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Friction-induced budding of a cancer cell monolayer
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The environment surrounding a tumor plays a crucial role in cancer cell dissemination. Within this microen-
vironment, cancer-associated fibroblasts (CAFs) can collectively combine their tensile stress to actively remodel
tumors. Using in vitro circular clusters of cancer cell monolayers surrounded by CAFs, we generate structures
that are reminiscent of multicellular buds observed in vivo for colorectal cancer. A supracellular contractile
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. This CAF-driven constriction triggers multilayering of cancer
cells, culminating in the growth of a bud pinched by the CAF ring. We propose that this process is powered
by frictional shear stress from CAF motion and develop a theoretical model based on continuum mechanics
that quantitatively reproduces the experimental observations. The model captures the early reshaping of the
cancer cell layer. Invoking a generic deformation threshold for multilayering, it identifies the physical conditions
that favor budding and predicts how budding probability and size scale with initial cluster diameter. Our results
establish a general framework for friction-induced morphogenesis in cell layers and reveal how active mechanical
coupling between tumors and their microenvironment can shape tumor morphology and behavior.
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I. INTRODUCTION

Tumor invasion is a critical stage of tumor development
that initiates the metastasis process, significantly influencing
patient survival. Cancer cells disseminate from the primary
tumor either as single cells, through a process called epithelial
to mesenchymal transition [1–3], or by the detachment 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 survival rates
[5,6]. Cancer invasion is not a cell-autonomous process; the
tumor microenvironment, including various types of stromal
cells and the extracellular matrix, plays an important role in
cancer dissemination. Cancer-associated fibroblasts (CAFs)
are key players in cancer progression [7,8]. They promote
tumor dissemination by breaking the basement membrane [9],
remodeling the extracellular matrix [10,11], stimulating can-
cer cell migration [12,13], and secreting growth factors that
modulate cancer cell behavior and the infiltration of immune
cells [14]. However, due to their highly contractile nature,
CAFs can also act in a protective manner by encapsulating
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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
“tumor budding” in an idealized in vitro context and propose
a theoretical model based on frictional forces between tissues
in relative motion. Our study highlights the importance of
friction forces in driving tissues reshaping, which has recently
been invoked in a variety of morphogenetic processes, from
oocyte fertilization [19] and Drosophila cellularization [20] to
the gastrulation of insects [21] and vertebrates [22]. In these
studies, physical modeling is often used to quantitatively infer
friction parameters from velocity profiles for a given shape. In
one notable exception dealing with intracellular friction forces
[19], shape changes are included in the model, where the flow
of the actomyosin cortex drives shape change (buckling) of the
adjacent myoplasm layer. Here, we focus on the active role
of friction in remodeling entire cell monolayers, where the
flow of CAFs drives shape changes of the adjacent cancerous
layer. It reveals how the friction force can sculpt tissues in
development and disease.

A. Experimental system

To mimic the tumor and its microenvironment in a control-
lable manner, we designed a two-dimensional in vitro system
made of primary cancer cells (CCs) surrounded by CAFs
[Fig. 1(a)]. The experimental setup and its precise charac-
terization are described in detail in Ref. [17]. The CCs are
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FIG. 1. Experimental system of in vitro coculture. (a) Phase con-
trast images of the experimental coculture, made of a monolayer
of CCs with controlled size surrounded by 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 Movie S1 of the Supplemental
Material [26]. (b) Sketch of a side view of the CAF-CC system (left)
showing CAFs on top of CCs, undergoing 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, for R0 = 150μm.
(d) Evolution of radii displacements �R(t ) = R(t ) − R(0) of CCs
(gray) and CAFs (orange), for large clusters R0 = 200μm (n = 3).
Additional data are shown in Fig. S2 of the Supplemental Material
[26]. Dashed lines indicate velocities VT = 1.25μm/h (gray) and
Vc = 2.5μm/h (orange). (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.

