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Abstract

During the development of a multicellular organism, cells coordinate their activities to
generate mechanical forces, which in turn drives tissue deformation and eventually
defines the shape of the adult tissue. Broadly speaking, it is recognized that mechanical

forces can be generated through differential growth and the activity of the cytoskeleton.

Based on quantitative analyses of live imaging of the Drosophila dorsal thorax, we
suggest a novel mechanism that can generate contractile forces within the plane of an
epithelia - via cell proliferation in the absence of growth. Utilizing force inference
techniques, we demonstrate that it is not the gradient of junction tension but the
divergence of junction-tension associated stresses that induces the area constriction of
the proliferating tissue. Using the vertex model simulations, we show that the local
averaged stresses can be roughly elevated by a fold of v/2 per cell division without
growth. Moreover, this mechanism is robust to disordered cell shapes and the division
anisotropy, but can be dominated by growth. In competition with growth, we identify
the parameter regime where this mechanism is effective and suggest experiments to test
this new mechanism.

Introduction

During morphogenesis an organism grows in size and undergoes successive deformations
at the cellular and tissue-wide scales. Driving these changes are the cellular processes of
growth and cytoskeletal activity [1]. The coordination of these processes can generate
long-range forces and thus can change the size and shape of tissues, organs, and the
whole organism. For epithelial morphogenesis, cell growth and divisions, regulated by
growth factors and mitogens [2], can expand the tissue area and can induce non-trivial
planar stress patterns. For example, fast growing clones can generate tension in the
surrounding slower growing clones [3-5]. Besides differential growth, tension can be
generated by actin-based contractility mediated by motor proteins. The enrichment of
the pool of molecular motors on the apical surface of the cells has been show to play a
role in the constriction of the apical surface of cells |6H8], while the enrichment of
molecular motors on a single cell-cell junction plays a role in the constriction of the
junction’s length thus cell-cell intercalations [9-H12]. An aggregate of such cellular effects
can generate large scale contractile forces and deformations. Taking Drosophila
gastrulation, for example, a gradient of motor protein activity drives tissue flow from
lower- to higher-concentration regions of motor proteins [67]. Thus, an understanding
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of morphogenesis would involve not just a list of the patterning factors, but also an
understanding of how the patterning factors impinge on cellular mechanisms to give rise
to biological form. In particular, how do cellular activities affected by the role of
regulatory factors — such as morphogens and stresses —pattern and update internal
stresses and thus give rise to tissue deformations? Furthermore, do cellular activities
generate forces in other ways?

In this paper, we propose that in the absence of cell growth, cell division is an
alternate mechanism —alternate to the gradient of motor protein activity—to generate
constricting forces during tissue morphogenesis. Our proposal is based on our analyses
of live-imaging data of the epithelium morphogenesis in the Drosophila dorsal thorax
(notum) during metamorphosis [13,/14]. Although cell division is coordinated with
growth in most tissues, it is not the case in the notum starting from 11 to 35 hours after
pupa formation - the epithelial tissue does not increase in its overall size while the total
cell number more than doubles |13}[14]. In the most active tissue region of the notum,
we identify a time window when the tissue reduces its size while cells divide. By using
an inference scheme [15], we exclude the possibility that the tissue constriction is due to
the elevated junction tension, which would suggest a higher level of motor protein
activity per junction. By using a vertex model, we confirm that a higher level of tensile
stresses can be generated by division in the absence of growth alone. We then find the
signature of this simple mechanism in the notum data. Finally we identify the
parameter regime where this mechanism is effective. Theoretical considerations are
summarized in Materials and Methods. In Discussion, we summarize our findings and
suggest experiments to test the newly proposed mechanism.

