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ABSTRACT OF THE DISSERTATION

Multi-Scale Mathematical Modeling Study of Proper Shape Formation During Epithelial
Tissue Development

by

Jennifer Rangel Ambriz

Doctor of Philosophy, Graduate Program in Mathematics
University of California, Riverside, September 2024
Dr. Mark Alber, Chairperson

This dissertation consists of two parts describing different mathematical and computa-
tional models developed for testing novel biological hypothesized mechanisms of Drosophila
wing disc morphogenesis.

How a developing organ robustly coordinates the cellular mechanics and growth to reach a
final size and shape remains poorly understood. Through iterations between experiments and
model simulations that include a mechanistic description of interkinetic nuclear migration,
in the first part, we show that the local curvature, height, and nuclear positioning of cells in
the Drosophila wing imaginal disc are defined by the concurrent patterning of actomyosin
contractility, cell-ECM adhesion, ECM stiffness, and interfacial membrane tension. We
show that increasing cell proliferation via different growth-promoting pathways results in
two distinct phenotypes. Triggering proliferation through insulin signaling increases basal
curvature, but an increase in growth through Dpp signaling and Myc causes tissue flattening.
These distinct phenotypic outcomes arise from differences in how each growth pathway
regulates the cellular cytoskeleton, including contractility and celllECM adhesion. The
coupled regulation of proliferation and cytoskeletal regulators is a general strategy to meet

the multiple context-dependent criteria defining tissue morphogenesis.
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In the second part, we develop a 2D mathematical model of actomyosin network dynamics,
intended to extend the simplified representation of actomyosin in the Subcellular Element
(SCE) model presented in the first part. During Drosophila wing disc organogenesis, the
actomyosin network gives rise to contractility, a key force-generating mechanism that regulates
cell shape changes and interkinetic nuclear migration (IKNM). Although experimental studies
have shown that actomyosin contractility is a key driver of IKNM, not enough work has been
done to investigate the exact mechanism(s) of how actomyosin produces the contractile forces
that constrict the basal membrane and in turn, facilitate the nuclear migration. Because of
this, we developed an actomyosin network model that captures a detailed description of the
actin-myosin interactions and the directionality of the contractile forces. Once coupled with
the SCE model, it will allow us to explore the mechanism(s) behind the basal narrowing of

cells that drive the apical migration of nuclei and mitotic rounding during cell division.
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List of Figures

2.1

Two-dimensional (2D) multi-scale subcellular element (SCE) model
of the Drosophila wing disc cross-section along the anterior-posterior
(AP) axis. This model closely resembles the wing disc cross-section by
including a representation of the three different cell types (boundary, squamous
and columnar cells) that make up the cross-section and of the ECM, which
connects to the basal surface of the cells. Simulated cells, nuclei, and ECM
are represented by a set of nodes interacting via different potential energy
functions. (A) Model representation of a boundary cell and its associated
ECM denoted by ECMpc. (B) Model simulation of the cross-sectional
profile of the wing disc along the AP axis includes boundary cells (colored
in yellow), columnar cells (colored in light red), squamous cells (colored
in green), and the ECM (colored in purple). (C) Model representation
of a squamous cell and its respective ECM denoted by ECMg. (D) Model
representation of a columnar cell with different potential energy functions that
capture intracellular interactions, apical and basal actomyosin contractility
and cell interactions with the ECM (denoted by EC'M¢). Although we only
use a single spring to represent the apical (Eqpicont) and basal (Epas,cont)
contractility in (D), in the model there are actually several apical and basal
contractile springs. See section “Determination of the Number of Springs in
Non-Mitotic Cells” for details. (E) Adjacent columnar cell nodes interact via
linear spring F,,emp and Morse potentials F, to maintain the cells closely
connected without the membranes overlapping. (F) The apical membrane of
columnar cells is connected to squamous cells. ...............cooiiiiiiiii.

xiii
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2.2 Multi-scale Subcellular Element (SCE) model simulation of pro-
liferation in a pseudostratified epithelium predicts proliferation
dynamics and cytoskeletal regulation. (A) Maximum intensity z plane
projection showing the apical view of a wing imaginal disc at 90 h after egg
laying (AEL). (A-i, A-ii) Cross-sectional views of the wing imaginal disc
running parallel along the Anterior-Posterior (AP) and Dorsal-Ventral (DV)
boundaries, respectively. The tissue is further divided into three equal parts,
and the medial (M) and lateral (L) domains are defined in (A-i). (A-iii) A
schematic illustrating patterning of the key morphogens, Decapentaplegic
(Dpp) and Wingless (Wg). The inset on top-right specifies compartment
orientation for data visualization and analysis. (B) Geometrical features defin-
ing the global tissue architecture include i. Local basal curvature (Kpgsqr), ii.
tissue thickness (H), and iii. relative nuclear distance from the basal surface
(dp = dAdf ). The color code represents low to high numerical quantity. (C)
Computational model incorporating spatial inhomogeneity of cell mechanical
parameters. Parameters are determined based on experimental quantification.
(D) Stages of interkinetic nuclear migration during cell division in wing disc
cells. Yellow arrows show observed concentrations of Actin and SPS below
the dividing cell. (E) Computational snapshots of a simulated columnar
cell undergoing division. Black arrows point to the various apical and basal
actomyosin contractile springs within the columnar cells........................
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2.3 The central domain of the wing disc pouch flattens and thickens
as it grows. (A i-v) Apical views of a wild-type wing imaginal disc at
five different larval stages with medial (M) and lateral (L) domains defined.
Fluorescence signals in green and magenta denote the patterning of Actin and
Nuclei. (B i-v) Cross-sectional view of wing imaginal discs. (C) Plot showing
quantification of (top panel) local basal curvature (Kpgsq;) and (bottom panel)
cell height (H) along the DV axis of the pouch. Here [ and L4p denote the
distance of the point from center of the pouch along the basal surface of AP
axis and the length of the tissue along the AP axis, respectively. (D, D’ i-v)
Spatial patterning of pMyoll and SPS across the AP axis. (E) Quantification
of the ratio of apical to basal intensities of pMyoll at multiple locations within
the pouch’s medial domain is plotted as a box plot for discs belonging to
72-96 h AEL. (E’) Ratio of integrated intensity of SPS across the medial and
lateral domains of the pouch. (F, F’) Fluorescence intensity of Actin, pMyoll,
and SPS. Several points sampled in the basal surface for discs belonging to
96h AEL larval stage. Average R? values for multiple samples are indicated.
Different colors represent data from individual samples. (G, G’) Plot showing
a correlation between the ratio of apical to basal levels of pMyoll and tissue
height belonging to 72 and 96 h AEL. R? values calculated over multiple
samples have been reported (right bottom inset). The different colors in each
plot represent different samples. (H, H’) Fluorescence intensity of S-Integrin is
plotted against the local basal curvature across several points sampled in the
basal surface for discs belonging to 72 and 96 h AEL larval stage. Different
colors represent the location of points within the pouch (medial/lateral).
Region-specific R? values calculated using multiple samples are indicated
(sample sizes, right bottom inset). (I i-ii) Apical view of pouch showing that
the fraction of dividing cells marked by phosphohistone 3 (PH3) decreases as
terminal organ size approaches. ............cooiiiiiiiiiiii e
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2.4 The evaluation of computational model scenarios validates cytoskele-
tal impact on tissue curvature via biomechanics. (A, B) Reference
apical and (A’-B’) cross-sectional views of a wild-type (WT) disc stained with
DAPI and Phalloidin at (A) 72 h and (B) 96 h AEL. (A”-B”) Ratio of average
curvature over the lateral and medial domain for staged discs (72 and 96 h
AEL) compared with simulation results. Plots show the normalized curvature
of the tissue basal surface (Kpgsqr) calculated for samples corresponding to
72 h and 96 h, respectively. The red, green, and purple solid lines in (B”)
correspond to the normalized basal curvature from simulation cases Ei-iii. (C)
Control simulation output. (D-i) Perturbing model parameters (6,,04¢1) that
correspond to the cell cytoskeleton and cell-ECM adhesive energies. 0,,0del
was patterned as a step function. (D-ii) Quantification of the ratio of average
curvature in the lateral-to-medial pouch domains for staged discs (72 and 96
h AEL) and simulation results. Green bars denote the experimental data.
Blue and pink bars represent the simulation data. The pink bars denote
cases that capture medial flattening. Shaded regions represent the mean plus
or minus one standard deviation. (E i-iii) Simulation results from varying
model parameters representing mechanical properties of cell cytoskeleton.
Parameter profiles are plotted. The green-colored region represents the medial
domain of the simulated tissue. Case 1 A’ in B”, D-ii and E-i is Case 1D from
Appendix A Fig A.8. See Appendix A Fig A.9. (F-F’ i) Heat maps of pMyoll
distribution across the DV section for 72 and 96 h AEL discs. Color code
represents lower (blue) to higher (red) intensity of pMyoll. (F-F’ ii) Variation
of pMyoll localization across the pouch apical and basal surfaces. Plots show
intensity profiles across the AP axis. (G) Col-IV antibody staining in AP
cross-section of 90-100 h AEL disc. (G’) Spatial localization of Col-IV in the
pouch basal surface. (H-H’ i) Heat maps of SPS distribution across the DV
section of 72 and 96 h AEL discs. (I-I’ ii) Variation of SPS localization across
the pouch basal surface. Plots show intensity profiles across the AP axis. .... 37
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2.5

2.6

A balance in actomyosin-mediated contractility, surface tension,
Integrin-ECM adhesion, and cell pressure patterns tissue thickness.
(A, A’) Quantification of medial and lateral heights for discs belonging to 72-96
h AEL larval stages and model simulations (Reference parameter profiles are
found in Appendix A Fig A.7). The error bars represent points within the 1.5
interquartile range of the lower and upper quartile, and diamonds represent the
values outside this range, respectively. Shaded regions represent the standard
deviation of the 72 h and 96 h experimental data. (B-B’) S-Integrin was
knocked down in the dorsal compartment of the wing (MS1096-Galj x UAS-
mys™V4%). Visualization of the cross-section along the DV axis. (C-C’) pMyoll
was knocked down in the dorsal compartment of the wing disc (MS1096-Galj
X UAS—Rho]RNAi). Control for the experiment has been generated by crossing
the same Gald driver with a UAS-RyRENA line, previously validated as a
negative control for wing morphology. (D, D’) Quantification of medial and
lateral heights for the S-Integrin and pMyoll genetic perturbations. (E) The
target cell volume (£29) in the Lagrange Multiplier was varied across the
DV axis for pouch cells. Variations of parameter profiles are included. (F)
Plot showing the height of discs at 96 h AEL. The black solid line indicates
the average experimental height. The shaded region represents the standard
deviation across multiple samples. Lines in green and blue represent the
control and the case where the {2y was patterned. (G, G’) Model simulation
output for (F). (H) A schematic summary of height regulation in pouch cells.
Here, WT and KD stand for wild-type and knockdown, respectively...........
Higher levels of apicocentral contractility results in a basal bias
of the position of nuclei. (A-A’) Optical sections along the AP axis for
discs belonging to 72 and 96 h AEL were used to mimic the patterning
of contractility in the model simulations. Nuclei have been color-coded
with respect to their distance from the basal surface (dg). (B) Bar graph
visualizing ratio of dp between the medial and lateral pouch domains for the
experimental data (orange and green bars) and the model simulations (pink
and blue bars). (C) Nuclear positioning in a uniformly patterned actomyosin
profile is distributed uniformly within each columnar cell. (C’) A non-uniform
actomyosin patterning generates a flatter midsection, resulting in a shift of
nuclear positions toward the basal side in the midsection. (D) (Top panel)
Optical section along the DV axis for pouch expressing mys®*NA! predominantly
in the dorsal compartment using an MS1096-Galj driver. Fluorescent labels
have been indicated as an inset within the plot. (Bottom panel) Nuclei within
the genetically perturbed cross-section have been color-coded based on dp,
where 0 and 1 denote a more basal or apical location, respectively.............

xvii
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2.7

2.8

Stimulating cell proliferation increases tissue curvature. Comparison
of the local basal curvature between simulated wing disc cross sections with
compartment-specific variation of proliferation rates. These simulations as-
sumed increased actomyosin contractility on the basal region of the columnar
cells. (A i-iii) Cell cycle duration in the posterior compartment is varied
compared to the constant anterior compartment. (B i-iii) Plots quantifying
and comparing the distribution of local basal curvature corresponding to cases
(A i-iii). Red arrows denote a decrease or increase in curvature. ...............
Stimulating cell proliferation by different growth-promoting path-
ways results in two distinct phenotypes. (A) Maximum intensity projec-
tion of (i-i’) control and (ii-ii’) samples expressing dominant negative insulin
receptor InsRPN in the posterior compartment driven by en-Gald. Proliferat-
ing cells are marked by PH3. (B) Cross-section along AP-axis for (i-i’) control
and (ii-ii”) InsRPN. (C) Plots quantifying the (i) basal curvature profile and
(ii) difference in average cell heights between the perturbed posterior and
control anterior compartment (AH). AH is normalized by the average height
of the control anterior compartment. (D, E) (D-D’) Rhol and (E-E’) pMyoll
expression across the AP axis for pouches expressing InsRPN in the posterior
compartment. (F) Quantification of the differences in average fluorescence in-
tensities (AFX) of (i) X: BPS, (ii) X: Rhol and (iii) X: pMyolI between the
posterior and anterior compartment for en>Ins”Y in the wing disc posterior
compartment. AFX is further normalized by average fluorescence intensity of
X in the control anterior compartment. (G-G’) Cross section along AP axis
(medial to lateral, half the pouch) for discs expressing nubbin Gal4 driver and
nubbin>InsR®A. (H) Quantification of (i) basal curvature and cell height (ii)
for disc expressing InsRC4. (I-J’) Optical section along the dorsal-ventral
compartment boundary taken in the anterior (left) and posterior (right) com-
partments of the wing disc. (I-I") expressing a constitutively active form of
Tkv receptor (Tkv®4) and (J-J’) AP cross sections of wing discs expressing
en> Tkv® stained with pMyoll. Fluorescent labels have been indicated within
the figure. (K-K’) overexpressing Myc in the posterior compartment. Scale
bars correspond to 25 pm unless indicated. (L-L’) AP cross sections of wing
discs expressing en>Myc stained with pMyoll. Fluorescent labels have been
indicated within the figures. (Mi-ii) Quantification of local basal curvature
(Kpasar) for discs overexpressing Tkv©4 and Myc. (N) Boxplot visualizing dif-
ferences in average SPS (ASPS) expression between posterior (perturbation)
and anterior (control) compartments on en> Tkv® or en>Myc. ABPS was
normalized by average fluorescence intensity computed within the anterior
compartment. (O) Similar quantification for pMyoll was carried out at the
pouch apical and basal surfaces for en>Tkv® and en>Mye....................
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2.9

2.10

3.1

Effects of increased proliferation can be buffered by concomitant
changes in cytoskeletal regulation. (A) Comparison of ratio of average
basal curvature in the posterior to anterior compartment in Fig 2.8 (I-K) and
for (B i-iv). (B i-iv) The simulated cases closely replicate shape changes in the
form of Kpesq reduction as observed in Tkv©4 and Myc genetic perturbations.
Two perturbations were performed in these simulations. First, cell prolifera-
tion was increased in the posterior (P) compartment of the model wing disc
compared to the anterior (A) compartment. Second, parameters controlling
cytoskeletal regulators were varied in the region of increased proliferation. (B
i’-iv’) Quantification of the basal curvature for each case corresponding to (B
)
Summary of mechanistic insights into how perturbations to various
growth signaling pathways impact tissue shape. (A) As the wing disc
grows, the central, medial (M) domain of the pouch flattens and thickens
while cells in the lateral (L) region increase their curvature. The cytoskeletal
dynamics and morphological parameters are consistently adjusted with the
age of the tissue. (B) Patterning of model parameters that produce shape
features consistent with patterning of cytoskeletal components. (C) Increasing
the proliferation rate through genetic perturbation in a compartment-specific
manner resulted in distinct classes of morphological phenotypes. ..............

Schematics of the biological components of the actomyosin network.
(A) Representative schematic of an actin filament showing the barbed (+)
and pointed (-) ends of the filament. The arrows represent the polymerization
(arrows pointing inwards) and depolymerization (arrows pointing outwards)
of actin monomers. Big bold and small thin arrows represent faster and
slower polymerization or depolymerization rates, respectively. This helps
denote the barbed end as the fast-growing end while the minus end is the
slow-growing end [142]. (B) Representation of a phosphorylated non-muscle
myosin IT (pMyoll) molecule (top) that ensembles via the tail domain with
several other pMyolls to form a mini-filament (bottom) with multiple motor
heads on both ends. A single pMyoll has two heads, two regulatory light
chains (RLCs), two essential light chains (ELCs), and a tail domain [126,143].
(C) Hlustration of actin-pMyoll dynamics. A pMyoll mini-filament will move
on an actin filament in a directed manner (always towards the barbed end).
As it moves, it will exert a pulling force that will translocate the filament
in the opposite direction of the pMyoll movement (green arrow). Note that
illustrations (A)-(C) were drawn in accordance to the biological descriptions
found in reviews [81,125,126, 128,145, 150]. .. ..uuuuuuiiiia
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3.2

3.3

3.4

3.5

Pseudostratified epithelial cells and their interkinetic nuclear mi-
gration process (IKNM) during cell division. (A) An experimental
image of columnar cells in the Drosophila wing disc, which are classified
as pseudostratified epithelial cells. Fluorescence signals in green, magenta,
blue and red denote Actin, Integrin, Nuclei and pMyoll respectively. Image
courtesy of Dr. Zartman’s lab. (B) Representative diagram of the IKNM
process, capturing the apical migration of the nuclei, mitotic rounding and
the production of two new daughter cells at the end of cell division. This
illustration was prepared with the help of Dr. Zartman’s lab...................
Illustration of the end goal. (A) Simulated wing disc cross-section pro-
duced from the SCE model presented in Chapter 2 [1,24]. The light red-colored
regions in the apical and basal parts of the tissue represent the actomyosin
contractile springs in the model. (A-i) Zoomed-in view of simulated columnar
cells. (A-ii) Replace the simplified representation of actomyosin in the colum-
nar cells with an actomyosin network composed of actin filaments (green) and
non-muscle myosin IT mini-filaments (red)...................oo
Diagram of the actomyosin network components. (A) Simulated two-
dimensional actomyosin network. The zoomed section shows the detailed
description of the individual network components. Actin filaments are shown
in green with their barbed end denoted with a (+) and their pointed end
denoted with a (-). The non-muscle myosin II (pMyolI) mini-filaments are
shown in green. (B) A single actin filament is modeled as a set of nodes
connected by linear springs. The first and last nodes denote the filament
polarity where as before the (+) and (-) denote the barbed and pointed ends,
respectively. A filament segment consists of two consecutive nodes connected
by a linear spring. The zoomed section illustrates a bending spring between
nodes i, j and j with a bending angle denoted by 6; ;. (C) Representation of
a single non-muscle myosin II mini-filament. Each mini-filament is modeled as
a pair of nodes connected by a linear spring. The nodes represent the motor
heads as these interact with and exert a pulling force on the actin filament

Diagram of actomyosin connections. (A) A connection is formed when
an actin filament node and a pMyoll mini-filament node are within range
(reonn)- The connection radius is colored in light blue. The actin filament is
shown in green with its barbed (+) and pointed (-) ends labeled. The pMyoll
mini-filament is shown in red. (B) The connected mini-filament will move
towards the barbed end of the filament. As it moves, it will exert a pulling
force that will slide the actin filament. (B’) Representation of the dynamics
of a pMyoll mini-filament bound to two anti-parallel actin filaments. .........
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3.6

3.7

3.8

3.9

3.10

Estimating the size of the actomyosin network. A MATLAB script
is used to surround the actomyosin network with a disc of radius R. The
actin filaments are shown in green, while the pMyoll mini-filaments are in
red. The disc that surrounds the network is shown in blue and the center of
the network is marked by a bold x. The network was overlaid with a blue
line connecting the center of the network to the disc to show the definition of
the TadiUs R. .o
Simulated actomyosin interactions. (A) Initial configuration of the
simulation. An actin filament and a pMyoll mini-filament are shown in green
and red, respectively. The actin filament barbed (+) and pointed (-) ends
have been labeled. (B) Final configuration. The pMyolI mini-filament reached
the barbed end and translocated the actin filament. ....................... . ..
Simulated actomyosin interactions between two actin filaments and
a pMyoll mini-filament. (A) Initial configuration of a simulation with two
anti-parallel actin filaments (shown in green). (B) The pMyoll mini-filament
(shown in red) connects with each actin filament and slides them past one
another causing the filaments to contract..................ccoiiiiiiiiiii...
Simulated scenarios of actomyosin contraction vs expansion. (A)
Sample simulation result of contraction. As the pMyoll mini-milament (in
red) moves along the actin filaments towards the barbed end (+) and exerts a
pulling force on them, the actin filaments will move. This interaction induces
contraction (bottom panel under the black arrow). (B) Sample simulation
result of expansion. In this case, the pMyoll mini-filament force being exerted
on the actin filaments (shown in green) causes the filaments to slide further
away from one another, resulting in expansion. ...............ccoviiiiiiiniin....
Results of the first simulation scenario testing the effect of the actin
filament polarity configuration on the overall contractility of the
network. (A) Initial network configuration with the barbed ends of the actin
filaments mainly concentrated towards the periphery of the network. The
actin filaments are colored blue, with their respective barbed end colored dark
red. The pMyoll mini-filaments are in red. (A’) Final network configuration.
(B) Estimating the network size of the initial network configuration using the
MATLAB pipeline. Actin filaments are in green while mini-filaments are in
red. (B’) Estimating the network size of the final configuration. Comparison
between the initial and final network size shows that R;pitiai > Rfine- This
denotes a case of network contraction.................
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3.11 Results of the second simulation scenario testing the effect of the

4.1

Al

A2

actin filament polarity configuration on the overall contractility of
the network. (A) Initial network configuration. In this case, the barbed ends
of actin filaments are positioned towards the center of the network. As before,
the actin filaments are colored blue, the barbed ends are colored dark red
and the pMyoll mini-filaments are in red. (A’) Final network configuration.
(B) Utilized the MATLAB pipeline to estimate the network size of the initial
network configuration. Actin filaments and pMyoll mini-filaments are colored
in green and red, respectively. (B’) Estimating the network size of the final
configuration (light blue disc). Comparison between the initial and final
network size shows that Rjpitiai < Rfinei- This denotes a case of network
o4 01210 151 0 1 F

Preliminary simulation gives insights into a possible mechanism
driving wing disc eversion and motivates future work. (A) Simulated
initial tissue geometry produced from the multi-scale model presented in
Chapter 2 [1]. A spatial patterning of the parameter kyemp pasal is applied
where Kpembbasar 1S higher in the center of the pouch. (B) Final tissue
geometry capturing an eversion-like phenotype. ...............coooiii,

Localization of SPS and ColIV around a dividing cell. (A) Cross-
sectional view of a wing imaginal disc showing localization of SPS around
a dividing cell. Different images from left to right represent different stages
of interkinetic nuclear migration. Discs are labeled with phosphohistone-h3
(PH3) to mark the dividing cells. Fluorescent labels have been indicated as
an inset. Sample sizes have been indicated as a bottom inset. (B) (i) (ii)
Cross-sectional view of wing cells undergoing mitosis. Discs are labeled with
Collagen IV (ColIV) to visualize its expression around a dividing cell. Sample

83

87

sizes have been indicated on the top-right inset. .................... ... ..., 106

Cytoskeletal regulation at earlier stages of development. Wing
imaginal discs belonging to <72 h AEL larval stage of development were
dissected and fixed. (A) Optical slice along the AP axis showing localization
of Nuclei, Actin, (A’) SPS and (A”) pMyoll. Sample sizes have been indicated

on the top-right inset of (A). ..o 107
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A3 (A) The wing disc cross section was discretized into 60 computational cells as
described in Appendix A subsection “Quantification of Morphological and
Signaling-Related Features from the Wing Imaginal Discs”. Firyosin,apical /basal
and indicates the fluorescence intensity of pMyoll in the apical and basal
cell surface of the computational cell, respectively. [ denotes the distance
of the cell along the basal surface from the pouch center. The distance is
further normalized by dividing ! by half of the length of the pouch basal
surface (L). (B-i) Plot showing the variation of cell height between the lateral
and medial pouch domains. Each trend line in different colors represents
averaged height values for discs at varying stages of development. The sample
size associated with the averaging has been included as the top right inset.
Further, a straight line was fitted to the trend, and the slope of the fitted
lines across different development times has been reported within the plot.
(B-ii) Plot showing normalized average height across the AP axis. Lines are
color-coded based on the developmental stage. (C) Plot showing variation
of cell height across the DV axis. Solid lines indicate the Gaussian model
fit, while points (transparent) are the actual cell heights derived from the
imaging data. The solid black line indicates the model fit for the combined
data from multiple samples. WHM represents width of the curve at half
maximum where the height was fitted to a curve to create statistical models
of height regulation. Sample sizes have been indicated on the top-right inset
of each plot. (D) Correlation between pMyollapicar/pMyolIpgsq and cell
height H for discs belonging to different stages of development. Different
colors indicate data from different samples. Sample sizes have been indicated
on the top-right inset of each plot. A straight line is fit to model correlations
for data from individual samples (color lines). Average R? values of the fits
have been indicated as R?(I). A linear model is next fit to the aggregated
data using multiple samples (black dashed line). R?(g) represents the R?
value of the model fit. ... ..o 109

A4 Actin, Myosin, and Integrin at earlier stages of development are
expressed predominantly near the basal surface of pouch cells.
Integrin correlates strongly with Actin. (A-C) AP cross-section of wing
imaginal discs staged to 72 h AEL. Fluorescent labels are indicated in the
bottom left panel of each cross-section. Fluorescent intensity of Actin, Myosin,
and Integrin were calculated over the apical, basal, and lateral sections of
the disc proper (DP) cells for several samples (n = 5) (D) (i- iii) Variation of
Integrin, Myosin and Actin localization across the pouch apical, basal and
lateral surface. (E) Correlations between Actin, Myosin, and Integrin at the
pouch cell’s apical, basal, and lateral surfaces. ......................ooooiiiiiat. 111
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A5

A6

A7

A8

A9

Actin, Myosin, and Integrin correlate strongly and are predomi-
nantly expressed in the basal-lateral region of the pouch. (A-C) AP
cross-section of a wing imaginal disc dissected from larvae staged to 96 h AEL.
Fluorescent labels are indicated in the bottom left panel of each cross-section.
Fluorescent intensity of Actin, Myosin and Integrin were calculated over the
apical, basal, and lateral sections of the pouch for several samples (n = 7)
(D) (i - iii) Variation of Integrin, Myosin and Actin localization across the
apical, basal and lateral surface of columnar pouch cells. (E) Correlations
between Actin, Myosin, and Integrin at the apical, basal and lateral surfaces
of columnar pouch cells. ...... ..o e
Cell proliferation decreases with the age of the pouch. (A) Mitotic
index is defined as the ratio of the area acquired by cells expressing Phospho
Histone-H3 (PH3) over the area of the wing disc pouch. (B) Plot showing the
variation of the mitotic index with respect to the pouch size. The red line
indicates an exponential fit obtained through regression in MATLAB. (C)
Plot showing the distribution of an average number of nuclei along the pouch
AP axis with the age of the diSC..........cooiiiiiiiiiii e
Key parameters that impact the basal curvature of the tissue. (A-
F) Through a series of cases, model parameters representing mechanical
properties of cell cytoskeleton, actomyosin and adhesion were varied across
the AP axis. The profiles of parameters are plotted above the final simulated

Variation of apical to basal actomyosin contractility impacts cell
height. (A) Shapes obtained from varying actomyosin contractility in the
pouch medial and lateral domains. Cases 1A and 1B are reproduced from
Fig A.7. In cases 1C and 1D, both apical and basal actomyosin contractility
was increased in the medial domain. Linear regression was used to vary
actomyosin in the medial region in cases 1E-1J. Finally, in cases 1K-1V, in
addition to varying contractility in the medial domain (similar to cases 1E-1J),
the effect of decreasing the basal contractility in the lateral domain is tested.
(B) A table of the apical and basal contractility multipliers for each simulation
case. Note that the apical and basal contractility multipliers get multiplied to
Kapi,cont and kpqes cont, respectively. The role of these multipliers is to increase
or decrease the strength of the actomyosin contractile springs. .................
Effect of variation of apical-basal contractility on basal curvature,
cell height and nuclear positioning. (A) Bar graph visualizing comparison
of (i) ratio of average lateral curvature to basal curvature (ii) medial tissue
height (iii) ratio of dp in medial to lateral compartment for wing discs
belonging to 72 and 96 h AEL of development and the simulations presented
in Fig A.8. (B) Differences between control and the perturbation simulations
(y-axis) were normalized and compared with differences of measured properties
(x- axis) between 72 h AEL and 96 h AEL (1st row). The combined errors from
the three metrics were calculated through differences between the experimental
and simulation data. The error bars are color-coded based on their values. ...
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A.10 Effect of apical-basal contractility profiles on cell height. (A-A”)
Stable shapes obtained because of varying actomyosin contractility in the
pouch medial domain. In cases W-Y the pouch was subdivided into five
domains: left (L), left medial (LM), medial (M), right medial (RM), and right
(R) where the apical-basal contractility ratio was only varied in the medial
(M) domain. (B) A table of parameters for the simulations run in this case
study was organized according to the five domains (L, LM, M, RM and R).

