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The environment surrounding a tumor plays a crucial role
in cancer cell dissemination. Within this microenviron-
ment, cancer-associated fibroblasts (CAFs) generate compres-
sive forces and actively remodel tumors. Using in vitro circu-
lar clusters of cancer cell monolayers surrounded by CAFs, we
generate structures that are reminiscent of multicellular buds
observed in vivo for colo-rectal cancer. A supracellular con-
tractile ring spontaneously assembles at the inner edge of the
CAF monolayer and drives its closure on top of the cancer cells
through a purse-string mechanism. The frictional shear stress
exerted by CAFs triggers multilayering of cancer cells, followed
by the emergence of a multicellular bud constricted by the CAF
ring. To explain this observation, we developed a theoretical
model based on continuum mechanics. This model outlines the
early transformations in the shape of cancer cell monolayer and
links the layering of cells to a general criterion involving height
deformation. It identifies the specific physical conditions that
favors budding, and reproduces the observed dependence of the
budding probability and bud sizes with the diameter of the can-
cer cell cluster. Our findings highlight the importance of ac-
tive mechanical interactions between the tumor and its micro-
environment on aggressive modes of cancer invasion.

tumor budding | cancer-associated fibroblasts | purse-string mechanism |
Tissue mechanics | lubrication equations

Correspondence: pierre.sens@curie.fr

Introduction
Tumor invasion is a critical stage of tumor development that
initiates the metastasis process, significantly influencing pa-
tient survival. Cancer cells disseminate from the primary
tumor either as single cells, through a process called ep-
ithelial to mesenchymal transition(1–3), or by the detach-
ment of small cell clusters through the process called tumor
budding(4). These multicellular buds are notably linked to
a higher metastatic occurrence and a decrease in patient sur-
vival rates(5, 6). Cancer invasion is not a cell-autonomous
process; the tumor micro-environment, including various
types of stromal cells and the extracellular matrix, plays an
important role in cancer dissemination. Cancer-associated fi-
broblasts (CAFs) are key players in cancer progression(7, 8).
They promote tumor dissemination by breaking the base-
ment membrane (9), remodeling extracellular matrix (10,
11), leading migration of cancer cells(12, 13), and secret-
ing growth factors that modulate cancer cell behaviour and
the infiltration of immune cells(14). However, due to their

highly contractile nature, CAFs can also act in a protective
manner by encapsulating the tumor, potentially hindering its
spread(15–17).
Tumor budding is especially common in colorectal cancer(4),
a type of cancer where CAFs are particularly abundant(18).
In the present work, we investigate the role of CAFs on “tu-
mor budding” in an idealised in-vitro context and propose a
theoretical model based on frictional forces between tissues
in relative motion.

Experimental system. To mimic the tumor and its micro-
environment in a controllable manner, we designed a 2D in
vitro system made of primary Cancer Cells (CCs) surrounded
by CAFs (Fig. 1A). The experimental setup and its precise
characterisation are described in detail in (17). The CCs are
initially patterned to form a cluster of a controlled radius.
CAFs are later seeded to surround the cancer cells (Fig. 1B).
After a phase of proliferation, CAFs surrounding the CC
cluster align tangentially to its periphery and spontaneously
assemble a supracellular contractile ring enriched in actin and
myosin II (Fig. 1A, Left and (17)). Ring contraction triggers
the closing of the CAF monolayer on top of the CC clus-
ter (Fig. 1A, Middle) through a purse string mechanism also
seen in epithelial gap closure experiments (19–21). Ring clo-
sure may be successful, with the CAF monolayer completely
covering the CC cluster, or incomplete, when the ring stalls
around a bulge of cancer cells (Fig. 1B,C and movie S1). The
latter originates from a 3D reorganization of CCs into a multi-
cellular ’bud’ which resists ring compression (Fig. 1A, Right
and (17)). This phenotype can be seen by quantifying the
evolution of the ring radiusRc(t) with time for each CC clus-
ter (Fig. 1D). After an initial phase of closure with a constant
velocity of order Vc ≡ |dRc/dt| ∼ 3µm/hr, Vc decreases with
a quasi-stabilization of the ring radius Rc(t) after one or two
days (Fig. 1D).

