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Abstract

Context-Dependent Regulation of Epithelial Growth by Echinoid
by

Danielle C Spitzer
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Iswar Hariharan, Chair

The size of an animal is determined by the growth, proliferation, and survival of every
cell in its body. Individual cells must respond to local cues and properly adjust their
growth behavior to collectively generate tissues and organs of the proper size. How cells
regulate their growth, and how they coordinate to regulate the size of the organs, are two
fundamental questions which have long captivated developmental biologists, and which
remain incompletely understood.

Much of what is already known about growth regulation has been learned from the study
of mutants. Mutations affecting multiple signaling pathways can lead to overgrowth or
undergrowth. However, the study of genetic mosaics has shown that outcome of growth-
disrupting mutations depends not only on the properties of affected cells, but also on the
interactions those cells have with their neighbors. For example, cells heterozygous for a
class of mutations called Minute are slow growing but viable when all cells carry the
mutation, but are eliminated in the presence of wild type neighbors. This phenomenon,
termed cell competition, highlights how cells can non-autonomously influence growth
and survival within a mosaic tissue.

I conducted a genetic screen in Drosophila to identify new genes which regulate growth
in mosaics, focusing specifically on cell adhesion genes. The screen identified 9 genes
which, when knocked down in clones in the wing imaginal disc, alter the size, shape, or
number of clones which are recovered later in development. Of particular interest was the
gene echinoid (ed): clones of cells lacking ed are small, round, and underrepresented, but
ed mutations affecting large populations of cells can cause tissue overgrowth. My
dissertation work is aimed at understanding the mechanistic basis of these seemingly
contradictory phenotypes and to clarify the role of ed in regulating cellular and tissue
growth. I demonstrate that cells lacking ed die by apoptosis at increased rates, at least in
part because they express lower levels of the anti-apoptotic protein Diapl. This
contributes to the elimination of ed-deficient clones in mosaic tissues. I also confirm that
organs which are mostly or entirely deficient of ed overgrow because of a failure to
terminate growth when the organ has reached its appropriate final size.



Ed has been previously shown to have a function in restricting growth via its interactions
with the Hippo pathway, which regulates the expression of pro-growth and anti-apoptotic
genes downstream of the transcription factor Yorkie (Yki). I show that this prevailing
model cannot account for many of the phenotypes observed in ed-depleted tissues.
Contrary to other reports, I found that many—but not all—Yki target genes are expressed
at lower levels in ed-depleted cells. In mosaics, many of these same YKki targets are
expressed at higher levels in the wild-type neighbors of ed clones. These observations are
consistent with clonal elimination but inconsistent ed having a simple, growth-inhibitory
effect via the Hippo pathway.

To understand why ed mutant organs overgrow, I screened for dominant modifiers of the
overgrowth phenotype caused by Gal4-driven knockdown of ed in the wing. The top hit
in this screen was upd24, which suppressed overgrowth and enhanced cell death. While
characterizing these modification phenotypes, I determined that they were ed-
independent artifacts of a UAS construct present in the upd24 allele which interacts with
Gal4. Although ultimately uninformative to the overgrowth phenotype associated with
ed, this line of inquiry uncovered important information about the properties of the upd24
allele which may be of interest to researchers who use this allele, or other alleles
generated in a similar manner.

Overall, this work advances our understanding of how growth is regulated by echinoid,
highlights the context-dependence of ed’s effects on growth, and paints a more
complicated picture of how ed interacts with the Hippo pathway than previously
appreciated.
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1 Introduction

1.1 Growth is a genetically regulated developmental process

One of the most conspicuous features of the diversity of animal life is enormous range in
body size. Just within extant mammals, the range of adult body weight spans eight orders
of magnitude (Blackburn & Gaston, 1994). Despite this massive range, most animals
begin life as a single cell, the zygote, which develops into a larger multicellular animal
with a predictable shape and size for its species. The adult body size depends on the sizes
of the constituent organs, which ultimately depends on the number and size of the cells
making up those organs. Thus, an understanding of growth regulation at the cellular
levels is essential to understanding the growth and size regulation at multiple scales.

That growth fundamentally occurs at the level of individual cells presents a conundrum:
how do cells align their growth behavior to the needs of the organs they collectively
make up? There is not a single answer, but it is clear that growth is a highly regulated
process, with cells responding to both systemic (e.g., hormones, nutrition) and organ-
intrinsic (e.g., paracrine signaling, mechanical forces) cues via multiple signaling
pathways including Hippo, Tor, Insulin, RTK/Ras, Myc, and JAK/STAT (Hafen &
Stocker, 2003; Hariharan, 2015). Differences in the activities of these pathways underlie
variations in growth and size across and within species. For example, body size in dogs is
determined in large part by the Insulin pathway, with circulating IGF-1 levels and /GFI
haplotype strongly correlated with body size (Eigenmann et al., 1984; Sutter et al., 2007).
Mutations disrupting ras or myc can play a role in the pathology of diseases of growth
like hypertrophic cardiomyopathy (Kai et al., 1998). Cancer is perhaps the most well-
known disease type associated with dysregulated growth, and mutations in many growth
regulatory pathways can cause or contribute to malignancy (Yang & Xu, 2011).

Somatic mutations affecting growth can arise at any time throughout development,
generating clones of cells with different growth properties than their neighbors. This can
happen during the natural life of an animal, such as when a spontaneous or mutagen-
induced change occurs during DNA replication. Although not all somatic mutations
affect growth or are pathogenic, the generation of mutant somatic clones with
dysregulated growth is a defining feature of cancer (Martincorena & Campbell, 2015).
Somatic clones can also be generated experimentally, enabling researchers to study how
particular cell populations are related to and interact with their neighbors. Clonal analysis
has a long history in the field of developmental biology, beginning with lineage tracing
experiments that allowed researchers to study which cells in an organism descend from a
particular precursor cell injected with a dye (Conklin, 1905). Now, a variety of clonal
generation systems enable researchers to induce clones with different properties from
their neighbors, especially in genetically-tractable models like the fruit fly Drosophila
melanogaster (Blair, 2003; del Valle Rodriguez et al., 2012).



Studying the growth of clones in genetic mosaics has revealed an array of heterotypic
interactions that influence cell growth and/or survival non-autonomously. One example
of growth regulation unique to mosaics is cell competition, the process by which slow-
growing “loser” cells are eliminated from mosaic tissues, despite their viability in non-
mosaic tissues. Cell competition was discovered in flies by studying Minute (M) alleles,
which are loss-of-function alleles of genes encoding ribosomal proteins. Heterozygous
M/+ cells grow slowly but are viable and generate adult animals of a relatively normal
size. However, when clones of cells containing two functional copies of a M allele (+/+)
are made in a heterozygous (M/+) background, the (+/+) clones occupy
disproportionately large territories within compartments (Morata & Ripoll, 1975).
Importantly, the overrepresentation of the (+/+) “winner” cells is greater than would be
expected from a difference in cell division rate alone. This is because slower growing
“loser” cells at the clonal interface die by apoptosis (Moreno et al., 2002). The increased
representation of “winner” cells at the expense of “loser” cells is a defining feature of cell
competition.

Cell competition is now recognized as a more general phenomenon that can be triggered
by myriad mutations—such as, famously, mutations in myc—not just those affecting
ribosomal genes. Not all mutations affecting growth rate induce competition, as
demonstrated by experiments showing that Dp110 or CycD+Cdk4 overexpression clones
have an increased growth rate, but do not impact the growth rate or survival of unaffected
neighbors (de la Cova et al., 2004). However, mutations causing cell competition almost
always affect growth rates (Amoyel & Bach, 2014; Baker, 2011; Levayer & Moreno,
2013; Simpson, 1979; Simpson & Morata, 1981). Although much of the work on cell
competition has been done in flies, there is now strong evidence that competition also
occurs in other taxa. Mutations that behave like Minutes have been found in mice (Oliver
et al., 2004), multiple forms cell competition have been shown to occur in vertebrate cells
in culture (Hogan et al., 2009; Kajita et al., 2010; Leung & Brugge, 2012; Mamada et al.,
2015; Norman et al., 2012; Penzo-Méndez et al., 2015; Tamori et al., 2010), and a
growing number of studies show that competition occurs in vertebrate embryos (Akieda
etal., 2019; Claveria et al., 2013; Hashimoto & Sasaki, 2019; Sancho et al., 2013) and
numerous adult tissues (J. Ding et al., 2011; Ellis et al., 2019; Liu et al., 2019; Martins et
al., 2014; Oertel et al., 20006).

It is unclear whether cell competition plays a role in organ size control during typical
development. Blocking competition in Minute mosaic flies does not lead to organs of
abnormal size, despite the persistence of cells with differing growth rates within the
organ (Martin et al., 2009). However, cell competition can lead to the elimination of
mutant cells that would otherwise overgrow (Kanda & Igaki, 2020), and in this way may
contribute to organ size control by preventing instances of tumorous overgrowth (Lahvic
& Hariharan, 2019). For example, loss-of-function mutations in neoplastic tumor
suppressor genes like scribble, discs-large, and lethal giant larvae in both flies and
vertebrates leads to malignant transformation and overgrowth of affected tissues (Bilder
et al., 2000; Zhan et al., 2008). However, clones of cells with these mutations do not
overgrow but instead experience increased cell death at the clonal interface, which can



lead to partial or complete clonal elimination (Brumby & Richardson, 2003; Norman et
al., 2012; Tamori et al., 2010).

Cell competition is one of many ways heterotypic interactions between genetically
dissimilar cells can regulate growth. A phenomenon sometimes accompanying cell
competition is the generation of “oncogenic niche cells.” These mutant cells are not
themselves hyperplastic—many, in fact, are cell competition “losers”—but stimulate
growth in neighboring cells via the release of growth factors and other short-range
signaling molecules (Enomoto et al., 2015). Another example is the physical expulsion of
differently fated clones of cells from tissues, which occurs in cases such as the clonal
misexpression of selector genes or an activated form of Ras, RasV!2, in flies (Bielmeier et
al., 2016). This process involves and requires increased actomyosin contractility at the
clonal interface, and unlike classical cell competition, the “loser” and “winner” statuses
in these competitive contexts are determined by relative arrangements of different cell
types (e.g. a Ras”!? clone is extruded when surrounded by wild-type cells, but when wild-
type cells are surrounded by Ras"’? cells, the wild-type cells will be extruded). A similar
physical expulsion response to clonal transformation with Ras"?? also occurs in
mammalian cell culture (Hogan et al., 2009).

1.2 Drosophila as a model for studying organ size regulation

All growth occurs at the level of individual cells responding to local cues, yet collectively
these cells generate organs with characteristic sizes, patterns, and proportions. How cells
within an organ coordinate their growth to achieve this feat has long-fascinated scientists
and remains an area of active investigation (G. Vogel, 2013). Studies of the fruit fly
Drosophila melanogaster have generated a wealth of knowledge concerning the genetic
basis of organ size control (Hariharan, 2015). Much of this research focuses on sac-like
larval organs termed imaginal discs, which give rise to adult structures following
metamorphosis.

In particular, many studies have focused on the wing imaginal disc, which gives rise to
the adult wing blade, hinge, and portions of the thorax. The wing disc begins as a cluster
of ~30 cells which grow into a highly patterned organ containing approximately 30,000-
50,000 cells (A. Garcia-Bellido & Merriam, 1971; Madhavan & Schneiderman, 1977;
Martin et al., 2009; Worley et al., 2013). The wing disc is divided into subdivisions called
compartments, which are lineage-restricted territories—cells in one compartment do not
freely intermix with cells in another, and instead respect divisions termed “compartment
boundaries” (A. Garcia-Bellido et al., 1973). There are two major compartment
boundaries in the wing imaginal disc: the anterior-posterior (A-P) and dorsal-ventral (D-
V) boundaries. The A-P and D-V boundaries also function as the sites of signaling
centers which produce Decapentaplegic (Dpp) and Wingless (Wg), respectively.

In Drosophila, compartments are thought to be the level at which organ size regulation
occurs. The A and P compartments of wing discs will each stop growing once the
appropriate final size is reached, even when growing at different rates (Martin & Morata,
2006). Even so, the growth of one compartment may indirectly influence the growth of
another. For example, a manipulation which reduces the size of the posterior



compartment may lead to a less robust induction of the Dpp signaling center (which is
formed in response to Hedgehog secreted from P cells), which in turn reduces the growth
of the anterior compartment. More generally, the phenomenon of “accommodation”
describes the how compartments sometimes adjust their size in response to perturbed
growth in a connected compartment (Diaz-Benjumea et al., 1989; Milén et al., 1997).
Accommodation may arise in part from the physical constraints imposed by tissues of
considerably different sizes on their shared interface.

How exactly imaginal discs sense their size and accordingly adjust the growth behavior
of individual cells remains uncertain. Classical transplantation experiments demonstrate a
disc-intrinsic mechanism for organ size control. Drosophila imaginal discs transplanted
into the abdomens of adult females grow until they reach an appropriate final size, at
which point growth terminates (A. Garcia-Bellido, 1965). This is true even when the disc
is injured and must regenerate (Bryant & Levinson, 1985). Thus, cells within the disc can
somehow sense when this disc has reached a particular size, even in the absence of
systemic cues that would be present in the native larval environment.

One essential, disc-intrinsic component of wing disc size regulation is the Dpp
morphogen gradient. Dpp promotes growth in the disc—loss of Dpp signaling prevents
growth and proliferation (Burke & Basler, 1996), whereas increased Dpp signaling
causes discs to grow excessively, especially in the lateral regions of the wing pouch
(Nellen et al., 1996; Worley et al., 2013). Dpp is produced in the signaling center along
the A-P compartment boundary and disperses laterally. A gradient forms with Dpp levels
highest medially and progressively lower laterally (Teleman & Cohen, 2000). Although it
is clear that Dpp is an important piece of organ size control in the disc, questions remain
about how cells interpret and respond to the Dpp gradient. Briefly, some hypotheses
which have been presented include that cells may compute the slope of the Dpp gradient
(Day & Lawrence, 2000) or changes to the level of Dpp over time (Wartlick et al., 2011),
or that Dpp is not required for growth per se, but instead functions to equalize otherwise
non-uniform growth rates across the disc (Restrepo et al., 2014).

Additional or alternative disc-intrinsic mechanisms may contribute to organ size in wing
discs. Several hypotheses have been proposed that involve cells adopting graded
positional values—which may or may not reflect the Dpp gradient—which the cells
compare with their neighbors, perhaps by expressing cell surface proteins such as
adhesion molecules in proportional amounts to the positional value. Cells that sense
sufficient difference between their value and that of their neighbor divide and generate
daughter cells with an intermediate value. This increases the total number of cells and
reduces the magnitude of difference between adjacent cells. The process continues until
cells are sufficiently similar to their neighbors that comparison does not trigger cell
division, at which point growth terminates (Day & Lawrence, 2000; A. C. Garcia-Bellido
& Garcia-Bellido, 1998; Wolpert, 1989). Other models of disc-autonomous size control
invoke mechanical forces like stretch and compression as instructive inputs to growth of
cells within the disc. The possibility of a mechanical component to organ size control is
especially attractive in the light of the discoveries showing that a major growth control



pathway, the Hippo pathway, is capable of sensing and responding to physical cues
(Dupont et al., 2011; Wada et al., 2021; Zhao et al., 2007).

It is important to note that no one hypothesis presented above fully explains or fits the
available experimental data, and that the hypothesized mechanisms are not mutually
exclusive (see also: Hariharan, 2015; Restrepo et al., 2014). The mystery of how organs
terminate growth at the appropriate size remains unsolved and will likely require a
synthesis of new research with the decades of experimental and theoretical work that
scientists have already dedicated to this problem.

1.3 Echinoid is a cell adhesion molecule involved in development

Echinoid (Ed) is a cell adhesion molecule (CAM) that contains extracellular Ig and
fibronectin type III domains, a transmembrane domain, and an intracellular domain with
a PDZ-binding motif (Bai et al., 2001; Wei et al., 2005). Ed localizes to the adherens
junctions in vivo (Escudero et al., 2003; Wei et al., 2005) and can promote aggregation of
S2 cells in vitro through homophilic or heterophilic (with Neuroglian) interactions (Islam
et al., 2003; Rawlins, Lovegrove, et al., 2003). The extracellular domain is required for
Ed self-association and therefore cell-cell adhesion (Spencer & Cagan, 2003), and the
intracellular domain is required for binding to intracellular partners such as Bazooka
(Baz) and Canoe (Cno) (Wei et al., 2005).

