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JUNCTIONAL ARMADILLO (b-CATENIN) MAINTAINS PROPER TISSUE ARCHITECTURE 
DURING DROSOPHILA EYE DEVELOPMENT 

Dissertation by: Dana F. DeSantis 

Sponsor: Dr. Francesca Pignoni 

 

Abstract 

Formation of the compound eye of Drosophila requires carefully orchestrated 

developmental events that occur in its progenitor epithelium, the eye imaginal disc. This 

tissue is composed of two continuous, apposed epithelia: the disc proper epithelium 

(DpE), which forms the retina, and the peripodial epithelium (PE), which ultimately 

forms head cuticle.  In this work, I describe an armadillo (b-catenin) loss-of-function 

condition in which the developing DpE is disrupted and displays a phenotype that I call 

“retinal shift”. This developmental phenotype ultimately results in abnormal fly eye 

morphology that is incompatible with compound eye vision. I uncover a role for the PE 

in maintaining proper retinal epithelium morphology during eye formation and trace the 

molecular mechanism to the regulation of Hippo-Yki pathway in PE cells by the function 

of Armadillo at the adherens junctions.  
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Chapter 1: Introduction 

1.1. Introduction 

Formation of the compound eye of Drosophila requires carefully orchestrated 

developmental events that occur in its progenitor epithelium, the eye imaginal disc. In 

this first chapter, I describe the Drosophila eye imaginal disc as a model system for 

retina formation, and review what is known about a support tissue called the peripodial 

epithelium (PE) that is essential for proper retina development. I also review the dual 

role of the Drosophila homolog of b-catenin, called Armadillo (Arm), in the Wnt signaling 

pathway and at the adherens junction. Finally, I describe how adherens junctions play a 

critical role in regulating the transcriptional output of another signaling pathway, the 

Hippo-Yki pathway.  

In the following Chapters, I describe my studies of loss-of-function conditions in 

which the developing retinal epithelium is disrupted and displays a phenotype that I call 

“retinal shift”. This developmental phenotype ultimately results in abnormal fly eye 

morphology that is incompatible with compound eye vision. I have discovered a role for 

the PE in preventing retinal shift and maintaining proper retinal epithelium morphology 

during eye formation. I trace the genetic and molecular mechanisms that underlie this 

essential role of the PE to the regulation of the Hippo-Yki signaling pathway in PE cells 

by the adherens junctions, of which Arm is a critical component. Lastly, I discuss the 

implication of my findings in the context of a broader set of genes encoding extracellular 

matrix components and other signaling factors that are linked to the retinal shift 

phenotype and were originally identified in a genetic screen together with arm. My 



 2 

work is a first step towards the mapping of an extensive genetic network that extends 

from the ECM through the adherens junctions and the Hippo-Yki pathway into the 

nucleus and implicates the PE in proper retinal morphogenesis. 

 

1.2. Development of the larval eye imaginal disc 

 Drosophila imaginal discs are flattened epithelial sacs that give rise to most of 

the recognizable structures of the adult fly, including the head, thorax, limbs, and 

genitalia. Additionally, these epithelia give rise to all of the sensory organs associated 

with these body parts. Imaginal discs have long been used as powerful models for the 

study of organ formation, because many critical developmental processes, from 

specification to early differentiation occur in these epithelia during the readily accessible 

larval stages (L1, L2, and L3, in order of first to last stage; Fig.1.1. b.). Among the 

imaginal discs, the eye-antennal disc (Fig. 1.1. b. and c.) is the premier model for 

sensory organ development because it gives rise to a variety of sensory organs 

(mechano-, chemo-, hygro- and photo-sensitive), including the major organ for fly 

vision—the compound eye (Fig. 1.1. d.). Although a single continuous epithelium, the 

eye-antennal disc is composed of two developmental fields often described separately 

as eye disc and antennal disc. Development begins at the embryonic stage with the 

formation of what appears to be an eye disc (by molecular markers); through the loss of 

eye-specific factors, a distinct region emerges during L2 forming the antennal discs. For 

the purposes of this work, I will discuss only the eye disc, because events that lead to 
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the formation of the antenna and its development have no bearing on the biological 

process that is the focus of this study.  

 The larval eye disc arises through invagination of a region of anterior 

neuroectoderm during mid-late embryogenesis, which generates a flattened epithelial 

sac (Younossi-Hartenstein et al, 1993; Daniel et al, 1999). Once formed, the L1 eye disc, 

which consists of approximately 40 undifferentiated cells comes to lie in a stereotypical 

and fixed position within the body of the hatching larva (Fig.1.1. a.). Cells of the L1 eye 

disc are defined by expression of the eyeless (ey) and Twin of eyeless (Toy) genes, the 

Drosophila homologues of the PAX6 transcription factor. Discs are developmentally 

arrested until midway through L1, when they begin to proliferate. Early in L1, 

differential expression of genes encoding classic, evolutionarily conserved signaling 

molecules can be detected in the PE: Hedgehog (Hh; HH), Wingless (Wg/WNT1), and 

Decapentaplegic (Dpp; BMP2/4). Their expression marks the PE side of the flattened sac 

(Cho et al, 2000).    

 Late in L1 and more clearly by the beginning of L2, the apposed epithelial 

portions of the eye disc displays distinct morphology: the disc proper epithelium (DpE) is 

columnar, lies over top of the brain, and gives rise to the retina and other major organs; 

the peripodial epithelium (PE) is cuboidal, faces away from the brain, and ultimately 

contributes to fly head cuticle (Fig.1.1. d.). These two epithelial layers, though 

morphologically distinct, are continuous with one another throughout development and 

their apposed apical sides are separated by a lumen.  
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 Soon after the molt from L1 to L2, specification of retinal progenitor cells begins 

in the DpE. Retinal progenitors are specified by a well-characterized and conserved 

cascade of transcription factors. Toy and ey-positive cells begin to express eyes absent 

(eya), followed by sine oculis (so), and then dachshund (dac) (Kenyon et al, 2005). These 

genes encode powerful retinal determinants whose misexpression in other imaginal 

discs (antenna, wing, or leg) is capable of inducing small, but well-formed ectopic eyes 

(first shown by Halder et al., 1995; Bonini et al, 1997; Pignoni et al, 1997; Shen and 

Mardon, 1997). By mid-L2, retinal progenitor cells are well-defined by this network of 

transcription factors, but they have not yet begun eye morphogenesis; they continue to 

proliferate and appear largely indistinguishable from one another.  

 The molt into the L3 larval stage is closely followed by the onset of retinal 

neurogenesis. Expression of the pro-neural gene atonal (ato); a major, evolutionarily 

conserved, neuronal competence factor) begins in cells that give rise to photoreceptor 

neurons or “R cells” (Jarman et al, 1994). In particular, Ato specifies the founding 

photoreceptor—the R8 neuron—which form the basis of a cluster of photoreceptors 

which make up each single eye, or ommatidium, of the adult compound eye. Seven 

more R neurons (R1-R7) are then progressively recruited in pairs from surrounding 

uncommitted retinal progenitors (Tomlinson and Ready, 1987; Wolff and Ready, 1991). 

The formation of this 8-neuron cluster is soon followed by recruitment of accessory 

cells, beginning with the lens-secreting cone cells, then the pigment cells (primary, 

secondary and tertiary), and finally mechanosensory bristles. This specification 

processes through the early-mid pupal stage and is heavily dependent on repeated 
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rounds of EGFR and Notch signaling (Brennan and Moses, 2000; Doroques and Rebay, 

2006). Terminal differentiation of all retinal cells and apoptosis of undifferentiated cells 

occurs later in metamorphosis (Cagan and Ready, 1989; detailed reviews of retinal 

differentiation can be found here: Treisman, 2013; Charlton-Perkins and Cook, 2010).  
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Figure 1.1. The larval eye disc and its derivatives 
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Fig. 1.1 

a. in the larval body, the eye-antennal discs are positioned over, and connected to, the 

brain. The discs connect to the brain via the optic stalk at the posterior and are 

anchored to the mouth hooks at the anterior. 

b. schematic of development of the disc over the three stages of larval development: L1, 

L2, and L3. The L1 disc is a small, uniform sac which grows and becomes increasingly 

specified in L2. Specific cell types, including the retinal neurons, differentiate in L3. 

Areas fated to become retina are shown as a magenta checkered pattern. 

c. schematic of an L3 eye disc, showing its structure in 3-dimensions. Photoreceptor 

clusters are shown as magenta dots. Dashed black line represents the XZ section shown 

at the right, which reveals PE and retina layers. 

d. fate map of the eye disc. Regions of the eye discs (left) and corresponding derivatives 

in the fly head (right) are marked by the same color. Top: DpE and its derivatives; 

Bottom: PE and its derivatives. The PE gives rise mainly to cuticle at the back of the 

head; black circle indicates where back of the head connects to the rest of the body. 
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1.3 Accessory/support cells of the developing retina and fly eye 

In addition to photoreceptor neurons, the eye imaginal disc gives rise to non-

neuronal support cells that contribute to the development of the highly ordered neural 

retina. Some of these support cells persist into the adult stage as accessory cells of the 

eye and support vision, while some do not. These include:  

 

Cone cells (Fig.1.2.) — The cone cells are required during retinal development for 

formation of the ordered array of ommatidial facets through the induction of the 

second type of support cell, the pigment cells (Wolff and Ready, 1991). Cone cells are 

the first “support cell” to begin to differentiate in the developing L3 retina. In the adult 

eye, they are required for vision as they secrete the ommatidial lens (pseudocone and 

corneal lens). They also support neuronal homeostasis by promoting neuronal integrity 

and activity. These roles have been compared to the Müller glia of the vertebrate retina 

(Charlton-Perkins et al, 2017).  

 

Pigment cells (Fig.1.2.) — The pigment cells are also required for normal formation of 

the ommatidial array. After all cell types of the eye are specified, they induce 

programmed cell death of supernumerary interommatidial cells, a step essential to the 

refinement of the ommatidial lattice (Cagan and Ready, 1989). In the adult eye, pigment 

cells limit light scatter by surrounding each ommatidium, insulating each facet of the 

eye from the others.  
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Bristles (Fig.1.2.) —The interommatidial mechanosensory bristles are the final addition 

to the developing retina, each composed of 4 cells (1 neuron and 3 accessory cells). 

Interommatidial bristles also contribute to vision, albeit in a more indirect way. They 

divert airflow away from the eye facets and also trigger eye grooming behavior (e.g., in 

response to dust deposition), thus keeping the compound eye surface clear for vision 

(Amadore et al, 2015). In essence, they serve a function analogous to that of our eyelids 

and eye lashes in keeping the ocular surface clear for vision.  

 

Peripodial epithelium (Fig.1.1. c.) — The PE does not give rise to any part of the fly eye 

(it forms part of the cuticle at the back of the fly head) and thus does not play a role in 

vision. However, during larval development, the PE overlies the DpE and is essential for 

normal formation of the retina. The role of the PE in normal retinal development is 

central to this work and is introduced in more detail below.  
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Figure 1.2. Support and accessory cells of the Drosophila eye 

 

 

 

Fig. 1.2. 

Schematic diagram of a single ommatidium showing neurons and support cells of the 

eye. Tangential section (a.) and Z-section (b.). Each compound eye is composed of some 

16,000 cells organized in a simple ommatidial unit of neuronal, cone, pigment and 

bristle cells repeated 750-800 times. Dashed line in b. indicates plane of a.  
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1.4. The peripodial epithelium 

 Found in all imaginal discs, the PE is a layer of cuboidal/squamous cells that 

overlies the columnar DpE throughout the larval stages (Fig.1.1. c.). Despite physical 

similarities in PE morphology, studies of the wing and eye discs indicate that the set of 

factors that control PE identity can differ significantly between the two discs. The way 

they contribute to the development of DpE derivatives is likely to differ in important 

ways as well. Here, I summarize what is known about the PE of the eye disc and how it 

contributes to overall eye development as a retinal support tissue. 

 

The PE has the potential to form retina 

 The Pignoni lab has shown that PE cells have the potential to develop as retina 

and this fate is actively suppressed in the PE in L1 and for part of L2. In fact, perhaps the 

earliest developmental choice encountered by larval eye disc cells is likely to be the 

binary decision between two mutually exclusive fates, PE fate or retina fate. A major 

determinant of this choice is the activity level of the transcriptional activator Yorkie 

(Yki), the main nuclear effector of the Hippo-Yki pathway. Higher Yki activity is essential 

for promoting PE fate over retinal cell fate (Zhang, Zhou, and Pignoni, 2011) (Fig. 1.3.). 

Loss of Yki (the Drosophila homolog of vertebrate YAP and TAZ), or its transcriptional co-

factor Scalloped (Sd; the Drosophila homolog of TEAD family proteins), results in an eye 

disc that lacks PE and displays a mirror-image ectopic retina in its place. This is 

evidenced by the appearance of neuronal clusters positive for Elav (a pan-neuronal 

marker) or Chaoptin/24B10 (a photoreceptor neuron marker) in the presumptive PE, 
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which also shows expression of retinal determinants such as Ey/PAX6 (a marker for 

retinal progenitor cells). In addition, this change in fate is also reflected in cell 

morphology, as the transformed PE cells change from squamous to columnar. 

Conversely, overexpression of Yki in the eye disc suppresses retina fate in an Sd-

dependent manner. This suggests that one function of Yki-Sd-mediated transcription in 

the PE is to suppress retinal fate and thus promote PE fate.  

More recent work demonstrated that the STRIPAK-PP2A phosphatase complex 

acts upstream of the Hippo-Yki axis to promote PE cell fate (Neal, Zhou, and Pignoni, 

2020). Loss of any of several STRIPAK-complex components phenocopies loss of yki or 

sd. Genetic interactions demonstrated that STRIPAK-PP2A normally acts to suppress the 

activity of negative regulators of Yki, including the Hippo and Wts kinases, thus allowing 

nuclear translocation of Yki and promoting PE cell fate over an underlying retina 

program (Fig.1.3.).  

 These studies demonstrate that retina fate must be actively suppressed in the PE 

in order to maintain PE cell fate during larval development. They also defined a 

developmental window during which the epithelium is plastic and PE cell fate can be 

changed by loss of a single gene. Using sd-RNAi and the temperature-sensitive GAL80ts 

system to knock down sd at different timepoints during the larval stages, Zhang et al. 

(2011) defined mid-L2 as the approximate stage when this plasticity is lost. Interestingly, 

plasticity can be extended through the end of L2 by combining the removal of a PE-

promoting factors with the ectopic expression of a retina-promoting factor (Zhou and 
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Pignoni, published). After this time, neurogenesis and retinal differentiation begin and 

cell identity (PE or retina) is no longer sensitive to these genetic manipulations. 

 Although our lab has demonstrated that PE can be transformed into retina, we 

have not identified any single genetic factor that can transform retina cells into a true PE 

by loss- or gain-of-function. Overexpression of Yki results in loss of both eye markers 

and columnar morphology. However, a lack of PE-specific markers limits our ability to 

assess PE identity and cells in these discs do not display the morphology of wild type PE 

cells. Hence, other critical components of the genetic networks that define PE fate 

remain to be discovered. 
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Figure 1.3.  The Hippo-Yki pathway in PE vs. retina cell fate 

 

 

 

Fig.1.3. 

Simplified schematic of the Hippo-Yki pathway and its activity in retina versus PE cells. In 

retina cells (left), the Hpo kinase phosphorylates and activates the Wts kinase, which in 

turn phosphorylates Yki; the majority of Yki is then sequestered by the 14-3-3 

cytoplasmic anchor protein. In PE cells (right), STRIPAK-PP2A dephosphorylates and 

inactivates Hpo, preventing activation of Wts, and freeing Yki to translocate to the 

nucleus. In the nucleus, Yki-Sd regulate transcription thereby suppressing retinal fate 

and promoting PE fate. 
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PE - Retina communication 

The PE and DpE remain closely juxtaposed throughout larval development; this 

proximity and orientation (the apical surfaces of the epithelia face each other) may 

facilitate communication between the two tissues through diffusible signaling molecules 

and other mechanisms. In fact, secreted ligands, like Dpp (BMP2/4 homolog), have been 

detected in the lumenal space (Gibson et al., 2002) and microtubule-based extensions 

that project from the apical surface of PE cells, through the lumen, toward the apical 

surface of DpE cells have also been observed (Cho et al, 2000; Gibson and Schubiger, 

2000). These “translumenal extensions” were visualized by using the lipophilic dye Dil or 

by generating random clones of cells expressing cytoplasmic beta-galactosidase. In both 

cases, PE cells showed tubular extensions, while DpE cells did not (Cho et al, 2000; 

Gibson and Schubiger, 2000). Driving expression of the microtubule binding protein tau-

GFP (c311-GAL4 UAS-tau-GFP) in the PE, also revealed that these cellular extensions 

were not microfilament-based, like the previously discovered cytoneme or filopodia, but 

microtubule-based, like cilia and flagella (Gibson and Schubiger, 2000). The relative 

contributions to inter-epithelial communication of ligand diffusion across the lumen 

versus active transport targeted through these translumenal extensions remains to be 

explored. Nonetheless, communication from the PE to the DpE in the eye disc has been 

shown to influence retinal proliferation, survival, and morphogenesis. 

 

The PE controls cell proliferation in the retina — Several lines of evidence indicate that 

the PE influences cell proliferation in the retina. Surgical removal of the PE followed by 
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culture of the “naked” eye disc in a donor larva results in decreased mitosis in the 

developing retinal field of the DpE (Gibson and Schubiger, 2000). The authors also 

observed this halting of mitosis in vivo when the PE was ablated genetically by using 

c311-GAL4 to drive UAS-RicinA—a lectin and potent toxin that acts on ribosomes and 

kills cells that express it in a cell-autonomous fashion. Consistent with a reduction in cell 

division in this genetic background, the pupal eyes are significantly smaller than wild 

type.  

Whereas these experiments cannot exclude an effect of exposing the luminal 

surface of the DpE to factors not found in the lumen but present in the fly hemolymph, 

genetic manipulations that did not compromise the integrity of the disc confirmed these 

findings. Specifically, impairing microtubule-based transport by PE-specific expression 

(c311-GAL4) of dominant-negative Dynactin 1 (DCTN1-p150, or Glued), also led to loss of 

proliferation in the retina (Gibson and Schubiger, 2000). These data strongly suggested 

that translumenal extensions from PE cells deliver signals to underlyinig retinal cells and 

that one or more of these signals promotes proliferation in the DpE cell layer. Additional 

evidence in support of this hypothesis, and indeed a molecular model for how the PE 

controls proliferation, was provided by K-W Choi and colleagues (Cho et al., 2000). They 

showed that PE expression of the secreted factors Dpp, Hh and Wg in the PE controlled 

the expression pattern of the Notch ligands Delta (Dl) and Serrate (Ser) in DpE, thereby 

altering the activation of Notch and disrupting its critical role in driving proliferation in 

the retina field (Cho et al., 2000).  
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Taken together, these experiments provide compelling evidence that the PE 

plays an important role in controlling cell proliferation in the retina. 

 

The PE controls survival of the retina — Most likely due to developmental timing, the 

above manipulations occasionally resulted in other outcomes, including death of both 

PE and retina cells. Clonal loss of Hh in the PE (hh–/– cell clones induced in a hh+/– 

organism) can lead to death of most of the underlying retina cells (hh+/–); whereas the 

retinal cells underlying the accompanying PE twin spot (hh+/+) often responded by 

upregulating expression of the Notch ligand Serrate (consistent with the effects 

described above on proliferation signals). Under similar conditions, control clones were 

normal (wild type b-Galactosidase-marked PE clones in a wild type disc or hh–/–clones 

induces in the DpE of hh+/– disc). Hence, the loss or gain of hh in PE cells led to changes 

in the underlying DpE cells (retinal cell death or Ser induction, respectively). 

 

The PE influences retinal morphogenesis — Removal of the PE in the ways described 

above, or PE overexpression of the Notch ligand Serrate (c311-GAL4 UAS-Ser), also 

resulted in disruption of retinal morphogenesis, triggering the formation of square 

rather than hexagonal ommatidia (an illustration of a normal hexagonal ommatidium is 

shown in Fig.1.2.). In addition, a more recent study found that expression of the Ey/Pax6 

retinal determinant in the PE induces neurogenesis in the eye field (Baker et al, 2018). 

Ey would do so by controlling expression of the ligand Dpp, an essential inducer of 

neurogenesis that is most robustly expressed and required along the posterior margin of 



 18 

the eye disc in early L3. Baker et al found that loss of Dpp expression, and loss of the 

eye, could be induced by down-regulating ey expression specifically in the PE (c311-

GAL4 UAS-ey-RNAi) – in these discs ey expression was normally maintained in the retina 

but neurogenesis could not proceed. They suggested that ey from the PE is required for 

Dpp expression in the PE and at particularly at the PE-DpE margin.  

 

PE summary 

Although it does not contribute to any part of the fly eye, the PE plays an 

important supportive role in normal retinal development by promoting cell survival, 

inducing proliferation, and directing eye morphogenesis (Cho et al, 2000; Gibson and 

Schubiger, 2000; Baker et al, 2018).  

In addition to the contributions described above, the experiments presented in 

this dissertation identify one more way in which the PE promotes normal eye 

development: a normal PE is essential for maintaining proper epithelial morphology of 

the developing retinal field at the L3 larval stage. Failure to maintain proper retinal 

morphology at this stage ultimately results in a deformed fly eye incompatible with 

compound eye vision. I have identified Armadillo (Arm) as a factor critical for 

maintenance of normal retinal epithelium morphology in the L3 eye disc. Loss of Arm 

specifically in the PE results in a phenotype I have called “retinal shift”, whereby a 

portion of the developing retinal epithelium shifts from the DpE side of the eye disc to 

the PE side, and ultimately results in a deformed fly eye.  
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1.5. Armadillo (b-catenin) 

 The armadillo (arm) gene encodes the Drosophila homolog of vertebrate b-

catenin, a cytoplasmic and nuclear protein with diverse roles in animal development. 

Found across Metazoa, Arm is remarkably conserved throughout evolution, so much so 

that human b-catenin can largely compensate for loss of Arm in Drosophila embryos 

(Fig. 1.4. a. and b.; White et al, 1998). Arm is notable for having two distinct functions: 

1) it serves as the primary transcriptional effector of the canonical signaling pathway for 

Wnt ligands (Fig. 1.5.), and 2) it is a major component of the adherens junction, where it 

serves as a physical linker between DE-cadherin and a-catenin in the Cadherin-Catenin 

protein chain (Fig. 1.6.).  

These dual functions led to Arm being discovered twice, independently, in the 

1980s: first in Drosophila as a mediator of canonical Wnt signaling and again in mouse 

from pull-downs of adherens junction proteins. The first Drosophila arm mutant was 

isolated in the famous Heidelberg Screen (1995 Nobel Prize in Physiology or Medicine), 

a seminal screen that identified 120 different genes required for development in 

Drosophila (Wieschaus et al, 1984; Weischaus and Nüsslein-Volhard, 2016). Mutations 

in the arm locus resulted in larval denticle band duplications that were later recognized 

as a hallmark of loss of canonical Wnt signaling. In contrast, junctional b-catenin was 

first discovered by biochemical isolation, when it was pulled down with mouse E-

cadherin, a protein already known at the time to be a cell-cell adhesion molecule 

(Ozawa et al, 1989). Both roles of Arm are discussed below in more detail. 
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Figure 1.4. Structure and conservation of Armadillo/b-catenin 

 

 

Fig. 1.4. 

a. schematic diagram of the Drosophila Arm protein showing its functional domains. 

b. alignment of Drosophila Arm (query) and Human b-catenin (subject) showing the 

extensive amino acid (aa) conservation, spanning most of the protein—the full-length 

Arm protein has 849 aa. 
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Arm and the Canonical Wg/Wnt Signaling Pathway  

The canonical Wnt pathway is well characterized and has been studied in many 

biological contexts. Canonical Wnt signaling is initiated by binding of extracellular Wnt 

ligands to a dimeric transmembrane receptor complex. This binding event leads to the 

inactivation of a cytoplasmic “destruction complex” that targets intracellular Arm 

protein, thereby stabilizing Arm and allowing for its translocation to the nucleus. In the 

nucleus, Arm binds other transcription factor(s) and co-factors to promote transcription 

of Wnt target genes (Fig. 1.5.).  

In a seminal study of canonical Wnt signaling in the Drosophila embryo, Peifer et 

al found that expression of arm and wg (WNT1) overlaps in the embryo, and that 

mutations of one locus phenocopied mutations of the other. Both mutants resulted in 

the loss of the characteristic expression stripes of the Wnt pathway target gene 

engrailed (Peifer et al, 1991). Notably, Arm protein accumulated at higher levels in 

embryonic regions that expressed Wg, and loss of wg eliminated this Arm accumulation 

(Riggleman et al, 1990). These data provided the first link between Wg, the first Wnt 

ligand identified in Drosophila, and the stability of Arm. 