initially patterned to form a cluster of a controlled radius.
CAFs are later seeded to surround the cancer cells [Fig. 1(b)].
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. 1(a), left and Ref. [17]]. Ring contraction
triggers the closing of the CAF monolayer on top of the CC
cluster [Fig. 1(a), middle] through a purse-string mechanism
also seen in epithelial gap closure experiments [23–25]. Ring
closure may be successful, with the CAF monolayer com-
pletely covering the CC cluster, or incomplete when the ring
stalls around a bulge of cancer cells [Figs. 1(b) and 1(c) and
Movie S1 of the Supplemental Material [26]]. The latter
originates from a three-dimensional (3D) reorganization of
CCs into a multicellular “bud,” which resists ring compression
[Fig. 1(a), right and Ref. [17]]. CAF closure on top of the
CC monolayer generates an inward CC motion. The relative
motion of the two monolayers can be quantified by comparing
the evolution of the CAF ring radius Rc(t ) and the outer

radius of the CC monolayer RT (t ) over time [Fig. 1(d)]. Both
radii decrease linearly at early time, but with different slopes:
Vc ≡ |dRc/dt | ∼ 2.5μm/h and VT ≡ |dRT /dt | ∼ Vc/2, for
cluster of initial radius R(0) = 200μm. CCs remain as a
monolayer and no budding is observed when CCs are cul-
tured without CAFs or when CAF contractility is inhibited
[17], showing that the budding phenotype is actively driven
by CAFs. We reasoned that the CC inward motion is driven
by CAFs through frictional forces, eventually leading to bud
formation.

A natural control parameter to understand the appearance
of the budding phenotype is the size of the cancer cell clus-
ter [Fig. 1(b)]. Indeed, among a population of clusters, the
experimental budding frequency is found to be correlated
with the pattern size [Fig. 1(e)]. In addition at steady state,
the projected area of buds also appears correlated with pat-
tern size despite some large dispersion on individual clusters
[Fig. 1(f)]. These two features will serve as important experi-
mental tests for the theoretical model of the early stage of CC
budding proposed in this paper, which culminates into phase
diagrams describing the budding likelihood.

B. Theoretical model

The driving force for the budding process is the CAF
contractile ring. In agreement with Laplace’s law, the tension
due to actomyosin contraction and the curvature of the ring
generate an inward stress. The ring is modeled here as a one-
dimensional circular cable of radius Rc(t ) and a line tension �,
producing an inward force per unit of ring length �/Rc [Ref.
[17] and Fig. 1(b)]. The ring line tension (� ∼ 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 CCs in the central, CAF-free region are nevertheless com-
pressed, as shown by laser ablation experiments in Ref. [17].
A natural explanation is that the relative motion of the CAF
layer on top of the CC cluster generates a frictional shear
that drives inward CC motion and the compression of the
CC cluster. The shear stress is proportional to the velocity
difference τ = ξ (vCAF − vCC) with a friction coefficient ξ

(Fig. 2). 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
lose their basal connection with the substrate. Because the
experimental population of clusters nicely separates into two
phenotypes [Figs. 1(b), 1(d), and 1(e)], it seems reasonable
to assume a strict causal link between the triggering of CC
multilayering and the budding phenotype. Starting from a
weakly deformed CC monolayer [Fig. 2(a), left], multilayer-
ing events are assumed to occur when cells reach a critical
height h∗ [Fig. 2(a), middle], which then triggers a cascade
of events from a localized protobud [Fig. 2(a), right] to the
late budding state. We assume rotational symmetry (a cir-
cular ring) for simplicity and focus on the early evolution
of the monolayer height field h(r, t ) [Fig. 2(b)]. Calling, re-
spectively, RT (t ) and Rc(t ) the instantaneous radii of the CC
monolayer and CAF ring, the system is separated in three
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FIG. 2. Theoretical model. (a) Left: Sketch and microscopic flu-
orescent image of the CAF-CC system when the CC cluster is weakly
deformed as a monolayer. Middle: The loss of basal interface is
assumed to be triggered when the cell height h is above the critical
value h∗. Right: Sketch and microscopic fluorescent image after few
CC multilayering events, showing the localized rim of deformation).
(b) Sketch for the theoretical model of bud initiation showing a
deformed CC monolayer with height field h(r) and peripheral ra-
dius RT , the CAF layer with tension field γCAF(r) and surrounding
pretension γ∞ = γCAF(r = ∞), and the actomyosin ring at radius Rc

with line tension �. 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). Dy-
namic 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.

