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Department of Genome Sciences

During Drosophila melanogaster oogenesis, subsets of the epithelial cells that surround
each developing egg chamber undergo morphogenesis to form epithelial tubes, and the lumens of
these tubes serve as molds for the dorsal appendage (DA) filaments of the mature eggshell. This
process is a simple and tractable system for identifying and characterizing the cellular events and
molecular mechanisms required for epithelial tube morphogenesis, or tubulogenesis. The work
presented in this dissertation provides insight both into the upstream gene regulatory elements
that set the stage and maintain control, and into the downstream molecular effectors that govern
cell shape, order, and movement, throughout DA tubulogenesis. In Chapter I, I highlight the
fundamental importance of cellular tubes and the intimate relationship between tube morphology

and function, explain what we do and do not know about the cellular and molecular mechanisms
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that drive tubulogenesis, provide a detailed description of the process of DA tubulogenesis, and
emphasize the advantages of DA tubulogenesis as a model for epithelial tubulogenesis. In
Chapter II, I establish regulatory links, specifically in regard to DA tubulogenesis, between
upstream transcription factors, such as Tramtrack69 and Mirror, and downstream effectors, such
as Paxillin and Dynamin. In Chapter III, I focus specifically on the role of Dynamin and
Dynamin-mediated endocytosis in DA tubulogenesis. I identify and characterize novel roles for
Dynamin in epithelial tube closure, cell intercalation, and biased apical-luminal expansion.
Furthermore, I provide evidence that Dynamin is regulating the levels and behavior of both E-
Cadherin and Integrin-based cellular adhesions, and propose that Dynamin facilitates the
aforementioned cellular, tubulogenic processes by regulating the turnover of cellular adhesions.
Finally, in Chapter IV, I summarize the results of my graduate research, discuss how these
results fit with and augment our current knowledge of epithelial tubulogenesis, and propose
future experiments that would further delve into the specific roles and mechanisms by which
conserved, downstream, tubulogenic effectors, such as Dynamin and Paxillin, drive epithelial

tubulogenesis.
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Chapter I

Introduction

The fundamental importance of tubes

Could multicellular life exist in the absence of tubes? The answer, perhaps indisputably,
is no. Even the simplest of known metazoans (i.e., animals), the four-celled Tetrabaena socialis,
requires cytoplasmic, tubular bridges between cells to exist as an integrated, multicellular
organism (Arakaki et al., 2013). In complex metazoans, tubes do exist within single cells, but
tubes are more often multicellular structures that serve key roles in embryonic development and
as the infrastructure for mature organs and tissues.

To illustrate the critical importance of tubes during embryogenesis, I proffer the
examples of metazoan gastrulation and vertebrate neurulation. Gastrulation (Greek: gaster —
gut) is one of the earliest coordinated, multicellular processes in metazoan development, and its
purpose is to specify and separate the three primary germ layers (e.g., endoderm, mesoderm, and
ectoderm) and, as its name implies, form a gut. By orienting with respect to previously specified
embryonic axes (e.g., Anterior-Posterior, Dorsal-Ventral, Left-Right), and by employing 4
evolutionarily conserved cell movements (e.g., emboly, epiboly, convergence, and extension),
gastrulation is able to transform a relatively amorphous ball or sheet of cells into a basic,
asymmetric body plan with an internalized, tubular gut, or tissues that will give rise to the gut
(Stern 2004; Solnica-Krezel and Sepich, 2012). Lewis Wolpert aptly articulated the importance
of gastrulation when he stated, “It is not birth, marriage, or death, but gastrulation which is truly
the most important time in your life” (Lewis Wolpert, 1986). Since the cell movements of

gastrulation either directly create, or allow the subsequent creation of, a tubular gut, I would take



Wolpert’s words one step further and argue that the most important thing we do in life is make a
tube.

A classic example of the intimate relationship between gastrulation and tubes is the
process of sea urchin gastrulation, which includes the internalization (i.e., emboly) of mesoderm
and the invagination, extension, and fusion of an endodermal, epithelial tube called the
archenteron, which subsequently becomes the gut (Fig 1.1; reviewed in Kominami and Takata,
2004). Drosophila gastrulation also includes invagination, but of a mesoderm-based, transient
epithelial tube called the ventral furrow that runs along the ventral midline of the embryo. The
endoderm is internalized separately in a process called posterior midgut invagination (Sweeton et
al., 1991). Though the ventral furrow tube is transient, an end-on, transverse view of a mid-
gastrulation Drosophila embryo closely resembles a mid-gastrulation sea urchin embryo in
morphology (middle image in Fig 1.1; Solnica-Krezel and Sepich, 2012). In vertebrates, the
principles of mesoderm and endoderm internalization during gastrulation are conserved, but they
accomplish this internalization through involution movements (e.g., Xenopus), ingression
movements (e.g., chick, mouse), or combinations of both (e.g., zebrafish; Solnica-Krezel and
Sepich, 2012). These movements do not directly form tubes, but they do involve the
internalization of endoderm to eventually form a gut, and as we can all appreciate, the gut is one
of the most important of metazoan tubes.

Vertebrate neurulation is another exquisite example of the integral role that tubes play
during embryonic development. Neurulation is the first step in developing a vertebrate central
nervous system, and invariably results in the formation of an epithelial neural tube (Fig 1.2).
This tube then serves as the precursor for the brain and spinal cord of the adult organism.

Although the morphogenetic movements, cellular behaviors, and molecular mechanisms that



Figure 1.1. Sea urchin gastrulation

Blastula Gastrula

Archenteron (Gut Tube)

Fig 1.1. In sea urchin, gastrulation involves internalization of skeletal mesoderm and gut-
forming endoderm, leaving the ectoderm to cover the outer surface. First (left diagram), at the
vegetal pole (bottom) of the blastula, the vegetal plate, containing the presumptive mesoderm
and endoderm, thickens. Second (left of center diagram), the mesoderm cells undergo an
epithelial to mesenchymal transition (EMT), move inside the blastula, and become the primary
mesenchyme. The vegetal endoderm initiates apical constriction and begins to invaginate, or
bend inward. Third (center diagram), accompanying the invagination of the endoderm,
secondary mesenchyme cells appear at the tip of the invaginating tube, now called the
archenteron, and begin to send long filopodia towards the animal pole (top). Fourth (right of
center diagram), the archenteron reaches its terminal length, turns, and contacts the ectoderm.
Finally (right diagram), a completed gastrula forms when the archenteron fuses with the
ectoderm and opens to form the mouth of the gut, with the anus at the original site of
invagination. Mesenchymal cells secrete the larval skeleton, and further differentiation

eventually produces a pluteus larva. This image was adapted Wolpert ef al., 2010).



drive neurulation vary widely across vertebrates (Fig 1.2), a fact that raises questions about
which models are best for comparison to humans, the product of vertebrate neurulation is most
certainly an epithelial tube (Harrington et al., 2009). In humans, gross defects in neurulation
result in embryonic lethality, but even minor errors in neural tube closure can lead to neural tube
birth defects such as spina bifida. These defects are commonly detected with an estimated 0.5-
2/1000 pregnancies worldwide (Greene and Copp, 2009). By identifying and characterizing the
cellular and molecular mechanisms needed for neural tube closure, it may be possible to develop
better tools and practices for assessing risk of, preventing, or even treating, neural tube defects in
humans.

In later stages of embryonic, larval, and adult development, when tubes attain their
terminal morphologies (i.e., shapes), they can effectuate a multitude of essential functions. If
one takes a moment to think about all the various functional tubes in one’s own body, one will
appreciate how much one’s life depends on tubes. Not only is this diversity of metazoan
terminal tube morphologies tremendous, but this diversity is essential for specific functions in
the vascular, respiratory, digestive, excretory, and reproductive systems, essentially allowing
organisms to live and reproduce.

Tubes vary in whether they are formed within cells or by sheets of cells. The smallest of
tubes may form within single cells (e.g., the smallest capillary tubes of vertebrate vasculature
(Kamei et al., 2006; Lenard et al., 2013), the excretory system of C. elegans (Buechner 2002);
the terminal tracheal tip cells in Drosophila (JayaNandanan et al., 2014)). Most multicellular
tubes are epithelial in origin, meaning that they form from sheets of cells, and so they are
referred to as epithelial tubes. Other multicellular tubes do not form from epithelia, but they

require the core features of epithelia (i.e., polarity and adhesion), and they establish these



Figure 1.2. Examples of different modes of vertebrate neurulation
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Fig 1.2. There is significant morphological variation in vertebrate neurulation, but the product of
neurulation is a morphologically and functionally similar neural tube. Primary amniote
neurulation (left) involves the invagination of an existing neural plate to form a neural groove.
Wrapping movements then create neural folds and bring together adjacent, non-neural ectoderm
from each side to fuse. Xenopus (Frog) neurulation (middle) morphologically resembles amniote
primary neurulation (i.e., folding of a pre-existing neural plate). Zebrafish neurulation (right)
involves a pre-existing neural plate, but has features of amniote secondary neurulation: no
obvious neural groove or folds, neural tube hollowed by cavitation. (Adapted from Harrington et

al., 2009).



features during tube lumen formation. Though there is great diversity in tube morphology across
metazoans, the cellular mechanisms and behaviors used to create these morphologies during
development are relatively few and highly conserved. Thus, the goal for tubular developmental
biologists now is to understand the genetic and molecular mechanisms that underlie these
cellular mechanisms and behaviors.

In the following sections of the Introduction, I will provide background on epithelia and
epithelial tubes and discuss the features of epithelia that are important for tube function. Then I
will explain the concept of morphogenesis (Greek: morpho — shape, genesis — beginning) during
development and outline what we currently know about the cellular, genetic, and molecular
mechanisms that underlie tube morphogenesis, or tubulogenesis (i.e., the creation of tubes).
Finally, I will discuss the contributions that my own graduate research makes to the field of

developmental tubulogenesis.

The epithelium

The epithelium is one of the most ancient and fundamentally important structures for
multicellular life and is essential for organizing and supporting a multicellular body plan. The
structure first arose in the most primitive, Precambrian metazoans ~600 million years ago
(Nelson, 2009). The meaning of the word “epithelium” is somewhat odd, because it literally
means “above the nipple” (Latin: epi — above; Greek: thele — nipple), but when the word was
first coined in the 18" century, it was simply meant to refer to the skin, or everything on the
outside of the body that was in addition to the nipple. In its modern use, the word epithelium
does not just refer to skin, but refers to a sheet of cells that possesses two key properties:

polarity and adhesion (Andrew and Ewald, 2010). In terms of polarity, this means that the



individual cells of a sheet have asymmetric molecular and morphological properties, so that the
sheet of cells is different on one side than the other, or is different across the plane of the
epithelium. When considering one face of the sheet versus the other, one face is referred to as
“apical,” which is defined within individual cells by the apical junctional complex (AJC), and
which is the primary site of secretion, exchange with the outer environment, and cell-cell
adhesion. The specialized, molecular adhesions and junctions of the AJC separate the apical
membrane from the rest of the membrane and allow epithelial cells to both communicate and
exchange with one another and with the external environment and to act as a functional sheet or
barrier. The other face of the sheet, referred to as “basal,” contacts and adheres to an
extracellular matrix (ECM, also known as basal lamina) and regulates interactions with the
internal environment (Fig 1.3; Nelson, 2009; Fig 1.4; Andrew and Ewald, 2010; St. Johnston and
Ahringer, 2010; Rozario and DeSimone, 2010; Guillot and Lecuit, 2013). In addition to apico-
basal polarity, epithelia often possess polarity across the plane of the epithelium. This polarity is
controlled by either the overall AP/DV polarity of the sheet, and in many cases, is regulated by
the conserved Frizzled/planar cell polarity (PCP) pathway (Zallen, 2007). Together, the
features of cell polarity and cell adhesion allow epithelial cells to function as a polarized,
uniform sheet.

One of the primary functions of a polarized epithelium is to act as a selective barrier. In
the earliest and simplest metazoans, epithelia served primarily to separate the outside
environment from the inside of the organism. As metazoans became more complex and
developed different tissues and organs, they used epithelia to form selective boundaries between
and within these structures, and they evolved many different types of epithelia for different

functions (Fig 1.4; Andrew and Ewald, 2010). Polarized epithelia allow for the regulated



Figure 1.3 Functional and structural organization
of polarized epithelial cells.
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Fig 1.3. (A) Functionally, apico-basal polarity allows for selective, polarized distribution of ion
channels and pumps within the membrane. In this example, portraying conserved function
between mammalian kidney tubules and crab gill cuticles,, a polarized channels create a sodium-
potassium gradient to provide energy for regulated transport of other ions and solutes across the
epithelium. (B) Structurally, apico-basal polarity organizes distinct plasma membrane domains,
the apical junctional complex (AJC), the centrosome/basal body, the microtubule cytoskeleton
and primary cilium, the Golgi-based secretory pathway, and even the nucleus. (Adapted from

Nelson, 2009).



Figure 1.4 General features of polarized epithelial cells and the
morphological diversity of epithelia.
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Fig 1.4. Epithelial cells possess apico-basal polarity, and differentially localized adhesive (red,
brown) and junctional (blue, yellow, magenta) complexes. Many types of epithelia have evolved
for specific functions, including single-cell-layered epithelia and stacked epithelia, but the
general features of polarity and adhesion are maintained. (Adapted from Andrew and Ewald,

2010).



exchange of nutrients and wastes, both within internal compartments and with the external
environment. Within epithelial cells, polarized distribution of membrane-associated ion channels
and pumps lets cells regulate the movement of ions and solutes and allows for the creation of
gradients across the epithelium (Fig 1.3; Nelson, 2009). To establish these distinct apical and
basolateral surfaces, there is polarized sorting and retention of membrane proteins to apical and
basolateral domains using the exocytic pathway, the endocytic pathway, the microtubule
network, and the AJCs (Fig 1.3; Nelson, 2009). Despite obvious morphological and practical
differences that exist between metazoan epithelia, the core features that have been highly
evolutionarily conserved include: apico-basal polarity, cell-cell/cell-matrix adhesion, and the

functional properties that they afford.

Epithelial adhesion

Cell-cell adhesion in epithelial cells is mediated by a number of adhesive complexes that
compose the AJC. The AJC is mainly composed of the cadherin-based adherens junctions
(AJs), which are the primary cell-cell adhesion complexes and interact with the actin
cytoskeleton, and the tight junctions (TJs; in Drosophila, septate junctions (SJs)), which hold
adjacent cell membranes close enough to effectively seal the epithelium and keep “inside” in and
“outside” out. These junctions also act as a molecular fence to prevent the apico-basal diffusion
of membrane-associated proteins. In vertebrates, the TJ is more apical to the AJ, and there is
sometimes a more basal, cadherin-based adhesive complex called the desmosome that is not
found in all epithelia, is particularly strong, and interacts with intermediate filaments. In

Drosophila, the AJ is more apical than the SJ, and there are no desmosomes, but the overall
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functions and interactions of the AJs and SJs are similar to their counterparts in vertebrates
(Nelson, 2009; Fig 1.4; Andrew and Ewald, 2010; Oda and Takeichi, 2011).

Of the cell-cell adhesion complexes, the AJ is the most evolutionarily conserved
junctional complex, can be a stable or transient structure, and is considered to be the universal
adhesive complex for metazoans (Fig 1.4; Andrew and Ewald, 2010). The primary adhesive
components of AJs are classical cadherins (Ca*"-dependent adhesion proteins) such as E-
Cadherin, which are transmembrane, homophilic, adhesion molecules. These cadherins possess
long, extracellular cadherin tails that adhere to similar extracellular cadherin tails presented by
adjacent cells. Their intracellular domains bind to p120-catenin, which stabilizes the cadherin
molecule in the membrane, and B-catenin (Armadillo in Drosophila), which associates with the
actin cytoskeleton through the adaptor a-catenin. The superfamily of cadherins, which contain
both classical and non-classical cadherins, are capable of both homophilic and heterophilic
interactions, and facilitate both adhesion and signaling (Oda and Takeichi, 2011).

The TJ, or SJ in Drosophila, is the most important junctional complex for maintaining the
barrier function of an epithelium, and selectively regulates ion passage between neighboring
cells (Anderson and Itallie, 2009; Fig 1.4; Andrew and Ewald, 2010). This complex completely
encircles epithelial cells and is the most complicated of the cell-cell adhesion complexes,
containing over 40 proteins. The defining feature of the complex is the presence of
transmembrane, claudin-family proteins (Latin: claudere — to close). Other important proteins in
TJs include occludin, tricellulin, and the cytoplasmic plaque proteins ZO-1, ZO-2, and ZO-3,
which contain PDZ (PSD-95, Discs large, ZO-1) domains for protein-protein interactions, and

are of the MAGUK (Membrane-Associated GUanylate Kinase) family (Furuse, 2010). Aside
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from sealing the epithelium and regulating ion passage, in Drosophila the SJs regulate epithelial
tube size in the larval trachea (Paul ez al., 2003; Wu and Beitel, 2004; Nelson et al., 2010).

Desmosomes are not found in all epithelia but are the strongest of the cell-cell adhesions
that assemble in distinct locations (not circumferential bands like the TJs), and they effectively
“rivet” neighboring cells together (Fig 1.4; Andrew and Ewald, 2010). These cadherin-based
adhesions link to strong, keratin-based intermediate filaments (not present in Drosophila) within
epithelial cells, and are found in tissues that are subject to intense mechanical stress, such as the
epidermis and myocardium. Desmosomes can switch between high and low adhesive states to
facilitate morphogenesis and wound healing, in a protein kinase C-dependent manner (Garrod
and Chidgey, 2007; Delva et al., 2009).

In addition to cell-cell adhesions, epithelial cells also form and regulate basal cell-ECM
adhesions. These adhesions are particularly important for the movement, or migration, of
epithelial cells. The most well characterized cell-ECM adhesions are integrin-based adhesions,
and consist of transmembrane a-f3 integrin heterodimers, which link the ECM to a complex of
intracellular proteins that associate with the actin cytoskeleton and relay signals to and from the
ECM. These complexes are called focal adhesions, and they contain a multitude of proteins
including actin-associated proteins (e.g., talin, vinculin, a-actinin, and zyxin) and
signaling/adaptor proteins (e.g., Src, focal adhesion kinase (FAK), paxillin, and integrin-linked
kinase (Ilk). These focal adhesions dynamically form and turn over during cell migration,
providing physical traction with the ECM and migratory signaling (Huttenlocher and Horwitz,
2011). Integrin-based adhesions are some of the most important components of cell migration in

metazoans.
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Another important class of cell-ECM adhesions is Dystroglycan-based, which consist of
an extracellular a-subunit, which binds to the ECM, and an intracellular B-subunit, which
connects to the actin cytoskeleton. These adhesions act as major signaling centers in muscle,
particularly at costameres (i.e., connections between contracting sarcomeres and the cell
membrane) but they are also found in other cell types at focal adhesions and podosomes. At all
of these sites they regulate ERK (MAP kinase) signaling and the actin cytoskeleton, but the
scope of their function is not as well understood as for integrin-based adhesions (Moore and
Winder, 2010). Additionally, studies in Drosophila indicate that Dystroglycan can also regulate

apico-basal and AP polarity (Deng ef al., 2003; Schneider ef al., 2006; Mirouse ef al., 2009).

Epithelial polarity

Apico-basal polarity in epithelial cells is established and maintained by the interactions
between, and the resulting polarized localization of, three conserved, core polarity complexes
(PAR, Crumbs, and Scribble) as well as the kinase Parl (Fig 1.5; St. Johnston and Ahringer,
2010). The PAR complex is composed of atypical protein kinase 3 (aPKC; Tabuse et al., 1998)
and the PDZ-domain-containing proteins Par3 (Etemad-Moghadam et al., 1995; Bazooka in
Drosophila) and Par6 (Hung and Kemphues, 1999). The Crumbs complex is composed of the
transmembrane protein Crumbs (Crb; Jiirgens et al., 1984), and the PDZ-containing proteins Patj
(Discs lost (DIt) in Drosophila; Bhat et al., 1999; Pielage et al., 2003) and Pals1 (Stardust (Sdt)
in Drosophila; Tepass and Knust, 1993; Knust ef al., 1993), which is also a MAGUK family
member. Finally, the Scribble complex is composed of the LAP (Lucine-rich-repeat And PDZ)-
family member Scribble (Scrib; Bilder and Perrimon, 2000), the PDZ-domain-containing,

MAGUK-family member and tumor suppressor, Discs Large (Dlg; Woods and Bryant, 1991;
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Bilder et al., 2000), and the WD (Tryptophan(W)-Aspartate(D))-repeat-containing, tumor
suppressor, Lethal giant larvae (Lgl; Mechler ef al., 1985; Bilder et al., 2000; Lutzelschwab et
al., 1987), which associates with the plasma membrane through a conserved polybasic motif
(Hong et al., 2015). The kinase Parl is not stably bound to any of the three core polarity
complexes but plays an important role in establishing polarity (Guo and Kemphues, 1995).

In terms of apico-basal localization, the PAR and Crumbs complexes localize apically, defining
the apical domain, and the Scribble complex and Parl localize basolaterally (Margolis and Borg,
2005, Suzuki and Ohno, 2006, Assemat et al., 2008; St. Johnston and Ahringer, 2010). The
apical PAR and Crumbs complexes and the Scribble complex and Par]l mutually antagonize one
another, via phosphorylation of specific targets within the complexes, and these antagonistic
interactions drive the polarity complexes to their respective apical and basolateral domains. The
AJCs then form at the apical-basolateral interface, and their presence allows for the structural
and functional organization of an epithelial cell along the apico-basal axis (Fig 1.3; Nelson,
2009; Fig 1.5; St. Johnston and Ahringer, 2010).

Planar polarity in epithelial cells can be established by two mechanisms: through
anterior-posterior (AP) gene expression patterns and through non-canonical Wnt signaling via
Frizzled, also called the planar cell polarity (PCP) pathway (Zallen, 2007). AP patterning of
gene expression along the body axis has the ability to polarize the distribution of cytoskeletal and
junctional proteins (e.g., E-Cadherin, Armadillo (B-catenin), Bazooka (PAR3)) within epithelial
cells, and the AP-polarized distribution of adhesion proteins facilitates embryonic axis
elongation in Drosophila (Irvine and Wieschaus, 1994; Zallen and Wieschaus, 2004;
Blankenship et al., 2006). This system also is employed during axis elongation in Xenopus, but

these cells are mesenchymal and do not have defined AJs (Keller et al., 2000; Ninomiya et al.,
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Figure 1.5 Molecular interactions that define epithelial polarity are

highly conserved between Drosophila and mammals
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Fig 1.5. The same polarity proteins, and the same interactions between these proteins, establish

and maintain polarity in Drosophila and mammals. In the Drosophila oocyte, a large polarized

cell, antagonistic interactions between the PAR complex and both Parl and the Scribble

complex, which contains Lgl, allow for the polarized localization of bicoid and oskar mRNA

within the oocyte. The same interactions exist in polarized epithelial cells in Drosophila, with

the addition of the transmembrane protein Crumbs, which organizes the Crumbs complex in

apical regions. In mammalian epithelial cells, the apical Crumbs and PAR complexes antagonize

the basolateral Scribble complex and Parl, and vice versa, just as in Drosophila. (Adapted from

St. Johnston and Ahringer, 2010).
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Figure 1.6 The planar cell polarity (PCP) pathway in Drosophila
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Fig 1.6. Also known as the non-canonical Wnt signaling pathway, the PCP pathway in

Drosophila polarizes cells across the plane of the epithelium and is employed primarily in stable

epithelia of the adult, such as the wing and cuticle. Initially, PCP proteins are cytoplasmic.
Frizzled and Strabismus are brought to the apical surface by Flamingo, where Frizzled recruits

Dishevelled and Strabismus recruits Diego. Interactions between these proteins at the apical

surface, driven initially by the activity of Frizzled, localize Flamingo, Strabismus, and Prickle to

the proximal surface (left) and localize Frizzled, Dishevelled, and Diego to the distal surface

(right). (Adapted from Zallen, 2007).
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2004; Hyodo-Miura et al., 2006). The Frizzled/PCP pathway is more commonly employed in
stable epithelia, such as the adult Drosophila wing or mammalian skin, because it involves the
polarized, microtubule-based sorting of proteins within an individual cell such that that cell can
signal to its neighbor, and to its neighbor, and so on across the epithelium. This pathway was
initially worked out in Drosophila, although it is conserved in vertebrates, and it involves
proteins at the cell surface, such as Frizzled, Strabismus (van Gogh), and Flamingo (Starry
night), and cytoplasmic proteins, such as Dishevelled, Prickle, and Diego (Fig 1.6; Zallen, 2007).
Of these proteins, Frizzled appears to be the most important for establishing the direction of
planar polarity (Adler et al., 1997). In Xenopus, components of the PCP pathway are used in
intercalating cells to organize the fibronectin-rich ECM, but they do not appear to polarize within
cells as they do in stable epithelia (Goto ef al., 2005). In summary, there are conserved
mechanisms for establishing planar polarity across both stable and moving groups of cells, but
there are distinct differences between how this polarity is generated in vertebrates and

invertebrates (Zallen, 2007).

Morphogenesis and epithelial morphogenesis

The process by which cells create multicellular shapes (e.g., tissues, organs, body plans)
during development is referred to as morphogenesis. The question of how this process is
regulated and facilitated has intrigued, baffled, and inspired developmental biologists since the
field’s infancy. The earliest embryologists of the Entwicklungsmechanik (developmental
mechanics) movement attempted to use basic physical and mechanical properties of individual
cells to explain morphogenesis, but they lacked sufficient understanding of cell biology and

behavior to explain how these movements could be coordinated on a tissue and organismal level
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(Keller, 2012). The concepts of selective affinity and differential adhesion between cell surface
molecules (Holtfreter, 1939; Townes and Holtfreter, 1955; Steinberg, 1970; Steinberg, 1978)
highlighted the importance of cell adhesion in morphogenesis and inspired biologists to identify
and characterize the many different classes of cell adhesion molecules. Time-lapse imaging
demonstrated that cells undergoing morphogenesis had directionality, and could integrate
behaviors and forces through mechanical integration between cells (Gustafson and Wolpert,
1963). Further observations made by cell behaviorists (Bellairs et al., 1982; Trinkaus, 1984)
coupled with discoveries made by cell biologists regarding the cytoskeleton, motors, and
receptors that could mediate adhesion and signaling, shed light on how cells with regulated,
specialized behaviors could exert forces on groups of cells and tissues (Keller, 2012).
Combining experimental observations and manipulations with computational modeling provided
sufficient explanations for how localized cell shape changes could account for organized tissue
movements during morphogenesis (Jacobson and Gordon, 1976; Odell et al., 1981; Hardin and
Cheng, 1986). Dramatic advances in our understanding of the molecular, biochemical, and
physical properties of cells, and in imaging, force-measuring, computational, and genetic-
manipulation technologies, have equipped developmental biologists with the arsenal of tools
necessary to dissect and explain the mass movements of morphogenesis through the properties
and behaviors of individual cells.

The regulated interplay between the stability and plasticity of tissues and epithelia lies at
the heart of morphogenesis (Lecuit and Lenne, 2007). There are many behaviors of epithelial
cells that can be regulated to either maintain a stable, epithelial morphology, or to change the
morphology of an epithelium through epithelial morphogenesis. These behaviors include cell

shape change, rearrangement, migration, division, and death, and these processes can be

18



employed alone or in combination for a tremendous variety of morphogenetic outcomes. For the
purposes of this dissertation, I will focus on how cell shape change, rearrangement, and
migration can act as drivers of epithelial morphogenesis since these are the processes that
contribute DA tube formation.

The actin cytoskeleton is primarily responsible for regulating cell shape, and remodeling
of that actin cytoskeleton is needed for a cell to change its shape. Actin remodeling requires a
plethora of actin-associated proteins, with some of the most well known being the conserved Rho
GTPases: Rac, Rho, and Cdc42 (Hall, 2005). Myosin motors can act on the actin cytoskeleton to
produce cortical tension and induce contractility, and when the actin cytoskeleton is linked to
cell membranes through adhesive, junctional complexes, such as the AJs, this contractility can
deform the cell membranes and cause cells to change their shape. If epithelial cells change their
shape through flattening, columnarization, or planar lengthening and shortening, the epithelium
will become respectively thinner, thicker, or wider, but will remain a flat sheet. Conversely, if
either the apical or the basal surfaces of epithelial cells constrict, the epithelium will respectively
invaginate or evaginate, and bending will occur (Fig 1.7; Lecuit and Lenne, 2007). Apical
constriction is one of the best-characterized cell shape changes, and, by driving epithelial
bending, it is responsible for endoderm formation in C. elegans, Drosophila, sea urchins, and
amphibians, as well as mesoderm formation in Drosophila, and neurulation in vertebrates (Lecuit
and Lenne, 2007, Martin et al., 2009; Sawyer et al., 2010; Martin and Goldstein, 2014). Indeed,
apical constriction appears to be one of the most conserved and important modes of cell shape
change during metazoan morphogenesis.

Cell rearrangement can be a powerful driver of morphogenesis, and this process lies at

the heart of a conserved driver of tissue elongation, convergent extension (Elul et al., 1997;
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Keller et al., 2000, Keller, 2002; Wallingford et al., 2002; Keller, 2006; Tada and Heisenberg,
2012; Guillot and Lecuit, 2013; Walck-Shannon and Hardin, 2014). CE underlies the elongation
of the mouse visceral endoderm, the Xenopus and chick neural tube, and the Drosophila germ
band. In order for cells to rearrange, they have to be able to modulate their cell-cell adhesions,
and they have to be able to transmit forces across groups of cells. E-Cadherin-based AlJs are the
primary junctions used to transmit forces generated by the actomyosin network to the cell cortex,
and they mechanically couple cells in an epithelium (Guillot and Lecuit, 2013). When cells
rearrange, they remove old junctions, bring four or more cells together into transient tetrads or
rosettes, and form new junctions in an orthogonal orientation to the junctions that were removed
(Blankenship et al., 2006; Guillot and Lecuit, 2013; Harding et al., 2014). When this behavior is
coordinated in a planar fashion across an epithelium, it can drive the extension and elongation of
the epithelium (Guillot and Lecuit, 2013).