A natural control parameter to understand the appearance
of the budding phenotype is the size of the cancer cell cluster
(Fig. 1B). Indeed among a population of clusters, the experi-
mental budding frequency is found to be correlated to the pat-
tern size (Fig. 1E). In addition at steady-state, the projected
area of buds also appears correlated with pattern size despite
some large dispersion on individual clusters (Fig. 1F). These
two features will serve as important experimental tests for the
theoretical model of the early stage of CC budding proposed
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Fig. 1. Experimental system. (A): Phase contrast images of the experimental co-
culture, made of a monolayer of Cancer Cells (CCs) with controlled size surrounded
by Cancer-Associated Fibroblasts (CAFs), at three different times from left to right.
CAFs assemble a supracellular contractile ring at the edge of CCs (left), climb on
top of CCs to undergo gap closure (middle), and undergo either full closure or stall
around a CC bud (right). R0 = 150µm. See supplementary movie S1. (B): Sketch
of a side view of the CAF-CC system (Left) showing CAFs on top of CCs, undergo-
ing gap closure thanks to the ring (orange) with instantaneous radius Rc(t). The
system can evolve into CC budding phenotype at steady-state (Top right), or into full
CAF closure (Bottom right). (C): Microscopic fluorescent image of the system where
a small (top) or large (bottom) bud has emerged from 3D cell rearrangements and
arrests CAF closure, forR0 = 150µm. (D): Evolution of the CAF ring radiusRc(t)
for different clusters with CC budding phenotype (n=11). The dashed line indicates
a constant CAF velocity Vc = |dRc/dt| = 3µm/h, a typical initial magnitude for
all clusters. (E): CC budding frequency as a function of pattern radius, observed
for R0 = 100 (n=14), 150 (n=8) or 200 (n=7) microns. (F): Bud projected area as
a function of pattern radius, observed for R0 = 100µm (n=24), 150µm (n=27) or
200µm (n=32). The area is measured from a top view at steady-state.

in this paper, which culminates into phase diagrams describ-
ing the budding likelihood.

Theoretical model. The driving force for the budding pro-
cess is the CAF contractile ring, modelled here as a 1D cir-
cular cable of radius Rc and a line tension Γ. This gener-
ates a compressive radial tension Γ/Rc by Laplace law ((17)
and Fig. 1B). The ring line tension (Γ∼ 0.5−1µN) has been
measured by replacing the CC clusters with elastic pillars of
known stiffness (17). Although the actomyosin ring does not
apply direct pressure on the CCs prior to multilayering, the
relative motion of the CAF layer on top of the CC cluster
generates a frictional shear which drives the compression of
the CC cluster. The shear stress is proportional to the veloc-
ity difference: τ = ξ(vCAF−vCC) with a friction coefficient
ξ (Fig. 2A, Left). If no such mechanical interaction exists
(ξ = 0), the two tissues evolve independently with the CAFs
closing on top of an unperturbed CC cluster. Friction creates
inward CC compression which may lead to budding. This
morphological transition requires 3D cell rearrangements,
where some cells loose their basal connection with the sub-
strate. Because the experimental population of clusters nicely
separates in two phenotypes (Fig. 1B,D,E), it seems reason-
able to assume a strict causal link between the triggering of
CC multilayering and the budding phenotype. Starting from
a weakly deformed CC monolayer (Fig. 2A, Left), multilay-
ering events are assumed to occur when cells reach a critical
height h∗ (Fig. 2A, Middle), which then triggers a cascade
of events from a localized proto-bud (Fig. 2A, Right) to the
late budding state. We assume rotational symmetry (a circu-

lar ring) for simplicity and focus on the early evolution of the
monolayer height field h(r, t) (Fig. 2B). Calling respectively
RT (t) and Rc(t) the instantaneous radii of the CC mono-
layer and CAF ring, the system is separated in three spatial
domains (Fig. 2B): the CAF-free region (0 < r < Rc), the
CAF-covered region (Rc < r < RT ) and the surroundings
(r >RT ). Here, we neglect cell divisions of CCs and assume
cell incompressibility, so that monolayer deformation leads
to a displacement of peripheral radius RT (t).
We adopt the framework of continuous mechanics to derive
equations for the evolution of the local CC height (see S.I. for
details). We assume an elastic behaviour for the CC mono-
layer. Deviation from a natural height h0 causes an intracel-
lular pressure associated to a stiffness k. The total pressure
also includes the Laplace pressure coming from the curva-
ture Cfree of the apical surface of the CCs. On the CAF-free
region, the apical tension is written γ and the constitutive
equation for the pressure field reads:

