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Curvature Induced by an Apical Belt Tension. We determine nu-
merically the mechanical equilibrium defined as . We
assume that the lateral adhesion dominates (αl> 0); therefore, the
epithelium is columnar. When the lateral adhesion increases, the
curvature of the epithelium decreases (Fig. 3D), because lateral
adhesion favors symmetrical shapes. We derive scaling laws for two
limiting cases of small and high curvatures: Λa ! αl and Λa " αl.
If Λa ! αl, we rewrite r2 = r1 − e and expand the effective energy

in powers of e
r1
! 1. We find

In the opposite limit, Λa " αl, we obtain r1 ∝Λ1=9
a , r2 ∝Λ−5=9

a . The
curvature is slightly sublinear: . These theoretical pre-
dictions agree qualitatively with the experiments of ref. 9, showing
that the curvature of an epithelium increases (resp. decreases)
with a higher (resp. lower) recruitment of myosin IIb and P-MLRC
at the apex of the cell.
They could be tested quantitatively by measuring the curvature

of an epithelial monolayer and comparing it to the stress in the
apical belt from laser-cutting experiments. Alternatively, mimicking
an apical constriction on a collagen scaffold on known mechanical
properties (33) could allow for a noninvasive, quantitative mea-
surement of bending forces. Even simpler, for any exponent n in
the confinement energy, the scaling law

r1 ∝ r−1=52 [6]

holds in the limit of high constriction, which could be tested
without any need to measure tensions.
It is useful to define an effective bending rigidity

of the epithelial sheet, which quantifies the resistance of a
cell layer to the apical constriction. A strength of our model
is that we calculate this quantity from a realistic microscopic
model and do not assume it a priori. For Λa ! αl, the bending
rigidity is constant (Fig. 3D) and depends very strongly on
the value of the lateral adhesion: αl ðKeff ∝ α5l Þ. For Λa " αl,
because is quasi-linear with Λa, the bending rigidity is also
roughly constant, but has a much lower value, mostly inde-
pendent of αl.
Moreover, for large values of the lateral adhesion αl, the ep-

ithelium shows a discontinuous transition: The bending rigidity
stays very high until a critical value of Λa.
Finally, we give a phase diagram of 3D epithelial sheet organi-

zation. There are three spinodal “tongues” and thus three critical
points. For γb = 0 (Fig. 4), there is a range of stability of quasi-flat
sheets, around Λa = 0 (squamous cells if αl ! 1, columnar cells
if αl " 1). When Λa increases, the curvature of the cell sheet
increases either continuously ðαl ! 1Þ or discontinuously ðαl " 1Þ.

Curvature Induced by an Apical Surface Tension. In some morpho-
genetic events, invagination is driven by the constriction of the
entire apical cortex, instead of a circumferential apical belt (1).
We set the belt tension Λa = 0 and call γa the apical surface ten-
sion, which adds a contribution γar22 in Eq. 4. The results are
qualitatively similar to those of the previous section, although
the scaling laws are different. In the regime of low apical tensions
ðγa ! αlÞ, the curvature is . In the regime of high apical

tensions ðγa " αlÞ, r1 ∝ γ1=14a , r2 ∝ γ−5=14a , and . Interestingly,
these two scaling laws in γa are quite different and could be dis-
tinguishable in experiments. The scaling law r1 ∝ r−1=52 also holds.

Cellular Tubes vs. Cellular Spheres
So far, we have calculated the spontaneous curvature of individual
cells, assuming that the cell sheet would curve isotropically, with
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Fig. 3. Spontaneous curvature of an apically constricted tissue. (A) Sketch of
our model. The cell is modeled as part of a sheet of constant height h be-
tween apical and basal sides. (B) Numerical integration of r1 and r2 as
a function of apical belt tension Λa. (C) Sketch of a biological application:
lens placode formation. The apical belt tension is increased locally, causing
the tissue to invaginate with radius of curvature R. (D) Curvature and
bending rigidity of the cell sheet as a function of apical belt tension Λa for
various values of αl = −2 (yellow), αl = 3 (green), αl = 4:5 (purple), and αl = 5:5
(black). Note the change in convexity as αl changes sign. (E) Bending rigidity
as a function of cell–cell adhesion, for various values of Λa = 1 (orange),
Λa =10 (green), Λa = 50 (blue), and Λa =100 (black).
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Fig. 4. Phase diagram of the 3D architecture of epithelial tissue, as a func-
tion of apical belt tension Λa and lateral adhesion αl , for γb = − 1. The apical
side is drawn in red and the basal side in blue. The apical side lines the in-
terior of the sphere if Λa > 0, and the exterior is Λa > 0. We concentrate on
the region Λa > 0: The curvature increases for increasing Λa, either contin-
uously or discontinuously (hatched regions). The epithelium is more co-
lumnar for high values of αl .

[5]
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Although our 2D description does not explicitly take into
account cell height, area elasticity does so indirectly.
Assuming that cell volume stays constant, altering the
cross-sectional area of a cell at the junctional level in-
volves a deformation of the cell in three dimensions.
Whereas the model describes single cells as elastic ob-
jects, the cellular network is plastic because the model
takes into account junction remodeling (see below).
Line tensionLij (Box 1) describes forces resulting from

cell-cell interactions along the junctional regions of spe-
cific cell boundaries. Multiple mechanisms might influ-
ence line tension, which could vary from edge to edge.
For example, adhesive interactions between cells could
favor cell-boundary expansion, whereas the subcortical
actin cytoskeleton might oppose it. As the length of the
cell boundary [ij between two vertices i and j increases,
this term in the energy function decreases if the line
tension Lij is negative and increases if Lij is positive. In
addition to the subcortical actin cytoskeleton, many
epithelial cells assemble an actin-myosin belt that un-
derlies the cortex at the level of apical junctions (Fig-
ure Ab). Because actin-myosin contractility would tend
to reduce the perimeter of each cell, it not only contrib-
utes to the line tension but is also expected to generate
the coefficient Ga, describing the dependence of con-
tractile tension on cell perimeter La (Box 1). This contrac-
tility term involves the whole cell perimeter and is moti-
vated by the fact that the actin-myosin ring appears to
span the entire cell.
Before studying tissue morphologies, we first discuss

