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Abstract 

Development of multi-cellular organisms is orchestrated by genetic circuits, 

which control proliferation and differentiation. A complex interplay of inductive and 

inhibitory signals culminates in the expression of unique protein sets, which elicit a 

distinct cellular response and confer cellular identity. The relatively simple architecture 

of the Drosophila melanogaster eye provides a powerful model to explore the molecular 

and regulatory relationships that pattern a complex tissue. 

This work investigates novel roles for the serine-threonine kinase, Nemo (Nmo), 

in cell fate specification and morphogenesis of the Drosophila compound eye. Nmo is the 

founding member of the Nemo-Like Kinase (NLK) family, which regulates conserved 

signal cascades like Wnt and BMP across species. nmo mutants have developmental 

defects in processes including embryonic segmentation, wing and eye patterning.  Here, I 

examine the molecular underpinnings of the nmo eye phenotype. nmo is dynamically 

expressed throughout eye development, suggesting previously uncharacterized functions. 

Genetic analyses reveal a dose-dependent requirement for Nmo in eye specification 

directed by the Retinal Determination Gene Network (RDGN). The RDGN comprises a 

conserved network of transcriptional regulators that is essential for eye development in 

Drosophila and vertebrates. Loss of nmo reduces the ability of the RD factors to induce 

ectopic eyes, while co-expressing Nmo synergistically enhances RD-mediated 

phenotypes. In biochemical assays, Nmo complexes with the RD components Sine oculis 
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(So) and Eyes Absent (Eya). Eya is a novel substrate for Nmo’s kinase activity, and this 

regulatory interaction promotes Eya’s eye induction activity. Nmo additionally promotes 

So’s transcriptional activity in culture-based and in vivo assays.  

Genetic approaches are employed to elucidate the nature of the nmo small-eye 

phenotype. In genetic interaction studies, manipulating nmo levels modifies the size of 

the head and eye, indicating that nmo can generally affect proliferation. A requirement 

for Nmo in normal progression of the morphogenetic furrow, a wave of differentiation 

that moves anteriorly across the eye epithelium, is also described. As a consequence of 

retarded furrow movement, photoreceptor differentiation is delayed in nmo mutants. 

Together, these studies expand our understanding of the nmo eye phenotype and identify 

Nmo as a novel regulator of the RD signalling network.   
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1: General Introduction 

1.1 Development in Drosophila melanogaster is orchestrated by signal 
transduction pathways 

The development of a multicellular animal from a single, totipotent cell to an 

intricate and functional being is an extraordinary, dynamic process. Stringent cell-to-cell 

communication and finely tuned feedback mechanisms drive proliferation, specification 

and differentiation to forge a complex network of tissues, organs and neuronal circuitry. 

Evolutionarily conserved signal transduction pathways are used reiteratively, both 

spatially and temporally, to control the development of metazoans. Given the diversity of 

cell types comprising an organism in its intermediate and final adult forms, there are 

notably few pathways and effector proteins. The potential requirement for an exponential 

number of signalling molecules is circumvented by a combinatorial mechanism, in which 

signalling components are used by more than pathway, to form unique regulatory 

complexes by molecular associations with an array of co-factors. 

Development of the fruit fly Drosophila melanogaster is simple in comparison to 

higher organisms. Yet, there is a striking similarity in the molecular and regulatory 

mechanisms used to establish polarity and compartment boundaries in the early embryo, 

and at later stages of development to specify primordia and to pattern appendages and 

organs (reviewed in Weatherbee and Carroll, 1999; Mann and Carroll, 2002).  D. 
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melanogaster is a classical model organism for studying development and disease that 

occur in vertebrates, as it is amenable to elegant genetic manipulation. As a result of its 

historical use, vast collections of characterized Drosophila mutants and transgenic 

animals are publicly available. The relatively short life span of Drosophila, their cost-

effective and minimal requirements for maintenance, and ability to clonally propagate in 

large numbers makes them ideally suited for genetic analyses. Development of the 

comparatively simple Drosophila organs, such as the crystalline compound eye, are 

powerful tools for dissecting the molecular and regulatory underpinnings of signalling 

pathways in a context-specific fashion. Furthermore, the visual system is dispensable for 

viability, making it a highly suited context for genetic manipulation. 

The structure of the adult fruit fly is achieved in four discrete stages. During 

embryogenesis, the primary body axes and the three germ layers (mesoderm, ectoderm 

and endoderm) of the organism are established, and the embryo is broadly 

compartmentalized into presumptive body segments. Rudimentary tracheal, digestive and 

nervous systems are patterned and finally, groups of cells comprising organ and 

appendage primordia are specified. Growth and patterning of the presumptive organs and 

appendages occurs in monolayer epithelial sacs called imaginal discs during the 

subsequent three larval instars – L1, L2 and L3. During pupariation, the final 

developmental stage, the imaginal discs evert and undergo massive cellular 

rearrangement, programmed cell death and differentiation to shape the final adult 

structure.  

The Drosophila compound eye is a simple, yet architecturally stunning organ. 

Composed of several thousands of cells, the retina is a periodic array of 750-800 



 3 

individual unit eyes, or ommatidia, packed in a precise hexagonal pattern (Fig. 1-1 A, B). 

In three-dimensional space, this stereotypical arrangement aims each ommatidium at an 

exact angle to cover the entire visual field. The core of each ommatidium consists of 8 

photoreceptor neurons, R1-R8, which can be identified based on their position and 

capability to capture certain wavelengths of light. The light- and motion- sensing 

photoreceptors are capped by four non-neuronal cone cells, which secrete the lens, and 

two primary pigment cells. An invariant lattice of secondary and tertiary pigment cells, 

which physically arrange and support the crystalline eye structure, optically insulates 

each unit eye (reviewed in Bao, 2010; Charlton-Perkins and Cook, 2010). The Drosophila 

visual system also includes three rudimentary eyes, the ocelli, which are arranged in a 

triangle on the dorsal head (Fig. 1-1, C).  
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Figure 1-1 The Drosophila visual system. 

Wild-type. (A) The compound eye is composed of ~800 unit eyes, or ommatidia. (B) The 

ommatidia are arranged in a stereotypic hexagonal array. (C) Three simple eyes, the 

ocelli, are arranged in a triangle pattern on the dorsal head (arrow). 

Scanning electron micrographs courtesy of E. M. Verheyen.   
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The adult structures are patterned through the action of signal transduction 

pathways. Physical binding of a ligand to its cognate receptor is the activating event in 

most signalling pathways. The ligand-receptor interaction can induce a conformational 

change in the receptor, post-translational modification, and in some cases release of an 

inhibitor protein or recruitment of a co-receptor. Receptor activation is transduced to 

intracellular signalling molecules, including second messengers and effector proteins, 

which elicit cellular responses. Transduction of signal cascades most frequently 

culminates in the nucleus with the regulation of transcriptional complexes and 

consequent gene expression.  The cellular responses may include cellular and 

architectural rearrangements, attenuation of signals received and emitted, differentiation, 

proliferation and programmed cell death.  

Regulatory mechanisms govern protein-protein interactions, subcellular 

localization, the activity of proteins such as enzymes and the half-life of effector 

molecules. These mechanisms mediate cross-talk between signal pathways, and also 

modulate the intensity and duration of the signal. One common form of protein regulation 

is phosphorylation, which is a post-translation modification mediated by kinases. Kinases 

catalyze the transfer of a negatively-charged phosphate group (PO4) from an adenosine 

triphosphate (ATP) molecule to an acceptor hydroxyl group on a serine (S), threonine (T) 

or tyrosine (Y) amino acid on the protein substrate. Kinases typically target residues 

embedded within a consensus recognition site or motif.  Phosphorylation of a substrate 

protein, and the resulting increase in net negative charge, can alter the conformation of 

the substrate, mobilize it to different cell compartments, promote or inhibit its ability to 

complex with co-factors and DNA, or target it for degradation. It is not uncommon for 



 6 

proteins to have multiple phospho-acceptor sites that determine distinct regulatory 

outcomes. Thus, a single protein may be a target for numerous kinases, allowing it to be 

differentially regulated by various signal pathways. As such, a single substrate can 

integrate signals from several upstream stimuli, refining the cellular response to multiple 

cues. Importantly, phosphorylation is a reversible chemical modification. Phosphatases 

catalyze the de-phosphorylation of protein, and exhibit target specificity similar to 

kinases. Thus, a substrate can be used reiteratively, thereby expanding its repertoire of 

potential binding partners through conformation and isometric changes unique to each 

upstream signal. This phenomenon is most dramatically observed in the context of 

transcriptional complexes, where relatively few transcriptional regulators and co-factors 

can interact in a combinatorial fashion, thereby precisely directing expression of an array 

of target genes. 
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1.2 The Nemo-like kinase family  

Kinases are a vital class of regulatory proteins that not only transduce signals from 

the cell membrane to the nucleus, but also mediate cross-talk between signalling 

pathways. As such, kinases can effect rapid and efficient refinement of multiple signals to 

elicit a precise transcriptional response. The sequential phosphorylation of protein 

kinases that transmits an extracellular stimulus to the nucleus is called a protein kinase 

cascade, and is exemplified by the Mitogen Activated Protein (MAP) Kinase (MAPK) 

super-family. Four MAPK cascades have been characterized to date: the extracellular 

signal-related kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase 1-3 (JNK1-3), 

p38MAPK α, β, γ, δ (p38α-δ) and ERK5 (reviewed in Keshet, 2010). The core of the 

MAPK cascade is comprised of a hierarchy of 3 protein kinase subclasses – MAPKKKs, 

MAPKKs and MAPKs. Activated MAPKs typically translocate to the nucleus, where 

their activity directly affects gene expression (reviewed in Robinson and Cobb, 1997; 

Keshet, 2010).  

The Nemo-like kinase (Nlk) family encodes a class of proline (P) -directed S/T 

kinases, and is most closely related to the family of MAPKs (Choi and Benzer, 1994; 

Brott et al., 1998; Harada et al., 2002). Nlks phosphorylate the minimal consensus 

sequence S/TP (Brott et al., 1998; Ishitani et al., 1999; Rocheleau et al., 1999; Ishitani et 

al., 2003; Yasuda et al., 2004; Zeng et al., 2007; Mirkovic et al., 2011), whereas MAPKs 

have a slightly more stringent consensus sequence of PxS/TP (Clark-Lewis, 1991; 

Treisman, 1996).  

The founding Nlk member is encoded by the Drosophila gene nemo (nmo) (Choi 

and Benzer, 1994). The original nmoP1 hypomorphic allele was generated by an enhancer 
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trap screen, and was described as a recessive mutation causing a narrow eye phenotype 

accompanied by incomplete rotation of the photoreceptor clusters or ommatidia (Fig. 1-

2), reduced viability and abnormal wing posture (Choi and Benzer, 1994). Nlks are most 

similar to the ERK1/2 family of MAP kinases (Choi and Benzer, 1994; Brott et al., 1998; 

Meneghini et al., 1999; Harada et al., 2002). Like the Drosophila and mammalian ERK 

homologues, Nmo has an auto-phosphorylation motif where it is predicted to be 

functionally auto-regulated in trans at a conserved threonine residue (Choi and Benzer, 

1994). Consistent with this hypothesis, Nmo homo-dimers can be precipitated from 

cultured cells, and in vitro kinase assays demonstrate that Nmo auto-phosphorylates 

(Zeng et al., 2007). Intriguingly, ERK family kinases bear a second critical residue for 

auto-phosphorylation, tyrosine (Y) 202. This residue is replaced by a glutamic acid (E) in 

the Nmo and Nlk proteins (Choi and Benzer, 1994; Brott et al., 1998; Meneghini et al., 

1999), and presumably mimics constitutive phosphorylation. How this amino acid 

substitution affects Nmo’s regulation and function is not yet known. 

Substrates for Nmo and Nlks are still emerging, and there is growing genetic and 

biochemical evidence to implicate Nlks in multiple signalling pathways. Nlks have a 

well-described role in Wnt/Wingless (Wg) signalling across a spectrum of phyla. Nlks 

modify Wnt-dependent gene expression in worms (Meneghini et al., 1999; Rocheleau et 

al., 1999), frogs (Hyodo-Miura et al., 2002; Yamada et al., 2003; Yamada et al., 2006), 

sea urchins (Rottinger et al., 2006), zebrafish (Thorpe and Moon, 2004), fruit flies (Zeng 

and Verheyen, 2004) and humans (Behrens et al., 1996; Ishitani et al., 1999; Behrens, 

2000; Ishitani et al., 2003). Phosphorylation by Nlk modulates the DNA-binding affinity 

of the TCF/β-catenin complex, thereby affecting transcription of Wnt target genes  
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Figure 1-2 nmo mutants have small eyes and ommatidial rotation defects. 

The compound eye of nmo mutants (B) is narrow on the anterior/posterior axis compared 

to wild-type (A). In nmo mutants, the ommatidial array is rough and tetragonal (D), rather 

than the seamless hexagonal lattice found in wild-type (C). 

Scanning electron micrographs courtesy of E. M. Verheyen. 
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(reviewed in Logan and Nusse, 2004; Clevers, 2006; Gordon and Nusse, 2006). 

Interestingly, Nlk-mediated regulation of TCF can either inhibit (Ishitani et al., 1999; 

Ishitani et al., 2003; Zeng and Verheyen, 2004) or promote (Meneghini et al., 1999; 

Rocheleau et al., 1999; Thorpe and Moon, 2004) Wnt-mediated transcription, depending 

on the cellular context.  

Recent studies in Drosophila also identify Nmo as a novel regulator of 

Transforming Growth Factor-β (TGF-β) signalling (Zeng et al., 2007; Merino et al., 

2009). Dpp is one of two Bone Morphogenetic Protein (BMP) signalling molecules in 

Drosophila, which are the TGF-β ligands (reviewed in Padgett et al., 1987; Raftery and 

Sutherland, 1999). The TGF-β signal is transmitted by the receptor-mediated 

phosphorylation and consequent nuclear accumulation of Smad proteins (reviewed in 

Moustakas et al., 2001; Shi and Massague, 2003; ten Dijke and Hill, 2004). In both 

studies, Nmo regulates Dpp signalling by phosphorylating the activated transcription co-

factor Mothers against Dpp (pMad), which modifies its subcellular localization and 

transcriptional activity (Zeng et al., 2007; Merino et al., 2009). Interestingly, these studies 

demonstrate a context-dependent regulatory relationship between Nmo and pMad. Nmo-

mediated phosphorylation of pMad during wing development promotes pMad’s export 

from the nucleus, impeding its nuclear accumulation and inhibiting Dpp signalling (Zeng 

et al., 2007). Conversely, phosphorylation by Nmo is required for pMad’s normal nuclear 

accumulation and distribution in motor neurons (Merino et al., 2009). Thus, Nmo can 

both promote and inhibit Dpp signalling by phosphorylating a single Dpp effector 

molecule, depending on the physiological context. 
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Nlks have also been linked genetically to the Notch signalling pathway (Verheyen 

et al., 2001; Rottinger et al., 2006). A recent study identifies the intracellular domain of 

Notch (NICD) as a novel substrate for Nlk (Ishitani et al., 2010). In zebrafish, Nlk 

promotes neurogenesis by phosphorylating NICD and inhibiting formation of the active 

Notch transcription complex (Ishitani et al., 2010). A genetic interaction between nmo 

and Notch has been previously described in Drosophila eye development (Verheyen et 

al., 2001). Thus, Nmo may similarly regulate NICD in the Drosophila eye neuroepithelium.  

The expanding list of Nlk substrates continues to broaden the scope of Nlk-

mediated regulation. In addition to its regulatory activities in Wnt, BMP and Notch 

signalling, Nlk substrates currently include the transcriptional regulators CBP/p300, 

Stat3, Sox11, HMG2L1, Myb and FOXO (Hyodo-Miura et al., 2002; Yamada et al., 

2003; Kanei-Ishii et al., 2004; Ohkawara et al., 2004; Yasuda et al., 2004; Kim et al., 

2010; Szypowska et al., 2010), and as a result of the work presented here, Eyes Absent 

(Eya) (S. A. Morillo, L. R. Braid, unpublished) and Even-skipped (Eve) (Braid et al., 

2010). Nmo also phosphorylates β-catenin/Armadillo (Arm) and E-cadherin (E-cad) to 

facilitate cellular rearrangement in Drosophila (Mirkovic et al., 2011), and Nlk promotes 

the ubiquitylation and degradation of TCF by potentiating the function of the E-3 

ubiquitin ligase, Nemo-like kinase associated ring finger (NARF) protein, in Xenopus 

(Yamada et al., 2006).  

The ability of Nlk to modify the cellular response to diverse signalling pathways, 

most commonly by direct regulation of downstream transcription components, implies 

stringent regulation of Nlk levels and/or activity to maintain homeostasis. Indeed, 

abnormal levels of nlk have been documented in gene expression profiles of cancerous 
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cells (Emami et al., 2009; Ji et al., 2009; Jung et al., 2010). However, there is surprisingly 

little known about the mechanisms that regulate nlk transcription, or that modulate Nlk 

activity. In C. elegans, Xenopus and cultured vertebrate cells, Nlk is regulated by the 

Tak1 (MAPKKK) kinase cascade (Ishitani et al., 1999; Meneghini et al., 1999; Kanei-

Ishii et al., 2004; Ohkawara et al., 2004; Thorpe and Moon, 2004; Kim et al., 2010), 

which can include the Hipk MAPKK (Kanei-Ishii et al., 2004; Thorpe and Moon, 2004). 

However, Nmo appears to function independent of the Tak and Hipk orthologues in 

Drosophila (B. C. Andrews and W. Lee, unpublished). Recent studies have identified 

new modes of regulating Nlk. In Xenopus, the p38 MAP kinase phosphorylates and 

activates Nlk during axis specification (Ohnishi et al., 2010). In addition, nlk expression 

is repressed by the microRNA-181 in liver cancer cells (Ji et al., 2009). In the Drosophila 

wing disc, nmo expression is stimulated in response to Wg signalling (Zeng and 

Verheyen, 2004), while in the eye disc, nmo is transcribed in the morphogenetic furrow 

in response to frizzled (Zheng et al., 1995).  How nmo expression is regulated in other 

cell contexts during Drosophila development has not yet been elucidated, although the 

nmo enhancer contains sites for potential regulatory input from the Wg, Notch, Ecdysone, 

Epidermal Growth Factor Receptor (EGFR), c-Jun N-terminal kinase (JNK) and BMP 

signalling pathways (Dr. E. Emberly, unpublished). In addition, the mechanisms that 

govern Nmo function are currently unknown. Thus, there is considerable progress to be 

made in order to fully understand and appreciate the dynamic contributions of Nmo to 

Drosophila development. 
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1.3 Signalling components, selector proteins and competence factors 
converge to direct cell fate 

Studies in worms, amphibians, zebrafish and mice have implicated Nlks in cell fate 

processes. In Xenopus embryos, Nlk is required for axis formation (Ishitani et al., 1999). 

Embryogenesis of C. elegans and M. musculus requires Nlk to generate the endoderm 

lineage (Meneghini et al., 1999; Brown et al., 2010), while neurogenesis is disrupted by 

loss of nlk in D. rerio (Ishitani et al., 2010). The work described here demonstrates new 

functions for nmo in cell fate decisions during Drosophila embryonic segmentation and 

eye determination.  

Cellular determination describes the commitment of a cell to give rise to a 

specific lineage. This commitment is heritable, such that all cells arising from a 

committed cell “know” their pre-destined fate. Thus, a determined cell, or group of cells, 

will retain their identity even when re-located to a different cellular environment 

(reviewed in Maves and Schubiger, 1999). Proof-of-concept was demonstrated by Hans 

Spemann, who performed transplantation experiments using neural plate cells in newt 

embryos (Spemann, 1938). Early in gastrulation, transplanted neural plate cells exhibit 

trans-determination potential and can be re-directed to a new lineage by environmental 

cues at the site of re-location. However, the plasticity of cells to adopt a different fate 

declines as development progresses, such that a fully determined group of neural plate 

cells will produce a neural crest irrespective of their new cellular environment (Spemann, 

1938).  

These seminal grafting experiments pose a fundamental problem of 

developmental biology: What are the heritable factors that confer both cellular identity 
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and resistance to re-specification? During embryogenesis, the progeny of a single, 

totipotent cell must progressively refine their micro-environment in order to establish 

fields of cells, which define the primordia of adult organs and appendages. Subsequently, 

the determined cells, and their progeny, must maintain their identity during the dynamic 

proliferative and patterning phases that ensue (reviewed in Maves and Schubiger, 1999; 

McClure and Schubiger, 2007). Additional specification events establish sub-domains 

within the determined primordia, where neighboring cells can be directed along very 

distinct developmental paths. Transcription factors bind to context-specific DNA 

enhancer elements in response to concentration gradients of regulatory proteins, thus 

translating positional information into developmental patterns for distinct structures.  

During Drosophila development, the embryo is progressively divided into seven 

body segments, and then subdivided into fourteen parasegments or compartments. These 

primary divisions are orchestrated by the combined action of maternally contributed gene 

products inherited by the oocyte, the zygotically transcribed gap, pair-rule and segment 

polarity genes and gradients of signalling morphogens (Fig. 1-3 A, B). Each embryonic 

parasegment will give rise to a specific adult body segment. The boundary of each 

compartment is respected by cell lineages; remarkably, the posterior compartment of each 

segment is the width of a single cell (reviewed in Scott and Carroll, 1987; Pick, 1998). It 

is biologically astonishing that such a narrow field of cells can retain its identity despite 

considerable signalling “noise” that produces very different transcriptional responses in 

adjacent cells. The process of embryonic segmentation pertains to Chapter 6, where it 

will be described in more detail. 
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Figure 1-3 Compartmentalization of the early embryo and second instar eye-
antennal discs. 

Compartmentalization of developing tissues, such as the early embryo and mid-stage eye-

antennal disc, is achieved through the super-imposition of spatially and temporally 

regulated transcription factors and signalling pathways. (A, B) The stage 14 Drosophila 

embryo is divided into parasegments. (A) the anterior boundary of each parasegment is 

defined by Engrailed (En, blue) and the medial boundary by odd-skipped (odd-lacZ, red). 

(B) Expression of Paired (Prd, green) defines the even numbered parasegments. (C) First 

and second instar eye-antennal imaginal disc. The eye selector Ey (pink) is initially 

expressed in all cells. In mid-second instar, Ey is restricted to the posterior primordia by 

EGFR signalling, which allows expression of the anterior antennal selectors Cut and 

Distalless (Dll, green). Notch signalling in the posterior activates ey expression and 

represses dll. Input from Dpp in the late-second instar is required for eye determination. 

Anterior is left, posterior is right in all images.  
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The earliest incarnations of the adult organs and appendages are derived in the 

final stages embryogenesis as multicellular primordia that will establish the larval 

imaginal discs (Garcia-Bellido and Merriam, 1969; Simcox and Sang, 1983; Simcox AA, 

1989; reviewed in Maves and Schubiger, 1999; McClure and Schubiger, 2007). The cells 

within each embryonic compartment are fated to give rise to organs and appendages 

corresponding to their position within the body plan. Thus, the embryonic imaginal disc 

precursors are already determined, and have an innate knowledge of their identity 

(Simcox and Sang, 1983; reviewed in Maves and Schubiger, 1999; McClure and 

Schubiger, 2007).  

Clonal analyses indicate that the eye field, comprising approximately six cells, is 

set aside early in embryogenesis (Wieschaus and Gehring, 1976), and gives rise to 

approximately twenty cells that constitute the embryonic primordia of the adult head, eye 

and antenna (Garcia-Bellido and Merriam, 1969). The eye-antennal disc is derived from 

at least three of the embryonic head segments. The region of the disc that forms the eye is 

derived primarily from the anterior-most region of the embryo, the acron, while the 

presumptive head and antennal regions of the disc derive from the maxillary and antennal 

embryonic compartments, respectively (reviewed in Treisman and Heberlein, 1998; 

Dominguez et al., 2004). Thus, the complex origins of the rudimentary eye-antennal disc 

reveal lineage-specific determination that is conferred by the embryonic cellular 

compartment from which the cells derive. Segment-specific expression of homeotic 

genes determines the identity of each embryonic compartment and the tissues born from 

them (reviewed in Warren and Carroll, 1995; Crickmore and Mann, 2008). 
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Although anterior-posterior polarity is inherited from the embryo (Garcia-Bellido 

and Merriam, 1969; Garcia-Bellido et al., 1973), expression of the selector genes that 

specify the anterior and posterior compartments are typically not restricted to their 

respective domains until midway through larval development (reviewed in Treisman and 

Heberlein, 1998; Curtiss et al., 2002; Dominguez et al., 2004). Thus, the larval imaginal 

discs retain considerable developmental plasticity until the mid-second instar. In the eye-

antennal disc, the posterior eye field selector is encoded by the eyeless (ey) gene, which is 

initially expressed in all cells. During the second instar, ey expression retracts to the 

posterior eye field and permits expression of the anterior selector Cut (Kenyon et al., 

2003). Cut leads to expression of antennal selectors Distalless (Dll) and Homothorax 

(Hth) (Casares and Mann, 1998; Dong et al., 2000), while Ey initiates expression of the 

retinal determination genes (Halder et al., 1998; Kenyon et al., 2003). Initiation of the 

antennal and retinal specific genes marks a higher degree of cell commitment, and a 

concomitant reduction in developmental potential.  

At the most fundamental level, cell fate decisions are dictated through tissue-

specific enhancers, where the combined action of signalling molecules, selector proteins 

and competence factors assemble architecturally defined transcription complexes 

(reviewed in Maves and Schubiger, 1999; Curtiss et al., 2002; McClure and Schubiger, 

2007). Selector proteins are transcription factors that specify a particular developmental 

program (reviewed in Weatherbee and Carroll, 1999; Mann and Carroll, 2002; Crickmore 

and Mann, 2008). Interestingly, selector proteins are often re-used to specify multiple 

tissues through the availability of pre-determined, tissue-specific co-factors, or 

competence factors. As a result, dysfunction or loss of selectors can result in homeotic 
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transformations, such as antenna-to-leg transformations (reviewed in Weatherbee and 

Carroll, 1999; Mann and Carroll, 2002; Crickmore and Mann, 2008). Alternatively, loss 

of the retinal selector Ey, whose sole larval activity is eye determination, results in an 

eyeless phenotype rather than re-specification of the eye primordia (Quiring et al., 1994; 

Halder et al., 1998). In the converse situation, forced expression of Ey in non-retinal 

tissues can induce ectopic eyes (Halder et al., 1995; Halder et al., 1998; Chen et al., 

1999). However, the trans-determination ability of Ey is limited by the presence of 

endogenous factors that permit eye specification, or that confer retinal competence 

(Salzer and Kumar, 2010; reviewed in Gehring and Ikeo, 1999). 

There is mounting evidence to suggest that generic signal cascades can stimulate 

selector-type cell responses. Manipulation of signalling components during normal 

commitment phases, like the compartmentalization of antennal and eye fields in the 

second instar eye disc, can induce fate transformations reminiscent of homeotic and 

selector genes (reviewed in Maves and Schubiger, 1999; Curtiss et al., 2002; McClure 

and Schubiger, 2007). In the eye-antennal disc, removing Notch from the presumptive 

eye field at this developmentally sensitive timepoint transforms the eye into an antenna, 

as a result of abrogated ey and inappropriately activated dll expression (Kumar and 

Moses, 2001). Importantly, these effects are recapitulated by expressing activated 

Drosophila Epidermal Growth Factor receptor (DER) in the posterior eye compartment. 

In addition, the converse re-specification of the antennal precursors to a retinal fate is 

induced by loss of DER or ectopic activation of Notch in the anterior compartment, 

which stimulate repression of dll and inappropriate activation of ey (Kumar and Moses, 
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2001). This study unveiled an unexpected hierarchy of fate selection, in that common 

signalling molecules can act upstream of selector genes. 

Similar genetic manipulations in other tissues reveal that competence factors, 

which are inherent to cells of a given lineage, provide the contextual information to 

specify fate in response to common inductive signals (reviewed in Maves and Schubiger, 

1999; Curtiss et al., 2002; McClure and Schubiger, 2007). In addition, tissues are not 

always amenable to bi-directional transformation. For example, antenna-to-leg 

transformations occur far more readily than leg-to-antenna transformations (reviewed in 

McClure and Schubiger, 2007). Thus, competence factors limit or direct re-specification 

events instructed by common signalling pathways and selector proteins. In addition, not 

all cells are competent to be re-specified, and there are defined determination “weak 

spots” within imaginal discs that exhibit greater developmental plasticity than adjacent 

cells (Salzer and Kumar, 2010; reviewed in McClure and Schubiger, 2007). Thus, an 

attractive model of determination has emerged whereby competence factors, expressed 

during earlier and broader differentiation decisions, provide heritable commitment to a 

specific lineage, upon which more refined specification instructions are imposed by the 

combined action of common signal cascades and selector proteins. These intrinsic and 

inductive inputs are elegantly integrated at tissue-specific enhancer elements to elicit a 

fine-tuned transcriptional response and confer cellular identity. The research presented 

here describes new roles for Nmo in attenuating such transcriptional responses to 

establish the embryonic compartments, and more comprehensively, to potentiate retinal 

determination.  
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2: Materials and Methods 

2.1 Fly Genetics 

Fly strains were maintained on standard medium. Crosses were performed at 25o 

unless otherwise stated. To examine pharate lethal phenotypes, animals were dissected 

from pupal cases.  Fly strains were obtained from generous members of the research 

community as noted, or the Bloomington Drosophila Stock Center. 

2.1.1 Mutants 

The following mutant fly strains were used: nmoadk1, nmoadk2, which express 

truncated transcripts (Verheyen et al., 1996; Verheyen et al., 2001), nmoDB24, a molecular 

null (Zeng and Verheyen, 2004), dac1/CyO (Mardon et al., 1994) and dacE462, FRT40 

/CyO (kindly provided by G. Mardon), eyR, ci1 (Quiring et al., 1994), eya1 and eya2 

(Zimmerman et al., 2000), eyg1/TM6B (Hunt, 1970), hh1/TM3 (Lee et al., 1992), so1/CyO 

(Cheyette et al., 1994), so+2/Cyo (Heitzler et al., 1993) and so3/Cyo (Heitzler et al., 1993). 

2.1.2 Transgenes 

Misexpression analyses were performed using: ato-Gal4 (provided by B. Hassan, 

Choi et al., 2009), C311-Gal4 (Gibson and Schubiger, 2000), C855a-Gal4 (Hrdlicka et 

al., 2002), dpp-Gal4 (Staehling-Hampton et al., 1994), ey-Gal4 (Hazelett et al., 1998), 

GMR-Gal4 (Freeman, 1996), UAS-dac21M5M4 (kindly provided by G. Mardon), UAS-ey 

(Halder et al., 1995), UAS-eya1 and UAS-eya2 (Bonini et al., 1998), UAS-eya2S-A (lines 

6A, 2A1, 4 and 5C1) and UAS-eya2S-D/E (lines J1 and E2, provided by I. Rebay, Hsiao et 
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al., 2001), UAS-GFP, UAS-GFP::nmoII (provided by R. Fiehler, Fiehler and Wolff, 

2008), UAS-GFP::nmoIIKD (Mirkovic et al., 2011),UAS-nmoC5-1e and UAS-nmob27 

(Verheyen et al., 2001), UAS-nmoRNAi (Vienna Drosophila RNAi Center), UAS-soI and 

UAS-soII (provided by I. Rebay, Jemc and Rebay, 2007).  

2.1.3 Ectopic eye induction assays 

Ectopic eye assays were performed using dppblk-Gal4 (Staehling-Hampton et al., 

1994), which hereafter is referred to as dpp-Gal4. Ectopic eye assays using UAS-ey and 

UAS-dac were performed at 25o. Ectopic eye assays using UAS-eya transgenes were 

performed at 29o unless otherwise noted in the text. At least 300 flies were scored for 

each genotype, except for assays using UAS-dac, which significantly decreased viability. 

Here, approximately 100 flies were scored for each genotype as flies expressing UAS-dac 

were rare.  

2.1.4 Lac-Z reporter lines 

The following LacZ-reporter lines were used to assay enhancer activity of the 

relevant gene: dpp-lacZ (Blackman et al., 1991), en-lacZ (Kassis et al., 1992), ey-lacZ 

(Halder et al., 1998, provided by U. Walldorf), nmoP, also referred to as nmo-lacZ (Choi 

and Benzer, 1994; Zeng and Verheyen, 2004), odd-lacZ (Spradling et al., 1999), so-lacZ 

(Cheyette et al., 1994, provided by U. Walldorf) and wg-lacZ (Kassis et al., 1992).  

2.1.5 Loss-of-function clones 

nmo somatic clones were induced using the FLP/FRT method (XU 1993). To 

induce nmo loss-of-function clones using hs-FLP, embryos from the appropriate crosses 

were collected for 24 hours and the hatched larvae were heat shocked at 38o for 90 
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minutes at 48 hours of development. The genotypes examined were: for ß-galactosidase 

staining of dpp-lacZ in nmoDB24 and nmoadk2 clones, dpp-lacZ/ey-FLP; nmo FRT 

79D/Ubi-GFP FRT79D or y hs-FLP22/+; dpp-lacZ/+; nmoFRT 79D/Ubi-GFP FRT79D; 

for ß-galactosidase staining of so-lacZ in nmoDB24 and nmoadk2 clones, so-lacZ/ey-FLP; 

nmo FRT 79D/Ubi-GFP FRT79D or y hs-FLP22/+; so-lacZ/+; nmo FRT 79D/Ubi-GFP 

FRT79D; for ß-galactosidase staining of ey-lacZ in nmoDB24 and nmoadk2 clones, ey-

lacZ/ey-FLP; nmo FRT 79D/Ubi-GFP FRT79D or y hs-FLP22/+; ey-lacZ/+; nmo FRT 

79D/Ubi-GFP FRT79D; For all other antibodies, nmoDB24, nmoadk1, nmoadk2 and nmoP 

alleles were used in the following scheme:  ey-FLP/+; nmo FRT 79D/Ubi-GFP FRT79D 

or y hs-FLP22; +; nmo FRT 79D/Ubi-GFP FRT79D. nmoDB24 somatic clone images 

presented in Figure 3-17 were generated using ey-FLP; all other somatic clones images 

were generated using hs-flp. Mutant clones are marked by the absence of GFP. 

dacE462 somatic clones were induced in nmoDB24 and nmoadk1 heterozygotes in the 

following genotype: y hs-FLP22; dacE462, FRT40/Ubi-GFP, FRT40; nmo/+.  