Pfree(r) = k [hfree(r)−h0]−γCfree(r) (1)

with the apical curvature expressed in the small deformation
limit as: C(r) = ∂2

rh(r)+∂rh(r)/r. This equation is shown
to be consistent with the mechanics of a bubbly vertex model
in the weak deformation limit, as detailed in the supplemen-
tary Information [S.I.].
In the CAF-free region, the flow of CCs over the substrate
is associated with pressure gradients. We consider a generic
frictional stress between the CCs and the substrate propor-
tional to CC velocity field vfree(r), with a friction coeffi-
cient ξs (Fig. 2B). To least order in the CC deformation
(|∂rh| � 1), the horizontal force balance reads (see S.I. for
details)

−h0 [∂rPfree(r) +k∂rhfree(r)] = ξsvfree(r) (2)

and local volume conservation imposes ∂thfree =
−h0∂r [rvfree]/r. Eliminating pressure and velocity
fields yields a PDE for the height field hfree(r, t) on the
CAF-free region

∂thfree = Ds
r
∂r
[
2r∂rhfree−λ2 · r∂rCfree

]
(3)

with a diffusion constant Ds ≡ k(h0)2/ξs and a mechanical
length λ ≡

√
γ/k. The shape of the CAF-free CC region

thus obeys a diffusion-like equation with a moving boundary
(the CAF ring), which leads to the formation of a localised
rim of width ∆ near the moving boundary, consistent with
our observations (Fig. 2A). This localization is reminiscent of
the rim formation occurring upon liquid film dewetting (22–
24), although in that case, the rim width is controlled by the
slip length b≡ η/ξs associated with film viscosity η and film-
substrate friction ξs.
On the CAF-covered region, the thin CAF layer is described
as a continuous surface that follows the CC monolayer shape.
Its tension γCAF(r) varies in space because of CAF-CC fric-
tion (Fig. 2B), and local force balance gives ∂rγCAF(r) '
ξ [vCAF(r)−vcov(r)] for weak CC deformations. Assum-
ing surface incompressibility for CAFs, one can directly
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obtain the CAF lowest order velocity field vCAF(r, t) =
−Vc(t)Rc(t)/r from the closure velocity Vc(> 0). The rate
of gap closure results from a balance between the driving
force (the ring line tension Γ) and dissipation. Possible mech-
anisms are discussed in the S.I.. We assume here that dom-
inant dissipation comes from the CAF tissue viscosity η2
and that dissipation from CAF-CC friction ξ can be treated
as a small perturbation. This choice is motivated by the
experimental closure dynamics (Fig. 1D), where Vc(t) ap-
pears approximately constant - independent of the initial CC
size - at early times. Indeed for ξ = 0, one can show that
Vc(t) = Γ/(2η2). Knowing orders of magnitude for both ve-
locity and line tension, one gets η2/hCAF ∼ 107− 109Pa.s
when dividing by CAF thickness hCAF, a reasonable value
for this type of tissues (25–28).
On the CAF-covered region, normal force balance includes
the CAF tension, and tension anisotropy due to CAF vis-
cosity: γrr(r) = γ+ γCAF(r) + 2η2RcVc/r

2 and γθθ(r) =
γ+γCAF(r)−2η2RcVc/r

2. Eq. 1 thus becomes:

Pcov(r) = k [hcov(r)−h0]−γrr(r)∂2
rhcov(r)−γθθ(r)∂rr hcov(r)

(4)
The friction term modifies the horizontal force balance as:

−h0 [∂rPcov(r) +k∂rhcov(r)] = (ξ+ ξs)vcov(r)− ξvCAF(r)
(5)