some general properties of the model. An important fea-
ture is the ground state, or the most relaxed network
configuration. As discussed below, these ground states
do not correspond to realistic tissue morphologies;
however, ground states are important reference states.
For a situation when all cells are identical, Að0Þ

a = Að0Þ,
Ka = K, Ga = G for all cells, and Lij = L for all edges. Fig-
ure 1 shows that two main types of ground states exist
as a function of the model parameters. The geometry
of the ground state is determined by the two normalized
parameters G = G/K Að0Þ and L=L=KðAð0ÞÞ3=2. Here, G is
a normalized contractility; when small, it implies that
contractile forces are small compared to those from
area elasticity. Similarly, L is a line tension, normalized
to area elastic tensions. When it is negative, cell

boundaries tend to expand; when it is positive, they
tend to shrink.
Two regions exist in the ground-state diagram shown

in Figure 1. In the gray region, regular hexagonal packing
geometry is the single ground state. This network con-
figuration has both a bulk modulus and a shear modu-
lus—i.e., work is required to compress or expand the tis-
sue and also to shear it. In the blue region, the ground
state is degenerate, i.e., there existmany packing geom-
etries all with the same minimal energy. They share the
common feature that the area of all cells is equal to the
preferred area Að0Þ, and their perimeters are equal to
L0 = 2L/2G. As a consequence of this degeneracy, the
configuration can be shearedwithout anywork required.
The system is soft with vanishing shear modulus and
behaves more like a liquid in which cells can move
past one another easily.We call this state a soft network.
Whereas the hexagonal ground state in the gray region
is regular, the soft network ground states are typically
irregular. Examples of configurations corresponding to
points III and IV are shown. Analysis of the ground states
reveals that the morphologies andmaterial properties of
junctional-network configurations depend strongly on
themodel parameters and that there exists a phase tran-
sition between a solid and a soft state.

Packing Irregularity Induced by Cell Division
In addition to theglobal energyminimumorgroundstate,
there exists for any choice of parameters an even larger
number of local energyminima,which all could represent
stable cell packing geometries. We think of a developing
epithelium as assuming a sequence of stable network
configurations, which undergo rearrangements in re-
sponse to local perturbations that affect the stable con-
figuration. Such perturbations include cell division and
apoptosis but might also correspond to slow changes
in cellular properties. This quasistatic approximation
allows us to define a history of stable configurations by
slowly and locally modifying model parameters. Thus,
a particular packing geometry is the consequence of
the history of such perturbations.
By using our model, we can numerically simulate the

evolution of cell packing geometry during tissue growth.
We randomly select one cell and divide it by the follow-
ing algorithm: We doubled the preferred area of the cell

Figure 1. Ground-State Diagram of the
Vertex Model

Diagram of the ground states of the energy
function E(Ri) as a function of the normalized
line tension L and contractility G. In the gray
region, the ground state is a hexagonal net-
work as indicated. In the blue region, the
ground states are irregular soft networks (an
example corresponding to case III is shown),
and many configurations coexist. In the
striped region to the right, where L is large,
cell areas vanish and the model breaks
down. Green dots indicate parameter values
of five different cases (case I: L = 0.12, G =
0.04; case II: L = 0, G = 0.1; case III: L = 20.85,
G = 0.1; case IV: L = 20.32, G = 0.04; and case
V: L = 0, G = 0.04).

Cell Division and Epithelial Cell Packing Geometry
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Modeling the epithelium

epithelial cells, we develop a 2D network model that
describes forces that act to displace vertices. Cell
packings correspond to stable and stationary network
configurations obtained by minimization of a potential
function. We use this approach to study the role of cell
mechanics and cell division in determining network
packing geometry. We compare our results to the prolif-
erating larval wing epithelium of Drosophila and esti-
mate the parameters characterizing the effects of con-
tractility and adhesion in this tissue. We independently
estimate parameter values by analyzing movements of
the junctional network after laser ablation of individual
cell boundaries and comparing them to the correspond-
ing behaviors in our model.

Results

Physical Description of Cell Packing: A Vertex Model
Apical junctions can be considered as a 2D network that
defines the cell packing geometry. By using a vertex
model, we describe the packing geometry of the junc-
tional network (Box 1). Cells are represented as
polygons with cell edges defined as straight lines

connecting vertices—a good approximation for the
wing disc epithelium. Junctional-network configurations
that are stable on timescales shorter than those of cell
division correspond to those network configurations in
our model for which the packing geometry is stable and
stationary. These configurations obey a force balance,
which implies that the net force Fi (Box 1) acting on
each vertex vanishes for all vertices. In general, forces
acting on the junctional network need not be forces de-
rived from an energy. However, the forces we consider
here can in our simple description be represented by
the energy function E(Ri) presented in Box 1. Any stable
and stationary configuration of the network then corre-
sponds to a local minimum of the energy function. This
providesa framework forcalculatingstable cellularpack-
ing geometries. Similar energy functions have been used
inpreviousworks [14–16].Our vertexmodel is different in
that we represent only the network of apical junctions,
and we introduce a quadratic perimeter energy.

We consider three contributions to the potential en-
ergy E(Ri) of a particular configuration of the epithelial
junctional network given in Box 1: area elasticity, line
tension along apical junctions, and contractility.

