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Fig. 3. Quantification of proliferation in numerical simulations of expanding
epithelia. (a) Schematics illustrating the inner forces within cells in the DPD simula-
tions depending on their state, i.e. growing or dividing. (b) Snapshot illustrating the
dividing cells within the expanding tissue. Growing cells are represented with shades
of green while dividing cells are represented with shades of purple. (c) Fraction
of dividing cells in the tissue as a function of the local density for two simulations
with different values of R.> and 74 as indicated in the legend. Different instants
are considered as highlighted by the different shades of green and pink. All other
parameters used in the simulations are indicated in Ref. (16). (d) Dependence of
R (p) on the choice of c in the DFK formalism. As desired, ¢ changes the curvature
of the graph towards the homeostatic density p5,. We also observe slight changes in
the observed convergence density, which deviates slightly from p;, consistent with
our experimental observations of density bumps on soft substrates.

not reproduce the features of the experiments in fig. 1b (see
SI section S5, figs. S6 and S7). The here proposed model has,
however, the capacity to fit the data and recover reasonable
values for both o, and ¢,/7q. The model also shows that the
mechanoresponse of cells in a tissue may be directly related to
the mechanosensitivity of a single cell captured in o, and ¢,.

Capturing the mechanoresponse of proliferation in DPD simu-
lations. As an additional means of verification of our micro-
scopic model, we use Dissipative Particle Dynamics (DPD)
simulations (see SI section S6 for details) (30, 31, 33-35, 37—
40). This method, with an instantaneous division phase and a
stochastic growth phase duration (30-33), successfully demon-
strated the effect of isotropic pressure on spheroids. These
simulations showed that externally applied pressure limits cell
proliferation, by restraining and even preventing cell growth
(30, 31). In order to capture mechanoresponsive properties
presented in (fig. 1), the proliferation rule must be modi-
fied. Consistently with our minimal model we introduce the
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two phases of the cell cycle (for formal mapping see SI sec-
tion S7). For the growth phase, we keep the usual approach
for DPD simulations of tissues. Specifically, an inner cell force
Fy = B/(l +*)? is defined to model the cell growth by in-
creasing the distance | between the particles representing the
cell (fig. 3a). Here, B is the force intensity and r* an offset
to avoid numerical divergence. We, furthermore, introduce a
division phase, where we cancel Fy and instead introduce a
force Fy = Kq(l —1*) to fix the size of the cell during division
(fig. 3a). Here, Kq is the cell stiffness and [* is the cell size
when entering the division phase. The cell remains in the
division phase for a constant duration 74. After this time
expires, two daughter cells are produced with an initial parti-
cles distance | = lp, re-initiating the growth phase. Following
the ingredients used in the microscopic model, we define the
probability to enter the division phase as

Pdav = (I — Re1)/(Re2 — Re1), [7]

where R.1 and R are two size thresholds, and changing their
Rc2 — Re1 corresponding to changes in o,. This probability is
evaluated at each time step of the simulation for each cell in
the growth phase.

Mimicking the previously-described experiments, we per-
form simulations of freely expanding monolayers in two di-
mensions. Thereby, a small patch of a tissue is placed in the
center of the simulation box, with cells being at low density.
With time, the tissue increases its density and expands, devel-
oping a density profile. Ultimately, the central compartment
reaches homeostasis. Furthermore, to affect the ratio ¢, / Td,
we vary 74, instead of t,, as the former is explicitly defined
in DPD, whereas the latter is only implicit. To be consistent
with experiments, we periodically measure R, and sample the
fraction of dividing cells within regions of constant cell density,
throughout the tissue and at various time steps. We fit eq. (1)
to the simulation results (SI table S2), and similarly as in
the experiments we see that the microscopic model of cell
proliferation captures precisely the DPD results (fig. 3¢c). We
find that changing R.» — Re1 and 74 (to effectively modify ¢,),
as in experiments, leads to an overall curvature change of R,
the latter decreasing monotonously from a constant value at
low densities towards zero in the homeostatic state (fig. 3c).
As expected we find that increasing R.2 increases o,, which in
conjunction with ¢, larger than 74 provides dynamics like in
tissues grown on glass, and larger cells in homeostasis. Smaller
Rc>, with t; comparable to 74, provides results comparable
to tissues on gels and smaller cells in the homeostatic state.
Finally, the resulting R(p) is independent of both the sampling
time and the position within the tissue, as demonstrated by
the fact that all curves taken at different snapshots fall onto
a common master curve, consistent with the experimental
findings (fig. 1). Such results align with our initial assumption
about the nature of the transitions between the growth and
division phases, which is the key ingredient for the observed
behavior.

