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Abstract

Biological tubes are essential for animal survival, and their functions are highly
dependent on tube shape. Analyzing the contributions of cell shape and organization
to the morphogenesis of small tubes has been hampered by the limitations of existing
programs in quantifying cell geometry on highly curved tubular surfaces and calculating
tube-specific parameters. | developed a computational tool called QuBiT (Quantitative
Tool for Biological Tubes) and used it to analyze morphogenesis during embryonic
Drosophila trachea development. Analysis in wildtype tracheal dorsal trunks (DT) found
previously unknown anterior-to-posterior gradients of cell orientation and aspect ratio
as well as periodicity in the organization of cells in the main tube. Furthermore,
computational modeling of tracheal expansion suggests that cell intercalation and/or
rearrangement occurs but is not necessary to maintain the integrity of the DT. Analysis
of tracheal mutants revealed unexpected findings, including interactions between Src42
and FoxO, Uif, and the Na*/K* ATPase, suggesting that Src42 is a central regulator of
tube size. These results demonstrate the importance of a computational tool for
analyzing the morphogenesis of small diameter biological tubes and are a great asset

to elucidating the biomolecular and biophysical mechanisms of tube size regulation.
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Chapter 1: Introduction

Though they may simply seem like hollow cylinders at first glance, tubes and tube-like
structures are designed, created, and maintained through many complex interactions in
order to achieve the correct shapes and sizes and to perform specific functions. We rely
on both man-made and naturally occurring tubes for our daily needs, from water and
gas delivery to our homes to nutrient and waste exchange in our lungs. The marked
difference in the architectures of these tubes is no coincidence. For example, the pipes
delivering our drinking water must not be permeable to water, whereas the alveoli and
capillaries in our bodies must allow the exchange of gases and nutrients with
neighboring tissues. Our water lines must be wide enough to allow transport of large
volumes of water, whereas alveoli and capillaries are narrow tubes designed to maximize

surface area and thus the efficiency of nutrient and waste exchange.

While industrial-grade pipes can generally be made to order by using different materials
such as polyethylene or galvanized metals, or molds of various sizes, the molecular
machinery that specifies and produces biological tubes is more complex and nebulous.
These naturally occurring networks have a wide range of parameters including size,

shape, and connectivity that must be reproducible in each individual of an entire species.
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Biological tubes that do not achieve or maintain the correct dimensions or network
structures can have fatal consequence, such as polycystic kidney disease, where genetic
mutations in polycystin-1, a cell cycle and calcium ion channel regulator (Hughes et al.,
1995; Torres et al., 2007), causes renal tubules to dilate and form cysts. In addition to
genetic predispositions to misregulated tubes, physical obstructions can have just as
severe of an impact, such as in atherosclerosis, where plaque buildup in arteries
increases blood pressure and limits delivery of oxygen and other nutrients to
downstream sites. Improving our understanding of the molecular mechanisms of
biological tube development and maintenance will undoubtedly help in risk assessment,

diagnosis, treatment and prevention of these diseases.

The origins and mechanistic diversity of tube formation

Studies on biological tubes originated in neural tube formation in chicks, and a simplified
overview is shown in Fig. 1.1. A distinct series of mechanisms is required for proper
neural tube formation; misregulation of this important developmental event can result
in devastating diseases such as spina bifida. In chick, the established neural plate cells
undergo shape changes from cuboidal to more columnar cells (Keller et al., 1992). Cells

at opposite ends of the plate, called the neural folds, push together, causing the
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prospective neural tube to fold inward, aided by molecular signaling between the neural
plate and notochord (Smith and Schoenwolf, 1989). The neural folds continue to migrate
until the ends meet and the prospective neural epithelium and non-neural epithelium
each close. Though the mechanisms of neural tube closure are the least understood, the
end result is a morphological change: a planar cell sheet becomes a closed tube.
However, later studies of tube formation in other organisms show that the

aforementioned series of mechanisms cannot be generalized.

A Primary neurulation

Fig. 1.1: Origins of tube formation in mammals. A simplified scheme of neural tube closure in mammals
such as chick and mouse. Many distinct and complex mechanisms are required, including cell migration,
cell shape changes, establishment of polarity, and closure of epithelial tissue. Relevant abbreviations: NF,
neural fold; NP, neural plate; NNE, non-neural epithelium; NE, neural epithelium; NC, notochord.

Adapted from (Nikolopoulou et al., 2017).
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A more recent understanding of both the chemical signals and mechanical forces
required to form a tube is demonstrated in de novo zebrafish gut formation (Navis and
Bagnat, 2015). Misregulated gut development can result in a series of nonfunctional,
disjointed lumens, speaking to the importance of consistent and proper regulation. As
shown in Fig. 1.2, initially disordered gut cells secrete fluid-filled sacs that merge to form
the lumen through the disappearance of apical cell junctions, implying a series of
mechanisms distinct from neural tube formation such as a delayed establishment of
polarity, apical cell contact remodeling on the tube circumference, and luminal
expansion and fusion. The molecular signals in the zebrafish gut are also distinct from
generic neural tube closure in vertebrates. For example, while Rab11 has been shown
to be essential for PCP-mediated apical constriction in neural tube closure (Ossipova et
al., 2014), Rab11 in zebrafish has a wide-spread apical distribution and is instead

necessary for fusion of disjointed lumens (Alvers et al., 2014).

It is evident that a combination of chemical signals and mechanical forces drives tube
development, but even within a single organism, the methods of tube formation can
vary greatly. The model organism used in this project, Drosophila melanogaster, is also
well-studied with several distinct tube control mechanisms in, for example, the salivary

gland, hindgut, and trachea.
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Fig. 1.2: Development of the zebrafish gut. Initially disordered cells establish apical/basal polarity and

secrete fluid-filled sacs that fuse through cell junction shrinking in order to form the mature gut. Adapted

from (Alvers et al., 2014).

The fly salivary gland (SG) is a relatively short and simple tube structure with no

branching and only two distinct cell types. An overview of its development is shown in

Fig. 1.3. Salivary gland development begins when Sex combs reduced (Scr) specifies the

apical expansion through Crumbs and klarscht (klar) signaling (Myat and Andrew, 2002),

before the gland realigns to muscle cells of the body wall, which requires further apical

elongation, cell shape changes, and cell rearrangement (Blake et al., 1999). At the same
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Fig. 1.3: Overview of fly salivary gland development depicting several key mechanisms of tube formation.
Stage 11: Apical constriction signals the start of tube formation. Stages 12-14: Apical expansion elongates
the tube in the secretory cell region (green) while cell migration carries secretory cells to the correct

location and the tube dilates to the correct size. Adapted from (Abrams et al., 2013).

time, expansion of the SG lumen is controlled by Pak1-regulated apicobasal E-cad levels
(Pirraglia et al., 2010) and Rho GTPase-regulated apicobasal actin distribution and

polymerization (Xu et al., 2011).
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The fly hindgut develops similarly to the SG, but with some distinct differences. Like the
SG, the hindgut primordium invaginates by apical constriction, which is driven by GPCR-
mediated actomyosin contraction (Costa et al., 1994; Morize et al., 1998). However,
unlike in the SG, cell shapes in the hindgut change from columnar to cuboidal and
squamous in the large and small intestine respectively, implying the importance of this
distinction, though extent of impact of cell shape mutants such as raw, ribbon (Blake et
al., 1998), lines, and drumstick (lwaki et al., 2001) is uncertain. Elongation of the hindgut
is driven by cell rearrangement (Iwaki et al., 2001; Singer et al., 1996) rather than simple
apical expansion of the secretory cells in the SG. While cell rearrangement is known to
be regulated by PCP/Wnt11 in vertebrates including zebrafish (Heisenberg et al., 2000),
chick (Ouko et al., 2004), mice (Sinha et al., 2015), and human (Gao et al., 2017), the
importance and mechanisms of cell rearrangement in the fly hindgut are less clear (Iwaki
et al., 2001). Nevertheless, the fly SG and hindgut (and trachea, which will be described
below) are tubular structures that demonstrate the nuances of tube development even

within a single organism.
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A closer look: Development of the fly trachea

While few studies have attempted to understand tube development in the SG and
hindgut, the fly trachea has been the subject of greater investigation in tube size control
and is the model used in this study. While a lot is known about the chemical and physical
mechanisms that regulate tracheal development, our knowledge is far from complete.
A brief diagram depicting key stages of tracheal development is shown in Fig. 1.4. The
tracheal system is the gas exchange organ of the fly and thus functions as a lung, but in
branch structure it more resembles a vascular system because it is a ramifying network
that directly delivers oxygen to specific tissues. Tracheal tubes are epithelial monolayers
approximately the size of small capillaries or kidney tubules in mammals, but there are
no associated muscle cells, pericytes, or other accessory cells that are known to
contribute to tracheal tube size control. Thus, tracheal tube size directly results from
interactions of the tracheal cells with each other and with a secreted apical extracellular
matrix (@QECM) that transiently fills the tube lumens as they expand during their initial

development.

The tracheal primordia in each embryo begin as 10 distinct pairs of placodes (Campos-

Ortega and Hartenstein, 1997) (Fig. 4a) which are specified by the transcription factor
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Trachealess (Trh), a “master” regulator of downstream tracheal genes (Isaac and
Andrew, 1996; Wilk et al., 1996). A wave of EGFR establishes planar cell polarity in the
placodes towards the invagination site and stimulates the formation of supracellular
myosin cables at the tracheal pits (Nishimura et al., 2007). In a parallel pathway,
subapical accumulation of Crumbs contributes to apical constriction by recruiting
moesin (Moe) and organizing the actomyosin complex (Letizia et al., 2011). The
mechanical forces of the actomyosin network on the tracheal placodes, which have been
weakened due to cell rounding during the single round of mitosis at the beginning of
invagination, leads to a rapid cascade of tracheal cells internalizing into the sac-like

tracheal primordia (Kondo and Hayashi, 2013).

The cells in each primordium then migrate to form branches in response to various
signals (Fig. 1.4b and 1.5). The tip cells that will eventually lead branch migration are
initially selected from each primordium through Delta/Notch inhibition (Chihara and
Hayashi, 2000; Llimargas, 2000) The extension of each branch is then regulated through
FGF gradients: the branch cells express the receptor, breathless (btl), while the target
tissues such as the dorsal epidermis and intestine express the FGF ligand, branchless

(bnl) (Du et al., 2017; Ohshiro et al., 2002; Sutherland et al., 1996) While many cells in
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Fig. 1.4: Overview of trachea development. A robust set of morphogenetic events turns the 10 individual

tracheal placodes (a) into a series of branched networks (b-c) that join together to form the full trachea

(d). Adapted from (Ghabrial et al., 2003).
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Fig. 1.5: Specification and formation of branches in the fly trachea. These events occur independently in

each primordium before the DT segments fuse to form a continuous tube. Branch outgrowth is regulated

by FGF and its downstream components while lateral inhibitors such as hedgehog and dpp gradients limit

growth to each thoracic segment. Adapted from Ghabrial et al., 2003.



20

each branch express FGFR, only the tip cells respond to the migratory cue; the
remainder of the stalk follows the tip rather than the FGF gradient (Ghabrial and
Krasnow, 2006; Lebreton and Casanova, 2014). At the same time, stripes of hedgehog
signaling and gradients of dpp are used to limit branch migration within each thoracic
and abdominal segment, ensuring the correct arrangement of branches (Kato et al.,

2004).

The tip cells of the anterior and posterior dorsal trunk (DT) branches have a unique
problem to solve: they must join with neighboring DT branches in order to form a
continuous DT tube. Within these tip cells, Wingless (wg) specifies the fusion cell fate
(Miao and Hayashi, 2016), which plays an important role in ensuring the continuity of
the DT. Following tip cell migration, the adhesion of fusion cells from adjacent tracheal
segments is driven by E-cad (Samakovlis et al., 1996; Tanaka-Matakatsu et al., 1996).
The DT lumen at fusion points is then created by secretion of Golgi vesicles at the cell-
cell interface (Kato et al., 2016) while ARF-like-3 GTPase-mediated fusion of plasma
membranes creates the characteristic washer-like shape of fusion cells (Jiang and Crews,

2007; Kakihara et al., 2008).
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After tracheal segments connect, the tube expands and elongates using several parallel
mechanisms (Fig. 1.4d and 1.6). First, secretion of chitinous matrix produced by chitin
synthases kkv and mummy (Araujo et al., 2005; Devine et al., 2005; Tonning et al., 2005)
is controlled by sar1, a small GTPase that regulates ER to Golgi trafficking (Tsarouhas et
al., 2007). Chitin accumulation is thought to supply the mechanical force for tube
expansion, while the responding accumulation of F-actin at the apical cell surfaces in
rings orthogonal to the tube axis opposes the expansion force of the secreted chitin
(Kondo et al., 2007; Matusek et al., 2006; Ozturk-Colak et al., 2016). Due to the
viscoelastic nature of the aECM (Dong et al., 2014, Forster et al., 2010), these opposing
forces can establish proper tube size. However, secretion of chitin alone isn't sufficient
to address tube inflation. The expansion forces of the chitinous matrix must also
coincide with apical expansion of cell membranes, and it is unclear whether expanding
apical cell membranes contributes to additional chitin secretion or if expansion forces

of increased chitin secretion cause cells to create more apical membrane.