Box 1. Physical Description of Cell Packing in Epithelia

Epithelia are composed of a sheet of cells of similar
height that are connected via cell-cell adhesion. The
adhesion molecule Cadherin and components of
the actin cytoskeleton are enriched apicolaterally
(Figure Aa). Cell packing geometry can be defined
by the network of adherens junctions (Figure Ab).
This network is described by a vertex model with
NC polygonal cells numbered by a = 1 . NC and NV

vertices, numbered i = 1 . NV at which cell edges
meet. Stationary and stable network configurations
satisfy a mechanical force balance; this implies that
at each vertex, the total force Fi vanishes. We de-
scribe these force balances as local minima of an
energy function

EðRiÞ=
X

a

Ka

2

!
Aa 2Að0Þ

a

"2

+
X

<i; j>

Lij[ij +
X

a

Ga

2
L2
a

for which Fi = 2
vE

vRi
.

The energy function describes forces due to
cell elasticity, actin-myosin bundles, and adhesion
molecules. The first term describes an area elasticity
with elastic coefficients Ka, for which Aa is the area of
cell a and Að0Þ

a is the preferred area, which is deter-
mined by cell height and cell volume. The second
term describes line tensionsLij at junctions between
individual cells. Here, [ij denotes the length of the
junction linking vertices i and j and the sum over <ij>
is over all bonds. Line tensions can be reduced
by increasing cell-cell adhesion or reducing actin-
myosin contractility. The third term describes the
contractility of the cell perimeter La by a coefficient
Ga, which could reflect, for example, the mechanics
and contractility of the actin-myosin ring (Figure Aa).

Figure A. Adhesion and Contractility at Apical Junctions
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The lateral tension γl is the sum of several contributions of
opposite signs (20): a positive contribution from contractile
forces of the actomyosin lateral cortex, which tends to minimize
the lateral surface, and a negative contribution from the ad-
hesion with the neighboring cells, which tends to maximize the
lateral surface. The tensions could also have contributions from
external stresses. Thus, the tensions γl and γb are either positive
or negative.
For practical reasons, we define and use αl = − γl, the effective

lateral adhesion, in the rest of the article. Moreover, although
tension often dominates in the actin cable (3), we study the case
of either positive or negative Λa for completeness. We assume
that the cells have a preferred volume V0 and we expand the
effective energy around V0. The first contribution is BðV −V0Þ2,
where V is the cell volume and B a compression modulus.
Therefore, our effective energy reads

If the compression modulus is large ðB→∞Þ, V is constant and
equal to V0, as observed during several morphological changes
(8, 10) (the case of finite B is treated in SI Text and does not
change qualitatively the results). This yields a geometrical rela-
tionship between r and h: h= 2V0ffiffi

3
p

r2
.

In the case αl > 0, γb < 0, the two configurations that minimize
the effective energy from Eq. 1 are then either infinitely thin and
spread cells ðr→∞; h→ 0Þ or infinitely tall cells ðr→ 0; h→∞Þ.
Therefore, an additional stabilizing term is necessary, as ob-
served in ref. 20. Because it has been shown that the cytoskeleton
is an important determinant of cell shape (21), we stress that
a cell is a dense solution of cytoplasmic components, which
cannot be indefinitely squeezed (20). Notably, intermediate fil-
aments are known to function as a stress-bearing structure (22).
We show in the next section through simple orders of magnitude
that it could be a sufficient stabilizing mechanism. Moreover, the
cell nucleus is a rigid object and is deformed when cells are
confined (23). The confinement of a solution of nonadsorbing
Gaussian polymers to a thickness h requires an energy A

h2 (24),
where A is a coefficient dependent on the properties of the poly-
mer. When cells become very tall ðr→ 0Þ, the same confinement
energy should be included: 2 A

r2. We discuss other hypotheses in the
next section and in SI Text.
To eliminate the prefactors coming from the hexagonal geome-

try, we choose 4
3
1=6V0

1=3 as the unit length and 3
4
1=3 A

V 2=3
0

as the unit

energy (details in SI Text). We obtain a simple equation, with

only three rescaled parameters, which we rename 21=3
31=6

γbV
4=3
0
A → γb,

31=645=6αl
AV 2=3

0

→ αl, and 25=331=3ΛaV0
A →Λa:

The minimum of this energy function defines the cell base
length at mechanical equilibrium.

Assumption of the Model. Our main assumption is the form of the
confinement energy of the cytoplasmic components written as

, which is the confinement energy of Gaussian polymers.
Other assumptions on the nature of the cytoplasmic components,
or on a precise rheology of the nucleus, would yield different power
laws of the form . For instance, it has been argued
that semiflexible polymers correspond, in the high-confinement
limit, to n= 7=2 (25). Nevertheless, it should be noted that several
scaling laws we derive (Eqs. 5 and 6), as well as the main features of
the phase diagrams, are model independent and hold for any value
of the exponent n. On the other hand, some scaling laws are model
dependent. We derive them for any n and draw the phase diagrams
for various values of n in SI Text and Fig. S2. An alternative sta-
bilizing mechanism could be an active regulation of the tensions to
achieve some target basal and lateral areas A0

b and A0
lat. Then,

expanding the tensions around these target areas to first order"
γb = γ0b + δ1ðr2 − A0

bÞ and αl = α0l − δ2
#V0

r −A0
lat

$%
yields the same

stabilizing terms as our model, as long as the coefficients δ1; δ2 are
positive. In SI Text and Fig. S3, we show that the results of the
main text are not qualitatively modified by assuming an active
regulation of the tensions.