2.1.6 Flp-out clones 

To induce ‘flip-out’ clones ectopically expressing Nmo, hs-Flp; AyGal4.25-UAS-

GFP.S65T flies were crossed to UAS-nmoC51-e flies. Larvae were heat-shocked for 10 

minutes at 38o at 24-48h AEL to induce mitotic recombination. Clones expressing Nmo 

are marked by the presence of GFP. 
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2.1.7 Generation of nmo germline clones 

 The following fly strains were used: hsflp; nmoadk1 FRT79D/TM6B, nmoP/TM6B, 

OvoD FRT79/TM3, Df(2R)eve/Cyo,Twi-GFP, eve1/CyO, ftz11/TM3,Twi-GFP,  

P{PZ}odd01863/Cyo (odd-lacZ), prd-Gal4/twi-GFP, TM3, UAS-lacZ, P{UAS-odd.H}E and 

w1118 (all from the Bloomington Drosophila Stock Center), UAS-GFP::nmoIIWT (Fiehler 

and Wolff, 2008) and en-lacZ (Kassis et al., 1992). 

To generate embryos devoid of maternally contributed nmo, germline clones 

(GLC) were induced through the FLP-FRT technique by crossing in hsflp; nmoadk1 

FRT79D/TM6B females to ovoDFRT79/TM3 as described in Chou and Perrimon, (1992) 

and Mirkovic et al. (2002).  Males appropriate to the experiment fertilized nmo GLC 

eggs.   For the gene expression studies, GLC females were mated to males carrying lacZ 

reporters, and were therefore zygotically wildtype for nmo.  For the genetic interactions, 

nmo GLC females were mated with appropriate GFP-Balancer males and embryos were 

collected, scored for the absence of GFP and then cuticles were prepared.  Misexpression 

analyses were performed at 29ºC.  For cuticle preparations, plates were aged at least 24 

hours to assess lethality.  Embryos were dechorionated in 50% commercial bleach for 5 

minutes, rinsed thoroughly, mounted in 1:1 Hoyers:lactic acid and incubated at 65°C.   

2.2 Immunostaining 

Imaginal discs were dissected in PBS (1X phospho-buffered saline) and fixed in 

4% paraformaldehyde for 15 minutes at room temperature or overnight at 4o. Following 

washes in PBS, discs were blocked in PBT (PBS + 0.1% Triton X-100) containing 2% 

BSA. Antibodies were diluted to the appropriate concentration in blocking buffer. Discs 

were incubated in primary antibody solution overnight at 4o, or for 90 minutes at room 
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temperature. Following washes in PBT, discs were incubated in secondary antibody 

solution (diluted to 1:200 in PBT) for 90 minutes at room temperature. Discs were 

mounted in VectaShield mounting medium (Vectorlabs) following washes in PBT.  

The antibodies used were: mouse anti-Armadillo (1:100; DSHB), rabbit anti-

Atonal (1:1000; gift of Y.N. Jan, Jarman et al., 1994), guinea-pig anti-Atonal (1:200; gift 

of H. Bellen; Hassan et al., 2000), mouse anti-β-galactosidase (1:500; Promega), rabbit 

anti β-galactosidase (1:2000; Cappel - MP Biomedical), mouse anti-Boss (1:2000, gift of 

L. Zipursky, Van Vactor et al., 1991), mouse anti-Dac2-3 (1:75; DSHB), rat anti-ELAV 

(1:100; DSHB), mouse anti-En4D9 (1:5), rabbit anti-Ey (1:1000, gift of U. Walldorf, 

Halder et al., 1998), mouse anti-Ey (1:200; DSHB), mouse anti-Eya10H6 (1:200; DSHB), 

guinea-pig anti-Eya (1:10,000, gift of I. Rebay, Tootle et al., 2003), guinea-pig anti-Eyg 

(1:200; gift of N. Azpiazu, Aldaz et al., 2003), mouse anti-Eve (2B8; DSHB), mouse 

anti-Ftz (1:10; gift of H. Krause, Krause et al., 1988)), mouse anti-GFP (1:100; AbCam), 

mouse anti-Glass (1:2; DSHB), guinea pig anti-Hth (1:1000, gift of R. Mann, Van Vactor 

et al., 1991; Abu-Shaar et al., 1999), rabbit anti-Hth (1:500, gift of G. Morata, Azpiazu 

and Morata, 2002), rabbit anti-Hth (AS1924) (1:1000, gift of A. Salzberg Kurant et al., 

1998), mouse anti-Lz (1:50; DSHB), mouse anti-Prospero (1:10; DSHB), rabbit anti-

Teashirt (1:500, gift of S. Cohen, Wu and Cohen, 2000), guinea-pig anti-Teashirt 

(1:2000, gift of R. Mann, ), mouse anti-Wg4D4 (1:50; DSHB) and rabbit anti-phospho-

histone 3 (1:1000, Upstate Biotechnology).  Secondary antibodies were used at 1:200 and 

obtained from Jackson Immunolabs and Molecular Probes.  
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2.3 In situ hybridization 

RNA probes for in situ hybridizations were generated using the Roche DIG RNA 

transcription kit and in situ hybridization was performed according to standard protocols. 

cDNAs for eve, h, run, ftz were a gift from Steven Russell. 

2.4 Microscopy 

Imaginal disc images were acquired with Improvision®  OpenLab Version 5.0.2 

Software using a QImaging RETIGA EXi camera mounted to a Zeiss Axioplan 2 

microscope unless otherwise stated. Confocal images were acquired on an inverted Zeiss 

LSM410 laser-scanning microscope or a Quorum Wave FX spinning disc confocal 

microscope and processed with Volocity software version 5.2.1 and Adobe Photoshop. 

Adult flies were preserved in 95% ethanol and photographed using an EOS Rebel 

300D digital camera mounted to a Leica MZ6 stereomicroscope. Images were processed 

in Helicon Focus and Adobe Photoshop 6.0.  

2.5 Yeast Interaction Studies 

 Yeast two hybrid assays were performed in the pJ69-4A strain according to 

standard protocols (James et al., 1996).  Protein interactions were tested with the 

following expression plasmids: pACT-Gro, pAS2-Eve-Full length (FL), pAS2-Eve-Tard, 

pAS2-Eve-C (Kobayashi et al., 2001) and pACT2-Nmo (gift of A. Jenny).  pACT2-

empty and pACT2-Gro were used as negative and positive controls, respectively. ß-

Galactosidase filter lift assays and auxotroph dependence on adenine and histidine were 

used to score positive interactions. Reporter plates lacking histidine were supplemented 

with 3mM 3-AT (3-amino-1,2,4-triazole). Assays were performed in triplicate.  
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2.6 Cell culture assays 

HA-Eve was made by PCR amplifying eve from pET15b-Eve full length, a gift 

from Miki Fujioka.  eve was PCR amplified with the following primers:  

Eve-Forward: CGGAATTCTGATGCACGGATACCGAACC  

Eve-Reverse: GGGGTACCCCTTACGCCTCAGTCTTGTAGG.  

PCR products were inserted into pDrive, excised with EcoRI and KpnI and ligated into 

pCMV-HA.  

 HEK293T cell culture, protein expression, immunoprecipitation and kinase assays 

with Flag-Nmo and HA-Eve, were performed according to Zeng et al., 2007.   
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3: Nemo Contributes to Eye Determination through 
Genetic Interactions with the Retinal Determination 
Gene Network 

3.1 Abstract 

Drosophila nemo (nmo) is the founding member of the Nemo-like Kinase (Nlk) 

family of serine-threonine kinases.  Previous work has characterized nmo’s role in planar 

cell polarity during ommatidial patterning.  Here I examine an earlier role for nmo in eye 

formation through interactions with the retinal determination gene network (RDGN). nmo 

is dynamically expressed throughout larval eye development, suggesting additional roles 

in retinal determination and patterning of the eyes, ocelli and antennae. Genetic 

approaches were employed to investigate Nmo’s role in determining eye fate. nmo 

genetically interacts with the retinal determination factors Eyeless (Ey), Eyegone (Eyg), 

Sine oculis (So), Eyes Absent (Eya) and Dachshund (Dac). Loss of nmo rescues ey and 

eya mutant phenotypes, and heterozygosity for eya modifies the nmo eye phenotype. Loss 

of a single copy of nmo dominantly modifies so eye phenotypes. Reducing nmo also 

rescues small eye defects induced by mis-expression of ey and eya in early eye 

development. Forced expression of Nmo alone can re-specify presumptive head cells to 

an eye fate by inducing ectopic expression of dac and eya.  nmo potentiates RDGN-

mediated eye formation in ectopic eye induction assays, and promotes Eya-mediated 

phenotypes in additional contexts. Loss of eya suppresses the effects of elevating nmo 

levels in the photoreceptors. Nmo is dispensable for RD gene expression during eye 
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specification, implying that Nmo post-transcriptionally modulates function of the RD 

components. Together, these genetic analyses reveal that nmo promotes normal and 

ectopic eye development directed by the RDGN.  
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3.2 Introduction 

The adult structures of Drosophila melanogaster are patterned during the larval 

stages in discrete epithelial compartments called imaginal discs.  Larval imaginal discs 

are inherited from the embryo as small groups of progenitor cells (Garcia-Bellido and 

Merriam, 1969; Wieschaus and Gehring, 1976; Simcox and Sang, 1983). As these cells 

proliferate, each imaginal disc becomes compartmentalized into fields of cells expressing 

unique protein sets.  Each protein set confers a specific cellular identity.  As development 

progresses, highly complex and integrated signalling networks further refine the fields of 

cells to achieve the final organ pattern.  These signalling networks not only orchestrate 

cell determination, but also tightly regulate proliferation and cell survival to ensure the 

proportionality of the resulting adult.  

In Drosophila, the adult eyes, antennae and the majority of head structures are 

derived from the eye-antennal imaginal discs (Garcia-Bellido and Merriam, 1969); 

reviewed in (Haynie and Bryant, 1986).  The smaller, anterior region of the disc is fated 

to become the antenna, and the larger posterior compartment contains the eye and head 

primordia.  In this dissertation, I refer to the anterior and posterior compartments as the 

antennal and eye discs, respectively (Fig. 3-1A).  These discs are comprised of two 

epithelial layers – the main epithelium (ME) and the squamous peripodial epithelium 

(PE) (Haynie and Bryant, 1986).  The ME comprises primordia of the compound eye, its 

surrounding cuticle and the antennae, while the PE gives rise to the remainder of the head 

(Haynie and Bryant, 1986; Stultz et al., 2006).  Studies have revealed a novel role for PE  
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Figure 3-1  The Retinal Determination Gene Network. 
(A) Schematic of a third instar eye-antennal imaginal disc. The antennal disc gives rise to 

the antenna and surrounding head cuticle. In the eye disc, the morphogenetic furrow 

(MF) marks the dynamic boundary between the posterior, differentiated eye cells and the 

anterior head primordia. Hh activates dpp transcription in the furrow, which promotes 

expression of the RD genes and drives the MF forward. Wg, secreted from the anterior 

dorsal and ventral lobes, promotes head specification by inhibiting furrow progression 

and transcription of retinal specification genes. (B) Regulatory interactions within the 

RDGN. Solid arrows show direct transcriptional regulation, curved arrows demonstrate 

feedback loops, and dashed bars indicate physical interactions. Note: So, Eya and Dac are 

not required for ey transcription during normal eye development, but can activate its 

expression in ectopic eye assays (Pignoni et al, 1997). Modified from Pappu and Mardon 

2004; Silver and Rebay 2005). Anterior is up, dorsal is left.  
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cells in directing cellular events in the ME through cell-cell signalling mediated by 

lumenal processes (Gibson and Schubiger, 2001; Atkins and Mardon, 2009).  

The Drosophila compound eye is composed of ~800 unit eyes, or ommatidia. 

Each ommatidium comprises 20 cells of various types including eight neuronal 

photoreceptors and non-neuronal accessory cone and pigment cells (Ready et al., 1976; 

Tomlinson and Ready, 1987; Tomlison and Ready, 1987). Each ommatidium is 

invariantly patterned and spaced, resulting in the precise cellular architecture and visual 

acuity of the adult compound eye. The progressive recruitment and specification of the 

photoreceptors are most relevant to Chapter 5 and will be described there.  

Eye specification is directed in the posterior region of the second instar eye disc 

by the concerted efforts of the Retinal Determination (RD) gene network (RDGN), a 

cassette of evolutionarily conserved nuclear factors (Fig. 3-1B; reviewed in Pappu and 

Mardon, 2004; Silver and Rebay, 2005; Jemc and Rebay, 2006; Kumar, 2010).  RD 

mutants are generally characterized by loss of eye tissue (Bonini et al., 1993; Cheyette et 

al., 1994; Mardon et al., 1994; Quiring et al., 1994). twin-of-eyeless (toy) (Czerny et al., 

1999) and eyeless (ey) (Quiring et al., 1994) are Pax-6 genes positioned at the top of the 

network hierarchy.  Pax-6 is a member of the Pax multigene family of transcription 

factors. Pax proteins contain two common DNA-binding elements – a paired domain and 

a homeobox domain (Pichaud and Desplan, 2002). toy is expressed in the embryonic eye 

field and activates ey such that both Pax-6 paralogues are found in all cells of the first 

instar larval imaginal disc (Fig. 3-1B) (Czerny et al., 1999).  Toy and Ey are eye 

selectors, or “master eye genes” – a role highly conserved across the animal kingdom 

(reviewed in (Gehring and Ikeo, 1999; Pichaud and Desplan, 2002).  
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The cells of the eye-antennal disc are devoted to proliferation for the first day and 

one half of larval life. This rapid growth not only contributes to organ size, but also 

increases the size of the morphogenetic field and alters the morphogen concentrations 

received by cells. In other words, morphogen gradients are far more refined in a larger 

field of cells, which permits regional specification of the eye, head and antenna fields 

(Kenyon et al., 2003). The primary eye/antennal division of the disc is achieved by down-

regulation of ey in the anterior-most region of the disc in early second instar, allowing 

expression of the antennal selector cut (Kenyon et al., 2003). Ey deploys the RDGN by 

activating expression of eyes absent (eya) and sine oculis (so) at the posterior margin 

(Halder et al., 1998; Kenyon et al., 2003).  So is a member of the Six-family of 

homeodomain transcription factors (Cheyette et al., 1994; Serikaku and O'Tousa, 1994), 

which has a DNA-binding domain but lacks a transactivation domain (Pignoni et al., 

1997). eya encodes a novel class of transcription factors with protein tyrosine 

phosphatase and transactivating activity (Bonini et al., 1993; Rayapureddi et al., 2003; 

Silver et al., 2003; Tootle et al., 2003). Eya forms composite transcription factors with 

DNA-binding co-factors, including So (Pignoni et al., 1997; Silver et al., 2003) and 

Dachshund (Dac) (Chen et al., 1997). The So-Eya transcription complex promotes 

proliferation and photoreceptor differentiation, in addition to its induction of dac during 

eye specification (Pignoni et al., 1997; Pappu et al., 2005; Anderson et al., 2006; Jemc 

and Rebay, 2007). Dac is a nuclear protein required for furrow initiation and propagation, 

but its role in eye patterning is still largely undefined (Mardon et al., 1994). Dpp is 

required for expression of eya, so, and dac during the second larval instar (Curtiss and 

Mlodzik, 2000; Kenyon et al., 2003) and early third instar (Chen et al., 1999). So and Eya 
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subsequently maintain dpp expression, thereby forming a positive feedback loop (Pignoni 

and Zipursky, 1997; Hazelett et al., 1998). 

Patterning of the retinal field occurs in the posterior region of the third instar eye 

disc (Fig. 3-1A).  The diffusible morphogens Wg and Dpp act antagonistically to promote 

head and eye fates, respectively (Royet and Finkelstein, 1997).  The RD genes so, eya 

and dac are key factors in this mutual antagonism.  At the onset of third instar, hh 

alleviates dpp repression along the posterior margin (Royet and Finkelstein, 1997; Pappu 

et al., 2003).  Dpp antagonizes wg (Wiersdorff et al., 1996; Chanut and Heberlein, 1997; 

Pignoni and Zipursky, 1997; Royet and Finkelstein, 1997), allowing initiation and 

subsequent progression of the morphogenetic furrow (MF) (Dominguez and Hafen, 1997; 

Pignoni and Zipursky, 1997). The MF sweeps across the eye disc in a posterior to 

anterior direction, conferring neural identity through induction of atonal (ato) (Jarman et 

al., 1994; Jarman et al., 1995). As the furrow traverses the disc, expression of the RD 

genes so, eya and dac is maintained in its wake, as well as in the cells immediately 

anterior to it (Cheyette et al., 1994; Jarman et al., 1994; Curtiss and Mlodzik, 2000; 

Pappu and Mardon, 2004).  Wg signalling in the anterior head primordia represses so, eya 

and dac transcription (Baonza and Freeman, 2002).  

A prevalent theme in morphogenesis is the spatial and temporal regulation of 

specific co-factors to achieve differential interactions and outcomes using common 

factors.  The RD network exemplifies such combinatorial control. In the final instar, the 

expression patterns of the retinal and head determination genes can be divided into six 

zones, which remain fixed relative to the moving furrow (Fig. 3-2A, B; reviewed in 

Kumar, 2010). The most anterior subdomain, zone 1, receives high concentrations of Wg  
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Figure 3-2 Six subdomains are generated by the expression patterns of the retinal 
determination genes. 

The expression patterns of the retinal determination genes fall into six zones. (A) A late 

third instar eye-antennal imaginal disc labelled for Hth (pink, Zones 1 and 6), Dac (green, 

Zones 3 and 4), and nmo (blue, Zones 5 and 6) reveals the graded transition between 

zones. Anterior is up, dorsal is left. (B) Schematic of a third instar eye-antennal imaginal 

disc showing the expression patterns of the major retinal determination genes and 

progression are shown. The MF moves posterior to anterior. nmo's expression relative to 

the RD genes and the Wg effector Hth in the eye disc are indicated below, as previously 

described (Bessa et al. 2002; Silver and Rebay 2005). Anterior is right, dorsal is up. 

MF: morphogenetic furrow. PR: photoreceptors 
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morphogen and will be specified as head cuticle (Royet and Finkelstein, 1996; Royet and 

Finkelstein, 1997; Pichaud and Casares, 2000). Although Ey initiates expression of so, 

eya and dac during the second instar, it is later restricted to the eye progenitor cells 

anterior to the furrow in zones 2 and 3. Here, Ey complexes with Homothorax (Hth) and 

Teashirt (Tsh) (Halder et al., 1998) to promote Wg-mediated inhibition of so, eya and dac 

transcription and thus impede furrow progression (Bessa et al., 2002) and to maintain a 

proliferative state (Lopes and Casares, 2010). Thus, Ey can function as both a retinal 

selector and antagonist depending on its cellular context, an environment specified by the 

set of available cofactors.   

The cells preceding the furrow in zone 3 receive high levels of Dpp, which 

instructs repression of hth and the concomitant induction of so, eya and dac (Bessa et al., 

2002). Zone 3 marks the pre-proneural (PPN) domain, where cells become competent to 

adopt a retinal fate. The morphogenetic furrow defines zone 4, and in addition to the RD 

genes so, eya and dac, express dpp (Dominguez and Hafen, 1997; Pignoni and Zipursky, 

1997; Royet and Finkelstein, 1997) and the pro-neural gene atonal (ato) (Jarman et al., 

1994; Jarman et al., 1995). Cells exiting the furrow continue to express so, eya and dac, 

but Ato expression is progressively refined to the single R8 photoreceptor, which founds 

each ommatidium in zone 5 (Jarman et al., 1994; Jarman et al., 1995). The successive 

recruitment of photoreceptors begins in zone 5, where So, Eya and Dac persist (Bonini et 

al., 1993; Mardon et al., 1994; Serikaku and O'Tousa, 1994; Pignoni et al., 1997; Salzer 

and Kumar, 2009). Zone 6 encompasses the differentiating photoreceptor field, in which 

dac is repressed (Mardon et al., 1994; Salzer and Kumar, 2009) but So and Eya are 

maintained (Bonini et al., 1993; Serikaku and O'Tousa, 1994; Pignoni et al., 1997). hth 
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expression is also re-initiated in these cells, but is limited to the accessory pigment cells 

(Pai et al., 1998; Bessa et al., 2002; Lopes and Casares, 2010). 

Drosophila nemo (nmo) was first identified as a gene required for ommatidial 

rotation during establishment of planar cell polarity (PCP) during eye development (Choi 

and Benzer, 1994).  nmo is the founding member of the Nemo-Like Kinase (Nlk) family 

of proline-directed serine/threonine kinases (Choi and Benzer, 1994). Nlks are highly 

conserved from worms to mammals, and play diverse roles in regulating cell signalling 

throughout development (Ishitani et al., 1999; Rocheleau et al., 1999; Zeng and 

Verheyen, 2004; Zeng et al., 2007; Merino et al., 2009; Mirkovic et al., 2011). 

Phosphorylation by Nlks has been shown to affect the activity of a number of proteins 

including Tcf/Lef family members (Ishitani et al., 1999; Rocheleau et al., 1999) and the 

Drosophila Smad1 ortholog Mad (Zeng et al., 2007; Merino et al., 2009).  nmo is an 

essential gene and loss of both maternal and zygotic nmo results in embryonic lethality 

(Mirkovic et al., 2002; Braid et al., 2010).  nmo loss of function alleles are believed to 

survive to adulthood through perdurance of maternally supplied gene product, and 

manifest numerous tissue patterning and growth defects (Choi and Benzer, 1994; 

Verheyen et al., 2001; Zeng and Verheyen, 2004; Zeng et al., 2007; Braid and Verheyen, 

2008; Braid et al., 2010). nmo compound eyes have a distinct morphology; compared to 

wild-type, nmo eyes are long and narrow and display square, rather than hexagonal, 

packing of ommatidial clusters (Fig. 1-2; (Choi and Benzer, 1994).  In addition to 

rotation defects, nmo mutants have reduced capacity to specify ommatidia, resulting in 

smaller eyes (Fiehler and Wolff, 2008).  
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In this chapter, I describe an extended analysis of nmo’s dynamic expression 

throughout eye development. I find that nmo is broadly expressed in the nascent eye-

imaginal disc, suggesting that it may contribute to eye determination. I employed a 

genetic approach to test whether nmo contributes to RD-mediated eye specification. 

These analyses demonstrate that nmo potentiates function of the RD components to 

impose retinal fate, and that Nmo’s kinase activity contributes to this regulation. I also 

find genetic evidence that nmo limits the size of the eye field, implicating it in growth 

processes. Finally, I present data that suggests nmo may confer retinal competence to 

remote cells, enabling them to adopt an eye fate.  
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3.3 nmo is expressed dynamically throughout eye-antennal imaginal 
disc development 

Analysis of nmo in the eye imaginal disc to date has focused solely on its third 

instar expression in the posterior retinal field (Choi and Benzer, 1994; Fiehler and Wolff, 

2008). nmo encodes two splice variants, which differ at the C-terminus. The type II 

cDNA lacks the C-terminal 65 residues of type I, but encodes an additional 22 amino 

acids not found in the type I isoform (Choi and Benzer, 1994). The nmoI isoform is 

detected, by in situ hybridization, in the patterning photoreceptors, while nmoII is 

enriched posterior to the morphogenetic furrow (Fiehler and Wolff, 2008). The functional 

consequence of the divergent C-termini is currently unknown.  

Our lab previously described expression of nmo in the wing disc, which is broadly 

initiated during second instar and is subsequently refined in the third instar (Zeng and 

Verheyen, 2004). Given its dynamic temporal expression during wing development, I 

considered that nmo might also be expressed in the early eye-antennal imaginal disc. 

Using the nmoP lacZ strain as a reporter for nmo transcription (Choi and Benzer, 1994; 

Verheyen et al., 2001), I re-examined its expression pattern during larval eye 

development.    

I first detect nmo expression in the first instar eye imaginal disc (Fig. 3-3A). nmo 

is also uniformly expressed in the second instar eye imaginal disc (Fig. 3-3B), suggesting 

that Nmo may have an earlier, uncharacterized role in growth or compartmentalization. 

nmo transcription coincides with Eya protein in the posterior eye disc in mid- (Fig. 3-3C-

E) and late (Fig. 3-3F-H) second instar. During second instar, the eye-antennal imaginal 

disc is segregated into antennal and eye territories through repression of ey in the  
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Figure 3-3 nmo is expressed in the first and second instar eye discs. 
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Figure 3-3 nmo is expressed in the first and second instar eye discs. 

Expression of the nmo-lacZ enhancer trap during first and second instar eye disc 

development, detected with anti-β-gal antibody. (A) nmo-lacZ is detected in first instar 

eye discs (arrows). IAC, interantennal connective. (B) nmo-lacZ is expressed in all cells 

63-78h after egg laying (AEL). (C-H) nmo-lacZ (green, C, F) coincides with Eya (red, D, 

G) in the posterior eye disc in mid (C-E) and late (F-H) second instar. (I) Schematic 

summarizing nmo’s co-expression with the eye specification genes. Early: nmo and Ey 

are co-expressed in the posterior eye field. Mid: nmo is co-expressed with Ey in anterior 

cells of the eye field, and with Ey and Eya in posterior cells. Late: same as in mid, expect 

at the posterior margin where nmo is co-expressed with Ey, Eya and Dac. 
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anterior, antennal region (Kenyon et al., 2003). Ey subsequently deploys the retinal 

determination network in posterior cells, resulting in increasing refinement of so, eya and 

dac expression to the posterior margin of the eye disc (Halder et al., 1998; Kenyon et al., 

2003). Thus, nmo is co-expressed with different combinations of RD factors in a spatially 

and temporally regulated manner when the eye territory is initially established (Fig. 3-3I).   

As the third larval instar progresses, nmo is expressed in discrete subsets of cells.  

Posterior co-expression of nmo and Eya in second instar persists to the posterior edge of 

the MF (Fig. 3-4A-C, arrow), encompassing zones 5 and 6, but does not extend into 

zones 3, which is occupied by So, Eya and Dac (Fig. 3-4D-F, square bracket). In late 

third instar discs, nmo expression is detected in the ocellar primordia. This expression is 

completely coincident with Eya (Fig. 3-4A-C arrowhead) and more refined than Dac, 

which is more broadly expressed in the dorsal vertex primordia (Fig. 3-4E, F, 

arrowhead). Notably, the Wg target Hth is repressed in the ocellar cells co-expressing 

nmo and Eya (Fig. 3-4H,I, arrowhead). At the posterior margin, nmo-lacZ is repressed in 

cells expressing Hth (Fig. 3-4I) and Ey (data not shown) (Bessa et al., 2002). In the 

antennal disc, nmo expression is found in the aristal and Johnston’s organ progenitors, 

according to the fate map of (Haynie and Bryant, 1986). Here, nmo is co-expressed with 

the pro-neural factor Ato (Fig. 3-4J-L). I also detected nmo expression in all Ato-positive 

cells in the embryonic nervous system and the Bolwig’s organ (the larval eye), and the 

wing and leg imaginal discs (not shown), which implies that Nmo may function globally 

in neural specification. Ubiquitous peripodial expression of nmo persists during the third 

instar as nmo is expressed in all cells of the PE (Fig. 3-4M), coincident with Hth (Fig. 3-

4N) and Ey (data not shown) (Bessa et al., 2002).  
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Figure 3-4 nmo is expressed in multiple cellular contexts in the third instar eye-
antennal disc. 
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Figure 3-4 nmo is expressed in multiple cellular contexts in the third instar eye-
antennal disc. 

Late third instar – 140hAEL. All discs are oriented dorsal left, anterior up.  (A-C) nmo-

lacZ (green) is coincident with Eya (red) at high levels posterior to the MF (arrow) and in 

the ocellar progenitors (arrowheads), and to a lesser degree in the posterior retinal field.  

nmo-lacZ is absent in the PPN domain (square bracket). (D-F) nmo-lacZ (green) 

coincides with Dac (red) in the third antennal disc segment, in addition to the posterior 

edge of the MF and the retinal cells. nmo-lacZ overlaps with Dac in the presumptive 

ocelli (arrowheads), although Dac more broadly encompasses the entire dorsal vertex 

region. (G-I) Hth (red) is absent in eye disc cells expressing nmo-lacZ (red), and reduced 

in the ocellar primordia (arrowheads). (J-L) nmo-lacZ (green) is coincident with Ato (red) 

posterior to the MF, in the ocellar region and in the antennal disc. (M-O) Single confocal 

section. nmo-lacZ (green) (M) and Hth (red) (N) are expressed in all cells of the PE. (P) 

Schematic of a third instar eye/antennal disc.  The regions of dpp and wg expression and 

their action on morphogenetic furrow (MF) progression are shown.  The MF moves 

posterior to anterior.  nmo's expression relative to the RD genes and the Wg effector Hth 

in the eye disc are indicated below, as previously described (Bessa et al, 2002; Silver and 

Rebay, 2005). 
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This dynamic pattern of co-expression led me to hypothesize that nmo may 

contribute to multiple patterning events in the eye-antennal disc, in addition to its 

characterized role in planar polarity. The antennae of nmo mutants appear normal, but 

given its co-expression with the neuronal marker ato, more refined analysis using 

scanning electron microscopy (SEM) may uncover subtle sensory organ defects. nmo’s 

dynamic spatial and temporal co-expression with the eye specification factors also 

suggested that it might contribute to early compartmentalization of the eye and antennal 

fields. In this study, I focus my investigation of nmo’s potential novel roles in eye and 

head development to determine its function in eye specification, specifically by 

evaluating its ability to modulate the expression and/or activity of the RD components. 
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3.4 Loss-of-function analyses reveal genetic interactions between nmo 
and the RDGN  

3.4.1 nmo mutants exhibit defects in dorsal vertex patterning 

 The dorsal vertex of the adult fly supports three rudimentary eyes called ocelli. 

Our understanding of how the ocelli are formed, and their role in the Drosophila visual 

system, is quite limited. The single apical or medial ocellus (mo) and posterior pair of 

lateral ocelli (lo) are separated by a stereotypical set of 6 interocellar bristles (ib) (Fig. 3-

5A). Two ocelli are patterned per disc, in a sub-domain that closely recapitulates the eye 

field at the posterior margin. The pair of eye-antennal imaginal discs fuse during pupal 

metamorphosis (Milner et al., 1984), and the single, medial ocellus is generated by 

contributions from each disc. The ocelli are specified in the final stages of the third instar, 

at the anterior margin of the dorsal eye disc. wg, which is expressed in the anterior eye 

disc cells earlier in eye development and is required for development of the surrounding 

dorsal head cuticle, is now repressed (Royet and Finkelstein, 1996; Blanco et al., 2009). 

A crescent of Dpp-expressing cells defines the perimeter of the ocellar domain, and 

together with Hh establishes this retinal compartment (Royet and Finkelstein, 1996; 

Royet and Finkelstein, 1997; Amin, 2004; Blanco et al., 2009). The ocelli and 

accompanying bristles fail to form in the absence of hh, while the dorsal head capsule 

that separates the ocellar domain from the compound eyes depends on wg (Royet and 

Finkelstein, 1996). As in the compound eye, Ato, So, Eya and Dac antigens are detected 

in the developing ocelli (Punzo et al., 2002; Roederer et al., 2005; Braid and Verheyen, 

2008; Blanco et al., 2009; Blanco et al., 2010). The question of how such unique eye 
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types – the simple ocelli and complex compound eye - are produced by nearly 

indistinguishable signalling mechanisms has become an area of recent interest.  

At the onset of this study, I determined that nmo is expressed in the presumptive 

ocelli (Fig. 3-4). This expression was not previously documented, and consequently 

nmo’s contribution to ocellar formation had not yet been examined. Thus, I performed a 

preliminary analysis of Nmo’s potential role in patterning these visual organs. nmoDB24 

mutants display mild disruptions in the dorsal vertex, resulting in loss or disorganization 

of interocellar bristles (Fig. 3-5B). These phenotypes are consistent with genetic studies 

that support a role for nmo in specifying the thoracic sensory organs (Lee, 2009). I 

commonly observe incomplete fusion of the medial ocellus, resulting in a pair of apical 

ocelli and, less frequently, loss of a medial ocellus (not shown). Since the lateral ocelli 

are unaffected, the specific duplication or loss of the medial ocellus may indicate defects 

in disc fusion rather than specification or growth. Consistent with the narrow compound 

eye, the ocelli in nmoDB24 mutants also appear slightly smaller than wild-type.  However, 

this assessment cannot be made confidently without higher resolution analysis like SEM. 

The nmo hypomorph alleles, adk1, adk2 and nmoP exhibit similar phenotypes but at 

reduced frequency. Together these phenotypes suggest that nmo contributes to normal 

patterning of the dorsal vertex.  

It is believed that the RDGN is deployed and maintained during ocellar 

development in a manner analogous to the compound eye. One distinction is that Ey is 

dispensable for this aspect of RD-mediated eye specification (Halder et al., 1998; Punzo 

et al., 2002; Blanco et al., 2009). Rather, Toy cooperates with Eya to stimulate an ocellar-

specific so enhancer (Punzo et al., 2002; Blanco et al., 2010). The eyeless so or eya  
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Figure 3-5 nmo mutants have mild patterning defects on the dorsal vertex. 