Many studies on genetic mutations that impact tracheal size have focused on the dorsal
trunk because it is easier to measure than the side branches and more is understood
about the signaling pathways that contribute to its growth. The summation of a relatively

large body of work has suggested that dorsal trunk length and diameter are
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independently controlled, evidenced by mutations that impact either or both
parameters. A subset of these results is shown in Fig. 1.7. Mutations that only affect
length but not diameter include that of the ESCRT-IIl subunit Shrub/Vps32 (Dong et al.,
2014) and epithelial polarity proteins Yurt and Scrib (Laprise et al., 2006), all of which
cause mislocalization of the apical polarity protein Crumbs, an important but

mechanistically poorly understood tube size control factor. In parallel, chitin

< e e e = e e —— T >
Aapical membrane
U *basal membrane
7 7
cell with thickness:h aECM with radius:r,  elastic matrix core diffusible matrix
rigidity: E, rigidity: E, components

w(z)=Acos(qz)

Fig. 1.6: Physical forces shape the DT. The elasticity of the chitinous ECM and expansion of the apical
membrane supply opposing forces that result in the characteristic wavy tube. Adapted from (Dong et al.,

2014).
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Fig. 1.7: Epithelial polarity proteins are one of many components of tracheal size control and can act

through apical membrane expansion or matrix production. Adapted from Laprise et al., 2010.

deacetylases Serp and Verm restrict tube elongation (Luschnig et al., 2006; Wang et al.,
2006), likely by changing the elasticity of the aECM by regulating the turnover of chitin
to chitosan (Dong et al. 2014). A second group of mutations affect tube diameter but
not length by disruption of chitin production (Araujo et al., 2005; Devine et al., 2005),
organization (Moussian et al., 2005), or secretion through COPI (Grieder et al., 2008)
and COPII (Forster et al., 2010; Norum et al., 2010) vesicles. Finally, previous studies
have found septate junction mutations affect both tube length and diameter,
independently of their other well-known function as paracellular barriers. These include
claudins such as megatrachea (Behr et al., 2003), sinuous (Wu et al., 2004), and kune-

kune (Nelson et al., 2010); Na*/K* ATPase components Nrv2 and ATPa (Paul and Beitel,
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2003); and other septate junction components such as coracle (Laprise et al., 2010) and

gliotactin (Genova and Fehon, 2003).

Once the trachea reaches its final size and structure, taenidial rings form (Matusek et al.,
2006; Ozturk-Colak et al., 2016) and the luminal matrix is degraded (Behr et al., 2007;

Tsarouhas et al., 2007), allowing for gaseous inflation of the tube.

Despite the large body of literature of tube size regulation, there are many more aspects
that are not understand. For example, although the apical transmembrane protein
uninflatable is a key component of tracheal inflation (Zhang and Ward, 2009), the
mechanism by which the lumen is cleared of fluid and inflated with air is still unclear.
The importance of precisely measured and reproducible tube shapes and sizes is
apparent by the multitude of signaling factors described above, but we are only
beginning to piece together the physical mechanisms and constraints that allow this

high degree of consistency across many individuals of a species.
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Computational modeling to better understand tube development

Computational modeling is becoming more widely used as a tool to investigate
biological phenomena, particularly for complex systems such as tubes that cannot be
reduced to discrete points or simple shapes. For example, (Dong et al., 2014)
demonstrated in silico that sinusoidal deformation of a cylindrical tube can occur due to
the synthesis of apical membranes creating an expansion force that acts on a viscoelastic
aECM (Fig. 1.6). Furthermore, while the number of sinusoidal turns per tracheal segment
can vary depending on the elasticity of the aECM, side branches and/or fusion cells
appear to anchor the DT at discrete locations, even in the most convoluted mutants.
Although this restriction was not included in the model, it produced similar results to
observations in vivo, demonstrating the power of computational modeling in better

understanding biological phenomena.

The currently available computational tools to examine biological tubes such as the fly
trachea remain limited. The best toolkits designed for quantifying epithelia work best
on planar and pseudo-planar surfaces, whereas tubes have a much higher degree of
curvature and require a different method of analyzing the tube surface or cell shapes.

The most relevant program available is Imaris, which has been shown to be capable of
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isolating single cells in the fly trachea in 3D in (Forster and Luschnig, 2012), but relied
on custom Matlab code to manipulate and quantify the results. Other programs exist
such as EDGE4D (Khan et al., 2014) and MorphoGraphX (Barbier de Reuille et al., 2015),
and while these programs are powerful tools for analyzing most planar and pseudo-
planar epithelia, they are insufficient to process and quantify the parameters necessary

for tubes.

In order to bridge our understanding of the genetic factors to the contribution of
mechanical forces that control tube size, | developed a program called QuBiT
(Quantitation Tool for Biological Tubes) which is tailored, but not limited, to measuring
narrow tubes such as the fly trachea. | used a publicly available, well-known, and well-
documented platform in Matlab (Mathworks), which offers a large degree of
accessibility, ease of maintenance, and extensibility. Tube-specific functions of QuBiIT
include tracing a tube’s centerline and mapping branches, which has the additional
utility of normalizing measurements between samples; and projecting tube surface data
as a 2D image to better visualize object relations that are not as apparent through
conventional image processing methods such as partial max projections. Full details on

the development and capabilities of QuBiT are discussed in Chapter 2.
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Through the use of QuBiT, my project is to understand the mechanisms of tube size
control using the trachea in Drosophila melanogaster as a model. This is a well-studied
model organism with many established tools and protocols. Many genetic factors that
control tube development in flies such as FGF signaling (discussed above) and planar
cell polarity components (Chung et al., 2009) are conserved in higher order organisms
(reviewed in (Cross and Claesson-Welsh, 2001) and (Fanto and McNeill, 2004),
respectively), opening the possibility that the physical mechanisms tied to those genes
may also be conserved. | used a simple expansion model to show that although cell
shape changes occur during tube inflation, this phenomenon is not necessary to
preserve the integrity of the trachea. Instead, it is possible that changes to the structure
of the aECM during tube expansion, such as axial rearrangement of chitin fibers due to
the increasing tube length, causes the overlying apical cell faces to transiently change

shape.

Finally, | set out to expand on previous studies on the fly trachea and identify previously
unknown or unexplained phenomena. For example, (Nelson et al., 2012) have observed
cell orientation changes in Src42 mutants, the only documented mutant line that
supports the idea of cell shape changes causing tube elongation, but it's unclear

whether cell orientation changes are the cause or a byproduct of tube elongation. | also
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show distinct localizations of Uif, an apical transmembrane protein, around the DT
circumference when it was previously assumed to be uniform. And while (Kumichel and
Knust, 2014) observed elevated levels of Crumbs, an apical marker, in the boundary cells
of the fly hindgut, | show that Uif has a reduced presence in the same cells, suggesting

differential contribution of apical polarity factors in different tissues.

The overall goal of my work is to improve our understanding of tube size control
mechanisms by tying classical genetic pathways together with physical mechanisms or

forces.
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Chapter 2: Development and Functions of QuBiT

This chapter demonstrates the capabilities of QuBIT, the Matlab-based tool of which |
was the primary developer. E. Li contributed to code for the tube measurement modules
and testing and verification of QuBiT, while M. Mani provided additional guidance on

theoretical approaches.

The majority of this chapter has been published in: Yang, Li, Kwon, Mani, and Beitel.

Development 2019 146: dev172759 doi: 10.1242/dev.172759.
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Overview

As a testbed for developing QuBiT and to identify novel biological processes, | used
QuBIT to characterize the early development of the Drosophila trachea system, which is
one of the best-studied systems of tubular epithelia (Fig. 1.4, reviewed in (Manning,

1993; Samakovlis et al., 1996)).

To maximize maintainability, accessibility, and extensibility of a tool for epithelial tube
analysis, | developed QuBIiT using commonly available and well supported software
platforms rather than develop entirely new programs. The work flow is schematized in
Fig. 2.1. Image stacks are generated by confocal microscopy using settings that produce
cuboidal voxels. Image segmentation is performed on the entire stack using llastik, a
general-purpose image segmentation program (Kreshuk et al., 2011). Segmented
images are then analyzed using custom-written code in Matlab (open source available
at http://github.com/gjbeitel/QuBiT). Tube analysis proceeds by segmenting the
boundary of the tube lumen and creating a skeleton, which enables robust calculations
of parameters of interest, including length, surface area, and cross-sectional area.
Separately, cell junctions are masked onto the tube surface, resulting in apical cell

surfaces that can directly be analyzed for parameters such as size and orientation. While
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Collect embryos, mount,
acquire confocal stacks

/ \

Segment tube surface Segment cell junctions
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Fig. 2.1: Visual representation of the workflow QuBiT. For this project, segmentation of confocal image
stacks was performed using llastik, but any segmentation software that can extract ROls is compatible
with QuBiT. Tube parameters are calculated separately from cell parameters, which rely on a
reconstruction of the tube surface, one of the unique functions of QuBIT over other epithelial analysis
software. Additionally, QuBiT has the ability to model cells on the tube surface as 2D “projections”

through the unrolling algorithm and to model cell growth as a function of tube growth.

this approach does not yield a full 3-D reconstruction of the entire cell bodies that
comprise a tube, it focuses on the apico-lateral junctions and regions that control
tracheal cell shape and tube size (Beitel and Krasnow, 2000; Laprise et al., 2010; Sollier

et al., 2015; Wodarz et al., 1995), and greatly simplifies the reconstruction problem.
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Collection of image stack data

QuBIT is designed to analyze images collected with cuboidal voxels containing either
tube surface or junctional information with enough resolution for the desired analysis.
Basic length measurements were obtained using image stacks of entire whole-mount
embryos collected using a 40X oil objective with a 0.38um voxel size. Approximately 75
optical sections were collected per embryo. For cell parameter analyses, images were

collected using a 100X oil objective with 0.15um voxels, requiring around 200 slices.

Surface mapping and defining tube centerlines

QuBIT defines a tube surface using markers that either visualize the cell lumenal/apical
surface or the lumenal contents themselves. For this work, the apical marker Uninflatable
(Uif) (Zhang and Ward, 2009) and the aECM marker Vermiform (Verm) (Wang et al.,
2006) enabled extraction of the tracheal system from surface epidermal staining using
the Carving module in llastik (sample input and output in Fig. 2.2). The segmented data
were then imported to Matlab, where a marching cubes algorithm (Cline et al., 1987;
Hassouna and Farag, 2007) defines the centerlines of the main and side branches (Fig.

2.3). The tube centerlines, which are not calculated by other epithelia analysis software,
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are of critical importance because centerlines define the lengths of tube segments, mark
branch intersection points that define tube segments, are the local reference for
determining cell orientation, and are necessary for calculating orthogonal planes used
to quantify tube parameters including diameter, cross-sectional area and surface area
(sample results in Fig. 3.1). To allow rapid investigation of different parameters without
recalculation, computed results from the segmented data are stored with the image
stack. For determining tracheal tube parameters, 10 cross-sections were taken per

segment, which samples the tube approximately once every 15 voxels or 2.3 pm.

Cell mapping

To map cells onto the tube surface, QuBiT uses information from apico-lateral junctions.
For the tracheal system, claudin Kune-Kune was used as a maker of septate junctions as
was previously done (Nelson et al., 2010) because Kune staining gives a more
continuous signal along the lengths of junctions than the E-cadherin staining, which

improves segmentation.
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Verm DT (segmented object)

Fig. 2.2: Sample segmentation of tracheal tubes using llastik. The DT extracted from the image stack

based on optimized segmentation parameters is highlighted in green. Image from a single XY slice.

Fig. 2.3: Sample output of the segmented tube and calculated centerline in 3D. The filled tube (gray) is
overlaid with centerline segments (individually colored lines), which intersect at nodes (asterisks). Line
segments are indexed and joined when specifying the tube ROI. Although not used in this study,
centerlines in side branches are shown here to demonstrate the capabilities of this feature. Left-right is

anterior-posterior; top-bottom is dorsal-ventral.
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Junctional segmentation was performed using the Pixel Classification tool in llastik with
similar results to tube segmentation. The data were imported into Matlab and masked
and inverted the junctions on the tube surface to obtain cell surfaces. A 1:1 comparison
of the raw image stack to the resulting apical cell surfaces in 3D is shown in Fig. 2.4 and
assisted in validating the cell quantification modules of QuBiT. | then calculated cell

parameters that included area, cell orientation and aspect ratio (sample results in Fig.