Materials and Methods

The vertex modeling of epithelial tissue mechanics

For simulation results in figure 3, 4 and 6, we adopt the vertex-based modeling |16] to
describe tissue dynamics. Vertex models have been used to study many epithelial
systems, such as in the Drosophila embryo [17], wing disc [4,/18,/19], pupa abdomen [20]
and Xenopus embryo [21}/22]. See recent papers [23H25] for more details in the numerical
implementation [23,]24] and their applications in studying biological systems [25]. In the
vertex model, the activities of cells - divisions, the rearrangement between adjacent cells,
as well as the delamination of cells from the epithelia are all captured by the addition
and deletions of junctions and vertices from the lattices. Cell sizes and shapes are
resulted from positions of the vertices, updated according to the following constitutive
equations. On each vertex 7, the update of its position is according to the force balance

Fip+F=0 (1)

between the friction forces ﬁl ¢ and the internal forces of the epithelium F;. For the
friction forces, we consider

Fi g = pgt + pX; (v — U)) (2)
both from the substrate by a constant friction coefficient u, and from the neighboring
materials by a constant friction coefficient u. j enumerates the neighboring vertices

connecting to the vertex i. The internal force F, = _81;3);@) is derived from the energy
functional: ) 4
7Y = Al ZEAO e 132
B) = By + SeghAl? (5 1 3)

where A;; is the junctional force, considered to be uniform in our study, set to be a
constant A, and l;; is the length of the junction connected from vertex i to vertex j.
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The second term considers the penalty of cell apical surface area A. deviated from the «
target area A£°> by a constant k as the bulk modulus. ¢ enumerates the neighboring 6
cells in contact with the vertex i. By prescribing AEO) and k for individual cells as well e
as A for all the junctions, we simulate the tissue configuration by solving the vertex 64
system to mechanical equilibrium. A division is modeled by adding a new junction on a e
polygonal cell with a random angle orientation, which divides the mother polygonal cell ¢
into two daughter polygonal cells. The growth per division is modeled by a single o7
parameter «, defined as the area ratio between two daughter cells (each with area A&O)) 68
and the mother cell (with area Aﬁ,?)), satisfying 2A((io) =aA?. When a = 1, cells only o0
divide without growth. 1 < a < 2 corresponds to the cell division where the growth is 70

also taking place. a = 2 corresponds to the situation where division and growth are n
perfectly coordinated — each daughter cell has exactly the same target size as the 7
mother cell. > 2 corresponds to that the growth rate is faster than the division rate,
which is beyond the scope of this study. For rearrangement, one pre-existing junction 74
between two previously connected cells disappears and a new junction between the 7

newly connected cells appears (called T1 transitions). When one junction [, goes below
a user-specified threshold T}, based on the current configuration involving the four cells
surrounding the junction [,, we generate an alternative configuration, where the old 78
junction [, is rotated by 7/2 with the same length. We compare the total energy of the
current and alternative configurations involving the four cells and pick the configuration s

with lower total energy. For delamination, we extrude a cell when its edge number is 81
below 4 (called T2 transitions). In this study, since the focus is the effect of division 8
without growth, for most simulation results we consider a = 1 (Figure 3 and 4). The 8
exception is figure 6 where we explore the parameter space 1 < o < 2 while changing 8
the non-dimensional parameter ,%L (L is the characteristic length, taken to be the &
junction length of the original hexagonal tissue lattice before cell divisions). 86
The stress tensor from the vertex model &

The averaged tissue stresses in Figure 3 and 4 are computed by the following two steps. s

At first, we compute the average stress tensor of individual cells by integrating the 8
external traction along the cell boundary averaged by the cell area % §r@Tds [26,27].
This gives the stress tensor of the cell o1
Yler.®F;
Oc = ! ;fc N 5 (4)
where r;. is the position on the vertex ic and F;. is junctional force at vertex ic from 02
the junction connecting to the external vertex. Notice this equation is equivalent to the o
equation to compute the stress tensors in [28]. Then we measure the average tissue o4
stress tensor by o
Y Ao
E — ctc¥ e (5)
YA
where A, is the area of the cells and o is the cell stress. The average tissue stress %
component o is computed by & = %(0'171 +02,2). o7
Results o
The size reduction of the dividing tissue %
Analysis of the live-imaging (kindly provided by the Bellaiche lab) taken of the 100
Drosophila notum (Figure 1a) demonstrates that higher proliferating regions of the 101
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tissue have higher rates of constriction. In particular, tissue regions (patches from the 10