Cell migration is a highly regulated process required both for the dramatic
reorganizations that take place during embryonic morphogenesis, such as gastrulation, and for
homeostatic processes in the adult organism, such as immunity. In order for cells to migrate,
they must be able to polarize towards, or away from, a migratory signal, regulate their actin
cytoskeleton to extend membrane in an intended direction so that it can adhere to a migratory
substrate, release adhesions at the trailing edge, and finally contract to drag their bodies along.
The conserved Rho GTPases are particularly important for cell migration, regulating different
features of the actin cytoskeleton and facilitating different aspects and modes of cell migration
(Fig 1.9; Pocha and Montell, 2014). Typically, Rac functions at the leading edge of migrating
cells and stimulates the production of lamellipodia, which spread forward to establish new

adhesions. Cdc42, on the other hand, typically regulates the production of thin filopodia, which
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Figure 1.7 Polarized, localized cell shape change, via apical constriction,

leads to the bending, or invagination, of an epithelium

Apical Constriction Drives Tissue Bending

Fig 1.7. In the Drosophila embryo, apical constriction (red) leads to the bending and

invagination of the ventral mesoderm during gastrulation. Likewise, in the chick embryo, apical
constriction in defined regions (red) of the neuro-epithelium facilitates neurulation. In epithelial
cells, localized apical constriction (red) can take a uniform epithelium and cause it to invaginate

and bend at the site of apical constriction. (Adapted from Lecuit and Lenne, 2007).
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Figure 1.8 Cell intercalation can drive epithelial elongation
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Fig 1.8. Both elongation of the Drosophila germband in the embryo and elongation of the neural
tube in chick are driven by cell intercalation. In basic junction exchange, polarized tension
between two vertical junctions can promote the formation of a tetrad and allow for junctional
exchange and horizontal-junction formation. When tension is applied across more than two
vertical junctions, through a multicellular actomyosin cable, a multicellular rosette can form and
cause an even more dramatic horizontal junctional remodeling event. Indeed, the role of rosette
formation in cell intercalation and tissue elongation has only recently been appreciated but
appears to be a powerful and conserved driver of this process across metazoans (Blankenship et

al., 2006; Harding et al., 2014). (Adapted from Guillot and Lecuit, 2013).
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sense guidance cues and help polarize the migrating cell. Rho primarily functions in the cell
body and lagging edge to promote actomyosin contractility (Hall, 2005, Jaffe and Hall, 2005).
Cell-ECM adhesions, which form at the leading edges of migrating cells, must be removed and
recycled from the lagging edges of these cells, and this process requires endocytosis. At the
most basic level, cells can migrate individually, where they have front-back polarity as opposed
to apico-basal polarity, and release all stable cell-cell adhesions. On the other extreme, cells can
migrate as organized, epithelial sheets, where apico-basal polarity and cell-cell adhesion is
maintained, and cells use planar cues across the epithelium to direct their coordinated migration.
Cells can also migrate as small clusters or collectives, where they must integrate and balance the
polarity and adhesive features of both individual cells and stable groups of cells (Fig 1.9; Pocha

and Montell, 2014).

Epithelial tubulogenesis

In order for tubes to adopt a terminal morphology that can support the intended function,
they must accomplish three fundamental events during their morphogenesis: tube patterning,
tube formation, and tube elongation or elaboration (Lubarsky and Krasnow, 2003; Andrew and
Ewald, 2010; Iruela-Arispe and Beitel, 2014). Tube patterning requires changes in gene
expression within groups of cells so that cells take on a tube fate and behave differently from
their neighbors. Tube formation involves the formation of a tube lumen, which can be a
multicellular or unicellular process. Finally, tube elongation and elaboration alters the tube from
a basic to a terminal morphology. Just as there is tremendous diversity in the terminal
morphologies of metazoan tubes, there is tremendous diversity in metazoan tubulogenesis. This

being said, the cellular behaviors that facilitate tubulogenesis are highly conserved (Lubarsky
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Figure 1.9 Different modes of cell migration in Drosophila
employ conserved regulators of the actin cytoskeleton
and balance different modes of epithelial polarity
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Fig 1.9. In individual migrating hemocytes, Rac functions at the leading edge to induce cell
spreading and lamellipodia formation. Rho functions in the cell body and at the lagging edge to
promote actomyosin contractility and drag the cell body along. These cells possess front-back
polarity and do not have apico-basal polarity. In migrating border cells, Rac is also used in the
lead cell to promote forward migration. The overall cluster possesses front-back polarity, but
apico-basal polarity must also be maintained to hold the cluster together. During dorsal closure,
the leading edge of the epithelium uses localized Rac and Rho to promote directed cell
migration. In this context, planar-polarity cues direct the migration, and apico-basal polarity is

maintained within the epithelium. (Adapted from Pocha and Montell, 2014).
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and Krasnow, 2003; Andrew and Ewald, 2010; Iruela-Arispe and Beitel, 2014), and so it appears
that it is the way in which those behaviors are employed, in vastly varied combinations, that
produces the incredible diversity of tubes. Since the subject of this dissertation is epithelial
tubulogenesis, I will now focus specifically on the morphogenesis of multicellular, epithelial
tubes.

The basic structure of any tube relies on the essential features of epithelia: polarity and
adhesion. Multicellular tubes consist of a polarized epithelium around a central lumen, such that
the apical surfaces of the cells face inward towards the lumen, and the basal surfaces face
outward and interact with the surrounding environment (Fig 1.4A; Andrew and Ewald, 2010).
Adhesive junctions allow the cells to adhere to one another and maintain an intact lumen.
Sometimes, the precursors of epithelial tubes are themselves polarized epithelia, and sometimes
they are groups of cells that become polarized. If the tubular precursor is an epithelium, then it
can either undergo wrapping and fusion to form a tube parallel to the epithelium (Fig 1.10A;
Andrew and Ewald, 2010; e.g., vertebrate neurulation, Drosophila gastrulation), or it can
undergo budding, which forms a tube perpendicular to the epithelium while remaining
contiguous with that epithelium (Fig 1.10B; Andrew and Ewald, 2010; e.g., sea urchin
gastrulation, Drosophila salivary gland or tracheal tubulogenesis). Coordinated cell shape
changes, such as apical constriction, are important drivers of both wrapping and budding
tubulogenesis. Groups of cells can also form a lumen between each other through cord
hollowing tubulogenesis (Fig 1.10 C; Andrew and Ewald, 2010), or they can program interior
cells to die through cavitation tubulogenesis (Fig 1.10E; Andrew and Ewald, 2010). In these

cases, the cells create a polarized epithelial sheet during the process of tube formation. These
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modes of tubulogenesis, individually or in combination, can explain the formation of almost any
multicellular, tubular lumen.

Once an epithelial tube forms, it can elongate and elaborate through a variety of cellular
mechanisms and behaviors. Non-proliferating tube cells can undergo coordinated cell shape
changes or rearrangements to elongate a tube without changing cell number (e.g., Drosophila leg
imaginal discs; Fristrom and Fristrom, 1975; Drosophila salivary glands; Maruyama and
Andrew, 2012; Drosophila tracheal branches; Caussinus et al., 2008; Fig 1.11 A, B; Andrew
and Ewald, 2010). Interestingly, in many of these cases, lumen size and morphology are limited
mainly by the apical shape and size, and to a lesser extent by the number, of the tube cells
(Fankhauser, 1945; Beitel and Krasnow, 2000). Tube cells that are capable of proliferating can
localize or generalize that proliferation to extend or expand the tube almost indefinitely, and this
mode is particularly important when the tube must be dramatically elaborated (e.g., Miillerian
duct elongation in birds (Guoili et al., 2007) and mammals (Orvis and Behringer, 2007);
mammary duct branching in mammals (Watson and Khaled, 2008); Fig 1.11 C, D; Andrew and
Ewald, 2010). Tube cells can also recruit new cells to become tube cells, increasing the range of
possible tube sizes and morphologies than can be achieved (e.g., Drosophila Malpighian tubules
(Denholm et al., 2003); Fig 1.11 E; Andrew and Ewald, 2010). Cell migration can also drive
tube elongation, often with the use of single or multiple lead cells (e.g., lead roof and floor cells
in Drosophila dorsal appendage tubes (Boyle et al., 2010); tip cells in the Drosophila tracheal
branches (Cabernard and Affolter, 2005); and mammalian kidney buds (Shakya et al., 2005);
Andrew and Ewald, 2010). Tubes can remain unelaborated, and exist as a simple lumen (e.g.,
Drosophila DA tubes or salivary glands), or they can bifurcate, branch, or cleft to form more

complicated lumens in either a programmed (e.g., mammalian lung (Metzger et al., 2008)) or
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Figure 1.10 Mechanisms of tube lumen formation
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Fig 1.10. In wrapping tubulogenesis, the tube forms parallel to the epithelium, and lumen
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formation requires fusion along the length of the tube. In budding tubulogenesis, the tube forms
perpendicular to the epithelium and remains contiguous with the epithelium. In cord-hollowing
tubulogenesis, groups of cells polarize and remodel their junctions to create a lumen and become
an epithelium around it. In cell-hollowing tubulogenesis, individual cells create intracellular
lumens through coordinated, localized vesicle fusion. In cavitation tubulogenesis, cells within a
group of cells are programmed to die and are cleared, and a polarized epithelium forms around
the cavity to create a lumen. Green = intercellular junctions; cyan = lumen; red = dying cell.

(Adapted from Andrew and Ewald, 2010).

27



Figure 1.11 Mechanisms of tube lumen elongation

Cell Shape Change (DA Tubulogenesis)

Cell Rearrangement/Intercalation (DA Tubulogenesis)

- | — ot
Localized Proliferation

3885 Andicsssss: padlssssssss

Generalized Proliferation

HH —~ b —~ et

Recruitment of New Cells

ot - A - s

Fig 1.11. Coordinated cell shape change, or cell rearrangement, can drive tube elongation, but

the number and dimensions of these cells limits terminal tube size and morphology. In contrast,
spatially restricted proliferation, or generalized proliferation, can extend and elaborate tubes
potentially indefinitely, but require additional regulation of cell division. Tubes can also recruit

new cells to become part of the tube. (Adapted from Andrew and Ewald, 2010).
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stochastic fashion (e.g., mammalian mammary glands (Watson and Khaled, 2008); Fig 1.12;
Andrew and Ewald, 2010). Even fluid flow within a tube lumen can, in some cases, affect the
morphology of the tube (e.g., loss of the ability to sense flow in the mammalian kidney can result
in the expanded lumens of polycystic kidney disease; Wilson and Goilav, 2007; Iruela-Arispe
and Beitel, 2014). By employing various combinations of these cellular mechanisms and

behaviors, multicellular tubes can attain almost any terminal morphology.

Drosophila oogenesis

The purpose of the Drosophila ovary is to produce egg chambers and, eventually, eggs.
These egg chambers are composed of a germline syncytium of 16 cells, one of which is the
oocyte. The syncytium is surrounded by a somatic, monolayer epithelium of follicle cells (King,
1970; Spradling, 1993). The follicular epithelium, which is the subject of my graduate research,
functions to pattern and nourish the oocyte and to secrete the eggshell during the final stages of
oogenesis. As part of this eggshell synthesis process, different groups of follicle cells produce
specialized secondary structures, and the morphologies of these structures reflect the
morphologies of the cell groups that created them. In particular, two groups of dorsal, anterior
follicle cells secrete oar-shaped filaments called dorsal appendages (DAs), which facilitate gas
exchange in the embryo (Hinton, 1959; Hinton, 1960; Hinton, 1969). Therefore, Drosophila
eggshells, which can be easily collected in large quantities outside of the adult without harming
the adult, are akin to footprints or fossils in that they can tell a story, to an attentive observer, of
morphogenesis that took place previously inside the body of the adult. Once I have explained

the structure and development of the egg chambers, I will elaborate on how studying the
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Figure 1.12 Different modes of tube elaboration.
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Fig 1.12. Tube elongation can be simple (e.g., DA tubulogenesis) or elaborate. (Adapted from

Andrew and Ewald, 2010).
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development of Drosophila eggshells can inform our understanding of epithelial morphogenesis
and tubulogenesis.

In the adult female fruit fly, each ovary consists of a bundle of parallel egg-chamber
assembly lines called ovarioles. The number of active ovarioles in an ovary varies, depending on
nutrition and female health, but in robust stocks each ovary contains ~15 ovarioles, each of
which can produce ~ two eggs per day. Thus, a well-fed adult female can produce over 60 eggs
per day, which is approximately half of her body mass.

Egg chambers are “born” in the distal tip of each ovariole in a structure called the
germarium, which houses both the germline- and follicle-cell stem cells. Each germline stem
cell division renews the germline stem cell and produces a cystoblast that undergoes four
incomplete divisions to produce a 16-cell germline cyst. Since these divisions are incomplete,
actin-rich ring canals remain between these germline cells and allow for the passage of
cytoplasm and materials between the cells (Mahajan-Miklos and Cooley, 1994). One of the two
germline cells that retain four ring-canal connections to its siblings becomes the oocyte, and this
cell moves to the posterior of the egg chamber through a mechanism dependent on differential E-
cadherin adhesion (Godt and Tepass, 1998); the rest of the cells become nurse cells, which
support the oocyte. These nurse cells produce mRNAs, proteins, and organelles, which are
eventually loaded into the oocyte to prepare it for embryogenesis. As the germline cyst is
created, while it is still in the germarium, the follicle stem cells produce follicle cell precursors,
and about 80 of these cells encapsulate the cyst, producing a rudimentary egg chamber (Horne-
Badinovac and Bilder, 2005).

Once formed, the egg chamber proceeds through 14 stages of development (King, 1970;

Spradling, 1993; Fig 1.13; Horne-Badinovac and Bilder, 2005). In stages 1-6, the follicle cells
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proliferate through mitotic divisions until there are ~650 cells in the epithelium. Interestingly,
like the germline cell divisions, many of the follicle cell divisions are also incomplete and leave
behind ring canals between mitotically related cells; these cytoplasmic bridges selectively allow
proteins to equilibrate between interconnected groups of epithelial follicle cells (McLean and
Cooley, 2013). Throughout these early stages the egg chamber is round, the follicle cells are
cuboidal in shape, cell shape is uniform throughout the epithelium, and the epithelium is
morphogenetically quiescent. The follicular epithelium is oriented such that the apical surface
faces inward, contacting the germline, and the basal surface faces outward, and contacts an
ECM/basement membrane that surrounds each egg chamber (Fig 1.14; Horne-Badinovac and
Bilder, 2005).

During the middle stages of oogenesis (S6-10), the follicle cells undergo endoreplication,
followed by selective amplification of chorion genes (during S10B-14) so that massive quantities
of eggshell proteins can be produced for secretion at the end of oogenesis. During S6-10, the
epithelium begins to become morphogenetically active, as AP patterning is established and the
egg chambers begin to elongate along this axis through rotation (Haigo and Bilder, 2011) and
pulsed contractions of the basal actomyosin network (He ef al., 2010; Gates, 2012). The anterior
polar cells and their immediate neighbors are specified as border cells, detach from the
epithelium, and migrate in between the nurse cells to reach the oocyte, and eventually help form
the micropyle (i.e., fertilization tube) of the mature eggshell (Montell, 2001). The remaining
anterior follicle cells over the nurse cells take on a squamous morphology and become the stretch
cells. The follicle cells over the oocyte become densely packed and elongate apico-basally,
taking on a columnar morphology. This columnar epithelium then undergoes dorso-anterior

patterning through the intersection of EGF (TGFa) and DPP (TGFB/BMP) signaling (reviewed
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Figure 1.13 Structure of a Drosophila ovariole
and the stages of oogenesis
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Fig 1.13. In the ovariole schematic, anterior is to the left, the oocyte is blue, the nurse cells are
grey-blue, polar cells/border cells are green, and epithelial follicle cells are yellow. The table of
stages under the schematic indicates the approximate time, in hours, for each of the defined
stages of oogenesis (S1-S14; King 1970; Spradling 1993). Under the table, in positions
corresponding to the stages in the table, are the main events of oogenesis. Red bars are cell or
DNA replication events. Green bars are patterning events. Blue bars are germline events.
Grey bars are morphogenetic events. (Adapted from Horne-Badinovac and Bilder, 2005 and

Zartman et al., 2011).
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Figure 1.14 Organization of the epithelial follicle cells
of the Drosophila egg chamber
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Fig 1.14. The follicular epithelium (yellow) is oriented such that the apical surface of each cell
faces inward towards the germline nurse cells (grey-blue) and oocyte (blue), and the basal
surface faces outward and contacts the ECM, or basement membrane. Thus, E-Cadherin-based
cell-cell adhesions form at the zonula adherens, adjacent to the germline, septate junctions form
on lateral surfaces, and integrin-based cell-matrix adhesions form on the outer surface of the
epithelium, where they can contact the basement membrane. (Adapted from Horne-Badinovac

and Bilder, 2005).
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in Yakoby et al., 2008), and prepares to secrete the eggshell and pattern the embryo (Berg, 2005;
Horne-Badinovac and Bilder, 2005).

The late stages of oogenesis (S11-14) are marked by a series of massive, coordinated
morphogenetic movements involving the germline and different populations of columnar follicle
cells. In a process called dumping, the nurse cells empty all of their cytoplasm into the oocyte
through the ring canals, the oocyte swells to its terminal size, and the nurse cell remains are
engulfed by the stretch cells (Cummings and King, 1970; Nezis et al., 2000; Tran and Berg,
2003; Jenkins et al., 2013). Two groups of dorso-anterior, columnar follicle cells (i.e., dorsal
appendage cells), which have been precisely patterned during S10, undergo tubulogenesis to
form a pair of epithelial tubes that expand and migrate over the stretch cells and dying nurse
cells, eventually reaching the anterior tip of the egg chamber. During tube formation and
elongation, the dorsal appendage cells secrete eggshell proteins into the lumens of the tubes they
have formed, creating the respiratory filaments of the mature eggshell. Follicle cells between
(i.e., midline cells) and anterior (i.e., centripetal cells) to the dorsal appendage cells migrate to
surround the anterior end of the oocyte, separating it from the dying nurse cells, and form the
operculum of the mature eggshell, through which the larva will eventually hatch. Once these
various morphogenetic processes have concluded and the eggshell and secondary eggshell
structures have been patterned and formed, the follicle cells die and are sloughed off as the egg
chamber proceeds through the oviduct. The egg chamber matures into an egg, is then fertilized
and laid, and the process of oogenesis is complete (Horne-Badinovac and Bilder, 2005).

The Drosophila follicular epithelium is a truly formidable developmental model,
particularly for one interested in morphogenesis. The massive scale and rapid nature of egg

chamber production in an adult female provides a wealth of easily accessible material for
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analysis. The toolbox of genetic and molecular tools available in Drosophila can be readily
employed in the somatic follicular epithelium. Drosophila egg chambers are transparent,
facilitating structural analyses, and they are readily amenable to in situ hybridization,
immunostaining, and live culturing (Dorman ef al., 2004; Zimmerman et al., 2013). The
orientation of the epithelium provides advantages for studying events at the basal surface of
epithelial cells. There are a multitude of distinct, morphogenetic events that take place within
the epithelium, and, as mentioned previously, the mature eggshell reflects the fidelity of these
events, facilitating rapid and efficient screening for the effectors of these processes. These
advantages, and more, make the Drosophila follicular epithelium a fascinating and rewarding

subject for the developmental biologist.

Dorsal appendage tubulogenesis

The dorsal respiratory appendages (DAs) are secondary structures of the mature
Drosophila eggshell. They are created by a pair of dorsal, epithelial, follicle cell tubes that
undergo wrapping tubulogenesis and elongation during the late stages of oogenesis (S10-14) and
subsequently secrete eggshell proteins into their tube lumens. As a model system for epithelial
tubulogenesis, DA tubulogenesis has numerous advantages, including its relative simplicity,
genetic tractability, accessibility, and amenability to both fixed and live microscopy. Well fed
fruit flies produce eggs on a massive scale, and since the eggshell is the terminal product of
oogenesis, analyzing DA morphology does not require closely-timed collections, as would
analysis of specific features of embryogenesis. DA morphology has no direct affect on viability,
although the patterning cues that fate the DA tubes are themselves required for embryogenesis,
and therefore DA tubulogenesis can often be readily perturbed without affecting viability. As a

result, DA morphology is also quite sensitive to perturbation, and the presence, absence, position
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of, and morphology of the DAs can be used to determine whether a given phenotype reflects a
defect in patterning, DA-tube formation, DA-tube elongation, or DA-tube guidance. (Berg, 2005;
Berg, 2008). Finally, DA tubulogenesis displays both conservation and extensive variability
between different species of Drosophila, and we are only beginning to realize, appreciate, and
take advantage of the potential benefits of comparative analysis between respective Drosophilid
executions of DA tubulogenesis (Fig 1.15; Throckmorton, 1962; Peri et al., 1999; James and
Berg, 2003; Nakamura and Matsuno, 2003; Nakamura et al., 2007; Kagesawa et al., 2008;
Niepielko et al., 2011; Niepielko et al., 2012; Niepielko et al., 2014a; Niepielko et al., 2014b;
Osterfield et al., 2015).

The patterning events that determine the fate of the two dorsal, anterior groups of tube
cells involve integration of spatial cues from both the EGF and DPP pathways (Schiipbach,
1987; Neuman-Silberberg and Schiipbach, 1993; Brand and Perrimon, 1994; Gillespie and Berg,
1995; Roth et al., 1995; Gonzalez-Reyes et al., 1995; Schnorr and Berg, 1996; Twombly et al.,
1996; Wasserman and Freeman, 1998; Ghiglione et al., 1999; reviewed by Nilson and Shiipbach,
1999; Reich et al., 1999; Tzolovsky et al., 1999; Peri and Roth 2000; Jordan et al., 2000; Zhao et
al., 2000; James et al., 2002; Berg, 2005, 2008; Ward and Berg, 2005; Jordan et al., 2005; Atkey
et al., 2006; Chen and Shiipbach, 2006; Lembong et al., 2008; Yakoby et al., 2008a; Yakoby et
al., 2008b; Boslair Lachance ef al., 2009; Lembong et al., 2009; Zartman et al., 2009; Boyle and
Berg, 2009; Yan et al., 2009; Zartman et al., 2011; Andreu et al., 2012; Fuchs et al., 2012;
Fregoso Lomas et al., 2013; Marmion et al., 2013; Cheung et al., 2011; Simakov et al., 2012).
These patterning events, in conjunction with Notch signaling (Ward et al. 2006), define two cell
types within each DA tube that are spatially and morphogenetically distinct (Fig 1.16; roof and

floor; Dorman ef al., 2004; Ward and Berg, 2005). By stage 10B, each DA-tube primordium
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Figure 1.15 Eggshell and dorsal appendage (DA)
diversity amongst the Drosophilids

Drosophila melanogaster
robusta /

group \ %ﬂ
onnuhmoncl \;\
Q'DUP i : 7
re:lem willistoni
X oup group melanogaster
groud
\\| tripunctata
melanica culloptero group

9y p cosloneo ﬂ !
romeha
group
qmronu
group
salians
\ nonnop'eva W group

virilis
group

immigrans \%
Q 9'0“9 une(

group

\

Subgenus
Yclodon;

Subgenus
vi nlls replew quinaria section Soghoph)r

Subgenus Orosophila /

Figure 1.15 Eggshell and dorsal appendage (DA) diversity amongst the Drosophilids. All
species of Drosophila have DAs, but the number, size, shape, orientation, and arrangement of
these DAs vary between species, possibly correlating with oviposition preference (i.e., egg-

laying behavior) and food resources. Drosophila melanogaster possesses two dorsal, hockey

stick-shaped DAs. (Adapted from Throckmorton, 1962).
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contains a patch of ~65 cells (Dorman et al., 2004, Ward and Berg, 2005; Peters and Berg,
submitted) that express the transcription factor Broad (Deng and Bownes, 1997) and will form
the outward facing roof of each DA tube. Adjacent to each patch of Broad-expressing cells, on
the anterior and medial sides, is a single line of cells that express the protease Rhomboid
(Ruohola-Baker et al., 1993; Sapir et al., 1998); these cells can be easily visualized with the
rhomboid-lacZ marker, and they will form the inward facing floor of each DA tube. Once the
fates and boundaries of these roof and floor cells have been established, all subsequent tube
morphogenesis proceeds without cell division or apoptosis, and is driven exclusively by cell
shape change, cell rearrangement, and cell migration.

During the transition between stages S10B and S11 of oogenesis, when the nurse cells
begin to dump their cytoplasmic contents into the oocyte, the DA-tube cells thicken into a
placode, initiate wrapping tubulogenesis, and create a rudimentary tube lumen. The relationship
between DA-tube patterning and morphogenesis as well as the specific cell behaviors that drive
DA-tube formation were first described in detail by Dorman and colleagues and have now been
elaborated upon and mathematically modeled by Osterfield and colleagues (Fig 1.16; Dorman et
al., 2004; Fig 1.17; Osterfield et al., 2013). The non-classical cadherin, Cad74A, also acts as a
mediator of DA-tube patterning and morphogenesis (Zartman et al., 2008). During DA-tube
formation, the roof cells undergo apical constriction and bend the epithelium outward, as is quite
common in invaginating, tube-forming epithelia (Dorman et al., 2004). At the same time, the
floor cells appear to experience high tension along their leading edge (anterior and medial),
causing that edge to buckle and flip underneath. This process inverts the floor cells in terms of
their apico-basal polarity and allows them to make new junctional contacts with each other and

to seal off the DA-tube from underneath, much like vertebrate neurulation (Fig 1.17; Osterfield
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et al., 2013). Though it has yet to be experimentally validated, precise characterization and
computational modeling of floor cell behavior suggests that the floor cells may be the primary
drivers of DA-tube formation (Osterfield et al., 2013).

Once the DA-tube has formed, it elongates, turns, and widens during stages 12-14 until it
reaches the anterior tip of the egg chamber and takes on a morphology resembling a hockey stick
(Fig 1.16; Dorman et al., 2004). This elongation of the DA-tube is driven by cell rearrangement,
cell shape change, and cell migration. First, the roof cells intercalate and rearrange, converging
toward the dorsal midline and extending anteriorly toward the nurse cells (Dorman ef al., 2004;
Ward and Berg, 2005; see Chapter III). Second, the apices of the roof cells, which maintained
equal AP/DV proportions throughout apical constriction, dramatically expand, but do so with a
distinct AP bias so that they become much longer than they are wide. The anterior tube cell
apices expand to a greater degree than posterior apices, creating the flattened, anterior paddle of
the DA (see Chapter III). Finally, cell migration acts as a major driving force in DA tube
elongation (Dorman et al., 2004; see Chapter III). Even if apical expansion is perturbed, the
basal surfaces of DA-tube cells migrate towards the anterior of the egg chamber (Boyle and Berg
2009). Additionally, the leading row of roof cells and the adjacent floor cells, particularly near
the bend in the floor cell hinge, act as leaders during DA-tube elongation, and this function relies
on trimeric G-protein signaling (Boyle ef al., 2010). Furthermore, the stretch cells, over which
the DA-tube cells migrate, are important mediators of tubulogenic signals that emanate from the
germline (Rittenhouse and Berg, 1995), acting through the non-receptor tyrosine kinases Shark
and Src42A (Tran and Berg, 2003), and appear to be required for DA-tube guidance
(Zimmerman et al., in preparation). In summary, DA-tube elongation requires both autonomous

inputs from DA-tube cells and non-autonomous inputs from the migratory substrate, and it is an
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Fig 1.16. These schematics depict the relative positions and movements of roof
cells (blue), floor cells (red), stretch cells (green), nurse cells (purple) and the
oocyte (yellow) throughout DA tubulogenesis (stages 10B, early 11, late 11, late
12, 13, and 14). By the end of S10B, the roof and floor cells of each DA-tube
primordium are distinct cell types and have thickened into a placode. In early S11,
as the nurse cells initiate dumping, the roof cells initiate apical constriction and the
floor cells begin to flip orientation and dive under the roof cells. By the end of
S11, the roof cell apices are at their most constricted state, and the floor cells have
zippered together and sealed off the floor of the DA tube, creating a rudimentary
lumen. In S12, when the nurse cells have finished dumping, the roof cells
intercalate in a manner similar to convergent extension, their apices begin to
expand with an AP bias (see Chapter III), and the DA-tube lumen elongates along
the AP axis. In S13, DA-tube elongation continues, the DA-tube bends to form the
hockey stick shape, and the DA-tube cells reach the anterior of the egg chamber.
Finally, in S14, the DA-tube paddle widens and flattens while elongation
terminates. Throughout S11 — S14, roof cells secrete chorion proteins into the

DA-tube lumen, forming the mature DA. (Reproduced from Dorman et al., 2004).
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Figure 1.16 Schematic representations of DA tubulogenesis

in Drosophila melanogaster.
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Figure 1.17 Tension along the leading edge of the floor cells
appears to be a major driver in the deformation of the
follicular epithelium and, therefore, in DA-tube formation

Fig 1.17. (Top panels) Increased tension along the leading edge (green) of the floor cells (red)
causes the hinge to buckle and flip underneath the roof cells (not shown), so that apico-basal
orientation of the floor cells is inverted, floor cells exchange contacts with adjacent follicle cells

for other floor cells, and floor cells zipper together to seal the DA tube. (Bottom panels) 3D
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modeling of this process supports the claim that that leading-edge tension in the floor cells is
sufficient to deform the epithelial plane. (Adapted from Osterfield et al., 2013).

exquisite model for understanding the contributions of cell shape change, rearrangement, and
migration to epithelial tube elongation. For these reasons, and those listed above, I have made

this process the focus of my graduate research.

From transcription to tubes

An overarching question in developmental biology is how regulated gene expression can
poise and empower groups of cells to undertake and successfully negotiate the labyrinth that is
morphogenesis. Understanding the morphogenesis of tubes is but a facet of understanding
morphogenesis. Nevertheless, tubes, in all of their resplendent diversity, are essential to
multicellular life, and they are absolutely worth the attention. Despite considerable functional
differences, all tube functions rely on specific tube morphologies; therefore, understanding the
journey from tube cells to tubulogenesis to terminal tube morphology is fundamental for
understanding how multicellular life can exist. Where this tubulogenic journey begins is a bit of
a “Chicken or the egg?” question, but let us say for now that this journey begins with signals that
instruct certain groups of cells to become tubes. These signals, acting through conserved
signaling pathways, regulate the activity of transcription factors, which go on to regulate the
expression of genes. The resultant, specific patterns of gene expression equip cells with the
molecular implements of tubulogenesis, implements that the cells then employ to execute the cell
behaviors required for tubulogenesis. Although these transcription factors that equip cells for

tubulogenesis may not be evolutionarily conserved for these precise purposes (they are
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conserved in general), their downstream molecular effectors are sure to be, and so far have been
required in diverse processes.