For each case W-Y, the top row represents the apical contractility multiplier
that gets multiplied to Kgpicons While the bottom row represents the basal
contractility multiplier for Kpqs cont. These multipliers are used to increase
the strength of the actomyosin contractile springs. (C) Height profiles in
the tissue are plotted against the cell id (from left to right of tissue) for the
different cases run in this study. The ratio of the apical to basal contractility
multiplier (a/b)multiplier for the medial domain associated with each case in
(B) has been included as part of the figure legend. Note that a represents
the contractility multiplier for Kup; cont While b represents the contractility
multiplier associated With Kpgs comt-««««xvvvvmmmmmnniiiiiiiiiiiiiiiiiiiiiiiia 120

A.11 Loss of Integrin increases while loss of Rhol reduces basal curvature.
MS1096-Gal4 driver was used to knock down mys and Rhol in the dorsal
compartment of the wing imaginal disc. Comparisons were done using the
MS1096 > RyRENA? control. (A-C) DV cross-sections of the pouch are
shown. (A’-C’) Quantification of basal curvature across the DV axis is
shown. Solid line indicates the mean while the shaded region indicates the
standard deviation of n predictions. Sample sizes have been indicated on the
top-right inset of each plot. (D, D’) DV cross sections for the M.S1096 >
Rholf™NA% genetic perturbations. (E, E’) AP sections for en > mysBNA
genetic perturbations. Fluorescent labels have been indicated within the plot. 121

A.12 Increasing cell volumes globally causes a global increase in the
cell height. (A) Plot showing variation of Lagrange multiplier (o) along
the pouch AP axis for different case studies. (B) Plot showing variation of
lateral cell height (H) along the pouch AP axis for the simulated cases. (C-E)
Model outputs for the simulated case studies. The green shading indicates a
qualitative patterning of €}y across the pouch AP axis. ...................... ... 123

A.13 Loss of Rhol pushes the nuclei basally. (A, B) Inhibition of Rhol in
the dorsal compartment of the wing imaginal disc (M S1096 > Rhol N4,
Fluorescent labels have been indicated as labels in the left bottom corner. (C)
Nuclei were segmented and their proximity to the basal surface of epithelia is
SO I, 123
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A.14 Two distinct phenotypes resulting from compartment-specific ex-
pression of InsR and Myc to increase proliferation. (A) Maximum
intensity projection of (i-i’) control and (ii-ii’) samples expressing dominant

tively active insulin receptor, InsR% in the posterior compartment driven by

en-Gal4. Proliferating cells are marked by PH3. (B, B’) Samples expressing
constitutively active insulin receptor InsR® in the posterior compartment
driven by en-Galj. The Gal4 driver is tagged to a GFP to label the compart-
ment boundaries. Additional fluorescent labels have been included within
the figure. (C-i, ii, C-i’, ii") Cross section taken parallel to the DV axis of
the pouch in the anterior and posterior pouch compartments, respectively.
(D) Samples expressing constitutively active Myc in the dorsal compartment
driven by ap-Galj tagged with GFP to label the compartment boundaries.
Additional fluorescent labels have been included within the figure. (E-i, ii)
Cross-section taken parallel to DV axis of the pouch with the same fluorescent
labels as C. Yellow arrow indicating increase in SPS intensity. ................. 125
A.15(A) Maximum intensity projection of (i-i’) control and (ii-ii’) samples express-
ing dominant negative mTOR, mTORPY in the dorsal compartment using
ap::GFP. (B) Cross-section along DV-axis for (i) control and (ii)mTORPY.
(C-C”) Immuno staining of Rhol and pMyoll for ap > mTORPYN genetic
perturbations. (D) Quantification of ratio of SPS across the dorsal to ventral
compartment for discs expressing mTORPYN (ap > mTORPY) in the wing
disc dorsal compartment. Similar analysis for (ii) Rhol and pMyoll across
pouch apical and basal surface. (E-i) Box plot visualizing the differences in
average cell heights between dorsal and ventral compartments of the wing disc
for ap > RyREN4 and ap > mTORPN genetic perturbations (AH). AH
was normalized by the average height of the tissue in ventral compartment
(internal control). (E-ii) Plots quantifying the basal curvature profile for
the DV pouch section of ap > RyR"™N4" and ap > mTORPYN. Solid color
indicates the mean while the shaded region shows the standard error of mean.
The t-statistic (t), p-value (p) and effect size (d) for comparison of mean
curvature profiles of control and genetically perturbed samples in dorsal and
ventral compartments have been indicated on the top of plot. (F) AP cross
sections of (i) ap > mTORPY mutant taken in the (ii) dorsal and (iii) ventral
compartments of the wing imaginal disc. .............c.. oL, 127
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A.16 (A) Quantification of cell heights for the Simulation Cases 9A-C presented
within Fig 2.7 of the main manuscript. (B) Box plot visualizing the cell
heights within the control (anterior ~ en or ventral ~ ap) and perturbation
(posterior ~ en or dorsal ~ ap) compartments of simulations and experimental
data presented within Fig 2.7 of the main manuscript. (C) (i) Initial geometry
used for Cases 9A and 10A. (ii) Simulation cross-sections for cases where
cell proliferation was decreased in the posterior compartment. In addition
to decreased cell proliferation, basal contractility in the posterior side was
also decreased for Case 10A. (D) Simulation cross sections in which both
cell proliferation and basal contractility were decreased in the posterior
compartment. The two cases (Case 10A and 10B) represent shapes arising
from different initial geometries (curved or flat) used....................... ... 128

A.17 The shape of the tissue remains consistent between the control, non-perturbed
ventral compartment and the genetically perturbed dorsal compartment
at very early stages of development. Wing discs (n=12) from (A, B, C)
apterous>white (control), and (A’, B’, C’) apterous> mTORRN4" at 84 +
1.5 hours AEL and stained the discs against (B, B’) pMyoll and (C, C’) SPS
(Integrin) antibody to observe the changes in cell heights. ...................... 129

A.18 Inhibition of Tkv receptors results in a reduction of Rhol followed
by a loss in inwards bending of lateral pouch domains. (A-A”) Cross-
section along the DV boundary of a control wing imaginal disc dissected from
larvae of an engrailed-Gal4 driver. Fluorescence labels have been indicated in
the lower left panel of each figure. (B-B”) Cross-section along the DV boundary
of a wing imaginal disc expressing Tkv®¥4? in the posterior compartment.
The posterior compartment also expresses GFP as indicated in A and B.
(C-C”) Apical view of discs expressing Tkv®4 in the posterior compartment
of the wing disc. A PMAD antibody staining was carried out to validate
the expression of Tkv®4. (D-E) Cross-section along the DV boundary of
a wing imaginal disc expressing Tkv®4 in the posterior compartment and
stained against. (D-D’) Rhol, (E-E’) pMyoll. (F-F’) Cross-section along
the AP boundary of a wing imaginal disc expressing Tkv®“ in the posterior
compartment and stained against Rhol. The posterior compartment also
expresses GFP as indicated in A and B. (G) Box plot visualizing the cell
heights within the control and perturbation compartments of experimental
Aaa. e 131

A.19 Overexpression of Myc reduced pMyolI in the lateral domain and
reduced basal curvature. An engrailed-Galj driver was used to overexpress
Myec in the posterior compartment of the wing imaginal disc. (A-A”) AP
cross-sections of the pouch were visualized. The fluorescent labels have been
indicated as insets in the left bottom corners of each plot. A solid white
line in A’-A” indicates the compartment boundary separating the anterior
(left) and posterior (right) compartments. (B-B’) Quantification of Rho and
pMyoll across the pouch basal surface. Solid lines indicate the mean, while
dashed lines indicate the standard deviation in prediction. Sample sizes have
been indicated as the top-left inset of plots................o i 133
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A.20 Increasing proliferation rate beyond biological limits in silico. (A-A

iv) Through a series of cases, model parameters were varied across the AP

axis with proliferation being increased 1.4, 2, 10, and 20 times the control

in the central region of the pouch (shown in green). Case II through Case

IV correspond to increasing proliferation beyond biological limits. (Bi-Bii)

Box plot representing cell heights at the (B) medial and (B’) lateral regions

corresponding to the cases in A-A iv. (C) Boxplot quantifying the nuclear

position corresponding to cases in A-A iv. ... 134
A .21 Decreasing cell-ECM adhesion with uniform proliferation induces

an apical constriction in the medial region of the pouch. (A-Aii)

Model outputs for simulated cases where proliferation was uniform across the

tissue (C.C.L.), but cell-lECM adhesion (kqqnp) was patterned. In particular,

kqanp was decreased in the medial region by 50% and 100% in Case I and

Case II, respectively. (B) MS1096-Gal4 driver was used to express mystNAl

in the dorsal compartment of the wing imaginal disc. An optical section along

the AP axis has been visualized. Fluorescent labels have been indicated as

an inset within the plot. A decrease in SPS leads to basal nuclei migration

(left panel) and an apical constriction formation near the central region (right

PAIIEL). 136
A .22 Comparison of Rhol expressions as visualized using a biosensor and

an antibody. (A) Composite, (B) ANLRBD-EGFP Rhol Biosensor, and (C)

anti-Rhol antibody staining to observe the expression of Rhol in the same

wing disc. The GFP expression of the Rhol biosensor (panel B) qualitatively

appears to have positive colocalization with the antibody expression (panel C).137
A.23 Pipeline for quantifying local basal curvature. (A) User-defined points

along the basal surface is indicated in red over the raw cross section data.

(B) Plot showing user defined points along the basal surface overlaid with a

curve generated by fitting a spline. (C) Plot showing the normalized curve

representing the basal surface. (C-ii) A spline with a smoothness factor of

0.1 is fit to smoothen the normalized curve. (D) Plot showing the variation

of local basal curvature along the pouch AP axis. The x-axis represents the

normalized distance along the basal surface where curvature was calculated.

The normalization was done by dividing the distance by half the length of

the basal surface. (A’-D’) A similar analysis of basal curvature for simulation

generated Cross SECHIONS. ......oouuiiiiiit i e 142
A .24 Pipeline for extracting local tissue height and the apical-basal ratio

of pMyoll. (A) Visualization of apical-basal surfaces for the columnar and

apical surface for the squamous epithelia. (B) Plot showing fluorescence

intensity of pMyoll at the pouch surfaces highlighted in A. (C) Visualization

of 30 discretized computation cells mimicking columnar cells within the pouch.

Cell ids have been indicated in the region below the basal surface of the pouch.

(D) Plot showing fluorescence intensity of myosin at the apical and basal

surfaces of the columnar cells within the pouch. (E) Plot showing ratio of

apical to basal pMyoll for each computational cell within the pouch. (F) Plot

showing the variation of local tissue height across the computational cells.... 143
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A.25 Quantification of nuclear positioning. (A) DV cross-section of a 72 h AEL
larval wing imaginal disc with fluorescence showing nuclei. (A’) Segmentation
mask generated using StarDist. Each color represents a different nucleus.
(B) MATLAB’s image labeler was used to define the pouch region using the
fluorescence channel highlighting the actin cytoskeleton. (B’) User-defined
points on the apical and basal surfaces are used to generate splines. (C, C’)
Visualization of distances of the nuclear centroids from the apical and basal
surfaces, respectively. (D) Heatmap visualizing relative positioning of nuclei
with respect to the basal surface. It is defined as the distance of a nucleus
from the basal surface (dg) over the sum of distances of nuclei from the apical
(da) and basal (dp) SUrfaces. ........oooiuiiiiiiiiiiiii
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Chapter 1

Introduction

1.1 Overview

The development of tissues and organs is a complex process that involves the integration
of mechanical forces with complex chemical signaling networks at different spatial scales,
from sub-cellular to cellular to tissue level scales. In addition, robust morphogenesis requires
the coordination of various factors, including mechanical regulators, cell proliferation, cell
death, and cell-environment regulations such as cell-cell and cell-substrate adhesions. A
successful combination of all of these processes gives rise to the final tissue shape. However,
dysregulation of any of these processes will hinder proper tissue or organ development
and result in congenital disabilities and degenerative diseases. Since achieving the correct
size and shape is critical for organ function, one of the central problems in developmental
biology is understanding how an organ’s shape is formed and maintained [2]. In particular,
understanding the role of mechanical regulators (such as actomyosin) and cell proliferation in
reaching the final tissue morphology is critical to understanding proper development. In this
dissertation, we combine novel mathematical and computational models with experimental

data to study organ development in the context of the Drosophila wing imaginal disc.



1.1.1 Organization of the Dissertation

This dissertation is organized as follows. First, a background section that reviews various
mathematical and computational models is presented in this chapter. Then, in the intro-
duction section of Chapters 2 and 3, a review of the biological background of each study is
included.

In Chapter 2, we present a novel two-dimensional multi-scale mathematical and compu-
tational model for studying mechanisms of embryo tissue development of the Drosophila
wing imaginal disc, which has been calibrated using experimental data. More specifically,
we developed a multi-scale Subcellular Element (SCE) model that captures the morphology
of the wing disc cross-section along the Anterior-Posterior axis by modeling the nuclei,
different cell types, and the extracellular matrix as a set of several nodes interacting with one
another through different energy potential functions. The positions of nodes are described
via overdamped Langevin equations of motion. In other words, the motion of nodes is repre-
sented by solving stochastic ordinary differential equations using a forward Euler numerical
scheme. The novelties of this model include the detailed representation of cell growth and
proliferation, modeling the non-uniform spatial patterning of mechanical regulators, and
capturing the actomyosin contractility in the apical and basal regions of columnar cells
(one cell type in the wing disc). By combining our model with experimental work, we
investigate how subcellular and cellular-level processes, such as mechanical regulators and
cell proliferation, play a role in the formation of the overall shape of the wing disc.

In Chapter 3, we set the ground for extending the simplified representation of actomyosin
contractility in the SCE model presented in Chapter 2. In particular, we develop a mathe-
matical model of actomyosin network dynamics that captures an individual representation of
actin filaments and non-muscle myosin II (pMyollI) mini-filaments, the biological components
of the network. In addition, the model captures the actin-pMyoll interactions, which give
rise to contractile forces. The goal is to couple this detailed network model with the SCE

model to investigate how actomyosin gives rise to the contractile forces that constrict the



basal membrane at the onset of cell division, which drive the nuclear migration of mitotic
nuclei to the apical region of the cells to divide successfully.

Both Chapters 2 and 3 conclude with a discussion section that summarizes the main
results of each chapter and highlights some areas of future work. Finally, Chapter 4 contains
the overall conclusions of our studies, where we discuss an exciting future direction and

application of our presented work to study later stages of Drosophila wing development.

1.2 Mathematical and Computational Modeling Background

This section is a reproduction of Supplementary Information section S3.1 Overview of
computational modeling approaches published in [1]. This section was written by me with
the help of my advisor Dr. Alber, and collaborators, Dr. Chen and Dr. Tsai. Note that for
the sake of organization and readability of this dissertation, subsection titles were added to

the reproduced text from [1].

1.2.1 Mathematical Continuum Modeling Approaches

Multiple mathematical and computational modeling approaches varying from continuum
to discrete cell-based models have been used to study epithelial tissue mechanics and
morphogenesis [6]. For example, in Keller et al., a continuum model employing the finite
element method was developed to reproduce deformation experiments on the Drosophila
wing imaginal disc to investigate how geometry affects its elastic properties [85]. In Levis et
al., a compression microfluidic device was developed to compress the wing imaginal disc,
and a continuum computational model was used to estimate the elastic modulus of the
disc based on the deformations occurring in the wing disc [86]. In particular, Levis et al.
used a finite element model using the structural mechanics module of COMSOL [87] to
simulate the wing disc cross section and show that the elasticity of discs increases with age.
Recently, Harmansa et al. developed a continuum three-dimensional finite element model to

study the bending of the Drosophila wing imaginal disc [25] to demonstrate that the domed



shape of the wing disc can be driven by the differential growth rate between the columnar
cells and their associated basal ECM and not by the difference in growth rates between the
columnar and peripodial tissue layers. In general, continuum modeling approaches are more
appropriate to capture macroscale tissue-level phenomena and cumulative tissue mechanisms
as they usually do not model cell-level properties and biological processes such as individual

cell adhesion, division, and intracellular processes.

1.2.2 Cell-Based Mathematical and Computational Modeling Approaches

Unlike continuum models, discrete cell-based models simulate cell-level processes, such as
cell-cell adhesion and individual cell division. Cell-based models can be categorized into
either lattice or off-lattice modeling approaches (see Osborne et al. [61] and Honda and
Nagai [88] for extended reviews). A lattice-based model such as the Cellular Potts model
(CPM) represents a cell as a cluster of lattice sites that interact with one another via Monte
Carlo rules based on changes in energy potentials. Among other biological problems, CPMs
have been used to study morphogenesis, limb formation, cell aggregation, and cell sorting
[65-68,89,90]. These types of models can efficiently capture a great number of cells and they
are easy to implement computationally. In terms of off-lattice models, a well-established
modeling approach is the vertex-based model, which represents cells as polygons composed
of vertices connected by edges where each vertex moves under the action of the force term
acting on it [60]. In Nagai and Honda [91], the vertex model was applied to study wound
closure in epithelia and demonstrated that cell basal-lamina adhesion is responsible for
proper closure. In other applications, the vertex-based modeling framework was applied to
study cell shape formation, tissue morphogenesis, and regulation of tissue size [60,70-75,92].
For an extensive review of the vertex models and various applications, please see the book
by Honda and Nagai [59].

Several previous computational models have been developed to study the impact of
changing mechanical properties of epithelial tissue on its structure and shape [70,91,92]. A

common setup in previous models is to describe the epithelial layer as a tightly connected



two- or three-dimensional structure composed of polyhedrons. As surveyed by Smallwood,
earlier models can be traced back to the paper by Honda that describes the epithelial
structure from a top-down view using Dirichlet domains [91,93]. Subsequent models,
either two-dimensional or three-dimensional, were developed utilizing geometrical techniques
represented by topology dynamics, center dynamics, boundary dynamics, or vertex-based

dynamics where an individual cell is depicted as a polyhedron [23,24,32,59,74,94-97].

1.2.3 Physics-Based Mathematical and Computational Modeling Ap-

proaches

Physics-based models describing an epithelial cell layer where mechanical stress and elastic
deformation are modeled via potential terms, stress-tensor, or continuum approach, are a
key area of continued interest [59,98-101]. These computational models have been used
to provide insight into important biological questions including the formation of epithelial
folding and invagination to identify potential mechanisms driving such processes. For
instance, in the work of Marin-Riera et al., an off-lattice center dynamics model was
developed to illustrate the ability to capture the interaction between an epithelial layer with
its surrounding extracellular matrix (ECM), and how differential adhesion, cell migration,
and cell contraction lead to tissue deformation [102]. A key aspect of these models is allowing
different degrees of contraction at the apical and basal surface, regardless of the model
dimension, to achieve deformation. However, such models often make simplified assumptions
including but not limited to reducing the contacting surfaces between two neighboring
cells into a single surface, and therefore reducing the flexibility of the lateral cell surfaces
[12,103]. In addition, it is also frequently assumed that the contraction is surface-bound,
either apically or basally. For a detailed review of physical models developed to study folding

and invagination, please see Rauzi et al [94].



1.2.4 Three-Dimensional Mathematical and Computational Modeling

Approaches

Recently, Tozluoglu et al. developed a 3-dimensional finite element model where each
individual cell in the Drosophila wing pouch is represented with triangular prisms, and
growth is modeled by the increase in the volume of prisms, to study the mechanism for
fold formation [23]. This model captures the ability of cells to resist deformation including
shear strain. They conclude that external resistance to growth from the ECM is essential
for buckling the tissue and the increased apical stiffness can induce the correct number of
folds. Ioannou et al. developed a three-dimensional hybrid vertex model that allows a more
complex polyhedron representation of the epithelial cells, improving the ability of capturing

the packing of cells more realistically [104].

1.2.5 Coupled Mechanical and Chemical Signaling Models

There have also been models developed to identify the links between mechanical behaviors
with the underlying chemical signaling pathways. The work by Hughes et al. has delved into
how mechanical compaction of the extracellular matrix during mesenchymal condensation
leads to tissue folding [105]. In the work of Zmurchok et al., a two-way feedback between
signaling and mechanical tension was investigated to observe waves of contraction and
relaxation sweeping through a two-dimensional model epithelium [106]. However, it still
remains unclear how morphogenesis arises from the interplay between mechanical contraction
and signaling networks. To fill this gap of knowledge, we specifically explore the relative
contributions of cell proliferation and actomyosin contractility in regulating tissue curvature,

cell height, and nuclear positioning.

1.2.6 SCE Modeling Approach and its Advantages

In this study, we use the general Subcellular Element (SCE) modeling approach, which
was initially developed by Newman et al [76]. Here, we developed a novel multi-scale

mathematical and computational model that allows us to study how changes in local



subcellular mechanical properties and cell proliferation regulate the dynamical changes in
epithelial tissue geometry. The SCE method provides unparalleled resolution in describing
detailed intra- and inter-cellular interactions including cell-cell adhesion and membrane-
nucleus interactions (see Chapter 2 Fig 2.1) Previously, SCE type models have been utilized
to study both the top-down and cross-sectional view of the epithelial layer in the Drosophila
wing disc [24,32]. While more computationally intensive, the SCE approach represents an
interplay between cellular deformation due to contraction and the dynamics of subcellular
components including the nucleus, which is often absent in more coarse-grained models.
To overcome the computational cost, most models using the SCE approach have been
parallelized on GPU computer clusters. One final and key advantage of the SCE model is
that the cell mechanical properties can be directly calibrated based on experimental data

32,80].



Chapter 2

A Multi-Scale Model of the
Development of the Drosophila

Wing Disc Cross-Section

2.1 Preface

The content of this chapter is a reproduction of our recently published paper, where I am
one of three first authors: Nilay Kumar, Jennifer Rangel Ambriz, Kevin Tsai, Mayesha
Sahir Mim, Marycruz Flores-Flores, Weitao Chen, Jeremiah J. Zartman, and Mark Alber.
Balancing competing effects of tissue growth and cytoskeletal regulation during Drosophila
wing disc development. Nat Commun 15, 2477 (2024) [1]. Nilay Kumar and I led the
manuscript writing and revisions. Nilay Kumar designed and performed experiments as
well as analyzed the experimental data under the guidance of Jeremiah J. Zartman and
with the help of Mayesha Sahir Mim and Marycruz Flores-Flores. Kevin Tsai developed
and calibrated the original mathematical and computational models and performed initial
simulations. I substantially extended the models, performed the simulations presented in the
manuscript, and contributed to the data and simulation analysis. The design and creation of

all figures and associated captions were a team effort, but mainly led by Nilay Kumar and I.



2.2 Introduction

The final shape of an organ is a result of the dynamic interplay between cell-level de-
velopmental processes [3-6]. A major challenge in reverse engineering biological systems
arises from the inherent complexity of interactions governing protein regulatory networks
and multicellular interactions that occur over multiple spatial and temporal scales [7-10].
In particular, regulating features such as local tissue curvature, cell height, and nuclear
positioning is critical for controlling the morphogenesis of multicellular organisms [11-13].
Iteration of morphological changes such as epithelial folding and flattening results in the
formation of an organ’s final 3-D structure and function [14-16]. Untangling the regulation
of multiple subcellular features that compete with each other and control morphogenesis
requires systems-level, multi-scale approaches [15] that incorporate highly complex biologi-
cally calibrated computational model simulations coupled with quantitative experimental
analysis [17,18].

In this chapter, we decouple the roles of cell proliferation and spatiotemporal cytoskeletal
regulation in facilitating shape changes during organ development by using the Drosophila
wing imaginal disc as a model system. The wing disc is a pseudostratified epithelial vesicle
comprising multiple cell types, including squamous, columnar, and cuboidal cells [19]. In
early developmental stages, the wing disc undergoes rapid proliferation, starting from around
30 cells and maturing into an organ with approximately 35000 cells [19]. Wing disc cells are
enclosed by an extracellular matrix (ECM) along with several cytoskeletal regulators that
vary in structural functions. For instance, interactions between Actin and phosphorylated
non-muscle myosin II (pMyolI) generate contractile forces necessary for interkinetic nuclear
migration during cell division [13]. Further, S-Integrin (SPS) adheres the ECM to the
cell basal surface [20]. Collagen IV (Col-1V), a key component of the ECM, maintains
tensile strength and adhesion of cells with the ECM [21]. The dynamic regulation of the
cytoskeleton is spatially patterned across the tissue. In particular, the wing disc starts as

a flat tissue that thickens and acquires a dome shape as it grows in size. Further, shape



changes in individual cells can regulate morphogen signaling through feedback to pattern
cytoskeletal regulators [22].

Forces generated in individual cells resulting from single-cell processes, including prolif-
eration and cytoskeletal regulation, combine across a multicellular system to give rise to its
shape. For instance, fold formation partially occurs due to differential cell proliferation rates
[23]. Also, Nematbakhsh and Levis et al. found that patterning of actomyosin contractility
along the apical-basal axis of pouch cells is necessary for generating the dome shape, and
the ECM is critical for maintaining the shape [24]. Recently, Harmansa et al. demonstrated
that variation between growth rates of the cellular and ECM layers in the Drosophila wing
imaginal disc contributes to the bending of the tissue [25]. However, biophysical mechanisms
that couple cell shape, cell mechanical properties, and proliferation are yet to be established
fully [26,27]. In the case of Drosophila, a fundamental question lies in determining the
systems-level mechanism driving the formation and maintenance of wing disc shape during
the larval stage and the connection between such shape acquisition with patterning of cell
identities and cellular properties, including growth [14,28,29]. For example, Decapenta-
plegic (Dpp), a key morphogen that patterns the anterior-posterior (AP axis), activates
and patterns the Rho family of small GTPases to generate a gradient in cell height through
regulation of actomyosin contractility [11,30]. Proper shape acquisition is critical for the
fitness of the organism. For instance, the final wing shape is a crucial determinant in flight
performance [31].

To test how spatial patterning of cell mechanical properties and cell proliferation impact
the tissue shape, we developed and calibrated a multi-scale spatial mathematical and
computational modeling approach incorporating the spatial patterning of fundamental
subcellular properties, including subcellular mechanics and cell division dynamics. As a
basis for our model, we adopted the general Subcellular Element (SCE) modeling approach
[24,32,33], which was previously used to determine the role of basal contractility and spatially
varying ECM stiffness in generating the bent shape of the wing disc [24]. In the model, we

introduce a cell division module that captures the interkinetic nuclear migration and mitotic
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rounding process within a pseudostratified epithelium [12,13]. Combining experiments and
computational model simulations, we demonstrate that key regulators of tissue curvature
include the ratio of apical to basal contractility, ECM stiffness, and cell-ECM adhesion.
Additionally, proliferation promotes increased tissue height and basal curvature. Surprisingly,
analysis of multiple growth regulators reveals distinct subclasses that result in two very
different phenotypic outcomes to growth stimulation: increased basal curvature or flattening
of the tissue as growth increases. Consequently, the dual action of growth on proliferation
and cytoskeleton generates the ability to regulate tissue size and shape as independent

features.

2.3 Methods

2.3.1 Mathematical and Computational Modeling Background

Various mathematical and computational modeling approaches, ranging from continuum to
discrete cell-based models [59], have been introduced to study tissue development and growth
[6,16-18,59]. In the context of studying the Drosophila wing imaginal disc, continuum
models employing the finite element method have been recently used to study the bending of
the wing disc [25]. On the other hand, discrete cell-based models, classified as lattice-based
or off-lattice models, have been successfully utilized to investigate different aspects of tissue
growth and development [18,60-64]. For example, the Cellular Potts modeling (CPM)
method, a lattice-based approach, describes cells as clusters of lattice sites that change
shape via energy-based Monte Carlo algorithms. This modeling approach has been used
to study fundamental biological processes, including but not limited to morphogenesis, cell
aggregation, cell sorting, and thrombus formation [65-69]. Off-lattice vertex-based models
have been implemented to investigate tissue morphogenesis and the regulation of tissue
size, among other biological applications [60,70-75]. Although vertex and CPM models
have been successfully used to study various biological systems, it is often hard to calibrate

representations of cellular and subcellular mechanical properties in these models using
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micro-scale experimental data [60,65,66]. In this chapter, we use the general off-lattice
Subcellular Element (SCE) modeling approach, initially developed by Newman et al. [76]
and based on the coarse-grained molecular dynamics method. It allows one to combine
submodels at the micro-scale into a model by choosing appropriate levels of resolution, as
well as represent mechanical properties and shapes of cellular membranes, nuclei, and the
ECM in detail and calibrate the multi-scale model using experimental data at the subcellular,

cellular and tissue scales. (For a more detailed review of different models, please see Chapter

1).

2.3.2 Description of the SCE Model

The general SCE modeling approach [24,32,33] was used as the basis for the model presented
in this chapter. Here, our SCE-type multi-scale model in detail represents cell deformation
and proliferation and integrates mechanical properties, including cell membrane elasticity,
internal cell pressure, polarized actomyosin contractility with nuclear movement, and cell-cell
and cell-ECM adhesivity. Another key advantage of this SCE modeling approach is that most
of the cell mechanical properties considered can be directly or indirectly calibrated based
on experimental data [32,77]. This computational modeling framework is used to simulate
a two-dimensional (2D) cross-sectional profile of the Drosophila wing imaginal disc along
the anterior-posterior axis adjacent to the DV compartment boundary. Using a detailed 2D
model allows for simulating large numbers of cells with high resolution and with particular
attention to mechanical cell properties and small changes in tissue structure and shape.
Given that the cross-section is composed of boundary cells, squamous cells, and columnar
cells, the model includes a separate description for each cell type (Fig 2.1). Important
distinctions from our previous model [24] are detailed representations of cell division and
actomyosin contractility in different parts of a cell. The model includes membrane nodes,
nucleus nodes, and ECM nodes. Energy potentials are used to describe interactions between
different nodes, as in Nematbakhsh and Levis et al. [24]. The total potential energy in

the general SCE model is calculated across node representations of different components of
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individual cells, and the position of each node of interest is determined via the following

Langevin equations of motion:

Cnuc%xnuc = — (VEne + VE,) + & (2.1)

Conerts @ =~ (VEmemsy + VEerssendt + VEapicont + VBt (22)
+ VE, + VEyu + VEunr + VEwnrs + VEwna) + &

Cecm%wecm = — (VEeem + VEempenda + VE, + VEunp) + & (2.3)

where Chuc, Crnemp and Cee, are damping coefficients and £ is the stochastic force satisfying
the Fluctuation-Dissipation Theorem [78]. In this chapter, we neglect the stochastic force
term on the right-hand side of Eqs. 2.1 - 2.3 by setting & = 0 for two important reasons.
First, the cells in the wing disc cross-section are part of a tightly packed tissue where
the level of fluctuation of membranes is negligible. The second reason is that we use the
coarse-graining approximation. Instead of modeling at the molecular level, a single node in
our model represents a portion of cell nuclei, membrane, or ECM. Therefore, &, is assumed
to be zero as the mean behavior. Although for this specific application, we neglect the
stochastic term, we plan to include the non-zero stochastic term and study its effect in our
future extended model.

In the SCE model, a linear spring potential,

1
Ememb = §kmemb(Lmemb - Lomemb)2 (24)

where Lyemp and LOp,emp are the lengths between connected nodes and the resting length
respectively, is used to describe mechanical properties of the cell membrane (Fig 2.1 A-F).
The E-cadherin mediated cell-to-cell adhesion between cells of the same type is captured by

a linear spring potential (see Fig 2.1 E) defined by:

1
Eoant, = §kadhL(LadhL — LOunr)? (2.5)
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Boundary cell

Epemb

L Eapicont
(OO .
) = Enemb

Columnar cell

Figure 2.1: Two-dimensional (2D) multi-scale subcellular element (SCE) model
of the Drosophila wing disc cross-section along the anterior-posterior (AP) axis.
This model closely resembles the wing disc cross-section by including a representation of
the three different cell types (boundary, squamous and columnar cells) that make up the
cross-section and of the ECM, which connects to the basal surface of the cells. Simulated
cells, nuclei, and ECM are represented by a set of nodes interacting via different potential
energy functions. (A) Model representation of a boundary cell and its associated ECM
denoted by ECMpc. (B) Model simulation of the cross-sectional profile of the wing disc
along the AP axis includes boundary cells (colored in yellow), columnar cells (colored in
light red), squamous cells (colored in green), and the ECM (colored in purple). (C) Model
representation of a squamous cell and its respective ECM denoted by ECMg. (D) Model
representation of a columnar cell with different potential energy functions that capture
intracellular interactions, apical and basal actomyosin contractility and cell interactions
with the ECM (denoted by ECM¢). Although we only use a single spring to represent the
apical (Eqpi,cont) and basal (Epqs cont) contractility in (D), in the model there are actually
several apical and basal contractile springs. See section “Determination of the Number of
Springs in Non-Mitotic Cells” for details. (E) Adjacent columnar cell nodes interact via
linear spring Fy,emp and Morse potentials E, to maintain the cells closely connected without
the membranes overlapping. (F) The apical membrane of columnar cells is connected to
squamous cells.
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Similarly, the adhesion between squamous and columnar cell membrane nodes is defined by
the energy potential

1
Eodna = §kadhA(LadhA — LOugna)? (2.6)

while the membrane-to-ECM adhesion mediated by Integrin is defined by

1
Eoinp = ikath(Lath — L0anp)* (2.7)

(see Fig 2.1 D, F). To account for membrane bending resistance, a bending spring potential

1
Ememb,bend = ikmemb,bend(ememb - ‘90)2 (28)

is defined where 0,,¢,p is the angle between two connected linear springs, and 6y is the
resting angle between two connected linear springs [24,32]. The ECM (Eeer,) is also modeled
similarly via placing a spring between adjacent ECM nodes (Fig 2.1 D-F, see later subsection
entitled “Modeling the Extracellular Matrix”) to account for both stretching and bending

resistances. Note that for the ECM, the bending spring potential is defined as:

Eecm,bend = kecm,bend(l — COs (gecm - 90)) (29)

where 0., and 6y represent the current and resting angles between two connected ECM
linear springs [24]. Volume-exclusion (F,) between different types of nodes is described by

the Morse potential:
B, = Uexp <—|‘B—%|> CWoexp (—VC—%’) (2.10)
v Yu

where x; and x; are vectors representing the positions of nodes 7 and j and U, &, W, and
~u are the Morse coefficients [24, 32].
Since we introduce apical actomyosin contractility in this chapter, an additional linear

spring energy potential term is introduced in Eq. 2.2 and denoted by Egp; cont. In this way,
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we capture actomyosin contractility in the apical (Eqpicont) and basal (Epgs cont) Parts of a

columnar cell (Fig 2.1 D). Note that

1

Eapi,cont — §kapi,cont(L - Loapi,cont)2 (211)
1 2

Ebas,cont = ikbas,cont(L - Lobas,cont) (212)

where L represents the lengths between connected nodes while LOgp; cont and LOpqs cont are
the resting lengths of the apical and basal contractile springs, respectively. It is important
to highlight several contractile springs in the apical and basal regions of columnar cells
and that the number of springs is cell-dependent. For a detailed explanation of how the
number of springs is determined, please see later subsection “Determination of the Number
of Springs in Non-Mitotic Cells”. For completeness, we reproduced the table of energy
potentials Table 2.1 from our previous publication [24], with the addition of the description
of the new potential Eyp; cont, in order to provide a detailed description of the potential
functions in the right-hand side of Eqs. 2.1-2.3.

Given that it is valid to assume that cellular motion is under an overdamped regime
for most biological systems [24,32,79,80], we assume that the nodes in our wing model
are also in an overdamped regime. In this way, the inertia force acting on each node is
neglected. Moreover, Eqs. 2.1-2.3 include a damping coefficient (Cpuc, Crmembs Ceem) tO
account for the viscous drag acting on each node due to the surrounding environment.
(A detailed description of the types of potential energies and model construction can be
found in Table 2.1, Nematbakhsh and Levis et al. [24] and Appendix A subsection A.4.2
“Model Calibration Pipeline”). The parameter ranges of this computational model have been
calibrated using a combination of experimental data from this study and from literature
(Appendix A Tables A.1 - A.4). Various parameter values were taken from our previous
publications (Nematbakhsh and Levis et al. [24], Nematbakhsh et al. [32]), where they
were calibrated based on specific experimental results. Parameters such as spring constants,

which are not biological, have been calibrated by comparison with specific experiments and
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Potential function

Type

Biological representation

Erue Morse potential Size of a cell’s nucleus
E, Morse potential Volume exclusion
Eemp Spring Elasticity of the cell membrane
Eremb pend Bending Spring Bending Elasticity of the cell mem-
brane
Eopicont Spring Apical actomyosin contractility in-
side the cells and above the nucleus
Epas cont Spring Basal actomyosin contractility in-
side the cells and below the nucleus
Eyor Lagrange Multiplier | Volume conservation of the cyto-
plasm for each cell
Eadnr Spring Cell-cell adhesion mediated by E-
cadherin
Euoinp Spring Cell-ECM adhesion mediated by In-
tegrin
Eoana Spring Adhesion between columnar and
squamous cells
Eeen Spring Extracellular matrix stiffness
Eeem pend Bending Spring Extracellular matrix bending stiff-

ness

Table 2.1: Energy potentials used in the SCE model

Calibration Pipeline”).
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experimental data. In addition, we used actin and pMyoll intensities quantified in

2.3.3 Nonuniform Apical and Basal Actomyosin Contractility

this

study to calibrate the number of springs and spring coefficients, respectively, associated with
the apical and basal contractility. To ensure that the parameter values were in agreement
with experimentally quantified data, we relied on three metrics for calibration: (1) local
basal curvature, (2) tissue thickness, and (3) nuclear positioning (Fig 2.2 B). (A detailed

description of our calibration pipeline can be found in Appendix A subsection A.4.2 “Model

A feature of the current model represents the nonuniform spatial patterning of actomyosin
contractility in the apical and basal parts of a cell. Namely, interactions between actin and

myosin lead to the formation of a contractile force that creates constriction in the apical and



basal portions of the columnar cells. In our computational model, this constriction effect
is represented by the contractile springs linking the lateral sides of a columnar cell. Note
that the interaction between actin and myosin is mostly membrane-bound, and therefore,
the contractile force is exerted on the membrane surface, altering the circumference of the
cross-sections of each columnar cell.