top two rows in figure 1b-e) distant from the midline have an inverse correlation 103
between profiliferation and constriction rates during the period of ~ 17 — 21 hours after 10
pupa formation. This seems to run counter to the differential growth hypothesis, 105
wherein cell proliferation is associated with tissue growth and local dilation [3}/4}/29]. 106
Our hypothesis is that in the absence of growth, the introduction of a new junction 107

following a cell-division will result in a new source of tensile stress, which can lead 108
to apical constriction (Figure 2a).
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Fig 1. Quantification of cell numbers and tissue size from data

a shows the notum at time ¢t = 0, 11 hours after pupa formation (hAPF). The tissue in
the black squared region is divided into 4 X 4 equal area patches and the color presents
the number of cells in each patch. b shows the patches at ¢ = 0. The patches are
tracked (see method) and e shows the deformed 4 x 4 patches at ¢ = 10. Notice the top
row tissues are relatively smaller than the bottom row tissues. The total cell number
and the area of each row versus time are quantified in ¢ and d, respectively.

109

The inference of junction tension distribution 10
Is there an evidence for the aforementioned hypothetical mechanism being responsible
for the observed constriction in the data (Figure 1d-e)? A natural alternative 12
hypothesis is that the size reduction of the proliferating tissue may be a result of 13
elevated tension along junctions. In the absence of being able to experimentally measure 11
the membrane-tensions in cells in the different regions of the tissue, we rely on force 115
inference techniques that give us access to the relative spatial distribution of 116

tensions. Our results indicate that the average tension is not elevated in the constricting w7
region distant from the midline (Figure 2b-d). In detail, we infer the junction tension s
distribution at different time points from 11 to 21 hours after pupa formation (hAPF). w9
For illustration, Figure 2¢ (d) shows the heat map of junction tension at 11 (21) hAPF, 1o

NE


https://doi.org/10.1101/266577

bioRxiv preprint doi: https://doi.org/10.1101/266577; this version posted February 16, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

denoted as t = 0 (¢t = 10). At different time points (see figure 2b), we plot the averaged 1z
inferred junction tension versus the distance from the midline. To do this, cell-cell 122
junctions are sorted into 8 bins according to their distance from the midline and the 123
average tension is calculated over each bin (8 data points on each dashed curves in figure 124
2b). Notice the data points with distance > 80 microns corresponds to the constricting 12
region. One can see that the relative distribution of average junction tension along the 1
distance from the midline does not change significantly over time, suggesting the tissue 127

constriction in the faster proliferation regions is not due to the elevation of junction 128
tension. We thus anticipate that the tissue constriction is due to the addition of new 129
junctions that contribute to the tensile stress components within the epithelial plane. 130
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Fig 2. Schematics and junction tension inference

a shows the total size of apical surface area of the two daughter cells is modulated by
growth. b plots the inferred junction tension versus the distance from the midline.
Cell-cell junctions are sorted into 8 bins according to their distance from the midline
and the average tension is calculated over each bin. ¢ and d show the heat map of the
relative junction tension at ¢ = 0 and t = 10, respectively.

The elevation of tissue tensile stresses due to divisions 131

In order to show how much extra planar stress a single cell-division event contributes, 1z
we first focus on a simple situation. We consider regular polygonal cells that have a size 13
Ry and have a uniform junction tension, A. The size Ry is defined as the radius of the 13
circle inscribing the polygon, and there are zero stresses from the cell interior. For all 135
the polygonal cells with different number of sides, we find their stress tensors to be 136
isotropic (see Eq.). In figure 3a, we show that the single diagonal stress component, 1
o, of the regular polygonal cells scales with A/Ry. While the proportionality between o 13
and A/Ry depends on n, the number of sides a cell has, figure 3a demonstrates that this 13
proportionality does not vary much between n = 5 to 7, which is the case for most cells. 140
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If we assume cells remain as regular polygons, division without growth will reduce its 141
size Ry to Ro/v/2, then will increase the stress by a factor of v/2. Without assuming 142
cells are regular polygons, we implement the vertex model summarized in Materials and 14
Methods to show that the predicted proportionality between o and A/Ry still holds with 14
disordered cellular lattices. Starting with a tissue tiled by regular hexagonal cells with s

