal at intercellular junctions,
thus making the extraction of cell contours from micros-
copy images easier.

For EcadGFP MDCK cells, the measured area at mid-
height S/, and shape index « in the absence of curvature
have, within the margin of error, the same values as for WT
MDCK cells with S, =79 £ 9 ym? and a = 4.0 £0.3.
On the contrary, their mean height on flat substrates is
different from that of WT MDCK cells. It is measured in
the same way as for the WT MDCK cells, i.e., as the
average of the heights in the valleys and on the crests, and
we obtain

HEGP — 6.0 £ 0.1 ym. (14)

As a result, the volume of the EcadGFP MDCK cells,
V =8,,,H = 474 £ 48 um’, is greater by 16% than the
volume of WT MDCK cells.

The relative height difference Ah’ on sinusoidally
shaped substrates as a function of curvature is displayed
in Fig. 6, along with the measurements on WT cells. The
heights of 1310 EcadGFP cells were measured in 11
samples from 6 independent experiments.

The height of the EcadGFP MDCK cells is significantly
less sensitive to curvature than that of WT MDCK cells. For
the intermediate values of the curvature, 1/R ~ 0.03 ym™!,
the relative height difference is smaller for EcadGFP
MDCK cells (Ah' = 0.10 £ 0.05) than for WT MDCK
cells (Ah' = 0.18 £ 0.03). The difference between the two
cell lines is statistically significant for all samples with
curvature larger than 0.04 ym~!, with Ah’ always smaller
than 0.2 for EcadGFP MDCK cells. As for the WT MDCK
cells, the simplest model with surface energies only,
displayed as a dotted line in Fig. 6, cannot account for
the measurements. The best agreement between the exper-
imental data and the complete model, with apical line
tension, is obtained for A = 6.1 ym. The value of A =
(Ay/7ec) is therefore smaller for EcadGFP MDCK cells
than for WT MDCK cells. This implies a lower apical line
tension for EcadGFP MDCK cells than for WT MDCK

+ WT
0.47 || BeadGFP
| —A =6.1pm H
03| 5 = ¢ ym i

0 0.02

# (pm™)

FIG. 6. Relative height difference between cells on crests and
cells in valleys Ah' as a function of 1/R. The dotted curve
corresponds to the model with only surface tensions. The solid
curve corresponds to the best fit of the model with surface
tensions and apical line tension.

cells or a higher intercellular surface energy. EcadGFP
MDCK cells should express more E-cadherins than the WT
line because they express EcadGFP in addition to E-
cadherins. One expects this overexpression of intercellular
adhesion proteins to give a lower intercellular surface
energy y... The effect on apical line tension is less obvious.
However, we note that the difference in reduced apical line
tension A between the WT MDCK cells and the EcadGFP
MDCK cells is very small (~10%).

With A = 6.1 um using Eq. (12), we get y = —0.69.
Thus, as for the WT MDCK cells, we obtain a negative
value for y, which implies y, +y, <0 and, therefore,
7, < 0. As already discussed in Sec. V, this implies that the
negative contribution of cell-substrate adhesion to the
surface energy exceeds the positive contribution of acto-
myosin contractility. In addition, the dimensionless surface
tension y is smaller, in absolute value, for EcadGFP MDCK
cells than for the WT MDCK cells (y5*I6FP = (.69 and

yWT = —0.94, respectively):
WT EcadGFP
‘ya+yb >'ra+rb (15)
Vee Vee

Equation (15) can be satisfied if the apical surface
tension of EcadGFP MDCK cells is greater than the apical
surface tension of WT MDCK cells. Such an increase in
apical surface tension as the expression of E-cadherin
increases was already observed in previous studies
[33,34] and was interpreted as arising from a strengthening
of the mechanical coupling between the cortices of neigh-
boring cells.

B. Myosin-II activity

We also altered the activity of myosin-II, which triggers
the contractility of the cortex [35] and also plays an
important role in the tension exerted by the actin belt that
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connects the adherens junctions [36]. The tensions of the
actomyosin cortex and of the actin belt are expected to scale
with myosin-II activity, which was inhibited with blebbis-
tatin. We used two concentrations of blebbistatin: 50 uM,
which saturates the decrease in myosin-II contractility, and
5 uM, which gives an intermediate effect at around 50%
decrease of myosin-II activity [37].

