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Epithelia have distinct cellular architectures which are established
in development, reestablished after wounding, and maintained
during tissue homeostasis despite cell turnover and mechanical
perturbations. In turn, cell shape also controls tissue function as a
regulator of cell differentiation, proliferation, and motility. Here,
we investigate cell shape changes in a model epithelial monolayer.
After the onset of confluence, cells continue to proliferate and
change shape over time, eventually leading to a final architecture
characterized by arrested motion and more regular cell shapes. Such
monolayer remodeling is robust, with qualitatively similar evolution
in cell shape and dynamics observed across disparate perturbations.
Here, we quantify differences in monolayer remodeling guided by
the active vertex model to identify underlying order parameters
controlling epithelial architecture. Whenmonolayers are formed atop
an extracellular matrix with varied stiffness, we find the cell density
at which motion arrests varies significantly, but the cell shape
remains constant, consistent with the onset of tissue rigidity. In
contrast, pharmacological perturbations can significantly alter the cell
shape at which tissue dynamics are arrested, consistent with varied
amounts of active stress within the tissue. Across all experimental
conditions, the final cell shape is well correlated to the cell prolifer-
ation rate, and cell cycle inhibition immediately arrests cell motility.
Finally, we demonstrate cell cycle variation in junctional tension as a
source of active stress within the monolayer. Thus, the architecture
and mechanics of epithelial tissue can arise from an interplay
between cell mechanics and stresses arising from cell cycle dynamics.
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Cells in epithelial tissues adopt a variety of distinct morphol-
ogies which are defined during development and maintained

throughout the lifetime of an organism (1). Cellular shape and
geometry can be perturbed by stretching or wounding, but indi-
vidual cells within the tissue return to their original shape through
increased cellular motility, junctional turnover, neighbor ex-
change, and proliferation (2–4). In turn, tissue architecture im-
pacts cell fate and tissue physiology (5, 6). Cell division has been
implicated as a potential mechanism to regulate monolayer to-
pology (2, 7–10). However, tissue architecture can also change as a
result of motion, neighbor exchanges, and shape changes of in-
dividual cells in the absence of cell division (11–14). One prom-
ising physical framework for predicting collective cell behavior is
vertex models which represent confluent epithelial monolayers by
a mechanical network of cell–cell junctions (8, 15–18). From these
approaches, mechanical descriptions of epithelial tissue dynamics
are being developed (15, 19), but key questions remain.
For instance, it remains unclear what processes set the length

scale over which cells in a tissue can move or migrate. This length
scale helps determine developmental outcomes such as whether
convergent extension is effective at generating large-scale changes
to the body shape as well as disease outcomes such as whether
cells leave a cancer tumor in invasive streams (20, 21). In tradi-
tional materials composed of atoms or molecules, particles can
freely diffuse when the material is fluid like, but their motion is

arrested in solids when surrounding particles inhibit their mobility.
In the context of biological tissues, it is tempting to speculate that
the arrest of motion in a dense collection of cells occurs as the
system becomes jammed, or solid like, which can arise from
changes to either density (22, 23) or cell mechanical properties
(24–26). However, there is a third possible mechanism for arrest
of motion: the particles in a fluid-like material could also stop
moving if the source of fluctuations becomes very small, despite
remaining in a mechanically unstable configuration. Fluctuations
in biological tissues are driven by active cellular processes such as
cell migration, cytoskeletal contraction, and cell division (27–29).
Therefore, the scale of fluctuations in a tissue may be regulated in
response to extracellular or intracellular cues to control the degree
of tissue remodeling.
In model epithelial tissues, it has been observed that the cells

are initially more dynamic—changing neighbors and moving
significant distances—and at later times that motion arrests (5,
30–34). Because these changes occur with minimal genetic or
biochemical gradients, such epithelial monolayers are an ideal
system to study whether cell arrest is governed by an underlying
rigidity transition (e.g., collective solidification) caused by changes
in density or cell mechanics or instead by a decrease in active
stress fluctuations in a material that remains fluid like. Particle-
based models for tissues predict decreased cell motion arising
from reduced interstitial space at increased cell density (12, 22, 23,
35). In contrast, vertex models predict that the cell density is not a
direct control parameter for cell dynamics (24). Instead, vertex
models predict that observed steady-state cell shape, tuned by
varying passive cell mechanics and active forces, is the control
parameter for cell motility (8, 17, 19, 24, 25). Cell shape, density,
and cell adhesion have all been implicated in the arrest of cell
motion in epithelial monolayers (5, 30, 31, 33). Furthermore,

Significance

The morphology of biological tissue is determined by the shape
and density of constituent cells. Here, we measure the dy-
namics of cells in model epithelial tissues to study the evolution
of their shape and density over time. Guided by a mathematical
model, we find that cell shape is controlled by rigidity and
active stresses within the tissue. We then show that cell cycle
dynamics are the source of active stress that drives epithelial
remodeling.