(A) Wild-type. The dorsal vertex of the fly supports the medial ocellus (mo) two lateral 

ocelli (lo) and 3-4 pairs of interocellar bristles. (B) nmoDB24. In the absence of nmo, fewer 

interocellar bristles form, and exhibit a disorganized pattern (arrow). The ocelli are still 

present. The medial ocellus is often duplicated, but is not apparent at this resolution. 

 



 59 

 
mutant phenotype includes absent or severely reduced ocelli, indicating that these genes 

are essential for ocellar formation (Serikaku and O'Tousa, 1994; Royet and Finkelstein, 

1997; Bonini et al., 1998; Roederer et al., 2005). In my genetic interaction studies with 

nmo and the RD factors, I documented dorsal vertex phenotypes as well. For clarity, I 

have included these observations in later sections based on genotype. To summarize my 

findings, I rarely observed genetic interactions in the dorsal vertex, and in cases where 

interactions did occur, the phenotypes appear to arise from disrupted head cuticle 

patterning or metamorphic disc fusion. My conclusion from these analyses is that nmo 

appears to be dispensable for ocellar specification, but may contribute to patterning of the 

accompanying sensory bristles. 

I analyzed nmo somatic clones and nmo mutant eye discs for changes in the 

expression of genes known to pattern the ocelli and dorsal vertex. I observed no 

detectable shifts in levels of the visual system markers dpp, so, Eya, Dac and Ato in the 

ocellar primordia, or the dorsal vertex marker orthodenticle (Otd) (not shown) (Royet and 

Finkelstein, 1996; Amin and Finkelstein, 2000). I similarly observed no change in Wg or 

Hth (not shown), which are normally repressed in this domain. I have not assayed Toy or 

Hh expression, but expect that these proteins would be also normally expressed, since 

they function upstream of the examined retinal targets which are unperturbed by loss of 

nmo. The transcriptional repressor Eyegone (Eyg) has recently been demonstrated to 

contribute to patterning of the ocellar bristles (Wang et al., 2010). Because nmo mutants 

exhibit bristle defects, it would be informative to examine whether nmo affects Eyg levels 

or activity.  My genetic and gene expression analyses imply that nmo’s expression in the 

ocellar primordia may indicate a later role for Nmo in neural patterning or axonal 
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guidance, rather than specification. Alternatively, nmo may function redundantly with 

some other MAPK in this context. 

3.4.2 Loss of nmo rescues the ey small-eye phenotype 

I generated nmo; ey double mutants, using the nmo alleles nmoDB24, nmoadk1, 

nmoadk2 and nmoP, to test whether nmo contributes to RD-mediated eye patterning. 

Homozygous nmo mutants display narrow eyes and ommatidial rotation defects (Fig. 3-

6B, Choi and Benzer, 1994).  I chose to perform my loss-of-function analysis using the 

severe hypomorph eyRussian (eyR) (Quiring et al., 1994), which phenocopies the square 

ommatidial array characteristic of nmo mutants (Hartman and Hayes, 1971; Ready et al., 

1976). ey mutants display variable loss of eye and head tissue (Fig. 3-6C) as a result of 

large-scale apoptosis early in 3rd instar (Halder et al., 1998). Flies heterozygous for nmo 

or eyR appear normal (data not shown). nmo/+;  eyR/+ flies have slightly smaller eyes 

(Fig. 3-6D). Heterozygosity for eyR marginally increases the dorsal/ventral length of the 

homozygous nmo eye phenotype (Fig. 3-6E, compare with B).  

Loss of nmo does, however, rescue several aspects of the eyR mutant eye, 

indicating that Nmo may contribute to some aspects of Ey-mediated eye development. 

nmo; eyR double mutants have larger eyes than eyR mutants alone (Fig. 3-6F), as the 

number of ventral ommatidia is increased. eyR mutants frequently display duplicated 

ventral vibrissae, the set of sensory bristles surrounding the ventral eye margin (Fig. 3-

6C, arrowhead). Loss of nmo also rescues the bristle duplication to a normal single set 

(Fig. 3-6F, arrowhead). In addition, the periphery of nmo; eyR compound eyes are 

restored to wild-type, being uniform compared to the irregular eye/head boundary typical 

of eyR mutants (compare Fig. 3-6C and F). Interestingly, eyes of nmo;eyR double mutants  
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Figure 3-6 nmo modifies the eyR small eye phenotype. 

(A) WT compound eye. (B) nmoP mutants have narrow eyes and a square ommatidial 

array. (C) eyR compound eyes are small with disorganized ommatidia and uneven eye 

margins. The ventral row of sensory vibrissae is often duplicated (arrowhead). The most 

frequent phenotype is shown. (D) nmoP/+; eyR/+ transheterozygotes display a slightly 

smaller eye compared to WT. (E) nmoP; eyR /+. The nmoP eye phenotype is slightly 

elongated by reducing a single copy of eyR. (F) nmoP; eyR. The size and periphery of the 

compound eye are rescued compared to (C). A single set of ventral vibrissae is present 

(arrowhead), as in WT. Flies are oriented anterior left. The same results were obtained 

using nmoDB24, nmoadk1 and nmoadk2. 
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retain the narrow A-P width characteristic of nmo mutants, although the overall eye is 

smaller (compare Fig. 3-6B and F).  

3.4.3 nmo has complex genetic interactions with so  

Ey induces so expression in early 2nd instar, and So subsequently maintains its 

own expression via a positive-feedback mechanism (Punzo et al., 2002). I assayed the 

effect of reducing one and two copies of nmo in various so mutants. The eye-specific so 

allele, so1, causes complete loss of the compound eye in ~ 80% of flies (Cheyette et al., 

1994). The small eye fields that do form frequently display highly abnormal morphology, 

protruding from the head like small overgrowths, or forming at the tip of cuticle stalks 

protruding from the head (not shown). The ocelli of so1 mutants are also significantly 

reduced but rarely absent, and are accompanied by supernumerary ocellar bristles (not 

shown).  

Reducing a single copy of so1 has no effect on the nmo mutant eye phenotype 

(Fig. 3-7A, B). In contrast, loss of one copy of nmoDB24 dominantly enhances the so1 

mutant phenotype. The 76% eyeless so1 phenotype is increased to 97%, suggesting that 

nmo may normally cooperate with So (Fig. 3-7D). Reducing one copy of nmo does not 

significantly modify the so1 dorsal head phenotypes (not shown). Double mutants are 

rarely recovered as pharates, and appear to lack heads (not shown). 

The so3 null allele is embryonic lethal and has a slightly dominant effect, since 

heterozygotes have slightly smaller eyes than wild-type (not shown, Heitzler et al., 1993; 

Cheyette et al., 1994). However, it has a comparatively moderate effect on eye 

development in trans with so1 (Fig. 3-7E-H, Heitzler et al., 1993). Given the minimal eye  
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Figure 3-7 Reducing nmo modifies so eye phenotypes. 

(A) nmoDB24. (B) so1/+; nmoDB24. Reducing one copy of so1 does not modify the nmoDB24 

eye phenotype. (C) so1. 76% of so1 flies are eyeless. (D) so1; nmoDB24/+. Reducing on 

copy of nmo increases the so1 eyeless phenotype to 97%, (E-H) so1/so3. Flies exhibit a 

range of defects including unaffected (E, 16%), ~75% of the eye field (F, 39%), a 

secondary eye field (G, 17%) and ectopic head cuticle (H, 19%). (I-J) so1/so3; nmoDB24/+. 

Heterozygosity for nmo suppresses the range of defects seen in so1/so3 flies. Secondary 

eye fields and ectopic bristles rarely occur.  
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development in so1 homozygotes, I used the trans-allelic so1/so3 combination to more 

directly examine nmo’s contribution to eye development in flies sensitized by reduced so 

levels. Consistent with previous reports (Heitzler, Coulson et al. 1993; Cheyette, Green et 

al. 1994), the size of so1/so3 eyes range from completely normal to 75% smaller than 

wild-type (Fig. 3-7E-H, Table 3-1). Eyeless flies are never observed. In 19% of flies, the 

ventral eye is replaced by cuticular protrusions bearing one or more machrochaetes, and 

has been previously described (Fig. 3-7H, Cheyette et al., 1994). I also observed the 

formation of a secondary ventral eye field in 17% of so1/so3 mutants, which appears to 

have a distinct boundary where it meets the normal compound eye (Fig. 3-7G). In 8% of 

these, ectopic cuticle outgrowths and bristles manifest in the region bisecting the two eye 

fields (not shown).  

Loss of one copy of nmo has a striking effect on the so1/so3 phenotype. Simply, 

the variability in eye size and accompanying cuticular and bristle phenotypes are 

suppressed. Instead, so1/so3; nmoDB24/+ flies comprise a narrow phenotypic class, 

exhibiting similarly shaped and sized eyes, approximately two-thirds the size of a normal 

eye, with only rare ventral head defects (Fig. 3-7I, J; Table 3-1). Specifically, ectopic 

ventral bristles occur in only 1.5% of flies, compared to 19% in so1/so3 mutants. In 

addition, the frequency of secondary, ventral eye fields is suppressed from 17% to 2.5 % 

when one copy of nmo is removed. However, the classes of relatively unaffected so1/so3 

eyes (21% with nearly normal eyes and 16% with wild-type eyes) are both reduced to 5% 

upon reducing nmo. Thus, it can be argued that this genetic interaction exhibits hallmarks 

of both phenotypic rescue and enhancement, and is difficult to interpret without 

additional molecular analyses.  
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Table 3-1. nmoDB24 dominantly modifies the so1/so3 mutant eye phenotype. 

Table 3-1. nmoDB24 dominantly modifies the so1/so3 mutant eye phenotype 

Eye size (% of total progeny) 

 0-25% 26-50% 50-65% 66-80% 80-99% 100% 

so1/so3 

(n= 231) 

      

No ectopic 
bristles 

0 2 10 17 19 16 

Ectopic ventral 
bristles 

0 0 5 12 
 

2 0 

2o eye field 
(no bristles) 

0 1 3 5 0 0 

2o eye field 
(ectopic bristles) 

0 0 3 5 0 0 

 0 3 21 39 21 16 

so1/so3;nmo-/+ 

(n= 181) 

      

No ectopic 
bristles 

0 0 26 61 5 5 

Ectopic ventral 
bristles 

0 0 1 0.5 0 0 

2o eye field 
(no bristles) 

0 0 1 1 0 0 

2o eye field 
(ectopic bristles) 

0 0 0 0.5 0 0 

 0 0 28 62 5 5 

Reducing nmo suppresses the phenotypic variability observed in so1/so3 
mutants.  
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3.4.4 eya dominantly modifies the nmo eye phenotype 

I next characterized flies mutant for both eya and nmo. The eya2 allele results in 

specific loss of the compound eye due to complete absence of the type I eya transcript in 

the retinal progenitors (Bonini et al., 1993; Leiserson et al., 1998; Zimmerman et al., 

2000). Flies heterozygous for eya2 or nmo are wild-type (not shown), yet I found that 

heterozygosity for eya2 modifies the nmo homozygous mutant phenotype (Fig.3-8C, 

arrow).  33.6% (35/104) of these flies exhibit ventral defects never observed in nmo 

mutants. Specifically, 7.7% (8/104) of flies exhibit a reduction of the ventral eye, 

accompanied by a small, secondary eye field (arrow in Fig.3-8C). An additional 6.7% 

(7/104) of flies manifest ectopic head cuticle and accompanying bristles in the antero-

ventral eye field (data not shown).  The remaining 19.2% (20/104) of flies display ectopic 

ventral machrochaete bristles, usually accompanied by loss of the ventral eye (data not 

shown). Similar phenotypes were observed using the nmoadk1and nmoadk2 alleles, as well 

as transheterozygous combinations of the nmo alleles (data not shown).  

The manifestation of ectopic cuticle in the ventral eye primordia, and 

specification of a second, apparently independent retinal field, suggests that eya and nmo 

may normally cooperate in early patterning of the eye and head fields. Indeed, these 

ventral eye phenotypes were also observed in nmoDB24 and nmoadk2 somatic clones 

induced during second instar in flies heterozygous for eya2 (data not shown). Notably, 

these ventral eye defects are reminiscent of so1/so3 mutants, and were never observed in 

any other genetic assays I performed. So and Eya form a composite transcription factor 

during eye specification and patterning (Pignoni et al., 1997; Silver et al., 2003).  Thus, it 

is tempting to speculate that similar molecular events may underlie the so1/so3 and 

eya2/+; nmo ventral eye phenotypes, as a consequence of disrupting a So-Eya-Nmo  
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Figure 3-8 nmo and eya genetically interact. 
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Figure 3-8 nmo and eya genetically interact. 

 (A) w1118. Sensory vibrissae surround the ventral eye margin (arrowhead). (B). nmoDB24 

compound eyes are elongated and narrow. (C) eya2/+; nmoDB24. A secondary eye field 

develops at the ventral margin (arrow). This phenotype accounts for 22.9% of total 

observed ventral eye defects (33.6% of flies, n=104). (D) eya2 mutants lack eyes and are 

missing ventral vibrissae (arrowhead). As a result of smaller heads, ventral eye bristles 

converge with dorsal orbital bristles. (E) eya2; nmoDB24/+. More ventral vibrissae are 

observed (arrowhead, compare with E), and the distance from the dorsal orbital bristles is 

increased (line). (F) eya2; nmoDB24. The ventral vibrissae have a nearly wild-type pattern 

(arrowhead), and their distance from the orbital bristles is further rescued from (E) (line). 

(G-I) Imaginal eye discs are oriented anterior up, dorsal left. anti-Cut (white). Inset: anti-

Cyclin B (red). (G) w1118. Anti-Cut labelling (white) marks the antennal disc and anterior-

most eye disc cells, which give rise to head cuticle. Additional posterior staining is 

observed in the PE and ommatidial clusters. (H) eya2. The eye disc is largely reduced, 

relative to the antennal disc. (I) eya2; nmoDB24. The ventral eye disc is enlarged compared 

to eya2 (arrowhead on inset), but proliferation (Cyclin B-labelling, red) is comparable to 

eya2 alone (H). 
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regulatory interaction. However, I have not yet elucidated the molecular nature of these 

phenotypes. 

Preliminary analysis of eya2/+;nmo imaginal eye discs was unfruitful. I postulated 

that if Nmo promotes Eya activity, then reducing eya in a nmo mutant background might 

genetically recapitulate an eya hypomorph. Eya represses hth expression (Bessa et al., 

2002), while the Eya target Dpp antagonizes wg transcription and head specification 

(Pignoni and Zipursky, 1997; Royet and Finkelstein, 1997). Since Hth and Wg are 

maintained in a positive feed-back loop in ventral cells (Pichaud and Casares, 2000), I 

assayed the levels of both these antigens. However, Wg and Hth expression was 

unperturbed. The size and morphology of eya2/+; nmo eye discs resemble nmo mutants, 

although the retinal field appears somewhat disorganized when visualized with the 

neuronal marker ELAV (not shown). I did not pursue the molecular analysis of this 

phenotype further, as I could not find convincing evidence for a secondary eye field or 

eye-to-head transformations in the larval eye primordia. 

Recent reports suggest complex and dynamic cellular events following disruption 

of RD transcription complexes. The developmental consequences of loss of any RD 

component depends on position within the eye epithelium (Salzer and Kumar, 2009), 

while over a decade of research has dissected the temporal dynamics of reduced RD 

network activity. For example, it was initially perceived that the so and eya eyeless 

phenotype was simply a consequence of failed eye specification. Subsequent analyses of 

mutants and mosaic tissues revealed that early retinal specification occurs, albeit at a 

reduced capacity, in so and eya mutant animals and cells (Heitzler et al., 1993; Pignoni et 

al., 1997; Pappu et al., 2005; Anderson et al., 2006). Unexpectedly, massive apoptosis in 



 70 

the final instar ablates the eye progenitor cells and, consequently, the retinal field (Bonini 

et al., 1993; Cheyette et al., 1994; Pignoni et al., 1997). More refined analysis has added 

further complexity. In the case of so and eya, mutant clones can deploy a compensatory 

proliferation response and attempt to re-initiate the eye determination program. Since so 

and eya are not available, eye development fails and the cells re-populating the clone 

adopt the default head state (Salzer and Kumar, 2009). Reducing eya in nmo mutant flies 

can produce a dominant transformation of ventral eye to head cuticle. The manifestation 

of this phenotype implies that this genetic combination may recapitulate the molecular 

events initiated in eya clones, and suggests that eya and nmo may function together 

during eye development. 

3.4.5 eya2 head defects are suppressed by dose-dependent loss of nmo 

The dorsal perimeter of the eye is flanked by the orbital bristles, while the ventral 

margin displays a stereotypical set of macrochaetes followed by posterior microchaetes, 

collectively termed the ventral sensory vibrissae (Fig.3-8A, arrowhead) (Haynie and 

Bryant, 1986). eya2 mutants are eyeless, and also display small head with variably 

missing ventral vibrissae (Fig.3-8D, arrowhead). In eya2; nmo/+ flies I observe an 

increase in the number of machrochaete-type vibrissae, indicating a rescue in ventral 

head patterning (Fig.3-8E, arrow).  eya2;nmoDB24 double mutants are pharate lethal; 

however, rare escapers display an expansion of head cuticle indicated by an increase in 

distance between the orbital bristles and ventral vibrissae (line, compare Fig.3-8D and 3-

8F).   

eya mutants are characterized by complete loss of retinal tissue resulting from 

hyperproliferation during second instar, followed by massive PCD anterior to the MF 
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during third instar (Bonini et al., 1993). Activation of apoptosis in eya2 mutants is an 

indirect result of the early overproliferation defects (Pignoni et al., 1997), and can also be 

induced by misexpressing eya (Clark et al., 2002). The ventral eye discs of eya2; nmoDB24 

double mutants are larger than eya2 eye discs (Fig. 3-8H, I, arrowhead), visualized with 

the sensory organ precursor (SOP) marker Cut (Blochlinger et al., 1990), and the mitotic 

marker Cyclin B (Knoblich and Lehner, 1993). Intriguingly, proliferation appears to 

occur at the same level in eya2 and eya2; nmoDB24 discs (Fig. 3-8, H, I - inset), while high 

levels of apoptosis can be detected in both genotypes with acridine orange (AO) staining 

and with an antibody targeted against activated caspase-3 (not shown).  

3.4.6 Loss of nmo reduces viability of dac mutants 

I subsequently investigated whether nmo genetically interacts with dac, the most 

downstream component of the RDGN. I tested interactions between all the nmo alleles 

and dac1 (Mardon et al., 1994; Shen and Mardon, 1997; Martini et al., 2000). dac1 is a 

protein null, and as a result mutants lack eyes and have severe leg defects (Mardon et al., 

1994). However, dac1 heterozygotes have no external phenotype. As in my loss of 

function analysis with ey, heterozygosity for dac1 did not modify the nmo mutant eye 

phenotype (not shown). Reducing a single copy of nmo in dac1 induced early larval 

lethality, precluding my ability to study their potential interaction during eye 

development. I obtained similar results using the dacE462 allele. I also could not recover 

heterozygous nmoDB24 or nmoadk1 eye discs in which I had induced dacE462 somatic clones. 

Moreover, nmo; dac double mutants died as embryos, suggesting a potential interaction 

for these genes in additional developmental processes that affect viability of the 

organism.  
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3.5 Nmo potentiates RD-mediated ectopic eye induction 

My loss-of-function analyses suggest that Nmo may interact with the eye-

specification factors during eye development. However, these results are difficult to 

interpret given the intrinsic positive feedback organization of the RD network. 

Resultantly, the network can compensate for simultaneous reduction of two or more of its 

components, leading to unpredictable phenotypes (Chen et al., 1997; Pignoni et al., 

1997). Moreover, ey, so, eya and dac mutants lack eyes due to hyperactivation of PCD, 

an indirect result of early overproliferation and patterning defects (Bonini et al., 1993; 

Cheyette et al., 1994; Halder et al., 1998; Pignoni et al., 1997). Thus, the very nature of 

these mutants impedes classical genetic analysis as the developing eye field is obliterated 

before retinal specification is initiated. Epistasis between the canonical RD members has 

consequently been established using targeted misexpression studies that separate the RD 

factors under consideration from the feedback loop in the eye disc (Chen et al., 1997; 

Chen et al., 1999; Halder et al., 1998; Pappu et al., 2003; Shen and Mardon 1997). 

Therefore, I investigated nmo’s potential role in RDGN-mediated eye development using 

previously established misexpression assays. 

A key function of the RDGN is to promote retinal determination. In ectopic eye- 

induction assays, misexpression of any of the RD factors can deploy the eye-specification 

program in other tissues including the head, wing, leg, thorax and genitals (Anderson et 

al., 2006; Bonini et al., 1998; Chen et al., 1997; Halder et al., 1998; Halder et al., 1995; 

Pignoni et al., 1997; Shen and Mardon 1997; Weasner et al., 2007). However, not all 

cells are competent to be re-specified to the retinal fate; other endogenous factors, such as 

Hh and high levels of Dpp, appear to also be required (Chen et al, 1999; Halder et al., 
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1998; Kango-Singh et al., 2003; Pappu et al., 2003; Pignoni and Zipursky 1997; Salzer 

and Kumar, 2010). In these assays, Ey is the most potent inducer of ectopic eyes, causing 

dramatic induction of organized ommatidial clusters on the ventral head, antennae, leg 

and wing (Anderson et al., 2006; Chen et al., 1999; Halder et al., 1998; Halder et al., 

1995; Pignoni et al., 1997). I noted that cells competent to be re-specified as eye cells in 

the head, wing and leg frequently correspond to nmo-expressing cells (Anderson et al., 

2006; Bessa et al., 2002; Bonini et al., 1998; Chen et al., 1997; Chen et al., 1999; Shen 

and Mardon 1997; Weasner et al., 2007). Thus, I predicted that nmo might be a factor that 

contributes to eye specification at these remote sites, as well as in the normal eye.  

3.5.1 nmo promotes Ey-mediated ectopic eye induction 

To explore a role for nmo in retinal induction, I modulated levels of nmoII and 

assayed the effects on ey-mediated ectopic eye induction utilizing the UAS/GAL4 mis-

expression system (Brand and Perrimon, 1993). dppblk-Gal4 (dpp-Gal4) drives expression 

along the posterior and lateral margins of the eye disc, and in a ventro-lateral wedge in 

the antennal disc, which traverses the nmo expression pattern in the MF and antennal 

segments (Fig. 3-9A, B). In the wing disc, the A-P stripe of dpp-Gal4 expression bisects 

nmo-expressing cells where it crosses the dorsal and ventral limits of the presumptive 

wing hinge (Fig. 3-9C, D). Ey robustly induces eye development in the dorsal wing hinge 

primordia, where loss of Hth is concomitantly observed with ectopic expression of Ey-

targets including dac (Fig. 3-9E, Bessa et al., 2002). Nmo is normally co-expressed with 

Hth in these cells (Fig. 3-9F), suggesting a possible role for nmo in potentiating ectopic 

eye development in these cells.  
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Figure 3-9 nmo potentiates Ey-mediated ectopic eye induction.  

(A, C) UAS-GFP::nmo/+; dpp-Gal4/+ (green). (B, D) nmo-lacZ (red). (A, B) Dpp-Gal4 

(green) targets expression in the dorsal and ventral poles of the eye disc and in a ventral 

wedge in the antennal eye disc, which bisects nmo expressing cells (red, B). (C, D) Dpp-

Gal4 (green) drives expression along the A-P boundary of the wing disc, which intersects 

with nmo expression (red) at the dorsal wing hinge (box). (E). UAS-ey/+; dpp-Gal4/+ 

wing disc. E’-E’’’ is an enlarged view of dorsal wing pouch in (E). Ectopic eyes are 

induced in cells ectopically expressing Dac (red, E’) and that have reduced Hth (green, 

E’’). E’’’ is composite of E’ and E’’. (F). nmo-lacZ (blue) wing disc, Dac (red), Hth 

(green). F’-F’’’ is an enlarged view of dorsal wing pouch in (F). Dac is not normally 

expressed in the dorsal wing hinge (F’, compare with E’), although Hth (F’’) and nmo 

(F’’’) are normally co-expressed in dorsal wing cells competent to be re-specified to the 

eye fate (box in panels C-F). (G) UAS-ey/+; dpp-Gal4/+. Ectopic eyes are induced 

ventral to the antennae (arrows, G) (H) UAS-ey/+; dpp-Gal4/nmoDB24. Ectopic eyes are 

induced at a lower frequency and are smaller than in G (arrow, H). (I) UAS-ey/+; dpp-

Gal4,nmoDB24/nmoDB24. Ectopic eyes are only rarely induced on the head. (J) UAS-

ey/UAS-nmo; dpp-Gal4/+. Ectopic eyes are induced on both sides of the head more 

frequently than in G (see K). Quantification of the phenotypes in G-J. The relative 

frequencies of 0, 1 or 2 ectopic eyes on head cuticle derived from the antennal disc for 

the indicated genotypes. Loss or co-expression of nmo has a dose-dependent effect on 

both the frequency and penetrance of the ectopic eye phenotype. Loss of nmo 

significantly reduces the penetrance of head-to-eye re-specification. 
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Targeted expression of ey using dpp-Gal4 (dpp>ey) induces ectopic eyes on the 

anterior head, just below the antennae, at a high frequency of 78% (Fig. 3-9G, K). 

Previous studies have shown that induction of ectopic eyes by dpp>ey is effectively 

abrogated in so, eya, or dac mutant cells (Bonini et al., 1997; Chen et al., 1997; Halder et 

al., 1998; Shen and Mardon 1997). Similarly, I tested the requirement for nmo in this 

assay by expressing dpp>ey in nmoDB24 and nmoP heterozygotes and homozygous 

mutants. I observed a dose-dependent reduction in the frequency of ectopic eyes induced 

on the head (52% in nmo heterozygotes, 40% in nmo mutants; Fig. 3-9H, I and K), 

suggesting that Nmo is a positive component of Ey-mediated retinal induction. Moreover, 

Nmo also contributes to formation of ectopic eye fields in the wing and leg, as I observe a 

similar dose-dependent reduction in the size of Ey-induced retinal fields in cells 

heterozygous or mutant for nmo in these tissues (Fig. 3-13F, G).   

I expected that, if Nmo generally promotes retinal specification, co-expression of 

nmo with dpp>ey should enhance Ey’s ability to induce ectopic eyes. Consistent with my 

loss-of-function analysis, the frequency of ectopic retinal fields on the head increases to 

92% with one copy of UAS-nmoWT and 100% with two copies of UAS-nmoWT, compared 

to 78% produced by dpp>ey alone (Fig. 3-9K). The bilateral penetrance, or induction of 

ectopic eyes on both sides of the head, increases to 67% (dpp>ey + nmoWT) and 82% 

(dpp>ey + 2XnmoWT) of flies with ectopic eyes, compared to 33% when ey is expressed 

alone (Fig. 3-9K). The frequency of Ey-mediated ectopic eye induction is also increased 

in the wing and leg when nmoWT is co-expressed (not shown). Together, these data 

suggest that endogenous nmo promotes Ey-mediated ectopic eye induction in the head, 
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wing and leg. Since increasing nmo levels further promotes Ey’s ability to induce retinal 

fate, these data also suggest that nmo limits Ey’s eye-induction capability in these assays.  

 I then asked whether Nmo’s kinase activity is required to enhance Ey-mediated 

fate respecification. A kinase-dead nmo transgene (nmoKD) was generated by substituting 

a methionine (M) for the lysine (K) residue at position 69 (K69M), using site-directed 

mutagenesis (Zeng et al., 2007). This point mutation disables the catalytic phosphate 

transfer to the substrate, rendering the kinase inactive (Carrera et al., 1993). The UAS-

nmoKD transgene also encodes EGFP as per Fiehler and Wolff, 2008, and produces a 

GFP::nmoKD fusion protein (M. Rahnama, unpublished). NmoKD recapitulates nmo loss-

of-function phenotypes when misexpressed in the wing and embryo (M. Rahnama, E. M. 

Verheyen and L. R. Braid, unpublished), and therefore exhibits dominant-negative 

behaviour. Co-expressing UAS-ey and UAS-nmoKD using dpp-Gal4 results in early larval 

lethality, precluding this analysis. However, it is notable that rare escapers exhibit large 

ectopic retinal fields on the legs and thorax, but rarely on the ventral head (not shown). 

3.5.2 So and Nmo do not cooperate in ectopic eye assays 

 So has the least activity in ectopic eye assays, which has been attributed to its 

requirement for co-factors in order to stimulate transcription. Until recently, it was 

reported that forced expression of so alone was unable to direct eye formation (Chen et 

al., 1997; Pignoni et al., 1997). However, there is new evidence that so can induce 

ectopic eyes, albeit in limited contexts compared to the RD factors (Weasner et al., 2007). 

Thus, I examined a potential genetic relationship between nmo and so in ectopic eye 

formation.  
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 Expression of so using dpp-Gal4 can induce eya, dac and ELAV in the antennal 

disc, which molecularly defines an ectopic eye field (Weasner et al., 2007). However, 

ectopic eyes are not detected on the adult cuticle of these flies (Chen et al., 1997; Pignoni 

et al., 1997; Weasner et al., 2007), and it has been postulated that these small eye fields 

may be eliminated during metamorphosis (Weasner et al., 2007). Given the notoriously 

weak ability of So to induce eye fate, I performed my assays at 29o to increase activity of 

Gal4 (reviewed in Duffy, 2002). I examined more than 100 imaginal eye discs from 

dpp>so larvae, but did not detect ectopic Eya, Dac or ELAV in these tissues. Modulating 

nmo levels has no effect on So’s ability to induce eye fate in this assay. These results 

were verified using two different UAS-so lines, and are consistent with reports that Dpp-

targeted expression of so does not transform remote cells to an eye fate (Chen et al., 

1997; Pignoni et al., 1997). Wing and leg phenotypes are observed in dpp>so adults, 

confirming the presence and functionality of the transgenes.  

3.5.3 Nmo promotes Eya-mediated ectopic eye induction in a kinase-dependent 
fashion  

I further tested the requirement for nmo in retinal induction by repeating my 

misexpression assay using UAS-eya1 and UAS-eya2, which encode the type I and type II 

eya cDNAs, respectively (Bonini et al., 1998). As demonstrated by others (Bonini et al., 

1997), I found that dpp>eya1 or dpp>eya2 produce infrequent, small patches of ectopic 

eyes on the ventral head and only very rare cases of retinal development on the wing and 

leg when reared at 25o (data not shown). To assess the requirement for nmo in Eya-

mediated eye formation, I performed the assay at 29o, which increases Gal4 activity 

(Duffy, 2002), to increase the penetrance of the dpp>eya phenotypes to 97% (Fig. 3-10A, 
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F and G). The UAS-eya2 responder line induces ectopic eyes more potently than UAS-

eya1 (97% compared to 12%, Fig. 3-10F, G), which has been previously reported (Bonini 

et al., 1997). I observe a dose-dependent reduction in the number of ectopic retinal fields 

induced in the head by expressing dpp>eya2 in nmo heterozygotes (94%) (Fig. 3-10B, G) 

and homozygotes (43%) (Fig. 3-10C, G), respectively. This effect is not as prominent 

using dpp>eya1, since the eya1 baseline of ectopic eye induction is so low (Fig. 3-10H). 

Notably, nmo contributes more to Ey-mediated ectopic eye induction (Fig. 3-9K) than in 

assays with exogenous Eya (Fig.3-10G, H) or Dac (Fig. 3-11), suggesting that nmo may 

contribute to Ey-mediated activation of eya and dac in this context.  

Ectopic eya requires exogenous ey, so or dac to be a potent inducer of ectopic 

eyes (Bonini et al., 1997; Bui et al., 2000; Chen et al., 1997; Pignoni et al., 1997). Co-

expressing nmo with dpp>eya1 or dpp>eya2 also provides this synergy, as it enhances the 

frequency ectopic retinal fields in the head, wing and leg (Fig. 3-10D, G and H). Co-

expressed Nmo has the most influence in the assay using the eya1 isoform, presumably 

because the eya2 assay is nearly saturated at 29o. Consistent with such a notion, 36% of 

flies exhibit ectopic eyes when nmo is expressed in dpp>eya1 flies reared at 25o, which 

alone induce ectopic eyes at 12% frequency (Fig. 3-10H).  

I subsequently tested the requirement for nmo’s kinase activity to promote Eya’s 

function in eye determination. Introducing nmoKD has a repressive effect on dpp>eya2 eye 

induction (72% compared to 97%, Fig. 3-10E, G), intermediate to loss of one (94%) and 

two (43%) copies of endogenous nmo. Thus, I predicted that Eya may be a substrate for 

Nmo’s kinase activity, and that phosphorylation by Nmo might activate Eya function. 

These hypotheses are directly tested in Chapter 4. 
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Figure 3-10 nmo potentiates Eya-mediated ectopic eye formation. 

(A) dppGal4/UAS-eya2.  (A) Small fields of ectopic eyes are induced on head cuticle 

below the antennae (arrows). (B) nmoDB24, dppGal4/UAS-eya2. Ectopic eye fields are 

induced less frequently (F), and are smaller than in A (arrow). (C, F) nmoDB24, 

dppGal4/nmoDB24,UAS-eya2. Ectopic eyes are rarely induced. (D). UAS-nmo/+; 

dppGal4/UAS-eya2. (D) Large ectopic eye fields frequently merge with the endogenous 

eye (arrows). (E) UAS-nmoKD/+; dppGal4/UAS-eya2. Ectopic eyes occur less frequently 

than in A, and resemble loss of nmoDB24  (B and C). (F) Quantification of phenotypes in 

A-E. Loss of nmo dose-dependently reduces the frequency of head-to-eye re-

specification, which is mimicked by co-expressing nmoKD. (G) Quantification of ectopic 

eyes induced by dpp>eya1, for indicated genotypes. Trends follow the assay performed 

with UAS-eya2 (F). (H) Quantification of leg-to-eye transformations for the indicated 

genotypes. As in the head (F), loss of nmo dose-dependently reduces the frequency of 

ectopic eyes induced by Eya2 on the leg. Co-expression with nmo increases the 

penetrance and frequency. Flies were reared at 29o. 
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I could not score the frequency of Eya-mediated ectopic eyes in adult wings and 

legs with confidence, so these results are excluded. Even at 29o, the ectopic retinal fields 

in these tissues are barely detectable.  However, it is notable that upon co-expression of 

nmo, readily discernable eye fields are observed on the anterior cross-vein of the wings 

and at the proximal-medial leg joints in 100% of progeny. Thus, I conclude that Nmo can 

broadly promote Eya’s eye-induction capability.  

