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Mechanical control of cell fate decisions in
the skin epidermis

Preeti Sahu1, Sara Monteiro-Ferreira2,3, Sara Canato2,3, Raquel Maia Soares2,
Adriana Sánchez-Danés 2 & Edouard Hannezo 1

Homeostasis relies on a precise balance of fate choices between renewal and
differentiation. Althoughprogress has beendone to characterize the dynamics
of single-cell fate choices, their underlying mechanistic basis often remains
unclear. Concentrating on skin epidermis as a paradigm for multilayered tis-
sues with complex fate choices, we develop a 3D vertex-based model with
proliferation in the basal layer, showing thatmechanical competition for space
naturally gives rise to homeostasis and neutral drift dynamics that are seen
experimentally. We then explore the effect of introducing mechanical het-
erogeneities between cellular subpopulations.Weuncover that relatively small
tension heterogeneities, reflected by distinctmorphological changes in single-
cell shapes, can be sufficient to heavily tilt cellular dynamics towards expo-
nential growth. We thus derive a master relationship between cell shape and
long-term clonal dynamics, which we validated during basal cell carcinoma
initiation inmouse epidermis. Altogether, we propose a theoretical framework
to link mechanical forces, quantitative cellular morphologies and cellular fate
outcomes in complex tissues.

Epithelial tissues have a central barrier function in multicellular
organisms and undergo extensive turnover during homeostasis. The
skin epithelium, the largest organ in our body, renews itself com-
pletely within four weeks for example1,2. This crucial process of
homeostatic self-renewal relies on the basal proliferative layer of the
interfollicular epidermis (IFE). This layer is composed of stem cells
(SCs) and progenitors, which divide and give rise to differentiated
suprabasal cells, showing balanced cell fate during homeostasis and
unbalanced behaviors that can lead to wound healing or cancer
initiation3–12. Although lineage tracing datasets have proved instru-
mental over the last 15 years in defining the potential, hierarchy and
modes of divisions of different cellular populations, key open ques-
tions remain as to the mechanisms underlying fate choices. For
instance, in the context of the homeostatic skin epithelium which
follows long-term neutral drift due to stochastic basal cell renewal,
what are the mechanisms which determine whether a given basal cell
division will give rise to two basal (or suprabasal) cells, i.e., a

symmetric division, or one basal and one suprabasal cell, i.e., an
asymmetric division? Furthermore, at homeostasis, these processes
have to be balanced at the population level to ensure a conserved cell
number, and this balance is lost in a predictable manner in processes
such as wound healing9,10,13 or basal cell carcinoma (BCC) initiation11,12.
Based on previous works, determinants of cell fate decisions can be
grouped into two generic categories—(a) cell-intrinsic, i.e., the
underlying gene regulatory networks14 and (b) cell-extrinsic factors,
i.e., local niche-specific biochemical cues15,16 or biochemical interac-
tions between different SCs17,18. However, from a theoretical per-
spective, all of these types of models give rise to very similar long-
term behavior. For instance, both stochastic zero-dimensional mod-
els (where cellular decisions are cell-intrinsic and do not consider
space) or stochastic Voter models on spatial grids (where a cell can
differentiate/move suprabasally upon the symmetric division of
neighboring cells) give rise to identical clone size distribution and
long-term patterns of clonal growth5,8,10,18–20.
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While the predictive power of such minimal models has been
impressive, the next emerging question is thus to understand more
mechanistically how the fate decision probabilities that underlie these
stochastic models are encoded. In spermatogenesis, it has been
recently shown that competition for diffusible fate determinants is a
simple homeostatic mechanism able to collectively balance cellular
fate decisions, which can explain a number of homeostatic and per-
turbed conditions21. Furthermore, the impact of cellular forces and
mechanics has been increasingly recognized over the last decade.
Since the classical observation that substrate rigidity can modulate
single cell fate decisions in vitro22, a number of emerging evidence also
suggest an impact for cell and substrate mechanics in tissues10,23–26.
However, the impact of mechanical forces on 3D cellular fate choices
remain poorly explored from a theoretical perspective27, which we
tackle in this work.

Over the past decade, extensive efforts in the field of mechan-
obiology have been devoted to developing minimal theoretical
descriptions of 2D and 3D tissue mechanics. One of the simplest and
most successful description of confluent tissues has been the vertex
and Voronoi models, where cells are represented by polygons with
tensions associated with their shared cell–cell contacts28–34. This is
based on the fact that most cellular forces are concentrated at inter-
faces, from the cell cortex and adhesion machinery28,35. The equili-
brium shape of cells and tissues can then be derived by minimizing
the totalmechanical energy of the system,which can predict a number
of complex collective behavior, such as density-independent unjam-
ming transition, novel mechanisms for cell sorting or shear-
thickening33,34,36–42 many of which have been observed in biological
tissues43–47. However, thesemodels have traditionally been confined to
describing tissues in the absence of cellular renewal or fate choices,
e.g., tissues made of a single cell type, or of two independent popu-
lations undergoing sorting. To develop a unified theoretical descrip-
tion taking into account both tissue mechanics and cellular fate
choices, we choose to concentrate on the skin IFE, which comprises of
several confluent layers of cells in homeostasis. Only cells localized to
the bottom, or basal, layer (in contact with the basement membrane
(BM)) can divide in this system, while suprabasal cells are lost at a
constant rate, creating a steady flow of cells upwards. As a first
approximation and based on the “open-niche” nature of the skin
epithelium8, we assume that all basal cells are identical.

We first show that a “balanced” mode of proliferation emerges
organically from simply allowing the SCs to make mechanically
favorable fate choices i.e., in absence of any spacial bias or pre-
assignment of fates. We then test how fate choices can bemodulated
by inhomogeneities in the mechanical properties of some cells, in
particular, differences in basal adhesion to the BM. We find that
clones with lower basal tension undergo a distinct change in their
proliferation mode, due to the fact that the remaining basal after
division becomes mechanically favorable. Interestingly, fate out-
comes are highly sensitive to mechanical inhomogeneities, with a
10% decrease in tensions being sufficient to transform clones into a
nearly exponential growth mode. Furthermore, we show that the
amount of tension inhomogeneity can be extracted based on cell
shape alone, providing a key relationship between cell shape and cell
fate outcomes—two experimentally accessible parameters. We test
these in silico predictions in mouse tail IFE, where oncogenic
Hedgehog signaling pathway activation has been shown to drive BCC
initiation due to a well-defined tilt of fate outcomes towards sym-
metric renewal11. We find a small but significant change in cellular
shape upon oncogenic activation, which can predict the range of
clonal fate imbalance observed in the data.