Eliminating the velocity and pressure fields to obtain a single
PDE for the height field can be done as above in the small
friction limit to obtain a final growth PDE for hcov to least
order in ξ (see S.I. Eq.S17).
Force balance at the boundary between CAF-covered and
CAF-free regions (r = Rc) imposes a discontinuity of the
slope ∂rh. Vertical force balance reads γrr sin(ϕ) = γ sin(θ)
(angles are defined in Fig. 2B). Horizontal force balance in-
volves the driving force for CAF closure Γ/Rc and controls
ring dynamics: for a flat CC cluster mechanically decoupled
from CAFs (ξ = 0), it reads RcγCAF(Rc) + 2η2Vc = Γ.
Finally on the surrounding region, we describe the CAF tis-
sue as a simple sheet under active tension γ∞ (Fig. 2B). A
more complex CAF description was proposed in (17) to ac-
count for the traction force pattern on the substrate, but the
present model is sufficient here as we focus on the CC clus-
ter mechanics. The active tension modifies the (friction-free)
closure dynamics according to Vc = (Γ−γ∞Rc)/(2η2). As
the ring driving force decreases with the cluster size, there
exists a maximal cluster initial radius R0 = Γ/γ∞ beyond
which the ring does not close. With Γ∼ 0.5−1µN (17) and
γ∞ . 1− 3mN/m (29), CAF closure is expected for R0 .
500− 1000µm. Indeed we observe CAF closure initiation
for all clusters of the largest pattern radius (R0 = 200µm),
which implies γ∞ < 5mN/m.

Results
The theoretical description of the CAF-CC system consists
in the resolution of two growth PDEs for the CC mono-
layer height field h(r, t) on evolving domains [0;Rc(t)] and
[Rc(t);RT (t)], with initial conditions h(r, t = 0) = h0 and

Fig. 2. Theoretical model. (A): Left: Sketch and microscopic fluorescent image of
the CAF-CC system when the CC cluster is weakly deformed as a monolayer. Mid-
dle: The loss of basal interface is assumed to be triggered when the cell height h
is above the critical value h∗ (Top). The monolayer deformation tends to be local-
ized spatially near the CAF ring, into a rim of width ∆ (Bottom and movie). Right:
Sketch and microscopic fluorescent image after few CC multilayering events, show-
ing the localised rim of deformation). (B): Sketch for the theoretical model of bud
initiation showing a deformed CC monolayer with height field h(r) and peripheral
radius RT , the CAF layer with tension field γCAF(r) and surrounding pre-tension
γ∞ = γCAF(r =∞), the actomyosin ring at radius Rc with line tension Γ. CC
mechanics is described through an elastic stiffness k and equilibrium height h0
and an apical tension γ. The tensions are mechanically equilibrated at the CAF
ring (inset). Dynamic friction occurs at CC-substrate and CAF-CC interfaces, with
respective coefficients ξs and ξ. This ensures the localization of CC deformation in
a rim of width ∆ on the CAF-free region.

Rc(0) = RT (0) = R0. Spatial boundary conditions are de-
tailed in the S.I.. Parameters are of mechanical (k,γ,γ∞,Γ),
dissipative (η2, ξ,ξs) and geometric (h0,h

∗,R0) nature. The
typical CC monolayer height is of order h0 ' 10µm (see
S.I.). CAF-CC friction can be treated as a perturbation for
closure dynamics provided ξ < η2/R

2
0 ∼ 1011Pa.s/m which

is expected for such systems (19, 27, 28, 30). We eliminate
h0, Γ and η2 to make all quantities dimensionless and use the
same notation for the remaining parameters.

Flat covered limit. To assess the main features of the model,
we first consider a simplified case where the CAF-covered
region remains flat (Fig. 3): hcov(r, t) = h0. This corre-
sponds to the formal limit where Γ,γ∞,η2 →∞, while the
initial closing velocity Vc = (Γ− γ∞Rc)/(2η2) remains fi-
nite (see S.I.). The CAF frictional shear stress drives an
inward displacement of the CCs (VT > 0) which acts as a
source of CC deformation in the CAF-free region (Fig. 3A).
In the CAF-covered region, both velocity fields are deter-
mined by the boundary dynamics: vcov(r) =−VTRT /r and
vCAF(r) =−VcRc/r. The integration of Eq. 5 gives a pres-
sure field h0Pcov(r) = [ξRcVc− (ξ+ ξs)RTVT ] log(RT /r)
under the CAF layer.
In the flat covered limit, the displaced peripheral CC volume
is entirely transferred into the deformation of the CAF-free
region at a rate dtVup = 2πh0RTVT . The CC deformation
is localised near the CAF ring due to friction with the sub-
strate, forming a rim of width ∆(t) that initially grows as
∆(t) ∼ (λ2Dst)1/4 (Eq. 3) before reaching a plateau value
∆c. Two length scales then characterise the deformed shape:
a mechanical length λ =