  

Canonical pathway ligands and receptors — The canonical Wnt cascade is initiated by 

the binding of a Wnt ligand to a dimeric receptor complex consisting of transmembrane 

proteins Arrow (Arr; homolog of LRP5/6) and Frizzled (Fz; FZD in mammals) (Fig.1.5. 

“Wnt ON”). The Drosophila genome encodes 7 unique Wnt ligands and 4 Fz receptors, 

compared to 19 Wnt ligands and 10 FZD receptors in mammalian genomes. This results 
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in some redundancy in the pathway; for example, Fz and Fz2, both of which bind Wg, 

are completely redundant in embryonic development, and no phenotypic effects are 

observed unless embryos are null for both (Bhanot et al, 1999; Müller et al, 1999). It 

also presents considerable complexity in studying specificity of Wnt signaling at the level 

of ligands and receptors. 

 

Signal transduction and regulation of Arm — The Drosophila pathway is far less diverse 

at the level of the intracellular signal transduction cascade, where all pathway 

components are represented by single genes. The major transducer of transcription is 

Arm or b-catenin, which is tightly regulated in the cytoplasm by the “destruction 

complex”. In the absence of Wnt signaling, Arm is phosphorylated at four highly 

conserved serine/threonine sites by two kinases: first by Casein kinase 1α (Ck1a) and 

then by Shaggy (Sgg; GSK3b). These posttranslational modifications target the protein 

for ubiquitination by the Slmb/SCF complex and degradation by the proteasome 

(Siegfried et al, 1990; Siegfreid et al, 1992; Theodosiou et al, 1998; Jiang and Struhl, 

1998). In the absence of Wnt ligand, the destruction complex continuously degrades 

Arm through this mechanism. In the presence of Wnt ligand, the destruction complex 

dissociates, allowing Arm to accumulate in the cytoplasm and translocate into the 

nucleus.  

 

Nuclear events and the Wnt Enhanceosome — The mechanism(s) by which Arm 

translocates into the nucleus are not well understood. The most recent evidence from 
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Drosophila suggests that entry of Arm into the nucleus is facilitated by Kinesin-2 and IFT-

A, two well studied components of the intraflagellar transport system. Their role in the 

nuclear translocation of Arm is thought to be independent of their ciliary functions 

(Vuong et al, 2018). Upon entry into the nucleus, Arm binds to Pangolin (Pan), the sole 

Drosophila homolog of the TCF/LEF family of transcription factors (van der Wetering et 

al, 1997); this event disrupts the interaction of Pan with the repressor, Groucho 

(homolog of mammalian TLE proteins). The Arm-Pan complex then recruits components 

of the Wnt “enhanceosome” (including Lgs/BCL9, Chi/LDB, Pygo/PYGO, Ssdp/SSBP) and 

RNA-polymerase II to promote their transcription of Wnt target genes (for a recent 

review, see Bejsovec, 2018).  
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Figure 1.5. The Canonical Wnt Pathway 

 

 

Fig.1.5.  

Simplified schematic diagram of the canonical Wnt pathway in its OFF state (a.; no Wnt 

ligand) and ON state (b.; Wnt ligand present). In the OFF state, cytoplasmic Arm is 

destroyed by the destruction complex. In the ON state, binding of a Wnt ligand at the 

cell surface leads to dissociation of the destruction complex. Arm is then free to 

translocate into the nucleus where it binds other factors to facilitate gene transcription. 
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Arm and the Adherens Junction 

 The adherens junction (AJ) is a critical component of all epithelia, providing an 

essential link between neighboring cells by facilitating cell-cell adhesion, 

mechanotransduction, and interactions with the actin cytoskeleton (Fig.1.6.).  

Research on the signaling function of Arm had already hinted at an additional 

role for the protein in cellular adhesion by the time Mark Peifer performed the first 

analysis of the junctional role of Arm in Drosophila (Peifer, 1993). He found that the 

majority of Arm protein associated with the cell membrane in extracts of Drosophila 

embryonic cells, and that, when run on a sucrose gradient, membrane-associated Arm 

sedimented at a density consistent with an association with a-catenin (Oda et al, 1993) 

and a glycoprotein that was likely to be an E-cadherin homolog (fly DE-cadherin was 

later identified by Oda et al, 1994). Thus, he showed that Arm localizes to junctional 

complexes and associates with DE-cadherin and a-catenin. These data strongly 

suggested that Arm was a true functional homolog of the vertebrate b-catenin protein 

found at AJs.  

 

The AJ as structural component of epithelial sheets 

 As the first junctions to form in epithelial sheets, AJs are required for the 

initiation of cell-cell adhesion and stabilization of cell-cell contacts. The core structural 

proteins of the AJ include E-cadherin (E-cad in mammals or DE-cad in Drosophila), a-

catenin (a-cat), b-catenin/Arm, and p120-catenin (p120ctn). Transmembrane DE-cad 

bridges adjacent cells and is required in order to recruit Arm. Arm then binds a-cat, 
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completing the “cadherin-catenin chain”. The p120ctn protein binds E-cad and is 

thought to stabilize the junction; however, in Drosophila, p120ctn is not an essential 

component of the junction (Myster et al, 2003). The intact AJ then facilitates 

mechanotransduction, regulation of the actin cytoskeleton, intracellular signaling, and 

regulation of transcription (structure and function of the AJ has been reviewed 

extensively: Hartsock and Nelson, 2007; Harris and Tepass, 2010.) 
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Figure 1.6. Structural components of the adherens junction 

 

 

 

Fig.1.6. 

Schematic of a single adherens junction between two neighboring cells (not drawn to 

scale). The transmembrane domain of DE-cadherin from each cell homodimerizes; its 

cytoplasmic tail binds Arm, which in turn binds a-catenin, forming the “cadherin-catenin 

chain”. a-catenin facilitates connection to the cytoskeleton. p120-catenin is also found 

at the AJ but is not an essential component in Drosophila.  
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The AJ as regulator of signaling pathways — Recent work has demonstrated that AJs are 

important not only for cell-cell adhesion, but also in the regulation of major signaling 

pathways. In particular, the Hippo signal transduction cascade has been shown to be 

regulated by AJs in Drosophila (see Fig.2.10. d., page 83). 

Ajuba (Jub), a LIM-domain scaffolding protein that functions as a negative 

regulator of Hippo signaling, is found at the AJ and has recently been shown to regulate 

Yki-mediated signaling. At the AJ, Jub binds a-cat and, in at least some developmental 

contexts, it does so in a tension-dependent manner. It is unclear how this binding event 

is regulated. Jub binding may result from increased concentration of a-cat at sites of 

higher tension, such as at compartment boundaries in the wing disc epithelium 

(Rauskolb et al, 2014). Alternatively, binding may follow a tension-dependent 

conformational change in the a-cat protein that increases its affinity for Jub (Rauskolb 

et al, 2014; Alégot et al, 2019). Whatever the mechanism, this binding event sequesters 

Jub at the AJ where Jub, in turn, binds and sequesters Warts (Wts), the final link in the 

kinase cascade that negatively regulates Yki. When Wts is sequestered at the AJ, Yki is 

free of inhibitory regulation and enters the nucleus to regulate gene transcription. In 

agreement with this model, weakening the AJ by partial reduction of junctional 

components in the wing imaginal disc results in decreased Yki-mediated transcriptional 

output (Rauskolb et al, 2014; Sarpal et al, 2019). Furthermore, replacing the AJ with a 

modified DE-cad::a-cat fusion protein incapable of binding Jub can rescue junctional 

structure, but not Yki transcriptional output (Sarpal et al, 2019). These findings strongly 

support a role for the AJ in the regulation of this important signaling pathway. 
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 Interestingly, the AJ may also regulate Wg/Wnt signaling. It has been shown both 

in Drosophila and in mammalian cells that overexpressed recombinant (D)E-cadherin 

can reduce Wnt signaling in a cell, presumably by affecting the nuclear levels of Arm/b-

catenin. In the Drosophila embryo, overexpression of DE-cad induces phenotypes that 

mimic Wg loss-of-function. The same effect is observed when driving overexpression of 

the intracellular domain of DE-cad; a protein fragment that cannot contribute to 

junction formation but can still bind Arm (Sanson et al, 1996). Conversely, mammalian 

cells lacking E-cad show higher levels of b-catenin in the nucleus, which can be reduced 

by transient overexpression of E-cad. Lastly, in vitro competition experiments have 

shown that b-catenin has a higher affinity for recombinant E-cad protein than for 

nuclear co-factor LEF1, b-catenin’s transcriptional binding partner (Orsulic et al, 1999). 

Altogether, these findings point to a mechanism whereby high expression of DE-cad 

leads to accumulation of Arm at the junctions at the expense of nuclear Arm, thereby 

limiting Wnt pathway transcriptional output. However, none of these experiments 

describe situations at physiological levels of junctional or signaling proteins, raising the 

possibility that this type of crosstalk between the junctional and transcriptional pools of 

Arm may not reflect a physiological process. 

More recent evidence suggests that Wg signaling may indeed be regulated, at 

least in part, by the strength or stability of the AJ in vivo. In the developing wing 

imaginal disc, the pouch region has characteristic folds, which are areas of cellular 

contraction (high tension). The Verheyen lab has shown that activation of non-muscle 

myosin II (NMII) in these folds mediates accumulation of cytoskeletal F-actin 
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(contraction of the actin cytoskeleton); this facilitates clustering and accumulation of 

DE-cad, which has a high affinity for Arm (see above). Increased DE-cad, in turn, 

decreases the amount of Wg-induced transcription, as indicated by loss of Wg target 

gene Distal-less (Dll). These observations suggest a potential titration of Arm out of the 

cytoplasmic signaling pool (Hall et al, 2018). Importantly, these data describe a 

phenomenon observed in vivo at physiological levels of Wg, Arm, and other junctional 

proteins. These findings also strongly suggest that cytoskeletal contraction, which is a 

normal part of development, may refine Wnt signaling output during development.  

 

Armadillo Summary 

 As an essential component of both the canonical Wnt pathway and the AJ, Arm 

plays complex roles in tissue development and homeostasis. In this dissertation, I have 

separated its two functions and asked which role(s) is critical in the PE for normal eye 

morphogenesis. 

 

1.6. This work 

 As detailed above, the PE is an important support tissue for the developing 

Drosophila eye with roles in retinal cell survival, proliferation, and eye morphogenesis. 

In this work, I show genetic manipulations that cause a disturbance of the retinal 

epithelium, resulting in a shift of developing retinal tissue to the PE side of the eye disc. 

This previously undescribed phenotype, which I have named “retinal shift”, results from 

loss or weakening of the AJ. Interestingly, this phenotype does not appear to derive 
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from a reduction in cell-cell adhesion; rather it reflects dysregulation of the Hippo 

pathway effector Yki. These results are presented in Chapter 2.  

In Chapter 3, I show that the retinal shift phenotype can also be induced through 

other genetic manipulations. In particular, loss of some Wnt ligands induces a similar 

phenotype but with no obvious alteration of the AJs. Preliminary experiments suggest 

that this retinal shift may be mediated through a non-canonical Wnt pathway.  
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Abstract 

The Drosophila compound eye develops from a simple epithelial sac called the 

eye imaginal disc, composed of two distinct but continuous tissues: the disc proper 

epithelium (DpE) and the peripodial epithelium (PE). The DpE gives rise to the entire 

compound eye, while the PE contributes to its surrounding head cuticle. Although it 

makes no contribution to the fly eye itself, the PE is critical during larval stages to retinal 

cell survival, proliferation, neurogenesis, and morphology. In this chapter, I present 

evidence that evolutionarily conserved Armadillo (Arm; the fly homolog of vertebrate b-

catenin) is required in the PE to maintain normal morphology of the retina during 

development in order to build a fully functional compound eye. Specifically, RNAi-

mediated loss of arm prior to and through the start of early neurogenesis results in a 

disruption of the developing eye field such that a portion of the developing retinal field 

is displaced to the PE side of the eye disc. We call this phenotype “retinal shift”. I show 

here that loss of other components of the adherens junction, including DE-cadherin or 

a-catenin, phenocopies loss of Arm and that restoring junctions is sufficient to rescue 

retinal shift. Furthermore, I demonstrate that this is due to loss of regulation of 

transcriptional co-activator Yki, which is regulated by the adherens junction. This work 

establishes the role of the adherens junction in signaling pathway modulation as critical 

for proper disc morphology during eye development. 
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Introduction 

The compound eye of Drosophila melanogaster has long been used as a model 

for the study of nervous system development. Similar to the vertebrate eye, the 

compound eye of Drosophila develops from a simple neuro-epithelial vesicle. This 

progenitor tissue is called the eye imaginal disc, and undergoes specification, 

determination, and differentiation mainly during larval development. Throughout most 

of larval development, the eye disc (schematic, Fig.2.1. a. and b.) is a continuous 

epithelium that is partitioned into two morphologically distinct tissues: the disc proper 

epithelium (DpE), which consists of tightly packed, columnar cells, and the peripodial 

epithelium (PE), which has larger squamous/cuboidal cells (Fig.2.1. c).  

While the retina arises entirely from the DpE and not the PE, which forms head 

cuticle (Fig.2.1. d.), evidence from our lab and others shows that the PE is critical for 

normal eye morphogenesis. In fact, ablation of the PE results in a reduction of retinal 

cell proliferation and an abnormally patterned ommatidial array (Gibson and Schubiger, 

2000; Cho et al, 2000). A similar relationship has been reported for the developing 

vertebrate retina and its juxtaposed retinal pigment epithelium (RPE); both tissues arise 

from different portions of the optic vesicle epithelium and the RPE is required for 

normal lamination and survival of developing retinal cells. Nevertheless, little is known 

about how the PE specifically supports the formation of a normal eye. Because the eye 

disc is readily accessible, it provides a compelling system in which to ask questions 

about the interactions between the retina and the PE, and the relative roles of each 

during eye development.  
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A genetic screen for genes involved in eye formation identified armadillo (arm; 

homolog of b-catenin) as a gene critical for generating a normal fly eye. Interestingly, 

loss of Arm in the developing eye disc resulted in a phenotype whereby a portion of the 

developing retinal field came to lie on the PE side of the disc (“retinal shift”). Arm/b-

catenin is found in all epithelia as a component of the adherens junction, and it also 

functions independently of junctions as a transducer of the Wnt signaling pathway. I 

therefore asked which role(s) of Arm contributed to the retinal shift phenotype. 

Adherens junctions (AJ) are a basic unit of epithelia and are composed primarily 

of Arm/b-catenin, a-catenin (a-cat), E-cadherin (DE-cadherin/DE-cad in Drosophila), and 

p120ctn (Fig.2.7 a.). Although p120ctn is an essential component of the AJ in higher 

Metazoa, it is non-essential in Drosophila, and is not discussed in this work (Myster et al, 

2003; Pacquelet et al, 2003). AJs contribute to cell-cell adhesion by physically coupling 

neighboring cells and anchor the actin cytoskeleton which ultimately connects to the 

extracellular matrix. The role of Arm/b-catenin at the AJ has been extensively studied 

since its discovery in the late 1980s (Ozawa et al, 1989). b-catenin is required to recruit 

E-cad to the AJ, and the two proteins and are trafficked from the endoplasmic reticulum 

to the plasma membrane as a unit (Hinck et al, 1994). Binding of b-catenin stabilizes E-

cad by blocking sites required for proteasomal degradation, and E-cad reciprocally 

stabilizes b-catenin by blocking regions associated with the destruction complex (Huber 

and Weis, 2001). Lastly, a-cat binds Arm at the AJ and functions as the physical link to 

the actin cytoskeleton. 
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 The signaling function of b-catenin was first discovered in Drosophila, where arm 

mutant embryos displayed a “denticle lawn” resembling the ridges on an armadillo shell 

rather than the patterned denticle bands of a wild type embryo cuticle (Wieschaus et al, 

1994). In the presence of Wnt signaling, components of the b-catenin destruction 

complex dissociate, releasing b-catenin and allowing its translocation into the nucleus. 

There, it associates with TCF/LEF family transcription factors to regulate transcription of 

Wnt target genes. Wnt pathway targets include genes involved in diverse biological 

processes, including cell proliferation, tissue patterning, cellular metabolism, stemness, 

and the regulation of Wnt pathway genes themselves.  

 Many studies of the AJ in Drosophila have focused largely on either DE-cad or a-

cat rather than Arm, as these two proteins do not have the dual function that Arm does. 

However, it is possible to separate the signaling and junctional functions of Arm by 

replacing the AJ with other junctional proteins. In this study, I establish that: 1.) loss of 

Arm in the PE results in shifting of the retina into the PE in the mid-third instar (“retinal 

shift”); 2.) this phenotype results from earlier loss of Arm in late L2/early L3; 3.) Arm is 

required specifically at the AJ; and 4.) loss of the AJ induces retinal shift by dysregulation 

of the Hippo-Yki pathway. This work demonstrates that the AJ and its regulation of Yki 

activity in the PE are critical for normal development of the Drosophila retina in the DpE. 

 

 
 
 
 
Figure 2.1. The eye imaginal disc 
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Fig.2.1. 

a. schematic of a late L3 larval eye disc in the XY plane. Photoreceptor clusters are 

represented in magenta. Dashed line shows position of Z section in b. and c.  

 b. schematic of a Z-section through the AP axis of a wild type L3 eye disc. All 

photoreceptors (magenta) are found in the DpE, which forms mostly retina.  

c. schematic of a Z-section through the AP axis of an arm-RNAi disc. “Ectopic neurons” 

are indicated by yellow arrows.  

d. simplified fate map of the eye-antennal disc. Colors in progenitor tissue (left panel) 

correspond to colors in adult head tissue (right panel). Black circle at back of adult head 

indicates area where head connects to the body. 

e. image of a wild type eye disc (maximum projection of a confocal stack) showing the 

expression pattern of the odd-GAL4 driver with a GFP tracer (GTRACE, green) over all of 

development. A Z-section through the dashed white line is shown below. GFP is present 

in the PE, but absent from the DpE/retina. Cell membranes are marked by Dlg 

(magenta). Both odd-GAL4 and GTRACE are described in detail in Appendix 1. Expression 

of odd-GAL4 is broadest in mid-late L2/early L3. 

f. Schematic of GAL4/GAL80ts system. At low temperature, GAL80 blocks the GAL4 

activation domain and Arm expression is normal. At high temperature, GAL80 changes 

conformation and can no longer block the GAL4 activation domain, and Arm is knocked 

down. 

g. and g’. Genetics and scheme for odd-GAL4/GAL80ts arm-RNAi experiment at the 

GAL80ts-permissive (18oC) temperature (b.) and restrictive (30oC) temperature (b’.). 
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Results 

Loss of Armadillo in the PE results in abnormal eye development 

When arm was knocked down using the PE-specific odd-GAL4 driver (Fig.2.1. e.; 

see Appendix 1. for comprehensive examination of the odd-GAL4 expression pattern) 

and a UAS-arm-RNAi transgene (VDRC107344), the resulting eyes were “rough” (i.e. the 

ommatidia did not form a perfect crystalline lattice) and showed an abnormal curvature 

compared to that of wild type (Fig. 2.2, a. and b.). I confirmed that this phenotype was 

due to larval loss of arm by controlling expression of the RNAi with GAL80ts 

(GAL4/GAL80ts system illustrated in detail in Fig.2.1 f.-g.’). In this system, a ubiquitously 

expressed Tubulin-GAL80ts functions as a temperature-sensitive repressor of GAL4 at its 

permissive temperature of 18oC (Fig.2.1. f.). GAL80 prevents GAL4 from interacting with 

transcription machinery by blocking its activation domain (Fig.2.1. g.); therefore, 

function of the gene of interest (in this case, arm) remains intact. At the GAL80ts 

restrictive temperature (30oC), GAL80 releases GAL4, which can then bind the UAS to 

promote transcription of the RNAi, effectively silencing transcription of arm (Fig.2.1.f. 

and g’.). Using this set of genetic tools, I was able to show that shifting to high 

temperature (arm-RNAi = expressed) at the end of larval development resulted in flies 

with normal eyes (N = 40; data not shown), demonstrating that the adult phenotype is 

not due to post-larval (i.e. pupal) loss of Arm.  

Because compound eye vision absolutely requires an exquisitely ordered retinal 

array, deformities in this array profoundly affect fly vision. Since the PE ultimately does 

not contribute to any part of the compound eye, it is interesting to note that loss of Arm 
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specifically in this tissue produces an abnormal organ. I therefore investigated the 

developing eye disc epithelium to determine what type of disruption(s) might lead to 

such a phenotype. 

By examining late L3 eye discs, I identified a phenotype which I initially termed 

“ectopic neurons”. These ectopic neurons are photoreceptor clusters found on the PE 

side of the eye disc epithelium rather than on the DpE side, where the retina normally 

develops. In a confocal XY projection, they can be visualized as a row of Elav-positive 

cells that are out of register with the ordered retinal field (Fig. 2.2. compare d. to wild 

type in c.),. This phenotype is even more obvious when viewed through a posterior-

anterior XZ plane through the disc. Wild type discs (Fig.2.2 e.) show an ordered 

epithelium with all Elav-positive photoreceptor clusters stay on the DpE side, whereas 

arm-RNAi discs have differentiating clusters of photoreceptors on the PE side of the disc 

(see white arrows in Fig.2.2. f.) 
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Figure 2.2. Loss of Arm in the PE results in abnormal tissue morphology and “ectopic 
neurons” 
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Fig.2.2. 

a. and b. Representative examples of an adult wild type (a.) and pharate arm-RNAi (b.) 

eye. Posterior is to the right. 

c. and d. Maximum projections of confocal stacks of a late L3 wild type (c.) and arm-

RNAi (d.) eye disc. Cell membranes are stained for Dlg (cyan) and photoreceptor clusters 

with pan-neuronal marker Elav (magenta). White arrow in d. indicates a row of 

photoreceptor clusters that is misplaced to the PE side of the disc.  

e. and f. Confocal Z-sections through wild type (e.) and arm-RNAi (f.) discs. White 

arrows in f. indicate misplaced photoreceptor clusters. Cell membranes are stained for 

Dlg (cyan) and photoreceptor clusters with Elav (magenta). 
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Ectopic photoreceptor neurons in the developing disc result specifically from loss of Arm 

 Since RNAi reagents can induce effects that are independent of the silencing of 

the gene of interest, I next confirmed the specificity of the phenotype induced by arm-

RNAi. Silencing of arm using the odd-GAL4 driver and two RNAi transgenes, 

TRiP.JF01252 and VDRC107344 (regions of arm gene targeted are non-overlapping and 

are shown in red boxes in Fig. 2.3.a.) produced not only the “ectopic neurons” 

phenotype, but also concomitant loss of Arm protein in the PE (Figs. 2.3. b and c.; 

compare to wild type in c.). Whereas the TRiP-RNAi line produced the ectopic neurons 

phenotype with high penetrance (87.5%, N=56), the phenotype induced by the VDRC-

RNAi line was fully penetrant (100%, N>100). Thus, the latter line was used for all 

subsequent experiments and the term “arm-RNAi” refers to UAS-arm-RNAiVDRC107344. 

Taken together, these data strongly suggested that ectopic neurons resulted from PE-

specific loss of Arm.  

To further confirm the specificity of the phenotype and exclude potential off-

target or secondary effects of the VDRC107344 arm-RNAi, I constructed an “RNAi-

resistant” rescue transgene. In this construct, the arm cDNA sequence was placed under 

the control of the constitutive tubulina1 promoter and tagged at the C terminus with a 

Myc-tag sequence (Fig.2.3. b.). The region targeted by VDRC107344 (yellow box in 

Fig.2.3 a.) was made “RNAi-resistant” by substituting alternative codons for the same 

amino acids throughout the targeted segment. This transgene fully rescued ectopic 

neurons in VDRC107344 knockdown discs and restored expression of Arm protein in the 

PE (Fig.2.3. d.). Presence of the exogenous protein was also confirmed by detection of 
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the C-terminal Myc tag, which is included in frame in the rescue transgene; Myc staining 

co-localized with Arm (Fig.2.3 d’. and d’’.). Importantly, presence of the rescue alone 

had no adverse effects on otherwise wild type discs (Fig.2.3. e.). Taken together, these 

data demonstrate that ectopic neurons are indeed the result of PE-specific arm 

silencing.  
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Figure 2.3 Ectopic neurons result specifically from loss of Arm 
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Fig.2.3. 

a. armadillo gene span (source: FlyBase.org). Red boxes indicate RNAi targets in c. and 

c’. Yellow box indicates gene segment made RNAi-resistant. 

b. schematic of full-length arm-cDNA RNAi-resistant transgene used in c.-e. Note the 

inclusion of the C-terminal Myc tag (dark blue) and the RNAi-resistant sequence 

(yellow). Transgene is oriented C-N to align with FlyBase.org genespan orientation. 

c. wild type disc stained for Arm (cyan) and Elav (magenta). Arm is present throughout 

the PE. 

c’. representative image of an odd-GAL4 > arm-RNAi_VDRC disc stained for Arm (cyan) 

and Elav (magenta). Arm is absent in the PE, which is outlined by dashed white line.  

c’’. representative image of an odd-GAL4 > arm-RNAi_TRiP disc which shows “ectopic 

neurons” phenotype, stained for Arm (cyan) and Elav (magenta). Arm is absent in the 

PE, which is outlined by dashed white line. 

d.-d’. Representative images of the same odd-GAL4 > arm-RNAi disc rescued using the 

RNAi-resistant transgene shown in b.  

d. shows Arm staining (cyan); d’. shows Myc staining (green), indicating presence of the 

RNAi-resistant rescue transgene; and d’’. shows the co-localization of both. 