Model
We start by using the vertexmodel, a classical framework to study two
and three-dimensional tissues. Themechanical energy of the tissue is a

sumof its contributions from the surface (BM) and the bulk (individual
cells). Each cell is associated with an energy, written as34

Ei = KV ðVi � V0Þ2 + KSðSi � S0Þ2 ð1Þ

where S0 is the preferred surface area of each cell, V0 its preferred
volume, and KS and KV the compressibilities associated to how strong
these regulations towards these preferred areas and volumes are. The
preferred cell shape index, defined as s0 = S0=V

2=3
0 , is a simplest

representation of the different types of forces acting at the interfaceof
different cells, and has been shown to be a simple predictor of the
collective physical state of the tissue, with s0 > 5.41 giving rise to fluid
tissues (where cell-cell re-arrangements cost vanishing energy) and
s0 < 5.41 to solid tissues (where energy barriers associated to cell-cell
re-arrangements result in tissues able to sustain mechanical load).
Here we use a solid-like value of s0 = 5.30 for all the cells, and KV = 140.
Preferred volume is set asV0 = 1, thereby setting the length scale of the
simulation. We build an in silico epithelial tissue composed of three
layers of cells, as shown in Fig. 1a–c, where each cell is a polyhedral unit
created using the Voronoi tessellation of all the cell centers—which are
thedegrees of freedomof this system41. Randomnoise is added at each
timepoint to the cell centers, as sketched inFig. 1a to explore the effect
of random motility and/or mechanical fluctuations in the system,
which has been shown to be an alternative route to tissue
fluidization36,48–50 compared to changes in shape index.

Next, we sought to model the interface between the epithelium
and the basement membrane. To do this in a minimal manner, we
assume a tension Tj at the basal-BM interface. As shown in Fig. S1, we
use values of interface tension large enough that the BM interface is
relatively flat, but small enough to reduce artificial pinning between
basal cells and themediumbelow (which hasbeenobserved inVoronoi
models), so that results are largely insensitive to the exact choice of
interfacial value (see Section: “Methods” Text for more details and
sensitivity analysis)38,41.

E = Ebulk + Esurf ace =
X

i

Ei +
X

jϵbasal layer

T jAj ð2Þ

Finally, in IFE, as in other stratified tissues, the bottom-most cel-
lular layer (composed of basal cells) adheres to a rigid BM, as sketched
in Fig. 1a, and can proliferate, whereas layers above (suprabasal cells)
cannot divide and are progressively shed as they undergo differ-
entiation. Thus, in simulations, we allow basal cells i.e., any cell sharing
a contact with the BM, to grow in size and divide at a random rate kD
(see Section: “Methods” text for more details, and Supplementary
Video 1). The growth of the mother cell is implemented by gradually
increasing the preferred volume V0. After this occurs, we select a
random plane of division (perpendicular to the BM, shown in Fig. 1b)
and add another cellular center. To conserve the total number of cells,
at each division, we also randomly pick a suprabasal cell for deletion.
This means that we do not impose any cellular fate balance in basal
cells, and each cell delamination, i.e., the transition from the basal to
the suprabasal compartment, occurs in a spontaneous manner as a
result of force balance and mechanical competition for space, see
Fig. 1b and Supplementary Video 2.

In silico tissues follow balanced neutral-drift
dynamics
Importantly, we find that simulating this minimal system organically
displays a spatial and dynamical organization close to their in vivo
counterpart. Firstly, the basal layer displays apico-basal oriented
prismatic shapes whereas suprabasal cells are more isotropic (as visi-
ble in Fig. 1c and quantified in Fig. S1a, b), which comes from the
constraint with the basement membrane (similar to previous obser-
vation at the boundary of two different tissues41). However, because of
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low tension values, there is negligible crowding due to basal tension
(details in Fig. S1d). Secondly, the systemorganizes itself into a state of
permanent flux from the basal to the suprabasal layer. This is because
cells staying in the basal layer after division would result in crowding,
which is energetically unfavorable compared to moving to suprabasal
layers. However, basal proliferation still results in an increased basal
density, as quantified in Fig. S1d. Thirdly, given that all basal cells are
modeled as identical, theonesmechanically poised to extrude towards
the suprabasal layers is a random process, resulting in neutral drift
dynamics within the epithelium. To visualize this and measure it more
quantitatively, we performed computational lineage tracing in our
simulations, assigning to each cell a given ID that is retained upon
division. Given the difficulty of long-term live imaging in this system,
lineage tracing has been a key experimental method to assess cellular
fate choices, by irreversibly labeling sparse populations of cells as well
as all their future progeny (clones), and measuring clone size at given
time points post labeling11.

In accordance with previous analytical results, we found that as
cells divided and extruded from the basal layer, the number of sur-
viving clones declined at 1/t as the average surviving clone size grew
linearly (Fig. 2a–c and Supplementary Video 3). Reconstructing linea-
ges was consistent with this picture, with around 25% of basal cell
divisions resulting in two basal cells, 50% in one basal and one supra-
basal cells and 25% in two suprabasal cells. These are the results one
would expect if, following a division, the two daughter cells have an
uncorrelated 50–50 probability to extrude suprabasally. Interestingly,
this is quite close to values observed in short-term live imaging in
mouse ear epidermis51.

Next, we tested if these results were sensitive to the mechanical
state of the tissue, by varying the shape index of cells (i.e., simulating
fluid vs solid tissues), the basal tension, as well as the amount of noise
in the simulations. Interestingly, we found that the results were largely
unaffected in terms of cellular fate dynamics and clone size, as shown
in Fig. S1d–j, at least in the range of parameter values where we avoid
artificial pinning effects to the BM from the Voronoi model. However,
the mechanical state of the tissue did have an impact on geometrical
features of clones: for both solid and fluid tissues with high noise, the
clonal footprints were more elongated and fragmented (see Fig. S1g, h
for solid and fluid systems, respectively). Such features could be readily
compared to experimental lineage-tracing datasets, which have tended
to historically concentrate on overall clonal sizes rather than geometric
cellular arrangements. At homeostasis, clones in skin epidermis tend to
be highly compact and cohesive11, which would support a solid state for
the tissue. Furthermore, we sought to test whether the mechanical
state of the tissue could change its response to dynamical perturba-
tions. For this, we abruptly stopped any proliferation in the simulation
at a given time point. Interestingly, in the solid regime, this completely
stopped any extrusion to the suprabasal layer (Fig. S4e), even though
the basal density is higher than what it would have been without any
divisions in the first place (see “Methods”). We reasoned that this could
be due to the fact that, despite extrusion being energetically favorable,
there are energy barriers preventing it in the solid regime. To test this,
we performed the same simulations in the fluid regime and confirmed
that some extrusions could continue after proliferative arrest (Fig. S4f).
This suggests that themechanical state of stress could be an important
variable when considering the coupling of division and suprabasal
extrusion, in particular outside of homeostasis23,52.