√
γ/k and a dynamic length λV =
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Ds/Vc = kh0
2/(ξsVc). The rim is asymmetric ((Fig. 3A))

and a scaling analysis presented in the S.I. shows that it is
characterised by two length scales: ∆c,1 ∼ (λ2λV )1/3 and
∆c,2 ∼ (λλV )1/2 for finite λ. In addition, one gets ∆c ∼ λV
in the limit γ → 0 and ∆c ∼ (λ2λV )1/3 in the limit k→ 0.
Increasing the CC substrate friction ξs results in a more lo-
calised deformation, i.e. a smaller rim width. At longer
times, when Rc(t) ' ∆c, the CC rim merges into a bump
covering the entire CAF-free region (Fig. 3A).
Fig. 3B shows the evolution of the maximum CC deforma-
tion (the top of the rim) with time hmax(t). It exhibits an
initial rise up to a peak value hpeak (Fig. 3B), followed by
a relaxation to its initial value h0. The central height of the
CC cluster hm(t) is also shown. It remains unperturbed as
long as the rim is spatially localized, and grows towards hmax
when the annular rim merges into a bump for Rc(t) ' ∆c

(Fig. 3A,B). The existence of a peak deformation indicates
that the initial CC flow caused by CAF-CC friction reverses
to an outward back-flow when the CC pressure overcomes
the frictional driving force. While the end state predicted by
the model is always a closed CAF layer on top of an unde-
formed CC cluster, we assume that irreversible multilayering
and the initiation of the budding phenotype occurs when the
CC peak height hpeak reaches a threshold distributed around
a critical value hcrit. Therefore, the system’s final state can
be understood from the study of how hpeak depends on the
different parameters.
First, Fig. 3B shows that the peak height increases with the
pattern radius R0. This behaviour is recovered in the limit
of small substrate friction: Ds � VcR0, where the shape
of the CAF-free region can be calculated analytically. It
predicts δhpeak ∝ ξΓR0/(kη2) for small tension λ� R0,
or δhpeak ∝ ξΓR3

0/(γη2) for large tension λ � R0 (see
S.I.). As expected, the deformation increases linearly with
the CAF-CC friction coefficient ξ and decreases with the CC
mechanical resistance (k and γ). The correlation between
system’s size and CC deformation agrees with the experi-
mental observation and will be studied in more details below.
A rather non-trivial result is the influence of substrate fric-
tion on CC deformation, recapitulated in two phase diagrams
(Fig. 3C,D).
The first phase diagram, in the (R0, ξs) parameter space
(Fig. 3C), confirms that the peak deformation correlates with
R0, but also shows that the CC-substrate friction parameter
ξs has a non-monotonic influence on the deformation peak. A
maximal CC deformation occurs for a finite value of ξs = ξ∗s .
This non-monotonic feature is the result of several antago-
nistic effects. First, substrate friction limits the inward flow
of CC driven by CAF friction (VT ' ξ

ξ+ξsVc at early times),
which limits the volume transferred from the covered to the
free region. Second, the CC back-flow at later stage is hin-
dered by substrate friction, which tends to increase the peak
deformation. Finally, the deformation is localised by sub-
strate friction (the rim width ∆ decreases with increasing ξs),
which concentrates deformation, but also increases the rim
pressure driving the back-flow.
The relative importance of the different effects is studied in

Fig. 3. Results of the flat covered limit (no deformation on the CAF-covered region):
(A): Snapshots of the CC monolayer shape h(r, t) at different times for ξs = 2,
R0 = 15. The CC peripheral radius r = RT is the black dot and the ring position
r = Rc is the orange dot (see supplementary movie S2). Inset : Sketch of the sys-
tem. (B): Evolution of the maximal height hmax(t) and the central height hm(t)
with time for different pattern radiiR0, for ξs = 0.1. At late time, the rim disappears
(hmax = h0) and a maximum deformation hpeak is reached, correlated with pat-
tern radius R0. (C): Phase diagram of hpeak in the parameter space (R0, ξs). A
critical height h∗ = 1.3 defines the CC budding threshold (blue line). (D): Phase
diagram of hpeak in the parameter space (k,ξs), for R0 = 20. Black points in-
dicate the maximal deformation at ξ∗s . The gray dashed line shows the predicted
maximal deformation assuming it occurs when elastic and Laplace pressures are
comparable. The height h and r are in unit h0 = 10µm. Other parameters are
k = γ = 0.01, γ∞ = 0, ξ = 0.1.