Photoreceptor neurons marked by Elav (magenta). 

e. Quantification of rescue experiment. Numbers inside bars indicate number of discs 

counted for each condition. 
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Ectopic neurons are actually displaced retina tissue 

 Having established that “ectopic neurons” result specifically from loss of arm, I 

next asked whether these ectopic neurons arose de novo in the PE or whether they 

originated in the DpE and are displaced to the PE side. In the developing eye disc, 

expression of a UAS-GFP transgene using odd-GAL4 identifies the boundary of the PE 

and DpE at the posterior margin of the disc (schematic, 2.4.a. and confocal image shown 

at the optic stalk, marked by white arrowhead, Fig.2.4. c.). When arm is knocked down, 

GFP-positive cells extend up to, but do not overlap with, the Elav-positive cells on the PE 

side of the disc, but do not overlap (schematic, 2.4.b., and white arrowhead in confocal 

image, Fig.2.4. d.). This suggests one of two possibilities: 1.) that a posterior portion of 

the DpE with its photoreceptor clusters shifted up from the posterior margin (retinal 

shift); or 2.) that photoreceptors formed de novo in the PE and consequently lost odd-

GAL4—and therefore UAS-GFP—expression as a result of change in fate from PE to 

retina. In order to distinguish between these two possibilities, I carried out experiments 

to “age” the photoreceptor clusters in the PE. 

In the developing wild type retina, new clusters of photoreceptor cells are added 

at the anterior front of the expanding neuronal field (where an indentation called the 

“morphogenetic furrow” is clearly visible, schematic, Fig. 2.1. a.). This occurs at a rate of 

about one row every two hours at 25oC in a process that can be followed using 

molecular markers to assess age of the developing ommatidia (Campos-Ortega, 1980).  

All cells fated to give rise to the eye first express the retinal determination factor 

Eya and maintain its expression thereafter. Eya-positive cells then express pan-neuronal 
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marker Elav as they differentiate into photoreceptor neurons, and finally, express the 

trans-membrane protein Chaoptin, a photoreceptor-neuron specific marker (Zipursky et 

al, 1984). Given the characteristic developmental order in which these genes are 

expressed, I used their expression as temporal markers to determine the age of the 

ectopic photoreceptor clusters in Arm-knockdown discs and thus differentiate between 

the “retinal shift” and “de novo formation/transformation” hypotheses. 

If knockdown of arm in the PE caused fate change, we would expect to see the 

new retinal tissue in the PE to transition from young to old, as marked by characteristic 

sequential expression of Eya, then Elav (Eya + Elav), and finally Chaoptin (Elav + 

Chaoptin) (schematics, Fig.2.4. e and i.). However, if ectopic neurons result from shifting 

of the retinal epithelium around the disc margin and onto the PE side, all PE neurons 

should be “old” (Eya, Elav, and Chaoptin-positive). I stained arm-knockdown discs with 

both Eya and Elav and found that all PE side neurons expressed both Eya and Elav, and 

that there were no Eya-positive progenitor cells anterior to the last ectopic Elav-positive 

cluster on the PE side (Fig.2.4. h; compare to wild type, g.). Next, I stained discs with 

Elav and Chaoptin; all ectopic photoreceptors were marked by both (Fig.2.4. i-l’), and 

expression was continuous along the margin and into the DpE. Importantly, there were 

no younger clusters (Elav-positive, but Chaoptin-negative) anterior to the older clusters 

(Elav- and Chaoptin-positive). These data indicated that ectopic neurons result from 

retinal shift rather than transformation. 

A developmental phenotypic analysis of L3 discs confirmed this: younger discs 

with only a few Chaoptin-positive rows near their posterior margin did not display the 
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“ectopic” phenotype and were indistinguishable from wild type, (Fig.2.4. m., m’., m’’; 

disc shown has 11 rows of Elav-positive photoreceptor clusters). This observation 

strongly suggests that the retinal epithelium originally formed and differentiated 

normally, and only later did a portion shift towards the PE. 

Taken together, these findings suggest a model in which loss of arm in the PE 

disrupts eye disc morphology such that the portion of the retinal epithelium closest to 

the posterior slides over the disc margin and comes to lie on the PE side of the disc, 

along with a few rows of established photoreceptor clusters (hereafter referred to as 

“retinal shift”).  
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Figure 2.4. Ectopic neurons are displaced from the retinal side of the disc 
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Fig.2.4. 

a. and b. Schematic representations of Z-sections through a wild type (a.) and arm-RNAi 

(b.) L3 eye disc, with posterior margin facing left. Green represents expression of UAS-

GFP in the PE driven by odd-GAL4. Elav stains photoreceptor clusters (magenta). The PE 

boundary is shifted away from the posterior margin in arm-RNAi disc.  

c. and d. wild type (c.) and arm-RNAi (d.) discs expressing odd-GAL4-driven GFP (green) 

to show boundary of the PE. Cell membranes are stained with Dlg (cyan). White 

arrowheads indicate the boundary of the PE, which is shifted in the arm-RNAi disc. Note 

that GFP expression does not overlap with photoreceptor clusters, marked by Elav 

(magenta).  

e. and f. wild type (e.) and arm-RNAi (f.) schematics showing expression of Eya (retinal 

progenitors; cyan) and Elav (differentiated photoreceptor neurons; magenta).  

g. and h. Confocal Z-sections through wild type (g.) and arm-RNAi (h.) discs stained for 

Eya (cyan) and Elav (magenta). 

i. and j. Schematic Z-sections through a wild type and arm-RNAi discs showing 

photoreceptor neurons (Elav; magenta) and their axonal projections (green; 24B10). 

k. and l. Confocal sections through a wild type (k.) and arm-RNAi (l.) eye discs stained 

with 24B10 (green) and Elav (magenta). White arrows indicate the oldest photoreceptor 

cluster with 24B10 expression. In l., the oldest 24B10-positive cluster in on the PE side 

of the disc.  

k’. and l’. show the same two Z-sections, with tissue highlighted by nuclear marker 

Hoechst.  
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m. A younger arm-RNAi disc does not yet show “ectopic neurons”. The oldest cluster 

marked by 24B10 (green) is found at the posterior margin of the disc. Z-view of the 

same disc shown in m’. and tissue highlighted by nuclear stain, Hoechst (cyan), in m’’.  
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Retinal shift occurs within a specific developmental window in the developing larva 

 As discussed above, early L3 discs do not show retinal shift, but all late L3 discs 

do. To determine the developmental window in which the retinal shift occurs, I analyzed 

arm-knockdown eye discs for the presence or absence of ectopic neurons at 

progressively later timepoints during the L3 stage. In the developing eye disc, rows of 

photoreceptor clusters arise at a rate of ~1 row every 2 hours, resulting in ~26 rows by 

the end of L3 (Campos-Ortega, 1980). This highly stereotyped process provides a 

convenient method for developmentally staging discs by counting rows of developing 

neuronal clusters. Figure 2.5. a. shows progressively older wild type discs (top row) and 

Fig.2.5. b. shows similarly aged arm-RNAi discs (bottom row). The number of arm-

knockdown discs counted at each developmental stage is quantified in Fig.2.5. c.  

“Early” L3-stage discs with up to 8 rows of Elav-positive clusters always appeared 

normal; by Elav expression alone, these discs were indistinguishable from similarly aged 

wild type. Ectopic clusters were first detected in discs with approximately 9-14 rows of 

Elav, which corresponds to the midpoint of L3-stage retina development. At this stage, 

in some, but not all, a small number of clusters near the disc margin were out of register 

with the otherwise perfectly ordered array of neuronal clusters (yellow arrowheads in 

Fig.2.5. b., middle panel). By late L3 (corresponding to >15 rows of photoreceptors), one 

or more rows of photoreceptors were found on the PE side of the epithelium (also 

indicated by yellow arrowheads in Fig.2.5. b., right panel). These data confirm that eye 

discs develop relatively normally through the early stages of neurogenesis, and that the 
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midpoint of L3 marks the time at which the disc no longer maintains normal morphology 

in the absence of Arm. 
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Figure 2.5. Retinal shift occurs within a specific developmental window 
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Fig.2.5. 

a. Representative 3D images of Elav-stained eye discs (red) at progressively older ages 

(left to right). Projections are shown with the optic stalk (posterior) facing the left of the 

page. Schematics to the left of 3D projections show representations of a confocal Z-

section through the midline of the disc. Note that number of Elav-positive clusters 

visible in a Z-section is ~half the number counted in an XY plane. Wild type discs 

maintain a normal morphology throughout development.  

b. arm-RNAi discs (bottom row) develop misplaced neurons over time (ectopic clusters 

are indicated by yellow arrowheads). The progression of this phenotype is quantified in 

the charts in c.  

c. Ectopic clusters begin to appear in discs with 9-14 rows of Elav-positive photoreceptor 

clusters, and all discs with 15+ rows show one or more rows of ectopic neurons.  
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Arm function is required through late L2, prior to shifting of the retina 

To establish when Arm function was required in the PE for normal disc 

morphogenesis, I carried out a temporally controlled loss-of-function experiment using 

the GAL4/GAL80ts system (McGuire et al, 2003). Using odd-GAL4 with Tub-GAL80ts to 

control arm-RNAi expression, I generated conditions whereby Arm protein was lost 

during the following time periods: 1.) a time just prior to the start of neurogenesis (late 

L2); 2.) a time very early in L3 at the onset of neurogenesis and thereafter; and 3.) a 

time in L3 when a few rows of neuronal clusters have already been laid out.  

I selected this period from late L2-early L3 as the time in which Arm function is 

most likely required because the expression of odd-GAL4 is broadest in the PE at this 

time, whereas before this time expression is restricted (see Appendix 1.). To achieve 

this goal, I established two parameters: 1.) the rate of development of the eye disc in 

odd-GAL4 UAS-arm-RNAi larvae (approximately 20 hours slower than wild type); and 2.) 

the approximate lag time between onset of arm-RNAi expression and Arm protein decay 

below level of antibody detection relative to the unaffected retina (between 16 and 24 

hours) (Table 2.1). In addition, because perfect synchrony is not possible in larval 

collections, I determined the developmental stage of the discs in each sample at the 

time of temperature shift by dissecting and staining a fraction of the discs for Elav.  

Results from these GAL4/GAL80ts experiment (Fig.2.6. a.) demonstrated that the 

requirement for Arm in the PE occurs in late L2 through very early L3. Samples shifted 

prior to L3 (no Elav detectable at time of shift, and no rows of Elav predicted by time of 

Arm dissipation) displayed the mutant phenotype with 95% penetrance, while samples 
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shifted at the onset of neurogenesis displayed the mutant phenotype with no more than 

13% penetrance. Control samples were kept either at 18oC or shifted to 30oC 

immediately. The latter displayed the mutant phenotype with 100% penetrance (N = 

31), while the former displayed normal morphology in all cases (N = 30). Thus, PE Arm 

must be required in late L2 and up to the onset of neurogenesis in order to produce a 

phenotypically normal eye disc.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 69 

Figure 2.6. Arm function is required through the start of neurogenesis 

 
 

 

 

Fig.2.6. 

a. Results of GAL80ts experiment, shown as percentage/100. Numbers inside bars 

indicate number of individual discs counted for each timepoint, and each timepoint 

represents results from two independent crosses. Vertical line indicates approximate 

onset of neurogenesis (~first row of Elav). Hours AEL (after egg lay) corresponds to AEL 

in Table 2.2. and maximum/minimum # of rows of Elav at time of shift are also shown. 

The approximate number of rows of Elav when Arm protein undetectable calculated 

based on max # rows of Elav at time of shift + ~20-24 hours required for Arm to 

dissipate is shown in Table 2.1.  
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Tables 1. and 2. (Related to Figure 2.6)  

 

 

 

 

 

 

1. Number of discs counted and stained for Arm protein after temperature shift. Arm 

protein was visualized by antibody staining of late L3 discs. 

2. Raw data used to calculate # rows of Elav at time of shift and at time of Arm protein 

loss. 
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PE AJs are disrupted in Arm-knockdown discs and are required for disc morphogenesis 

The retinal shift in arm-RNAi discs results in overall abnormal epithelial 

morphology. Given that Arm is concentrated at the AJ throughout the eye disc 

epithelium, I next asked whether this shifting resulted from loss of Arm, loss of the AJ, 

or both. I reasoned that if it occurred because of loss of the AJ rather than loss of Arm 

specifically, loss of any other junctional component should phenocopy loss of Arm. 

 As shown in Fig.2.3. b. (the same disc is shown again in Fig.2.7. b.”), expression 

of arm-RNAi with odd-GAL4 results in loss of Arm protein throughout the PE. Arm is the 

critical link in the cadherin-catenin “chain” of the AJ (shown in schematic in Fig.2.7. a.), 

bridging a-cat and DE-cad. Furthermore, in Drosophila or mammalian cells, absence of 

Arm or b-catenin results in aberrant trafficking of (D)E-cadherin to the cell membrane 

(Hinck et al, 1994). Consistent with these previous findings, I found the expression of 

both DE-cad and a-cat protein to be disrupted in arm-RNAi discs (Fig.2.7. c’ and d’; 

compare to c. and d., respectively), indicating that the adherens junctions were severely 

compromised or lost in the PE.  

Given the profound effect of loss of Arm on the adherens junction, I next asked 

whether loss of other junctional components in the PE could phenocopy loss of Arm. 

Loss of both DE-cad (Fig.2.7. c. and e.) and a-cat (Fig.2.7. d. and f.) in the PE indeed 

phenocopied arm-RNAi. Importantly, I confirmed that each RNAi line eliminated 

expression of the targeted gene, DE-cad (Fig.2.7. c.) or a-cat (Fig.2.7. d.), respectively. 

Furthermore, neurons on the PE-side of the discs expressed Chaoptin in both cases 
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(24B10; Fig.2.7. g. and h.), indicating that the ectopic neurons were “old”, as was the 

case in arm-RNAi discs.  

These data show that loss of the AJ is sufficient to induce retinal shift, thereby 

establishing the adherens junction as the critical mediator of retinal shift. To solidify this 

junctional component, I next asked whether retinal shift could be rescued without 

restoring Arm at the junction. 
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Figure 2.7. Adhesion is disrupted in arm-RNAi discs 
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Fig.2.7 

a. Schematic of a single adherens junction.  

b.-d. Staining for adherens junction components in wild type shown as Z-projections of 

confocal stacks. Elav shown in magenta for all. Armadillo (a.), DE-cadherin (b.), and a-

catenin (c.)—all shown in cyan—are present in the PE. 

b’.-d’. Staining for adherens junction components in arm-RNAi discs. Arm (a.), DE-cad 

(b.), and a-cat (c.) are absent or mis-localized in the PE. White arrowheads represent 

the last photoreceptor cluster positive for each of the junction markers. Elav shown in 

magenta in all.  

e. and f. Loss of both DE-cad (e.) and a-cat (f.) in the PE reproduce the misplaced 

neurons phenotype seen in arm-RNAi discs. Dashed white lines represent PE, which 

lacks either DE-cad (e.) or a-cat (f.). White arrowhead in e. marks a PE cell not in the 

odd-GAL4 domain that retains expression of DE-cad. 

g. and h. show two different discs where photoreceptors are labeled with Elav 

(magenta) and 24B10 (green). The oldest photoreceptor clusters are marked by the 

white arrows, and are on the PE side of the disc. The PE, which is not stained, is marked 

by dashed white lines in both. 
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The adherens junction can be rescued in the absence of Armadillo, rescuing retinal shift 

Three potential “junction rescue” transgenes have been reported in Drosophila. 

These include a “junction-only” variant of Arm, and two other proteins that can take the 

place of Arm at the junction: Plakoglobin and a fusion of DE-cad to a-cat (DE-cad::a-cat). 

These rescues are described in more detail and tested for “junction-only” function in 

Appendix 2.  

The Basler lab previously reported that a C-terminally truncated version of Arm 

lacking its “Wnt enhanceosome” binding region and containing a single nucleotide 

substitution in its Lgs/BCL9 binding domain, localized to adherens junctions in Arm 

mutant wing discs but could promote transcription of specific Wnt target genes, both in 

cell culture and in the Drosophila wing disc (Fig.2.8. b. called ArmAJ here; “arm_dm” in 

Valenta et al, 2011). It is important to note, however, that this version of Arm retains its 

Pangolin (Pan)/dTCF transcription factor binding domain (compare to wild type Arm, 

Fig.2.8. a.), Therefore, ArmAJ could retain partial Wnt-signaling function. Indeed, as 

described in Appendix 2, I did find that, in the eye disc, ArmAJ is not a true “junction-

only” reagent.  

Although Arm is the sole b-catenin homolog in Drosophila and most other 

invertebrates, vertebrates have an additional b-catenin homolog called Plakoglobin. In 

vertebrates, Plakoglobin is found both at the adherens junction and in another type of 

cell-cell junction known as the desmosome, and most importantly, it does not 

participate in nuclear Wnt signaling. It is, however, nearly identical to Arm/b-catenin in 
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structure and contains all of the domains necessary to bind DE-cadherin and a-catenin. 

When expressed in Drosophila, it localizes to the AJ (White et al, 1998). 

Lastly, it is possible to replace the adherens junction without providing Arm at 

all, by directly fusing DE-cad to a-cat (DE-cad::a-cat; Fig.2.8. d.), bypassing the need for 

Arm at the junction (Pacquelet and Rørth, 2005; Sarpal et al, 2012). Because this fusion 

protein does not contain any Arm sequence, it cannot bind Pan, Arm’s transcriptional 

binding partner, and thus cannot promote canonical Wnt signaling.  

To establish the usefulness of these “junction rescue” transgenes in the eye, I 

assessed the ability of all three to rescue Wnt signaling. This assessment is described in 

detail in Appendix 2. While “junction-only” Arm can clearly provide some Wnt signaling 

function in the eye disc, neither Plakoglobin nor DE-cad::a-cat exhibit any hallmarks of 

canonical Wnt rescue, making them good candidates for an Arm-independent rescue of 

the adherens junction in arm-RNAi discs. 
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Figure 2.8. Schematics of putative junction transgenes 

 

Fig.2.9. 

a.-d. show schematics of wild type Arm protein and each putative “junction rescue” 

transgene (not drawn to scale). Structures of b. and c. are directly comparable to a.  

a. full-length wild type Arm domain structure. 

b. ArmAJ (called “arm_dm” in Valenta et al, 2011). 

c. human Plakoglobin domain structure. 

d. fusion of full-length DE-cadherin cDNA to full-length a-catenin cDNA (DE-cad::a-cat). 

The intracellular domain of DE-cad is directly fused to a-cat; its Arm binding domain is 

retained, but Arm is not necessary for function of the protein complex. 
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Restoration of the adherens junction is sufficient to rescue boundary shifting  

 Having established the extent to which each “junction rescue” rescued Wnt 

signaling (Appendix 2), I next tested the ability of all three transgenes to rescue retinal 

shift in arm-RNAi discs. Results of these experiments are shown in Fig.2.9. All three 

transgenes rescued retinal shift in 100% of the discs (Fig.2.9. a’.-c’.; N ≥ 20 

discs/condition; see figure legend for genotypes); expression of the rescues alone in the 

PE had no apparent effects on the epithelium (Fig.2.9. a.-c.). Furthermore, while 

expression of ArmAJ obviously provides a form of Arm protein to the PE (Fig.2.9. d.), 

expression of both UAS-Plakoglobin and UAS-DE-cad::a-cat restore disc morphology 

without providing any Arm (lack of PE staining in Fig.2.9. e. and f. indicated by white 

arrows). These data strongly support that PE adherens junctions are critical mediators of 

the disc morphology observed in arm-RNAi, DE-cad-RNAi, and a-cat-RNAi. 
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Figure 2.9. Junction rescues restore epithelial morphology in arm-RNAi discs 
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Fig. 2.9. 

All images show Z-projections of confocal stacks; all photoreceptor clusters labeled by 

Elav in magenta. a.-c. show rescue transgenes crossed to odd-GAL4 alone.  

a. Expression of ArmAJ (constitutively expressed) in an odd-GAL4 background. Myc tag 

indicates presence of rescue (green); Arm stained in cyan.  

b. odd-GAL4-driven UAS-Plakoglobin.HA. HA tag stained in green and membranes 

marked by Dlg.  

c. odd-GAL4-driven UAS-DE-cad::a-cat in an odd-GAL4 background. DE-cad stained in 

cyan. 

a’.-c’. show odd-GAL4 arm-RNAi discs rescued by each transgene. Colors are the same as 

in a.-c. 

a’. shows rescue by ArmAJ. 

b’. shows disc rescued by Plakoglobin. 

c’. shows a disc rescued by a fused DE-cad::a-cat. DE-cad expression is restored by this 

transgene.  

d. ArmAJ restores Arm expression (cyan) in the PE.  

e.-f. expression of either UAS-Plakoglobin (e.) or UAS-DE-cad::a-cat (f.) rescues arm-

RNAi phenotype without rescuing expression of Arm (cyan). White arrows indicate PE, 

which is not visible due to Arm loss in the PE.  
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Adherens junctions prevent retinal shift by regulating Yorkie  

 In addition to its main structural components, a number of other proteins cluster 

at the adherens junction. One such protein is Ajuba (Jub; a homolog of mammalian LIM-

domain family of proteins), which is known to modulate Yki-mediated transcription, at 

the level of the Hippo kinase cascade. When directly phosphorylated by the Wts kinase, 

Yki is sequestered from the nucleus, and thus cannot promote transcription of target 

genes (Fig.2.10. d.). When Jub is bound to a-cat at the AJ, it binds Wts. This results in 

sequestration of Wts, and thus prevents Wts from phosphorylating cytoplasmic Yki. 

Unphosphorylated Yki can then translocate to the nucleus (Rauskolb et al 2014; Alégot 

et al, 2019; Sarpal et al, 2019). Thus, the presence of the AJ is critical to promote the 

transcriptional activity of Yki; in the absence of the AJs, Yki is more heavily targeted by 

Wts and its function is reduced. 

 Our lab has recently discovered that Yki plays an important role in the 

maintenance of eye disc morphology (Neal, S. and Zhou, Q., unpublished). In fact, loss of 

Yki and other perturbations of the PP2A-Hippo-Wts-Yki axis in the PE at the late L2 stage 

result in essentially the same retinal shift phenotype to that seen with loss of Arm. Since 

the AJ plays a positive role in the regulation of Yki through Jub—a-cat association, I 

reasoned that the requirement for the AJ in maintaining proper disc morphology might 

reflect a requirement for nuclear Yki function.  

To explore this hypothesis, I first asked whether loss of Jub—the main link 

between the AJ and Yki activity—phenocopied loss of the physical junction components 

(Arm, DE-cad, or a-cat). While driving jub-RNAi with odd-GAL4 resulted in larval 
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lethality, restricting its expression to the late L2/early L3 stage using GAL80ts overcame 

this lethality. Under these conditions, I observed discs with the retinal shift phenotype 

(N = 20/20; Fig.2.10. a.). Thus, just as loss of the AJs or the loss of Yki lead to retinal 

shift, so does loss of Jub. This is consistent with the role of Jub as a positive regulator of 

Yki. 

Next, to extend this connection to the transcriptional regulator Yki, I asked 

whether expression of Yki in arm-RNAi PE could rescue the retinal shift. Expression of 

UAS-yki alone had no obvious phenotypic consequence in the PE (Fig.2.10. b.). 