Author contributions: J.D., D.M.S., M.L.M., and M.L.G. designed research; J.D., D.M.S., and
T.Y. performed research; J.D., D.M.S., T.Y., M.L.M., and M.L.G. contributed new reagents/
analytic tools; J.D. and D.M.S. analyzed data; and J.D., D.M.S., T.Y., M.L.M., and M.L.G.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: gardel@uchicago.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1917853118/-/DCSupplemental.

Published March 1, 2021.

PNAS 2021 Vol. 118 No. 10 e1917853118 https://doi.org/10.1073/pnas.1917853118 | 1 of 9

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S
BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 U

N
IV

E
R

S
IT

Y
 O

F
 C

H
IC

A
G

O
-S

C
IE

N
C

E
 L

IB
R

A
R

Y
 o

n 
M

ar
ch

 2
, 2

02
1 

https://orcid.org/0000-0002-1839-5851
https://orcid.org/0000-0002-6164-9124
https://orcid.org/0000-0001-7682-2324
https://orcid.org/0000-0003-1846-9854
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1917853118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:gardel@uchicago.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917853118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917853118/-/DCSupplemental
https://doi.org/10.1073/pnas.1917853118
https://doi.org/10.1073/pnas.1917853118


changes to cell density also regulate signaling pathways that could
influence single-cell mechanics and cell–cell interactions (36), and
cell divisions also introduce active stress fluctuations, which in turn
affect cell shape (24, 28, 37–39). Thus, it remains unclear how cell
density, cell mechanics, and active stress fluctuations contribute to
the regulation of epithelial monolayer remodeling dynamics.
Here, we use epithelial monolayer remodeling as a model sys-

tem to investigate the biophysical regulation of epithelial archi-
tecture and dynamics. After forming a confluent monolayer, cells
continue to divide and change shape over time until reaching a
final state characterized by low motility and more regular cell
shapes. Such monolayer remodeling is robustly observed, with
qualitatively similar evolution in cell shape and dynamics over a
large range of experimental conditions. To tease apart the effects
of cell density changes from other mechanical perturbations, we
study monolayers formed atop an extracellular matrix (ECM) with
varied stiffness. This variation in substrate stiffness causes the cell
densities to change significantly, but we find relatively little cor-
relation between density and cell motion. In contrast, we find a
striking data collapse when cell velocities are plotted as a function
of observed cell shape, as predicted by active vertex models. To
understand whether observed cell shapes are primarily regulated
by active fluctuations or by changes to single-cell mechanical
properties, we perturb the monolayer with pharmacological inter-
ventions that interfere with cell proliferation and the cytoskeleton.
We find that inhibition of the cell cycle immediately arrests cell
motion and shape change, suggesting that cell cycle–dependent
active stress contributes significantly to monolayer dynamics and
remodeling. Moreover, across all experimental conditions we find
that the average cell shape in the homeostatic final state is well
correlated with the cell division rate, suggesting that suppressing
cell cycle–based fluctuations leads to an arrest of cell motion that is
independent of the underlying cell mechanics. Finally, we show
that cell cycle–dependent changes in junctional tension are an
important source of active stress in the tissue and use simulations
to demonstrate the different tissue architectures that can be real-
ized by modeling cell cycle–dependent changes in edge tensions.
Together our results demonstrate that cell geometry and cell cycle
dynamics control cell shape remodeling in epithelial monolayers.

Results
Remodeling of Confluent MDCK Monolayers to Achieve Homeostatic
Architecture. To measure the shape and speed of individual cells
in a simple epithelial monolayer, we created an MDCK cell line
that stably expresses green fluorescent protein localized to the
plasma membrane via the transmembrane protein stargazin. We
seeded these cells at high density on collagen I gels and imaged
multiple fields of view using time-lapse fluorescence microscopy.
Initially, the monolayer was not continuous, and there were
numerous cell-free voids (Fig. 1A). Over time, the cells closed
gaps to form a continuous monolayer spanning ∼15 mm; we des-
ignate this as t = 0 (Fig. 1A). Over the following 12 h, the cells
within the monolayer change shape until a steady-state geometry
and density is achieved (Fig. 1A, t = 720 min, Movie S1). Thus, we
use this as a model system to study epithelial tissue homeostasis by
which cell shape and density is recovered after injury through
wound healing and monolayer remodeling (Fig. 1B). While pre-
vious work has focused on mechanisms of collective migration in
wound healing (40–42), here we focus on the process by which the
cells within a confluent monolayer change shape over time.
We use image segmentation to extract cell shape, size, and

positions over time (Materials and Methods and Movie S1). To
quantify cell shape, we use cell vertex locations to reconstruct a
polygon with a well-defined perimeter p and area A to calculate
the shape parameter (area-normalized perimeter) q = p/A1/2; this
quantity is bounded from below by objects with a circular shape
(qcircle ≈ 3.54), and most cells are observed to have a shape

parameter greater than that of a regular hexagon (qhexagon ≈ 3.72)
(SI Appendix, Fig. S1) (24, 25).
We observe cell shape remodeling, along with changes in

density and speed, takes place for ∼12 h until the system arrests.
These dynamics are not sensitive to the details of how time or
spatial averaging is performed (SI Appendix, Figs. S2 and S3).
We also confirmed they are independent of initial seeding den-
sity (SI Appendix, Fig. S4), consistent with previous data (31).
Similarly to prior observations (30, 34), cell speed decreases
(Fig. 1 C–E and SI Appendix, Fig. S2B) as the density increases
from cell proliferation (Fig. 1F). However, we also observe
changes in cell shape over time (Fig. 1G). This reduction in
shape parameter is correlated with reduced motility in models
and experiments where there is no change in density (5, 19, 32).
Therefore, from these data alone, the order parameters con-
trolling the steady-state cell shape and density in epithelial tis-
sues are impossible to discern.