3.5.4 Dac has a minimal requirement for nmo in ectopic eye assays 

 Dac is the most downstream component of the RD network, and can form a 

binary transcription complex with Eya (Chen et al., 1997). Of the RD factors, Dac has the 

broadest activity outside of eye specification, playing important roles during 

embryogenesis, antenna and leg formation (Mardon et al., 1994). I initially assayed 

Nmo’s contribution to Dac-mediated ectopic eye induction at 25o. As others have 

reported, I find that Dac is a more potent inducer of ectopic eyes than Eya or So. Dpp-

targeted expression of dac alone (dpp>dac) robustly induces ectopic eyes on the antennae 

in 97% of flies (Fig. 3-11A). Loss of one copy of nmoDB24 mildly suppresses Dac’s ability 

to reprogram head cells as eye (Fig. 3-11A). Although a similar number of animals 

exhibit ectopic eyes (92%), more of these have an ectopic eye on only one side of the 

head (37% vs. 13%) rather than full bilateral penetrance (63% vs. 87%). In contrast to the 

assays with Ey and Eya, co-expressing wild-type nmo did not improve Dac activity, as 

ectopic eyes are observed in 94% of progeny (Fig. 3-11A). Thus, exogenous Dac exhibits 

far less dependency on Nmo levels than Ey or Eya, suggesting that Nmo may function 

upstream of dac, possibly to promote its transcription, in this context. 
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Figure 3-11 Dac has a minimal requirement for nmo to specify ectopic eyes. 

 
(A) Forced expression of dac using Dpp-Gal4 induces large ectopic eyes on the ventral 

head at high frequency. Reducing one copy of nmoDB24 mildly suppresses Dac’s ability to 

re-specify head as eye. (B) Dac has very limited ability to re-specify wing as eye. 

Modulating nmo levels has no effect. (C) Co-expressing nmo and dac increases Dac-

mediated ectopic eye induction. Reducing endogenous nmo does not suppress Dac’s 

capability to induce ectopic eyes on the leg. 
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Dpp-Gal4 driven dac expression induced early larval lethality in nmo mutants, 

precluding full analysis of Dac’s requirement for endogenous nmo in this assay. In an 

attempt to encourage viability of these flies, I repeated the assay at 18o to simultaneously 

reduce Gal4 activity and give the developing flies a growth advantage. Unexpectedly, 

most progeny died as pre-pharate pupae. In addition, the size of the ectopic eye fields 

induced by dac alone was significantly reduced and nearly imperceptible. Thus, I am not 

fully confident of the data and do not report them here. Analysis of ectopic eye induction 

in imaginal discs dissected from these animals would likely prove a more accurate and 

reproducible means of scoring. 

Although forced Dac expression induces nearly fully penetrant eye re-

specification in the ventral head, I only observe eye pigment on the wing in 12% of flies, 

and never bilaterally (Fig. 3-11B). These small eye fields arise at the junction of the wing 

and thorax, and I find that Dac is refractory to reducing or elevating nmo in this context 

(Fig. 3-11B).  

Intriguingly, exogenous Dac is considerably more sensitive to elevating nmo 

levels in the leg disc than in the antennal or wing discs. I scored ectopic eye induction on 

the anterior pair of legs, where they consistently form on the proximal leg segment. Here 

I observe small retinal fields in 48% of dpp>dac flies (Fig. 3-11C). Dac appears to have 

little requirement for endogenous nmo in this context, since ectopic eyes are similarly 

observed at 50% when Dac is overexpressed in flies heterozygous for nmo (Fig. 3-11C). 

However, co-expressed nmo increases Dac-mediated eye specification to 81%. Moreover, 

69% exhibit bilateral penetrance compared to 25% when Dac is expressed alone (Fig. 3-

11C). Together these data suggest that Dac is largely refractory to nmo in ectopic eye 
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induction assays, but that in certain contexts Nmo can synergistically enhance its ability 

to transform remote tissues to an eye fate. 

3.5.5 nmo is a retinal determination gene 

To further characterize nmo’s role in ectopic retinal induction, I expressed nmo at 

high levels using dpp-GAL4. Nmo protein levels appear to be tightly regulated, as 

elevating expression of UAS-nmo transgenes has minimal effect on raising total Nmo 

levels in the cell (Fiehler and Wolff 2008; section 3.10). Forced expression of two copies 

of UAS-nmo with dpp-Gal4 (dpp>2Xnmo) results in mild dorsal overgrowth of the eye 

(not shown). dpp >3Xnmo flies reared at 29o are pharate lethal, although 15% die as early 

pupae. Consistent with a role in promoting endogenous eye formation, dpp >3Xnmo 

pharate adults display dorsal expansion of the compound eye along the A-P axis (Fig. 3-

12B). Dorsal overproliferation can be accompanied by ectopic sensory vibrissae along the 

ventral eye margin, which is occasionally reduced (data not shown). Notably, 16.7% 

(28/168) display pigmented, ectopic eyes ventral to the antennae (Fig. 3-12A, arrow).  

dpp>3xnmo pharate adults also have leg, wing and notum defects (data not shown).  

Each ommatidium of the compound eye comprises 20 cells of various types 

including neuronal photoreceptors and non-neuronal accessory cone and pigment cells 

(Ready et al., 1976; Tomlinson and Ready, 1987; Tomlison and Ready, 1987). Non-

neuronal pigment cells are apparent in the dpp>3Xnmo adult ectopic eye phenotype (Fig. 

3-12A, arrows). To confirm the presence of photoreceptors, I analyzed dpp >3Xnmo 

imaginal eye discs using the neural markers ELAV (Robinow and White, 1991) and 

Glass, which is specific to the visual system (Ellis et al., 1993). ELAV and Glass antigens 

are not present in wild-type antennal discs (ELLIS et al. 1993; Robinow and White 1991).  
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Figure 3-12 Ectopic Nmo induces head-to-eye re-specification in the antennal disc. 

 
(A-D, F-H) UAS-nmo; dppGal4/UAS-nmo (A) 16.7% (28/168) of pharate adults 

phenocopy display pigmented retinal cells on the antero-ventral head cuticle (arrows). (B) 

The dorsal eye is overgrown (arrowhead). (C-H). Imaginal eye/antennal discs. (C) 

Clusters of ELAV-positive cells are detected in the antero-ventral head primordia in 

63.6% (28/44) of antennal discs. ELAV is not normally expressed in the antennal disc. 

(D) Eye/antennal discs labelled with anti-Glass, which is normally absent from the 

antennal disc, indicates that ventral antennal cells have adopted a retinal fate. (E-H) 

Confocal images of the mid-ventral antennal disc taken at 40X. E is a Z-stack of the 

entire antennal disc. F-H are single confocal planes. (E) w1118. Expression of Hth (green) 

and Dac (red) in a wild-type disc. Hth is ubiquitously expressed in cells of the outer 

antennal segments, and overlaps with Dac (red) in the third antennal segment. (F) Mis-

expressed Nmo induces loss of Hth (G) and concomitant ectopic Dac (red) in the outer 

antennal ring. Endogenous Dac expression is below this focal plane. (H) Composite of F 

and G. (C-H) Imaginal discs are oriented anterior up, dorsal left. 
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Interestingly, I observed clusters of ELAV- and Glass-expressing cells in the ventral 

antennal disc of 63.6% (28/44) of examined eye discs, which appear to be forming 

ommatidia (Fig. 3-12C, D, arrow). The transformation of presumptive head cells to a 

retinal fate is therefore more penetrant than the adult phenotype suggests (16.7%). This 

discrepancy may be the result of early pupal lethality, or undetected fate changes in the 

pharate adults due to the size of the retinal field or absence of accompanying pigment 

cells. Alternatively, small ectopic eye fields may be eliminated during pupal 

metamorphosis (Weasner et al., 2007). 

Targeted expression of ey, eya or dac using dpp-Gal4 inhibits hth at sites of 

ectopic eye induction in the antennal disc (Fig. 3-9E; Bessa et al., 2002; L. R. Braid, 

unpublished). Similarly, I observe concomitant loss of Hth and ectopic expression of dac 

(Fig. 3-12F-H) and eya (data not shown) in dpp>3xnmo antennal discs. These cells 

correspond to the antero-ventral head primordia, and co-analysis with ELAV verifies that 

Hth is repressed and dac is ectopically expressed in cells re-specified by nmo (not 

shown). Consistent with previous studies (Anderson et al., 2006; Weasner et al., 2007), I 

find that only a subset of Dac-positive cells is re-specified as photoreceptors (data not 

shown). Nmo’s ability to induce ectopic eye development does not extend beyond the 

antennal disc, although Hth is repressed in dpp>3xnmo wing discs (data not shown). 

These data imply that elevated Nmo requires endogenous eye factors to deploy the retinal 

program, but in permissive contexts exerts eye-determination capabilities. 
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3.6 Nmo promotes growth of normal and ectopic eye fields 

In addition to potentiating Ey and Eya-mediated eye determination, I find that 

nmo dose-dependently limits the size of the normal and ectopic eye fields. Importantly, 

targeted expression of ey, eya2 or dac using dpp-Gal4 is unable to significantly modify 

the nmo small eye phenotype (Fig. 3-13; Fig. 3-14). These results imply that Nmo may 

function in processes regulating the size of the eye field downstream or independent of 

the RDGN. Data presented earlier also suggests that nmo may function in growth and/or 

cell survival pathways: 1) so1;nmoDB24 double mutants are headless (section 3.4.3), and 2) 

reducing nmo dose-dependently increases the size of eya2 heads (3.4.4). Additional 

genetic interactions are presented which further support a role for Nmo in regulating size 

of the eye-head primordia, and indicate that nmo may act in distinct developmental 

contexts to exert this function. 

3.6.1 Nmo has context-dependent effects on Ey to increase eye size 

Ey is required to deploy the RDGN and establish the eye field during the second 

instar (reviewed in Silver and Rebay, 2005; Jemc and Rebay, 2006; Kumar, 2010). 

However, its role is reversed later when the eye field is patterned. During third instar, ey 

expression is restricted to anterior cells of the eye disc, where one of its functions is to 

repress furrow progression by inhibiting eya expression (Bessa et al., 2002). dpp-Gal4 

drives expression at the lateral poles of the MF (Fig. 3-9A, Blackman et al., 1991). 

Consistent with its later role in repressing eye fate, the posterior eye field of dpp>ey 

discs, labelled with an antibody against the nuclear neuronal antigen ELAV (Robinow 

and White, 1991), exhibits a loss of ommatidia from the dorsal and ventral margins, and a  
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Figure 3-13 Nmo exerts dual effects on Ey to increase eye size. 

 
(A-D) Eye discs stained for ELAV (red). (A) w1118. ELAV is normally expressed in the 

posterior photoreceptors, and is absent in the antennal disc. (B) UAS-ey/+; dpp-Gal4/+. 

ELAV-positive ectopic photoreceptors are detected in the ventral antennal disc 

(arrowhead). Photoreceptors do not differentiate at the dorsal and ventral boundaries of 

the eye field, where Dpp targets expression, and the size of the eye disc is reduced 

compared to the antennal disc. (C) UAS-ey/+; nmoDB24/dpp-Gal4. Ectopic photoreceptors 

are no longer detected in the antennal disc (arrowhead). The normal photoreceptor field is 

further reduced compared to (B), as well as the overall size of the eye/antennal disc. (D) 

UAS-ey/UAS-nmo; dpp-Gal4/+. Large groups of ectopic photoreceptors are detected in 

the ventral antennal disc (arrowhead). The normal eye field is rescued (compare with B). 

(E, F) UAS-ey/+; dpp-Gal4/+. Ectopic eyes are induced ventral to the antennae (arrows, 

E) and on the legs and wing hinge (arrowheads, F). (G, H) UAS-ey/+; dpp-Gal4/nmoDB24. 

Ectopic eyes are induced at a lower frequency and are smaller than in E (arrow, G). 

Ectopic eye fields on the legs and wing hinge are reduced compared to F. (I, J) UAS-

ey/+; dpp-Gal4,nmoDB24/nmoDB24. Ectopic eyes are only rarely induced on the head (I). 

Ectopic eye fields on the leg and wing hinge are considerably reduced (compare with J). 

The compound eye has the characteristic nmo morphology. (K, L) UAS-ey/UAS-nmo; 

dpp-Gal4/+. The size of ectopic eyes induced on the head (K), leg and wing hinge (L) are 

larger than in E and F, respectively. (M). Quantification of the ectopic eye size and 

frequency for the genotypes in F-L. The relative frequencies of 0, 1 or 2 ectopic eyes on 

head cuticle derived from the antennal disc for the indicated genotypes are subdivided by 

size of the ectopic retinal field. Loss or co-expression of nmo has a dose-dependent effect 

on the frequency, penetrance and size of the ectopic eye phenotype. Loss of nmo 

significantly reduces the penetrance and size of ectopic eyes induced by Ey. 
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mild reduction in the size of the eye disc (Fig. 3-13B, compare with A). In the adult, the 

normal eye field is also reduced at the dorsal and ventral margins compared to wild-type 

(Fig. 3-13F). In addition, clusters of ectopic ELAV-positive ommatidia are observed in 

an overgrown ventral region of antennal discs (arrowhead in Fig. 3-13B), which will 

manifest as ectopic eyes in the adult (Fig. 3-13E). These cells are fated to give rise to the 

antero-ventral head cuticle surrounding the eye (Haynie and Bryant, 1986). Reducing 

nmo in dpp>ey flies causes a further decrease in the number of ELAV-labelled 

photoreceptors from the dorsal and ventral margins of the normal eye field, in addition to 

reducing the size of ectopic eye fields in the antennal disc (Fig.3-13C).   

The majority of ectopic eyes induced by Ey are of medium size (Table 3-2). Loss 

of nmo dose-dependently decreases this class to 52% in nmo heterozygotes and 22% in 

nmo mutants, compared to 81% when ey is expressed alone. A concomitant increase in 

the frequency of miniscule and small eyes is also observed (Table 3-2). Strikingly, 18% 

of the ectopic eyes induced by Ey in a nmo mutant background are miniscule, while 58% 

are categorized as small. The ectopic eyes induced by dpp>ey alone are never miniscule, 

and only 4% are classified as small. I also observe an overall reduction in the size of the 

eye-antennal disc (Fig. 3-13C), which supports a model where Nmo affects tissue size in 

addition to cell fate.  In the adult, the size of the compound and ectopic eyes are dose-

dependently reduced (Fig. 3-13H, J). In rare cases, flies are eyeless. Notably, 

overexpression of Ey does not rescue the nmo mutant eye phenotype (Fig 3-13J).  

Co-expressing nmo in dpp>ey flies revealed a surprising, context-dependent 

relationship between Nmo and Ey. Consistent with the data presented thus far, dpp>ey, 

nmo flies exhibit larger ectopic eyes on the head, wing and leg than dpp>ey flies alone.  
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Table 3-2 Effects of modulating nmo levels on dpp>ey – associated ectopic eye size. 
 

Table 3-2. Effects of Modulating nmo Levels on dpp>ey – Associated Ectopic Eye Size. 

 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>ey     
Unilateral 

52% 
0 3 42 7 

Bilateral 
26% 

0 0 21 5 

Total 
78% 

0 
(0) 

3 
(4) 

63 
(81) 

12 
(15) 

dpp>ey, nmo+/-     
Unilateral 

34% 
0 11 19 4 

Bilateral 
18% 

0 8 8 2 

Total 
52% 

0 
(0) 

19 
(37) 

27 
(52) 

6 
(11) 

dpp>ey, nmo-/-     
Unilateral 

30% 
5 19 6 0 

Bilateral 
10% 

2 4 3 1 

Total 
40% 

7 
(18) 

23 
(58) 

9 
(22) 

1 
(2) 

dpp>ey + nmo     

Unilateral 
30% 

0 0 20 10 

Bilateral 
62% 

0 0 28 34 

Total 
92% 

0 
(0) 

0 
(0) 

48 
(52) 

44 
(48) 

dpp>ey + 2Xnmo     

Unilateral 
18% 

0 0 7 11 

Bilateral 
82% 

0 0 21 61 

Total 
100% 

0 0 28 72 

Loss of nmo dose-dependently suppresses the frequency and size of ectopic eyes induced 
by Ey. Co-expressing nmoWT increases both the frequency and size of Ey-mediated ectopic 
eyes in a dose-dependent fashion. Percent values in parentheses are normalized against 
the frequency of ectopic eyes for a given genotype. 
Assay performed at 25o. 
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Specifically, the frequency of large ectopic eyes is 48% and 72% upon co-expressing one 

and two copies of UAS-nmoWT, respectively. Only 15% of ectopic eyes produced by Ey 

alone fall into this category (Table 3-2). Interestingly, the normal eye field is also 

expanded along the DV axis, resembling wild-type (Fig. 3-13D and L, compare with Fig. 

3-13B and F). dpp>ey, nmo adults also exhibit a variety of inappropriate tissue 

outgrowths from the ventral head cuticle (data not shown), indicating that Nmo may have 

additional roles in cell fate decisions. This result is important, as it suggests that Nmo can 

exert opposing effects on Ey to promote eye growth, depending on the developmental 

context. Specifically, Nmo can enhance Ey function to specify ectopic eyes, which 

recapitulates Ey’s activity during the 2nd instar. In contrast, Nmo inhibits exogenous Ey 

in the 3rd instar retinal field, where ey is not normally expressed, to again increase the eye 

field. The Ey protein encodes both transcriptional activating and repressing domains 

(Weasner et al., 2009), although little is currently known about its function as 

transcriptional repressor. Preliminary data suggests that Nmo may inhibit Ey’s 

transcriptional activity in culture-based transcription assays (W. Lee, L.R. Braid, 

unpublished), but whether, and how, Nmo might regulate Ey function in vivo is yet to be 

determined. 

3.6.2 Loss of nmo significantly limits eye overgrowth induced by Eya 

Eya contributes to propagation of the MF by promoting dpp expression (Hazelett 

et al., 1998; Pignoni et al., 1997). In dpp>eya2 flies, I observe expansion of the furrow 

along the lateral margins of the eye disc (not shown), resulting in an enlarged compound 

eye (Fig. 3-14F, arrowhead). Consistent with my hypothesis that nmo promotes normal  
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Figure 3-14 nmo potentiates Eya-mediated ectopic eye size. 

A, F) dppGal4/UAS-eya2.  (A) Small fields of ectopic eyes are induced on head cuticle 

below the antennae (arrows).  (B, G) nmoDB24, dppGal4/UAS-eya2. (B) Ectopic eye fields 

are induced less frequently, and are smaller than in A (arrow). (C, H) nmoDB24, dppGal4/ 

nmoDB24,UAS-eya2. (C) Ectopic eyes are rarely induced. (D, I). UAS-nmo/+; 

dppGal4/UAS-eya2. (D) Large ectopic eye fields frequently merge with the endogenous 

eye (arrows). (E, F) UAS-nmoKD /+; dppGal4/UAS-eya2 (E) Ectopic eye fields are small 

and observed less frequently than in (A). (F) The compound eye is overgrown 

(arrowhead). (G) The compound eye has minimal overgrowth (arrowhead, compare with 

F). (H) The compound eye is smaller than wild-type, and resembles nmo mutants. (I) The 

compound eye is massively overgrown (arrowheads). (J) The eye appears wild-type. (K) 

Quantification of ectopic eye induction and eye size for genotypes in A-E. Loss of nmo 

dose-dependently reduces the frequency of head-to-eye re-specification. (L) 

Quantification of Eya1 - mediated ectopic eye induction and eye size. The effects of 

modulating nmo levels and Nmo’s kinase activity are similar to the assay performed with 

Eya2 (K). Flies were reared at 29o. 



 94 

eye development, reducing nmo dose-dependently limits the eye overgrowth associated 

with ectopic eya. In flies heterozygous for nmo, dpp>eya2 produces a smaller and 

distinctly round eye (Fig. 3-14G, arrowhead). In addition, 78% of ectopic eyes are 

miniscule, compared to 43% when eya is expressed alone (Fig. 3-14K and Table 3-3). 

Most significantly, Eya-mediated overgrowth is completely suppressed in nmo mutants; 

these flies invariantly exhibit the nmo small eye phenotype. In addition, Eya is no longer 

able to produce ectopic eyes of a significant size, since 100% of ectopic eyes are 

miniscule (Fig. 3-14K and Table 3-3). Thus, nmo appears to function genetically 

downstream of or parallel to Eya, since it limits Eya’s ability to expand the normal and 

ectopic eye retinal fields.  

Introducing nmo at 29o has a greater effect on the size of dpp>eya2 ectopic eye 

fields than on the frequency of eye induction. Eya-induced eye fields rarely exhibit 

organized ommatidia, and are distinctly recognizable as thin streaks of pigment (Fig. 3-

14D, arrow). Upon co-expression of nmo, photoreceptor clusters become evident in the 

ectopic eye fields, which are significantly bigger and now frequently merge with the 

compound eye (Fig. 3-14D, arrow), resembling overexpression of dac (Fig. 3-15A; Chen 

et al., 1997; Shen and Mardon, 1997). The retinal fields produced by co-expression of 

Eya and Nmo in the ventral head are larger (39% medium, 14% large) than those 

specified by Eya alone (2% medium, 0% large) (Fig. 3-14D, K and Table 3-3). I also 

observe further overgrowth of the compound eye compared to dpp>eya2 alone (Fig. 3-

14I, arrowhead), supporting a role for Nmo in promoting eye growth.  
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Table 3-3. Effects of Modulating Dosage of nmo and Nmo’s Kinase Activity on dpp>eyaWT-
Associated Ectopic Eye Size. 

 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>eya2     
Unilateral 

11% 
5 5 1 0 

Bilateral 
86% 

37 
 

48 1 0 

Total 
97% 

42 
(43) 

53 
(55) 

2 
(2) 

0 
(0) 

dpp>eya2, nmo+/-     

Unilateral 
21% 

21 0 0 0 

Bilateral 
73% 

52 21 0 0 

Total 
94% 

73 
(78) 

21 
(22) 

0 
(0) 

0 
(0) 

dpp>eya2, nmo-/-     

Unilateral 
20% 

20 0 0 0 

Bilateral 
24% 

24 0 0 0 

Total 
43% 

43 
(100) 

0 0 0 

dpp>eya2 + nmoWT     

Unilateral 
12% 

3 6 3 0 

Bilateral 
88% 

6 31 37 14 

Total 
100% 

9 
(9) 

38 
(38) 

39 
(39) 

14 
(14) 

dpp>eya2 + nmoKD     

Unilateral 
36% 

28 8 0 0 

Bilateral 
36% 

20 16 0 0 

Total 
72% 

48 
(67) 

24 
(33) 

0 
(0) 

0 
(0) 

Loss of nmo dose-dependently reduces both size and frequency of ectopic eyes induced 
by EyaWT. Co-expressed nmo increases size of ectopic eyes more significantly than 
frequency. NmoKD reduces both the frequency and size of EyaWT-induced ectopic eyes. 
Percent values in parentheses are normalized against the frequency of ectopic eyes for a 
given genotype. Assay performed at 29o. 
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Nmo’s ability to potentiate Eya-mediated eye growth is dependent on Nmo’s 

kinase activity. Co-expressing kinase-inactive Nmo, nmoKD, restores eye shape to nearly 

wild-type (Fig. 3-14J). In addition to suppressing the frequency of ectopic eyes induced 

by eya, nmoKD also causes miniscule eyes to be patterned more often (67% vs. 43%) (Fig. 

3-14K, Table 3-3). Thus, Nmo promotes Eya’s function to specify retinal fate in a kinase-

dependent fashion. The same trends are observed in ectopic eye assays performed using 

eya1 (Fig. 3-14L, Table 3-4). 

During normal eye development, the So-Eya transcriptional complex is thought to 

activate string (stg)/cdc25 at the leading edge of the pre-proneural domain (Jemc and 

Rebay, 2007; Lopes and Casares, 2010), stimulating the eye progenitor cells to undergo a 

simultaneous round of cell division before assuming G1 arrest and entering the MF. One 

apparent purpose of this “first mitotic wave” (FMW) is to amplify the number of cells 

entering the furrow, and is thereby a limiting factor in the number of potential retinal 

cells specified along the D-V axis. Forced co-expression of so and eya stimulates stg 

expression in antennal and wing discs, resulting in expansion of these tissues (Jemc and 

Rebay, 2007). I observe similar overgrowth in antennal and wing imaginal discs dissected 

from dpp>eya2 larvae. Consistent with my observations in the adult compound and 

ectopic eyes, reducing nmo dose-dependently restricts Eya’s ability to induce ectopic 

proliferation in these tissues, as does co-expressing nmoKD. Conversely, addition of 

NmoWT causes further overgrowth compared to dpp>eya2 alone. These observations 

support the notion that Nmo can promote proliferation, and more specifically that it might 

direct promote Eya’s regulation of string during eye development.  
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Table 3-4 Effects of Modulating nmo Levels and Nmo’s Kinase Activity on dpp>eya1 – 
Associated Ectopic Eye Size. 

 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>eya1     
Unilateral 

11% 
6 5 0 0 

Bilateral 
1% 

1 0 0 0 

Total 
12% 

7 
(58) 

5 
(42) 

0 
(0) 

0 
(0) 

dpp>eya1, nmo+/-     
Unilateral 

6% 
6 0 0 0 

Bilateral 
3% 

3 0 0 0 

Total 
9% 

9 
(100) 

0 
(0) 

0 
(0) 

0 
(0) 

dpp>eya1, nmo-/-     

Unilateral 
0% 

0 0 0 0 

Bilateral 
0% 

0 0 0 0 

Total 
0% 

0 0 0 0 

dpp>eya1 + nmoWT     

Unilateral 
21% 

3 13 5 0 

Bilateral 
15% 

6 7 2 0 

Total 
36% 

9 
(25) 

20 
(56) 

7 
(19) 

0 
(0) 

dpp>eya1 + nmoKD     

Unilateral 
11% 

8 3 0 0 

Bilateral 
2% 

1 1 0 0 

Total 
13% 

9 
(69) 

4 
(31) 

0 
(0) 

0 
(0) 

Loss of nmo dose-dependently suppresses the frequency and size of ectopic eyes induced 
by Eya1. Co-expressing nmoWT similarly increases both the frequency and Eya1-mediated 
ectopic eyes in a dose-dependent fashion. Percent values in parentheses are normalized 
against the frequency of ectopic eyes for a given genotype. 
Assay performed at 29o. 
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In ectopic eye assays performed at 25o, forced expression of Eya alone using dpp-

Gal4 is reportedly not sufficient to induce string in any context (Jemc and Rebay, 2007). 

Thus, it is interesting that I observe over-proliferation phenotypes when I reproduce these 

assays 29o. Nmo’s ability to affect Eya-mediated induction of string is yet to be directly 

demonstrated. If Nmo normally potentiates Eya’s transcriptional activity to induce stg 

during eye development, then I expect that stg will be reduced in nmo mutant clones.  

3.6.3 Nmo contributes to Dac-induced eye fate 

 Forced expression of Dac using dpp-Gal4 induces moderate-sized ectopic eyes on 

the ventral head (Fig. 3-15A) and also modifies the adult compound eye. Unlike 

dpp>eya2, which causes an irregularly shaped eye with lateral outgrowths, dpp>dac 

results in a round eye that retains the smooth, regular appearance of the wild-type eye 

(Fig. 3-15D). In addition, ectopic Dac induces overgrowth of the distal antenna lobe (Fig. 

3-15A). In flies heterozygous for nmo, ectopic eyes are induced at a similar frequency to 

dpp>dac alone (Fig. 3-15G), they are substantially smaller when one copy of nmo is 

removed (Fig. 3-15B, G and Table 3-5). The compound eye is reduced compared to 

dpp>dac and is smaller than wild-type, and the antenna are a more normal size (Fig. 3-

15E).  

Consistent with Nmo’s ability to enlarge the compound eye when co-expressed 

with ey and eya, co-expressing nmo and dac induces a much larger eye than dpp>dac 

alone (Fig. 3-15F). In addition, the antennal lobes appear massively overgrown. 

However, the size of the ectopic eyes is only slighter larger than those specified by Dac 

alone (Fig. 3-15C, G and Table 3-5). The concomitant effects on eye and antennal growth  
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Figure 3-15 nmo affects Dac-mediated ectopic eye size more than frequency. 

(A, D) dpp>dac. Dac induces moderate-sized ectopic eyes on the ventral head, and the 

antennae are overgrown (A). The compound eye is rounded (D). (B, E) dpp>dac, 

nmoDB24. The size of ectopic eye fields induced by Dac is reduced in nmo heterozygotes 

(B), as is the size of the compound eye (E). (C, F) dpp>dac + nmo. Co-expressing nmo 

causes further overgrowth of the ectopic eye fields, antennae (C) and compound eye (F) 

compared to Dac alone (compare with A and D). (G) Quantification of ectopic eye 

frequency, penetrance and size for the genotypes in A-C. 
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Table 3-5 Effects of Modulating nmo Levels on dpp>dac – Associated Ectopic Eye Size on the 
Ventral Head. 

 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>dac     

Unilateral 
13% 

2 7 2 2 

Bilateral 
84% 

5 
 

41 26 12 

Total 
97% 

7 
(7) 

48 
(49) 

28 
(60) 

14 
(14) 

dpp>dac, nmo+/-     

Unilateral 
34% 

8 8 16 2 

Bilateral 
58% 

18 18 16 6 

Total 
92% 

26 
(28) 

26 
(28) 

32 
(35) 

8 
(9) 

dpp>dac + nmoWT     

Unilateral 
21% 

2 4 13 2 

Bilateral 
74% 

2 30 35 7 

Total 
94% 

4 
(4) 

34 
(36) 

48 
(50) 

9 
(10) 

The frequency of Dac-associated ectopic eye induction is only marginally affected by 
reducing nmo. Modulating nmo has a greater effect on ectopic eye size than frequency of 
ectopic eyes induced by Dac. Percent values in parentheses are normalized against the 
frequency of ectopic eyes for a given genotype.  
Assay performed at 25o. 
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in response to modulating nmo levels in this assay lend further support to a model where 

nmo contributes to processes regulating tissue size.   

3.6.4 Eye and head development fails in the absence of nmo and eyg 

I postulated that Nmo might act during the second instar proliferative phase, since 

nmo expression is broadly detected during this period and my genetic interaction studies 

provide evidence that manipulating Nmo levels can affect growth of the head and eye. 

Notch contributes to proliferation and cell survival prior to furrow initiation (Cho and 

Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998; Kenyon et al., 

2003; Chao et al., 2004; Singh et al., 2006). The proliferative function of Notch 

signalling is executed by the downstream target gene eyegone (eyg) (Chao et al., 2004; 

Dominguez et al., 2004; Wang et al., 2008). eyg encodes a Pax6-like transcriptional 

repressor that is structurally similar to the Pax6 protein Ey, but carries out distinct 

functions unrelated to fate specification (Jang et al., 2003; Dominguez et al., 2004; 

Rodrigues and Moses, 2004; Yao et al., 2008). Eyg promotes cell proliferation through 

activation of unpaired (upd) expression (Chao et al., 2004), which encodes a long-range 

ligand for the Jak/STAT receptor Dome (Harrison et al., 1998). eyg can also induce 

autonomous cell proliferation, independent of Upd,  by an unidentified mechanism (Yao 

et al., 2008). As a preliminary test of my hypothesis, I generated eyg, nmo recombinants 

to examine their genetic relationship. 

eyg1 is a weak allele that causes variable eye loss (Jang et al., 2003; Dominguez et 

al., 2004, Fig. 3-16B, C). Flies double heterozygous for eyg1 and nmoDB24 appear wild- 
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Figure 3-16 nmo and eyg genetically interact during eye patterning. 
(A) nmoDB24. (B, C) eyg1. eyg1 mutants exhibit a very small eye (B) or are eyeless (C). 

(D) nmoDB24, eyg1/nmoDB24. Reducing one copy of eyg1 enhances the nmoDB24 small eye 

phenotype (compare with A). (E, E’) nmoDB24, eyg1. Double mutants lack eyes and most 

of the head, although mirror-duplicated antennae (E) and a remnant of the dorsal vertex 

(F) remain. Flies are oriented anterior left, dorsal up. E’ is the dorsal view of the fly 

imaged in E. 
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type, and reducing one copy of nmoDB24 does not modify the eyg1 phenotype (not shown). 

Conversely, heterozygosity for eyg1 enhances the null nmoDB24 eye phenotype, resulting 

in a smaller eye (Fig. 3-16D). Strikingly, eyg1, nmoDB24 double mutants completely lack 

eye and head tissue, although a remnant of the dorsal vertex remains (Fig. 3-16E, E’). 

The remaining antennal structures are frequently duplicated (Fig. 3-16E, E’). These flies 

resemble stronger allelic combinations of eyg (Jang et al., 2003; Dominguez et al., 2004). 

In addition, antennal duplications can reportedly occur as a result of early abrogation of 

the eye disc (Kenyon et al., 2003). The apparently undisrupted morphology of the adult 

antennae, even when duplicated, indicate that this region is less sensitive to eyg, nmo-

mediated growth. This notion is consistent with reports that the antennal disc is more 

refractory to manipulating Eyg levels and function than the eye disc (Wang et al., 2008). 