Driving unbalanced fate choices by differential
cellular mechanics
Next, we sought to relax the assumption of identical basal cells to
understand processes such as tumor initiation. Lineage tracing com-
binedwith targeted oncogenic activation hasmade it possible to study
the long-term clonal dynamics leading to tumor growth in an in vivo
context. For instance, Hedgehog signaling pathway activation in single

Fig. 1 | Schematic of the model and snapshot of simulations. a Schematic of our
model for multilayered tissues on top of a basement membrane (BM) shown in
black. Eachcell has apreferredcell volumeV0(t) andcell shape s0. The color scheme
denotes the distance of the cell from the BM -- the closest to the furthest cells are
colored from blue to red. Noise is added to the cell center (blue sphere). Cell-BM
contacts have an additional interfacial tension Ti, rendering the interface relatively
flat. b Cell division event is depicted first in the the basal cross-sectional view and
below in 3D space: the randomly selected cell (in blue) divides into two daughter
cells, that gradually grow back to the original volume. Cell extrusion event occur
organically, defined as a basal cell (in blue) being pushed out towards the supra-
basal layer (in red), i.e., shrinking its basal area to zero. c Tissue is shown in its
steady state (after one complete turnover time of τD). The tissue dimensions are
8 × 8 × 3 (cell units) and contains a total of 192 cells that are divided into basal layer
(blue) and the supra-basal layers above (red + orange). Boundary conditions are
periodic along the horizontal x and y axes.
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cells results in formation of preneoplastic lesions (dysplasia) or inva-
sive BCC depending on the cell of origin (progenitor or SC)11. In pre-
vious works, we had shown that the early stages of tumor formation
could be well-recapitulated with a stochastic model of cell fate remi-
niscent of homeostasis, but with a constant imbalance towards sym-
metric basal divisions11. Surprisingly, the main driver of tumor
formation was therefore not enhanced basal proliferation, but instead
by decreased differentiation. Recent studies have also investigated the

role of the mechanics of the BM and stroma on later stages of tumor
invasion26. However, theseprevious works leave open the key question
of what sets the imbalance of cellular fates in tumors. Driven by pre-
vious works showing the importance of mechanical forces for deter-
mining the mode of cell fate choices10,23,24,46,53,54, we sought to test
whether these imbalances could have a mechanical origin.

Given the simplicity of ourmodel, there are only a fewmechanical
parameters that can be different in tumor cells. As described above,
enhanced proliferation is not correlated experimentally to unbalanced
fate11, so we investigated the effect of differences in mechanical ten-
sions. In our model, the choice to differentiate is based on a
mechanical competition for finite access to the basal layer, and we
therefore reasoned that differences in basal adhesion/tension would
have a profound impact on cellular fate choices and clonal dynamics.

We therefore simulated a system where a few mutant (oncogene-
expressing) cells and their progeny were endowed with decreased
tension to the BMby a ratioR = TB/TT > 1, where TB and TT are the base-
line wild-type (WT) andmutant basal tensions respectively as shown in
Fig. 3a. Mechanistically, this could be due either to decreased basal
cytoskeletal contractility or increased adhesion to the BM in tumor
cells, which are equivalent from amodeling perspective, as both result
in larger preferred basal areas compared to WT cells55. Strikingly, very
small differences in basal tensions were sufficient to drive profound
changes in clonal behaviors. Indeed, cellular fate choices became
heavily biased towards symmetric divisions, with much larger basal
clone sizes (Fig. 3b and Supplementary Videos 4, 5). This can be
quantified in terms of overall clonal growth dynamics, which became
exponential rather than the linear trend observed for homeostasis,
with a mere 10% decrease in basal tension (Fig. 3c) being sufficient to
give rise to nearly exclusive symmetric divisions. Moreover, by inves-
tigating different values of basal tension differences, we found that the
effect was progressive, with a monotonic increase in average basal
clone size with tension ratio R (Fig. 3d).

Again, we tested how these results were affected by the
mechanical state of the tissue (Fig. S2a, b), the degree of noise (Fig. S3)
and the baseline WT value of the basal tension, finding that the chan-
ges in clonal dynamics with different tension ratio R are robust
(Fig. S2c). In particular, the number of basal cells remains largely
unchanged by these model variations and is mainly affected by the
basal tension ratio R, although, as discussed in the homeostatic case,
the spatial shape of clones becomes more dispersed with increasing
noise, as shown in Fig. S3. We also observe that the basal growth
dynamics depend mainly on the tension ratio R (rather than the
absolute difference between both tensions, Fig. S2c). Overall, these
simulations suggest a key role for basal tension in favoring the adhe-
sion of basal cells to the BM in tumors, a wetting-like phenomena
which favors them to stay basal after divisions and thus providing a
competitive advantage over surrounding WT cells.

To describe more quantitatively how individual fate choices are
affected by tension differences between tumor and WT cells, we
plotted individual clonal lineages to extract the probability of all
three fate outcomes (basal-basal, basal-suprabasal, suprabasal),
defining population asymmetry-Δ, as the imbalance between sym-
metric division and symmetric differentiation Fig. 4a–c. We found
that the asymmetric fate outcome starts from 50% and slowly
declines with increasing R. This population is compensated by an
increase in symmetric divisions. While both kinds of symmetric fates
are around 25% in the homeostatic case (R = 1), they gradually deviate
such that by R = 1.1, the symmetric differentiation plummets to less
than 5% and the symmetric divisions increase to over 70% as shown in
Fig. 4d increasing the population asymmetry Δ with respect to ten-
sion ratio R(Fig. S2d).

A strong prediction of our model of mechanically-driven fate
choice imbalance is that the shape of single tumor cells should be
modified for increasing tension ratio R. Indeed, we verified in the

Fig. 2 | Homogeneous mechanical environment displays neutral drift dynam-
ics. Clonal growth dynamics of a representative clone is depicted in 3D (a) and in
the 2D basal plane (b). Cells that belong to the same clone are tagged in red. The
sameclone is shown in the 2Dbasal cross-section (b), where in addition to the initial
and final frames, one-forth, middle, and three-fourth frames are also shown. c The
average number of basal cells is plottedwith respect to time (t) in units of turnover/
division timescale τD. When averaged over all the clones, the size remains almost
constant at unity-- only to be expected as the total number of cells is conserved.
Averaging over the surviving clones, it shows an initial transience, followed by
linear growth-- as seen in neutral-drift processes. d The ratio of surviving clones
decreases inversely with time, in line with the above quantification. Parameter set:
total number of cells = 192, s0 = 5.3, T = 1.0 and zero noise.
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simulations that for increasing tension ratios, tumor cells tended to
adopt an increasingly pyramidal shape with expanded basal area, as
shown in Fig. 4e, f—which intuitively reflected their preference for
basal adhesion. Importantly, given that this change in cell shape was
gradual with increasing R, we reasoned that it could be used as an
intuitive read-out for tension disparities, which can be readily quanti-
fied in experiments. An alternative and complementary metric was the
contact angle between lateral areas of the WT-mutant clone interface,
which became increasingly tilted for increasing R as expected in a
simple wetting argument.