areas equal to the targeted area (see more details in Materials and Methods), we 146
perform two rounds of divisions of cells with random division orientations with no 147
growth (See figure 3c-d for the simulated tissue topography). In both rounds of 148
divisions, the average stress tensors, calculated from Eq. and , maintain their 149
isotropic nature, and the diagonal component o scales with A/Ry. This result agrees 150
with our prediction of stresses calculated by assuming all cells are regular polygons with s
the same area as their irregular counterparts in the simulation (See figure 3b). In 152

addition, the ratio of o between the two successive division rounds is approximately v/2. 153
Altogether, these findings show that the generation of tensile stresses per round of cell s
divisions in the absence of growth is (v/2 — l)RAO.

a 1st division
&)
VRS
(=)
=)< 1.8
N~
2
0
)
—
+~
wm
o)
=
]
Q
w0
Q
= 3 4 5 6 7
Number of sides n
100 . e
b g0l ——  1stdivision A 2nd dpision
80 . i
—  2nd division e
b 70 et
.. 60
)
& s0
£ w
wn === predicted,
30 1st division
20 predicted,
10 2nd division
0
0 20 40 60 80
. . A
Junction tension: —
Ry

Fig 3. Stress analysis and dividing tissue area changes

a shows stresses of regular polygons rescaled by A/Ry versus the number of sizes n. b
shows the isotropic component o of the averaged stress over the computational also
scales with A/Ry (solid lines) and agrees well with the stress components calculated by
fitting all cells as regular polygonal cells with equal sizes (dashed lines). ¢ and d show
the tissue overlay after first and second rounds of divisions with random division
orientation on a hexagonal lattice. The color gradient from black to blue on each cell
color-codes its isotropic stress component o relative to the average.
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Biased cell division orientation

So far, we have shown the tissue stress can be elevated due to division without growth,
because the stress component ¢ is inversely proportional to the cell size Ry. This result
is based on the implementation of Eq.([)) and (5]) on regular polygonal cells and tissues
with random division. In the case of random divisions, such as in figure 3c-d, the stress
tensor is approximately isotropic. In this section, we ask if biased divisions in a
preferred direction in a patch of tissue would alter our conclusion. Based on the tissue
overlay in figure 3c, we investigate the effect of anisotropic cell divisions by introducing
new junctions with their angles drawn from the uniform distribution

[7/2 = 7(1 = B),7/2+ 7(1— )], B being the level of division anisotropy. See figure 4a
for simulated tissue topography with 8 =0, 0.5 and 1. As 3 increases, the stress tensor
becomes more anisotropic. In figure 4b, we plot the stress component oy (o) in the
direction aligned with (orthogonal to) the mean division axis, varying 3. Not
surprisingly, o is larger than o, and the stress anisotropy is pronounced as 3

increases. Interestingly, the isotropic component of the stress tensor, o = = (o) +oL)is

2
still v/2 fold of that before division (Figure 4b, the two black dashed lines). This can be
explained by the average tissue stress equation

o= (Zczglric ® FiC)/(EcAc) (6)

derived from Eq. and Eq., which gives o = (X212 |ric||Ficl cos? 0;.)/(L.A.) and
o1 = (Z:E0 |ric||Ficl sin® Oic)/(B:A). 0;c’s are the angle between each junction and
the mean division axis. ¢ = %(ECZ?:CI|ric|\Fic|/(ECAc), and is independent of the
angles 6;.’s. We conclude that the isotropic stress component o is not affected by the
division orientation bias, and the tissue constriction is guaranteed when the fixed

boundary is relaxed.
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Fig 4. Stress modulated by division anisotropy

a shows divided tissue patches with fixed boundary resulted from different level of
anisotropy of division orientation. The left figure shows the random oriented division,
the middle figure shows the division orientation drawn from [r/4, 37 /4] and the right
figure shows the division orientation drawn from [0, 7]. The color gradient from black to
blue on each cell color-codes its isotropic stress component o relative to the average. b
shows the stresses rescaled by A/Rg, where Ry is the average cell size after division.
o)/(o1) shows the stress in parallel with (orthogonal to) the mean division axis 6 = 7 /2.
oo denotes the original average stress before division.