The Ig-superfamily is the largest protein family in vertebrates and invertebrates, with
over 100 identified member proteins in Drosophila alone (Shimono et al., 2012; C. Vogel
et al., 2003). Proteins in this family share a common domain, the Ig-loop, and often
participate in cellular recognition (via processes including adhesion, signaling, and
guidance) in neurons and epithelia. Ed belongs to this superfamily and has been described
as a nectin and an L1-type molecule. Vertebrate nectins—and their obligate intracellular
binding partner Afadin (Cno in Drosophila)—localize to adherens junctions in epithelia
cells and have roles in cell adhesion, migration, polarization, proliferation, and pattern
formation (Takahashi et al., 1999; Takai et al., 2003, 2008; Togashi, 2016). L1 cell
adhesion molecules have well-defined roles in neural processes like axon guidance and
fasciculation (Hortsch, 1996; Rathjen & Schachner, 1984). Although Ed, nectins, and L1
CAMs are all calcium-independent members of the Ig-superfamily, Ed has neither
sufficient sequence or structure similarity nor evidence of direct homology to warrant
classification as an L1-type molecule (Hortsch, 2003) or nectin (Duraivelan & Samanta,
2020; Mandai et al., 2013; Tepass & Harris, 2007). Moreover, expression of some
mammalian nectin isoforms in Ed-depleted cells failed to rescue phenotypes associated
with Ed loss (Wei et al., 2005). Ed is still often considered a “functional analog” of
nectins' on the basis of similar domains (extracellular Ig loops), localization to adherens
junctions in epithelia, intracellular binding to Afadin/Cno, and developmental roles in
adhesion and cell sorting (Finegan & Bergstralh, 2020). Ed has one paralogue in
Drosophila, Friend of Echinoid (Fred) (Chandra et al., 2003).

'Although some groups describe Ed as “nectin-like,” I advise against this terminology
since it can mistakenly imply homology to the mammalian nectin-like (Necl) family of
molecules, which, unlike Ed, are directly homologous to nectins.



Differences in cell adhesion can lead to cell sorting, where cells with different
adhesiveness physically segregate from one another (Brodland, 2002; Steinberg, 1963).
Such is the case with ed-expressing and -non-expressing cells: experimentally induced ed
clones are much rounder than control clones and form a smooth boundary at the apical
interface with wild-type neighbors. The borders of ed clones are deficient for adherens
junction components including Ed and E-cadherin, and an actomyosin cable forms in the
Ed-expressing cells at this interface (Wei et al., 2005). These features are also seen at
endogenous interfaces between ed-expressing and -non-expressing cells, where they
appear to serve important developmental functions. For example, follicular roof cells lack
Ed but ed expression in neighboring cells is required for proper morphogenesis of the
eggshell dorsal appendages. The actomyosin cable formed in ed-expressing leading edge
epithelial cells at the interface with Ed-deficient amnioserosa cells is required for
coordinated dorsal closure (Laplante & Nilson, 2006).

In addition to mediating cell-cell adhesion and cytoskeletal organization, Ed can interact
with and modify multiple signal transduction pathways, including EGFR, Notch, and
Hippo.

EGFR

A mutagenesis screen conducted by Bai et al., (2001) identified ed mutations as dominant
enhancers of a hypermorphic allele of the EGF receptor, Ellipse (Elp). This suggested
that Ed may negatively regulate the EGFR pathway. It was shown that loss of ed in
Drosophila eyes increases EGFR signaling in the areas where it normally occurs, leading
to an excess of photoreceptors, cone cells, and pigment cells and aberrant photoreceptor
specification (Bai et al., 2001; Rawlins, White, et al., 2003; Spencer & Cagan, 2003).
Conversely, overexpression of ed reduces the number of cells with EGFR-dependent
recruitment and/or specification in the eye (Islam et al., 2003), although EGFR signaling
is not abolished (Spencer & Cagan, 2003). The antagonism of EGFR signaling by Ed
requires the intracellular domain of Ed, whereas the extracellular domain is dispensable
(Bai et al., 2001; Islam et al., 2003).

The interaction between ed and the EGFR pathway may be tissue-specific, since
perturbations to ed do not affect EGFR signaling in the ovarian follicle during oogenesis
(Bai et al., 2001; Laplante & Nilson, 2006). Furthermore, although Ed and EGFR also
have opposing effect on sensory bristle specification in the thorax, genetic evidence
suggests that this phenotype is driven primarily by synergistic interactions between ed
and Notch, rather than a direct antagonism of EGFR (Escudero et al., 2003; Rawlins,
Lovegrove, et al., 2003).

Genetic analyses of ed/EGFR pathway double-mutants initially suggested that ed
regulates the EGFR pathway downstream of (or in parallel to) ras/raf, but upstream of
1tk88, in a sina-independent fashion. However, additional experiments showed that Ed
and EGFR can interact directly and that EGFR is capable of phosphorylating Ed (Spencer
& Cagan, 2003) and that ed can interact with multiple branches of the EGFR pathway
(Fetting et al., 2009), suggesting an upstream interaction with the pathway. It is possible



that ed regulates EGFR through modulation of endocytic trafficking. EGFR signaling is
extensively regulated by receptor endocytosis (Brankatschk et al., 2012; Tomas et al.,
2014; Vieira et al., 1996), Ed and EGFR colocalize in endocytic vesicles, and loss of ed
reduces EGFR endocytosis in some cells of the eye (Ho et al., 2010). ed could antagonize
EGFR signaling by promoting the endocytosis of activated EGFR receptors, which would
attenuate their signaling. Additional experiments are needed to confirm this model, and it
does not preclude additional layers of regulation through other mechanisms.

Notch

Lateral inhibition, enabled by the Notch pathway, is used both to limit the number of
neuroectodermal cells adopting a neural fate during embryonic neurogenesis and to limit
larval sensory organ precursor specification. A group of studies (Ahmed et al., 2003;
Escudero et al., 2003; Rawlins, Lovegrove, et al., 2003) demonstrated that ed mutant
embryos have neuronal hyperplasia and ed loss-of-function leads to sensory bristle
duplications in adults, indicative of lateral inhibition failure. These phenotypes can be
suppressed by Notch pathway activation and enhanced by Notch pathway inhibition.
Additionally, loss of ed also resulted in other phenotypes characteristic of reduced Notch
signaling, such as wing notching, thickening of wing veins, and reduced expression of
Notch target genes. These characteristic phenotypes and genetic interactions suggested
that ed cooperates with the Notch pathway to restrict neurogenesis.

While the exact mechanism of ed’s interaction with the Notch pathway is still unclear,
epistasis experiments place Ed upstream of the Notch!P release (Escudero et al., 2003).
Ed does not coimmunoprecipitate with Notch, which suggests it does not bind Notch
directly (Escudero et al., 2003). Ed does colocalize with N and DI at the cell surface and
in early endosomes, and overexpression of ed reduces DI levels (Rawlins, Lovegrove, et
al., 2003). Cis-endocytosis of DI is required for activation of Notch in the signal-
receiving cell (Parks et al., 2000), so it is possible that ed promotes Notch signaling by
promoting the trafficking and/or degradation of DI.

Hippo

A link between ed and the Hippo pathway was first established by Yue et al. (2012), who
reported that Ed functions as a tumor suppressor that positively regulates Hippo
signaling, thereby reducing the expression of pro-growth and pro-survival Yorkie target
genes. ed mutant flies have overgrown wings (see also: Bai et al., 2001) and depletion of
ed in the eye leads to eye overgrowth (Yue et al., 2012). Various readouts of Hippo
pathway activity (e.g., levels of Diap1, expanded, and bantam expression;
phosphorylation and subcellular localization of Yorkie) indicated decreased activity of
the Hippo kinase cascade in cells lacking Ed. Biochemical analyses indicated that Ed
interacts with Salvador, Expanded, Merlin, Yorkie, and Kibra through its intracellular
domain. These observations, combined with examination of Salvador levels and
localization in WT and ed-depleted cells and tissues, led the authors to propose a model
where Ed promotes signaling through the Hippo pathway through the stabilization and
apical localization of Sav.



Another study, by Ding et al. (2016), examines Hippo pathway signaling in the context of
neural stem cell activation. The authors manipulate two cell surface proteins, Ed and
Crumbs (Crb), which both allegedly behave as tumor suppressors that restrict growth
through the Hippo pathway. The evidence supporting this assumption is strong in the case
of Crb (Chen et al., 2010; Grzeschik et al., 2010; Ling et al., 2010; Robinson et al., 2010)
but in the case of Ed rests solely on the conclusions of Yue et al. (2012). Loss of either
Ed or Crb leads to precocious reactivation of quiescent neural stem cells (NSCs), a
phenotype which can result from activation of Yorkie target genes via the Hippo pathway
(R. Ding et al., 2016; Poon et al., 2016). NSC reactivation is known to be triggered by
nutrition (Chell & Brand, 2010; Sousa-Nunes et al., 2011), and expression of both Ed and
Crb decreases at the onset of feeding. Although the authors claim that loss of Ed and Crb
leads to reactivation because of their roles in the Hippo pathway, they do not present any
evidence corroborating the claim that loss of Ed alone leads to decreased expression of
Yorkie target genes. All experiments demonstrating a change to Hippo pathway read-outs
are done with simultaneous depletion of Crb and Ed. The possibility remains that Crb is
the primary driver of reactivation via the Hippo pathway, and that Ed loss promotes
neural stem cell reactivation through a different mechanism. ed loss-of-function
decreases Notch signaling and increases EGFR signaling; low levels of Notch are
required for NSC reactivation in Drosophila (Sood et al., 2022), and increased EGFR
signaling promotes the activation of other stem cell populations in Drosophila, including
renal (Li et al., 2015) and intestinal stem cells (Buchon et al., 2010; Jiang et al., 2011; N.
Xuetal., 2011).

1.4 Goals and overview of dissertation research

The growth and survival of a cell depends not just on its own intrinsic properties, but also
on the interactions it has with its neighbors. With this in mind, I conducted a genetic
screen by generating mosaic wing imaginal discs which contain RNA1 clones surrounded
by wild-type tissue. I screened RNALI lines targeting putative or known cell adhesion
genes and identified nine which impacted the shape, size, or abundance of clones. I
focused on characterizing one hit, echinoid (ed), because knockdown of ed in clones
reduced clone size and number, but homogenous knockdown of ed leads to tissue
overgrowth. The fact that ed reduction can result in seemingly different phenotypes in
different contexts—clonal undergrowth in mosaics and tissue overgrowth in non-
mosaics—suggests that the influence of neighboring cells may determine the outcome.

In Chapter 2, I describe the genetic screen and characterize the phenotypes associated
with ed reduction in clones. I show that ed tissues expresses lower levels of the anti-
apoptotic protein Diapl and consequently have increased rates of apoptosis. This increase
in cell death contributes significantly to the elimination of ed clones in mosaic tissues.

In Chapter 3, I focus on characterizing the phenotypes associated with ed loss in broader
domains. I confirm that ed-depleted tissues can overgrow and show that these tissues fail
to arrest growth at the appropriate final size, even when growing slower than wild-type
tissue.



The phenotypes caused by ed loss in clones and in homogenous tissues are seemingly
contradictory not just to each other, but also to what has been previously reported about
ed (namely, that Ed restricts growth via interactions with the members of Hippo
pathway). If Ed indeed restricts growth via Hippo pathway activation, then clones of cells
lacking ed would be expected to have increased levels of Diapl and behave as
supercompetitors, which is not what I observed in Chapter 2. I investigate this
contradiction in Chapter 4 by examining the response of various Hippo pathway target
genes to ed manipulations. I find that many, but not all, Hippo pathway target genes are
reduced in ed-depleted tissues, and that the nuclear localization of Yki is not obviously
impacted by ed loss. These results are inconsistent with the prevailing model of how ed
regulates the Hippo pathway. Furthermore, I show that some Hippo pathway targets are
increased in the neighbors of ed-depleted cells. In this way the neighbors resemble cells
that behave as supercompetitors, which might also contribute to the elimination of ed
clones.

In Chapter 5, I turn to the question of why ed-depleted organs overgrow. I designed a
screen to identify dominant modifiers of the overgrowth phenotype caused by nub-Gal4
driving the expression of UAS-ed-RNAi in the wing pouch. Initially, it appeared that the
upd? gene genetically interacts with ed to reduce overgrowth and enhance cell death.
However, I ultimately determined that this conclusion is unfounded. The phenotypes
observed reflect the activity of a UAS misexpression construct present in the upd24
allele, which interacts with nub-Gal4 independently of ed. Although the question of why
ed-depleted tissues overgrow remains unresolved, this line of investigation revealed
important information about reagents which may be of interest to other researchers.



2 ed loss leads to apoptotic clonal
elimination

2.1 Introduction

Mutations can occur in all cells of an organism, such as when germline mutations are
inherited, or mosaically, such as when somatic mutations arise during development or in
adulthood. In the mosaic context, phenomena like cell competition can occur, where the
growth or survival of one cell type depends on the influence of its neighbors. This kind of
non-autonomous growth regulation requires that cells compare themselves to their
neighbors and adjust their behavior accordingly. Interestingly, many forms of cell
competition are triggered by differences in intracellular components like the dosage of
ribosomal genes or transcription factors, and it is not obvious how this difference is
communicated between neighboring cells.

We hypothesized that cell-cell adhesion molecules (CAMs) might mediate survival or
growth of cells in mosaic contexts since these molecules physically connect cells to their
neighbors and many also have intracellular signaling functions. CAMs are expressed at
the cell surface, placing them in correct location to function in a comparison process.
Many also function as signaling molecules, which could allow for that information to be
transmitted to the other parts of the cell (Fagotto & Gumbiner, 1996; Ruoslahti & Obrink,
1996). A few CAMs have already been shown to impact growth, such as the large
protocadherins Fat (Ft) and Dachsous (Ds), which can regulate the activity of the growth-
restricting Hippo pathway. Drosophila have over one hundred unique CAMs, and many
have been extensively studied in the contexts of epithelial organization or axonal
pathfinding (Finegan & Bergstralh, 2020). However, despite being well-suited candidates
for mediating processes like competition the impact of CAMs on regulating growth in
mosaics has not been systematically explored.

Here I describe a genetic screen where we perturb the expression of cell adhesion
molecules in a mosaic context and assess the impact on clonal growth and survival. We
identified several hits—some previously characterized, others novel-—and characterize
one hit, echinoid (ed), in depth. In this chapter I focus on the phenotypes associated with
loss of ed in clones specifically. I demonstrate that ed clones are eliminated from mosaic
tissues due to increased apoptosis resulting, at least in part, from an autonomous decrease
in the anti-apoptotic protein Diapl.

2.2 Results

A genetic screen for cell adhesion molecules which regulate growth in mosaics

We designed an RNAI screen to identify adhesion genes whose knockdown in clones
affects clone size, shape, or number in the Drosophila wing disc epithelium. We used a
brief heat shock to induce FLP-out Gal4 clones that express UAS-RNAi and a UAS-driven
fluorescent protein (most expressed UAS-GFP, but a subset of lines was screened using
the TIE-DYE clone generation system [Worley et al., 2013] express UAS-RFP). These



discs were examined by fluorescence microscopy; any RNAI lines that caused dramatic
changes to the size and/or number of the marked clones, as compared to a UAS-w-RNAi
control generated in the same manner, were flagged for further investigation.

I generated an initial candidate list of 151 known or putative cell-cell adhesion genes in
Drosophila, composed of molecules containing cadherin or immunoglobulin domains as
identified by Hynes & Zhao (2000) or Vogel et al. (2003) or curated manually (Table
2.1). Since this screen was conducted in the wing disc, I removed 43 genes with no
expression in the wing imaginal disc epithelium based on a scRNA-seq dataset of 96h
and 120h wing discs (Everetts et al., 2021). I additionally removed 9 which encode
molecules known to not have adhesive functions (e.g., sarcomere components) (Table
2.2), which reduced the candidate pool to 99 genes. We screened 90 RNAI lines that
targeted 74 unique genes. Of the genes screened, 7 caused a clonal undergrowth
phenotype and 4 influenced clone morphology (Figure 2.1) (Table 2.3).