These interactions provide compelling evidence that nmo may contribute to early growth 

of the eye imaginal disc, and that nmo may provide some overlapping function with Eyg 

in this context. 

3.6.5 Summary 

 The evidence presented in this section does not yet define a role for Nmo in 

growth-promoting processes, but suggests that closer examination may reveal such novel 

functions. My analysis of the cell cycle markers phospho-Histone 3 (PH3; M-phase) and 

Cyclin B (CycB; G2-phase) in nmo somatic clones and mutant eye discs was 

inconclusive, as I could not generate reproducible data sets (not shown). A more 

comprehensive approach should be employed, using Brd-U incorporation rather than 

PH3, which is prone to stochastic results, and markers for each phase of the cell cycle 
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(Vrailas and Moses, 2006) to define the zones of randomly proliferating anterior cells, 

synchronous first and second mitotic waves and permanent G1 arrest in differentiated 

cells. Such an approach is necessary to facilitate accurate interpretation of cell cycle 

changes, as it has been reported that cells with aberrant cycling frequently recover, and 

delays or accelerated progression through cell cycle checkpoints can be easily overlooked 

without multi-labelling. 

 Formation of an ectopic eye is developmentally distinct from that of the normal 

eye, and it is certainly debatable whether size of an induced eye field reflects potency of 

fate re-specification or growth, or a combination of the two. The most notable distinction 

is that, unlike the compound eye, the ectopic eye field is patterned simultaneously from a 

fixed field of cells. In contrast, the compound eye is patterned progressively, through 

recruitment of cells into the MF and subsequent refinement into the R8 photoreceptors, 

which found the individual ommatidia. In the normal situation, then, the number of cells 

entering the furrow limits the potential number of R8 founding cells, which are 

invariantly spaced, and by extension the number of photoreceptor clusters along the D-V 

axis. Post-furrow, the differentiated cells assume permanent G1 arrest, thereby fixing the 

photoreceptor field. Thus, the size of the ectopic eye could reflect the number of existing 

cells that have been re-specified without the added influence of proliferation, whereas 

size of the compound eye is highly limited by proliferation prior to differentiation.  

There is no evidence to suggest furrow formation or progressive photoreceptor 

recruitment during ectopic eye development. Moreover, it has been reported that 

increasing transgene dosage does not alter the size of ectopic eyes (Salzer and Kumar, 

2010). Given the co-dependency on nmo in frequency of RD-associated ectopic eye 
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induction, size of the ectopic eye fields, the antennal discs (dpp>ey, nmo) and wing discs 

(dpp>eya2, nmo) and adult eyes, I propose that Nmo potentiates both eye specification 

and growth processes. Moreover, the data presented here suggest that Nmo may act at the 

level of Ey to potentiate eye determination, and at the level of Eya to potentiate growth. It 

has already been demonstrated that Ey-mediated overgrowth in ectopic eye assays is 

mediated through induction of stg by So-Eya (Jemc and Rebay, 2007). Positive 

reinforcement by the RD network integrates these activities to simultaneously establish 

and populate the eye field.  
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3.7 Context-dependent requirements for nmo in RD gene expression  

3.7.1 Initiation of RD expression occurs independent of nmo  

 nmo transcription is detected early in eye development, preceding the 2nd instar 

induction of so and eya. Since nmo potentiates RD-mediated ectopic eye induction, and 

Ey is the most sensitive to changes in nmo levels, I predicted that nmo might normally 

contribute to deployment of the RDGN, possibly by promoting Ey activity. I generated 

nmo somatic clones during the 1st instar to examine whether Nmo contributes to eye 

formation by promoting expression of the RD genes. Surprisingly, I did not observe 

changes in Ey, so-lacZ, Eya, or Dac expression in nmo loss of function clones (Fig. 3-

17B, D, F and H).  This result was unexpected, since the ectopic eye induction assays 

provide clear genetic evidence that nmo promotes RD-mediated eye-specification. I had 

observed dose-dependent changes in Eya and Dac levels in response to modulating nmo 

in these assays, which supports a model where Nmo can affect transcriptional output of 

the eye network. Since the genetic requirement for Nmo is highest at the apex of the 

network, one would expect that loss of nmo would have a compound effect, and should 

result in a change of at least the most downstream target Dac. Could there be no 

requirement for nmo in normal eye specification? 

The integrity of many developmental processes is maintained by intrinsic 

regulatory redundancy. It has become evident that perturbing one key regulatory 

mechanism is often insufficient to produce the expected phenotypic or cellular 

consequence. In these cases, the true requirement for a signal pathway or regulatory 

component may be masked unless tested in a genetically sensitized background, which 

debilitates the redundant mechanism. This has proven true for several aspects of eye  
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Figure 3-17 Nmo promotes eye development independently of RD gene activation. 
 
(A, C, E, G, I) Wildtype. (B, D, F, H, J) nmoDB24 somatic clones are marked by loss of 

GFP (green). (C-J) nmo loss of function clones have no effect on Ey (A, B), Eya (C, D) 

so-lacZ (E, F), Dac (G, H) or dpp-lacZ expression (I, J). Eye discs are oriented anterior 

up, dorsal left. 
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development, including regulation of RD gene transcription. While the RD genes ey, so  

and dac are redundantly regulated by Dpp and Hedgehog (Hh), eya, which can be 

considered the heart of the network, is a regulatory target for Hh, Dpp, N, Wg and Ras 

(Firth and Baker, 2009). Loss of one or more of these pathways fails to modify Eya 

expression (Firth and Baker, 2009). Thus, nmo’s direct contribution to normal RD gene 

expression may yet be revealed in the appropriate sensitized background.  

The requirement for Dpp in normal and ectopic retinal induction has been well 

established (Wiersdorff et al., 1996; Chanut and Heberlein, 1997; Dominguez and Hafen, 

1997; Pignoni and Zipursky, 1997; Royet and Finkelstein, 1997; Halder et al., 1998; 

Chen et al., 1999; Kango-Singh et al., 2003). dpp expression is promoted by the RDGN 

downstream of ey (Chen et al., 1997; Hazelett et al., 1998), and high levels of Dpp are 

required to antagonize wg and promote furrow progression (Chanut and Heberlein, 1997; 

Dominguez and Hafen, 1997; Pignoni and Zipursky, 1997; Wiersdorff et al., 1996). 

Therefore, I investigated whether nmo promotes eye formation through regulation of dpp, 

using dpp-lacZ as a reporter. I found that levels of the dpp reporter were also unchanged 

in nmo somatic clones (Fig. 9E), indicating that eye specification can occur normally in 

the absence of nmo. However, whether Nmo plays a redundant role in initiating RD gene 

expression is not yet known. The ability of Nmo to enhance Eya and Dac expression in 

ectopic eye assays suggests that Nmo may contribute to maintaining expression of these 

genes, rather than the primary activation event.  
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3.7.2 Nmo suppresses Dac posterior to the furrow 

 Dac levels are unperturbed in nmo mutant cells in zones 3, 4 and 5, where it is 

normally expressed (Fig. 3-17H). However, I noted subtle increases in Dac in nmo clones 

in zone 6, at the posterior of the eye disc. This effect was variable and inconsistent, and 

due to technical limitations was dismissed at the time. I recently re-examined these 

observations using superior imaging devices, and was now able to confirm and 

characterize these effects. 

 So, Eya and Dac are co-expressed in all cells of the PPN domain, the furrow 

proper and in the posterior wake of the furrow (zones 3-5). Approximately 10 rows after 

the furrow, in zone 6, Dac is restricted to photoreceptors R1, R6 and R7 (Mardon et al., 

1994). In contrast, So and Eya (and Nmo) are expressed throughout the differentiating 

retinal field. I observe elevated Dac in nmo somatic clones posterior to the furrow (Fig. 3-

18), and in the photoreceptor field in nmo mutant discs (not shown). The regulatory 

mechanisms the repress Dac in zone 6 are unclear, but recent evidence suggests that this 

function may be mediated, unexpectedly, by the RD component So (Salzer and Kumar, 

2009).  This observation suggests that nmo may contribute to some later aspect of RD 

transcriptional regulation. 
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Figure 3-18 nmo contributes to refinement of Dac in the photoreceptors. 

Third instar eye imaginal discs. (A, B) Apical section of a nmo clone, marked by the 

absence of GFP, at the dorsal margin. Dac (red) is ectopically expressed in the posterior 

cells. (C-F) Confocal reconstructions of the apical (C, D) and basal (E, F) focal planes.  A 

nmo clone in the center of the disc shows elevated Dac most prominently in the apical 

nuclei of the photoreceptors (C). Discs are oriented anterior up, dorsal right. Arrow: 

morphogenetic furrow. 
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3.8 Nmo is a retinal competence factor 

Constructing a complex, functional organ from a simple epithelium requires a 

staggering number of distinct patterning and differentiation decisions that establish axes, 

compartment boundaries, and progressive commitment and differentiation, in addition to 

regulating growth and cell survival. Nature has provided an elegant solution to this 

biological problem by reusing a handful of signalling pathways to evoke spatially and 

temporally discrete cellular responses throughout development, and through the 

combinatorial use of co-factors that exponentially increases the number of transcription 

complexes produced by a finite, and surprisingly small, set of regulatory components.  

How can cells respond differently to the same signalling pathway over time? 

Patterning of the Drosophila eye disc is particularly enigmatic, since differentiation in 

this tissue occurs progressively. Here, cells exhibit the ability to respond disparately to a 

reiterated signal within hours, depending on their differentiation state or cellular context. 

For example, N and Hh elicit a converse response from cells within and immediately 

posterior to the furrow (zones 4 and 5, respectively). N and Hh signal activation 

stimulates cells to express Ato within the MF, conferring a proneural identity. However, 

within a few hours the furrow moves beyond these cells, and both signalling pathways 

are required again to inhibit Ato, refining its expression to a single, R8 photoreceptor 

(Baker, 2000; Dominguez, 1999). The question of how signalling pathways can evoke 

distinct, and sometimes contradictory, cellular responses in time and space is unresolved, 

and is an area of active research. 

This enigma is resolved by cellular competence, which is conferred by a 

predetermined set of expressed transcription factors (Salzer and Kumar, 2010, reviewed 
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in Voas and Rebay, 2004; Maves and Schubiger, 1999; McClure and Schubiger, 2007). 

In the developing eye, for example, cells immediately ahead of the furrow express a 

particular set of cellular components, like transcription factors, in response to signals 

such as Dpp emanating from the approaching MF. Within an hour or two, these cells are 

encompassed by the furrow, and have a predetermined repertoire of regulatory factors in 

place. Such a repertoire, generated in response to the environmentally distinct set of 

signals in the pre-proneural domain before the furrow, could confer a unique pro-neural 

competence. Thus, cells entering the furrow would have an innate, molecular population 

that modifies their response to reiterated signals, steering them towards a neural fate. 

Similarly, the response to N and Hh signals within the MF would yield yet another 

catalogue of “competence factors”, such that upon leaving the furrow, N and Hh 

activation is processed differently, re-directing the cellular response yet again.  

The cellular and molecular factors that impart such competence are continually 

being defined. Ectopic eye assays provide evidence that Nmo may be a bona fide 

competence factor that permits, and can re-direct, cells to adopt a retinal fate. Ectopic eye 

assays have historically been used to establish epistasy and define the RD regulatory 

network. Over a decade of research has suggested that not all cells can be transformed to 

an eye fate (Anderson et al., 2006; Bessa et al., 2002; Bonini et al., 1998; Chen et al., 

1997; Chen et al., 1999; Shen and Mardon, 1997; Weasner et al., 2007; Pan and Rubin, 

1998; Jang et al., 2003; Curtiss et al., 2007; reviewed in McClure and Schubiger, 2007). 

A recent study comprehensively defined the retinal “competent zones” within the head, 

antenna, wing and leg primordia; surprisingly, only very limited and discrete cell 

populations will produce retinal tissue when subjected to forced expression of the RD 
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factors (Salzer and Kumar, 2010). I had previously noted that, in reported studies, ectopic 

eyes typically form in cells that normally express nmo (Anderson et al., 2006; Bessa et 

al., 2002; Bonini et al., 1998; Chen et al., 1997; Chen et al., 1999; Shen and Mardon, 

1997; Weasner et al., 2007; Braid and Verheyen, 2008). Moreover, the apparent 

requirement for nmo in my own ectopic eye assays indicated that endogenous nmo 

confers some degree of retinal competence to these cells. 

The in-depth analysis by Salzer and Kumar (Salzer and Kumar, 2010) illuminated 

the significance of my findings. In this study, 219 Gal4 lines were used to co-express 

various combinations of eye-promoting genes, comprising 3285 genotypes, revealing that 

cells outside the defined competent zones are refractory to fate re-specification (Salzer 

and Kumar, 2010). Strikingly, co-expressing Nmo and Ey using dpp-Gal4 expands the 

competent zone through the wing disc, activating ELAV and producing defined 

ommatidial clusters along the length of the A/P boundary (Fig. 3-19). Ectopic eyes 

produced by dpp>ey alone are confined to the defined competent zones at the apex and 

ventral margin of the wing pouch (Salzer and Kumar, 2010), where the A-P boundary 

bisects the presumptive wing hinge. As shown in section 3.19, reducing endogenous nmo 

significantly and dose-dependently limits Ey’s ability to reprogram wing cells to produce 

an eye. dpp-Gal4 is reportedly a relatively weak driver (Datta et al., 2009), thus it would 

be interesting to test Nmo’s ability to expand retinal competence using other Gal4 drivers 

that produce higher copy numbers. Alternatively, nmo may confer general developmental 

plasticity rather than retinal competence, as the defined retinal “hot-spots” that are most 

amenable to re-specification are also readily re-specified to other fates (reviewed in 
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McClure and Schubiger, 2007). Either scenario implies a novel and exciting new role for 

Nmo, and warrants further examination. 
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Figure 3-19 nmo provides competence for cell re-specification in the developing 
wing. 

Third instar imaginal wing discs, labelled for the neuronal marker ELAV (red). Dpp-Gal4 

drives expression along the anterior/posterior boundary of the wing disc. (A) UAS-ey/+; 

dpp-Gal4/+. ELAV-positive retinal cells are induced in the dorsal half of the dpp stripe, 

and in a patch at the dorsal/ventral boundary of the wing pouch. (B) UAS-ey/+; dpp-

Gal4/UAS-nmo. Co-expressing nmo increases Ey-mediated ectopic retinal induction, 

since ELAV is now detected along the entire anterior/posterior boundary. 
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3.9 Nmo has dynamic genetic interactions with Ey and Eya in other 
contexts 

3.9.1 nmo can promote and repress Ey-mediated phenotypes  

Ey deploys the RDGN by initiating expression of so and eya in the second instar 

(Halder et al., 1998; Kenyon et al., 2003), and later complexes with So to activate the 

neural program in the PPN cells (Zhang et al., 2006). However, Ey also complexes with 

the Wg effectors Hth (zone 2) and Tsh (zones 2 and 3) to delimit the eye/head boundary 

(Bessa et al., 2002) and promote proliferation (Lopes and Casares, 2010).  In my ectopic 

eye induction assays, Nmo promotes eye formation by cooperating with Ey in the ectopic 

eye field, and by antagonizing its activity in the normal eye field. nmo and ey are co-

expressed in the second instar, when Ey initiates the RDGN, but are mainly expressed in 

complementary domains during third instar. Taken together, I hypothesized that Nmo’s 

interactions with Ey may be context-dependent.  

Since ectopic eye development requires de novo deployment of the RDGN, I 

postulated that the positive interaction between Nmo and Ey in this context might 

represent their interaction in early development, when the eye field is initially specified. 

My previous misexpression analysis was performed using dpp-Gal4, which drives 

expression along the posterior and lateral margins of the eye disc in the early instars, and 

in the dorsal and ventral poles of the third instar eye disc. Therefore, I tested this 

hypothesis using ey-Gal4, which is broadly expressed in the eye disc from its inception. 

Directed expression of UAS-nmo with ey-Gal4 (ey>nmo) has no effect at 25o, 

similar to ey-Gal4 alone (Fig. 3-20B, C).  As previously described, ey>ey induces a 

complete loss of ventral eye and ommatidial disorganization (Fig. 3-20D; Jiao et al., 
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2001; Plaza et al., 2001; Curtiss et al., 2002; Curtiss et al., 2007). I mis-expressed ey in 

heterozygous nmoDB24 mutants to test the requirement for nmo in the ey-induced reduced 

eye.  While nmoDB24 heterozygotes appear wildtype, this background is sufficient to 

rescue the loss of ventral eye caused by ey>ey (Fig. 3-20E, I). Conversely, 52% of these 

animals display disruption of the dorsal vertex, with defects ranging from disorganized 

ocelli (7%) to complete loss of the ocellar region resulting in a cleft (45%) (not shown).  

Ocellar disorganization occurs in only 20% of flies overexpressing ey alone, and of these 

only 4% exhibit complete loss of the dorsal vertex.  The ocellar disorganization and cleft 

suggests failed fusion of the eye discs. Intriguingly, the processes of disc eversion and 

fusion during pupal metamorphosis are mediated by the peripodial cells (Milner et al., 

1984; Haynie and Bryant, 1986). Nmo and Ey are normally co-expressed throughout the 

PM (Fig. 3-3 and 3-4) although their functions here are not known. This interaction 

suggests that they may have a currently undescribed role in morphogenesis of the adult 

head, and further that nmo may regulate Ey in this context. 

Loss or ectopic expression of a single RD factor interferes with normal 

development, presumably by disrupting the delicate stoichiometry of RD factors (Curtiss 

et al., 2007; Curtiss and Mlodzik, 2000). This abnormal patterning culminates in high 

levels of cell death and loss of tissue (Curtiss et al., 2007; Curtiss and Mlodzik, 2000; 

Halder et al., 1998; Jiao et al., 2001; Plaza et al., 2001; Shen and Mardon, 1997). Since 

Nmo promotes apoptosis in the pupal eye (Mirkovic et al., 2002), I tested whether the 

observed rescue upon reducing nmo was an indirect effect of reduced cell death. I 

reasoned that if eliminating a single copy of nmo rescues the ey>ey small eye by 

preventing cell death, then blocking apoptosis in ey>ey flies should have a similar effect.  
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Figure 3-20 nmo promotes early eye defects associated with ectopic ey and eya. 
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Figure 3-20 nmo promotes early eye defects associated with ectopic ey and eya. 

 

A) w1118.  (B) ey-Gal4/+ and (C) ey-Gal4/UAS-nmo have no detectable external abnormal 

phenotype. (D) ey-Gal4/UAS-ey causes a smaller, rough eye. (E) ey-Gal4/UAS-ey; 

nmoDB24/+. Loss of a single copy of nmoDB24 rescues the small eye induced by UAS-ey 

(compare with D). (F) ey-Gal4/UAS-ey; UAS-p354/+. Blocking apoptosis does not 

phenocopy loss of nmo (compare with E).  (G)  eyGal4/UAS-ey; UAS-nmo/+. Flies 

frequently lack all eye and most head structures. (H) eyGal4/UAS-ey; UAS-nmo/UAS-

p35. Blocking apoptosis does not modify the defects induced by UAS-ey and UAS-nmo 

(compare with G). (I) Quantification of the phenotypes observed in misexpression 

analysis with UAS-ey (D-H). (J) ey-Gal4/UAS-eya1 results in smaller eyes with dorsal 

overproliferation. (K) ey-Gal4/UAS-eya1; nmoDB24/+.  Loss of a single copy of nmoDB24 

rescues the small eye and dorsal overproliferation induced by eya (compare with J). (L) 

ey-Gal4/UAS-eya1; UAS-p35/+. Blocking apoptosis does not phenocopy loss of nmo 

(compare with K). (M) ey-Gal4/UAS-eya1; UAS-nmo/+. Flies display severe reduction of 

the compound eye and head cuticle. (M) ey-Gal4/UAS-eya1; UAS-nmo/UAS-p35. 

Blocking apoptosis does not modify the defects induced by UAS-eya1 and UAS-nmo 

(compare with M).(O) Quantification of phenotypes observed in mis-expression analysis 

with UAS-eya1 (J-N). 
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Co-expressing the baculovirus caspase inhibitor p35 (Clem et al., 1991) with ey>ey fails 

to rescue the small eye phenotype (Fig. 3-20F), indicating that heterozygosity for nmo 

directly rescues the effects of ectopic ey by restoring eye patterning, rather than by 

modulating cell death. Consistent with Nmo’s role in promoting Ey-mediated ectopic eye 

formation, this finding suggests that nmo contributes to Ey function in the early eye field.  

Although ey>nmo alone has no effect, co-expression of nmo greatly exacerbates 

the developmental defects induced by ey>ey. Flies co-expressing ey and nmo in this assay 

are pharate-lethal, and display variable loss of eye and/or head tissue, extending to 

complete loss of the head and eye, with only the proboscis remaining (Fig. 3-20G, I). The 

general loss of head and eye precludes isolated interpretation of interactions in the dorsal 

vertex. Once again, inhibiting cell death by co-expression of p35 was unable to modify 

the phenotype (Fig. 3-20H), suggesting that the observed genetic interactions are the 

direct result of nmo’s effects on Ey-mediated patterning. These data, together with the 

dpp-Gal4 assay, indicate that nmo may differentially modulate Ey activity during eye and 

head determination and morphogenesis. 

3.9.2 nmo generally promotes eya-induced eye phenotypes 

I subsequently assessed whether Nmo’s ability to promote Eya activity in eye 

specification and growth extended to other contexts. Eya is another potent RD factor that 

can disrupt normal patterning when mis-expressed (Bui et al., 2000; Hsiao et al., 2001). 

Driving expression of UAS-eya1, the type I eya transcript (BONINI et al. 1997), with ey-

Gal4 causes asymmetric eye defects, with dorsal overproliferation accompanied by loss 

of the ventral region (Fig. 3-20J, O). ey>eya1 flies also exhibit severe disruption of 
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medial head structures. In 80% of flies, the dorsal vertex displays a cleft and 

disorganization of ocelli and accompanying bristles (not shown). This phenotype variably 

includes absent or duplicated ocelli, which implies imperfect disc fusion. In addition, 

56% of flies lack maxillary palps on one or both sides of the head (not shown). Similar to 

my genetic analysis with ey, loss of nmo reduces the penetrance of the reduced ventral 

eye phenotype induced by ey>eya1 to 45%. (Fig. 3-20K, O). This phenotypic rescue is 

not recapitulated by co-expressing p35 (Fig. 3-20L). Reducing nmo also modifies the 

dorsal head defect induced by ey>eya1. While fewer flies manifest head phenotypes (60% 

compared to 80%), the affected flies completely lack the dorsal region rather than 

disorganization seen with ey>eya1 alone (not shown). The loss of maxillary palps 

associated with ectopic Eya1 is also suppressed by reducing nmo, since this phenotype is 

now only observed in 20% of ey>eya1, nmo+/- flies (not shown). 

Consistent with the data presented thus far, co-expressed nmo enhances the mis-

expressed eya1 phenotype, again resulting in gross morphological defects.  The retinal 

field is often still present, though severely reduced and misplaced. Frequently, the 

majority of head cuticle is absent and malformed although duplicated antennae often 

remain (Fig. 3-20M, O).  Inhibition of cell death is unable to rescue the ey>eya1+nmo 

defects (Fig. 3-20N), indicating that nmo’s effects on ey>eya1 are not the result of 

modulating activity of the cell death pathway. I also obtained similar results using the 

UAS-eya2 transgene (data not shown). Together with my previous genetic analyses, the 

data imply that Nmo can promote Eya function during early eye development.   

Misexpressed eya, directed by dpp-Gal4, produces phenotypes in the leg, wing, 

thorax and genitalia (Bonini et al., 1997; Bonini et al., 1998; Hsiao et al., 2001). I find 
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that nmo potentiates Eya activity in these contexts as well. The eya2 isoform specifically 

induces leg defects that disable the fly’s mobility (Bonini et al., 1998). Loss of nmo dose-

dependently suppresses this phenotype, and restores locomotion in a nmo mutant 

background (not shown). Conversely, co-expressing nmoWT synergistically enhances eya-

associated leg defects, resulting in grossly malformed legs. These flies rarely eclose, as 

they are unable to crawl out of their pupal cases. Given my limited knowledge of leg 

morphology and patterning, these phenotypes were not analyzed in detail. 

 Intriguingly, dpp>eya2 flies exhibit notum-to-wing transformations, which 

accompany thoracic defects and loss of the scutellum (Fig. 3-21B, E). Ectopic wings 

appear in 34% of progeny reared at 29o, and appear as small outgrowths of wing tissue 

dorsal to the normal wing. Only 35% of these flies exhibit bilateral penetrance. Dpp-

targeted expression of eya1 or 3XnmoWT alone at 29o also induces ectopic wings, but at 

very low frequencies. Reducing one copy nmo suppresses the frequency and bilateral 

penetrance of Eya2-associated ectopic wing structures to 8% and 3%, respectively, 

Importantly, loss of nmo abolishes the phenotype (not shown). Consistent with Nmo’s 

proposed role in potentiating Eya activity, 96% of dpp>eya2 +nmoWT flies exhibit notum-

to-wing transformations, and 82% of these are affected on both sides. In addition, the 

duplicated wings are larger and more patterned than when eya2 is expressed alone, and 

often exhibit complete hinge structures, rudimentary wing veins and wing margins (Fig. 

3-21C, F). In this genotype, it is apparent that the ectopic wings exhibit mirror symmetry 

to the normal wing.  
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Figure 3-21 Nmo promotes Eya-mediated notum-to-wing transformations. 
(A, D, G) w1118. (B, E, H) dpp>eya2. (C, F, I) dpp>eya2 + nmo. (A-C) Dorsal thorax. 

Forced expression of Eya2 induces notum-to-wing transformations (B). Co-expressing 

nmo results in larger, more defined ectopic wing structures (C). The ectopic wings 

bifurcate from the posterior margin of the normal wing (E) and exhibit mirror symmetry 

(F, arrowhead). Arrow marks the haltere. (G-I) Third instar wing discs labelled for Wg 

protein (green). Wg is normally found in a ring around the wing pouch, along the D-V 

boundary and in the dorsal disc (arrow) (G). Co-expressing eya2 and nmo induces a 

second wing pouch (arrow) in the dorsal thoracic primordia (I).  
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The induction of a four-winged fly implies a homeotic transformation, and 

indicates that Eya and Nmo may cooperate during fate determination. To verify that a 

portion of the thoracic primordia had been re-specified as a wing, I examined the 

distribution of Wg in dpp>eya2 + nmoWT imaginal wings discs. Wg is normally detected 

in a dorsal-ventral stripe that bisects the wing pouch, and in a ring surrounding the pouch, 

which will give rise to the hinge (Fig. 3-21G). In dpp>eya2 + nmoWT wing discs, I 

observe complete Wg patterns in two regions of the wing disc (Fig. 3-21I). Importantly, 

Wg appears unperturbed in the normal wing pouch, while a second wing domain emerges 

from the dorsal thoracic primordia. The Wg pattern is normal in the duplicated wing 

domain, suggesting that the early notum-wing selection process was disrupted by 

introducing Eya and Nmo, resulting in a bifurcation of fate and specification of a second 

wing primordia. It is notable that late Wg expression appears to be unaffected in either 

wing domain, given the potent effects of co-expressing eya and nmo in the previous 

instar.  It is tempting to speculate that these effects recapitulate the normal activity of Eya 

and Nmo in the eye disc. If so, this would imply that Eya and Nmo cooperate to establish 

the early eye and antennal fields. However, this hypothesis has not yet been tested. 

Notably, co-expressing nmoKD does not enhance Eya-mediated ectopic wing development 

(not shown), further suggesting that Nmo may phosphorylate Eya to potentiate its 

selector activity.  

nmo and eya are co-expressed in the differentiating photoreceptors in zone 6. My 

mis-expression analyses suggest that nmo potentiates Eya function in multiple contexts, 

so I postulated that Nmo and Eya might normally cooperate to pattern the retinal field. I 

used GMR-Gal4 to examine their genetic relationship in this specific context. GMR-Gal4 
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specifically directs expression in the retinal field posterior to the MF (Freeman, 1996). 

GMR-directed expression of nmo results in reduced eyes with disorganized ommatidia 

and a glossy appearance (Fig. 3-22A). Notably, the severity of this phenotype increases 

as the adults age, suggesting retinal degeneration (not shown). However, this aspect of 

the phenotype was not examined further. GMR>eya has no detectable phenotype (Fig. 3-

22B), and loss of nmo has no additional effect (not shown). However, co-expressing eya 

and nmo results in further reduction of the eyes compared to nmo alone (Fig. 3-22C), 

suggesting that the observed synergy between Nmo and Eya extends to this 

developmental context. Importantly, heterozygosity for eya2 rescues the GMR>nmo small 

eye, indicating that eya is required for nmo activity in this context (Fig. 3-22D).  

The co-dependency for nmo and eya in multiple contexts belies an important 

regulatory interaction. On a functional level, it is plausible that Nmo and Eya may be 

substrates for one another’s enzymatic activity. Eya’s activity (Hsiao et al., 2001; Silver 

et al., 2003) and subcellular localization (Xiong et al., 2009) can be regulated by 

phosphorylation, making it a likely substrate for Nmo. Excitingly, Eya possesses tyrosine 

phosphatase activity (Rayapureddi et al., 2003; Tootle et al., 2003), which could 

potentially regulate Nmo’s activity. Whether Nmo is a substrate for Eya’s phosphatase 

activity has not yet been examined, but this is a compelling avenue for investigation since 

there are no known regulators of Nmo’s kinase activity or cellular compartmentalization, 

and the only known substrate for Eya’s phosphatase activity is itself (I. Rebay, personal 

communication).  
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Figure 3-22 Genetic interactions between Nmo and Eya in the patterning 
photoreceptors. 

(A) GMR-Gal4/+, UAS-nmo. Elevating nmo levels in the photoreceptors causes a slightly 

smaller eye with a rough, glazed appearance. (B) GMR-Gal4/+; UAS-eya2/+. 

Misexpressed eya alone has no phenotype. (C) GMR-Gal4/+; UAS-eya2 /UAS-nmo. Co-

expressing nmo and eya synergistically enhances the small, rough eye phenotype 

(compare with A). (D) GMR-Gal4/eya2; UAS-nmo/+. Reducing one copy of eya2 

suppresses the small eye induced by GMR>nmo (compare with A), but retains a rough 

appearance. 
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3.10 Evidence that Nmo is subject to post-transcriptional regulation in 
the eye 

In the course of my thesis research, I have become convinced that cellular 

mechanisms exist to stringently maintain Nmo at low levels. Furthermore, this regulation 

appears to be achieved at multiple levels. First, nmo seems to be weakly transcribed. I 

have found that nmo-LacZ produces significantly less β-gal antigen than the various other 

LacZ reporter lines I have used, suggesting modest activity of the nmo promoter. This 

observation is consistent and reproducible, as the antibody used to detect β-gal in all my 

Lac-Z reporter assays produces an invariantly strong signal. 

Second, the collective experience of our lab has been that forced expression of 

nmo rarely has a significant impact, unless performed in a genetically sensitized 

background. Elevating Nmo in cells where it is normally expressed can generate 

moderate phenotypes. However, forced expression of nmo in cells where it is 

transcriptionally silent typically has very limited effects, unless the activity of Gal4 is 

enhanced by increased temperature, and/or the copy number of the Gal4- and UAS-

transgenes are elevated to collectively force robust expression.  

These trends imply that there may be an intrinsic biological threshold that limits 

the functional consequence of introducing nmo cDNA in cells where it is not normally 

found. In these artificial conditions, I often observe significant phenotypic variability. For 

example, targeted expression of UAS-GFP::nmoII throughout larval eye development 

using ey-Gal4 (ey>GFP::nmoII) has no discernable effect on eye development (not 

shown). However, flies homozygous for both transgenes (2X ey>GFP::nmoII) exhibit 

pleiotropic defects in eye, head and antennal patterning (Fig. 3-23A-B”). While many 
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progeny appear wild-type, a considerable class of pharates fails to eclose. These flies 

exhibit variable loss of head and eye tissue accompanied by duplicated or absent antennal 

structures (not shown). In extreme cases, the flies are headless, with only the proboscis 

protruding from the thorax (not shown). A median class of eclosed adults manifests 

variable loss of eye and irregular eye shape (Fig. 3-23B’), duplicated and/or missing 

antennae and antenna-to-leg transformations (Fig. 3-23A, arrow). Intriguingly, a single 

fly can display wildly inconsistent bilateral effects, appearing normal on one side and 

dramatically malformed on the other (Fig. 3-23B-B’). This phenomenon is confounding, 

and viewing these flies dorsally, where the pair of eye-antennal discs fuse at the dorsal 

vertex midline (arrow) reveals that one disc is seemingly unperturbed by exogenous nmo, 

while patterning is abjectly disrupted in the other (Fig. 3-23B”). How can such opposing 

phenotypes occur in a single organism, and such extreme variability exist among 

genotypically identical animals?  

One hypothesis is that Nmo exists in an inert, or functionally “off”, default state. 

Indeed, Nmo expressed in bacterial cells has no enzyme activity in kinase assays (D. 

Bassette, Y.A. Zeng, S.A. Morillo, unpublished). However, Nmo purified from cultured 

Drosophila or mammalian cells has kinase activity, suggesting that Nmo requires post-

translational modification to be rendered functional, or “on”. To date, there are no known 

regulators of Nmo activity. Thus, it is plausible that the unidentified factor(s) required to 

activate Nmo may be absent or otherwise functionally unavailable in cellular contexts 

where nmo is normally repressed. As such, ectopic Nmo would remain inactive and have 

a minimal effect when exogenously expressed. Presumably, kinase-inactive Nmo can still 

physically interact with at least a subset of its binding partners. Consequently, expressing  
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Figure 3-23 Exogenous Nmo induces pleiotropic effects. 
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Fig. 3-23 Exogenous Nmo induces pleiotropic effects. 