A Raw image (partial max projection) B Computed apical surfaces

Fig. 2.4: Cell plotting. (A) Apical cell surfaces were created by inverting the cell junction signal (green,
Kune) on the tube surface (red, Uif). The matching apical cell surfaces rendered in Matlab are shown in

(B). (C) Sample output of cells from a whole image stack, after filtering. Left-right is anterior-posterior.
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3.1). Because the small cell size, narrow diameter and junctional organization of the
tracheal dorsal trunk leads to unresolvable segmentation errors, | used several
parameters to filter the tracheal cell data. | applied a radial filter to exclude cells on
dorsal branches and transverse connectives, an axial position filter to remove cells
outside of regions of interest on the dorsal trunk, and a size filter to exclude improbably

small or large cells.

Tube unrolling

To provide a planar representation of the cells that allows direct application of a broad
array of existing 2D analysis tools, QuBiT can computationally unroll and flatten tubes.
To do this, the exact cross-section is calculated using the orthogonal plane to the local
centerline at regular voxel-sized intervals along the length of the dorsal trunk. The cell
junction data is then extracted from projections radiating from the centerpoint in each

orthogonal plane and write the data on a 2D plane (Fig. 2.5).

As an example of an operation that is much easier to perform in 2D, | used watershed
segmentation to reduce cell junction widths to single pixels (Fig. 2.6). This creates a

more accurate representation of cell interfaces and enables analysis of parameters such
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Fig. 2.5: Tube unrolling algorithm. (Left) A model diagram depicting QuBiT’s method of calculating
unrolled images. The segmented apical surface of the tube is outlined in blue. Masks (dashed lines)
corresponding to different depths (R) relative to the apical surface were created by uniform dilation. At
each cross-section along the length of the tube (x) the data from the source image was pulled from each
mask at interval angles (8). For the trachea, an interval of 4° was usually sufficient. (Right) The resulting

image stacks visualizes the translation of data from the 3D model.

as cell connectivity (the number of cells any given cell touches) and the number of cells
in a tube cross section, which were utilized in the analysis of the tracheal system below.
In future work, 2D projections could be used to track tracheal cells through time more

easily than in 3D, which is important in determining changes in cell arrangements.



O Transverse connective point
® Dorsal branch point

Fig. 2.6: Sample output of tube unrolling after watershedding, demonstrating the utility of this module.
Apical cell surfaces are individually outlined and color-coded by their numbers of neighbors; branch points
where the TC and DB intersect the DT are mapped. Left-right is anterior-posterior; vertical axis represents

the tube circumference.

3D modeling

The process used in QuBIT to unroll a tube can also be utilized to recreate a tube from
a 2D projection (Fig. 2.7). As an example of how this can be employed, | used tube
unrolling and rerolling to test for evidence of active cell rearrangements during tracheal
expansion. Embryonic stage 14 tracheal tubes were computationally expanded to the
size of stage 16 tubes, and then compared the 3D parameters of the computed and

actual stage 16 apical cell surfaces.
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Tubes were computationally expanded by projecting the raw-unrolled 2D stage 14 cell
data back onto 3D tube surfaces with corresponding lengths and radii of stage 16 tubes.
To do this, the number of pixels was increased along the long (X) axis of each 2D
projection proportionally to our measured changes in tube length using nearest
neighbor interpolation. Then at each position along the model tube axis, the 2D image
was sampled for cell surfaces and wrote the data on the orthogonal (YZ) circumference
with corresponding radius based on stage 16 tube radii, which was normalized with
respect to axial position. This resulted in a re-creation of stage 14 cell surfaces after tube
inflation to stage 16 with no other changes to cell geometry or topology. One limitation
of the resulting model is that the projected tube is perfectly straight, whereas the
original tubes had small irregularities, which introduces a small amount of error.
However, because of the asymmetric expansion along the length of the tube, the
alternative approach of expanding along a curved path would result in over and or under
expansion of some regions, which would also result in slight deviations. To determine
whether systematic errors were introduced, | compared the effect of unrolling and
rerolling stage 14 and 16 tubes. For both stages, there was excellent agreement
between the original and rerolled tubes, with most parameters differing by no more

than 6%, which is sufficient for the analyses in described below.
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Fig. 2.7: Schematic of 3D modeling in QuBiT. Apical cell surface data were modeled on a conical tube at
two distinct developmental stages of the trachea, (i) stage 14 and (ii) stage 16. (iii) The stage 14 model
tube was then computationally inflated to match measured stage 16 tube parameters while retaining
stage 14 cell proportions and topology, allowing a direct comparison between the predicted stage 16

cell parameters and the actual stage 16 cell parameters.

Methods of data analysis

For statistical analysis of tube parameters, QuBiT takes advantage of the extensive tools
of Matlab's framework to allow users to perform statistical analyses on individual tubes,

and also on multiple independent tubes simultaneously, without the need to export the
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data into other analysis packages. Notably, for tubular systems with reproducible
features, QuBiT has the ability to track, align, and compare identifiable features. In the
case of the trachea, individual dorsal trunk segments were aligned rather than just
normalizing to length along the tube. As detailed below, this enables calculations that

reveal tracheal cell parameters differ not just between segments, but also within

segments.
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Chapter 3: Insights in wildtype tracheae

In this chapter, | show using wildtype tracheae that the outputs of QuBiT are robust and
reproducible and that several features of even wildtype tracheae were not known or
appreciated until they were uncovered by this work. | collected, processed, and

analyzed all of the data presented in this chapter.

The majority of this chapter has been published in: Yang, Li, Kwon, Mani, and Beitel.

Development 2019 146: dev172759 doi: 10.1242/dev.172759.
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Overview

| used wildtype (w''"8) tracheae as the basis for designing, testing, and verifying QuBiT.
In addition to agreeing with the results of previously published data (which will be
described below), the use of QuBIT produced several unexpected results that had never
been characterized. These include: (1) anterior-to-posterior (A-P) gradients are present
in many cell characteristics, including orientation and aspect ratio, (2) there exists a
periodicity at the tube segment level to these characteristics within the A-P gradient, (3)
inferred cell intercalation during development dampens an A-P gradient of the number
of the number of cells per cross section of the tube, but these intercalation events do
not change the connectivity distributions of tracheal cells, (4) cell connectivity
distributions in the main tracheal tube are not influenced by the complex shapes of, or
possible stresses on, cells that interface the side branches with the dorsal trunk. These
results will be elaborated below and demonstrate both the utility of QuBiT for analyzing
small diameter tubular epithelia, and the importance of quantitative analysis in

understanding the cell biology of tubular epithelia.
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DT tube and cell parameters exhibit anterior-posterior gradients

The work on fly embryonic trachea in this project was done at two distinct stages, 14
and 16. During this 2.5-hour window, a burst of lumenal secretion rapidly inflates the
trachea (Tsarouhas et al., 2007), doubling tube diameter and increasing tube length by
about 15%, thus making these stages easily distinguishable through quantifiable
metrics. Measurements through QuBiT verified that the dorsal trunk length increased
by 13.7+1.3% (Fig. 3.1A) and were not statistically different from manual length
measurements of the same embryos (250+18um by hand in Volocity vs. 263+6.9um using
QuBIT at stage 16, p = 0.17, two-sample t-test). However, having the confidence of
accurate measurements by QuBiT had the advantage of automatically generating
measurements on each individual segment that allowed a more detailed analysis of the
sizes growth of tracheal tubes than had previously been performed. For example, while
it be expected that the individual dorsal trunk segments all expand equally, most of the
dorsal trunk growth resulted from increased length of posterior segments DT4 through
DT9 (+22+8%), while the remaining anterior segments lengthened only slightly (Fig.
3.1A). Interestingly, anterior segments are generally longer than posterior segments,
despite anterior segments having fewer cells (e.g. ~21 in DT3 vs. ~28 in DT9 (Robbins

et al., 2014)). These results predict that anterior and posterior cells have either different
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arrangements and/or shapes in their respective segments, which, as described below,

is indeed the case.

Many dorsal trunk cell properties have an anterior-to-posterior gradient

To investigate how the shapes of the tracheal cells might contribute to control of tube
size, | measured shape parameters of tracheal cell apical surfaces at stages 14 and 16
(Fig. 3.1D-F). | focused on the apical surface because previous work has indicated that
tracheal size is regulated at the apical cell surfaces (Laprise et al., 2010; Nelson et al.,
2012; Olivares-Castineira and Llimargas, 2017; Robbins et al., 2014), while the shape of

basolateral surface is not regulated (Beitel and Krasnow, 2000).

| first examined how the apical area of individual tracheal cells changes as a function of
segmental location and stage. Before tracheal tube expansion at stage 14, tracheal cells
in all segments have similar apical areas (Fig. 3.1D, blue line), and though there is some
variability within each segment, there is no apparent A-P gradient. During tube
expansion, the area of all tracheal cells increases (p < 10, comparing stage 14 to stage

16, paired t-test), but posterior cell area increases somewhat more, resulting in a shallow
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Fig. 3.1: w'"8 tube and cell measurements (n=6 tubes for each genotype; n=692 cells and n=854 cells
were identified at stages 14 and 16 respectively, resulting in approximately 75% of expected cell
recovery). DT measurements of (A) segment length, (B) segment surface area, and (C) cross-sectional area
relative to the A-P position on the tube axis. Apical cell surfaces were measured for their (D) surface area,

(E) aspect ratio, and (F) orientations.

A-P cell apical area gradient (Fig. 3.1D). This shallow gradient is in marked contrast to
the much more pronounced and uniform A-P gradient in anterior vs. posterior segment

surface area where the A-P difference is almost 2-fold (Fig. 3.1B). The discrepancy
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between the fairly uniform cell area and graded segment surface area predominantly
results from posterior segments being both shorter (Fig. 3.1A) and having more cells
than anterior cells (~21 cells in DT3 vs. ~28 cells in DT9) (Samakovlis et al., 1996).

| next investigated apical cell shapes by calculating their aspect ratios (Fig. 3.1E). In
contrast to the mostly uniform cell area of tracheal cells, the shape of tracheal cells is
not uniform. Anterior cells have higher aspect ratios than posterior cells (p < 10 at both
stages 14 and 16, unpaired t-test of DT2 vs DT10), but overall, aspect ratio does not

change significantly during development (p = 0.21, paired t-test).

As with cell size and aspect ratio, cell orientation also shows an unexpected A-P gradient
(Fig. 3.1F). It was previously shown from an analysis of a small number of cells that the
long axes of tracheal cell apical surfaces in tracheal segment 8 (DT8) are not aligned
with the long axis of the tracheal tube, but instead lie at an approximately 42+21° angle
at stage 16 on average (Forster and Luschnig, 2012; Nelson et al., 2012). In excellent
agreement with these previous measurements, | found that the average cell orientation
in DT8 was 37+12°. However, when measuring cell orientations in all tracheal segments,
| found that anterior cells tend to be oriented along the trunk axis with an average angle
of 28+5°, whereas posterior cells tend to be oriented along the circumference of the

tube with an average angle of 46+4° (unpaired t-test using DT2 against DT9 at stage 16,
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p < 10%). The gradient also exists at stage 14 (p < 103) and cell orientations differ

significantly between stages 14 and 16 (p < 10", paired t-test).

DT cell properties have segmentally repeating variations

Despite tube surface area increasing fairly linearly from anterior to posterior (Fig. 3.1B),
apical cell areas and aspect ratios at stage 16 show a strongly periodic pattern, with cell
area and aspect ratio having local minima close to the points where the transverse
connectives join the dorsal trunk, and local maxima at the middle of a segment (Fig.
3.1D and 3.1E). Cell orientation also shows a sinusoidal pattern, but the phase is
opposite to those of surface area and aspect ratio, with orientation having local maxima
where the transverse connective (TC) branches connect to the DT (Fig. 3.1F). This
sinusoidal pattern is robust with respect to the window size used to calculate average
cell apical surface area along the tube, with the periodicity being clearly visible with
window sizes ranging from at least 0.6 to 0.3 of a segment. Notably, the sinusoidal
pattern corresponds to the physical organization of the trachea. The dorsal trunk is
comprised of nine distinct segments that derive from nine clusters of epidermal cells
during development. Rather than the tube being a continuous cobblestone of cells, the

cobblestone pattern is punctuated by pairs of thin, washer-like cells called “fusion cells”
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that join adjacent segments just posterior to where the transverse connectives branch
from the dorsal trunk. DT cells close to the fusion cells have reduced apical sizes relative

to DT cells more distant from fusion cells.