As discussed previously, many of the upstream signaling pathways that regulate and
facilitate tubulogenesis are known, as well as their relationships to transcription factors that
facilitate tubulogenesis. Understanding this portion of the tubulogenic program is far from
complete, but comparatively, there has been far more research on cell-fate determining
mechanisms than morphogenetic mechanisms (e.g., dorsal appendage tubulogenesis, refer to
previous section), and the relationship between transcription factors, molecular mechanisms, and
cell behaviors is far less clear. Thus, I dedicated my graduate research to illuminating this
“downstream” tenebrosity of tubulogenesis.

In Drosophila melanogaster, several transcription factors are associated with actually
effectuating tubulogenesis, not just patterning tube-forming cells (e.g., Twist (a bHLH or basic
helix-loop-helix transcription factor) and Snail (a Zinc finger transcription factor) in ventral
furrow formation in the fly embryo (Leptin and Grunewald, 1990), Broad (a Zinc finger
transcription factor) in DA-tube formation (Tzolovosky ef al., 1999)). Forkhead (a FOX or
Forkhead Box transcription factor) is required for apical constriction and salivary gland
internalization (Myat and Andrew, 2000). Huckebein (a Zinc finger transcription factor) and
Ribbon (a Pipsqueak domain transcription factor) regulate the cell-shape change that underlies
larval salivary gland elongation (Bradley and Andrew, 2001; Myat and Andrew, 2002; Cheshire
et al., 2008; Kerman et al., 2008) through promoting the expression of Crumbs, which is needed
for apical membrane expansion in Drosophila and vertebrates (Knust, 1994; Gosens ef al.,
2008). In the embryonic hindgut, STAT92E (a coiled coil transcription factor), an effector of the

JAK/STAT pathway, regulates the cell rearrangement that drives epithelial tube elongation
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(Johansen et al., 2003). Trachealess (a BLH-PAS trancription factor) is required for apical
constriction, enriching F-actin at the apical surface, and functions during tracheal cell
invagination (Isaac and Andrew, 1996; Wilk et al., 1996; Llimargas and Casanova, 1999).
Knirps and Knirps-related (both Zinc finger trancription factors) control cell migration and
branching morphogenesis in the larval trachea (Chen et al., 1998). Finally, Tramtrack69 (a Zinc
finger transcription factor) regulates tube size in both the larval trachea and the dorsal
appendages of the egg chamber (French et al., 2003; Araujo et al., 2007; Boyle and Berg, 2009;
Boyle et al., 2010; Rotstein et al., 2011). If the downstream effectors of these Drosophilid
tubulogenic transcription factors can be identified and validated, they could be compared to
effector profiles from other metazoans transcription factors with tubulogenic roles (e.g., GATAS
in zebrafish (Reiter et al., 2001); Pitx1 in Xenopus (Chung et al., 2010); TTF1, FOXA1, FOXA2
in the mouse lung (Maeda et al., 2007)), our understanding of tubulogenesis and morphogenesis
would be invaluably informed.

My personal tubulogenic adventure began with the Drosophila Zinc-finger transcription
factor Tramtrack69, which is required for DA tubulogenesis (French et al., 2003). Shortly after I
began my graduate research, further work in our laboratory suggested that the role of
Tramtrack69 during DA tubulogenesis was to regulate apical membrane expansion, a relatively
understudied cell behavior (Boyle and Berg, 2009). With this knowledge in hand, I felt that
seeking to understand what Tramtrack69 was doing in the ovary to promote DA tubulogenesis
was a very enticing proposition. Thus, in the first stage of my graduate research, I employed
microarrays, an ovary-specific tramtrack69 mutant, in situ hybridization, and tissue-specific
RNAI to identify and characterize downstream effectors of Tramtrack69 required for DA tube

elongation (Peters et al., 2013; see Chapter II). These efforts 1) identified a network of
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Tramtrack69 tubulogenic effectors, including the homeobox transcription factor Mirror (which
had previously been implicated only in DV patterning and not morphogenesis), the focal
adhesion scaffold Paxillin, and the endocytic scissor Dynamin, and 2) identified regulatory
interactions between several of these effectors (Peters et al., 2013; see Chapter II). My work
implicated novel effectors of tubulogenesis and laid the foundation for the second part of my
graduate research.

“Following the tracks” (Peters et al., 2013) laid by my prior graduate research led me to
study the function of Dynamin and endocytosis in DA tubulogenesis, and these topics have been
the focus of the latter years of my graduate research. These efforts have both identified novel
roles, and expanded upon existing roles, for Dynamin in tubulogenesis (see Chapter III; Peters
and Berg, submitted). I show that Dynamin is required for DA-tube closure, DA-tube cell
intercalation, and biased apical-luminal expansion. I also show that Dynamin drives these
processes through facilitating endocytosis of cell-cell and cell-matrix adhesions, and that the
precise levels and localizations of these adhesions are critical for DA tubulogenesis. Dynamin-
mediated endocytosis is implicated in a number of morphogenetic and tubulogenic processes
from Drosophila (e.g., salivary gland tubulogenesis (Pirraglia et al., 2006; Pirraglia et al., 2010);
embryonic cellularization (Fabrowski ef al., 2013); stretch cell morphogenesis (Gomez et al.,
2012); DA tubulogenesis (Peters et al., 2013); Peters and Berg, submitted; see Chapters II and
III) to vertebrates (e.g., zebrafish gut morphogenesis and gastrulation (Rodriguez-Fraticelli et
al., 2014; Lepage et al., 2014); Xenopus gastrulation (Lee and Harland, 2010; Ogata et al.,
2007); mouse retinal morphogenesis and angiogenesis (Bogdanovic et al., 2012; Lee et al.,
2014); rat dendrite morphogenesis (Gray et al., 2005)), suggesting that its morphogenetic-

tubulogenic functions are likely conserved.
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In this dissertation, I emphasize the important role that transcription factors can play

during active morphogenesis, beyond patterning and cell fate decisions. First, I functionally link

two upstream, Drosophilid, tabulogenic transcription factors to a cohort of downstream,
tubulogenic effectors, several of which had no previously documented tubulogenic function.
Second, through characterization of the tubulogenic function of Dynamin in the Drosophila
ovary, I support, and expand upon, previously demonstrated functions for Dynamin in the
modulation of cell adhesion during metazoan morphogenesis. These efforts considerably
augment our understanding of how regulated molecular interactions translate into coordinated

cell shape changes and movements during epithelial tubulogenesis in the Drosophila ovary.
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Chapter 11

Following the “tracks’:
Tramtrack69 regulates epithelial tube expansion
in the Drosophila ovary through Paxillin, Dynamin,

and the homeobox protein Mirror.

— Summary -

Epithelial tubes are the infrastructure for organs and tissues, and tube morphogenesis
requires precise orchestration of cell signaling, shape, migration, and adhesion. Follicle cells in
the Drosophila ovary form a pair of epithelial tubes whose lumens act as molds for the eggshell
respiratory filaments, or dorsal appendages (DAs). DA formation is a robust and accessible
model for studying the patterning, formation, and expansion of epithelial tubes. Tramtrack69
(TTK®69), a transcription factor that exhibits a variable embryonic DNA-binding preference,
controls DA lumen volume and shape by promoting tube expansion; the tramtrack mutation twin
peaks (ttk"") reduces TTK69 levels late in oogenesis, inhibiting this expansion. Microarray
analysis of wild type and #k™* ovaries, followed by in situ hybridization and RNAi of candidate
genes, identified the Phospholipase B-like protein Lamina ancestor (LAMA), the scaffold protein
Paxillin, the endocytotic regulator Shibire (Dynamin), and the homeodomain transcription factor
Mirror, as TTK69 effectors of DA-tube expansion. These genes displayed enriched expression
in DA-tube cells, except lama, which was expressed in all follicle cells. All four genes showed
reduced expression in #k™* mutants and exhibited RNAi phenotypes that were enhanced in a

1tk"*/+ background, indicating #k™"* genetic interactions. Although previous studies show that
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Mirror patterns the follicular epithelium prior to DA tubulogenesis, I show that Mirror has an
independent, novel role in tube expansion, involving positive regulation of Paxillin. Thus,
characterization of rtk"*-differentially expressed genes expands the network of TTK69 effectors,
identifies novel epithelial tube-expansion regulators, and significantly advances our

understanding of this vital developmental process.
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— Introduction —

Epithelial tubes are essential structures in metazoan organs and tissues and thus, errors
during tube morphogenesis can have profound developmental consequences. Failure of
gastrulation will arrest development and defects in neural tube closure may result in spina bifida
or anencephaly (Botto et al., 1999; Davidoff et al., 2002; Wallingford, 2005; Ray and
Niswander, 2012). Gaining insight into the molecular and cellular requirements of tubulogenesis
will augment our understanding of this developmental process and illuminate underlying causes
of developmental tube defects, leading to better diagnostics and treatments.

To create an epithelial tube, cells must adopt a tube fate distinct from neighboring cells,
coordinate their movements to form rudimentary tubes, and expand those tubes into a terminal
morphology (Andrew and Ewald, 2010). Tube-forming events involving epithelial sheets share
common molecular and cellular mechanisms (patterning, adhesion, polarity, guidance,
morphogenetic movements), but the network of effectors and pathways that coordinate these
mechanisms, from cell fate to terminal tube morphology, is not well defined. To advance our
understanding of these networks, I have identified and characterized downstream effectors of a
key transcription factor that regulates tube morphogenesis in the Drosophila ovary.

My model for epithelial tubulogenesis resembles vertebrate neural tube formation and
involves the synthesis of the dorsal appendages [DAs], respiratory structures of the eggshell
(Dorman et al., 2004). During oogenesis, egg chambers develop in an assembly-line fashion
through 14 stages (S1-S14); a single layer of somatic, epithelial, follicle cells (FCs) envelops the
developing germline (oocyte and nurse cells), undergoes coordinated morphogenesis to give
shape to the egg, and secretes the eggshell (Spradling, 1993). This epithelium is polarized such

that the apical surface contacts the germline and the basal surface faces outward. During stages
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S10B through S14, when growth and cell division have ceased, two dorsal anterior groups of
FCs become patterned through EGF, BMP, and Notch signaling, form tubes through apical
constriction and zippering, and elongate the tubes by migrating anteriorly, expanding apices, and
intercalating through convergence and extension (Fig 2.1A; Berg, 2005). The apical lumens of
these tubes act as molds for the DAs of the mature eggshell, so although the FCs slough off
during oviposition, the number, position, and morphology of the DA structures on laid eggs
provide physical evidence for the efficacy of tube patterning and morphogenesis during
oogenesis. Furthermore, since ovaries from well-nourished females contain all stages of egg
chamber development, and since egg chambers can be dissected and cultured outside of the
ovary, this system is ideal for investigating epithelial tube patterning, formation, and expansion
(Berg, 2005).

The female sterile tramtrack69 (ttk69) mutant twin peaks (ttk™"*) produces eggs with
severely stunted DAs and weak eggshells that cannot support fertilization. These defects are
separable, the former resulting from a tube expansion defect (French et al., 2003). In k™"
mutants, DA-tube cells undergo proper patterning and tube formation but fail to change shape
and move during tube elongation. These cells retain some migratory ability and stretch along a
correct, anterior path, but the DA tube itself fails to expand (Fig 2.1A; French et al., 2003; Boyle
and Berg, 2009).

What is the underlying mechanism of this failure in tube expansion? The #k"* mutation
is an unusual, hypomorphic allele of the tramtrack69 gene that does not influence viability or
development; the #k™* P-element insertion disrupts a promoter required for late-oogenic k69
expression, inducing visible defects only in the DAs and eggshell (French et al., 2003).

TTK69 is a zinc-finger transcription factor originally identified as a repressor in
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embryogenesis (Harrison and Travers, 1990; Brown et al., 1991; Read et al., 1992); it is also a
founding member of the BTB protein family that shares a Bric-4-brac—Tramtrack — Broad
protein-protein interaction domain (Godt et al., 1993; Zollman et al., 1994). Best known for its
role downstream of Notch in repressing neural cell fates (Guo et al., 1995), TTK69 also regulates
diverse processes during fly development, from cell-cycle regulation to tracheal tubulogenesis
(Baonza et al., 1992; Aratjo et al., 2007). Genome-wide expression profiling in S2 cells (Reddy
et al., 2010) identified broad classes of TTK69-regulated genes: protein folding, mRNA splicing,
cell proliferation, phagocytosis, tracheal development, and axon guidance. Microarray profiling
of embryonic trachea (Rotstein et al., 2011) indicated that TTK69 interacts with known
pathways (e.g., Notch), and is upstream of known tracheal-tube size genes (e.g., chitin
metabolism, septate junction, polarity proteins), corroborating previous observations.

To define TTK69’s regulatory role during epithelial tubulogenesis and to identify novel
effectors, I exploited the unique tk69 allele, tk™*. 1 compared wild type and #k™" expression
profiles via microarrays to identify direct and indirect targets of TTK69, and worked in
collaboration with Nathaniel Thayer and Martin Tompa to evaluate the utility of TTK69-binding
motifs as predictive tools. I then ascertained which TTK69-regulated genes are required for DA-
tube expansion through in sifu hybridization (ISH) and tissue-specific RNAi. These studies
revealed regulatory links between TTK69 and known or novel tubulogenesis effectors, showed
that TTK69-binding preference is highly variable, and demonstrated that 1#k69’s influence

extends beyond tubulogenesis.
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— Materials and Methods —

Drosophila strains

For microarrays and in situ analyses, I compared Canton S wild type to homozygous ry’”
P{PZ}07223=P{ry+t7.2, PlacZ}ttk"* mutants (French et al., 2003). For RNAi, I used UAS-
RNAi transgenic strains from Drosophila stock centers (Table 2.1). UAS-mirror was a gift from
Helen McNeill (McNeill et al., 1997) and UAS-Paxillin (UAS-GFP::Paxillin) was a gift from
Denise Montell (He et al., 2010). GAL4 driver strains were w*; CY2-GALA4; ry’” ttk™"/TM3
(Queenan et al., 1997) and w*; Vm26Aa-GAL4; ry’” ttk™*/TM3. To characterize GAL4
expression (Fig 2.7A), I crossed GAL4 lines to UAS-GFP::moesin (Bloor and Kiehart, 2001). To

visualize floor cells, [ used y* w *; P{w+mC=Rho(ve)-lacZ.0.7} (Ip et al., 1992).

Vm26Aa-GAL4

To facilitate transcript production of GAL4 (Furger et al., 2002), Faith Hassinger added
an intron into the pGaTB GAL4 expression vector (Brand and Perrimon, 1993) to create pF-
GALA4; she inserted a 150-bp fragment, containing splice donor, intron, and splice acceptor
sequences from the Cp36 gene, into the Asp70 sequences that reside upstream of the Gal4
translational start site. To generate a GAL4 driver specific to late-stage egg chambers, Scott Kerr
used this modified GAL4 vector to create pVm26Aa-F-GAL4. He inserted a 1047-bp PCR
product from the Vm26Aa regulatory region, including ~950 bp of upstream sequences, the
transcription start site, and the 5° UTR, upstream of the Cp36 sequences. After verifying the
construct by Sanger sequencing, he sent plasmid DNA to Rainbow Transgenics, who created
>100 random insertion lines. Scott and Faith screened several hundred lines and selected the

best expressing lines on X, 2 (used here), and 3. The Vm26Aa fragment was sufficient to direct
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gene expression in columnar FCs from S10 onward (Jin and Petri, 1993). The complete

pVm26Aa-F-GAL4 plasmid sequence is available at NCBI (BankIt1606792 Seql KC664779).

Microarrays

Canton S and ttk™* ovaries came from 36-hr-old females; for each sample (3 biological
replicates for each condition), I dissected 50 ovary pairs into RNAlater® (Life Technologies)
and processed in <20 min to minimize experimental effects on gene expression. I extracted total
RNA via the RNAqueous® Kit (Ambion), and Kurt Hardesty processed the RNA and
microarrays at the UW Center for Array Technologies: they evaluated RNA quality via
BioAnalyzer (Agilent); they used 100 ng of total RNA to generate labeled probes via the
Affymetrix GeneChip®3’ IVT Express Kit (2008), and following fragmentation, they hybridized
10 ug labelled antisense RNA for 16hr at 45°C to GeneChip® Drosophila Genome 2.0 Arrays
(>18,500 transcripts). They washed the arrays and stained in an Affymetrix Fluidics Station
FS450 and scanned using an Affymetrix GeneChip® Scanner 3000 7G. Rob Hall then analyzed
the data using GeneChip® Operating Software (GCOS) and the Microarray Suite version 5.0
(MAS 5.0) algorithm, and he used Expression Console (Affymetrix) for robust multi-chip

wk

analysis (RMA) normalization. I subsequently identified #zk™"-differentially expressed genes via

SAM (Significance Analysis of Microarrays), q<0.05.

TTK69 Binding Preference

Using modENCODE data from 0-12-hr embryos (the modENCODE consortium et al.,
2012), Nathaniel Thayer and Martin Tompa used ChIP-Seq sequences from 384 TTK69-bound

sites to generate a 21-bp TTK69-preferred motif (E-value = 2.2e-8) by employing the MEME-
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ChIP algorithm (MEME-Suite; Bailey et al., 2009). They used TOMTOM (MEME-Suite) to
search for similarities with published motifs, and FIMO (MEME-Suite) to examine motif-
incidence within #tk"*-differentially-expressed-gene promoters (including 2 kb upstream and 1

kb downstream).

In situ hybridization and immunostaining

Ariel Altaras and I worked closely with Sandra Zimmerman to optimize colorimetric and
fluorescence, tyramide-amplified (Lecuyer et al., 2007) in situ hybridization (ISH) protocols for
the ovary, and we formulated a protocol for dual immunostaining:FISH in the ovary
(Zimmerman et al., 2013). For work described specifically in this dissertation, I generated
probes from sequenced cDNA clones (Table 1; DGRC) with three exceptions: k69, mirr, and
Rac2. For these genes, I amplified sequences unique to each gene from w''’® genomic DNA,
cloned the sequences into TOPO-TA vectors (Invitrogen), and verified the clones by sequencing.
For 1tk69, I amplified 792 bp from the 3’-UTR of #tk, using sequence specific to the k69
isoform (#tk69-FW: 5°-CGCTCTTCGGGATTTAGTTG-3’; ttk69-RV: 5’-
GTTGGTTTTTGAGGGTGTGG-3"). For mirr, I amplified 419 bp from the mirr 3’-UTR, a
region that is mirr-specific and shared by all mirr transcripts (mirr-FW: 5’-
GCCGTAGTCACTCCCAGTTT-3’; mirr-RV: 5’-GCGTCGAATTGTTTGCATCT-3’). For
Rac2, I amplified 389 bp (unique) from the Rac2 5’-UTR to corroborate full-length Rac2 probe
results that could reflect non-specific Rho-GTPase expression (Rac2-FW: 5°-
TCTCTGTACGCGATTGCTTG-3’; Rac2-RV: 5’-GCAGAGGGTTTTTCAGTGGA-3’). To
generate plots of late oogenesis expression (Figs 2.3,2.4), I scored relative germline and FC

expression in 7-50 egg chambers for each stage using a 0-2 scoring system (0 = weak/no
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expression, 1 = moderate expression, 2 = strong expression). Each point represented the average
score for a given stage, tissue type, and background. Kelsey Kaeding, one of the summer
undergraduate students that I mentored, made a small but notable contribution to this scoring.
Asterisks indicated significant differences (* = p<0.05, ** = p<0.001) calculated by Chi-square
analysis. Table 2 includes qualitative descriptions of spatial expression. Ovary immunostaining
was as described (Ward and Berg, 2005; Zimmerman et al., 2013), using rabbit anti-[3-
galactosidase (preabsorbed-1:2000; Cappel), mouse anti-GFP (1:200, Molecular
Probes/Invitrogen), mouse anti-BR-core (1:500, 25E9.D7-concentrate, DSHB; Emery et al.,
1994), mouse anti-a-Spectrin (1:50, 3A9-concentrate, DSHB; Dubreuil et al., 1987), and goat
anti-mouse Alexafluor 488-, 555-, and 647-conjugated antibodies (1:500, Molecular
Probes/Invitrogen). Imaging was performed on a Zeiss 510 scanning confocal microscope or a
Nikon Microphot FXA. Images were processed using Photoshop CS (Adobe), Helicon Focus

(Helicon Soft Ltd.) and FIJI (ImageJ-based, NIH; Schindelin et al, 2012).

Tissue-specific expression: GAL4-UAS

For RNAI assays, I crossed GAL4-bearing virgin females to UAS-RNAi-bearing (Table
2.1) males at 25°C; I mated female progeny of the desired genotype to w'/’® males at 30°C in the
presence of wet yeast, to optimize GAL4 expression and egg production. After >24 hr at 30°C, 1
collected eggs over successive 8-12-hr periods on grape juice/agar plates, then rinsed, pooled,
and mounted the eggs in Hoyer’s medium (van der Meer, 1977). Robert Matlock, and
undergraduate whom I mentored, assisted me for a small portion of this egg collection and
preparation. For over-expression assays (UAS-mirr and UAS-Pax), I performed assays at 30°C

and 25°C, to compare the effects of stronger and weaker GAL4 expression, respectively. |
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evaluated DAs using a 0-2 scoring system (0 = no DA defect, 1 = moderate DA defect, 2 =
severe DA defect) and calculated an average score to facilitate comparison between strains.
Moderate defects included rough/feathered DA shape, difference in DA length within the DA
pair, wide DA paddles, wide DA shafts, and short DAs that extended past the micropyle. Severe
DA defects included short and/or wide DAs not extending past the micropyle, fused DAs, or a
combination of 2 or more category-1 criteria. Table 1 includes qualitative descriptions of DA
morphology. I performed viability assays at 30°C as follows: after 8 hr of egg laying, I counted

laid eggs; I then incubated plates at 25°C for an additional 30 hr, after which I counted unhatched

eges.

Accession Numbers

The microarray data discussed in this publication was deposited in NCBI's Gene Expression
Omnibus (Edgar et al., 2002) and is accessible through GEO Series accession number

GSE42758 (http://www .ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42758).
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— Results -

Microarray analysis of twin peaks (ttk™"), a female-sterile tramtrack69 mutant,
reveals downstream genes during oogenesis

To identify TTK69 effectors in the ovary, I compared expression profiles between wild
type and #tk™* using microarrays (Fig 2.1B). This approach has been effective with whole
ovaries (Jordan et al., 2005), staged egg chambers (Yakoby et al., 2008; Tootle et al., 2011), and
purified follicle cells (Bryant et al., 1999; Wang et al., 2006). Although only a subset of FCs
require TTK69 for DA-tube expansion (Boyle et al., 2010), I chose to analyze whole ovaries
because this approach can identify differential gene expression associated with restricted FC-
patterns (Jordan et al., 2005), the rtk™* mutation is specific, affecting TTK69 production only
during late oogenesis (French et al., 2003), and germline TTK69 expression is not required for
DA-tube expansion (Boyle and Berg, 2009). To increase the likelihood of identifying gene-
expression differences relevant to DA-tube expansion, I dissected wild-type and #tk™* ovaries
from ~36-hour-old females to ensure comparable distributions of late-stage (S10-S14) egg
chambers. Using Affymetrix Drosophila 2.0 whole-genome arrays and Significance Analysis of
Microarrays (SAM), I identified ~1000 differentially expressed transcripts in #k™* ovaries
(g=<0.05), 251 of which displayed more than a 2-fold change in expression (Fig 2.1C; Gene
Expression Omnibus: GSE42758).

As preliminary validation of array efficacy, I examined the expression data for expected
features. I observed down-regulation of #k69 transcripts in ttk™*, but transcripts from #tk88, a
tramtrack isoform with no apparent ovarian function (French et al., 2003), remained low.

Chorion protein 16 (Cpl6) transcripts were also reduced in #k™* (Table 2.1), corroborating
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Fig 2.1. (A) WT vs. ttk™* DA tubulogenesis, dorsal view. All subsequent images will be shown
with the anterior facing left. S10B-S14 = late stages of oogenesis, DM = Dorsal Midline. Blue =
DA-roof cells. Red = DA-floor cells. The roof cells above the dorsal midline in S11-S14 are
transparent to show the underlying DA-tube lumen (black). From S10B-S12, #k™* resembles
WT. During S13-S14, WT DA tubes expand but #k™* DA tubes do not (indicated by orange).
(B) Experimental pipeline. (C) Genes with significant differential expression in #tk"* (q<0.05),
plotted using mean log2-expression values for WT and #k™*. Colors represent degree of raw fold
change. ttk"*-down-regulated genes are above the dotted line (O-fold change) and #k™*-up-
regulated genes are below. (D) Subset of k™*-differentially expressed genes (i.e., panel C) with
FIMO motif incidence >1. Colors indicate number of TTK69 motif instances in a gene’s

promoter. (E) Subset of rtk"*-differentially expressed genes selected for subsequent analysis.
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Fig 2.1. twin peaks (ttk™*) a female sterile tramtrack69 mutation,
affects gene expression during late oogenesis.
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previous northern blot analysis (French et al., 2003). Consistent with 7tk™*’s fragile eggshell
phenotype, I noted decreased transcript levels for other eggshell genes (Cp18, Cpl19, Cp7fa,
CG15570, and CG15571) and for an upstream regulator of eggshell gene expression,
Cytochrome P450-18al (Cypl8al; Tootle et al., 2011). These data validate my whole-ovary
microarray approach.

In addition to eggshell genes, ttk™* altered expression of genes involved in metabolism,
response to stress, DNA repair, ion transport, cell-cycle regulation, or phagocytosis; ~42% of
differentially expressed genes had no known function. The most enriched gene ontology terms
were associated with mitochondrial functions (e.g., oxidoreductase, electron acceptor, heme),
eggshell synthesis (chorion), or the cytoskeleton (actin). These results were consistent with
genome-wide proteomic analyses in S2 cells that show that TTK69 is present in a complex with
the mitochondrial transcription factor TFAM (Guruharsha et al., 2011) and substantiate TTK69’s

role in eggshell and cytoskeletal regulation.

modENCODE data provide insight into TTK69-binding preference

To understand the relationship between TTK69 binding and the ~1000 genes that were
differentially expressed in ##k™*, and to potentially make predictions about direct vs. indirect
TTK69 interactions, Nathaniel Thayer and Martin Tompa utilized MEME SUITE software
components MEME-ChIP, TOMTOM, and FIMO (Bailey et al., 2009) to analyze modENCODE
ChIP-Seq TTK69-binding data from 0-12hr embryos (384 bound sites; The modENCODE
Consortium et al., 2010). They generated a preferred binding motif for TTK69 with MEME-
ChIP (Multiple Em for Motif Elicitation, ChIP-optimized; Fig 2.2A). TOMTOM, a motif-

database scanning algorithm, showed that this motif partially matched another proposed
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Tramtrack motif generated by meta-analysis of experimental data (Kulakovskiy and Makeev,
2009). They then searched for the modENCODE motif within promoters of rtk"*-differentially
expressed genes using FIMO (Find Individual Motif Occurrences). 54% of ttk™*-differentially
expressed genes possessed =1 FIMO promoter hit, with 120 genes possessing =5 hits and 16
genes possessing =10 hits (Fig 2.1D; Table S1). These data suggested that TTK69 both directly
and indirectly regulated the expression of target genes. With the caveats that the modENCODE
motif was derived from sites identified in embryos, and the MEME analysis indicated that
TTK69-binding preference was variable, I considered these FIMO results when selecting

candidates for further analysis.

Figure 2.2. TTK69 preferred embryonic binding motif

A MEME-ChIP

TTK69 binding motif
(modENCODE data)

----------

E-value =2.2e-8

Fig 2.2. (A) This DNA-binding motif was generated from modENCODE ChIP-Seq data
generated from 1-12-hr-old embryos, using MEME-ChIP software. Horizontal values represent

nucleotide position and font height represents nucleotide preference.
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Table 2.1. Down-regulated (top) and up-regulated (bottom) genes are listed alphabetically.
cDNA clones are from the Drosophila Genomics Resource Center (DGRC) except where
indicated (*; see Methods). Letters preceding RNAI stock ID indicate origin (V=VDRC,

B=Bloomington, N=NIG-Fly).
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Table 2.1. ttk™*-differentially expressed genes selected

for expression and functional analyses
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TTK69 positively and negatively regulates FC gene-expression

To confirm that my array data reflected actual gene-expression differences during oogenesis, 1
selected candidate genes and used in situ hybridization (ISH) to compare transcript levels
between wild-type and #k™* ovaries. Using gene ontologies and the literature, I identified genes
with functions relevant to tube expansion (cytoskeletal regulation, cell adhesion, migration,
vesicle trafficking; Lubarsky and Krasnow, 2003). I selected genes with a wide range of
expression changes, reasoning that large differences would be more readily discernable by ISH,
and that small differences could also be relevant, since mRNA differences in DA-tube-forming
cells might be subtle relative to total mRNA from whole ovaries. To provide additional diversity
to my candidate pool, I selected both up- and down-regulated genes, genes with a range of
FIMO-motif hits, and un-annotated genes (Fig 2.1E; Table 2.1).