Cell Shape and Speed Are Correlated in Active Vertex Models. To
further understand the process of monolayer remodeling, we ex-
plore predictions of a thermal Voronoi model (43, 44). This model
is a variation of standard vertex models which incorporates a
simple Brownian noise on each cell to account for active mechan-
ical stress applied by the cells. This model has two key parameters
(Fig. 2A): a temperature T that represents via uncorrelated noise
the magnitude of active stress fluctuations acting on each cell and a
parameter p0 that represents the target perimeter of each cell and
encodes the mechanical properties of a cell, including cell–cell
adhesion and tension in the cortically enriched cytoskeleton. In
steady state, these two parameters give rise to a predicted observed
shape parameter and cell mobility (19, 44). Importantly, in isotropic
tissues, a shape parameter of ∼3.8 reflects the onset of rigidity in
the vertex model, whereby higher shape parameters reflect a more
fluid-like tissue (19, 24, 25), although the exact location of the
transition point depends on the degree of cell packing disorder (45,
46). We expect that the cells tune their active fluctuations and
mechanical properties during monolayer remodeling, resulting in
potentially time-dependent parameters T(t) and p0(t) and different
“trajectories” through model parameter space (Fig. 2B and SI
Appendix, Fig. S5A). Along these parameter trajectories we mea-
sure the resulting steady-state shape and speed of cells in simula-
tions (Fig. 2C and SI Appendix, Fig. S5B) which then can be
compared to the experimental measurements.
We find that substantially different trajectories through model

parameter space can generate similar curves in a plot of typical
cell displacements versus observed cell shape, as shown by all of the
solid lines in Fig. 2 B and C. This is a restatement of the result that in
vertex models, observed cell shape and cell motility are highly cor-
related (5, 19). In our experiments, we observe a similar relationship
between shape and speed resembling these model trajectories
(Fig. 2D), suggesting that vertex models may be able to predict fea-
tures of remodeling in proliferating epithelial layers. Fig. 2 B and C
also highlights that there is an important exception: the observed
shape–motility correlation and convergence breaks down when the
temperature (i.e., active stress fluctuation) drops to zero, while the
cell mechanical stiffness encoded by p0 is still in the floppy regime
with p0 ≿ 3.8 (see dashed lines in Fig. 2B). In this case, the “zero
temperature” system stops moving, even though the underlying me-
chanics of the layer are floppy and weak. Since in the real mono-
layers, active stress is generated by cellular processes, we explore
these ideas further by considering how monolayer remodeling is
impacted by perturbations to extracellular or intracellular pathways.

Monolayer Remodeling Is Regulated by Matrix Stiffness and Signaling
Pathways. The stiffness of the ECM can alter cell migration rates
through effects on focal adhesion dynamics and cell spreading
(47). To explore how epithelial tissues are impacted by the
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physical properties of the ECM, we varied the underlying collagen
gel stiffness and density by either increasing the concentration of
collagen or crosslinking gels with glutaraldehyde (48). This pro-
duced gels with Young’s moduli ranging from ∼200 to 2,000 Pa
(49). On all gels, qualitatively similar dynamics in cell shape,
motion, and density are observed during monolayer remodeling

(SI Appendix, Fig. S6), but there are quantitative differences. For
instance, at the onset of confluence when the cell speeds are large
(0.07 μm/min), the cell density is ∼50% lower on the stiffer ECM
conditions than the soft ones (Fig. 3 A and B and Movie S2).
These differences remain as the density increases and cell speed
decreases during monolayer remodeling (Fig. 3 A and B). Thus,

A

B C

D E F G

Fig. 1. Cell shape remodeling leads to homeostatic monolayer architecture. (A) Cells were plated on collagen gel substrates at t = −1,000 min. By t = −600
min, cells have aggregated into large colonies which collectively migrate to fill open space. At t = 0 min, cells have formed a confluent monolayer. Over the
next 720 min, cells become denser and cell morphology becomes increasingly regular. (Scale bar, 50 microns.) (B) Schematic of the process observed in A. A
tissue may be wounded, resulting in collective migration followed by monolayer remodeling to the normal epithelial architecture. (C) Heat map of single cell
speeds plotted over the segmented cell outlines from images shown in A. Areas in black contain cells which were ignored due to potential segmentation
errors. (D) Randomly selected cell trajectories from t = 0 to t = 1,100 min; color indicates time. (E–G) Sample averaged values of speed, density, and cell shape
at each time point across 60 fields of view in the sample depicted in A. Error bars represent SD between fields of view.