While such contractile forces may manifest themselves in multiple directions, we only
considered the apical and basal contractile forces that are perpendicular to the apical-basal
direction, which constrict the lateral sides of the cells, as the dominant factor giving rise to
the elongated rectangular geometry of the columnar cells. Therefore, in a 2D setting, this
circumferential contractile force is projected on the 2D plane where our cross-sectional model
tissue resides in the form of linear springs. Thus, there is no direct interaction between the
nuclei and the contractile springs, although some model simulations may falsely suggest
otherwise. The contractile force exerted by the actomyosin network on the cell membrane
is therefore described by the linear spring potential, Ey cont = %k*,cont(|a:| — 19)?, where z
is the distance between a pair of membrane nodes connected by the contractile spring. A
detailed description of the application for the nonuniform actomyosin patterning can be

found in the following section and the last section.

2.3.4 Spatial Representation of the Model of the Imaginal Wing Disc

The cross-sectional view of a wing disc can be separated into approximately left, middle, and
right regions. The middle section is often found to be relatively flat in comparison to the left
and right sections. At the same time, significant bending is observed at the junctions between
the three sections (Fig 2.3). Based on this observation, we first simplified our assumption
of the nonuniform basal and apical contractility patterns as a step function. For details
of the computational model related to membrane stiffness and membrane-to-membrane
adhesion, please see [24]. To systematically study the effect of perturbing both apical and
basal actomyosin contractility, we divided the columnar cells of the model tissue into three

uniformly spaced sections, for example, the apical contractility profile is set to be (a, 1.0, a)
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and the basal contractility profile is set as (1.0, @, 1.0) where 0 < a < 1.0 (Fig 2.4 E-i,
Appendix A Figs A.7, A.8). These manually chosen nonuniform patterns of actomyosin
contractility are utilized to perform model validation. Such validation is necessary to confirm
that the resulting physical behavior of the model is plausible and helps narrow down the
range of possible perturbations to evaluate. These simulation results are in good agreement

with experimentally observed tissue shapes (Fig 2.4).

2.3.5 Modeling the Extracellular Matrix

This subsection is a reproduction of the Supplementary Information section S-3.4 of [1],
which describes in detail how the ECM is modeled.

The ECM is divided into three sections to represent the ECM associated with each cell
type: the columnar cells (ECM,), the boundary/cuboidal cells (ECMp,.) and the squamous
cells (ECM;) (Fig 2.1 A, C, D). The forces applied to the ECM are as follows:

Fecm,c = kecm,c(L - Loecm,c) + 1 (2'13)
Fecm,bc = kecm,bc(L - LOech}c) + c2 (214)
Fecm,s — kecm,s (L - LOecm,s) (215)

The constants ¢; and ¢y in the equations 2.13 and 2.14 are added to represent the pre-strain
of the basal ECM. This representation of prestrain is equivalent to the one used in Adam
et al. [83]. The values of ¢; and ¢z were chosen based on obtaining simulated cell and
tissue shapes that qualitatively reproduce the bent shape of the wing pouch as shown in
experimental images (Appendix A Tables A.1 - A.4). Previous biological studies also suggest
that collagen fibers, key components of ECM in most of the organs, are under tension both

prior to and during experiencing loads [84].
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2.3.6 Cell Growth and Mitotic Rounding

Several key features were developed to study the effect of cell growth and division on the
shape generation of the wing disc. Such features include cell growth via the increase of cell
volume, mitotic rounding events, cell division, and an increase of the ECM nodes within the
model. The volume conservation (or constraint) in the existing model utilizes a Lagrange
multiplier energy function,

Evol = kvol(Q - QO)2 (216)

where ko, 2 and Qg are the strength of the enforcement of volume constraint, current cell
volume, and target (equilibrium) cell volume, respectively. To represent the increase in cell
volume during cell growth, the equilibrium cell volume is increased linearly by a fixed value
per simulation time step, namely Qg = Qf)mt + €T'. Here € << 1 is a small positive real
number representing the increment in volume per simulation time step, T is the current
total simulation time, and Qf)"it is the equilibrium cell volume at the starting time point of
cell growth. Furthermore, the maximal value QF*** for QF°" is set based on the expected cell
volume before cell division occurs. Note that Q79 < 20" since the cross-section of the
cell does not double even if the 3D volume is doubled. New ECM nodes are added locally
when a certain portion of the ECM exceeds a fixed tension threshold, which arises due to
individual cellular growth and division. This growth mismatch ensures that the cellular
growth in the columnar epithelial layer is always greater than the ECM growth because
the addition of ECM nodes depends upon the ECM’s stretching due to the addition of new
daughter cells from cell division. This model assumption is equivalent to growth in the
columnar cell layer, which is upstream (and faster) than the ECM, following the mechanism

described in Harmansa et al. [25].
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2.3.7 Modeling the Basal Constriction Effect and the Dynamics of Acto-

myosin Patterning During Mitotic Rounding

Mitotic rounding in the Drosophila wing disc is special because the columnar cells experience
an increased basal constriction that eventually pushes the majority of the cell interior content
apically. This leads to an enlarged sphere at the apical side whose diameter is roughly
a four-fold increase compared to the non-growing cell [32]. During this process, it was
experimentally observed that the enrichment of actin and myosin concentration occurred
near the basal section of the cell. This increased constriction effect is modeled as a time-
dependent gradual increase in the number of actomyosin contractile springs in the existing
model (Fig 2.4 E-i) using the equation H}*” = H{"* + hT. Here H{" is the value at the
basal point calculated as the average of the membrane node coordinates in the basal portion
of the cell, h << 1 is a positive real number representing the increment per simulation
time step in actomyosin network buildup, and 7' is the current total simulation time. A is
approximated by using the experimentally observed mitotic rounding time duration and the
portion of a mitotic rounding cell with high intensity of actomyosin presence at the onset of
cell division (Fig 2.2 D, E). In this way, a contractile spring is active when the distances
from the membrane nodes connected by such contractile spring to the basal point (Hcont)
satisfy Heont < HJ®". Therefore, as Hj®" increases, the number of contractile springs also
increases. The strength of the contractile springs is also increased to increase the constriction
effect further. This combined effect would correspond to the increased actin and myosin
concentration observed during the mitotic rounding process. Finally, at the end of the
mitotic rounding process, we restore the value of the contractile spring constant to the
initially prescribed value and assume that the actin concentration undergoes a restoration

from a depolymerized state back to a pre-mitotic state.

2.3.8 Modeling Cell Division Process

Cell division is modeled by constructing a division plane based on the centerline of each cell.

Since the cell geometry can become rather distorted when simulating the mitotic rounding
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process, the division plane has to be carefully crafted. This was achieved by calculating
the midpoints of the cell. These midpoints are based on the corresponding pair of nodes
positioned at the two lateral sides of a given model cell. Given such a centerline, new cell
membranes in the model can be constructed by shifting the centerline slightly toward the
two lateral sides, leading to two separate cells. This algorithm also corresponds to the
scenario in that the planar orientation of the mitotic spindle is established as observed in
the wild-type tissue, leading to the division along the lateral direction.

Each cell that can undergo cell growth and division was assigned an initial growth
progress (GP) value GPy < 1. Such value was increased by a fixed value § << 1 per
simulation time step. A cell in the model is considered to enter the mitotic rounding process
when (GPy + 0T) > GP,, where T is the current total simulation time, and G P,
satisfying GPy < GPpni < 1 is a threshold value. When (GFPy + 6T) > 1, the cell
is considered to reach the end of the M phase of the cell cycle leading to subsequence cell
division. To ensure that premature cell division with respect to cell volume increase does not
occur, the small increments used in the cell volume and actomyosin contractile spring are
calibrated so that the cell growth and division process can be completed in a timely manner.
After a division event completes, the resulting cells are assigned a new G P value to indicate
how fast such cells will undergo the mitotic rounding and cell division process again.

To ensure numerical stability in our simulations, the advancement in the cell cycle of a
given cell is suspended if its immediate neighboring cell is already undergoing mitotic rounding
and cell division. In terms of biological relevance, this is equivalent to the assumption that
cells under high external stress are prevented from entering the mitotic phase. Lastly, in the
simulation results presented in this chapter, each cell can perform a maximal number of 10

cell divisions.
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2.3.9 Modeling the Introduction of a New Cell in the Cross-Section as

Part of the Cell Division Process

At the end of cell division, a random number is generated to determine whether a new cell is
introduced into the same plane (or cross-section). Since cell division can produce a new cell
that would lie within the same cross-section or outside of the cross-section, it is necessary to
consider both in-plane and out-of-plane cell division. The probability of this event can be
experimentally approximated by calculating the frequency of new cells occurring in the same
cross-section post-division. If a new cell is not introduced in the same cross-section post-cell
division, the equilibrium volume is restored to the original value Q" by a method discussed
in an earlier section, except we use expression " = QgOStdiv — €T where Qpew > Qinit,

Due to the unique mitotic rounding process, special care was taken to ensure numerical
stability (Fig 2.2 D, E). Since columnar cells in the model are tightly packed and experience
an increase in cell volume during mitotic rounding, volume exclusion is manipulated to
prevent membranes from different cells from overlapping. This is done via a temporary but
significant increase in the magnitude of the volume exclusion energy potential coefficient
which becomes active as a cell enters the mitotic process and briefly post cell division.

As described earlier, the number of contractile springs corresponds to the presence of
actin filaments found throughout the wing disc. In this model, we use the actin intensity
(or concentration) observed in experiments to determine the number of contractile springs
per cell in the model. An additional simplification was applied by calculating the average
value of the recorded intensity according to its corresponding spatial position on the wing
disc (Fig 2.2). However, this simplification can be discarded if the actomyosin intensity is
governed by a time-dependent chemical signaling mechanism, and individual intensity can

be prescribed to each cell.
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2.3.10 SCE Model of Nuclear and Cell Shape Dynamics During Organ
Growth

How morphogenesis arises from the interplay between mechanical contraction and signaling
networks remains unclear. To fill this knowledge gap, we specifically explore the relative
contributions of proliferation and actomyosin contractility in controlling curvature, height,
and nuclear positioning. During actomyosin contraction, pMyoll is responsible for bringing
actin filaments closer to each other, generating the contractile force. Such a force also
depends on the availability of actin filaments [81]. The model incorporates actin density by
utilizing a certain number of (linear) contractile springs in different parts of each cell. The
impact of myosin on actin is represented by the spring constant of a contractile spring. In

this chapter, we consider both apical and basal contractility.

2.3.11 Determination of the Number of Springs in Non-Mitotic Cells

This subsection is a reproduction of the Supplementary Information section S-3.3 of [1] since
this section describes in detail how the number of contractile springs was determined.

The number of apical and basal actomyosin contractile springs within a non-mitotic cell
depends on the height of the cell (H.y;) and the local actin intensities. To determine the
number of springs, we first need to determine the apical and basal portions of a cell that
can be occupied by springs. Measuring from the apical side of a cell, the apical contractile
spring height is denoted by Hy” i, which defines the upper region of the cell where apical
springs can exist (Fig 2.2 C, right panel, apical light blue region). Similarly, measuring
from the basal point of a cell, we have the basal contractile spring height H}* (Fig 2.2
C, right panel, basal dark blue region). The exact values of Hj” " and Hgas“l at the current
iteration are determined by the local actin densities. More specifically, we assume that
HYP', Hpos% < 0.3H,o and define H” = o;He and HY™% = B;H.q. The weight
constants «; is defined by a; = 0.3(A;/Apaz) where A; and A4, represent the local apical

actin intensities and the maximum apical actin intensity, respectively. The calculation for 5;

is similar to «a;, except we utilize the local and maximum basal actin intensities. Finally, a
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contractile spring becomes active if the distance between the apical point of the cell and the
nodes connected by the contractile spring is less than H” " or greater than H..;; — H(Z)’asal. If
this distance is less than Hg" i, an apical contractile spring will manifest in the upper portion
of the cell while if the distance is greater than H.; — Hg“sal , then a basal contractile

spring becomes active.

2.3.12 Experimental and Image Analysis Methods

All of the experimental and image analysis in this chapter was conducted by members of
Dr. Zartman’s lab and mainly led by Nilay Kumar. These methods are described in the

following sections 2.3.13 - 2.3.17 accordingly.

2.3.13 Fly Stocks and Culture

Drosophila were raised in a 25 °© C incubator with a twelve-hour light cycle unless specified
otherwise. Virgins from Gal4 lines were collected twice a day from the bottles. Virgins were
crossed with males carrying the indicated UAS line constructs in a ratio of females to males
15:5. The crosses were staged for 4 h to collect the correct aged larvae. The wild-type Oregon-
R fly line is a long-standing stock in the Zartman lab acquired from the N. Yakoby lab. The
following transgenic stocks were obtained from Bloomington Drosophila Stock Center (BDSC):
UAS-RyRENAI (BDSC#31540), UAS-InsRPN(BDSC#8253), UAS-InsR“A (BDSC#8263),
UAS-TkvRNAL (BDSC#31041), UAS-Tkv®4 (BDSC#36537), Nubbin-Gald (BDSC#25754),
Engrailed-Gald (BDSC#25752), UAS-Myc (BDSC#9674), UAS-mTORENAT (BDSC#33951),
UAS-MycRNAL (BDSC#25783), and UAS-mTORPN (BDSC#7013).

2.3.14 Immunohistochemistry

Wing imaginal discs were dissected as described in previous publications [24]. Details of

methods and reagents are found in section A.6 Experimental Methods of Appendix A.
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2.3.15 Confocal Microscopy

The wing imaginal discs were imaged using a Nikon Eclipse Ti confocal microscope with
a Yokogawa spinning disc and MicroPoint laser ablation system, and a Nikon A1R-MP
laser scanning confocal microscope. For the two confocal microscopes, image data were
collected on an IXonEM+colled CCD camera (Andor Technology, South Windsor, CT)
using MetaMorph v7.7.9 software (Molecular Devices, Sunnyvale, CA) and NIS-Elements
software, respectively. Discs were imaged throughout the entire depth of z-planes with a
step size of 0.8-1 pym, depending on sample thickness, with a 40x and 60x oil objective with
200 ms exposure time, and 50 nW, 405 nm, 488 nm, 561 nm, and 640 nm laser exposure
at 44% laser intensity. The imaging was performed from apical to basal surface so that
peripodial cells were imaged first, followed by the columnar cells of the wing disc. Optical
slices were taken at distances equaling half the compartment length. Tiling was performed
on images to get the entire sample in the field of view, and QuickStich [52] was utilized to

stitch individual tiles.

2.3.16 Image Analysis

For the Oregon-R staging data, CSBDeep [53] was used on the Actin fluorescent channel
for denoising (Figs 2.2-2.6). For visualization purposes, the background subtraction of the
pMyolI channel data was done using a rolling ball algorithm in ImageJ [54]. Intensity values
for quantifications in this chapter were measured using the raw data without any image
corrections. Brightness and contrast adjustments were made to minimize saturation during
the visualization of Rhol data for InsR and Tkv genetic perturbations (Figs 2.8 and 2.9).
Analysis of curvature at the basal surface of a Drosophila wing imaginal disc cross-section
was carried out using an in-house Python-based pipeline described in Appendix A subsection
A.5.1 “Quantification of Local Basal Curvature” (Appendix A Fig A.23). StarDist [55], an
open-source ImageJ plugin, was used to segment the nuclei. Details about quantifications of
cell height and nuclear positioning can be found in Appendix A section A.5 Image Analysis

and Data Quantification Pipelines (Appendix A Figs A.24, A.25).
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2.3.17 Statistics and Reproducibility

We performed a two-sided two sample t-test to compare the significance of differences
between the means of any two groups of data. For each comparison, we have reported the
following statistics: the t-statistic, p-value, mean difference, and the lower and upper bound
of the 95% confidence interval for the mean difference [56]. For comparison of curvature
profiles, a t-test was additionally followed by a Cohen’s d [57] measure to account for the
large number of points in averaged curvature profile. We report t-statistic, p-value and
Cohen’s d measure for estimating the practical significance of comparison. All the statistical
tests were carried out using Python’s Scipy [58] module. Please see Appendix A subsection
A.8.1 “Statistical Tests Employed in Chapter 2” for detailed statistics tables corresponding

to specific figures within this chapter.

2.4 Results

2.4.1 The Role of Proliferation and Cytoskeletal Regulation in a Pseudos-
tratified Epithelium

Here, we developed a computational model, combined with experiments, to test hypothesized
mechanisms of shape changes in the wing imaginal disc during growth. In particular, we
developed an SCE model that captures the shape of individual cells and overall wing disc
morphology along the AP direction near the DV boundary (Fig 2.2 A-i). We also quantified
important metrics defining the cross-sectional shape of the wing along the anterior-posterior
axis (Fig 2.2 Bi-iii). In our previous work [24], it was assumed that actomyosin contractility
is patterned uniformly across the apical and basal surfaces of the pouch. However, our
experimental analysis (Figs. 2.2C and 2.3) of major cytoskeletal regulators reveals the
nonuniform spatial patterning of mechanical regulators such as Actin, pMyoll, and Integrin
(specifically SPS) across the AP axis. In particular, Actin, pMyoll, and SPS are more
concentrated at the lateral basal ends than in the medial domain of the pouch at later

stages of development (84 h AEL and later) (Fig 2.2 C). To test the significance of this
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Figure 2.2: Multi-scale Subcellular Element (SCE) model simulation of prolif-
eration in a pseudostratified epithelium predicts proliferation dynamics and
cytoskeletal regulation. (A) Maximum intensity z plane projection showing the apical
view of a wing imaginal disc at 90 h after egg laying (AEL). (A-i, A-ii) Cross-sectional
views of the wing imaginal disc running parallel along the Anterior-Posterior (AP) and
Dorsal-Ventral (DV) boundaries, respectively. The tissue is further divided into three equal
parts, and the medial (M) and lateral (L) domains are defined in (A-i). (A-iii) A schematic
illustrating patterning of the key morphogens, Decapentaplegic (Dpp) and Wingless (Wg).
The inset on top-right specifies compartment orientation for data visualization and analy-
sis. (B) Geometrical features defining the global tissue architecture include i. Local basal
curvature (Kpgsqi), ii. tissue thickness (H), and iii. relative nuclear distance from the basal
surface (dp = dAdTBdB)‘ The color code represents low to high numerical quantity. (C)
Computational model incorporating spatial inhomogeneity of cell mechanical parameters.
Parameters are determined based on experimental quantification. (D) Stages of interkinetic
nuclear migration during cell division in wing disc cells. Yellow arrows show observed
concentrations of Actin and SPS below the dividing cell. (E) Computational snapshots of a
simulated columnar cell undergoing division. Black arrows point to the various apical and
basal actomyosin contractile springs within the columnar cells.
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asymmetry in cytoskeletal regulation in defining tissue morphology, we developed simulations
that include spatial variation of cell-level mechanical properties. This spatial patterning of
parameters across the AP axis for each cell is the first innovation of our previous work [24].

Previous studies only allowed investigations of shape regulation at a single developmental
stage and without spatial patterning of individual cell properties. As a second key innovation,
we created the first SCE model that provides detailed simulations of cell proliferation and
growth within a pseudostratified epithelium throughout the stages of organ development.
The model of cell division includes multiple stages of interkinetic nuclear migration (Fig 2.2
D, E). During mitosis, the cell experiences narrowing of the basal section due to actomyosin
contractility and depolymerization of the apical contractile springs. Consequently, the
mitotic nucleus migrates towards the apical surface of the pouch. After division, the apical
and basal contractile springs of the two new daughter cells are restored to pre-division values
(Fig 2.2 E). Interestingly, both SPS and Collagen IV (Col-1V), key components of ECM-cell
adhesion, form prominent tails below dividing cells (Fig 2.2 D, Appendix A Fig A.1). This
may suggest that the basolateral surface of mitotic cells is pulled close to the bottom of the
rounded cells during cell division to maintain a continuous structure for the epithelium to
prevent delamination or excessive cell rearrangement.

Next, we developed a pipeline to calibrate the SCE model with the quantified experimental
data for model calibration using local shape features such as basal curvature (Kpgsq;), tissue
thickness (H), and nuclear positioning (dg) (Fig 2.2 B-i, B-ii, B-iii). The computational
model, along with the quantification of experimental data, enables us to reverse engineer

mechanisms governing organ shape and size regulation.

2.4.2 Both Cell Height Thickening and Tissue Flattening Occur Towards
the End of Larval Wing Disc Maturation

Experimental analysis of staged wing discs reveals cell height thickening and flattening of
the medial basal surface of the pouch. In particular, shape changes are correlated with

changes in cytoskeletal regulation. To understand the interrelationships between tissue
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growth and morphology, we quantified wing disc shapes over multiple time points leading
up to pupal stages (72-96 h AEL, Fig 2.3 A, B). Basal curvature (kpgsq;) along the DV
boundary shows transitions from a relatively flat tissue (<72 h AEL) (Appendix A Fig A.2)
to acquire a curved shape with almost uniform curvature (72-84 h AEL) (Fig 2.3 B, Ci-ii,
top panel). The disc then continues to grow in size with increased bending in the lateral
regions and flattening in the medial domain (84-96 h AEL) (Fig 2.3 B, Ciii-v, top panel).
This central flattened section increases in width as development progresses (Fig 2.3 C, top
panel). Moreover, cell height varies (Fig 2.3 C, bottom panel) across both the medial and
lateral domains of the pouch.

Our results also indicate a change in the spatial patterning of cytoskeletal regulators
throughout development (Fig 2.3 D-F’). In particular, the relative levels of pMyoll shift
apically in the pouch’s medial region as the discs grow (Fig 2.3 D i-v, E). Similar to pMyoll,
BPS also undergoes temporal changes across the pouch basal surface (Fig 2.3 D’ i-v). During
the initial stages of development, SPS is localized along the basal surface with increased
localization in the medial regions. As the pouch grows in size, it becomes more dominantly
localized across the lateral regions of the pouch (Fig 2.3 E’). The strong correlation of
Actin, pMyoll, and SPS along the basal surface of pouch cells suggest potential functional
associations between the different cytoskeletal components (Fig 2.3 F, F’, Appendix A Figs
A4, A.5). Additionally, the ratio of apical to basal levels of pMyolI strongly correlates with
tissue height at later stages of morphogenesis (Fig 2.3 G, G’). Further, SPS localization
correlates with the basal tissue curvature. Overall, the regions within the basal surface of
epithelia that have higher localization of SPS have higher basal curvature (Fig 2.3 H, H").
While local cell height exhibits a strong correlation with the ratio of apical to basal pMyoll
for discs at later stages of development (Fig 2.3 G’), it cannot be conclusively asserted
that this relationship is the exclusive mechanism of cell height regulation across the pouch
AP axis. This point stems from the observation that columnar cell height decreases when
transitioning away from the medial pouch domain in younger discs (Fig 2.3 C-I, bottom

panel), despite a relatively constant apical to basal pMyoll ratio across the pouch AP axis
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Figure 2.3: The central domain of the wing disc pouch flattens and thickens as
it grows. (A i-v) Apical views of a wild-type wing imaginal disc at five different larval
stages with medial (M) and lateral (L) domains defined. Fluorescence signals in green and
magenta denote the patterning of Actin and Nuclei. (B i-v) Cross-sectional view of wing
imaginal discs. (C) Plot showing quantification of (top panel) local basal curvature (Kpgsai)
and (bottom panel) cell height (H) along the DV axis of the pouch. Here [ and L4p denote
the distance of the point from center of the pouch along the basal surface of AP axis and the
length of the tissue along the AP axis, respectively. (D, D’ i-v) Spatial patterning of pMyoll
and SPS across the AP axis. (E) Quantification of the ratio of apical to basal intensities of
pMyoll at multiple locations within the pouch’s medial domain is plotted as a box plot for
discs belonging to 72-96 h AEL. (E’) Ratio of integrated intensity of SPS across the medial
and lateral domains of the pouch. (F, F’) Fluorescence intensity of Actin, pMyoll, and SPS.
Several points sampled in the basal surface for discs belonging to 96h AEL larval stage.
Average R? values for multiple samples are indicated. Different colors represent data from
individual samples. (G, G’) Plot showing a correlation between the ratio of apical to basal
levels of pMyoll and tissue height belonging to 72 and 96 h AEL. R? values calculated over
multiple samples have been reported (right bottom inset). The different colors in each plot
represent different samples. (H, H’) Fluorescence intensity of 5-Integrin is plotted against the
local basal curvature across several points sampled in the basal surface for discs belonging
to 72 and 96 h AEL larval stage. Different colors represent the location of points within
the pouch (medial/lateral). Region-specific R? values calculated using multiple samples are
indicated (sample sizes, right bottom inset). (I i-ii) Apical view of pouch showing that the
fraction of dividing cells marked by phosphohistone 3 (PH3) decreases as terminal organ
size approaches.
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(Figs. 2.3 E, 2.4 Fi-ii). Further, the increase in cell height between the lateral and medial
domains becomes more pronounced as the disc grows in size (Appendix A Fig A.3 B, C).
Collectively, these observations suggest that multiple independent mechanisms likely play
integrative roles in orchestrating cell height and ensuring robust tissue morphogenesis.
Along with these cytoskeletal dynamics, cell proliferation decreases toward the end of
larval development, in agreement with previous studies [29,34, 35] (Fig 2.3 I, Appendix A
Fig A.6). These observations of dynamic changes in cell-level processes such as contractility,
cell-ECM adhesion, and proliferation suggest possible coordinated regulation between cell
growth, proliferation, and the cell mechanics that define subcellular features of cells and the

shape of the tissues.

2.4.3 Key Regulators of Basal Curvature Include the atio of Apical to
Basal Contractility, ECM Stiffness and Cell-ECM Adhesion

We next tested several proposed mechanisms driving the flattening of the medial domain.
From the normalized basal curvature (Kpusq;) calculations, we confirmed that Kpgsq is almost
uniform at 72 h AEL larval stage but it becomes patterned with higher local Kpqsqr at
the lateral ends at 96 h AEL (Fig 2.4 A-B”). To test hypothesized mechanisms that
can generate medial flattening i.e. less curved than lateral ends (Fig 2.4 B”), we varied
model parameters that correspond to perturbations in the cell cytoskeleton, the apical
(Kapi,cont) and basal (kpgs,cont) actomyosin contractility, the basal ECM stiffness (keem,c), the
membrane tension (Kmembp basal; Kmemb,laterals LOmemb.laterals LOmemb basat) and the Integrin-
based adhesion between the cells and the basal ECM (k.qn5) (Appendix A Figs A.7, A.8). All
simulations started with the same flat tissue shape as the initial condition. For comparison,
our control simulation assumed homogeneous contractility across the AP axis on both apical
and basal sides of individual cells with higher strength at the basal side while all other
parameters remained constant. Under these conditions, the tissue evolved into a bent shape

with a globally uniform curvature (Fig 2.4 C). For the in silico tests, parameters were
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patterned differently as step functions to increase or decrease the parameter values in the
medial and lateral domains of the pouch (Fig 2.4 D-i, details in Appendix A Figs A.7, A.8).

Next, we calculated the ratio of the average basal curvature of the lateral ends to the
medial domain for both the experimental data and model simulations. This quantitative
comparison (Fig 2.4 D-ii, Appendix A Fig A.9) revealed that the key regulators that
can explain the flattening of the pouch’s medial domain are the ratio of apical-to-basal
contractility (%), basal ECM stiffness (keem,c) and the adhesion between pouch cells
and the basal ECM (kyqrnp) (Fig 2.4 i-iii, Supplementary Movies 1-3 of [1]). The prescribed
parameter profiles for these cases (Fig 2.4 E i-iii, top panel) resulted in medial tissue
flattening compared to the lateral ends.

To corroborate our model results, we employed a quantification pipeline for fixed and
stained samples for pMyoll, Col-1V, and SPS (Fig 2.4 F-H). We observed that late-stage
wing imaginal discs (96 h AEL) have a nonuniform spatial patterning of pMyoll along the
AP axis across both the apical and basal surfaces. In particular, pMyoll is more localized at
the apical-medial and basal-lateral domains (Fig 2.4 F'). This variation generates a decreasing
trend in the ratio of the apical to basal pMyoll as one moves away from the center of the
pouch along the AP axis. A similar patterning of the parameters kqpi cont and kpgs cons can
generate the flattening in the medial domain as observed in the experimental data (Fig 2.4
E-i). In fact, a similar patterning of pMyoll across the basal surface is reported for later
staged discs (Fig 2.4 F’-ii).

Next, our model demonstrates that a graded stiffness of ECM across the AP axis for
ECM surrounding pouch cells generates a kpq5q; profile similar to that of wing discs belonging
to late developmental stages (96 h AEL). More specifically, a stiffer ECM at the pouch
central region induced by increasing keem, . in this region promotes flattening (Fig 2.4 E ii).
The underlying reason why this phenomenon is observed in Fig 2.4 E-ii can be attributed
to the dynamics between the model columnar cells under contractile force and the ECM.
While the contractile forces originating from actomyosin contractile springs situated in each

columnar cell promote tissue curvature, the equilibrium angle, 7, prescribed to the bending

34



potential energy function would lead to the ECM preferring a flat shape. By increasing
the ECM stiffness (i.e. an increase in the resistance to stretching by increasing the linear
spring coefficient) the ECM’s contribution to the overall model tissue shape becomes more
pronounced. Therefore, the angles between nodes in the model ECM will tend toward the
equilibrium value reducing the basal curvature. Our result suggests that under certain
conditions, the ECM’s increased stiffness can promote a flatter basal curvature. Based on
our observations, wing disc morphogenesis can be a joint effort of the locally stiffening ECM
and the dynamics of actomyosin contractility. Apart from the graded ECM stiffness along
the DV axis, the ECM appeared less taut at the basal region of squamous cells as compared
to pouch columnar cells.

Our experimental results show increased Col-1V localization in the lateral bends of the
wing disc (Fig 2.4 G, G’). This localization may result from two possible phenomena. First,
it may result from spatially nonuniform local growth, which is greater in the z-direction
(greater ECM thickness), increasing the local growth mismatch between the cell layer and the
ECM in the planar AP direction. Alternatively, or additionally, this increased localization is
due to greater basal contractility, shrinking the basal region resulting in a higher density of
Col-1V compared to the flatter medial basal domain of the wing disc. Our data also shows
higher Col-IV localization in the region surrounding the squamous epithelia, confirming the
difference in stiffness of ECM surrounding the squamous and columnar cells. The latter
finding is consistent with the results presented in previous work [24,25]. This result is also
consistent with fold generation inhibited in the vicinity of a stiff ECM. Future experiments
are required to estimate the mechanical properties of ECM to validate predictions made by
the computational model.