Stable Epithelial Cell Aspect Ratios. In our model, cell–cell lateral
adhesion ðαa > 0Þ and apical belt tension favor tall columnar cells,
whereas cell–cell contractile forces ðαl < 0Þ and cell–substrate
adhesion ðγb < 0Þ favor squamous cells, in agreement with the
experimental observations that squamous cells down-regulate
E-cadherin and Fas2/3 (cell–cell adhesion) (17, 18), whereas
columnar cells up-regulate E-cadherin expression and down-
regulate cell–matrix adhesion (2, 18).
More precisely, from Eq. 2, we give analytical limits for cell

aspect ratios. If cell–substrate adhesion is dominant (γb < 0 and
jγbj # 1), cells are squamous and spread to a base length r≈ffiffiffiffiffiffi

−γb
2

q
# 1. If cell–cell adhesion is dominant (αl > 0 and jαlj # 1),

cells are columnar and the stable base length is r≈ 4
αl
$ 1. If cell–

cell contractile forces are dominant (αl < 0 and jαlj # 1), cells
are squamous and the stable base length is r≈

#−αl
4

$1=5 # 1.
Finally, if apical contractile forces are dominant ðΛa # 1Þ, cells
are columnar and the stable base length is r≈ 2ffiffiffiffi

Λa
p $ 1.

We now estimate the parameters of the model. The main
unknown is the confinement energy of the cytoplasmic com-
ponents A. In vitro experiments on the confinement of actin
chains (25), as well as rheological measurements on Xenopus
egg cytoplasmic extracts (26), suggest an order of magnitude
of A≈ 10−24 − 10−23J·m2 (SI Text). Although the complete
cytoskeleton in a living cell is much more complex and can
partially reorganize when the cell morphology changes, using
a lower bound value, with typical values of the cell surface en-
ergies γb and αl of 10−4 N=m (27) would predict a base length
of squamous cells r=

ffiffiffiffiffiffi
−γb
2A

q
V0 of order ≈25 μm, with a cellular

height h≈ 2 μm. These estimates are close to the observed
values for a cell of volume V0 ≈ 10−15m3 (28) and suggest that
this confinement contribution could be large enough to stabilize
cell spreading to a realistic height. Moreover, for an apical belt
of transverse radius la, the typical line tension is Λa =Πl2a, where
Π is the characteristic contractile stress of actomyosin cables that
can be estimated from laser-cutting experiments (29). Reported

Basal tension

Cell-cell 
adhesion

Actin cable

h

r

Fig. 1. Sketch of our theoretical model.
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$1=5 # 1.
Finally, if apical contractile forces are dominant ðΛa # 1Þ, cells
are columnar and the stable base length is r≈ 2ffiffiffiffi

Λa
p $ 1.

We now estimate the parameters of the model. The main
unknown is the confinement energy of the cytoplasmic com-
ponents A. In vitro experiments on the confinement of actin
chains (25), as well as rheological measurements on Xenopus
egg cytoplasmic extracts (26), suggest an order of magnitude
of A≈ 10−24 − 10−23J·m2 (SI Text). Although the complete
cytoskeleton in a living cell is much more complex and can
partially reorganize when the cell morphology changes, using
a lower bound value, with typical values of the cell surface en-
ergies γb and αl of 10−4 N=m (27) would predict a base length
of squamous cells r=

ffiffiffiffiffiffi
−γb
2A

q
V0 of order ≈25 μm, with a cellular

height h≈ 2 μm. These estimates are close to the observed
values for a cell of volume V0 ≈ 10−15m3 (28) and suggest that
this confinement contribution could be large enough to stabilize
cell spreading to a realistic height. Moreover, for an apical belt
of transverse radius la, the typical line tension is Λa =Πl2a, where
Π is the characteristic contractile stress of actomyosin cables that
can be estimated from laser-cutting experiments (29). Reported
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r

Fig. 1. Sketch of our theoretical model.
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a spherical geometry. Nevertheless, other geometries are seen
in vivo and could be more stable. We now compare the stability
of spheres and tubes for various parameters. A cell in a tube is
curved in one direction, and we define r1 as the dimension of the
apical side in the curved direction, r2 as the dimension of the
basal side in the curved direction, and r as the dimension in
the noncurved direction (Fig. 5 A and B).
If the apical constriction is anisotropic, as in neural tube for-

mation, a sheet bends only in one direction, creating a tube.
The anisotropy is then built into the microscopic deformation.
Nevertheless, we show here that tubes could be favored even if
the apical constriction is isotropic, through a spontaneous sym-
metry breaking at the tissue level. This is because, for a given
cell volume, a tubular morphology maximizes cell–cell adhe-
sion, because a rectangular prism has a larger surface area than
a regular prism. Therefore, high values of αl tend to favor
tubular geometries.
Using the same model as before, a tubular cell of volume V0

has an effective energy

For an epithelium constricting through an apical belt, the
spherical configuration is always the most stable, except at extreme
values of Λa, in a very narrow parameter range. On the other
hand, for an epithelium constricting through an actin cortex with
apical tension γa, the range of parameters where tubes are more
stable drastically widens. We compare the effective energies of
the two configurations at steady state (Fig. 5C) and calculate
a phase diagram as a function of αl and γa.
In the case of apical belt tension and in the limit Λa ! αl, the

scaling law of the spherical effective energy at mechanical equi-
librium is , whereas for the cylindrical effective energy,

, a larger exponent. This means that for large enough Λa,
spheres are always more stable, which restricts drastically the sta-
bility range of tubes.
In contrast, for apical surface tension and in the regime

γa ! αl, the energies of the two configurations have the same
scaling, (Fig. S8A), so tubular configurations have
a much larger stability range. Moreover, considering a non-
negligible cell–cell adhesion αl allows us to calculate the next
term in the expansion of the energies: and

. When the apical tension γa increases, the cell–
cell contribution stabilizes more and more the cylindrical mor-
phology compared with the spherical. Therefore, when αl is
large, cylindrical morphologies are more stable for large values
of γa, as observed in the phase diagram.