A B C D

Fig. 2. Active vertex models predict a relationship between cell shape and speed during monolayer remodeling. (A) Schematic of the thermal Voronoi model,
in which each cell has a target geometry specified by a preferred perimeter p0 and area A0. Each cell is subject to Brownian noise with amplitude set by the
temperature T. (B) Parameters of the thermal Voronoi model were varied along several representative curves. Along these curves, a simulated monolayer was
equilibrated at each point, after which measurements were made on the monolayer. Solid curves approach T = 0 at a value of p0 in which the tissue is weakly
rigid, while dashed curves approach T = 0 at a value of p0 in which the tissue is floppy. Colors represent trajectories with different slopes. (C) Observed values
of speed and cell shape. Line styles correspond to the equivalent parameter space trajectories shown in panel B. mean squared displacement (MSD) is given in
units of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Cell Area
√

over a time window of 10 natural time units. Data are ensemble averages of 30 simulations each with n = 1,000 cells. (D) Experimental
relationship between cell shape and speed measured for WT dataset on 2 mg/mL collagen matrix.
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across different matrix stiffness, the number density at which cell
speed reaches its minimal value varies substantially (Fig. 3B). This
is a strong indication that number density is not directly control-
ling the arrest of cell motion.
In contrast, the cell shapes robustly and reproducibly change

during monolayer remodeling, with the arrest of cell motion
occurring at a consistent shape parameter of 3.88 (Fig. 3C).
Because our collagen gels only span a small range of stiffness, we
performed similar experiments on stiffer polyacrylamide gels (16
kPa) and glass and observed similar results, suggesting that this
behavior is independent of substrate stiffness across a large
range (SI Appendix, Fig. S7). Therefore, cell shape appears to be
a robust parameter to predict dynamics and structure of mono-
layers formed atop different ECM stiffness, in agreement with
vertex model simulations.
As demonstrated in the simulation results in Fig. 2 B and C,

these shape–velocity curves do not by themselves shed light on
whether the arrested motion arises predominantly from changes
in tissue mechanics or the magnitude of active stresses. An im-
portant exception is in regimes where the active fluctuations are
driven toward zero while the underlying cell mechanics remains
floppy—this scenario results in distinctly different paths through
shape–velocity space (dashed lines in Fig. 2C).
To access different regimes of tissue mechanics and active

stress generation, we performed a screen of pharmacological per-
turbations to cell signaling by treatments that altered focal adhe-
sion, cell cycle, and Rho GTPase signaling (Movies S3 and S4).
Across all conditions, we observe qualitatively similar monolayer
remodeling dynamics that result in arrested cell motion with a
characteristic cell shape and density (SI Appendix, Figs. S6 and S8).
However, there are substantial quantitative changes that contrast
with those found in Fig. 3. To illustrate, we consider the impact of
fibroblast-secreted growth factors by forming monolayers in
fibroblast-conditioned medium (FCM). We observe that the cell
shapes in FCM-treated monolayers are more elongated, with a
higher shape parameter, throughout the experiment (Fig. 4A and
Movie S4). At the onset of cell motion arrest, the shape parameter
is >3.94, a value much higher than the observed shape in control
cells even many hours before arrest (Fig. 4B). This results in sig-
nificantly higher values of shape parameters throughout mono-
layer remodeling (Fig. 4B). Across these perturbations, we
consistently observe a correlation between the changes in shape
parameter and cell speed but observe significant variations in the

final shape parameters that occur at cell motion arrest (SI Ap-
pendix, Figs. S8 and S9).

Cell Division Rates Control Cell Shape Remodeling. The diversity of
monolayer architectures observed across all conditions is dem-
onstrated by plotting the final shape parameters and density
(Fig. 5A). With these perturbations, the steady-state architecture
varies twofold in density, with cell shapes ranging from elongated
to compact, but with no clear correlation between density and
shape (Fig. 5A). However, many perturbations reduced the rate
of cell divisions (SI Appendix, Fig. S6B). Plotting the final cell
shape as a function of the cell division rate for all conditions
reveals an inverse correlation (Fig. 5B). Monolayer remodeling
obtained from another common epithelial model, CACO-2 cells,
with a much lower cell division rate, can be overlaid on this data
(Fig. 5B and SI Appendix, Fig. S8).
To explore how cell division impacts monolayer architecture,

we first consider the direct consequences of cell division (9, 10).
From purely geometric considerations, one would expect a local
reduction in cell shape parameter as a result of topology and
aspect ratio changes after a division (8, 9). Further, oriented cell
divisions can directly change cell shape by producing two daughter
cells with lower aspect ratio (2, 50). To access the contribution of
division to the overall shape change, we analyzed shape change in
individual cells in our segmentation data. We measured the shape
changes of a dividing cell and its immediate neighbors before and
after division, which we classify into three groups based on their
contact relationship with the daughter cells (Fig. 5C). Similar to
previous findings (2, 7, 50), we observe a strong alignment of cell
division along the long axis (Fig. 5 C and D). The division results in
a reduction of the aspect ratio of the dividing cell but, on average,
modestly increases the shape parameter (Fig. 5E, Group 1). Fur-
thermore, there is minimal change in the aspect ratio or shape
parameter for neighboring groups of cells (Fig. 5E, Groups 2 and 3).
Considering the weighted average of all groups, the impact of cell
division on shape parameter changes is negligible (Fig. 5E, weighted
average). By tracking shape changes occurring in individual cells
throughout interphase, we further verified that the direct effects of
cell division are small compared to shape changes occurring through
changes in cell junction length in nondividing cells (SI Appendix,
Figs. S10 and S11). Thus, local distortions and topological changes
during cell division alone are insufficient to explain the contribution
of cell division rate to monolayer remodeling.