spatial domains [Fig. 2(b)]: the CAF-free region (0 < r <

Rc), the CAF-covered region (Rc < r < RT ), and the sur-
roundings (r > RT ). Here, we neglect cell divisions of CCs
and assume cell incompressibility, so that monolayer defor-
mation leads to a displacement of peripheral radius RT (t ).

We adopt the framework of continuous mechanics to de-
rive equations for the evolution of the local CC height. We
assume a linear-elastic behavior for the CC monolayer, prior
to the plastic multilayering events. We describe the equa-
tions for a three-dimensional material and perform a thin film
approximation. Further details can be found in Sec. S3 of the
Supplemental Material [26]. We consider a three-dimensional
material with isotropic incompressible elasticity of modulus E
under rotational invariance. In cylindrical coordinates (r, θ, z),
its unstressed configuration is described by a thickness h0 and
a cluster radius R0. The nonzero stress components are

σrr = −P + 2E

3
∂rur, σθθ = −P + 2E

3

ur

r
,

σzz = −P + 2E

3
∂zuz, σrz = σzr = E

3
(∂zur + ∂ruz ) (1)

for a pressure P, a radial displacement ur (r, z), and a vertical
displacement uz(r, z) constrained by local incompressibility
∂r (rur ) + r∂zuz = 0. The free interface is parametrized by
an height profile z = h(r, t ) defining normal n and tangent s
vectors. The velocity field is defined as v = ∂t u.

The flow of CCs over the substrate is associated with pres-
sure gradients. We consider a generic frictional stress between
the CCs and the substrate proportional to the radial CC veloc-
ity field vr (r), with a friction coefficient ξs [Fig. 2(b)]. Then,
vertical boundary conditions at the CC substrate z = 0 are
no-penetration uz = vz = 0, and viscous friction of CCs σrz =
ξsvr . At the free interface z = h on the free region r < Rc,
boundary conditions are kinematic transport of the interface
vz = ∂t h + vr∂rh, absence of shear stress s · σ · n = 0, and
Laplace’s law n · σ · n = −γCfree, where Cfree is the interface
curvature in the free region and γ the apical surface tension.
We detail the physics on the CAF-covered region below.

We now assume a separation of scales between the ra-
dial direction Lr ∼ R0 and the vertical direction Lz ∼ h0,
which defines the thin film parameter ε = Lz/Lr � 1. For
consistency, one requires ∂rh2 � 1, which simplifies the
curvature into C(r) � −∂2

r h − ∂rh/r. In addition, all charac-
teristic length scales of the problem should be larger than
h0. The frictional shear condition at z = 0 gives a diffusive
length λt ∼ √

Eh0t/ξs, and one asks for h0/λt � 1 at short
times, or ξs ∼ ε2 at scaling level. We also assume γ ∼ ε−1

for the Laplace pressure P ∼ γ h0/R2
0 to be of the same order

as the stress σ ∼ E . Expanding the different fields as powers
of ε, one finds at least order that pressure and radial displace-
ment are independent of z, whereas incompressibility gives
vz(r, z) � vz(h)z/h and ∂t h + ∂r (rhvr )/r � 0. The boundary
condition for the pressure becomes a constitutive equation for
the free region:

Pfree(r) � k[hfree(r) − h0] − γCfree(r). (2)