Crucially, this means that the model predicts a highly nontrivial,
yet robust, correlation between the shape of a tumor cell (a static
morphological feature) and thebias in its fate choicesbetweendivision
and differentiation (a complex dynamical property), which is pre-
dicted to be roughly linear, as shown in Fig. 4g.

Testing themodel in basal cell carcinoma initiation
To test this prediction, we used a genetic mouse model of BCC that
consists of the activation of the Hedgehog signaling pathway, using a
constitutive form of Smoothened fused to yellow fluorescent protein
(SmoM2-YFP) under the control of the Keratin-14 (Krt14-CREER)

upon tamoxifen, thereafter referred to as Krt14-CREER/SmoM2.
Administration of a lowdoseof tamoxifen leads to the activationof the
oncogene in a few basal cells of the epidermis in Krt14-CREER mice,
leading to well-separated clones. We compared the clones generated
upon oncogenic activation to those clones generated in homeostatic
conditions by inducing the expression of YFP in the basal cells of the
epidermis (Krt14-CREER) upon tamoxifen administration, thereafter
referred to asKrt14-CREER/YFP.Tail wholemount stainings followedby
confocal imaging and quantification, shows that SmoM2-expression in
the basal cells of the epidermis leads to an expansion of the basal
compartment, as shown by an increase in the number of basal cells/
clone, detected as early as 1 week upon tamoxifen administration (1.1
vs 2.1) and at 2 weeks upon tamoxifen (1.3 vs 7.5) administration, in
Krt14-CREER/YFP and Krt14-CREER/SmoM2 respectively (Fig. 5a, b). As
previously reported, this is largely due to an increase in symmetric
renewal/impaired differentiation11, with relatively little cellular loss via
apoptosis in Krt14-CREER/SmoM2 clones at 2 weeks following tamox-
ifen administration and absence of apoptosis (cleaved caspase 3
positive cells) at 1w in Krt14-CREER/SmoM2 clones. Apoptosis was not
observed in Krt14-CREER/YFP clones at 1 or 2 weeks following tamox-
ifen administration (Fig. S2e, f).

Fig. 3 | Basal tension changes within a clone induce tumor-like exponential
growth. a Schematic for introducing tension disparity is shown, wherein normal
cells in blue have basal tension TB, and mutant cells in pink (and their progenies)
have a lowered basal tension i.e., TT < TB, making the ratio R = TB/TT ≥ 1. Inter-cel-
lular/bulk tensions are represented as T0, and are left unchanged. b Final 3D
morphology is shown for a single clone (red cells) with either normal properties
(R = 1, left) and a mutant clone with decreased basal tension (R = 1.15, right). c 2D
basal cross-section of the samemutant clone, where initial, middle and final frames

are shown, depicting a much faster growth as compared to Fig. 2b. d Number of
basal cells, averagedover surviving clones andplottedwith respect to rescaled time
(t/τD), undergoes a transition from linear for R = 1 to exponential for R = 1.1 (lighter
to darker shade of pink). e The final basal size, plotted against tension changes R,
shows a monotonically increasing trend. Error bars mean± SEM (at least 60 simu-
lations per value ofR). Parameter set: Total number of cells = 192, s0 = 5.3, base-line/
WT tension value TB = 1.0 and medium noise(v0 = 0.1).
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To test whether tumor cells have distinct morphological features
and guided by our theoretical results, we performed two types of
quantifications. Firstly, taking 2D cross-sections across tumor and WT
clones, we calculated the “wetting” angle between lateral membranes
at the clonal boundary and the BM as outlined in Fig. 5c. The average
was90° forWTcells, as expected, because lateralmembranes need, on
average, to be vertical with respect to the BM (Fig. 5d, e). In the tumor,

however, we found that the contact angles are significantly lower, with
a decrease compared to WT of 4° for week-1 tumors and 7° for week-
2 (Fig. 5d, e). Using these contact angles to estimate (see details in
Fig. S2g) the tension ratio R between WT and SmoM2-expressing cells
predicted R ~ 1.05 and ~1.10 for week 1 and week 2, respectively.

Secondly, to verify these results independently, we used a differ-
ent quantification strategy based on the basal areaAb ofWT and tumor

τ

τ

τ

Article https://doi.org/10.1038/s41467-025-62882-9

Nature Communications |         (2025) 16:8440 6

www.nature.com/naturecommunications


cells. To compute it, we calculated the area of a clone (YFP-positive)
that was in contact with the basal lamina (stained using β4-integrin
positive) using Imaris software (see “Methods” for more details), and
divided it by the number of basal cells in the clone (Fig. 5d and Sup-
plementary Video 6). To correct for the fact that tumor cells have
smaller volumes than WT cells, we rescaled this basal area by cellular
volume A0=V

2=3
0 , calculated from 3D reconstruction based on YFP

labeling of the different clones using Imaris, mirroring the dimen-
sionless ratio calculated in our simulations (Fig. 5). This revealed that
individual SmoM2-expressing cells were more basally attached than
WT cells, by around 12% at 1w and 8% at 2w, in qualitative agreement
with the model. More quantitatively, this translated into a predicted
tension ratio (Fig. 4f) of around R = 1.05–1.1, highly consistent with the
first quantification method.

Importantly, a tension ratio of around R = 1.05 predicted from
our simulations a clonal imbalance of around Δ = 40%. This is com-
parable in magnitude to clonal imbalances of 25–30% that we had
found by fitting long-term clonal dynamics over several months
upon Smoothened activation in Involucrin-expressing progenitors or
Krt14-expressing SCs. Overall, this validates experimentally some
of the key assumptions and predictions of the model, in particular
on its ability to relate single-cell morphometrics and fate choice
decisions.