I compared transcript abundance and localization for 29 genes in wild type and #k™"
ovaries by colorimetric ISH, and for FC-expressing genes, also by fluorescent ISH (FISH),
noting the expressing tissue (germline, FC, both) and any spatially restricted expression (Figs.
2.1E,2.3,2.4; Tables 1, 2). I generated expression timelines by assessing relative expression at
each late-oogenic stage (Fig 2.3C, F, 1, L; Fig 2.4A”-L”). For most transcripts (24/29), 1
observed rtk"*-differential gene expression as predicted by the arrays. Some transcripts exhibited
subtle changes, but none contradicted the array results (Table 2; Figs. 2.3,2.4). In addition to FC
expression, I discovered that TTK69 influences gene expression in the germline. Indeed, more
than half (18/29) of the tested genes displayed germline expression, with 12 appearing to express
strictly in the germline (Table 2; Fig 2.4). Since germline #tk™* clones do not result in DA
defects (Boyle and Berg, 2009), however, and since TTK69 is required specifically in FCs for

DA-tube expansion (Boyle et al., 2010), I focused my attention on the most relevant genes, those
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with FC expression (15/29; Figs. 2.3, 2.4; Table 2).

wk

Of the 24 genes for which I observed #k™"-differential gene expression, 8 genes displayed
uniform FC expression and/or mixed FC-germline expression. I observed expression in all FCs
for three genes: lamina ancestor (lama), Cypl8al, and Cyp9b2. lama and Cypl8al transcripts
were substantially reduced in #k™* (Fig 2.3A-C; Fig 2.4D-D”), whereas Cyp9b2 expression
increased in #k™* (Fig 2.4B-B”). Interestingly, late wild-type Cyp9b2 transcripts were enriched
in anterior FCs relative to other FCs, while in #k™* this pattern was reversed. One gene, rolled
(rl; MAPK) was detected in all cell types, FC and germline, and expression increased slightly in
1tk™* (Table 2). Four genes displayed late FC-expression in anterior FCs (including DA-tube
cells) and germline expression at earlier stages: shibire (shi; dynamin); huckebein (hkb), Rab40,
and (centaurin beta 1A (cenBIA). The level of shi transcripts was reduced in 7tk™*, particularly
in anterior FCs (Fig 2.3D-F), whereas levels increased uniformly for hkb, Rab40, and cenBI1A
(Table 2).

Notably, 7 genes displayed expression in specific FC-types: CG7997, nervana 3 (nrv3),
Cytochrome P450-12d1 (Cyp12d1), Glutathione S transferase E1 (GstEl), Rac2, Paxillin (Pax),
and mirror (mirr). CG7997 transcripts were restricted to the squamous stretch FCs that envelop
the nurse cells, while nrv3 transcripts were restricted to the columnar FCs covering the oocyte; in
1tk™*, both CG7997 and nrv3 mRNA levels were higher than in wild type (Fig 2.4A-A”; Table
2). Cypl2d] transcripts were present in anterior FCs during late oogenesis (S13+), and were
absent in #k™* (Fig 2.4C-C”). GstEI expression began in all columnar FCs at S10, later appeared
in small patches of anterior FCs (Fig 2.4E), and was absent in #k™* (Fig 2.4E’-E”). Rac2

transcripts were visible in stretch FCs from S10-12, and in DA-tube cells at S12 (Fig 2.4K; inset,

white arrowheads); levels were slightly reduced in #tk™* (Fig 2. 4K-K”; black arrowhead).
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Table 2.2. ISH analysis of tk™*-differentially expressed genes
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Arcl 50 germline strong, germline weak, germline decrease  yes
CG31918 200 germline weak, germline weak, germline decrease  yes
Cypl12d1-d 45 anterior FCs X strong, anterior FC no visible expression decrease yes
Cypl8al 35 all FCs X strong, all FC moderate, all FCs decrease yes
Gst-E1 40 all FCs X moderate, all FC, no visible expression decrease yes
kat80 45 germline X strong, germline weak, germline decrease yes
lama 45 all FCs X strong, all FC moderate, all FCs decrease yes
mirr 40 dorsal FC X strong, FC 'saddle' at S10, moderate, FC 'saddle’, no decrease es

'saddle’ DA-tube cells from S13-14 late expression Y
Pax 40 DA tube X weak, all FC, strong, DA very weak, DA tube FCs decrease yes
FCs FCs
stretch FCs « strong, stretch FC and DA moderate, stretch FC and
Rac2 60 and DA X decrease yes
FC DA FC
tube FCs
scramb2 60 germline strong, germline no visible expression decrease yes
. germline strong, germline, moderate, germline, weak,
shi 45 and FCs X moderate, anterior FC anterior FC decrease yes
germline moderate, germline, moderate, germline, .

cenBla 70 and FCs strong, all FC very strong, all FC Increase yes
CG12560 65 germline no visible expression moderate, germline increase  yes
CG1824 65 germline no visible expression moderate, germline increase yes

70



<
— [] = 1 < < © E
H ER o T2 : c ¥
= - ? £ o E 0 f ] £ s 0 ]
E L 0 w3 E o + o ®m @ -
Y Cos nw a % v s oV S =0 g
<5 fe@2 =2 2 X 29 T E9 Z
o € .= o My - 0 s a S oo H
s IcTo X Lo B x T OB X >
e 5= w 0 2 g 0 9 ouw
- E x> 4 g &
Nt - L]
CG31673 120 germline no visible expression moderate, germline increase  yes
CG7997 60 stretch FCs X weak, stretch FC strong, stretch FC increase  yes
strong, all FC, very strong, .
Cyp9b2 35 all FCs X anterior RC very strong, all FC increase  yes
germline stron ermline, stron very stron ermline
hkb 45 and 9, germ ! 9 Y 9, germ ! increase  yes
anterior FCs anterior FC very strong, anterior FC
nrv3 200 coIL;g]snar very weak, columnar FC moderate, columnar FC increase yes
plexB 45 germline moderate, germline strong, germline increase yes
germline strong germline, stron very strong germline, ver
Rab40 70 and g germiine, 9 Y g germiing, Y increase yes
anterior FCs anterior FC strong, anterior FC
rl 80 %e;]rdmllzlcnse moderate, germline, FC strong, germline, FC increase yes
rst 45 germline strong, germline very strong, germline increase yes
ermline no visible
Kirre 120 9 uncta moderate, germline moderate, germline diff. no
P expression
no visible
SRPK 40 germline strong, germline strong, germline diff. no
expression
no visible
Bx 40 germline strong, germline strong, germline diff. no
expression
CG18628 O/N ? no visible signal no visible signal NA no
BInt-v O/N ? no visible signal no visible signal NA no

Table 2.2. Down-regulated genes (top), up-regulated genes (middle), and genes with

inconclusive ISH results (bottom) are listed alphabetically.



Fig 2.3. WT (A,D,G,)) vs. tk"* (B,E,H,K) mRNA expression for lamina ancestor (lama),
shibire (shi), Paxillin (Pax), and mirror (mirr). (A-K”) All images are oriented with anterior to
the left. Dotted lines indicate the dorsal midline and insets indicate egg chamber orientation and
stage. Scale bar = 50 um. (C,F,LL) Plots generated using a 0-2 scoring system (0 = weak/no
expression, 1 = moderate expression, 2 = strong expression); asterisks indicate significant
differences (see Methods); blue solid lines = WT, red dashed lines = #tk"*. (A-C) From S10A-
S12, lamina ancestor mRNA is visible in all FCs and is reduced in #tk"*. (D-F) From S11-13,
shibire (dynamin) mRNA is visible in anterior FCs and nurse cells and is reduced in #k™*. (G-I)
From S10B-S13, Paxillin mRNA is enriched in DA-tube cells, and expression is almost absent in
1tk™*. (J-L) Previous studies show that mirror is expressed in a dorsal anterior saddle at S10B. 1
find new expression at S13 in DA-tube cells. In #k™*, mirr mRNA expression is significantly

reduced at S10B and is absent at S13-14.

72



Figure 2.3. FISH demonstrates FC k™" differential gene expression and
reveals patterns relevant to DA-tube expansion.
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Fig 2.4. WT vs. 1tk™* gene expression for rtk"*-differentially expressed genes, shown by FISH
(A-F”’) and colorimetric ISH (ISH; G-L’’). Plots generated from ISH data, asterisks indicate
significant differences (see Methods). (A-A’’) CG7997 expression in stretch FCs increases in
ttk"™*. (B-B’’) Cyp9bh2 expression in anterior FCs is absent in #k™*, and high in ##k"*-main body
FCs. (C-C’’) Cyp12d1 expression in anterior FCs is absent in k™. (D-D’*) Cyp18al
expression in all FCs is reduced in #k™*. (E-E’’) Gst-EI expression in stretch FCs and anterior
FCs, with sporadic expression in DA floor cells (yellow arrowhead), is reduced in #k™*. (F-F’?)
kat80 germline expression is reduced in k™. (G-G”’,J-J’,L-L”’) Arcl, CG31918, and
scramb2 germline expression is reduced in 1tk™*. (H-H”’,1-I’’) CG12560 and CG31673
germline expression is visible in #tk™*, but not in WT. (K-K’’) Rac2 expresses in DA-tube FCs
(K, *inset, white arrowheads [Rac2-full length probe]) and stretch FCs. Rac2-specific probe
confirms DA-tube FC-expression (K, black arrowhead) and indicates slight reduction in #k™*
(K’, black arrowhead). In plots, blue solid lines and red dashed lines represent WT and tk™*,

respectively. Scale bars, 50 um.
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Figure 2.4. FISH/ISH demonstrates #k™* differential gene expression.
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Fig 2.5. Timeline of Pax expression during late oogenesis (S10B-S14), visualized by dual
immunostaining:FISH. (A-F) DAPI nuclear stains reveal stage. (A’-F’) rhomboid-lacZ,
visualized by anti-BGal immunostaining, marks DA floor cells; a-Spectrin protein immunostain
distinguishes cell membranes. (A”’-F’’) Pax mRNA levels in the DA-tube cells are dynamic,
peaking at S12 prior to DA tube expansion. (A”’’-F”’”) Pax mRNA expresses in floor cells
(rhomboid-lacZ) and overlying roof cells. Dotted lines = dorsal midlines; insets = egg chamber

orientation and stage; scale bar = 50 um.
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Both Pax and mirr transcripts localized primarily to DA-tube cells and therefore merited special
attention, as discussed below.

In addition to the previously reported expression in migrating border cells (Chen et al.,
2005), Pax transcripts were highly enriched in DA-tube cells (Fig 2.3G-G’) and substantially
reduced in 7tk"* (Fig 2.3H-I). Dual immunostaining:FISH revealed that Pax expression is
dynamic during late oogenesis specifically in DA-tube cells (Fig 2.5). Visualization of nuclear
morphology (DAPI; Fig 2.5A-F) and cell shape (Spectrin protein; Fig 2.5A’-F’) along with Pax
mRNA (Fig 2.5A”’-F"’) indicated that peak transcript levels corresponded precisely to the
initiation of DA-tube expansion (S12-13; Fig 2.5C’’-D’"). Co-staining for a DA-tube-cell
reporter (rhomboid-lacZ; Fig 2.5A°-F’) showed conclusively that high Pax expression is
contained within rhomboid-expressing floor cells (Fig 2.5A°”’- F’*’) and the adjacent roof cells
(see below). Pax encodes a focal adhesion scaffold protein with important roles in cell
migration, adhesion, and signaling (Turner et al. 1990; Brown and Turner, 2004), but a role
during tubulogenesis had not been described previously.

mirr encodes a homeodomain transcription factor with dorsoventral (DV) patterning roles
in the eye and ovary (McNeill et al., 1997; Jordan et al., 2000; Zhao et al., 2000). Expression of
mirr at S10 in a dorsal anterior FC ‘saddle’ helps define the DV axis of the eggshell and embryo
and determines the placement of the DAs (Nakamura et al., 2007; Lachance et al., 2009; Fuchs
etal.,2012). I confirmed this reported S10 mirr mRNA expression (Fig 2.3L; 2.6C-C’), and
noted a previously unreported, second wave of mirr mRNA expression in DA-tube cells during
S13-14 (Fig 2.3J-J’). This observation was intriguing since Mirror’s known DV patterning
function is accomplished by the conclusion of S10. Analysis of mirr mRNA expression in rtk™*

revealed two important differences from wild type: the S10B expression of mirr mRNA in k™"
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Fig 2.6. Spatial and temporal comparison of #k69, mirr, and Pax mRNA expression, visualized
by FISH (A-X) and DAPI staining (A’-X”). At S10B (A-F’), all columnar FCs uniformly
express 1tk69 mRNA (A-A’); a dorsal saddle and ventral belt of FCs express mirr mRNA (C-C’);
and the DA-floor cells are the first to express Pax mRNA (E-E’; arrowheads). 17k69 mRNA and
Pax mRNA are absent in #tk"* (B-B’; F-F’), and expression of mirr mRNA is reduced (D-D’).
At S11 (G-L), leading DA-tube cells and, to a lesser degree, midline columnar FCs, express
1tk69 mRNA (G-G’); several cells at the leading tip of each DA-tube express mirr mRNA (I-I’;
arrowheads); and both DA-floor cells (highest levels) and DA-roof cells express Pax mRNA (K-
K’). Transcripts from k69 and mirr are absent in k™ (H-H’; J-J’), and Pax mRNA expression
is greatly reduced (L-L’). At S12 (M-R’), only leading DA-tube cells express k69 mRNA (M-
M’); no FCs express mirr mRNA (O-O’); and all DA-tube cells express high levels of Pax
mRNA (Q-Q’). In k™", ttk69 mRNA and mirr mRNA are absent (N-N’; P-P’) and Pax mRNA
expression is greatly reduced (R-R”). At S13 (S-X’), a few weak puncta of #k69 mRNA are
visible (S-S’); DA-tube cells begin to express high levels of mirr mRNA again (U-U’); and DA-
tube cells continue to express Pax mRNA (W-W?). In k™, a few weak puncta of #k69 mRNA

are visible; no mirr mRNA is visible (V-V”); and a low level of Pax mRNA is detectable around

the dying nurse cells and stretch FCs (X-X"). Dotted lines = dorsal midlines; scale bar = 50 wm.
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was reduced (Fig 2.3L, 2.6D-D’), and the late wave of mirr mRNA expression was absent (Fig
2.3K-L,2.6V-V’). It was shown previously that patterning is normal in #tk"* (French et al.,
2003), so I reasoned that reduced mirr mRNA expression at S10B must still be sufficient for
patterning in #k™*. 1 hypothesized, however, that this reduced mirr mRNA expression at S10B
and the lack of mirr mRNA expression at S13-14 could contribute to the defect in DA-tube
expansion in #k™".

To understand how the patterns of k69, mirr, and Pax mRNA expression relate to each
other and to DA-tube expansion, and how mRNA expression is affected in 7tk"*, I compared the
spatial and temporal patterns of mRNA expression for these genes in wild type and k™" during
DV patterning (S10B), DA-tube formation (S11), and at the initiation (S12) and conclusion
(S13) of DA-tube expansion (Fig 2.6). At S10B, #tk69 transcripts were present at high levels in
all wild-type columnar FCs and were absent in ##k™* at this stage (Fig 2.6A-B’) and all
subsequent stages (Fig 2.6H-H’, N-N’, T-T"). At this time, high levels of mirr transcripts were
present in a dorsal saddle (Fig 2.6C-C’); both the level and posterior extent of mirr expression
were reduced in #k™* (Fig 2.6D-D’). Pax transcripts were present throughout the tissue at low
levels and punctate expression was just becoming visible within the nuclei of the DA-floor cells
(Fig 2.6E-E’, arrowheads); this expression was not detectable in #tk™* (Fig 2.6F-F’).

At S11, 1k69 transcripts were still present in anterior and midline FCs but were reduced
in more posterior FCs (Fig 2.6G-G’). Transcripts of mirr were detectable only in a few cells at
the leading tip of each DA tube (Fig 2.61-I’; arrowheads) and this expression was variably
present in rtk"* (Fig 2.6]-1’). Pax transcript levels increased notably during S11 in wild-type
DA-tube cells (Fig 2.6K-K”), while in #tk"*, relatively little Pax mRNA expression was visible in

these cells (Fig 2.6L-L’). I noted that at S11, Pax mRNA expression was increasing in cells that
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had been expressing high levels of mirr mRNA at S10B, suggesting that Mirror, as well as
TTK69, could play a role in regulating Pax mRNA expression.

At S12, when DA-tube expansion initiates, 17k69 transcript expression was restricted to
the anterior-most, leading cells of the DA tube (Fig 2.6M-M’), consistent with a previously
demonstrated requirement for TTK69 within those cells (Boyle ef al., 2010). Transcripts of mirr
were not detectable at S12 in either wild-type or #tk"* FCs (Fig 2.60-P’). Pax transcript levels
were dramatically elevated during S12 specifically in DA-tube cells, and this expression was
greatly reduced in 7tk™* (Fig 2.6Q-R’).

At the end of S13, k69 transcripts were barely detectable in leading DA-tube-FCs (Fig
2.6S-S’). By S13 mirr transcription had re-initiated within the DA-tube FCs (Fig 2.6U-U’), and
this late wave of mirr expression was dependent on TTK69 (Fig 2.6V-V’). Pax transcripts were
present at high levels during this stage in DA-tube FCs, although not to the degree observed at
S12 (Fig 4W-W"); this expression was barely detectable in #k™* (Fig 2.6X-X’). These mRNA
expression data were consistent with the reduced TTK69 protein expression observed in ##k™*
(French et al., 2003; Boyle and Berg, 2009), confirmed that TTK69 regulates both mirr and Pax
expression, and demonstrated that #k69, mirr, and Pax could interact with one another because
their mRNAs are expressed in overlapping domains. Furthermore, this analysis confirmed that
the late expression of mirr in DA-tube cells was distinct from the earlier mirr expression
required for DV patterning.

Following this ISH-based expression analysis, which effectively validated my arrays and
distinguished genes with spatially and temporally relevant FC expression, I sought to address
gene function within the FCs. To this end, I employed a FC-specific, RNAi-based analysis of

candidate-gene function during DA tubulogenesis.
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FC-specific RNAi against #tk™*-differentially expressed transcripts identifies
genes with functional roles in tubulogenesis and genetic interactions with k™"

To assess potential function in DA tubulogenesis (S10-14), I expressed RNA1 constructs
specifically in the FCs through the GAL4-UAS system (Brand and Perrimon, 1993; Dietzl et al.,
2007), and assayed DA morphology in laid eggs. Defects specific to DA-tube expansion
manifested as properly located and formed, but abnormally shortened or misshapen, DAs, as in
ttk™* (Fig 2.1A). To create a spatiotemporally specific GAL4 driver, Scott Kerr cloned the
Vitelline membrane 26Aa (Vm26Aa) regulatory region upstream of GAL4; this construct
expressed at moderate levels from S10B-S14 in columnar FCs and in no other developmental
context (Fig 2.7A; Popodi et al., 1988). I also employed an enhancer trap line, CY2-GALA4,
which drives strong expression in all FCs from S8 onward, but infrequently causes lethality due
to expression in other tissues (Fig 2.7A; Queenan et al., 1997). FC-specific expression of ttk-
RNAI by either driver resulted in fully penetrant, DA and eggshell defects similar to k™,
providing a robust positive control (Fig 2.7B; Table 1). As negative controls for each driver I
expressed GFP (Fig 2.7C-C”; Table 2.3).

In addition to Pax and mirr, which showed particularly striking expression patterns, |
concentrated my functional analysis on the 11 other down-regulated candidates from the in situ
analysis that displayed relevant FC-expression (e.g., shibire, Rac2). I chose genes with reduced
expression in #tk"* because mimicking #k"*-down-regulation is simpler than expressing RNAi in
a ttk"* homozygous background to suppress the #k™* phenotype. Additionally, this approach let
me compare the effects of FC-RNAI in both wild type (+/+) and #tk™* heterozygous (ttk""*/+)

backgrounds, providing a sensitized background and a tool for identifying #tk™* genetic

84



Table 2.3. RNAI against #tk"*-down-regulated genes
reveals DA tubulogenesis functions.
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GFP 91 9 0 106 0.09 rough DAs 81 19 1 177 0.20 rough DAs
lamina ancestor RNAi 76 23 1 205 0.25 rough paddles 50 49 1 101 o0.50 broad DAs
CG31918 RNAI 63 36 1 103 0.38 broad DAs 55 43 2 130 0.48 broad DAs
katanin 80 RNAI 60 31 9 167 0.49 rough, broad paddles 43 52 5 122 0.62 rough, broad paddles
+ Cp16 RNAI 68 31 1 90 0.33 narrow DA paddles 66 32 2 105 0.36 narrow DA paddles
~
+ Paxillin RNAI 79 15 6 96 0.27 rough DAs 52 48 0 145 0.48 short DAs
Rac2 RNAI 36 56 8 146 0.73 rough DAs 52 36 11 105 0.59 wide-based DAs
shibire RNAI 72 27 1 101 0.29 broad DAs 61 37 2 110 0.41 short, rough DAs
mirror RNAi 7 31 62 143 1.24 short, smooth DAs 0 0 100 185 2.00 no DAs present
tramtrack RNAi 0 0 100 224 2.00 stunted, rough DAs 0 0 100 178 2.00 stunted, rough DAs
GFP 73 27 0 117 0.27 rough DAs 68 30 2 210 0.34 rough DAs
lamina ancestor RNAi 71 29 0 116 0.29 broad, rough paddles 29 71 0 190 0.71 broad, short DAs
CG31918 RNAI 42 57 2 65 0.60 broad DAs 29 68 3 154 0.74 broad DAs
+ katanin 80 RNAI 44 53 3 182 0.59 rough, broad paddles 28 71 2 189 0.74 rough, broad paddles
'E\ Cp16 RNAI 36 56 8 95 0.73 narrow DA paddles 31 66 2 217 0.71 narrow DAs paddles
“g Paxillin RNAi 44 51 4 90 0.60 rough DAs 24 70 5 115 0.81 short, broad, DAs
Rac2 RNAi 16 79 5 154 0.88 wide-based DAs 25 66 9 136 0.84 wide-based DAs
shibire RNAI 6 74 19 124 1.13 broad DAs 0 70 30 138 1.30 short, broad DAs
mirror RNAi 1 9 90 161 1.89 short, smooth DAs 0 0 100 118 2.00 no DAs present
tramtrack RNAi 0 0 100 197 2.00 stunted, rough DAs 0 0 100 201 2.00 stunted, rough DAs

Table 2.3. GFP and #tk-RNAI expression serve as negative and positive controls, respectively.
Weighted scores represent the average DA defect observed for a given condition (0 = 100%

normal DAs, 1 = 100% moderate DA defects, 2 = 100% severe DA defects).



Fig 2.7. At 30°C, FC-RNAI against lama, shi, Pax, or mirr produces DA-tube defects. (A)
GAL4-driven UAS-GFP::moesin expression. Left panel: Vm26Aa-GAL4 expresses only in
columnar FCs from S10-S14. Right panel: CY2-GAL4 expresses in all FCs from S8-S14. (B-
G”’) Laid eggs from GAL4-UAS females in +/+ or ttk™*/+ genetic backgrounds. Numbers
indicate percentages of normal (N), moderate (M), and severe (S) DAs; yellow numbers indicate
the category of egg being shown. White arrowheads indicate the 8 abdominal ventral denticle
belts visible on near-hatching larvae. (B) Vm26Aa-driven ttk-RNAi (positive control) disrupts
DA-tube expansion and eggshell secretion. (C-C’’) GFP expression (negative control) indicates
baseline DA-defect frequency for each genetic background. (D-G) Vm26Aa-driven RNAI causes
subtle DA defects, with the exception of mirr-RNAi. (D’-G’) CY2-driven RNAI causes more
frequent and severe DA defects for all conditions shown. (D’-G”’) DA defects were enhanced in
ttk"*/+, and, for shi-RNAi and Pax-RNAIi, were frequently accompanied by short, round eggs.

Scale bars = 50 um.
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Figure 2.7. RNAi demonstrates DA tubulogenesis
function and #k™"* interactions
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interactions. I also examined the effects of Cp/6 RNAI, since Cp16 is expressed in dorsal
anterior FCs (Parks and Spradling, 1987) and expression is reduced in #tk"* (French et al., 2003).
RNAI against 8 rtk"*-down-regulated genes resulted in DA defects (Table 2.3; Fig 2.7D-
G”). In general, these defects were more severe with the stronger CY2-GAL4 driver (Table 2.3;
Fig 2.7D’-G’) and were exacerbated in the #tk"*/+ background (Table 2.3; Fig 2.7D”-G”). For
genes such as lama, CG31918, Cp16, and kat80, RNAi1 knockdown primarily affected DA shape
as opposed to length (Fig 2.7D-D”; Table 2.3). RNAI against shi resulted in short, wide DAs, a
defect that was greatly enhanced in rtk"*/+, indicating a strong #k"" interaction (Fig 2.7E-E”;
Table 1). Similar but less pronounced DA defects occurred following Pax-RNAi; the phenotype
was significantly enhanced in #k™*/+ (Fig 2.7F-F”; Table 2.3). In contrast, Rac2-RNAi
produced DAs with wide bases, a defect that was not significantly enhanced in #tk"*/+ (Table
2.3). Finally, mirr-RNAi caused some unexpected phenotypes, described in detail below. These
results revealed potential roles for #k™*-differentially expressed genes in DA tubulogenesis, and

provided evidence for k69 genetic interactions.

Mirror regulates DA tubulogenesis and Paxillin expression
separately from DV patterning

RNAI against mirr produced a profound and penetrant DA defect with both GAL4 drivers
(Fig 2.7G-G”; Table 2.3). Four additional mirr-RNA1 constructs produced similar effects (not
shown) and these effects could be ameliorated by ectopic mirr expression (Fig 2.8; Table 2.4),
indicating that the effects of mirr-RNAI1 are specific. Fine-tuning mirr-RNAi activity by
reducing the assay temperature reduced the severity of the observed DA defects compared with

controls, indicating that the level, not just the presence, of mirr mRNA expression influences
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Table 2.4. Over-expression of mirror or Paxillin

can ameliorate the effects of mirror-RNAI.

< [}
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Genotype of mother ] 388 S.0 93 E 3 2
00 = Q -0 o
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30 degrees
w*; Vm26Aa-GAL4 / + ;
Ly / TM3 235 23 5 263 89 9 2
w*; Vm26Aa-GAL4 / +;
UAS-mirr / Ly 0 36 118 154 0 23 77
w*; Vm26Aa-GAL4 / +;
UAS-mirrRNAi / TM3 3 70 129 202 1 35 64
w*; Vm26Aa-GAL4 / +;
UAS-mirrRNAi / UAS-mirr 10 18 168 196 5 9 86
25 degrees
w*; Vm26Aa-GAL4 / + ;
Ly / TM3 127 4 1 132 96 3 1
w*; Vm26Aa-GAL4 / +;
UAS-mirr / Ly 0 12 124 136 0 9 91
w*; Vm26Aa-GAL4 / +;
UAS-mirrRNAi / TM3 21 71 42 134 16 53 31
w*; Vm26Aa-GAL4 / +;
UAS-mirrRNAi / UAS-mirr 76 84 86 246 31 34 35
30 degrees
w*; Vm26Aa-GAL4 / Sp;
+/ TM6 108 15 10 133 81 11 8
w*; Vm26Aa-GAL4 / UAS-
Pax; + / TM6 80 29 8 117 68 25 7
w*; Vm26Aa-GAL4 / +;
UAS-mirrRNAi / + 0 150 337 487 0 31 69
w*; Vm26Aa-GAL4 / UAS-
Pax; UAS-mirrRNAi / + 7 292 239 538 1 54 44
25 degrees
w*; Vm26Aa-GAL4 / Sp;
+/TM6 119 7 0 126 94 6 0
w*; Vm26Aa-GAL4 / UAS-
Pax; + / TM6 107 21 5 133 80 16 4
w*; Vm26Aa-GAL4 / +;
UAS-mirrRNAi / + 76 273 113 462 16 59 24
w*; Vm26Aa-GAL4 / UAS-
Pax; UAS-mirrRNAi / + 127 273 107 507 25 54 21
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Fig 2.8. The effects of Vm26Aa-driven mirr-RNAI are reversible through ectopic expression of
UAS-mirr. At 30°C (A-D), the GAL4-UAS system is stronger than at 25°C (A’-D’), but causes
more background defects. (A-A’) Control eggs (GALA4 driver only) have no DA defects. (B-B’)
Vm26Aa-driven mirr-RNAI causes severe, highly penetrant DA defects. (C-C’) Vm26Aa-driven,
ectopic mirr expression causes severe defects throughout the egg. (D-D’) Vm26Aa-driven mirr

expression can suppress the DA defects of Vm26Aa-driven mirr-RNAIi. Scale bar = 50 um.
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Figure 2.8. The degree of DA-tube expansion
depends on the levels of Mirror

Vm26AaGAL4
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DA-tube expansion (30°C to 25°C; Fig 2.8A-B’). Ectopic mirr expression, representing a gain
of function due to expression throughout the follicular epithelium, had a profound effect on
eggshell morphology, making it difficult to interpret the DA-tube expansion defects (Fig 2.8C-
C’). Nevertheless, co-expression of mirr-RNA1i and ectopic mirr produced DAs of an
intermediate length (Fig 2.8D-D’), occasionally producing DAs of a length comparable to
controls. These results confirmed that mirr-RNAi does indeed disrupt mirr expression and
indicated that the precise level of mirr expression dictates the degree of DA-tube expansion.

[null]

DA defects following mirr-RNAi resembled phenotypes produced by mirr'™" clones
(Jordan et al., 2000; Zhao et al., 2000; Lachance et al., 2009; Fuchs et al. 2012), yet other
features of these eggs differed significantly. mirr-RNAi eggs lacked DAs, yet DV polarity was
unaffected: the dorsal surface of the egg was flat and the ventral surface was curved (Fig 2.7G-
G”; Lachance et al., 2009), and the embryos developing within these eggshells exhibited the
normal pattern of ventral denticle belts (Fig 2.7G-G”, arrowheads). Embryonic viability assays
revealed marginal differences in hatch rates compared to Vm26Aa-GAL4 controls; the small
increase in lethality with CY2-GAL4 was likely due to earlier RNAi expression (Table 2.5).
These data suggested that late-oogenic mirr-RNAI did not significantly affect DV patterning, and
that mirr had a novel role in DA-tube expansion.

To test this hypothesis, I examined the expression of Broad, a DA-tube cell-fate marker.
DV patterning begins by localized Gurken (EGF) signaling (Schiipbach, 1987), which activates
mirr transcription in a dorsal ‘saddle’ at S10 (Fig 2.6C-C’; Jordan et al., 2000; Zhao et al.,
2000). Mirror helps establish DA-tube cell fate by dorsally activating broad and repressing pipe

(Fuchs et al., 2012; Andreu et al., 2012). Broad protein remains high in DA-roof cells and is a

terminal readout for dorsal FC fate (Tzolovsky et al., 1999; Dorman et al., 2004). Reducing mirr
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levels via Vm26Aa-GAL4-driven RNAI resulted in normal Broad protein levels at S11-S12
(N=10/10; Fig 2.9A’-D’), yet laid eggs exhibited short, stubby DAs (Figs. 2.7G; 2.8B; 2.9F).