Additionally, to fully explore the space of possible shapes, we
consider the stability of cellular ellipsoids, made of cells that
have two distinct curvatures and (Fig. S8B),
which we calculate at mechanical equilibrium. The results
confirm the previous stability diagram, the main difference
being that the transition between a sphere and a tube is
smooth; i.e., the stable shape is a more and more elongated
ellipsoid far from the transition. For low values of γa, the ratio
of the two curvatures is 1, before increasing sharply at the
transition (Fig. S8C).

Buckling Induced by Cell Shape Changes
Finally, we consider the confinement of an epithelium to an area
different from its equilibrium value. If this occurs, cells can ac-
commodate the decreased area by increasing their height. How-
ever, the area accessible to cells can also increase to its value
dictated by mechanical equilibrium through an out-of-plane de-
formation of the entire sheet. This occurs if the energetic cost of
bending the sheet is larger than the energetic cost of compression
and is analogous to the Eulerian buckling of an elastic sheet under
compression. For example, during Drosophila wing development,
the columnar epithelium forms several folds. Moreover, local
mutations affecting the actin belt cause the epithelium to collapse
to a lower height and a bigger area and thus to form additional
folds (19).
Therefore, buckling instabilities can arise not only from stresses

due to cell division (34), but also from cellular shape changes,
caused by adhesion or apical contractility changes. To our knowl-
edge, this last possibility has not been explored theoretically. We
therefore compare the stability of confined and buckled epithelia
and consider a one-dimensional layer of columnar cells, in the
limit αl ! Λa (see SI Text for the other limit). The equilibrium
base length is then r0 = 4

αl
. Confining a cell to a new base length

r< r0 costs an effective energy , where Δr=
r0 − r " r0. In a buckled sheet, parameterized by the definition
lðzÞ= u  cosðqzÞ (Fig. 6), cells are forced to adopt a lampshade
shape that has an energetic cost, but the amplitude and wave-
length u and q are such as to accommodate cells to their
equilibrium base length r0 = r

!
1+ u2q2

2

"
. The energetic cost of

the buckled configuration for a cell (SI Text) is .
Therefore, the confinement energy depends quadratically on the
confinement Δr, whereas the effective buckling energy is linear in
Δr. This means that small confinements are always accommo-
dated by a uniform squeezing of the sheet, until a critical
threshold where the sheet buckles. Not surprisingly, large
wavelengths ðq→ 0Þ are favored and reduce the buckling energy,
because less bending is required of each individual cell. The

tubes

spheres
C

r r

A

B

Cellular tube

Cellular sphere

Fig. 5. (A and B) Comparison of the mechanical stability for cellular tubes,
made of cells curved in one direction (A), and cellular spheres, curved in two
directions (B). (C) Stability diagram as a function of lateral adhesion αl and
apical tension γa.

buckling

u

r0

r

Fig. 6. Cell confinement and buckling. When a tissue is confined by ex-
ternal forces to an area lower than the area dictated by its mechanical
equilibrium, it can either be homogeneously compressed or buckle to re-
lieve the stress.
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Measuring forces during buckling

can thus serve directly as elastic sensors of MCS growth (Fig.
4B). Capsule stiffness kcaps is determined both by bulk elasticity
and by shell thickness: kcaps ∝ E × h. The postconfluence de-
formation of the capsule thus becomes a direct readout of the
pressure exerted by the expanding spheroid. As a first approxi-
mation, we consider the capsules as thin-walled pressurized
vessels in the framework of isotropic linear elasticity. The
pressure that inflates the shell is given by (23):

P=
2E
1− ν

·
h
R
·
uðRÞ
R

; [1]

where u(R) is the radial displacement at a distance Rin ≤ R ≤ Rout
from the center of the capsule and ν is the Poisson’s ratio. As the
spheroid grows, the capsule radius R(t) increases and the shell
thickness h(t) decreases according to volume conservation of the
shell (ν = 1/2; Fig. S7 and SI Discussion and Equations). The actual
experimental conditions require additional corrections, however.
For thin capsules, the assumption of linear elasticity does not
apply because strains exceed 20%. A phenomenological depen-
dence of the Young’s modulus on strain was taken into account
for nonlinear elasticity and strain hardening (SI Discussion and
Equations). For thick capsules (h/R ∼ 0.25), the complete formal-
ism of thick-walled vessel theory was used (SI Discussion and
Equations). In practice, we placed individual capsules in custom-
made drift-free observation chambers (Fig. S8) and we moni-
tored the evolution of the mean inner capsule radius Rin(t) nor-
malized by the unstressed radius Rin(t = 0) (Fig. 4C). Although
deformation traces for thin and thick capsules are strikingly dis-
tinguishable, we find that pressure curves essentially collapse
within experimental error (Fig. 4D) and exhibit two main features.
First, pressure builds up rapidly during the first 24 h after conflu-
ence (Fig. 4E; dP/dt = 2.4 ± 0.5 kPa·d−1). Then, at a threshold
pressure Pth = 2.2 ± 0.5 kPa, there is a drastic drop in pressure

increase, which reaches a steady value as low as dP/dt = 0.2 ±
0.08 kPa·d−1 (Fig. 4E). Altogether, these results demonstrate
that the mechanics of growing spheroids can be quantitatively
and dynamically characterized by measuring the deformation
of the elastic capsules.