Lastly, our model simulations show that increasing the adhesion strength between the
ECM and basal surface of columnar cells at the lateral domains compared to the medial
domain flattens the tissue (Fig 2.4 E-iv). Similar to the input parameter profile, we observe
high Integrin localization in the lateral domains of the pouch compared to the medial region

for discs belonging to late developmental stages (Fig 2.4 H, H’-ii).
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Figure 2.4: The evaluation of computational model scenarios validates cytoskeletal
impact on tissue curvature via biomechanics. (A, B) Reference apical and (A’-B’)
cross-sectional views of a wild-type (WT) disc stained with DAPI and Phalloidin at (A)
72 h and (B) 96 h AEL. (A”-B”) Ratio of average curvature over the lateral and medial
domain for staged discs (72 and 96 h AEL) compared with simulation results. Plots show the
normalized curvature of the tissue basal surface (Kpqsq1) calculated for samples corresponding
to 72 h and 96 h, respectively. The red, green, and purple solid lines in (B”) correspond to
the normalized basal curvature from simulation cases Ei-iii. (C) Control simulation output.
(D-i) Perturbing model parameters (0,,04¢1) that correspond to the cell cytoskeleton and
celllECM adhesive energies. 0,,,04c; Was patterned as a step function. (D-ii) Quantification
of the ratio of average curvature in the lateral-to-medial pouch domains for staged discs (72
and 96 h AEL) and simulation results. Green bars denote the experimental data. Blue and
pink bars represent the simulation data. The pink bars denote cases that capture medial
flattening. Shaded regions represent the mean plus or minus one standard deviation. (E i-iii)
Simulation results from varying model parameters representing mechanical properties of cell
cytoskeleton. Parameter profiles are plotted. The green-colored region represents the medial
domain of the simulated tissue. Case 1 A’ in B”, D-ii and E-i is Case 1D from Appendix
A Fig A.8. See Appendix A Fig A.9. (F-F’ i) Heat maps of pMyoll distribution across
the DV section for 72 and 96 h AEL discs. Color code represents lower (blue) to higher
(red) intensity of pMyoll. (F-F’ ii) Variation of pMyolI localization across the pouch apical
and basal surfaces. Plots show intensity profiles across the AP axis. (G) Col-IV antibody
staining in AP cross-section of 90-100 h AEL disc. (G’) Spatial localization of Col-IV in the
pouch basal surface. (H-H’ i) Heat maps of SPS distribution across the DV section of 72
and 96 h AEL discs. (I-I’ ii) Variation of SPS localization across the pouch basal surface.
Plots show intensity profiles across the AP axis.
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In summary, our experimental data, together with the simulation results, suggest that
nonhomogeneous actomyosin contractility, basal ECM stiffness, and cell-ECM adhesion all
can generate a tissue shape with non-uniform curvature where the medial section is flat.
These correlations in non-homogeneous spatial patterns suggest the possibility of mechanistic
redundancy and crosstalk between multiple cellular processes. A high degree of correlation
between SPS and pMyoll at the pouch basal surface across multiple developmental stages
(Fig 2.3 F) suggests that spatiotemporal regulation in one of the cytoskeletal regulators

affects the patterning of another.

2.4.4 A Balance in the Patterning of Forces Generated by Actomyosin
Contractility, Basal Cell Tension, and Cytoplasmic Pressure Main-

tains a Spatial Profile in Cell Height

As described previously, the average tissue height increases as the discs age from 72 h to
96 h of larval development (Fig 2.3) across both medial and lateral domains of the pouch
(Fig 2.5 A, A’). Our experimental data, which is validated by previous studies [11], also
shows a gradient in the patterning of cell height across the AP axis (Fig 2.3, Appendix A
Fig A.3). Cells in the central region of the pouch are more elongated as compared to cells in
the lateral ends (Fig 2.5 A, A’, Appendix A Fig A.3 D).

To test the importance of cytoskeletal regulation in defining the tissue height, we
analyzed cell height for the simulation outputs generated during the different model scenarios
(Appendix A Figs A.7, A.8). Our model identifies apical and basal contractility (Kupi,cont and
Kbas cont, respectively) and basal cell tension (Kmemb,basals LOmemb,basal) 8 crucial regulators
of cell height in the middle domain of the tissue (Fig 2.5 A, A’). These parameters were

api,cont

patterned across the AP axis as previously described. An increase in the Z ratio within

as,cont
the pouch medial domain causes the cells to elongate (Fig 2.5 A, Appendix A Fig A.10).
Moreover, our model also suggests that an increase in the contractility values in both the

apical and basal surfaces of the pouch while (1) keeping the ratio constant and (2) increasing

the ratio led to an increase in average tissue thickness (Appendix A Fig A.10). This increase
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in cell height is limited to the medial pouch domain where the increase in the apical and
basal contractility is introduced. (Additional details regarding the variation in the ratio
can be found in the Appendix A section A.3.7 “Tissue Local Height is Regulated by the
Difference in Apical-Basal Contractility”). Finally, our model suggests that modulating the
basal tension of the cells changes tissue thickness. In particular, lowering basal tension in
the center of the pouch by increasing LO,uemp pasar Shrinks the height in the medial domain
(Fig 2.5 A, Case 6B).

Next, we analyzed experimental perturbations to test the role of the aforementioned
contractility and basal tension parameters on basal curvature and height maintenance. First,
we perturbed tension in the basal surface of columnar cells by RNAi-mediated downregulation
of myospheroid (mys), a B-subunit of the Integrin dimer (Fig 2.5 B). Perturbation in the
cell-ECM adhesion through downregulation of mys reduced basal SPS levels and cell height.
Notably, the cell height reduction was pronounced across the lateral section of the pouch
(Fig 2.5 D, D’) as denoted by the p-values of the student t-test for the comparison of
height (H) between RyRENA! control and mys®NAT (p-value of 0.06 and <0.05 in the lateral
and medial sections, respectively). Interestingly, the loss of Integrins also caused a loss in
basal expression of pMyoll, suggesting a positive regulation of pMyoll through Integrin
localization (Appendix A Fig A.11 E, E’). Next, we varied the apical to basal contractility

api,cont

ratio, associated with the Zbas’com ratio from simulations, in the dorsal compartment of the
pouch by expressing Rhol®NA! using an MS-1096 Gal4 driver (Fig 2.5 C, C”). Inhibiting
Rhol increases cell height and inhibits basal curvature (Fig 2.5 D, D’, Appendix A Fig
A11).

Although the computational model scenarios identified the parameters that can explain
the control of cell height within the medial domain of the tissue, it remained unclear if they
were sufficient to generate the gradient in cell height across the AP axis as observed in the

api,cont

experimental data (Fig 2.5 A, A’). Except for the variation of Zb the other case study

9
as,cont

simulations did not generate the same difference in average cell heights compared to the

experimental data. Since the loss of actomyosin contractility in Rhol genetic perturbations
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Figure 2.5: A balance in actomyosin-mediated contractility, surface tension,
Integrin-ECM adhesion, and cell pressure patterns tissue thickness. (A, A’)
Quantification of medial and lateral heights for discs belonging to 72-96 h AEL larval stages
and model simulations (Reference parameter profiles are found in Appendix A Fig A.7).
The error bars represent points within the 1.5 interquartile range of the lower and upper
quartile, and diamonds represent the values outside this range, respectively. Shaded regions
represent the standard deviation of the 72 h and 96 h experimental data. (B-B’) S-Integrin
was knocked down in the dorsal compartment of the wing (MS1096-Galj x UAS-mys®NAY),
Visualization of the cross-section along the DV axis. (C-C’) pMyoll was knocked down in
the dorsal compartment of the wing disc (MS1096-Galj x UAS-Rho1N4%) Control for the
experiment has been generated by crossing the same Gal4 driver with a UAS-RyREN4? line,
previously validated as a negative control for wing morphology. (D, D’) Quantification of
medial and lateral heights for the -Integrin and pMyoll genetic perturbations. (E) The
target cell volume (€p) in the Lagrange Multiplier was varied across the DV axis for pouch
cells. Variations of parameter profiles are included. (F) Plot showing the height of discs
at 96 h AEL. The black solid line indicates the average experimental height. The shaded
region represents the standard deviation across multiple samples. Lines in green and blue
represent the control and the case where the 0y was patterned. (G, G’) Model simulation
output for (F). (H) A schematic summary of height regulation in pouch cells. Here, WT
and KD stand for wild-type and knockdown, respectively.
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increased cell height, we hypothesize that cytoplasmic pressure within the cell must be one
of the factors causing the tissue to increase in volume with reduced cortical actomyosin
tension. Moreover, the increase in cell height was non-uniform and increased more in the
medial than the lateral region (Fig 2.5 D, D’). This suggests that a non-uniform distribution
of cell pressure across the AP axis may potentially explain the varying degrees of cellular
height changes across the AP axis when Rhol is inhibited. Testing this hypothesized spatial
gradient in cell pressure across the tissue requires future experiments. In our simulations,
we varied cell pressure by changing the control volumes (€) of cells such that Qg decreases
away from the center of the pouch (Fig 2.5 E-G’, Appendix A Fig A.12). A patterning of
Q increased the gradient in cell height, as is observed within the experimental data (Fig 2.5
F, G’, Supplementary Movie 4 of [1]). Hence, the cell height in the lateral domains is more
sensitive to variations in cell volume, while the cell height in the medial domain of the tissue
is more sensitive to non-homogenous patterning of actomyosin contractility. In conclusion,
our computational model simulations show that changing the relative ratio between apical
and basal actomyosin contractility by modifying kapi.cont and Kpas,cont, varying the tension
in the basal membrane by changing ky,emp pasal O patterning cell pressure [36] through the

target volume term (£2y) can impact local tissue height (Fig 2.5 H).

2.4.5 The Relative Levels of Apical Contractility and Basal Surface Ten-
sion Determine Nuclear Positioning in Pseudostratified Epithelial

Cells

Next, we analyzed the positioning of nuclei within pouch cells of wing imaginal discs from 72
h and 96 h AEL (Fig 2.6 A-A’). In the initial stages, the distribution of nuclear positioning is
uniform across the AP cross-section (Fig 2.6 A, B). However, with age, nonmitotic nuclei in
the medial domain are more basally located than those in their lateral counterparts (Fig 2.6
A’ B). To study the relative importance of individual cytoskeletal regulation components,
we measured nuclei positioning across the pouch medial and lateral domains for all of the

different simulation case scenarios performed in the previous sections (Figs 2.3, 2.4). We
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Figure 2.6: Higher levels of apicocentral contractility results in a basal bias of the
position of nuclei. (A-A’) Optical sections along the AP axis for discs belonging to 72
and 96 h AEL were used to mimic the patterning of contractility in the model simulations.
Nuclei have been color-coded with respect to their distance from the basal surface (dg).
(B) Bar graph visualizing ratio of dg between the medial and lateral pouch domains for
the experimental data (orange and green bars) and the model simulations (pink and blue
bars). (C) Nuclear positioning in a uniformly patterned actomyosin profile is distributed
uniformly within each columnar cell. (C’) A non-uniform actomyosin patterning generates
a flatter midsection, resulting in a shift of nuclear positions toward the basal side in the
midsection. (D) (Top panel) Optical section along the DV axis for pouch expressing mystNAL
predominantly in the dorsal compartment using an MS1096-Galj driver. Fluorescent labels
have been indicated as an inset within the plot. (Bottom panel) Nuclei within the genetically
perturbed cross-section have been color-coded based on dpg, where 0 and 1 denote a more
basal or apical location, respectively.
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define dp as the relative distance of the nuclei from the basal surface (Fig 2.6 A’). The
ratio of dp across the medial to lateral domains was computed and compared with the
experimental data (Fig 2.6 B).

In the case of a uniform patterning of the actomyosin profile, the relative nuclear
positioning along the apicobasal axis shows marginal differences across the whole wing
disc (Fig 2.6 B, C). A higher ratio of apical to basal contractility (%) in the medial
domain (Case 1A’), where the apical contractility is comparable to the basal contractility,
pushed the nuclei to the basal surface of the pouch (Fig 2.6 B, C, C’). The simulated shift in
contractility is similar to the experimentally reported change of pMyolI (Fig 2.3). Based on
our experimental observations and predictions generated by our model, we initially targeted
the inhibition of actomyosin contractility in the dorsal compartment of the wing disc by
inhibiting Rhol. This inhibition resulted in the migration of columnar cell nuclei towards
the basal surface, as detailed in Appendix A Fig A.13. Thus, Rhol mediates actomyosin
contractility in maintaining the proper nuclear arrangement within wing discs.

Further, our model simulation results suggest a patterning of basal tension (Case 6B)
and the adhesion of cells with the ECM (Case TA) (Fig 2.4 D-i, Appendix A Fig A.7),
which can also impact nuclear positioning (Fig 2.6 B). To validate this experimentally, we
knocked down myospheroid (mys) predominantly in the dorsal compartment of the wing
disc. As a result, we observed more migration of nuclei to the basal surface of cells in the
dorsal compartment compared to the ventral side, semi-quantitatively validating the model
predictions (Fig 2.6 D’).

Both our experimental data and computational simulations suggest that nuclei are shifted
basally in the center of the wing disc as development progresses. In summary, our results in
this section indicate that the apical-basal polarization of myosin and the patterning of basal

tension and cell-ECM adhesion influence nuclear positioning within the epithelium.
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2.4.6 Increasing Cell Proliferation Enhances Local Basal Curvature

To study how cell proliferation impacts tissue geometry along the AP axis, we incorporated
the proliferation of the columnar cells in our computational model (Fig 2.7). For these
simulation scenarios, the initial geometry of the wing disc specified in simulations reflects the
curvature observed in experimental wing discs at approximately 72 h AEL. We varied cell
proliferation rates by increasing or decreasing the cell cycle length (C.C.L.) in the posterior
compartment of the wing imaginal disc (Fig 2.7 Ai-iii, Supplementary Movies 5-7 in [1]).
Note that an increase in C.C.L. induces a decrease in proliferation, while a decrease in C.C.L.
increases proliferation. In particular, we set the posterior-to-anterior cell cycle length ratio
of 400% for Fig 2.7 A-i or 50% for Fig 2.7 A-iii, which was compared to the “wild type”
control simulation that exhibits a spatially homogeneous cell division rate (Fig 2.7 A-ii). A
decrease in proliferation reduced basal curvature and cell height (Fig 2.7 A-i, B-i, Appendix
A Fig A.16 A, B). In contrast, increasing cell proliferation in the posterior compartment
increased the local basal curvature (Fig 2.7 B-iii). In other words, an increase in proliferation
rate results in increased inwards bending of the pouch (Fig 2.7 B-iii, Supplementary Movie
7 in [1]). Finally, cell height slightly increases in a compartment-specific manner if cell

proliferation is increased (Appendix A Fig A.16A, B).

2.4.7 Targeting Proliferation via Different Signaling Pathways Results in

Distinctive Tissue Morphologies

To qualitatively validate the model simulation’s predictions, we investigated the impact of
genetically perturbing the growth signaling pathways in a compartment-specific fashion on
the morphology of the wing disc pouch. First, we inhibited proliferation in the posterior
compartment by expressing the dominant-negative (DN) form of the Drosophila insulin
receptor (InsRPN) in the posterior compartment (Fig 2.8 A). We confirmed that downregu-
lation of insulin signaling activity through the expression of InsRPN reduced the number
of mitotic cells [37] (Appendix A Fig A.14). Strikingly, inhibiting insulin signaling in the

posterior compartment reduced tissue bending (Fig 2.8 B, C-i). Additionally, we observed
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Figure 2.7: Stimulating cell proliferation increases tissue curvature. Comparison
of the local basal curvature between simulated wing disc cross sections with compartment-
specific variation of proliferation rates. These simulations assumed increased actomyosin
contractility on the basal region of the columnar cells. (A i-iii) Cell cycle duration in the
posterior compartment is varied compared to the constant anterior compartment. (B i-iii)
Plots quantifying and comparing the distribution of local basal curvature corresponding to
cases (A i-iii). Red arrows denote a decrease or increase in curvature.

that the tissue height decreased (Fig 2.8 C-ii). We also expressed constitutively active
forms of insulin receptors (InsR4) in the whole pouch. We found that such discs showed a
significant increase in the inwards bending (Fig 2.8 G, G’, H-i) and tissue height (Fig 2.8
H-ii).

Insulin signaling can also regulate contractility via a PI3K-mediated activation of pMyoll
[38,39]. Consequently, we assessed if there were changes in the spatial patterning of
cytoskeletal regulators such as Integrin or Rhol, an upstream activator of pMyoll. We
found that the relative Integrin levels measured across multiple samples did not change
significantly (Fig 2.8 F-i). However, there is a statistically significant decrease in Rhol
(Fig 2.8 D, D’, F-ii). We also report a compartment-specific reduction in pMyoll levels

upon expression of InsRPN, suggesting that insulin signaling interacts with Rho GTPases

to regulate contractility within the tissue (Fig 2.8 F-iii). As a loss in contractility can also
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result in a loss of bending, it is difficult to decouple the individual role of proliferation in
generating bending across the tissue.

To further test how growth regulators impact tissue geometry, we studied the effect
of downregulating mTOR, a direct regulator of the cell cycle and cellular growth in the
wing disc [40] (Appendix A Fig A.15). First, we expressed the dominant negative form of
mTOR in the posterior compartment with engrailed-Gal4. However, the progeny was lethal.

Hence, we expressed mTORPN

in the dorsal compartment of the wing disc with apterous-
Galj. The expression of mTORPY resulted in the loss of bending in a compartment-specific
manner compared to the control Gald driver (Appendix A Fig A.15 B-ii, E-ii). We also
report a decrease in cell height upon expression of mTORPY (Appendix A Fig A.15 E-i).
Finally, while we did not observe changes in SPS (Appendix A Fig A.15 D-i), we report a
compartment-specific decrease in both basal Rho and basal pMyoll along the AP axis upon
expression of ap>mTORPY in the dorsal compartment (Appendix A Fig A.15 D-ii).
Similar to the findings from our computational model, our experimental data captures
the trends predicted by our model, that an overall increase or decrease in cell proliferation
can result in an increase and decrease of both cell height and basal curvature, respectively.
Additionally, quantitative analysis of the experimental data shows that changing proliferation
through InsR or mTOR can also cause changes in cytoskeletal regulators such as pMyoll.
Cytoskeletal regulation and cell proliferation are correlated, which makes it impossible to
decouple the relative importance of the two through experiments. As a result, we ran
additional simulations where we decreased both cell proliferation and basal contractility in
half of the pouch (Appendix A Fig A.16 C, D). The simulations qualitatively recapitulate
the tissue flattening observed within the InsR and mTOR genetically perturbed samples.
Moreover, our simulations show that decreased basal contractility further decreases the
tissue’s ability to fold. However, by genetically downregulating mTOR in an 84 hr AEL
wing discs, we observed that the tissue geometry for loss of mTOR seems similar to the
control during the early stages of development, suggesting that there are no noticeable

initial alterations in tissue morphology (Appendix A Fig A.17). Based on this evidence, it
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Figure 2.8: Stimulating cell proliferation by different growth-promoting pathways
results in two distinct phenotypes. (A) Maximum intensity projection of (i-i’) control
and (ii-ii’) samples expressing dominant negative insulin receptor InsRPN in the posterior
compartment driven by en-Gal4. Proliferating cells are marked by PH3. (B) Cross-section
along AP-axis for (i-i’) control and (ii-ii’) InsRPN. (C) Plots quantifying the (i) basal
curvature profile and (ii) difference in average cell heights between the perturbed posterior
and control anterior compartment (AH). AH is normalized by the average height of the
control anterior compartment. (D, E) (D-D’) Rhol and (E-E’) pMyoll expression across the
AP axis for pouches expressing InsRPN in the posterior compartment. (F) Quantification of
the differences in average fluorescence intensities (AFX) of (i) X: BPS, (i) X: Rhol and (iii)
X: pMyoll between the posterior and anterior compartment for en>Ins?"Y in the wing disc
posterior compartment. AFX is further normalized by average fluorescence intensity of X in
the control anterior compartment. (G-G’) Cross section along AP axis (medial to lateral, half
the pouch) for discs expressing nubbin Gal4 driver and nubbin>InsR®4. (H) Quantification
of (i) basal curvature and cell height (i) for disc expressing InsR“4. (I-J’) Optical section
along the dorsal-ventral compartment boundary taken in the anterior (left) and posterior
(right) compartments of the wing disc. (I-I') expressing a constitutively active form of Tkv
receptor (Tkv®) and (J-J’) AP cross sections of wing discs expressing en> Tkv® stained
with pMyoll. Fluorescent labels have been indicated within the figure. (K-K’) overexpressing
Myc in the posterior compartment. Scale bars correspond to 25 gm unless indicated. (L-L’)
AP cross sections of wing discs expressing en>Myc stained with pMyoll. Fluorescent labels
have been indicated within the figures. (Mi-ii) Quantification of local basal curvature (Kpgsar)
for discs overexpressing Tkv®4 and Myc. (N) Boxplot visualizing differences in average SPS
(ASPS) expression between posterior (perturbation) and anterior (control) compartments on
en> Tkv“4 or en>Myc. ABPS was normalized by average fluorescence intensity computed
within the anterior compartment. (O) Similar quantification for pMyoll was carried out at
the pouch apical and basal surfaces for en>Tkv“4 and en>Myc.
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appears that our simplifying assumptions for different developmental stages are suitable for
the present study.

To further test the effect of increasing cell proliferation on tissue morphology, we perturbed
other growth signaling pathways. We next overexpressed the constitutively active form
of DPP receptors, Tkv®®, in the posterior compartment [41] (Fig 2.8 I-I'). Finally, we
also overexpressed Myc in the posterior compartment (Fig 2.8 K-K’), since it is a known
regulator of cellular growth in developing Drosophila wing imaginal discs [42]. Since both
constitutive active Dpp signaling and Myc stimulate the overgrowth phenotype in the pouch
[30,43], an increase in local basal curvature upon expression of Tkv®? and Myc was expected.
Surprisingly and in contrast to perturbations in insulin signaling, both the Tkv® and Myc
overexpression conditions decreased inward bending in the posterior compartment (Fig 2.8
Mi-ii).

Based on these counter-intuitive results, we reasoned that both Tkv®” and Myc may
also impact the relative concentration levels of cytoskeletal regulators. Hence, we next
explored how perturbing cell proliferation through the expression of Tkv®® and Myc affects
cytoskeletal regulation. In particular, we examined changes in cell-lECM adhesion (SPS) and
actomyosin contractility (Rhol, pMyoll) (Fig 2.8 I-L, Appendix A Figs A.18, A.19). We
found no statistically significant change in the expression of SPS upon expression of Tkv®4
in the posterior compartment when compared to the internal control, which is the anterior
compartment (Fig 2.8 I, N). However, an increase in both Rhol and pMyoll was observed in
the posterior compartment when Tkv©A was expressed therein (Fig 2.8 J, J’, Appendix A Fig
A.18). More specifically, there is a statistically significant increase in pMyolI in the apical
surface of the posterior compartment where Tkv®® was expressed (Fig 2.8 Oi-ii). Conversely,
overexpression of Myc in the posterior compartment resulted in a statistically significant
increase in SPS levels (Fig 2.8 K-K’, N). Nevertheless, we documented a decrease in Rhol
and pMyoll at the pouch lateral domain upon Myc overexpression (Fig 2.8 L, L, Oi-ii,
Appendix A Fig A.19). Additionally, as a check for our Rhol antibody staining studies, we

also tested Rhol biosensors and observed similar expressions proving that the Rhol antibody
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staining likely provide a reasonable proxy for activity (Appendix A Fig A.22). However, in
the future, additional studies will be needed to understand how growth regulators control
Rhol dynamics and activity. In the subsequent section, we computationally validate whether
the changes as mentioned earlier are capable of rescuing the increased epithelial bending

associated with enhanced cell proliferation.

2.4.8 A Dual Regulation of Proliferation and Mechanical Regulators

Causes a Loss in Tissue Bending

To resolve the apparent contradiction of the prediction that increases in cell proliferation
enhance basal curvature, we ran additional simulations where we changed both cell prolifer-
ation and cell mechanics. More specifically, we divided the in silico tissue into anterior and
posterior compartments and computationally increased proliferation in one half of the pouch
by 50% (posterior side) and then systematically varied the parameters controlling cytoskeletal
regulators in the region of perturbation (Fig 2.9 A, B). Based on a comparison of the ratio
of average basal curvature of the posterior to the anterior compartment (Fig 2.9 A), we
identified that an increase in basal cell-lECM adhesion (kqqnp, 50% increase in the posterior
compartment), ECM stiffness (keem,c, 100% increase in the posterior compartment) or apical
actomyosin contractility (kgpicont, 300% increase in the posterior compartment) (Fig 2.9
Bii-iv) could effectively counter the increase in bending upon increased proliferation (Fig
2.9 B-i) (see Supplementary Movies 7-10 in [1]). Similar to the Tkv and Myc perturbation
data, our simulations capture the trend of loss in tissue bending in the compartment of
perturbation.

Through a comparison between experimental data on cytoskeletal regulation in en> Tkv“4
genetic perturbations (Fig 2.8 I-J’) and the best simulation cases identified (Fig 2.9 A), we
conclude that an increase in apical to basal ratio of pMyoll (Fig 2.8 O) serves as one of
the essential driving forces for flattening of the pouch basal surface despite of an increase
in proliferation. An increase in apical pMyoll can be attributed to an increase in Rho,

as observed in ap>Tkv®4 genetic perturbations and supported by previous studies [11].
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changes in cytoskeletal regulation. (A) Comparison of ratio of average basal curvature
in the posterior to anterior compartment in Fig 2.8 (I-K) and for (B i-iv). (B i-iv) The
simulated cases closely replicate shape changes in the form of kp.sq; reduction as observed
in Tkv® and Myc genetic perturbations. Two perturbations were performed in these
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controlling cytoskeletal regulators were varied in the region of increased proliferation. (B
i’-iv’) Quantification of the basal curvature for each case corresponding to (B i-iv).
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Further, downregulation of Tkv in the posterior compartment reduced both Rhol levels and
basal curvature (Appendix A Fig A.18). This supports a mechanism where Dpp regulates
pMyolI through Rho GTPases to control contractility [11]. In addition, Rhol-mediated
phosphorylation of pMyoll can increase contraction along the apical and basal surfaces of
the pouch, and this further promotes the local increase in cell height. Hence, the analysis of
the experimental data also suggests an increase in cell height upon expression of Tkv® in
the wing imaginal disc [11] (Appendix A Fig A.18 G). This agrees with simulations that
show an increase in columnar cell height upon an increase in the apical to basal contractility
ratio (Fig 2.5 A-A”).

An analysis of experimental data on cytoskeletal regulation in en>Myc genetic pertur-
bation reveals that an increase in SPS mediated cell-lECM adhesion (Fig 2.8 K, N) and a
decrease in pMyoll mediated basal contractility (Fig 2.8 L, O) can result in pouch flattening
despite the concurrent increase in proliferation. Currently, there is limited experimental
data on how Myc regulates cytoskeletal dynamics during development. To investigate the
pMyoll mechanism, we carried out a Rho antibody staining, revealing a similar decrease
in Rho levels as observed for pMyoll upon Myc overexpression (Appendix A Fig A.19).
Additionally, previous studies have also found that c-Myc suppresses the activity of RhoA
affecting Actin dynamics in cancer cells [44]. Previous literature findings also demonstrate
a strong correlation between ITGA1 (Integrin subunit alpha 1) and ¢-Myc expression in
colorectal cancer cells [45]. This suggests that the changes in SPS observed in en>Myc
genetic perturbations may be generalized to multiple biological contexts.

Our model also predicts that an increase in ECM stiffness by increasing kecm,. can reduce
the folding of tissue along the AP axis (Fig 2.9 B-iii). One of the scenarios where the stiffness
of the tissue can increase is when the rate of ECM production is less than the growth rate in
the cellular layer. The effect of Tkv and Myc mutations on ECM stiffness remains a point
for future inquiry.

In summary, our experimental data, along with computational simulations, reveal that a

balance in cell proliferation and differential patterning of cytoskeletal regulators determines
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the overall shape of the wing imaginal disc. A temporal change in both facilitates shape
changes during morphogenesis, and different growth-promoting pathways lead to divergent
changes in cytoskeletal regulation. This flexibility leads to the ability to tune both overall

organ shape and size.

2.5 Discussion

One of the most important unresolved problems in developmental biology is how tissue
morphogenesis is coordinated through the regulation of both cell proliferation and the
cellular cytoskeleton. The relative contributions of cell proliferation and cell mechanics to
the final morphology of an organ are context-dependent. In some situations, proliferation
and morphogenesis are separated into nonoverlapping temporal stages. For example, cell
proliferation halts before gastrulation begins in the fly [46]. This strategy is likely important
when developmental speed is of the essence, and the tissue cannot reach a pseudo-steady
state before a new developmental event occurs. In other contexts, proliferation and cell
shape changes occur simultaneously, as in the developing vertebrate optic cup [47].

In this chapter, a multi-scale (in space) SCE computational model, closely integrated
with experiments, was used to quantitatively investigate the emergent features of tissue
morphogenesis. The biologically calibrated SCE model describing both tissue growth and
morphogenesis incorporates the spatial patterning of fundamental subcellular properties
(Fig 2.2). Additionally, the model implements for the first time the dynamics of interkinetic
nuclear migration within the simulated pseudostratified epithelium. This includes the basal
to apical motion of the nucleus, mitotic rounding, and cell division dynamics (Fig 2.2). Key
characteristics of global tissue architecture, such as the local curvature of the basal wing disc
epithelium, cell height, and nuclear positioning, serve as metrics for model calibration. Our
experiments show how these physical features are jointly regulated through spatiotemporal

dynamics in the localization of pMyoll, S-Integrin, and ECM stiffness (Fig 2.3). As the disc
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grows in size, there are progressive changes in the patterning of key subcellular features such
as actomyosin contractility (Fig 2.3).

Here, we show that the patterning of actomyosin contractility, ECM stiffness and cell-
ECM adhesion along the AP axis near the DV compartment boundary are vital regulators
of tissue shape changes, specifically driving the flattening of the midsection (Fig 2.4) and
increasing the cell height (Fig 2.5). Moreover, changes in cell shape across the AP axis
pattern the positioning of nuclei (Fig 2.6). The predictions made by the model simulations
agree with the observed changes in contractility and cell-ECM adhesion during wing disc
morphogenesis. In fact, they are validated through perturbations of either actomyosin
contractility (Rhol®NA) or basal cell tension and cell-ECM adhesion (mysRNAY),

Through multiple case studies, our computational model identifies the primary regulators
of cell height to be the apical to basal ratio of actomyosin contractility, basal membrane
tension, and cell volume (Fig 2.5). In particular, we show that variation in pressure (modeled
as target volume) is sufficient to generate a gradient of cell height across the pouch AP
axis [36]. To further validate the model’s predictions, we demonstrate that dysregulation in
either actomyosin contractility or cell-ECM adhesion through Rho and mys perturbations
cause severe morphological defects (Fig 2.5 B-E).

Our experimental studies also show that changes in proliferation using multiple different
pathways also substantially regulate the cytoskeleton. Using the computational model
simulations, we show that a decrease or increase in proliferation alone can decrease or increase
the tissue basal curvature and height, respectively. We experimentally validated these findings
by perturbing InsR and mTOR signaling in specific compartments. Downregulation of
either pathway caused a reduction in basal curvature and tissue height (Fig 2.8 C). However,
perturbing cell proliferation via other cell signaling pathways of growth also cause changes
in cytoskeletal regulation. For example, inhibition of InsR signaling causes a reduction in
pMyolI through a Rho signaling pathway (Fig 2.8 D, E).

Notably, we show that increasing proliferation through distinct mechanisms results in

two very different wing disc phenotypes (Fig 2.10). While increasing proliferation through

o4



Cytoskeleton Shape features Model parameters
B pMyoll Koasal Kapi.cont / Koas,conts Qo

- xR

I N _J__I_
\ . !
N /" —api

~q- --bas

Late 3" instar

Early 3" instar

8PS

AT

Col

AV

R
/
T
]
L_‘

Apical view

.

P A

3 & y) ( M { Increasing proliferation in
< A LJ L the wing disc posterior (P)
& compartment
'y = pMyoll
H T Bre CLASS | PHENOTYPE CLASS Il PHENOTYPE
dg ECM e.g. InsR, mTor e.g. DPP/BMP, Myc

©PMyOllpas m = PMYOllas © PMYOllyas v < PMyOllgs, o
o PMyOllypi = PMyollyg, . o PMyoll; 1 > pMyollayi .
«BPSy = BPS,. « BPSy, < BPS,
edgy/H=dg /H edgy/H<dg /H
oHy>H, o Hy > H
® Kpasalm = Kbasal L ® Kpasalm < Kbasal L

Figure 2.10: Summary of mechanistic insights into how perturbations to various
growth signaling pathways impact tissue shape. (A) As the wing disc grows, the
central, medial (M) domain of the pouch flattens and thickens while cells in the lateral (L)
region increase their curvature. The cytoskeletal dynamics and morphological parameters
are consistently adjusted with the age of the tissue. (B) Patterning of model parameters
that produce shape features consistent with patterning of cytoskeletal components. (C)
Increasing the proliferation rate through genetic perturbation in a compartment-specific
manner resulted in distinct classes of morphological phenotypes.

the expression of InsR“4 causes an increase in basal curvature of the tissue, expressions of
Tkv®4 and Myc flatten the tissue even with increased proliferation. Model simulations show
that upregulation of either apical contractility or basal cell-lECM adhesion in the genetic
perturbations can drive tissue flattening despite increasing proliferation. Thus, our study
shows that a combination of spatial patterning of cytoskeletal regulators and proliferation
shapes the organ locally during development to prepare the wing imaginal disc for later
pre-pupal and pupal stages of development [48].

Our experimental data and model simulations also highlight the existence and role of
spatial heterogeneity in ECM stiffness (Fig 2.4). The experimentally observed flattening

of the pouch medial domain can be explained by patterning the local stiffness of ECM
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associated with the columnar pouch cells along the AP axis. This result extends our previous
findings, where we showed that a difference of stiffness between the two ECM layers, either
adhering to the peripodial squamous cells or columnar disc pouch cells, maintains the bent
shape of wing imaginal disc [24]. Recently, Harmansa et al. [25] further showed that a
difference in the growth rate of the pouch cells and their corresponding ECM leads to
the variation of stiffness of ECM across pouch cells and squamous cells [25]. However, in
that model, the stiffness ECM associated with the pouch is assumed to be homogeneous
throughout the entire tissue and does not explore the spatial patterning of ECM stiffness in
the planar direction or near the lateral bends. Collectively, these studies suggest that future
investigations are needed to understand the spatial patterning of ECM stiffness across all
anatomical axes and to perform biophysical measurements.