Since mirr and Pax share spatial expression domains (Fig 2.6) and high mirr mRNA
expression at S10B precedes high Pax mRNA expression at S11-12, I then asked whether mirr
acts upstream of Pax in DA-tube cells. Vm26Aa-driven mirr-RNAI caused a reduction in Pax
mRNA expression (N=7/10; Fig 2.9A”-D”). Simultaneous assessment of Broad protein and Pax
mRNA using dual immunostaining:FISH confirmed that Pax mRNA expression is high in DA-
roof cells (Fig 2.9A’"°, C’”’) and indicated that Vm26Aa-driven mirr-RNAI affects Pax
expression without disrupting DV patterning (Broad protein; Fig 2.9B°"’, D’”’). Interestingly,
puncta of Broad protein, indicating sites of high DNA occupancy, co-localized with puncta of
Pax mRNA, indicating nascent Pax transcripts (Fig 2.9A”", arrowheads).

If Pax were indeed downstream of mirr, as implicated by the reduced Pax mRNA
expression following mirr-RNAI, then I reasoned that over-expression of Pax might be able to
reverse the effects of mirr-RNAi. To test this hypothesis, I compared DA morphology at 30°C
(Fig 2.9E-H; Table 2.4) following RNAI against mirr alone (Fig 2.9F), Pax alone (Fig 2.9G), and
co-expression of mirr-RNAi and Pax-RNAi (Fig 2.9H). As observed previously (Figs. 2.7G;
2.8B), mirr-RNAI produced short, stubby DAs compared to driver controls (Fig 2.9E-F). Over-
expression of Pax resulted in some moderate DA defects, but the majority of eggs bore normal
DAs (Fig 2.9G). Importantly, expression of Pax in a mirr-RNA1 background partially
suppressed the mirr-RNAi DA defects, producing eggs with narrow DAs that often extended
well beyond the anterior of the egg (Fig 2.9H). I observed this effect to a lesser degree at 25°C
(Table 2.4). These results suggested that Mirror regulates DA-tube expansion at least in part

through positive regulation of Pax. Given the co-localization of Broad with nascent Pax

93



transcripts, Broad could also contribute to this regulation. These data supported my hypothesis
that Mirror has an additional function in tubulogenesis separate from its role in DV patterning
and suggested that Mirror and Paxillin function in a similar pathway downstream of TTK69 to

promote DA-tube expansion.
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Table 2.5. Effects of maternal Vm26Aa-driven
mirr-RNAi on embryonic viability.

Genotype of mother Total laid eggs Total unhatched % lethality
wilis 474 66 14
w* ; Vm26Aa-GAL4 / UAS-GFP 597 58 10
w* ; Vm26Aa-GAL4 ; UAS-mirrRNAI 818 141 17
w* ; CY2-GAL4 / UAS-GFP 325 43 13

w* ; CY2-GAL4 ; UAS-mirrRNAI 518 149 29




Fig 2.9. Dual immunostaining:FISH indicates that Vm26Aa-driven mirr-RNAi disrupts DA
tubulogenesis without affecting DV patterning (A-D’”’), and over-expression of Pax can
suppress the mirr-RNAi phenotype (E-H). At S11 (A-B’”’) and S12 (C-D’”’), egg chambers
expressing GFP (A-A”"’, C-C’”’) and mirr-RNAi (B-B**’, D-D’”’) display relatively normal
Broad protein expression. Pax mRNA expression in DA-tube cells is reduced following mirr-
RNAI (compare A” to B and C”” to D”’). (A””) Arrowheads indicate co-localization of Broad
protein and nascent Pax transcripts. At 30°C, eggs from females expressing the Vm26Aa-GAL4
driver alone have normal DAs (E) and Vm26Aa-GAL4-driven mirr-RNAi causes severe, highly
penetrant DA defects (F). Vm26Aa-GAL4-driven, ectopic Pax expression alone causes only
minor DA defects (G), but can partially suppress the DA defects of Vm26Aa-driven mirr-RNAi
when co-expressed (H). Dotted lines = dorsal midlines; insets = egg chamber orientation and

stage. Scale bars = 50 um.
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Figure 2.9. Mirror regulates DA tubulogenesis and
Paxillin expression, independently of DV patterning.
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— Discussion —

Here I significantly advanced our understanding of TTK69 by characterizing its
regulatory role during late oogenesis (Fig 2.10) through analysis of the unique k69 allele, k™.
I identified differentially expressed genes in 7tk"*, demonstrated that TTK69 effectors facilitate
tube expansion and interact with one another, and elucidated novel roles for known proteins such
as the homeobox transcription factor Mirror. Analysis of data for TTK69 binding during
embryogenesis allowed me to speculate about direct binding of TTK69 to #k™*-differentially
expressed genes, but also raised concerns about using a TTK69 motif as a predictive tool.
Finally, my data substantiated TTK69’s role in eggshell synthesis and indicated that TTK69’s

regulatory influence during oogenesis extends into the germline.

TTK69 regulates FC gene expression required for epithelial tube expansion

The #tk™* mutation disrupts TTK69 expression late in oogenesis, resulting in eggshell and
DA defects (French et al., 2003; Boyle and Berg, 2009). My microarray analyses corroborated
these results by identifying differentially expressed eggshell and tube expansion genes in k™",
Analysis of expression by in situ hybridization distinguished genes whose FC expression was
consistent with roles in DA-tube expansion, and tissue-specific RNAi analysis revealed
functional roles in this process as well as #k™" interactions. Of the 14 #k"*-down-regulated
genes knocked down by FC-specific RNAi, 8 produced measureable DA defects ranging widely
in severity and penetrance.

For lama, CG31918, Cpl6, and kat80, the RNAI defects were subtle or moderately
penetrant, affecting DA shape. /ama encodes a Phospholipase B-like protein that is conserved

from human to Dictyostelium, with roles in Drosophila neural and imaginal-disc differentiation
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(Perez and Steller, 1996; Klebes et al., 2005). In Drosophila, lama has not previously been
implicated in morphogenesis, but rather, is associated with undifferentiated cell types. In yeast,
however, phospholipase B-like proteins regulate membrane bending during spore formation
(Maier et al., 2008), and a role in regulating membrane dynamics would fit with the apical
expansion required for DA-tube elongation. Since lama mRNA is expressed in all FCs,
however, its precise role is DA tubulogenesis is unclear. CP16 is an extracellular matrix protein,
a minor constituent of the eggshell that is synthesized late in oogenesis (Griffin-Shea et al.,
1982). Consistent with this structural role, Cp/6-RNAi produced narrow DA paddles. CG31918
is a predicted metalloendopeptidase, which could regulate the extracellular matrix during tube
elongation, and kat80 encodes a predicted microtubule-severing protein, suggesting a regulatory
role in microtubule dynamics/transport. Although these proteins could affect tube morphology
by controlling DA-tube cell behaviors, the majority of CG31918 and kat80 mRNA expression is
in the germline and/or overlying stretch FCs, suggesting that the products of these genes could
function outside of DA-tube cells. Indeed, the Berg lab has shown that germline and stretch FC-
expressed genes also regulate DA-tube expansion (Rittenhouse and Berg, 1995; Tran et al.,
2003). Nevertheless, RNAi against CG31918 and kat80 showed enhanced defects in #k™"
heterozygotes, suggesting they do play a role in DA-tube expansion, but that their specific
mechanisms of action are unclear.

For the other genes identified and characterized as tube-expansion effectors in this study,
I can make more educated predictions about mechanism. Rac2, and Rho-GTPases in general,
regulate the actin cytoskeleton, cell adhesion, and cell migration (Hall 2005). Although the

difference between wild-type and k™" Rac2 expression was small, Rac2 was noteworthy. Rac2
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Fig 2.10. Mirror’s regulation of DVpatterning (left) is distinct from its TTK69-influenced
regulation of DA-tube expansion (middle). Previously known interactions are indicated by black
arrows; in situ-verified regulation of expression is indicated by purple arrows; RNAi-verified,
functional interactions are indicated by red arrows; potential interactions are indicated by grey
dashed arrows. Line weight indicates relative strength of an interaction, based on my

observations.
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Figure 2.10. Model for TTK69 function during late oogenesis
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expression was enriched in DA-tube cells relative to other columnar FCs and Rac2 RNAi
produced wide, often short, DAs. Also, Rho-GTPases such as Rac2 interact with two other tube-
expansion genes identified here: Pax and shi. Paxillin’s role in Drosophila development was
first characterized through regulation of Rho and Rac signaling (Chen et al., 2005), and shi acts
downstream of Rac during salivary gland morphogenesis, regulating E-cadherin levels via
endocytosis (Pirraglia et al., 2006). These functions in other tissues support a role for Rac2 in
DA tubulogenesis.

shi, which encodes Drosophila Dynamin, regulates endocytosis throughout development.
Dynamin is required during cell migration and morphogenesis events, including border cell
migration, salivary gland morphogenesis, and tracheal morphogenesis (Medioni and Noselli,
2005; Pirraglia et al., 2006, Hsouna et al., 2007). Dynamin may promote DA-tube expansion by
facilitating apical cell-membrane turnover following DA-tube formation, as in the salivary gland,
or by regulating basement membrane features, as in the border cells.

Pax encodes a molecular scaffold that localizes to focal adhesions, regulates Rho and Rac
activity, modulates cell adhesion and migration, and facilitates epithelial tissue elongation (Chen
et al., 2005; Deakin and Turner, 2008; Llense and Martin-Blanco, 2008; He et al., 2010). RNAI
against Pax in migrating border cells delays migration and produces elongated cell morphologies
(Llense and Martin-Blanco, 2008), similar to the shapes of 7tk"* DA-tube cells (Boyle and Berg,
2009). The exquisite spatiotemporal pattern of Pax mRNA expression in DA-tube cells, the
reduction of Pax mRNA expression in #k™*, and the enhancement of Pax-RNAi DA defects in a
1tk"*/+ background support a role for Paxillin in DA-tube expansion. Furthermore, the reduced
Pax mRNA expression following mirr-RNAI and the partial suppression of mirr-RNAi DA

defects following Pax over-expression indicate that Pax is downstream of mirr as well as 1tk69.
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Co-localization of Broad with nascent Pax transcripts also raised the possibility that a BTB-
mediated interaction between Broad and TTK69 might contribute to Pax regulation as well.
How might these TTK69-regulated effectors interact with one another to facilitate DA-
tube expansion? My in situ hybridization data support a temporal and spatial program of gene
regulatory interactions. Although I lack information about protein stability for some of these
factors (e.g., Mirror), my genetic studies show that #7k69 regulated mirr mRNA expression, that
mirr regulated Pax mRNA expression, and that #k69 also regulated Rac2 and shi mRNA
expression. In principle, TTK69 and Mirror could work together to regulate transcription of Pax,
Rac2, and shi, so that sufficient levels of these proteins exist at the initiation of, and during, DA-
tube expansion. During DA-tube expansion, Paxillin protein may regulate the activity of Rac2,
and Rac-related signaling, as it has been shown to do in the Drosophila eye and wing (Chen et
al., 2003). Rac-related signaling could then promote Shibire-mediated recycling of adhesion
machinery as it does in the Drosophila salivary gland (Pirraglia et al., 2006), relaxing the apical
constriction in the DA-tube cells and allowing the DA-tube to expand. Notably, this model
could help explain the prominent apical-expansion defect that a former graduate student in the

lab, Michael Boyle, previously documented in #k™* (Boyle and Berg, 2009).

Mirror has distinct oogenic roles in DV patterning
and epithelial tube expansion

Mosaic analyses with mirr™"!

alleles demonstrate that Mirr provides dorsal cues to the
egg chamber and embryo (Jordan et al., 2000; Zhao et al., 2000; Lachance et al., 2009), in part
by dorsally activating broad and repressing pipe (Fig 2.10; Fuchs et al., 2012; Andreu et al.,

2012). Since no cell division occurs after S6 (King, 1970), clonal analyses necessarily disrupt
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S10 patterning events. Using the Vm26Aa-GAL4 driver, however, I knocked down mirr
beginning in S10 and revealed a role for mirr beyond DV patterning, a role in tube expansion.
Many lines of evidence support my assertion that Mirror regulates DA-tube expansion
downstream of TTK69. First, I showed that mirr mRNA expression at S10B is significantly
reduced in 7tk"* and that the degree of DA-tube expansion depended on the precise level of mirr
mRNA; I concluded that the S10-expression of mirr mRNA in #tk™* was sufficient to pattern the
DA-tube cells but was insufficient to activate a tube-expansion program within these cells.
Additionally, a second wave of mirr expression, which was absent in #tk"*, occurred during later
DA-tube expansion (S13-S14). This expression may be important for the terminal widening of
the DA paddles at the end of oogenesis. Second, post-patterning, Vm26Aa-driven mirr-RNAi
produced severe, fully penetrant DA defects resembling #k™", yet unlike #tk™*, eggshell integrity
was normal. This result was consistent with the observation that TTK69 separately regulates
DA-tube expansion and eggshell secretion (French et al., 2003) and suggested that Mirror could
be important for mediating some TTK69 functions during late oogenesis. Third, under post-
patterning RN A1 conditions, rates of egg laying and hatching were unaffected: larvae were
viable, and displayed normal, ventral-restricted, pipe-induced denticle bands. Fourth, distinct
mirr-RNA1 constructs had similar effects, which could be reversed by over-expressing mirr.
Fifth, the fate of DA-tube cells, assessed by the expression of Broad protein, was unaffected by
post-patterning mirr-RNAI1, as was the case in 1tk"* (French et al., 2003). Finally, Pax mRNA
expression was reduced by mirr-RNAi and Pax over-expression could suppress these defects.
Therefore, I assert that Mirror is an important, TTK69-regulated effector of DA-tube expansion

that acts upstream of Pax.
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Towards a better understanding of TTK69 binding preference

TTK69’s DNA binding preference has been a topic of debate since its discovery. The
first proposed TTK69 motifs were based on binding interactions with the fushi tarazu (ftz)
promoter (TTATCCG, Harrison and Travers, 1990; TGCNAGGACNT, Brown et al., 1991); or
on interactions with both f#z and even-skipped (eve). This knowledge facilitated analysis of
TTK69 binding sites in the tailless (tll) promoter (TCCT; Chen et al., 2002). A weighted TTK69
motif, ascertained through bacterial one-hybrid and DN Asel-footprinting assays, expanded upon
the previous TCCT motif (~ttaTCCTg; Kulakovskiy and Makeev, 2009).

The modENCODE ChIP analysis of TTK69 binding in embryos was the first genome-
wide, in vivo study examining TTK69 binding. Nathaniel Thayer and Martin Tompa used these
data to generate a longer motif; its loose nature and slight similarity to previous motifs indicate
that DNA-binding by TTK69 is complex, potentially due to variable BTB-mediated protein-
protein interactions (Bonchuk et al., 2011).

Since TTK69 could interact with different binding partners in oogenesis and
embryogenesis, I viewed the FIMO results conservatively. Nevertheless, with the exception of
lama, all genes exhibiting RNAi phenotypes possessed at least one FIMO hit in their promoter.

wk

Several genes with pronounced reduction in #k™" expression also possessed promoter enrichment

for the TTK69 binding motif: Arcl (9 instances), scramb2 (11), kat80 (12), and CypI8AI (5),
suggesting that TTK69 might have an activating function (Reddy et al., 2010; Rotstein et al.,

2011).
TTK69 regulates eggshell and germline gene expression

Consistent with 1tk"™*’s fragile eggshell phenotype, microarray analysis revealed reduced

expression of numerous chorion genes and Cypl8al, an upstream regulator of eggshell gene
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expression (Fig 2.10; Tootle et al., 2011). CYP18al processes the steroid hormone Ecdysone
(Guittard et al., 2011), a signaling molecule that initiates metamorphosis (reviewed by Andres
and Thummel, 1992), and the FC endocycle-to-gene-amplification switch and FC patterning
(Sun et al., 2008; Boyle and Berg, 2009). Ecdysone is required for anterior FC migration,
including centripetal migration and DA-tube formation (Hackney et al., 2007); by extension,
Cypl8al could function during both migratory events. Alternatively, CYP18al’s role in late
oogenesis may be strictly eggshell-related. RNA1 against Cyp/8al did not affect the DAs or
eggshell, but RNAi might not have sufficiently reduced Cypl8al transcripts to cause a visible
defect. Nevertheless, ttk™* affects expression of many eggshell genes and an upstream eggshell-
gene regulator; I hypothesize that reduced expression of these genes could contribute to the
fragile eggshell phenotype of #k™".

Finally, TTK69 regulates gene expression in the germline. Since eggs from k™"
homozygous females are not fertilized, there are no visible #k"*-associated defects during
embryogenesis (French et al., 2003). Nevertheless, TTK69 could function in the germline to

regulate maternally loaded transcripts.

Where do the ““tracks” lead?

I have identified and characterized downstream effectors of TTK69 required for epithelial
tube expansion; I showed that mirr plays a pivotal role in this process, acting upstream of Pax,
and I provided corroborating evidence that TTK69 regulates eggshell gene expression. TTK69
also regulates germline gene expression, and expression of stretch-FC-specific genes (e.g.,
CG7997) and phagocytosis-associated genes (e.g., Bx, cenBI1A, Rac2). Since stretch-FCs engulf

dying nurse cells (Tran and Berg, 2003), it is possible that TTK69 has a regulatory role in nurse-
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cell engulfment. Furthermore, the altered expression of genes involved in oxidation-reduction
(e.g., Cyp-9b2, Cyp-12d1, CG31673) reveals an as yet unexplored protective function for TTK69
late in oogenesis. Clearly we have much to learn about TTK69’s role in all ovarian cell types.
TTK69’s regulatory function may also be conserved outside of the ovary, and perhaps in
other organisms. TTK69 regulates tracheal tube morphogenesis, and, although this process
occurs by branching morphogenesis rather than wrapping, as in DA tubulogenesis, TTK69 might
regulate similar tube expansion effectors in both contexts. The BTB domain-containing protein,
Ribbon, has roles in Drosophila tracheal and salivary gland tubulogenesis, and disruption of
ribbon causes cell defects similar to ##k™* (Shim et al., 2001; Bradley and Andrew, 2001). Since
BTB-domain-containing proteins often dimerize or multimerize (Bonchuk et al., 2011), it is
possible that TTK69 could interact with Ribbon through its BTB domain, or play a functionally
equivalent role to Ribbon, in the ovary. Both TTK69’s BTB and DNA-binding domains are
conserved (e.g., 218 BLAST hits to the human genome). Indeed, the BTB domain from human
Bcl-6 can functionally replace the BTB domain of TTK69 during eye development (Wen et al.,
2000). While known functions of #tk69-related human genes include B-cell development and
immunity, which share features with Drosophila innate immunity, functional roles for the vast
majority of these TTK69-like proteins are unknown but could include tube morphogenesis. The
conservation of TTK69’s BTB and DNA-binding domains reveals constraints on TTK69’s
molecular activity during evolution; in the future we may understand whether this conservation

extends into TTK69’s regulatory relationships, such as those we have studied in Drosophila.
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Chapter I11
Dynamin-mediated endocytosis is required for tube closure,
cell intercalation, and biased apical expansion during

epithelial tubulogensis in the Drosophila ovary

— Summary -

For metazoans to attain a complexity beyond a few hundred cells and support
differentiated tissues, multicellular, epithelial tubes are indispensable. To identify and
characterize the cellular behaviors and molecular mechanisms required for the morphogenesis of
epithelial tubes (i.e., tubulogenesis), I have turned to the D. melanogaster ovary. Here, epithelia
surrounding each developing egg chamber pattern, form, and extend paired, unelaborated
epithelial tubes in the absence of cell division or apoptosis: the dorsal appendage (DA) tubes.
This genetically tractable system lets me assess the relative contributions that coordinated
changes in cell shape, adhesion, orientation, and migration make to basic epithelial
tubulogenesis. I find that Dynamin, a conserved and critical regulator of endocytosis and the
cytoskeleton, serves a key role in DA tubulogenesis. I demonstrate that Dynamin is required for
distinct aspects of DA tubulogenesis: DA-tube closure, DA-tube-cell intercalation, and biased
apical-luminal expansion. I provide evidence that Dynamin promotes these processes by
facilitating endocytosis of cell-cell and cell-matrix adhesion complexes, and I find that precise
levels and sub-cellular distribution of E-Cadherin and specific Integrin subunits impact DA
tubulogenesis. Thus, my studies identify novel morphogenetic roles (i.e., tube closure and biased
apical expansion), and expand upon established roles (i.e., cell intercalation and adhesion

remodeling), for Dynamin in tubulogenesis.

109



— Introduction —

Epithelial tubes perform numerous critical functions in metazoan physiology, and these
functions often depend on specific tube morphologies. The fidelity of epithelial tube
morphogenesis (i.e., tubulogenesis) during development is therefore essential. Errors in these
morphogenetic programs can result in harmful, even fatal, developmental defects, and mis-
regulation is associated with metastatic cancers (Wallingford et al., 2005; Andrew and Ewald,
2010; Ray and Niswander, 2012; Iruela-Arispe and Beitel, 2013).

Tubulogenesis typically involves tube formation, tube elongation, and tube elaboration;
each of these three events requires tight regulation of cell adhesion and cell polarity. The
formation of a tube lumen from a polarized epithelium can be achieved through several
mechanisms, including wrapping, which produces a tube parallel to the original epithelial sheet.
At the cellular level, these tissue behaviors require apical constriction, basal nuclear positioning
and, in the case of wrapping, the formation of new cell-cell adhesions to close the tube. Once
formed, the elongation of the tube lumen is achieved through oriented cell shape-change,
rearrangement, proliferation, recruitment, and migration. Elaboration of a tube lumen can be
simple or even unnecessary, if the terminal tube morphology is also simple, or it can be highly
complex and require intricate bifurcation, side branching, or clefting, events that can be either
programmed or stochastic (Andrew and Ewald, 2010; Iruela-Arispe and Beitel, 2013). Relative
to the cellular behaviors that drive tube formation, less is known about the mechanisms that
regulate tube elongation and elaboration: How do epithelia achieve specific tube morphologies
following tube formation, and what genes, molecules, and mechanisms are responsible for these

cellular behaviors?
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To address these questions I have turned to the Drosophila ovary, to study the formation
of epithelial tubes involved in synthesizing the dorsal respiratory appendages (DAs) of the
eggshell (reviewed by Berg, 2005). DA tubulogenesis exhibits many features that make it
particularly attractive as a model for epithelial tube formation and elongation. First, this process
is simple: a) each DA-tube primordium is composed of <100 cells of two primary types; b) once
patterned, DA-tube cells do not divide, die, or recruit new cells during DA-tube elongation; and
c) DA-tubes are branchless and do not elaborate beyond bending and flattening the lumen into a
shape resembling a hockey stick. Second, DA morphology reveals the shape of the terminal DA-
tube lumen and reflects any defects that may have occurred during DA tubulogenesis. Finally,
the fly ovary is genetically tractable, easily accessible via dissection, and readily amenable to
microscopy; furthermore, each ovary contains a distribution of all egg-chamber stages, providing
a wealth of tubulogenic material for analysis of fixed or living tissue. These features have
facilitated the study of DA-tube-cell patterning (e.g., Tzolovsky et al., 1999; Ward and Berg,
2005; Yakoby et al., 2008; Boslair Lachance et al., 2009; Boyle and Berg, 2009; Andreu et al.,
2012; Fuchs et al., 2012), DA-tube formation (Dorman et al., 2004; Osterfield et al., 2013), and
DA-tube elongation (Dorman et al., 2004; Boyle et al., 2010; Peters et al., 2013). Thus, the
Drosophila ovary provides an ideal system for understanding how the regulation of cell shape,
rearrangement, adhesion, and migration contribute to epithelial tube formation and elongation.

DA tubulogenesis occurs during the late stages of oogenesis (S10—S14), shortly after
the follicle cell (FC) epithelium that encases each cluster of germ cells receives signals that
pattern two dorsal primordia of DA-forming cells (S10B; Fig 3.1A). This patterning relies on
the intersection of epidermal growth factor receptor (EGFR) and bone morphogenetic protein

(BMP) pathways within the FC epithelium of each egg chamber, providing a combinatorial
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framework for establishing precise spatial and temporal gene-expression patterns (summarized in
Yakoby et al., 2008). By S10B, each DA primordium contains two major cell types: broad-
expressing “roof” FCs that form the outward-facing roof of the DA tube, and rhomboid-
expressing “floor” FCs that seal off the floor of the DA tube (Dorman et al., 2004; Ward and
Berg, 2005). At the end of S10B, roof FCs initiate apical constriction from the anterior to
posterior as the floor FC hinge begins to buckle. In S11, roof FC apices constrict down to their
smallest size while floor FCs dive underneath the roof cells, flip their apical-basal orientation,
and zipper together to seal the DA-tube (Dorman et al., 2004; Osterfield ef al., 2013). This
wrapping process, which resembles primary vertebrate neurulation, forms each of the
rudimentary DA tubes (S11; Fig 3.1B). Once each DA tube is formed, DA-tube cells rearrange,
expand, and migrate over the adjacent, squamous, stretch FCs towards the anterior end of the egg
chamber, and interactions between the physically apposed stretch FCs and floor FCs of the DA
tube facilitate tubulogenesis (S12—13; Fig 3.1C-D; Tran and Berg 2003; Dorman et al., 2004).
Throughout this process (S11—S14), the FCs, which are oriented with their basal faces out and
apical faces in, secrete eggshell protein into the DA-tube lumens to form the DAs of the eggshell
(Fig 3.1E).

While characterizing the transcriptional regulation of DA-tube elongation, I discovered
that Tramtrack69 regulates the expression of shibire (shi, Poodry et al., 1973; shi encodes
Drosophila Dynamin, van der Bliek and Meyerowitz, 1991) in FCs at the transition from tube
formation to tube expansion (Peters et al., 2013). Dynamin has known roles in other
morphogenetic contexts (e.g., Pirraglia et al., 2006; Pirraglia et al., 2010; Fabrowski et al., 2013;
Gomez et al., 2012); Rodriguez-Fraticelli et al., 2014; Lepage et al., 2014; Lee and Harland,

2010; Ogata et al., 2007; Bogdanovic et al., 2012; Lee et al., 2014; Gray et al., 2005) and
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functional RNAI1 studies indicate that Dynamin promotes DA elongation (Peters ef al., 2013).
Therefore, I decided to delve deeper into Dynamin’s role in DA tubulogenesis.

Dynamin is a large GTPase that is best known for its ability to self-assemble into
multimeric rings around the necks of clathrin-coated membrane pits and, through enhanced GTP
hydrolysis provided by this conformation, to exert the mechanical force necessary for vesicle
scission during endocytosis (Chappie et al., 2011; Chappie and Dyda 2013). However, the role
of Dynamin is not limited to clathrin-mediated endocytosis, and extends to a wide variety of
cellular processes including alternative endocytic pathways and intracellular budding (Furgeson
and Camilli, 2012), regulation of actin and microtubule dynamics (Sever et al., 2013),
centrosome cohesion (Thompson et al., 2004), and apoptosis (Soulet et al., 2006).

Here, I explore the role of Dynamin in DA tubulogenesis, and I demonstrate that
disruption of Dynamin function in DA-tube cells leads to defects in DA-tube closure, DA-tube-
cell rearrangement, and planar-polarized apical membrane expansion during DA-tube elongation.
Furthermore, I provide evidence that Dynamin promotes these movements by regulating
endocytosis. Consistent with this claim, I observe mis-localized both E-cadherin and Integrin
following Dynamin disruption, and present functional data consistent with a model in which

Dynamin promotes DA-tube elongation through endocytic remodeling of cellular adhesions.
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— Materials and Methods —

Drosophila strains

I used the following strains, which are available from the Bloomington Stock Center (BL)
or the Vienna Drosophila Resource Center, VDRC (V), and are described in FlyBase

(http://flybase.bio.indiana.edu/): UAS-shi[K44A] (dominant negative Dynamin; BL5811), UAS-

mCDS8::GFP (negative control; BL5137), UAS-Rab5/S43N] (dominant negative Rab3;
BL42703), UAS-mCherry RNAi (RNAI negative control; BL35785), UAS-Rab5 RNAi
(BL34832), UAS-AP50 RNAi (BL28040), UAS-shotgun RNAI (E-Cadherin RNAi; V27082),
UAS-myospheroid RNAI (fPS-Integrin RNAi; V29619), br[69B08]-GAL4 (BL39481). The
following strains were gifts: w*; brL-GAL4; tub-gal80/[ts]/TM3 ( S. Shvartsman), w*; ; 20XUAS-
TTS-shi[1] (temperature-sensitive Dynamin; Pfeiffer et al., 2012, via A. Sustar), y* w¥*;
shg::GFP (endogenous E-Cadherin::GFP; Huang et al., 2009, via M. Osterfield), y* w*;
EGFP::Rab5/Cy0O (endogenous EGFP::Rab5) and y* w*; UASP-shi::YFP (Dynamin::YFP;
Fabrowski et al., 2013, via S. De Renzis), w*; ; UAS-shg.::GFP (E-Cadherin::GFP; Oda and
Tsukita 1999, via S. Hou), w*; ; UAS-pPS-Integrin(mys), UAS-PSI-Integrin(mew) and w¥*; ;
UAS-pPS-Integrin(mys), UAS-PS2-Integrin(if) (Beumer et al., 1999; Beumer et al., 2002, via K.
Broadie), and P{GawB}A90 (490-GAL4; Gustafson and Boulianne 1996, via G. Boulianne). The
Vm26Aa-GAL4 driver is described in Peters et al., 2013. To visualize floor cells, [ used y* w *;

P{w+mC=Rho(ve)-lacZ.0.7} (rhomboid-lacZ reporter; Ip et al., 1992).

Immunostaining

Ovary immunostaining was as described (Ward and Berg, 2005; Zimmerman ef al.,

2013), except that permeabilizations were performed with 2% Triton in PBT (PBS + 0.1%
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Tween). Antibodies used were rabbit anti-f-galactosidase (pre-adsorbed 1:500, 1:10,000 final
dilution; Cappel), rabbit anti-GFP (1:200, Molecular Probes), mouse anti-BR-core (1:250,
25E9.D7-concentrate, Developmental Studies Hybridoma Bank, DSHB; Emery et al., 1994), rat
anti-o-E-cadherin (1:50, DCAD2-concentrate, DSHB; Oda et al., 1994), mouse anti-a-Spectrin
(1:50, 3A9-concentrate, DSHB; Dubreuil et al., 1987), mouse anti-B-PS-Integrin (1:50,
CF.6G11-concentrate, DSHB; Brower ef al., 1984), mouse anti-B-Catenin (1:50, N2 7A1-
concentrate, DSHB; Peifer et al., 1992), rabbit anti-Dynamin (1:100, Ab 2074, via M.
Ramaswami; Estes ef al., 1996) and goat anti-mouse Alexa Fluor 488-, 555-, and 647-conjugated
antibodies (1:500, Molecular Probes). Imaging was performed on either a Zeiss 510 or Leica
SP8X scanning confocal microscope (immunostaining, live imaging), or a Nikon Microphot
FXA (eggshells). Images were processed using Helicon Focus (Helicon Soft Ltd.) and FIJI

(ImagelJ-based, NIH; Schneider et al., 2012).