Impact of Compressive Stress on Cell Migration at the Periphery of
Confined Spheroids. Even under prolonged confinement and after
capsule dissolution, spheroids conserve a well-defined cellular
organization composed of a solid-like core made of denatured
proteins and cell debris and a rim of proliferative cells (Movie S7
and Fig. S9). By focusing on these peripheral cells, we then
tested whether confinement affects cell motility. We imaged
CT26 cells stably transfected with LifeAct-mCherry (provided
by R. Gaudin; Institut Curie, Unit 932, Paris, France) before
and after confluence (Fig. 5A and Movie S8). Initially, cells are
fairly round (Fig. 5C) and moderately mobile, as shown by their
random walk-like trajectories (Fig. 5D). Once confluence is
reached, most peripheral cells become elongated (Fig. 5C) and
highly migratory (Fig. 5D). They exhibit persistent motions
within the peripheral cell layer of the spheroid, with a charac-
teristic velocity on the order of 5 μm·h−1. They form long and
thin protrusions tipped with lamellipodia and filopodia, which
move parallel to the surface of the inner border of the capsule
(Movie S9). Lamellipodia and filopodia are also observed in
fixed cells stained with fluorescent phalloidin (Fig. 5B and
Movie S10).
A priori, the elongated morphology and enhanced motility

could be due to cells squeezing between the alginate shell and
the solid MCS core or could correspond to a phenotypic change
toward a mechanosensitive hypermotile phenotype. In the first
case, shell dissolution would be expected to abolish cell elon-
gation and reduce migration. In the second case, these features
should be conserved after compression release. To distinguish
between both hypotheses, we recovered bare spheroids by shell
dissolution and performed a 3D motility assay by embedding
them in a collagen matrix. Control preconfluent spheroids were

Fig. 3. Imaging of the internal cellular organization of growing spheroids
under elastic confinement. Snapshots taken by two-photon imaging of free
(A) and encapsulated (B and C) spheroids stained with the polar dye SRB are
shown. Time t = 0 corresponds to confluence. Confocal images of free (D and E)
and confined (G and H) spheroids after cryosection and immunolabeling for
DAPI (blue), KI67 (magenta), and fibronectin (red). Quantification of cell nucleus
(blue), proliferating cell (purple), and dead cell (gray) radial densities for free (F)
and confined (I) CT26 spheroids. (Scale bars: A–C, 50 μm; D, E, G, and H, 100 μm.)

Fig. 4. Quantitative mechanical analysis of postconfluent spheroid growth.
(A) Phase-contrast intensity plot as a function of time and radial distance
from the MCS center. The bright line is the outer wall of the capsule. (Scale
bars: 20 h and 50 μm.) (B) Drawing of encapsulated spheroid and capsule
deformation suggesting the use of the shell as a mechanical sensor. R0 and
h0 are the initial capsule radius and shell thickness, respectively. (C) Repre-
sentative time plots show the influence of capsule stiffness (via shell thick-
ness) on MCS growth. The radius of the spheroid Rin is normalized to the
undeformed inner radius R0 vs. time (h = 8 μm, red; h = 28 μm, black). (D)
Pressure exerted by the spheroid on the capsule wall vs. time (h = 8 μm, red;
h = 28 μm, black). (E) Statistical analysis (n = 40, including 23 thin capsules
and 17 thick capsules). The rate of pressure increase within 1 d following
confluence and at later stages is shown.

14846 | www.pnas.org/cgi/doi/10.1073/pnas.1309482110 Alessandri et al.
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Finding cell mechanical parametersThe lateral tension γl is the sum of several contributions of
opposite signs (20): a positive contribution from contractile
forces of the actomyosin lateral cortex, which tends to minimize
the lateral surface, and a negative contribution from the ad-
hesion with the neighboring cells, which tends to maximize the
lateral surface. The tensions could also have contributions from
external stresses. Thus, the tensions γl and γb are either positive
or negative.
For practical reasons, we define and use αl = − γl, the effective

lateral adhesion, in the rest of the article. Moreover, although
tension often dominates in the actin cable (3), we study the case
of either positive or negative Λa for completeness. We assume
that the cells have a preferred volume V0 and we expand the
effective energy around V0. The first contribution is BðV −V0Þ2,
where V is the cell volume and B a compression modulus.
Therefore, our effective energy reads

If the compression modulus is large ðB→∞Þ, V is constant and
equal to V0, as observed during several morphological changes
(8, 10) (the case of finite B is treated in SI Text and does not
change qualitatively the results). This yields a geometrical rela-
tionship between r and h: h= 2V0ffiffi

3
p

r2
.

In the case αl > 0, γb < 0, the two configurations that minimize
the effective energy from Eq. 1 are then either infinitely thin and
spread cells ðr→∞; h→ 0Þ or infinitely tall cells ðr→ 0; h→∞Þ.
Therefore, an additional stabilizing term is necessary, as ob-
served in ref. 20. Because it has been shown that the cytoskeleton
is an important determinant of cell shape (21), we stress that
a cell is a dense solution of cytoplasmic components, which
cannot be indefinitely squeezed (20). Notably, intermediate fil-
aments are known to function as a stress-bearing structure (22).
We show in the next section through simple orders of magnitude
that it could be a sufficient stabilizing mechanism. Moreover, the
cell nucleus is a rigid object and is deformed when cells are
confined (23). The confinement of a solution of nonadsorbing
Gaussian polymers to a thickness h requires an energy A

h2 (24),
where A is a coefficient dependent on the properties of the poly-
mer. When cells become very tall ðr→ 0Þ, the same confinement
energy should be included: 2 A

r2. We discuss other hypotheses in the
next section and in SI Text.
To eliminate the prefactors coming from the hexagonal geome-

try, we choose 4
3
1=6V0

1=3 as the unit length and 3
4
1=3 A

V 2=3
0

as the unit

energy (details in SI Text). We obtain a simple equation, with

only three rescaled parameters, which we rename 21=3
31=6

γbV
4=3
0
A → γb,

31=645=6αl
AV 2=3

0

→ αl, and 25=331=3ΛaV0
A →Λa:

The minimum of this energy function defines the cell base
length at mechanical equilibrium.