A B

C

Fig. 3. Monolayer remodeling is independent of cell density across perturbations to substrate stiffness. (A) Images of monolayers remodeling on substrates
with different stiffness near the beginning and end of the experiment. CL is glutaraldehyde crosslinked collagen gel. (Scale bar, 25 microns.) (B) Correlation
between cell speed and cell density for monolayers on substrates of different stiffness. (C) Correlation between cell speed and shape parameter for
monolayers on different substrates. Quantities are averaged over a field of view containing at least several hundred cells for each time point, and then field
of view measurements are binned together by speed in 0.001 increments. Error bars represent the SD of each bin.
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Other sources of active stresses within monolayers include cell
motility (19, 24, 41) and junctional remodeling (51, 52). Com-
pared to other experiments (e.g., wound healing) which show
speeds up to 0.7 μm/min (40), the extent of cell motion in our

experiments is low (<0.1 μm/min). One well-documented type of
junctional remodeling that drives cell rearrangements is a T1
transition (8), which we observe in the monolayer (SI Appendix,
Fig. S12). However, the overall number of cell rearrangements is
quite low. Therefore, we surmise that the dominant source of
active stresses driving monolayer remodeling is junction length
changes in the absence of neighbor exchanges.

Active Stress Originates from CDK1-Dependent Regulation of Cell
Mechanics. Our pharmacological screen included many factors
known to impact cell migration, adhesion, and force generation
including perturbations to RAC, ROCK, FAK, and Integrin sig-
naling pathways. Surprisingly, these perturbations had little impact
on the overall motions within the monolayer (SI Appendix, Fig.
S13). However, we did observe a dramatic and immediate decrease
in cell speed upon perfusion of an inhibitor of cyclin dependent
kinase 1 (CDK1), which blocks the cell cycle. After initiating a
monolayer remodeling experiment, CDK1 inhibitor–containing
media was perfused in at t = 310 min. We observed a striking re-
duction in cell motion within 20 min of inhibiting CDK1
(Fig. 6 A–C and Movie S5). After washing out the inhibitor at t =
580 min, there was an immediate recovery of cell motion: remod-
eling was reinitiated, and the time evolution of changes in cell
shape and speed were similar to those initially observed (Fig. 6 A–C
and Movie S5). To quantitatively compare these curves, we shifted
the postwashout shape parameter data by rescaling the time to t -
400 min; this delay time and rescaling is indicated by dashed lines
Fig. 6 C and D. Remarkably, with this rescaling, the data evolve in
almost quantitative agreement with each other and, moreover, are
comparable to the evolution of unperturbed wild-type (WT)
monolayers (Fig. 6D). These data are consistent with the hypoth-
esis that CDK1 inhibition dramatically reduces the active stress
fluctuations (T, in the model). The enhanced motion observed
upon inhibitor removal underscores that tuning cell cycle dynamics
may be a means to modulate the active stresses.
As an alternate means to arrest the cell cycle, we used mito-

mycin C to abrogate DNA replication and observed a similar
arrest of monolayer movement (Movie S6). Interestingly, inhi-
bition of cell division by low doses of nocodazole does not reduce
cell motion significantly (Movie S7). Nocodazole allows cells to
enter mitosis and initiate mitotic rounding but prevents further
progression of mitosis. This is consistent with our data that cell
division per se is not the primary source of stress in the mono-
layer (SI Appendix, Fig. S11). Instead, these stresses arise in the
interphase portion of the cell cycle. Together with our charac-
terizations of cell shape changes, we surmise these may come
from cell cycle–dependent effects on cell mechanics (53, 54).

A

B

Fig. 4. Intracellular signaling alters cell shape during monolayer remodel-
ing. (A) Images of monolayers at the beginning and end of a remodeling
experiment under WT conditions or treated with 1:1 fibroblast-conditioned
medium to culture medium. (Scale bar, 25 microns.) (B) Correlation between
speed and density for control and FCM-treated monolayers. Quantities are
averaged over a field of view containing at least several hundred cells for
each time point, and then field of view measurements are binned together
by speed in 0.001 increments. Error bars represent the SD of each bin.