Increasing throughput of the screen came at the expense of tight control of developmental
timing and larval density. We balanced the tradeoffs by using approximately the same
number of parental flies per cross and limited egg laying to a 1-day interval as rough age-
and density-control measures. This methodology was prone to batch effects and led to a
control range of clone size and number that was sufficiently broad to limit the sensitivity
of our assay such that only very strong effects on growth could be confidently identified.
Due to these limitations, we focused our efforts on characterizing a single hit rather than
screening all genes in the initial candidate pool. We chose to focus on ed because ed-
RNAi clones are underrepresented but ed-depleted organs are viable and reported to
overgrow (Yue et al., 2012), suggesting that Ed’s impact on growth may be context-
dependent.

Clones of cells lacking Echinoid are eliminated from the wing and eye disc epithelia
RNAI clones made using multiple RNAI lines (V104279, V3087, V938) targeting ed
yielded wing discs with sparse, small, round clones that form smooth borders with wild-
type neighbors (Figure 2.1J-L). The underrepresentation phenotype was more
pronounced using V104279 or V3087 than with V938, consistent with another report that
V104279 and V3087 produce stronger knockdown phenotypes than V938 (Yue, 2011).
Unless otherwise noted, additional RNAi experiments were done using V104279, which
is hereafter referred to as UAS-ed-RNAi. The round, smooth shape of these clones has
also been previously documented (Chang et al., 2011; Escudero et al., 2003; Wei et al.,
2005) and other groups have previously reported difficulty in recovering ed-depleted
clones (Escudero et al., 2003; Wei et al., 2005). No mechanism has been proposed to
explain why these clones are difficult to recover.

Generation of ed”” clones using the Mosaic Analysis of a Repressible Cell Marker
(MARCM) technique (Lee & Luo, 1999) also yielded a clonal underrepresentation
phenotype: ed™’ or-ed’ null clones were almost never recovered in the wing disc
epithelium (Figure 2.2B, C), although large clones in the disc-associated myoblasts, as
determined by cell morphology and location (non-epithelial and basal to the notum region
of the disc proper), were often observed (Figure 2.2B’). MARCM clones made using the



hypomorphic ed*’"¥ missense allele were more readily recovered than those made using
null alleles but were still rarer than control clones (Figure 2.3D). Unless otherwise noted,
“ed” is hereafter used synonymously with ed’.

In their original description of cell competition, Morata & Ripoll (1975) observed that
Minute clones were eliminated when they were generated early in development but were
still observable when they were generated much later. To determine if this was also the
case with ed clones, we used mitotic recombination to generate marked ed”” and ed "
twin clones in wing discs (Figure 2.3A). When wing discs were examined only 24h after
clone induction, both ed”” and their ed™" twin clones were observed and were of similar
size (Figure 2.3B, C). However, when clones were induced by heat shock 72h prior to
dissection, no associated ed”- clones were observed in the wing discs despite the presence
of large ed™* twins (Figure 2.3D, E). These data confirm that ed clones are initially
generated, but subsequently eliminated from the wing disc epithelium. We also used
eyFLP-driven mitotic recombination to generate mosaic eyes with white and red twin
clones. A control condition which generates red and white twin clones, but does not alter
ed expression, yielded eyes with roughly equal proportions of red and white tissue. When
mitotic recombination generated white ed”” and red ed " tissue, the adult eyes contained
little to no white ed”~ tissue (Figure 2.4). Taken together, these results indicate that clones
of cells lacking ed survive for a short period of time before being eliminated from mosaic
imaginal epithelia.

Elimination of ed-depleted clones depends on apoptosis

We hypothesized that the loss of ed-depleted clones from mosaic tissues could be
explained by two general mechanisms: 1) physical expulsion of the mutant cells, and/or
2) death of the mutant cells. An expulsion mechanism of mutant clones has precedent;
patches of cells misexpressing selector genes or activated Ras form round clones that are
subsequently extruded from tissues as cysts (Bielmeier et al., 2016). If this mechanism
explained the elimination of ed”” clones, we would expect to observe extruded cysts
located outside the plane of the disc epithelium. Although ed”” clones have some features
also seen in early-stage extruding cysts (rounded shape, smooth interface with wild-type
neighbors, apical constriction) (Chang et al., 2011; Wei et al., 2005), close examination
of discs following the generation of MARCM clones never uncovered evidence of
extruded ed” cysts that are discontinuous with the disc epithelium (nor were extruded
cysts ever observed in discs with clones generated by any method used in this study).
Although we cannot rule out physical expulsion entirely—especially if expelled cells
subsequently die, as is sometimes the case (Bielmeier et al., 2016)—we conclude that
large-scale cystic extrusion does not account for the elimination of ed-depleted clones.

To assess whether apoptosis plays a role in the elimination of ed clones, we measured
caspase activity using an antibody recognizing cleaved death caspase-1 (Dcp-1), the
activated effector caspase in Drosophila, in mosaic discs. We observed increased
apoptosis in ed-RNAi clones as compared to neighboring WT tissue or control (w-RNAi)
clones. Dcp-1 staining was especially apparent at clone boundaries, which may indicate
that competition at the clone interface plays a role (Figure 2.5A-B). We also examined
apoptosis when knocking down ed in a broader region, the nubbin domain (Figure 2.5C-



D). In this case, we still observed an overall increased level of apoptotic cell death in the
ed-RNAi-expressing discs even far from the boundary with wild-type cells under
conditions of ed knockdown. These results indicate that loss of ed leads to increased
apoptosis in clonal and non-clonal contexts.

If apoptosis is indeed a major driver of ed”” clonal elimination as we suspected, then
preventing apoptosis should also prevent the elimination. To test this hypothesis, we
generated ed-RNAi clones that also express the anti-apoptotic gene p35. We observed that
ed-RNAi, p35 clones were recovered at a much higher rate than clones expressing ed-
RNAi alone, which further supports the conclusion that apoptosis is a driver of ed” clonal
elimination (Figure 2.6).

Diapl is reduced in ed clones

To understand why ed-depleted cells undergo apoptosis, we examined Diapl, a protein
upstream of caspase activation in the apoptotic regulatory module which inhibits
apoptosis. Antibody staining of ed-RNAi clones showed decreased Diap1 protein levels as
compared to neighboring wild-type cells (Figure 2.7), contrary to what has been reported
elsewhere (Yue et al., 2012). We often observed increased Diap1 protein in the
immediate neighbors of ed-depleted clones—we examine this phenomenon in greater
detail later (see Chapter 4, Figure 4.1 and associated text).

To determine whether diap! transcription is altered in ed” clones, we performed
Hybridization Chain Reaction to label diap! transcripts. We did not observe noticeable
differences in mRNA levels between ed-RNAi clones and wild-type neighbors (Figure
2.8A). We also examined a reporter line that expresses GFP under the control of an array
of eight identical Hippo Response Elements isolated from the diap! locus (diap1-
GFP.HREX8) (Wu et al., 2008). The repeated array can amplify small differences in
transcription, making it a highly sensitive qualitative assay for relative levels of Yki-
dependent Diap1 transcriptional activity. We observed lower expression levels of the
diap 1-GFP.HREXS reporter inside of ed-RNAi clones (Figure 2.8B). These results
indicate that ed loss in clones reduces Hippo pathway-dependent diap! transcription,
although overall mRNA abundance is not dramatically affected.

2.3 Discussion

Our genetic screen uncovered cell adhesion molecules whose knockdown affects cell
growth and adhesion. Some of these hits were expected: the low viability of shg and ed
clones, and the round, un-elongated phenotype of ft and ds clones have been well-
documented elsewhere (Baena-Lopez et al., 2005; Hall et al., 2019; Mao et al., 2011).
ama, sidestep-VII, and beat-Vc are all known to mediate axon guidance, and the low
viability of clones knocking down these genes in the wing discs suggest they could have
unexplored roles in epithelial growth or survival. Clones depleted of Contactin, which
encodes a component of septate junctions, also had low viability. We observed that otk2
RNAI clones had regional differences in viability and that hinge clones were expelled as
cysts from the disc epithelia. Understanding the regional variation in the response to Otk2
loss in the disc epithelium remains an interesting and unexplored avenue for future
research.



Our genetic screen also identified Ed as a cell adhesion molecule whose depletion leads
to a clonal growth disadvantage. We found that ed-depleted clones are initially created
but subsequently eliminated from imaginal disc epithelia in an apoptosis-dependent
fashion. The increase in apoptosis is associated with a decrease in the levels of the anti-
apoptotic protein, Diapl.

The reduction of Diap1 can account for the increase in apoptosis observed in ed clones,
but questions remain about how loss of ed leads to a reduction in Diapl. We showed that
Hippo pathway-dependent transcription of diap! is reduced in ed clones, but overall
levels of diap 1 transcripts are not noticeably affected. Very subtle changes to mRNA
level could potentially account for the more dramatic difference in protein levels if it
reduces the rate of translation because Diapl has a short half-life (Holley et al., 2002) and
short-lived proteins are sensitive to translational regulation. It is also possible that a post-
translational mechanism like proteasomal degradation could account for the greater
reduction in Diap1 protein than mRNA.

In this chapter we have primarily focused on characterizing the phenotypes associated
with mosaic loss of Ed. In the next chapter, we explore the effect of Ed depletion in a
homogenous context.
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Figure 2.1: A genetic screen to identify CAMs which regulate growth in mosaics.

A) Overview of screen. B-M) Wing imaginal discs containing FLP-out Gal4 clones
(green) expressing RNAi targeting a control gene, white (w) (B), or screen candidate
genes (C-M). Control clones (B) are abundant and jagged in shape. Clones with RNAi



targeting amalgam (ama) (C), beaten path Ve (beat-Vc) (D), Contactin (Cont) (E),
shotgun (shg) (F), or sidestep VII (side-VII) (G), have clones that are smaller and fewer in
number than control clones. Clones with RNAI targeting fat (ff) (H) or dachsous (ds) (1)
have a rounded morphology. Three RNAs targeting echinoid (ed) (J-L) led to clones
which are small, round, smooth, and underrepresented in the disc epithelium. Clones with
RNAI targeting off-track2 (otk2) (M) were rarely recovered in the pouch and formed
round cysts in the hinge. M’ shows a magnified view of the yellow dashed box in M. M’
shows the X-Z plane through the dashed line in M’. A round, RFP+ cyst is visible in the
apical space between the disc proper and peripodial epithelium. All clones were made
using FLP-out Gal4, UAS-GFP, except the clones in C and M which were generated
using the TIE-DYE technique. Control clones generated with TIE-DYE were similar in
abundance and morphology to the FLP-out Gal4, UAS-GFP control in (A). Scale bars:
50um (B-M), 25um (M’-M"’).



FRT40A

Figure 2.2: MARCM ed clones are underrepresented, small, and round in the wing
disc epithelium.

Wing imaginal discs containing GFP-labeled MARCM clones (green) that are
homozygous for WT ed (FRT40A control) (A), ed™ (null) (B), ed™’ (null) (C), or ed*™$
(hypomorph) (D). ed”" clones are sparse or absent in the wing disc epithelium, although
ed”” myoblast clones are readily recovered (B’). A-D are maximum intensity projections
of Z-stacks. Scale bars: 50um.
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Figure 2.3: ed” clones are eliminated from the wing disc epithelium.

A) Timeline of experiment. GFP-negative and GFP double-positive twin clones were
induced by mitotic recombination in a heterozygous background 24h (B, C) or 24h (D, E)
before dissection. When clones were induced 24h before dissection, GFP-positive and
GFP-negative twin clones are recovered in both the FRT40A control condition (B, see
inset) and when heterozygosity of ed is lost in twin clones (C, see inset). When clones
were induced 72h before dissection, GFP-positive and GFP-negative twin clones are
recovered in the FRT40A control condition (D). However, when heterozygosity of ed is
lost in twin clones (D), the GFP-negative, ed”~ twin clones are not recovered. Scale bars:

S50pm.



Red and white twin clones were induced at initially equal proportions by mitotic
recombination in a heterozygous background using eyeless-FLP. A) Red and white eye
tissues are recovered in equal proportions in the FR740A control condition. B) Little to
no white tissue is recovered when the white tissue is ed”".
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Figure 2.5: Elevated levels of apoptosis are seen in ed-RNAi tissue.

A) Very few Dcp-1+ cells are seen in discs with GFP-labeled w-RNAi clones. B) Dcp-1+
cells are abundant within GFP-labeled ed-RNAi clones, particularly at clone boundaries.
Arrowheads in B and B”’ indicate instances of cell death at clone boundaries. C) Very
few Dcp-1+ cells are seen in discs with nub-Gal4 driving expression of UAS-GFP. D)
apoptosis levels are elevated in discs with nub-Gal4 driving expression of UAS-ed-RNAi.
Note: small white speckles seen in all Dcp-1 channels are background staining. Scale
bars: 50um.
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Figure 2.6: Blocking apoptosis rescues elimination of ed-RNAi clones.

Wing imaginal discs containing FLP-out Gal4 clones (green) that express UAS-GFP and
UAS-RNAi targeting w alone (A), w with simultaneous expression of the anti-apoptotic
protein p35 (B), ed alone (C), or ed with simultaneous expression of the anti-apoptotic
protein p35 (D). All clones were generated 3 days after egg lay using a 12-minute heat
shock to induce As-FLP. Scale bars: 50um.
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Figure 2.7 Diapl1 is reduced in ed-RNAi clones.

ed-RNAi in wing disc clones leads to an autonomous decrease of Diapl protein level.
Insets show a clone at higher magnification. Scale bars: 25um.
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Figure 2.8 Hippo pathway-dependent transcription of diap1 is reduced in ed-RNAi
cells, but overall diap1 transcript levels are similar to wild-type.

A) GFP+ cells express ed-RNAi. A’) diapl transcripts are similarly abundant within and
outside of GFP+ clones. B) RFP+ cells express ed-RNAi. B’) the diap1-GFP.HREXS
reporter is lower within the RFP+ clone (dashed yellow outline). Scale bars: 25um.
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Table 2.1: Initial candidate list.

Gene abreyv.