First, the geometric parameters of the cells were mea-
sured in the absence of curvature. The addition of 5 uM
blebbistatin increased the mean height of WT MDCK cells
on flat substrates and decreased that of EcadGFP MDCK

cells: H)*™"® —=5640.1 um, for both cell types
(cf. Table I). The measured shape index and cell surface
had within the margin of error the same values as without

blebbistatin: a = 4.0+04, §/4""®" =81 +£8 um? for

WT MDCK cells and 77 £ 10 ym? for EcadGFP MDCK
cells (cf. Table I).

The influence of 5 uM blebbistatin on the height of
MDCK cells on curved substrates is displayed in Figs. 7(a)
and 7(b) for EcadGFP and WT cells, respectively. The
height of 7430 cells was measured in 6 separate experi-
ments, including 3 experiments on samples treated with
blebbistatin. For EcadGFP MDCK cells, the relative height
difference Ah' between positively and negatively curved
substrates was globally larger with than without blebbistatin,
but the difference was not statistically significant except for
the measurements around (1/R) = 0.057 yum~!. For WT
MDCK cells, the addition of 5 uM blebbistatin altered the
dependence of Ah' on curvature. For low and intermediate
curvature ((1/R) < 0.04 um™"), the addition of blebbistatin
increased the relative height difference between valleys and
crests. On the contrary, for larger curvature, the relative
height difference after addition of blebbistatin saturated at
Ah' ~0.30 and even decreased down to about 0.2 for the
largest curvatures ((1/R) ~ 0.068 ym~1).

The relative dispersion of experimental data was larger in
experiments with blebbistatin, both for WT MDCK cells
and EcadGFP MDCK cells. This could be due to the fact
that the duration of blebbistatin treatment was not long
enough to allow the cells to fully change their shape

TABLE L. Measurements of the shape (H, and S, /,) of MDCK
cells, of parameters of the model that fit the experimental data (A
and y), and of the curvature (1/R)%" above which Ak’ saturates.
Note that only A is a free parameter of the model.

WT EcadGFP
0 4M bleb 5 M bleb 0 M bleb 5 uM bleb

Hy (um) 5.1 5.6 6.0 5.6

Sy/> (um?) 80 81 79 77

A (um) 6.75 74 6.1 6.5

y 094  -103  -069  -083

(1/R)* (um™')  0.055 0.045 0.058

accordingly. Multiple timescales are involved in such
processes [38], presumably up to tens of minutes, but
the treatment duration of 15 min for these experiments was
chosen in order to preserve the structural integrity of the
cells [39].

As for the other measurements, a model with surface
energies only cannot account for the measurements of Ak’
with blebbistatin. On the contrary, a model using surface
energies and apical line tension accounts for the measure-
ments on EcadGFP MDCK cells and for the measurements
on WT MDCK cells at low and intermediate curvature. The
best agreement with the experimental points, restricted to

(1/R) < 0.04 yum~" for WT MDCK cells, is obtained for

Aééﬂgﬁb = 6.5 yum and AfV"TMbleb = 7.4 um. They are

displayed as a red line in Fig. 7(a) and as a purple line

(a) i 0 uM bleb
5 uM bleb

—A =6.1 um
—A =6.5 um

(b) 70 uM Dbleb
5 uM bleb
—A = 6.75 um
—A =74 pm

0 0.02 0.04 006
1

% (pm™)

FIG. 7. Relative height difference between cells on crests
and cells in valleys Ak’ as a function of 1/R. The solid
curves correspond to the best fits of the model with surface
tensions and apical line tension. (a) EcadGFP MDCK cells.
(b) WT MDCK cells.
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in Fig. 7(b), respectively. Using Eq. (12) we obtain
VRN = —0.83 and yys P = —1.03.

The addition of 5 M blebbistatin reduces the value of y
(increases its absolute value) by about 10% for WT MDCK
cells and by about 20% for EcadGFP MDCK cells, and
increased the value of A by about 10% for WT MDCK cells
and by about 7% for EcadGFP MDCK cells.

It is expected that the alteration in myosin-II activity will
influence the parameters of the model: y and A [40,41].
Indeed, decreasing the activity of myosin-II by adding
blebbistatin reduces the contractility of the actomyosin
cortex. This can result in a decrease in all the surface
energies involved in the model. The activity of myosin-II is
also expected to impair cell-substrate and cell-cell adhe-
sion, which should increase the values of y, and y.. by
decreasing adhesion energies. Indeed we observed that
when increasing the concentration of blebbistatin to
50 uM, the epithelium detached from the substrate (see
Appendix C for more detail), making measurements
impossible, and supporting the idea that blebbistatin
decreases cell adhesion to the substrate [42]. Thus, bleb-
bistatin should mainly decrease apical surface tension y,
compared to other surface tensions. The net effect on the
value of the reduced surface tension y is therefore difficult
to predict. Myosin-II activity also influences the contrac-
tility of the actin belt that connects the adherent junctions,
which should decrease the apical line tension A,. The
increase that we observed in the value of A suggests a larger
relative decrease in the value of y.. than in the value of A,
when adding blebbistatin.