Discussion
Using a 3D vertex-based model, with proliferation restricted to the
bottom-most layer of a multilayered tissue, we show that mechanics
and competition for finite space can organically give rise to home-
ostasis via balanced stochastic fate choices. Indeed, overcrowding in
the basal layer is mechanically unstable, which leads to initially sym-
metric divisions being resolved into asymmetric fate outcomes at the
population level. Thus, without any explicit fate assignment to the
progenies, we can recover salient aspects found in lineage tracing
experiments and stochastic models in the absence of mechanics, such
as effectively stochastic fate choices and neutral drift of clones at the
population level. This generically predicts a distribution of 1/4–1/2–1/4
for basal-basal, basal-suprabasal and suprabasal-suprabasal fate out-
comes, consistent in observations in several systems, such as mouse
tail or ear epidermis11,51. Interestingly, other organs display rarer sym-
metricdivisions (e.g., 10–15% insteadof thepredicted 25%)4,8, which is a
signature of more complex regulation that could be added to our
model in the future. One simple assumption that could be easily
relaxed is the one that divisions take place in the basal plane: if divi-
sions are also allowed to be perpendicular to the BM, this will clearly
bias the fraction of asymmetric divisions via purely geometrical
effects. Another, more complex, more of regulation would be to
consider more explicitly fate and transcriptional heterogeneity in the
basal layer. Indeed, although we have, for the sake of simplicity, con-
sidered a homeostatic model with a single basal cell population,
extensive heterogeneities have been uncovered, for instance, in their

transcriptome by single cell RNA sequencing24,56,57, although debates
remain as to the functional role of this cellular and molecular het-
erogeneity on long-term fate outcomes8. It remains elusive whether
the different cell populations and cell states present within the IFE
basal layer present differences in geometry (i.e., contact with the BM).
This description will be key to understand whether the implemented
model, where fate is simply dependent on geometry, could be used or
if other parameters would be needed to model such cellular hetero-
geneity and plasticity reported between the different IFE cell popula-
tions and cell states. Another facet of heterogeneity which could be
added to the simulations is explicit modeling of signaling interactions
between two daughter cells, to coordinate their respective fates58.
Furthermore, beyond clone size evolution, our numerical simulations
alsomake a number of predictions on how themechanical state of the
tissue affects not only cellular shape index (as studied over recent
years), but also clonal shape and dispersion, generalizing previous
findings in 2D monolayers linking tissue fluidity to clonal
dispersion59,60. In adult skin, clones are typically highly cohesive11,
indicative of a solid tissue rheology, something which would be tested
more quantitatively in the future by mechanical measurements.

Surprisingly, upon introduction of mechanical inhomogeneity in
the form of lowered basal tension for a sub-population of cells, we
discover that the homeostatic balance rapidly becomes tilted towards
symmetric divisions. For instance, as little as 10% of disparity in basal
tension is enough to induce tumor-like invasiveness within the basal
layer, without any change in division rate. Given previous findings
which have connected the impaired differentiation, rather than
enhanced proliferation, of basal cells in BCC progression, this hints at
the idea that differential mechanical changes could drive differential
fate and invasion in tumors.One advantage of ourmechanicalmodel is
that its core constituent is cellular shape, meaning that tension dif-
ferences between WT and tumor cells manifest themselves in pre-
dictable differential shapes between the twopopulations. Inparticular,
both the contact angle of lateral surfaces with the BM and the fraction
of cellular area in contact with the BM depend predictably on the
tension differences, facilitating the inference of this critical parameter
in the data. We then proceeded to measure detailed cellular mor-
phometrics in both WT and tumor cells at different time points, and
found that both metrics were consistent in pointing towards a tension
imbalance in tumor cells of 5–10%, which is sufficient in the model to
reproduce the magnitude of imbalance towards symmetric renewal
observed in long-term lineage tracing experiments11. One important
assumption, which could be relaxed in future studies, is that we made
these mechanical inhomogeneities constant over time. More realistic
implementations could, for instance, take into account the fact that
tumor cell properties evolve over time, or conversely that the sur-
rounding WT tissue actively adapts its properties to resist tumor
expansion61. We have also considered in our model that all cells have
identical volumes, whereas volume differences are seen between cell
types at homeostasis, and also in tumors compared to WT cells.

Fig. 4 | Fate choice imbalance Δ increases as a function tension ratio R, in
tandem with cell-shape changes. a Schematic shows the probability distribution
of homeostatic and tumor fate choices, where Basal and supra-basal cells are
depicted in magenta and blue respectively. In balanced mode, the distribution
between all three fates (basal-basal, basal-suprabasal, suprabasal) is symmetric,
with r denoting the basal cell doubling. In tumors, the symmetric fates get imbal-
anced by Δ. b, c Representative examples of lineage trees are shown for tension
ratios--R = 1.0(above) and R = 1.1 (below). Being a basal cell, magenta cells have the
power to divide, whereas blue cells typically lose it upon extrusion. All the trees are
to scale with time, shown in units of t/τD on the right. Magenta cells at the end of a
tree have an unknown fate as they survive in the basal layer till the simulation ends.
The division time corresponds to the appearance of daughter cells, and not the
mother cell. d Proportion of all three fates-- basal-basal in pink, basal-suprabasal in
gray, suprabasal in blue, of all cell divisions that took placewithin the first turnover

i.e., time ≤ 1, is plotted with respect R. The distribution is initially symmetric with
values-- 25%, 50%, 25%. Δ becomes the difference between magenta and blue
curves, that increases with increasing R because the proportion of suprabasal cells
plummet to zero, and is balanced by the ever-increasing ratio of basal-basal fate.
The asymmetric fate shows amoderate decline. e Schematic to show the qualitative
change in cell shape from prism-like to more pyramidal frustums. Basal area AT is
represented in red. f AT is plotted with respect to R. Insets show the representative
polyhedral cells that corroborate the increasing trend of AT with their increasingly
wider base. Error bars mean ± SEM (at least 60 simulations per value of R).
g Connection between fate imbalance and cell-shape changes. Fate choice imbal-
ance Δ is plotted with respect to basal area AT (normalized by the cell volume for
the given value of R) in a black dashed curve, and shows a linear relationship
between both.
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This has been suggested to drive clonal dispersion40, for instance, in
Drosophila62. Finally, wehave not included direct interactions between
tumor andWTcells, akin tomechanical cell competitionmodels due to
surface tension at the heterotypic boundary61,63–65, as this competition
in our model is simply due to intrinsic mechanical differences,
although capturing both these effects in a single framework would be
interesting.