Assumption of the Model. Our main assumption is the form of the
confinement energy of the cytoplasmic components written as

, which is the confinement energy of Gaussian polymers.
Other assumptions on the nature of the cytoplasmic components,
or on a precise rheology of the nucleus, would yield different power
laws of the form . For instance, it has been argued
that semiflexible polymers correspond, in the high-confinement
limit, to n= 7=2 (25). Nevertheless, it should be noted that several
scaling laws we derive (Eqs. 5 and 6), as well as the main features of
the phase diagrams, are model independent and hold for any value
of the exponent n. On the other hand, some scaling laws are model
dependent. We derive them for any n and draw the phase diagrams
for various values of n in SI Text and Fig. S2. An alternative sta-
bilizing mechanism could be an active regulation of the tensions to
achieve some target basal and lateral areas A0

b and A0
lat. Then,

expanding the tensions around these target areas to first order"
γb = γ0b + δ1ðr2 − A0

bÞ and αl = α0l − δ2
#V0

r −A0
lat

$%
yields the same

stabilizing terms as our model, as long as the coefficients δ1; δ2 are
positive. In SI Text and Fig. S3, we show that the results of the
main text are not qualitatively modified by assuming an active
regulation of the tensions.

Stable Epithelial Cell Aspect Ratios. In our model, cell–cell lateral
adhesion ðαa > 0Þ and apical belt tension favor tall columnar cells,
whereas cell–cell contractile forces ðαl < 0Þ and cell–substrate
adhesion ðγb < 0Þ favor squamous cells, in agreement with the
experimental observations that squamous cells down-regulate
E-cadherin and Fas2/3 (cell–cell adhesion) (17, 18), whereas
columnar cells up-regulate E-cadherin expression and down-
regulate cell–matrix adhesion (2, 18).
More precisely, from Eq. 2, we give analytical limits for cell

aspect ratios. If cell–substrate adhesion is dominant (γb < 0 and
jγbj # 1), cells are squamous and spread to a base length r≈ffiffiffiffiffiffi

−γb
2

q
# 1. If cell–cell adhesion is dominant (αl > 0 and jαlj # 1),

cells are columnar and the stable base length is r≈ 4
αl
$ 1. If cell–

cell contractile forces are dominant (αl < 0 and jαlj # 1), cells
are squamous and the stable base length is r≈

#−αl
4

$1=5 # 1.
Finally, if apical contractile forces are dominant ðΛa # 1Þ, cells
are columnar and the stable base length is r≈ 2ffiffiffiffi

Λa
p $ 1.

We now estimate the parameters of the model. The main
unknown is the confinement energy of the cytoplasmic com-
ponents A. In vitro experiments on the confinement of actin
chains (25), as well as rheological measurements on Xenopus
egg cytoplasmic extracts (26), suggest an order of magnitude
of A≈ 10−24 − 10−23J·m2 (SI Text). Although the complete
cytoskeleton in a living cell is much more complex and can
partially reorganize when the cell morphology changes, using
a lower bound value, with typical values of the cell surface en-
ergies γb and αl of 10−4 N=m (27) would predict a base length
of squamous cells r=

ffiffiffiffiffiffi
−γb
2A

q
V0 of order ≈25 μm, with a cellular

height h≈ 2 μm. These estimates are close to the observed
values for a cell of volume V0 ≈ 10−15m3 (28) and suggest that
this confinement contribution could be large enough to stabilize
cell spreading to a realistic height. Moreover, for an apical belt
of transverse radius la, the typical line tension is Λa =Πl2a, where
Π is the characteristic contractile stress of actomyosin cables that
can be estimated from laser-cutting experiments (29). Reported
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r

Fig. 1. Sketch of our theoretical model.
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The lateral tension γl is the sum of several contributions of
opposite signs (20): a positive contribution from contractile
forces of the actomyosin lateral cortex, which tends to minimize
the lateral surface, and a negative contribution from the ad-
hesion with the neighboring cells, which tends to maximize the
lateral surface. The tensions could also have contributions from
external stresses. Thus, the tensions γl and γb are either positive
or negative.
For practical reasons, we define and use αl = − γl, the effective

lateral adhesion, in the rest of the article. Moreover, although
tension often dominates in the actin cable (3), we study the case
of either positive or negative Λa for completeness. We assume
that the cells have a preferred volume V0 and we expand the
effective energy around V0. The first contribution is BðV −V0Þ2,
where V is the cell volume and B a compression modulus.
Therefore, our effective energy reads

If the compression modulus is large ðB→∞Þ, V is constant and
equal to V0, as observed during several morphological changes
(8, 10) (the case of finite B is treated in SI Text and does not
change qualitatively the results). This yields a geometrical rela-
tionship between r and h: h= 2V0ffiffi

3
p

r2
.

In the case αl > 0, γb < 0, the two configurations that minimize
the effective energy from Eq. 1 are then either infinitely thin and
spread cells ðr→∞; h→ 0Þ or infinitely tall cells ðr→ 0; h→∞Þ.
Therefore, an additional stabilizing term is necessary, as ob-
served in ref. 20. Because it has been shown that the cytoskeleton
is an important determinant of cell shape (21), we stress that
a cell is a dense solution of cytoplasmic components, which
cannot be indefinitely squeezed (20). Notably, intermediate fil-
aments are known to function as a stress-bearing structure (22).
We show in the next section through simple orders of magnitude
that it could be a sufficient stabilizing mechanism. Moreover, the
cell nucleus is a rigid object and is deformed when cells are
confined (23). The confinement of a solution of nonadsorbing
Gaussian polymers to a thickness h requires an energy A

h2 (24),
where A is a coefficient dependent on the properties of the poly-
mer. When cells become very tall ðr→ 0Þ, the same confinement
energy should be included: 2 A

r2. We discuss other hypotheses in the
next section and in SI Text.
To eliminate the prefactors coming from the hexagonal geome-

try, we choose 4
3
1=6V0

1=3 as the unit length and 3
4
1=3 A

V 2=3
0

as the unit

energy (details in SI Text). We obtain a simple equation, with

only three rescaled parameters, which we rename 21=3
31=6

γbV
4=3
0
A → γb,

31=645=6αl
AV 2=3

0

→ αl, and 25=331=3ΛaV0
A →Λa:

The minimum of this energy function defines the cell base
length at mechanical equilibrium.