Cad74A
Cad86C
Cad87A
Cad88C
Cad89D
Cad96Ca
Cad96Cb
Cad99C
CadN
CadN2
Cals

ds

ft

Kug

Ret

shg

stan
ama
babos
bdl
beat-la
beat-Ib
beat-Ic
beat-11a

beat-1Ib
beat-Il1a

Gene name
Cadherin 74A
Cadherin 86C
Cadherin 87A
Cadherin 88C
Cadherin 89D
Cadherin 96Ca
Cadherin 96Cb
Cadherin 99C
Cadherin-N
Cadherin-N2
Calsyntenin-1
dachsous
fat
kugelei
Ret oncogene
shotgun

starry night
amalgam
babos
borderless
beaten path la
beaten path Ib
beaten path Ic
beaten path Ila

beaten path IIb
beaten path Illa

Type Source
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2000
Cadherin Hynes 2003
Cadherin Hynes 2000

Cadherin Manual curation

Cadherin Hynes 2000
Cadherin Hynes 2000

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003

Hynes 2000, Vogel

IgSF 2003
IgSF Vogel 2003
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beat-IIIb
beat-IIlc
beat-1V
beat-Va
beat-Vb
beat-Vc
beat-VI
beat-VII

boi
bsg

bt
CG13506

CG13532
CG13992

CG15312
CG15744

CG16974

CG17839
CG31431

CG33543
CG34353
CG44153

CG45263
CG5597

CG6867

beaten path IIIb
beaten path Illc
beaten path IV
beaten path Va
beaten path Vb
beaten path Vc
beaten path VI
beaten path VII

brother of ihog

basigin
bent
CG13506

CG13532
CG13992

CG15312
CG15744

CG16974

CG17839
CG31431

CG33543
CG34353
CG44153

CG45263
CG5597

CG6867

IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF

IgSF
IgSF

IgSF
IgSF

IgSF
IgSF

IgSF
IgSF

IgSF

IgSF
IgSF

IgSF
IgSF
IgSF

IgSF
IgSF

IgSF

Vogel 2003
Vogel 2003
Vogel 2003
Vogel 2003
Vogel 2003
Vogel 2003
Vogel 2003

Vogel 2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Vogel 2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003
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CG7166
CG7607

Cont
DIP-alpha

DIP-beta

DIP-delta
DIP-epsilon

DIP-eta
DIP-gamma

DIP-iota
DIP-kappa
DIP-lambda

DIP-theta
DIP-zeta
dprl
dpr10
dprll
dprl2
dprl3
dprl4
dprl5

dprl6

CG7166
CG7607

Contactin

Dpr-interacting protein alpha
Dpr-interacting protein beta

Dpr-interacting protein delta

Dpr-interacting protein epsilon
Dpr-interacting protein eta
Dpr-interacting protein gamma

Dpr-interacting protein iota
Dpr-interacting protein kappa

Dpr-interacting protein lambda
Dpr-interacting protein theta

Dpr-interacting protein zeta

defective proboscis extension
response 01

defective proboscis extension
response 10

defective proboscis extension
response 11

defective proboscis extension
response 12

defective proboscis extension
response 13

defective proboscis extension
response 14

defective proboscis extension
response 15

defective proboscis extension
response 16

IgSF
IgSF

IgSF
IgSF

IgSF

IgSF
IgSF

IgSF
IgSF

IgSF
IgSF
IgSF

IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF

IgSF

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Manual curation

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003
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dprl7
dprl8
dpr19
dpr2
dpr20
dpr21
dpr3
dpr4
dpr5
dpr6
dpr7
dpr8
dpr9
Dscaml
Dscam?2
Dscam3
Dscam4
ed

Eph

Fas2
Fas3

defective proboscis extension
response 17

defective proboscis extension
response 18

defective proboscis extension
response 19

defective proboscis extension
response 02

defective proboscis extension
response 20

defective proboscis extension
response 21

defective proboscis extension
response 03

defective proboscis extension
response 04

defective proboscis extension
response 05

defective proboscis extension
response 06

defective proboscis extension
response 07

defective proboscis extension
response 08

defective proboscis extension
response 09

Down syndrome cell adhesion
molecule 1

Down syndrome cell adhesion
molecule 2

Down syndrome cell adhesion
molecule 3

Down syndrome cell adhesion
molecule 4
echinoid

Eph receptor tyrosine kinase

Fasciclin 2

Fasciclin 3

IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF

IgSF
IgSF

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Manual curation

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Manual curation

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003
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fipi
fra
fred
hbs
hig
ihog
Imp-L2
kekl
kek2
kek3
kek4

kek5
kek6

kirre
klg

Lac
Lar
Ibk

MnM
nepl6

nkt

nolo

factor of interpulse interval
frazzled

friend of echinoid

hibris

hikaru genki

interference hedgehog
Ecdysone-inducible gene L2
kekkon-1

kekkon-2

kekkon-3

kekkon4

kekkon5
kekkon 6

kin of irre
klingon

Lachesin
Leukocyte-antigen-related-like
lambik

myomesin and myosin binding
protein

Neprilysin-like 6
noktochor

no long nerve cord

IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF

IgSF
IgSF

IgSF
IgSF

IgSF
IgSF
IgSF

IgSF
IgSF

IgSF

IgSF

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2004

Hynes 2000, Vogel
2005

Hynes 2000, Vogel
2006

Hynes 2000, Vogel
2007

Vogel 2003

Hynes 2000, Vogel
2008

Hynes 2000, Vogel
2009

Hynes 2000, Vogel
2003

Vogel 2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2005
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Nrg
nrm
otk

otk2

plum
ppk12

ppn

Ptp69D
Pvr
Pxn
robol
robo2
robo3
rst

sdk

Sema2a
side
side-1I
side-II1
side-IV

side-V
side-VI

Neuroglian
neuromusculin
off-track
off-track2

plum
pickpocket 12
papilin

Protein tyrosine phosphatase 69D

PDGF- and VEGF-receptor related

Peroxidasin
roundabout 1
roundabout 2
roundabout 3
roughest

sidekick

Semaphorin 2a
sidestep
sidestep 11
sidestep I1I
sidestep IV

sidestep V
sidestep VI

IgSF
IgSF
IgSF
IgSF

IgSF
IgSF
IgSF

IgSF
IgSF
IgSF
IgSF
IgSF
IgSF
IgSF

IgSF
IgSF

IgSF
IgSF
IgSF
IgSF

IgSF
IgSF

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2004

Hynes 2000, Vogel
2006

Hynes 2000, Vogel
2007

Hynes 2000, Vogel
2003

Vogel 2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003
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side-VII

side-VIIIL

sls

Sns

Strn-Mlck

tel

trol

tutl

unc-5

Unc-89

vin

wrapper

zormin

sidestep VII
sidestep VIII
sallismus

sticks and stones
Stretchin-MlIck

teiresias

terribly reduced optic lobes
turtle

unc-5

Unc-89

vein

wrapper

zormin

IgSF
IgSF
IgSF
IgSF
IgSF

IgSF
IgSF

IgSF
IgSF
IgSF
IgSF
IgSF

IgSF

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Vogel 2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003

Hynes 2000, Vogel
2003
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Table 2.2: Genes excluded from screen.

Gene
abrev.

ppk12
htl
Ret

bt
sls
Unc-89

zormin
Sema2a
btl
beat-la
beat-Ib
beat-Ic
Cad88C
Cad89D
CadN
CadN2
CG13532
CG17839
CG31431
CG6867

DIP-beta

DIP-delta

DIP-eta

DIP-
gamma

Gene name

pickpocket 12
heartless

Ret oncogene
bent
sallismus
Unc-89

zormin
Semaphorin 2a
breathless
beaten path la
beaten path Ib
beaten path Ic
Cadherin 88C
Cadherin 89D
Cadherin-N
Cadherin-N2
CG13532
CG17839
CG31431

CG6867
Dpr-interacting protein
beta

Dpr-interacting protein
delta

Dpr-interacting protein eta

Dpr-interacting protein
gamma

Criteria for exclusion

Known to not be adhesion molecule (ENaC
subunit); Incorrectly classified as IgSF?

Known to not be adhesion molecule (RTK)
Known to not be adhesion molecule (RTK)

Known to not be adhesion molecule (sarcomere

component)

Known to not be adhesion molecule (sarcomere

component)

Known to not be adhesion molecule (sarcomere

component)

Known to not be adhesion molecule (sarcomere

component)

Known to not be adhesion molecule (secreted)
Known to not be adhesion molecule (RTK)
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc
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DIP-iota
DIP-theta
DIP-zeta
dpr10
dprll
dprl2
dprl3
dprl5
dpr2
dpr20
dpr3
dpr4
dpr5
dpr8
Dscam?2
Dscam3
Dscam4

fipi
kek3
kek4
klg

Dpr-interacting protein
iota

Dpr-interacting protein
theta

Dpr-interacting protein
zeta

defective proboscis
extension response 10

defective proboscis
extension response 11

defective proboscis
extension response 12

defective proboscis
extension response 13

defective proboscis
extension response 15

defective proboscis
extension response 02

defective proboscis
extension response 20

defective proboscis
extension response 03

defective proboscis
extension response 04

defective proboscis
extension response 05

defective proboscis
extension response 08

Down syndrome cell
adhesion molecule 2

Down syndrome cell
adhesion molecule 3

Down syndrome cell
adhesion molecule 4

factor of interpulse
interval

kekkon-3
kekkon4
klingon

No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc



nepl6
nolo
robo3
side-11
side-III
side-VI
side-VIII

Neprilysin-like 6
no long nerve cord
roundabout 3
sidestep 11
sidestep I1I
sidestep VI
sidestep VIII

No expression RNAseq detected in wing disc;
Incorrectly classified as IgSF?

No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc
No expression RNAseq detected in wing disc

No expression RNAseq detected in wing disc
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Table 2.3: Results from lines which were screened.

Gene
abreyv.

ama
babos

bdl
beat-11b

beat-Illa

beat-IIIb
beat-IIlc
beat-1V
beat-Va
beat-Vb
beat-Vc
beat-VI
beat-VII
boi

bsg
Cad74A

Cad86C

Gene
name

amalgam
babos

borderless

beaten path
b

beaten path
IIa

beaten path
IIb

beaten path
IIIc

beaten path
v

beaten path
Va

beaten path
Vb

beaten path
Ve

beaten path
VI

beaten path
VII

brother of
ihog

basigin
Cadherin
74A

Cadherin
86C

Lines
BL 33416
BL 36728

V 4806

BL 57157

BL 64526

BL 56984
V 36237

BL 50941

V 52413

BL 60053

V 17832

BL 60067

V 6694

BL 60056

V 29592

BL 52110

V 2789

V 36320

BL 53314
BL 61280

Result
(-- = not a hit)

Undergrowth (severe)

-- see note

-- see note

Undergrowth (severe)

Notes
Screened with TIE-DYE

Not convincing but some
clones on the smaller
side

Initially thought there
could be a slight
difference of clone
density A/P
compartments, but was
not replicable

Few clones survive
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Cadherin
Cad96Ca 96Ca

Cadherin
Cad99C 99C

CG13992 CG13992
CG15312 CG15312
CG15744 CG15744
CG16974 CG16974

CG33543 CG33543
CG34353 CG34353
CG44153 CG44153

CG45263 CG45263
CG5597 CG5597
CG7166 CG7166

Cont Contactin
Dpr-
interacting

DIP- protein

alpha alpha
Dpr-
interacting

DIP- protein
lambda lambda

defective
proboscis
extension

BL 55877

BL 35037
V 2642

V 101286
BL 42497

BL 42590

BL 64879
V 17859

V 22788
BL 33350

BL 62468
V 18706

V 12875

V27116
BL 34867

V17116

BL 41980

V 26879

dprl response 01 V 27087

defective
proboscis
extension

dprl4 response 14 'V 8005

defective
proboscis
extension

V 31986

dprl6 response 16 V 102628

defective
dprl8 proboscis

V 983

Undergrowth (Severe)

-- see note

Screened with TIE-DYE

Screened with TIE-DYE

3/6 discs had slightly low
clone size/density

26



dpr6

ds

Dscaml

ed
Fas2

Fas3

fra

fred
ft

hig
ihog
Imp-L2
kek2

kek5

kirre

Lar
Ibk

extension
response 18

defective
proboscis
extension
response 06

dachsous

Down
syndrome
cell
adhesion
molecule 1

echinoid

Fasciclin 2

Fasciclin 3

frazzled

friend of
echinoid

fat

hikaru
genki

interference
hedgehog

Ecdysone-
inducible
gene L2

kekkon-2
kekkon5

kin of irre

Leukocyte-
antigen-
related-like

lambik

V4116l

BL 32964

BL 38945

V 938
V 3087
V 104279

BL 34084

BL 77396
BL 40826

BL 42621
BL 34970

BL 42000

BL 64541
BL 64936

V 4745
BL 40830
BL 64918

BL 40938
BL 28903

Clones in pouch not
elongated, round clones

Undergrowth (slight),
round, smooth
Undergrowth (moderate),
round, smooth
Undergrowth (severe),
round, smooth

Maybe slight
undergrowth, not
convincing

Screened with TIE-DYE
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MnM

nkt
Nrg
otk

otk2

plum

ppn

Pvr

Pxn

robo2
sdk
shg

side

side-1V
side-V

side-VII

sns
stan
tel
unc-5

wrapper

myomesin
and myosin
binding
protein

noktochor

Neuroglian
off-track

off-track2

plum

papilin
PDGF- and
VEGF-
receptor
related

Peroxidasin

roundabout
2

sidekick

shotgun
sidestep

sidestep IV

sidestep V

sidestep
VII

sticks and
stones

starry night
teiresias
unc-5

wrapper

BL 65245
V 43603

V43018
V 43017

BL 37496
BL 55869

BL 55892

BL 60062

V41901
V 16523

BL 37520
Vo977

V 15276

BL 34589
BL 33412

BL 32904

BL 50642
V 1283

V 29806
V 16636

V 44997

V10011

BL 64872
V 877

BL 35050
V 42236

V 8137
BL 29561

Clones underrepresented
especially in pouch;
Rounded, cyst-like clones

observed in hinge Screened with TIE-DYE

- Screened with TIE-DYE
- Screened with TIE-DYE

- Screened with TIE-DYE

Undergrowth (small
clones)

Clones maybe slightly
-- see note smaller and rounder, but

-- not convincing

- Screened with TIE-DYE
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3 ed loss in broad domains leads to
organ overgrowth

3.1 Introduction

In Chapter 2 we described how ed loss can lead to a growth disadvantage due to
increased apoptosis which promotes ed clone elimination. Multiple groups have reported
that ed loss or reduction in broad regions (e.g. in entire organs or animals) leads to a
growth advantage in the context of organ overgrowth (Bai et al., 2001; Yue et al., 2012).
We sought to confirm whether ed loss can cause organ overgrowth and to better
understand the underlying mechanism.

3.2 Results

ed loss in large domains causes overgrowth

To measure the effect of a reduction in ed function on entire organs, we examined the
wings of ed™?’/ed*"™® (null/hypomorph) trans-heterozygous and nub-Gal4, UAS-ed-RNAi
animals where ed is depleted in the wing pouch domain. The resulting adult wings were
larger than matched controls (Figure 3.1A-I). The nub-Gal4 chromosome itself had an
impact on wing size, so we compared experimental conditions using the nub-Gal4 driver
to controls which also contained nub-Gal4. We also generated flies with mostly ed”” eyes
using a cell-lethal mitotic recombination assay (Newsome et al., 2000) (Figure 3.1K-L).
Constitutive expression of ey-FLP causes most cells in the developing eye to undergo
mitotic recombination, generating white ed” clones and red ed™* twin clones that are
killed by a recessive cell-lethal construct on the recombinant chromosomal arm (Figure
3.1J). Unlike when the wild-type twin clones are viable, the white ed”” cells survive
(Figure 3.1K; compare with Figure 2.4B). These eyes are mostly white (ed”") and are
larger than control eyes (Figure 3.1L) (see also: Yue et al., 2012). These data corroborate
the conclusion that loss of ed in broad domains can lead to overgrowth.

Overgrowth can occur in two ways that are not mutually exclusive. First, mutant tissue
may grow more rapidly than wild-type tissue. Second, mutant tissue may grow at the
same rate or a different rate to wild-type tissue but may simply not stop growing when it
reaches the appropriate size. To better understand the dynamics of ed-driven overgrowth,
we examined the wing discs of hh-Gal4, UAS-ed-RNAi larvae at different times
throughout development. This manipulation reduces ed function in the posterior
compartment, which allows us to compare the relative growth of the anterior and
posterior compartments within a disc. At early time points (96h, 120h after egg lay),
posterior compartments depleted of ed were smaller than age-matched controls without
ed depletion, and proportionally undersized relative to the anterior compartment in the
same disc (Figure 3.2A-D). However, most hh-Gal4, UAS-ed-RNAi larvae experienced a
2-3-day pupariation delay, during which the discs continued to grow (Figure 3.2E-F). In
an extreme case, a larva with pupariation delay of >4 days was observed, and discs taken
from this larva were more than double the size of a fully grown L3 wing disc (Figure
3.2@G). In this disc, we observed that the anterior compartment was also overgrown
indicating that overgrowth of one compartment can result in the overgrowth of the other.
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This may be the result “accommodation,” in which a growth perturbation in one territory
of an organ exerts a non-autonomous effect on adjacent unaffected regions (Diaz-
Benjumea et al., 1989; Mildn et al., 1997). From this experiment, we conclude that tissues
with reduced ed function grow more slowly than wild-type tissue, but fail to terminate
growth when an appropriate final size is reached.

Ed contains an extracellular N-terminal domain which participates in adhesion, a
transmembrane domain, and an intracellular C-terminal domain which can bind to
intracellular binding partners. To determine which domain(s) of Ed are required for
regulation of organ size, we generated ed"?/ed®""® trans-heterozygous mutant wings that
also expressed nub-Gal4-driven rescue constructs in the wing pouch domain. Expression
of full-length Ed or Ed2¢ (which lacks the intracellular domain) reduced the size ed-
depleted wings (Figure 3.2B-E). The reduction of growth caused by expression of EdA¢
was greater than that caused by Ed™!, although we do not know whether this is
biologically meaningful or whether it reflects differences in expression strength of the
two rescue constructs. Additionally, we examined the effects of these rescue constructs
on the shape of ed-depleted wings, which are rounder than controls (Figure 3.3E) (Chan
et al., 2021). Both constructs reduced the roundness of ed-depleted wings, although the
effect was greater with Ed™!. Although not conclusive, these experiments suggest that
the extracellular domain of Ed is primarily involved in the organ size-control function of
Ed, and that the C-terminal intracellular has a significant role in promoting proper
proximo-distal elongation of the wing.