Mechanoresponse of the tissue proliferation in the delayed
Fisher-Kolmogorov formalism. To verify the robustness of
these results, and the role of the non-linearity of prolifera-
tion probability, we furthermore develop a theoretical model
for tissue growth that incorporates the key ingredients identi-
fied here-above. We start from the Fisher-Kolmogorov (FK)
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theory (41). The evolution of the density profile is captured
by an (active) diffusion-like process with efficiency D. The
cell proliferation is described through a logistic-like growth
process with efficiency 8 (41). This model, however, provides
only a linear dependence of the fraction of dividing cells on
the density. One way to incorporate the nonlinear effects is by
introducing complex empirically fitted functions as suggested
by Metzner et al. (42) for HT1080 fibrosarcoma cells and
MCF7 mammary gland adeno-scarcinoma cells. We choose
a different strategy to capture mechanosensitivity of prolif-
eration. Instead of modeling the evolution of the total cell
density, we first distinguish populations of cells in the growth
and division phase (pg and pq respectively).

We, furthermore, introduce a non-linearity through an
exponent c in the logistic term (see SI section S8 for motivation
of this form). This parameter is used to control the curvature
of R(p) through a single parameter and thus provides the
simplest inclusion of the mechanoresponsiveness (see fig. 3d,
ST section S8). We, furthermore, introduce a delay 7 =t — 74,
to account for the time that cells deterministically spend in
the division phase. With these considerations we arrive at

dpy ’ C
apt—DApg—5< —p’i) pg+2ﬂ<1—péz)) Py(T),
[8]

8aptd:ﬂ<1_pi) p;;—ﬁ(l—pﬁ():)) pg(T)- [9]

Here, the total density p = pg + pq is given by the sum of the
two above equations leading to

Otp=DApy + 8 <1 - pﬁz)) pg(T), (10]

which we term the Delayed Fisher-Kolmogorov (DFK) equa-
tion. For the case ¢ =1 and 74 = 0, eq. (10) amounts to the
usual FK model (37).

The parameters of the microscopic model (i.e. t,, o, T4
and o) are captured by (8 « 1/t,, ¢, 7q and pr, = 1/0%) (see
figs. S8 and S9 for detailed discussion). The set of egs. (8)
to (10) is then solved using a home-made delayed differential
equation solver described in the SI section S9.

We first explore the dependence of the fraction of the
dividing cells R(p) = pa/(pa+pg) on the parameter c. We find
R independent of the position and the age of the colony, and
the proliferation probability is again only a function of density.
For ¢ = 2 we find R similar to the one observed on glass, while
for ¢ = 0.5 we obtain a dependence resembling the behavior of
cells on gels (fig. 3d). Obviously, this one-parameter approach
is sufficient to capture the non-linearity (and the curvature)
as main feature of R(p) observed in experiments. Its power-
law behavior close to the homeostatic density, controlled by
¢, can therefore be seen as a first-order approximation of
our microscopic model that suggests a polynomial (see SI
section S10).