Future developments of our multi-scale computational model will include a more detailed,
microscale stochastic description of the interaction between the actin filaments and myosin
motors such that the directionality of the contractile forces can be explicitly incorporated
and the mitotic rounding process along with cell division be extended to include a complete
representation of mechanistic details. Developing fully chemical-mechanical models based on
the approach from Ramezani et al. will also enable a fully integrated perspective of organ
size control [49]. The experimentally calibrated computational framework opens avenues
for exploring feedback loops between tissue shape and cell proliferation. Moreover, it will
facilitate exploring further the independent modulation of various parameters controlling
the cell mechanical properties.

Our findings reflect similar mechanisms of morphogenesis in other developmental contexts.
For example, the dynamic and autonomous morphogenetic process of formation of the optic
cup, i.e., retinal primordium, is reminiscent of the tissue flattening that occurs before
subsequent eversion of the wing imaginal disc [47]. During the formation of the mammalian
optic cup, the invagination happens in four stages. Flattening of the distal region of the
initially hemispherical vesicle is observed in the first two stages. The angle at the hinge

then begins to become narrower, following which, in phase four, the neural retina epithelium
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starts to expand as an apically convex structure, forming a cup via progressive invagination.
This morphogenetic process, specifically the last two phases, resembles the tissue bending
and flattening in the wing disc. Balancing mutually antagonistic morphogenetic processes is
also seen in mammalian development, including the developing mouse lens [50]. Overall,
the principal findings identified in our work can be generalized and incorporated into our
understanding of development across multiple organ systems in animals due to the underlying

biochemical and biomechanical similarities that drive morphogenesis [16,51].

2.6 Code and Data Availability

2.6.1 Code Availability

An open-source C++ and CUDA implementation of the computational model presented in
this chapter is available in Zenodo (https://zenodo.org/badge/latestdoi/468540858) [82] or

on GitHub (https://github.com/jenniferrangel/Episcale_CrossSectional View.git).

2.6.2 Data Availability

Representative experimental data and any files to analyze the experimental data are provided
under the section Source data of [1]. The 3D confocal microscopy data are available upon

request from the corresponding authors of [1]: Jeremiah J. Zartman and Mark Alber.
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Chapter 3

Mathematical Model of Actomyosin
Network Dynamics Towards
Integration With the Wing Disc
SCE Model

3.1 Preface

The mathematical and computational models presented in this chapter were developed by
me with the help of Dr. Mark Alber. Any experimental data used in this chapter was either
provided by Dr. Jeremiah Zartman’s lab, our collaborators from the University of Notre
Dame, or obtained from literature. Whenever data is used, either source will be clearly

stated.
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3.2 Introduction

3.2.1 Biological Role and Importance of Actomyosin Contractility

The actomyosin network, comprising actin filaments and phosphorylated non-muscle myosin
IT (pMyoll), is a highly conserved subcellular contractile machinery in muscle and non-
muscle cells. The mechanical forces generated by this network are commonly known as
actomyosin contractility, a mechanism that plays an important role in cell shape changes
and deformations, cell growth and tissue morphogenesis [13,48,125-127]. In addition,
actomyosin contractility plays an important role in other biological processes such as
cell division, endocytosis, cell migration, gastrulation, ventral furrow formation, embryo
development, remodeling of the extracellular matrix (ECM), and wound healing to name a
few [81,126,128-136]. Moreover, as reviewed in [137], during development, the subcellular
contractile forces propagating through the tissue lead to drastic tissue shape changes such
as elongation, bending, and budding. Although the actomyosin contractile network in these
different biological processes may differ in structure, components, location, and purpose, the
network consists of the essential building blocks: actin filaments and pMyolI [128].

In our biological system of study, the Drosophila wing imaginal disc, actomyosin con-
tractility is a key regulator of cell- and tissue-level processes during organ development that
facilitate the proper final size and shape of the wing. For example, a combined experimental
and modeling study of the early stages of wing disc development demonstrates that the acto-
myosin contractile forces in the basal region of the columnar cells generate the bent “dome”
shape of the wing disc pouch along the anterior-posterior (AP) axis [24]. This characteristic
shape must be achieved to guarantee the success of subsequent stages of development and
avoid misshapen wings [24]. In Chapter 2, we demonstrate that actomyosin contractility is
also a key regulator of local tissue curvature, cell height and nuclear positioning of the wing
disc epithelium [1]. Additionally, as described in the previous chapter, actomyosin contrac-
tility drives interkinetic nuclear migration (IKNM) during cell division of the Drosophila

wing disc [13]. However, the exact mechanism of how actomyosin generates and coordinates
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the contractile forces to facilitate IKNM is poorly understood [138]. Hence, in this chapter,
we develop an actomyosin network model and its computational implementation with the
goal of coupling this subcellular network model with the SCE model presented in Chapter 2
in order to understand how actomyosin contractility drives IKNM in the wing disc. To do
so, we must first gain a more profound understanding of the actomyosin components, how
the actin-pMyoll interactions give rise to contractility, and what is known about actomyosin

contractility during interkinetic nuclear migration.

3.2.2 Actomyosin Network Components, Structure and Contractility

Actin filaments and non-muscle myosin IT mini-filaments are the core components of the
actomyosin network (Fig 3.1). The actin filaments are semi-flexible polymers that resist
tension but can undergo compressive forces, i.e., the filaments cannot be stretched but can
be bent [125,139]. An actin filament is formed via the polymerization of globular actin
(G-actin) monomers [140]. This process gives rise to a double-stranded helical polymer with
~ 7 —9nm diameter and a well-defined polarity [141] (see Fig 3.1 A). In other words, the
two ends of the actin filament are different: one is denoted the barbed or plus end, while
the other is the pointed or minus end. Although polymerization and depolymerization can
occur on both ends, polymerization occurs at a faster rate on the barbed (+4) end, while
depolymerization is preferred on the pointed (-) end [142] (Fig 3.1 A). Thus, the barbed and
pointed ends are commonly classified as the fast-growing and slow-growing ends, respectively.
During actin-pMyoll binding dynamics, the actin filament polarity is extremely important
as it guides the pMyoll to move along the actin filament in a single direction.

Non-muscle myosin II (MyollI), the second component of the network, is a molecular
motor that binds to and translocates actin filaments via ATP hydrolysis. The structure
of MyolI is composed of three different domains: (1) a head domain with two heads that
are responsible for binding to the actin filaments and ATP hydrolysis, (2) a neck domain
consisting of two essential (ELCs) and two regulatory (RLCs) light chains responsible for

the activation of Myoll, and (3) a tail domain [126, 143] (see Fig 3.1 B, top panel). In
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Figure 3.1: Schematics of the biological components of the actomyosin network.
(A) Representative schematic of an actin filament showing the barbed (+) and pointed (-)
ends of the filament. The arrows represent the polymerization (arrows pointing inwards) and
depolymerization (arrows pointing outwards) of actin monomers. Big bold and small thin
arrows represent faster and slower polymerization or depolymerization rates, respectively.
This helps denote the barbed end as the fast-growing end while the minus end is the slow-
growing end [142]. (B) Representation of a phosphorylated non-muscle myosin II (pMyolI)
molecule (top) that ensembles via the tail domain with several other pMyolls to form a
mini-filament (bottom) with multiple motor heads on both ends. A single pMyolI has two
heads, two regulatory light chains (RLCs), two essential light chains (ELCs), and a tail
domain [126,143]. (C) Illustration of actin-pMyoll dynamics. A pMyoll mini-filament will
move on an actin filament in a directed manner (always towards the barbed end). As it
moves, it will exert a pulling force that will translocate the filament in the opposite direction
of the pMyoIl movement (green arrow). Note that illustrations (A)-(C) were drawn in
accordance to the biological descriptions found in reviews [81,125,126, 128,145, 150].
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an inactive state, Myoll remains in a “folded” state where it cannot interact with other
Myoll molecules or actin filaments. Upon phosphorylation of the RLCs via Rho-associated
kinase (ROCK), myosin light chain kinase (MLCK) or Cdc42-binding kinase (MRCK), MyolI
becomes phosphorylated non-muscle myosin II (pMyolI), unfolds, and enters its “active”
state [126,144-149]. Once activated, pMyoll molecules can ensemble together via their tail
domain and form bipolar mini-filaments [126] with several heads on both ends of the pMyoll
mini-filament (see Fig 3.1 B, bottom panel). Once a pMyoll mini-filament has been formed,
its motor heads bind to actin filaments.

Actomyosin contractility is the end product of the pulling forces the non-muscle myosin 11
mini-filaments exert on anti-parallel actin filaments (filaments of opposite polarity), causing
filaments to translocate past one another [128,150]. More specifically, once bound to actin,
pMyoll mini-filaments interact with actin via an ATP-powered mechanochemical cross-
bridge cycle [151]. The bound pMyoll motor heads will always “walk” towards the barbed
end of the actin filament and as they move, pMyoll will exert a pulling force that slides
the actin filament [81,125] (see Fig 3.1 C). These molecular-level interactions give rise to
the mechanical forces we know as actomyosin contractility. In theory, depending on the
arrangement of the actin filament polarity and where the pMyoll mini-filament is positioned
between the two filaments, their interactions can give rise to contractile or extensile forces
[81,125]. However, studies of reconstituted actomyosin networks show that the networks
are predominantly contractile [128,152,153]. In a later section of this chapter, we will use
our proposed mathematical model to run simulations with different arrangements of actin
filament polarity and explore whether the different setups give rise to contractile or extensile
forces.

Several studies have shown that contractility is affected by the actin filament network
organization [81,125,154,155]. In other words, some structures are more prone to produce
higher contractility than others. For example, in muscle cells, the actomyosin complex has
an organized sarcomere structure with anti-parallel actin filaments (filaments with pointed

ends in the center and barbed ends outwards) and myosin mini-filaments between the actin
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filaments, which optimize contractile forces [125,156]. However, in the case of non-muscle
cells, the actomyosin network can have less organized and more versatile structures. Some
of these structures include but are not limited to, rings, bundles, stress fibers, asters,
cables, and meshworks [128]. During morphogenesis, it appears that pulsatile networks
and supracellular cables are common actomyosin structures. As reviewed in [145], pulsatile
actomyosin networks and supracellular cables are necessary for Drosophila gastrulation and
dorsal closure as well as during wound healing. In addition, pulsatile networks alone constrict
the apical cell surface during Drosophila ventral furrow formation and Xenopus mesoderm
invagination (see Figure 1 of [145]).

In addition to network architecture, there are other factors that can impact the contrac-
tility of the network. Some of these factors include actin filament depolymerization, bending,
and cross-linking [81]. Cross-linkers, which are actin-binding proteins that link actin filaments
together, have been shown to either enhance or limit contractility. In other words, in some
networks, a small amount of cross-linkers is necessary to facilitate contractility, but when
too many cross-linkers are part of the network, contractility will be hindered [128,157-159).
Aside from cross-linkers, actin filaments can also bind to E-cadherin and integrin proteins,
which mediate cell-cell and cell-ECM adhesions, respectively [126]. These adhesions allow the
actomyosin contractile forces to be transmitted to its external environment and propagate
throughout the tissue. In addition, these adhesion sites can actively affect contractility, as is
the case during Drosophila egg chamber elongation [160].

For more details and extensive reviews on actomyosin dynamics and contractility, please

see the following references [81,125,126,128, 145, 150].

3.2.3 Importance of Actomyosin During Interkinetic Nuclear Migration

(IKNM)

As mentioned in the previous chapter, the columnar cells (also known as pouch cells) of the
Drosophila wing disc are pseudostratified epithelial cells (Fig 3.2 A), meaning that these

cells are tightly packed, thin and elongated [1,19]. During division, these cells undergo

63



A  Pseudostratified Columnar Epithelial Cells B Interkinetic Nuclear Migration

Apical

P97

Basal

Figure 3.2: Pseudostratified epithelial cells and their interkinetic nuclear migration
process (IKNM) during cell division. (A) An experimental image of columnar cells in
the Drosophila wing disc, which are classified as pseudostratified epithelial cells. Fluorescence
signals in green, magenta, blue and red denote Actin, Integrin, Nuclei and pMyoll respectively.
Image courtesy of Dr. Zartman’s lab. (B) Representative diagram of the IKNM process,
capturing the apical migration of the nuclei, mitotic rounding and the production of two
new daughter cells at the end of cell division. This illustration was prepared with the help
of Dr. Zartman’s lab.

IKNM (Fig 3.2B), a process that consists of the migration of the nuclei to the apical region
of columnar cells in order to divide [13,19,138]. Once the nucleus is in the apical region, the
cell undergoes mitotic rounding and proceeds with the remaining stages of the division cycle
[12,32].

A previous study conducted by Meyer et al. demonstrates that actomyosin contractility
drives IKNM [13]. More specifically, in this study, the actin and pMyoll dynamics are dis-
rupted with latrunculin A (LatA) and Rho kinase inhibitor Y-27632 treatments, respectively,
and as a result, the nuclei became more basally located [13]. This suggests that hindering
actomyosin contractility disrupts IKNM. Furthermore, during the process of IKNM and
mitotic rounding, a basal constriction is observed in [13], forming a predominantly actin
enriched tail. This observation is consistent with our experimental data presented in Chapter
2 (see Fig 2.2) [1]. Finally, IKNM appears to be driven by actomyosin contractility in other
biological systems, such as the retinal epithelia of zebrafish [161].

Although previous studies have shown that actomyosin contractility is a key regulator of

IKNM, the exact mechanism of how actomyosin generates the forces that facilitate IKNM
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Figure 3.3: Illustration of the end goal. (A) Simulated wing disc cross-section produced
from the SCE model presented in Chapter 2 [1,24]. The light red-colored regions in the
apical and basal parts of the tissue represent the actomyosin contractile springs in the
model. (A-i) Zoomed-in view of simulated columnar cells. (A-ii) Replace the simplified
representation of actomyosin in the columnar cells with an actomyosin network composed of
actin filaments (green) and non-muscle myosin II mini-filaments (red).

remains an open question [138]. A study by Badugu et al. proposes that the actomyosin
contraction in the basal region of the cells causes cytoplasmic flows, which in turn drives
IKNM [162]. In addition, Kirkland et al. confirmed the importance of actin and pMyoll
dynamics and tissue architecture during IKNM [12]. Hence, there is a need to take a closer
look and investigate how actomyosin constricts the basal membrane, leading to IKNM, and

maintains the basal constriction for the remainder of the division process.

3.2.4 Synopsis

In this chapter, we propose a detailed actomyosin network model intended to extend the
simplified representation of actomyosin from Chapter 2. This will allow us to capture a
complete representation of the mechanistic details during cell proliferation of the Drosophila
columnar cells and also get a deeper understanding of how actomyosin contractility drives
IKNM. In the previous chapter, actomyosin is represented as several apical and basal linear
springs connecting the lateral sides of each columnar cell [1] (see Fig 3.3 A, A-i). Here,
we propose to extend this simplified representation of actomyosin with a detailed model
of subcellular-level actomyosin network dynamics that has a separate representation of

the network components: actin filaments and non-muscle myosin II (Fig 3.3 A-i, A-ii).
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This two-dimensional network model provides a detailed description of the actin-myosin
interactions that explicitly capture the contractile forces. Moreover, once coupled with the
multi-scale SCE model from Chapter 2, it will enable us to explore the possible mechanism(s)
of how these contractile forces lead to the basal narrowing of cells that drive the (1) apical
migration of nuclei during IKNM and (2) mitotic rounding, processes required for successful

cell division.

3.3 Methods

3.3.1 Mathematical and Computational Modeling Background

Several mathematical and computational modeling approaches have been developed to model
the actomyosin network according to the specific question of study. These models vary
from continuum models to agent-based models to chemical-mechanical models. For example,
continuum models have been used to study the contraction of actomyosin rings, disordered
actomyosin networks, and actomyosin bundles [175-177]. In a study by Mirza et al., a
continuum model is presented where the actin cytoskeleton is described as an active gel and
used to investigate how the actin cytoskeleton organizes into bundles [178]. Although these
continuum models are capable of providing critical insights into the contractile behavior of
different actomyosin network structures, the continuum modeling approach does not capture
the molecular-level properties of the actomyosin network components and the interactions
between actin filaments and pMyoll mini-filaments. On the other hand, agent-based models
are capable of explicitly modeling actin filaments and pMyoll at the molecular level and have
been used to investigate the role of pMyoll in reorganizing and contracting the actin network
[179,180]. Finally, chemical-mechanical (mechanochemical) models have also been developed
to study how chemical signals and mechanical forces regulate actomyosin contractility.
MEDYAN is one of the most well-known mechanochemical models, which was developed by

Popov et al. [181]. In addition to investigating the effect of mini-filaments and cross-linkers
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on the contractile behavior of the actomyosin network, the MEDYAN model has been used
to investigate actomyosin network reorganization and formation of actin rings [182,183].

Other coarse-grained modeling approaches have been developed to represent the ac-
tomyosin network where actin filaments are represented as beads or point-like elements
connected via linear springs [165, 166, 184]. In other cases, actin filaments are represented
by cylindrical segments, whereas pMyoll mini-filaments tend to be represented as either
cylindrical segments or Hookean springs [171, 185].

In this chapter, we represent the actomyosin network using a bead and spring modeling
approach, a method that is commonly used to study actomyosin networks and other systems
of polymers [163-168]. This approach allows us to represent the mechanical and physical
properties of model components in detail, where model parameters can be calibrated directly
using experimental data. For more details about the model and its novel components, please

see the following sections 3.3.2 - 3.3.4.

3.3.2 Model Description

In this chapter, we assume that the actomyosin network is composed of actin filaments and
phosphorylated non-muscle myosin II (pMyolI) mini-filaments (Fig 3.4 A). In particular, a
node and spring modeling approach is utilized to describe both of the network components
[1,163-166] (Fig 3.4 B, C), where overdamped Langevin equations describe the actin and
pMyoll dynamics. Specifically, a previously developed model [165] is extended and modified
for our biological application of interest. Different from [165], we represent pMyoll mini-
filaments as a pair of nodes connected via a linear spring to resemble the known biological
structure of the mini-filaments and to be able study the potential impact of varying the
number of actin filaments each mini-filament node can bind to on the overall contractile
behavior of the network. Moreover, we introduce a stochastic force term on the pMyoll
nodes to account for the thermal and random forces acting on the pMyoll mini-filaments.
For a detailed description of the actin filament and pMyoll mini-filament submodels, please

see sections 3.3.3 and 3.3.4 below.
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Note that once the actomyosin network model is incorporated into the mechanical
model of wing disc development presented in Chapter 2, additional novel components will
be introduced. First, we will need to consider boundary conditions since the actomyosin
network will be embedded inside the columnar cells. Second, additional force terms will be
added to the Langevin equations of the actin nodes to account for external forces. These
additional terms include the adhesion forces between the cell membrane and the actomyosin

network and, potentially, interactions between the network and the cell nucleus.

3.3.3 Actin Filament Sub-Model

Each actin filament in the actomyosin network is represented as a set of equidistant nodes
connected by linear springs (Fig 3.4 B). Consecutive filament segments have a bending
force term modeled as a linear bending spring (Fig 3.4 B, zoomed section). Note that we
define a filament segment as node-spring-node. Furthermore, we assume that the mass of
the individual actin filament is lumped together at its nodes, similar to [163]. Since the
actin nodes are equally spaced, this assumption allows for a uniform distribution of mass
of the actin filament. To account for the intrinsic polarity of an actin filament, the first
and last nodes of a simulated filament will be the barbed (fast-growing/polymerizing) or
pointed (fast depolymerizing) end [81]. For example, if the first node in a filament is labeled
with a “(4+)” to represent the barbed end, then the last node is labeled with a “(-)” to
represent the pointed end (Fig 3.4 B). Finally, each node in the actin filament will serve as a
possible binding site for the non-muscle myosin II mini-filaments. Although actin filaments
are known to polymerize and depolymerize, we will not account for these processes in this
model. However, this modeling approach accounts for actin filament stretching and bending

and actin-myosin interactions.
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Figure 3.4: Diagram of the actomyosin network components. (A) Simulated two-
dimensional actomyosin network. The zoomed section shows the detailed description of the
individual network components. Actin filaments are shown in green with their barbed end
denoted with a (+) and their pointed end denoted with a (-). The non-muscle myosin II
(pMyoll) mini-filaments are shown in green. (B) A single actin filament is modeled as a set
of nodes connected by linear springs. The first and last nodes denote the filament polarity
where as before the (+) and (-) denote the barbed and pointed ends, respectively. A filament
segment consists of two consecutive nodes connected by a linear spring. The zoomed section
illustrates a bending spring between nodes ¢, j and j with a bending angle denoted by 0; ; ..
(C) Representation of a single non-muscle myosin II mini-filament. Each mini-filament is
modeled as a pair of nodes connected by a linear spring. The nodes represent the motor
heads as these interact with and exert a pulling force on the actin filament nodes.

69



The actin nodes in a filament are free to move in a 2D space and are attached by linear
springs with bending springs between neighboring segments (Fig 3.4 B). Moreover, the actin
nodes are subject to stochastic and pMyolI-associated forces. The position x,; of the ith
actin filament node of interest is determined via the following Langevin equation of motion:

.. . t — —pull toch
M ifai = —Cama,i + F;g’r + ngnd + Fac omyo—conn + F(:liyo pu + F;’ioc (3‘1)

) ) a,i

where i € {1,...,N}, N is the total number of actin nodes in a filament, C, represents
the drag coefficient, F," is the spring force, Fé’i"d is the bending force and Fcffi“h is the
stochastic force satisfying the Fluctuation-Dissipation Theorem [78]. The forces due to the

actin-myosin interactions are defined by , which represent the

F(;z;tomyo—conn and F(Tiyo—pull
actomyosin connection forces (pMyoll binding to actin) and the pMyoll pulling force on
actin, respectively.

Due to the relatively small mass of the actin filaments in the network and the viscous
environment with a low Reynolds’ number that surrounds them, we assume that the actin
node dynamics are in an overdamped regime as in [1,24,32,163,164]. Hence, we neglect

the inertial term, mg ;&4 i, in Equation 3.1. Moving the damping term to the left-hand side,

results in the following equation:

. spr bend actomyo—conn myo—pull toch
Coai = Faf; + F) Y + Fa’;’ P FYRh (3.2)

Next, we solve Equation 3.2 above using a Forward Euler scheme. This results in the

following equation:

mn{rl — 2. + ﬁ <Fspr,n+F£eind,nJrF;itomyofconn,n+F$y0*pUll»n+F;ZOChvn) ) (3‘3)

a,i a,t C a,i
a

Here the supercripts n and n + 1 represent subsequent time points and dt represents the

time step.
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The forces ;""" Ffind’n and FIS1OmMYOTOMY on the right-hand side of Equation 3.3

are calculated using the negative gradient of energy, F,; = —VE,;, where E,; is a

representative energy term associated with each actin filament node. More specifically,

spr,n spr,n
F, a,t - VEa,z'
bendn bend,n
a,i - _VEa i
actomyo—conn,n _ _VEactomyo—conn,n'

a, a,t

The linear spring energy potential of the i*" actin node can be explicitly written as

follows [1,165, 166, 169]:
1
EZ{:;T’" = Z§kactin,spr(‘ma,j—ma7i| — Loactm)Q (34)
J

where kqctin,spr is the actin spring coefficient and LOgctir, is the resting length of the spring.
Note that the sum is taken over the neighboring j actin nodes that are connected to the i
actin node via a linear spring.

The bending energy is defined as follows [1,163,169]:
1
Esi'nd,n - Z Qkactin,bend(ejik - 90>2- (35)
JES()

Here, the sum is taken over all of the actin node triplets (two adjacent segments), S(i), that
include node 7. In this case, 6;; represents the current angle between actin nodes j, ¢ and
k, where (j,i,k) represents three consecutive nodes in S(i). Finally, 6y is the resting or

equilibrium angle (i.e. the preferred angle) and kqctin bend is the bending spring constant.
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When a pMyoll mini-filament node and an actin filamnet node are within a distance
Tconn, chosen based on the length of a pMyoll mini-filament, an actomyosin connection is
established. This connection is simulated based on a linear spring energy potential defined

by [165]:
1

E;zycitomyofconn,n — ikactomyo“a}a,i_mm,ﬂ - Loactomyo)2 (36)

where Kqctomyo is the spring constant, LOgctomyo is the resting length, and z,; and x,, ;
represent the positions of the i** actin and j** pMyolI nodes, respectively.

Upon establishing an actomyosin connection, the pMyoll node will exert a pulling force
(Fe ™) on the actin filament node of magnitude Fyer ! 1165,166]. This pulling
force is exerted tangentially along the actin filament and directed towards the barbed end
(“47), causing the filament to slide and allowing the pMyoll mini-filament to get closer to
the barbed end.

Finally, each actin filament node experiences a stochastic force. This stochastic force

term satisfies the Fluctuation-Dissipation Theorem [78] and is defined by

2kpTC,
Fstgch,n _ a ; 3.7
a,l dt 5 ( )

where kp is the is the Boltzmann constant, T' is the temperature, C, is the actin drag

coefficient, dt is the time step and &; is sampled from a standard normal distribution.

3.3.4 Non-Muscle Myosin II Mini-Filament Sub-Model

The pMyoll mini-filaments in the actomyosin network are represented as a pair of nodes
connected by a stiff linear spring (Fig 3.4 C), resembling the biological structure of the
mini-filaments with several motor heads at both ends of the mini-filament [126]. Hence,
each node that makes up the mini-filament represents a number of motor heads. Moreover,
each pMyoll node in the mini-filament will interact with an actin filament node within
range (within the length of the mini-filament) to form an actomyosin connection. Based on

biological literature, we assume that once a connection is formed, the connected myosin node
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moves along the actin filament in a single direction: towards the positive/barbed end of the
actin filament [81,125]. This movement is due to the pulling force a pMyoll node exerts on
the actin filament nodes as it “walks” toward the barbed end of the filament. In return, this
causes the actin filament to slide and leads to contraction of the actomyosin network.

Similar to the actin dynamics, the dynamics of pMyoll nodes are determined by the
following Langevin equations in an overdamped regime [1,24,32,163,164]:

. S spr actomyo—conn myo—pull stoch
Cmmj = E; + Fyj + + By (3.8)

Here C,, represents the pMyoll drag coefficient and @, ; is the position of the 4t node

of the m! pMyoll mini-filament where j € 1,2. F.7% represents the force due to the

Factomyo— conn
i

stiff linear spring connecting the pair of pMyoll nodes while ¥

represents the

spring forces that connect the actin and pMyoll nodes upon an actomyosin connection.

meo—pull

. is the pMyoll pulling force that is exerted when a myosin node connects to an

actin node. Finally, each pMyoll node experiences a stochastic force, F;jf"fh, satisfying the
Fluctuation-Dissipation Theorem [78].

As before, the system of equations 3.8 is solved using a Forward Euler scheme:

dt

n+l n sprn actomyo—conn,n myo—pull,n stoch,n

xm,j - xm,j + C (Fm,j + Fm,j + Fm,j + Fm,j . (39)
m

Similar to Equation 3.3, the supercripts n and n 4+ 1 in Equation 3.9 represent subsequent
time points and dt represents the time step.

The spring force exerted on each pMyoll node is calculated based on the negative gradient

of energy. Mainly, we define F)”7" = —VE"" where
1
B = D gkmyospr(@mj — Zmil — LOmyo)’ (3.10)
j=1

where K0, spr is the pMyoll spring coefficient and L0,y is the resting length of the spring.

Since we have established that each m* pMyoll mini-filament is composed of two nodes
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with positions x,, ; where j € 1,2 (x,,,1 and @, 2), then we can rewrite Equation 3.10 in

terms of each node in the mini-filament:

1

Ersri),?n = §kmyo,5pr(|$m,2_$m,1‘ - LOmyo)Q (311)
1

EYS" = ikmyo,sprqmm,l — @mal — LOmyo)?. (3.12)

When an actomyosin connection is established, the connected pMyoll node will experience

actomyo—conn

m.j defined similarly to Equation 3.6 of the previous section. Upon this connection,

, which is of equal and opposite

the node will also experience a pulling force F,"%""" ulln

myo—pull,n
F) (

2

magnitude to the force the pMyoll node exerts on the actin node).

Each pMyoll mini-filament node will also experience a stochastic force, satisfying the
Fluctuation-Dissipation Theorem [78], to represent the thermal and random forces acting on
each pMyoll node:

Fstqch,n 2kBTC’m

m,j = Tfj (3.13)

where kg is the is the Boltzmann constant, T is the temperature, C), is the pMyoll drag

coefficient, dt is the time step and ¢; is sampled from a standard normal distribution.

3.3.5 Actin-pMyoll Connections

Unbound pMyoll mini-filaments move freely within the network until they find a neighboring
actin filament to bind to (Fig 3.5 A). Initially and for simplicity, we assume that an
actomyosin connection is formed when an unbound pMyoll mini-filament and an actin
filament are within range. In other words, if the distance between an actin filament node
(zq,) and a pMyoll mini-filament node (x,, ;) is less than or equal to a connection radius
(reonn), a connection is established (Fig 3.5 A). We assume that the connection radius
is equal to the equilibrium length of a pMyoII mini-filament. Moreover, similar to [165],
the actomyosin connection is represented by a linear spring denoted by Factomyo—conn jp
Equations 3.3 and 3.9 and defined in Equation 3.6. The pMyoll node will move along the

actin filament until it reaches the barbed end by exerting a pulling force, F™vo—Pul (Fig
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Figure 3.5: Diagram of actomyosin connections. (A) A connection is formed when
an actin filament node and a pMyoll mini-filament node are within range (7conn). The
connection radius is colored in light blue. The actin filament is shown in green with its
barbed (+) and pointed (-) ends labeled. The pMyoll mini-filament is shown in red. (B)
The connected mini-filament will move towards the barbed end of the filament. As it moves,
it will exert a pulling force that will slide the actin filament. (B’) Representation of the
dynamics of a pMyoll mini-filament bound to two anti-parallel actin filaments.

3.5 B, B’). Once the barbed end is reached, the actin and pMyoll nodes will disconnect,
setting Factomyo—conn — (  f at any point in time, the distance between the connected
nodes (actin-pMyolI) becomes greater than 7.y, the nodes will disconnect as they are
no longer in range and Factomyo—conn — () Since each mini-filament is composed of a pair
of nodes (xy,1 and x,,2), we assume that if one of the nodes (for example x,, 1) forms a
connection with an actin filament, the pairing pMyolI node (2, 2) cannot bind to the same

actin filament.
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3.3.6 Measuring Contraction of the Simulated Actomyosin Network

Previous studies have shown that an actomyosin network can either contract or expand,
although most networks are predominantly contractile [125,128,152,153]. To be able to
determine whether contraction or expansion of the network is taking place, we need to
estimate the size of the network. To do so, we developed a pipeline on MATLAB to estimate
the simulated network’s size, which consists of surrounding the actomyosin network with a
disc or border (Fig 3.6), similar to Belmonte et al. [170].

First, we calculate the center of the network C' as the mean of all network nodes:
C = ! E X; (3.14)
= g2 X .
2

where X; is the position of the i** node in the actomyosin network and N is the total
number of nodes in the network. Note that for X; and N, we consider both types of nodes,
i.e. actin and pMyoll nodes.

Then, the size of the network is determined based on the network radius R, which we

define as the maximum distance between the center C' and the furthest network node:
R = max(dist(C, X;)). (3.15)

Please see Figure 3.6 for an example of the implementation of this pipeline.

To determine whether the actomyosin network undergoes contraction or expansion, we
compare the network size at the start and end of a simulation. More specifically, we compare
the initial (Rjpitiq) and final (Ryinq) radii associated with the initial and final network
configurations, respectively. Note that both Rt and Ryinq are defined according to
Equation 3.15. If R;pitiai > Rfinal, then the network condenses, meaning that contraction

occurs. On the other hand, if R;pitia1 < Rfinal, then we have a case of network expansion.
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Estimating Network Size

8 Center
Disc

Figure 3.6: Estimating the size of the actomyosin network. A MATLAB script is
used to surround the actomyosin network with a disc of radius R. The actin filaments are
shown in green, while the pMyoll mini-filaments are in red. The disc that surrounds the
network is shown in blue and the center of the network is marked by a bold x. The network
was overlaid with a blue line connecting the center of the network to the disc to show the
definition of the radius R.

3.3.7 Plans for Model Calibration

Once the actomyosin network model is integrated with the SCE model of the wing disc
presented in Chapter 2, we will calibrate the network model for our specific biological
application using experimental data. This data will be provided by our collaborators in Dr.
Zartman’s Lab. For example, we can use the local actin and pMyoll densities to determine
the number of actin filaments and pMyoll mini-filaments in the network. If experimentally
feasible, experimental images of the wing disc that provide information about the stress
distribution of the network or the elastic properties of the actin filaments would be crucial

data sets for model calibration.
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Figure 3.7: Simulated actomyosin interactions. (A) Initial configuration of the simula-
tion. An actin filament and a pMyoll mini-filament are shown in green and red, respectively.
The actin filament barbed (+) and pointed (-) ends have been labeled. (B) Final configura-
tion. The pMyoll mini-filament reached the barbed end and translocated the actin filament.