Deviation from a natural height h0 causes an intracellular
pressure associated with a stiffness k ≡ 2E/(3h0). This equa-
tion is shown to be consistent with the mechanics of a bubbly
vertex model in the weak deformation limit, as detailed in
Sec. S7 of the Supplemental Material [26]. Horizontal force
balance integrated over thickness gives at least order

−h0[∂rPfree(r) + k∂rhfree(r)] = ξsvfree(r) (3)

with vfree(r) = vr (r) in the free region. Eliminating pressure
and velocity fields yields a partial differential equation (PDE)
for the height field hfree(r, t ) on the CAF-free region

∂t hfree = Ds

r
∂r[2r∂rhfree − λ2 · r∂rCfree] (4)

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 diffusionlike equation with a moving boundary
(the CAF ring), which leads to the formation of a localized
rim of width �, consistent with our observations [Fig. 2(a)].
This localized deformation is reminiscent of the rim observed
during liquid film dewetting [27–29], 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 mono-
layer shape. Its tension γCAF(r) varies in space because
of CAF-CC friction [Fig. 2(b)], and local force balance
gives ∂rγCAF(r) � ξ [vCAF(r) − vcov(r)] for weak CC de-
formations. Assuming surface incompressibility for CAFs,
one can directly obtain the CAF lowest-order velocity field
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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 �) and dissipation. Possible
mechanisms are discussed in Sec. S1 of the Supplemental Ma-
terial [26]. We assume here that dominant 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. 1(d)], where Vc(t ) appears approximately constant—
independent of the initial CC size—at early times. Indeed
for ξ = 0, one can show that Vc(t ) = �/(2η2). Knowing or-
ders of magnitude for both velocity and line tension, one
gets η2/hCAF ∼ 107–109 Pa s when dividing by CAF thickness
hCAF, a reasonable value for this type of tissues [30–33].

On the CAF-covered region, normal force balance in-
cludes the CAF tension and tension anisotropy due to CAF
viscosity: γrr (r) = γ + γCAF(r) + 2η2RcVc/r2 and γθθ (r) =
γ + γCAF(r) − 2η2RcVc/r2. Following the thin film expansion
as before, Eq. (2) thus becomes

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

− γθθ (r)
∂r

r
hcov(r). (5)

The friction term modifies the horizontal force balance as

−h0[∂rPcov(r) + k∂rhcov(r)] = (ξ + ξs)vcov(r) − ξvCAF(r).
(6)

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 Eq. (S18) of the Supplemental Material [26]].

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. 2(b)]. Horizontal force balance
involves the driving force for CAF closure �/Rc and controls
ring dynamics: For a flat CC cluster mechanically decoupled
from CAFs (ξ = 0), it reads RcγCAF(Rc) + 2η2Vc = �.

Finally on the surrounding region, we describe the CAF
tissue as a simple sheet under active tension γ∞ [Fig. 2(b)].
A more complex CAF description was proposed in Ref. [17]
to account for the traction force pattern on the substrate, but
the present model is sufficient here as we focus on the CC
cluster mechanics. The active tension modifies the (friction-
free) closure dynamics according to Vc = (� − γ∞Rc)/(2η2).
As the ring driving force decreases with the cluster size, there
exists a maximal cluster initial radius R0 = �/γ∞ beyond
which the ring does not close. With � ∼ 0.5–1μN [17] and
γ∞ � 1–3 mN/m [34], 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∞ < 5 mN/m.

II. RESULTS

The theoretical description of the CAF-CC system con-
sists in the resolution of two growth PDEs for the CC
monolayer 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 Rc(0) = RT (0) = R0. Spatial boundary conditions are
detailed in Sec. S3 of the Supplemental Material [26].