Mecanosensitivity of proliferation and the macroscopic or-
ganisation of the tissue. We now look at the consequences
of nonlinearities in the density dependent proliferation rates,
such as shown in fig. 1b, fig. 3c, or fig. 3d, and hypothesize that
different mechanosensitivity of proliferation will yield different
macroscopic tissue organisation (43). Indeed, the expansion
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and maturation of tissues on glass and on gels over 6 days
show distinctly different outcomes (fig. 4(a,b)), a result that
is captured both in simulations (fig. 4(c,d)) and by the DFK
formalism (fig. 4(e,f)).

In early stages of development, our model tissues are way
below the homeostatic density, and a large concentration of
proliferating cells is found throughout the colony. With time,
the proliferation becomes less probable in the center where
the density of cells increases. Simultaneously, the EdU profile
develops a peak which is shifted into the moving edge of the
tissue. The peak is the simple consequence of the fact that
cells at high density proliferate less than larger cells in low
density regions where only few cells contribute to the EAU
intensity. The peak therefore denotes the density at which the
cell number and their probability to divide is optimal.

Due to the concave shape of R, this peak is more pro-
nounced on gels than on glass, where R is convex, a fact
particularly well highlighted in the DFK, due to the lack of
statistical fluctuations. Six days after seeding, the homeostatic
state appears in the central compartment, which is evident
from a strong drop in the EAU signal, but also by the inhibition
of locomotion, also observed in DPD and in DFK calculations.

The most notable feature in the tissues growing on gels
(but not on glass) is the appearance of an overshoot in the
density profile, found in experiments and spontaneously ap-
pearing in DPD and DFK models. It appears at the edge of
the central homeostatic compartment, and is characterized
by a cell density larger than pj. Within the overshoot, prolif-
eration is basically inhibited, however, cells are still moving.
The robustness of this result suggest that the overshoot is
a direct consequence of the finite, deterministic time of cell
division, supported by slow density equilibration enabled by
active transport. Simply said, cells will begin dividing when
they are near the homeostatic state, and they will continue
the process even if their doubling causes the density to exceed
the homeostatic level. If motility is low, as the measurements
suggest, the build-up of cells transiently appears. Due to
the shape of R(p), close to the homeostatic more cells will
enter the division state on gels than on glass, leading to the
difference in the density profiles, as evidenced by experiments,
simulations and our theoretical modeling. These results clearly
demonstrate that appropriate modeling of proliferation is cru-
cial for the correct recovery of macroscopic structures during
development.

Discussion and conclusions. From a theoretical point of view,
our cell-level model aligns with the description of Smith and
Martin of single cell proliferation (25, 44), which is used in
the case of immune cells (45), but here our contribution gives
a mechanoresponsive twist. Indeed, using eq. (6), one can
derive the statistics of time spent in the growth phase (see SI
section S2.section C for details), the so-called a-curve (44),
using Equations (2) to (4). Importantly, these distributions
can be related to the parameters of our mechanoresponsive
microscopic model, and consequently to the mechanorespon-
siveness of individual cells. An independent validation of our
model comes from successfully applying the fit function ob-
tained from our data, to results on the same cell line provided
by others in the field (21).

Beyond the experiments discussed in this article, our the-
oretical framework can shed some light on the response of
dense tissues to stretching (9, 13), which was found to induce
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Fig. 4. Relation between the evolving macroscopic structure of expanding tissues
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and the mechanoresponsive proliferation. Panels (a,b) show data from experiments
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on glass and gels. Panels (c,d) provide equivalent information from DPD simulations, respectively, while (e,f) present the results of the DFK model. Each panel compares the
macroscopic tissue structure in early stages of development, close to the formation of the homeostatic state, and after the formation of the steady state expansion profile. For
each stage a third of the colony is cut out and juxtaposed with cutouts from other stages. Overall cell distributions (top right) are furthermore compared with the distribution of
proliferating cells extracted from the same tissue (top left). The graphs in each panel represent the average radial density of cells and the density of proliferating cells throughout
the colony in early (left graph) and steady growth phase (right graph). (a,b) Experimental space-time evolution of the Hoechst and EdU intensities across the tissues. The
graphs show normalized radial intensity profiles on day 2 and day 6. (c,d) DPD simulation space-time evolution of cell density (p, + pq), and proliferating cell density (pq).
Mimicking the experimental results is possible by changing the parameters R.2 — Rcl and 74. (e,f) Equivalent information is obtained from the DFK model, where the
experimental results are recovered by changing the parameter c. Other parameters are kept constant.