A B C D

E

Fig. 5. Cell shape remodeling is dependent on cell division rate. (A) Shape parameter versus density when the monolayer reaches a speed of 0.04 μm/min for
all inhibitor conditions tested. (B) Final shape parameter versus the cell division rate from t = 200 min to t = 600 min for all conditions in A. Logarithmic fit to
data are plotted at dashed line. Each data point in A and B are the average of >10 time points after reaching the final shape from >30 fields of view from one
experiment. (C) Schematic of cells which may experience direct changes in geometry during cell division; 1 is the dividing cell, 2 is a neighbor of both daughter
cells, and 3 is a neighbor of one daughter cell. (D) Histogram of measured angle between the cell’s interphase long axis and the division plane during WT
experiments (n = 3,137 cell divisions). (E) Resulting changes in shape and aspect ratio for the dividing cells and neighbors adjacent to one or both cells are
plotted. Error bars represent the SD of three WT experiments on 2 mg/mL collagen each with at least 1,000 cell divisions measured.
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To test this, we examined the geometry of cell–cell contacts
formed by suspended cell doublets. As demonstrated previously
(55), this contact angle Θ can be related to the balance between
tension of the cell–cell interface (Fcell–cell) and cortex (Fcortex)
(Fig. 6E). We first measured the contact angle under both WT
and CDK1 inhibitor treatment and noticed a significant increase
in the cell contact angles when CDK1 was inhibited (Fig. 6G). To
explore whether increased cell–cell contact angle is observed with
other means of cell cycle arrest, we overexpressed p27kip1, a pro-
tein which binds and inactivates cyclin-dependent kinases to arrest
the cell cycle, that is expressed during contact inhibition (56). To
isolate CDK-dependent effects, we used a variant of the protein
which lacks a C-terminal domain known to interact with RhoA
(57, 58). Cell pairs overexpressing p27kip1 also had increased
contact angles compared to WT conditions. Finally, we measured
contact angles of cells obtained from dense contact-inhibited

cultures similar to the conditions at the end of monolayer
remodeling experiments and observed an increase in contact angle
(Fig. 6G). Thus, all of these data demonstrate a cell cycle de-
pendence of the force balance at the cell–cell interface relative to
the free cortex. Together with effects of CDK1 inhibition on
monolayer remodeling (Fig. 6 A–D), these data strongly suggest
that cell cycle dependencies in junctional tension are a primary
source of active stress that drives monolayer remodeling.

Cell Cycle Arrest Leads to Low-Fluctuation Arrest of Motility in the
Monolayer. To capture cell cycle–dependent junctional tension in
the vertex model, we built upon previous work that considered
the consequences of system-wide fluctuations in interfacial tension
(59). Here, we simulate systems in which only a subset of edges,
which we term “active edges,” generate fluctuating interfacial
tension with a characteristic persistence time scale, τ (Fig. 7A)

A

B C D

E

F

G

Fig. 6. Cell division is a source of active stress required for monolayer remodeling. (A) Representative field of view of monolayer during CDK1 inhibitor wash
in experiment. Below each image, heat maps of cell speed for successfully segmented cells are displayed. Preinhibitor is 30 min before adding the inhibitor.
Inhibitor is 30 min after adding the inhibitor. Wash out is 120 min after washing out the inhibitor. (Scale bar, 50 microns.) (B) Average cell speed versus time
during CDK1 inhibitor wash in experiment. (C) Average cell shape versus time during CDK1 inhibitor wash in experiments. (D) Time-shifted shape versus time
curves comparing WT and CDK1 inhibitor wash in data. CDK1 inhibitor wash in data points represent the time average of 12 fields of view in one sample. WT
data represents the average of three independent experiments each with >20 fields of view. CDK1 inhibitor is 5 μM RO-3306. (E) Schematic of cell contact
angle measurements. Force balance at the contact gives rise to a contact angle Θ. (F) Representative images of MDCK cell doublets in suspension and in the
presence and absence of CDK1 inhibitor 5 μM RO-3306. (Scale bar, 10 μm.) (G) Measurement of MDCK tet-p27 cell contact angles under different
conditions. −Dox: cells without doxycycline; +CDK1 inh.: 5 μM Ro-3306; +Dox p27: 200 ng/mL doxycycline; and Contact inhibited: cells cultured to high density
before resuspension, no doxycycline added. −Dox n = 512, −Dox +CDK1 inh. n = 480, +Dox p27 n = 394, and Contact inhibited n = 565. Data come from three
experimental replicates. *P < 0.001.
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(59). At the beginning of these simulations, all edges are active,
and the fraction of active edges, φ, is reduced from 1 to 0 over the
course of a simulation. This emulates the effect of varying the
fraction of cell cycle–arrested cells in the monolayer (Fig. 7A).
Concretely, we randomly select an active edge every τR natural
time units and permanently eliminate the fluctuation of the edge.
We observe that as φ decreases, the average cell speed diminishes
(Fig. 7B). Notably, this parametric plot of speed versus active
edges is nearly independent of the tissue–stiffness parameter
p0(Fig. 7B). To compare this to experiments, we used the pip
degron Fluorescent Ubiquitin Cell Cycle Indicator (pip-FUCCI)
system to directly monitor cell cycle progression during epithelial
remodeling (60). Similar to previous results, we see that the
fraction of cells in later stages of the cell cycle (S, G2) decreases
with time as the cells experience contact inhibition of proliferation
(Fig. 7C) (56, 61). When the cell speed is plotted as a function of
the fraction of cells which are early in the cell cycle or exited from
the cell cycle (G1/G0), we see that an increasing fraction of such
cells correlates with a decrease in overall cell motility (Fig. 7D),
similar to the simulation results.
To place this simulation data within a broader framework for