(a) (b)

(d)(c)

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 Movie S2 of the Supplemental Material [26]). Inset:
Sketch of the system. (b) Evolution of the maximal height hmax(t )
and the central height hm(t ) with time for different pattern radii
R0 and ξs = 0.1. A maximum deformation hpeak, which increases
with the pattern radius R0, is reached at some finite time and the
deformation disappears at long time. (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 dots indicate the maximal
deformation for different values of k. They occur when elastic and
Laplace pressures are comparable, or when ξ ∗

s ∼ k3/2h0
2/(γ 1/2Vc )

(dashed gray line, see text). The height h and r are in units
h0 = 10μm. Other parameters are k = γ = 0.01, γ∞ = 0, and
ξ = 0.1.

Parameters are of mechanical (k, γ , γ∞, �), dissipative
(η2, ξ , ξs), and geometric (h0, h∗, R0) nature. The typical CC
monolayer height is of order h0 � 10μm (see Fig. S1 of
the Supplemental Material [26]). CAF-CC friction can be
treated as a perturbation for closure dynamics provided ξ <

η2/R2
0 ∼ 1011 Pa s/m, which is expected for such systems

[23,32,33,35]. We eliminate h0, �, and η2 to make all quanti-
ties dimensionless and use the same notation for the remaining
parameters.

A. Flat covered limit

To assess the main features of the model, we first con-
sider a simplified case where the CAF-covered region remains
flat (Fig. 3): hcov(r, t ) = h0. This corresponds to the formal
limit where �, γ∞, η2 → ∞, while the initial closing velocity
Vc = (� − γ∞Rc)/(2η2) remains finite (see Sec. S5 of the
Supplemental Material [26]). 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. 3(a)]. In the CAF-covered region, both velocity fields are
determined by the boundary dynamics: vcov(r) = −VT RT /r
and vCAF(r) = −VcRc/r. The integration of Eq. (6) gives a
pressure field h0Pcov(r) = [ξRcVc − (ξ + ξs)RT VT ] ln(RT /r)
under the CAF layer.
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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 = 2πh0RT VT . The CC
deformation is localized near the CAF ring due to friction
with the substrate, forming a rim of width �(t ) that ini-
tially grows as �(t ) ∼ (λ2Dst )1/4 [Eq. (4)] before reaching
a plateau value �c. The characteristic length scales can be
defined from the equations above: a mechanical length λ =√

γ /k and a dynamic length λV = Ds/Vc = kh0
2/(ξsVc). The

rim is asymmetric [(Fig. 3(a))] and a scaling analysis pre-
sented in Sec. S4 of the Supplemental Material [26] shows that
it is characterized 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 local-
ized 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. 3(a)].

Figure 3(b) shows the evolution of the maximum CC de-
formation hmax(t ) (the top of the rim) with time. It exhibits an
initial rise up to a peak value hpeak [Fig. 3(b)], 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 toward hmax when the
annular rim merges into a bump for Rc(t ) � �c [Figs. 3(a)
and 3(b)]. The existence of a peak deformation indicates that
the initial CC flow caused by CAF-CC friction reverses to
an outward backflow 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 undeformed
CC cluster, we assume that irreversible multilayering and the
initiation of the budding phenotype occur when the CC peak
height hpeak reaches a threshold distributed around a critical
value h∗. This assumption is supported by the analysis of a
vertex model in Eq. (S70) of the Supplemental Material [26].
Therefore, the system’s final state can be understood from the
study of how hpeak depends on the different parameters.

First, Fig. 3(b) shows that the peak height increases with
the pattern radius R0. This behavior 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 ∝ ξ�R0/(kη2) for small tension λ � R0, or δhpeak ∝
ξ�R3

0/(γ η2) for large tension λ 
 R0 (see Sec. S5 of the
Supplemental Material [26]). 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 experimental observation and will be studied in more
detail below. A rather nontrivial result is the influence of sub-
strate friction on CC deformation, recapitulated in two phase
diagrams [Figs. 3(c) and 3(d)].