a burst of division events, even reactivating proliferating dy-
namics despite having been at homeostasis (9). Such results
can be easily understood using our microscopic model, where
stretching can simply take the cells into the regime where
ra(c) # 0 (see eq. (4)). Naturally, the opposite experiment,
namely compression (30, 31, 46), could lead to an arrest of
proliferation by taking the cells to the regime where r4(c) = 0
depending on the compression amplitude. Our microscopic
model of proliferation can provide the delay upon which the
burst of dividing cells reaches its maximum as a function of
the stretching amplitude, as well as the point of arrest due to
compression.

Our model is also consistent with results of Abdul Kafi et al
(47) on HeLa (human cervical) and HEK293T (human embry-
onic kidney) cells grown on functionalized nano-dot, nano-rods
and nano-pillars. They measured increased proliferation for
taller structures which was not understood. An increase of
proliferation was also observed when changing the diameter of
the nanopillars (48). With the length of nano-pillars inversely

6 | www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

proportional to their stiffness, our model suggest that the en-
hanced proliferation actually relates to mechanotransduction
of proliferation - taller structures appear as softer substrates,
while smaller adhesive areas decrease integrin induced stresses,
providing similar effects.

Finally, we believe that our study will shed a new light on
the interaction of proliferation and maintenance of homeostasis
in more complex epithelia. Indeed, the mechanical properties
of the basal membrane are changed for example in various skin
diseases which has been related to the proliferation behavior
of cells (49, 50). The here suggested models could provide
deeper insights into the relation between observed prolifer-
ation, and the emerging restructuring of the tissue due to
mechanoresponse.

In closing, the main contribution of our work is the demon-
stration of the dependence of the proliferation probability
on the mechanical properties of the microenvironment. The
proliferation probability was evaluated in tissues during all
stages of growth - from low density seeding to homeostasis. We

Hollring et al.

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX
https://doi.org/10.1101/2023.01.31.526438
http://creativecommons.org/licenses/by-nc-nd/4.0/

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

472

473

474

475
476
477
478

479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.31.526438; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

experimentally demonstrated that the fraction of proliferating
cells only relates to the local density. This observed behavior is
captured by a minimal microscopic model for mechanosensitive
cell proliferation in tissues. The model demonstrates that the
shape of the relation between proliferation rate and density on
a tissue level can be captured purely trough the description of
the explicit mechanoresponse of the proliferation of individual
cells and the homeostatic density. The mechanosensitivity
of the proliferation probability is then a consequence of cells
experiencing local environmental pressure set among others by
the varying local density of cells. This result is fully consistent
with our experimental findings, which then show that the local
proliferation probability in tissues does not depended on the
macroscopic state of the tissue during its development, as long
as the mechanical environment stays unaltered.

The effect of proliferation on the macroscopic structuring
of tissues is further studied by adapting the microscopic model
to DPD simulations and capturing its essence in the delayed
Fisher-Kolmogorov approach. Besides highlighting the role of
a mechanosensitive growth phase and a robust, deterministic
division phase in the life cycle of the cell, these approaches,
in full agreement with experiments, show that the evolution
of density and size of a tissue is indeed deeply affected by
mechanoresponsive cell proliferation.

This work opens a new perspective on cell proliferation and
on the theoretical description of developing epithelial tissues.
In the near future, we can hope this new detailed description
will provide a better understanding on the growth and develop-
ment of more realistic epithelial tissues. Furthermore, we hope
that this work will provide a new perspective on epithelia-
related diseases and their eventual relations to alterations of
the stiffness of the extracellular matrix.
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