Table I summarizes the parameters measured in the
absence of curvature (H, and S,/,) for each condition,
along with the parameters obtained by fitting the exper-
imental measurements on curved substrates by the model
(A and y).

We found that the relative surface tension y = [(y, +
¥»)/ (Yee)] is always negative and ranges from —1.03 to
—0.69. As already discussed in Sec. V, this shows that the
tension of the basal surface y;, is negative and that the
different surface energies are all of the same order of
magnitude.

The value of A varied by less than 10% around a mean
value A = 6.7 um, regardless of E-cadherin overexpression
or addition of blebbistatin. This suggests a regulation of this
parameter. Indeed A, and y,.. are both related to properties
of cell-cell contact zone, in particular via E-cadherins
which are involved in the structure of both cell-cell
adhesions and adherens junctions.

For WT MDCK cells with 5 M blebbistatin, the model
could not account for the saturation of the relative height
difference at Ah’ ~0.30 observed in the experiments for
high curvatures [(1/R) > (1/R)* ~ 0.04 yum~']. A closer
look at the measurements [Figs. 7(a) and 7(b)] suggests
that such a saturation may also be observed for WT
MDCK cells without blebbistatin at Ak’ ~0.30 when

(1/R) > 0.055 yum™', and for EcadGFP MDCK cells
with 5uM blebbistatin at Ah’ ~0.20 when (1/R) >
0.058 um~!. The value of (1/R)** scales as that 1/A
(see Table I) and an extrapolation for A = 6.1 predicts
(1/R)* ~ 0.068 for EcadGFP MDCK cells, which is just
above our experimental range. Our model does not account
for the observed saturation of Ah’; moreover, with y < 0
the configuration that minimizes E.. is an infinitely thin and
spread cell (S}, — o0), pointing at the need to add a
stabilizing term that would tend to resist excessive flat-
tening or bending of the cell, for instance, the resistance of
the cell contents to compression or to confinement, as
previously proposed [19]. We tested both types of terms: a
compression term has little influence, while confinement
does give a saturation, but for Ah' > 1 with the exper-
imental values of H and §;,,. On the other hand, the
geometrical approximations of the model may no longer be
fulfilled at high curvature; however, the addition of second-
order terms in 7" to E. does not provide quantitative
agreement with the measurements either. Adding non-
linearities in the surface tension and linear tension terms
does not either. Nevertheless, the observed saturation could
be due to a combination of these different terms. It could
also be the result of an active cell response, such as a
coupling between the curvature and the structure of the cell
cytoskeleton [9].

VII. COMPARISON WITH EXPERIMENTAL
MEASUREMENTS ON VENTRAL FURROW IN
DROSOPHILA EMBRYO

In Drosophila embryos, the experimental variability on
the values of cell thicknesses is much smaller than for
cultured MDCK cells, and we directly plot the measured
values of the cells’ thicknesses H as a function of the
curvature 1/R of the basal face of the tissue, as defined in
Fig. 1(e). The measurements were made on 7 different
embryos; they are displayed in Fig. 8. In order to be able to
compare the results with our model, we restricted the
measurements to cells that were not bent in the apicobasal
direction and for which the intercellular junctions were
nearly orthogonal to the basal surface. An adjustment of the
measurements is also displayed in Fig. 8. It was performed
with the same procedure as described for MDCK cells,
using values of the literature for the parameters, Vx
1450 um?3, Ay ~ 45 ym?, and a ~ 3.8 [17,25,43], and gives
A = 14.6 um, a value which is consistent with experimental
measurements [28,30].

Thus, the difference in cell thickness between the center
and the border of the invagination can be quantitatively
fitted by the minimization at constant volume of an
effective energy for the cell containing only three surface
tension terms and one line tension term, at least at the very
beginning of ventral furrow formation. In the present case,
y is expected to be positive, since the three surface tensions
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FIG. 8. Measured thickness / of the ventral cells in Drosophila
embryo during the first stages of ventral furrow formation, as a
function of the local basal curvature 1/R of the tissue. The solid
curve corresponds to the best fit of the model with surface
tensions and apical line tension.