the S.I. using toy models of simplified geometries. They
show that the peak deformation monotonically increases with
substrate friction in the absence of localisation or if the
Laplace pressure is neglected (γ→ 0), but monotonically de-
creases with substrate friction if the back-flow is driven solely
by Laplace pressure (k → 0). These results are confirmed
by the second phase diagram in the (k,ξs) parameter space
(Fig. 3D), which shows a monotonic decrease of the defor-
mation with substrate friction for small k and a monotonic
increase for large k. The largest deformation is obtained for a
particular value of substrate friction ξ∗s which increases with
the stiffness k. This optimum corresponds to the parameters
for which the elastic pressure kδh and the Laplace pressure
∼ γδh′′ play comparable role in driving the back-flow, that
is λ ∼ λV or ξ∗s ∼ k3/2h0

2/(γ1/2Vc) (gray dashed line in
Fig. 3D).

Deformable CAF layer. In S.I., we show using a toy model
that the “flat covered” limit is approximately valid when
Γ� γR0(1 + (R0/λ)2). In both cases, this requires small
surface tension γ � 10−2N/m and small CC stiffness E ≡
k.h0� 10Pa. The second condition is unlikely to be valid for
the in vitro CAF-CC system, since one expects CC stiffness
values E ∼ 0.1−10kPa (31). It is thus necessary to consider
the deformation of the CAF-covered region, obtained by en-
forcing local force balance throughout the CC cluster (Eq. 5).
Numerical results accounting for CAF deformation are
shown in Fig. 4. CAF deformation is a significant fraction
of the maximum deformation when CAF pre-tension is small
(γ∞→ 0, Fig. 4A). If the substrate friction ξs is sufficiently
large (∆c � R0), a rim develops ahead of the closing CAF
ring as discussed before. The deformation then evolves in
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two qualitatively distinct fashions depending on the parame-
ters (see sketches in Fig. 4B). For small substrate friction, the
rim persists until it merges into a bulge and the situation is
qualitatively similar to the “flat covered” case. For large sub-
strate friction, the rim becomes covered by the CAFs. This
is illustrated by the evolution of the maximum height (hmax)
and the ring height (hc) with time (Fig. 4B). The former is
consistently higher than the latter for small substrate friction
(left panel) indicating the persistence of the free rim, while
the two heights are similar except near ring final closure for
high substrate friction, indicating that the rim is covered by
CAFs (right panel). More examples of temporal evolution in
the two regimes are shown in the S.I..

Unlike in the flat covered regime, the deformation does not
vanish at the moment of ring closure, since it can be accom-
modated by the deformability of the CAF layer. There is nev-
ertheless a clear peak deformation at a given time, confirm-
ing the existence of a CC back-flow. The system continues to
evolve after CAF closure and eventually returns to the unde-
formed state.

In the experiments, we observe a significant inward flux of
CC, VT ' Vc/2, at the onset of ring closure (see S.I. Fig.S2),
which suggests that the two friction coefficients are of the
same order (ξ ' ξs). Fig. 4C shows that in this regime, the
peak height hpeak increases both with the cluster sizeR0 and
the friction parameters. Interestingly, the correlation between
cluster size and CC deformation is not necessarily observed
for large substrate friction ξs� ξ, in which case most of the
CC deformation is covered by CAFs (the covered rim regime
- left panel of Fig. 4B) and the maximum CC deformation
decreases with increasing cluster size. This feature is further
discussed in the S.I. but is not believed to be relevant to our
experimental situation.