3.3 Discussion

Whereas loss of ed in clones leads to elimination of the mutant cells, loss in entire
compartments, organs, or whole organisms leads to organ overgrowth. Here we show that
ed-depleted organs grow slowly but are capable of reaching significantly larger final sizes
than their wild-type counterparts. The slower growth of ed-depleted tissues could be
caused by increased cell death (see Figure 2.5C-D), a reduced rate of cell proliferation, or
both.

ed-depleted wings are large, short, and broad. The shape has been attributed to a defect in
the geometrical reorganization of cells during the pupal wing elongation (Chan et al.,
2021), and this constellation of phenotypes is reminiscent of those associated with fi/ds
manipulations (Bryant et al., 1988; Clark et al., 1995). Expression of Ed with or without
its C-terminal domain counteracts the overgrowth phenotype. Since the extracellular
domain is known to participate in cell adhesion, it is possible that the adhesive function
of Ed is responsible for its role in growth termination, although we cannot rule out an
alternative model where Ed participates in signaling or regulation via its extracellular
domain independently of cell adhesion.

Although the C-terminal domain is largely dispensable for the growth termination
function of Ed, it is required for wing elongation. Why, then, do ed"*%/ed>'"® trans-
heterozygotes have broad wings when ed”"?’/+ wings elongate properly? The ed*//®
hypomorphic allele contains a missense mutation in a conserved serine that disrupts a
disulfide bond in an extracellular Ig-loop, which is thought to weaken interactions
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involving Ed’s extracellular domain (Escudero et al., 2003), but Ed*'® should still have a
functional C-terminal domain. The observation that different phenotypes are caused by
nub-driven expression of Ed™!' and Ed*€ in an ed’"*%/ed5""$ background suggests that the
function of the C-terminal domain in regulating wing morphology is at least partially
dependent on the function of the extracellular domain. One model which could explain
this is if the Ed C-terminal domain must be properly localized to the cell surface to enable
its function. Ed-Ed frans-homodimerization is necessary for stabilization at the cell
surface, as evidenced by the observation that Ed is lost from the interface of Ed-
expressing and -nonexpressing cells (Laplante & Nilson, 2006, 2011; Rawlins,
Lovegrove, et al., 2003; Wei et al., 2005). Since Ed*'® adhesive interactions are
compromised, these molecules may not be efficiently stabilized at the cell surface,
thereby limiting opportunities for the intact C-terminal domain to function.

Why don’t Ed-depleted organs stop growing when they reach an appropriate final size?
The prevailing view is that ed loss leads to organ overgrowth via reduced Hippo pathway
signaling. In the next chapter, we will revisit this model in the light of our own data
which partially contradict the current model for Ed’s interactions with the Hippo
pathway.
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3.4 Figures
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Figure 3.1: Loss of ed in large domains causes overgrowth.

A-F) Adult wings from flies of the following genotypes: +/+ (Ore-R) (A), +/ed"™’ (B),
+/ed*™8 (C), ed%/ed*™ (D), nub-Gad4, UAS-GFP, UAS-w-RNAi (E), nub-Ga4, UAS-
GFP, UAS-ed-RNAi (E). G) Overlay of the wings shown in A and D. H) Overlay of the
wings shown in E and F. I) Quantification of wing areas is shown in (I). n=10 wings (+/+
[Oregon-R); ed™5/+, ed™/+, ed*™5/ed™; nub-Gald4, >GFP, >w-RNAi), 9 wings (nub-
Gal4, >GFP, >ed-RNAi). “ns” indicates p> .05, ** indicates p< .01, calculated using
ANOVA with post-hoc Tukey’s HSD test. Error bars indicate standard deviation. J-L)
White twin-spot clones were induced by mitotic recombination in a heterozygous
background using eyeless-FLP; red twin-spot clones were killed using a recessive lethal
construct. Mostly white eye tissues are recovered in the FRT40A control condition (J).
When the white tissue is ed”~ and the eye is rough and overgrown (K). Overlay traces of
the eyes in J and K are shown in (L). Scale bars: 100um.
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144h | 168h

All pupariated —>

hh-Gal4, UAS-GFP

» } A

Figure 3.2: hh-Gal4, UAS-ed-RNAi wing discs grow slowly, but eventualy exceed
appropriate final size.

Wing imaginal discs taken with hh-Gal4 driving expression of UAS-GFP and UAS-w-
RNAi (A-B) or UAS-ed-RNAi (C-G) dissected at different timepoints after egg lay. At
144h, all UAS-w-RNAi larvae have pupariated. Scale bars: 50pum.
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Figure 3.3: The C-terminal intracellular domain of Ed is not required to regulate
wing size but is required for elongation of the wing.

(A-E) Effect of expressing full length ed (ed™") and a version where the cytoplasmic
domain has been replaced by GFP (ed’“%/*) on wing size and wing shape. (A) Wings of
a heteroallelic combination of ed alleles that generate viable adults together with nub-
Gal4. Inclusion of UAS-ed™" (B) and UAS-ed’“-°f" (C) reduces wing size and brings the
aspect ratio closer to wild-type. (B’) and (C’) show overlays of (B) and (C) over (A)
respectively. For (D), n=10 wings (ed*8/+; ed"™’/+; ed*3/ed™’; same as shown in Fig
3.11), 4 wings (ed*™%/ed™?’, nub-Gal4, ed™™/ed'"*’, nub-Gald, UAS-ed"™"), 6 wings
(ed*™8/ed'"0 nub-Gal4, UAS-ed’“-C*T). For (E), n=10 wings (ed*"3/+; ed’/+), 9 wings
(ed*™8/ed"™20, ed3/ed™?", nub-Gald, UAS-ed’“°tT), 4 wings (ed™3/ed™’, nub-Gal4;
ed™/ed™°, nub-Gal4, UAS-ed™""). The same wings were used in (D) and (E); n’s differ
if damage or mounting artifacts prevented measurement of both wing area and aspect
ratio. “ns” indicates p> .05, ** indicates p< .01, calculated using ANOVA with post-hoc
Tukey’s HSD test. Error bars indicate standard deviation. Scale bars: 100pm.
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4 Downstream effects of ed
perturbations

4.1 Introduction

Yue et al. (2012) proposed that the overgrowth that occurs in tissues with reduced ed
function is because Ed is a negative regulator of growth through the Hippo pathway. In
their model, loss of ed function leads to a reduction in Hippo pathway activity, causing an
increase in nuclear Yorkie which drives the expression of pro-growth and anti-apoptotic
genes including Diap 1, bantam (ban), four-jointed (fj) and expanded (ex). This should
cause cells to behave as super-competitors, since Hippo pathway mutant cells have a
growth advantage over, and can even induce apoptosis in, neighboring wild-type cells
(Tyler et al., 2007; Ziosi et al., 2010). However, our findings that ed-depleted clones have
a growth and survival disadvantage, increased apoptosis, decreased Hippo-dependent
Diap] transcription, and lower Diap1 protein levels are inconsistent with the published
model of how Ed interacts with the Hippo pathway. Here, we independently assess how
ed affects the Hippo pathway and demonstrate a more complex relationship than
previously appreciated.

4.2 Results

Ed regulates expression of Yorkie target genes autonomously and non-
autonomously

The activity of the Hippo pathway is often inferred from the level of transcription of
Yorkie target genes, or the abundance of proteins encoded by these genes. We examined
some readouts of Hippo signaling—Diap1 protein levels and lacZ reporters for ban and
Ji—in ed-RNAi clones. If Ed promotes Hippo signaling as previously described, then ed-
RNAi should reduce Hippo signaling, resulting in increased expression of the three
Yorkie targets within the clones. However, we did not observe an increase of Diapl, ban-
lacZ , or fj-lacZ expression levels in the clones (Figure 4.1). In the case of Diapl, as
already described in Chapter 2, protein levels are considerably lower within the clones
than in unaffected regions (Figure 4.1A, see also Figure 2.7). These results do not support
the prevailing view that ed negatively regulates growth via the activity of the Hippo
pathway.

When examining the Yorkie targets in ed-RNAi clones, we also observed lower apparent
Hippo pathway activity (i.e., increased expression of Yorkie targets) in the wild-type
neighbors of ed-RNAi cells (Figure 4.1). This phenotype was incompletely penetrant—we
did not observe a border effect around every ed-RNAi clone, and when we did observe a
border effect, it did not always appear along the entire perimeter of the clone. The
boundary effects observed lead us to conclude that loss of ed can reduce activity of the
Hippo pathway non-autonomously.

Loss of ed has been reported to increase the nuclear localization of Yki based on antibody
staining (Yue et al., 2012). In our hands, antibody staining of Yki is not reliable in wing
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imaginal discs (data not shown). Instead, we examined the localization of GFP-tagged
Yki (Fletcher et al., 2018) in mosaic discs containing UAS-ed-RNAi clones (Figure 4.2).
We did not observe any obvious difference in the localization of Yki:GFP in ed-RNAi
clones or in wild-type cells next to the clones. This could indicate that the effects of ed
loss on Hippo pathway target genes are Yki-independent, or that the changes to Yki
localization are too subtle to be detected with this reagent.

Because the overall effect of ed loss on growth is context-dependent (e.g., ed loss in
clones leads to a growth disadvantage whereas ed loss in broader domains leads to
overgrowth), we examined the effects on ed-RNAi on Hippo pathway activity in non-
clonal contexts. We used the #h-Gal4 driver to express UAS-ed-RNAi in the posterior
compartment. Similar to what we observed in clones, this manipulation led to an
autonomous decrease in Diap] protein levels (Figure 4.3A). We observed an autonomous
increase in ex-/lacZ in the posterior compartment (Figure 4.3B), which is consistent with
what others have shown (Yue et al., 2012). We conclude that not all Yorkie target genes
respond to ed reduction in the same way.

Comparing knockdown conditions to wild type gives insight into how a gene normally
functions—if the absence of a gene product disrupts the physiology of a cell in some
way, we can infer that it is required for that aspect of physiology in the wild type.
Overexpression (OE) of a gene product can also yield insight into its function, although
the interpretation of these experiments is less straightforward. OE is the most informative
in cases when the abundance of a gene product scales proportionately with its level of
function—in these cases, the OE phenotype will typically be the opposite of the
knockdown phenotype. In other cases, the absence or presence of a gene product may
matter while levels of expression beyond a threshold do not, so the OE phenotype may
not differ from wild type. In yet other cases, OE may disrupt the physiology of a cell in a
way that is not necessarily informative to understanding the gene’s normal function (e.g.,
forming aggregates, inducing translational stress, triggering the unfolded protein
response).

With the above caveats in mind, we examined the impact of ed overexpression on the
Hippo pathway. ed-OE had no appreciable effect on Diap1 levels in clones, but it did
reduce Diapl levels autonomous when the entire posterior compartment was affected
(some domains of the Diapl expression pattern were less obviously affected, such as the
stripe at the D-V boundary) (Figure 4.4A, B). We examined ban-lacZ levels in ed-OE
clones and observed a strong autonomous increase within the overexpression clones
(Figure 4.4C). Finally, we examined the ex-lacZ reporter when overexpressing ed in the
posterior compartment. There was a slight, autonomous increase of ex-/acZ which is most
visible in the notum. In the pouch where the ex-lacZ reporter expression was overall low,
the ed-OE cells at the interface with wild-type cells had noticeably elevated ex-lacZ
expression (Figure 4.4D).

The atypical cadherins Fat (Ft) and Dachsous (Ds) are binding partners which regulate

the Hippo pathway in both autonomous and non-autonomous fashions (Baena-Lopez et
al., 2008; Bennett & Harvey, 2006; Gou et al., 2018). Non-uniform Hippo pathway
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boundary effects have been observed in ds loss-of-function clones (Willecke et al., 2008),
clones of cells overexpressing the Ft (Matakatsu & Blair, 2012), clones with activated
Tkv which increases Ft signaling (Rogulja et al., 2008), and in cells overexpressing fbx/7
which in turn leads to an upregulation of Ft (Bosch et al., 2014). We examined Ft
expression within ed-RNAi clones and observed increased Ft staining within the clones
(Figure 4.5). Ft is therefore responsive to the expression of ed and could potentially
mediate some of the border effects described earlier.

Ed has been reported to interact with multiple signaling pathways that regulate growth,
including Hippo and EGFR. To better understand how ed interacts with EGFR in the
wing disc, we examined the levels of Cic protein inside and outside of ed-RNAi clones.
Cic levels are inversely proportional to EGFR signaling. We observed an extremely slight
decrease in Cic in ed-RNAi cells as compared to wild-type neighbors (Figure 4.6). Our
findings support the generally accepted model that Ed antagonizes EGFR activity.

4.3 Discussion

Ed was initially thought to be a straightforward negative regulator of growth via the
Hippo pathway. However, here we show that the relationship between Ed and the Hippo
pathway is more complicated than previously described. We observed non-uniform,
context-dependent effects of ed perturbations on Yorkie target genes. Although the
expression of these genes is often assumed to reflect Hippo pathway activity, some
Yorkie target genes responded differently from others to identical manipulations (e.g.
increased ex-lacZ and decreased Diapl in the posterior compartment of hh-Gal4, UAS-
ed-RNAi discs).

Ed is known to interact with multiple signaling pathways, and the expression of a gene is
often regulated by multiple inputs. It is possible that Ed may regulate some or all the
Yorkie target genes examined in this study through signaling pathways other than Hippo.
One candidate is the EGFR pathway, which Ed is known to antagonize in some contexts.
We examined Cic levels and observed very slight Cic reduction in wing disc ed-RNAi
clones, indicating greater EGFR activity. This trend is consistent with previous work on
ed and the EGFR pathway. Whether EGFR signaling is at all responsible for the apparent
discrepancy in how Hippo-responsive genes respond to ed perturbations remains to be
tested.

We observed many instances where the expression of Yorkie target genes was uniquely
regulated at the border of wild-type cells and ed-RNAi or ed-OFE, indicating that ed can
non-autonomously regulate these transcriptional targets of the Hippo pathway. Diapl, ex-
lacZ, and ban-lacZ were elevated in wild-type cells abutting ed-RNAi clones. We also
saw elevated ex-/acZ in the Ed-overexpressing cells at the boundary with wild-type cells
when overexpression was driven by the #h-Gal4 driver. Given the similarity to border-
effects seen with f#/ds manipulations, and the increase in Ft levels within ed-RNAi it is
plausible that these border effects are the consequence of Ed’s effect on Ft.

In all cases where we observed a boundary effect, it occurred in the cells with more Ed at
an interface between cells with different Ed levels. This is reminiscent of a different
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boundary effect associated with discontinuities of Ed expression: the formation of an
actomyosin cable in Ed-expressing cells at the interface with Ed-non-expressing cells
(Chang et al., 2011; Laplante & Nilson, 2006, 2011; Wei et al., 2005). Whether these two
boundary effects—increased expression of Yorkie target genes and actomyosin cable
induction—share a common mechanism remains to be determined.