One explanation for this segmental sinusoidal periodicity could be that the fusion cells
constrain tube growth such that the tube is wider between fusion points. However, WT
stage 16 DT tubes do not show constrictions at the fusion cells, and the plotted
measurements of tube cross-section area and radius do not show segmental periodicity
(Fig. 3.1C). Thus, the differential areas of cells close to or further away from fusion
appear arise from differences between the cells and/or difference in the local lumenal
environment. As no periodicity has been observed in lumenal proteins or organization,
it then seems likely that the DT cells closer to fusion cells expand their surface area less
in response to secreted lumenal contents than do DT cells in the middle of the segment.
Consistent with this hypothesis, uniform overexpression of the glycoprotein tenectin in
the DT using the btl-Gal4 driver results in tracheal segments in which the diameter of
the tube increases more between fusion cells than at fusion cells, with the change in
diameter along the segment being a smooth curve rather than a step at the fusion cell

(Fig. 3.2).
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A simple cell expansion model suggests cell rearrangement during DT

expansion

Given that expansion of the tracheal length and diameter is highly asymmetric, with
length and diameter increasing by 13% and 100% respectively, | asked if the changes in
cell size, aspect ratio, and orientation could result simply from an inflation of the tube,
as if one were to inflate a cylindrical balloon with cell apical surfaces drawn on the
surface. This is an appropriate model for the tracheal system because there is no change
in cell number during tracheal development (Samakovlis et al., 1996); therefore changes
in tube size must result from changes in cell shape and/or cell arrangement. As
described above, QuBiT was used to computationally expand stage 14 tubes, and
consequently the cells that make up the tube, to their respective stage 16 sizes (Fig.
3.3). | then analyzed the cell shape and orientation parameters of the resulting
“computationally expanded” cells (3.4iii) and compared them to cells from stage 14 and
to 16 tubes that had been similarly unrolled and rerolled, but without computational

expansion (3.4i and 3.4ii, respectively, termed “model”).
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Fig. 3.2: Tenectin mutants have bulgy tracheal segments, unlike wildtype tubes, which have a relatively
smooth A-P gradient of tube radius. However, in tenectin mutants, the fusion cell regions appear to be
“tied down” and don't change in diameter relative to their wildtype counterparts, suggesting their

morphologies are fixed. Adapted from (Syed et al., 2012).
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Fig. 3.3: The theory of a simple tube expansion model. The apical cell surfaces can be computationally

ot

“grown” from their observed stage 14 shapes to their predicted stage 16 shapes based only on

measurements of DT sizes at the two developmental stages.
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As an internal control, | first examined cell apical area (Fig. 3.5A). Apical area in the
computationally expanded tube and actual stage 16 data were comparable, (p = 0.15,
paired t-test), with the computational model still showing the strong segmental
periodicity observed in the actual data. Interestingly, cell aspect ratio (Fig. 3.5B) and

orientation (Fig. 3.5C) were also comparable between in vivo stage 16 data and
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Fig. 3.4: Tube expansion (as theorized in Fig. 3.3) occurs through computational unrolling and rerolling,
which are necessary steps to maintain comparability between datasets. Model: apical cell surfaces on a

truncated cone (using radii from real measurements). Prediction: models inflated to stage 16 parameters.
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Fig. 3.5: Expansion of wildtype tubes. All of the apical cell parameters measured (A) surface area, (B)
aspect ratio, or (C) orientation are in agreement with the predicted profiles. (D) A visual representation
of the result. The apical cell shape changes during tracheal inflation can be explained purely by tube

expansion stretching out cells.

computationally expanded tubes (p = 0.09 and 0.31 respectively, paired t-test),
indicating that changes in cell apical shape during tracheal growth are consistent with

tracheal cells passively expanding their apical surfaces in response to inflation of the

lumen.
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The distribution of dorsal trunk cell connectivity does not change during tube

expansion

If tracheal cells simply expanded their apical surface areas in response to lumen inflation,
in the simplest case there would be no changes in the cell organization, and the
connections between cells would remain static. However, previous work has
demonstrated that cell intercalation occurs during tracheal DT growth (Forster and
Luschnig, 2012). To test whether QuBIT can find evidence of such intercalations, and to
investigate the possible effects of such intercalation, | used QuBiT to measure two
quantifiable parameters of cell organization (Fig. 3.6): the number of connections each
tracheal cell has with neighboring cells (cell connectivity, demonstrated in Fig. 2.6) and

the number of cells per tube cross section (CPC).

Cell connectivity can refer to both the number of cells that a given cell shares contacts
with, as well as the specific connections a cell has with neighboring cells. Because data
from discrete timepoints is analyzed as opposed to time-lapse images, | focused on the

number of contacts that tracheal cells have and how that parameter changes along the
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Migration of the purple cell changes the
connectivity of the blue cell from 6 to 5. Rearrangement of cells in a sheet quantifiably changes the CPC metric.

Fig. 3.6: Theory of connectivity and cells per cross-section (CPC) as indicators of rearrangement. (A) Cell
migration or rearrangement can change connectivity by creating or removing junctions, such as during
neighbor exchange events. It should be noted that while changes in connectivity necessarily indicate
rearrangement, the reverse isn't always true; migration can occur with no net change in connectivity, such
as during T1-T2-T3 transitions (Tada and Heisenberg, 2012). (B) Larger-scale rearrangement of cells in
planar tissue can also alter CPC, such as during germband extension in Drosophila (see, for example,

(Collinet et al., 2015; Fernandez-Gonzalez et al., 2009)).

length of the dorsal trunk and during development. Changes in the distribution in the
number of contacts cells have is indicative of migration or other rearrangement events.
However, as detailed below, an unchanging connectivity distribution does not

demonstrate an absence of cell rearrangement.
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To quantify cell connectivity in the trachea, | used QuBiT's capabilities to unroll the tube
to create 2D representations of tracheal cells. | then quantified and visualized cell-cell
connectivity using watershed segmentation (Fig. 3.7, degrees of connectivity coded by
color). Stage 14 and 16 tracheae are predominantly composed of a mix of pentagons
and hexagons (Fig. 3.7, blue and green bars). There was no obvious clustering of any
particular type of polygon at either stage, and the distribution of polygon types is quite

uniform along the length of the tube.

The distribution of dorsal trunk cell connectivity is not impacted by side

branches

| also took advantage of QuBiT'’s ability to accurately map tube branch points to ask
whether there were any particular patterns of connectivity associated with the points
where the side branches of the DB or TC exit the dorsal trunk. No obvious patterns of

cell connectivity, or organization of surrounding cell connectivity were observed in 2D
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Cell connectivity distributions
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Fig. 3.7: Cell connectivity distributions for w'"8, which were generated using watershed segmentation of
unrolled tubes. No obvious patterns of connectivity are present and the distributions of cell types are not

significantly distinguishable between the two measured stages.

maps of tracheal tubes, indicating that neither the complex shapes of the individual cells
that contribute to both the dorsal trunk and the side branches nor any forces resulting

from tension on the side branches significantly impact the connectivity surrounding

dorsal trunk cells.

Importantly, there was no significant change in the distribution of polygons between
stages 14 and 16 (Fig. 3.7, p = 0.23, x? test). Thus, it appears that there is little or no
change in cell connectivity during tube expansion. This result is consistent with

intercalation events occurring infrequently enough that they cause little change to the



58

overall connectivity, but is also consistent with the occurrence of intercalation events
conserving their cell connectivity, such as occurs in the T1-T2-T3 transitions and rosette
formation in epithelial sheets that drive cell intercalation during convergent extension
in zebrafish (Sepich et al., 2000; Tada and Heisenberg, 2012), flies (Blankenship et al.,
2006; Irvine and Wieschaus, 1994; Munjal et al., 2015; Pare et al., 2014; Simoes Sde et
al., 2014, Zallen and Wieschaus, 2004), and vertebrates (Lienkamp et al., 2012). | further

investigated these two possibilities below.

The number of cells per cross-section changes during tube expansion

To distinguish between a paucity of cell rearrangements versus active changes in cell
organization that conserve cell connectivity, | determined the number of cells per cross-
section (CPC) of the tube. Infrequent cell intercalations should not significantly change
the CPC, but in a tube, even intercalation events that conserve cell connectivity would
lead to changes in the number of cells per tube cross section if they occurred with
significant frequency. The 2D diagram outputs of the unrolling algorithm were used to
examine the number of cells in orthogonal cross-sections of the dorsal trunk at stages

14 and 16 (Fig. 3.8A), which yields two notable observations.
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First, similar to the patterns observed for cell aspect ratio, orientation and area, a
sinusoidal pattern of the number of DT CPC also emerges (Fig. 3.8C). Second, in
contrast to the lack of change in connectivity distributions during development, the DT
CPC changes from stage 14 to 16, most notably in the anterior and posterior (p < 103
from TC1 to TC4 and p < 10" from TC7 to TC10, paired t-test). Critically, since the
simple tube expansion model preserves the organization of tracheal cells, the CPC in
the computationally expanded stage 16 tube is the same as the original stage 14 tube
and is also statistically different from measured stage 16 tubes. Thus, while a simple
apical expansion model was sufficient to account for the changes in cell parameters
during dorsal trunk expansion, QuBIT results indicate that cell intercalation events are
actually common during tracheal maturation. QuBiT’s ability to predict the existence of
cell intercalation events demonstrates that it can be used to reveal developmental
changes in cell organization even in circumstances where live imaging of tube

morphogenesis is not feasible.
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Fig. 3.8: Cells per cross-section (CPC) for w'"'8. (A) Representative raw images of a single z-slice and their
cross-sections (dashed yellow lines) at stages 14 (i-iii) and 16 (iv-vi) that correspond to the unrolled maps
in (B). (C) CPC changes between stage 14 (blue line) and 16 (orange line) tracheae, which indicates that
cell intercalation events are occurring. The change in CPC is not predicted by the model of the tracheal
cell apical surface passively expanding in response to lumenal inflation (purple line). A sinusoidal pattern

of CPC is superimposed on an A-P gradient, with a period coinciding with each tracheal segment.
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Tube unrolling reveals unexpected patterns of Uif localization

In addition to using tube unrolling to examine cell connectivity, | used unrolling to
simultaneously visualize the entire DT tube surface and visually search for patterns in the
organization of the apical marker Uif in WT stage 16 trachea (Fig. 3.9A). Surprisingly,
whereas Uif was thought to be a uniform marker of the tracheal apical surface, in the
unrolled projections it is immediately apparent that the tube surface has previously
unrecognized A-P “bands” of Uif signal, twice per circumference, that are elevated
compared to the rest of the tube and that are not interrupted by the washer-like fusion
cells that disrupt cuticle pattern at this stage (Fig. 3.9B, yellow arrowheads). Notably,
these bands are in register with the TCs and DB branch exit points with one band being
aligned with the DB exits and the other with TC exits (Fig. 3.9B, white and black circles

indicate TC and DB exits, respectively).

To verify these observations, | examined unrolled images at various depths (ranging
from R = [-6 to +10], the equivalent of [-1pm to +1.5um]) from the segmented apical
surface and found the same phenomenon at any surface level (data not shown). The
banding does not result from a technical artifact such as imaging depth because no such

banding is visible in the junctional staining channel (Fig. 3.9C), but banding is visible in
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tube cross sections generated by the Volocity program (Fig. 3.9E, yellow arrowheads).
Moreover, the dimmest regions do not correspond to the deepest sections. Closer
examination reveals that the Uif bands have a supracellular organization that is
contiguous across cells. While transitions from high to low Uif levels can happen at cell-
cell boundary (Fig. 3.9D insets, dots), many cells show discrete regions of high and low
Uif levels on a single apical surface (Fig. 3.9D insets, arrowheads). The biological
significance of these Uif bands will be investigated in future studies, but as the existence
of Uif bands is not obvious in conventional confocal projections (Fig. 3.9A) or slices (Fig.
3.9F) and has not previously been recognized despite the common use of Uif as a

marker, these findings highlight the benefits of using QuBiT to analyze biological tubes.
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3X unroll

3X unroll

3X unroll

Fig. 3.9: Representative unrolled tube data for w1118 (n=6 tubes). (A) Partial max projection of the DT.
(B) Unrolled Uif channel at R=-1. White and black dots represent branch points where the TC and DB
respectively intersect the DT. Yellow arrowheads indicate regions where the Uif distribution is not uniform
about the circumference of the tube. (C) Unrolled Kune channel at R=+1. Black arrowheads indicate fusion
cell regions. (D) Merge. Insets show a small subset of cells. White dots denote cells whose junctions
overlap the Uif bands, while arrowheads denote bands of Uif that extend through the centers of cells,
suggesting that concentrations of the apical marker are cell-autonomous. (B’-D’) Representative cross-

sectional (Y-2Z) slices of the confocal images of their respective channels.
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Chapter 4: Src42 and dDAAM mutants impact tube structure

and cell geometry

In this chapter, Src42 and dDAAM are shown to influence many tracheal parameters,
including tube length and cell orientation. The results here are in agreement with
previous findings, but this work yielded unexpected results, including a potential
interaction between Src42 and Uif and detachment of the lumen from the apical surface
in dDAAM mutants. Y.-J. Kwon built the dDAAM* allele using CRISPR. Half of the
datasets of Src42 and all of the dDAAM datasets were collected by Y.-J. Kwon.
Collection of the remaining datasets and all computational processing and data analysis

was done by me.