Moreover, as shown above, 100% of late L3 arm-RNAi discs display retinal shift (Fig.2.2. 

d. and f.). Under these conditions, expression of Yki rescued retinal shift in 85% (22/26) 

of arm-RNAi discs, and rescued discs were indistinguishable from wild type (Fig. 2.10. 

c.). As expected, Yki overexpression did not restore expression of Arm at the AJ, 

confirming that this rescue is not mediated through the AJ itself. This strongly supports a 

model whereby loss of Arm, DE-cad, or a-cat results in retinal shift due to failure of AJ-

associated Jub to properly regulate Yki activity.  
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Figure 2.10. Expression of Yki restores normal disc morphology 
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Fig.2.10. 

a. example of a disc expressing jub-RNAi in the PE. Yellow arrows indicate area of retinal 

shift. AJ shown in cyan (Arm) and photoreceptors in magenta (Elav). Larvae were grown 

at 18oC and shifted to 30oC for two full days before dissection (~end of L2-L3). N = 20 

discs. Scale bar = 50 µM. 

b. disc expressing UAS-yki in the PE. Disc is indistinguishable from wild type.  

c. arm-RNAi disc rescued with UAS-yki. Expression of Arm in the PE is not rescued 

(yellow arrowhead shows last retinal cluster expressing Arm). N = 26; 22 discs (85%) are 

rescued as shown. 

d. schematic of AJ-Yki model of the regulatory mechanism perturbed in retinal shift. 
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Discussion 

I have shown here that loss of arm in the PE results in disrupted eye disc 

morphology, whereby retinal neurons shift from the disc proper towards the PE; this 

ultimately disrupts the highly ordered fly eye architecture necessary for vision. in 

particular, AJ control of Yki nuclear translocation in the PE is key to the maintenance of 

proper morphology of the larval retinal epithelium. The retinal shift described here for 

the first time, expands on the roles the PE plays in support of the developing retina and 

provides a new paradigm for the study of interactions between these two tissues. 

However, in order to truly understand the role of the PE, we need to uncover 

downstream targets of nuclear Yki that are relevant to the biological phenomenon 

described here. Some broader speculations are explored in Chapter 4. 

 

The two functions of Arm are separable, and its role at the AJ is primarily responsible for 

PE/eye disc morphology 

 Most work on the AJ has focused on either E-cad or a-cat, in part due to the dual 

functions of Arm. By separating the junctional function of Arm from its Wnt signaling 

role, I was able to show that its role at the AJ is critical to epithelial morphology. 

Moreover, by restoring the AJs using a direct protein fusion of DE-cad to a-cat or human 

Plakoglobin, I found that it is the AJ itself, and not the Arm protein, that is critical to this 

process. Interestingly, I found that the function of the AJ in regulating signaling, rather 

than its structural role in preserving the epithelium, appeared to be the major factor in 

retinal shift.  
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The AJ of the PE is an important signaling center 

The ability of Yki to rescue retinal shif in arm-RNAi discs strongly suggests that it 

is not the integrity of the AJ, but its role as a signaling regulator, that controls PE and 

retina morphology. The finding that loss of Jub, a factor that links Yki transcriptional 

activity to the AJ by sequestering its negative regulator Wts at the junction, also induces 

a retinal shift phenotype, also supports this model.  

The Tepass lab has previously generated a fusion of DE-cad::a-cat lacking the Jub 

binding domain that makes a functional AJ. However, since it cannot bind Jub and 

sequester Wts, transcriptional activity of Yki is impaired (Sarpal et al, 2019). If retinal 

shift in arm-RNAi is indeed due to the failure of Jub to sequester Wts, then expression of 

this Jub-interaction-deficient form of DE-cad::a-cat should rescue the AJ in arm-RNAi PE 

but fail to rescue the retinal shift phenotype. This is a straightforward and final 

experiment necessary to complete this work before for submission of this manuscript. 

Unfortunately, as of this submission, we have not yet received the flies required for this 

experiment.  

Our lab has also recently discovered that loss of Yki signaling near the time of 

neurogenesis (L2/L3 stage) results in retina shift (Scott Neal, unpublished) and that Yki 

regulation by the PP2A phosphatase and the Hippo-Wts cascade underlies this 

phenotype (Neal, Zhou, and Pignoni, unpublished). The work presented here reveals the 

connection between Yki and Arm in maintaining proper epithelial architecture. It 

remains to be determined what transcriptional targets of Yki might play a role in 
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establishing and maintaining normal tissue morphology in the eye disc (discussed 

further in Chapter 4). 

 

Materials and Methods 

Drosophila genetics and fly lines 

All flies were maintained according to standard protocols. All crosses were 

performed at 25oC, except where noted. Transgenic flies were obtained from the Vienna 

Drosophila Stock Center (VDRC) and Bloomington Drosophila Stock Center (BDSC). A 

complete list of lines used in this chapter can be found in Table 2.3. The odd-GAL4 driver 

was a gift of Victor Hatini (Tufts), and the UAS-DE-cadherin::a-catenin line was a gift of 

Ulrich Tepass (U. Toronto). Konrad Basler (U. Zurich) provided plasmids (described in 

Valenta et al, 2011) which I modified to construct the armadillo RNAi-resistant 

transgenes. The UAS-yki flies were a gift of D. Pan (UT Southwestern). 

 

Immunohistochemistry 

L3 eye discs were dissected in PBS and fixed in 3% paraformaldehyde/phospho-

lysine buffer for 30 minutes, followed by three washes each of 1x PBS and 1x PBS-Triton-

X-100 (PBST). Tissue was blocked for 30 minutes in 5% normal goat serum/PBST, and 

primary antibodies were incubated overnight in fresh blocking solution. Following 

primary incubation, tissue was washed three times each in 1x PBST and blocking 

solution, and secondary antibodies were incubated in fresh blocking solution for at least 

4 hours or overnight. Tissue was then washed three times each in 1x PBST and PBS 



 88 

before mounting. A complete list of antibodies and concentrations used can be found in 

Table 2.4. Discs were mounted in medium consisting of 65% glycerol and 2.5% N-propyl 

gallate. 

 

Image acquisition and processing 

Confocal stacks were recorded in Leica LASX software using a Leica DM5500Q 

microscope with SPEII confocal head. LASX software was used for post-acquisition 

processing. Fluorescence intensities were adjusted both pre- and post-imaging for best 

presentation, but no quantitative measurements were made based on fluorescence 

intensity. All discs shown in figures were scanned with the PE directly facing the cover 

glass for best resolution. 

 

Reproducibility 

All experiments shown were repeated in at least two independent crosses. 

Representative images are shown in all figures. For any individual experiment, a 

minimum of 20 discs from at least 15 different animals were evaluated; instances where 

fewer than 20 discs were analyzed are noted in the relevant figure. All odd-GAL4 

knockdown and rescue phenotypes were fully penetrant. In all rescue experiments, discs 

were counted as “rescued” only if they had at least 15 rows of Elav-positive 

photoreceptor clusters. 
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Time shift assay (related to Fig.2.6.) 

Adult flies were crossed in bottles for three days at 25oC (~150 flies/bottle). For 

timed collections, flies were combined and transferred to cages with grape juice plates 

and fresh yeast paste and cleared for 2 hours before embryo collections. Three plates of 

embryos were collected every hour and transferred immediately to 18oC. Two of the 

three plates containing larvae were shifted to 30oC at times indicated. Larvae from the 

third plate were dissected at time of shift and stained for Elav in order to determine 

their stage of development (N ≥ 10 larvae/experiment). All other larvae were allowed to 

grow to late L3 after temperature shift, dissected, and stained for Elav and Dlg to 

determine whether the “ectopic neurons” phenotype was present. A minimum of 40 

discs were analyzed for each timepoint over the course of two independent 

experiments. Two control crosses—one at 18oC and one at 30oC—were held at constant 

temperatures for the duration of the experiment to ensure that the GAL80ts was 

functional (active at 18oC and inactive at 30oC). 

To determine the amount of time needed for Arm protein to be eliminated after 

temperature shift, bottles were crossed at 18oC until larvae reached the early-mid L3 

stage. Bottles were then shifted to 30oC and wandering stage L3 larvae were dissected 

every two hours, stained for Arm, and analyzed by confocal microscopy. Arm expression 

in the retina served as an internal control for presence/absence of Arm in the PE. 
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Cloning of RNAi-resistant arm transgenes 

Plasmids containing Myc-tagged full-length arm cDNA and arm_dm (ArmAJ) cDNA 

were obtained from K. Basler. Amino acids 26-317 were replaced by alternative codons 

to make Arm resistant to VDRC1107433 arm-RNAi for both plasmids. Both pT2-attB(+)-

based plasmids contain the tubulina1 promoter and 3’UTR. ArmAJ contains amino acids 

1-691 and has a single point mutation at D172A. Transgenes were injected into embryos 

at the 86Fb landing site on the third chromosome by BestGene Inc. (Chino Hills, CA); 

BestGene also identified and balanced transformants. I confirmed that the wild type 

Arm rescued EyFLP, Act>>GAL4 arm-RNAi flies (essentially null for arm in the eye disc, 

and adults do not eclose) to viability, while ArmAJ could not.  

 

Table 2.3 
Drosophila Lines used in Chapter 2 

Commercial lines Source Identifier 
UAS-armadillo-RNAi.VDRC VDRC 107344 
UAS-armadillo-RNAi.JF01251 Bloomington 31304 
UAS-armadillo-RNAi.NIGR-2 NIG 11579R-2 
UAS-DE-cadherin-RNAi.HMS00693 Bloomington 32904 
UAS-a-catenin-RNAi.HMS01903 Bloomington 38987 
UAS-Plakoglobin.HA (Hsap JUP) Bloomington 78500 
UAS-jub-RNAi.HMS00714 Bloomington 32923 
Tubulin-GAL80ts Bloomington 7017 
Non-commercial lines Origin Lab University 
odd-GAL4/CyO2xTb-RFP V. Hatini Tufts 
UAS-DE-cadherin::a-catenin U. Tepass U. Toronto 
Tub_ArmAJ.myc Pignoni Lab (DFD) Upstate 
Tubulin_Arm_wild type.Myc Pignoni Lab (DFD) Upstate 

UAS-yki D. Pan 
UT 
Southwestern 
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Table 2.4 

Primary Antibodies used in Chapter 2 
Antibody Abbreviation Host Vendor Catalog # Concentration 
Armadillo  Arm mouse DSHB N27A1 1:200 
a-catenin a-cat rat DSHB DCAT-1 1:100 
Chaoptin 24B10 mouse DSHB 24B10 1:100 
DE-
cadherin DE-cad rat DSHB DCAD2 1:50 
Discs large  Dlg mouse DSHB 4F3 1:250 
Elav Elav rat DSHB 9F8A9 1:250 

GFP GFP rabbit 
Life 
Technologies A6455 1:100,000 

HA-tag HA rabbit Cell Signaling C29F4 1:1000 
Myc-tag Myc rabbit Cell Signaling 71D10 1:200 

      
Secondary Antibodies 

Target Host Conjugates Cross-reactivity Vendor 

mouse goat 
Cy2, Cy3, 
Cy5 

min X Hu, Bov, Hrs, 
Rb, Rat Sr Prot JacksonImmuno 

rat goat 
Cy2, Cy3, 
Cy5 

min X Hu, Bov, Hrs, 
Rb, Ms Sr Prot JacksonImmuno 

rabbit goat 
Cy2, Cy3, 
Cy5 min X Hu, Ms, Rat Sr Prot JacksonImmuno 
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Chapter 3 

Title: Loss of Wnt4 signaling results in retinal shift in the developing eye disc 

epithelium 
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Abstract 

In Chapter 2, I analyzed the effects of loss of peripodial armadillo (arm; the fly b-

catenin), a gene with roles in both the adherens junction and in the canonical Wnt 

pathway, during development of the eye disc. The data in Chapter 2 strongly support a 

model in which loss of arm contributes to “retinal shift” via loss of the adherens 

junctions. The work presented in this chapter began prior to coming to that conclusion, 

as a way to explore a potential mechanism for Arm function through the canonical Wnt 

pathway. Preliminary data presented here are consistent with a role for Wnt signaling in 

retinal shift, although more likely to be through non-canonical rather than canonical 

signaling. These data also support a mechanism that is independent of junctional Arm 

loss, because the adherens junctions remain intact in Wnt loss-of-function discs 

exhibiting the retinal shift phenotype.  
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Introduction 

 Armadillo (Arm; b-catenin) plays a central role in the canonical Wnt signaling 

pathway, which is involved in diverse developmental processes including cell 

proliferation, cell fate determination, cell migration, tissue patterning, and organ 

morphogenesis. Activation of the canonical pathway follows binding of a Wnt ligand to 

its membrane co-receptors, Frizzled (Fz) and Arrow (Arr; LRP5/6 in vertebrates), thereby 

inducing the release of Arm from its “destruction complex”. This event prevents 

degradation of Arm and promotes its translocation into the nucleus where it associates 

with DNA-binding protein Pangolin (Pan) and recruits also other transcriptional 

machinery to regulate expression of Wnt target genes (Fig.3.1. b.; Drosophila Wnt-

related genes and their mammalian counterparts can be found in Table 3.1). In the 

absence of a Wnt ligand, the destruction complex phosphorylates and ubiquitinates Arm 

and targets the protein for degradation by the proteasome (Fig.3.1. a.). 

 Studies of Wnt signaling in mammals are complicated by the presence of 19 Wnt 

ligands, 10 Fz receptors, 2 LRP5/6 (Arr) co-receptors, and 4 TCF/LEF transcription 

factors. The Drosophila genome encodes genes for 7 Wnt ligands, 4 Fz receptors, 1 Arr 

co-receptor, and 1 TCF/LEF transcription factor, Pangolin (Pan). Thus, while Wnt 

signaling in Drosophila is “simpler” than that of mammals, it retains considerable 

complexity. For example, Fz and Fz2, both of which bind Wg (Wnt1), are completely 

redundant in embryonic development, and no phenotypic effects are observed unless 

embryos are null for both (Bhanot et al, 1999; Müller et al, 1999). Further complicating 

this picture is the existence of multiple non-canonical Wnt signaling pathways, most 
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notably, the planar cell polarity (PCP) Wnt pathway and the Wnt-Ca2+ pathway (Fig.3.1. 

c. and d.). While these pathways use at least one alternative membrane receptor 

(VANGL in place of Arr), they can be activated by some of the same Wnts that activate 

the canonical pathway. Nevertheless, Arm functions only in the canonical Wnt pathway.  

In a screen for genes involved in eye development, the lab identified arm as a 

gene whose loss resulted in an abnormal eye phenotype, called retinal shift (described 

in Chapter 2). Because Arm has a prominent role in canonical Wnt signaling, I initially 

explored whether the canonical pathway might cause the retinal shift phenotype. I 

found that, while some Wnt pathway components appear to play a role in this 

phenotype, the considerable complexity of Wnt signaling and the promiscuity of Wnt 

pathway components (Table 3.1) made it difficult to pinpoint which Wnt pathway was 

associated with this phenotype. In this chapter, I present and discuss results of 

preliminary Wnt loss-of-function experiments in the eye disc that implicate at least one 

Wnt pathway in retinal shift and show that the likely mechanism does not involve the 

adherens junction. Though based on only a few experiments, these findings raise the 

possibility that a non-canonical Wnt pathway plays a role in the retinal shift phenotype. 

 

 

 

 

 

 



 99 

Figure 3.1 The canonical and non-canonical Wnt pathways 
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Fig.3.1. Wnt pathways (simplified) 

a. depicts the canonical Wnt pathway in its OFF state (no Wnt ligand present). The 

destruction complex sequesters Arm and targets it for degradation by the proteasome. 

In the nucleus, Pangolin (Pan) is bound by co-repressor Groucho (Gro). 

b. depicts the canonical Wnt pathway in its ON state (Wnt ligand present). Arrow and 

Frizzled dimerize upon binding of a Wnt ligand. Arm is released from the destruction 

complex and translocates to the nucleus. In the nucleus, Arm binds Pan, recruits other 

transcriptional components (the “enhanceosome”) and drives transcription of Wnt 

target genes. 

c. depicts a simplified non-canonical Planar Cell Polarity (PCP) Wnt pathway which plays 

a role in cellular orientation and cytoskeletal organization. 

d. depicts a simplified non-canonical Wnt-Ca2+ pathway which plays diverse roles in axis 

patterning, cell fate, cell proliferation, and cell migration. 
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Results and Discussion 

Expression of dominant-negative Pangolin in the PE induces retinal shift 

To investigate a potential role for canonical Wnt signaling in retinal shift, I first 

chose to manipulate the least promiscuous, and most downstream component of the 

canonical pathway: transcription factor Pangolin (Pan). Pan is the sole homolog of the 

TCF/LEF family transcription factors in Drosophila (van de Wetering et al, 1997; Brunner 

et al, 1997). In its simplest iteration, canonical Wnt signaling is thought to disrupt Gro-

Pan-mediated gene suppression and induce Arm-Pan mediated gene activation (Fig.3.2. 

a.). Arm itself has no DNA-binding capability; rather, it must bind to a transcription 

factor to promote transcription of Wnt target genes. Drosophila Pan is the transcription 

factor most commonly associated with canonical Wnt signaling. As the sole TCF/LEF 

homolog in flies, Pan functions as both a transcriptional repressor and activator. In the 

absence of Wnt signaling, Pan acts as a repressor, and is bound to co-repressor Groucho 

(Gro; TLE in mammals), which inhibits Pan binding to Arm (Fig.3.1. a.). In response to 

Wnt signaling, stabilized Arm associates with Pan, and the Pan-Arm complex functions 

mainly as an activator of many targets, and acts as a repressor in a few cases 

(Blauwkamp et al, 2008; Zhang et al, 2014). 

Pangolin "dominant-negative” (UAS-panDN) is a transgene with an N-terminal 

deletion of its Arm-binding domain (van de Wetering et al, 1997). Because it cannot bind 

Arm but retains its Gro-interaction domain, UAS-panDN has been reported to act as a 

constitutive repressor of target genes activated by canonical Wnt signaling (van de 

Wetering et al, 1997; Cavallo et al, 1998; Lawrence et al, 2000; Xu et al, 2018; Fig3.2 b.). 
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I first expressed UAS-panDN throughout using the ey-FLP method (ey-FLP with 

Act5C>CD2>GAL4 Pignoni and Zipursky, 1997). This method of expression induced 

tissue-specific, constitutive expression of RNAi-targeted against specific genes 

throughout the entire eye-antennal disc, including both in both the PE and the retina. 

This method was used in the original screen in our lab that identified arm as a gene of 

interest. This experiment resulted in L3 larvae lacking nearly the entire eye disc. To 

overcome this, I drove UAS-CyclinE concurrently to promote cell division and increase 

disc size. I found that these discs, although still smaller than wild type, were large 

enough to be evaluated and displayed the “retinal shift” phenotype (Fig.3.2 d.; compare 

to wild type in c.).  

 Next, to address Pan activity specifically in the PE, I restricted panDN expression 

to the PE using the odd-GAL4 driver. This resulted in embryonic lethality, likely due to 

odd-GAL4 expression in the embryo. To circumvent this problem, I used the 

GAL4/GAL80ts system (described in Chapter 2, Fig.2.6 b.-b’.) to temporally restrict GAL4 

activity, and thus expression of UAS-panDN, to post-embryonic stages. This resulted in 

discs that phenocopied the retinal shift phenotype (Fig.3.2. e. and f.). I then determined 

that all PE-side photoreceptor clusters expressed Chaoptin, indicating that the ectopic 

clusters were developmentally “old”. I therefore concluded that the earliest clusters 

formed at the posterior margin of the retina and then shifted to the PE side of the disc 

at some point during retina development. In short, the expression of panDN 

phenocopies the retinal shift phenotype.  
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Figure 3.2 Expression of panDN recapitulates retinal shift 
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Fig.3.2.  

a. schematic of a nucleus in a wild type Wnt-responsive cell. Arm is bound to 

transcriptional co-activator Pan and Wnt targets are transcribed. 

b. schematic of a Wnt-responsive cell with the PanDN transgene present. Because 

PanDN lacks its Arm binding domain but retains its Gro binding domain, it acts as a 

transcriptional repressor, and Wnt targets are not transcribed.  

c. wild type eye disc. Photoreceptors stained with Elav (magenta) and adherens 

junctions with Arm (cyan) in XY and XY projections. 

d. example of an ey-FLP, Act>>GAL4 > UAS-panDN UAS-CycE eye disc in XY and XZ 

projections. PE-side photoreceptors (Elav; magenta) all express 24B10, indicating that 

they are old. 

e. example of a weak phenotype in an odd-GAL4 > panDN disc. Yellow arrows indicate 

region of disc where photoreceptors (magenta) are found on PE side; red arrows 

indicate region where margin appears wild type. PE-side photoreceptors are labeled 

with 24B10 (green). 

f. example of a stronger phenotype in an odd-GAL4 panDN disc. Photoreceptors stained 

with Elav (magenta) and junctions with Arm (cyan).  
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Although the panDN transgene has been used as a reagent to induce canonical 

Wnt signaling “loss-of-function”, it is important to note the limitations of this reagent:  

 

1. panDN expression does not mimic severe loss of pan: Pan is the sole TCF/LEF homolog 

in Drosophila and therefore, for most genes, acts as both a transcriptional activator (in 

the presence of a Wnt ligand) and repressor (in the absence of a Wnt ligand). Severe 

loss of pan results in absence of the Gro-Pan repression complex normally present in the 

absence of signaling, and this leads to de-repression of Wnt target genes such as 

engrailed (Cavallo et al, 1998). Hence, severe loss of pan has a hypomorphic effect on 

Wnt pathway activity. This makes it impossible to compare panDN expression to a 

straightforward knockdown or absence of canonical Wnt signaling, as the exact 

transcriptional outcome of panDN is unknown and likely differs depending on its level of 

expression. 

 

2. Wnt signaling can actively repress genes in both vertebrates and fly: In vertebrates, 

there are four TCF/LEF genes (TCF1, TCF3, TCF4, and LEF1); in response to signaling, 

LEF1 acts mainly as a transcriptional activator, whereas the TCF proteins often act as 

repressors, depending on the tissue and organism (reviewed in Hrckulak et al, 2017). In 

Drosophila, this Wnt-induced gene repression is mediated by the same Arm-Pan 

complex that activates genes, but it acts through different Pan binding sites (Blauwkamp 

et al, 2008; Zhang et al, 2014). It is unknown what changes in transcription might occur 

at these gene targets in the presence of panDN. Therefore, we cannot assume that 
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expression of panDN results in transcription that is opposite to the complex outcomes 

induces by canonical Wnt signaling.   

 

3. Recent evidence has raised the possibility that not all Arm/b-catenin-transcription is 

mediated through TCF/LEF transcription factors: while the bulk of Arm and b-catenin-

dependent transcription seems to be mediated by an Arm-Pan or b-catenin-LEF1 

interaction (Franz et al, 2017; Schuijers et al, 2014), there is emerging evidence that 

some canonical Wnt target genes are regulated by transcription factors other than 

TCF/LEF in the human HEK-293T cell line (Doumpas et al, 2019). This new study revealed 

that a subset of Wnt target genes were transcribed in response to a Wnt ligand, even in 

the absence of all four TCF/LEF genes. This raises the possibility that Pan-independent 

Arm-mediated transcription occurs in flies as well, although this has not yet been 

studied. This type of Wnt-mediated transcription cannot be addressed using panDN.  

 

4. Endogenous Pan is present in panDN discs: Lastly, overexpression of panDN does not 

eliminate endogenous Pan expression or activity. This further complicates interpretation 

of these data, as the presence of wild type Pan in the eye disc likely allows for at least 

some level of Wnt signaling. 

 

Taking these caveats into account, it is not possible to definitively conclude that 

the retinal shift phenotype is the result of loss of regulation of one or more Arm-Pan 

gene targets. Therefore, we cannot conclude with any degree of certainty that the 
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canonical Wnt pathway plays a critical role in maintaining proper disc morphology as it 

relates to retinal shift.  