In Chapter 2, we described how ed loss can cause an undergrowth phenotype in clones,
and in Chapter 3, we described how ed loss can lead to an overgrowth phenotype in entire
organs. Phenomena like cell competition can underlie phenotypic differences between
clonal and non-clonal perturbations of the same gene. The apparent induction of Yorkie
target genes in cells abutting ed clones could create a competitive interface, with the
wild-type neighbors adopting a “super-competitor” status due to decreased Hippo
pathway activity. This would have a negative effect on the survival of cells within the ed
clone, specifically at the competitive interface. The overall impact of this competitive
interaction would be greatest when the percentage of ed cells in direct contact with wild-
type neighbors is highest—such as when ed clones are scattered throughout the tissue at
low density. The impact would be lower when the competitive interface is minimized—
such as when Ed is depleted in a contiguous region like a compartment. The impact
would be lowest when there is no competitive interface at all. Although Hippo-based
competition could contribute to the elimination of ed-depleted clones in mosaics, we also
observed elevated apoptosis in ed tissue that is not near wild type neighbors. Therefore,
even if Hippo pathway-mediated competition occurs at the interface of ed clones,
competition-independent apoptosis likely contributes substantially to clonal elimination.
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4.4 Figures

hs-FLP; Act<stop<Gal4,
UAS-GFP or -RFP, UAS-ed-RNAi
s

Figure 4.1: ed-RNAi non-autonomously increases the expression of Yorkie target
genes outside of clones.

ed-RNAi clones express low levels of Diapl (A) ban-lacZ (B), and fj-lacZ (C), however,
expression is elevated in neighboring WT cells (yellow arrowheads). Scale bars: 25um.
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Figure 4.2 Localization of Yki:GFP is not obviously changed in or around ed-RNAi
clones.

RFP-labeled clones expressing UAS-ed-RNAi show no obvious alteration in the
localization of a GFP-tagged Yki. The region of the disc enclosed by the dashed line is
shown at higher magnification in the insets.
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hh-Gald, UAS-GFP _
A UAS-ed-RNAi | A'F

:::::

ex-lacZ

Figure 4.3: ed-RNAi in the posterior compartment has different effects on different
Yorkie target genes.

ed-RNAi in the posterior compartment autonomously decreases levels of Diapl (A) and
increases expression of ex-lacZ (B). Scale bars: 50um.
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hs-FLP; Act<stop<Gal4,
UAS-GFP, UAS-ed

A

hh-Gal4, UAS-GFP, UAS-ed

Figure 4.4: ed overexpression has diverse effects on Yorkie target genes.

Overexpression of ed in clones (A, C) or in the posterior compartment (B, D). A-B) ed-
OE does not effect the levels of Diapl protein in clones (A), but OE in the entire
posterior compartment leads to an autonomous reduction of Diap1 (B). C) ed-OF leads to
an increase in ban-lacZ activity in clones. D) ed-OE in the posterior compartment leads
to an autonomous increase in ex-/acZ in the hinge and notum. In the pouch, elevated ex-
lacZ is visible in the ed-overexpressing cells bordering wild-type neighbors (arrowheads,
insets). In (D), the posterior compartment is labeled by high levels of Ed. (Note:
endogenous Ed is also present in the anterior compartment, but is only clearly visible in
regions where the adherens junctions are in the focal plane, such as in folds and in margin
cells toward the lateral edge of the disc. Scale bars: 25um (A,C), 5S0um (B, D).
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hs-FLP; Act<stop<Gal4, UAS-GFP,
UAS-ed-RNAi -
i A Basal Z-plane A! :\(_Apic"a| Z-pla

Figure 4.5: ed-RNAi clones have high levels of Fat.

(A) is shown at a Z plane which clearly shows GFP expression labeling clones; (A’) is
shown at a more apical Z plane where Ft is localized. Since ed-RNAi clones apically
constrict and form smooth borders with wild type neighbors at the level of the adherens
junctions, the clones appear slightly smaller, rounder, and offset in the X-Y plane when
viewed in the apical Z plane as compared to the Z basal plane. Scale bars: 25um.
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hs-FLP; Act<stop<Gal4, UAS-GFP
UAS-ed-RNAi

Figure 4.6: ed-RNAi clones have lowered levels of Cic.

ed-RNAi clones (GFP+) were generated at high density with a long heat shock. Cic
protein is slightly higher in wild-type cells (absence of GFP) than in ed-RNAi cells.
Indicated regions (boxes) are shown at higher magnification in (B-C). Clone borders
where disparities in Cic levels are easily seen are marked with yellow arrowheads. Scale
bars: 50um.
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5 Genetic modifiers of ed-mediated
overgrowth

5.1 Introduction

Loss-of-function mutations often produce obvious mutant phenotypes when homozygous,
but not when heterozygous. This is because a single dose of functional gene product is
usually sufficient for wild-type function, however, this may not be the case under
sensitized conditions. Dominant modifier screens take advantage of this conditional
haploinsufficiency to identify genes involved in a common pathway. By screening for
heterozygous loss-of-function mutations which cause a phenotype only when a particular
pathway is sensitized, new members of that pathway can be identified. The use of
heterozygous mutants simplifies the genetics and allows for the inclusion of recessive-
lethal mutations in the candidate pool. Dominant modifier screens in genetically-
amenable model organisms have been successful at uncovering key players in many
signaling pathways (Jorgensen & Mango, 2002; Simon et al., 1991; St Johnston, 2002).

Drosophila wings depleted of ed are larger and broader than wild-type wings. Yue et al.
(2012) have proposed that this overgrowth occurs because ed is a negative regulator of
growth through the Hippo pathway; loss of ed leads to increased transcription of Yorkie-
target genes which promote cell survival and proliferation. In the light of our inability to
replicate some of the findings from Yue et al. (2012) (see Chapter 4), we sought to
independently investigate the mechanism underlying overgrowth driven by the loss of ed.
We designed a dominant modifier screen aimed to uncover mutations that enhance or
suppress ed-RNAi-driven overgrowth in the wing, with the goal of identifying which
signaling pathway(s) mediate ed’s effect on organ size.

5.2 Results

Flies of the genotype w, nub-Gal4, UAS-ed-RNAi/<CyO.Tb> were crossed to stocks
carrying mutations in candidates of interest (Figure 5.1). Adult wings were collected from
~10 female progeny which inherited one copy of the nub-Gal4, UAS-ed-RNAi and one
copy of the mutation of interest.

We screened loss-of-function alleles (null alleles, when possible) of all known genetic or
physical interactors with ed for which reagents were easily available from the
Bloomington Drosophila Stock Center. We additionally included a few members of
every major growth-control pathway, regardless of whether an interaction with ed had
been previously reported. We also included a small number UAS- driven knockdown or
overexpression lines, with the caveat that these are not heterozygous loss-of-function
mutations and must be analyzed using appropriate controls outside of the “dominant
modifier” framework.

We set up crosses with approximately the same number of parental flies and limited the
egg-laying period to ~24h to prevent overcrowding of vials, since overcrowding can
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reduce adult body size. Our methodology does not fully control for larval density, so
batch effects may still be present. We therefore focused on identifying strong modifiers
or patterns of multiple members of the same pathway causing modifications.

A total of 62 loss-of-function lines and 7 UAS-knockdown or overexpression lines were
included in this screen. 28 loss-of-function lines dominantly modified wing size in some
fashion (4/7 of the UAS- driven knockdown or overexpression lines also modified wing
size). Of the loss-of-function lines, 13 were scored as causing a “moderate” to “strong”
modification. The results are reported in Table 5.1. Notable hits are described below.

Hippo Pathway

nub-Gal4, UAS-ed-RNAi in combination with various mutations affecting the Hippo
pathway (wts*?7, Mer’, Diapl! + crb!4??) led to enhanced overgrowth (Figure 5.3). The
most dramatic overgrowth is seen with the Mer®, however, this allele also produces
overgrowth when heterozygous in the absence of nub-Gal4, UAS-ed-RNAi (not shown),
so the phenotype may be additive rather than a dominant enhancement.

Notch Pathway

nub-Gal4, UAS-ed-RNAi in combination with Notch>E!! (N°7E!1) yielded flies with
notched wings of varying severity. N>£/! heterozygotes without nub-Gal4, UAS-ed-RNAi
usually have a small notch at the distal tip of the wing blade (Figure 5.3A). The notching
phenotype in N7E/! heterozygotes with nub-Gald4, UAS-ed-RNAi was incompletely
penetrant and variable in strength, with the most severe notching much more extensive
than typically seen with N>7£!! heterozygosity alone (Figure 5.3B). N E/!/+; nub-Gal4,
UAS-ed-RNAi wings without severe notching were somewhat larger than wings with nub-
Gal4, UAS-ed-RNAi alone (compare Figure 5.3B’ and C). nub-Gal4, UAS-ed-RNAi in
combination with Delta* leads to wings with reduced size, widened veins, and terminal
deltas (Figure 5.3D), phenotypes which are frequently observed with enhancement of
Delta loss-of-function alleles (Klein & Campos-Ortega, 1992). These results do not
indicate that reduction of Notch signaling consistently enhances or suppresses nub-Gal4,
UAS-ed-RNAi wing overgrowth but are consistent with previously published work
indicating that Ed synergizes with Notch signaling during the organ patterning and cell-
fate specification (Ahmed et al., 2003; Escudero et al., 2003; Rawlins, Lovegrove, et al.,
2003).

Canoe

We did not have a loss-of-function allele of canoe (cno), so we instead examined the
effects of co-depletion of ed and cno by RNAi. Whereas nub-Gal4, UAS-ed-RNAi
produces a large, broad wing (Figure 5.4A), nub-Gal4, UAS-cno-RNAi alone generates a
wing that is small and narrow (Figure 5.4B). nub-Gal4, UAS-ed-RNAi, UAS-cno-RNAi in
combination yielded extremely reduced wing rudiment (Figure 5.4C). The enhancement
of the UAS-cno-RNAi wing reduction phenotype by ed-RNAi suggests either a) depletion
of Cno by nub-Gal4, UAS-cno-RNAi is incomplete, so these animals retain sufficient
function of the Ed-Cno complex to partially support wing morphogenesis, or b) that Ed
has Cno-independent function which is required for cell survival and/or wing
morphogenesis in the absence of Cno.
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upd2A
nub-Gal4, UAS-ed-RNAi in combination with upd24 (BL#55727) (Osman et al., 2012)

produced a dramatic modification of the wing phenotype. When the female parent
provided the nub-Gal4, UAS-ed-RNAi chromosome and the male provided the upd24
chromosome, most female progeny failed to eclose from their pupal cases and had leg
segments that were shorter and less straight than wild-type (upd?2 is on the X
chromosome, so male progeny did not inherit the upd2 deletion). The few that did eclose
had wings that were reduced in size with large blisters in the proximal region near the
wing-hinge junction (Figure 5.5B). None of these aberrant phenotypes are seen in upd24
homozygotes or hemizygotes in the absence of nub-Gal4, UAS-ed-RNAi. (Figure 5.5C).
This blistering phenotype is occasionally seen with nub-Gal4, UAS-ed-RNAi alone, but
with much lower penetrance. The leg and wing defects may underlie the high rate of
eclosion failure—flies who did eclose typically had less severe leg defects than those
who didn’t (compare Figure 5.5E and E’), and many flies who partially eclosed appeared
to have ruptured blisters which caused their wings to stick to the wall of the pupal case.
Similar phenotypes were observed with the double mutant upd24, upd34 stock
(BL#55729; data not shown).

Because loss of ed is associated with increased apoptosis in clones (see Chapter 3), we
assessed apoptosis levels in upd24/+; nub-Gal4, UAS-ed-RNAi L3 wing imaginal discs
by Dcp-1 staining. We performed the experiment in such a way that female progeny
would be upd24/+; nub-Gal4, UAS-ed-RNAi, and male progeny would be +/Y,; nub-
Gal4, UAS-ed-RNAi, so only ~half of the progeny (the females) should have modifier
activity. We observed a bimodal distribution of phenotypes: some discs had moderate
apoptosis levels, which are presumed to be discs taken from male offspring (Figure
5.6A). The rest of the discs had extremely elevated levels of apoptosis, which are
presumed to be discs taken from female offspring that have the genetic modifier (Figure
5.6B). The apoptosis occurs primarily in proximal portions of the wing pouch, which is
consistent with elevated apoptosis being the cause of the proximal wing blisters observed
in adults. This result suggests that the genetic modifier behaves as an enhancer of
apoptosis. The change in overall wing size may reflect increased apoptosis which reduces
the total number of cells contributing to the adult wing, rather than reflecting a genetic
interaction between ed and another member of the pathway directly responsible for ed-
mediated overgrowth.

Upd2 is a ligand in the Jak-STAT pathway. If reduced Jak-STAT signaling is responsible
for the genetic interaction between upd24 and nub-Gal4, UAS-ed-RNAi, we would expect
that mutations in other Jak-STAT pathway members would also modify the nub-Gal4,
UAS-ed-RNAi phenotype in a similar fashion. However, we did not observe a comparable
genetic interaction between ed and any other member of the Jak-STAT pathway (Figure
5.7). From this, we conclude that reduced dosage of Jak-STAT signaling is unlikely to be
the causative mechanism for the genetic interaction between ed and the upd24
chromosome.
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To further test whether deletion of upd? is responsible for the modification associated
with the upd24 chromosome, we tested an independently-generated upd?2 null allele,
upd24%% (Hombria et al., 2005), for modifier activity when in combination with nub-
Gal4, UAS-ed-RNAi. We did not observe any modification when using the upd24%-%
allele (Figure 5.8B). We also did not observe any modification in nub-Gal4, UAS-ed-
RNAi, UAS-upd2-RNAi (BL#33988) double-knockdown wings (Figure 5.8C). These
experiments suggest that reduction of upd2 does not account for the genetic interaction
between the upd24 chromosome and nub-Gal4, UAS-ed-RNAi.

It is possible that a second-site mutation or transgene on the upd24 chromosome is
responsible for the genetic modification we observed. If this were the case, the modifier
could be located anywhere on the X chromosome. We performed recombination mapping
to determine the location of the causative genetic modifier on the upd24 X chromosome
(Figure 5.9). Modifier activity was closely linked to the Bar locus (recombination
frequency 2.2%, N=318). This result is consistent with upd24 being the causative genetic
lesion, since the distance between the upd2 and Bar loci is about 3 map units, although it
does not rule out the possibility that the modifier is something other than the upd24 allele
that is also closely linked to Bar.

The upd24 allele was generated by FLP-FRT recombination between a P{XP} element
and a PBac{WH} element which were inserted into regions flanking the upd2 gene
(Osman et al., 2012). The recombination event removed the entire upd2 gene, which we
confirmed by whole-genome sequencing. However, the P+PBac{XP5.WHS5} hybrid
element generated by the recombination event retains a UAS site capable of driving Gal4-
mediated misexpression. We hypothesize that U4S-misexpression of a nearby
downstream gene is responsible for the genetic modification associated with the upd24
allele. Consistent with a model where the modifier activity of the upd24 chromosome
relies on Gal4 activity, not just a reduction in ed, we did not observe a strong genetic
interaction between ed"?’ (null) and upd24. Some double heterozygotes appeared to have
a slightly reduced wing size compared to upd24/+ alone and ed™™’ ™!V /+ alone, but this
was not consistent. We did not observe any other abnormal phenotypes observed
associated with upd24/+; nub-Gal4, UAS-ed-RNAi (e.g. eclosion failure, blisters) (Figure
5.10).

Also consistent with the hypothesis of UAS-misexpression is that upd24 heterozygotes
that also express nub-Gal4, without any perturbations to ed, have small wings with
proximal blisters (Figure 5.11). We conclude that the “modifier” phenotypes associated
with the upd24 represent the phenotypes caused by UAS-misexpression from the upd24
rather than a bona fide genetic interaction with ed.

5.3 Discussion

ed genetically interacts with multiple signaling pathways during wing development
Our dominant modifier screen identified a number of genetic interactions with nub-Gal4,
UAS-ed-RNAi. Given the curated list of candidates, it is unsurprising that we saw genetic
interactions with several genes known to interact with ed in other contexts, including
members of the Notch pathway, Hippo pathway, and cno.
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The Hippo pathway has previously been implicated as the responsible pathway for ed
loss-driven overgrowth; our results from this screen are in line with that model, although
additional exploration would be prudent in light of the conflicting data presented in
Chapter 4.

We report the phenotypes with Notch and cno as they may be of interest to others,
although the data do not point to these being likely candidates for mediating the
overgrowth.

The upd2A4 allele modifies nub-Gal4, UAS-ed-RNAi phenotypes via a UAS-
misexpression element

The strongest dominant modifier in our screen was the upd24 allele. Heterozygosity or
hemizygosity for upd24 in combination with nub-Gal4, UAS-ed-RNAi led to eclosion
defects, leg malformations, and wings with reduced size and prominent blisters, which
are likely the result of highly elevated apoptosis in the wing discs. However, we think it
is unlikely that the deletion of upd?2 is responsible for these phenotypes, since they were
not observed with a second upd?2 null allele nor with nub-Gal4, UAS-ed-RNAi, UAS-
upd2-RNAi. The presence of a UAS- misexpression element in the upd24 allele, and the
observation many of the “modifier” phenotypes are elicited by crossing upd24 to nub-
Gal4 even without UAS-ed-RNAi, leads us to believe that UAS-driven expression of a
nearby gene is the most likely cause of the genetic modification caused by the upd24
allele.