Only Fig. 4.1 has been published in: Yang, Li, Kwon, Mani, and Beitel. Development
2019 146: dev172759 doi: 10.1242/dev.172759. The remaining results and discussions
are included here to provide a clearer understanding of the roles of Src42 and dDAAM

in tube size control and may be considered for publication in the future.
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Introduction to Src42

The other tracheal mutant that has been previously been studied with quantitative tools
is Src42 (Forster and Luschnig, 2012; Nelson et al., 2012), which proved to be useful as
additional validation for QuBiT and, more importantly, the molecular basis for further
understanding tube size control mechanisms. Src is a non-receptor tyrosine kinase with
known roles in man cellular functions, including cell growth and proliferation (Pedraza
et al., 2004), migration (Somogyi and Rorth, 2004; Sun et al., 2019), and apoptosis
(Pedraza et al., 2004; Poon et al., 2018). Additionally, a small set of studies have shown
that Src-family kinases Src, Fyn, and Yes are also involved in regulating tube
development in mammalian endothelial cells as well as in the Drosophila trachea, but
the field is mostly unexplored. In mammals, the Src family likely functions downstream
of receptor tyrosine kinases such as VEGF (Werdich and Penn, 2005) and PDGF (Marx
et al., 2001) to facilitate tube formation in retinal and vascular endothelia, respectively.
Recently, apical polarization and maintenance of Src has been shown to be necessary

for both vasculogenesis and angiogenesis (Kim et al., 2017).
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Flies have two Src orthologues: Src42 and Srcé4, though they can have non-overlapping
functions (Laberge et al., 2005). Src42 mutants have been shown to have a direct effect
on tube size control, causing the DT to become shorter and, more interestingly, apical
cell surfaces to increase their angle of orientation with respect to the DT axis (Forster
and Luschnig, 2012; Nelson et al., 2012). The effects of these mutants can be rescued
by driving wildtype Src42 in the trachea, and overexpression of constitutively active
Src42 creates longer tubes with diminished cell angles. Because Src42 mutations are
epistatic to all known mutants that cause tube elongation, Src42 appears to act
downstream of other tube size control factors, including septate junction components
such as Nrv2 and aECM components such as Verm (Nelson et al., 2012). These data

point to Src42 as an important regulator of tube size.

Src42 acts in conjunction with other systems to regulate cell orientation

As Src42 is the only Drosophila mutant whose apical cell orientation that has been
independently analyzed (Forster and Luschnig, 2012; Nelson et al., 2012), | first verified
these results using QuBiT. Analysis using QuBiT confirmed that compared to WT, Src42
DTs are 24% shorter (p < 103, Fig 4.1A) and 13% larger in diameter (p = 0.01). DT cell

apical surface area is reduced by ~28% (p < 10, Fig. 4.1D), but cell apical aspect ratio
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Fig. 4.1: Src42 tube and cell measurements (n=6 tubes, 754 segmented cells resulting in 78% cell

recovery). DT measurements of (A) segment length, (B) segment surface area, and (C) cross-sectional area

relative to the A-P position on the tube axis. Apical cell surfaces were measured for their (D) surface area,

(E) aspect ratio, and (F) orientations.

is largely unchanged (Fig. 4.1E). Importantly, the cell apical orientations determined by

QuBIT for Src42?¢" in segment 8 are in good agreement with previous studies by (Forster

and Luschnig, 2012; Nelson et al., 2012). (this report: 60+23°; Nelson et al., 2012: 66+28°;

Forster and Luschnig, 2012: 73+12°), and are oriented more circumferentially than in WT

(+13£36°; +24+36°; and +11+21°, respectively). However, the order-of-magnitude higher
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throughput of QuBiT extends the previous analyses by showing that although the intra-
segment orientation gradient appears dampened, the overall A-P cell apical orientation
gradient is still present in Src42?¢" mutants (Fig. 4.1F). Since loss of Sr42 does not “lock”
all tracheal cell apical surfaces in a strongly orthogonal orientation, Src42 is unlikely to
directly control tracheal cell apical orientation. Instead, normal activity of Src42 may bias
the orientation of cell apical surfaces whose orientation is predominantly determined by

a Src42-independent mechanism.

Further analysis of Src42 mutant tubes yielded several unexpected results. First, the
luminal marker Verm had to be used to outline the trachea instead of the apical marker
Uif due to poor Uif staining, particularly in the posterior DT, of these mutants (Fig. 4.2).
Though it is possible that the Src42 regulation of apical character in mouse (Kim et al.,
2017) is conserved in flies, Src42 has not previously been shown to interact with Uif or
any other apical determinants, and this would be the first evidence of such an

interaction.

Second, Src42 mutants have increased non-uniformity of apical cell size. The wildtype
apical cell surface fields generally have less variability (Fig. 3.9C) than those of Src42,

and interestingly, the largest cell surfaces in Src42 coincide with the weakest levels of
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Kune (Fig. 4.3C). This phenomenon is not seen in the Verm channel, indicating it is
specific to cell junctions. Finally, SJ levels are greatly reduced in the tube cross-sections
(Fig. 4.3C’) such that they appear to be condensed into spots around the tube surface

rather than protruding radially (compare to Fig. 3.9C’). Taken together, these results

w[1118] Src42[26-1]

Fig. 4.2: Src42 mutants disrupt Uif. Representative confocal slices in (A-C) w1118 (n=9 tubes) and (D-F)
Src42[26-1] (n=6 tubes). Although there is some variability in signal intensity, Uif nonetheless
encompasses the entire trachea in wildtype embryos (A,A"), whereas in Src42 mutant, the outline of the
DT is compromised due to the dissociation of Uif from the apical surface (D,D’), resulting in failure to
further process this data. Additionally, the strong SJ staining in wildtype (B,B’) is disrupted in Src42 (E,E'),

but apical cell surfaces remain discernable. (C,C',F,F’) Merged images of each genotype.
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Fig. 4.3: Representative unrolled tube data for Src42[26-1] (n=9 tubes). (A) Partial max projection of the
DT. (B) Unrolled Verm channel at R=-1. (C) Unrolled Kune channel at R=+1. (D) Merge. (B'-D’)

Representative cross-sectional (Y-Z) slices of the confocal images of their respective channels.
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suggest a novel interaction of Src42 with SJ components which may also correlate to

disruption of apical polarity factors. This possibility will be further discussed in Chapter

Analysis of early stage tracheae in Src42 mutants shows unusual cell apical

surface profiles

In addition to quantifying Src42%' embryos at stage 16, | measured these mutants at
stage 14 to determine the origins of their mutant phenotypes. Src42 mutant tubes
remain roughly the same length throughout development (Fig. 4.4A) on the individual
segment level and nearly all of the increase in DT surface area (Fig. 4.4B) is due to radial

expansion (Fig. 4.4C) and not tube elongation.

Analysis of Src42 apical cell surfaces yielded further interesting observations. First, the
cell apical aspect ratio profile in stage 14 Src42 mutants appears to have a sinusoidal
periodicity of two tracheal segments as opposed to one in all other mutants and
wildtype (Fig. 4.4E, green line, which repeats in TC3-5; TC5-7; TC7-9). This periodicity

appears to be rectified to a single segment by stage 16 (Fig. 4.4E, blue line). The cause
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and biological significance for this difference in this particular mutant and
developmental stage is unclear. Second, the cell orientation defects in the posterior DT
where the sinusoidal pattern is disrupted (Fig. 4.1F) are not yet present at the early stage
in Src42 mutants: the cell orientation profile is regularly sinusoidal (Fig. 4.4F, green line)
except perhaps in the posterior-most DT segment. It is possible that disruption of cell
orientation occurs in a wave beginning at the posterior, which coincides with the largest
eventual increase in tube diameter. As Src42 is not known to directly regulate A-P
patterning, one possible explanation is that the increase in tube diameter and/or surface
area transiently causes misalignment of cells in Src42 mutants due to changes in the

underlying aECM (see main text).
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Fig. 4.4: Src42 tube and cell measurements at stages 14 and 16. (n=6 tubes each). DT measurements of
(A) segment length, (B) segment surface area, and (C) cross-sectional area relative to the A-P position on
the tube axis. Apical cell surfaces were measured for their (D) surface area, (E) aspect ratio, and (F)

orientations.
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Introduction to dDAAM

DAAM (Dishevelled-associated activator of morphogenesis) is a diaphanous-related
formin known to interact with Src in mammals (Aspenstrom et al., 2006). In flies, dDAAM
maintains taenidial folds and actin ring formation in the trachea (Ozturk-Colak et al.,
2016), and like Src42, appears to act downstream of or in parallel to other tracheal size

control pathways (Nelson et al., 2012).

This study was performed with two dDAAM alleles. ADAAM®4¢ is a loss of function allele,
resulting in shorter than normal actin cables that are cross-linked rather than parallel
and causing the tracheae in these mutants to collapse (Matusek et al., 2006). dDAAM
was made by my colleague in the lab, James Kwon, involving a 2-amino acid substitution
in the actin binding domain of an otherwise wildtype allele that resulted in collapsed
actin ring formation. As the effects of either allele on tube and cell measurements (Fig.
4.5) and unrolled images (Fig. 4.6) are consistent, they will be described together simply

as dDAAM.
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dDAAM likely functions in parallel to Src42

As shown previously (Nelson et al., 2012), dDAAM mutants are shorter than their
wildtype counterparts (Fig. 4.5A), though they appear to compensate for the reduced
axial length by increasing the tube radius, resulting in a total surface area that is
indistinguishable from wildtype (Fig. 4.5B,C). Thus, both Src42 and dDAAM fall under
the category of mutations that impact both tube length and diameter along with many
SJ moments, the importance of which will be discussed in Chapter 5. Though it is a
plausible hypothesis that tube surface area may also be independently regulated and
preserved to maintain proper levels of nutrient and waste exchange, it is also possible
that the consistency of surface area in dDAAM mutants is a coincidental byproduct of

length and diameter change.

Unlike in Src42, dDAAM cell properties are mostly consistent with those of wildtype
cells, with dDAAM®8 cell size values being slightly smaller than in dDAAM (Fig. 4.5D)
due to greater inconsistency of Kune levels resulting in bias toward smaller cells (Fig.
4.6G, red arrowheads). More interestingly, the sinusoidal patterns observed in cell
properties persist in dDAAM mutants for apical cell size (Fig. 4.5E) and orientation (Fig.

4.5F). The latter is particularly noteworthy, as Src42 cell orientations lose their sinusoidal
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pattern in the posterior half of the DT (Fig. 4.1F). These results imply that dDAAM does
not fully function downstream of Src42, but more likely functions in parallel to it.
Furthermore, given that the relative axial locations of the peaks and troughs remain
constant and with a periodicity of a DT metamere, it is reasonable to assume that there
are segmental boundaries that restrict cell geometries, with one likely candidate being

the fusion cell region.
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Fig. 4.5: dDAAM tube and cell measurements (n=6 tubes for each genotype). DT measurements of (A)

segment length, (B) segment surface area, and (C) cross-sectional area relative to the A-P position on the

tube axis. Apical cell surfaces were measured for their (D) surface area, (E) aspect ratio, and (F)

orientations. Due to disruption of Verm staining in these mutants, data posterior of DT7 are not available.
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Fig. 4.6 (on previous page): Representative unrolled tube data for dDAAM mutant alleles (A-D) IK and
(E-H) ex68 (n=4 tubes for each genotype; additional datasets are available but not analyzed). (A,E) Partial
max projection of the DT. (B,F) Unrolled Verm channel at R=-1. (C,G) Unrolled Kune channel at R=+1.
Red arrowheads in (G) denote regions of blurred Kune, which disrupts attempts at cell segmentation.
(D,H) Merge. (B'-D',F'-H’) Representative cross-sectional (Y-Z) slices of the confocal images of their

respective channels.

The lumen disconnects from the apical surface in posterior dDAAM tubes

The lumen of the DT appears to pull away from the apical surface in the posterior DT of
dDAAM mutants (Fig 4.7A,D), resulting in poor apical cell segmentation DT7-10 (cell
recovery <40% in this region). Notably, Src42 mutants have a similar though much
weaker effect that predominantly occurs in DT10 only, which does not interfere with cell
quantification. Although most of the available dDAAM data were obtained from anterior
of DT7, | was able to “segment” one dataset of dDAAM that contained the full DT by
manual correction of Verm. Plotting this particular posterior dataset (TC4-10)
individually against other anterior datasets (TC1-7) does not cause any disagreements
where they overlap (TC4-7) (data not shown), supporting the validity of these

measurements. This dataset proved valuable as it not only allowed direct comparison of



80

QuBIT results to previously published work that only measured metamere 8 (Nelson et

al., 2012), but revealed additional unique characteristics of dDAAM mutants.