Overall, this model underlines how mechanical forces can be key
to tissue dynamics not only as regulators of tissue shape, but also by
modulating cellular fate choices in settings where proliferative
potential depends on tissue location. Although we have concentrated
here on the skin epidermis, our model is highly general and could
apply to any stratified tissue. In addition to such mechanical effects, a
logical next step would be to consider more direct feedback of forces
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through fate via mechano-sensing24,25, as well as considering more
complex tissues with more heterogeneous fates66. Another interesting
aspect of differential mechanics would be to consider the influence of
spatial modulation of ECMmechanics, which has recently been shown
to criticallymodulate the competenceof tumor initiation in skin12. This
could be particularly relevant at later stages of BCC progression that
involve invasion of the subjacent tissue (e.g., dyplasia and BCC stage),
where extensive BM and ECM remodeling must occur. These late
stages are also characterized by the presence of apoptosis, both in the
basal and suprabasal compartments, indicating that apoptosis would
need to be included. Finally, although we have concentrated on con-
fluent tissues of fixed densities, wound healing from basal cell ablation
has been shown to be linked to changes in tissue fluidity67. Overall, this
work shows that mechanical models can also be a powerful tool for
stem cell biology, by connecting easily accessible morphological sig-
natures such as cell shape to fate and clonal expansion in the initial
stages of cancer.

Methods
Mechanical parameters in the simulation
We begin with the simplest homeostatic model where every cell has
the samepreferred cell shape index s0, irrespective of where it belongs
in the three-layered tissue. While we also explore for a fluid-like shape
of s0 = 5.5 (Fig panels: S1, S2, and S3) to find both- homeostatic and
tumor behavior comparable to the solid shape of s0 = 5.3, we stick to
the later as it resembles the physiological tissue better, in particular
due to the absence of significant clonal fragmentation in experiments
(Fig. S3). These cells are contained between two almost-flat surfaces
with a fixed base-line tension value of TB = 1.0 (for s0 = 5.5, the value is
much smaller of 0.1). More specifically, the stroma below the BM/
epithelial cells is represented in the simulations by “ghost cells”, i.e.,
cells which play no role in the simulations as we don’t update their
position throughout, apart from the first time steps during which the
BM flattens from surface tension. Formally, BM tension Tb is thus
added at the interface between basal cells and “ghost cells”. These
values of tension Tb are chosen based on the region of the shape-
tension phase space with no tension-induced pinning41, as Voronoi
models have been shown to display pinning artefacts when large
values of interfacial tensions are present compared to vertexmodels68.
We augment this further by zooming into the tension range and
making sure to have no artificial pinning behavior, as shown in Fig. S1e,
f. The cells also have the same noise level throughout the tissue set by
self-propulsion speed of v0 = 0.1, which is not a special value, as the
dynamical behavior is highly robust with respect to noise (Fig. S1g, h)
till a threshold value above which the basement membrane fails to
stabilize into a flat surface.

Details about noise implementation
To test the effect of noise, we add cellular activity on top of the static
model. As we use Voronoi cells in our system, there is one degree of

freedom per cell, which is the Voronoi center. The equation of motion
is implemented in a straight-forward way41. Mechanical force on a cell
is computed using the derivative of the non-dimensionalised energy
functional (e) from Eq. (2) i.e., fi = ∂e/∂ri. Cellular activity, with respect
to the cellular surroundings (suchas extracellularmatrix, for instance),
is then added such that it has a polarization vector n̂i and active force
due to self-propulsion of v0/μ where v0 is the propulsion speed, and μ
is the cell mobility (it is set to unity).

dri
dt

= v0n̂i + f i ð3Þ

The polarization vector evolves via white Gaussian noise on a unit
sphere with diffusion coefficient Dr as shown below-

dn̂i

dt
=

ffiffiffiffiffiffiffiffi
2Dr

p
ðI� n̂in̂iÞ _ζ i ð4Þ

where I is a 3 × 3 identity tensor, n̂in̂i is the dyadic product of the
polarization vector with itself, and ζi is the white Gaussian noise.

Timescales in the simulations
A natural time unit in the simulations is ~t = 1=KVV

4=3
0 which we get by

non-dimensionalising the dynamical equations, and thus is set to unity.
For implementing noise, we use a self-propulsion speed of v0 = 0.1 and
rotational noiseDr = 1, essentially transitioning to aBrownian regimeas
quickly as t >~t=Dr . The characteristic diffusion timescale in a homo-
geneous three-dimensional systemwith s0 = 5.3 is τ0 = 10

5~t (for s0 = 5.5
it is 103~t). Note that we do not focus here on the effect of self-
propulsive activity and persistence, which have been extensively
explored36, given our focus in this system is on the role of cellular
division andmechanics-dependent fate choices. We use an integration
time-step of Δ=0:01~t.

Cell divisions happen exclusively in the basal layer, that is defined
as all the cells which have their centers within a one cell length distance
from the BM and have a finite connection to the BM. In this work, the
division timescale of a given basal cell is on an average- τD � 3900~t,
making the division rate kD =0:00026~t

�1
. This frequency is chosen in

order to have less division-induced-fluidization of the tissue (to
resemble a physiological tissue) and at the same time be computa-
tionally feasible i.e., a full simulation completes under 24 h. It has been
observed that for a 2D confluent monolayer in the solid regime, the
chosen division rate diffuses cells only by a couple of cell lengths by
the end of our simulation time60.

An individual cell division event occurs in every 50~t. A randomly
chosenmother cell is allowed to grow to a preferred cell volume of 3.5
for 25~t. Note that this value of preferred volume is larger than the
volume actually reached by cells due to the properties of the regular
Voronoi tessalation, which is the reasonwe use a relatively larger value
of 3.5. In the future, different tessalation methods such as Radical

Fig. 5 | Experimental test of the predicted morphometric signatures of
tumor cells. a Immunostaining forβ4-integrin, YFP and SmoM2 inKrt14-CREER/YFP
and Krt14-CREER/SmoM2 epidermis at different time points upon tamoxifen
administration. Scale bars: 10μm. bQuantification of the basal clone size in clones
from Krt14-CREER/YFP and Krt14-CREER/SmoM2 at different time points upon
tamoxifen administration (n = number of clones quantified from 4 animals). Error
bars represent the mean ± SEM. c Schematic depicts the quantity that is used to
measure tension homogeneity between adjacent clones-- contact angle (θc). For
more details see Section: “Methods”. Using representative z-stack images ofmouse
skin (IFE), showing Phalloidin (gray), DAPI (blue) for nuclei, immunostaining for
β4-integrin (red) for BM and SmoM2 (green), an example for contact angle mea-
surement is shown for a 3-cell clone.More details in Section: “Methods”. Scale bars:
10μm.Contact angle distributions (d) and averages (e) are shown for week 1 (top in
(d), from 3 animals each in (d) and (e)) and week 2 (bottom in (d), from 2 animals