Additional experiments are necessary to determine what gene is misexpressed in upd24
animals when Gal4 is present. The closest genes downstream of the upd24 UAS-
misexpression construct—Ilikely candidates to be misexpressed—are the long noncoding
RNA IncRNA:CR45622 and the unnamed gene CG33639, a putative
neuropeptide/protein hormone GPCR (Alliance of Genome Resources, n.d.).

Many deletion alleles have been made in a similar manner to the upd24 allele and harbor
UAS- misexpression constructs. We caution other researchers who use these reagents as
deletion alleles to be aware of potential confounding effects caused by UAS-driven
misexpression.

Relationship between ed and Jak-STAT signaling

Our data do not support that there is a genetic interaction between ed and the Jak-STAT
pathway, at least in the context of wing growth and morphogenesis. Another study has
shown that heterozygosity of ed does not modify the Jak-STAT-dependent tumorigenic
phenotype of hopTum-I/+ flies (Anderson et al., 2017). Ed has been implicated as a
positive regulator of STAT92E phosphorylation by a single study (Baeg et al., 2005).
However, this claim is entirely based on an interference RNA screen in S2-NP cells (a
line of S2 cells). It is puzzling that dsSRNAI targeting ed would have any effect in S2-
derived cells, since S2 cells do not endogenously express cell adhesion molecules,
including Ed (Hortsch & Bieber, 1991; Islam et al., 2003). As such, we suspect the
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interaction between Ed and STATI2E reported by Baeg et al. (2005) is likely to be a
false positive.
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5.4 Figures and tables

nub-Gal4, UAS-ed-RNAi x Mutation
<CyO, Tb> l Balancer

nub-Gal4, UAS-ed-RNAI
Mutation

Figure 5.1: Genetic scheme used for the dominant modifier screen.

Only chromosome 2 is shown. The same overall scheme is also used for mutations on

chromosome X or 3. Crosses were conducted using nub-Gal4, UAS-ed-RNAi/<CyO, Th>
as the female parent, except when screening balanced mutations on the X chromosome.
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A) nub-Gal4, UAS-ed-RNAi wings are large and broad. B-D) RNAI targeting various

Figure 5.2: ed genetically interacts with the Hippo pathway.

Hippo pathway genes dominantly enhances the overgrowth seen with nub-Gal4, UAS-ed-
RNAi. Scale bars: 100pm
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Figure 5.3: ed genetically interacts with the Notch pathway.

A) N>¢!! heterozygotes present with subtle notching at the distal tip of the wing blade. B)
N>¢ll heterozygotes that also express nub-Gal4, UAS-ed-RNAi present with notching
phenotypes ranging from severe notching (left) to no notching (right). Wings that are not
notched (B, right) show enhanced overgrowth as compared to nub-Gal4, UAS-ed-RNAi
alone (C). D) nub-Gal4, UAS-ed-RNAi; Delta”/+ wings are reduced in size with widened
veins (arrowheads) and terminal deltas (inset). Scale bars: 100um
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Figure 5.4: Co-depletion of ed and crno has a synergistic negative effect on growth.

A) nub-Gal4, UAS-ed-RNAi wings are large and broad. B) nub-Gal4, UAS-cno-RNAi
wings are small and narrow. C) nub-Gal4, UAS-cno-RNAi, UAS-ed-RNAi wings are

rudimentary. Scale bars: 100um
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Figure 5.5: The upd2A4 allele dominantly modifies the nub-Gal4, UAS-ed-RNAi wing
phenotype.

A) nub-Gal4, UAS-ed-RNAi wings are large and broad. B) upd24/+; nub-Gal4, UAS-ed-
RNAi flies have reduced wings with proximal blisters or blister scars. Many fail to fully
eclose (B’). Prominent blisters are visibly on the wings of flies that do manage to eclose
(B’’). C) Homozygosity for upd24 does not cause of the phenotypes seen when a single
copy of upd24 is in combination with nub-Gal4, UAS-ed-RNAi. D) legs from nub-Gal4,
UAS-ed-RNAi flies have straight leg segments. E) upd24/+; nub-Gal4, UAS-ed-RNAi
flies have shortened, convoluted legs. The phenotype is less severe in the flies which
successfully eclose (E’). Scale bars: 100um

55



+/Y; nub>ed-RNAi OR upd2A/+; nub>ed-RNAi
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Figure 5.6: High levels of apoptosis in upd24/+; nub-Gal4, UAS-ed-RNAi wing
imaginal discs.

(A) Phenotypic class I discs show an apoptosis pattern typical of nub-Gal4, UAS-ed-
RNAi alone and are presumed to be +/Y; nub-Gal4, UAS-ed-RNAi. B) Phenotypic class 11
discs show a much higher level of apoptosis pattern than is typical of nub-Gal4, UAS-ed-
RNAi alone and are presumed to be upd24/+; nub-Gal4, UAS-ed-RNAi. Scale bars:
100pum.
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Figure 5.7: Various members of the Jak-STAT pathway do not modify the nub-
Gal4, UAS-ed-RNAi phenotype in the same manner as upd24.

A) nub-Gal4, UAS-ed-RNAi wings are large and broad. Heterozygosity for loss-of-
function mutations in B) STATY92E, C) dome, D) hop, or E) updl and upd3 does not
reduce size of nub-Gal4, UAS-ed-RNAi wings or cause blisters. Scale bars: 100um
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Figure 5.8: Depletion of upd2 using reagents other than the upd2A4 allele does not
modify the nub-Gal4, UAS-ed-RNAi phenotype.

A) nub-Gal4, UAS-ed-RNAi wings are large and broad. B) heterozygosity for the upd24*
%2 null allele or C) co-expression of UAS-ed-RNAi and UAS-upd2-RNAi by nub-Gal4 does

not result in reduced wing size or blisters. Scale bars: 100um
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Figure 5.9: Genetic scheme used for recombination mapping.

Only relevant genetic features are shown. The genetic modifier associated with the upd24
chromosome is represented as a red asterisk.
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Figure 5.10: upd24 does not strongly genetically interact with the null ed’"?’ allele.

A) ed™/+ heterozygote. B) Range of wing sizes seen in upd24/+; ed'"?°/+ double

heterozygotes. Scale bars: 100um
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Figure 5.11: upd24, which contains a UAS misexpression site, genetically interacts

with nub-Gal4.

A) Wings of the genotype upd24/+; nub-Gal4, UAS-ed-RNAi are small and have

upd2A/+; nub>

>ed-RNAI

>GFP

100pm,

B /i

proximal blister scars. B) Wings of the genotype upd24/+; nub-Gal4, UAS-GFP are also

small and have proximal blister scars. Scale bars: Scale bars: 100pum.
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Table 5.1: Results from dominant modifier screen.

Crosses with loss-of-function alleles

Pathway/Proces
Allele s BDSC # Full Genotype Interaction Notes on observation
efffmer4] [diap] regulator] BL6401  w[1118];; efffmer4]/TM3, Sb[1] None
Growth a few outliers show very
[known enhancement small enlargement of wing
Grip[M10366] interaction w/ ed] BL55472 y,w;MiMlc.Grip[M10366] (slight) length
y[L] wl*];
[known Mi{y[+mDint2]=MIC} Smurf{[MI07
SmurflM107104] interaction w/ ed] BL44700 104] None
V1T W*;
[known Mi{y[+mDint2]=MIC } tutl[M108 144
tutl[M108144] interaction w/ ed] BL44758 ]/<SM6a> None
w[*];; P{w[+tAR]
Actomyosin ry[+t7.2AR]=wA[R]}jar[2095]/TM
jar[2095] contractility BL7246 3, Sb[1] Ser[1] None
Actomyosin w[*] sqh[AX3] Close call, maybe very
Sqh[Ax3] contractility BL25712 P{ry[+t7.2]=neoFRT}19A/FM7¢c None slight enhancement?
Growth medium range of
Actomyosin suppression  suppression, both wing
zip[1] contractility BL4199  ;sn[1],bw[1],speck[1],zip[1]/CyO  (moderate) length and weight
Growth
suppression  very small shrinkage of
hid[1] Apoptosis BL631 ;; hid[ 1] (slight) wing width
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morgue[EP1184]

Df(3L)H99

arm[4]

baz[4]

fred[M102235]

fred[M103208]

Nrg[14]

Nrg[17]
aos[A7]
Egfr[f2]

Raf[7]

Apoptosis

Apoptosis

Cell junctions

Cell junctions

Cell junctions

Cell junctions

Cell junctions

Cell junctions
EGFR/Ras
EGFR/Ras

EGFR/Ras

BL16996

BL1576

BL68161

BL3295

BL34300

BL36263

BL5708

BL5595
BL1004
BL2768

BL7338

w[1118];

Growth

P{w[+mC]=EP}morgue[EP1184]/C enhancement

yO

;; Df(3L)H99, kni[ri-1] p[p]/TM3,

Sb[1]

y[1] arm[4]

P{ry[+t7.2]=neoFRT} 19A/FMO

y[1] baz[4]/FM7a

y[1] w[*];

Mi{y[+mDint2]=MIC} fred[M10223

5]/SMé6a
y[1] wl*];

Mi {y[+mDint2]=MIC} fred[MI0320

8]/SM6a

Nrg[14]/FM7¢c

Nrg[17]/FM7c, sn[+]
;; aos[Delta7]/TM3, Sb[1]
; en[1] Egfr[f2] bw[1] speck[1]/CyO

Raf[7]/FM7a

(moderate)

None

Growth
enhancement
(slight)
Growth

enhancement
(slight)

None

None

Growth
enhancement
(moderate)

None
None

None

Growth
enhancement
(slight)

consistent yet small
enlargement of wings (both
length and width)

very small enlargement of
wing length

very small trend towards
enhancement of wing length

noticeable enlargement of
wing length and width

Close call, maybe very
slight enhancement?

very very small enlargement
of wing
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Ras85D[e2F],

sev[14] EGFR/Ras BL5690  sev[14];; Ras85D[e2F]/TM3, Sb[1] None
rl[1] EGFR/Ras BL386 rl[1] None
S[1] EGFR/Ras BL8616  ; S[1]/SM1; Sb[1]/TM6 None
Sos[34Ea-6] EGFR/Ras BL2240 ; b[1] Sos[34Ea-6] Adh[n4]/CyO None
spi[1] EGFR/Ras BL1859  ;spi[l] cn[1] bw[1] speck[1]/CyO  None
w[*];; sty[Delta5]/TM3, Sb[1]
sty[AS] EGFR/Ras BL6382  P{w[+mC]=35UZ}2 None
Growth small trend towards
w[*];; sty[226] hry[1] e[*] enhancement enlargement of wing length
Sty[226] EGFR/Ras BL6383  ca[1]/TM6B, Tb[1] (moderate) in particular
Endocytic w[1118]; P{w[+mC]=EP} AP-
Ap2u[G4842] trafficking BL30102 2mu[G4842]/TM6C, Sb[1] None
Growth
Endocytic ;; Rab11[93Bi] ¢[LE1] cd[1]/TM3, enhancement very very small enlargement
Rab11[93Bi] trafficking BL4158  Sb[1] Ser[1] (slight) of wing length
some of wings had noticable
w[*];; suppression of both wing
Endocytic P{w[+mC]=EP}Rab11[EP3017]/T length and height, rest were
Rab11[EP3017] trafficking BL42708 M6B, Tb[1] None* normal
y{1] Wl
Endocytic Mi{y[+mDint2]=MIC}RASSF8[MI
RASSF8[MI10112] trafficking BL53462 10112] None
Growth
suppression
Endocytic w[1118];; (slight,
RASSF8[G15974] trafficking BL31807 P{w[+mC]=EP}RASSF8[G15974] variable)
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ex[1]

kibra[MI01487]

Mer[MI102931]

Mer[3]
sd[1]

wts[3-17]

Diapl[th-1], cno

Diapl[th-1],

crb[11A22]

ex[1], ds[1], S[X]

Hippo

Hippo

Hippo

Hippo
Hippo

Hippo

Hippo,
Apoptosis, Cell
junctions

Hippo,
Apoptosis, Cell
junctions
Hippo,
EGFR/Ras, PCP

BL295

BL40175

BL36167

BL9103
BL1027

BL7052

BL3107

BL3448

BL296

ex[1]

y[1] wl*];;

Mi{y[+mDint2]=MIC} kibra[MI014
871/TM3, Sb[1] Ser[1]

y[1] w[*]

Mi{y[+mDint2]=MIC} Mer[MI10293
1]

w[*] Mer[3]
P{ry[+t7.2]=neoFRT}19A/FM7c

sd[1]

;3 st[1] in[ 1] kni[ri-1] p[p] wts[3-
17]/TM3, Sb[1]

;;ru[1] hry[1] Diap1[th-1] st[1]
cno[2] cu[1] sr[1] e[s] ca[1]/TM3,
Sb[1] Ser[1]

;;ru[1] hry[1] Diap1[th-1] st[1]
cu[l] sr[1] e[s] crb[11A22]
ca[1]/TM3, Sb[1] Ser[1]

;ex[1], ds[1], S[X], ast[X]/SM1

Growth
enhancement
(slight)
Growth

enhancement
(slight)

None

Growth
enhancement*
(strong)

None

Growth
enhancement
(moderate)

None

Growth
enhancement
(moderate)

Growth
suppression

very small enhancement of
wing length

consistent yet small
enlargement of wing length

very noticable enlargment
of wing length and width.
*NOTE: Mer|[3]
heterozygotes have enlarged
wings, phenotypes may be
additive

noticable enhancement of
wing height

consistent yet small
enlargement of wings
(seems like both length and
height)

medium range of variation,
yet several are noticably
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ds[W]

f[1]

f[G-rv]

dome[G0367]
hop[2]

Stat92E[F]

Stat92E[06346]

upd1[os-s],
upd3[os-s]

upd2A

Hippo, PCP

Hippo, PCP

Hippo, PCP

included by
accident?