As with the entire DT, metamere 8 alone is also shorter in dDAAM than in wildtype. This
result is in agreement with QuBiT measurements on a single tube of dDAAM (data not
shown). Interestingly, although apical surface area and aspect ratio remained
comparable to wildtype throughout the entire DT (Fig. 4.7D,E) and cell angles were well
matched to wildtype in DT1-7, posterior (DT7-10) apical cell surfaces were oriented
more orthogonally to the tube axis and the sinusoidal pattern was disrupted (Fig. 4.7F),
reflecting the results seen in the posterior segments of Src42 mutants. These results
suggest that dDAAM mutants, and to a lesser degree, Src42 mutants, have a greater
disrupting effect on posterior patterning of the DT. Given that there is no clear boundary
of effect and that dDAAM and Src42 are not known to be involved in anterior-posterior
segmental patterning, it is more likely that the mutants themselves are not directly
responsible for this phenomenon, but the way they physically influence or change tube
architecture and/or lumen characteristics causes the lumen to retract when the diameter
of the tube becomes too large. Thus, it is likely that IDAAM and Src42 do not directly
specify tube parameters such as length or diameter but alter the physical forces and/or

constraints that establish proper tube organization.
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Fig. 4.7: The lumen dissociates from the apical surface in posterior of dDAAM mutants. Representative
confocal slices in (A-C) w1118 (n=9 tubes) and (D-F) dDAAM IK] (n=1 tube; n=19 cells per segment
resulting in 68% cell recovery). (A’-F') Orthogonal cross-sections. (A,D) Verm staining. The detachment of
the lumen from the apical surface in dDAAM IK] is denoted by red arrowheads in (D,D’), while the (B,E)
SJ marker remains unaffected. Despite this limitation, manual segmentation of this particular dataset
yielded quantifiable results for apical cell surfaces, which were measured by (G) surface area, (H) aspect

ratio, and (l) orientations and plotted against the average results for w'.
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Chapter 5: Src42 as a central regulator: FoxO and the Na*/K*

ATPase

The work described in this chapter provides evidence that Src42 may have a more
centralized role in tube size control through its interactions with many distinct pathways,
including the transcription factor family, FoxO, and a septate junction component, the
Na*/K* ATPase. Y.-J. Kwon created the double mutant lines used in this work and
collected most of the confocal data. The remaining confocal data, image processing,

and data analysis were done by me.

Only the ATPa data in Figs. 5.5 and 5.6 have been published in: Yang, Li, Kwon, Mani,
and Beitel. Development 2019 146: dev172759 doi: 10.1242/dev.172759. All work
pertaining to FoxO and Nrv2 has been included here for a more thorough analysis and

are in consideration for publication in the near future.
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Introduction to FoxO

Forkhead-O (FoxO) is a subfamily of Forkhead transcription factors that is well-known
to induce apoptosis in response to stress (Burgering and Kops, 2002; Kayal et al., 2010;
Lu et al., 2013; Martins et al., 2016; Yamamura et al., 2006), but more recent work
suggests FoxO has additional roles in the regulation of tube development.
Overactivation of FoxO in mouse embryos is known to cause neural tube defects due to
excessive apoptosis (Yang et al., 2013) as well as stimulate angiogenesis by activation
of VEGF (Yoo and Kwon, 2013). The only FoxO ortholog in flies, dFoxO is known to be
a direct activator of Yan, which regulates tracheal sprouting, similar to angiogenesis

(Roukens et al., 2010).

FoxO has a high degree of conservation in mammals and flies in terms of both its
functions and pathways. Notably, a small body of literature suggests FoxO acts in a
conserved pathway with Src, which is known to regulate tube size (Chapter 4). Mouse
fibroblasts treated with a Src-family-specific inhibitor leads to increased nuclear
localization and activation of FoxO, suggesting FoxO acts downstream of Src. Likewise,

in larval fatbodies of flies, Src42 loss-of-function mutations permit dFoxO localization to
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the nucleus, where transcription of downstream targets of dFoxO is induced. The
reverse is also true: ectopic activation of Src42 in the larval fatbody decreases nuclear
dFoxO levels (Bulow et al., 2014). It is possible that Src42 may indirectly regulate dFoxO
via derepression of Ras-activated Cnk (Laberge et al., 2005), which has previously been
shown to directly phosphorylate FoxO in mammalian cell culture (Fritz et al., 2010).

However, the connection between Src and FoxO remains largely uncertain.

As the mechanism by which Src42 regulates tube size is unknown, FoxO is an attractive
potential transcriptional mechanism by which Src42 could perform its tube size control.
To test the link between Src42 and FoxO, | processed both FoxO mutant and

FoxO,Src42 double mutant data using QuBiT.

FoxO controls tube length but not cell parameters

FoxO mutants are slightly shorter than wildtype (Fig. 5.1A), with slightly reduced overall
surface area (Fig. 5.1B) and minimal changes to tube diameter (Fig. 5.1C). As expected,
FoxO mutant cells are smaller than their wildtype counterparts (Fig. 5.1D) such that the

total tube surface area is in agreement with the cell apical surface area multiplied by the
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Fig. 5.1: FoxO tube and cell measurements. (n=6 tubes for each genotype). DT measurements of (A)

segment length, (B) segment surface area, and (C) cross-sectional area relative to the A-P position on the

tube axis. Apical cell surfaces were measured for their (D) surface area, (E) aspect ratio, and (F)

orientations.

cell count. However, both cell apical aspect ratio and orientation parameters are nearly

identical to wildtype (Fig. 5.1E,F), the latter of which will become important when

comparing to Src42 below. Unrolling a FoxO tube results in similar cell characteristics

to wildtype images (compare Fig. 5.2C,D to Fig. 3.9C,D). These data suggest that FoxO
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Fig. 5.2: Representative unrolled tube data for FoxO (n=3 tubes; additional datasets are available but not
analyzed). (A) Partial max projection of the DT. (B) Unrolled Uif channel at R=-1. (C) Unrolled Kune channel
at R=+1. (D) Merge. (B’-D’) Representative cross-sectional (Y-Z) slices of the confocal images of their

respective channels.

does not contribute to tracheal cell shapes, but it is likely that the mechanism by which
FoxO regulates tube length results in a proportional downscaling of the apical cell

surface.
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Src42 functions downstream or in parallel of FoxO to regulate growth

| analyzed FoxO,Src42 double mutants to determine the epistatic interaction between
FoxO and Src42 in tracheal size control. As FoxO is previously known to be downstream
of Src42, the double mutant is expected to have FoxO characteristics. However, this
does not appear to be the case in the fly trachea for the quantified parameters in this
study. The double mutant has a tube length that is intermediate of either mutant alone
(p < 1073) (Fig. 5.3A) and appears to exacerbate the increase in tube diameter of Src42
mutants (Fig. 5.3C). FoxO,Src42 double mutants also have increased apical cell surface
areas, particularly between TC4 and TC6, compared to either mutant alone (Fig. 5.3D)
though the reason for the localization of this effect is unclear. However, the most striking
evidence is seen in apical cell orientations: FoxO,Src42 cell orientations are highly
reminiscent of those of the Src42 mutant alone (p = 0.14 compared to Src42; p < 10%°
compared to FoxO), with posterior dampening of the sinusoidal trajectory and increase
in cell angle (Fig. 5.3F). Interestingly, while unrolled tubes of the Src42 mutant showed
weak but consistent variability of the Kune marker in the posterior DT (Fig. 4.3C), the
Kune marker in FoxO,Src42 double mutants was uniform (Fig. 5.4C). Additionally, the
posterior lumen of the double mutants appears to retract from the apical surface (data

not shown), similar to the effect seen in Src42 and, more strongly, in dDAAM. These
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data support the hypothesis that Src42 may control tube architecture and/or lumenal

characteristics, through the FoxO pathway, but in contrast to previously established

epistatic relation, these data suggest that Src42 is likely to function downstream or in

parallel of FoxO in tracheal size control.
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Fig. 5.3: FoxO,Src42 double mutant tube and cell measurements. (n=7 tubes). DT measurements of (A)

segment length, (B) segment surface area, and (C) cross-sectional area relative to the A-P position on the

tube axis. Apical cell surfaces were measured for their (D) surface area, (E) aspect ratio, and (F)

orientations.
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Fig. 5.4: Representative unrolled tube data for FoxO/Src42 (n=4 tubes; additional datasets are available
but not analyzed). (A) Partial max projection of the DT. (B) Unrolled Uif channel at R=-1. (C) Unrolled Kune
channel at R=+1. (D) Merge. (B'-D’) Representative cross-sectional (Y-Z) slices of the confocal images of

their respective channels.
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Introduction to the Na*/K* ATPase

The Na*/K* ATPase is presented in many textbooks as a membrane-bound ion
transporter that establishes electrochemical gradients that are essential to many
biological processes (reviewed in (Skou and Esmann, 1992)). However, many recent
studies have focused on its non-pumping functions, most notably the role of the ATPase
alpha subunit in signal transduction via its interactions with Src in mammalian systems
and cell cultures (reviewed in (Cui and Xie, 2017)), as evidenced by a 20-amino acid
sequence on the ATPase that directly binds and inhibits the Src kinase domain and
functions independently of the transporter (Lai et al., 2013). This “ATPase-Src receptor”
is speculated to regulate Src-dependent GPCRs, with downstream effects on tubular

systems such as kidney development (Dvela-Levitt et al., 2015; Li et al., 2011).

In Drosophila, the Na*/K* ATPase has a non-pumping function in septate junction (SJ)
formation (Paul et al., 2007) and a redundant role in apical/basal polarity (Laprise et al.,
2010). Mutations in the alpha subunit of the ATPase (ATPa), along with other SJ
components including Yurt, Coracle, and Neurexin-IV, restrict tracheal size through
inhibition of Crumbs (Laprise et al., 2010). The ATPase beta subunit, which is essential

for membrane targeting as well as overall functionality of the ATPase, appears to be just



91

as important for regulating tube development. In flies, mutations in the beta subunit
(Nrv2) have also been reported to result in overelongated tracheae (Paul and Beitel,

2003; Paul et al., 2003).

The ATPa mutant disrupts localization of the apical marker Uif

| examined a previously uncharacterized CRISPR mutation in the Na*/K* ATPase a-
subunit, developed by my colleague in the lab, James Kwon. This new allele, ATPa!N,
results from a frame-shift mutation in the exon encoding the long isoform of ATPa,
which is thought to contain the SJ activity (Paul et al., 2007). Confirming this hypothesis,
SJs are disrupted in the ATPaN™ homozygotes, as evidenced by reduced Kune levels
and failure of Kune to localize to the apical region of the lateral membrane (Fig. 5.6C,C’).
As expected for a SJ mutation, ATPaN® increases tracheal tube length up to 30% (p <
0.01, Fig. 5.5A), resulting in the tubes buckling and following a convoluted path
between transverse connectives (Fig. 5.6A). Tube cross sectional area is generally
increased compared to WT (p = 0.01), but the diameter at fusion cells is not increased,
conferring a saw-tooth-like appearance to the cross-sectional area graph (Fig. 5.5C) that
would be expected from the sausage-link appearance of many SJ mutant trachea,

including ATPa and wurst (Paul and Beitel, 2003).
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Fig. 5.5: ATPa tube data (n=6 tubes). DT measurements of (A) segment length, (B) segment surface area,
and (C) cross-sectional area relative to the A-P position on the tube axis. Apical cell surfaces were
measured for their (D) surface area, (E) aspect ratio, and (F) orientations. Due to disruption of septate

junctions in these mutants, cell data is not available.

Unrolling of ATPa*NF> mutant tubes reveals effects of Na*/K* ATPase mutations that had
not been previously observed. Uif staining in ATPa"* mutants was markedly different
than in WT: whereas in WT there are occasional areas where Uif is locally reduced, Uif-
deficient regions in ATPaN® mutants were larger and more frequent (Fig. 5.6B).
Interestingly, these regions correspond to the surfaces of the trachea that are furthest
away from the outer epidermis of the embryo and were notably confined to regions
between the brighter Uif bands. The disruption of the apical surface marker Uif in an

ATPa single mutant extends our previous results regarding the role of the Na*/K*
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Fig. 5.6: Representative unrolled tube data for ATPa[LNFS] (n=6 tubes). (A) Partial max projection of the
DT. (B) Unrolled Uif channel at R=-1. (C) Unrolled Kune channel at R=+1. (D) Merge. (B'-D’) Representative

cross-sectional (Y-Z) slices of the confocal images of their respective channels.