Yas Yp, and y.. are expected to be positive. Indeed, with
A = 14.6 ym, Eq. (12) gives y = 0.40.

VIII. CONCLUSIONS AND OUTLOOK

Using measurements on the formation of ventral furrow
in Drosophila embryo, on the one hand, and MDCK cells
cultured on substrates with a sinusoidal profile, on the other
hand, we explored the role of curvature in the 3D shape of
epithelial cells. We demonstrated that cells are thicker when
positively curved (apical face inside the curvature) than
when negatively curved (apical face outside the curvature),
with a relative thickness difference increasing with the
curvature. To account for these measurements, we devel-
oped a simple 3D energetic cellular model, inspired by
existing vertex models. Since such models often come with
many parameters, whose values have to be adjusted, we
focused on developing a minimal model pointing on the
key biological ingredients that shape epithelial cells. We
showed that a minimal model with surface tensions and an
apical line tension as the physical ingredients for the energy
accounts for the shape of epithelial cells on curved
substrates, the apical line tension being a necessary
ingredient of the model. This minimal model, which has
only one adjustable parameter, accounted for measure-
ments in a wide range of experimental conditions, in
Drosophila embryo at the beginning of ventral furrow
invagination, and in MDCK epithelia, with WT cells as
well as with cells overexpressing E-cadherin, and with cells
with a decreased contractility. Nevertheless, our simple
model also showed its limitations. In Drosophila embryo,
cells are columnar and high curvatures are also coupled to
bending of the cells in the apical-basal direction or more
complex geometrical transformations [25], which are not
described in our simple model. In MDCK monolayers, for

the highest curvatures and for cells with inhibited myosin-II
activity, the effect of curvature on cell thickness saturated,
pointing at the need to add in the model a term limiting
large cell deformation in extreme cases.

The experiments we set up in this study could be used to
test other lines of epithelial cells, in particular ones with
different morphologies, for instance, columnar cells like
Caco-2, since their surface tensions and line tension
parameters should be very different. In the future, our
simple model will also be used to get insight in the cross
talk between curvature and cell fate in tissues such as the
intestinal microvilli.
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APPENDIX A: MATERIALS AND METHODS

1. Drosophila embryo preparation

Wild-type Oregon R embryos were selected at stages
around the onset of gastrulation. Embryos were dechorio-
nated by household bleach and fixed in heptane saturated
by 37% paraformaldehyde (PFA) for 1 h. The vitelline
membrane was subsequently manually removed. After that,
embryos were incubated with primary antibody against
E-cadherin (DCAD2 from Developmental Studies
Hybridoma Bank (DSHB), 1:500) at 4°C overnight.
The primary antibody was detected with Alexa Fluor-
labeled secondary antibodies (LifeTech, 1:500), and
embryos were costained with Phalloidin conjugated with
Texas Red (Invitrogen no. T7471, 1:100).

Stained embryos were dehydrated through a glycerol
series (20%, 50%, and 70% glycerol in phosphate buffer
saline with 0.1% Tween). They were then transferred onto a
slide and sectioned using a beveled needle. Sections were
taken at approximately 50% egg length and mounted in
AquaMount (PolySciences, Inc.). The micrographs were
taken on a Zeiss LSM 880 microscope with a C-Apochromat
40 x /1.2 NA water-immersion objective.

2. Cell culture

MDCK-II cells from European Collection of
Authenticated Cell Cultures (ECACC) and MDCK-II cells
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genetically modified to stably express E-cadherin-
GFP [32] were grown in Dulbecco’s modifed eagle
medium (DMEM), supplemented with 10% fetal bovine
serum (FBS), 100 u/mL penicillin-streptomycin, and
50 ugmL~' G418 (Geneticin) for EcadGFP MDCK cells.

For the experiments, flat or sinusoidal substrates were
first coated with fibronectin (5 ugmL~' in DMEM for
30 min at 37 °C). Cells were then trypsinized from culture
flasks and seeded on flat or sinusoidal substrates, at a
density of 1900 cells/mm? allowing confluence to be
reached in 48 h. The medium was renewed 48 h after
seeding. For some of the experiments, blebbistatin was
added to the culture medium at a final concentration of 5 or
50 uM for 15 min before fixing the cells.