Tissue-specific expression: GAL4-UAS

I crossed GAL4-bearing virgin females to UAS-bearing males at 25°C, or at 18°C if the
GAL4-UAS combination resulted in lethality at 25°C. To collect eggs, I mated female progeny

1118
from these crosses to w

males at 30°C in the presence of wet yeast, to optimize GAL4
expression and egg production. After >24 hr at 30°C, I collected eggs over successive 8-12-hr
periods on apple juice/agar plates, then rinsed, pooled, and mounted the eggs in Hoyer’s medium
(van der Meer, 1977). If a GAL4-UAS combination perturbed egg-laying, I dissected ovaries,
fixed in 4% para-formaldehyde for 20 min, dissociated ovaries, and either proceeded with

immunostaining, or eggshell preparation in Hoyer’s medium. For some over-expression assays,

to evaluate more moderate defects and determine which features were most sensitive to
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perturbation, I collected eggs from flies kept at 25°C or 28°C. In addition to qualitative
descriptions, I evaluated DA defects using a three-tiered scoring system (N = normal DAs or
DAs with mild defects, M = moderate DA defects, S = severe DA defects), counting a minimum
of 100 eggs (mean = 312 eggs). Moderate defects included rough/feathered DA shape, a
difference in DA length within the DA pair, wide DA paddles, shafts, or bases, and short DAs
that extended past the micropyle. Severe DA defects included short and/or wide DAs that did

not extend past the micropyle, fused DAs, or a combination of moderate defects.

Quantitative cytology

To quantify the dimensions of Broad-expressing roof FC primordia (Fig 3A-K), I made
the following measurements using FIJI (ImageJ). For anterior-posterior (AP) length, I made a
maximum-intensity XY projection of each egg chamber and measured the length from the most
anterior to the most posterior roof FC nucleus. For dorsoventral (DV) width, which occurs along
a curved surface, I made a 3D projection of each egg chamber around the Y axis, rotated the
projection to view the egg chamber head on, and measured the circumferential distance from the
most dorsal to the most ventral roof FC nucleus in each primordium (inset in Fig 3.3K). For
each condition at each stage, | measured a minimum of 10 primordia (mean = 12 primordia), and
for AP:DV ratios I only used primordia for which I could obtain both AP and DV measurements.

To quantify the apical dimensions and surface area of anterior and posterior roof FC
apices (Fig 3.3L-W), I made the following measurements using FIJI (ImageJ). For anterior and
posterior roof FC apices, I chose ~3 non-adjacent cells in the front 1/3 or rear 1/3 of each roof
FC primordium, respectively (Fig 3.3 L-U), and I only measured apices for which I could

achieve a view perpendicular to the apical plane. For each apical surface, I measured AP and
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DV lines that intersected at their midpoints and at the center of the apical surface (inset in Fig
3.3V), and I traced the outline of the apical surface and measured the area (inset in Fig 3.3W).
For each condition at each stage, I measured a minimum of 20 apices (mean = 47 apices).

For statistical analyses, | compared means using ANOVA and Tukey’s posthoc tests.

Live imaging

I dissected ovaries from flies raised at 30°C in Schneider’s medium (S2 cell culture
medium; Sigma), equilibrated to 30°C, and combed the ovarioles apart. I then carefully
squeezed individual S10B egg chambers out of their ovariole muscle sheaths to avoid
complications from muscle contractions during live imaging. Once liberated, I transferred these
S10B egg chambers to fresh 30 °C S2 medium in a coverslip-bottomed 35mm culture dish
(MatTek Corp.) that had already been positioned on an inverted-objective, scanning confocal
microscope. During subsequent steps, the temperature of the medium was allowed to fall to
room temperature, ~22°C. I brushed the egg chambers into the center of the coverslip, soaked
and sank a small (~lcm x 1cm) piece of Kimwipe into the S2 medium and positioned it over the
egg chambers like a blanket. I placed a small (>1cm diameter) brass washer over the Kimwipe
such that it surrounded, but did not lie on top of, the egg chambers. This weight provided just
enough downward force on the egg chambers to keep them in place without crushing them, a
precaution that was particularly necessary because DA-tube elongation is a forceful process, and
DA-tube cells will easily push an unanchored egg chamber away from the coverslip. Once
anchored, I selected the best S10B or S11 dorsal- or dorsolateral-oriented egg chamber, and
collected Z-stacks for 10 hours at 15-minute time intervals. I subsequently processed the movies

in Imaris (Bitplane, Oxford Instruments).
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— Results —

Expression of dominant-negative Dynamin in DA-tube cells

disrupts DA tubulogenesis

To characterize Dynamin’s role in promoting DA tubulogenesis, I disrupted its function
by expressing dominant-negative, GTP-hydrolysis-defective forms of Dynamin (shibire/Its]
(functional at 25°C, DN at 30°C) van der Bliek and Meyerowitz 1991; shibire[K44A4] (always
DN), van der Bliek ef al., 1993) in the DA-tube cells using the GAL4-UAS system (Brand and
Perrimon, 1993). I targeted DA-tube cells with the brL-GAL4 driver (broad Late enhancer,
Fuchs et al.,, 2012). At 25 °C, I determined that GAL4-driven expression of CD8::GFP is
restricted to roof and floor cells; at 30 °C, I determined that CD8::GFP expression was also
detectable in nearby anterior FC types (centripetal, midline, and stretch FCs) and main-body FCs
posterior and ventral to the DA primordia (Fig 3.1A, B, C, and D). This expanded expression
pattern included all cell types that contribute to DA tubulogenesis (roof, floor, and stretch FCs),
and was therefore favorable. To assess DA defects, I scored eggshell DAs as either normal (N),
moderately defective (M) or severely defective (S), and represented the proportions of each
category (Fig 3.1; see methods).

DAs of brL>CD8::GFP eggs were slightly shorter than those of wild type but exhibited
the expected wild-type DA morphology: a narrow stalk connected to a widened, anterior paddle
(Fig 3.1E). These control eggs displayed minimal DA defects at 25 °C and 30 °C (Fig 3.1E and
F). DAs of brL>shi[lts] eggs were indistinguishable from controls at 25 °C, indicating that
moderate over-expression of functional Dynamin does not disrupt DA-tube morphogenesis (Fig
3.1G). At 30 °C, a temperature at which shi/Its]-encoded Dynamin acts as a semi-dominant

negative (van der Bliek et a., 1993), the eggs exhibited shorter, wider DAs with moderate
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penetrance and expressivity (Fig 3.1H). The DA defects of brL>shi/[K44A] (dominant negative)
eggs produced at 25 °C were similar in frequency and severity to those of brL>shi[lts] eggs at
30 °C (compare Fig 3.1H with Fig 3.11). At 30 °C, brL>shi[K44A] eggs displayed DA defects of
substantially higher severity and penetrance (Fig 3.1J), supporting the hypothesis that the degree
of shi[K44A]’s disruptive effect depends on expression level (Moline et al., 1999). These DAs
were short, wide, and flat, had rough, irregular edges, and were either closer together than
controls (Fig 3.1J, red arrowheads) or had become fused (Fig 3.1J, magenta arrowhead). In
addition, the eggs themselves were shorter, indicating either incomplete nurse-cell dumping or a
defect in egg-chamber elongation [Mahajan-Miklos and Cooley, 1994; Horne-Badinovac and
Bilder, 2005]. Taken together, these results support my previous observation that Dynamin is
required in the FCs for DA-tube elongation and indicate that shi/K44A] expression is an
effective and penetrant tool for disrupting Dynamin function in FCs. Furthermore, the
dramatically widened DA bases and frequent DA fusions suggested that Dynamin could also
play a role earlier, in DA-tube formation.

Since at 30 °C the brL-GAL4 driver expresses in all FC types that contribute to DA
tubulogenesis, I wanted to determine whether all or just some of these FC types require
Dynamin. At that time, I was mentoring a summer undergraduate, Kamsi Odinammadu, and this
became his summer research project. To restrict expression to DA-tube cells specifically, he
used br[69B08]-GAL4 (Jenett et al., 2012), which drives expression specifically in roof and floor
cells (data not shown and personal communication from N. Yakoby), even at 30 °C (Fig 3.1K
and L). Control br{69B08]-GAL4>CDS.:GFP eggs displayed a much higher proportion of DA
defects than control brL>CD8::GFP eggs, but these baseline defects were primarily associated

with DA length, not width or shape (compare Fig 3.1F with 10). The DAs of
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Fig 3.1. (A-D) Control brL >CD8::GFP egg chambers raised at 30 C, stained for Broad protein
(roof FC nuclei — yellow, yellow arrows), DNA (DAPI — blue). All subsequent images are
shown with the anterior facing left, and dashed white lines indicate dorsal midlines. (E-J) Laid
eggs from control brL >CDS8::GFP (E, F), brL >shi[Its] (G, H), or brL >shi[K44A] (1, J)
females, raised at either 25 °C (E-I) or 30 °C (F-J). In E, the parts of a wild-type DA are labeled
(paddle, stalk, base). Numbers indicate percentages of normal or mildly defective (N),
moderately defective (M), and severely defective (S) DAs; yellow numbers indicate the category
of egg being shown. The number of eggs scored for each condition is shown in the lower left of
each panel. Red arrowheads indicate abnormally wide DAs, orange brackets indicate abnormally
wide DA bases, magenta arrowheads indicate DA fusions, and magenta brackets indicate fused
DA bases. (K, L) Control br[69B08] >CDS8::GFP egg chambers raised at 30 °C, stained for
DNA (DAPI - blue). (M, N) Control A90 >CD8::GFP egg chambers raised at 30 "C, stained for
DNA (DAPI - blue). (O,P) Laid eggs from control br[69B08] >CD8::GFP (O) or br[69B0S]
>shi[ K44A] (P) females raised at 30 °C. (Q, R) Laid eggs from control A90 >CDS8::GFP (Q) or

A90 >shi[K44A] (R) females raised at 30 °C. Scale bars = 100 um.
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Figure 3.1. FC expression of dominant-negative Dynamin
disrupts DA tubulogenesis
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br[69B08]>shi[K44A4] eggs, on the other hand, were stunted, wide, and irregular in shape (Fig
3.1P, red arrowheads), like those of brL>shi[K44A] eggs (Fig 3.1J, red arrowheads). Despite
these similarities in DA morphology, fewer DA fusions occurred in br[69B08|>shi[K44A4] eggs;
this difference may be due to expression of Gal4 in midline cells with brL-GAL4 but not with
br[69B08]-GAL4 (compare Fig 3.1A, B, C, and D with K and L). These results demonstrate that
the DA-tube cells themselves (i.e., roof and floor FCs) require functional Dynamin for DA
tubulogenesis.

Kamsi next tested whether Dynamin function in stretch FCs is required for DA
tubulogenesis using the 490-GAL4 driver (Fig 3.1M and N), since I observed highest shibire
expression in stretch FCs (Peters et al., 2013). DAs of 490>shi/K44A4] eggs were indeed shorter
and wider than DAs of control 490>CDS8.:GFP eggs, but their smooth edges suggested that DA-
tube integrity had been maintained. Furthermore, DA bases were narrow, distinct, and
resembled controls, suggesting that DA-tube closure was successful (compare Fig 3.1Q with
IR). These results demonstrate that the stretch FCs, as well as DA-tube cells, require Dynamin
function for DA tubulogenesis, but that Dynamin’s function in stretch FCs is distinct from its
role in the DA-tube cells: it does not appear to influence DA-tube formation or DA-tube

integrity, but instead restricts tube width and promotes tube length.

Dynamin is required in the floor FCs for DA-tube closure

The formation of the DA tube requires the cooperative actions of two distinct, juxtaposed
cell types: roof FCs and floor FCs (Dorman ef al., 2004, Ward and Berg 2005, Osterfield et al.,
2013). The wide and often fused DAs exhibited by brL>shi/K44A4] eggs suggested that

Dynamin could be required for DA-tube formation as well as elongation. To test this hypothesis,
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[ used brL-GALA4 to drive expression of either CDS8::GFP or shi[K44A], and I compared floor
FC morphology (rhomboid-lacZ marker — rho-lacZ) throughout DA tubulogenesis (S11—S14;
Fig 3.2). I found no obvious differences between control brL>CDS::GFP and brL>shi[K44A]
egg chambers during S10B, indicating that brL>shi/K44A4] expression did not affect DA-tube
patterning (data not shown), or during S11, when DA tubulogenesis begins (compare Fig 3.2A to
F). By early S12, the first differences between brL>CDS8::GFP and brL>shi[K44A] egg
chambers were apparent: whereas control floor FCs had sealed together to complete tube
formation (Fig 3.2B; orange arrow), the floor FC hinge in Dynamin[DN] egg chambers remained
open (Fig 3.2G). By late S12, control roof FCs had continued to intercalate, and the floor FCs
had shortened along their apical-basal axes and were migrating anteriorly over the dying nurse
cells (Fig 3.2C). As a result, the distance between the two primordia increased along the dorsal
midline, especially near the DA bases. These movements proceeded through S13 (Fig 3.2D) and
S14 (Fig 3.2E), with the DA tube remaining sealed throughout this time (orange arrows), until
the floor FCs were arranged in two rows along the AP axis and had adopted the shape of the
finished DA tube (Fig 3.2E). In contrast, roof FCs in brL>shi[K44A4] egg chambers did not
intercalate correctly between S12—S14, the floor FCs did not change shape or move anteriorly
around the nurse cell nuclei. Furthermore, the two primordia stayed in contact along the dorsal
midline, and the DA tubes remained unsealed (Fig 3.2G, H, I, J, orange dotted lines). Indeed, I
never observed an instance of DA-tube closure in brL>shi/K44A] egg chambers from S12—S14
(n=95). Interestingly, I observed cytoplasmic protrusions on the leading edges of

brL>shi[K44A] floor FCs in S14, indicating that the floor cells

123



Fig 3.2. (A-J) Anterior views of S11—S14 control brL. >CD8::GFP (A-F) vs. brL >shi[K44A]
(G-L) egg chambers, stained for DNA (DAPI — blue), Broad protein (roof-FC nuclei — red), and
[-galactosidase produced by rhomboid-lacZ (floor FCs — yellow or white). Each panel also
includes an orange tracing of floor FC outlines for a single DA tube, with orange dotted lines
indicating an open DA tube and orange arrows indicating a sealed DA tube. Note that while
control DA tubes have closed by S12E (B) and remain closed (C-E), dominant-negative-
Dynamin-expressing DA tubes fail to close (G-J), although floor-FC leading edges still attempt

anterior migration (inset in J). Scale bar = 50 um.
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Figure 3.2. FC expression of dominant-negative Dynamin
disrupts DA-tube closure
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were still attempting to migrate in an anterior direction (inset in Fig 3.2J). Together, these data
revealed a dramatic failure of DA-tube formation in brL>shi/K44A4] egg chambers and
demonstrated that Dynamin plays a critical role in DA-tube closure and roof-FC intercalation.
As the floor FCs and overlying roof FCs failed to move out over the stretch FCs during
S12—S14, I also noted that the remnant nurse-cell nuclei failed to fully degrade by S14 (Fig
3.2J). Since stretch FCs may help remove the nurse cells by engulfment (Cummings and King
1970; Nezis et al., 2000; Jenkins et al., 2013), the failure of nurse-cell degradation could mean
that stretch FCs require Dynamin for this process. Nevertheless, since floor FCs seal up the DA
tube before moving out over the stretch FCs (Fig 3.2B), and because I did not observe eggshell
defects consistent with DA-tube closure defects in A90>shi/K44A] eggs (stretch FC-specific, Fig

3.1R), it is unlikely that the stretch FCs play a direct role in the early events of DA-tube closure.

Dynamin is required for roof-FC intercalation
during DA-tube elongation

To reveal cellular behaviors that could explain the eggshell defects I observed upon
brL>shi[K44A] expression, and to determine whether brL>shi/K44A4] expression affected the
viability of DA-tube cells, I examined DA tubulogenesis live using an E-Cadherin::GFP knock-
in strain (Huang et al., 2009). I compared control egg chambers that also expressed brL-GAL4
(Movies 3.1 and 3.2) to Dynamin[DN] egg chambers expressing both endogenous E-
Cadherin::GFP and brL>shi[K44A] (Movies 3.3 and 3.4). In control egg chambers, roof-cell
apical constriction and DA-tube formation were quickly followed by intercalation and dramatic,
anterior DA-tube elongation (Movies 3.1 and 3.2). Between 7-9 hours after DA-tube formation,

I observed significant eggshell secretion, indicating that my culturing conditions were not
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affecting egg chamber viability (Movie 3.2). In E-Cadherin::GFP brL>shi[K44A4] egg chambers,
apical constriction occurred normally as in controls, but in contrast to controls, the DA tubes did
not narrow and elongate along the DV axis; each patch remained wide and appeared
disorganized, reflecting the DA-tube-formation defects I saw in fixed tissue (Fig 3.2; Movies 3.3
and 3.4). Roof-cell apical expansion occurred at the expected time, but DA-tube-cell apices did
not properly intercalate, and DA-tube elongation was severely impaired and disordered (Movies
3.3 and 3.4). In some cases, | observed DA-tube fusions resulting from a loss of distinction
between DA-tube cells and midline cells (Movie S4); these phenotypes were consistent with DA
fusions I observed in laid eggs (Fig 3.1J). Importantly, eggshell secretion occurred at a time
comparable to controls (compare Movie 3.2 to 3.3 or 3.4). Interestingly, I also noted altered
behavior of E-Cadherin in brL>shi/K44A4] egg chambers; E-cadherin accumulated in apical
“blobs”, which appeared prior to and during eggshell secretion (Movies 3.3 and 3.4). These live-
imaging data demonstrated that brL>shi[K44A] expression did not affect FC viability or eggshell
secretion but did affect E-Cadherin behavior, and suggested that defects in DA-tube-cell
intercalation might underlie the observed DA-tube elongation defects.

Prior to DA tubulogenesis, each roof FC primordium is wider along the DV axis than it is
along the AP axis; during DA-tube elongation, the primordia shrink in width and extend in
length as the roof FCs intercalate (Dorman et al. 2004; Ward and Berg 2005). To ascertain the
underlying mechanisms that contribute to Dynamin[DN]- associated tube-elongation defects, I
tested whether brL>shi[K44A] expression affected roof FC patterning or intercalation (Broad
protein stains; Fig 3.3A-K).

I first asked whether disrupting Dynamin function had any effect on roof-FC patterning.

I compared the number of BR-positive nuclei in b#L>CDS::GFP control and brL>shi[K44A] egg
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Fig 3.3. (A-J, L-U) Anterior views of SI0OB—S13 control brL >CDS8::GFP (A-E, L-P) vs. brL
>shi[K44A] (F-J, Q-U) egg chambers, stained for Broad protein (roof-FC nuclei — green A-E,
magenta F-J), and E-Cadherin (FC apices — L-U white). Broad and E-Cadherin stains were
administered on the same egg chamber (e.g., A and L, F and Q). The number of egg chambers
scored for each condition is shown in the lower right of panels A-J. (L-U) Full-sized images
(left) are accompanied by enlarged insets of roof-FC apices (right), and labeled A (anterior) or P
(posterior) if the enlargement is split. In enlarged panels, representative examples of anterior
(red or orange) or posterior (blue or cyan) apices are outlined, and the total number of apices
compared for each condition is indicated. (K, V) Mean AP length : DV width ratios, + standard
error, for roof-FC primordia (K) or roof-FC apices (V) as a function of stage (SI0B—S13). (W)
Mean surface area, + standard error, for roof-FC apices as a function of stage (S10B—S13).
Insets in K, V, and W indicate how AP length, DV width, or apical surface area were measured
(see also methods); asterisks indicate statistical differences (* = p<0.05, ** = p<0.001, and
asterisk color indicates which value was greater (green vs. magenta, red vs. orange, blue vs.
cyan)). Colors are consistent between images (A-J, L-U) and charts (K, V, W). Scale bars = 50

um.
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Figure 3.3. FC-expression of dominant-negative Dynamin disrupts roof FC
intercalation and anterior-biased apical expansion
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chambers between S10B—S12 (once patterned, the number of BR nuclei remain constant; Ward
and Berg 2005). I found no significant difference (p>0.1) between the number of BR-positive
nuclei in brL>CD8::GFP control egg chambers (67 nuclei per primordium, n=49) and
brL>shi[K44A4] egg chambers (65 nuclei per primordium, n=35), indicating that brL>shi[K44A]
does not affect roof FC patterning as revealed by BR protein expression.

To compare the dimensions of the roof-FC primordia, I measured the ratio of AP length
to DV width in control and brL>shi/K44A] roof-FC primordia from stages 10B—S13 (see
methods and schematic in Fig 3.3K). As expected, I observed that roof FCs in S10B control
brL>CDS::GFP egg chambers were positioned on either side of the dorsal midline and that the
DV width was greater than the AP length (AP:DV ratio=0.8, Fig 3.3 A, first green bar in Fig
3.3K). By S11, the AP:DV ratio was 1; by the end of S12, it had increased to 2.1; and by the end
of S13, roof FC primordia were 2.8 times longer than they were wide, indicating substantial roof-
FC reorganization during DA-tube expansion (Fig 3.3B, C, D, and E, green bars in Fig .33K). In
brL>shi[K44A4] egg chambers, the roof-FC primordia at S10B resembled controls, with similar
position and AP:DV character (AP:DV ratio=0.8, Fig 3.3F, first magenta bar in Fig 3.3K), but
during S11—S14, the roof-FC nuclei remained relatively static and did not reorganize along the
AP axis (Fig 3.3G, H, I, and J, magenta bars in Fig 3.3K, green asterisks indicate p<0.001). I
could not measure roof-FC primordia dimensions in S13 and older brL>shi/K44A] egg chambers
because the BR signal was too weak and variable (Fig 3.3J and K). This apparent early loss of
Broad protein in S13 brL>shi/K44A] egg chambers could suggest that Dynamin helps maintain
Broad nuclear localization. Alternatively, these egg chambers were actually older, but neither

nurse-cell death nor DA-tube elongation had proceeded normally. Together, that in addition to
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floor FCs requiring Dynamin function during DA-tube formation, roof FCs require Dynamin

function to intercalate during DA-tube elongation.

Dynamin is required for AP-biased apical expansion
during DA-tube elongation

Concomitant with roof-FC intercalation and DA-tube elongation, the apical surfaces of
DA-tube cells expand, increasing the volume of the tube and elongating the tubes toward the
anterior of the egg chamber (Dorman et al., 2004; Boyle et al, 2010). To compare the apical
membrane morphology and behavior of roof FCs in control and brL>shi/K44A] egg chambers, |
measured the ratio of apical AP length to apical DV width, as well as apical surface area, for
individual roof FCs from S10B—S13. I compared 3 non-adjacent apices in the anterior (Fig 3.3,
red vs. orange) and 3 non-adjacent apices in the posterior (Fig 3.3, blue vs. cyan) of each roof-
FC primordium (see methods, enlargements in Fig 3.3L, M, N, O, P, Q, R, S, T, U, charts in Fig
3.3V, W). This detailed quantification of roof-FC apical behavior during DA tubulogenesis
revealed a striking planar-polarized elongation of roof cells during tube expansion.

In brL>CD8::GFP control egg chambers at S10B, at the first initiation of roof-FC apical
constriction, anterior apices (45 um®) began to constrict slightly before posterior apices (62 pm?),
and both anterior apices (0.9) and posterior apices (1.0) maintained a nearly equivalent AP:DV
ratio (Fig 3.3L, V, W; see also Dorman ef al., 2004). In S11, constricted anterior (28 pm?) and
posterior (30 um?) apices were almost identical in area (Fig 3.3M, W), and the cells maintained
an equivalent AP:DV ratio of 1.0 (Fig 3M and V). By early S12, as overlying roof FC nuclei
began to rearrange and extend along the AP axis (Fig 3.3C), anterior (25 um®) and posterior (28

um?) apices remained tightly constricted, but their shapes began to change from hexagonal to
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rhomboidal, resulting in an increase in AP:DV ratio (both = 1.3, Fig 3.3N, V, W). By late S12,
anterior apices had substantially expanded (70 pm?) while posterior apices (44 pm?) had
expanded to a lesser degree (Fig 3.30 and W), though again, cell shapes exhibited an equivalent
AP:DV ratio of 1.9. These results suggest that both anterior and posterior cells within the
primordium expand in an AP-biased direction (Fig 3.30, V). By S13, the behavior of anterior
apices had diverged from that of posterior apices. Anterior apices, which form the DA paddle,
had expanded dramatically (111 um?®), almost 3 times that of posterior apices (40 um?), which
make the stalk, and the AP:DV ratio of anterior vs. posterior apices was 2.7 vs. 2.3, respectively
(Fig3.3P, U, V, W).

In brL>shi[K44A4] egg chambers at S10B, as in controls, anterior apices (36 pm?) began
to constrict slightly before posterior apices (50 pm?), and both anterior apices (1.0) and posterior
apices (1.0) maintained equivalent AP:DV ratios (Fig 3.3Q, V, W). Interestingly, both anterior
and posterior apical areas were significantly smaller than in controls (p<0.001). In S11,
constricted anterior (23 pm?) and posterior (23 um?) apices maintained an equivalent AP:DV
ratio of 1.0 (Fig 3.3R, V, and W) and were again significantly smaller than controls (p<0.001).
This smaller apical surface area could be due to shi/K44A4] over-stimulating the apical
constriction machinery, as shown in vertebrate cell culture (Chua et al., 2009), or it could be due
to smaller overall egg chamber size. Consistent with the latter possibility, I found that
brL>shi[K44A4] egg chambers were ~5% shorter than controls (482 um vs 506 pm, n=12,
p<0.05). By early S12, however, Dynamin[DN] egg chambers had reversed this trend toward
tight apical constriction. Anterior apices (1.2) and posterior apices (1.1) had slightly increased in
AP:DV ratio (Fig 3.3S and V), as was the case in controls, but unlike controls, anterior (60 um?)

and posterior (41 um?) apices had expanded considerably (Fig 3.3S, W, p<0.001). By late S12,
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anterior apices (72 pm?) and posterior apices (40 um?) had slowed their expansion and now
exhibited surface areas similar to controls (Fig 3.3T, W), but overall, this expansion had occurred
without any AP bias; neither anterior nor posterior apices had increased in AP:DV ratio (S12E =
1.2, S12L = 1.3), and both were significantly lower than controls (p<0.001). These results
revealed a failure of AP-biased expansion in brL>shi[K44A] roof FCs (Fig 3.3T, V). By S13,
the behavior of anterior apices had diverged from that of posterior apices, and neither resembled
controls. Surprisingly, anterior apices had expanded to 159 um?, and posterior apices had
expanded to 91 pm?; both values were significantly greater than controls (Fig 3.3U, W,
p<0.001). The AP:DV ratio of anterior vs. posterior apices was 1.4 vs. 1.5, respectively (Fig
3.3U, V), again representing a significant departure from controls (p<0.001), and only a slight
AP-biased apical expansion.

In summary, control roof FCs constricted their apices during tube formation at S11, then
expanded these surfaces such that cells elongated preferentially on the AP axis during S12—S14.
In contrast, disruption of Dynamin function in roof FCs caused cells to constrict their apices to
an even greater degree than controls, and then expand these surfaces beyond controls in all
directions, with little or no directional bias to the expansion, and without extending the DA tube

in an anterior direction.

Dynamin’s function in DA tubulogenesis is to promote endocytosis

Other studies have shown that Dynamin’s functions include but are not limited to
endocytosis (e.g., Sever et al., 2013; Thompson et al., 2004; Soulet et al., 2006). Therefore, I
sought to determine whether Dynamin’s function in DA tubulogenesis is to facilitate

endocytosis. Therefore, I independently disrupted the function of two other well-characterized
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endocytic players, Rab5 and AP50, and compared their eggshell phenotypes to those of
brL>shi[K44A] eggshells (Fig 3.4; distinct data from Fig 3.1). The Rab5 GTPase is a rate-
limiting component of the early endocytic pathway (Bucci et al., 1992), and mutant Rab5[S34N]
protein (S43N in D. melanogaster) acts as a strong dominant negative (Stenmark et al., 1994).
At 28 °C, the brL>Rab5[S43N] eggs exhibited a high frequency of severe DA defects (short,
broad DAs) compared to controls (Fig 3.4A and C); brL>shi[K44A] eggs were similar in
phenotype, though the frequency of severe defects was lower (Fig 3.4B). At 30 °C, the
frequency and severity of DA defects on brL>shi[K44A] and brL>Rab5[S43N] eggs were
indistinguishable: DA fusions were frequent (Fig 3.4E and F, magenta arrowheads), and
eggshells displayed a similar shortened length compared with controls (Fig 4D, E, and F). In
addition, loss of function through expression of Rab5-RNA1 resulted in a severe and fully
penetrant stunted DA phenotype compared to controls (Fig 3.4G and H). The stunted DAs of
brL>Rab5-RNAI1 eggs were less broad than those of brL>Rab5[S43N] eggs, suggesting that
Rab5-RNAI expression was weaker and/or less able to produce an effect due to perdurance of
Rab5 protein compared to expression of dominant-negative Rab5[S43N] (compare red
arrowheads in Fig 3.4F and H).

The AP2-adaptor complex is the primary membrane adaptor for clathrin, and RNAi
against AP50 (AP2 subunit p) is an effective tool for disrupting AP2 function and clathrin-
mediated endocytosis (Motley et al., 2003; Boucrot ef al., 2010, McMahon and Boucrot, 2011).
The DAs of brL>AP50-RNAi eggs were wide, had irregular edges, and were sometimes fused
(Fig 3.41, magenta arrowhead), supporting the hypothesis that clathrin-mediated endocytosis
facilitates DA-tube morphogenesis. These defects were not as severe or penetrant as those

produced by Rab5-RNAi, Rab5[S43N], or shif[K44A], perhaps reflecting an incomplete
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knockdown of AP50, which can be difficult to fully deplete (Boucrot et al., 2010). Taken
together, these results support a role for Dynamin in facilitating clathrin-mediated endocytosis

and demonstrate a requirement for endocytosis during DA tubulogenesis.