each in (d) and (e)). Dotted gray line is drawn at 90∘ for reference, with smaller
angles found on average for Krt14-CREER/SmoM2 cells. Error bars represent the
mean ± SEM. fBasal contact area of individual cells, normalizedby cellular volumes,
shown for Krt14-CREER/YFP and Krt14-CREER/SmoM2 clones (n = number of clones
quantified from 3 animals). Error bars represent the mean ± SEM. g Representative
images of mouse skin IFE are shown for Krt14-CREER/YFP and Krt14-CREER/SmoM2
clones showing the 3D reconstruction of the BM (β4-integrin) in brown and clones
in green, for times—1 and 2 weeks after tamoxifen administration. Images are
representative of the clones found in the 3 animals analysed per group. On the left
panel, yellow highlights the contact area with the BM, i.e., the overlapping region
between cells and BM reconstruction. Right panel: green highlights the clone in 3D.
Scale bars: 5 μm. All statistical analyses were determined using the two-tailed
Mann–Whitney test.
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Voronoi could be used to dampen this effect. The preferred cell sur-
face area is modified accordingly to maintain the preferred shape
index. After this, themother cell is replaced by two daughter cells with
centers of mass at the same height as the mother (i.e., in-plane divi-
sion) and placed 0.25 unit lengths (a unit length refers to the typical
cell length l0) from themother cell’s position in a colinear fashion. This
axis of division in the plane of the BM is constructed using a randomly
chosen angle with respect to the X axis, and is bisected by the division
plane. The daughters inherit all the mechanical attributes and the
clonal group number of the mother cell. To balance the total cell
number, we also randomly pick a suprabasal cell and delete it (supra-
basal cell loss) from the simulations. Note that given that we have
minimal movements from the suprabasal to the basal cell layer, the
exact loss dynamics of suprabasal cells do not impact on the long-term
clonal outcomes of the simulations. The system has evolved for
another 25~t to adjust to the new configuration. After this cycle of 50
timesteps, anothermother cell is chosen at random, and the process is
sequentially repeated.

The time it takes for the system to reach steady-state comprises of
two stages—in the first stage, the system is evolved for TSS1 = 1000~t
with no cellular divisions so that the basement membrane stabilizes to
a flat surface41. In the second stage, we run simulations with divisions
for TSS2 = 4000~t to ensure at least all basal cells have divided once, and
to let the system come to a steady state with respect to proliferation.
By this time, the basal density therefore achieves a steady state as
shown in (Fig. S1c, d). Only after this stage, every basal cell is allotted a
clonal groupnumber, and for the tumor case, inhomogeneities inbasal
tensions are implemented for four cells equidistant from each other.
The simulation is then run for a total of 11000~t that is ~2.8τD. The linear
fitting of clonal growth dynamics is analysed for the last ~1τD window,
which iswhen the homeostatic clones achieve a steady growth state, as
one can observe in Fig. 2. The transition from linear to exponential is
captured really well with Eq. (5), which we use to complement the fate
distribution findings. The definition of Δ that we use for fate dis-
tributions is slightly different from this, since it is easier to understand
in terms of population asymmetry as opposed to a ratio– Δ�!2r~Δ69.

NðtÞ= 1

2~Δ
½ð1 + ~ΔÞe2~Δrλt � ð1� ~ΔÞ� ð5Þ

Fromageometrical perspective, we run simulationswithbox sizes
allowing for three layers of cells. The mouse epidermis contains four
different layers (basal, spinous, granular, and cornified layer). The
spinous and granular layers can be composed of up to 2 and 3 layers of
cells, respectively70. Remarkably, the only proliferative layer in the skin
is the basal layer, while the suprabasal layers (spinous, granula, and
cornified) are composed of non-proliferative differentiated kerati-
noctyes. Given that suprabasal cells to not contribute to long-term
clonal dynamics, increasing the number of layerswouldnot change the
results of the model, and so we simulate only three for computational
efficiency. As open-boundaries in Voronoimodels are highly nontrivial
to implement, we allow three more layers comprising of pseudo cells
below the basement membrane, that sandwich the tissue via periodic
boundary conditions along z-axis. Since their only job is to sustain the
basal surface, these cells are only active during the SS1 stage (with the
samediffusionprofile as real cells) and aremechanically pinned for the
entirety of the simulation. They will have negligible feedback to the
real cells across the BM because we use low basal tension values that
are much below the tension-induced-pinning regime, which is when
the cells across the interface become coupled41.

Analysis protocol for cell-fate distribution in simulations
Lineage trees for every clone are plotted using the mother-daughter
cell information. Every cell has a unique ID, and we construct lineage
information between mothers and daughters at each division event.

Using this information, we construct lineage trees with respect to time
as shown in Fig. 4b. At the end of the simulation, for every lineage tree,
we have the list of all the clonal members both—past (eliminated
through the top layer) and present (basal and non-basal). For the
clones that survive till the end, we also have the list of all the final basal
members. To identify the set of members that have extruded, we
simply remove the set of final basal members from the set of all
members. This way, we also identify the daughters that continued to
divide or have survived till the end (nodes are shown in pink) and the
ones that extruded (nodes shown in blue). The daughters that survive
till the final time point of the simulation are not included in fate dis-
tribution because they need more time for their fate to become
apparent (i.e., either extrude or divide again).

Next, we use this information to find the probabilities of each fate
outcome as a function of simulation parameters. For each cell division
event, we checkhowmany of the daughter cells have extruded, andwe
measure the statistics of each of the three possible fate outcomes, i.e.,
none (basal-basal division), one (basal-suprabasal), or both (supraba-
sal-suprabasal) of the cells have extruded. We then filter out the divi-
sions that occur after one complete turnover i.e., t ≥ 1τD, because not
all the basal cells have gotten the chance to differentiate, thereby
artificially biasing the distribution towards “symmetric basal” fate.
From the remaining division events, we compute the proportion for
each fate, for the given value of tension ratio R, as plotted in Fig. 4.

Quantitative morphometric analysis of clone and cell shapes
We next quantify morphological features of the simulations at both-
single-cell and clone level.

As for the quantification of single cell basal area AT, we use the
final snapshot i.e., 11000~t, to quantify it. This includes cells from every
kind of clone including the singlets. We isolate all the facets that are in
contact with the BM and sum it up.

With an increase in noise, we observe that the solid clonal shapes
in solid parameter regime becomes less compact and sprawlmore. For
fluid systems we see that while the tumor clones are compact in zero
noise, they undergo explicit fragmentation for higher noise
levels (Fig. S3).

To infer tension inhomogeneity between adjacent clones in a
manner that can be mapped to experimental measurements, we use
the contact angle (θc) that their lateral contact forms with the BM. In
simulations, we typically use a tumor consisting of a single cell, so
shorter ~1τD-simulations are also used to identify the lateral edges and
their coordinates. As the basement membrane is, on average, parallel
to the XY plane, we compute the anglesmade by the edges with the XY
plane. This is plotted for different tumors in Fig. S2e.