3. Immunofluorescence
a. Fixation

The cells were fixed with paraformaldehyde (PFA) 4% in
phosphate-buffered saline (PBS) 96 h after seeding.

b. Staining

The nucleus was labeled with DAPI, 0.6 xM in PBS, for
20 min at room temperature. F-actin was labeled with SiR-
actin (Spirochrome), 100 nM in PBS for 12 h at 4°C. The
apical surface of the cells was labeled with mouse anti-
gp135 (DSHB, reference 3F2/D8) [44] 1/25 for 20 min at
room temperature and goat antimouse Dylight 549
(Abcam) for 30 min at room temperature.

The substrates were stained by using 1/3 of labeled
fibronectin for the coating (DyLight fast conjugation kit,
Abcam). We used DyLight 488 for WT MDCK cells and
DyLight 549 for EcadGFP MDCK cells.

The different fluorophores used for each MDCK cell line
are summarized in Table II.

c. Imaging

Image acquisition was performed using Metamorph and
a motorized inverted microscope (Leica DMIS8) equipped
with a 63x water-immersion objective, a wide field spin-
ning disk head CSU-WI1 (Yokogawa—Andor), and a
SCMOS Orca-Flash 4 V2+ camera (Hamamatsu) resulting
in a field of view of 230 x 230 yum?.

TABLE II.  Fluorophores used to label the contours of the cells
in 3D (gp135, F-actin, E-cadherin, fibronectin) and their posi-
tions (nucleus).

Wild type EcadGFP
gp135 (apical face) Dylight 549 Dylight 549
F-actin SiR-actin SiR-actin
E-cadherin none GFP
Nucleus DAPI DAPI
Fibronectin Dylight 488 Dylight 549

Under the microscope, the samples were placed upside
down to avoid imaging through the PDMS.

The sampling in the direction of the optical axis
was 0.25 um.

4. Image analysis

MATLAB, ImageJ, and MIJ [45], a tool for calling ImageJ
instructions in MATLAB, were used for image analysis.

The geometry of the sinusoidal substrate makes 3D
image analysis difficult. As a result, semiautomated mea-
surements of cell height were limited to the crests and the
valleys of the substrate. First, the user draws lines along
each valley and each crest. The program then automatically
creates cross-sectional views along these lines. Next, the
positions of the cells on the cross-sectional view are
detected using a threshold (Otsu method) on the DAPI
signal. The gp135, F-actin, and fibronectin channels are
summed up, after intensity renormalization, to obtain an
image that clearly displays the apical and basal faces of the
cells. The height of the cells is finally automatically
measured. A typical example is given in Fig. 9(a). At each
cell position (the center of the nucleus identified in the
DAPI channel), the program plots the intensity profile
along the apicobasal axis (z) averaged over a width of 2 ym
in the y direction. On this profile, the program identifies the
two intensity local maxima that most likely correspond to
the apical and basal position of the cell, respectively, as
shown in Fig. 9(b). Each measurement is checked using

(@) position of the measurement

x10*
Apical face

3 A
@ [\
§ | Substrate

2| ) ¥
> | -
© i\ Height “Jf
© 1t \\, /‘/ \\

N/
0 | v vy v 4 ~_ \
50 100

Position along the yellow line (pixel)

FIG. 9. Measurement of the height of the cells on a sinusoidal
profile substrate. (a) Cross-section view along a valley, sum of the
renormalized signals of gpl135, F-actin, and fibronectin. The
yellow line gives the position of the profile measurement.
The width of the measurement is 2 ym. (b) Intensity profile
along the yellow line. Local extrema are represented by a blue
chevron. The two highest local extrema are considered to be the
positions of the apical face and the substrate.
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criteria related to the position of the substrate, which cannot
vary by more than 1 ym between two neighboring cells,
and to the minimum thickness of a cell, set here at 1 um.
About 5% of the measurements are readjusted by hand and
1% are discarded.

The last step consisted of measuring the geometry of the
substrate. The wavelength and amplitude of the sinusoidal
profile were measured by hand from the positions of crests
and valleys on a cross-sectional view orthogonal to the
direction of the grooves in the substrate. However, the
substrate profile sometimes differed from a perfect sinusoid
[cf. Fig. 2(c)]. To take this asymmetry into account, an
apparent wavelength and an apparent amplitude were also
measured on the cross-section view as twice the distances
between two successive inflection points on either side of a
valley, in the x and z directions, respectively. The same
applied to the crests. The respective curvatures of the valley
and the crests were calculated from these apparent wave-
lengths and amplitudes, and the curvature of the substrate
was taken as the average of the two curvatures. In order to
avoid a systematic bias in the curvatures of the crests and
valleys, experiments were performed on all positive and
negative replicates of the substrates and no significant
difference in the results was observed.