The signature of the new mechanism in the data

Thus far, we have shown that in theory cell divisions can increase the tissue tensile
stress up to v/2 of the original stress magnitude. Notice this analysis is done with fixed
boundary conditions, thus we are estimating the “net” tensile stress added into the
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tissue system before deformation. The deformation of the tissue patch in the notum
data may be driven by other sources of forces besides the junction tension. In particular,
the constriction of the proliferating tissue can be a result of 1) the relaxation of the
tensile forces from the upper boundary of the tissue patch; and/or 2) other sources of
stress divergence. However, it is not likely that the tension from the upper boundary is
relaxed since the tissue patch is advancing upward (data not shown). If the increase of
junction-tension associated stresses due to division is the driver of the observed
constriction, one expects to see an increasing gradient of A/Ry from the midline to the
distant constricting region. To quantify the spatial distribution of A/Ry (see figure 5b),
we further calculate the averaged cell Ry from the midline (see figure 5a), and calculate
A/Ry by dividing the averaged A (plotted in figure 2b) by the averaged Rp. Indeed,
A/Ry in the distant regions elevates (black dashed line in figure 5b) after the cells have
divided - in agreement with our argument that the increase of junction-tension
associated stresses due to division in the absence of growth is the major cause of the
observed constriction.

a 7 b 0.34

t=1 hr (12 hAPF) . t=1 hr (12 hAPF)
os B et el
. e t=7 hrs —o t=7 hrs (1
6 —o- t=10 hrs (21 hAPF) 03 Y —o- t=10 hrs (21 hAPF)
N 028f o,
2] \ o7
2 s5p>-~- QN
o 5 q\\\\ . Y 0.24 NSO TR o7
o A e P e T _ -
] SSs o e e o
<, ST z 02 ~~ e
\s\\:\\v/@ 0.18 T Te” e
35 S 0.16
)
3 014+ . .
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Distance from midline Distance from midline

Fig 5. The planar cell size Ry and the scale of the stress A/R, from data

a plots the cell size Ry versus the distance from the midline. Ry is calculated as the
radius of the circle inscribing a regular polygon with equal area. Cells are sorted into 8
bins according to their distance from the midline and the average Ry is calculated over
each bin. b plots the average A/Ry versus the distance from the midline.

The competition between growth and junction tension

The elevation of junction-tension associated tensile stress induced by division should be
inherent in proliferating tissue regions. However, more frequently proliferation is
associated with both growth and division, where in total the constricting trend of the
dividing tissue is dominated by tissue expansion induced by growth. We can think of
the growth-induced area expansion as caused by a cell internal pressure due to the
mismatch between the current planar cell area A and the target cell area A9, In the
competition between the two opposing effects, we use the vertex model to identify the
condition under which the constricting regime emerges. In the vertex model, the cell
internal pressure P = k(1 — A/A©®), proportional to a parameter defined as the bulk
modulus k (see the Materials and Methods). To quantify the relative growth rate over
division rate, we introduce a single parameter «, defined as the area ratio between two
daughter cells (each with area Afio)) and the mother cell (with area A£S)), satisfying

2A¢(10) = oA (see more details in Materials and Methods). When a = 1 cells divide
without growth, while when a = 2 the cell-division rate perfectly coordinates with the
growth rate— giving two daughter cells exactly the same size as the mother cell. We
simulate a patch of proliferating tissue under free boundary conditions (without
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considering the stretching or compression by external forces), so the tissue-area changes s
are solely tuned by the competing effects between the introduced compression from 216
growth and the introduced tension from division. Under this condition, we quantify the 217
tissue size variation — the ratio between the area of the tissue after division and before 2
division— by changing « and the dimensionless parameter ﬁ, and plot the phase 219
diagram in figure 6. Here, L is the characteristic length, taken to be the junction length 20
of the original hexagonal tiling of the tissue before cell divisions. The tissue area 21
increases after cells divide, when % is small or « is closer to 2; while the tissue area 2
decreases only when & is large and « is closer to 1. Notice when ﬁ > 0.5, many cells 23
collapse into points, reminiscent of the delamination of epithelial cells. The outcome of 24
delamination has also been found by previous theoretical works , and its effect  2s

on tissue constriction is beyond the scope of this study. Considering the parameter 226
space where delamination does not occur and the growth rate at most matches the 27
division rate (« < 2), we show that the proliferative tissue constricts less frequently 28
than it expands, from a probabilistic point of view. 29