Dynamin is present both apically and basally in DA-tube cells

To identify potential targets of Dynamin-mediated endocytosis within DA-tube FCs, I
examined the localization of endogenous Dynamin protein in DA-tube cells during normal DA
tubulogenesis (Fig 3.5). I observed the highest levels of Dynamin protein in the stretch FCs,
consistent with previous mRNA expression data (Peters ef al., 2013), and this expression
increased over the course of DA tubulogenesis (Fig 3.5A, B, C, and D). In DA-tube FCs,
Dynamin protein redistributed from lateral membranes to the cytoplasm between S10B—S12
relative to adjacent main body FCs (Fig 3.5A and D), and by S12, the division between DA-tube-
FC Dynamin and main-body-FC Dynamin was distinct (Fig 3.5D). Subcellular inspection of
DA-tube FCs indicated that Dynamin protein was most prominent at cell apices (Fig 3.5E) and
on the basal surface (Fig 3.5F). I also observed unexpected nuclear Dynamin signal, but I
reasoned that this apparent sub-cellular distribution was likely due to cross-reactivity of the
Dynamin antibody, which was polyclonal and unpurified. To obtain an independent evaluation
of Dynamin localization, I drove expression of Dynamin::YFP (UASp-shi::YFP; Fabrowski et
al., 2014) using the Vm26Aa-GAL4 driver; Vm26Aa-GAL4 expresses in all columnar FCs, but
because the UASp-shi::YFP was designed for germline, not somatic, expression, Dyn::YFP-was
only visible in some cells (i.e., mosaic), which afforded me the benefit of being able to visualize
Dynamin::YFP in individual cells (Fig 3.5G). This approach confirmed that the highest

concentration of Dynamin was present apically and basally in DA-tube cells (yellow
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Fig 3.4. (A-F) Laid eggs from control brL >CD8::GFP (A, D), brL >shi[K44A] (B, E), or brL
>Rab5[S43N] (C, F) females, raised at either 28 °C (A-C) or 30 °C (D-F). (G-I) Laid eggs from
control brL >mCherry-RNAIi (G), brL >Rab5-RNAi (H), or brL >AP50-RNAi (I) females,
raised at 30 °C. Numbers indicate percentages of normal or mildly defective (N), moderately
defective (M), and severely defective (S) DAs; yellow numbers indicate the category of egg
being shown. The number of eggs scored for each condition is shown in the lower left of each
panel. Red arrowheads indicate abnormally wide DAs, orange brackets indicate abnormally
wide DA bases, purple arrowheads indicate DA fusions, and purple brackets indicate fused DA

bases. Scale bar = 100 wm.

136



Figure 3.4. Defects associated with FC expression of dominant-negative
Dynamin are consistent with a disruption in endocytosis.
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Fig 3.5. (A-F) Wild-type egg chambers stained for a-Spectrin (FC outlines — cyan), Dynamin
(white), and/or DAPI (DNA - blue). From S10B (A) through S11 (B) and S12E (C, D),
Dynamin protein in DA-tube FCs redistributes from FC membranes, and stretch-FC Dynamin
levels increase dramatically. By S12L, the highest levels of Dynamin protein are visible at FC
apices (E) and bases (F). Nuclear staining is non-specific. (G, H) Vm26A4a-GAL4>UASp-
shi::YFP S12E egg chamber, in which Dyn::YFP (yellow) expression is mosaic due to the P-
element promoter present in the UAS construct, stained for Actin (Phalloidin — red), and
Dynamin (magenta). In G, which is an end-on, cross-sectional view of an egg chamber, yellow
arrowheads indicate highest levels of Dyn::YFP at apices and bases of apically constricted DA-
tube FCs, and the purple arrowhead indicates more uniform Dyn::YFP in basally constricted
midline FCs. In H, which is a magnified view of the basal surface of DA-tube cells, dotted lines
indicate FCs expressing high Dyn::YFP, and white-outlined arrowheads indicate co-localization

of endogenous Dynamin protein and Dyn::YFP. Scale bars = 50 um.
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Figure 3.5. Dynamin protein behavior in DA-tube FCs
during DA tubulogenesis.
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arrowheads), in contrast to nearby midline cells (pink arrowhead) or main body FCs (data not
shown), and the absence of nuclear Dyn::YFP indicated that the Dynamin antibody did recognize
a non-specific target(s) (Fig 3.5G). To verify that the Dynamin antibody recognized Dynamin, I
stained Vm26Aa>shi::YFP egg chambers for Dynamin; I observed co-localization of Dynamin
antibody with Dyn::YFP (Fig 3.5H, white arrowhead outlines). Together, these observations led
us to hypothesize that Dynamin might be functioning both apically and basally to promote DA
tubulogenesis.

Interestingly, and consistent with previous unpublished observations from our lab,
midline FCs basally constricted during DA tubulogenesis such that they resembled apico-basally
inverted DA-tube FCs (Fig 3.5G, pink arrowhead). Consistent with this observation, I noted
high basal E-Cadherin in midline FCs (see also James et al., 2002) relative to adjacent DA-tube
FCs, and basal BPS-Integrin appeared to be relatively excluded (Fig 3.6A). Furthermore, basal
midline-FC E-Cadherin co-localized with another AJ-component, B-Catenin (Fig 3.6B). These
observations, along with the preferred apical and basal localization of Dynamin protein in DA-
tube FCs, suggested that the endocytic remodeling of both apical and basal adhesions could be

important for DA-tubulogenesis.

E-Cadherin- and Integrin-based adhesions display
altered localization when Dynamin function is disrupted

I reasoned that apically localized Dynamin could be required for remodeling apical, E-
Cadherin-based, cell-cell adhesions, a critical step for morphogenetic events involving cell
intercalation and convergent extension (Ulrich et al., 2005; Langevin ef al., 2005; Pirraglia et al.,

2006, Nishimura and Takeichi, 2009). Therefore, I compared E-Cadherin localization in
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brL>CDS::GFP control and brL>shi/K44A] egg chambers at S12, early in DA-tube expansion,
and at S13, late in DA-tube expansion (Fig 3.7). At S12, in DA-tube cells of control egg
chambers, E-Cadherin was visible in the cytoplasm (Fig 3.7B, B’) and outlining apical
membranes (Fig 3.7B’). In DA-tube cells of S12 brL>shi/K44A4] egg chambers, cytoplasmic E-
Cadherin was greatly reduced (Fig 3.7D D’), and membrane-associated E-Cadherin was
primarily apical (Fig 3.7D’). At S13 in control DA-tube cells (Fig 3.7E, F E’, F’), cytoplasmic
E-cadherin remained punctate (Fig 3.7F), while apical, membrane-associated E-Cadherin was
higher than during S12 (compare Fig 3.7F’ to B’). In contrast, DA-tube cells of S13
brL>shi[K44A4] egg chambers had less cytoplasmic, punctate E-Cadherin than controls (compare
Fig 3.7H to F), and apical E-Cadherin was more uniformly distributed along membranes than in
controls (compare Fig 3.7H’ to F’). In summary, brL>shi/K44A4] egg chambers displayed
weaker cytoplasmic E-Cadherin localization compared to controls, more uniform, apical,
membrane-associated E-Cadherin than in controls, and these effects were more pronounced with
time. These data show that disrupting Dynamin function alters E-Cadherin localization in FCs,
particularly DA-tube cells, and are consistent with Dynamin functioning to remodel apical, E-
Cadherin-based adhesions during DA tubulogenesis.

Conversely, I reasoned that basally localized Dynamin could be required for endocytic
turnover of basal, Integrin-based adhesions, a critical step for morphogenetic events involving
cell migration and tissue elongation (He et al., 2010; Dong ef al., 2011; Huttenlocher et al.,
2011; Bogdanovic et al., 2012). Therefore, I compared the localization of BPS-Integrin (encoded
by myospheroid) in brL>CDS::GFP control and brL>shi[K44A] egg chambers during DA-tube
expansion (S12—S13; Fig 3.7). In DA-tube cells of control egg chambers, fPS-Integrin was

present on the basal surface and in basal puncta (Fig 3.7J and N), and sub-basally on lateral
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Fig 3.6. (A) Basal projection of a S11 brL > CD8::GFP egg chamber stained for DAPI (A), E-
Cadherin (A”), and BPS-Integrin (A”"). White (A”) or magenta (A""") brackets indicate high
basal E-Cadherin in midline FCs; white dotted bracket (A”") indicates low basal BPS-Integrin in
midline FCs. (B) Basal projection of a brL > CDS8::GFP egg chamber stained for DAPI (B), E-

Cadherin (B”), and -Catenin (B”"). White arrowhead (B””") indicates basal co-localization of

the AJ components E-Cadherin and 3-Catenin. Scale bar = 100 um.
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Figure 3.6. Midline FCs display inverted adhesion-molecule
localization relative to DA-tube FCs.
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Fig 3.7. (A-P) Anterior views of S12 and S13 control brL >CDS8::GFP (A-B”, E-F") vs. brL
>shi[K44A] (C-D’, G-H") egg chambers, stained for E-Cadherin (encoded by shotgun — A-H")
and BPS-Integrin (encoded by myospheroid — I-P”). Diagrams to the left indicate the
approximate Z-dimension used for either apical or basal projections, with green indicating basal,
orange indicating apical, blue indicating roof FCs, red indicating floor FCs, and magenta
indicating the roof-FC —main-body-FC boundary. For each E-Cadherin or fPS-Integrin full-
sized image (left), there is an enlarged view (right). Arrowheads indicate cytoplasmic puncta
details, arrows indicate membrane-associated details, and colors correspond with colors in the

diagram (e.g., blue color points out a roof FC feature, orange color points out an apical feature,

green color points out a basal feature). Scale bars = 50 um.
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Figure 3.7. FC expression of dominant-negative Dynamin
alters E-Cadherin and fPS-Integrin localization.
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membranes and in large, cytoplasmic puncta (Fig 3.7)° and N’). In DA-tube cells of
brL>shi[K44A4] egg chambers, I observed BPS-Integrin on the basal surface as in controls, but
the pattern appeared more ordered; basal puncta were less conspicuous, and cell outlines were
more prominent than controls (compare Fig 3.7J and N to L and P). BPS-Integrin was also more
uniform along sub-basal, lateral membranes than controls, and the large, cytoplasmic puncta
were not visible (compare Fig 3.7)’ and N’ to L’ and P’). In summary, S12 and S13
brL>shi[K44A] egg chambers displayed more-ordered basal BPS-Integrin, more-uniform sub-
basal BPS-Integrin on lateral membranes, and less-punctate basal and cytoplasmic fPS-Integrin
than controls, and these effects were progressive. These data demonstrate that disrupting
Dynamin function alters BPS-Integrin localization in DA-tube FCs and are consistent with
Dynamin functioning in the turnover of basal, Integrin-based adhesions during DA-tube

migration and elongation.

Altering the behavior of Cadherin- and Integrin-based adhesions
demonstrates that the regulation of adhesion molecules
is essential for DA tubulogenesis

Disrupting Dynamin function alters the level and sub-cellular distribution of E-Cadherin
(Fig 3.7, Movies 3.3 and 3.4) and BPS-Integrin (Fig 3.7), particularly during DA- tube
expansion, suggesting that the regulation of both apical and basal adhesive turnover could be an
important function of Dynamin. Thus, individually disrupting E-Cadherin- and BPS-Integrin-
based adhesions could reveal their separate contributions to DA-tube expansion. To this end, |
used brL-GAL4 to drive the expression of loss-of-function and over-expression constructs and

compared the resulting eggshell DA defects to controls (Fig 3.8).
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First, I assessed the effects of adhesion-component knockdown. DAs of brL>E-
Cadherin-RNA1 eggs were dramatically reduced in length and located further back on the egg
relative to controls (Fig 3.8A and B). DAs and DA bases were wider than controls and exhibited
both detached chorion particles (white arrow in Fig 3.8B) and gaps in eggshell deposition
(posterior region of DAs in right egg, Fig 3.8B), consistent with loss of cell-cell adhesion and
aberrant eggshell secretion. Despite these defects, I did not observe an increased frequency of
DA-fusion in brL>E-Cadherin-RNA1i eggs relative to controls. Knockdown of f-Integrin-v, an
infrequently used Drosophila Integrin subunit (FlyBase: Graveley et al., 2011), resulted in only
modest defects, such as thinner DAs (Fig 3.8C), whereas knockdown of fPS-Integrin
(myospheroid), the most commonly used Drosophila B-Integrin, resulted in dramatically stunted
DAs that had a kinked shape reminiscent of DAs with distinct stalks and paddles (left egg in Fig
3.8D). Occasionally (~5%), these DAs were fused (right egg in Fig 3.8D). These results
demonstrate that E-Cadherin and BPS-Integrin are both required for DA-tube elongation, but E-
Cadbherin is important for maintaining DA-tube integrity and uniform eggshell secretion, whereas
BPS-Integrin is important for migration and could help maintain DA-tube separation.

To test whether levels of adhesion-component expression were important for DA
tubulogenesis, I assessed the effects of over-expression. Over-expression of E-Cadherin
produced some defects similar to E-Cadherin knockdown: DAs of brL>E- Cadherin::GFP eggs
were shorter and wider, distinctly formed (i.e., not fused), and placed more posteriorly on the
eggshell. However, the integrity of the DA-tubes was not grossly affected, as I observed
relatively smooth DA-edges, uniform eggshell secretion, and no notable increase in DA-fusions

(Fig 3.8E and F). On the other hand, DAs of brL>fPS-Integrin—aPS1-Integrin and brL>fPS-

Integrin—aPS2-Integrin eggs were distinctly different from those of brL>E-Cadherin::GFP
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Fig 3.8. (A-H) Laid eggs from control brL > mCherry-RNAi (A), brL > E-Cadherin RNAi (B),
brL > B-Integrin-v RNAI (C), brL > PS-Integrin RNAi (D), brL > CD8::GFP (E), brL >E-
Cadherin::GFP (F), brL > pPS-Integrin, PS1-Integrin (G), and brL > pPS-Integrin, PS2-Integrin
(H) females, raised at 30 °C. Numbers indicate percentages of normal or mildly defective (N),
moderately defective (M), and severely defective (S) DAs; yellow numbers indicate the category
of egg being shown. The number of eggs scored for each condition is shown in the lower left of
each panel. Red arrowheads indicate abnormally wide DAs, orange brackets indicate abnormally
wide DA bases, purple arrowheads indicate DA fusions, and purple brackets indicate fused DA
bases. In panel B, note that small globs of DA-eggshell material have become detached from the

primary eggshell (white arrow). Scale bar = 100 um.
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Figure 3.8. Regulation of E-Cadherin and specific Integrin levels
are essential for DA tubulogenesis
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Fig 3.9. Basal (A-B), apical (C-D), and full (E) projections of control brL > CDS8::GFP (A, C)
or brL >E-Cadherin::GFP (B, D ,E) S13 egg chambers, stained for DAPI (A-E), E-Cadherin
(A”-E"), and 3-Catenin (A”"-D”"). In C and D, projections have been brightened to allow the
autofluorescence of the DAs to be visualized (outlined in red dotted lines). White arrowheads
(A”7,B”",C””",D"”) indicate co-localization of AJ components E-Cadherin and 3-Catenin, and
white arrow with question mark (D””") indicates the relative absence of apical AJ components.
Magenta arrowhead in E”"“indicates aggregated, endogenous E-Cadherin following

overexpression of E-Cadherin::GFP. Scale bar = 100 wm.
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eggs: DA borders were less roughened, DA paddles were wide and more prominent, and DA
bases were occasionally fused (Fig 3.8G and H). Interestingly, DA defects were significantly
more severe and penetrant with the BPS-Integrin—aPS2-Integrin combination (Fig 3.8H),
suggesting that these complexes could be the more important Integrin-subunit combination for
DA tubulogenesis. Taken together, these results demonstrate regulation of E-Cadherin and
Integrin levels affects DA tubulogenesis, and that altering the behavior of E-Cadherin- and
Integrin-based adhesions causes distinct defects.

For E-Cadherin::GFP over-expression, I asked whether endogenous adherens-junction
(AJ) components were being altered (Fig 3.9). Intriguingly, over-expression of E-Cadherin::GFP
disrupted the apical localization of both endogenous E-Cadherin and endogenous -Catenin (Fig
3.9D""’, white arrow) and redistributed these proteins to the basal cytoplasm (Fig 3.9B""", D"",
white arrowheads). Furthermore, over-expressed E-Cadherin::GFP, which appeared both on
membranes and in cytoplasmic puncta (Fig 3.9E""), caused massive overall buildup of
membrane-associated E-Cadherin (Fig 3.9E") and aggregation of endogenous E-Cadherin (Fig
3.9E""’, magenta arrowhead). Together, these results suggest an underlying mechanism whereby
disrupting E-Cadherin levels and localization could impact apical AJ integrity and DA

tubulogenesis.
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— Discussion —

Since its discovery and characterization as a critical regulator of clathrin-mediated
endocytosis, Dynamin has been indispensably linked to a myriad of cellular processes,
particularly those involving membrane remodeling and cytoskeletal regulation (Ferguson and
Camilli, 2012). As this study demonstrates, Dynamin-mediated endocytosis can be a major
driving force in tissue morphogenesis (e.g., the elongation of an epithelial tube). I identify novel
roles for Dynamin in DA-tube closure and DA-tube elongation, and these roles impact DA-tube
length, shape, and position on the eggshell. I show that Dynamin is required both within DA-
tube cells and in adjacent FC types that contribute to DA tubulogenesis, and I find that Dynamin
serves to facilitate endocytosis in this context. My data support the hypothesis that DA-tube-cell
intercalation and directionally biased apical expansion are required for DA-tube elongation, and
Dynamin promotes these processes through the spatial and temporal modulation of cellular

adhesions (Fig3.10).

Towards a complete understanding of tube cell behavior
during DA tubulogenesis

DA tubulogenesis is an elegant system for understanding how cell shape change,
adhesion, and migration contribute to epithelial tubulogenesis, unencumbered by complications
presented by cell division and apoptosis (Dorman et al., 2004; Berg 2005; Osterfield et al.,
2013). Recently, Osterfield and colleagues characterized the cellular events of DA-tube
formation in precise detail, asserting that a pattern of line tensions along apical cell-cell edges is
sufficient to drive tube formation (Osterfield et al., 2013). Although this model remains to be

tested, it offers an elegant and plausible explanation for cell behaviors during DA-tube
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Fig 3.10. Dynamin-mediated endocytosis is essential for DA tubulogenesis. To the left are
tracings and schematics representing the wild type (functional Dynamin), in which DA
tubulogenesis proceeds normally. To the right are tracings and schematics representing the
cellular and molecular defects associated with a loss of Dynamin function, following expression

of Dynamin[DN] protein, which dramatically perturbs multiple aspects of DA tubulogenesis.
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Figure 3.10. Model for Dynamin’s role in DA tubulogenesis.
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formation, the first stage of DA tubulogenesis. Herein, I identify a requirement for Dynamin in
DA-tube formation, and I complement the previous characterization of DA-tube formation with a
precise analysis of DA-tube elongation, documenting the spatially and temporally regulated
intercalation of roof FCs and biased expansion of roof-FC luminal apices. I demonstrate that
between S12—S14, roof FCs intercalate such that each primordium experiences an ~3-fold
reduction in DV width and an ~3-fold extension in AP length, and this roof-FC intercalation is
accompanied by a rapid expansion of luminal apices with a nearly 3-fold anterior to lateral bias.
Additionally, I highlight temporal and terminal differences in apical surface-area regulation of
anterior roof FCs, which secrete the wider DA paddles, with respect to posterior roof FCs, which
secrete the narrower DA stalks. I propose that these directed intercalation and apical expansion
behaviors in roof FCs are necessary for DA-tube elongation, since in their absence, DA tubes are
uniformly short and wide. To complete this picture of DA-tube elongation, a precise, quantified
characterization of floor-FC behavior during DA-tube elongation will be required, for it is clear
that the floor FCs are essential for interactions between migrating DA-tube cells and their stretch
FC substrate, and for the proper shaping of the DA tubes (Tran and Berg 2003; Dorman et al.,
2004; Boyle et al., 2010). Finally, my work suggests that the regulated behavior of adjacent FC
types, such as midline FCs, impacts DA tubulogenesis, and understanding the contributions of

these FC types will require further characterization, modeling, and testing.

Distinct cellular movements of DA tubulogenesis
require the GTPase activity of Dynamin

Analysis of eggshell morphology and FCs in fixed and living egg chambers expressing

GTPase-defective Dynamin in FCs (brL>shi/K44A4]) indicate that Dynamin’s GTPase activity is
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required during distinct steps of DA tubulogenesis. It remains to be seen whether any other
functions of Dynamin protein, other than its GTPase activity, contribute to DA tubulogenesis. In
either case, the GTPase requirements for Dynamin are not just for general FC maintenance, since
brL>shi[K44A4]-expressing egg chambers complete oogenesis and eggshell secretion on a similar
timescale to controls.

First, the invariant failure of DA-tube closure following brL>shi/K44A4] expression,
visualized by floor-FC morphology, indicates a critical role for Dynamin in sealing off the DA
tubes. This assertion is supported by the dramatically widened DAs and DA bases on
brL>shi[K44A4] eggshells.

Second, the frequent DA fusions on brL>shi/K44A] eggshells, and the loss of
morphological distinction between midline and DA-tube FCs following brL>shi[K44A]
expression, indicate that one function of Dynamin is to maintain DA-tube separation. One
possibility is that Dynamin could keep the DA-tube-FC primordia distinct by differentially
localizing adhesive proteins in midline vs. DA-tube FCs. Alternatively, it could simply be that
simultaneous DA-tube elongation and midline-FC migration keeps the DA-tubes separate by
maintaining a midline buffer of cells between the DA tubes; when Dynamin function is
disrupted, DA-tube FCs remain in place while midline FCs move forward, and there are no cells
left in between the DA-tubes to keep them separate.

Third, the short and wide DAs of brL>shi/K44A4] eggshells, and the failure of roof-FC
intercalation and biased apical expansion following brL>shi/K44A4] expression, indicate that
Dynamin is required in DA-tube FCs for DA-tube elongation. Not only does disrupting
Dynamin function in DA-tube FCs result in a failure of directionally biased apical expansion, but

it also increases the rate and terminal extent of apical expansion, suggesting that precise
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regulation of Dynamin activity is critical during DA-tube elongation. The similar DA defects
observed following brL>shi[K44A] and br[69B08]>shi/K44A4] expression indicate that Dynamin
is required primarily in DA-tube FCs for DA-tube elongation, but it is not clear what the relative
contributions of the roof FCs and floor FCs are in this process. Indeed, the intercalation and
apical expansion defects I have documented are roof-FC-specific, but a failure of floor-FC
closure could underlie these defects if the floor FCs require Dynamin function to promote
intercalation and laterally contain apical expansion, thus driving anterior DA-tube elongation.

Finally, the distinctly different defects observed following A90>shi[K44A] expression,
and the high levels of Dynamin protein observed in stretch FCs, suggest that Dynamin function
in stretch FCs contributes to DA tubulogenesis as well. Dynamin could be required for the
interactions between stretch FCs and floor FCs that regulate DA-tube shape. It could also be
required for proper engulfment and degradation of nurse cell nuclei, thus indirectly blocking DA-
tube elongation.

Understanding the role of Dynamin in each of these processes will require more detailed
analysis of fixed tissue, the development of live-imaging tools that can distinguish floor from
overlying roof FCs, the identification or production of GAL4 lines that can drive more limited
expression in either roof, floor, or midline cells without adverse effects on DA tubulogenesis,
and the generation of Dynamin[DN] constructs that could be activated at sub-cellular locations,

potentially even in living tissue.

Dynamin impacts DA tubulogenesis through endocytosis

Although Dynamin’s vast repertoire of cellular functions extends beyond endocytosis,

my data (disruption of Rab5 activity, Rab5 knockdown, and 4P-50 knockdown) are consistent
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with Dynamin promoting DA tubulogenesis through endocytosis and suggest that it is doing so
through a classic, clathrin-mediated pathway (McMahon and Boucrot, 2011). However, Rab5
has been linked to non-clathrin-mediated endocytic processes (Hagiwara et al., 2009; Fabrowski
et al, 2013; Diaz et al., 2014), and AP50-RNA1 expression did not produce as severe defects as
Dynamin[DN], Rab5[DN], or Rab5-RNAi. Therefore, while my data strongly support a role for
Dynamin in promoting DA tubulogenesis via endocytosis, it is not clear whether this function is
entirely, or in part, via clathrin-mediated endocytosis, nor can I exclude the possibility that there

is a non-endocytic contribution of Dynamin to DA tubulogenesis.

DA tubulogenesis requires a spatiotemporal balance of cellular adhesion

What might be the targets of Dynamin-mediated endocytosis during DA tubulogenesis,
and what are the relative contributions of apical endocytosis and basal endocytosis?

? Given the observed bias towards apical and basal localization of Dynamin protein in
DA-tube cells undergoing DA tubulogenesis, Cadherin- and Integrin-based adhesions were
appealing candidates. E-Cadherin recycling is implicated in a variety of morphogenetic
processes, including zebrafish gastrulation, salivary-gland morphogenesis in Drosophila, and
mouse heart-valve morphogenesis, and in many cases, this requirement has been attributed to
clathrin-mediated endocytosis (Ulrich et al., 2005; Pirraglia et al., 2006; Tatin et al., 2013;
Goldenberg and Harris, 2013). Likewise, Integrin recycling is a well-documented feature of cell
migration and morphogenesis. It has been linked to both clathrin-dependent (Nishimura and
Kaibuichi, 2007; Chao and Kunz, 2009; Ezratty et al., 2009; Bogdanovic et al., 2012) and

calveolin-dependent endocytosis (Shi and Sottile 2008). In the Drosophila salivary gland, PS1-
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Integrin (mew) plays a key role in budding morphogenesis (Pirraglia ef al., 2013). It is intriguing
that PS2-Integrin (if) appears to be more important in the DA tube, which forms by wrapping.

Consistent with this, and supporting a role for Dynamin in regulating adhesive turnover
during DA tubulogenesis, brL>shi[K44A] egg chambers exhibited more stable, uniform apical
E-Cadherin, more ordered, basal BPS-Integrin, decreased cytoplasmic localization of these
proteins, and a temporal progressivity to these effects. My evidence supports a model in which
remodeling of cellular adhesions facilitates the cell movements required for DA tubulogenesis
(Fig 3.10). I observed inverted apico-basal localization of E-Cadherin vs. BPS-Integrin in DA-
tube FCs vs. midline FCs, and these FC types must behave differently during DA-tubulogenesis
to prevent DA-tube fusion. I demonstrated that individually altering E-Cadherin and Integrin
levels, via both RNAi and overexpression, have dramatic and distinct effects on DA
tubulogenesis. Indeed, regulating the balance of cellular adhesion appears to be at the very heart
of DA tubulogenesis.

In summary, Dynamin appears to function both apically and basally to regulate the
remodeling of cellular adhesions during the cell movements of DA tubulogenesis. Thus, loss of
Dynamin’s GTPase activity disrupts the neighbor exchange that facilitates tube closure, and the
planar-polarized apical expansion and intercalation that accompanies tube elongation (Fig 3.10).
Dynamin plays a central role throughout this process of epithelial tube morphogenesis, and we

are only beginning to understand the capability and responsibility of this fascinating molecule.
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Chapter 1V

Conclusions and Future Directions

— Overall conclusions —

Tubulogenesis is a fundamental component of metazoan development and requires the
precise regulation of a variety of cellular and molecular processes (e.g., transcriptional
regulation, intracellular trafficking, cytoskeletal regulation, adhesion, polarity, cell division), and
the solving of a variety of morphogenetic problems. This dissertation addresses two of these
problems in particular: 1) How transcription factors equip cells with the tools needed to execute
tubulogenesis, and 2) How those tools work mechanistically to drive the coordinated changes in
cell behavior required for tubulogenesis. In Chapter II, I revealed the unexpectedly wide
regulatory influence of the Tramtrack69 transcription factor during late Drosophila oogenesis,
and I identified several Tramtrack69 effectors that function in epithelial tube cells to facilitate the
downstream cell movements of DA tubulogenesis, including the focal adhesion scaffold Paxillin
and the mechanical GTPase Dynamin. Finally, I discovered an active, morphogenetic role for
the transcription factor Mirror during DA tubulogenesis, which is distinct from its previously
described function in DA tube patterning. In Chapter III, I focused specifically on the role of
Dynamin as tubulogenic effector in the Drosophila ovary, and I showed that Dynamin’s
functions as a regulator of endocytosis in both tube cells and the cells over which they migrate. I
demonstrated novel roles for Dynamin in promoting three important cell movements during DA
tubulogenesis (i.e., tube closure, cell intercalation, biased apical expansion), and I proposed that

Dynamin facilitates these movements by regulating cell-cell and cell-matrix adhesion dynamics.
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— Conclusions of Chapter II —

Our lab first described functions for the zinc finger Tramtrack69 transcription factor
during late oogenesis in promoting eggshell synthesis and DA-tube elongation (French et al.,
2003), and we subsequently elaborated on these findings by demonstrating that Tramtrack69
regulates DA-cell shape and interacts with Notch and Ecdysone (Boyle et al., 2009). These
findings both intrigued and inspired me because they supported active roles for a transcription
factor during morphogenesis, not just during the establishment of cell fate prior to
morphogenesis. Therefore, I set out to identify the tubulogenic effectors of Tramtrack69 in the
ovary through microarray-based gene expression profiling, in situ hybridization, and follicle cell-
specific RNAi. The results of these efforts were both successful and informative, and reflect the
major findings of Chapter II.

Microarray and in situ-based gene expression analysis successfully identified
Tramtrack69-regulated genes whose products could accomplish the two previously known
functions of Tramtrack69 in late oogenesis: eggshell synthesis and DA-tube elongation.
Intriguingly, my efforts also identified a previously unknown role for Tramtrack69 in regulating
germline gene expression, which has absolutely no effect on DA tubulogenesis (Boyle et al.,
2009), but could be important for executing the early events of embryogenesis (Peters et al.,
2013; see Chapter II).