3.4 Preliminary Simulation Results

As previously mentioned, the end goal of this study is to create an actomyosin network
submodel that can be incorporated with our multi-scale model from Chapter 2 [1] to replace
the simplified representation of actomyosin in the multi-scale model and allow us to capture
the dynamics of actin filaments and pMyoll mini-filaments. For model verification purposes,
we first present the results of model simulations at the single actin filament and pMyoll
mini-filament level. Note that all simulations presented in this section were run using the
parameter values presented in Appendix B Table B.1.

As a first study and proof of concept, we focused on capturing the interactions between
the network components based on their known biological interactions. More specifically,
simulations at the single actin and pMyoll levels were conducted. Based on biological
literature, pMyoll mini-filaments are assumed to move along the actin filament in a directed
manner: always towards the barbed end. This directed movement causes the actin filaments
to slide and translocate in space (see Fig 3.7). Additionally, in a simulation where two actin
filaments are interacting with a single mini-filament, we observe that the actin filaments will
slide relative to one another as the pMyoll move towards the barbed end of their respective
actin filament (see Fig 3.8). In particular, we notice that the actin filaments end up being

parallel to one another as compared to their initial configuration (Fig 3.8 B).
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Figure 3.8: Simulated actomyosin interactions between two actin filaments and a
pMyoll mini-filament. (A) Initial configuration of a simulation with two anti-parallel
actin filaments (shown in green). (B) The pMyoll mini-filament (shown in red) connects
with each actin filament and slides them past one another causing the filaments to contract.

It is worth noting that the number of actin filaments in these initial simulations, along
with their number of nodes, were chosen at random. However, the computational model
has the capability of accounting for several actin filaments at a time, each composed of
more nodes than shown in these simulations. Moreover, the actin filaments in the network
can either have the same number of nodes or differ in node number (i.e. the number of
nodes varies per filament). Regardless of the scenario, the mini-filament will move the actin
filament as it exerts a pulling force. Finally, the number of nodes we choose in each actin
filament will depend on the level of coarse-graining and the experimental data available to

us during the calibration of the model for our specific biological application.

3.4.1 Testing Contraction vs Extension With Two Actin Filaments and a

Single pMyoll Mini-Filament

As mentioned earlier, depending on the arrangement of the actin filament polarity with
respect to their bound pMyoll mini-filaments, contractile or extensile forces can be produced
[81,125,128]. In other words, some configurations might give rise to network contraction
while others will cause network expansion. A review by Murrell et al. proposes two different
network configurations that are expected to give rise to either contraction or expansion (see
Figure 2 of [81]). We ran simulations using these setups, which consisted of two anti-parallel

actin filaments and a pMyoll mini-filament between them (see Fig 3.9).
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Figure 3.9: Simulated scenarios of actomyosin contraction vs expansion. (A) Sample
simulation result of contraction. As the pMyoll mini-milament (in red) moves along the
actin filaments towards the barbed end (+) and exerts a pulling force on them, the actin
filaments will move. This interaction induces contraction (bottom panel under the black
arrow). (B) Sample simulation result of expansion. In this case, the pMyoll mini-filament
force being exerted on the actin filaments (shown in green) causes the filaments to slide
further away from one another, resulting in expansion.

In the first simulation (Fig 3.9 A), the first filament has its barbed end at the first node
(bottom filament), while the second filament’s barbed end is the last node (top filament).
Our simulation result captures contraction, where the simulated filaments are now parallel
to each other. On the other hand, in the second simulation (Fig 3.9 B), where the barbed
end of both actin filaments is towards the center and very close to the pMyoll mini-filament,
we observe expansion, as suggested in [81]. In this case, the pMyollI pulling force moves the
actin filaments further away from each other. Thus, our model is capable of recapitulating

both contraction and expansion as proposed by Murrell et al. [81].

3.4.2 The Arrangement of the Actin Filament Polarity Affects the Overall

Contractility of the Actomyosin Network

As previously mentioned, an actomyosin network can either contract or expand, although
most networks favor contraction [125,128,152,153]. One factor that is believed to influence
the contractility of a network is the polarity of actin filaments [81,125]. To test the effect

of polarity arrangement on the overall contractility or expansion of the network, we ran
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simulations with different actin filament polarity configurations. In these simulations, we
used a randomly organized actomyosin network structure, meaning that the actin filaments’
positions and orientations were chosen at random. We then changed the polarity of the
actin filaments by changing the position of the barbed ends. In the first simulation (Fig
3.10), the barbed ends of the actin filaments were predominantly positioned facing toward
the periphery of the network. In the second simulation (Fig 3.11), we set the barbed ends of
the actin filaments facing toward the center of the network. Note that in both simulations,
we used the same network configuration and only changed the polarity of the actin filaments,
i.e., the position of the barbed ends. We then used the MATLAB pipeline presented in
section 3.3.6 of Methods to determine the contractile performance of the actomyosin network
in each simulation scenario.

In the first simulation scenario, Rinitial > Rfina meaning that the network condensed and
favored contractility (Fig 3.10 B’). In comparison, Rinitial < Rfina in the second simulation,
capturing a case of network expansion (Fig 3.11 B’). Notice that in this second case, the
pMyoll mini-filaments are mainly concentrated in the center of the network. This is because
the barbed ends of the actin filaments are majorly facing toward the center of the network,
and since the mini-filaments only move towards the barbed end, they end up being “trapped”
in the center. This type of behavior is in accordance with studies of aster formation such as
Miller et al., where the barbed ends of the filaments are concentrated toward the center of
the network and, similarly, confine the mini-filaments to the aster core [171].

Overall, these sample simulations are in agreement with other studies [81,125] that
suggest that the polarity arrangement of the actin filaments (the position of the barbed

ends) does influence the network’s capability to favor contractile or extensile forces.
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Figure 3.10: Results of the first simulation scenario testing the effect of the actin
filament polarity configuration on the overall contractility of the network. (A)
Initial network configuration with the barbed ends of the actin filaments mainly concentrated
towards the periphery of the network. The actin filaments are colored blue, with their
respective barbed end colored dark red. The pMyoll mini-filaments are in red. (A’) Final
network configuration. (B) Estimating the network size of the initial network configuration
using the MATLAB pipeline. Actin filaments are in green while mini-filaments are in
red. (B’) Estimating the network size of the final configuration. Comparison between the
initial and final network size shows that Ri,itiar > Rfinai- This denotes a case of network
contraction.
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Figure 3.11: Results of the second simulation scenario testing the effect of the actin
filament polarity configuration on the overall contractility of the network. (A)
Initial network configuration. In this case, the barbed ends of actin filaments are positioned
towards the center of the network. As before, the actin filaments are colored blue, the barbed
ends are colored dark red and the pMyoll mini-filaments are in red. (A’) Final network
configuration. (B) Utilized the MATLAB pipeline to estimate the network size of the initial
network configuration. Actin filaments and pMyoll mini-filaments are colored in green and
red, respectively. (B’) Estimating the network size of the final configuration (light blue disc).
Comparison between the initial and final network size shows that Rinitiai < Rpina- This
denotes a case of network expansion.
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3.5 Discussion and Future Work

In this chapter, we develop a mathematical and computational framework of the actomyosin
network dynamics. We assume that the network is composed of actin filaments and pMyoll
mini-filaments, the two most essential components for contractility of the network [128].
In this model, a node and spring modeling approach is used to simulate both of the
model components where actin and pMyoll dynamics are described by overdamped Langevin
equations. In other words, the motion of each type of node (actin or pMyoll) is represented by
solving stochastic ordinary differential equations using a forward Euler numerical scheme. In
accordance with previous studies, our model also demonstrates that the polarity arrangement
of the actin filaments plays a key role in the overall contractility of the network [81,125,128,
154, 155].

This modeling framework is the first step towards a larger and more complex end goal.
More specifically, this actomyosin network model will be coupled with the SCE model of the
Drosophila wing disc development presented in Chapter 2, in order to replace the simplified
representation of actomyosin in the SCE model. The coupled model will be used to test
a novel biological hypothesized mechanism of how the actomyosin network constricts the
basal membrane of columnar cells leading to interkinetic nuclear migration. We refer to this
mechanism as the “zipping-up” mechanism, where we believe a combination of both vertical
and horizontal contractile forces constrict the membrane. Thus, to test this mechanism,
there is a need for a coupling between models. During the coupling, a linear spring will
be introduced to connect the actomyosin network with the membrane nodes, resembling
adhesion proteins. In addition, introducing a Morse potential might also be necessary to
ensure the network stays within the cells. Once coupled, the actomyosin network model will
be calibrated using experimental data. The plans for model calibration have been provided
in subsection 3.3.7 of Methods.

In addition to testing the hypothesized “zipping-up” mechanism, once the models have

been coupled and the actomyosin network model has been calibrated, we also want to explore
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other possible mechanisms that can influence the network contractility and its ability to
constrict the basal membrane of simulated columnar cells. For example, testing the effect
of the actin filament polarity arrangement is important as it can either produce network
contraction or expansion [81,125,128|. In addition, a study by Popov et al. has shown
that increasing the pMyoll concentration increases the contractility of the network [181].
Hence, we will need to explore the role of varying the pMyoll mini-filament concentration
relative to the actin filament concentration on the overall contractile behavior of the network.
Finally, another mechanism we can test is to vary the number of actin filaments the pMyoll
mini-filaments can bind to in order to explore whether a mini-filament’s ability to bind to
more than one actin at a time will either enhance or hinder contractility.

Another important focus of future work would be to introduce more biological model
components impacting the dynamics of the actomyosin network and study their effect on
the overall network contractility in the context of columnar epithelial cells. Some of these
new modeling components include introducing binding and unbinding rates of pMyoll
mini-filaments and polymerization and depolymerization of actin filaments. Note that
implementing polymerization and depolymerization would be done at a coarse-grained level.

Finally, since the actomyosin network generates the actomyosin contractility within cells,
it is important to other biological processes outside of tissue morphogenesis. Hence, the
model presented in this chapter is not limited to its novelty and biological relevance in
early development but can be applied to study the role of actomyosin contractility in other

processes, such as cancer invasion, wound healing, and plant growth.

3.6 Code Availability

A C++ implementation of the computational model and any MATLAB scripts presented in
this chapter are available upon request from the first author (Jennifer Rangel Ambriz) or

faculty advisor (Mark Alber).
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Chapter 4

Conclusions and Future Work

Mathematical and computational modeling has become an increasingly popular and powerful
tool for studying outstanding questions in developmental biology. Some of the many
benefits of mathematical and computational modeling include (1) efficiently simulating
complex biological systems, (2) using simulations to run in silico experiments, and (3)
motivating new experiments based on the model predictions. In this work, specifically
Chapter 2, we combine mathematical and computational modeling with experimental data
to reverse-engineer mechanisms regulating proper Drosophila wing disc development. In
particular, we present a novel multi-scale SCE model of the wing disc cross-section along
the AP axis. Novel features of the model include the non-homogeneous spatial patterning
of mechanical regulators and a detailed algorithm of cell proliferation and growth, which
captures the interkinetic nuclear migration process of the pseudostratified epithelium. In
Chapter 3, we present a mathematical model of a two-dimensional actomyosin network and
its computational implementation towards the goal of coupling this model with the SCE
model of the wing disc. This coupling will allow us to get insights into the mechanism
of how actomyosin coordinates and gives rise to the contractile forces that constrict the
basal membrane of columnar cells, driving the apical migration of the nuclei and leading to

successful cell division.
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Figure 4.1: Preliminary simulation gives insights into a possible mechanism driving
wing disc eversion and motivates future work. (A) Simulated initial tissue geometry
produced from the multi-scale model presented in Chapter 2 [1]. A spatial patterning of the
parameter Kemp pasal 15 applied where kpemp pasar is higher in the center of the pouch. (B)
Final tissue geometry capturing an eversion-like phenotype.

In the future, we would also like to use the subcellular element modeling approach to
investigate later stages of Drosophila wing development. Particularly, we would like to study
eversion, a late-stage morphogenetic process that involves the outward folding of the wing
disc [172]. Successful eversion consists of several processes including but not limited to
cellular rearrangements and shape changes, bending of the pouch, a decrease in pouch cell
height, and expansion of the wing blade [11,162,172-174]. A preliminary simulation using
the multi-scale model presented in Chapter 2, where the basal membrane tension is spatially
patterned (higher in the center of the pouch), generates an eversion-like phenotype (Fig 4.1).
Thus, the non-uniform spatial patterning of basal membrane tension might be a possible
mechanism driving wing disc eversion that is worth exploring further, both computationally
and experimentally. Overall, the multi-scale model described in this dissertation can be
extended and used to obtain insights into other biological processes and developmental

stages of wing disc morphogenesis.
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A

Appendix - Chapter 2

A.1 Preface

The content of this Appendix is a reproduction of the Supplementary Information file of
our published paper presented in Chapter 2 [1]. All of the experiments and analyses of the
experimental data presented in this Appendix were performed by Nilay Kumar and members
of Dr. Zartman’s lab. All of the simulations and corresponding analyses were done by me.
Sections associated with the model were mainly written by me with the guidance and help

of Dr. Mark Alber, Dr. Weitao Chen, and Dr. Kevin Tsai.

A.2 Supplemental Details of Methods and Image Analysis

A.2.1 Additional Method Details for Fig 2.3

Drosophila wing imaginal discs belonging to varying stages of larval development were
dissected, fixed, and stained with Phalloidin and DAPI to mark Actin and nuclei, respectively
(Fig 2.3 A). Principally, cross-sections along the AP axis were analyzed (Fig 2.3 B). An
in-house pipeline for quantifying local basal curvature (kpgsq;) (Appendix A subsection
“Quantification of Local Basal Curvature”) and tissue height (H) (Appendix A subsection

“Quantification of Morphological and Signaling-Related Features from the Wing Imaginal
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Discs”) was used to measure shape changes as the disc ages. For each stage, Kpgsqr Was
quantified for samples whose number has been indicated as an inset within the plot (Fig 2.3
C, top panel). The average kpqsqi is plotted against the distance of the point of calculation
from the center of the disc (¢). This is further normalized using half of the length of the
basal surface (Lap) along the AP axis. The standard deviation in prediction of Kpgsqa; 1S
shown as the shaded region within the plots. A similar analysis for H was performed, as
shown in Fig 2.3 C (bottom panel).

Drosophila wing imaginal discs belonging to varying stages of larval development were
dissected, and antibody staining of pMyoll and SPS, respectively, were carried out to measure
the spatiotemporal dynamics of cytoskeletal regulation within the developing epithelia (Fig
2.3 D, D’). First, we analyzed how the ratio of apical to basal levels of pMyoll (pMyolIapical /
pMyoll},sa) varies across the pouch medial and lateral domains (Fig 2.3 E). The pouch was
discretized into 90 regional cells as described in Appendix A subsection “Quantification of
Morphological and Signaling-Related Features from the Wing Imaginal Discs”. The middle
30 cells constitute the medial domain, while the remaining 60 cells on the anterior/posterior
ends constitute the lateral ends of the pouch. Then, the difference between the average
of pMyollapical / PMyollpasal across the pouch medial (M) and lateral (L) domains was
computed and normalized by the average value of pMyoll,pical / pPMyollpasal in the pouch
lateral (L) domain. This quantity was calculated for multiple discs (sample sizes indicated
in the inset of the plot) belonging to different stages of development (72-96 h AEL). Next, a
box plot was used to visualize the variation of this ratio ((Xy — Xp,)/Xy, where X represents
pMyollapical / PMyollpasa) across different stages of wing disc development (Fig 2.3 E).
Since SPS is primarily localized in the pouch basal surface, an in-house pipeline (Appendix
A subsection “Quantification of Morphological and Signaling-Related Features from the
Wing Imaginal Discs”) was used to quantify the expression of SPS across the basal surface
of the AP axis. The data was then exported to MATLAB [107] where the AP axis was
split into three equal parts and at each of these sections, the averaged SPS fluorescence

was evaluated. Next, we used these averaged values to compute the difference of SPS in
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the medial to lateral domain of the pouch (6PSpedial / SPSlateral). The difference is further
normalized by SPSjateral- The ratio is next plotted for multiple samples belonging to different
stages of development as a box plot (Fig 2.3 E’).

Using the same pipeline (Appendix A subsection “Quantification of Morphological and
Signaling-Related Features from the Wing Imaginal Discs”), we calculated the fluorescence
intensity of Actin, pMyoll and SPS for discs stained with the aforementioned cytoskeletal
regulators. We plotted the values of Actin, pMyoll and SPS for multiple samples belonging
to 72 and 96 h AEL larval stages of development (Fig 2.3 F, F’). A straight line was fit, and
the R? value was calculated to measure the correlation strength. We first fit straight lines
(color-coded) to the correlations for individual samples. We also fit a line to the aggregated
data to measure the global correlation.

We also used the image analysis pipeline (Appendix A subsection “Quantification of
Morphological and Signaling-Related Features from the Wing Imaginal Discs”) on discs
belonging to different stages of development for quantifying correlations between the ratio of
pMyoll,pical to pPMyollpasa and local tissue height (H). A 2D scatter plot was first plotted
with the x-axis and y-axis representing pMyoll,pical / pPMyollpasal and H, respectively
(Fig 2.3 G, 7). Data extracted from each sample was plotted using unique colors. First,
linear regression models were fitted individually to points extracted from each sample using
scikit-learn. A solid color-coded line represents the predictions made by the model. Next, a
single linear model was fit to the aggregated data from different samples represented by a
solid black colored line. Averaged R? values for sample-wise model fits, along with the R?
value of the global model fit, have been reported. A p-value for an F-test was calculated
to evaluate the statistical significance of the global fit. Plotting and statistical tests were
carried out in Python.

Lastly, we used our in-house codes (Appendix A subsections “Quantification of Local
Basal Curvature” and “Quantification of Morphological and Signaling-Related Features from
the Wing Imaginal Discs”) to calculate the correlation between basal SPS localization and

Kpasal (Fig 2.3 H, H’). A scatter plot was used to plot the variation of kpgsq; With changes
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in SPS for multiple discs belonging to two different stages of development. Points were
color-coded based on their position along the pouch AP axis (medial: blue or lateral: red).
Two straight lines were fit to study the correlation between SPS and kpqsq; specific to pouch
medial and lateral domains, and the corresponding domain-specific R? values have been

indicated as an inset within the plots.

A.2.2 Additional Method Details for Fig 2.4

An in-house pipeline (Appendix A subsection “Quantification of Local Basal Curvature”)
was used to quantify the basal curvature (kpgsq;) for multiple discs belonging to 72 and
96 h AEL of larval development (Fig 2.4 A”, B”). The solid line indicates the averaged
Kpasal vValue for multiple discs, while the shaded area indicates the standard deviation in
prediction. The AP axis was further subdivided into three equal regions based on the overall
length of the basal surface. The middle region corresponds to the medial domain, while the
remaining two regions correspond to the lateral domains. Next, we calculated the ratio of
the average curvature in the lateral ends to the medial domain (Rpgsai iateral/Rbasal,medials
Fig 2.4 D-ii). This ratio was computed over multiple discs whose average value was plotted
as a bar graph. The ratio for individual samples is plotted as a scatter plot overlaid over the
bar. Further, we use the same pipeline to calculate the same ratio (Rpgsal iateral/Fbasal,medial)
for the simulation test cases that have been plotted as a bar graph on the right of the
experimental data (Fig 2.4 D-ii).

For Fig 2.4 F-1, fluorescent intensities along the apical, basal, or lateral cell sides were
plotted against the distance of the point from the center of the pouch. It was further
normalized by averaging the overall length of the measured axis. Averaged fluorescence
intensities and the standard deviation in prediction were plotted to visualize the spatial
patterning. Analysis of several samples belonging to multiple stages of development shows
temporal changes in spatial patterning of cytoskeletal regulators along the AP axis. Detailed

steps for image normalization and intensity quantification can be found in Appendix A
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subsection “Quantification of Morphological and Signaling-Related Features from the Wing

Imaginal Discs”.

A.2.3 Additional Method Details for Fig 2.5

To downregulate SPS expression, the GAL4/UAS [113] system was used to express an RNAi
against mys, a beta subunit of the integrin dimer. The MS1096- Gal4 driver was used to

RNAI gpatially, leading to more SPS inhibition in the dorsal

drive the expression of mys
compartment than the ventral side of the wing imaginal disc. A SPS antibody staining
was carried out to validate the mutation. DAPI and Phalloidin dyes were used to visualize
changes in cell shape (Actin) and nuclear positioning (Nuclei). Cross sections along the
indicated DV axis were analyzed for these genetic perturbations (Fig 2.5 B, B’).

We also used an MS1096-Gal4 driver to knock down Rhol expression in the dorsal
compartment of the wing disc with a commercially available UAS-Rhol1®NAT Jine. DAPI
and Phalloidin dyes labeled the nuclei and Actin, respectively. The cross-section along the
DV axis was analyzed (Fig 2.5 C, C’). We also looked into how perturbations in SPS and
Rhol expression affect pMyoll. The details for these perturbations can be found in text
corresponding to Appendix A Fig A.11.

An in-house MATLAB [107] code (Appendix A subsection “Quantification of Morpholog-
ical and Signaling-Related Features from the Wing Imaginal Discs”) was used to calculate
the average height of cells for dorsal and ventral compartments of the cross-sections analyzed.
Differences between the average height of dorsal and ventral compartments (AH) was

computed and then normalized by the average height of the lateral compartment (Hpgseral)

for multiple samples across all the genetic perturbations analyzed (Figure 2.5 D, D’).

A.2.4 Additional Method Details for Fig 2.6

Unless otherwise indicated, cross sections along the AP axis for wing imaginal discs belonging
to 72 h and 96 h AEL larval stages were analyzed. The proximity of nuclei with respect to

the basal surface (dg) has been defined as the ratio of the distance of nuclei from the basal
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surface (dp) over the sum of the distances of nuclei from apical (d4) and basal surfaces
(dp). Details about the quantification pipeline are mentioned in Appendix A subsection
“Quantification of Nuclear Positioning” (Appendix A Fig A.25). As described in previous
sections, the cross-section was subdivided into three regions, i.e., one medial and two lateral
regions. Nuclei in each subregion were identified, and their proximity to the basal surface was
calculated. We then calculated the average (dg) value for nuclei belonging to the different
subregions. We use the ratio of average (dg) in the medial to lateral regions of the wing
disc as a metric of comparison with results obtained using the computational model. The
average value of this ratio calculated over multiple samples for discs belonging to 72 h and
96 h AEL larval stage of development has been plotted as a bar graph (Fig 2.6 B). The data
from individual samples has been plotted as a scatter plot overlaid over the bar graph.
We also used an MS1096-Gald driver to express UAS-mysfNAito knock down BPS
predominantly in the dorsal compartment of the wing disc (Fig 2.6 D). The disc was
additionally stained with SPS antibody to validate the mutations. The nuclei for the mutant
have been color-coded with their relative distance from the basal surface of the pouch (dp).
Details about the quantification pipeline for nuclear positioning can be found in Appendix

A subsection “Quantification of Nuclear Positioning”.

A.2.5 Additional Method Details for Fig 2.8

The GAL4/UAS [113] system was used to express dominant negative form of insulin receptors
(InsRPN) in the posterior compartment of the wing imaginal disc using an engrailed-Gal4
driver (Fig 2.8 A-ii, B-ii, ii’). The engrailed-Gal4 also expresses a UAS-GFP marker to
fluorescently label the posterior half, i.e., the region of perturbation. The parental engrailed-
Gal4 driver was used as a control in addition to the internal control (Fig 2.8 A-i, Bi-i"). Wing
imaginal discs belonging to 100-120 h AEL (wandering larvae, early 3'¢ instar) were dissected
and fixed. The AP axis of the pouch was analyzed for these genetic perturbations. For both
control and mutant samples, Kpqsq; Was quantified using the in-house pipeline described in

Appendix A subsection “Quantification of Local Basal Curvature” (Fig 2.8 C-i). The average
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basal curvature (Kpqsq;) along with the standard error in mean have been plotted for points
sampled on the basal surface. The x-axis indicates the normalized distance of the point from
the pouch center (¢/L4p). The normalization was carried out by dividing the distance by
half of the length of the basal surface (Lap). A student t-test was used to compare the

average curvature profiles for control (en Gal4) and disc expressing en>InsRPN

samples in
the anterior and posterior compartments respectively. The t-statistic (t), along with the
p-value (p) for the test have been indicated on the top panels of the plot. Further, a Cohen’s
d (d) has also been indicated to measure the effect of sample sizes in statistical analysis. We
also used our in-house pipeline to calculate the average height of the anterior (Hapterior) and
posterior (Hposterior) compartments of the control (en-Gal4) and perturbed (en>InsRPN)
samples. We next calculated the difference between Hanterior and Hpggterior and normalized
it by Hanterior- The quantity was calculated for multiple samples and has been visualized
as a box plot (Fig 2.8 C-ii). A student t-test was used to compare the average curvature
profiles for control (en-Gal4) and disc expressing en>InsRPN samples (*** : p < 0.001,
**:0.001 < p <0.01, *:0.01 < p <0.05). Furthermore, antibody staining for SPS (Fig
2.8 B ii-ii’), Rhol (Fig 2.8 D, D’) and pMyolI (Fig 2.8 E, E’) were carried out to measure
changes in cytoskeletal regulation. We then calculated the difference in average fluorescence
levels of the protein studied between the posterior and anterior compartments. Once this
difference was computed, it was normalized by the average fluorescence of the anterior

compartment for both the Gal4 control and genetically perturbed en>InsRPN

samples (Fig
2.8 F i-iii). Statistical significance of the differences between the control and mutant group
were assessed using a t-test (*** : p < 0.001, ** : 0.001 < p < 0.01, * : 0.01 < p < 0.05).

We expressed the constitutively active form of InsR (InsR“?) in the whole wing imaginal
disc using a nubbin-Gal4 driver (Semi AP axis cross section visualized in Fig 2.8 G’). The
progeny was grown at 18°C as it was lethal at 25°C. The control for this experiment were
the wing discs belonging to the parental nubbin-Gal4 driver grown at 18°C (Fig 2.8 G).

Expression of InsR® caused a substantial increase in tissue size along with an increase

in proliferation. Since the whole pouch was out of the sensor area of the microscope, we
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imaged half of the disc at a time (medial to anterior and medial to posterior) (Fig 2.8 G,
G’). The discs were stained with SPS to measure cell shape changes. Half of the DV section
at a time was analyzed for both control and mutant cases (Fig 2.8 G-H). Quantification
of Kpasar (Fig 2.8 H i) and H (Fig 2.8 H ii) was carried out as described in the previous
paragraph of this section.

GAL4/UAS system was used to express the constitutively active form of Dpp receptors,
Thickveins (Tkv), in the posterior compartment of the wing imaginal disc using an en-Gal4
driver (Fig 2.8 I). Samples dissected from 100-120 h AEL (physiological stage: wandering
3'd instar larvae) were fixed. DAPI was used to label the nuclei. A PMAD antibody staining
was performed to validate the UAS-Tkv®A line (Appendix A Fig A.18 C, C’). A 8PS (Fig
2.8 I) and pMyoll (Fig 2.8 J) antibody staining was also carried out to measure changes
in cytoskeletal regulation and tissue geometry. The cross-section along the AP axis was
analyzed for the genetic perturbations.

We also used the en-Gal4 driver to overexpress Myc [42], a transcription factor contribut-
ing towards cell growth, in the posterior compartment of the wing imaginal disc (Fig 2.8 K).
Wing imaginal discs belonging to 100-120 h AEL were physiologically staged. Wandering
3'd instar larvae were dissected, and the wing imaginal disc was fixed. A BPS and pMyoll
antibody staining was carried out to measure changes in tissue shape while DAPI was used
to label nuclei (Fig. 2.8 K, L). Cross sections along the AP axis were analyzed for the
genetic perturbations. For both of the genetic perturbations, quantification of Kpgse; (Fig
2.8 M) and fluorescence intensities of cytoskeletal regulators (Fig 2.8 N, O) were carried out
as described in the first paragraph of this section. Additional methods for quantification of
basal curvature, tissue height, and expression of cytoskeletal regulators from the imaging

data can be found in Appendix A section A.1 of the text.
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A.3 Supplementary Results and Figures

A.3.1 Integrin (SPS) and Collagen IV (ColIV) Co-Localize With Actin
Within the Cortical Region of a Dividing Cell.

Wing imaginal disc belonging to early 3rd instar larval stage of development was dissected
and fixed. A phosphohistone H3 (PH3) and a -Integrin (SPS) antibody staining were
carried out to measure the expression of integrins around the dividing cell. Based on the
PH3 and nuclei markers (DAPI), cells belonging to different stages of division undergoing
interkinetic nuclear migration were selected (Fig A.1 A). Optical cross-sections along the
division axis were analyzed. It can be seen that SPS is initially localized near the filamentous
actin tail of the dividing nuclei. As the nuclei move towards the apical surface for division,
its accumulation near the cell cortical region increases. Finally, when the cell has divided
BPS localizes more towards the boundary of the daughter cells.

Wing imaginal discs from the early 3rd instar larval stage were dissected and fixed.
DAPI and Phalloidin were used to label the nuclei and Actin, respectively (Fig A.1 B). An
antibody staining against anti-Collagen IV was carried out to visualize spatial patterning
of Collagen IV (CollV) within the fixed tissue. Based on the data from Actin and nuclei
fluorescence channels, a couple of representative mitotic nuclei were selected within the
pouch (Fig A.1 B). An optical slice along the long axis of the dividing cells was taken to
have a lateral perspective of CollV during mitosis (Fig A.1 B-ii). A major highlight of a
dividing cell is the presence of higher levels of Actin around the cortical region of a dividing
cell [109]. Along with Actin and Integrin (Fig A.1 A), CollV (Fig A.1 B-ii) also colocalizes

at the cortical region of the dividing cell.

A.3.2 The Wing Imaginal Disc is Flat Across the AP Axis at Earlier
Stages of Development (<72h AEL)

Wing imaginal discs belonging to earlier stages of development were dissected and fixed.

An antibody staining against Actin, pMyoll and SPS was carried out to study cytoskeletal
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Figure A.1: Localization of SPS and ColIV around a dividing cell. (A) Cross-sectional
view of a wing imaginal disc showing localization of SPS around a dividing cell. Different
images from left to right represent different stages of interkinetic nuclear migration. Discs
are labeled with phosphohistone-h3 (PH3) to mark the dividing cells. Fluorescent labels
have been indicated as an inset. Sample sizes have been indicated as a bottom inset. (B) (i)
(ii) Cross-sectional view of wing cells undergoing mitosis. Discs are labeled with Collagen IV
(CollV) to visualize its expression around a dividing cell. Sample sizes have been indicated
on the top-right inset.
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Figure A.2: Cytoskeletal regulation at earlier stages of development. Wing imaginal
discs belonging to <72 h AEL larval stage of development were dissected and fixed. (A)
Optical slice along the AP axis showing localization of Nuclei, Actin, (A’) SPS and (A”)
pMyoll. Sample sizes have been indicated on the top-right inset of (A).

regulation at early developmental stages (Fig A.2). Although the tissue is flat, the cell height
is qualitatively patterned across the AP axis. In particular, the cell height is higher at the
middle as compared to the lateral ends of the pouch (Fig A.2 A). Moreover, both SPS (Fig
A2 A’) and pMyolI (Fig A.2 A”) are qualitatively polarized to the basal membrane of the

pouch cells. Specifically, SPS is more localized near the central domains.

A.3.3 Correlation Between pMyoll,picai / PMyollpasa and Local Cell
Height (H) Increases with the Age of the Disc. The Gradient of H
Across the DV Axis Increases with the Age of the Disc

We used the image processing pipeline described in Appendix A subsection “Quantification
of Morphological and Signaling-Related Features from the Wing Imaginal Discs” to calculate
the ratio of apical to basal fluorescence of pMyoll for 90 discretized cells along the AP
axis. We also calculate the average lateral cell heights for the discretized cells to evaluate
the correlation between pMyollapicar/pMyolIy,sqr and local cell height (H) (Fig A.3 A). A
straight line is fit using scikit-learn [108]. An averaged R? value calculated over multiple
samples denoted by R%(I) and an R? value for the combined data denoted by R?(g) from
multiple samples are presented as separate insets in the plot (Fig A.3 D i-v). Different colors
indicate data from different samples. We also carry out an F-test to estimate the statistical
significance of the fit model [109,110]. The p-values of the F-test have been indicated as

insets. The average R? value for discs belonging to late developmental stages (> 84 h AEL)
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Figure A.3: (A) The wing disc cross section was discretized into 60 computational cells as
described in Appendix A subsection “Quantification of Morphological and Signaling-Related
Features from the Wing Imaginal Discs”. Fryosin,apical/basal @0d indicates the fluorescence
intensity of pMyoll in the apical and basal cell surface of the computational cell, respectively.
[ denotes the distance of the cell along the basal surface from the pouch center. The distance
is further normalized by dividing ! by half of the length of the pouch basal surface (L). (B-i)
Plot showing the variation of cell height between the lateral and medial pouch domains.
Each trend line in different colors represents averaged height values for discs at varying
stages of development. The sample size associated with the averaging has been included
as the top right inset. Further, a straight line was fitted to the trend, and the slope of the
fitted lines across different development times has been reported within the plot. (B-ii)
Plot showing normalized average height across the AP axis. Lines are color-coded based
on the developmental stage. (C) Plot showing variation of cell height across the DV axis.
Solid lines indicate the Gaussian model fit, while points (transparent) are the actual cell
heights derived from the imaging data. The solid black line indicates the model fit for the
combined data from multiple samples. WHM represents width of the curve at half maximum
where the height was fitted to a curve to create statistical models of height regulation.
Sample sizes have been indicated on the top-right inset of each plot. (D) Correlation
between pMyollypicai/PMyol Ipgsqr and cell height H for discs belonging to different stages
of development. Different colors indicate data from different samples. Sample sizes have
been indicated on the top-right inset of each plot. A straight line is fit to model correlations
for data from individual samples (color lines). Average R? values of the fits have been
indicated as R2(l). A linear model is next fit to the aggregated data using multiple samples
(black dashed line). R?(g) represents the R? value of the model fit.
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is greater than that of younger discs (< 84 h AEL). Moreover, the linear fits are statistically
significant only for discs belonging to 84-96 h AEL.