The correlation between cluster size and peak CC deforma-
tion for small surface friction suggests that larger clusters
should be more likely to exhibit CAF-driven budding, as ob-
served experimentally (Fig. 1E). To quantitatively assess the
budding probability, we postulate that budding is triggered
when the cell strain ε= (hmax−h0)/h0 reaches a threshold
value ε∗, assumed to be gaussian distributed about a mean
value due to cell variability. Since the peak deformation
increases with friction, the distribution of strain thresholds
corresponds to a distribution of friction thresholds for each
cluster size, represented as violin plots on the contour plot
Fig. 4C. This allows to calculate the budding probability for
a given size as the fraction of the population whose threshold
friction is below the actual friction value. The model should
also be able to reproduce the observed distribution of bud
sizes as a function of the cluster size (Fig. 1F). To obtain this,
we postulate that if the budding threshold is met at a given
time t∗: hmax(t∗) = h0(1 + ε∗), the volume of the result-
ing bud is the volume of the free CC layer at the budding
threshold: Vb = πh0Rc(t∗)2. A knowledge of the bud shape
is required to convert the volume into the experimentally ac-
cessible bud projected area Ab = πR2

b . While small buds can
be equally described with a spherical or cylindrical geom-
etry, both experimental observation and theoretical analysis

Fig. 4. Results with deformable covered region: k = 0.01 (A-B), k = 0.05 (C-D),
γ = 0.01, γ∞ = 0, ξ = 0.5. (A): Snapshot of the temporal evolution of the CC
monolayer shape with height h(r, t), CC peripheral radius RT (black point) and
ring position (r = Rc,z = hc) (orange point). ξs = 0.5, R0 = 10 (see supple-
mentary movie S3). (B): A free rim can evolve into a free bulge for low substrate
friction (Left, ξs = 0.1) or a covered rim for high substrate friction (Right, ξs = 5).
(C): Phase diagram of the maximal height hpeak in parameter space (R0, ξ) at
ξs = ξ. h∗ has a normal distribution with mean indicated by gray line and two
s.d. by dashed gray lines. Budding occurs when hmax(t) < h∗, and probabilities
are indicated forR0 = 10,15,20. (D): Theoretical and experimental bud projected
areaAb for the three available pattern radiiR0. Like in (C), one uses a critical strain
ε∗ ≡ (h∗−h0)/h0 ' [0.7,5,16,27]% for ξ = ξs = 0.05 : 0.5. One assumes
the final bud to be cylindrical with two cell layers such that its height is hb = 2h0
(top). Using Vb = πh0(R∗)2 = Ab.hb, one can compute a theoretical projected
area with R∗ = Rc[hmax = h∗].

on large buds favour a roughly cylindrical shape (Fig. 1C)
with a height hb estimated from confocal microscopy to be a
few cell height: hb ∼ 2− 4h0 ((17) and S.I.). Assuming hb
to be independent of the bud radius Rb for simplicity leads to
a bud area Ab = Vb/hb that can be compared to experiments,
as show in Fig. 4G.
Obtaining an appropriate fit for both the budding probabil-
ity and the resulting bud size strongly constrain the model
parameters. The experimental budding probability (Fig. 1F)
shows an almost linear dependence on the cluster size. This
precludes large friction values, for which the budding proba-
bility shows a stronger dependence on cluster size (Fig. 4C).
Furthermore, large friction coefficients induce in more lo-
calised deformations. Consequently, the peak deformation
- which is close to the threshold hpeak ∼ h∗ for intermediate
cluster sizes, as the budding probability is closed to one half
- occurs for a smaller ring radius. This means that larger fric-
tion coefficients result in small bud sizes incompatible with
our observations (Fig. 4G). Small buds are also obtained if
the CC mechanical resistance is weak (small k and/or γ), be-
cause the back flow responsible for the deformation peak oc-
curs for small ring radii (see S.I.). As shown in Fig. 4C, the
relevant regime corresponds to the small friction case with
ξs ∼ ξ . 10−2−10−1η2/h

2
0 ∼ 1011−1012Pa.s/m, for which

the perturbative approach is marginally valid.

Discussion

Using an in vitro co-culture of a patterned cluster of cancer
cells (CC) surrounded by CAFs, we show that mechanical in-
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teractions between the two cell types is sufficient to generate
rearrangement of the cancer cells leading to long-lived bud-
like structures. This CC budding phenotype originates in-
directly from the contractility of a supracellular actomyosin
ring that spontaneously assembles at the inner periphery of
the CAF monolayer, and drives its closure on top of the CC
cluster in a purse string mechanism.