In regard to eggshell synthesis, I discovered that Tramtrack69 promotes the expression of
cypl8AI, an upstream, master regulator of eggshell synthesis, and at least five known
downstream chorion genes that encode specific eggshell proteins (Tootle ef al., 2011). These
results both establish an important link between Tramtrack69 and the known eggshell synthesis

program of the Drosophila ovary and help explain why there needs to be tramtrack69 expression
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in all columnar, eggshell secreting, follicle cells, and not just the DA-tube cells (Peters et al.,
2013; see Chapter II).

In regard to DA-tube elongation, I discovered that Tramtrack69 promotes the expression
of at least eight genes whose products contribute to DA tubulogenesis: lamina ancestor,
CG31918, Cpl6, katanin80, Rac2, Paxillin, Dynamin, and mirror. Of these, perhaps the most
unexpected was mirror, because mirror encodes yet another transcription factor that plays an
active role in DA tubulogenesis, and this function is separate from its previously characterized
role in establishing DV patterning and DA-tube cell fate. Furthermore, the expression of mirror,
which is restricted to the DA-tube cells and some adjacent cell types, explains how a
transcription factor with expression throughout all of the columnar follicle cells, such as
Tramtrack69, can execute specific functions in DA-tube cells, which represent only a subset of
the columnar follicle cells. Consistent with Mirror serving to spatially restrict the DA
tubulogenic function of Tramtrack69, I demonstrated that Mirror promotes the expression of
Paxillin, whose expression is strictly, spatially limited to DA-tube cells during DA
tubulogenesis, and that this regulatory relationship is indeed important for DA-tube elongation.
These efforts demonstrated a novel role for Paxillin in DA-tubulogenesis, and, for that matter, in
epithelial tubulogenesis altogether (Peters et al., 2013; see Chapter II).

Thus, the major findings of Chapter II demonstrated important, morphogenetic roles for
two transcription factors beyond establishing cell fate, identified genes with novel, tubulogenic
functions, established a regulatory relationship between a morphogenetic transcription factor and
a downstream tubulogenic effector that is important for DA tubulogenesis, and highlighted the
complexity of Tramtrack69’s function in regulating gene expression during late oogenesis. As

part of these efforts, I helped develop superior methods for in situ hybridization in the
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Drosophila ovary and contributed to the establishment of a technique for dual visualization of

proteins and RNAs in that tissue (Zimmerman et al. 2013).

— Conclusions of Chapter III -

Chapter II indicated that the known endocytic and cytoskeletal regulator, Dynamin,
plays an important role in DA tubulogenesis. Therefore, characterizing the function of Dynamin
during DA tubulogenesis became the focus of the second half of my graduate research, and the
results of these efforts represent the major findings of Chapter III.

By inhibiting Dynamin’s GTPase activity in all cell types that contribute to DA
tubulogenesis, I demonstrated an essential, newly described role for Dynamin’s GTPase function
during DA tubulogenesis. Without Dynamin function in the follicle cells, DA tubes fail to
properly close and elongate, and this failure produces dramatically shortened, wide DA tubes.
Importantly, I demonstrated via live imaging that disruption of Dynamin function specifically
affects DA tubulogenesis without generally affecting cell viability or function, as affected cells
survive to complete eggshell synthesis at the very end of oogenesis. Dynamin’s most well
characterized cellular function is to facilitate endocytosis, but this role is by no means the only
demonstrated function of Dynamin. However, independent disruption of other known
components of the endocytosis pathway, via expression of dominant negatives and RNA1,
indicated that Dynamin promotes DA tubulogenesis through facilitating endocytosis.
Interestingly, independent disruption of Dynamin function either in DA-tube cells or in the
stretch cells over which the DA-tube cells migrate disrupted DA tubulogenesis, but in different

ways. Most notably, I did not observe DA-tube closure defects when I disrupted Dynamin
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function specifically in the stretch cells, as I did when I disrupted its function specifically in the
DA-tube cells (Peters and Berg, submitted; see Chapter III).

Once I established an essential role for Dynamin during DA tubulogenesis, I then
demonstrated that Dynamin is required for three key features of DA tubulogenesis: DA-tube
closure, DA-tube-cell intercalation, and DA-tube-cell biased apical-luminal expansion. The
occurrence of biased apical-luminal expansion during DA tubulogenesis was previously
undocumented, and my research now provides a quantitative, cytological characterization of this
process. A requirement for Dynamin in epithelial tube closure has not been previously
described. A requirement for Dynamin-mediated endocytosis during epithelial cell intercalation
has been previously described in the Drosophila trachea (Shaye et al., 2008; Warrington et al.,
2013) and salivary gland (Pirraglia et al., 2006; Pirraglia et al., 2010), but not during DA
tubulogenesis. Finally, others have demonstrated roles for Dynamin in regulating apical
constriction (Chua et al., 2009) and apical spreading (Fabrowski et al., 2013), but I report here a
newly described role in biased apical expansion during tubulogenesis (Peters and Berg,
submitted; see Chapter III).

In many developmental contexts, particularly involving cell intercalation, Dynamin-
mediated endocytosis is required for removal and turnover of apical, cell-cell, E-Cadherin-based
adhesions (Harris, 2012; Walck-Shannon and Hardin, 2013). Dynamin-mediated endocytosis is
also required for removal and turnover of basal, cell-matrix, Integrin-based adhesions (He et al.,
2010; Dong et al., 2011; Huttenlocher et al., 2011, Bogdanovic et al., 2012). My findings
suggest that DA tubulogenesis employs both of these mechanisms simultaneously for DA-tube
elongation, supporting and expanding upon a conserved, morphogenetic role for Dynamin in

modulating cell adhesion (Peters and Berg, submitted; see Chapter III).
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Thus, the major findings of Chapter III demonstrated a requirement for Dynamin-
mediated endocytosis in DA tubulogenesis, both in DA-tube cells and their migratory substrate,
showed that Dynamin facilitates specific cell movements during DA tubulogenesis, and
highlighted the importance of endocytic modulation of cell-cell and cell-matrix adhesions during

epithelial morphogenesis and tubulogenesis.
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Future Directions

— Transcriptional regulation of tubulogenic networks —

Tramtrack69 and tubulogenesis

My research represented the first attempt to identify and characterize the genes
downstream of Tramtrack69 in the Drosophila ovary, with the goal of identifying downstream
effectors of epithelial tubulogenesis (Peters et al., 2013; see Chapter II). While those efforts
were fruitful, they were by no means exhaustive, and they raised several important questions.
Does Tramtrack69 act as a transcriptional repressor, activator, or both? What are Tramtrack69's
roles in the germline, the stretch cells, and the main-body follicle cells? How do these roles
differ from its functions in the DA-tube cells? Could new technologies be employed for a more
directed identification of Tramtrack69’s tubulogenic effectors, versus its roles in eggshell
synthesis or germline effectors? Does Tramtrack69 regulate a similar complement of
tubulogenic effectors during other tubulogenic events in Drosophila development?

First, does Tramtrack69 act as a repressor, activator, or both? Only a handful of direct
targets of Tramtrack69 have been identified and validated (e.g., even-skipped, fushi tarazu,
tailless) (Harrison and Travers 1990; Read ef al., 1992; Chen et al., 2002), and those interactions
are strictly repressive and function during embryogenesis. Genome-wide profiling efforts for
Tramtrack69 reveal potential targets in 0-12hr embryos (the modENCODE consortium et al.,
2012), in S2 cells (Reddy et al., 2010), and during tracheal tubulogenesis (Rotstein et al., 2011),
but these targets have not yet been extensively validated to determine whether regulation by
Tramtrack69 is direct, and therefore if Tramtrack69 interactions are activating or repressive. The

Tramtrack69-regulated, tubulogenic effectors that I identified in Chapter II were all positively
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regulated by Tramtrack69, and though I did not demonstrate whether those interactions were
direct or indirect, my work suggests that Tramtrack69 could have direct activating and repressing
activity. I could potentially address this question by generating germline null clones of
tramtrack69 during oogenesis, as in Boyle et al., 2009, allowing these eggs to be fertilized, and
allowing the embryos to develop, if they were viable. I could then select genes directly bound by
Tramtrack69 during embryogenesis (the modENCODE consortium et al., 2012), and compare
expression levels between wild type and tramtrack69 null embryos by in situ hybridization or
gRT-PCR. Down-regulated expression of normally Tramtrack69-bound genes would indicate a
direct, activating interaction. Conversely, up-regulated expression of normally Tramtrack69-
bound genes would indicate a direct, repressive interaction. I could validate Tramtrack69-
binding using a gel-shift assay, alter the binding site to show that it disrupts binding, also via gel
shift assay, and show that disrupting the binding site alters the expression in vivo.

Unfortunately, independent analyses of Tramtrack69 binding sites have not agreed upon a
universal, predictive, consensus-binding sequence for Tramtrack69 (Harrison and Travers 1990;
Brown et al., 1991; Chen et al., 2002; Kulakovskiy and Makeev, 2009). My collaborative work
with Nathaniel Thayer and Martin Tompa identified a probable Tramtrack69 binding sequence in
embryos based on modENCODE data (Peters et al., 2013; Chapter II), but this sequence was
quite flexible and was not the only binding sequence identified in the analysis (data not shown).
Furthermore, a search for this binding sequence within promoters of genes in my dataset
indicated that many Tramtrack69-regulated genes had binding sequences, many Tramtrack69-
regulated genes did not, and many non-Tramtrack69-regulated genes had binding sites. This
incoherency is possibly due to the fact that Tramtrack69 contains a Bric-a-brac—Tramtrack —

Broad (BTB) protein-protein interaction domain that potentially allows it to interact, in dimers or
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multimers, with over 50 BTB-domain containing transcription factors in Drosophila (Zollman et
al., 1994; Bonchuck et al., 2011). There is no longer a good antibody available for Tramtrack69,
but a transgenic tagged Tramtrack69 was developed and used for the modENCODE project, and
this tool enables ChIP experiments in the ovary that could, along with my expression data,
indicate whether the interactions between Tramtrack69 and the tubulogenic effectors that I
identified were direct, and, if so, whether they were activating or repressive. Additionally,
tagged Tramtrack69 could facilitate IP pull-downs to determine whether Tramtrack69 was
interacting with other BTB-domain-containing transcription factors during DA tubulogenesis.
Second, how could my findings and new technologies be employed for a more directed
identification of Tramtrack69’s tubulogenic effectors versus its eggshell synthesis or germline
effectors? Though my research efforts with the tramtrack™* mutant successfully identified
several of Tramtrack69’s tubulogenic effectors in the ovary (Peters et al., 2013; Chapter II),
could significantly improve on several features of the analysis if I wanted to identify more
effectors, in a more temporally or spatially focused way. For transcriptional profiling, I could
employ RNA-Seq instead of microarrays, a technology that has tremendously improved since I
began graduate school, to get a more complete and quantitative perspective on the Tramtrack69-
regulated transcriptional landscape. With the dissection and manipulation skills that have come
with seven years of practice, I could easily temporally restrict my analysis by separating and
profiling specifically staged egg chambers. On the other hand, I could spatially restrict my
analysis through labeling and purification of specific cell types. Since cell purification was first
employed for transcriptional profiling in the Drosophila ovary by flow cytometry (Bryant et al.,
1999) and magnetic bead purification (Wang et al., 2006), our lab has improved and optimized a

follicle-cell purification protocol to the point that even mass spectrometry and proteomic
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profiling is possible (Zimmerman et al., in preparation). If I were to express CD8::GFP only in
DA-tube cells using the Br*®*-GAL4 driver, in both wild type and tramtrack™* backgrounds, I
could rapidly and effectively purify DA-tube cells, and use them for either transcriptional or
proteomic comparative profiling. Additionally, in a wild-type background, transcriptional or
proteomic profiling of all DA-tube cells, just DA-floor cells, the stretch cells, the whole
columnar epithelium, the whole follicular epithelium, and the germline (i.e., any ovarian cell
type for which there exists a specific GAL4-driver) would augment our understanding of DA
tubulogenesis and provide a valuable resource for the Drosophila research community.

Finally, does Tramtrack69 regulate a similar complement of tubulogenic effectors during
other tubulogenic events in Drosophila development? Since null mutants of tramtrack69 die
during early embryogenesis (Xiong and Montell 1993), addressing this question would require
either tissue-specific RNAi, clonal analysis, or, ideally, some method for creating a conditional
tramtrack69 “null” only in the tissue of interest. As it turns out, such a technology now exists in
Drosophila as an elaboration upon the CRISPR/Cas9 system, which has taken the developmental
biology world by storm over the last three years (Jinek et al., 2012). Last year, this technique
was adapted for conditional mutagenesis in Drosophila using the GAL4-UAS system. In
multiple contexts (e.g., adult cuticle, adult wing, female ovary, male testis), for multiple genes,
when GAL4 was used to express Cas9, when two guide RNAs were used to target a given locus,
and when the temperature was raised from 25°C to 28°C, over 90-95% of organs or tissues
displayed a complete loss-of-function phenotype (Xue et al., 2014). I could use this technology
to remove the tramtrack69 locus from any tubulogenic context in Drosophila for which there are

tissue-specific GAL4 drivers and for which the cells are diploid or have near-normal DNA
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content. This approach would likely not work during DA tubulogenesis because the follicle cells

have dramatically amplified genomes, but that possibility remains to be tested.

Mirror and tubulogenesis

The same questions that my research raised for Tramtrack69 apply, at least in part, to
Mirror. Prior to my research, I knew that Mirror established DV patterning of the DA tubes, but
I did not know that it directly facilitated DA tubulogenesis. I discovered that Mirror promotes
DA tubulogenesis downstream of Tramtrack69, and I proposed that this role might be how
Tramtrack69 spatially restricts its tubulogenic function to DA-tube cells, because mirror
expression is restricted to those cells and not throughout the columnar epithelium like
tramtrack69 (Peters et al., 2013; see Chapter II).

The question of whether Mirror acts as a repressor, activator, or both has already been
answered. Mirror has been shown to be a direct repressor of pipe (Andreu et al., 2012), but also
a direct activator of broad (Fuchs et al., 2012). Thus, Mirror can serve as both a transcriptional
activator and repressor. Unlike Tramtrack69, Mirror possesses a canonical and predictive
binding sequence (Fuchs et al., 2012). Since I showed that Mirror is downstream of
Tramtrack69, I could use this binding sequence to identify genes within my Tramtrack69 data
whose promoters have a Mirror binding site (Bailey et al., 2009), with the goal of enriching for
genes involved in DA tubulogenesis.

I could employ similar technologies and approaches for identifying Tramtrack69
tubulogenic effectors to identifying Mirror tubulogenic effectors, or for that manner the effectors
of any tubulogenic transcription factor. Since the mirror RNAi1 phenotype is so severe and

penetrant, I could simultaneously express CD8::GFP and either mirror RNAI or control RNAIi in
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DA-tube cells, purify DA-tube cells using our lab’s magnetic bead purification protocol, and

subject the cells to comparative transcriptional or proteomic profiling..

Conservation of tubulogenic networks

There is tremendous diversity of epithelial tube morphology and specialized functions
within Drosophila alone. There are unelaborated epithelial tubes, transient epithelial tubes, and
intricately branched epithelial tubes. Despite this diversity, there is a shared arsenal of cell
shape-changes and movements that facilitate these tubulogenic events, and the molecular
mechanisms underlying these cell shape-changes and movements are likely conserved (Lubarsky
and Krasnow 2003; Andrew and Ewald 2010; Maruyama and Andrew 2012; Iruela-Arispe and
Beitel 2014). In Drosophila, I would begin to assess the conservation of downstream
tubulogenic mechanisms by comparing the transcriptional or proteomic profiles for tubes
undertaking similar kinds of cell movements. For instance, I could use cell purification to
compare transcriptional or proteomic profiles between cells of the DA-tubes, salivary glands,
trachea, hindgut, ventral furrow, etc., and look for common, up-regulated genes, proteins, or
pathways. I could also compare the regulatory profiles of tubulogenic transcription factors that
facilitate similar tubulogenic cell movements, such as cell intercalation and tube elongation. For
example, I could use RNAi or CRISPR/Cas9 and cell purification to remove tramtrack69 or
mirror from DA-tube cells, ribbon or huckebein from salivary glands or the trachea, and
STAT92E from the embryonic hindgut, purify the mutagenized tube cells and control tube cells,
identify differentially expressed genes or proteins, and determine whether there are any similar
trends in downstream transcript or protein levels that might indicate conserved, Drosophilid,

tubulogenic effectors.
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There is perhaps a more important question than whether networks of downstream
tubulogenic effectors are conserved across different tubulogenic contexts in Drosophila: Are
downstream tubulogenic networks conserved outside of Drosophila, and across evolutionarily
diverse metazoans? If a core set of tubulogenic effectors, whose general molecular function is
conserved, can be identified in, say, Drosophila, then these genes could be disrupted in
tubulogenic contexts in other metazoans, and the results could be compared. I could use the
GALA4-UAS system to drive RNA1 or dominant negatives in Xenopus (Hartley et al., 2002),
zebrafish (Halpern et al, 2008), or mouse (Lewandowski 2001), or I could use other, established
gene disruption methods, such as morpholino injection. In principle, the same kinds of
CRISPR/Cas9 mutagenesis experiments that I proposed to conditionally mutagenize
transcription factors in Drosophila could be used to conditionally mutagenize potential,
conserved, downstream tubulogenic effectors in other organisms, and determine whether these

gene products are required to execute conserved, tubulogenic mechanisms and cell movements.
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Future Directions

— Molecular effectors of epithelial tubulogenesis —

The focal adhesion scaffold Paxillin

Paxillin is a conserved molecular scaffold that assembles regulatory and structural
components on the intracellular side of Integrin-based focal adhesions, where it helps regulate
changes in cell adhesion and activity of the Rho GTPases. Therefore, Paxillin is considered to be
very important for Integrin-mediated cell migration (Deakin and Turner 2008). My research in
the Drosophila ovary demonstrated that there is a wave of Paxillin expression strictly within the
DA-tube cells at the onset of DA-tube elongation, that both Tramtrack69 and Mirror promote
this expression of Paxillin, and that this expression of Paxillin promotes DA tubulogenesis
tramtrack69 (Peters et al., 2013; see Chapter II). As a tubulogenic role for Paxillin had not
previously been described, this result raised at least three important questions: 1) How vital is
Paxillin for DA tubulogenesis? 2) Since Paxillin is a complicated molecule, what features of
Paxillin are essential for DA tubulogenesis? 3) Is the tubulogenic function of Paxillin conserved
in Drosophila and across metazoans?

First, how important is Paxillin for DA tubulogenesis? My early attempts to answer this
question were limited by availability of disruption tools. My RNAI assays targeting Paxillin
revealed a role for Paxillin in DA tubulogenesis, but the phenotypes were relatively weak and
variable compared to, for instance, tramtrack69 or mirror RNAi. I attempted to use imprecise P-
element excision to generate a Paxillin null allele that I could use for clonal analysis, but my
initial efforts were unsuccessful, and this project took a backseat to my research on Dynamin.

Now, with the availability of CRISPR/Cas9 technology, I could quite effectively design flanking
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guide RNAs and employ them in transgenic flies to generate a stable Paxillin null allele. If there
were any problem with viability in the Paxillin null mutant, as there very well might be, I could
use the Paxillin null to generate negatively (Xu and Rubin, 1993) or positively (Lee and Luo,
2001) marked mosaic clones in the follicle cells. CRISPR/Cas9 conditional mutagenesis might
also be useful here. I could use the already integrated guide RNA sequences from generating the
stable Paxillin null, a DA-tube-cell-specific GAL4, and UAS-Cas9 to mutagenize Paxillin only
in DA-tube cells prior to DA-tube elongation. Though this technique would not eliminate
Paxillin protein already present in the follicle cells prior to the conditional mutagenesis, it would
determine how important the late, specific wave of Paxillin expression in DA-tube cells is for
DA-tube elongation, if the Paxillin locus could be efficiently removed from these cells.

What features of Paxillin are important for DA-tubulogenesis? Paxillin is a complicated
molecular scaffold that performs many functions, and it is not itself an enzyme. This complexity
does not make it easy to, for example, design a dominant negative Paxillin. If I successfully
demonstrated a key role for Paxillin in DA-tubulogenesis using Paxillin null alleles, then I could
use the CRISPR/Cas9 system again to target and remove specific domains of Paxillin, either in a
stable mutant or in a conditional manner. This approach would be limited by the availability of
appropriate guide RNA sequences within the Paxillin locus, but the same types of analysis could
be performed on these mutants as for null mutants, and this domain analysis could implicate
specific regulatory and structural functions of Integrin-based adhesions, of which Paxillin is a
key player, in DA-tubulogenesis.

Finally, is the tubulogenic function of Paxillin conserved in Drosophila, and across
metazoans? To address this question, I would use similar approaches and tools as described

above. First, if a Paxillin null were viable in Drosophila, and if it caused a dramatic defect in
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DA tubulogenesis, I would examine other tubulogenic contexts in the Paxillin null mutant to
determine whether they were also disrupted. If viability were an issue for the stable Paxillin null
mutant, I would generate mosaic clones using MARCM or conditional Paxillin null mutants with
tissue-specific drivers and compare any resulting tubulogenic defects to those in DA
tubulogenesis. If these efforts were productive, I could then extend this analysis to other
metazoan model systems by using CRISPR/Cas9 to generate stable or conditional Paxillin alleles
(CRISPR/Cas9 has been shown to work in >20 tested model systems and plants; Harrington et

al., 2014)

The mechanical GTPase Dynamin

Dynamin is a conserved, mechanical GTPase that undergoes a conformational shape
change upon GTP hydrolysis. When Dynamin molecules oligomerize and cooperatively
hydrolyze GTP, this hydrolysis can provide the force necessary for vesicle scission during
endocytosis or in other contexts where cell membranes need to be bent and pinched (Ferguson
and Camillie 2012; Chappie and Dyda 2013). Dynamin’s function is not limited to endocytosis,
but during DA-tubulogenesis, I have shown that Dynamin promotes the endocytosis of apical,
cell-cell and basal, cell-matrix adhesions, both of which appear to be important for DA-tube
closure, DA-tube-cell intercalation, and biased apical expansion (Peters and Berg, submitted;
Chapter III). My research on Dynamin raises a number of interesting questions about
Dynamin’s involvement in DA-tubulogenesis and in tubulogenesis in general: 1) Do other
features of Dynamin, other than its GTPase activity, have roles during DA tubulogenesis? 2)
What are the relative contributions of apical endocytosis and basal endocytosis to DA

tubulogenesis? 3) What mechanism underlies the biased apical expansion that I observed and
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characterized during DA-tube elongation? 4) Is the tubulogenic function of Dynamin conserved
in Drosophila, and across metazoans?

First, do other features of Dynamin, other than its GTPase activity, have roles during DA
tubulogenesis? For instance, are previously demonstrated interactions between Dynamin’s
plekstrin homology (PH) domain and lipids of the plasma membrane, or its Proline-rich-domain
(PRD) with the SH3-domains of actin-binding proteins, such as cortactin, required for DA
tubulogenesis? To address this question, I could remove or disrupt specific domains of
Dynamin, and compare those effects to the expression of Dynamin[DN], or to a homozygous
Dynamin null, which would also need to be generated. Dynamin[DN] is a well-accepted and
characterized tool for disrupting Dynamin function, and it may be the case that all of Dynamin’s
functions require a functional GTPase domain. However, it would be both intriguing and
potentially groundbreaking if a non-GTPase-requiring function were to be identified.

Second, what are the relative contributions of apical endocytosis and basal endocytosis to
DA tubulogenesis? Another, slightly different way to approach this would be to ask what are the
relative contributions of cell-cell adhesion endocytosis versus cell-matrix adhesion endocytosis
to DA tubulogenesis? This question is difficult to address because use of a Dynamin null allele,
or expression of a Dynamin[DN], affects Dynamin’s function throughout the cell. I have come
up with two ideas as to how I could address this question, and both of these ideas would involve
the generation of new transgenic tools. The first idea would involve expressing a Dynamin[DN]
protein that could be directed to, and tethered to, a specific region or target within the cell. For
instance, with a flexible protein linker, I could directly fuse Dynamin[DN] to the cytoplasmic
domain of E-Cadherin, which might inhibit endocytosis of E-Cadherin-based cell-cell adhesions.

This transgene could have adverse effects throughout development if stably integrated and
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ubiquitously expressed, or it could cause defects related to E-Cadherin over-expression if
expressed in a tissue-specific manner, but a way to get around both of these would be to use a
FLP-out method to express the construct in mosaic clones (Pignoni and Zipursky 1997).
Alternatively, Dynamin[DN] could be tethered to a different, apically-localizing protein, and this
localized dominant-negative function might specifically distinguish the contribution of apical
endocytosis from that of cell-cell adhesion endocytosis. I could also employ this technique
basally by fusing Dynamin[DN] to a component of the Integrin-based adhesions, such as
Paxillin. I previously showed that Paxillin over-expression does not dramatically affect DA-
tubulogenesis (Peters et al., 2013; Chapter II) and that Paxillin localization is primarily basal
(personal observations), and so a conditionally expressed, Dynamin[DN]-Paxillin fusion might
be a useful tool for specifically disrupting basal endocytosis of cell-matrix adhesions during DA
tubulogenesis.

The second idea is a little more abstract, but by no means implausible. It would involve
the creation of a light-activated or light-uncaged Dynamin[DN] that could be stably or
conditionally expressed, and then, during live imaging, selectively activated or uncaged in a
specific part of the cell. Light-activated small GTPases, such as Rac, have already been used
successfully in the Drosophila ovary for localized activation and inhibition (Wang et al., 2010).
Similarly, caged molecules that can be uncaged following exposure to specific wavelengths of
light have already been developed, though it can be more difficult to employ these tools in
biological tissues (Ellis-Davies 2007). The clear advantages of using light activated or uncaged
Dynamin[DN] is its precise temporal and spatial specificity, but such tools could still diffuse
within the cell, and could affect other parts of the cell than those intended or targeted. Another

method which could address both the problems of over-expressing a Dynamin[DN]-fusion and a
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diffusion of a light-activated or -uncaged molecule would be to replace the sequence for the
targeting molecule of interest (e.g., E-Cadherin, Integrin, Paxillin) with a sequence for a
Dynamin[DN] fusion in which the Dynamin[DN] is initially caged or inactive. The
Dynamin[DN] could then be conditionally activated or uncaged by light at the appropriate time.

Third, what mechanism underlies the biased apical expansion that I observed and
characterized during DA-tube elongation? There are several possible answers to this question.
One possibility is suggested by the observation that the DA-tube fails to close when
Dynamin[DN] is expressed in DA-tube cells. Perhaps the closed DA-tube in wild type serves to
spatially confine the DA-tube cells along the DV axis, like a trough constricting the flow of
water. Thus, when the DA-tube cells expand apically, they can only do so along the AP axis,
and the bias of the apical expansion is more of a passive effect of expanding within a constrained
surface. Another possibility is that Dynamin is facilitating the biased localization of a protein, or
proteins, in a planar orientation across the epithelium, and that biased apical expansion is an
active process in the DA-tube cells. Examination of E-Cadherin protein localization did not
indicate a bias towards DV or AP cell surfaces, but there are many other proteins that have been
shown to localize in a planar fashion in epithelial cells and to be important for morphogenesis
and tissue elongation. For instance, during germ band elongation in Drosophila, Myosin II and
filamentous actin localize to AP surfaces, and E-Cadherin, Armadillo/f3-catenin, and
Bazooka/PAR3 localize to DV surfaces to facilitate AP elongation of the tissue (Bertet et al.,
2004; Zallen and Wieschaus, 2004; Blankenship et al., 2006; Zallen, 2007). Components of the
Frizzled/PCP pathway are also known to localize with planar bias, both in stable tissues and, to
varying degrees, during morphogenesis (Zallen, 2007). Dynamin facilitate the planar

localization of any of these components, and so examining candidate protein localization in DA-

179



tube cells, and comparing those localizations to those in Dynamin[DN]-expressing DA-tube
cells, may help determine whether this biased apical expansion is an active process.

Finally, is the tubulogenic function of Dynamin conserved in Drosophila, and across
metazoans? Based on what I have discussed previously, I have already essentially answered how
I could approach this question. In Drosophila,1 could express Dynamin[DN] in other
tubulogenic contexts using tissue specific drivers, or I could conditionally mutagenize Dynamin
in those tissues. In other model systems, I could express Dynamin[DN] (mutation of the
corresponding, conserved serine residue in the GTPase domain of Dynamin creates a
Dynamin[DN] in human cells (Chua et al., 2009), and potentially in any metazoan Dynamin)
using tissue-specific drivers, or use CRISPR/Cas9 conditional mutagenesis to remove the
Dynamin locus in specific tubulogenic contexts, document the effects, and determine whether

Dynamin was serving a conserved, tubulogenic function.

180



Future Directions

— A last thought for the road —

Live imaging of floor cell morphogenesis using of the rho-lacZ reporter

During my graduate research, I have frequently used the /acZ reporter system as a marker
for specific cell types (e.g., the rhomboid-lacZ marker to visualize floor cells of the DA tube). It
has always bothered me that this system traditionally worked only in fixed tissue, where the
product of the lacZ gene, 3-galactosidase, can be stained for with an antibody. Recently, I began
to think, “What if someone were to create a tool to allow all these lacZ reporter lines, which
developmental biologists use in fixed tissue, to be used to mark living cells?” All all that one
would need would be a fluorescent molecule that could bind (3-galactosidase and, upon that
binding, change its behavior. As fate would have it, I wasn’t the first to think of this idea, and
another research group had already successfully generated and tested a chromogenic [3-
galactosidase substrate (DDAOG; Tung et al., 2004). As Drosophila egg chambers are readily
cultured in S2 medium, to which a compound like DDAOG could be added. If this addition did
not have a toxic effect, then the treated medium could be used in conjunction with the rhomboid-
lacZ reporter to visualize live DA-floor cell morphogenesis, which has not been previously
possible. Our lab has previously attempted to make stable, fluorescent, transgenic lines that
mark the floor cells for live imaging, but they do not provide sufficiently early expression to be
useful. The rhomboid-lacZ reporter, however, is readily visible in floor cells after S10B in fixed
tissue, and so would likely be an excellent tool for live imaging if it could be successfully used in
conjunction with a compound like DDAOG. This technique would potentially provide valuable

new insight into the morphogenetic behavior of this fascinating cell type.
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