 

Loss of Wnt ligands in the eye disc results in “retinal shift”  

To avoid the complexities inherent in the use of the panDN reagent, I 

investigated whether loss of upstream Wnt ligands could confer the retinal shift 

phenotype using two different approaches. In the first approach, I used the ey-FLP plus 

Minute method to generate large mutant clones (Morata and Ripoll, 1975; and Fig.3.3.) 

of a Wnt deficiency chromosome that eliminates four Drosophila Wnt genes—wg, 

Wnt4, Wnt6, and Wnt10—all of which have been found in the eye disc, either by in situ 

hybridization or in RT-PCR-based assays (Fig.3.4. a.; Baker, 1988; Janson et al, 2001; Lim 

et al, 2005). The generation of large clones mutant for these four Wnt genes resulted in 

eye discs that resembled retinal shift in 60% (18/30) of discs (Fig.3.4. b.). Discs that 

showed this phenotype expressed Chaoptin (24B10) in all PE-side neurons, confirming 

their “older” developmental stage. It should be noted that this particular Wnt deficiency 

chromosome contains two nested “unknown” genes and a long-non-coding RNA 

(lncRNA) which are all deleted in the clones. Hence, based solely on this experiment, it 

was not possible to definitively ascribe the mutant phenotype to loss of one or more of 

the Wnt genes. For this reason and because the Wnt Df experiment eliminated four 

Wnts at once, I next asked whether I could induce the retinal shift phenotype by loss of 

any single Wnt ligand. Fortunately, previous work in the lab by Dr. Q. Zhou had 

identified Wnt4 as a gene whose silencing resulted in ectopic neurons in the PE, when 
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silenced throughout the eye disc epithelium (using the ey-FLP with Act5C>Y>GAL4 FLP-

out method) (Zhou and Pignoni, unpublished).  
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Figure 3.3. Generation of Minute clones 

 

 

 

Fig.3.3.  

a. cell heterozygous for Wnt deficiency (WntDf) FRT chromosome and Minute_GFP 

(M_GFP) FRT chromosome. 

b. cell after FLP-medicated FRT recombination. 

c. cells after mitosis. WntDf cells have increased growth and are negative for GFP. WT 

Wnt cells have decreased growth because they are homozygous for a ribosomal mutant 

gene that results in the Minute phenotype. Homozygous Minute cells are marked by 

GFP. 
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Figure 3.4. Large Wnt-deficient clones recapitulate retinal shift 
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Fig.3.4. 

a. segment deleted in Wnt deficient chromosome (WntDf), indicated by red bar. This 

aberration deletes Wnt4, wg, Wnt6, and the N-terminus of Wnt10, as well as two nested 

“unknown genes” and a lncRNA.  

b. and b’. representative example of an eye disc with Minute WntDf clones. Yellow 

arrows in b. indicate row of photoreceptors (Elav; magenta) on the PE side of the disc. 

Cell junctions are marked by Arm (cyan). b’. shows the same disc with GFP-positive 

Minute clones (green). Non-GFP-expressing cells are homozygous for the WntDf 

chromosome and GFP-positive cells are wild type for the Wnts. 

c. a different Minute WntDf disc with neurons labeled with Elav (magenta) and Chaoptin 

(24B10; green) indicating that they are “old” as seen in all discs that exhibit retinal shift. 

Tissue is highlighted by nuclear stain Hoechst (blue). Yellow arrows indicate PE-side 

photoreceptor clusters. 
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I repeated Q. Zhou’s experiment, driving two UAS-Wnt4-RNAi lines targeting 

Wnt4 (Fig.3.5.). In both cases, Wnt4-RNAi discs had one or more rows of Elav-positive 

photoreceptors on the PE side (Fig.3.5. a. and b.). As previously seen in arm-RNAi discs, 

these ectopic clusters were Chaoptin-positive and thus “old” and most likely originally 

formed before a portion of the retina shifted to the PE side of the disc. The transgenic 

RNAi lines used included line VDRC_104671, which targets only Wnt4, and line NIG_R-3, 

which targets Wnt4, but also includes wg and Wnt2 as potential off-targets. These 

findings point to Wnt4 as one ligand required to ensure maintenance of proper 

epithelial morphology, but do not exclude the possibility of contributions from other 

Wnt ligands. 

Of the potential off-targets of the NIG_R-3 Wnt4-RNAi line, Wnt2 was not 

affected in the WntDf chromosome, and no function for Wnt2 has been described in the 

Drosophila eye. The wg gene, however, was deleted in the WntDf chromosome, and is 

known to function in the eye disc. Nonetheless, loss of wg does not induce retinal shift 

on its own, based on the analysis of a well-characterized temperature sensitive allele, 

wgts (van den Heuvel et al, 1993; Q. Zhou, unpublished). The other two Wnt genes 

eliminated in the WntDf chromosome—Wnt6 and Wnt10—are present in the eye disc, 

but their functions have not been studied in the eye. Interestingly, Wnt6, is expressed 

(mRNA) in a pattern identical to wg in the eye disc. Hence, I cannot exclude that wg and 

Wnt6 may have redundant function (Janson et al, 2001).   

 Taken together, these findings point to Wnt4 as the ligand required to ensure 

proper epithelial morphology in the eye disc. However, it is still possible that Wg and 
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Wnt6 contribute to this in a redundant fashion, and a role for Wnt10 cannot be 

conclusively excluded.  
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Figure 3.5. Loss of Wnt4 throughout the eye disc recapitulates retinal shift 
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Fig.3.5. 

a. Wnt4 genomic locus. RNAi lines used in c. and d. are indicated by red boxes. The NIG 

line targets four fragments in the gene and one of those targets overlaps with the VDRC 

target.. 

b. example of wild type disc shown in the same orientation as discs in c. and d. Normal 

disc margin indicated by yellow arrows in XY and XZ. Cell junctions (Arm) shown in cyan 

and photoreceptors (Elav) in magenta. 

c. an example of a disc with NIGR_3 Wnt4-RNAi (off-targets wg and Wnt2). All PE-side 

neurons (Elav; magenta) express Chaoptin (24B10; green). Yellow arrows show PE-side 

photoreceptor clusters. N = 25 and phenotype is 100% penetrant. Disc genotype: ey-FLP, 

Act>Gal4>; UAS-Wnt4-RNAi. 

d. an example of a disc with VDRC_104675 Wnt4-RNAi (no off-target Wnt genes). 

Photoreceptors shown in magenta (Elav) and cell junctions shown in cyan (Arm). Yellow 

arrows indicate PE-side photoreceptor clusters. This phenotype is weaker than that of 

NIG_R3-RNAi and is not fully penetrant. N = 22, 10 show retinal shift (~45.45%). Disc 

genotype: ey-FLP; Act5C>GAL4, UAS-dcr2, UAS-Wnt4-RNAi; UAS-GFP. 
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What pathways are downstream of Wnt? 

Although these findings suggest a role for at least one of the Wnt pathways in 

retinal shift (see Fig.3.1. for Wnt pathways), these experiments do not satisfactorily 

address whether the effect occurs via loss of canonical or non-canonical Wnt signaling 

pathways.  

In the Drosophila eye, Wnt4 has been associated with the following phenotypes, 

based on loss- and gain-of-function experiments, and both phenotypes have been 

ascribed to non-canonical Wnt pathways:  

1. loss-of-function leads to a retinal neuron axon guidance defect at the optic stalk, 

which is independent of the canonical Wnt-Arm axis (Sato et al, 2006). 

2. gain-of-function leads a defect in ommatidial rotation at the ventral eye margin which 

has been associated with the planar cell polarity (PCP) pathway (Lim et al, 2005).  

The axon guidance defect described in Sato et al is observed in mutant trans-

heterozygous animals (Wnt4C1 and Wnt4EMS23). The eye discs pictured in this paper do 

not appear to exhibit a “retinal shift” phenotype. I generated the same trans-

heterozygous animals (Wnt4C1 and Wnt4EMS23) and saw no obvious defects in the adult 

eye that would suggest retinal shift (not shown). Specifically, I did not observe 

Wnt4C1/Wnt4EMS23 flies with eyes characteristic of Wnt4-RNAi or arm-RNAi expression 

(see Chapter 2, Fig.2.2.b. for an example). Since both mutant alleles of Wnt4 produce a 

full-length protein with single amino acid substitutions near the C-terminus, they are 

likely to be hypomorphic and may have sufficient function for normal epithelial 

morphology. 



 118 

Over two decades, a few studies in other tissues have raised the possibility of a 

role for Wnt4 in canonical Wnt signaling, but the evidence is weakly suggestive at best.  

• One of the earliest studies of Wnt4 in the embryo showed that mutations in wg 

and Wnt4 induced different denticle patterning phenotypes in the dorsal 

epidermis, where the expression of wg and Wnt4 mRNA was present by mRNA, 

but non-overlapping (Buratovich et al, 2000). It remains unclear whether the 

distinct phenotypes result from perturbation of the same or different Wnt 

pathways.  

• Whereas the domains of the two genes differ in the embryo, they overlap in the 

wing where ectopic expression of either results in the same phenotype—wing-

to-notum transformation—and ectopic Wnt4 can compensate for loss of Wg 

(Gieseler et al, 2001).  

• In the ovary, Wnt4 has been reported to function in the canonical Wnt pathway; 

however, this conclusion was based on approximate co-localization of a tagged-

Wnt4 protein and a TCF-based reporter construct. The authors did not examine 

expression of the TCF-reporter in the absence of the Wnt4 ligand, making it 

impossible to conclude that Wnt4 actually facilitates canonical Wnt signaling by 

inducing expression of a TCF-reporter (Mottier-Pavie et al, 2016).  

 

Is the activity of Wnt4 actually required in the PE? 

In all of my experiments, Wnt loss-of-function was induced in large clones or 

throughout the entire eye disc; that is, not specifically in the PE. To address this issue, I 
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screened the Wnt4-RNAi lines with odd-GAL4 and did not observe any mutant 

phenotype in adults (not shown). This is not unexpected, as Wnts are secreted, and 

unlikely to act cell autonomously. In fact, the odd-GAL4 driver expression domain spans 

much, but not all, of the PE, leaving a substantial portion of the anterior dorsal sector 

unperturbed. This region is already a well-known source of Wg and may also produce 

sufficient Wnt4 to prevent the development of a loss of function phenotype (see 

below).  

The expression of Wnts other than Wg is poorly characterized in late L3 discs, 

and completely uncharacterized at late L2/early L3, which corresponds to the onset of 

retinal shift. The only published in situ hybridization experiment for Wnt4 expression 

shows a low level of expression throughout the late L3 eye disc with slightly higher 

levels in a ventral patch of photoreceptors near the optic stalk; it is impossible to tell 

from this single published image whether Wnt4 is expressed in the PE (Lim et al, 2005). 

Since Wnts are secreted, it is also possible that Wnt4 is produced and needs to be 

knocked down broadly throughout the disc to reveal the mutant phenotype.  

 More work is necessary to determine where Wnt ligands are produced, whether 

the PE itself responds to canonical Wnt signaling, and whether the non-canonical Wnt 

pathway plays a role in PE morphology and the retinal shift phenotype.  

 

Adherens junctions appear normal in retinal shift discs 

Since all of the Wnt pathway disruptions analyzed above phenocopied the odd-

GAL4 arm-RNAi retinal shift, a phenotype dependent on the integrity of the adherens 
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junction, I asked whether adherens junctions were disrupted in any of the genetic 

backgrounds where Wnts were disrupted. In all cases, including panDN discs, Wnt-

deficient Minute clones, and Wnt4-RNAi discs, Arm was present in the expected pattern 

at the adherens junction throughout the entire eye disc (Fig.3.6.c., e., f. WT Z-section 

shown in a.), suggesting that the junctions were intact. Additionally, DE-cad expression 

was also normal in panDN discs (Fig. 3.6.d.; compare to WT in b.), further supporting 

this conclusion.  

These findings strongly suggest that, although the retinal shift in these Wnt 

pathway loss-of-function backgrounds resembles that seen in the arm-RNAi 

background, the cellular and molecular mechanism(s) involved are likely different are 

unlikely to involve the adherens junctions directly.  
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Figure 3.6. Adherens junctions are intact in Wnt loss-of-function discs 

 

Fig.3.6.  

a. and b. adherens junctions in wild type eye discs in confocal Z-projections. a. shows 

Arm protein (cyan) with Elav (magenta). b. shows DE-cad protein (cyan) with Elav 

(magenta). 

c. and d. adherens junctions in odd-GAL4 panDN eye discs in confocal Z-projections. c. 

shows Arm protein (cyan) with Elav (magenta). d. shows DE-cad protein (cyan) with Elav 

(magenta). 

e. adherens junctions (Arm; cyan) are present both inside and outside WntDf clones. 

Cells lacking the four Wnt genes are GFP-negative (cyan-only). 

e’. magnification of gray box in e. 

f. adherens junctions are present in Wnt4-RNAi eye discs. Arm (cyan) displays a normal 

localization pattern in PE cells.  

f’. z-section through Wnt4-RNAi disc showing that Arm (cyan) is present throughout the 

entire epithelium. 
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Conclusions 

 The data presented here confirm that certain manipulations of a few Wnt 

pathway components can confer retinal shift. Retinal shift in this context resembles that 

seen in arm-RNAi discs; however, in the case of Wnt pathway loss, the adherens 

junctions remain intact. This suggests that there are likely multiple independent 

mechanisms that can lead to a similar phenotype or that these seemingly different 

mechanisms are linked in a way that we have not yet determined. This is not surprising, 

as screens in the lab have identified a number of different genes whose loss-of-function 

results in a retinal shift phenotype. These genes include components of the basement 

membrane/extracellular matrix (ECM; at least one laminin and one integrin), 

transcription factors such as Mitf (MITF in vertebrates), and the cytoskeletal-associated 

proteins Rok (ROCK1). Future studies of these factors will establish an understanding of 

the complex interplay among transcription, adherens junctions, and cytoskeletal-ECM 

connections that allows an eye disc to maintain normal tissue morphology as it 

generates the precisely orders array of the fly compound eye. 

 

 

Materials and Methods 

Drosophila genetics and fly lines 

 All flies were maintained according to standard protocols. All crosses were 

performed at 25oC, except where noted. Transgenic flies were obtained from the Vienna 

Drosophila Stock Center (VDRC), the National Institute of Genetics (NIG-Japan) and the 
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Bloomington Drosophila Stock Center (BDSC). A complete list of fly lines used in this 

chapter can be found in Table 3.2. The GFP-marked Minute FRT40A chromosome was a 

gift of Wu-Min Deng (Tulane University).  

For odd-GAL4, GAL80ts experiments with panDN, flies were crossed for three 

days at 25oC and then shifted to 30oC for two days before dissection. All Wnt4-RNAi 

experiments were performed at 30oC for maximal RNAi expression. 

 

 

 

 

 

 

 

 

 

 

 

Generation of Minute clones 

Bloomington stock #9703 (Df(2L)BSC226) was recombined with the FRT40A 

chromosome. ey-FLP (X chromosome) females were crossed to Minute, GFP, FRT40A 

males, and male progeny were crossed to FRT40A, Df(2L)BSC226 females. Male progeny 

Table 3.2 
Drosophila lines used in Chapter 3 

Commercial lines Source Identifier 
UAS-arm-RNAi_VDRC VDRC 107344 
UAS-panDN Bloomington 4785 
Df(2L)BSC226 (WntDf chromosome) Bloomington 9703 
Tubulin-Gal80ts Bloomington 7017 
UAS-Wnt4-RNAi_VDRC VDRC 104671 
UAS-Wnt4-RNAi NIG_R-3 NIG 4698-3 
Wnt4C1 Bloomington 6651 
Wnt4EMS23 Bloomington 6650 
     
Non-commercial lines Source 
odd-GAL4/CyO2xTb-RFP V. Hatini (Tufts) 
ey-FLP, Act5C>CD2>GAL4 Pignoni Lab (Upstate) 
ey-FLP; Act5C>y>GAL4, UAS-Dcr2; UAS-GFP Pignoni Lab (Upstate) 
GFP-Minute FRT40A W.-M. Deng (Tulane) 
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of genotype ey-FLP/Y; Minute GFP FRT40A/FRT40A, Df(2L)BSC226 were dissected and 

eye-antennal discs analyzed. 

 

Immunohistochemistry 

L3 eye discs were dissected in PBS and fixed in 3% paraformaldehyde/phospho-

lysine buffer for 30 minutes, followed by three washes each of 1x PBS and 1x PBS-Triton-

X-100 (PBST). Tissue was blocked for 30 minutes in 5% normal goat serum/PBST, and 

primary antibodies were incubated overnight in fresh blocking solution. Following 

primary incubation, tissue was washed three times each in 1x PBST and blocking 

solution, and secondary antibodies were incubated in fresh blocking solution for at least 

4 hours or overnight. Tissue was then washed three times each in 1x PBST and PBS 

before mounting. A complete list of antibodies and concentrations used can be found in 

Table 3.3. Discs were mounted in medium consisting of 65% glycerol and 2.5% N-propyl 

gallate. 
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Table 3.3 
Primary Antibodies 

Antibody Abbreviation Host Vendor 
Catalog 

# Concentration 
Armadillo  Arm mouse DSHB N27A1 1:200 
Chaoptin 24B10 mouse DSHB 24B10 1:100 
DE-
cadherin DE-cad rat DSHB DCAD2 1:50 
Discs large  Dlg mouse DSHB 4F3 1:250 
Elav Elav rat DSHB 9F8A9 1:250 
GFP GFP rabbit LifeTechnologies A6455 1:100,000 

       
Secondary Antibodies 

Target Host Conjugates Cross-reactivity Vendor 

mouse goat 
Cy2, Cy3, 
Cy5 min X Hu, Bov, Hrs, Rb, Rat  JacksonImmuno 

rat goat 
Cy2, Cy3, 
Cy5 min X Hu, Bov, Hrs, Rb, Rat  JacksonImmuno 

rabbit goat 
Cy2, Cy3, 
Cy5 min X Hu, Ms, Rat  JacksonImmuno 

 

 

Image acquisition and processing 

Confocal stacks were recorded in Leica LASX software using a Leica DM5500Q 

microscope with SPEII confocal head. LASX software was used for post-acquisition 

processing. Fluorescence intensities were adjusted both pre- and post-imaging for best 

presentation, but no quantitative measurements were made based on fluorescence 

intensity. All discs shown in figures were scanned with the PE directly facing the cover 

glass for best resolution. 
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Reproducibility 

All immunohistochemistry experiments shown were repeated in at least two 

independent crosses. Representative images are shown in all figures. For any individual 

experiment, a minimum of 20 discs from at least 15 different animals were evaluated; in 

instances where fewer than 20 discs were analyzed, numbers are noted in the relevant 

figure 
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Chapter 4: Overall Conclusions and Discussion 

 

Overall summary and major conclusions 

 Formation of the exquisitely ordered ommatidial array of the Drosophila 

compound eye requires normal development of its precursor tissue, the eye imaginal 

disc. It has been previously demonstrated that the peripodial epithelium (PE) 

communicates with the developing retina and is required for retinal cell survival, 

proliferation, and morphogenesis. In this work, I identified a novel phenotype called 

“retinal shift” in which a portion of the developing retina shifts toward the PE side of the 

L3 eye disc. This disruption of the developing epithelium results in a deformed 

compound eye that cannot properly mediate vision. I first characterized this phenotype 

in armadillo (arm) loss-of-function PE and found that: 

• RNAi-mediated loss of arm specifically in the PE results in retinal shift in 

100% of eye discs;  

• although this phenotype becomes apparent only in mid-L3 with reagents 

used in this work, the requirement for Arm function occurs earlier, just 

before and during the start of neurogenesis; 

• loss of other structural components of the adherens junction (AJ) 

including DE-cadherin and a-catenin, also induces retinal shift; 

• retinal shift can be rescued completely by providing back the junctional 

function of Arm, without restoring its nuclear transcriptional activity; this 
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was achieved by expressing human Plakoglobin, or a DE-cadherin::a-

catenin fusion protein; 

• loss of Jub, a non-structural component of the AJ and a positive regulator 

of transcriptional co-activator Yki, results in retinal shift; 

• overexpression of Yki in the PE rescues arm-RNAi-mediated retinal shift 

without rescuing the AJ; this suggests that it is not structure of the 

junction per se, but the ability of the junction to sequester Yki inhibitor 

Jub that leads to shifting of the retina. In agreement with this model, 

recent data from Scott Neal demonstrate that late loss of Yki in the eye 

disc also induces retinal shift. 

Taken together, these findings point to a mechanism whereby the adherens 

junction regulates the activity of Yki, and loss of this regulation leads to retinal shift. The 

AJ fulfils this role through the sequestration of the Yki inhibitor Wts by Jub at the 

junction. 

 

Given the dual role of Arm in both cell-cell adhesion and canonical Wnt signaling, 

I also explored whether any manipulations of Wnt pathway components could 

phenocopy retinal shift. These data are not straightforward, as studies of Wg/Wnt 

signaling are complicated by the presence of multiple Wnt ligands and multiple non-

canonical Wnt pathways: 
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• loss of Wnt4 phenocopies retinal shift, though, based on what is known 

about Wnt4 function in Drosophila, it likely does so through a non-

canonical Wnt pathway; 

• overexpression of panDN, a dominant-negative form of the DNA-binding 

partner of Arm also phenocopies retinal shift; however, this is a complex 

reagent that does not truly induce a condition that is the reverse of 

canonical pathway activity; hence, the phenotype may or may not be due 

to loss of canonical Wnt pathway output; 

• perturbations of several other components of the canonical Wnt pathway 

did not result in retinal shift (DeSantis, DF and Zhou, Q; not shown); 

• neither loss of Wnt4 nor expression of panDN result in loss of the AJ. 

 

Although the mechanism(s) at work in the Wnt pathway manipulations appear to 

be independent of the AJ itself and thus different from that of arm-RNAi, nonetheless 

there may be a unifying mechanism that involves mechano-regulation of Yki (discussed 

below).  

 

Is there a mechanistic relationship between the retinal shift in arm-RNAi and in Wnt LOF 

discs? 

 Because arm encodes a major component of the canonical Wnt pathway, it was 

possible that the arm-RNAi retinal shift phenotype might arise from loss of canonical 

Wnt signaling. However, based on my findings, involvement of the canonical Wnt 
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pathway is unlikely. I have shown that loss of junctional Arm results in this phenotype, 

and that this involves regulation of the transcription co-factor Yki. Furthermore, the 

shifting of the retina in Wnt4-RNAi or WntDf discs is most likely not due to loss of 

canonical Wnt signaling, as Wnt4 is most clearly associated with non-canonical Wnt 

signaling in Drosophila. Since the AJs remain intact in Wnt4-knockdown discs, my 

findings suggest that a different mechanism from that of arm-RNAi is at work in these 

discs. Nevertheless, the mechanism behind the Wnt4-RNAi retinal shift may still connect 

at some level with the AJ-Jub-Wts-Yki pathway that I have identified.  

The Planar Cell Polarity (PCP) Wnt pathway (which has been associated with 

Wnt4 in Drosophila) controls the organization of cells in epithelia, at least in part, by 

controlling positioning of cell-cell junctions and the arrangement of the cytoskeleton 

(reviewed by Singh and Mlodzik, 2012). AJ proteins break symmetry during mitosis and 

must re-establish symmetry after cell division. The critical importance of this function of 

PCP is dramatically exemplified in the embryo, once morphogenetic processes begin. 

Loss of atypical Protein Kinase C (aPKC), a downstream effector of the PCP pathway (see 

Chapter 3, Fig.3.1. d. for PCP pathway diagram), results in an abnormal arrangement of 

junctional proteins after cell division, collapse of cytoskeletal organization, and 

progressive breakdown of epithelial morphology after gastrulation (Harris and Peifer, 

2007). It is possible that Wnt4-RNAi or the WntDf condition results in abnormal 

localization of junctional proteins or cytoskeletal connections in eye disc cells. This is 

particularly intriguing because the phenocritical period for retinal shift occurs at a time 

of exponential increase in cell division in the eye disc. In this case, even if the junction is 
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present, it may be improperly organized, and this may lead to mislocalization of Jub and 

misregulation of Yki.  

In evaluating the AJ in Wnt4-RNAi discs, I was able to assess only the presence or 

absence (or extreme reduction) of junctional proteins; more subtle changes would be 

difficult to detect by conventional confocal microscopy and would benefit from higher 

resolution imaging. However, it would be interesting to examine: 1.) whether junctional 

symmetry is disrupted in arm-RNAi or Wnt4-RNAi discs; 2.) whether cytoskeletal 

arrangement is abnormal in either case; 3.) whether loss of aPKC itself results in shifted 

retina; and 4.) whether overexpression of aPKC rescues the phenotype in Wnt4-RNAi 

discs. Fluorescently tagged proteins and or antibodies are available for some 

components of the aPKC-associated PAR complex proteins as well as cytoskeletal 

components; these reagents would facilitate these analyses. Last, but not least, it would 

be worth investigating whether Yki overexpression can rescue retinal shift in the Wnt4-

RNAi background. 

 

Is the extracellular matrix involved in retinal shift? 

Genetic screens performed in the Pignoni lab have identified a number of 

additional genes whose loss results in a retinal shift. These genes include several 

extracellular matrix (ECM) genes: myospheroid (mys; a Drosophila integrin), laminin A 

(lanA), and rhea (Drosophila homolog of Talin); Talin links integrins to the actin 

cytoskeleton. The ECM is an important site for mechanotransduction, and its stiffness 

(or “rigidity”) plays important roles in gene expression, cell differentiation, and cell 
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migration (Humphrey et al, 2014). Notably, ECM stiffness regulates the Hippo-Yki 

pathway: Yki is more transcriptionally active when exposed to strain, stretch, or rigidity 

of the ECM (Dupont et al, 2011; Wada et al, 2011; Pan et al, 2016; Nardone et al, 2017; 

reviewed by Davis and Tapon, 2019). Loss of any ECM component is likely to result in 

decreased strain, stretch, and rigidity, which in turn may downregulate Yki activity and 

result in retinal shift.  