(A-B”) 2x eyGal4, UAS-GFP::nmoII causes a wide range of developmental defects. (A) 

Antenna-to-leg transformation (arrow). (B-B’’) A single fly displays inconsistent bilateral 

phenotypes. (B). Unaffected. (B’). The other side exhibits a small, irregular eye and head 

cuticle defects. (B’’) Dorsal view of the fly in B and B’ reveals asymmetric defects at the 

dorsal midline where the discs fuse (arrow). (A-C). Blue: Hth marks the antennal disc and 

anterior eye disc. Red: ELAV labels the photoreceptor neurons. Green: GFP in A, 

GFP::nmoII in B and C. (A, A’) eyGal4/UASGFP. Ey drives GFP expression broadly 

throughout the eye disc. (B, B’) eyGal4/UAS-GFP::nmoII. GFP::nmoII is consistently 

enriched on the ventro-posterior margin, where GFP is not (arrow, compare with A’), and 

appears to be absent from the MF, where GFP is enriched. (C, C’) eyGal4/UAS-

GFP::nmoII/eyGal4/UAS-GFP::nmoII. GFP::nmoII is expressed inconsistently 

compared to GFP (A’), and is reduced in the retinal field, where fewer photoreceptors 

develop (C, red). ELAV-positive cells are detected in the antennal disc, indicating ectopic 

eye development (C, arrowhead). 
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Nmo at sufficiently high levels could have a titrating effect, and perturb the 

stoichiometric balance of co-factors to induce a phenotype. However, this hypothesis 

does not account for the phenotypic variability between genetically identical animals, nor 

does it explain why ectopic Nmo has a more significant impact in genetically sensitized 

backgrounds. 

Examination of the in vivo behaviour, localization and expression of Nmo protein 

has been impeded by the lack of an antibody that recognizes the Nmo antigen in tissues. I 

took advantage of the GFP::nmo fusion protein to investigate the molecular nature of the 

benign behaviour of exogenous Nmo and the dramatic phenotypes in the ey>GFP::nmoII 

misexpression assay. Ey-Gal4 drives expression of UAS-GFP at low levels throughout 

the eye-antennal disc, most predominantly in the posterior eye disc (Fig. 3-23A, A’). The 

GFP::nmoII fusion protein is similarly distributed, albeit at nearly undetectable levels 

(Fig. 3-23B, B’). The disparity in levels between GFP and GFP::nmoII could be 

attributed to site-dependent expression of these transgenes. Intriguingly, GFP::nmoII is 

enriched on the ventral margin of the posterior eye disc (Fig. 3-23B-C”), which is not 

observed in discs expressing GFP. In addition, GFP::nmoII is not enriched in the MF like 

GFP (compare B, B’ with A, A’). The anterior disc marker, Hth, and the photoreceptor 

marker, ELAV, are normally expressed, consistent with the unaffected adult phenotype in 

these flies. 

Analysis of 2X ey>GFP::nmoII revealed even more tantalizing results. In discs 

with normal morphology, GFP::nmo is still detected at levels lower than with ey>GFP. 

Specifically, fewer cells appear to express GFP::nmoII, although those that do exhibit 

high expression (Fig. 3-23C, C’). GFP::nmoII is not expressed as highly in the retinal 
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cells (labelled with ELAV). ELAV-positive cells, indicating ectopic eye development, 

can be detected in the antennal disc (Fig. 3-23C, arrowhead), where they coincide with a  

few GFP::nmoII positive cells. Discs with severely abnormal morphology, such as 

antennal duplications and/or loss of the eye disc display stochastic patches of brilliant 

GFP-positive cells (not shown). I observe similar disparities in the distribution of 

GFP::nmoII compared to GFP expressed under the control of other ubiquitous drivers, 

such as T80-Gal4 (not shown). These data suggest a correlation between GFP::nmoII 

stability and disrupted eye and head patterning. This phenomenon is also consistent with 

a previous report that nmo expression could not be forced ahead of the furrow (Fiehler 

and Wolff, 2008). 

These data provide compelling evidence that Nmo can be regulated post-

transcriptionally, and that multiple modes of regulation may be employed to restrict Nmo 

expression. The recent finding of a microRNA that targets nlk (Ji et al., 2009) suggests 

that nmo may be regulated by a similar mechanism. The seemingly limited expression of 

exogenous Nmo suggested by these assays must still be quantitatively verified. If 

confirmed, the biological requirement for such stringent control of Nmo expression hints 

at potentially potent functions in cell stress responses, or other exciting new roles. 
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3.11 Discussion 

In this chapter I describe novel roles for nmo in early eye patterning that are 

distinct from its known role in planar polarity during late larval development. The RDGN 

is comprised of a highly complex cascade of positive feedback loops (Fig. 3-1B).   The 

fundamental refinement of this delicate system is apparent from the dramatic defects 

resulting from reducing or ectopically expressing even a single component.  Through 

loss-of-function and misexpression analyses, I provide genetic evidence that nmo 

contributes to patterning events orchestrated by the RDGN during eye development.  

Co-expression of the RD genes is spatially and temporally regulated, and confers 

cellular identity through the consequential formation of selector complexes (Fig. 3-1B; 

reviewed in Pappu and Mardon, 2004).  For example, So and Eya complex to activate dac 

expression (Chen et al., 1999; Jemc and Rebay, 2007). Subsequently, Dac can complex 

with So or Eya to direct expression of complex-specific gene targets (Bui et al., 2000; 

Chen et al., 1997).  In addition, Ey and So complex to activate ato in cells entering the 

MF (Zhang et al., 2006). Repression of ey in, and posterior to, the MF limits this 

interaction to the pro-neural cells (Halder et al., 1998; Pignoni et al., 1997).  Spatio-

temporal regulation of the RD genes is imperative for normal eye and head development, 

given the deleterious effects of their mis-expression on normal eye development (Bui et 

al., 2000; Curtiss et al., 2007; Curtiss and Mlodzik, 2000; Hsiao et al., 2001; Jiao et al., 

2001).  It has been proposed that the availability and relative concentrations of these co-

factors affect which protein-protein complexes form (Curtiss et al., 2007; Curtiss and 

Mlodzik, 2000).  As such, mis-expression of the RD genes alters the pool of available co-

factors resulting in mis-specification of cell fate. 
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Interestingly, reducing any of the eye-specification factors also results in 

patterning defects, culminating in cell death and loss of tissue (Bonini et al., 1993; 

Cheyette et al., 1994; Halder et al., 1998; Mardon et al., 1994; Pignoni et al., 1997; 

Quiring et al., 1994). Thus, reducing an RD factor may be analogous to its misexpression 

since the relative levels of RD factors are similarly perturbed, leading to abnormal 

development and hyperactivation of apoptosis. My data supports such a model, since loss 

of nmo restores eye and head patterning defects associated with loss of ey and eya, as it 

does with early misexpression of these genes. The ey and eya alleles used in this study 

are not nulls, and therefore may retain some level of activity (Bonini et al., 1993; Halder 

et al., 1998). These interactions imply that reducing nmo can modulate the transcriptional 

output of RD complexes, restoring developmental integrity. Moreover, inhibiting 

apoptosis with co-expression of the caspase-inhibitor p35 did not phenocopy this rescue, 

further supporting my hypothesis that Nmo may contribute to eye development by 

affecting the activity of RD selector complexes rather than by generally promoting cell 

death.   

Although driving nmo throughout the eye disc in all stages of development with 

ey-Gal4 has minimal effects on its own, and mis-expression of ey or eya only causes 

small eyes, the combined presence of Nmo and Ey or Nmo and Eya is not compatible 

with eye and head development.  This dramatic synergy, together with the rescue 

mediated by reducing nmo, is consistent with a model where Nmo affects the function of 

one or more of the RD co-factors, thereby affecting the balance of selector factors. I 

established that Nmo does not regulate Ey, so, Eya or Dac levels in somatic clones during 

initiation of the RDGN, supporting  my hypothesis that the observed genetic interactions 
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might occur at the protein level. Whether nmo is itself regulated by the RDGN is yet to be 

determined. 

The context-specific nature of Nmo’s role in mediating RD activity was revealed 

in my ectopic eye induction assay.  Mis-expression of ey using dpp-Gal4 not only 

induced ectopic eyes in the antennal, wing and leg discs, but it also interfered with 

endogenous eye development.  Ectopic nmo rescued the dorso-ventral reduction in 

dpp>ey compound eyes, suggesting that Nmo promotes eye development. It further 

implies that Nmo may differentially affect Ey activity through cell-specific factors, since 

early co-expression of nmo with ey>ey had the converse effect, resulting in ablation of 

the eye and head. Spatial restriction of co-factors to achieve different outcomes is a 

common developmental strategy. nmo’s dynamic pattern of co-expression with Ey, and 

their complementary expression in the third instar eye and head fields, respectively, 

supports the hypothesis that Nmo may promote early Ey activity to specify the eye field 

when they are co-expressed, while later contributing to patterning of the eye field by 

antagonizing ey. Consistent with this notion, I have observed subtle increases in Ey levels 

in nmo somatic clones posterior to the furrow. These results were not reproducible using 

the inconsistent antibody we were provided with. This assay should be revisited, using 

the more reliable Ey antibody that is now commercially available.    

Using ectopic eye induction assays, I investigated Nmo’s contribution to eye 

development in cells expressing exogenous Ey, Eya and Dac. I demonstrate that 

endogenous nmo potentiates the induction of ectopic eyes in the antennal disc, as well as 

in the leg and wing. Interestingly, I find that loss of nmo restricts the ability of Ey, more 

than Eya or Dac, to induce ectopic eyes. Ey is most potent inducer of ectopic eyes as it 
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can effectively activate transcription of the downstream RD targets (Halder et al., 1998; 

Halder et al., 1995). Eya, Dac and So are much less effective in ectopic eye assays 

(Bonini et al., 1997; Bui et al., 2000; Chen et al., 1997; Pignoni et al., 1997; Shen and 

Mardon, 1997; Weasner et al., 2007) because their transactivating potential is limited by 

the number of available RD co-factors (Fig. 3-1B). Thus, I expected that an RD 

component upstream of Nmo’s regulatory effects would have the greatest requirement for 

nmo in the ectopic eye assay. The observed sensitivity of Ey implies that Nmo may 

contribute to deployment of the RDGN by Ey, since cells with exogenous Eya or Dac 

more readily compensate for loss of endogenous nmo than Ey in the induction of ectopic 

eyes. Interestingly, there appears to be a separable requirement for nmo in potentiating 

RD-mediated ectopic induction, and in limiting the size of the specified retinal field. How 

nmo contributes to growth of the eye remains to be determined.  

The most convincing evidence for Nmo’s role in early eye specification is Nmo’s 

ability to re-specify a specific set of head cells as retinal cells when misexpressed alone. 

Importantly, these are the same subsets of cells competent to be transformed by ectopic 

expression of RD genes (Anderson et al., 2006; Bonini et al., 1998; Chen et al., 1997; 

Halder et al., 1998; Halder et al., 1995; Pignoni et al., 1997; Shen and Mardon, 1997; 

Weasner et al., 2007) and Tsh, which induces ey expression (Pan and Rubin, 1998). 

Furthermore, co-expressing nmo also increases the frequency and size of ectopic eyes 

induced by tsh (not shown). Ectopic eyes induced by other factors such as Optix 

(Weasner et al., 2007) or Eyegone (Eyg) (Jang et al., 2003), which promote eye 

specification through Ey-independent mechanisms, occur in different subsets of cells. I 

determined that dac and eya are inappropriately activated in cells transformed by 
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misexpressed nmo. It is tempting to speculate that ectopic Nmo perturbs the basal 

protein-protein interactions that normally repress these genes, resulting in deployment of 

the RD network in the head primordia. Consistent with this model, I observe loss of Hth 

in cells ectopically expressing dac.  

The four-winged flies generated by co-expressing nmo and eya, together with the 

ability of nmo to expand Ey-mediated retinal induction beyond the confines of the retinal 

competence zone in the wing disc, implicate nmo in early cell fate decisions. In ectopic 

eye assays, Nmo may provide retinal competence, which increases the likelihood that an 

eye fate will be adopted. It has been shown that competence factors can affect the 

probability of transcriptional activation at gene responder elements under combinatorial 

control (Hayashi et al., 2008). Alternatively, nmo may confer developmental plasticity. If 

subsequent analyses prove this to be the case, nmo may have important roles in 

regenerative processes, including compensatory proliferation. In these contexts, cells 

must de-differentiate in response to signalling from the dying cells, in order to re-enter 

the cell cycle and re-populate the wound (Fan and Bergmann, 2008).  

I showed that nmo is not required for normal expression of Ey, so, Eya or Dac, or 

the secreted morphogen dpp. However, nmo does contribute to refinement of dac in zone 

6, which implicates nmo in late transcriptional regulation of this RD gene. It appears that 

So mediates dac repression in the retinal field (Salzer and Kumar, 2009), suggesting that 

Nmo may cooperate with So in this context. In the eye disc, Wg actively represses eya, so 

and dac to antagonize progression of the eye field and promote head development 

(Baonza and Freeman, 2002). Our lab previously showed that nmo is an inducible 

feedback-inhibitor of Wg signalling in the wing imaginal disc (Zeng and Verheyen, 
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2004). Although nmo expression is not coincident with wg in the ME during eye 

development, I wanted to verify that the observed genetic interactions between Nmo and 

the RDGN were not due to repression of Wg signalling.  Using mutant clonal analysis, I 

confirmed that, as in the wing, Wg levels are not significantly changed in both somatic 

and flp-out nmo clones. Furthermore, I observed no change in Wg activity as assayed by 

stabilization of cytoplasmic Arm (L. R. Braid, unpublished). These observations are 

consistent with a previous study indicating that nmo does not modulate Arm stability in 

the eye imaginal disc (Freeman and Bienz, 2001). It will be interesting to determine what 

unidentified factors are affected by loss of nmo, and how they contribute to patterning of 

the eye field.  

Novel targets and modes of regulating RDGN activity are rapidly emerging. 

Recent studies have expanded the repertoire of transcriptional targets regulated by 

specific RD complexes beyond the scope of the RDGN itself (Jemc and Rebay, 2007; 

Ostrin et al., 2006; Zhang et al., 2006; Salzer and Kumar, 2009). Moreover, additional 

proteins have been identified that modify activity of the canonical retinal factors by 

various mechanisms. For example, Ey acts as a transcriptional activator when bound to 

So (Zhang et al., 2006). However, Ey represses the very same target genes when 

complexed to Tsh and Hth (Bessa et al., 2002). Alternatively, the So-Eya interaction is 

physically inhibited when So is in complex with the transcriptional co-repressor Groucho 

(Gro) (Silver et al., 2003). In addition, Distal antenna (Dan) and Distal antenna-related 

(Danr) were recently identified as retinal factors that complex with Ey and Dac to 

promote retinal specification through activation of ato (Curtiss et al., 2007). Nmo may 

directly modulate RD transcriptional output through protein-protein interactions that alter 
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the stoichiometry of available RD co-factors, through post-translational modification of 

their activity by phosphorylation, or indirectly by interactions with non-canonical RDGN 

regulators. nmo and ey are co-expressed in the eye-antennal disc from the first larval 

instar, prior to the other retinal genes. Since Ey exhibits the greatest dependence on 

endogenous nmo in ectopic eye assays, a potential regulatory interaction between these 

proteins should be explored.  The sensitivity of Eya to modulating nmo levels, and the 

requirement for Nmo’s kinase activity to potentiate Eya-mediated phenotypes in multiple 

contexts, identify Eya as a likely target for direct regulation by Nmo.  Further 

characterization of the molecular interactions between Nmo and the RD factors will aid 

in understanding how cells integrate multiple signals to achieve a specific outcome. 

3.12 Contributions 

I contributed directly to all aspects of the research described here. With guidance from 

Dr. E. M. Verheyen, I designed and executed the experiments and interpreted the results. 

I received assistance with fly handling, dissections and immunohistochemistry from C. 

Morgan-Jonker, Aynura Rakhmangulova, and Ashraful Anwar.   
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4: Examining regulatory interactions between Nemo 
and the So-Eya transcription complex 

4.1 Abstract 

Nmo potentiates Eya’s ability to specify eyes in non-retinal tissues in a kinase-

dependent manner. nmo is highly co-expressed with eya and its co-factor so, throughout 

eye specification and subsequent photoreceptor differentiation. Thus, I predicted that a 

regulatory relationship might exist between Nmo and the So-Eya composite transcription 

factor. I collaborated with Santiago A. Morillo of Dr. Ilaria Rebay’s lab (University of 

Chicago) to directly test this hypothesis. Using a combination of biochemical and genetic 

assays, we demonstrate that Eya is a novel substrate for Nmo’s kinase activity, and that 

Nmo potentiates Eya activity by phosphorylating consensus MAPK sites in a P/S/T-rich 

domain of Eya. In addition, Nmo physically interacts with So, and this association 

enhances So’s transcriptional output and affinity for DNA even in the absence of Eya. 

Moreover, a Nmo-So-Eya tripartite complex can be isolated from cultured Drosophila 

cells, suggesting that a regulatory relationship exists between these three factors in vivo. 

Genetic analyses provide preliminary evidence for the functional consequence of Nmo’s 

association with So and Eya during eye development. Specifically, Nmo may modulate 

So-Eya-mediated regulation of dac, and potentiate their ability to activate lz and pros. 
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4.2 Introduction 

Co-expression of the RD genes is spatially and temporally regulated, and confers 

cellular identity through the consequential formation of selector complexes (Fig. 1A; 

reviewed in (Pappu and Mardon, 2004).  For example, So and Eya complex to activate 

dac expression (Pignoni et al., 1997; Chen et al., 1999; Jemc and Rebay, 2007). 

Subsequently, Dac can complex with So or Eya to direct expression of complex-specific 

gene targets (Chen et al., 1997; Bui et al., 2000).  In addition, Ey and So complex to 

activate ato in cells entering the MF (Zhang et al., 2006). Repression of ey in, and 

posterior to, the MF limits this interaction to the pro-neural cells (Pignoni et al., 1997; 

Halder et al., 1998). Spatio-temporal regulation of the RD genes is imperative for normal 

eye and head development, given the deleterious effects of their mis-expression on 

normal eye development (Bui et al., 2000; Curtiss and Mlodzik, 2000; Jiao et al., 2001; 

Curtiss et al., 2007; Weasner et al., 2007).  It has been proposed that the availability and 

relative concentrations of these co-factors affect which protein-protein complexes form 

(Curtiss and Mlodzik, 2000; Curtiss et al., 2007).  As such, mis-expression of the RD 

genes alters the pool of available co-factors resulting in mis-specification of cell fate. 

Novel targets and modes of regulating RDGN activity are rapidly emerging. 

Recent studies have expanded the repertoire of transcriptional targets regulated by 

specific RD complexes beyond the scope of the RDGN itself (Ostrin et al., 2006; Zhang 

et al., 2006; Jemc and Rebay, 2007). Moreover, additional proteins have been identified 

that modify activity of the canonical retinal factors by various mechanisms (Bessa et al., 

2002; Silver et al., 2003; Curtiss et al., 2007). In this section, I collaborate with Santiago 

A. Morillo (Rebay lab, University of Chicago) to investigate whether Nmo directly 
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modulates RDGN output through protein-protein interactions that alter the stoichiometry 

of available RD co-factors, through post-translational modification of their activity by 

phosphorylation, or indirectly by interactions with non-canonical RD regulators.  
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4.3 Nemo complexes with Sine Oculis and Eyes Absent 

Several lines of genetic evidence suggest that Nmo and Eya may have a 

regulatory interaction, and further that this interaction may affect activity of the So-Eya 

transcription complex. First, the phenotypic similarity between so1/so3 mutants (section 

3.4.2) and eya2/+; nmo (section 3.4.3) mutants suggests an interwoven relationship 

between these three genes during eye development. Secondly, Nmo dose-dependently 

potentiates Eya’s ability to induce ectopic eyes (section 3.5.3) and to populate the retinal 

field in a kinase-dependant fashion (section 3.6.3). Both functions of Eya are mediated in 

part by its cooperation with So (Pignoni et al., 1997; Silver et al., 2003; Jemc and Rebay, 

2007; Weasner et al., 2007; Salzer and Kumar, 2009)). Third, reducing a single copy of 

eya rescues eye defects induced by forced expression of Nmo in the photoreceptors, 

while co-expressed eya synergistically enhances this effect (section 3.8.2). These genetic 

interactions could belie effects on So-Eya, since the So-Eya complex normally functions 

in this region (zone 6, in addition to zones 3-5), while the Eya-Dac transcription complex 

is spatially limited by dac expression to cells within and flanking the furrow (zones 3, 4 

and 5). Finally, Dac is elevated in nmo clones in Zone 6, a phenotype that has been 

attributed to reduced So-Eya (Salzer and Kumar, 2009). 

Biochemical assays were undertaken by Santiago A. Morillo (S.A.M.) to establish 

whether Nmo physically interacts with So and/or Eya. Flag-So and Flag-Eya fusion 

proteins were immunoprecipitated (IP) from cultured Drosophila S2 cells co-expressing 

HA-NmoWT or HA-NmoKD  fusion proteins. Western blotting for HA antigen reveals that 

Nmo co-IPs with both So and Eya, irrespective of its kinase activity (S.A.M., not shown). 
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Thus, Nmo can complex with either of these proteins in culture. Since So and Eya 

generate distinct transcription complexes by interacting with other co-factors like Ey and 

Dac, respectively (Chen et al., 1997; Bui et al., 2000; Zhang et al., 2006), it is plausible 

that Nmo’s association with So and Eya reflects a regulatory interaction that includes one 

or more of these alternate complexes. Moreover, this data does not address whether Nmo 

affects the So-Eya interaction, or activity of the So-Eya complex.  Thus, additional 

analysis was performed to confirm that, indeed, these three proteins can be isolated as a 

Nmo-So-Eya trimeric complex from cultured Drosophila S2 cells (S.A.M., not shown). 

This finding provides compelling evidence that Nmo may regulate the So-Eya 

transcription complex in vivo. Whether and how Nmo might affect other So and Eya co-

factor combinations has not yet been investigated. 

4.4 Eya is a novel substrate for Nemo’s kinase activity 

Eya contains nineteen S/P and T/P sites, which are potential Nmo phosphorylation 

sites (Fig. 4-1). Among these sites are two previously identified phospho-acceptor 

serines, embedded in adjacent MAPK consensus motifs, in a P/S/T rich domain of Eya 

(Hsiao et al., 2001; Fig. 4-1, red asterisks). These PHSP and PISP motifs are important 

regulatory sites for Eya activity, since mutating the serine residues to alanine residues 

(Eya2S-A), which cannot accept a phosphate, impairs Eya’s ability to induce ectopic eyes 

and rescue the eyeless eya phenotype (Hsiao et al., 2001). Consistently, the products of 

the eya transgenes in which the regulatory serines have been mutated to aspartic and 

glutamic acid residues (Eya2S-D/E), which mimic constitutive phosphorylation, behave as 

hyperactivated Eya proteins (Hsiao et al., 2001). The Drosophila ERK and p38 MAPKs 

can phosphorylate these sites in vitro, while complementary genetic interaction studies  
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Figure 4-1 Schematic of Eya’s protein domains and potential phosphorylation sites 
for Nmo. 

Eya contains 19 potential Nmo phosphorylation sites (denoted by *), including 2 MAPK 

sites (*) that are required for Eya’s eye-induction activity (Hsaio et al., 2001). 
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suggest that the Erk kinase rolled positively regulates Eya function in vivo at these 

residues (Hsiao et al., 2001). Importantly, MAPK-mediated phosphorylation of Eya 

potentiates its function in many developmental contexts in these assays. Loss of rolled 

suppresses but does not abolish Eya function, suggesting that other MAPKs may 

significantly contribute to activation of Eya  (Hsiao et al., 2001; I. Rebay, personal 

communication). Since Nmo encodes a MAPK most similar to ERK (Choi and Benzer, 

1994) and potentiates Eya function in a kinase-dependent fashion (Braid and Verheyen, 

2008, 3.5.3 and 3.6.3), I speculated that Nmo might promote Eya activity by 

phosphorylating the identified MAPK sites. 

In vitro kinase assays were performed using Nmo purified from HEK293T cells to 

test whether Eya might be a novel Nmo substrate (S.A.M., not shown). The known Nmo 

substrates Mad and Nmo itself were positive controls. Incubating NmoWT with the 

isolated P/S/T-rich Eya (EyaPST) domain results in robust phosphorylation. Mutating the 

MAPK sites to phospho-resistant alanine residues (EyaPST 2S-A) reduces Nmo’s ability to 

phosphorylate Eya, while incubation with kinase inactive Nmo (NmoKD) abolishes 

phosphorylation of both EyaPST and Eya PST 2S-A. These results indicate that Eya may be a 

novel Nmo substrate. Moreover, Nmo’s kinase activity is focused on the conserved 

MAPK sites, although additional phosphorylation sites likely exist.  

I subsequently carried out in vivo analyses to test the validity and biological 

relevance of the in vitro assays. I have already described that co-expressing nmoKD has a 

dominant-negative effect in ectopic eye assays, and suppresses Eya-mediated ectopic eye 

induction and overgrowth (3.5.3 and 3.6.3). Thus, Nmo’s kinase activity is required to 

potentiate Eya function in this context. I repeated the ectopic eye induction assay using 
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eya transgenes in which the MAPK phosphorylation sites have been mutated to mimic 

constitutive phosphorylation (Eya 2S-D/E) or to a phospho-resistant (Eya2S-A) form (Hsiao 

et al., 2001). Since endogenous Eya contributes to ectopic eye formation through 

reiteration of the RD network, the direct effect of Nmo on the Eya phospho-mutants can 

only be assessed in an eya mutant background. Thus, it is important to note that these 

assays were performed in a background with wild-type levels of endogenous Eya. 

Nonetheless, I predicted that if Nmo normally phosphorylates the MAPK sites to 

potentiate Eya activity in vivo, then the enhancement observed when Nmo is co-

expressed with EyaWT should be comparatively dampened when Nmo is co-expressed 

with the hyper-activated Eya2S-D/E mutant. Conversely, Eya2S-D/E should be more 

refractory to reducing nmo than EyaWT. Similarly, I expected that Nmo would be unable 

to promote activity of the phospho-resistant Eya2S-A form, and therefore only minor shifts 

in Eya activity would be observed, as these would arise from Nmo’s regulatory effects on 

endogenous Eya.  

Consistent with the biochemical assays, the phospho-mimetic Eya2S-D/E isoform is 

more refractory to modulating nmo levels than EyaWT. Dpp-directed expression of eya2S-

D/E results in ectopic eyes in 87% of progeny (Fig. 4-2A, I, Tables 4-1 and 4-4). In flies 

heterozygous for nmo, Eya2S-D/E exhibits similar activity and induces ectopic eyes in 88% 

of flies. However, bilateral eye induction is reduced from 70% to 61%, and 44% of flies 

with ectopic eyes exhibit miniscule eye fields, compared with 22% when eya2S-D/E is 

expressed alone (Fig. 4-2J, Table 4-1). These affects may reflect a regulatory interaction 

between endogenous Nmo and Eya, or Nmo activities independent of Eya that potentiate 

the RD network. The full requirement for nmo in this assay has not yet been tested, as  
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Figure 4-2 Frequency of Eya2S-D/E – mediated ectopic eye specification is refractory 
to Nmo. 
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Figure 4-2 Frequency of Eya2S-D/E – mediated ectopic eye specification is refractory 

to Nmo. 

 (A, E) dppGal4/UAS-eya2S-D/E.Misexpression of a phospho-mimetic form of Eya (Eya2S-

D/E), in which the MAPK phosphorylation sites have been mutated, induces small ectopic 

eyes in 90% of progeny (I, J). (B, F) nmo+/-; dppGal4/UAS-eya2S-D/E. Expressing 

phospho-mimetic Eya bypasses the requirement for endogenous nmo for eye re-

specification (I, J). (D, H) UAS-nmoWT/+; dppGal4/UAS-eya2S-D/E.  Co-expressing wild-

type Nmo (NmoWT) fails to increase the frequency of ectopic eye induction (I), but still 

promotes growth of the ectopic (D) and normal (H) eye fields (J). (C, G) UAS-nmoKD/+; 

dppGal4/UAS-eya2S-D/E. Co-expression of kinase-inactive (K69M) Nmo (NmoKD) also 

affects morphology of the normal eye (G), but also has no significant effect on the 

frequency of Eya2S-D/E – mediated ectopic eye induction (C and I). (I, J) Quantification of 

the frequency, penetrance (I) and size (J) of ectopic eyes induced for the genotypes in A-

D. 

Flies are oriented anterior left, dorsal up. 
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flies carrying the UAS-Eya2S-D/E transgene and the nmoDB24 allele are unhealthy and rarely 

survive long enough to mate. Forced expression of Eya2S-D/E induces ectopic eyes at a 

similar frequency to EyaWT (Table 4-4). However, the associated overgrowth of the 

compound eye seen with eyaWT is barely perceptible in assays using eya2S-D/E (Fig. 4-2E). 

This relationship is reproducible between different eya2S-D/E lines tested (not shown). 

Consistent with the EyaWT assays, reducing nmo modifies the dpp>eya2S-D/E compound 

eye. However, the abnormal shape of the eye makes it difficult to ascertain whether the 

eye is indeed smaller (Fig. 4-2F).  

Consistent with the model that Nmo activates Eya by phosphorylating the MAPK 

motifs, co-expressing nmoWT does not further promote eye induction mediated by 

phospho-mimetic Eya. In fact, I observe ectopic eyes at the same frequency (87%), 

although bilateral penetrance is moderately less (58% compared to 70%) (Fig. 4-2C, I). 

Conversely, the size of ectopic eyes induced by dpp>eya2S-D/E is increased by co-

expressing nmoWT, as 51% of ectopic eyes are classified as medium, compared to only 

4% when eya2S-D/E  is expressed alone (Fig. 4-2J, Tables 4-1 and 4-4). The compound eye 

is also overgrown compared to dpp>eya2S-D/E alone (Fig. 4-2G). These data support the 

hypothesis that Nmo has discrete effects on eye determination and growth. 

Interestingly, co-expressing kinase-inactive nmo has a stronger inhibitory effect 

than reducing endogenous nmo. In this genetic background, ectopic eyes form on only 

74% of dpp>eya2S-D/E, nmoKD flies (Fig. 4-2J, Tables 4-1 and 4-4). In addition, the class 

of bilateral penetrance is reduced to 46% (62% of affected flies), compared to 70% (80% 

of affected flies) when phospho-mimetic eya is expressed alone (Fig. 4-2J, Table 4-1).  
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Table 4-1 Effects of Modulating Dosage of nmo and Nmo’s Kinase Activity on dpp>eya2S-D/E 

(E2) - Associated Ectopic Eye Size. 

 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>eya2S-D/E     
Unilateral 

17% 
10 6 1 0 

Bilateral 
70% 

11 
 

56 3 0 

Total 
87% 

21 
(22) 

62 
(64) 

4 
(4) 

0 

dpp>eya2S-D/E, nmo+/-     

Unilateral 
27% 

14 13 0 0 

Bilateral 
61% 

25 30 6 0 

Total 
88% 

39 
(44) 

43 
(49) 

6 
(7) 

0 

dpp>eya2S-D/E + nmoWT     

Unilateral 
29% 

6 2 21 0 

Bilateral 
58% 

2 26 30 0 

Total 
87% 

8 
(9) 

28 
(28) 

51 
(51) 

0 

dpp>eya2S-D/E + nmoKD     

Unilateral 
28% 

9 16 3 0 

Bilateral 
46% 

14 30 2 0 

Total 
74% 

23 
(31) 

46 
(62) 

5 
(7) 

0 

Reducing nmo has a greater effect on ectopic eye size than frequency of ectopic eyes 
induced by Eya2S-D/E. Co-expressed nmoWT only increases the size of ectopic eyes, while 
nmoKD suppresses the frequency of eye induction without significantly affecting eye size. 
Percent values in parentheses are normalized against the frequency of ectopic eyes for a 
given genotype.  
Assay performed at 29o. 
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While reducing nmo results in smaller Eya2S-D/E-associated ectopic eyes, NmoKD has little 

effect in this regard (Tables 4-1 and 4-4). Thus, endogenous nmo limits eye size with a 

modest effect on penetrance, while nmoKD suppresses Eya2S-D/E – mediated eye 

determination without affecting eye size. Morphology of the compound eye in dpp>eya2S-

D/E + nmoKD flies is also abnormal and quite rounded (Fig. 4-2H). Again, I cannot derive 

any conclusions about the size of the eye in this assay, given its abnormal shape. 

Introducing NmoKD may have an inhibitory effect in this assay by titrating its substrates 

from the available pool of co-factors and regulators. Without phosphate transfer, 

substrates can become locked in association with a kinase. Since Nmo phosphorylates 

both itself and Eya, it is plausible that NmoKD depletes the pool of endogenous Nmo and 

Eya, which aid in establishing the ectopic eye field during reiteration of the RD network 

upon its deployment.  

My analyses using the phospho-mutant Eya2S-A isoform generated confounding 

results. I initially tested the effect of modulating nmo on the Eya2S-A lines 2A1 and 6A, 

which have minimal eye induction activity at 25o (not shown; I. Rebay, personal 

communication). Because all my previous ectopic eye assays using eya transgenes were 

performed at 29o, I initially carried out this analysis at 29o as well for consistency. Quite 

unexpectedly, both eya2S-A transgenes induce robust ectopic eye formation on the ventral 

head (Fig. 4-3A, Tables 4-2 and 4-4), significant overgrowth of the compound eye (Fig. 