Assumption of the Model. Our main assumption is the form of the
confinement energy of the cytoplasmic components written as

, which is the confinement energy of Gaussian polymers.
Other assumptions on the nature of the cytoplasmic components,
or on a precise rheology of the nucleus, would yield different power
laws of the form . For instance, it has been argued
that semiflexible polymers correspond, in the high-confinement
limit, to n= 7=2 (25). Nevertheless, it should be noted that several
scaling laws we derive (Eqs. 5 and 6), as well as the main features of
the phase diagrams, are model independent and hold for any value
of the exponent n. On the other hand, some scaling laws are model
dependent. We derive them for any n and draw the phase diagrams
for various values of n in SI Text and Fig. S2. An alternative sta-
bilizing mechanism could be an active regulation of the tensions to
achieve some target basal and lateral areas A0

b and A0
lat. Then,

expanding the tensions around these target areas to first order"
γb = γ0b + δ1ðr2 − A0

bÞ and αl = α0l − δ2
#V0

r −A0
lat

$%
yields the same

stabilizing terms as our model, as long as the coefficients δ1; δ2 are
positive. In SI Text and Fig. S3, we show that the results of the
main text are not qualitatively modified by assuming an active
regulation of the tensions.

Stable Epithelial Cell Aspect Ratios. In our model, cell–cell lateral
adhesion ðαa > 0Þ and apical belt tension favor tall columnar cells,
whereas cell–cell contractile forces ðαl < 0Þ and cell–substrate
adhesion ðγb < 0Þ favor squamous cells, in agreement with the
experimental observations that squamous cells down-regulate
E-cadherin and Fas2/3 (cell–cell adhesion) (17, 18), whereas
columnar cells up-regulate E-cadherin expression and down-
regulate cell–matrix adhesion (2, 18).
More precisely, from Eq. 2, we give analytical limits for cell

aspect ratios. If cell–substrate adhesion is dominant (γb < 0 and
jγbj # 1), cells are squamous and spread to a base length r≈ffiffiffiffiffiffi

−γb
2

q
# 1. If cell–cell adhesion is dominant (αl > 0 and jαlj # 1),

cells are columnar and the stable base length is r≈ 4
αl
$ 1. If cell–

cell contractile forces are dominant (αl < 0 and jαlj # 1), cells
are squamous and the stable base length is r≈

#−αl
4

$1=5 # 1.
Finally, if apical contractile forces are dominant ðΛa # 1Þ, cells
are columnar and the stable base length is r≈ 2ffiffiffiffi

Λa
p $ 1.

We now estimate the parameters of the model. The main
unknown is the confinement energy of the cytoplasmic com-
ponents A. In vitro experiments on the confinement of actin
chains (25), as well as rheological measurements on Xenopus
egg cytoplasmic extracts (26), suggest an order of magnitude
of A≈ 10−24 − 10−23J·m2 (SI Text). Although the complete
cytoskeleton in a living cell is much more complex and can
partially reorganize when the cell morphology changes, using
a lower bound value, with typical values of the cell surface en-
ergies γb and αl of 10−4 N=m (27) would predict a base length
of squamous cells r=

ffiffiffiffiffiffi
−γb
2A

q
V0 of order ≈25 μm, with a cellular

height h≈ 2 μm. These estimates are close to the observed
values for a cell of volume V0 ≈ 10−15m3 (28) and suggest that
this confinement contribution could be large enough to stabilize
cell spreading to a realistic height. Moreover, for an apical belt
of transverse radius la, the typical line tension is Λa =Πl2a, where
Π is the characteristic contractile stress of actomyosin cables that
can be estimated from laser-cutting experiments (29). Reported

Basal tension

Cell-cell 
adhesion

Actin cable

h

r

Fig. 1. Sketch of our theoretical model.

[2]

[1]

28 | www.pnas.org/cgi/doi/10.1073/pnas.1312076111 Hannezo et al.

Hannezo et al. PNAS 2014

3D

theory experiments



X Position on the image (um)
0 100 200 300

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-250

-200

-150

-100

-50

0
p15 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

30

40

50

60

70

80

90

100

110

120

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0

0.1

0.2

0.3

0.4

0.5

0.6

X Position on the image (um)
0 100 200 300

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-220

-200

-180

-160

-140

-120

-100

-80

-60

-40
p13 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

20

30

40

50

60

70

80

90

100

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

X Position on the image (um)
50 100 150 200 250

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-220

-200

-180

-160

-140

-120

-100

-80

-60

-40
p14 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

40

45

50

55

60

65

70

75

80

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

X Position on the image (um)
0 50 100 150 200

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-240

-220

-200

-180

-160

-140

-120

-100

-80

-60
p11 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

40

45

50

55

60

65

70

75

80

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

X Position on the image (um)
0 100 200 300

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-240
-220
-200
-180
-160
-140
-120
-100
-80
-60
-40

p12 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

30

40

50

60

70

80

90

100

110

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

X Position on the image (um)
0 100 200 300

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-240

-220

-200

-180

-160

-140

-120

-100

-80

-60
p08 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

30

40

50

60

70

80

90

100

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

X Position on the image (um)
50 100 150 200 250

y 
Po

si
tio

n 
on

 th
e 

im
ag

e(
um

)

-220

-200

-180

-160

-140

-120

-100

-80

-60

-40
p10 prep07042017

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 o

ut
er

 ra
di

us
 (u

m
)

45

50

55

60

65

70

75

80

85

90

Angle (degree)
-200 -100 0 100 200

M
on

ol
ay

er
 c

ur
va

tu
re

 (u
m

- 1)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Extracting profiles of buckling epithelia
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