It is possible that a similar dynamic is also at work in the arm-RNAi disc. The 

disruption of Arm at the AJ is likely to perturb cytoskeleton-ECM connections. In such a 

case, this would likely reduce ECM-mediated strain/rigidity, which would downregulate 

Yki activity. This mechanism of Yki regulation may be at work in arm-RNAi PE in addition 

to the Jub-mediated mechanism demonstrated in Chapter 2. 

 

Testing these mechanisms: is it ALL about Yki? 

 The AJ, cytoskeleton, and ECM are all critical for mechanotransduction which 

ultimately regulates Yki activity. I have shown that, although loss of Arm results in loss 

of the AJ, it is not loss of the physical junction per se, but loss of AJ-dependent 

regulation of Yki that results in retinal shift. If Yki is the central player in maintaining 

proper epithelial structure in the eye disc, then any manipulation that affects the AJ, 

cytoskeleton, or ECM may result in retinal shift. If that is the case, one would predict 

that all such manipulations resulting in retinal shift might be rescued by overexpression 

of Yki.  
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Rescue by Yki overexpression — this a valuable experiment for all loss-of-function 

backgrounds that induce retinal shift. If some are not rescued by Yki overexpression, it 

could point to inputs at a level independent of Yki, and possibly downstream of it. For 

instance, if the retina shift induced by loss of ECM components is not rescued by Yki 

overexpression, it may be possible that expression of ECM factors lies directly or 

indirectly downstream of Yki. Two lines of evidence suggest that this may indeed be the 

case. Both mys and lanA may be directly regulated by Yki because multiple ChIP peaks 

are present at both loci that reflect occupancy by Yki and its partner Sd (Slattery et al, 

2012). In addition, in an experiment to assess the anchoring of the disc epithelium onto 

the basement membrane, I found that, as the epithelium shifts, it appears to slide over 

the previously laid out ECM, suggesting a loss of epithelium-ECM connection (not 

shown). This would be consistent with lower activity of Yki resulting in a loss of ECM 

components. The stability and production of ECM proteins would have to be considered 

in this model, as both would complicate analyses. Regardless, an effect of Yki on ECM 

components would not exclude the possibility that reduced integrin-laminin interactions 

would feed back to further lower the activity of Yki in PE cells. 

 

Uncovering targets of Yki — To unify the many different genes involved in retinal shift, it 

will be important to understand on what transcriptional targets these genes converge. 

Transcriptional targets of Yki in the eye disc have been identified through ChIP-seq 

analysis (Slattery et al, 2012) and these data would provide a strong basis for future 

studies using a candidate gene approach. Each candidate gene would be evaluated 
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based on their expression in wild type and retinal shift genetic backgrounds at the L2-L3 

transition (by qRT-PCR).  

Alternatively, the transcriptome of retinal shif discs could be studied to uncover 

Yki targets. While odd-GAL4 > arm-RNAi tissue is not ideal for the many reasons I discuss 

in Appendix 4., it would be feasible to do such experiments in the Wnt4-RNAi and ECM 

RNAi knockdowns. The latter phenotypes are produced by global RNAi, throughout the 

eye-antennal disc (mainly, because these factors are non-cell-autonomous). In 

particular, this method provides a richer source of cells (no sorting needed) that can be 

studied at the right developmental time. If these retinal shift-related genes indeed all 

feed into the Yki pathway, we would expect to see targets of Yki changed in each RNAi 

background.  

In whatever way the likely factors downstream of Yki are identified, loss-of-

function analyses and rescue assays would then be used to investigate their potential 

role in the retinal shift phenotype. 

 

Summary 

There is clearly complex interplay among the adherens junctions, cytoskeleton, 

ECM, and transcriptional regulation (Hippo-Yki signaling) during development. I have 

shown that at least some of these have a role in retinal shift during fly eye development. 

The genes/proteins described above are highly conserved from fly to humans, making 

the Drosophila eye an excellent model in which to study this complex network that 

regulates epithelial homeostasis.  
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Figure 4.1. Model of PE maintenance 

 

 

 

Fig.4.1. 

Model of possible interactions among ECM, actin cytoskeleton, and the adherens 

junction that regulate morphology of the PE. 

 

 

 

 

 

 

 



 140 

References 

Davis, J. R., & Tapon, N. (2019). Hippo signalling during development. Development  

(Cambridge, England), 146(18). https://doi.org/10.1242/dev.167106 

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., Zanconato, F.,  

Le Digabel, J., Forcato, M., Bicciato, S., Elvassore, N., & Piccolo, S. (2011). Role of 

YAP/TAZ in mechanotransduction. Nature, 474(7350), 179–183. 

https://doi.org/10.1038/nature10137 

Harris, T. J., & Peifer, M. (2007). aPKC controls microtubule organization to balance  

adherens junction symmetry and planar polarity during 

development. Developmental cell, 12(5), 727–738. 

https://doi.org/10.1016/j.devcel.2007.02.011 

Humphrey, J. D., Dufresne, E. R., & Schwartz, M. A. (2014). Mechanotransduction and  

extracellular matrix homeostasis. Nature reviews. Molecular cell biology, 15(12), 

802–812. https://doi.org/10.1038/nrm3896 

Nardone, G., Oliver-De La Cruz, J., Vrbsky, J., Martini, C., Pribyl, J., Skládal, P., Pešl, M.,  

Caluori, G., Pagliari, S., Martino, F., Maceckova, Z., Hajduch, M., Sanz-Garcia, A., 

Pugno, N. M., Stokin, G. B., & Forte, G. (2017). YAP regulates cell mechanics by 

controlling focal adhesion assembly. Nature communications, 8, 15321. 

https://doi.org/10.1038/ncomms15321 

Pan, Y., Heemskerk, I., Ibar, C., Shraiman, B. I., & Irvine, K. D. (2016). Differential growth  



 141 

triggers mechanical feedback that elevates Hippo signaling. Proceedings of the 

National Academy of Sciences of the United States of America, 113(45), E6974–

E6983. https://doi.org/10.1073/pnas.1615012113 

Sarpal, R., Yan, V., Kazakova, L., Sheppard, L., Yu, J. C., Fernandez-Gonzalez, R., & Tepass,  

U. (2019). Role of α-Catenin and its mechanosensing properties in regulating 

Hippo/YAP-dependent tissue growth. PLoS genetics, 15(11), e1008454. 

https://doi.org/10.1371/journal.pgen.1008454  

Singh, J., & Mlodzik, M. (2012). Planar cell polarity signaling: coordination of cellular  

orientation across tissues. Wiley interdisciplinary reviews. Developmental 

biology, 1(4), 479–499. https://doi.org/10.1002/wdev.32 

Slattery, M., Voutev, R., Ma, L., Nègre, N., White, K. P., & Mann, R. S. (2013). Divergent  

transcriptional regulatory logic at the intersection of tissue growth and 

developmental patterning. PLoS genetics, 9(9), e1003753. 

https://doi.org/10.1371/journal.pgen.1003753 

Wada, K., Itoga, K., Okano, T., Yonemura, S., & Sasaki, H. (2011). Hippo pathway  

regulation by cell morphology and stress fibers. Development (Cambridge, 

England), 138(18), 3907–3914. https://doi.org/10.1242/dev.070987 

 

 

 

 

 



 142 

APPENDICES 

 

Appendix 1. Eye peripodial GAL4-drivers 

 

Appendix 2. Evaluation of junction rescue reagents: do they rescue Arm activity in the 

canonical Wnt pathway? 

 

Appendix 3. Loss of rok rescues retinal shift in odd-GAL4 > arm-RNAi discs  

 

Appendix 4. RNA-sequencing of PE tissue in odd-GAL4 > arm-RNA discs 

 

 

 

 

 

 

 

 

 

 

 

 



 143 

Appendix 1. (Related to Chapters 2 and 3) 

 

Eye peripodial GAL4-drivers 

 

Acknowledgements: pnr-GAL4, hth-GAL4, and c311-GAL4 were purchased from the 

Bloomington Drosophila Stock Center (BDSC); Victor Hatini (Tufts) provided the odd-

GAL4 driver; Justin Kumar (U. Indiana Bloomington) provided c855a-GAL4. Rotation 

student Ying Guo (Upstate) first identified the hthPE-GAL4 line as being PE-restricted in 

the eye-antennal disc. Qingxiang Zhou analyzed live expression of each GAL4 pattern at 

early, mid, and late stages of development (Fig. A1.4.). Scott Neal made the GAL80ts 

GTRACE stock and contributed to the analysis of odd-GAL4, pnr-GAL4, and hthPE-GAL4. 

 

Abstract 

Although long recognized as a tissue essential for normal eye development, the 

peripodial epithelium (PE) of the Drosophila eye disc is not well characterized. This is 

due, at least in part, to a lack of tools to study this tissue. In particular, very few GAL4 

lines are available to genetically manipulate the transcriptome or proteome of PE cells 

in the eye disc. Moreover, the few lines available have been only partially characterized, 

limiting their usefulness. We present here an analysis of the small set of GAL4 drivers 

previously shown to express in the eye disc PE during L3, the final larval stage. These 

include the driver lines odd-GAL4, pnr-GAL4, c855a-GAL4, and the most commonly used 

c311-GAL4. Through temporal and spatial characterization of their expression, we define 
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their relative usefulness throughout larval development, from L1 through L3. In 

addition, we enrich this set of eye-PE drivers with a new PE-specific line identified from 

the Janelia FlyLight collection, hthPE-GAL4 (originally GMR46D04).  

 

Introduction 

Tissue-specific GAL4 drivers are among the most powerful tools for the analysis 

of development in Drosophila. The combination of GAL4 driver and UAS-responder 

constructs is routinely used to overexpress specific proteins (UAS-cDNA) or silence 

specific genes (by RNA interference using UAS-dsRNA or UAS-miRNA) in temporally 

and/or spatially restricted fashion. Although a vast collection of GAL4 lines is available to 

drive expression in a plethora of embryonic, larval, and adult cell types, very few GAL4 

lines are available to drive expression in the PE of the imaginal discs, including the eye 

disc.  

The four previously identified PE GAL4 drivers for the eye-antennal disc were all 

obtained from enhancer-trap screens. In this method, a construct encoding GAL4 is 

randomly inserted at different sites in the fly genome, resulting in a GAL4 expression 

pattern that reflects the activity of enhancers within the flanking genomic DNA 

(Manseau et al, 1997; Hrdlicka et al, 2002). When the gene whose enhancers have been 

‘trapped’ is identified, the line gains the name of the ‘host’ gene, as for odd-GAL4 and 

pnr-GAL4 (insertions of GAL4 transgene in odd skipped and pannier genes, respectively; 

oddMC and pnrMD237). When the host gene is unknown, the line retains the designation 

originally assigned in the screen, as for c855a-GAL4 and c311-GAL4. The c311-GAL4 line 
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is most commonly used to knockdown or overexpress genes in the PE of the eye disc, 

mainly at the L3 stage (Gibson and Schubiger, 2000; Gibson et al, 2002; Stultz et al, 

2006; Baker et al, 2018; Neal and Zhou et al, 2020). The odd-GAL4 driver was first 

characterized as an eye-PE driver by the Casares lab and used to ectopically induce eye 

formation through expression of retinal determinants (Bras-Pereira et al, 2006). pnr-

GAL4 was first shown to be a dorsal PE driver by Singh and Choi in 2003 and has been 

used in our lab to knockdown genes in the PE (Singh and Choi, 2003; Zhang, Zhou et al, 

2011). The c855a-GAL4 line was first shown to drive expression in the eye disc PE in an 

analysis of GAL4 lines by the Perrimon lab (Hrdlicka et al, 2002), but to date, has not 

been used to manipulate genes in the eye PE. Finally, hth-GAL4 (FlyLight # GMR46D04) 

is not an enhancer-trap but a reporter construct from the Janelia FlyLight Project, in 

which non-coding genomic DNA fragments were cloned upstream of GAL4 to identify 

useful neural enhancers (Jenette et al, 2012). This line was identified as PE-specific by 

our lab and is currently used in the lab to study the PE.  

In this study, we carry out a developmental characterization of the eye-antennal 

disc expression of each of these GAL4 drivers from the embryo stage to late L3. Our 

results indicate that, while all of these drivers are expressed in the eye-antennal disc 

primarily in the PE, their temporal and spatial patterns are dynamic and should be 

carefully considered when designing experiments to investigate biological events that 

occur at different developmental stages. 
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Results 

Approach to analysis of GAL4 drivers 

 To characterize the expression patterns during development, we detected 

expression in three different ways. In a first experiment, we sought to visualize 

cumulative expression in the eye-antennal disc from the embryonic stage to late L3. To 

achieve this goal, we used the GTRACE approach. GTRACE is essentially a reporter line 

that marks, with nuclear eGFP, all cells that express GAL4 protein at any time in 

development from early embryo to time of dissection (Evans et al, 2009; see Fig.A1.1. 

for GTRACE method). Note that GTRACE does not provide information about the level of 

expression of the GAL4 beyond being sufficiently high to trigger stop-casette excision; 

once the event occurs the level of GFP expression reflects the strength of its promoter, 

the constitutive Ubiquitin promoter region (UbiP>stop_cassette>eGFP-nls).  

In a second experiment, we added temporal control to GTRACE by expressing 

GAL80, a temperature-sensitive inhibitor of GAL4 (Tubulin-GAL80ts transgene; schematic 

of the GAL4/GAL80ts system can be found in Chapter 2, Fig.2.6.). This allowed us to 

probe defined developmental intervals, gaining insight into how specific developmental 

periods contributed to the cumulative expression detected in experiment 1. We 

specifically probed three 24-hour periods: (a) ~mid-L1 to ~mid-L2; (b) ~mid-L2 to early-

mid L3; and, (c) ~mid-L3 to late-L3 (Fig.A1.2. schematic).  

In a third experiment, we crossed the GAL4 driver directly to a strong GFP 

reporter and assessed the dynamic expression pattern by dissecting the eye-antennal 

disc as specific developmental stages; the stages were selected based on the outcome 
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of experiment 2. In this experiment, the level of GFP expression more closely reflects 

the strength of the GAL4 regulatory region, though GFP protein stability must also be 

taken into consideration.  

By combining these three approaches, we gained a clear view of how the 

similarly broad PE expression detected in standard GTRACE by late L3 results from 

strikingly different and dynamic patterns of expression earlier in development.  
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Figure A1.1. GTRACE schematic 
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Fig.A1.1.  

a. “Enhancer” refers to the sites in the flanking genomic DNA of any of the GAL4 lines: 

c311-GAL4, c855a-GAL4, odd-GAL4, pnr-GAL4. For hthPE-GAL4, this DNA consists of a 

defined intronic region of the hth gene. The enhancers drive expression of GAL4 protein 

from a provided minimal basal promoter. The Ubi genomic DNA is the regulatory region 

of the Ubi-p63 gene and extends through the gene promoter. Gal4, FLP and nGFP are 

the coding regions for each respective protein. The FRT sites are recombinase sites that 

mediate the excision of the STOP cassette DNA, which includes more than one 

transcription termination sequence. 

b. GAL4 protein binds to the upstream activating sequence (UAS) to drive expression of 

a FLP-recombinase (FLP).  

c. FLP binds to the FLP recognition target (FRT) to excise the STOP sequence; 

d. this allows the Ubiquitin enhancer to constitutively drive expression of nuclear 

Stinger_eGFP. All cells that have ever expressed the GAL4 of interest are permanently 

labeled with GFP.  
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Fig.A1.2. Schematic of timed GTRACE/GAL80ts experiments 

 

 

a.-c. schematics of time intervals used in GTRACE/GAL80ts experiment. Blue lines 

represent time spent at 18oC (GTRACE expression cannot be triggered), while red lines 

represent time spent at 30oC (during this time expressed GAL4 will trigger constitutive 

expression of GFP cell autonomously, by inducing STOP cassette excision).  

a. shifted to 30oC at mid-L1 and back to 18oC at mid-L2 until dissection at late L3. 

b. shifted to 30oC at mid-L2 and back to 18oC at mid-L3 until dissection at late L3. 

c. shifted to 30oC at early-mid-L3 and back to 18oC at mid-L3 and dissected at late L3. 
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c311-GAL4 is broadly expressed at all larval stages 

Cumulative expression by c311-GAL4 spans the entire PE of the eye antennal disc 

(Fig.A1.3. a.). This allowed us to conclude that, before the end of L3, c311-GAL4 is 

expressed in nearly every cell of the PE.  

Next, we probed expression at discrete developmental windows. During the 

earliest interval, mid L1-mid L2, expression is patchy indicating that some PE cells do not 

express GAL4 in a way that is conducive to marking by GTRACE (Fig.A1.3. b.). Since 

GTRACE-induced GFP expression requires a level of Flip recombinase sufficient for 

removal of the STOP-cassette, we infer that, in some cells, GAL4 expression in unmarked 

cells is either absent, too low, or too transient to achieve excision at this developmental 

time. The middle interval, mid L2-early-mid L3, displays the pattern most similar to that 

detected in the cumulative-expression experiment (compare Fig.A1.3. a. to b.). During 

this developmental interval, nearly all cells express GAL4 robustly enough to induce 

STOP-cassette flip-out throughout the PE. During the latest interval, mid L3-late L3, GFP 

expression becomes once again uneven, with many cells lacking expression (Fig.A1.3. 

b.). Thus, once again GAL4 expression may be absent, or, more likely, too weak or 

transient to trigger GTRACE. Interestingly, the region of the PE that overlays the 

developing retina (retina region from the morphogenetic furrow to the posterior 

margin) shows the most consistent and severe loss of GFP expression (Fig.A1.3. b.). The 

GFP patterns suggests that gene expression is downregulated in the PE as the wave of 

neurogenesis sweeps across the DpE.  
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Several questions were raised by the above findings: is c311 expressed earlier 

than mid-L2? Does the apparent loss of GTRACE GFP in L3 reflect a complete shutdown 

or a downregulation of GAL4 expression? To address these questions, we investigated 

expression in c311-GAL4 UAS-GFP eye-antennal discs. In these discs, lower levels of 

expression that might not be sufficient for GTRACE marking can be detected and larval 

dissections are carried out at the precise developmental stage of interest. Dissection at 

the early L2 stage showed that c311 is already broadly expressed in the PE at this stage. 

Notably, there is also expression in some cells of the DpE, which likely correspond to 

small clones of GFP-positive cells in the DpE in the cumulative GTRACE (Fig.A1.3. c. and z 

sections in a.). Next we assessed expression during L3. Both early and late in L3, GFP 

expression was detected in most cells of the PE, though not uniformly. Hence, the loss 

of expression detected by GTRACE in L3 most likely reflects downregulation of GAL4 

expression rather than actual transcriptional inactivation.  
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Figure A1.3. c311-GAL4 

 

Fig.A1. 

a. Cumulative GTRACE of c311-Gal4 from embryo-late L3. Cell membranes in XZ stained 

by Dlg (magenta). XZ planes are taken from regions shown by dashed white lines; this 

applies to subsequent drivers in Figs.A1.4.-7.). 

b. Timed GTRACE of c311-GAL4 at developmental interval indicated. GFP reflects regions 

of sufficient FLP expression to induce GTRACE expression. 

c. c311-GAL4 discs expressing UAS-GFP (green) and dissected at developmental 

timepoints indicated. Cell membranes stained by Dlg (magenta). 
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c855a-GAL4 and hthPE-GAL4 are late drivers 

 Both c855a-GAL4 and hthPE-GAL4 show cumulative expression similar to that of 

c311-GAL4, indicating that most, if not all, PE cells in both fly lines express Gal4 at some 

point before late L3. However, GTRACE-GAL80ts experiments revealed that both of these 

drivers turn on much later than c311-GAL4 (c855a: Fig.A1.4. b. and c.; hthPE: Fig.A1.5. b 

and c.). Both have essentially no expression from mid-L1-mid-L2, and have limited, 

random clonal expression from mid-L2-mid-L3. This suggested that nearly all of their 

expression turns on during or right before the onset of L3. This is consistent with 

dissections of c855a-GAL4 UAS-GFP at these developmental timepoints. As was seen in 

c311-GAL4 by GTRACE-GAL80ts, the L3 timepoint for c855a-GAL4 does not reflect what 

is seen with UAS-GFP in L3, which, once again, likely allows detection of lower levels of 

GAL4 expression that are insufficient to trigger GTRACE rather than absence of 

expression. The hthPE-GAL4 line some clonal expression in mid-L2 by GTRACE-GAL80ts, 

which is also reflected in hthPE-GAL4 UAS-GFP (Fig.A1.5. b and c.). The vast majority of 

expression appears to turn on in L3 (Fig.A1.5 c.).  
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Figure A1.4. c855a-GAL4 

 

Fig.A1. 

a. Cumulative GTRACE of c855a-Gal4 from embryo-late L3. Cell membranes in XZ 

stained by Dlg (magenta).  

b. Timed GTRACE of c855a-GAL4 at developmental interval indicated. GFP reflects 

regions of sufficient FLP expression to induce GTRACE expression. 

c. c855a-GAL4 discs expressing UAS-GFP (green) and dissected at developmental 

timepoints indicated. Cell membranes stained by Dlg (magenta). 
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Figure A1.5. hthPE-GAL4 

 

 

Fig.A1.5. 

a. Cumulative GTRACE of hthPE-Gal4 from embryo-late L3. Cell membranes in XZ stained 

by Dlg (magenta).  

b. Timed GTRACE of hthPE-GAL4 at developmental interval indicated. GFP reflects 

regions of sufficient FLP expression to induce GTRACE expression. 

c. hthPE-GAL4 discs expressing UAS-GFP (green) and dissected at developmental 

timepoints indicated. Cell membranes stained by Dlg (magenta). 
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odd-GAL4 and pnr-GAL4 have regionally restricted expression 

While c311-GAL4, c855a-GAL4, and hthPE-GAL4 all have expression in nearly 

every PE cell by cumulative GTRACE, notably odd-GAL4 and pnr-GAL4 show more 

restricted expression with a large portion of the disc lacking GTRACE expression. odd-

GAL4 expresses more broadly but is not expressed in a considerably sized dorsal patch, 

that extends from the eye to the antennal disc and encompasses entirely the dorsal-

anterior eye disc region from which the other visual organs, called ocelli, develop 

(Fig.A1.6. a.). Discs dissected at specific developmental timepoints indicate that 

expression of odd-GAL4 begins in a small ventral region, and by late L2, it has expanded 

to most of the PE, with the exception the dorsal domain (Fig.A1.6. c.). GTRACE-GAL80ts 

expression from mid-L1-mid-L2 shows only a small stripe of expression near the disc 

midline (Fig.A1.6. b.). 

Expression of pnr-GAL4 is even more restricted, this time dorsally, by cumulative 

GTRACE expression (Fig.A1.7. a.). For this driver, the cumulative expression pattern is 

very closely reflected in the time-restricted GTRACE-GAL80ts, indicating that the pnr-

GAL4 expression domain is established early and essentially maintained thereafter 

(Fig.A1.7.b.). The pnr-GAL4 UAS-GFP timepoint analysis reveals a slightly dynamic 

pattern in that a dorsal swath of early expression expands toward the posterior of the 

disc development proceeds (Fig.A1.7.c.). Expression of pnr-GAL4 never expands ventral 

to the midline of the PE. Although the least broadly expressed of any of the eye PE-GAL4 

drivers, its expression is the most consistent throughout the larval stages 
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Figure A1.6. odd-GAL4 

 

Fig.A1.6. 

a. Cumulative GTRACE of odd-Gal4 from embryo-late L3. Cell membranes in XZ stained 

by Dlg (magenta).  

b. Timed GTRACE of odd-GAL4 at developmental interval indicated. GFP reflects regions 

of sufficient FLP expression to induce GTRACE expression. 

c. odd-GAL4 discs expressing UAS-GFP (green) and dissected at developmental 

timepoints indicated. Cell membranes stained by Dlg (magenta). 
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Figure A1.7. pnr-GAL4 

 

 

 

Fig.A1.6. 

a. Cumulative GTRACE of pnr-Gal4 from embryo-late L3. Cell membranes in XZ stained 

by Dlg (magenta).  

b. Timed GTRACE of pnr-GAL4 at developmental interval indicated. GFP reflects regions 

of sufficient FLP expression to induce GTRACE expression. 

c. pnr-GAL4 discs expressing UAS-GFP (green) and dissected at developmental 

timepoints indicated. Cell membranes stained by Dlg (magenta). 
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Conclusions 

We have systemically examined 5 GAL4 lines with expression predominantly in 

the PE within the eye-antennal disc. Three of the 5 lines provide essentially ubiquitous 

PE expression, although expression initiates at different larval stages. Two of the 5 lines 

display spatially restricted expression, with absence of odd-GAL4 from the dorsal-

anterior portion of the eye disc, and of pnr-GAL4 from the ventral side of the eye disc 

throughout larval development.  