4-3E) and additional head, bristle, notum and wing defects typical of ectopic EyaWT (not 

shown). In fact, forced expression of the phospho-mutants more closely resembles 

overexpression of wild-type Eya in these respects than phospho-mimetic Eya2S-D/E. 

Moreover, Dpp-targeted expression of Eya2S-A produces more frequent and prominent eye  
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Figure 4-3 Activity of Eya2S-A is sensitive to modulating nmo levels and Nmo’s kinase 
activity. 
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Figure 4-3 Activity of Eya2S-A is sensitive to modulating nmo levels and Nmo’s kinase 
activity. 

(A, E) dppGal4/UAS-eya2S-A.Misexpression of a phospho-mutant form of Eya (Eya2S-A, 

Line 6A), in which the MAPK phosphorylation sites have been abolished, induces small 

ectopic eyes at high frequency (A, I and J) and overgrowth of the compound eye (E). (B, 

F) nmo+/-; dppGal4/UAS-eya2S-A. Reducing one copy of nmo suppresses the frequency of 

ectopic eye induction (B, I) and the size of the compound eye (F). (D, H) UAS-nmoWT/+; 

dppGal4/UAS-eya2S-A.  Co-expressing wild-type Nmo (NmoWT) fails to increase the 

frequency of ectopic eye induction (I), but still promotes growth of the ectopic (D) and 

normal (H) eye fields (J). (C, G) UAS-nmoKD/+; dppGal4/UAS-eya2S-A. Co-expression of 

kinase-inactive (K69M) Nmo (NmoKD) does not increase the size of the normal eye (G), 

and suppresses the frequency of Eya2S-A – mediated ectopic eye induction (C and I). (I, J) 

Quantification of the frequency, penetrance (I) and size (J) of ectopic eyes induced for 

the genotypes in A-D. Assay performed at 29o. (K, L) Quantification of the frequency, 

penetrance (K) and size (K) of ectopic eyes induced for a parallel assay using Eya2S-A 

Line 4, performed at 25o. Trends are the same as in I and J. 
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formation on the wings and legs than either EyaWT or Eya2S-D/E (not shown). The non-

linear increase in Eya2S-A –mediated ectopic eye formation between 25o (~2%) and 29o 

(~80%) suggests a temperature-sensitive response, and furthermore implies that these 

mutants retain latent activity which is not revealed at lower expression levels.   

Given the unpredicted and atypical behaviour of the Eya2S-A lines E2 and J1 at 29o, 

I repeated these assays at 25o. Ectopic eyes were induced at less than 1%, and modulating 

nmo levels had no effect (not shown). Next, I assayed two additional Eya2S-A lines, 4 and 

5C1, which induce ectopic eyes at ~45% at 25o and provide a baseline in which to assay 

the requirement for endogenous nmo. Notably, these assays verify the genetic interactions 

documented at 29o. Data obtained using Eya2S-A 5C1 is not presented as I observed some 

variability in the stock and progeny and I do not have confidence in the data obtained 

using this line. 

In contrast to phospho-mimetic Eya, which is minimally affected by modulating 

nmo levels, I find that Eya2S-A is sensitive to reducing endogenous nmo or Nmo’s kinase 

activity (Table 4-4). At 29o, loss of a single copy of nmo significantly suppresses Eya2S-A-

mediated eye induction from 87% to 33% (Fig. 4-3I, Tables 4-2 and 4-4). I observe a 

similar dependency for endogenous nmo in assays using Eya2S-A line 4 at 25o (Fig. 4-3K, 

Table 4-4). Thus, Eya2S-A exhibits a greater requirement for nmo than EyaWT for eye 

determination (Table 4-4), and this affect cannot be solely attributed to Nmo’s regulation 

of endogenous Eya. It seems, then, that Eya2S-A retains some eye-induction capability that 

is potentiated by Nmo. Intriguingly, the size of the ectopic eye fields is relatively similar 

when Eya2S-A is expressed in nmo heterozygotes (Fig. 4-3B, Table 4-2). Although I 

observe a subtle increase in this assay, similarly mild reductions in eye size occur in  
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Table 4-2 Effects of Modulating Dosage of nmo and Nmo’s Kinase Activity on dpp>eya2S-A (6A) 
- Associated Ectopic Eye Size. 

 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>eya2S-A     
Unilateral 

29% 
20 7 2 0 

Bilateral 
58% 

17 
 

41 0 0 

Total 
87% 

37 
(43) 

48 
(55) 

2 
(2) 

0 

dpp>eya2S-A, nmo+/-     

Unilateral 
12% 

6 6 0 0 

Bilateral 
21% 

3 15 3 0 

Total 
33% 

9 
(27) 

21 
(64) 

3 
(9) 

0 

dpp>eya2S-A + nmoWT     

Unilateral 
25% 

8 17 0 0 

Bilateral 
38% 

4 21 13 0 

Total 
63% 

13 
(20) 

38 
(60) 

13 
(20) 

0 

dpp>eya2S-A + nmoKD     

Unilateral 
22% 

3 19 0 0 

Bilateral 
12% 

3 9 0 0 

Total 
34% 

6 
(18) 

28 
(82) 

0 0 

Reducing nmo suppresses ectopic eye formation by Eya2S-A. Co-expressed nmoWT also 
results in fewer ectopic eyes. Co-expressed nmoKD reduces Eya2S-A-mediated eye induction 
similar to reducing nmo. In all genotypes, modulating nmo levels or kinase activity results in 
larger ectopic eyes. Percent values in parentheses are normalized against the frequency of 
ectopic eyes for a given genotype.  
Assay performed at 29o. 
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Table 4-3 Effects of Modulating Dosage of nmo and Nmo’s Kinase Activity on dpp>eya2S-A (L4) 
- Associated Ectopic Eye Size. 
 Ectopic eye size (% of total progeny) 

 Miniscule Small Medium Large 

dpp>eya2S-A     
Unilateral 

38% 
11 27 0 0 

Bilateral 
5% 

0 
 

5 0 0 

Total 
43% 

11 
(26) 

32 
(74) 

0 0 

dpp>eya2S-A, nmo+/-     

Unilateral 
17% 

6 11 0 0 

Bilateral 
2% 

0 2 0 0 

Total 
19% 

6 
(32) 

13 
(68) 

0 0 

dpp>eya2S-A + nmoWT     

Unilateral 
22% 

4 11 7 0 

Bilateral 
11% 

0 11 0 0 

Total 
33% 

4 
(12) 

22 
(67) 

7 
(21) 

0 

dpp>eya2S-A + nmoKD     

Unilateral 
18% 

3 13 2 0 

Bilateral 
2% 

0 2 0 0 

Total 
20% 

3 
(15) 

15 
(75) 

2 
(10) 

0 

Reducing nmo has a greater effect on the frequency of ectopic eyes induced by Eya2S-A 
than the size of the retinal fields. Co-expressed nmoWT or nmoKD increases the size of 
ectopic eyes but simultaneously decreases frequency of eye induction. Percent values in 
parentheses are normalized against the frequency of ectopic eyes for a given genotype.  
Assay performed at 25o. 

 

 



 166 

assays using other Eya2S-A lines (Fig. 4-3, Tables 4-2, 4-3). These shifts may prove trivial 

given the subjective nature of this quantification. It is apparent from this data, however, 

that there is a unique genetic relationship between nmo and eya2S-A. Namely, Eya2S-A 

exhibits a substantial requirement for nmo to specify eye fate, but can exert its effects on 

eye size independent of nmo. This is the converse relationship to that of EyaWT and Eya2S-

D/E, which are considerably less dependent on nmo for eye specification, but are limited in 

their ability to populate the eye field in nmo heterozygotes (Table 4-4).  

Co-expressing wild-type nmo unexpectedly, and reproducibly, suppresses the eye-

induction capability of Eya2S-A from 87% to 63% at 29o, and from 43% to 33% at 25o 

(Fig. 4-3I, K, Tables 4-2 to 4-4). In contrast, the ectopic eyes induced by co-expressing 

nmoWT and eya2S-A are considerably larger than dpp> eya2S-A alone. The class of medium-

sized eyes increases from negligible to ~20% in both assays, while the miniscule class 

decreases from 43% to 20% at 29o, and from 26% to 12% at 25o (Fig 4-3J, L, Tables 4-2 

and 4-3). Consistent with the larger ectopic eyes, the compound eye is also overgrown 

when nmoWT is co-expressed with eya2S-A (Fig. 4-3G). Thus, increased levels of NmoWT 

impede eye specification in the presence of phospho-mutant Eya, but concomitantly 

potentiate eye growth. Elevating nmoWT also increases the severity of thoracic, head and 

wing defects associated with misexpression of eya2S-A, culminating in pupal lethality (not 

shown). These effects, at remote sites which lack endogenous eya, suggest that Nmo can 

potentiate phospho-mutant Eya activity, possibly by phosphorylating Eya at sites unique 

from the MAPK-targeted residues.  

 Introducing kinase-inactive Nmo also produces a bipolar effect on Eya2S-A-

associated eye determination. Strikingly, the frequency of ectopic eye induction in  
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Table 4-4 Effects of Modulating Dosage of nmo and Nmo Kinase Activity on Eya-
Associated Eye Induction. 
 

 EyaWT 
EE (%)   ∆(%) 

Eya2S-DE 
EE (%)  ∆(%) 

Eya2S-A 

EE (%)  ∆(%) 
Eya2S-A * 

EE (%)  ∆(%) 
wt 97  87  87  43  

nmo+/- 94 - 3 88 +1 33 - 54 19 -24 

nmo-/- 43 - 54 — — — — — — 

UAS-nmoWT 100 + 3 87 0 63 - 24 33 - 10 

UAS-nmoKD 72 - 20 74 - 13 34 - 53 20 - 23 

Modulating nmo levels and kinase activity (UAS-nmoKD) has a similar effect on 
EyaWT and Eya2S-D/E with respect to frequency. Independent Eya2S-A lines (6A 
and *4) are more sensitive to nmo, and elevating nmoWT reduces the frequency 
of ectopic eye induction. Effects of NmoKD resemble nmo+/- in all assays.  
Abbreviations are as follows: EE, ectopic eye; ∆, difference in ectopic eye 
induction compared to wt background; —, not tested; wt, wild-type. 
* Assay performed at 25o  
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dpp>eya2S-A + nmoKD flies (34% for line 6A and 20% for line 4) is nearly identical to 

forced expression of Eya2S-A in nmo heterozygotes (33% for line 6A and 19% for line 4; 

Table 4-4). In contrast, the size of the ectopic and compound eyes is increased compared 

to Eya2S-A alone. At 29o, introducing NmoKD increases medium-sized ectopic eye fields 

from 55% to 82% (Fig. 4-3J, Table 4-2) and at 25o establishes a 10% class of large 

ectopic eyes (Fig. 4-3L, Table 4-3).  

These results suggest that Nmo may largely promote Eya’s function to specify eye 

fate by phosphorylating the conserved MAPK sites, but that it may exert other regulatory 

effects by phosphorylating additional target sites. In kinase assays, Nmo-mediated 

phosphorylation is greatly reduced, but not abolished, by mutating the phospho-acceptor 

serines at the conserved MAPK consensus sites. Consistent with a model where Nmo 

potentiates Eya’s eye induction capability by phosphorylating these residues, I 

documented no instance in which nmo increases the frequency of flies exhibiting ectopic 

eyes induced by either Eya2S-D/E or Eya2S-A. Moreover, modulating nmo levels or reducing 

Nmo’s kinase activity has only a modest affect on the potency of eye re-specification 

associated with phospho-mimetic Eya, which may be attributed to Nmo’s regulation of 

endogenous eya. 

The conserved MAPK motifs are important regulatory sites that modulate Eya’s 

function, but they do not define an “on-off” regulatory switch (Hsiao et al., 2001). While 

phosphorylation of these residues potentiate Eya’s function in eye specification and other 

developmental contexts (Hsiao et al., 2001), the biochemical consequence of this 

regulatory event is still unclear. The phosphorylation state of these sites has no effect on 

Eya’s subcellular distribution (Hsiao et al., 2001), but whether they impact Eya’s 
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association with DNA, its co-factors or other regulatory proteins has not yet been 

examined. The work presented here provides compelling evidence that the phospho-

mutant Eya2S-A form retains considerable biological activity, and moreover that its 

function may still be subject to the auspices of Nmo-mediated regulation. Whether Nmo 

exerts this control directly, by phosphorylating Eya at additional sites as suggested by the 

in vitro kinase assays, or indirectly through molecular associations with Eya-interacting 

proteins, is yet to be determined. It is tempting to speculate that Nmo potentiates Eya’s 

eye induction capability at the MAPK sites, and that it exerts distinct regulatory activities 

to modulate Eya-mediated eye growth.  

The apparently separable effects of nmo on Eya-mediated eye determination and 

growth are surprising and intriguing. Although the complex genetic relationship between 

nmo and Eya2S-A described here defies interpretation at this juncture, it warrants closer 

examination. Dominant-negative behavior has not been attributed to neither Eya2S-D/E nor 

Eya2S-A, as might be expected (Hsiao et al., 2001, I. Rebay, personal communication). 

However, the normal cycling of Eya between its phosphorylated and unphosphorylated 

states is disrupted by either phospho-mutant form, and undoubtedly confers molecular 

consequences. For example, forced expression of eya2S-A causes a round eye phenotype, 

which is also observed when eyaWT or eya2S-D/E are co-expressed with nmoKD. This 

suggests that Eya2S-A may also perturb the normal stoichiometry of co-factors, possibly in 

a dominant-negative manner. I cannot exclude these indirect effects, or the possibility 

that Nmo regulates other RD components and/or transcription complexes, and that these 

biochemical interactions contribute to the phenotypes assessed here. However, the 

dynamic response of EyaWT and the Eya2S-D/E and Eya2S-A mutant forms to modulating 
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nmo levels and kinase activity implies that Nmo modulates Eya-associated eye 

determination in vivo. Moreover, the requirement for nmo in other Eya-induced 

phenotypes (leg defects, notum-to-wing transformations, notum defects, wing and 

thoracic bristle phenotypes; not shown) suggests that Nmo generally potentiates Eya 

function in a kinase-dependent fashion. 
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4.5 Nemo promotes So’s transcriptional output in a kinase-
independent manner 

 A potential regulatory relationship between Nmo and So was carefully examined 

by S.A.M. using a biochemical approach. Nmo’s ability to phosphorylate So was tested 

using in vitro kinase assays, since a physical association between these proteins had 

already been established (section 4.2). Unlike Eya, So does not appear to be 

phosphorylated by Nmo (S.A.M., not shown). So and Eya form a composite transcription 

factor (Pignoni et al., 1997; Silver et al., 2003; Jemc and Rebay, 2007) which can be 

regulated by phosphorylation (Silver et al., 2003).  Since Nmo can potentiate Eya 

function by phosphorylation, Nmo’s ability to modulate behaviour of the So-Eya 

transcription complex was examined.  

 The effect of Nmo on So’s transcriptional output was examined in culture-based 

transcription assays. lozenge (lz) is a well-characterized So-target gene, which encodes a 

Runx transcription factor essential for differentiation of the R1, R6 and R7 

photoreceptors and accessory cones cells (CC) (Daga et al., 1996; Flores et al., 1998; 

Gupta et al., 1998; Canon and Banerjee, 2000; Xu et al., 2000). Consistent with its 

important function in specifying cell fate, the lz enhancer receives input from several 

redundant pathways (Yan et al., 2003). The lz minimal enhancer element (LMEE), has 

been isolated and shown to be directly regulated by So and Glass (Gl) in vivo (Yan et al., 

2003). In Drosophila S2 cells, So’s ability to drive expression of a luciferase reporter 

placed under control of the LMEE is limited by Eya (Mutsuddi et al., 2005). Co-

transfecting either nmoWT or nmoKD substantially increases So-Eya transcriptional output 

from the LMEE promoter (S.A.M., not shown). This result is unexpected, since Nmo 
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potentiates Eya activity through phosphorylation, and Eya confers the activation domain 

to the So-Eya transcription factor (Pignoni et al., 1997). To test whether Nmo promotes 

So activity independent of their respective associations with Eya, the assay was repeated 

in cells in which eya was not transfected, and in cells depleted of eya by transfecting 

dsRNA. Surprisingly, Nmo substantially promotes So’s transcriptional activity in both 

these assays (S.A.M., not shown), suggesting that Nmo potentiates So activity in the 

LMEE assay through an Eya-independent mechanism. Since Nmo is not known to 

possess transactivating activity, it is not readily apparent how Nmo can enhance So’s 

transcriptional output. 

 During eye development, So can form a composite transcriptional repressor by 

complexing with the global co-repressor Groucho (Gro) (Kobayashi et al., 2001; Silver et 

al., 2003; Kenyon et al., 2005). I had previously established a direct physical interaction 

between Nmo and Gro in a directed two-hybrid assay (not shown). Thus, we postulated 

that Nmo might titrate endogenous Gro in S2 cells, thereby liberating So from the So-Gro 

repressor complex to potentiate transcription from the LMEE promoter. However, 

targeted knockdown of gro using dsRNA also failed to modify So’s transcriptional output 

in S2 cells, suggesting that So’s association with Gro is not relevant in this context 

(S.A.M., not shown). Whether Nmo modifies the So-Gro interaction during eye 

development has not yet been examined, but warrants investigation. Although this 

potential regulatory mechanism proved irrelevant here, it may have biological 

significance since association with Gro provides a mode by which Nmo could exert 

regulatory effects on multiple RD and other transcription complexes. For example, Ey 

also associates with Gro to form a transcriptional repressor complex (Choi et al., 2005).  
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 Subsequent biochemical assays were undertaken by S.A.M. to determine how 

Nmo promotes So’s transcriptional output in the absence of Eya and the activation 

domain it supplies. Nmo’s effect on So’s DNA-binding ability was tested using 

electromobility shift assays (EMSA). Isolated So has considerable affinity for the string 

promoter, which it is known to regulate in vivo (Jemc and Rebay, 2007). Interestingly, 

co-incubation with Nmo dramatically increases So’s affinity for DNA in this assay 

(S.A.M., not shown). Although So can exhibit weak transcriptional activity on its own, 

promoting So’s DNA-binding ability does not sufficiently account for the dramatic 

increase in transcriptional output observed upon co-transfecting nmo in the LMEE assay. 

How Nmo potentiates So’s transcription output in vitro, independent of its kinase activity 

and its molecular interactions with Eya and Gro, is still unclear. 
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4.6 Examining the biological significance of the Nemo-So-Eya 
regulatory interaction 

4.6.1 Nemo potentiates Eya-mediated Dac induction 

Together, the biochemical and ectopic eye induction analyses provide compelling 

evidence that Nmo forms a molecular complex with So and Eya and potentiates their 

transcriptional activity by 1) increasing So’s affinity for DNA and 2) phosphorylating 

Eya at the consensus MAPK phosphorylation sites, and possibly other sites. We next 

examined the biological relevance of these regulatory actions during normal eye 

development. The in vitro data imply that Nmo can increase So’s transcriptional output 

independent of Eya. Nmo may also modify output of other So transcription complexes, 

such as So-Ey and So-Dac, but these interactions are beyond the scope of the current 

study. Here I specifically examine the requirement for Nmo in So-Eya transcriptional 

activity during eye development. 

Although the RD components are indispensable for eye formation, there are 

surprisingly few characterized RD gene targets outside the network itself. The RD target 

downstream of So-Eya is dac. The dac enhancer is independently regulated by discrete 

inputs from Ey and a combination of So, Eya and Dpp (Pappu et al., 2005). Forced 

expression of Ey potently induces Dac in the wing disc (Chen et al., 1997; Shen and 

Mardon, 1997; Kango-Singh et al., 2003; Pappu et al., 2005; Anderson et al., 2006). Dac 

levels significantly decrease when this assay is performed in eya or so mutants, 

suggesting that ectopic Ey deploys the RD network, resulting in additional input from the 

So-Eya-Dpp enhancer to induce robust dac transcription (Pappu et al., 2005). Co-

expressing So and Eya in the wing disc similarly activates Dac expression (Chen et al., 
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1999; Pappu et al., 2005; Jemc and Rebay, 2007). Interestingly, Ey-mediated activation 

of dac in the eye disc is substantially repressed in eya2 mutants, but is only marginally 

affected in so1 mutants (Pappu et al., 2005), suggesting that Eya may provide some input 

to the dac locus in the absence of so. Consistent with such a notion, misexpressed Eya 

alone can stimulate modest Dac expression in the wing disc (Chen et al., 1997; Chen et 

al., 1999), while So does not (S.A.M., unpublished; Chen et al., 1999; Anderson et al., 

2006). Ectopic Dac, in turn, can initiate Ey expression in the wing disc (Chen et al., 

1997), forging the final link to complete the RD circuit. Thus, this hierarchy of 

transcriptional input likely directs dac expression during normal eye specification.  

The wing disc provides a suitable genetic platform to directly test the effect of 

modulating nmo on Eya-mediated dac transcription, since these cells are mainly devoid 

of the RD factors. As in the ectopic eye assays, I used dpp-Gal4 to target eya expression 

at the A-P boundary. These cells express dpp, which provides important input to the So-

Eya dac enhancer (Pignoni and Zipursky, 1997; Pappu et al., 2005), and do not normally 

express ey, so, eya or dac. dpp-Gal4 is restricted to the disc proper in my assays (not 

shown), but I note that endogenous Eya and So are present in the peripodial cells of the 

wing disc (not shown). I currently cannot exclude input from the PM in this assay, as we 

are only just beginning to realize the extent to which this monolayer affects patterning in 

the DP (Ramirez-Weber and Kornberg, 2000; Gibson and Schubiger, 2001; Atkins and 

Mardon, 2009). 

Dac is normally expressed in a minimal, complex pattern in the wing disc (Fig. 4-

B; Mardon et al., 1994). Dpp-targeted expression of eya alone induces Dac periodically 

along the A-P boundary of the wing disc (Fig. 4-4C). Notably, ectopic Dac is most  
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Figure 4-4 Nmo potentiates Eya-mediated induction of Dac in a kinase-dependent 
manner. 

Imaginal wing discs. (A) Dpp-Gal4 drives expression of UAS-GFP along the anterior-

posterior boundary of the imaginal wing disc. (B) w1118. Dac is normally expressed at the 

posterior edge of the presumptive notum and in two domains surrounding the anterior 

wing pouch. (C) dpp-Gal4/UAS-eya2. Eya induces ectopic Dac mainly in the dorsal 

region of the Dpp-Gal4 domain, and at the posterior edge of the disc (arrow). The wing 

disc is overgrown compared to wild-type (B). (D) dppGal4, nmoDB24/UAS-eya2. 

Heterozygosity for nmo suppresses Eya-mediated ectopic Dac expression at the posterior 

margin (arrow), and also restores the size of the disc to normal. (E) UAS-nmoWT/+; dpp-

Gal4/UAS-eya2. Co-expressing wild-type nmo further elevates Dac expression at the 

posterior margin (arrow), and expands it into the wing pouch. (F) UAS-nmoKD/+; dpp-

Gal4/UAS-eya2. Co-expressing kinase-inactive Nmo with Eya2 has no further effect on 

Dac expression, and also suppresses overgrowth of the wing disc. Wing discs are oriented 

dorsal up, anterior right. 
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frequently detected in cells expressing endogenous nmo (see Fig. 3-9). The wing disc is 

also larger than normal, a reported consequence of So-Eya –mediated induction of stg 

(Jemc and Rebay, 2007).  Co-expressing nmoWT increases Eya-mediated Dac expression 

along the A-P boundary, and causes further overgrowth of the wing disc (Fig. 4-4E). 

Importantly, co-expressing nmoKD does not enhance Eya-mediated Dac induction or 

overgrowth (Fig. 4-4F). These findings further support the model that Nmo 

phosphorylates Eya and potentiates its transcriptional activity in vivo.  

To test the contribution of endogenous nmo to Eya’s transcriptional activity, I 

expressed dpp>eya in nmo heterozygotes. Consistent with my previous ectopic eye 

assays, loss of nmo suppresses Eya-mediated Dac induction (Fig. 4-4D). Moreover, the 

size of the wing disc is also reduced. The effects of nmoWT and nmoKD on Eya’s induction 

of Dac were independently verified, using different transgene insertions, by S.A.M. 

Taken together, this assay provides our first in vivo evidence that Nmo-mediated 

phosphorylation potentiates Eya’s transcriptional activity. However, we have not yet 

elucidated whether Nmo normally potentiates So-Eya-mediated dac expression during 

eye specification. 

Interestingly, variable levels of Dac have been documented in eya and so mutant 

clones and eye discs (Pappu et al., 2005; Anderson et al., 2006), suggesting that Ey can 

compensate for reduced So-Eya input at the dac enhancer (Pappu et al., 2005). Forced 

expression of both Eya and Dac induce ectopic Ey in the wing disc (Chen et al., 1997). 

Therefore, I expect that ey is also activated in this assay as a consequence of introducing 

Eya, and Eya’s subsequent induction of Dac. Since Ey exerts substantial transcriptional 

activity on the dac locus, it will be important to discern whether Nmo promotes Eya-
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associated Dac induction directly via its regulation of Eya, or indirectly by cooperating 

with Ey. Endogenous Dac levels are unperturbed by loss of nmo in Zones 3, 4 and 5, 

where it is normally expressed (section 3.9.1). Thus, nmo appears to be dispensable for 

initiating and maintaining dac expression in these cells during normal eye development. 

However, such a result is reasonable if Nmo acts to modulate, rather than to define, So-

Eya activity, since Ey can compensate for reduced So-Eya input at the dac enhancer 

(Pappu et al., 2005). Alternatively, a redundant MAP kinase, such as rolled/mapk (Hsiao 

et al., 2001; Silver et al., 2003), may potentiate So-Eya in the absence of Nmo.  

4.6.2 Expression of lozenge is disrupted in nmo mutant clones 

 If Nmo is a bona fide regulator of So-Eya during eye development, then I expect 

that loss of nmo should produce phenotypes consistent with reduced so or eya. Thus, I 

initiated an examination of proven So-Eya target genes in nmo mosaic eye tissues. So-

Eya is specifically required in the R7 photoreceptor equivalence group for identity of the 

R1, R6 and R7 photoreceptors (Pignoni et al., 1997). Interestingly, a requirement for nmo 

in the R7 equivalence group has also been described (Fiehler and Wolff, 2008). Lz is a 

Runx family transcription factor that is required for differentiation of R1, R6 and R7, and 

later to specify the non-neuronal accessory cone cells (Daga et al., 1996; Flores et al., 

1998; Gupta et al., 1998; Canon and Banerjee, 2000). I initially examined Lz levels in 

nmo mutant clones, since 1) So directly activates lz at the LMEE in vivo (Yan et al., 

2003), 2) So requires input from Eya to stimulate reporter gene expression from the 

LMEE in S2 cells (Mutsuddi et al., 2005), 3) Nmo promotes So activity from the LMEE 

in S2 cells, independent of Eya (S.A.M., unpublished) and 4) nmo, so and eya and lz are 
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required in the R7 equivalence group. Given these observations, I predicted that lz would 

be reduced in nmo mutant clones. 

 Lz is required for differentiation of multiple cell types in the photoreceptor field 

(Daga et al., 1996; Flores et al., 1998; Gupta et al., 1998; Canon and Banerjee, 2000; Xu 

et al., 2000), and is thus broadly expressed posterior to the MF (Flores et al., 1998). Lz is 

normally detected in the basal nuclei of all undifferentiated cells in the posterior eye disc, 

and progressively in the apically localized nuclei of the R1/R6 pair (approximately 4-6 

rows posterior to the MF), followed by the R1/R6/R7 triplet, and finally the four cone 

cells encompassing each mature ommatidial cluster (Flores et al., 1998). Lz is also 

detected in the pigment and support cells in the pupal eye (Flores et al., 1998). Confocal 

micrographs of at least fifty nmo mutant clones, marked by the absence of GFP, show 

that Lz is subtly disrupted in the absence of nmo. Initiation of Lz is delayed in nmo clones 

encompassing the anterior boundary of lz expression (Fig. 4-5A-D). I have documented 

this effect for several other differentiation markers, and I believe this is a secondary 

effect of nmo’s role in furrow progression, which will be described in Chapter 5. As a 

consequence of delayed differentiation, I also see a lag in recruitment of the Lz-positive 

R1/R6 doublet and subsequent R1/R6/R7 triplet in nmo mutant clones (Fig. 4-5D, D’). 

These indirect effects on Lz expression have made it challenging to discern whether Lz is 

reduced or absent from any of these cells types, or whether the ommatidial clusters are 

simply immature compared to neighboring wild-type tissue. Additional multi-labelling 

experiments are necessary to differentiate these scenarios. I have so far been unable to 

procure antibodies from various host species that will facilitate co-labelling of R1/R6, R7 

and cone cells. 
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Figure 4-5 Initiation of Lz is delayed in nmo somatic clones. 

Confocal sections of a nmo somatic clone, marked by the absence of GFP. (A, A’) Full Z-

stack. Lz expression is delayed by approximately 3 rows in the cells lacking nmo (red 

arrow) compared to neighboring wild-type cells (white arrow). (B, B’) Basal section of 

undifferentiated nuclei. Lz is expressed at similar levels to the wild-type cells (GFP 

positive), but is initiated late. (C, C’) Lz is reduced in the center of the clone. (D, D’) 

Apical section. Lz-positive nuclei of R1, R6 and R7 are visible, and are specified later in 

the clone. 
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The transcription factor Gl is another important activator of lz transcription, and 

like So, exerts its function at the LMEE (Yan et al., 2003). Thus, it is important to assess 

whether nmo contributes to regulation of gl, which would circumvent my analysis of lz as 

a So target. I confirmed that, indeed, Gl is normally expressed in differentiating 

photoreceptors lacking nmo (see Fig. 5-3), ruling out the possibility that Lz could be 

affected by abnormal regulation of gl in the absence of nmo. There is a requirement for 

nmo in the initiation of Gl, which is described in Chapter 5, but the cells subsequently 

recover and Gl is normally expressed by the onset of Lz expression. These findings also 

imply that Glass may be able to compensate for reduced So activity at the LMEE in the 

absence of nmo. Such a scenario is plausible if Nmo attenuates So activity. Thus, nmo 

clones should be induced in tissue heterozygous for so. Although reducing so by a single 

copy does not affect Lz levels, loss of nmo in this genetic background may sufficiently 

reduce the transcriptional activity of the residual So protein to produce a marked shift in 

Lz expression. Additional genetic manipulation may be subsequently required to 

establish that nmo acts directly on So, independent of Gl, to stimulate lz transcription.  

4.6.3 nmo is required for normal expression of Prospero 

 So and Gl initiate lz expression in cells emerging from the second mitotic wave 

(Flores et al., 1998; Yan et al., 2003), and Lz acts as a pre-patterning transcription factor 

that elicits cell-type specific responses to common signals like RTK, Notch and EGFR 

(Daga et al., 1996; Kumar and Moses, 1997; Xu et al., 2000; Hayashi and Saigo, 2001; 

Siddall et al., 2003; Voas and Rebay, 2004; Nagaraj and Banerjee, 2007; Hayashi et al., 

2008; Roignant and Treisman, 2009; Siddall et al., 2009). In the R7 equivalence group, 
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the So, Gl, and Lz, transcription factors integrate RTK, Notch and EGFR signalling to 

specifically induce Prospero (Pros) in the R7 photoreceptor (Kauffmann et al., 1996; Xu 

et al., 2000; Hayashi and Saigo, 2001; Voas and Rebay, 2004; Hayashi et al., 2008). Lz is 

also required to activate Pros in the cone cells (Kauffmann et al., 1996; Xu et al., 2000). 

Pros encodes a homeodomain transcription factor that is required in the R7 cells to 

differentiate them from R8 photoreceptors (Cook et al., 2003), and aids in axonal 

connectivity of R7 to the synaptic neurons (Kauffmann et al., 1996). It is not yet known 

what role Pros plays in the cone cells (Kauffmann et al., 1996). 

I observe variable effects on Pros expression in nmo mutant clones. The nuclei of 

the R7 photoreceptors are localized to the apical plane, while the cone cell nuclei are 

slightly basal to R7. The intensity of Pros expression normally increases in the R7 nuclei 

in response to RAS signalling (Kauffmann et al., 1996). In confocal micrographs of the 

R7 layer, I find that Pros is reduced or absent from a subset of R7 nuclei in nmo clones 

(Fig. 4-6A, A’, arrow). A similar “salt and pepper” effect on Pros expression has been 

previously described as a result of decreased Notch or EGFR inputs (Hayashi et al., 

2008). Interestingly, nmo appears to be autonomously required to induce Pros in the R7 

cells, since Pros is normally expressed in mosaic ommatidia that express wild-type nmo 

levels (labelled by GFP) in the R7 photoreceptor (Fig. 4-6A). I also observe occasional 

loss of Pros in confocal reconstructions of the cone cell layer (Fig. 4-6B, B’). Finally, 

some discs show a non-autonomous loss of Pros in both the R7 and cone cells, suggesting 

that Nmo may contribute to inter-cellular signalling during photoreceptor differentiation 

(not shown). These results suggest that nmo contributes to pros transcription in both the 

R7 and cone cells, but additional epistasis experiments are required to establish which 
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regulatory inputs – So, Gl, Lz, RAS, Notch or EGFR – are affected by nmo in these cell 

types.  
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Figure 4-6 Pros expression is reduced in nmo mutant clones. 
(A, A’). Confocal reconstruction of the R7 plane. Pros is reduced or missing from R7 

cells lacking nmo (marked by the absence of GFP). (B, B’). Confocal reconstruction of 

the cone cell layer. Normal ommatidia have four cone cells arranged in a square pattern. 

Pros is absent from a subset of cone cells in the clone, such that groups of three, rather 

than four, cone cells can be observed. Discs are oriented anterior up.  
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4.7 Discussion 

 The data presented here provide compelling evidence that Nmo potentiates the 

transcriptional output of the So-Eya transcription complex directly through biochemical 

interactions. Interestingly, Nmo may also modulate activity of the So and Eya proteins 

discretely, which would extend Nmo’s regulatory effects to additional RD complexes 

formed by So and Eya, independent of their association with one another. However, the 

biological relevance of these regulatory interactions is still being investigated.  