The first phase diagram, in the (R0, ξs ) parameter space
[Fig. 3(c)], confirms that the peak deformation correlates with
R0, but also shows that the CC-substrate friction parameter
ξs has a nonmonotonic influence on the deformation peak. A
maximal CC deformation occurs for a finite value of ξs = ξ ∗

s .
This nonmonotonic feature is the result of several antagonistic
effects. First, substrate friction limits the inward flow of CC
driven by CAF friction (VT � ξ

ξ+ξs
Vc at early times), which

limits the volume transferred from the covered to the free

region. Second, the CC backflow at later stage is hindered
by substrate friction, which tends to increase the peak de-
formation. Finally, the deformation is localized by substrate
friction (the rim width � decreases with increasing ξs), which
concentrates deformation, but also increases the rim pressure
driving the backflow.

The relative importance of the different effects is studied in
Sec. S5 of the Supplemental Material [26] using toy models
of simplified geometries. They show that the peak deforma-
tion monotonically increases with substrate friction in the
absence of localization or if the Laplace pressure is neglected
(γ → 0), but monotonically decreases with substrate friction
if the backflow is driven solely by Laplace pressure (k → 0).
These results are confirmed by the second phase diagram in
the (k, ξs) parameter space [Fig. 3(d)], which shows a mono-
tonic decrease of the deformation 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 ∼γ δh′′ play comparable role in
driving the backflow, that is, λ ∼ λV or ξ ∗

s ∼ k3/2h0
2/(γ 1/2Vc)

[gray dashed line in Fig. 3(d)].

B. Deformable CAF layer

In Sec. S5 of the Supplemental Material [26] we show
using a toy model that the “flat covered” limit is approxi-
mately valid when � 
 γ R0(1 + (R0/λ)2). In both cases, this
requires small surface tension γ � 10−2 N/m and small CC
stiffness E ≡ kh0 � 10 Pa. The second condition is unlikely
to be valid for the in vitro CAF-CC system, since one expects
CC stiffness values E ∼ 0.1–10 kPa [36]. It is thus necessary
to consider the deformation of the CAF-covered region, ob-
tained by enforcing local force balance throughout the CC
cluster [Eq. (6)].

Numerical results accounting for CAF deformation are
shown in Fig. 4. The extent of CAF deformation is a sig-
nificant fraction of the maximum deformation when CAF
pretension is small [γ∞ → 0, Fig. 4(a)]. If the substrate fric-
tion ξs is sufficiently large (�c � R0), a rim develops ahead
of the closing CAF ring as discussed before. The deformation
then evolves in two qualitatively distinct fashions depending
on the parameters [see sketches in Fig. 4(b)]. For small sub-
strate friction, the rim persists until it merges into a bulge and
the situation is qualitatively similar to the “flat covered” case.
For large substrate 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. 4(b)].
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 the
final ring 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 Sec. S6 of
the Supplemental Material [26].

Unlike in the flat covered regime, the deformation does
not vanish at the moment of ring closure, since it can be
accommodated by the deformability of the CAF layer. There
is nevertheless a clear peak deformation at a given time,
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(a)

(c) (d)

(b)

FIG. 4. Results with deformable covered region: with γ∞ =
0, γ = 0.01, {k = 0.01, ξ = 0.5} for panels (a) and (b), and
{k = 0.05} for panels (c) and (d). (a) Snapshot of the temporal
evolution of the CC monolayer shape with height h(r, t ), CC pe-
ripheral radius RT (black point), and ring position (r = Rc, z = hc )
(orange point). ξs = 0.5, R0 = 10 (see Movie S3 of the Supplemental
Material [26]). (b) Evolution of the maximal height hmax and the
ring height hc with time. A free rim can evolve into a free bulge for
low substrate friction (hmax > hc, left, ξs = 0.1) or a covered rim for
high substrate friction (hmax = hc, right, ξs = 5). (c) Phase diagram
of the maximal height hpeak in the parameter space (R0, ξ ) for ξs = ξ .
The critical strain ε∗ ≡ (h∗ − h0)/h0 has a normal distribution with
a mean set to 5% (gray line) and 2 × s.d. = 3.5% indicated by the
dashed gray lines. Violin plots are shown for R0 = [10, 15, 20], with
red contour when the budding criterion hmax(t ) < h∗ is satisfied for
ξ = ξs = 0.1 (black horizontal line). The theoretical budding prob-
abilities are indicated in red and the experimental ones in black. (d)
Theoretical bud projected area Ab for the three available pattern radii
R0 and different friction values ξ = ξs. Black dots are experimental
mean±s.d. of bud area reproduced from Fig. 1(f). 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 = Abhb, one can compute a
theoretical projected area with R∗ = Rc(hmax = h∗).