Prior to mid L2, only c311-GAL4 shows substantial expression in the PE. Hence 

this line is best one to probe PE gene/tissue function at early larval stages. At this same 

early stage, odd-GAL4 has some expression in the PE (Fig.A1.3.) while c885a-GAL4 

(Fig.A1.4.) and hthPE-GAL4 (Fig.A1.5.) are not expressed. Hence, the latter two drivers 

are not useful for studying early events. However, both c855a-GAL4 and hthPE-GAL4 may 

be useful alternatives for studying events specifically in L3 without raising issues of early 

expression. As described above, odd-GAL4 and pnr-GAL4 have somewhat 

complementary expression patterns, where odd-GAL4 is expressed predominantly 

ventrally (Fig.A1.6.) and pnr-GAL4 is restricted to the dorsal side of the PE (Fig.A1.7.) 

Table A1.1. summarizes the usefulness of each of these drivers based on their 

temporal and spatial expression. The study of PE development and function is still in its 

infancy. Thus far, only two biological processes have been temporally mapped: 1.) the 

establishment of PE fate (as opposed to retina fate), in a process that begins in L1 and 

continues into early to mid L2 during which time tissue fate remains plastic; and 2.) the 

maintenance of epithelial morphology as the disc enters into a stage of exponential 
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growth in mid-late L2 through early L3 that may introduce stresses that require a tight 

regulation of junction, cytoskeleton, and ECM to avoid a deformation of the eye 

incompatible with vision.    

 

Table A1.1. GAL4 driver usage 

GAL4 L1 (PE specification?) L2 L3 
Compartment-

restricted 

c311 x x x  

c855a   x  

hth   x  

odd   x  x  
x (absent in a small 
part of dorsal PE) 

pnr x x x x (dorsal) 
 

 

Methods 

Fly genetics 

All flies were maintained according to standard protocols, and crosses were 

performed at 25oC, except where noted. odd-GAL4 was a gift of V. Hatini (Tufts U.); 

c855a-GAL4 (BL6990) was a gift of J. Kumar (U. Indiana Bloomington); pnr-GAL4 

(BL58788), hthPE-GAL4 (GMR46D04), and c311-GAL4 (BL5937) were purchased from the 

Bloomington Drosophila Stock Center (BDSC; “BL”), as were the GTRACE line (BL28282) 

and UAS-GFP (BL4776). 



 162 

GTRACE: Female flies of the genotype w*; UAS-FLP, Ubi-p63E(FRT.STOP)Stinger 

(eGFP); Tub-Gal80ts were crossed to males of each of the GAL4 lines at 25oC and 

collected every three hours in yeasted vials. Vials were kept at 18oC (GAL4 OFF) and 

were shifted to 30oC (GAL4 ON) for 24 hours (at 72 hours, 120 hours, and 168 hours 

after egg lay) and shifted back to 18oC until dissection. Discs from at least 5 animals 

were dissected from mid-late stage L3 larvae, stained for Dlg and GFP according to 

standard protocols, and analyzed for GFP expression. For constitutive expression, 

embryos were collected at 25oC and shifted immediately to 30oC.  

Early driver expression: GAL4-expressing flies were crossed to flies expressing 

UAS-GFP (BL4776); c311-GAL4, was crossed to UAS-Stinger-eGFP, BL84278) and 

dissected at stages of development shown. Eye discs were fixed and stained for GFP and 

either a cell membrane (Dlg) or cell junction (DE-cadherin) marker to visualize tissue 

layers.  

 

Immunohistochemistry 

L3 eye discs were dissected in PBS and fixed in 3% paraformaldehyde/phospho-

lysine buffer for 30 minutes, followed by three washes each of 1x PBS and 1x PBS-Triton-

X-100 (PBST). Tissue was incubated in blocking solution (5% normal goat serum/PBST) 

for 30 minutes, and primary antibodies were incubated overnight in fresh blocking 

solution. Following primary incubation, tissue was washed three times each in 1x PBST 

and blocking solution, and secondary antibodies were incubated in fresh blocking 

solution for at least 4 hours or overnight. Tissue was then washed three times each in 1x 
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PBST and PBS before mounting. Discs were mounted in medium consisting of 65% 

glycerol and 2.5% N-propyl gallate. 

 

Image acquisition and processing 

Confocal stacks were recorded in Leica LASX software using a Leica DM5500Q 

microscope with SPEII confocal head. LASX software was used for post-acquisition 

processing. Fluorescence intensities were adjusted both pre- and post-imaging for best 

presentation, but no quantitative measurements were made based on fluorescence 

intensity. Every effort was made to image only discs where PE side was directly facing 

the cover glass for best resolution. 
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Appendix 2. (Related to Chapter 2) 

 

Evaluation of junction rescue reagents:  

do they rescue Arm/b-catenin activity in the canonical Wnt pathway? 

 

Acknowledgements: Konrad Basler (U. Zurich) kindly provided his “junction-only” Arm 

plasmid which I modified to make RNAi-resistant as well as a wild type Arm plasmid, also 

modified to be RNAi-resistant. UAS-DE-cadherin::a-Catenin flies were a gift of Ulrich 

Tepass (U. Toronto). All figures and data shown are my own.  

 

Introduction 

In Chapter 2, I demonstrated that the “retinal shift” observed in arm loss-of-

function PE was due primarily to loss of the adherens junction (AJ) by using three 

“junction rescue” transgenes: a form of Armadillo reported to function only at the AJ 

(ArmAJ), human Plakoglobin, and a DE-cadherin::a-Catenin fusion protein. Because Arm 

has two distinct functions as a protein—one as a component of the AJ and one as a 

transcriptional co-regulator—it is important to understand if a “junction rescue” 

transgene may also rescue, in part, the role of Arm in the canonical Wnt pathway. 

Separating the dual functions of Arm is complicated by the fact that its interactions with 

the key transcriptional partner Pangolin (TCF/LEF) and the key junctional partner DE-cad 

have been broadly mapped to the same region of the Arm protein (Fig. A2.1 a.). Here, I 

describe the various ways in which these “junctional” reagents have been used 
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previously and present results of tests I carried out to independently assess these 

reagents’ ability to provide canonical pathway rescue in the eye disc. My results show 

that neither Plakoglobin nor the DE-cadherin::a-Catenin fusion provides Wnt pathway 

function in the eye-antennal disc, whereas ArmAJ does. Hence, ArmAJ cannot serve as a 

junction-only reagent in the experimental paradigm central to my thesis work. 
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Figure A2.1 Schematic representations of rescue putative “junction-only” proteins  

 

 

Fig.A2.1  

a.-d. Schematics of the proteins expressed by the various rescue constructs. Proteins 

shown in a-c. are drawn to the same scale, d. is not. 

a. Full-length WT Arm (843 amino acids) 

b. ArmAJ (691 amino acids) 

c. Human Plakoglobin (745 amino acids) 

d. Fusion of full-length DE-cadherin cDNA (1507 amino acids translated) to full-length a-

Catenin cDNA (372 amino acids translated). The intracellular domain of DE-cad is 

directly fused to a-Cat, and the Arm binding domain is retained.  
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Junction-only Arm (ArmAJ) 

 The domains of Arm responsible for transcription factor binding, DE-cad binding, 

and a-Cat binding have been broadly mapped based on functional analyses of mutant 

alleles and various transgenic constructs. Early analyses of weak or hypomorphic arm 

alleles revealed that embryos mutant for these alleles display defects consistent with 

loss of canonical Wnt signaling; null alleles, instead, display more severe defects, most 

likely due to loss of both Wnt signaling and cell-cell adhesion (Peifer and Wieschaus, 

1990). The “weak” allele arm2 (or armXM19) produces a protein truncated after the 12th 

and final Arm repeat; thus, it contains both a-Cat and DE-cad binding domains but lacks 

the C-terminal transactivation domain needed to recruit components of the Wnt 

transcriptional “enhanceosome”. In 2011, the Basler lab used this and other information 

to design a form of Arm that would not provide the transcriptional function but retain 

the junctional role. Thus, they engineered a transgenic construct encoding an Arm2-like 

truncated b-catenin that also contained a point mutation impairing the binding of 

BCL9/Lgs, a co-activator component of the WNT enhanceosome (Fig. A2.1.a). The Basler 

lab went on to show that this transgene, named “arm_dm” (Valenta et al, 2011), failed 

to induce expression of the canonical Wg target genes wingful (in cell culture) and 

senseless (in vivo), but restored junctions in arm mutant wing disc cells. Therefore, they 

concluded that the Arm_dm protein cannot facilitate canonical Wnt signaling but fulfils 

Arm’s role at the junction in wing discs.  

I used the DNA clone for this reagent to engineer the armAJ transgene used in 

this work and generated new transgenic flies. The construct armAJ differs from arm_dm 
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in that the DNA sequence has been altered to be resistant to the arm-RNAi reagent I 

used in my experiments, arm-RNAi (TRiP_JF01251 in this Appendix; also resistant to the 

VDRC107344 line used in Chapter 2). However, the protein encoded by the two 

constructs are identical (Fig. A2.1.b). Importantly, the transgenic flies were established 

by site directed insertion and both transgenes, arm and armAJ, are inserted at position 

86Fb in the fly genome. This approach controls for genomic insertion-site effects on 

transcription and promotes similar levels of expression at the mRNA level. Importantly, 

the proteins encoded by both transgenes localize to the adherens junction as expected 

for Arm (shown by Myc staining in Fig.2.2. d. and e.)  

 

Plakoglobin 

Plakoglobin is a mammalian ortholog of b-catenin/Armadillo that is normally 

found at specialized junctions known as desmosomes as well as at AJs. Plakoglobin is 

structurally similar to b-catenin/Arm and contains 12 armadillo repeats as well as 

conserved binding sites for both a-catenin and E-cadherin (Fig.A2.1. c.). In fact, human 

Plakoglobin can bind the Drosophila a-catenin and DE-cadherin. Despite its similarity to 

b-catenin, it is not thought to facilitate Wnt-induced transcription, because Plakoglobin-

transfected cells form b-catenin-TCF-DNA complexes, but not Plakoglobin-TCF-DNA 

complexes (Zhurinsky et al, 2000).  

Expression of the human Plakoglobin gene under UAS control has been shown to 

compensate for the adhesive function of Arm in arm mutant Drosophila embryos, where 

it was also shown to localizes to the AJs (White et al, 1998; Greaves et al, 1999). 
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Plakoglobin does not appear to activate Wnt signaling in maternal and zygotic arm null 

embryos, which display an equally severe phenotype with or without exogenous 

(maternal/zygotic) Plakoglobin (White et al, 1998). However, when Plakoglobin is 

overexpressed in zygotic-only arm mutant embryos, segment polarity defects ascribed 

to loss of canonical Wnt signaling are somewhat less severe (White et al, 1998). To 

explain this phenomenon, White and colleagues proposed that Plakoglobin, thanks to its 

high affinity for DE-cad, may displace residual Arm from the junctions. This would shift 

the residual Arm to the Wnt signaling pool, thus providing some rescue. Though an 

exchange between pools of Arm has not actually been demonstrated under 

overexpression or physiological condition, it is nonetheless theoretically possible when 

Plakoglobin is overexpressed. Therefore, the mechanism suggested by White and 

colleagues is taken into consideration in the interpretation of experiments with 

Plakoglobin overexpression here and in Chapter 2.  

 

DE-cadherin::a-Catenin 

At the AJ, Arm serves as a bridge between DE-cadherin and a-Catenin. One way 

to circumvent the need for Arm is to fuse DE-cad directly to a-Cat. This fusion protein, 

called DE-cad::a-Cat has been used by a few labs to rescue the AJ in Drosophila 

(Fig.A2.1. d.; Pacquelet and Rørth, 2005; Sarpal et al, 2012; Hall et al, 2018; Sarpal et al, 

2019). Because this fusion protein does not contain any Arm sequence, it cannot bind 

Pan or any other Arm nuclear partner; hence, it cannot play a role in canonical Wnt 

signaling. Note that this fusion protein includes the DE-cad domain for Arm-binding, and 
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thus can retain residual Arm at the AJ. Unlike overexpression of Plakoglobin, which 

could possibly free residual junctional Arm for Wnt signaling, the overexpression of DE-

cad::a-Cat would be expected to actually sequester residual Arm at the junction and 

away from the Wnt signaling pool. DE-cad::a-Cat is perhaps the cleanest reagent to 

effect junctional rescue without transcriptional rescue of arm loss.  

 

Results 

To assess the activity of these reagents in the eye-antennal disc, I took 

advantage of well-characterized phenotypes specifically associated with loss of 

canonical Wnt signaling in the developing retina, including decreased cell proliferation 

(leading to small disc size), a “smiling” retina due to alterations in eye neurogenesis, and 

absence of the antenna, due to loss of the antennal organ primordium (the phenotypes 

are further discussed below). I used a global knockdown of Arm throughout the entire 

eye-antennal disc to ask whether any of the “junction rescue” proteins (Fig.A2.1) 

rescued these known Wnt signaling phenotypes.  

In order to induce expression of arm-RNAi in the entire eye disc, I used the 

constitutive “flip-out” method, combining ey-FLP with Act5C>CD2>GAL4 (Pignoni and 

Zipursky, 1997). In this system, the ey enhancer activates FLP at the earliest stages of 

eye development, which then “flips out” the CD2 interruption cassette, allowing Act5C 

to drive expression of GAL4 ubiquitously in the eye-antennal disc and, in turn, drive the 

constitutive expression of a strong arm-RNAi, arm-RNAi TRiP_JF01251. In this 

background, I expressed each transgene to evaluate its rescue potential. 
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Expression of rescues alone does not alter eye disc morphology 

In these experiments, DE-cad::a-Cat and Plakoglobin are expressed under the 

control of the UAS enhancer, and thus Act5C-GAL4, whereas wild type Arm and ArmAJ 

are directly under the control of a Tubulin promoter and do not respond to GAL4. 

Notably, the proteins made by the Arm transgenes (WT Arm and ArmAJ) contain all of 

the regulatory phosphorylation sites linked to protein stability. Therefore, post-

translational regulation of Arm expression should be normal in both instances. Indeed, 

both wild type Arm and ArmAJ homozygous flies survive to adulthood, are fertile, and 

have normal heads and eyes (observed in >50 adult flies for each transgene; data not 

shown). 

Importantly, expression of the other transgenes (DE-cad::a-Cat or Plakoglobin) 

also did not cause any phenotypic abnormalities in an otherwise wild type eye disc 

(Fig.A2.2. b. and c.).   
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Figure A2.2. Expression of rescue transgenes alone does not alter eye disc morphology  

 

 

Fig.A2.2. 

a.-e. Representative examples of discs expressing each rescue transgene in the ey-FLP, 

Act>CD2>GAL4 genetic background. The proteins do not alter eye disc morphology. 

Scale bar = 50 µM. 

a. crossed to w;CS (wild type); with normal endogenous Arm expression. 

b. crossed to UAS-Plakoglobin. Expression of Plakoglobin transgene marked by HA 

(cyan). 

c. crossed to UAS-DE-cadherin::a-catenin. Note that expression of DE-cad::a-Cat results 

in a punctate pattern in DE-cad staining (cyan), this is often observed with DE-cad 

overexpression; overall disc morphology is normal.  

d. crossed to ArmAJ. Myc indicates presence of transgenic Arm protein (cyan) and 

mimics the ubiquitous expression of endogenous Arm (compare to a.). 

e. crossed to wild type Arm. Myc indicates presence of transgenic Arm protein (cyan) 

and mimics the ubiquitous expression of endogenous Arm (compare to a.). 

N > 10 discs for all genotypes. 
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As mentioned above, hallmarks of reduction in canonical Wnt signaling in the 

developing eye-antennal disc include reduction in disc size due to a decrease in cell 

proliferation, normally promoted by Wg (WNT1) (Legent and Treisman, 2008); a 

“smiling” retina, which results from an increase in the rate of neurogenesis near the 

margins where Wg signaling normally slows this process (Legent and Treisman, 2008); 

and loss of the antennal primordium, which is co-induced by BMP and Wnt signaling 

(reviewed by Ruiz-Losada et al, 2018), resulting in loss of the antenna. A dramatic 

decrease in proliferation is apparent in all arm-RNAi discs, which are greatly reduced in 

size (Fig.A2.3.; compare a and a’. to e.); the loss of the antennal domain is also apparent 

in the lesser affected arm-RNAi discs (Fig.A2.3. a.); the “smiling” retina is apparent in 

hypomorphic Wnt signaling mutant backgrounds or when partial rescue leads to an 

increase in disc size. I asked to what extent expression of any of the putative ‘junction 

rescue’ proteins could rectify any of these Wnt-signaling-related Arm-LOF phenotypes in 

arm-RNAi. 
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Figure A2.3. Hallmarks of loss of canonical Wg signaling in the eye disc 

 

 

 

Fig.A2.3 

a. Schematic of a wild type eye disc, showing normal proliferation (disc size), a normal 

developing retina (black arrows), and normal antennal folds (black arrowhead).  

b. Schematic of a disc displaying hallmarks of loss of canonical Wnt signaling. Disc is 

smaller than WT (compare size to a.), has abnormal, “smiling” retina margin (yellow 

arrows), and lacks antennal folds (yellow arrowhead). When loss of canonical signaling is 

profound, discs size can be affected severely, and other phenotypes may be non-

scorable. 
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Rescue by control construct 

The control construct Tub_ Arm, encoding full-length wild type Arm, fully 

rescued disc size, neurogenesis and antennal development (Fig.A2.4. compare panel e. 

to a. and a’.). The rescued discs are essentially indistinguishable from wild type disc. 

 

 Rescue of proliferation 

Expression of Tub_ArmAJ rescued disc size substantially in approximately 50% of 

discs observed (Fig.A2.4 d.). This suggests that ArmAJ retains the ability to provide at 

least some Wnt signaling function, and that it does so in the eye-antennal disc. 

Expression of either Plakoglobin or DE-cad::a-Cat did not rescue of disc size. 

Plakoglobin-expressing arm-RNAi discs displayed a similar range of reduced disc sizes as 

arm-RNAi alone (Fig.A2.4. compare panels b. and b’. to a. and a’.).  Interestingly, 

expression of DE-cad::a-Cat actually resulted in discs that were consistently very 

severely affected; 100% of the disc were most severely reduced in size (Fig.A2.4. c. and 

c’.; compare to a’.). 

 

Rescue of neurogenesis and antennal development 

I was able to assess rescue of the “smiling” retina or the antenna-loss 

phenotypes only in discs with substantial size rescue. Therefore, this was possible in 

arm-RNAi discs expressing Arm or ArmAJ, but not DE-cad::a-Cat or Plakoglobin.  

While discs rescued by wild type Arm have a normal retina (Fig.A2.4. e.), all of 

the “best” size-rescued discs expressing ArmAJ displayed the “smiling” phenotype 
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(yellow arrows in Fig.A2.4. d.). This indicates that, while ArmAJ can rescue proliferation, 

it does not restore the canonical Wnt signaling function of Arm in full. The same was 

true for the antennal phenotype. While wild type Arm rescued the antenna in all cases 

(Fig.A2.4. e.), ArmAJ did not restore the antenna, not even in discs considerably rescued 

for proliferation (yellow arrowhead in Fig.A2.4. d.). 
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Figure A2.4. Rescue of arm-RNAi discs with junction rescues 
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Fig. A2.4. 

All discs were dissected from wandering L3 larvae. All discs in this figure were stained 

with Arm (cyan) and Elav (magenta) and maximum projections of confocal stacks are 

shown. Each pair of images (a. + a’., b. + b’., etc.) represents the best (most ordered or 

“normal”) and worst (least ordered) discs from each experiment. There are two discs in 

both c. and a’. N. ≥ 10 discs analyzed for each cross. Scale bar in a. = 50 µM and applies 

to all images. 

a. and a’. discs expressing one copy of arm-RNAi with no rescue transgene. These discs 

show a severe lack of proliferation, reflecting severe to extremely severe proliferation 

loss. 

b. and b.’ arm-RNAi + UAS-Plakoglobin. Plakoglobin does not rescue proliferation. The 

severity and frequency of phenotypes was very similar to that observed in the control 

cross. 

c. and c’. arm-RNAi + UAS-DE-cad::a-Cat. Proliferation is not rescued. The frequency of 

severe phenotypes (expressivity) was higher than that observed in the control cross. In 

fact, all discs resemble “worst” arm-RNAi disc (compare to a’.) 

d. and d’. arm-RNAi + ArmAJ. In the “best” rescued discs, proliferation is largely rescued, 

and the disc approximate the size of the normal disc. However, the antennal disc is 

abnormal and lacks the typical folds of the developing antenna (arrowhead in d). In 

addition, although neurogenesis proceeded, it displays the “smiling” phenotype 

indicative of reduced Wnt signaling (yellow arrows in d). Expression of Arm protein is 

restored in d.  
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e. arm-RNAi + wild type Arm. Expression of Arm protein expression is restored. Note 

that this transgene restores discs to essentially wild type in all cases. 

 

Conclusions  

 Although it is not possible to modify Armadillo protein such that it performs a 

single function, it is still possible to serve one of its functions in vivo using the 

“junctional surrogates” Plakoglobin or DE-cad::a-Cat. These reagents can be used to 

rescue and maintain the adherens junction in the eye disc without promoting 

transcription through the canonical Wnt pathway.  

While ArmAJ cannot rescue normal retina neurogenesis or antennal loss, it clearly 

retains some canonical Wnt function, as it rescues proliferation substantially (~50% 

penetrance). In 2011 Basler and colleagues used this reagent to restore adherens 

junctions but not Wnt signaling in the wing disc (Valenta et al, 2011). However, a later 

study using an equivalently modified mouse b-catenin (bcat-Sig) reported that this 

mammalian variant retained at least some activity in promoting canonical Wnt signaling 

function (Gay et al, 2015). It was not resolved, at the time, whether this reflected the 

more complex structure of the mammalian signaling cascade as compare to the fly one 

(see introduction pages x-y) or the specific biological context.  

Our observation that ArmAJ retains at least some Wnt signaling function in the 

eye-antennal disc is consistent with the finding of residual transcriptional activity for the 

corresponding protein variant in mouse (bcat-Sig; Gay et al, 2015). Our findings also 

indicate that this reagent should not be used, or should be used with great caution, 
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when trying to separate junctional and nuclear activities of Arm in Drosophila. It remains 

to be determined whether the discrepancy between our findings in the eye-antennal 

disc and the Basler’s group observations in the wing disc result from differences in 

biological context. 

 

Materials and Methods 

Genetic crosses 

All flies were maintained according to standard protocols, and crosses were 

performed at 25oC in all cases. The UAS-DE-cad::a-Cat line was a gift of U. Tepass (U. 

Toronto). All other lines were either generated in the lab or purchased from the 

Bloomington Drosophila Stock Center (BDSC). The plasmids used to generate Arm 

rescues were a gift of K. Basler and T. Valenta (U. Zurich).  

 

Cloning of RNAi-resistant arm transgenes 

Plasmids containing Myc-tagged full-length arm cDNA and arm_dm (“ArmAJ”) 

cDNA were obtained from K. Basler. Amino acids 26-317 were replaced by alternative 

codons to make Arm resistant to VDRC1107433 Arm-RNAi for both plasmids. Both pT2-

attB(+)-based plasmids contain the tubulina1 promoter and its 3’UTR. ArmAJ contains 

amino acids 1-691 and has a single point mutation at D172A. Transgenes were injected 

into embryos at the 86Fb landing site on the third chromosome by BestGene Inc. (Chino 

Hills, CA); BestGene also identified and balanced transformants.  
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Immunohistochemistry 

L3 eye discs were dissected in PBS and fixed in 3% paraformaldehyde/phospho-

lysine buffer for 30 minutes, followed by three washes each of 1x PBS and 1x PBS-Triton-

X-100 (PBST). Tissue was incubated in blocking solution (5% normal goat serum/PBST) 

for 30 minutes, and primary antibodies were incubated overnight in fresh blocking 

solution. Following primary incubation, tissue was washed three times each in 1x PBST 

and blocking solution, and secondary antibodies were incubated in fresh blocking 

solution for at least 4 hours or overnight. Tissue was then washed three times each in 1x 

PBST and PBS before mounting. Discs were mounted in medium consisting of 65% 

glycerol and 2.5% N-propyl gallate. Armadillo antibody (DSHB) used at 1:100; Elav 

antibody (DSHB) used at 1:250. All Cy-conjugated secondary antibodies were obtained 

from Jackson Immuno Research and used at 1:250.  