5. Sinusoidally shaped substrates

The creation of a sinusoidal height profile, which is not
directly possible with conventional photolithography tech-
niques, was achieved by exploiting a mechanical instability
that creates sinusoidal patterns [46,47]. The steps of the
manufacture of sinusoidal profile molds are summarized in
Fig. 10. Briefly, the principle is to apply a uniaxial stretch to
a sample of PDMS (Sylgard 184 + 10% -cross-linker,
DowCorning), then expose it to UV light, and finally
release the deformation. UV exposure creates a thin layer of
oxidized PDMS, which is more rigid. When the deforma-
tion is released, wrinkles form to accommodate the dis-
parity between the Young’s moduli of the oxidized layer E|
and of the rest of the sample E.. Both wavelength 4 and
amplitude A of the sinusoidal profile depended on the
applied strain € (20%—-30%) and on the thickness & of the

M (@) (3)
PDMS stretching UV exposure Strain release

;UV
| | !

Layer of oxydized PDMS

FIG. 10. Fabrication of PDMS molds with sinusoidal profile.
The first step is to stretch a sample, the red arrows represent the
applied strain. In (2) the sample is exposed to UV, which forms a
thin layer of oxidized PDMS which is stiffer than the rest of the
sample. In (3) the stretch imposed in (1) is released and a
sinusoidal surface profile is formed due to mechanical instability.

oxidized layer, which was varied by changing the duration
of UV exposure (10-30 min) [47,48]:

A h\‘/;?: (A1)
A x Iv/e. (A2)

To obtain sinusoidal PDMS substrates from these molds,
they were first silanized with 1,1,2,2,-tridecafluoro-1,1,2,-
tetrahydrooctyl-1-trichlorosilane in vapor phase to facilitate
the release of the elastomer after curing; PDMS (Sylgard
184 + 10% cross-linker, DowCorning) was then poured
over the silicon template, spin coated for 90 s at 450 rpm to
a thickness of ~200 ym, cured overnight at 65°C, and
finally peeled off. The PDMS elastomer obtained has a
Young’s modulus of approximately ~3 MPa, and is not
deformed by MDCK cells.

Flat PDMS substrates are produced by a similar pro-
cedure using a simple flat epoxy disk as a mold.

APPENDIX B: DERIVATION OF THE ENERGY
OF THE CELL ON CURVED SUBSTRATE

1. Cell surface and volume

Here we give a detailed derivation of the energy of the
cell as written in Eq. (11). The characteristic size of the cell
in the median plane is defined as R, = (P} »/2x), where
Py, is the cell perimeter in the median plane. Since the
intercellular junctions are assumed to be orthogonal to the
substrate plane, the characteristic size of the apical surface
modified by the curvature and in the orthogonal direction to
the grooves is given by

2R, = 2Ry o) + 5 ()
X {% (x=Ryp(x)) - % (x+ RI/Z(X))}'

Considering that R, /, < 6(1/2x), we get

1 "
Ra:Rl/Z I—EHZ 5

hence, the surface of the apical face

1
S(l :Sl/2<1_§HZ//>_

This expression for the apical surface S, gives an explicit
dependence on the curvature (1/R) ~ 7" = (d*z/dx?) of
the substrate. On crests, where z” is negative, the apical
surface is larger than the surface at half height. Conversely,
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in the valleys, the apical surface is smaller than the surface
at half height, as shown in Figs. 4(b) and 4(c).

The basal surface S, is curved since it follows the
substrate. The height difference, in a cross section, between
the positions of the substrate at the edge of the cell and at its
center is denoted 6, as depicted in Fig. 4(c). The value of 6
depends on the direction € of the cross section with respect
to the direction x (as defined in Fig. 4).

By approximating the substrate profile by a parabola,
one obtains

/2 H
Sp =S+ / R%/Zcoszé <— - 5(9))
—x)2 2
H A 2
x |24 (5 —8(0) )2"|2"d0 + 5°(0)do.

Since (6) =z(x+R,/,cos60)—z(x) =R, pcos6(dz/dx),
assuming that R, < 3(4/27), one obtains §(¢) =
1(Ry /2 cos0)z”, which gives

1 1 21
Sb—Sl/2|:1+_HZN+ <§H R2 >( ”)2:|

2 64 /2
3 2 // 5
+Sl/2 16HR1/2( ) +64R1/2( ) .