confirming the existence of a CC backflow. The system con-
tinues to evolve after CAF closure and eventually returns to
the undeformed state.

In the experiments, we observe a significant inward flux
of CC, VT � Vc/2, at the onset of ring closure [see Fig. 1(d)
and Fig. S2B of the Supplemental Material [26]]. Since
VT � ξ

ξ+ξs
Vc at early times, this suggests that the two fric-

tion coefficients are of the same order (ξ � ξs). Figure 4(c)
shows that in this regime, the peak height hpeak increases with
both the cluster size R0 and the friction parameters. Interest-
ingly, 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. 4(b)] and the
maximum CC deformation decreases with increasing cluster
size. This feature is further discussed in Sec. S6 of the Sup-
plemental Material [26] but is not believed to be relevant to
our experimental situation.

The correlation between cluster size and peak CC defor-
mation for small surface friction suggests that larger clusters
should be more likely to exhibit CAF-driven budding, as ob-
served experimentally [Fig. 1(e)]. 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 in
Fig. 4(c). 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. 1(f)]. 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 re-
sulting 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
accessible 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
on large buds favor a roughly cylindrical shape [Fig. 1(c)]
with a height hb estimated from confocal microscopy to be
a few cell heights: hb ∼ 2–4h0 [Ref. [17] and Fig. S1of the
Supplemental Material [26]]. Assuming hb to be indepen-
dent of the bud radius Rb for simplicity leads to a bud area
Ab = Vb/hb that can be compared to experiments, as shown in
Fig. 4(d).

Obtaining an appropriate fit for both the budding probabil-
ity and the resulting bud size strongly constrains the model
parameters. Parameter values are discussed extensively and
tabulated in the Sec. S3.5 of the Supplemental Material [26].
The experimental budding probability [Fig. 1(f)] shows an
almost linear dependence on the cluster size. This precludes
large friction values, for which the budding probability shows
a stronger dependence on cluster size [Fig. 4(c)]. Furthermore,
large friction coefficients induce more localized deformations.
Consequently, the peak deformation—which is close to the
threshold hpeak ∼ h∗ for intermediate cluster sizes, as the bud-
ding probability is closed to one half—occurs for a smaller
ring radius. This means that larger friction coefficients re-
sult in small bud sizes incompatible with our observations
[Fig. 4(d)]. Small buds are also obtained if the CC me-
chanical resistance is weak (small k and/or γ ), because the
backflow responsible for the deformation peak occurs for
small ring radii [see Sec. S6 of the Supplemental Material
[26]]. As shown in Fig. 4(c), the relevant regime corresponds
to the small friction case with ξs ∼ ξ � 10−2–10−1η2/h2

0 ∼
1011–1012 Pa s/m. Importantly, this estimate of the friction
parameter agrees with one based on the dynamical rim
size � � √

Dst � 30μm at an intermediate time t ∼ 20 h
(Fig. 2, left), which gives Ds = kh2

0/ξs = 10−14 m2/s, or
ξs = 1011–1012 Pa s/m with kh0 = 0.1–1 kPa (see Sec. S3.5
of the Supplemental Material [26]). This provides an impor-
tant consistency check of our model and supports our general
conclusion on the relevance of friction force for the budding
process.
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III. DISCUSSION