Next, we analyzed the variation of cell height across the AP axis (Fig A.3 B, C). We
first plotted the normalized cell height along the pouch AP axis for discs belonging to
different developmental stages. The normalization was carried out by dividing the height of
each cell by the maximum cell height (Fig A.3 B-ii). MATLAB [107] was then used to fit
Gaussian models for modeling cell height across the AP axis for each sample across different
developmental stages (Fig A.3 C i-v). Different colors are used to indicate data and models
for different samples within the same developmental stage. We additionally evaluated the
width at half maximum (WHM) for all the fits and reported the averaged WHM across all
of the samples and also for a fit across the entire data. There is no statistically significant
observed change in WHM across the age of the disc. Lastly, to study how the cell height
varies across the AP axis during development, we fit straight lines to averaged cell height
profiles across half of the pouch (Fig A.3 B-i). An analysis of slopes of fits reveals that the
slope is greater for discs belonging to late development stages (> 84 h AEL) as compared to
the early development stages (< 78 h AEL). Thus, the medial tissue height increases at a

greater rate as compared to the lateral height of the tissue during development.

A.3.4 Colocalization of Actin, pMyoll and SPS Increases with the Age of
the Disc

Discs belonging to two different stages of development (72 h AEL (Fig A.4), and 96 h AEL
(Fig A.5) larval stages) were fixed, and an immunohistochemistry assay was carried out
to label the expression of cytoskeletal regulators, including Actin, pMyoll and SPS. We
next discretized the pouch AP axis into 90 cells as described in Appendix A subsection
“Quantification of Morphological and Signaling-Related Features from the Wing Imaginal
Discs”. The averaged apical, basal, and lateral fluorescence intensity of Actin, pMyoll and
BPS was calculated for the cells. To remove background noise in the imaging data, a rolling

ball background subtraction [37] was performed using a 50-pixel ball radius in ImageJ [111].
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Figure A.4: Actin, Myosin, and Integrin at earlier stages of development are
expressed predominantly near the basal surface of pouch cells. Integrin correlates
strongly with Actin. (A-C) AP cross-section of wing imaginal discs staged to 72 h AEL.
Fluorescent labels are indicated in the bottom left panel of each cross-section. Fluorescent
intensity of Actin, Myosin, and Integrin were calculated over the apical, basal, and lateral
sections of the disc proper (DP) cells for several samples (n = 5) (D) (i- iii) Variation of
Integrin, Myosin and Actin localization across the pouch apical, basal and lateral surface.
(E) Correlations between Actin, Myosin, and Integrin at the pouch cell’s apical, basal, and

lateral surfaces.
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Figure A.5: Actin, Myosin, and Integrin correlate strongly and are predominantly
expressed in the basal-lateral region of the pouch. (A-C) AP cross-section of a wing
imaginal disc dissected from larvae staged to 96 h AEL. Fluorescent labels are indicated
in the bottom left panel of each cross-section. Fluorescent intensity of Actin, Myosin and
Integrin were calculated over the apical, basal, and lateral sections of the pouch for several
samples (n = 7) (D) (i - iii) Variation of Integrin, Myosin and Actin localization across the
apical, basal and lateral surface of columnar pouch cells. (E) Correlations between Actin,
Myosin, and Integrin at the apical, basal and lateral surfaces of columnar pouch cells.
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Further, the location of each discretized cell within the AP axis was defined as its normalized
distance from the center of the AP axis. Normalization was carried out by dividing the
distance of a particular discretized cell by half the curve length of the basal surface.

We first analyzed Actin, pMyoll and SPS expression profiles across the AP axis at the
apical, basal, and lateral sides of cells (Fig A.4 D, Fig A.5 D). The x-axis of the plot is the
normalized location along the basal surface. The solid line indicates the mean fluorescence
of the measured cytoskeletal regulators ((i) SPS, (ii) pMyoll, (iii) Actin), while the shaded
region indicates the standard deviation in fluorescence reported over multiple samples. At
earlier stages of development, pMyoll and SPS are predominantly basal (Fig A.4 Di, ii).
Moreover, integrin is localized primarily at the medial pouch region. In fact, it is like the
expression at earlier developmental stages, as shown qualitatively in Fig A.2. However, at
later stages of development, pMyoll in the medial pouch domain starts to become apical. In
contrast, both pMyoll and SPS start to acquire more lateral expressions in the basal surface
of the pouch (Fig A.5 Di, ii).

We next evaluated correlations between the extracted fluorescent intensity of Actin,
pMyoll, and SPS in the apical, basal, and lateral surfaces of the pouch, respectively (Fig
A4 E, Fig A.5 E). Normalized fluorescence intensities of two components at a time ((5PS,
pMyoll), (BPS, Actin), (pMyoll, Actin)) were plotted for multiple samples, and a straight
line was fit using the LinearRegression library within scikit-learn [108]. R? values across
multiple samples were averaged and reported on top of each plot and used as a metric
to evaluate the strength in colocalization. Different colors within the plot represent data
from different samples. We report an increased averaged R? values of the fit for all of the

correlations along the basal surface as the disc ages (Fig A.4 E-i, Fig A.5 E-i).

A.3.5 Proliferation Decreases with an Increase in Pouch Size

In this section, we report a decrease in cell proliferation with an increase in the age of the
disc. The obtained result agrees with previous literature studies [112]. Wing imaginal discs

were dissected from larvae of different sizes belonging to different stages of development and
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Figure A.6: Cell proliferation decreases with the age of the pouch. (A) Mitotic
index is defined as the ratio of the area acquired by cells expressing Phospho Histone-H3
(PH3) over the area of the wing disc pouch. (B) Plot showing the variation of the mitotic
index with respect to the pouch size. The red line indicates an exponential fit obtained
through regression in MATLAB. (C) Plot showing the distribution of an average number of
nuclei along the pouch AP axis with the age of the disc

proliferating cells were marked with anti-PH3. The mitotic index was next defined as the
ratio of the area of cells that are marked by PH3 over the area of the pouch (Fig A.6 A).
A 2D scatter plot was plotted with the X-axis representing the pouch area and the Y-axis
the mitotic index (Fig A.6 B). An exponential decay model was next fit to the data using
MATLAB’s [107] fit function. The model details along with the goodness of fit indicated by
an R? value have been included as a plot inset. The tendency of cells to divide decreases as

the size of the pouch increases.

A.3.6 In Silico Model Scenarios of Patterned Cytoskeletal Regulation
Across the AP Axis.

Multiple model parameters representing different functions of cytoskeletal regulation were
patterned across the pouch’s AP axis. Values of parameters were kept separate for the
pouch medial and lateral domains and across the apical and basal surfaces depending upon
the parameter varied. In total, we varied eight model parameters generating a total of 15

parameter profiles (Fig. A.7). For instance, in Case I, we varied the actomyosin contractility
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Figure A.7: Key parameters that impact the basal curvature of the tissue. (A-F)
Through a series of cases, model parameters representing mechanical properties of cell
cytoskeleton, actomyosin and adhesion were varied across the AP axis. The profiles of
parameters are plotted above the final simulated shape.
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in the model by increasing the apical (Kupicont) and basal (kpgscont) contractility in the
medial domain of the pouch and also increasing kpqs, cont more than kgp; cont in the lateral ends.
The increase in the center was higher than that away from the center. This recapitulates
the expression of pMyoll at 96 h AEL developmental stage, where we report higher apical
contractility in the pouch medial region and a higher basal contractility in the lateral ends of
the pouch (Fig 2.4 F). We also varied the parameters associated with the basal ECM stiffness
(Keem,c), the membrane tension (Kmemb,basals; Kmemb,laterals LOmemb,iaterals LOmemb,pasal) and
the Integrin-based adhesion between the basal region of columnar cells and the ECM (kqqn5)
(Appendix Tables A.5, A.6). Cross sections of the simulation output have been shown along

with the varying parameter profile across the AP axis on the top of each figure (Fig A.7).

A.3.7 Tissue Local Height is Regulated by the Difference in Apical-Basal

Contractility

To test if cell height is driven by the apical-basal stiffness of cells, we ran simulations with
a differential patterning of contractility parameters across the apical and basal surfaces.
First, we divided the tissue into three domains (a medial domain and two lateral domains)
and perturbed Kqpi cont and Kpgs cont in each of these domains (Fig A.8 A). The contractility
multipliers used in each of the cases are listed in the table in Fig A.8 B. Note that the apical
and basal contractility multipliers get multiplied to Kupi.cont and Epgs cont, respectively, to
increase or decrease the strength of the actomyosin contractile springs. Cases 1A and 1B
are reproduced from Fig A.7 A, where actomyosin contractility was increased and decreased,
respectively, in the medial domain of the pouch. Using Case 1A as a comparison, we
increased both Kgp; cont and kpes cont in the medial domain while ensuring that the ratio of
Eapi,cont/ kbas,cont remained constant (Case 1C) and also increased (Case 1D). Next, we used
a multiple linear regression to further perturb kgpicont and Kpgs cont (Cases 1E-1J) in the
medial domain. Finally, in addition to varying the actomyosin contractility in the medial
domain similar to Cases 1E-1J, we tested the effect of decreasing the basal contractility (by

decreasing kpgs cont) in the lateral domain of the pouch (Cases 1K-1V).
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B Contractility multiplier profile

Lateral Medial Lateral Lateral Medial Lateral

Case 1A apical  0.0625 1.333 0.0625 Case 1L apical 0.0625 2.61 0.0625
basal 1.5 2.0 1.5 basal 1.0 3.0 1.0

Case 1B apical  0.0625  0.0029  0.0625 Case 1M apical 0.0625 1.666 0.0625
basal 15 1.125 1.5 basal 1.0 2.219 1.0

Case 1C apical  0.0625 1.675 0.0625 Case IN apical 0.0625 2.0 0.0625
basal 1.5 2.5 15 basal 1.0 2.240 1.0

Case 1D apical  0.0625 261 0.0625 Case 10 apical 0.0625 1.666 0.0625
basal 15 3.0 1.5 basal 1.0 3.856 1.0

Case 1E apical  0.0625 1.666 0.0625 Case 1P apical 0.0625 20 0.0625
basal 1.5 2.219 15 basal 1.0 3.878 1.0

Case 1F apical  0.0625 2.0 0.0625 Case 1Q apical 0.0625 1.666 0.0625
basal 15 2.240 1.5 basal 1.0 4.948 1.0

Case 1G apical  0.0625 1.666 0.0625 Case 1R apical 0.0625 2.0 0.0625
basal 1.5 3.856 15 basal 1.0 4.970 1.0

Case 1H apical  0.0625 2.0 0.0625 Case 1S apical 0.0625 1.675 0.0625
basal 1.5 3.878 1.5 basal 0.5 25 0.5

Case 11 apical  0.0625 1.666 0.0625 Case 1T apical 0.0625 2.61 0.0625
basal 1.5 4.948 15 basal 0.5 3.0 0.5

Case 1J apical  0.0625 2.0 0.0625 Case 1U apical 0.0625 1.666 0.0625
basal 1.5 4.970 15 basal 0.5 2.219 0.5

Case 1K apical  0.0625 1.675 0.0625 Case 1V apical 0.0625 20 0.0625
basal 1.0 2.5 1.0 basal 0.5 2.240 0.5

Figure A.8: Variation of apical to

basal actomyosin contractility impacts cell

height. (A) Shapes obtained from varying actomyosin contractility in the pouch medial
and lateral domains. Cases 1A and 1B are reproduced from Fig A.7. In cases 1C and 1D,
both apical and basal actomyosin contractility was increased in the medial domain. Linear
regression was used to vary actomyosin in the medial region in cases 1E-1J. Finally, in cases
1K-1V, in addition to varying contractility in the medial domain (similar to cases 1E-1J),
the effect of decreasing the basal contractility in the lateral domain is tested. (B) A table of
the apical and basal contractility multipliers for each simulation case. Note that the apical
and basal contractility multipliers get multiplied to Kupi cont and kpgs cont, respectively. The
role of these multipliers is to increase or decrease the strength of the actomyosin contractile

springs.
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Next, we carried out a quantitative comparison between phenotypic changes that occurred
between the 72 and 96-hour discs and the simulation cases where actomyosin contractility
was patterned across the AP axis, in contrast to the uniform patterned contractility in the
control simulation (Fig A.9). We first visualized metrics, including the ratio of lateral to
medial basal curvature (Fig A.9 A-i), medial tissue height (Fig A.9 Aii), and the ratio of
nuclear positioning between the medial and lateral compartments (Fig A.9 A-iii). Compared
to the control, all of the simulation cases led to an increase in tissue height and a basal shift
of nuclei, consistent with our observations in the experimental data. However, only a few
simulations resulted in the flattening of the midsection. We then visualized the differences
in these phenotypic traits (Fig A.9 B). For experiments, the difference was calculated by
subtracting these geometric features between the 96 and 72-hour discs. For the simulations,
the morphological features of all cases were subtracted from the control case. Errors within
individual metrics were normalized by dividing by the maximum reported error. Finally, we
quantified the overall error by squaring and summing individual errors. Using this approach,
we identified Case 1D as the case that matches all three metrics most accurately. Note that
this case is presented as Case 1A’ in Figures 2.4 - 2.6 of the main text.

To further explore the role of apical to basal contractility in cell height, we ran additional
simulations. This time, the pouch was subdivided into five nested domains, namely: left (L),
left medial (LM), medial (M), right medial (RM), and right (R). Perturbation of kgp; cont and
Kpas,cont Was done only in the medial domain of the pouch (Fig A.10 A-A”). The parameter
values for the three different cases are listed in a table in Fig A.10 B. Initially, we assumed
the contractility to be localized only on the basal surface. We first increased both kqp; cont
and Kpgs,cont Without changing the ratio of Kqpi cont/Kbas,cont- Analysis of the height profiles
showed an increase in levels of contractilities in the apical and basal surface without changing
the ratio of the two increased cell height (Fig A.10 A’, C). Next, we increased both kgpi cont
and Kpgs cont in such a way that the increment also increased the ratio between the two. A

slight change in height was observed as compared to the previous case (Fig A.10 A”, C).
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Figure A.9: Effect of variation of apical-basal contractility on basal curvature, cell
height and nuclear positioning. (A) Bar graph visualizing comparison of (i) ratio of
average lateral curvature to basal curvature (i) medial tissue height (iii) ratio of dp in medial
to lateral compartment for wing discs belonging to 72 and 96 h AEL of development and
the simulations presented in Fig A.8. (B) Differences between control and the perturbation
simulations (y-axis) were normalized and compared with differences of measured properties
(x- axis) between 72 h AEL and 96 h AEL (1st row). The combined errors from the three
metrics were calculated through differences between the experimental and simulation data.
The error bars are color-coded based on their values.
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Case 1X

B Contractility multiplier profile C =2

L LM M RM R 30

yy arical  0.06 1.25 1.25 1.25 0.06 .28
basal 1.5 1.5 1.88 1.5 1.5 1S

x  aical  0.06 1.25 1.56 1.25 0.06 T (@) muprier
basal 1.5 15 2.4 1.5 15 24|[Case 1W 0.66
: Case 1X =——— 0.65
Y apical  0.06 1.25 2.19 1.25 0.06 22| Case 1Y —— 0.84
basal 1.5 1.5 2.62 1.5 1.5 20
0 20 40 60
Cell id

Figure A.10: Effect of apical-basal contractility profiles on cell height. (A-A”) Stable
shapes obtained because of varying actomyosin contractility in the pouch medial domain. In
cases W-Y the pouch was subdivided into five domains: left (L), left medial (LM), medial
(M), right medial (RM), and right (R) where the apical-basal contractility ratio was only
varied in the medial (M) domain. (B) A table of parameters for the simulations run in this
case study was organized according to the five domains (L, LM, M, RM and R). For each
case W-Y, the top row represents the apical contractility multiplier that gets multiplied
t0 Eapi,cont While the bottom row represents the basal contractility multiplier for Kpqs cont-
These multipliers are used to increase the strength of the actomyosin contractile springs. (C)
Height profiles in the tissue are plotted against the cell id (from left to right of tissue) for
the different cases run in this study. The ratio of the apical to basal contractility multiplier
(a/b)multiplier for the medial domain associated with each case in (B) has been included as
part of the figure legend. Note that a represents the contractility multiplier for Kup; cont
while b represents the contractility multiplier associated with kpas cont-
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A.3.8 Knockdown of Integrin Increases Basal Curvature While Knock-

down of Rhol Reduces Basal Curvature

MS1096 — Gal4 driver was used to differentially express RNAi against mys and Rhol
(Fig A.11 A-C). The Gal4 driver allows more inhibition in the dorsal compartment while
decreasing its effect as one moves towards the ventral compartment. We used multiple
samples to quantify the basal curvature of the pouch across the DV axis (Fig A.11 A>-C’).

RNAI iy the dorsal compartment led to a sharp

Compared to the control, expression of mys
increase in tissue folding near the lateral ends of the pouch. In contrast, the expression of
RholRNAl Jed to a reduction in basal curvature reflected by flattening of the basal surface in

the dorsal compartment (region of perturbation).

MS1096>mysRNAi
D (mySENA\)

MS1096>RyRRVA!

MS1096>Rho1"-NA

MS1096 > mysRNAI C'  MS1096 > RhoRNAi
n=5 n=8

T 10
3
x

5

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
o L 0 Lgp L

MS1096>Rho 1R

RNAI

en>mys’

D (Rhot™)  25um

Actin W (Ctrl.)
pMyoll

Loss in pMyoll
4

Figure A.11: Loss of Integrin increases while loss of Rhol reduces basal curvature.
MS1096-Gal4 driver was used to knock down mys and Rhol in the dorsal compartment of the
wing imaginal disc. Comparisons were done using the M S1096 > RyR®N4? control. (A-C)
DV cross-sections of the pouch are shown. (A’-C’) Quantification of basal curvature across
the DV axis is shown. Solid line indicates the mean while the shaded region indicates the
standard deviation of n predictions. Sample sizes have been indicated on the top-right inset
of each plot. (D, D’) DV cross sections for the M.S1096 > Rhol Y Al genetic perturbations.
(E, E’) AP sections for en > mys™V4? genetic perturbations. Fluorescent labels have been
indicated within the plot.
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We also carried out immunostaining assays to see if the inhibition of mys and Rho in
the wing disc effects pMyoll. Analysis of pMyoll fluorescence across the pouch DV axis for
the MS1096 > RholNA? genetic perturbations shows a decrease of pMyoll in the dorsal
compartment of pouch where Rhol activity was suppressed (Fig A.11 D, D’). Similarly,

RNAi e also report a reduction in pMyoll fluorescence in the posterior

for en > mys
compartment where mys was inhibited (Fig A.11 E, E’). In summary, we qualitatively show

that a loss in both Rhol and mys can affect accumulation of pMyoll within the pouch.

A.3.9 A Cell-Specific Increase in Control Volumes () Causes an Increase
in Cell Height (H) Without Changing its Gradient Along the DV
Axis

In comparison to Case 8C, the simulation listed in Figure 2.5 E, G’, we ran an additional
simulation where we used a similar gradient to increase the cell volume of each cell by
adjusting the maximum and minimum cell volumes such that the overall tissue volume was
equal to the control simulation (Fig A.12 A, E). Compared to Case 8C, the height of cells
in Case 8D was higher (Fig A.12 B). However, no qualitative difference in gradients of cell

height across the AP axis is reported.

A.3.10 Loss of Rhol Pushes the Nuclei Basally

MS1096-Gal4 driver was used to inhibit Rhol in the dorsal compartment of the wing
imaginal disc (Fig A.13 A). Note that the Gal4 driver also leads to inhibition of Rhol
in the ventral compartment, but the degree of perturbation decreases while moving away
from the DV compartment boundary. To study how inhibition of Rhol affects nuclear
positioning, we segmented the nuclei in the DV section of the pouch. We next quantified
the proximity of nuclei with the basal surface by estimating dp = dAdTBdB (Appendix A
subsection “Quantification of Nulcear Positioning”, Appendix A Fig A.25). As shown in Fig

A.13 C, the nuclei are located much closer to the basal surface than the nuclei within the

dorsal compartment (internal control).
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Figure A.12: Increasing cell volumes globally causes a global increase in the cell
height. (A) Plot showing variation of Lagrange multiplier (Qg) along the pouch AP axis for
different case studies. (B) Plot showing variation of lateral cell height (H) along the pouch
AP axis for the simulated cases. (C-E) Model outputs for the simulated case studies. The
green shading indicates a qualitative patterning of 0y across the pouch AP axis.
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Figure A.13: Loss of Rhol pushes the nuclei basally. (A, B) Inhibition of Rhol in the
dorsal compartment of the wing imaginal disc (M S1096 > Rhol®N4%). Fluorescent labels
have been indicated as labels in the left bottom corner. (C) Nuclei were segmented and
their proximity to the basal surface of epithelia is shown.
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A.3.11 Compartment-Specific Expression of InsR and Myc to Increase

Proliferation Results in Two Distinct Phenotypes.

We used an engrailed-Gal4 driver to inhibit proliferation in the posterior compartment by
expressing the dominant-negative (DN) form of the Drosophila insulin receptor (InsRPN)
in the posterior compartment (Fig A.14 A i-ii). We confirmed through a PH3 antibody
staining that the downregulation of insulin signaling activity through the expression of
InsRPN reduced the number of mitotic cells [37] (Fig A.14 A i’-ii’). We also expressed the
constitutively active form of insulin receptors (InsR®*) in the posterior compartment of the
wing imaginal disc (Fig A.14 A-iii). Expression of InsR“* in the posterior compartment
increased the number of mitotic cells in the pouch (Fig A.14 A-iii’). Wing imaginal discs were
physiologically staged, and only 3" instar wandering larvae were dissected. The en-Galj
driver has been used as a control for the comparison (Fig A.14 A-i, i’). We also examined
cross-sections along the DV axis in the anterior (Fig A.14 C-i, ii) and posterior compartments
(Fig A.14 C-1’,ii’). Analysis of the cross-section reveals a similar observed increase in inwards
bending upon expression of InsR€A as observed in Nubbin > InsRC4 (Fig 2.8 G’, H-i).
Qualitatively, cross-sections taken in the posterior compartment have an increased inward
bending near the pouch lateral domains.

We next overexpressed Myc in the dorsal compartment of the wing imaginal disc (apterous-
Gal4 x UAS-Myc) (Fig A.14 D). Myc is a direct regulator of cell cycle and biogenesis [42],
hence its overexpression increases in growth and cell proliferation. We next examined the
cross-section along the DV axis, parallel to the AP boundary. Interestingly, very similar to
en > Myc (Fig 2.8 K, K’), we see a sharp increase in SPS fluorescence level in the dorsal
compartment along with a loss in basal curvature (Fig A.14 E). In summary, the analysis
of the biological replicates aligns with the data, and the results are included in the main

manuscript in Figure 2.8.
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Figure A.14: Two distinct phenotypes resulting from compartment-specific expres-
sion of InsR and Myc to increase proliferation. (A) Maximum intensity projection of
(i-1’) control and (ii-ii’) samples expressing dominant negative insulin receptor, InsRPN, and
""" R in the posterior
compartment driven by en-Gal4. Proliferating cells are marked by PH3. (B, B’) Samples
expressing constitutively active insulin receptor InsR® in the posterior compartment driven
by en-Gal4. The Gal4d driver is tagged to a GFP to label the compartment boundaries.
Additional fluorescent labels have been included within the figure. (C-i, ii, C-i’, ii’) Cross
section taken parallel to the DV axis of the pouch in the anterior and posterior pouch
compartments, respectively. (D) Samples expressing constitutively active Myc in the dorsal
compartment driven by ap-Gal4 tagged with GFP to label the compartment boundaries.
Additional fluorescent labels have been included within the figure. (E-i, ii) Cross-section
taken parallel to DV axis of the pouch with the same fluorescent labels as C. Yellow arrow
indicating increase in SPS intensity.
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A.3.12 Inhibition of mTOR Reduces Cell Proliferation and Inhibits Acto-
myosin Contractility Resulting in a Decrease in Cell Height and

Basal Curvature

To test how proliferation impacts tissue geometry, we studied the effect of downregulating
mTOR, a direct regulator of the cell cycle and cellular growth in the wing disc (Fig A.15).
First, we expressed the dominant negative form of mTOR in the posterior compartment
with engrailed-Gal4. However, the progeny was lethal. Hence, we expressed mTORPY in
the dorsal compartment of the wing disc with ap-Gal/ (Fig A.15 A-ii). The expression of
mTORPY in the dorsal compartment resulted in a compartment-specific reduction in basal
curvature compared to the control ((Fig A.15 B-i, ii, E-ii). We also report a decrease in cell
height upon expression of mTORPY (Fig A.15 E-i).

Lastly, to study how inhibition of mTOR affects cytoskeletal regulation, we carried
out IHC assays to measure spatiotemporal changes in SPS, pMyoll and Rho GTPases.
Quantification and comparison of fluorescence intensities across both internal and global
control revealed that mTOR inhibition does not cause any changes in SPS (Fig A.15 D-i).
However, we report a statistically significant decrease in both Rhol and pMyoll at the
pouch basal surface (Fig A.15 D-ii). Lastly, we also analyzed the AP cross sections within

RPN samples in the dorsal and ventral compartments of

genetically perturbed ap > mTO
the wing imaginal disc (Fig A.15 Fi-iii). A loss of mTOR in the dorsal compartment led to
qualitatively reduced basal curvature along the AP axis.

This study reveals that apart from a reduction in cell proliferation, mTOR inhibition
also reduced both basal pMyoll and Rhol. It is noteworthy to mention that basal pMyoll is
a key component of interkinetic nuclear migration (IKNM), a process that is required for
cell proliferation within pseudostratified epithelia like wing discs. It is quite possible that a
reduction in cell proliferation is a by-product of reduction in basal actomyosin contractility
inhibiting IKNM.

To corroborate our experimental results, we used our computational model to run

additional simulations where we decreased both cell proliferation and basal contractility in
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Figure A.15: (A) Maximum intensity projection of (i-i’) control and (ii-ii’) samples expressing
dominant negative mTOR, mTORPY in the dorsal compartment using ap::GFP. (B) Cross-
section along DV-axis for (i) control and (ii)mTORPYN. (C-C”) Immuno staining of Rhol
and pMyoll for ap > mTORPN genetic perturbations. (D) Quantification of ratio of B3PS
across the dorsal to ventral compartment for discs expressing mTORPY (ap > mTORPN)
in the wing disc dorsal compartment. Similar analysis for (ii) Rhol and pMyoll across
pouch apical and basal surface. (E-i) Box plot visualizing the differences in average cell
heights between dorsal and ventral compartments of the wing disc for ap > RyRFN4* and
ap > mTORPYN genetic perturbations (AH). AH was normalized by the average height
of the tissue in ventral compartment (internal control). (E-ii) Plots quantifying the basal
curvature profile for the DV pouch section of ap > RyREN4% and ap > mTORPYN. Solid
color indicates the mean while the shaded region shows the standard error of mean. The
t-statistic (t), p-value (p) and effect size (d) for comparison of mean curvature profiles of
control and genetically perturbed samples in dorsal and ventral compartments have been
indicated on the top of plot. (F) AP cross sections of (i) ap > mTORPYN mutant taken in
the (ii) dorsal and (iii) ventral compartments of the wing imaginal disc.
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Figure A.16: (A) Quantification of cell heights for the Simulation Cases 9A-C presented
within Fig 2.7 of the main manuscript. (B) Box plot visualizing the cell heights within
the control (anterior ~ en or ventral ~ ap) and perturbation (posterior ~ en or dorsal ~
ap) compartments of simulations and experimental data presented within Fig 2.7 of the
main manuscript. (C) (i) Initial geometry used for Cases 9A and 10A. (ii) Simulation
cross-sections for cases where cell proliferation was decreased in the posterior compartment.
In addition to decreased cell proliferation, basal contractility in the posterior side was also
decreased for Case 10A. (D) Simulation cross sections in which both cell proliferation and
basal contractility were decreased in the posterior compartment. The two cases (Case 10A
and 10B) represent shapes arising from different initial geometries (curved or flat) used.

the posterior half of the in silico pouch (Fig A.16 C, D). These simulations qualitatively
capture the loss in tissue folding (i.e. tissue flattening) observed within the en > InsRPN

(Figure 2.8) and ap > mTORPYN samples.
A.3.13 Inhibition of mTOR Does Not Affect the Tissue Geometry During
the Initial Stages of Development

To investigate morphological data at 72 h AEL for the perturbations reported in the later
half of Chapter 2, we collected wing discs (n=12) from apterous>white as a control and

apterous> mTORFNA! perturbation at 84 + 1.5 h AEL (Fig A.17 A-A’) and stained the
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discs against SPS (Integrin) and pMyoll antibody (Fig A.17 B-B’, C-C’). Qualitatively, we
find that the shape of the tissue remains consistent between the internal control (Fig A.17 A-
A’), non-perturbed ventral compartment and the genetically perturbed dorsal compartment
(Fig A.17 B-C’). We did not observe significant changes in cell height between the dorsal
and ventral compartments, indicating an absence of significant early tissue morphological
changes. Hence, we can conclude that our simplifying assumptions are appropriate in the

current investigation.

Ap x white (84 £ 1.5 h AEL) >

5 e AR R o GFP-

Ap x mTORRNA (84 + 1.5 h AEL) 2
A

Figure A.17: The shape of the tissue remains consistent between the control, non-perturbed
ventral compartment and the genetically perturbed dorsal compartment at very early stages
of development. Wing discs (n=12) from (A, B, C) apterous>white (control), and (A’, B’,
C’) apterous> mTORRNA? at 84 + 1.5 hours AEL and stained the discs against (B, B’)
pMyolI and (C, C’) SPS (Integrin) antibody to observe the changes in cell heights.
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We also investigated wing discs at 72 h (figures not shown), but there is apterous
expression on the ventral side at 72 h, which should be contained in the dorsal side. This
signifies that the D-V boundary is not fully formed at this stage, and we are likely not
yet perturbing the gene in the desired spatial pattern at such an early stage. Hence, we
proceeded with our experimentation at 84 h AEL. Future analysis of all genetic perturbations
accounting for the possibilities of developmental delays and maturation with early-stage wing

discs may provide interesting insights but is beyond the scope of the present investigation.

A.3.14 Inhibiting Dpp Signaling Activity Decreases Rhol Expression and

Reduces Inwards Bending at the Pouch Lateral Domains

The GAL4/UAS [113] system was used to downregulate the activity of Dpp signaling in
the posterior compartment of the wing disc with a cross between an engrailed-Gal4 driver
and a commercially available UAS — Tkof®™4% line, and AP cross sections of the discs were
analyzed (Fig A.18 B). An anti-PMAD antibody staining was carried out for validation.
Expression of TkvN4 Jeads to a reduction in fluorescence intensity of PMAD signals in the
posterior half compared to the anterior half (Fig A.18 B’). Comparing this with the control,
a wing imaginal disc for the parental engrailed-Gal4 driver, the fluorescence peaks in both
the anterior and posterior half are roughly comparable (Fig A.18 A’). Next, an anti-Rhol
antibody staining was carried out to measure changes in cytoskeletal regulation (Fig A.18
B”). Rhol expression is known to promote the phosphorylation of myosin and, hence, is a
regulator of tissue contractility [114]. We report a decrease in the expression of Rhol in the

posterior TkyftNAi

expressing compartment compared to its control anterior half (Fig A.18
B”). On the other hand, the expression of Rhol for the control is symmetric for the anterior
and posterior halves (Fig A.18 A”). Lastly, we also report a loss in inward bending at the
lateral end of the epithelium in the posterior half, where the Tkv receptors were inhibited
(Fig A.18 B).