 

Image acquisition and processing 

Confocal stacks were recorded in Leica LASX software using a Leica DM5500Q 

microscope with SPEII confocal head. LASX software was used for post-acquisition 

processing. Fluorescence intensities were adjusted both pre- and post-imaging for best 

presentation, but no quantitative measurements were made based on fluorescence 

intensity. Every effort was made to image only discs where PE side was directly facing 

the coverglass for best resolution. 
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Appendix 3. (Related to Chapter 2) 

 

Knockdown of rok rescues “retinal shift” in odd-GAL4 > arm-RNAi discs  

by an unknown mechanism 

 

Acknowledgements: Thanks to members of the Pignoni lab for helpful discussions.  

All data presented here are my own. 

 

Introduction 

Loss of armadillo in the peripodial epithelium (PE) of the Drosophila eye disc 

results in a “retinal shift” phenotype whereby a portion of the developing retina shifts to 

the PE side of the disc. This phenotype is characterized extensively in Chapter 2 where I 

also show that rescuing the adherens junction (AJ) with junction-rescue transgenes 

(described in Appendix 2) restores normal cell and epithelial morphology. Interestingly, 

this phenotype is linked to the role of the AJ as a hub for sequestration of signal 

transduction molecules rather than to its structural role. In particular, the phenotype is 

linked to misregulation of Hippo-Yki signaling as a consequence of junction loss.  

Rho-Kinase (Drosophila Rok; homolog of mammalian ROCK1/2) has roles in 

junction remodeling (Robertson et al, 2012), cytoskeletal organization, cell polarity, 

tension, and mitosis (reviewed by Citi et al, 2014); several of these processes also 

involve Hippo-Yki signaling (Rauskolb et al, 2014; Kim and Jho, 2018; Sarpal et al, 2019). I 

reasoned that alterations in Rok-mediated processes might play a role in retinal shift in 



 187 

arm-RNAi eye discs. I performed a series of genetic experiments using previously 

characterized Rok and Rok-associated transgenes and assessed their effects on 

adherens junctions, tension, and cell size/shape, which could be altered by a number of 

Rok-mediated mechanisms. I found that, while loss of Rok rescues retinal shift, it does 

not appear to do so via restoration of junctions, nor via a straightforward alterations of 

tension/cell shape in the PE. Nonetheless the correlation between changes in PE tension 

and the retina shift in various arm-RNAi backgrounds suggests that this link should be 

further investigated.  

 

Results  

As mentioned above, cytoskeletal tension is affected by Rok. One target of Rok is 

Spaghetti squash (Sqh), the regulatory light chain of the non-muscle type 2 myosin 

(NMII). Phosphorylation of Sqh by Rok activates myosin motor activity, which in turn 

leads to shortening or contraction of actin fibers. This mechanism increases tension in 

the cytoskeleton, and by extension, in the cell. sqh.EE is a phospho-mimetic form of Sqh 

that is Rok-independent and functions as a constitutively activated Sqh. In Drosophila 

wing discs, sqh.EE has been shown to increase tension, while RNAi-mediated loss of Rok 

has been shown to decrease tension (Rauskolb et al, 2014; Ibar et al, 2018).  

I first asked whether expression of rok-RNAi in arm-RNAi PE could rescue the 

retinal shift. I co-expressed both RNAi transgenes using odd-GAL4 and analyzed 

morphology of late L3 eye discs. Co-expression of rok-RNAi rescued retinal shift induced 

by arm-RNAi in all discs analyzed (Fig.A3.1. d.; compare to wild type in a. and arm-RNAi 
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in b.). Importantly, this rescue was independent of restoration of the AJs, which were 

not restored by rok-RNAi (Fig.A3.1. d., z section; compare to a.), and expression of rok-

RNAi on its own did not perturb Arm expression (Fig.A3.1. c.). This result led me to 

hypothesize that the mutant phenotype may be due to increased tension in the arm-

RNAi PE (loss of Arm in the PE would then generate a “pulling force” on the retina, 

resulting in retinal shift), and that the increased tension was reversed by 

downregulation of Rok, thereby preventing the retina shift. 
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Figure A3.1. Expression of rok-RNAi in arm-RNAi PE rescues retinal shif  

 

 

Fig.A3.1. 

a.-d. show XY maximum projections and confocal XZ-sections. Adherens junctions 

stained by Arm (cyan) and photoreceptor neurons by Elav (magenta). All images shown 

at same magnification (40x). 

a. odd-GAL4 crossed to w;CS (wild type). 

b. odd-GAL4 crossed to arm-RNAi. Yellow arrow in XZ indicates retinal shift. The PE, 

which is not marked in the absence of Arm, is outlined by dashed white lines. 

c. odd-GAL4 crossed to rok-RNAi. While PE morphology is wrinkled (see ridges in cyan in 

XY), there is no retinal shift (N = 22). Wrinkled morphology is expected as cells are large 

and appear to generate more tissue than necessary to cover the DpE. 

d. rescue of arm-RNAi by rok-RNAi. Arm expression is not restored in the PE, but retinal 

shift is eliminated (N = 20, 100% rescued). The PE, which is not marked in the absence of 

Arm, is outlined by dashed white lines. 
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I then reasoned that, if this hypothesis is correct, an increase in tension in the PE 

induced by other means (e.g. by overexpression of sqh.EE) might induce the retina shift. 

To try to phenocopy the arm-RNAi retina shift phenotype by increasing tension alone, I 

assessed the effect of sqh.EE in otherwise wild type discs (odd-GAL4 UAS-sqh.EE). 

However, expression of sqh.EE alone did not result in retinal shift (Fig.A3.2. b. is 

indistinguishable from a.) suggesting that: 1.) tension is not the driving force behind this 

phenotype; 2.) tension is insufficient by itself; or 3.) that sqh.EE does not sufficiently 

increase tension relative to the wild type state (e.g. to levels similar to arm-RNAi alone).  
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Figure A3.2. Expression of sqh.EE alone does not result in retinal shift 

 

Fig.A3.2. 

a. odd-GAL4 outcrossed to wild type (w:CS) disc shown as a Z-plane stained with Dlg 

(cell membranes; cyan) and Elav (photoreceptors; magenta).  

b. odd-GAL4 crossed to phospho-mimetic sqh.EE. This disc is indistinguishable from wild 

type. 
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To better assess these possibilities, I sought to measure the change in tension in 

the epithelium. The best way to measure tension directly is by laser ablation of 

cytoskeletal or junctional components. However, this was not feasible at this time due 

to circumstances surrounding COVID19. Based on the wing disc studies (Rauskolb et al, 

2014), a reliable alternative readout for tension is cell size or shape. Tension relaxation 

due to rok-RNAi correlates with a larger cell profile, whereas increased tension due to 

sqh.EE correlates with a smaller cell profile within the plane of the epithelium.  

Therefore, I assessed whether expression of rok-RNAi or sqh.EE induced the 

expected changes in cell profile in an otherwise wild type eye-antennal disc. In all 

samples, I counted the number of cells in a 20x20-micron square of PE at the same 

location near the optic stalk (Fig.A3.3. a.). I found cell size to be changed significantly 

and as expected, with fewer, but larger cells in rok-RNAi (Fig.A3.2 c.) and more cells with 

a smaller profile in sqh.EE (Fig.A3.2. d.), relative to wild type (Fig.A3.3. b.). Thus, in an 

otherwise wild type eye-antennal disc, the rok-RNAi and sqh.EE reagents displayed the 

expected effects, supporting their usage to modulate tension in the eye-antennal 

epithelium and my reliance on changes in cell number and shape as a measure of 

changes in cell and epithelial tension.  

This analysis led immediately to one important observation. Based on this 

measure, if tension is the major factor driving this phenotype, then sqh.EE-expressing 

discs should have displayed a retina shift, because the change in cell size in sqh.EE PE 

was essentially identical to that induced by arm-RNAi alone (Fig.A3.3., compare d. to f.). 

However, as mentioned above, this was not the case (Fig.A3.2. b.). Thus, the 
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relationship between retina shift and tension is not one of simple and direct “cause and 

effect”. 
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Figure A3.3. Analysis of cell size/shape changes in tension experiments 
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Fig.A3.3. 

a. shows location in the PE of 20x20-micron squares in b.-h.  

b.-h. show representative examples of single XY planes of PE tissue stained for 

membrane marker Dlg (green). All transgenes indicated were crossed to odd-GAL4. 

Average # cells/square taken from six individual eye discs, 1 square each. 

i. and j. summary quantification of cell counts in cells/20 micron2 from b.-h. Horizontal 

black lines represent average # cells, and black dots represent individual eye discs. 

Control in i. is odd-GAL4 x w;CS (wild type). Control in j. is odd-GAL4 x arm-RNAi. 

***p < 0.005; ****p < 0.0005, based on Welch’s T-test. NS = not significant. 
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Nonetheless, I next assessed whether expression of rok-RNAi or sqh.EE induced 

the expected changes in cell profile in the arm-RNAi eye-antennal disc as well, and how 

these changes in cell shape correlated with the retinal shift phenotype. Once again, in all 

samples, I assessed this by counting the number of cells in a 20x20-micron square of PE 

near the optic stalk (Fig.A3.3. a.). In arm-RNAi discs (displaying retinal shift), PE cells 

were significantly more numerous and with a smaller profile than their wild type 

counterparts (Fig.3.3., compare f. to b.; p = 0.005). Strikingly, arm-RNAi + rok-RNAi 

(rescued discs) displayed a decrease in cell number and larger cell profile more akin to 

rok-RNAi alone than wild type discs (Fig.3.2. g., compare to b. and c.). This suggests that 

the rok-RNAi reagent may induce the lowest possible tension in both wild type and arm-

RNAi discs. Expression of sqh.EE in arm-RNAi discs did not have a significant effect as 

compared to arm-RNAi alone. Thus, sqh.EE expression does not appear to be effective 

at inducing increased tension in an arm-RNAi background. This could reflect inactivity of 

sqh.EE protein in arm-RNAi cells, or that the tension increase induced by arm-RNAi 

alone is already at a level that cannot be significantly raised by combining the two 

reagents. In support of the latter explanation, sqh.EE alone induced as much “tension” 

as arm-RNAi alone in an otherwise wild type disc, by my indirect measure.  

To further explore the relationship between tension and the retina shift 

phenotype, I investigated the effect of expression of sqh.EE in the presence of rok-RNAi, 

two reagents expected to counteract one another. In otherwise wild type discs, co-

expression of rok-RNAi and sqh.EE, which separately induced opposite outcomes (Fig. c. 

and d.), does in fact result in a “cancelling out” effect whereby co-expressing cells look 
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like neither sqh.EE or rok-RNAi alone, but rather appear the same as wild type (Fig.A3.2. 

e.).  

To test whether counteracting the relaxation of tension induced by 

downregulation of Rok in arm-RNAi + rok-RNAi (rescued) can reverse the rescue effect, I 

co-expressed sqh.EE with arm-RNAi + rok-RNAi. Contrary to the prediction that an 

increase in tension induced by sqh.EE would fully counteract the decrease in tension 

induced by rok-RNAi and return arm-RNAi + rok-RNAi + sqh.EE discs to an arm-RNAi disc 

state (reappearance of retinal shift), I found that arm-RNAi + rok-RNAi + sqh.EE discs are 

still rescued and none show retinal shift (Fig.A3.4. c.). To understand the significance of 

this finding, it was important to assess the extent of change in tension in the various 

genetic backgrounds. Hence, I decided to compare the level of change in tension of arm-

RNAi alone to arm-RNAi + rok-RNAi and to arm-RNAi + rok-RNAi + sqh.EE discs by 

assessing the cellular phenotype.  

As predicted, arm-RNAi + rok-RNAi + sqh.EE discs did show an increase in cell 

numbers and a reduced cell profile as compared to arm-RNAi + rok-RNAi discs. This 

demonstrates that sqh.EE can, indeed, modify the cellular phenotype (tension) in an 

arm-RNAi background. However, arm-RNAi + rok-RNAi + sqh.EE discs displayed cell 

numbers and profiles similar to wild type discs rather than arm-RNAi discs (Fig.A3.3., 

compare h. to b.), potentially explaining why the triple-expression discs look normal and 

do not show a return of the retinal shift phenotype.  
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Figure A3.4. Retinal shift is still rescued by a combination of rok-RNAi and sqh.EE 

 

Fig.A3.4. 

a. odd-GAL4 outcrossed to w;CS (wild type), shown in an XZ confocal plane. Cell 

membranes marked by Dlg (cyan) and photoreceptors by Elav (magenta). 

b. an odd-GAL4 arm-RNAi disc is rescued by a combination of rok-RNAi and sqh.EE and is 

indistinguishable from wild type.  
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Discussion and Conclusions 

Loss of arm in the PE results in a “retinal shift”. Here, I have shown that 

reduction of rok rescues retinal shift in arm-RNAi without rescuing the adherens 

junction. I also show a strong correlation between changes in tension (as measured by 

changes in cell number/shape) and the presence or absence of the retina shift 

phenotype in different arm-RNAi genetic backgrounds. This suggests a close relationship 

between PE tension and retina shift.  

However, one experiment shown above is not consistent with this model: 

expression of sqh.EE, which has previously been shown to increase tension, does not 

phenocopy arm-RNAi, although the tension level in the PE is apparently similar to that 

of arm-RNAi PE (as the number of cells per 20-micron square is not different between 

these two samples). Furthermore, data from Chapter 2 demonstrate that 

overexpression of Yki rescues retinal shift in arm-RNAi discs. This is inconsistent with the 

tension model, as rok-RNAi has been shown to decrease Yki transcriptional output 

(Rauskolb et al, 2014). Taken together, these data suggest that arm-RNAi does not 

induce retinal shift by altering tension/cell size alone.  

In addition to its role in cell-cell adhesion, the adherens junction is an important 

site for mechano-transduction. The strength of the adherens junction can alter tension, 

which in turn regulates signaling pathways and cellular processes (and vice versa). It is 

possible that retinal shift results from a complex interplay among alterations in 

adherens junction strength, mechano-transduction, and cell signaling pathways, of 

which we perceive only one aspect in these experiments. Further analysis of rok, sqh, 
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and some of the other genes that, when silenced, induce the retinal shift phenotype 

(see discussion, Chapter 4) may resolve some of these apparent contradictions. 

 

Materials and Methods 

Genetic crosses 

All crosses were performed at 25oC. Female flies of genotype odd-GAL4, arm-

RNAi_V107344 were crossed to males expressing UAS-rok-RNAi, UAS-sqh.EE, or both 

UAS-sqh.EE and UAS-rok-RNAi. Each transgene was also crossed to flies expressing odd-

GAL4 alone.  

 

Immunohistochemistry 

Eye discs were dissected from wandering L3 larvae and stained for Dlg (cell 

membranes) and Elav (photoreceptors) or Arm (adherens junctions) and Elav according 

to standard protocols. Discs were mounted in medium containing 65% glycerol and 2.5% 

N-propyl gallate with the PE-side facing the cover glass.  

 

Cell counts 

Late L3 eye discs were stained with Dlg to highlight cell membranes. The number 

of cells in a 20x20-micron square of the PE near the optic stalk were counted manually 

(N = 6 discs, one central square per disc, for each genotype). Differences between 

groups were analyzed using an unpaired 2-tailed T-test with Welch’s correction. 
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Appendix 4. (Related to Chapter 3) 

 

RNA-sequencing of sorted PE cells 
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Introduction 

 In addition to its critical role at the adherens junction, Armadillo plays a critical 

role in regulating transcription of targets of the canonical Wnt pathway. Prior to 

demonstrating that “retinal shift” in odd-GAL4 > arm-RNAi discs resulted primarily from 

loss of the adherens junction, we hypothesized that loss of canonical Wnt signaling 

might contribute to this phenotype. To explore this possibility, we carried out a 

preliminary RNA-sequencing experiment of PE cells isolated from wild type odd-GAL4 

and odd-GAL4 > arm-RNAi backgrounds. Whereas this work ultimately did not address 

the issue we were interested in, these results raise several important issues that must 

be considered in any future RNA-seq analyses of arm-RNAi discs. 

 

Results and Discussion 

PE-specific RNA-seq reveals changes in gene transcription when arm is knocked down 

Armadillo is capable of affecting transcription through each of its roles, both 

directly as a transducer of canonical Wnt signaling and indirectly at the adherens 

junction. We performed RNA-sequencing on PE tissue from mid-L3-stage odd-GAL4 > 

UAS-arm-RNAi UAS-GFP discs and odd-GAL4 > UAS-GFP discs and asked 1. whether Wnt 

signaling occurs in the PE; and 2. how gene expression levels in arm-RNAi PE differed 

from those in wild type PE.  

The following analyses are based on average log2 counts per million (log2CPM) 

expression of two wild type and three arm-RNAi PE samples, isolated by fluorescence-

activated cell sorting (FACS) based on odd-GAL4-driven UAS-GFP expression. Using this 
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system, expression of arm was downregulated 1.34-fold relative to wild type in arm-

RNAi PE. Table 1 contains the top 50 most upregulated and 50 most down-regulated 

genes in arm-RNAi PE relative to wild type PE on a log2 scale. Changes in expression of 

genes involved in specific genetic pathways and processes are discussed in more detail 

below. It should be noted that all of these results are preliminary, based on a single run 

of RNA-seq, and have not been confirmed by qRT-PCR or any other method. Any further 

analysis of our RNA-seq data would necessitate confirming these results by an 

independent quantitative method.  
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Table 1. Top 50 transcriptionally upregulated and downregulated genes in arm-RNAi  
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1. Wnt ligands are transcribed in the PE  

 I first asked whether any of the Wnt genes were transcribed in the PE. Although 

decades of research indicate a role for the Wg in retina development and its expression 

has been documented in the PE (Cho et al, 2000), it is not known whether any of the 

other Wnt genes are expressed in the PE nor whether PE-secreted Wnts play a role in 

overall eye development. Our RNA-seq indicated that six of the seven Drosophila Wnt 

genes (Wg, Wnt2, Wnt4, Wnt5, Wnt6, Wnt10) were present in odd-GAL4-sorted 

samples; only WntD, a Drosophila-specific Wnt, was absent. Wnt10 appears to be 

downregulated in wild type tissue relative to the arm-knockdown tissue. Expression 

levels of the Wnt genes in both WT and arm-RNAi PE are shown in Table 2 in average 

log2CPM.  
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Table 2. mRNA expression of Wnt genes found in the PE 
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2. Other canonical Wnt pathway genes are transcribed in the PE and altered in arm-RNAi 

PE 

 I next asked whether knockdown of arm altered expression of any other Wnt 

pathway components in the PE. A selection of Wnt pathway-associated genes altered by 

expression of arm-RNAi are shown in Table 3. These genes a grouped into their 

respective categories according to FlyBase.org definitions; some genes are present in 

multiple categories. Once again, it should be noted that these results have not been 

confirmed independently. 
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Table 3. Wg/Wnt pathway components altered in arm-RNAi PE 
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3. Tiggrin, a direct target of canonical Wnt signaling is misregulated in the PE 

 The single most highly upregulated gene in this RNA-seq was Tiggrin (Tig; see 

Table 1.), which encodes a secreted protein that is a component of the fly extracellular 

matrix (ECM). The regulatory region of the Tig gene contains atypical TCF/Arm binding 

sites that confer transcriptional repression by Wg rather than activation (Blauwkamp et 

al, 2008; Zhang and Cadigan, 2017).  Thus, the increase in Tiggrin transcription was 

expected and it is likely that arm-RNAi-mediated loss of Wg signaling contributed 

directly to its upregulation.  

Although not confirmed independently, this suggests that the Wnt canonical 

pathway is active in PE cells. Hence, it appears that PE cell not only produce Wnt ligands 

but also respond to them. 

 

Do changes in the transcriptome reflect changes in the proteome? 

 Based on results of this RNA-seq, many of the Drosophila ribosomal genes are 

downregulated in arm-RNAi cells (Table 4. shows all ribosomal genes downregulated at 

least 2-fold in arm-RNAi PE). This is likely to result in a downregulation of the 

translational apparatus. For this reason, any changes in the transcriptome need to be 

carefully considered as they may not lead to corresponding changes in the proteome. 

For example, even though tig gene expression appears to be upregulated, it may not be 

translated, and therefore its transcriptional upregulation may have no functional 

consequence to the eye disc.  
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Table 4. Ribosomal genes downregulated in arm-RNAi PE 
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Caveats and Alternative Methods for RNA-seq 

 
We have identified several issues that need to be taken into account for any future RNA-

seq experiment on eye disc tissue: 

• Negative effects on translation: given the downregulation of ribosomal gene 

transcription (Table 4), it is unlikely that changes in the transcriptome reflect 

corresponding changes in the proteome.  

• Staging: any future RNA-seq experiment will need to carefully consider the stage 

at which tissues are collected. The mid-late L2 stage (defined as the phenocritical 

period in Chapter 2), is at least a full day earlier than the time at which discs 

were dissected in this experiment (mid-late L3). This is likely too late to evaluate 

the transcriptional changes that contributed to retinal shift. Based on the 

dynamic expression pattern of odd-GAL4, it is possible that by this time, some 

arm expression has already recovered. Ideally, to understand transcriptional 

changes that give rise to retinal shift, RNA-seq should be performed at the mid-

late L2 stage. 

• FACS: cell sorting introduces an additional complication, as the whole process, 

from dissection to final cell sorting, takes more than an hour, over which time 

there is likely cell death, RNA-degradation, and potentially changes in gene 

expression. A better alternative to FACS might be “isolation of nuclei tagged in a 

specific cell type” or INTACT (Steiner et al, 2012), a method which uses an 

antibody against a nuclear-localized fluorophore (GFP or RFP) to isolate nuclei 

from cells of interest. This method would allow for pooling of quickly frozen 
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samples, which means less time spent dissecting any given sample and therefore 

less cell death and RNA degradation/gene expression changes. Because it 

isolates only the nuclei, it also allows for the profiling of only transcriptionally 

active genes.  

• Knockdown of arm affects more than transcription: In addition to the technical 

caveats described above, a significant biological caveat for this RNA-seq is the 

fact that Arm is not only a transcriptional co-activator, but also a component of 

the adherens junction. The strength of the adherens junction influences the 

Hippo pathway and possibly the Wnt pathway itself. Therefore, the effects of 

loss of Arm are expected to be far-reaching. 

 

 Moving forward, to address consequences of loss of Wnt signaling, it would be 

better to perform RNA-seq in the Wnt4-RNAi background. Because Wnt4 is a secreted 

protein, we would simply perform RNA-seq on entire eye discs, which eliminates the 

FACS step and would allow for dissection at the phenocritical period in L2.   

 

Materials and Methods 

Drosophila genetics and fly lines 

 All flies were maintained according to standard protocols. All crosses for RNA-

seq experiments were performed at 25oC. Flies expressing UAS-arm-RNAi (KK107344) 

were obtained from the Vienna Drosophila Stock Center (VDRC). The odd-GAL4; UAS-

GFP stock was a gift from Dr. V. Hatini (Tufts University). Female odd-GAL4; UAS-GFP 
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flies were crossed to male UAS-arm-RNAi flies and dissected at mid-L3 (just prior to 

“wandering” stage) for cell sorting. 

Fluorescence-Activated Cell Sorting (FACS) 

L3-stage eye discs were prepared for FACS according to Khan et al, 2016. Briefly, 

larvae were rinsed with 75% ethanol and approximately 100 pairs of L3 eye discs were 

dissected on ice into ice-cold PBS. This step was completed in no more than 30 minutes. 

After removal of PBS, discs were incubated in 100 mL undiluted 10X TrypLE (Gibco) for 

15 minutes at 37oC. Digestion was quenched using 500 mL Schneider’s Medium 

containing 10% fetal bovine serum, 2% penicillin/streptomycin, and 0.02 mg/mL insulin. 

The tissue was then dissociated using a P1000 pipette tip and passed through a cell 

strainer before sorting to eliminate large clumps.  

GFP-expressing PE cells were captured by a Blue 488 laser on a Becton Dickinson 

FACS AriaIII Cell Sorter at the SUNY Upstate Medical University Research Flow Core by 

Lisa Phelps, sorted directly into QIAzol lysis reagent, vortexed at end of collection, and 

stored at -80oC until RNA preparation. 

 

RNA-sequencing and analysis 

 All RNA samples were prepared, quantified, and analyzed by Karen Gentile at the 

SUNYMAC using QIAgen RNA reagents. RNA quality was evaluated on an Agilent 2100 

Bioanalyzer. Libraries were prepared using an Illumina NextSeq 500/550 Mid-output 

single-read kit. Samples were sequenced on an Illumina NextSeq 500 next-generation 
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sequencing instrument. Data shown in this appendix are taken from an analysis by 

Chuning Zhang, M.S.  
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