With R, < (42/4A),

1
Sb = Sl/2<1 +5HZH>.

This expression for the basal surface S, is remarkably
symmetrical to that obtained for the apical surface S, while
these two surfaces have very different geometries: curved
for S, and flat for S,. The curvature of the basal surface
therefore has no influence on its expression, to first order
in Ry 2"

To compute the lateral cell surface S, the perimeter of
the cell as a function of the position along the apicobasal
axis has to be written.

At half height P, = 2zR| ;. In the other positions, the
expression is different because the cell surface is aniso-
tropically deformed. The characteristic size of the cell is
still R/, in the y direction but is R(z) & Ry /»(1 — zZ") in
the x direction. By analogy with the approximate perimeter
of an ellipse z(a + b) with a and b the semimajor and
semiminor axes of the ellipse, the approximate perimeter of
the cell at position z is P(z) = 7[Ry, + R(z)].

The intercellular contact surface is therefore given by

95
]
Il
|\Nm

[T

dtg/7 [Rij2+ Ryjp x (1 —z2")]dz
—415(0)

I
\

[ 2kl = 500) <1 - %5(9)5’) do

:awlsl/zH
1R} ), 1 3R,
1 —— 12 2 p2 ()2 / 3
x( im e gy (Z)>

Assuming that Ry, < (4?/4A),

1RY)
S(,’c:a Sl/zH(l_ZT/Z”)-

This expression shows that the curvature of the substrate
has an influence on S..

The expression of cell volume also differs from the case
of a flat substrate. Indeed, the expression V = HS, ),
overestimates the volume of cells in the valleys because
it also includes some volume of the substrate. Similarly, this
expression underestimates the volume on the crests. The
volume is therefore written as V = HS,, — AV with AV
the hatched volume on Fig. 4(c):

Rip{1+[(H/2)-6(0)]"} 1
AV = /dO/ " ) 2(rcos€)2 "rdr

= ”R4 d9 1+ E—5(9) 4 400526
BEREE 2 ‘

Considering R; ), < (4?/4A),

/3
AV e ER?/zz//‘

The final expression of cell volume is

V HS]/2 16 1/2Z/,.

The expressions of the geometric quantities of interest
are used in the next section to infer how the cell energy
depends on curvature.

2. Energy of the cell

In this section, the cell energy on a sinusoidal substrate is
calculated. Different terms for the energy are detailed in
successive sections.

The cell shape, i.e., the height and the surface at half
height, at equilibrium, is obtained by minimizing the cell
energy. All energy minimizations are done at constant
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volume, which is equivalent to adding a volume compress-
ibility term E, = B(V — V))? with a very large B modulus.

a. Surface energy
The surface energy of the cell is written as

Y
Ec = }/aSa + J/bSb + %Scc-

The apical, basal, and intercellular surface energies y,,
7p, and y.. are considered uniform.
On a flat substrate,

Yee
E. =781+ 7812 +%0€ Si2H.

Since V = HS ), E. can be written as a function of Sy ,
only:

Vv

VSin

The minimum surface energy is then obtained for

2/3 2/3
Sip = (Vg Tec > = <V1) ,
4y, +7p 4y

defining a dimensionless surface tension parameter y,

7
E. =751+ 76512 +§a

_ Va + Vb
Yee

which can be written equivalently for the height,

=2 ()"

a

If the model with only surface energies holds, the value
of the parameter y can be inferred from the measured values
of V and H on flat substrate:

_a |H?
T=aVyv

In the case of a substrate with a sinusoidal profile, the
surface energy of a cell on a crest or in a valley is written up
to first order in z”:

1 1
E. = yaSl/z (1 —EHZ”> + bel/z <1 +§HZ”>

. 1
+%(Z S1/2<H—ZR%/2Z//>’

1 v 1 v
E.=7,8(1-2—2" Siol1 422z
c=VYa 1/2( 2SI/QZ>+7b 1/2( +2S1/2Z)
Vee 14 o’ ot 1"
Yee g /81l = (-2 -2 )5, 02"
TR {51/2 (167:2 256713) /22

The relationship (dEc/dS,;,) =0 gives a polynomial
equation for S /,:

302 \?2 2va +75\2
O_< ZH) 5‘112_<_a” )S?z
327 / a e /

2
+ V%Z”S%/z + V2.
The analytical expressions of the solutions of this
equation are complicated and difficult to handle.
The minimization of E.(S;/;) can also be performed
numerically, after removing the terms that do not depend on
S1/» and dividing by a(y../2) to simplify the expression:

E. a2 (04 3/2 2
e A .
als 16712( 1671') 172 ay 12 VS1)2

The curvature 7’ of the substrate is equal to zero at the
maximum slope of the sinusoid; z” = 0 also corresponds to
the flat case. Its maximum (in absolute value) is reached on
the crests and in the valleys of the sinusoid. The numerical
minimization of E, for these two extreme values of z” gives
the values of the cell height on the crests and in the valleys,
quantities which were measured in the experiments.

b. Line tension

In this section, the contribution of an actin belt near the
apical side is discussed by adding a line tension [19] to the
cell energy E,:

4
Ec = yaSa + 7bSb + %SCC + AaPa'

P, is the apical face perimeter and A, its energy cost per
unit length.
In the case of a flat substrate, P, = 2zR, /, and

4
E.=v.S120+ 76512 +§(IH Siy2 + Naay/S1

The minimization of E, leads to a relationship between
the dimensionless surface energy y and the reduced line
tension A = (A,/7..), which is a length:

1

a
4./81,

The experimental values of a, S; /2> and H, as measured
on flat substrates, give a quantitative relationship between
y and A.

y = (H - 2A). (B1)
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In the case of curved substrates, we approximate
as previously the perimeter of the apical face by
P,~r(R,; + R,); hence,

1
P~27R 1--H7" ).
T 1/2< 4 Z)

The energy of the cell is then written as
1 1 1 1
E.=v.51 1—§HZ + 76512 1+§HZ

cc 1
+ %(Z\ / S]/z (H - ZR%/2Z//>

1
+27A.Ry ) (1 - ZHZ"> _

The cell energy is written as a function of S, /, and after
removing the terms that do not depend on S ,:

EC (12 (12 3/2 1
- & (1L s
@Yoo 32n2< 16;;)Z 12T 51317

% 1
b (1-2AZ ) + A /S
2 Sl/2< 2 ) 2

The numerical minimization of this surface energy is
done this time with one adjustable parameter, A, replacing
y by its value as a function of A obtained from the
measurements on flat substrates [Eq. (B1)].

APPENDIX C: DETACHMENT OF CELLS FROM
THE SUBSTRATE AT 50 uM BLEBBISTATIN

As mentioned in Sec. VIB, very few measurements
could be made on samples treated with 50 M blebbistatin:
only 2 for EcadGFP MDCK cells and 1 for WT MDCK
cells. This is due to the fact that in most samples with
50 um blebbistatin the epithelium partially detached from
curved substrates, as illustrated in Fig. 11. This observation
is reminiscent of epithelial domes which have been
described in several studies [49-52] and which result from
active pumping of fluid through the epithelium.

(a) : (b)

FIG. 11. MDCK cells exposed to blebbistatin at 50 M form-
ing bridges between crests. (a) EcadGFP MDCK cells. (b) WT
MDCK cells. Nuclei are in cyan, both F-actin and fibronectin are
in red hot LUT, Ecadherin is in green in (a). Scale bars are 10 pym.

Detachments mainly occurred in the valleys of the
sinusoidal substrates making bridges between two succes-
sive crests; see Fig. 11. Since such bridges are flat, there is
no pressure difference between the medium under the basal
surface and above the apical surface. As a consequence, the
formation of a bridge between two crests can be favorable
from an energetic point of view, without, contrary to the
case of domes, the need for fluid pumping, provided that

Wy +7a) > U(va+ 1)

with [ the length of the portion on substrate from which the
epithelium detached and /' the length of the epithelial
bridge or the length between the two successive crests.
Here y), is the surface tension of the basal face of the cells
detached from the substrate. By assuming y;, =y} — @,
with «, a cell-substrate adhesion energy, defined as
positive, the condition for spontaneous epithelium detach-
ment rewrites:

l/
ap < (Ya+72)<1 —7>-

At 0 and 5 uM blebbistatin, the experimental data led to
Yo +7s <0, ie., a, < (y, +7},), which is consistent with
the fact that no bridges were observed. With 50 yuM
blebbistatin, on the contrary, the basal adhesion energy
probably decreased down to less than (y, +y},)(1 —1'/1).
For instance in Fig. 11(a), [/I'~1.12 and a;, < (y, +7},)/10.
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