Using an in vitro coculture of a patterned cluster of CCs
surrounded by CAFs, we show that mechanical interactions
between the two cell types are sufficient to generate rear-
rangement of the cancer cells leading to long-lived budlike
structures. This CC budding phenotype originates indirectly
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
closure to the cancer cells via a generic friction, which could
originate from nonspecific as well as specific interactions.
The latter includes heterotypic binding of E-cadherins and
N-cadherins [13], or the matrix secreted by the CAFs [37].
Our theoretical approach adopts a continuous elastic descrip-
tion of the CC cluster as an epithelial sheet on a substrate
that combines in-plane and out-of-plane elastic stresses, and
includes viscous dissipation in the CAF layer. Comparison
with a bubbly side vertex model of a cell monolayer shows
that our continuous approach appropriately describes the bal-
ance of forces at the lateral interfaces of cancer cells and the
modulation of cell height resulting from intracellular pressure
gradients. The latter is central to the initiation of 3D cell
rearrangements such as those accompanying monolayer bud-
ding. We describe the onset of multilayering with a generic
strain threshold, beyond which plastic rearrangements occur.
This simple approach is supported by a vertex model and
could be extended to a more general yield-stress model in the
spirit of our previous work [17]. Here, we restrict ourselves
to friction-dominated CC dissipation without planar cell re-
arrangements within the monolayer. It assumes that these
cell rearrangements can be neglected over the experimental
timescale. These could be included through a fluid descrip-
tion of the CC monolayer with viscous dissipation in our
continuous equations [38]. In the limit of the fluid CC layer
with vanishing viscosity, the continuous equations remain un-
changed up to the replacement k 
→ k/2. This inviscid limit
is obtained by eliminating lateral elasticity, whereas vertical
elasticity still controls planar dynamics because the incom-
pressibility condition couples normal and lateral displacement
(see Secs. S3.1 and S7 of the Supplemental Material [26]).

The model shows that a generic dynamic friction between
the CC and the CAFs is sufficient to explain important experi-
mental features of the budding phenotype. The friction-driven
CC inward flow accompanying CAF closure leads to a buildup
of intracellular CC pressure and an increase of cell height.
The pressure is maximum close to the CAF contractile 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 in-
voking the existence of a stress or strain threshold for CC
multilayering.

Despite its simplicity, our conceptual approach leads to
a surprisingly complex theoretical state space. Specifically,
the observed correlation between CC budding frequency and
pattern size is nontrivial. The CAF-CC and substrate-CC
friction parameters are critical for this behavior. The former

is responsible for the transmission of stress between the two
cell types, and the latter strongly affects the spatial distribution
of intracellular CC pressure and controls both the appearance
and the persistence of the CC rim. This behavior is also mod-
ulated by CC stiffness and CC surface tension. Experimental
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 ex-
perimental data then require unreasonably small values 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 maximum
CC deformation and the cluster size, inconsistent with the
observed budding probabilities. Similarly, weak CC stiffness
or surface tension predict buds that are too small, whereas too
large values prevent monolayer deformation.

One strength of our in vitro approach is the ability to
control 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 organization could be appropriately
described as a monolayer in this context remains to be inves-
tigated, but the friction-induced shear stress between CAFs
and cancer cells would nevertheless remain an important com-
ponent of the mechanical interaction between the two cell
types, in addition to other mechanisms such as direct infil-
tration within the tumor. On the other hand, the friction with
the substrate, which we identify as an important parameter
controlling budding in vitro, is absent in spheroids and should
be replaced by viscouslike dissipation associated with cell
rearrangements within the tumor.

The relevance of friction-induced tissue remodeling goes
beyond tumor budding and could include morphogenetic pro-
cesses during development. A promising example is epithelial
branching, which has been shown to be driven by CAF con-
tractility in the case of mammary gland morphogenesis [39].
The model presented here represents an initial step toward
understanding how friction forces can shape tissues in both
development and disease.
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