Jak-STAT
Jak-STAT

Jak-STAT

Jak-STAT

Jak-STAT

Jak-STAT

BL287

BL304

BL189%4

BL6698

BL11986
BL6032

BL24757

BL11681

BL79

BL55727

; ds[W]/CyO

; ft[1];

; ftf[G-rv]/SM5

Df(1)hl-a, w[1] cv[1]
Bar[1]/C(1)DX, y[1] [ 1];
Dp(1;2)sn[+]72d/Dp(?;2)bw[D],
bw[D]

w[67c23]

P{w[+mC]=lacW }dome[G0367]/F
MT7c

hop[2]/FM7a

w[*];; e[1] Stat92E[F]/TM6C, cu[1]
Sb[1]

55 1y[506]
P{ry[+t7.2]=PZ}Stat92E[06346]/T
M3, ry[RK] Sb[1] Ser[1]

Ab(1)os[s], upd1[os-s] upd3[os-s]

w, upd2A

(slight,
variable)

None

Growth
enhancement
(slight)
Growth

enhancement
(slight)

Growth
enhancement
(slight)
Growth
enhancement
(moderate)

None

None

None

None

Growth
suppression
(strong),

shrunk in height but
especially length

consistent yet small
enlargment of wing length

very small trend towards
wing length enlargement

very small enlargement of
wing height

very noticable shrinkage of
wing length and width;
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upd2A, upd3A

Delta[X]

N[55¢11]

Su(H)[1]

Akt[04226]

chico[1]

Jak-STAT

Notch

Notch

Notch

Pi3K/Insulin

Pi3K/Insulin

BL55729

BL60336

BL34814

BL417

BL11627

BL10738

many wings damaged,
unfolded as well

very noticable shrinkage of
wing length and width;
many wings damaged,

w,upd2[A],upd3[A];; unfolded as well
Growth
suppression
(moderate,
;; Delta[ X]/TM3.Sb variable) wide range of suppression
Growth
enhancement
(moderate, in  high rate of wing
wings w/o notching/scalloping.
notching), noticable enlargement of
N[55¢ell] enhancement wing length & height in
P{ry[+t7.2]=neoFRT}19A/FM7c¢c of notching wings that aren't notched
; Su(H)[1])/In(2L)Cy, In(2R)Cy,
Duox[Cy] pr[1] None
;3 1y[506] Growth
P{ry[+t7.2]=PZ} Akt[04226]/TM3, enhancement very very small enlargement
ry[RK] Sb[1] Ser[1] (slight) of wing height
;en[1] Growth
P{ry[+t7.2]=ry11}chico[1]/CyO; enhancement noticable enhancement of
ry[506] (moderate) wing length
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foxo[21] Pi3K/Insulin BL80943 y[1] w[*];; foxo[21]/TM6B, Tb[1]  None

Pi3K92E[KO] Pi3K/Insulin BL93737 w[*];; Pi3K92E[KO]/TM3, Sb[1] None no sig. change
Pten[117] Pi3K/Insulin BL80967 y[1] w[*]; Pten[117]/CyO None
;; mwh[1]jv[ 1] gig[109] red[1]
gig[109] Tor BL4739  ro[1]/TM3, Ser[1] None
yI1] wl*];
mTor[R97C]/T(2;3)SM6a-TM6B,
mTor[R97C] Tor BL80931 Tb[1] None
consistent yet small
y[1] w[*];; Growth enlargment of length
P{ry[+t7.2]=neoFRT}82B enhancement (maybe also width to
Tsc1[Q600X] Tor BL82163 Tscl[Q600X]/TM6B, Tb[1] (slight) smaller degree)

Crosses with UAS-RNAI or UAS-OE (Need control cross to nub-Gal4 alone to interpret phenotype)

Pathway/Proces
Allele s BDSC # Full Genotype Interaction Notes on observation
UAS.eff HA [diap1 regulator] BL26691 w[*];; P{w[+mC]=UAS-effHA}1.4 None
Growth wide range yet trending
y[1] sc[*] v[1] sev[21]; P{y[+t7.7] enhancement towards enhancement of
UAS-kibra-RNAi  Hippo BL51499 v[+t1.8]=TRiP.HMC03256}attP2  (moderate) both wing length and width
Growth
suppression
(extreme)
[enhancement
of nub>cno-
[known y[1] sc[*] v[1] sev[21]; P{y[+t7.7] RNAtalone  all so small and cup-shaped,

UAS-cno-RNAi interaction w/ ed] BL33367 v[+t1.8]=TRiP.HMS00239}attP2  [phenotype] none measurable
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UAS-raptor-RNAi

UAS-Grip-RNAi

UAS-Smurf-RNAIi

UAS-tutl-RNAi

mTor BL34814

[known
interaction w/ ed] BL41978

[known
interaction w/ ed] BL40905

[known
interaction w/ ed] BL54850

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS00124}attP2

y[1] sc[*] v[1] sev[21];; P{y[+t7.7]
v[+t1.8]=TRiP.HMS02376}attP2

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

<CyO>

y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMJ21587}attP40/
<CyO>

None

Growth
v[+t1.8]=TRiP.HMS02153}attP40/ enhancement consistent yet small

(slight)

None

wide range of shinkage, yet
very immense shringage,
many wings still folded.

aent of wing length



Conclusion

To identify genes that regulate growth in mosaic contexts, we conducted an RNAi screen
of genes encoding cell adhesion molecules. We recovered a handful of hits which alter
the growth, survival, or morphology of knockdown clones and we focused on
characterizing the phenotypes associated with reduction of one hit, echinoid (ed). Like
others (Chang et al., 2011; Escudero et al., 2003; Wei et al., 2005), we observed that ed
clones have a growth and survival disadvantage in mosaic discs. Our work expands on
this observation to provide some mechanistic insight into why: ed clones have
autonomously decreased levels of Diap1 protein and are consequently more prone to
apoptosis. Whether cell competition plays a role in the elimination of ed clones—and if
so0, to what extent—is unknown. However, it is plausible that the fitness disadvantage of
ed clones may be exacerbated by the fact that wild-type cells bordering ed clones often
express increased levels of Hippo pathway target genes, which could cause these them to
behave like supercompetitors which contribute to the elimination of “loser” ed cells.

Although ed cells are often eliminated from mosaic tissues, they are viable in some non-
mosaic contexts such as when comprising entire compartments or organs, which
overgrow. The overgrowth does not require faster growth—when ed was knocked down
in only posterior cells, the affected compartments grew at a slower rate—rather, ed tissue
continues growing beyond the size at which growth would normally terminate.
Expression of full-length Ed or Ed lacking the C-terminal domain can rescue the
overgrowth of Ed-depleted wings, indicating that Ed regulates organ size via its
extracellular and/or transmembrane domain(s). Although dispensable for size control, the
C-terminal domain is required for proper elongation of the wing.

Prior to this work, the generally accepted view of ed’s role in the Hippo pathway was that
Ed autonomously promotes Hippo pathway activation to restrict growth, which would
explain why ed-depleted organs overgrow. However, our experiments revealed that the
relationship between ed and the Hippo pathway is more complex and less straightforward
than previously thought. While some of our experiments faithfully replicated findings
upon which the “textbook” view is based, (e.g., knockdown of Ed in the posterior
compartment leads to autonomously increased activity of ex-lacZ), in other cases, we
failed to replicate earlier findings (e.g., knockdown of ed in clones did not lead to a
clone-autonomous increase in Diapl proteins in our hands). We also showed that Ed
perturbations can non-autonomously increase the expression of Yorkie target genes in
neighboring cells.

While the discrepancies between our findings and previously published work seem
difficult to reconcile, another one of our key findings may provide a clue as to why: ed’s
effects on downstream targets of the Hippos pathway are context specific. It was already
known that some phenotypes associated with ed loss are tissue-specific (for example, Ed
clones do not have an apparent survival disadvantage in the follicle [Laplante & Nilson,
2006]), and we showed that ed reduction reduces growth in some contexts (clonal
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elimination) yet promotes growth in other contexts (overgrowth of ed organs). We found
that the impact of a particular ed manipulation on Hippo pathway target genes vary
depending on whether clones or broader regions are affected (e.g., ed-OFE does not affect
Diapl levels in clones but decreases Diapl levels when entire compartments are
affected).

The expression of Yorkie target genes is often used as an indirect measure of Hippo
pathway activity. However, not all genes with Yorkie-dependent transcription responded
to ed manipulations in the same way (as would be expected if their levels were reflective
of Hippo pathway activity and nothing else). This means that one or more of these genes
must have additional regulatory inputs beyond the Hippo pathway which are operating in
the context of ed manipulation. Crosstalk between Hippo and other pathways which Ed
can regulate (e.g., EGFR, Notch) could account for this variation in response.

Lastly, in an attempt to identify dominant modifiers of the overgrowth phenotype caused
by loss of ed in the wing, we discovered a genetic interaction between the upd24 allele
and nub-Gal4, UAS-ed-RNAi. We ultimately determined that this was an ed-independent
artifact of UAS-misexpression from a UAS sequence present at the upd24 deletion site.
Many other deletion alleles have been generated in a similar manner to the upd24 allele
and contain UAS-misexpression sites. We present our experience as a cautionary tale and
urge other researchers to confirm the nature of the lesion when using any deletion lines,
and to be aware of misexpression artifacts when using UAS-containing deletion alleles in
experiments involving Gal4.

In sum, this work advances our understanding of the role of ed in growth regulation in a
few major ways. First, I show that ed-depleted clones are eliminated by apoptosis, which
is the result of decreased Diapl expression and may be exacerbated by competition from
neighbors. Second, I confirm that ed-depleted tissue can overgrow due to a failure of the
mechanism that arrests growth when an organ reaches its final size. Third, I have
provided a more complex picture of how ed interacts with the Hippo pathway, which

indicates that prevailing view cannot account for many of the phenotypes associated with
ed.
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Materials and Methods

Fly Stocks & Husbandry
Unless otherwise noted, all experimental crosses were raised at 25°C on food prepared
according to the recipe from the Bloomington Stock Center.

Stocks used in this study include or were derived from the following:

Oregon-R (“Ore-R,” used as wild type), y w hs-FLP; act<[y+]<Gal4 UAS-GFP/SM5-
TMO6B, hs-FLP;, act<stop<Gal4 UAS-RFP/SM5-TM6B, TIE-DYE (Worley et al., 2013),
FRT40A4 and FRT40A, white+ ubi-GFP (T. Xu & Rubin, 1993), FRT404A MARCM (Lee
& Luo, 1999), eyFLP; FRT40A CL white+/CyO (BL5622), UAS-ed (Bai et al., 2001),
ed™" FRT40A, ed™ FRT40A, and ed*™® FRT40A (Bai et al., 2001), UAS-ed™" and UAS-
ed’“-GFP (Laplante & Nilson, 2011), nub-Gal4 (AC-62, BL25754), hh-Gal4 (BL45169),
UAS-w-RNAi (BL33644), UAS-ama-RNAi (BL33416), UAS-beat-Vc-RNAi (BL60067),
UAS-Cont-RNAi (BL34867), UAS-shg-RNAi (BL32904), UAS-side-VII-RNAi (V10011),
UAS-ft-RNAi (BL34970), UAS-ds-RNAi (BL32964), UAS-ed-RNAi (V104279, V3087,
V938, BL38423 [“ed-RNAi” refers to V104279 unless otherwise indicated]), UAS-otk2-
RNAi (BL), UAS-p35 (BL5073), UAS-cno-RNAi (BL3367), UAS-upd2-RNAi (BL33949),
Mer? (BL9103), wts*!7 (BL7052), Diap™! crb''4?? (BL3448), N°*¢!! (BL34814), Delta*®
(BL60336), upd24 and upd24,upd34 (BL55727, BL55729, (Osman et al., 2012), upd24*
62 (Hombria et al., 2005), Stat92E"3%6 (11682), domeS*¢7 (BL11986), hop? (BL6032),
upd1°,upd3°-s (BL79), and Bar! (BL2969). “BL#” or “V#” indicates stocks obtained
from the Bloomington Stock Center (Bloomington, IN, USA) or Vienna Drosophila
Resource Center (Vienna, Austria), respectively.

Additional stocks which were included in genetic screens but are not mentioned in the
main text are listed Table 2.3 (clonal screen) and Table 5.1 (dominant modifier screen)
with BDSC or VDRC numbers indicated.

Mosaic tissue generation

Clones induced by heat shock were generated in a 37°C water bath 48 h before
dissection, unless otherwise noted. FLP-out Gal4 clones were made using heat shocks of
12 minutes (to generate clones at low density), 15 minutes (for medium density), or 30
minutes (for high density). MARCM clones and mitotic recombination clones were
generated using a 1-hr heat shock.

Mitotic recombination clones made in the eye were induced by expression of the eyFFLP
driver.

Clonal screen

~10 UAS-RNAi males were crossed to ~20 y, w, hs-FLP; act<[y+]<Gal4, UAS-
GFP/SM5-TM6B or TIE-DYE (Act<stop<lacZnls, Ubi <stop<GFPnls; Act<stop<GALA,
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UAS-his2A::RFP/SM5-TM6B) virgin females. Crosses were kept on Bloomington food
supplemented with yeast and flipped once daily. Clones were induced by heat shock on
day 3. Early rounds of screening used a 15-minute heat shock, although we later switched
to a 12-minute heat shock for the majority of the screen since the low clone density made
identifying deviations in either direction easier. Wing imaginal discs from ~6 wandering
L3 larvae per line were dissected ~48h after heat shock, stained with DAPI, and imaged.

Immunohistochemistry and fluorescence microscopy

Imaginal discs were dissected in PBS, fixed in 4% paraformaldehyde in PBS, and
permeabilized in 0.1% Triton in PBS. Primary antibody incubations were done overnight
at 4°C. Secondary antibody incubations were done for 2-3h at room temperature, or
overnight at 4°C. Discs were mounted in SlowFade Diamond Antifade Mountant
(S36963, Invitrogen).

anti-cleaved Dcp-1 (1:250; Asp216, Cell Signaling Technology), mouse anti-Diap1
(1:200, B. Hay), mouse anti-pB-Galactosidase (1:500, WH0051083M1 Sigma-Aldrich),
mouse anti-B-Galactosidase (1:500, SAB4200805, Sigma-Aldrich), rat anti-Ci (1:500,
#2A1; Developmental Studies Hybridoma Bank, DSHB), rat anti-Fat (1:400, K. Irvine,

Secondary Alexa-Fluor antibodies from Invitrogen were used at 1:500. Nuclei were
stained with DAPI (1:1,000, Cell Signaling).

Fluorescence images were taken on a Zeiss Axio Imager M2 equipped with a 20%
objective (Plan-Apochromat, 20x/0.8, Zeiss), LED light source (Excelitas Technologies),
AxioCam 506 mono camera (Zeiss), and ApoTome.2 slider for optical sectioning. Images
and image stacks were acquired and optically sectioned in ZEN 2.3 software (Zeiss).
Imaged were processed using FIJI software (Schindelin et al., 2012). Unless otherwise
noted, images show a single Z-plane.

Adult wing imaging and quantification

Adult wings were dissected from female flies. One wing per fly was mounted in Gary’s
Magic Mountant (Lawrence et al., 1986). Wings were imaged using a Keyence VHX-
5000 digital microscope, using the 20-200x lens at 150x. Brightness, contrast, and color
tone of wing images have been adjusted on some images for improved visibility of
features relevant to this study (wing shape and size).

For qualitative comparisons of wing sizes, wing images or traced silhouettes were
overlaid in Powerpoint or GoogleSlides. For quantitative comparisons of wing sizes,
wings were traced and surface area was quantified in Fiji. Charts were generated using
the ggplot2 package in RStudio (Wickham, 2016).

Wing aspect ratios were calculated by dividing the length of proximodistal (PD) axis
(measured from the posterior junction of the wing and hinge to the tip of the L3 vein) by
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the length of the anteroposterior (AP) axis (measured as the shortest distance from the tip
of the L5 vein to the L1 margin).

Statistical analysis

P values were obtained by one-way ANOVA with Tukey’s HSD test using Astatsa
freeware (Vasavada, 2016). P value significance <0.01: **; 0.01 to 0.05: *; >0.05: not
significant. All error bars show standard deviation.

Hybridization Chain Reaction

In situ hybridization chain reaction (HCR) was performed on wing discs based on HCR
v3.0 protocol (Bruce et al., 2021; Choi et al., 2018) excluding methanol dehydration.
Larvae were dissected, fixed in 4% paraformaldehyde in PBS, permeabilized, and
incubated overnight with RNA probes at 37°C. Samples were then washed and incubated
overnight with fluorescently-tagged RNA hairpins and DAPI at room temperature. Probe
sequences were designed in an open-source probe design program (OzpolatLab-HCR,
2021) and synthesized by Integrated DNA Technologies. Hairpins and buffers were from
Molecular Instruments.

Dominant modifier screen

~10 males with loss-of-function mutations were crossed to ~20 w, nub-Gal4, UAS-ed-
RNAi/<CyO, Tb> virgin females (for mutations balanced over FM7, the male and female
parents were swapped to enable X-linked inheritance from the female parent). Egg lays
were done on Bloomington food and limited to 1 day as a minimal density control
measure. Adult wings from ~10 females (one wing per animal) were dissected, mounted,
and imaged. Wing outlines were manually traced in GoogleSlides. All outlines from a
particular genotype were overlaid to visualize the distribution of wings sizes for that

genotype. These were then compared to the combined traces from the no-modification
control (w; nub-Gal4, UAS-ed-RNAi/<CyO, Th> x OreR).

Recombination mapping

Crosses were conducted as outlined in Figure 5.9. Recombination frequency was
calculated using the following formula: (# of recombinant offspring / total # of offspring)
x 100

All progeny were scored, including offspring which failed to eclose from their pupal
cases.

Whole genome sequencing

Genomic DNA was prepared as described by (Huang et al., 2009), with the following
modifications: addition of a 1hr incubation with RNAse after Step 2, addition of
Proteinase K immediately before Step 3, and addition of a 5 minute incubation at 95C to
denature Proteinase K after Step 3. Library prep, Next Generation short-read whole
genome sequencing, read calling, and genome alignment was performed by
Azenta/Genewiz.
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