We develop a theoretical model of this process based on the
transmission of the mechanical stress generated by CAF clo-
sure to the cancer cells via a generic friction, which could
originate from non-specific as well as specific interactions.
The latter includes heterotypic binding of E-cadherins and
N-cadherins (13), or the matrix secreted by the CAFs (32).
Our novel theoretical approach adopts a continuous elas-
tic description of the CC cluster as an epithelial tissue on
a substrate that combines in-plane and out-of-plane elastic
stresses, and includes viscous dissipation. Comparison with a
bubbly side vertex model of a cell monolayer shows that our
continuous approach appropriately describes the balance of
forces at the lateral interfaces of cancer cells, and the modu-
lation of cell height resulting from intracellular pressure gra-
dients. The latter is central to the initiation of 3D cell re-
arrangements such as those accompanying monolayer bud-
ding. Here we restrict ourselves to friction-dominated CC
dissipation. Cell rearrangements within the monolayer could
be included as viscous dissipation in our continuous equa-
tions (33).

The model shows that a generic dynamic friction between
the CC and the CAFs is sufficient to explain important ex-
perimental features of the budding phenotype. The friction-
driven CC inward flow accompanying CAF closure leads to a
build-up of intracellular CC pressure and an increase of cell
height. The pressure is maximum close to the CAF contrac-
tile ring, leading to the formation of a deformed CC rim as
observed experimentally. The budding probability and the
geometric features of the cancer buds may then be obtained
by invoking the existence of a stress or strain threshold for
CC multilayering.

Despite its simplicity, our conceptual approach leads to a sur-
prisingly complex theoretical state space. Specifically, the
observed correlation between CC budding frequency and pat-
tern size is non trivial. The CAF-CC and substrate-CC fric-
tions parameters are critical for this behaviour. The former
is responsible for the transmission of stress between the two
cell types, and the latter strongly affects the spatial distri-
bution of intracellular CC pressure and controls both the ap-
pearance and the persistence of the CC rim. This behaviour is
also modulated by CC stiffness and CC surface tension. Ex-
perimental observations correlating bud properties to pattern
size highly constrain the parameter space to specific regions
of relevance. For instance, if the CC-substrate friction is too
weak, no rim forms and the CC deformation spreads over
the entire CAF-free region. Budding probabilities compatible
with experimental data then require unreasonably small val-
ues of the critical strain for multilayering. If the CC-substrate
friction is too large, the model predicts bud sizes that are too
small, and possibly a negative correlation between the maxi-

mum CC deformation and the cluster size, inconsistent with
the observed budding probabilities. Similarly, weak CC stiff-
ness or surface tension predict too small buds whereas too
large values prevent monolayer deformation.

One strength of our in-vitro approach is the ability to con-
trol geometric parameters such as the CC cluster shape and
size. This is afforded by the presence of a substrate, which
challenges the direct applicability of our model to physiolog-
ical in vivo tumors interacting with their environment. CAFs
have been shown to compress cancer cells in vivo using acto-
myosin contractility, leading to tumor compartmentalization
(17). However, a real tumor would be better described by
a CC spheroid surrounded by extracellular matrix and CAFs
(10). Whether the CAF organisation could be appropriately
described as a monolayer in this context is unclear, but the
friction-induced shear stress between CAFs and cancer cells
would nevertheless remain an important component of the
mechanical interaction between the two cell types, in addi-
tion to other mechanisms such as direct infiltration within
the tumor. On the other hand, the friction with the substrate,
which we identify as an important parameter controlling bud-
ding in vitro, is absent in spheroids and should be replaced by
viscous-like dissipation associated with cell rearrangements
within the tumor. Therefore, a direct extension of this work
will be to focus on the experimental and theoretical charac-
terization of this 3D in vitro system.
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SI Movies. Movie S1: Real time evolution of in-vitro cancer
cells-CAFs co-cultures (Fig. 1A). Movie S2: Theoretically
computed temporal evolution of the CC shape upon CAF clo-
sure in the flat covered limit (Fig. 3A). Movie S3: Theoret-
ically computed temporal evolution of the CC shape upon
CAF closure (Fig. 4A).

Material and methods. Detailed experimental methods can be
found in (17). A short summary is provided in S.I. Theoreti-
cal methods are detailed in the S.I.
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