cell arrest, we plot the speed versus cell shape for p0 = 3.7-4.0.
As expected from the homogeneous fluctuation Voronoi model
results (Fig. 2), as the fraction of active edges decreases, the speed
decreases and the shape parameter approaches p0 (SI Appendix,
Fig. S14). Along these curves, cell motion arrests at a shape pa-
rameter approximately equal to the target shape index p0, with
very little dependence on τR. Moreover, the qualitative shapes of
these curves over a range of p0 show little sensitivity to the value of
p0 and resemble the experimental data (Fig. 7E). We conclude

that at later times in experiments, the cell cycle arrests due to
contact inhibition. This leads to a reduction of active stress and the
monolayer motility arrests in a “low fluctuation” regime (Fig. 7F).
This transition to a low fluctuation regime contrasts with the fluid-
solid jamming transition (5, 19, 30). In contrast to the presently
proposed scenario, in a jamming transition, cell motion would
arrest even as large fluctuations in active stresses persist (Fig. 7F).
These different scenarios present two distinct paths for controlling
cell shape and movement in epithelial tissue.

Discussion
The mechanisms that regulate epithelial architecture are central
to understanding tissue morphogenesis in development, main-
tenance, and disease. While cell proliferation results in direct
changes in topology (9, 10), this does not account for the shape
remodeling we observe. In recent years, the development of
mechanical models of tissue as active soft materials has provided
predictive power to relate local cell mobility and shape. The vertex
model predicts that cell motion arrests as cell shapes approach a
value that is a sharp rigidity transition, independent of cell density
(19, 25). Our data of epithelial remodeling atop matrices with
varied stiffness are largely consistent with this model. As the
remodeling proceeds, there is twofold variation in the monolayer
density, but all data collapse on to a “universal” curve of the cell
speed as a function of shape parameter. Moreover, the shape pa-
rameter at the onset of arrest is 3.88, which is within the range of
transition points predicted by vertex models (46). Several previous
studies have illustrated the potential of a jamming framework for
understanding motion arrest in epithelia (5, 12, 31–33). However,
our data systematically challenge model epithelia with perturba-
tions to demonstrate the robustness of the speed-shape parameter

A B C D

E F

Fig. 7. Active edges as a source of stress in epithelial tissue. (A) Schematic of vertex model with junction tension fluctuations. A fluctuating additional tension
is applied between junctions i and j. The fluctuations can be either contractile or extensile and have a characteristic persistence time τ (see SI Appendix for
values of all simulation parameters used). Snapshots of cellular configuration at phi = 100% and 20% are also shown, respectively (τR = 1). (B) Plot of cell
speed versus the fraction of active edges in simulated vertex models with fluctuating edge tension (τR = 1). Different curves represent different values of the
target shape parameter p0. (C) Images of MDCK monolayers with cell cycle information extracted from pip-FUCCI biosensor. Images from the individual
biosensor channels are segmented and overlaid in pseudocolors green (PIP–Venus) and purple (Geminin–mCherry). Presence of only green indicates G1/G0
phase, only purple indicates S phase, and both markers indicates G2/M phase. (D) Plot of cell speed against fraction of cells in G1/G0 phase of the cell cycle.
Error bars represent the SD between 30 fields of view. (E) Plot of cell speed versus shape parameter from simulations. Curves represent different values of τR

(dashed, dotted lines) and the target shape parameter p0 (color scale). (F) Schematic phase diagram of epithelial arrest, in which edge thickness represents the
magnitude of tension on an edge and arrows represent cell displacements. In addition to fluid and jammed phases which occur at different cell shapes,
monolayers can arrest at high average cell shape parameter, indicating a low fluctuation regime. In this low fluctuation regime, the magnitudes of active
fluctuations are too small to produce large cell displacements and frequent neighbor rearrangements.
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correlation. Importantly, our data strongly support the utility of cell
shape, rather than density, as an order parameter to assert the
arrest of cell movement and local epithelial tissue mechanics.
Our data from perturbed systems, however, do not show

arrested cell motion at a shape at the predicted jamming transi-
tion. Across a myriad of pharmacological stimulations and per-
turbations to signaling pathways, cell motion is arrested even at
larger shape parameters and over a wide range of densities. After
observing that CDK inhibition immediately arrests the monolayer,
we explored the possibility of reducing fluctuations in the mono-
layer as cells arrest the cell cycle via contact inhibition. In these
simulations, the monolayer can be arrested at various cell shapes
as the fluctuations are reduced. In these conditions, arrest occurs
at cell shape approximately equal to the model target shape pa-
rameter p0; observing changes in the shape–speed curves corre-
sponds to changing the underlying mechanical properties of the
cells. By exploring predictions of the vertex model simulations, a
likely possibility is that the effects of these perturbations on active
stress are also coupled to changes in the preferred cell shape.
However, it may be that additional active stress–dependent effects
on junction remodeling are not captured by our vertex model.
In the fluid regime, the standard vertex model rapidly equili-