ATPase in polarity (Laprise et al., 2009), and suggests that the polarity function of the
Na*/K* ATPase is not entirely redundant with that of Yurt. These findings also further
illustrate that the tube unrolling function of QuBiIT, a function not available in general

epithelial analysis packages, can help identify patterns not readily evident from
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conventional confocal slices or 3D projections and can function independently of 3D

quantification modules.

Nrv2 tubes appear equally convoluted as ATPa tubes, but are much shorter

The ATPase beta subunit mutant predictably appears similar to the alpha subunit
(compare Fig. 5.6A to 5.8A), but my quantitation results using QuBiT show a key
difference. Although both ATPa and Nrv2 mutant tracheae appear convoluted and long,
only the Nrv2 mutant has shorter DT length than wildtype (Fig. 5.7A), in direct contrast
to previous results (Paul et al., 2003). However, it should be noted that these DT lengths
were not normalized to embryo length, which may result in similar DT:embryo ratios.
Nevertheless, in accordance with reduced DT length, DT surface area in Nrv2 mutants
is also reduced to near wildtype levels (Fig. 5.7B). However, the cross-sectional area
profile of Nrv2 remains strikingly similar to that of ATPa, with both the same periodicity
that is absent in wildtype and a similar numerical difference of approximately 25%
increase in area (Fig. 5.7C). Unrolling Nrv2 mutants yielded similar results as ATPa
mutants, including loss of Uif in bands running parallel to the tube axis (Fig. 5.8B) and
weak septate junction marker signals (Fig. 5.8C) that interfered with quantifying apical

cell parameters.
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Fig. 5.7: Nrv2 tube data (n=6 tubes). DT measurements of (A) segment length, (B) segment surface area,
and (C) cross-sectional area relative to the A-P position on the tube axis. Apical cell surfaces were
measured for their (D) surface area, (E) aspect ratio, and (F) orientations. Due to disruption of septate

junctions in these mutants, cell data is not available.

These results have several implications. First, since both ATPa and Nrv2 appear to have
equally convoluted DTs, but only ATPa tubes are longer than wildtype, it is likely that
tube length and tube shape (as determined by tortuosity) are not linked parameters.
Second, the periodic nature of the cross-sectional area in both alpha and beta subunit
mutants where the troughs coincide with fusion cell boundaries suggest fusion cells
either play an important role in maintaining proper tube size or are simply inflexible
structures that locally confine the shape and position of the DT. Finally, the difference
in tube length suggests that the alpha and beta subunits of the Na*/K* ATPase have

differential roles in regulating tube and/or embryo size. As it is known that tube length
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and diameter are two separately controlled parameters in the DT, it is possible that the

alpha subunit behaves similarly to other known SJ components to control both length

and diameter, while the downstream effectors of the beta subunit are likely to be other
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Fig. 5.8: Representative unrolled tube data for Nrv2[2.1] (n=6 tubes). (A) Partial max projection of the DT.

(B) Unrolled Uif channel at R=-1. (C) Unrolled Kune channel at R=+1. (D) Merge. (B’-D’) Representative

cross-sectional (Y-Z) slices of the confocal images of their respective channels.
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targets, such as chitin production, that only impact tube diameter but not length. This
possibility aligns with the alpha subunit’s known direct interaction in other organisms

with Src42, which also modifies both tube length and diameter (Chapter 4).

Analysis of cells in the Nrv2,Src42 double mutant suggests Src42 is downstream

of Nrv2

Like for FoxO,Src42, | analyzed Nrv2,Src42 double mutants to determine the epistatic
interaction between Nrv2 and Src42 in tracheal size control. DT length in the double
mutant appears to be an intermediate of either mutant alone, although it is more
consistent with that of Src42 (p = 0.035 compared to Src42; p < 0.01 compared to Nrv2)
(Fig. 5.9A). Additionally, the double mutant much more closely resembles Src42 in terms
of both tube surface area (p = 0.45) (Fig. 5.9B) and cross-sectional area (p = 0.08) (Fig.

5.9C), which provides compelling evidence that Src42 functions downstream of Nrv2.
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Fig. 5.9: Nrv2,Src42 tube measurements (n=8 tubes for Nrv2,Src42 and n=6 for others). DT measurements

of (A) segment length, (B) segment surface area, and (C) cross-sectional area relative to the A-P position

on the tube axis.

Although cells were difficult to recover in septate junction mutants such as Nrv2, | was
able to segment a small amount of cells (20% recovery) from 6 Nrv2 mutant tubes and
8 Nrv2,Src42 double mutants. Anterior cells generally sesgmented worse than posterior
cells due to the narrower tube magnifying any defects in the Kune marker. Despite the
increased variation in apical surface area (Fig. 5.10A), the cell apical aspect ratio of
Nrv2,Src42 mutants consistently showed disruption of the aforementioned A-P
sinusoidal pattern and were elevated to Src42 single mutant levels (Fig. 5.10B). Likewise,
while Nrv2 cell angles were generally larger than those of wildtype (data not shown),

the Nrv2,Src42 cell angles were larger still, coinciding with Src42 single mutants (Fig.
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5.10C). Although the data are not conclusive, preliminary Nrv2,Src42 double mutant
data are in agreement that Src42 is a central regulator of tube size and that Src42

functions downstream of Nrv2 and potentially other SJ components.
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Fig. 5.10: Preliminary Nrv2,Src42 cell measurements. (n=8 tubes for Nrv2,Src42; n=6 tubes for others).

Apical cell surfaces were measured for their (A) surface area, (B) aspect ratio, and (C) orientations. Due to

disruption of septate junctions, the cell recovery counts in Nrv2 and Nrv2,Src42 were low (approximately

20% of all cells compared to 75% recovery in Src42).
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Chapter 6: Discussion

| developed a Matlab-based computational program called QuBiT specifically targeted
at measuring various physical properties of biological tubes. To demonstrate the
functionality of QuBIT, | validated previously reported results in wildtype and Src42
tracheae, the only two conditions where this data were available. Analysis of the fly
trachea using QuBIT also revealed many unexpected findings, including cell parameter
gradients that oscillate with tracheal-segment periodicity, non-uniform and cell-
autonomous localization of an apical signaling molecule, and further evidence of cell
rearrangement during tracheal elongation. While many of these findings and their
implications have been discussed above, this chapter includes some of the more

speculative tube size control mechanisms that have arisen from this work.
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Fusion cells restrict cell geometries and tube shape

Fusion cells appear to be regulated by a mechanism distinct from tube length and
diameter control. This is evidenced by mutations where the rest of the DT expands in
diameter, but the fusion regions do not, resulting in bulgy tubes that appear to be
pinned down at fusion regions (Fig. 3.2). As the fusion cell regions are very close to DB
and TC branch points, it is possible that these branches, which extend into surrounding
tissues that are not disrupted by bulgy trachea mutants, anchor the DT in precise
locations, perhaps even by anchoring fusion cells. However, if this anchoring theory
were true, it would be very likely for cells intersecting the branch to adopt regular
shapes, which is not the case, at least at the apical surface (Fig. 3.9B). This has

implications on the geometries of its neighboring cells as well as the tube architecture.

Uif is an apical component whose localization also relies on D-V patterning

Tube unrolling at the apical surface revealed a non-uniform banding pattern of the apical
transmembrane protein Uif (Fig 3.9B), which was increasingly disrupted in both Src42

(Fig. 4.2) and Na*/K* ATPase mutants (5.6B, and 5.8B). Overlaying the Uif on a septate
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junction marker, Kune, revealed that these bands were not simply an artifact of the
unrolling algorithm, an observation confirmed in the raw orthogonal slice views of the
corresponding image stacks. Interestingly, the bands of increased Uif did not necessarily
coincide with individual cells, as would be expected if certain cells stochastically
produced greater or lesser amounts of Uif (Fig. 3.9D, insets). Additionally, the elevated
Uif bands were not randomly located: they were aligned with the DB and TC exits (Fig.
6.1). Bands of increased Uif are visible in the unrolled images of the hindgut (Fig. A.1B
and B’, yellow arrowheads) and do not coincide with the other visualized cellular
landmark, the boundary cell region, which further supports apical Uif localization being

both cell-autonomous and externally regulated.

As Uif levels remain constant along the A-P axis, it is likely that Uif localization is either
regulated by the branch intersections themselves or by external proximal-distal polarity
signals, two unprecedented hypotheses. However, there is no previously documented
mechanism to describe branch points creating bands of elevated signal in a line between
adjacent nodes, and it is unlikely that branches alone are sufficient to perform this
function when even the local cell shapes appear largely unaffected. Given that the
missing Uif bands are consistently occur on the proximal side of the DT, it is likely that

proximal-distal polarity regulates Uif through an unknown mechanism. However, a more



103

Outer
epidermis

'] I
J " *—___ Weak distal
Weak / Y band
Te proximal band
Relative
Uif intensity

Src42 mutants
ATPase mutants

\ Missing A7
proximal band

Fig. 6.1: Schematic of Uif banding in the DT. Purple rings denote Uif intensity on the apical surface. (A)

Strong bands of Uif coincide with DB and TC branch points in wildtype embryos, whereas (B) only one of
the background bands of Uif is missing in both ATPase and Src42 mutants. The directionality of the
missing Uif bands in ATPase and Src42 mutants suggests that the transmembrane apical marker is
regulated by proximal-distal patterning in a cell-autonomous manner. Up-down is dorsal-ventral; front-

back is anterior-posterior.
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complex hypothesis is required to account for the weak distal bands that are present in
wildtype embryos and unaffected in ATPase and Src42 mutants (Fig. 6.1). While these
data have illuminated a phenomenon that has not previously been recognized, further

study is required to understand the mechanisms of its origin.

Apical cell surfaces are transiently reshaped due to the flow of the aECM / Tube

expansion correlates with cell rearrangement

The simple expansion model (Fig. 3.3-3.4) of the DT showed that inflation of the tube
without changing any other parameters was sufficient to predict the observed apical cell
shape changes as determined by the quantifiable parameters of size, aspect ratio, and
orientation (Fig. 3.5). Since the simple expansion model requires no cell migration
and/or rearrangement, it was surprising when analysis by QuBiT found changes in the
number of cells per cross-section from pre- to post-inflation, which can only be
explained by cell rearrangement (Fig. 3.8). Additionally, since these cells retained the
same shape parameters as predicted by simple expansion, at first glance it would seem

that rearrangement is “extra” work for the tracheal system with little benefit.
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In accordance with the minimum total potential energy principle, it would follow that
this “extra” energy from cell movement must either be beneficial over stationary cells
or be a result of a response to external forces. One possible explanation that supports
the latter conjecture is that tracheal cells respond to the flow of the viscoelastic aECM
during inflation, resulting in slightly different arrangements simply due to the
lengthening of the tube. It would also imply a degree of inertia: cells prefer to retain
their shapes and instead can be rearranged similar to floor tiling or bricks on a wall, in
which various patterns of tiles yield the same overall result (conceptualized in Fig. 6.2).
This idea is also in line with the relative absence of axial forces on DT cells, where cells
appear to simply “sit” on the tube surface (Affolter and Caussinus, 2008). To further
develop this idea of cell shapes transiently adhering to aECM flows to minimize energy,
additional data on cell rearrangements in chitin mutants Serp and Verm are necessary,

as well as live imaging to definitively show cell rearrangement occurs.

Src42 as a central regulator of tube size

Analysis using QuBIT has provided evidence of Src42 as a central regulator of tube size,

but both its molecular signaling and/or force mechanisms of this regulatory function



106

Fig. 6.2: Concept: Various arrangements of a set of building blocks can result in the same macroscopic
structure. The same simple rectangular block models a cell surface in all diagrams. (A,B) Two different
“cell” arrangements. While size, aspect ratio, and average orientation of these “cells” remain constant,
the number of cells per cross-section changes, reflecting a difference in cellular arrangement. (A’,B") A
sheet of each pattern can be folded into a cylinder to model the DT while the relative cell parameters

remain unchanged.

remain largely unexplored. Due to its known interactions with other highly conserved
pathways, including FoxO and the Na*/K* ATPase in other organisms, it is conceivable
that its tube size regulation function is also conserved. Interestingly, while FoxO has

been shown to regulate tube length, no previous studies have suggested that it follows
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known tube length control mechanisms such as apical expansion or matrix modification,
suggesting that FoxO, and by extension, Src42, has additional unknown means of

regulating tube size.
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Fig. 6.3: Molecular pathways and mechanisms of tube size control. Src42 may have a more centralized
role in tube size control given its many potential interactions with other known tube size control factors

and functions. The primary contributions to the network from this study are darkened.
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Significance and future directions

This work has highlighted important interactions between Src42 and FoxO and the
Na*/K* ATPase, which all have highly conserved roles in development. Src42 has only
briefly and indirectly been suggested as a distant regulator of FoxO and has no prior
known interaction with the ATPase to regulate tube size, which is also a testament to
the utility of QuBiT to uncover novel molecular interactions. As the mechanisms that
facilitate the Src42—FoxO and Src42—ATPase interactions are still under investigation,
it would be useful to dissect the functional domains of each of these proteins and
quantify their effects, as well as determine the intermediate pathway(s) by which they
act. Additionally, as Src42 functions downstream of the Na*/K* ATPase, it is likely that
Src42 is epistatic to many other SJ components, and would be a logical intermediate to,
for example, the Sinuous/Kune—Serp/Verm pathway. If this is the case, the specificity
of Src42 actions in response to its upstream interaction partners would need to be

explored.