To validate the Tkv®“4 genetic perturbations (Fig 2.8), we first expressed T kv©4 only in

the posterior compartment of the wing imaginal disc using an en-Gal4 driver (Fig A.18 C). A
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Figure A.18: Inhibition of Tkv receptors results in a reduction of Rhol followed
by a loss in inwards bending of lateral pouch domains. (A-A”) Cross-section along
the DV boundary of a control wing imaginal disc dissected from larvae of an engrailed-Gal/
driver. Fluorescence labels have been indicated in the lower left panel of each figure. (B-B”)
Cross-section along the DV boundary of a wing imaginal disc expressing Tkv™V4? in the
posterior compartment. The posterior compartment also expresses GFP as indicated in
A and B. (C-C”) Apical view of discs expressing Tkv®4 in the posterior compartment of
the wing disc. A PMAD antibody staining was carried out to validate the expression of
Tkv®4. (D-E) Cross-section along the DV boundary of a wing imaginal disc expressing
Tkv®4 in the posterior compartment and stained against. (D-D’) Rhol, (E-E’) pMyolL
(F-F’) Cross-section along the AP boundary of a wing imaginal disc expressing Tkv®4 in the
posterior compartment and stained against Rhol. The posterior compartment also expresses
GFP as indicated in A and B. (G) Box plot visualizing the cell heights within the control
and perturbation compartments of experimental data.
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PMAD antibody staining was carried out to validate the mutations. PMAD is downstream
of Tkv and expression of constitutively active form of Tkv receptors should increase PMAD
expression. As expected, we report an increase in PMAD fluorescence in the wing disc
posterior compartment (Fig A.18 C’) where Tkv®4 was expressed. In the Tkv®4 genetic
perturbations, we also observed a non-compartment specific upregulation of Rhol (Fig A.18
D-D’, F-F’) and pMyoll (Fig A.18 E-E’). We also report the distribution of average cell
heights in the anterior and posterior compartments for en > Tkv®4 and en > Myc genetic
perturbations. A student t-test was used to compare the statistical significance between

population means ( x % : p < 0.001, ** : 0.001 < p < 0.01, % : 0.01 < p < 0.05).

A.3.15 Overexpression of Myc Causes a Reduction in pMyoll and Rhol
Fluorescence Peaks Along the AP Axis

An engrailed-Galj driver was used to overexpress Myc in the posterior compartment of the
wing imaginal disc. An IHC assay was carried out to quantify the spatial expression of Rhol
(Fig A.19 A, A’) and pMyoll (Fig A.19 A, A”) along the pouch AP axis. Quantifications
reveal that, unlike the anterior half, the posterior half of the wing imaginal disc does not

have the peak in fluorescence near the folds, as shown in Fig A.19 B, B’.

A.3.16 Increasing Proliferation Beyond the Biological Limits Causes Se-
vere Morphological Changes in the Shape of the Simulated Wing

Imaginal Disc

To understand the role of patterned proliferation in regulating wing disc shape, we decreased
the cell cycle length (C.C.L.) of the cell in the medial domain of the pouch to increase
proliferation in the pouch central region compared to its lateral counterparts. We increased
proliferation in the medial region by 1.4, 2, 10 and 20 times the control proliferation rates,
whereas the proliferation rates for the lateral regions of the pouch were kept intact in each

case (Fig A.20 A i-iv). It should be noted that cell proliferation rates are patterned across
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Figure A.19: Overexpression of Myc reduced pMyollI in the lateral domain and
reduced basal curvature. An engrailed-Gal4 driver was used to overexpress Myc in the
posterior compartment of the wing imaginal disc. (A-A”) AP cross-sections of the pouch
were visualized. The fluorescent labels have been indicated as insets in the left bottom
corners of each plot. A solid white line in A’-A” indicates the compartment boundary
separating the anterior (left) and posterior (right) compartments. (B-B’) Quantification of
Rho and pMyoll across the pouch basal surface. Solid lines indicate the mean, while dashed
lines indicate the standard deviation in prediction. Sample sizes have been indicated as the
top-left inset of plots.
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Figure A.20: Increasing proliferation rate beyond biological limits in silico. (A-A iv)
Through a series of cases, model parameters were varied across the AP axis with proliferation
being increased 1.4, 2, 10, and 20 times the control in the central region of the pouch
(shown in green). Case II through Case IV correspond to increasing proliferation beyond
biological limits. (Bi-Bii) Box plot representing cell heights at the (B) medial and (B’)
lateral regions corresponding to the cases in A-A iv. (C) Boxplot quantifying the nuclear
position corresponding to cases in A-A iv.

the pouch AP axis at earlier developmental stages. The central region proliferates nearly 1.4
times more than the lateral region [112].

The proliferation rates decrease with the age of the pouch. Cases II, III and IV were run
to test the effect of very high proliferation rates. With increased proliferation, the cells in the
medial domain start to deform, with an increase in variability of cell height across both the
medial and lateral pouch domains (Fig A.20 Bi, ii). Interestingly, some of the cells appear to
be pushed by their neighbors toward the basal pouch surface (Fig A.20 Aiii, iv). We also see
strong deformations on the pouch basal surface where the basal surface extrudes outward
locally. This is a current limitation of our computational model, where we do not model cell
death due to overcrowding. It has been shown across other model systems that additional
pressure exerted by neighboring cells due to overcrowding can initiate cell death pathways
[115-118], often as a result of mechanosensation [119], causing the cell to extrude out of the
tissue. Very interestingly, due to instability arising because of this overcrowding, we see
nuclei within the model simulations going out of the cell, suggesting that the forces within

the tissue are no longer able to hold its position within the tissue. Our results here show
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how a biologically accurate model, when pushed to its limitations, can result in additional

novel biological insights, requiring future experimental validations.

A.3.17 Loss of Cell-ECM Adhesion Causes Apical Constriction Within

the Tissue

Analysis of SPS genetic perturbations showed severe changes in basal curvature, cell height
(Fig 2.5 B, C, D), and nuclear positioning (Fig 2.6 D, D’) within the tissue. To better
understand the shape changes occurring because of inhibiting SPS, we used our computational
model to first decrease the cell-ECM adhesion by reducing the model parameter k.q,p in
the pouch medial domain to mimic the knock down of SPS. We additionally allowed the
tissue to grow starting with a flat disc of 86 cells with a constant C.C.L. across the AP
axis. With a decrease in kqqnp, the tissue starts to form an apical constriction (Fig A.21
A-ii) similar to what we report in our experimental data (Fig A.21 B). It is known that
cell-ECM adhesion is critical for maintaining the basal surface tension of the cell and that a
dysregulation between apical, basal, and lateral tension within pseudostratified epithelium
can generate folds. Through this case study, we show how our biophysical growth model can

accurately model the experimentally observed tissue shape.

A.3.18 Expression Levels of Rhol Quantified Using Rhol Biosensor
ANI.RBD-EGFP and Rhol Antibody Correlate

We requested and received the ani:RBD [120] reporter fly line developed by Dr. Thomas
Lecuit’s lab from Dr. Lynn Cooley. We fixed the wing disc from this fly line at 6 days
AEL and stained it against the Rhol antibody used throughout the manuscript. The GFP
expression of the Rhol biosensor qualitatively appears to have positive colocalization with
the antibody expression (Fig A.22). We also tested a commercially available fly line with
Rhol/Rac GTPase activity biosensor (BDSC # 52298), and this also showed qualitatively

the same expression as the Rhol antibody accumulation (results not shown). Hence, we
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Figure A.21: Decreasing cell-ECM adhesion with uniform proliferation induces an
apical constriction in the medial region of the pouch. (A-Aii) Model outputs for
simulated cases where proliferation was uniform across the tissue (C.C.L.), but cell-ECM
adhesion (kqqnp) was patterned. In particular, k,qnp was decreased in the medial region by
50% and 100% in Case I and Case II, respectively. (B) MS1096-Gal4 driver was used to
express mys" A in the dorsal compartment of the wing imaginal disc. An optical section
along the AP axis has been visualized. Fluorescent labels have been indicated as an inset
within the plot. A decrease in SPS leads to basal nuclei migration (left panel) and an apical
constriction formation near the central region (right panel).
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Figure A.22: Comparison of Rhol expressions as visualized using a biosensor
and an antibody. (A) Composite, (B) ANL.LRBD-EGFP Rhol Biosensor, and (C) anti-
Rhol antibody staining to observe the expression of Rhol in the same wing disc. The
GFP expression of the Rhol biosensor (panel B) qualitatively appears to have positive
colocalization with the antibody expression (panel C).

conclude that antibody staining of fixed images are roughly equivalent in terms of patterning

for both the internal biosensor and antibody staining of fixed tissues.

A.4 Computational Modeling Methods

A.4.1 Initial Conditions for the Computational Model

Starting with the same initial tissue configuration, the quasi-steady states of perturbed model
tissues are compared with the reference model tissue presented in the previous publication
[24]. Comparisons were drawn at 50,000 AU (arbitrary unit) in simulation time, where each
simulation time step size is 0.002 AU similar to the previous publication [24]. The midsection
of the tissue can maintain its relative flatness via balancing the apical and basal contractility
(Fig 2.4 E-i). Furthermore, the initial condition for simulations with cell proliferation is a
curved shape representing the 72-hour AEL mark of the wing disc development (Fig 2.3 B-i).
The default value for the spring coefficients of both apical and basal contractile springs is

set as 9.0 uN/um.
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A.4.2 Model Calibration Pipeline

The computational model parameters have been calibrated using experimental data either
from this study or from literature Appendix A Tables A.1 - A.6. Experimental data related
to the Drosophila wing disc cross-sectional profile from our previous work (Nematbakhsh
and Levis, et al. 2020 [24]) was used to calibrate the cell height, width and number of cells
in the model. The model parameters associated with the ECM stiffness (Fecpn,), volume
conservation of the cytoplasm (FE,,) and columnar-squamous cell adhesion (Eyqp4) were
calibrated based on measurements found in literature [24]. The wild-type cell membrane
stiffness k,,emp, associated with the potential function FE..,,, was calibrated in our previous
study (Nematbakhsh et al 2017 [32]) using the experimentally obtained modulus of elasticity
of a single cell [95-97]. More specifically, a model simulation was conducted such that a
single simulated cell was deformed by applying a linearly increasing force to the membrane
nodes on either side of the cell. The deformation of the cell was calculated, and the cell
elasticity was determined from the slope of the stress versus strain curve. The parameter
kmemsd Was then chosen so that the modulus of elasticity remained within the experimentally
measured range [96,97].

A previous study on epithelial cells by Sim et al. showed that the cell-cell and cell-
ECM adhesion levels were within the same range [98]. Hence, the wild-type parameters
associated with the cell-cell (E,qz) and cellECM (E,q,p5) adhesions were calibrated using
experimentally determined cell-cell adhesion forces for epithelial cells [32]. A computational
simulation was run where two adhered cells were pulled until detachment by applying equal
stretching forces to the membrane nodes on both sides of these attached cells. Next, the
force required to detach these cells was calculated. The parameter k.47, was calibrated so
that the force needed to rupture the cell-cell adhesion was in accordance with published
experimental data [98,99]. k.qnp was then calibrated using data from literature [24,32].

In our previous work [24], the Latin hypercube sampling method [100] was used to
perform a sensitivity analysis and obtain the range of values for the average nuclei diameter,

ECM tension (Egcme, Eecms) and actomyosin basal contractility parameters (Kpqgs, cont)-
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The derived parameter set was chosen such that it captured the experimentally measured
global basal curvature, mean height and mean nuclei positioning the best. The apical
and basal actomyosin contractility parameters (kgpicont and Kpgs cont) Were calibrated using
experimentally obtained data from this study. More specifically, Kupi.cont and kigs.cont
were determined based on the local p-Myoll fluorescent intensity measured in experiments.
The number of contractile springs in the model, which represented actin filaments inside
individual cells, was calibrated using the experimentally observed actin intensity (see Methods
section of Chapter 2). On the other hand, the membrane-membrane, membrane-nuclei and
membrane-ECM volume exclusion (E,) parameters were calibrated to ensure numerical
stability.

The composite ECM spring constant (kecm,) was calibrated based on the fact that the
ECM is stiffer than pouch cells, as indicated in Keller et al. [85] and Harmansa et al. [25].
Specifically, keen, captures the experimentally observed local basal curvature, cell heights,
and nuclear positions in Nematbakhsh and Levis et al. [24]. This study uses the same
baseline parameter value. Because the ECM of the pouch cells is stiffer than the pouch cells,
we chose a larger value for the ECM spring constant than that of the pouch cell’s membrane
spring constant.

In this study, we also tested different model scenarios by perturbing parameters in silico
(Appendix A Fig A.7) and used experimental data to calibrate these parameters (Figure
2.4 - 2.6, Appendix A Tables A.5, A.6) based on three metrics of calibration: (1) local
basal curvature, (2) tissue thickness and (3) nuclear positioning (Figure 2.2 B). Then, we
determined the parameter values that generated results in agreement with the experimentally
quantified metrics (1)-(3).

To capture cell growth and mitotic rounding, a dividing cell in the model undergoes
time-dependent increments in cell volume and actomyosin contractile springs. Both of
these increments were calibrated to ensure that cell growth and division completed in
a timely manner consistent with experimental observation. Additionally, the maximum

equilibrium cell volume (£2g) during cell growth was determined according to the expected
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cell volume prior to cell division. During mitotic rounding, an increase in the actin and
myosin concentrations was experimentally observed towards the basal region of cells and
represented in the model by a gradual increase in the number of basal contractile springs.
The parameter h representing this increment in actomyosin per simulation time step was
calibrated using experimental data. In particular, the experimentally determined time
duration for the mitotic rounding process and the portion of the mitotic cell with high
actomyosin intensity were used to determine h.

Finally, our computational model accounts for in-plane and out-of-plane cell division
because during cell division, the new daughter cell can lie within or outside of the wing disc
cross-section that we focused on in this study. The probability that a new daughter cell lies
in the same cross-section was experimentally determined by calculating the frequency of

daughter cells that remain in the same wing disc cross-section as mother cells.

A.5 Image Analysis and Data Quantification Pipelines

A.5.1 Quantification of Local Basal Curvature

OpenCV [121] in Python was used to get points along the basal surface as a user input
(Fig A.23 A). The splrep function within Scipy’s [58] interpolation module was used to fit a
B-spline [122] curve to the points (Fig A.23 B). Next, 90 equally distant points within the
curve were sampled using the fit spline model. The sampled points were then scaled so that
the total length of the curve was unity. Lastly, the curve was centered around zero (Fig A.23
C-i). Using points on the normalized curve, a spline with a smoothness factor of 0.1 was
fit to smoothen the curve (Fig A.23 C-ii). The splev function within Scipy’s interpolation
module was used to compute the first and second derivatives using the xy coordinates of
the sampled points in order to compute the numerical curvature (Fig A.23 D) defined by

formula below:

140



dz d?y dy d’z

_ dt dt? dt dt?

= (A1)
dedr 4 dydy
dt dt dt dt

For each case, we assume that the middle 30 points constitute the pouch medial domain
while the other 30 points on either end belong to the lateral domains. This is based on
the assumption where we define that the medial domain acquires the central third of the
tissue at each developmental stage. A similar analysis was also carried out to quantify basal

curvature for the cross sections generated during simulations (Fig A.23 A’-D’).

A.5.2 Quantification of Morphological and Signaling-Related Features
from the Wing Imaginal Discs

Using Kappa [123], an ImagelJ [111] plugin, user-defined points were used to fit splines along
the apical and basal surfaces, respectively. The tool was also used to extract fluorescent
intensity of cytoskeletal regulators such as pMyoll along the points on the apical and basal
surfaces of the columnar cells (Fig A.24 A, B). Apical surface for the columnar epithelia is
labeled carefully to avoid including points from the apical surface of the squamous cells.
In a custom MATLAB-based [107] tool, the number of discretization elements is first
defined for analysis (Neens). It is first used to split the basal curve into Neeps + 1 equidistant
nodes. Using the discretized points in the basal surface, corresponding points on the apical
surface area are then obtained in a way such that the distances between those points and
the apical surface of the pouch are minimized. The methodology allows the discretization of
pouches into Nes computational elements each mimicking a pouch cell (Fig A.24 C). A
frustum-like shape obtained by joining any two consecutive points on the basal surface and
the corresponding distance minimizing apical points is considered as a computational cell
for our analysis. For any computational cell, the median intensity of all the points lying
between the corresponding nodes on the apical and basal surface is used to approximate
local pMyoll intensities across the apical and basal surfaces. Local height is defined as the

average distance between the nodes on the basal surface and their counterparts on the apical
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Figure A.23: Pipeline for quantifying local basal curvature. (A) User-defined points
along the basal surface is indicated in red over the raw cross section data. (B) Plot showing
user defined points along the basal surface overlaid with a curve generated by fitting a
spline. (C) Plot showing the normalized curve representing the basal surface. (C-ii) A spline
with a smoothness factor of 0.1 is fit to smoothen the normalized curve. (D) Plot showing
the variation of local basal curvature along the pouch AP axis. The x-axis represents
the normalized distance along the basal surface where curvature was calculated. The
normalization was done by dividing the distance by half the length of the basal surface.
(A’-D’) A similar analysis of basal curvature for simulation generated cross sections.
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Figure A.24: Pipeline for extracting local tissue height and the apical-basal ratio
of pMyoll. (A) Visualization of apical-basal surfaces for the columnar and apical surface
for the squamous epithelia. (B) Plot showing fluorescence intensity of pMyolI at the pouch
surfaces highlighted in A. (C) Visualization of 30 discretized computation cells mimicking
columnar cells within the pouch. Cell ids have been indicated in the region below the basal
surface of the pouch. (D) Plot showing fluorescence intensity of myosin at the apical and
basal surfaces of the columnar cells within the pouch. (E) Plot showing ratio of apical to
basal pMyoll for each computational cell within the pouch. (F) Plot showing the variation
of local tissue height across the computational cells

surface. As an example, for a disc corresponding to 90 h AEL, the pipeline was used to
quantify raw intensities of pMyoll in the apical and basal nodes (Fig A.24 D). The ratio of
apical and basal pMyoll intensity across each computational cell (Fig A.24 E) along with

the variation of local tissue thickness (Fig A.24 F) have also been plotted.

A.5.3 Quantification of Nuclear Positioning

StarDist [101], an open-source, deep learning-based ImageJ [111] plugin was used to segment
nuclei from the background (Fig A.25 A, A’). The segmentation mask was imported to
MATLAB [107] for further post-processing. MATLAB’s image labeler was first used to
generate a mask defining the pouch region to separate out the nuclei of squamous epithelia
from the analysis (Fig A.25 B). Fluorescence visualizing the Actin cytoskeleton was used
for this task. The same image was also used to get user input of points located on the
apical and basal surface using MATLAB’s ginput() function. Splines were next fit on the

user-defined points to generate a smooth and continuous representation for the apical and
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basal surfaces (Fig A.25 B’). The Regionprops command within MATLAB was then used to
estimate the centroid of each nucleus. Minimum distances between the centroid of the nuclei
and the apical-basal surfaces were calculated using the distance2curve MATLAB function
(Fig A.25 C, C’). The proximity of a nucleus from the basal surface is defined as the ratio
of its distance from the basal surface over the sum of the distances from both the apical
and basal surfaces. This quantity was used to generate a heatmap where each nucleus is
color-coded with its proximity to the basal surface (Fig A.25 D). It can be clearly seen that
as one moves towards the apical surface, the color transitions indicate an increase in the

quantity.
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Step 1: Nuclei Segmentation Step 2: ROI specification

Figure A.25: Quantification of nuclear positioning. (A) DV cross-section of a 72 h
AEL larval wing imaginal disc with fluorescence showing nuclei. (A’) Segmentation mask
generated using StarDist. Each color represents a different nucleus. (B) MATLAB’s image
labeler was used to define the pouch region using the fluorescence channel highlighting the
actin cytoskeleton. (B’) User-defined points on the apical and basal surfaces are used to
generate splines. (C, C’) Visualization of distances of the nuclear centroids from the apical
and basal surfaces, respectively. (D) Heatmap visualizing relative positioning of nuclei with
respect to the basal surface. It is defined as the distance of a nucleus from the basal surface
(dp) over the sum of distances of nuclei from the apical (ds) and basal (dp) surfaces.
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A.6 Experimental Methods

A.6.1 Immunohistochemistry

Wing imaginal discs were dissected in phosphate-buffered saline (PBS) from 72 h, 84 h, 96 h,
or 120 h AEL larvae in intervals of 20 min. Fixation was performed on dissected wing discs
in ice-cold 4% paraformaldehyde solution (PFA) in PBS for 1 h in PCR tubes. Fresh PBT
(PBS with 0.03% v/v Triton X-100) was used to rinse the wing discs three times immediately
following fixation. PCR tubes containing wing discs in PBT were then placed on a nutator
for 10 minutes at room temperature and then rinsed again with fresh PBT; this step was
repeated for three nutation/rinsing intervals. PBT from after the third rinse was removed
and 250 o L of 5% normal goat serum (NGS) in PBS was added to the PCR tube. Tubes
were then agitated on a nutator for 45 minutes at room temperature. NGS was replaced
with 250 p L of a primary antibody mixture prepared in a 5% NGS solution. Next, tubes
were agitated on a nutator at 4 °C overnight. The following primary antibodies were used:
Phospho-Smad1/5 (Ser463/465) (41D10) (1:300, Rabbit, Cell Signaling Technology #9516S),
P-Histone H3 (1:500, Rabbit, Cell Signaling Technology #9701S), Phospho-Myosin Light
Chain 2 (Ser19) (1:50, Rabbit, Cell Signaling Technology #3671S), a-Rhol (1:10, Mouse,
Developmental Studies Hybridoma Bank p1D9), Integrin betaPS (myospheroid) (1:5, Mouse,
Developmental Studies Hybridoma Bank CF.6G11), a-Collagen IV antibody (1:5, Rabbit,
Abcam ab6586). Three PBT rinses were performed the next day as was done after fixation.
Tubes were then placed on a nutator for 20 minutes with fresh PBT and this was repeated
for three nutation/rinsing intervals. After removing the PBT from the final rinse, 250 uL of
a secondary antibody mixture corresponding to the primary antibodies along with DAPI,
prepared in a 5% NGS solution, was added. Tubes were then agitated on a nutator for 2 hours
at room temperature. The following dyes and secondary antibodies were a-Mouse Alexa
Fluor™ 568 (1:500, Goat, Thermo Fisher Scientific A-11031), a-Rabbit Alexa Fluor™
647(1:500, Goat, Thermo Fisher Scientific A32733), DAPI (1:500, Sigma Aldrich D9542),
Fluorescein Phalloidin(1:500, Thermo Fisher Scientific F432). Three subsequent quick PBT
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rinses followed by three 20 minutes of agitation on the nutator with fresh PBT at room
temperature were performed. Wing discs in PBT were left in the tube at 4 °C for an
overnight wash. Four sets of double-layered scotch tape strips were used as spacers to create
a square well. The spacers were positioned on the surface of a glass slide which prevents
the coverslip from pressing on the wing discs. The wing discs were mounted within the
well using Vectashield mounting medium and a cover slip was placed atop, aligned with the

spacers.
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A.7 Tables

A.7.1 TUpdated Model Parameters Used in the Subcellular Element Model

The Supplementary Table 1 of [1] was split into Tables A.1 - A.4 to ensure the tables fit
in a single page. Table A.1 has the parameter values used in the Morse potential energy
functions while Table A.2 has the parameter values for the Linear and Bending Spring energy

potentials and Lagrange Multiplier. The model parameters for the ECM can be found in

Table A.3. Finally, the model parameters used during cell divison are in Table A .4.

Energy | Definition Interaction Values Source
& Type
model
parame-
ters
E, Volume exclu- | Morse U, =14.08 nNum *
sion, membrane-
membrane
W, = —14.08 nNum *
& = 0.375um *
Yo = 0.094m *
E, Volume exclusion, | Morse U, =14.08 nNum *
membrane-nuclei
W, = —14.08 nNum *
& = 0.32um *
Yo = 0.039um *
E, Volume exclusion, | Morse U, =14.08 nNum *
membrane-ECM
W, = —14.08 nNum *
& = 0.1375um *
Yo = 0.033um *
Erue Size of nucleus Morse Unue = 35.5 nNum ok
Woue = 35.5 nN um *ok
Enue = 0.392um o
Interaction range | N/A 2.1 uym ok

Table A.1: Updated model parameters used in the Morse potential energy functions of the
Subcellular Element model. Parameters with source marked as * have values calibrated for

numerical stability while those marked with ** have been calibrated in this study.
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Energy | Definition Interaction Values Source
& model Type
parame-
ters
Eremp Cell membrane and | Spring Ememp = 1800 nN/um [24,32]
actomyosin at the
cortex of the cell
L0pemp = 0.0625um [24]
Emembbend| Cell membrane and | Bending Emembpend = 9 nIN pm | [24,32], ***
actomyosin at the | Spring
cortex of the cell
Oy =7 rad [24,32], ***
Eopi cont Apical actomyosin | Spring kapi,cont =9 nIN/pm ok
contractility
LOgpi cont = 0.03125 pm **
Ebas cont Basal actomyosin | Spring kbas.cont = 9 nN/pum [24]
contractility
LO0pas,cont = 0.03125 um [24]
E,o Cytoplasm volume | Lagrange Evol = 30 nN/um? [24,103]
conservation Multiplier
QOpouch =065 /‘Lmz [24]
QOperip =065 Nm2 [24]
Qopc = 20 pm? [24]
EoanL E-cadherin me- | Spring kaanr, = 200 nN/pum [32]
diated cell-cell
adhesion
L0ygnr, = 0.0625 um [24]
E.anB Integrin mediated | Spring kaanp = 400 nN/pum [32,98]
cell-ECM adhesion
LOygnp = 0.0625 pum [24]
Eoana Columnar- Spring kaana = 200 nN/um [24]
squamous cell
adhesion
LOggna = 0.0625 um [24]

Table A.2: Updated model parameters used in the Linear and Bending Springs and Lagrange
Multiplier of the Subcellular Element model. Parameters with source marked as ** have
been calibrated in this study while those marked with *** have values calibrated in this
work based on simulation output as compared to tissue morphology.
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Energy | Definition Interaction Values Source
& model Type
parame-
ters
Eoom ECM stiffness Spring kpconm = 4500 nN/um [85]
LOcem,c = 0.06pm [24]
LO0cem,s = 0.06pm [24]
LOcem pe = 0.06pm [24]
Eecempena | ECM bending stiff- | Bending Eeem pend = 6 nIN pm | [24,32], ***
ness Spring
Oy =7 rad [24,32], ***
ECM, pre-strain N/A c1 = 540 nN roAk
ECMjy, pre-strain | N/A co = 540 nN *oxok

Table A.3: Updated model parameters used in the energy potential functions representing
the extracellular matrix (ECM) in the Subcellular Element model. Parameters with source
marked as *** have values calibrated in this work based on simulation output as compared
to tissue morphology.

Energy & | Definition Interaction | Values Source
model pa- Type
rameters
h Increment of the | N/A 4.6703 x 107> um | Calibrated
height of the portion per simulation | in this study
of a cell with high time step A.U.
actomyosin presence
during mitotic round-
ing
Probability | The likelihood of a | N/A 0.25 From
of in-plane | newly created daugh- current ex-
cell division | ter cell resides in the perimental
same cross plane of measure-
the model wing disc ments
Mitotic Progression (%) of | N/A 95 [12]
event cell cycle needed to
marker enter mitosis

Table A.4: Updated model parameters used in the Subcellular Element model during division.
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A.7.2 Altered Model Parameters for the In-Silico Model Scenarios

The Supplementary Table 2 of [1] was split into Tables A.5 and A.6 to also ensure that the

tables would fit in a single page. Table A.5 includes the parameter values for Cases 1A - 2B

of the in-silico model scenarios while Table A.6 includes Cases 3A - 7B.

Case Energy | Definition Parameter| Parameter, Parameter Value
multi- multi-
plier for | plier for
lateral medial
regions regions
Case 1A | Eqpicont | Apical ac- 0.0625 1.333 Kapicont = 9 nN/pum
tomyosin
contractility
Ebas,cont | Basal ac- 1.5 2.0 kpas,cont = 9 nIN/um
tomyosin
contractility
Case 1B | Eqpicont | Apical ac- 0.0625 0.0029 Kapicont = 9 nN/pum
tomyosin
contractility
Ebas,cont | Basal ac- 1.5 1.125 kpas,cont = 9 nIN/um
tomyosin
contractility
Case 2A | Ecem,e | ECM stiffness 0.5 1.0 keem,c = 4500 nN/pum
Case 2B eem,c ECM stiffness 1.0 0.5 cem,c = 4500 nN/pm

Table A.5: Altered model parameters for the in-silico model scenarios Case 1A - 2B.
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Case Energy | Definition | Parameter] Parameter, Parameter Value
multi- multi-
plier for | plier for
lateral medial
regions regions
Case 3A | Eemp | Membrane 0.5 1.0 Ememb lateral = 1800 nIN/pum
stiffness
Case 3B | Epemy | Membrane 1.0 0.5 Ememb,lateral = 1800 nIN/pum
stiffness
Case 3B’ | Eempy | Membrane 1.0 0.1 Ememb lateral = 1800 nN/pm
stiffness
Case 4A | Epemy | Membrane 0.5 1.0 Ememb,basal = 1800 nN/um
stiffness
Case 4B | Eemp | Membrane 1.0 0.5 Ememb,pasal = 1800 nIN/pum
stiffness
Case 5A | Epemy | Membrane 1.0 0.5 LOyemp,iateral = 0.0625 pm
stiffness
Case 5B | E,emp | Membrane 0.5 1.0 LOpmemp jaterar = 0.0625 pm
stiffness
Case 6A | Epemy | Membrane 1.0 0.5 LOyemp,basar = 0.0625 pm
stiffness
Case 6B | Epemy | Membrane 0.5 1.0 LOyemb,pasar = 0.0625 pm
stiffness
Case TA | Eugnp | Integrin- 1.5 1.0 kaanp = 400 nN/um
mediated
cell-ECM
adhesion
Case 7B | Euanp | Integrin- 2.0 1.0 koanp = 400 nN/um
mediated
cell-ECM
adhesion

Table A.6: Altered model parameters for the in-silico model scenarios Case 3A - 7B.
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A.8 Statistical Tests

A.8.1 Statistical Tests Employed in Chapter 2

For all the experiments except for the staged Oregon-R discs, a total number of samples
greater than 5 was used, except if indicated. Immunohistochemistry and dissection of discs
from younger larvae is challenging and we have indicated the sample sizes as insets. A
student t-test [109,110] with unequal variances was used to measure the statistical significance
between data from any two experimental groups (*p € [0.05,0.01), *p € [0.01,0.001),
**p < 0.001). Statistics was carried out using the stats module of Scipy [58]. All the data
visualization was carried out using either matplotlib and seaborn [124] libraries of Python
or MATLAB [107]. Detailed statistics tables corresponding to specific figures within this

manuscript can be found in Supplementary Information section S8 Statistical tests of [1].

A.8.2 Statistical test for Appendix Figure A.20

An F-test was calculated using the vartest2 function in MATLAB [107] to evaluate the
statistical significance of increasing proliferation. The h and p-values have been listed below.
When using this function, if A = 1 it means that the null hypothesis has been rejected at

the 5% significance level and otherwise when h = 0. Details can be found in Table A.7.
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Region Groups Compared h-value p-value

control vs. case 1 (1.4 x control) | h = 1 = 2.9728¢ %
control vs. case 2 (2 x control) | h =1 = 1.0107e707

Medial

Region
control vs. case 3 (10 x control) | h = 1 = 1.1543e73¢
control vs. case 4 (20 x control) | h = 1 = 1.3591e=%
control vs. case 1 (1.4 x control) | h = 0 = 0.5555
control vs. case 2 (2 x control) | h = 0 = 0.9767

Lateral

Regions
control vs. case 3 (10 x control) | h = 0 = 0.9205
control vs. case 4 (20 x control) | h = 0 = 0.4146

Table A.7: F-test for Appendix Figure A.20
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B

Appendix - Chapter 3

B.1 Table of Parameter Values for Model of Actomyosin
Network Dynamics

To achieve the simulation results presented in section 3.4 “Preliminary Simulation Results”

of Chapter 3, the following parameters were used. Note that these parameter values have
not been calibrated but were selected based on the parameter values from [165]. Once
the actomyosin network model has been incorporated into the multi-scale SCE model of
the wing disc, that’s presented in Chapter 2, the actomyosin network will be calibrated
using experimental data. For now, the following parameters were used to run preliminary

simulations for verification of the computational model.
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Parameter | Definition Value Source
Kactin, spr Actin spring coefficient 150 pN/um [165]
LO0gctin Actin spring resting length 0.2 um [165]
Eactinbena | Actin bending spring con- 0.207 pN pm? 5 times
stant the value
in [165]
0o Actin equilibrium bending ™ rad [165]
angle
C, Actin drag coefficient 0.216 pNs/um [165]
actomyo Actomyosin connection 2 pN/um [165]
spring constant
LOqctomyo | Actomyosin connection 0 um [165]
spring resting length
Cm pMyoll drag coefficient 400 pNs/um [165]
kmyo,spr pMyoll mini-filament 600 pN/um 4 times the
spring coefficient value  of
kactin,spr
in [165]
L0y pMyoll mini-filament 0.15 um [165]
spring resting length
Fvomr "1 Constant pMyoll pulling 4 pN [165]
force
Teonn Actomyosin connection ra- 0.15 um [165]
dius
dt Time step 0.0005 s [165]
kp Boltzmann constant 1.38064852¢~° % [165]
T Temperature 300 K [165]

Table B.1: Parameter values for preliminary simulations in Chapter 3.
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