brates at low temperatures, and, at T = 0, the final observed and
target shape are the same. In such models, perturbations that
affect the final shape of cells result in tissues with vastly different
mechanical responses. Specifically, these models predict that
tissues that arrest due to jamming with target cell shape pa-
rameters close to or below 3.8 would be stiffer and less sensitive
to small mechanical perturbations than those that arrest due to a
decrease in active stress while remaining floppy, with target cell
shape parameters significantly above 3.8. Thus, while previous
work attributed the arrest of epithelial monolayers to a rigidity
transition dependent on density (30, 34) or mechanics (5, 25, 32),
our work suggests that arrest can also occur because of a re-
duction in active stress. Mechanical measurements of epithelia
will be required to probe the energy landscape in detail and
understand the differences between these scenarios.
In addition, standard vertex models may be too simple to capture

the mechanical response in the limit of small active stresses. Recent
experiments suggest the existence of dynamic energy barriers,
which may prevent equilibration over experimental time scales,
arising from junctional stability (4, 62) and/or remodeling (52). In
this scenario, small but finite fluctuations would not be sufficient to
cross those dynamic energy barriers, and so the tissue “freezes” into
a metastable state. Thus, a reduction of active stresses could
quench the tissue into an arrested state of lower, but nonzero, ri-
gidity. Further work is needed to explore how energetic barriers in
remodeling can be exploited for control over tissue mechanics.
The epithelial remodeling we observe is primarily driven by

individual junctional length changes, with little contribution from
neighbor exchanges or cell division. The limited number of
neighbor exchanges observed distinguishes this remodeling from
the highly fluid-like behavior observed in other scenarios (51,
63). We find that cell cycle regulation is the primary source of
active stress driving monolayer remodeling. The wide variation in
observed shapes across perturbations can be understood by
considering their impact on cell proliferation rate. Perturbations
that decrease proliferation rate result in motion arrest at higher
shape parameters. Moreover, CDK1 inhibition immediately ab-
rogates movement and further epithelial remodeling. While
previous data has implicated the importance of mitotic rounding

as a source of stress (37, 64, 65), we do not observe large local
distortions (SI Appendix, Fig. S11). Therefore, we have demon-
strated a role for an active stress generated during interphase or
potentially through non–cell autonomous behaviors. Cell cycle–
dependent processes which impact cell adhesion (53), junction
tension, and cortical mechanics (54, 66) all could give rise to the
active stress generation during interphase. Disentangling these
effects will be an interesting avenue for future research on cell
shape remodeling in epithelia.
Cell proliferation rates can vary widely across different tissues

(e.g., the intestine can be entirely replaced on the timescale
of days to weeks while the skin may turn over on the timescale of
months) (67). Moreover, epithelial turnover can be upregulated
in response to external stimuli and tissue damage (68–70). Regu-
lation of cell division rates under these different circumstances may
be a way for the epithelium to tune fluidity and facilitate repair.
The extent to which the cell turnover rate is used to regulate ep-
ithelial fluidity and architecture in vivo will be an interesting line of
future research. Numerous recent studies have identified a role for
cell division in driving morphogenetic processes (13, 64, 71, 72).
Our data suggest a mechanism for the increased fluidity observed
in highly proliferative tissues through an increase in active stress
generation. Measurements of cell shape and motility in these dif-
ferent contexts are required to determine if they are similarly
driven by cell cycle–dependent active stress and to discover new
mechanisms driving epithelial organization. Further understanding
of the interplay between cell cycle, tissue mechanics, and cell shape
remodeling may lead to a more comprehensive understanding of
tissue function in development, homeostasis, and disease.

Materials and Methods
MDCK cells were cultured under standard conditions in Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C and 5%
CO2. Cell monolayers were prepared on by seeding ∼6 × 105 MDCK cells on a
500-mm2 collagen gel substrate overnight. Collagen gels were prepared by
polymerizing a neutral collagen solution on silane–glutaraldehyde modified
glass substrates for 1 h. Cells were imaged by widefield fluorescence mi-
croscopy using standard filter sets. We imaged many locations in the
monolayer and verified that they show qualitatively similar behavior (SI
Appendix, Fig. S15) Image segmentation, cell tracking, and cell division de-
tection were done using custom MATLAB code based on previous methods
(73, 74). An example of this segmentation can be seen in the supplement
(Movie S8). By tracking fixed monolayers, we found that the tracking errors
are small compared to cell motions (SI Appendix, Fig. S16). We also found
that stage drift is sufficiently small to be corrected for drift by subtracting
the mean displacement. Simulations of the thermal Voronoi model were
performed as described in previous publications (43, 44). A detailed de-
scription of all methods can be found in SI Appendix.

Data Availability. Plasmids from this study will be made available from the
corresponding authors upon reasonable request and throughAddgene (https://
www.addgene.org). Code will be made available on the GitHub (https://github.
com/sussmanLab/cellGPU, https://github.com/GardelLab/MonolayerTracking). Im-
age data and cell trajectories are available on Figshare [https://doi.org/10.6084/
m9.figshare.14043848.v2 (75)].
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