Another unusual molecular interaction in tube size control involves Crumbs, an apical
polarity determinant that has been shown to cause tube elongation despite being

internally localized to Vps32 retromers at embryonic stages (Dong et al., 2014) and
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Vps35 retromers at larval stages (Skouloudaki et al., 2019) in flies. The consistency in
these observations has raised questions about the mechanism by which Crb influences
tube size. The unrolling module of QuBIT offers the extensibility to model conical tubes
as 3D planar cell sheets simply by stacking each unrolled image at increasing radii as a
traditional image stack. When paired with live imaging data, this would be a tremendous
asset in understanding the function of Crb by tracking its movement to and from the
apical surface. As Crb also has many highly conserved functions in other species, it is
likely that the findings will assist in understanding the conserved mechanisms of Crb or
highlight key differences in which this apical component functions differently from

others, as hinted by the differential localization of Uif and Crb in the fly hindgut.

The aforementioned results and future prospects would not have been possible without
QuBIT. As the field of computational biology grows to address questions that neither
computer science nor biology alone can answer, it is important that our computational
tools remain extensible and adaptable. As QuBiIT itself does not make any assumptions
such as the size, shape, or network of the tubular system it is working on, it can easily
be adapted for use in other fields, such as the more complex vascular systems in
mammals, which greatly benefits future work involving highly conserved proteins that

will be investigated in different model systems.



110

In addition to cellular level analysis, QuBiT also has the potential to aid in understanding
of tissue level and higher order mechanics. Further improvements on computational
modeling, including models of individual cell surfaces and their response to changing
aECM parameters such as flow and molecular composition, can help to improve our
broad understanding of the biomechanical forces that shape each organ. Integration of
mechanical forces at these different levels will undoubtedly be essential to translating
the effects of signaling molecules to physical forces, which has been poorly understood.
An exciting possibility far into the future would be to reverse engineer the biochemical
and biophysical conditions of a diseased organ based on observations of the altered
characteristics, which would be a tremendous aid to understanding and preventing

diseases and pose new biomechanical questions for further study.
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Appendix

Validation of QuBiT functions and methods in other tubular systems: the

hindgut and salivary gland

To demonstrate that QuBiT can analyze tubes of different sizes, shapes, and
architectures, | examined the Drosophila embryonic stage 16 hindgut (partial max
projection in Fig. A.1A; 3D reconstruction in Fig. A.1A"), which consists of a monolayer
of cells like the trachea but can have a larger diameter (up to 14 Im and 18 cells per
cross-section vs 5 @m and 4 cells respectively). As with the trachea, | observed banding
of Uif (Fig. A.1B, yellow arrowheads), which is also visible in the tube cross-ection (Fig.
A.1B’, yellow arrowheads). However, unlike the trachea, the intensity of the banding
varied strongly along the tube length. In addition to the banding, the unrolled projection
revealed two narrow stripes of missing Uif (white arrowheads in Fig. A.1B-D) that
coincide with boundary cells (red boxes in Fig. A.1B-D, A.1D inset). The absence of Uif
in boundary cells is unexpected given that boundary cells show elevated levels of the

apical marker Crumbs (Kumichel and Knust, 2014). Thus, QuBiT can analyze both small
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Fig. A.1 (on previous page): Processing of other tubes in the fly embryo. (A-D) Wildtype hindgut (w'"®).
(A) Partial projection view. White arrowhead points to boundary cells, which span the length of the
hindgut. (A") 3D reconstruction. Apical cell surfaces are individually colored and slightly elevated to show
the underlying tube surface (translucent blue). (B) Unrolled Uif channel, repeated three times. Left is
anterior. Yellow arrowheads indicate bands of increased Uif. The red box encloses boundary cells and is
located in the same relative position in subsequent images. White arrowhead denotes boundary cells,
which are located in the same positions in C and D and coincide with the stripes of reduced Uif. (B)
Sample cross-section. Yellow arrowheads indicate regions of elevated Uif. (C,C") Unrolled Kune channel
and cross-section. (D,D’') Merged channels. Orange-framed inset shows a magnification of the boundary

1118)

cells that, unlike the adjoining cells, do not express Uif. (E-H) WT salivary gland (w'"*®). Color schemes are

the same as for the corresponding panels in A-D. (E) Partial projection view. (E') 3D reconstruction. (F-H)
Unrolled Uif (F), Kune (G), and merged channels (H), repeated three times for clarity. (F'-H) Corresponding

representative cross-sections.

and larger diameter tubes, and the use of QuBiT again revealed unexpected expression

patterns of an apical marker.

To test the ability of QuBIT to process low-quality data such as might be present in
mutant or diseased tissue, | analyzed the Drosophila salivary gland (partial max

projection in Fig. A.1E; 3D reconstruction in Fig. A.1E’). Uif staining of the salivary gland
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apical surface is more sparse and patchy (Fig. A.1F) than in the trachea, with significant
sections of the circumference nearing background levels of Uif (Fig. A.1F’, white
arrowheads), but QuBiT is nonetheless able to render the apical surface and junctions
(Fig. A.1G). Thus, QuBIT can process sub-optimal image data that either has poor or

incomplete signal.

Cell structures in the DT are similar to those seen in known cell rearrangement

paradigms

As an example of the post-processing compatibility of QuBiT, | mapped the unrolled
cells of wildtype tubes using a Voronoi diagram, which uses the centers of cells to create
cell boundaries and predict neighbors. Preliminary analysis of the Voronoi diagrams in
wildtype embryos revealed cell structures that resembled previously identified motifs:
rosettes and T1-T2-T3 transitions (Fig. A.2). Although it is uncertain whether these
motifs exist on a highly curved surface such as the trachea, it would nevertheless be in
agreement with cell rearrangement events that have been postulated to occur during

tracheal expansion.
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Voronoi Diagram
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Fig. A.2: Voronoi diagram of a w''"® unrolled embryo. Unlike the watershedding algorithm, a Voronoi
diagram uses straight lines to draw cell junctions, which results in nearly identical cell neighbors, but also
predicts higher order structures such as rosettes and T1-T2-T3 transitions. Examples in the sample

diagram are outlined in dark red and dark orange respectively.

Preliminary analyses of Crumbs in tube size control

Both this and previous work (Tepass et al., 1990; Laprise et al., 2006; Laprise et al., 2010;
Dong et al, 2014; Olivares-Castifieira and Llimargas, 2017) has suggested the

importance of Crumbs (Crb), an apical determinant and intracellular signaling molecule
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(Fig. A.3A), in regulating tracheal development. Increased expression of Crb is sufficient
to drive tracheal elongation and vice versa, though it is unclear why removal of Crb from
the apical cell domain to cytosolic vesicles results in an increase of apical surface area
(Fig. A.4). While Crb is proposed to have a mechanism of action via the Hippo network
(Fig. A.3B) (Ling et al., 2010; Chen et al., 2010; Ribiero et al., 2014; McSharry and Beitel,
2019), the functional domain(s) within Crb that confer its tube size control function have
not been explored and the intracellular localization necessary for Crb to carry out this

function are under dispute.

To test the functional domains and localization of Crb that are necessary to regulate
tube size, | created Crb constructs with modified protein domains (Fig. A.5). The original
“Crb-intra” construct that was shown to be sufficient to confer apical character and
rescue Crb loss-of-function mutants (Wodarz et al., 1995) was recreated and served as
the basis of the remaining constructs. To truly isolate the tube size function to the
intracellular domain (ICD), | created a true “Crb-intra” by removing the entire
extracellular domain (ECD) and replacing the transmembrane domain (TMD) with a
myristoylation tag. | also systematically substituted other domains, such as by replacing

the Crb TMD with a Sevenless (Sev) TMD and the Crb 3'UTR with that of a ubiquitous
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Fig. A.3: A basic overview of Crb and its potential target, the Hippo network, for regulating tube size. (A)
Most of the polarity function of Crb is in its short 37-amino acid intracellular domain, which contains
FERM- and PDZ-binding domains that interact with other known apical polarity factors including PARS,
aPKC, and Stardust (Sdt). (B) Although Crb localizes to the apical surface, its mechanism of action likely
requires signal transduction to the nucleus via the Hippo network, where it promotes transcription of

additional growth factors. Adapted from Thompson et al., 2013.

ribosomal protein, RpL29. Finally, | moved the ECD myc tag that was initially used to
track the Wodarz et al., 1995 Crb construct to the ICD to create distance between the

remaining Crb ICD and the apical cell surface.
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Fig. A.4: Mislocalization of Crb in the shrub mutant causes tube elongation. Despite Crb conferring apical
character, tube expansion occurs while Crb occupies vesicles in the cytosol. Removal of a single copy of
Crb is sufficient to restore the tracheal length defect of the shrub mutant, suggesting shrub and Crb

function in the same pathway. From Dong et al., 2014.

Preliminary analysis of these Crb constructs driven in the trachea show that most of them
increase tube length as expected (Fig. A.5B), suggesting that the TMD, myc tag
location, and the 3'UTR did not affect the tube size control function of Crb. The outlier
was the myristoylated Crb ICD, which had no significant effect compared to the trachea-
specific driver alone. As | had no traceable marker for this construct, | was unable to
verify whether myr-Crb localized to the apical surface. Additional constructs were
created with myc-tagged myr-Crb, but they were not analyzed. Quantification of tube
cross-sections (Fig. A.6) showed that all of the Crb constructs, including myr-Crb, had

similar area and perimeter profiles along the tube axis. These results are in agreement
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Fig. A.5: Crb constructs and tube length measurements (n = 6 tubes each except for shrub, where n = 3
tubes). (A) The reconstruction of “Crb-intra” used in (Wodarz et al., 1995) was used as the basis for the

remaining constructs. Various domains of Crb were systematically replaced to isolate the source of its

tube length regulation. A myristoylation tagged Crb ICD represents the “true” Crb-intra. ECD

extracellular domain; TMD = transmembrane domain; ICD = intracellular domain; myc = myc tag; myr
myristoylation tag. (B) Preliminary measurements of DT length normalized to whole embryo length. The
trachea-specific driver breathless (btl) alone is slightly longer than wildtype. All comparisons were done

relative to the btl driver. * = p<0.05; *** = p<10°3.
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Fig. A.6: Crb tube cross-section measurements. 40 equally spaced cross-sections along the length of the
DT were used. Average values for each construct were plotted and lines of best fit were overlaid. As for

tube length, the cross-sectional areas and circumferences of most Crb constructs were similar.

with other work that the Crb ICD plays an important role in tube size control, and
additional work is required to dissect the signaling domain(s) and their downstream

components and mechanisms that allow Crb to perform its tube size control function.
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Laser ablation experiments suggest the trachea is under tension during early

development, but not as the tube grows

In order to understand the mechanical forces that present on the trachea that may
enforce and/or restrict tube and cell geometries, | performed laser ablation experiments
on stage 14 and 16 wildtype tubes and measured the retraction of severed tracheal
segments and their neighbors. Preliminary analysis of stage 14 tubes that were entirely
severed at a single point on the DT showed retraction as measured by distance between
two landmarks (Fig. A.7A). However, neighboring segments were unaffected, which
suggests that the tension in the DT at stage 14 is localized within each segment rather
than on the entire length of the DT. The tension disappears after the tube inflates and
elongates (stage 16, Fig. A.7B), in agreement with the tube’s transition from a taut
appearance to a wavy one. Ablation of individual cell junctions at this stage also had no
effect on the DT (Fig. A.7C). These results imply that inflation and/or elongation of the
trachea counteracts the tension forces present in early stages such that DT cells are
“relaxed” on the tube surface by stage 16 and supports the model of cell shape changes

being dependent on underlying tube shape changes (see main text).
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Fig. A.7: Laser ablation of wildtype trachea suggests the DT is under tension early in development. Red
arrows indicate location of laser ablation. Yellow and orange lines and measurements indicate length.
(A,A") A stage 14 embryo. Ablation causes the local DT to retract (orange line), but not nearby segments
(yellow line) suggesting each individual segment is under its own tension forces. (B,B’) A stage 16 embryo.
Ablation across the entire DT does not change the measured distance between landmarks. (C,C’) Another
stage 16 embryo. Ablation of individual cell junctions has no effect on either tube length or width as

measured by distance between landmarks.