Area ratio

1.6 1.8 2
«

Fig 6. The ratio between the area of the tissue after division and before
division The area ratio is modulated by the growth parameter o and the dimensionless

A
parameter 7.

| 1.2 1.4

Discussion 230

In this paper, we propose a novel mechanism that may play a role in the patterning of 2u
forces in epithelial tissues - the generation of contractile forces due to proliferation in 23
the absence of growth. Focusing on the region of the tissue that are most proliferative 21

(Figure 1), we identify a time window during which cells proliferate while the apical 234
surface area of the proliferative tissue decreases (Figure lc-d). It is plausible that the 2
creation of a junction that separates two daughter cells in the absence of growth can 236

produce a contractile force locally, and that aggregates of cell divisions without growth 2
can work as an alternative mechanism for tissue constriction, besides tissue-wide motor 23
protein gradient. It has been shown earlier in the Drosophila larval wing disc that the 23

regulation of cell (mass) growth is independent of the cell cycle regulations [31H33], 240
which suggests that growth rates and division rates can be regulated separately. In 2

theory, we show that without considering growth, division alone can elevate the planar 2
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tensile stress up to v/2 fold of its original magnitude, and the tensile stress is generated s

because the stress components scale inversely proportional to the planar size of the 244
epithelial cells Ry (see Figure 3 and the results above). We further show that this 245
constricting mechanism works even when the orientation bias is given to cell divisions 2
(Figure 4). Using the notum data, we have shown that the tension associated stress 247

component is relatively elevated in the constricting region (Figure 5). Lastly, we have s
shown that proliferation induced tissue constriction is not likely to happen when there is 2

moderate growth or low averaged junction tension (Figure 5). From a probabilistic 250
point of view, proliferation induced tissue size reduction occurs less frequently than 251
tissue expansion. 252

In the data, most cells divide twice (Figure 1 ¢), while the overall tissue does not 253
grow in size. Interestingly, we only see the division with tissue constriction in the 254
second round of division while in the first round, their sizes stay nearly the same (top s
two rows in Figure 1 b-e). Our theory in this paper suggests that the generation of 256

tensile stresses per round of cell divisions in the absence of growth is (v/2 — 1)RAO. Thus, 2

the magnitude of the stress generation is determined by RAO initially. When A is small, 25
or Ry is large, the increase of stress due to division may be negligible. It has been 250
reported that both the junction tension, A, and the level of myosin II activity along the 20
junction in the notum increase with the pupal age [34]. In addition, the averaged cell 261
size Ry in the second round of division is smaller compared to the averaged cell size Ry 22

of the first round. Furthermore, during the first round of cell division, there is a 263
considerable amount of myosin generating constricting forces from the medial pool of 2
the cells [34], which can counterbalance the increase of stress due to division. These 265
altogether may explain why we only see the correlation between the tissue constriction s
and cell-number increase in the second round of division. 267

It has been shown earlier in |14] that the cell divisions are linked to the epithelial 268
mechanics in the notum. When cell divisions are blocked, both the pattern of stresses 2o
and the contraction elongation at the tissue level are disrupted compared to the 210

wildtype. Given the spatiotemporal heterogeneous patterning of cell proliferative events i
and division orientation, and the uncertainty of the contribution from growth per se, it 2
is hard to draw the conclusion that division has resulted in tissue constriction. Based on 213
our theoretical studies, we suggest that future studies increase the junctional tension on 27
the entire notum and quantify if the correlation between division and area reduction is s
accentuated during the constricting phase. To do this, one could increase the level of 276

myosin II activity via perturbing the function of the Myosin activator Rho kinase 217
(Rok) [35/36], which has been successfully implemented in [34]. o7
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