To measure the same in experimental images, Figure 5c, d
explains the entire protocol with a schematic and example. For a clone
with a relatively flat BM, an outer-basal cell is chosen (depicted in pink
in Fig. 5c) to measure the angle between its lateral edges and the BM.
Figure 5d shows an example for contact anglemeasurement for a 3-cell
clone shown using an orthogonal view on the top-left. Using the apical
viewon the right (Z-stack corresponding toCS), several cross-sectional
cuts are made, two of which are shown for this case—CS1 and CS2.
Angles—θ1 and θ2 are measured between the outer-most lateral edges
and the BM line (solid gray line) for cross-sections CS1 and CS2 in sub-
figures (1) and (2).

Mice and ethics
Krt14-CREER (RRID:IMSR JAX:005107), Rosa-YFP (RRID:IMSR
JAX:006148) and Rosa-SmoM2-YFP (RRID:IMSR JAX:005130) mice
were obtained from the JAX repository. Mouse colonies were main-
tained in a certified animal facility in accordance with European
guidelines for the laboratory animal use and care based on the 2010/
63/EU Directive. Experiments involving mice presented in this work
were approved by the Animal Welfare and Ethics Body, Direção-Geral
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da Alimentação e Veterinária (DGAV, Portuguese Authority) under
protocol DGAV protocol number 011681.

In this study, we generated preneoplastic lesions that were
microscopic and did not ulcerate. In any of the experiments, we
observed ulceration or macroscopic lesions, which are described as
the limit that should not be exceeded in DGAV protocol number
011681. Female and male animals were used for all experiments, and
equal gender ratios were respected in the majority of the analysis.
Analysis of the different mutant mice was not blind, and the sample
size was calculated to reach statistical significance. The experiments
were not randomized.

Skin tumor induction
For tumor induction, 1.5-month-old mice were used. Krt14-CREER/
Rosa-SmoM2-YFP and received an intraperitoneal injection of 0.1mg
(0.5mg/ml) of tamoxifen (ref. T5648-0005, Sigma). Mice were sacri-
ficed and analysed at different time points following tamoxifen
administration. Krt14-CREER/Rosa-SmoM2-YFP mice were hetero-
zygous for the Rosa-SmoM2-YFP mutation in the Rosa Locus. The tail
of these animals was used in our analysis.

Lineage tracing experiments during skin homeostasis
For the lineage tracing experiments, 1.5-month-old mice were used.
Krt14-CREER/Rosa-YFP mice received an intraperitoneal injection of
0.1mg (0.5mg/ml) of tamoxifen (ref. T5648-0005, Sigma). Mice were
sacrificed and analysed at different time points following tamoxifen
administration. All mice were heterozygous for Rosa-YFP.

Whole-mounts of tail epidermis
Whole mounts of tail epidermis were performed as previously
described11. Specifically, pieces of tail were incubated for 1 h at 37 °C in
EDTA 20mM in PBS in a rocking plate, then using forceps, the dermis
and epidermis were separated and the epidermis was fixed for 30min
in 4% Formaldehyde methanol-free (ref FB002, ThermoFisher Scien-
tific) in agitation at room temperature andwashed 3×with PBS. For the
immunostaining, tail skin pieces were blockedwith blocking buffer for
3 h (PBS, horse serum 5%, Triton 0.8%) in a rocking plate at room
temperature. After, the skin pieces were incubated with primary anti-
bodies diluted in blocking buffer overnight at 4 °C, the next day they
werewashedwith PBS-Tween0.2% for 3 × 10minat room temperature,
and then incubated with the secondary antibodies diluted in blocking
buffer for 3 h at room temperature, washed 2 × 10minwith PBS-Tween
0.2% and washed for 10min in PBS. Finally, they were incubated
in DAPI (1:1000) diluted in PBS for 30min at room temperature in the
rocking plate, washed 3 × 10min in PBS and mounted in DAKO
mounting medium supplemented with 2.5% Dabco (Sigma). Primary
antibodies used were the following: Goat anti-GFP (1:800, ref. ab6673,
Abcam), Rat anti-β4-integrin (1:500, ref. 553745, BD Pharmingen),
rabbit anti-cleaved caspase-3 (1:600, ref. AF835, R&D Systems). Sec-
ondary antibodies conjugated to AlexaFluor488 (Goat ref A-11055,
Invitrogen), to Rhodamine Red-X (rat, ref. 712-295-153, Jackson
ImmunoResearch; rabbit, 711-295-152, Jackson ImmunoResearch), and
to Alexa Fluor 647 (rat, ref. 712-605-153, Jackson ImmunoResearch).
Samples were also stained with Phalloidin conjugated to Alexa-
Fluor647 (1:400, ref A30107, ThermoFisher Scientific). Images were
acquired using Z-stacks with an inverted confocal microscope, LSM
980 (Carl Zeiss).

Analysis of clone size and apoptosis
The quantification of the the basal and total clone size were deter-
mined by counting the number of SmoM2-positive cells (in Krt14-
CREER/Rosa-SmoM2-YFP mice) and YFP-postive cells (in Krt14-CREER/
Rosa-YFP mice) in each clone using orthogonal views of the whole-
mount tail epidermis in the interscale region of interfollicular epi-
dermis, aswell as thenumber of cleavedcaspase3-positive cells in each,

as described in ref. 11. β4-integrin staining was used to classify the
clones according to their location in the basal or suprabasal layers.

Image analysis
The “Surface” module that is part of the Imaris 9.6 software (Andor
Inc.) was used to carry out the 3D rendering of the clone structure
labeled with anti-GFP and the basal membrane structure labeled with
anti-β4-integrin. The 3D-rendering of the objects was performed using
smoothing 1μm, the background subtraction was dependent on the
cell size (the value per cell was on average 12μm) and similar thresh-
olding settings across all experiments for the morphological analysis
of the clone volume and the clone area. Structures outside of the
rendered objects were excluded from the final analysis. The proximity
between the basal cell surface object and the basal membrane object
was determined using “Surface Contact Area” Imaris XTension inte-
grated plugin71. The contact area between basal cells from the clone
and the basal membrane was calculated using the following for-
mula: SCA

CV2=3.

Statistical analysis
All statistical analyses were performed using GraphPad Prims
v.8.0.1 software. Results are presented as mean ± SEM. Data normality
was assessed using the Shapiro–Wilk test. For datasets that met the
assumption of normality, P values were calculated using unpaired t-
tests. For non-normally distributed datasets, P values were determined
using the two-tailed nonparametric Mann–Whitney test. The number
of mice and clones analysed is specified in each figure legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data supporting the findings of this study are available within
the manuscript. Source data are provided with this paper.

Code availability
Simulation results supporting the findings of this study are available
within the manuscript.
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