Nmo potentiates Eya’s transcriptional activity by directly phosphorylating 

conserved MAPK sites, but may also modulate Eya function by phosphorylating 

additional SP/TP residues. It has been shown that phosphorylation of Eya promotes 

activity of the So-Eya composite transcription factor (Silver et al., 2003), which supports 

the model that Nmo regulates the So-Eya transcription complex. However, loss of nmo 

does not closely recapitulate so and eya mutant phenotypes, as would be expected if Nmo 

is normally required to potentiate So-Eya activity. One attractive explanation is that Nmo 

acts redundantly with other another MAP kinase to modulate So-Eya transcriptional 

output. Indeed, the ERK kinase, rolled, also synergistically promotes Eya activity by 

phosphorylating the conserved MAPK sites (Hsiao et al., 2001). Thus, loss of rolled may 

unmask a more potent requirement for nmo to potentiate Eya function in vivo. In addition, 

phospho-mutant Eya, Eya2S-A, has substantially greater sensitivity to modulating nmo 

levels than either EyaWT or phospho-mimetic Eya. Nmo phosphorylates Eya at residues in 

addition to the MAPK sites, but the functional consequence of these protein 

modifications has not yet been examined. It would be interesting to establish whether 

Nmo and ERK act redundantly to potentiate Eya at the MAPK motifs, and whether there 
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is a more specific requirement for Nmo to modulate Eya activity at discrete phospho-

acceptor sites.  

Several lines of evidence indicate that Nmo can modulate So-Eya-mediated 

regulation of dac. I find that Nmo potentiates Eya-mediated induction of ectopic Dac in 

the wing disc. Transcription of so, eya and nmo overlaps and precedes dac expression 

during normal eye development, therefore Nmo may potentiate So-Eya mediated dac 

expression in the second instar eye imaginal disc. However, the unaffected Dac levels 

observed in nmo clones induced early in eye development imply that Nmo is not required 

for dac expression during normal eye development. Conversely, I observe elevated Dac 

in zone 6 in the absence of nmo (section 3.9.2). The molecular mechanisms that repress 

dac in this domain are currently undefined, although recent evidence reveals that, 

unexpectedly, the So-Eya complex contributes to this regulation (Salzer and Kumar, 

2009). Since nmo is co-expressed with so and eya in the third instar differentiating 

photoreceptors in zones 5 and 6, repression of dac is a plausible biological context for 

Nmo-mediated regulation of the So-Eya complex. Excitingly, there is a greater 

requirement for so than for eya to facilitate zone 6 repression of dac (Salzer and Kumar, 

2009). Nmo dramatically increases So’s affinity for DNA independent of Eya, thus it will 

be interesting to determine if this biochemical interaction is relevant to So-mediated 

repression of dac. Whether this activity of So is enabled by its association with the co-

repressor Gro has not yet been directly demonstrated. However, given the evidence that 

Nmo can directly bind to Gro in a two-hybrid assay, it is tempting to speculate that Nmo 

may potentiate the So-Gro-DNA association at the dac enhancer to facilitate dac 

repression in Zone 6. Thus, Nmo may potentiate So-Eya mediated induction of dac 
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during eye specification by phosphorylating Eya, and later facilitate the So-Gro 

interaction to inhibit dac in the differentiating photoreceptors.  

 In a further attempt to decipher the biological requirement for Nmo’s regulation 

of So-Eya, I examined the effect of losing nmo on expression of the So targets Lz and 

Pros. Although Lz appears to be disrupted in nmo mutant clones, I have not yet been able 

to establish whether this is an indirect consequence of delayed differentiation. The 

moderate loss of Pros in nmo mutant tissue supports my preliminary conclusion that Lz 

levels are not significantly altered in the absence of nmo. Despite the combined input of 

So, Glass, Notch and Egfr, Pros expression is abolished in the absence of Lz (Hayashi et 

al., 2008). Thus, I would expect a more potent effect on Pros levels if Lz is absent from 

the R7 cells in nmo mutant clones. The variable reduction in Pros levels and occasional 

absence from the R7 and cone cells is more consistent with reduced So-Eya activity at the 

pros enhancer, or with perturbed N or EGFR signalling (Hayashi et al., 2008). However, 

multi-labelling experiments may reveal that, like Pros, Lz is affected in only a subset of 

R7 photoreceptors mutant for nmo.  

The expression studies presented here do not evaluate the full complement of 

known So-Eya targets. The requirement for nmo in So-mediated expression of hh in the 

retinal cells (Pauli et al., 2005) has not yet been investigated. So also contributes to 

regulation of stg (Jemc and Rebay, 2007) and ato (Pauli et al., 2005) in Zones 3 and 4, 

respectively. I have not yet assayed nmo’s effect on stg. Although Nmo potentiates Eya-

mediated overgrowth in ectopic eye assays, I am not convinced that stg is a biologically 

relevant target since nmo transcript is absent from zone 3. However, I cannot exclude the 
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possibility that peripodial Nmo exerts an effect on So-Eya mediated stg expression. I also 

found that loss of nmo has no effect on the initiation of Ato in zone 3 (see Fig. 5-2).  

In an effort to identify novel So-Eya targets, a recent study used a combination of 

microarray and quantitative real-time PCR (qRT-PCR) to isolate genes upregulated upon 

specifically elevating Eya in the differentiating photoreceptor field. Subsequent 

chromatin immunoprecipitation (ChIP) analysis refined the targets to genes whose 

enhancers were bound by So (Jemc and Rebay, 2007). This study produced 10 previously 

unidentified So-Eya gene targets, including stg, maroon-like (mal), oxysterol binding 

protein (obp) and 7 annotated genes (Jemc and Rebay, 2007). Examining the effects of 

modulating nmo levels in this assay may assist in determining Nmo’s role in So-Eya 

mediated transcription.  

It has been shown that Eya promotes dpp expression and consequent movement of 

the morphogenetic furrow to pattern the retinal field (Curtiss and Mlodzik, 2000). I 

hypothesize that nmo may potentiate Eya-mediated dpp expression or promote Dpp 

signalling downstream of Eya, based on several lines of experimental evidence. First, I 

observe a genetic relationship between nmo and eya with respect to progression of the 

morphogenetic furrow. nmo potentiates Eya-mediated ectopic furrow development, 

resulting in kinase-dependent, synergistic overgrowth of the eye upon co-expression of 

nmo and eya. Conversely, Eya-mediated eye growth is dose-dependently suppressed by 

loss of nmo. Importantly, furrow progression is delayed in the absence of nmo (Chapter 5; 

Fig. 5-1). Elevating EyaWT does not rescue the nmo small eye phenotype (Fig. 3-14), 

suggesting that Nmo functions downstream of Eya to promote furrow progression. If 

Nmo is required to potentiate Eya function through phosphorylation, then a further 
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increase in Eya levels would be incapable of rescuing the nmo eye phenotype. It will be 

important to establish whether the hyper-activated Eya2S-D/E isoform can rescue the 

furrow delay caused by loss of nmo.  

Levels of the dpp-lacZ reporter gene are not significantly altered in nmo mutant 

clones (see Fig. 3-9), although Eya’s activity may be potentiated by a redundant kinase in 

this context. Alternatively, Nmo may potentiate Dpp signalling rather than dpp 

expression, which could also produce the observed genetic cooperativity between Eya 

and Nmo. Analysis of direct Dpp targets in nmo mutant clones has not yet been 

performed. If Nmo and Eya normally synergize to promote dpp expression in the eye, 

expression of endogenous Dpp target genes in the wing disc, like spalt major (salm) 

(Barrio and De Celis,  2004; Lecuit and Cohen, 1998; Sturtevant et al., 1997), may also 

be elevated in dpp>eya + nmo wing discs.   

Nmo can attenuate Dpp signalling by phosphorylating the downstream 

transcriptional regulator Mad (Merino et al., 2009; Zeng et al., 2007). Interestingly, Nmo 

has a context-dependent relationship with Mad, such that Nmo phosphorylates Mad at 

discrete residues to promote its nuclear export and functional repression in the wing disc 

(Zeng et al.,), and to promote its nuclear localization and transcriptional activity in motor 

neurons (Merino et al., 2009).  Thus far I have not been successful in assaying P-Mad 

levels in the eye disc. It will be important to establish Nmo’s effect on P-Mad in this 

tissue in order to accurately interpret the genetic interactions between Eya and Nmo with 

respect to Dpp signalling.  

The work presented in this chapter verifies that Nmo can potentiate activity of RD 

transcriptional complexes through post-translational modification and molecular 
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interactions, as was suggested by the genetic analyses described in Chapter 3. Whether 

Nmo forms a molecular complex with Ey or Dac has not yet been shown. I attempted to 

establish and map Nmo’s potential physical associations with Ey and Dac using yeast 

two-hybrid, but these studies were circumvented by auto-activation by Ey and Dac in this 

assay. Establishing the physical and regulatory relationships between Nmo and these RD 

factors will further expand our understanding of Nmo’s contribution to RD-mediated 

transcription, and assist in interpreting the biochemical and genetic interactions described 

here. 

4.8 Contributions 

My genetic interaction studies presented in Chapter 3, together with published reports 

that Eya’s activity is regulated by phosphorylation, fuelled my hypothesis that Eya is a 

substrate for Nmo, and that Nmo-mediated phosphorylation promotes Eya’s 

transcriptional activity.  I formulated the hypotheses, executed and interpreted the 

experiments for all figures presented in this chapter. I performed all the described in vivo 

assays. The in vitro studies, data not shown, were fully designed and executed by 

Santiago A. Morillo and Dr. Ilaria Rebay, University of Chicago. S.A.M.’s contributions 

are noted in the text as applicable.  
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5: Nemo limits the rate of retinal differentiation 

5.1 Abstract 

Retinal differentiation and patterning of the photoreceptor field occurs 

progressively in the Drosophila eye. A moving wave of differentiation, called the 

morphogenetic furrow, traverses the eye epithelium from the posterior margin. Here I 

present genetic evidence that implicates nmo in the process of furrow propagation. Dpp is 

secreted from the furrow cells and is required for initiation of the pro-neural gene ato. 

Analysis of nmo mutant clones reveals a cell-autonomous delay in the initiation of dpp 

and Ato expression. nmo also contributes to the refinement of ato posterior to the furrow, 

since ectopic and irregularly spaced Ato-positive cells are detected in nmo mutant clones 

and eye discs. Labelling nmo clones for the zinc-finger transcription factor Glass, which 

is required for photoreceptor differentiation, reveals that it is also initiated late. This 

results in lag in photoreceptor assembly. However, the ommatidial clusters eventually 

mature, suggesting that nmo specifically affects the rate of differentiation.   
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5.2 Introduction 

The Drosophila retina is progressively patterned by a wave of differentiation called 

the morphogenetic furrow. In Drosophila development, the dynamic cellular 

rearrangements that transit the furrow across the retinal epithelium only occur in the eye 

imaginal disc, with the exception of the ventral furrow that forms the mesoderm during 

embryogenesis. In addition, the concept of progressive retinal differentiation is unique to 

the compound eye of arthropods, although recent studies reveal a similar mechanism in 

the developing camera eye of zebrafish (Neumann and Nuesslein-Volhard, 2000).  

Retinal progenitor cells in the anterior eye disc are maintained in an 

undifferentiated state. As cells enter the furrow, they become competent to adopt a neural 

fate. A complex array of short- and long-range signals refines the differentiation 

decisions to specify a single photoreceptor cell, R8, which founds each individual 

ommatidium. The additional seven photoreceptors are progressively recruited from the 

pool of adjacent, competent cells, followed by the non-neuronal cone and pigment cells. 

The furrow specifies a new dorsal-ventral row of photoreceptors every few hours, such 

that the rows of ommatidia proximal to the furrow are less mature than the ommatidia 

specified earlier, at the posterior (reviewed in Voas and Rebay, 2004; Roignant and 

Treisman, 2009).  

The furrow is a physical invagination in the eye epithelium, resulting from apical 

constriction and apical-basal contraction of the cells within it (Ready et al., 1976; Wolff 

and Ready, 1991). This groove marks the leading edge of retinal differentiation, and is 

initiated from the posterior margin of the eye disc early in the third instar through the 
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combined action of Hh, Dpp, Upd, Delta (Dl), Spitz (Spi), Wg and ecdysone signalling 

molecules (reviewed in Roignant and Treisman, 2009; Bao, 2010). The interplay of these 

signals culminates in activation of Hh at the center of the posterior margin, or the firing 

center, in the late second instar eye disc (Dominguez and Hafen, 1997; Royet and 

Finkelstein, 1997; Borod and Heberlein, 1998; Cho et al., 2000). Hh is required for 

activation of dpp, which is expressed along the posterior and lateral margins of the eye 

disc (Blackman et al., 1991; Ma et al., 1993; Treisman and Rubin, 1995) and, like Hh, is 

indispensible for furrow initiation at the eye margin (Heberlein et al., 1993; Royet and 

Finkelstein, 1997; Borod and Heberlein, 1998). Since neural differentiation is contingent 

on furrow formation, loss of either Hh or Dpp signals results in eyeless flies (Heberlein et 

al., 1993; Dominguez and Hafen, 1997; Borod and Heberlein, 1998). Wg maintains 

repression of dpp (Ma et al., 1993; Strutt et al., 1995; Treisman and Rubin, 1995; Royet 

and Finkelstein, 1997), and consequently furrow initiation, until inhibited by Notch and 

EGFR signalling (Kumar and Moses, 2001). Notch activates expression of upd (Chao et 

al., 2004), the long-range JAK/Stat ligand (Harrison et al., 1998), at the furrow firing 

point (Zeidler et al., 1999). Upd blocks wg expression to alleviate Wg-mediated dpp 

repression (Ekas et al., 2006; Tsai et al., 2007). Once expressed, Dpp maintains wg 

repression (Ma et al., 1993; Strutt et al., 1995; Treisman and Rubin, 1995; Pignoni and 

Zipursky, 1997; Royet and Finkelstein, 1997). The retinal components So, Eya and Dac 

are expressed in the posterior eye domain from the second instar (Bonini et al., 1993; 

Cheyette et al., 1994; Mardon et al., 1994), and they confer intrinsic competence to this 

signalling relay. The importance of competence factors in directing cell fate decisions is 
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highlighted by the observation that the furrow fails in mutant clones for any of these 

genes (Mardon et al., 1994; Pignoni et al., 1997).  

The molecular events required to launch the furrow and subsequently maintain its 

propagation are distinct (Kumar and Moses, 2001). In all other developmental contexts, 

anterior and posterior compartments are established through a feedback mechanism 

wherein the anterior cells that transduce the Hh signal express negative regulators of the 

Hh pathway and become incompetent to stimulate hh transcription (reviewed in Burke 

and Basler, 1997). The moving anterior/posterior boundary defined by the furrow 

requires that Hh-receiving cells within the furrow must transiently repress hh, but 

subsequently re-initiate its expression once they have emerged from the furrow. Thus, in 

the signalling relay, cells exiting the furrow must again become competent to express hh, 

to provide a source of Hh to the anterior, advancing furrow (reviewed in Burke and 

Basler, 1997). The global molecular mechanisms used to silence hh are circumvented in 

the eye by an eye-specific enhancer that is activated after cells have exited the furrow 

(Rogers et al., 2005). This hh responder element is regulated by So (Pauli et al., 2005) 

and the EGFR transcription factor, Pointed (Pnt) (Rogers et al., 2005) in the retinal field.  

Propagation of the morphogenetic furrow is achieved by a repeated sequence of 

signalling events driven by an autoregulatory feedback loop. Cells within and ahead of 

the furrow turn on ato expression in response to Hh (Dominguez, 1999; Greenwood and 

Struhl, 1999) and other signals (reviewed in (Roignant and Treisman, 2009; Bao, 2010). 

Ato is refined through the combined action of long- and short-range signals including Hh 

and Notch (reviewed in (Voas and Rebay, 2004; Roignant and Treisman, 2009; Bao, 

2010), to specify the R8 photoreceptor (Jarman et al., 1994; Jarman et al., 1995). R8 
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secretes the EGFR ligand Spi, which activates Pnt in the neighboring cells, leading to 

recruitment and specification of R2 and R5, followed by R3 and R4 (O'Neill et al., 1994). 

The combined action of Pnt and So in the newly specified photoreceptors activates the 

eye-specific hh enhancer (Pauli et al., 2005; Rogers et al., 2005), thereby completing the 

furrow-propagating circuit.  

Hh is initially required to de-repress eya (Pappu et al., 2003), but once initiated 

Eya can maintain Dpp expression and advance the furrow in the absence of Hh (Curtiss 

and Mlodzik, 2000). Dpp acts at a long range to repress hth, which has the dual effect of 

causing the retinal progenitors to exit the cell cycle after a final, synchronous division, 

and to activate ato (Lopes and Casares, 2010). Dpp acts at a short range to maintain 

expression of the RD genes in the pre-proneural domain (Kenyon et al., 2003; Pappu et 

al., 2003), and to activate expression of hairy (h) in a dorsal-ventral stripe anterior to the 

furrow (Greenwood and Struhl, 1999). h is a basic Helix-Loop-Helix (bHLH) protein that 

represses ato to refine its initiation to the cells immediately anterior to the furrow (Brown 

et al., 1995). h functions together with another bHLH protein, Extramachrochaetae (Emc) 

to repress neural differentiation and impede the furrow (Brown et al., 1995). Hence, cells 

mutant for h and emc exhibit precocious furrow advancement and neural differentiation 

(Brown et al., 1995). In this chapter I present preliminary evidence that implicates nmo in 

the process of furrow progression.  
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5.3 Progression of the furrow is delayed in the absence of nemo  

Expression of nmo is enriched posterior to the morphogenetic furrow (Choi and 

Benzer, 1994; Braid and Verheyen, 2008; Fiehler and Wolff, 2008), suggesting that it 

may contribute to furrow propagation or neural competence. dpp-lacZ is a reporter for 

dpp expression in the furrow (Blackman et al., 1991). I initially used this reporter to 

examine dpp expression in nmo mutant clones to assay whether nmo might potentiate 

retinal specification by promoting dpp transcription (Fig. 3-9). While I did not detect a 

change in dpp levels, I found that dpp-lacZ expression is delayed in nmo mutant clones 

encompassing the furrow (Fig. 5-1A, B). In addition, clone size and position of the 

furrow within the clone affects the degree of delay. Larger clones where the furrow is 

near the posterior boundary of the clone exhibit the greatest affect. Furrow progression is 

more subtly impeded in smaller clones, or where the furrow has nearly exited the anterior 

side of the clone (fig. 5-1B’). I have observed no non-autonomous effects on furrow 

progression, in that clones on either side of the furrow have no affect on its progression, 

regardless of size or proximity to the furrow.  This data provided the first evidence that 

nmo might contribute to progression of the furrow.  
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Figure 5-1 Furrow progression is delayed in cells lacking nmo. 

(A) Wild-type disc labelled for dpp-lacZ (red), which marks the furrow. (B, B’) Cells 

lacking nmo show a delay in expression of dpp-lacZ, which indicates retarded furrow 

progression. The size of the clone, and position of the MF within the clone, affects the 

rate of delay (B’). Notably, dpp-lacZ is expressed at levels equivalent to wild-type. 

Eye discs are oriented anterior up, dorsal left. 
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5.4 nmo is required for refinement of ato to the R8 precursors 

The signalling circuits that govern furrow progression converge to initiate ato, and 

thus neural differentiation, in the pre-proneural domain, and subsequently to refine its 

expression to specify the R8 photoreceptor (reviewed in Voas and Rebay, 2004; Roignant 

and Treisman, 2009; Bao, 2010). Ato subsequently feeds back into the relay by 

modulating Hh and EGFR signalling (White and Jarman, 2000). I examined whether loss 

of nmo affects the highly ordered pattern of Ato expression during eye development.  

Ato is initiated normally in the absence of nmo. However, its systematic refinement 

is disrupted in nmo mutant clones and eye discs. Ato is initially expressed in all cells 

anterior to the furrow (Jarman et al., 1994), but quickly resolves into groups of 

approximately 15 cells (Dokucu et al., 1996). Clusters of 2-3 Ato-expressing cells 

subsequently migrate to the apical surface (Dokucu et al., 1996), demarcating their retinal 

differentiation (Tomlinson, 1985; Cagan and Ready, 1989). Finally, Ato is refined to 

single cells, the R8 precursors, which are invariantly spaced within dorsal-ventral rows. 

Ato-positive R8 precursors persist for 3 or 4 rows, with the R8 cell of each dorsal-ventral 

row offset relative to the adjacent rows. The most apparent change in Ato distribution 

upon loss of nmo is the lack of refinement posterior to the furrow. I observe 

supernumerary Ato-expressing cells, which lack the regular spacing of the R8 precursors 

(Fig. 5-2A’). In addition, the width of the anterior, broad stripe of Ato expression appears 

wider than wild-type. Additional co-labelling experiments are necessary to determine 

whether Ato is being initiated too early, or whether it is simply persisting in this pattern 

for too long.  
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Figure 5-2 Ato fails to refine in the absence of nmo. 

(A, A’) Ato is ectopically expressed in nmo mutant clones (labelled by absence of GFP) 

compared to neighboring wild-type cells. (B) Wild-type disc labelled for Ato (green), Hth 

(red) and Boss (blue). Boss labels the R8 photoreceptor. (C) nmoDB24 disc shows that 

Boss is arranged in a wild-type pattern, although the density of R8 cells appears less than 

wild-type. 
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Ectopic expression of Ato can result in the specification of supernumerary R8 

photoreceptors (Dokucu et al., 1996). I asked whether the incomplete refinement of Ato 

in nmo mutant cells leads to ectopic R8 cells. Mature R8 photoreceptors are detected by 

Boss antigen (Van Vactor et al., 1991). Unexpectedly, I find that Boss is normally 

distributed in nmo mutant eye discs. This finding suggests that, while nmo may be 

required to refine Ato expression to the R8 precursors, it is dispensable for differentiation 

and spatial arrangement of the R8 photoreceptors. How these two events are separable is 

not clear.  
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5.5 Initiation of Glass is delayed in nmo somatic clones 

I next addressed whether the nmo-associated furrow delay affects the rate of retinal 

differentiation. I examined levels of Gl, the transcription factor required for 

photoreceptor differentiation (Moses et al., 1989; Moses and Rubin, 1991), in nmo 

somatic clones. Gl antigen is first detected in all of the basal nuclei of the morphogenetic 

furrow. In more apical, differentiated nuclei posterior to the furrow, Gl is refined to the 

differentiated photoreceptors. In the wake of the furrow, then, Gl appears first in the R8 

singlet, and then in the R8, R2, R5 triplet, followed by the R8, R2, R3, R4, R5 rosette, 

and finally the mature 8 photoreceptor cluster in the posterior cells (Ellis et al., 1993). In 

confocal reconstructions of nmo clones labelled for Gl, I find that Gl levels are reduced in 

the furrow compared to the adjacent wild-type cells. At higher magnification, a delay in 

the emergence of the photoreceptor clusters can be seen (Fig. 5-3B, C). These results are 

consistent with the observed lag in initiation of Lz in nmo clones described in section 

4.6.2. Gl is normally expressed in nmo clones at the posterior margin (Fig. 5-3C), 

suggesting that nmo specifically affects the temporal activation of Gl in the furrow. 

Together with the lag in Lz expression, which is initiated after the first five 

photoreceptors are specified, these results suggest that nmo specifically contributes to the 

rate of photoreceptor differentiation, since the stereotypical recruitment of these cells 

eventually occurs in the absence of nmo.  
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Figure 5-3 Glass expression is delayed in nmo mutant clones. 

(A-C) Confocal reconstruction of a nmo clone labelled with Gl. Initiation of Gl in the 

furrow (arrow) is delayed in cells lacking nmo (absence of GFP) (B, full reconstruction), 

but is normal in the posterior photoreceptors (C, apical section). Disc is oriented anterior 

top left. 
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5.6 Discussion 

The data presented here implicate Nmo in the process of furrow propagation, and 

suggest that nmo affects the rate of retinal differentiation. These assays provide a 

platform from which to build a comprehensive analysis of Nmo’s contribution to this 

aspect of eye development. I have established that movement of the furrow is retarded in 

cells lacking nmo, but the molecular nature of this phenotype is not yet known. Genetic 

interaction studies with hh mutants suggest that Nmo may cooperate with Hh signalling 

to advance the furrow (not shown). It is important to assay the effect of modulating nmo 

on transcription of the eye-specific hh enhancer, especially since So promotes hh 

transcription at this regulatory element (Pauli et al., 2005). 

Reiterated signalling mechanisms govern the spatial and temporal process of neural 

specification and photoreceptor differentiation. However, physical movement of the 

furrow requires dynamic re-arrangements in cellular architecture. Although the physical 

process of furrow progression is still largely uncharacterized, recent studies have 

demonstrated the elegant integration of neural specification and cytoskeletal 

rearrangement in the morphogenetic furrow. For example, Hh and Dpp, which are 

required for neural specification, also stimulate apical cell constriction and invagination 

of the furrow by inducing expression of cadherin Cad86C (Schlichting and Dahmann, 

2008) and accumulation of F-actin, Myosin II and Arm (Corrigall et al., 2007). Ato also 

contributes to cell adhesion by regulating the transcription of DE-cadherin (Brown et al., 

2006). In this context, Ato is required for epithelial reorganization that produces the 

invariant arrangement of photoreceptor clusters (Tomlinson and Ready, 1987; Wolff and 
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Ready, 1991; Brown et al., 2006). In the absence of ato, DE-cadherin and Arm fail to 

accumulate at the adherens junctions, preventing cell clustering (Brown et al., 2006). 

Interestingly, Nmo has recently been shown to promote ommatidial rotation by 

phosphorylating Arm and complexing with DE-cadherin (Mirkovic et al., 2011). It is 

tempting to speculate that Nmo may play a similar role to promote furrow progression, 

whereby cells lacking nmo cannot efficiently change shape.  

I also consider that Nmo may inhibit factors that impede furrow progression. For 

example, h and Emc are expressed immediately ahead of the furrow and restrict its 

advancement (Brown et al., 1995). h and Emc are expressed in domains complementary 

to nmo, suggesting that Nmo may repress their transcription within the furrow. Consistent 

with this notion, cells ectopically expressing h behind the furrow result in phenotypes 

resembling loss of nmo, including a square ommatidial lattice and ectopic inter-

ommatidial bristles (Brown et al., 1991). Examination of H and Emc levels in nmo 

mutant clones may reveal that h and emc are de-repressed in the absence of nmo. 

5.7 Contributions 

 I generated the hypotheses and designed the experiments described in this section. 
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6: Nemo phosphorylates Even-skipped and promotes 
Eve-mediated repression of odd in even parasegments in 
Drosophila embryos 

The following chapter was published in Developmental Biology, July 2010, 
1;343(1-2):178-189. 

 
Lorena R. Braid, Wendy Lee, Andrea C. Uetrecht, Sharan Swarup, Gina 
Papaianni, Amanda Heiler and Esther M. Verheyen. 

6.1 Abstract 

 Drosophila nemo (nmo) and other Nemo-like kinase family members (Nlks) are 

well-established key regulators of numerous conserved signalling pathways, such as Wg 

and BMP.  nmo mutants display pleiotropic defects at different developmental stages, 

including the embryo.  In this study we describe a detailed characterization of embryonic 

cuticle patterning defects associated with maternal loss of nmo.  nmo mutant embryos 

consistently show segmentation defects, most frequently fusions of pairs of denticle belts 

in alternating segments.  These phenotypes are reminiscent of those associated with 

defects in pair-rule patterning.  Genetic interaction studies demonstrate that Nmo 

promotes Even-skipped (Eve) activity and is required to promote the expression of the 

Eve target, engrailed (en), in even numbered parasegments.  We find that Nmo regulates 

a subset of Eve activities by stimulating Eve-mediated suppression of the odd-skipped 

(odd) repressor.  Furthermore, we isolate Nmo in a protein complex with Eve and show 

that Nmo phosphorylates Eve in in vitro kinase assays.  These studies reveal a novel role 
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for the Nmo kinase in embryonic pattern formation through its regulation of the 

homeodomain-containing transcription factor Eve. 
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6.2 Introduction: 

Segmentation in the early Drosophila embryo depends on a series of highly 

orchestrated signalling events (Nusslein-Volhard and Wieschaus, 1980; reviewed in Pick, 

1998; Fig. 6-1) that culminate in a precise temporal and spatial pattern of expressed 

transcriptional regulators.  These factors act in a step-wise fashion to continually refine 

the embryo to arrive at the final segmented and differentiated form.  Initially, asymmetric 

distribution of the maternal and ‘gap’ genes provides positional information along the 

anterior/posterior (A/P) axis.  Differential expression of the gap genes defines expression 

of the ‘pair-rule’ genes in a characteristic seven-stripe pattern.  Pair-rule patterning is 

established through a complex array of interactions among numerous genes, each with 

unique expression patterns.  The end result is the division of the embryo into 

parasegments (PS), the embryonic counterpart of the adult segment.  Pair-rule patterning 

is initiated by the primary pair-rule genes, even-skipped (eve), fushi-tarazu (ftz), hairy (h) 

and runt (run) (Sanchez and Thieffry, 2003).  Members of this family encode 

transcription factors, which, for the most part, act as transcriptional repressors.  The 

combinatorial activities of the pair-rule genes pattern the expression of the segment-

polarity genes, including engrailed (en) and wingless (wg) and consequently, the larval 

cuticle (Kornberg et al., 1985; DiNardo and O'Farrell, 1987; Ingham et al., 1988).  

Disruption of a single gene within this hierarchy leads to phenotypes characterized by 

defects in or loss of alternating segments.  Mutations in the third group of segmentation 

genes, termed ‘segment polarity’ genes, typically display phenotypes in every segment 

(Nusslein-Volhard and Wieschaus, 1980).  Embryonic segments, including their 
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primordia and corresponding denticle belts, are referred to as odd-numbered (T2, A1, A3, 

A5 and A7) or even-numbered (T1, T3, A2, A4, A6 and A8) thoracic (T) or abdominal 

(A) segments.   

eve encodes a homeodomain-containing transcription factor that acts primarily as 

a repressor (Macdonald et al., 1986) and is required for the establishment of all 14 PS, 

albeit through different mechanisms (Harding et al., 1986; Fujioka et al., 1995; reviewed 

in Jaynes and Fujioka, 2004).  Null mutations in eve cause a lawn of denticle belts due to 

a failure to specify both even and odd segments properly (Nüsslein-Vollhard et al., 1985).  

Hypomorphic eve alleles cause a pair-rule mutant phenotype characterized by loss of odd 

PS and consequent even denticle belts (hence the name even-skipped).  Initially the eve 

gene is expressed in relatively broad swaths that are then sharpened to seven evenly 

spaced stripes corresponding to odd-numbered PS (Harding et al., 1986; Macdonald et 

al., 1986; Frasch et al., 1988; Manoukian and Krause, 1992).  The dynamic distribution of 

pair-rule gene products also relies on the complex interactions between members within 

this group.  Eve restricts ftz expression in a complementary domain within the even-

numbered PS (Frasch et al., 1988).  Later, at the beginning of germ band elongation, Eve 

is expressed at low levels in 7 additional stripes between the original seven stripes, 

resulting in a transient 14-stripe pattern (Frasch et al., 1987).  These later seven stripes 

overlap with Ftz and En-expressing cells in the even PS. 

en receives signalling inputs from members of the pair-rule family such that each 

en stripe is regulated by distinct mechanisms.   Activation of en transcription relies on the 

prevalence of activators over repressors in each PS.  Paired (Prd) and Ftz activate odd and 

even-numbered en stripes, respectively (Harding et al., 1986; Macdonald et al., 1986).  
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Odd-skipped (odd) acts as a repressor of en expression within even PS and En is only 

expressed in those cells where Ftz is active and Odd is not expressed (Fig. 1).  The 

anterior boundaries of eve and ftz coincide with the anterior margin of en expressing 

cells, marking PS borders of the developing embryo (Lawrence et al., 1987).  At this 

stage, En is expressed at the anterior boundary of each PS (Fig. 1), and Wg is expressed 

just anterior to the En-expressing cells in the posterior edge of each PS. 

Genetic analyses revealed that eve is unique among the pair rule genes in that its 

activity is required within all 14 segments.  Eve is required for activation of all en stripes, 

which is apparent in embryos homozygous for eve null mutations.  In these mutants, 

every en stripe is absent (Nusslein-Volhard et al., 1985; Harding et al., 1986; Macdonald 

et al., 1986).  However, in eve odd double mutants, the 7 even En stripes reappear 

(DiNardo and O'Farrell, 1987; Coulter and Wieschaus, 1988).  This observation 

suggested that Eve acts as an antagonist of Odd in the even PS.   Furthermore, ectopic 

ubiquitous expression of odd results in closely spaced En stripes, as well as partial loss of 

even numbered en and odd-numbered wg stripes (Saulier-Le Drean et al., 1998).  

Previous studies have also shown that misexpressing eve using a heat shock-driven 

transgene reduces odd expression (Manoukian and Krause, 1992).  Eve promotes this 

aspect of en expression in even numbered stripes by repressing odd, enabling Ftz to 

activate en (DiNardo and O'Farrell, 1987; Manoukian and Krause, 1992; Mullen and 

DiNardo, 1995; Fujioka et al., 1995).  Whether the role of Eve in repressing Odd is 

carried out by the weak even Eve stripes seen in the 14 stripe stage (Manoukian and 

Krause, 1992) or by the low level posterior expression of Eve in the early seven stripe 

pattern (Fujioka et al., 1995) is still unresolved.   
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Eve influences the expression of a wide range of genes, and therefore regulatory 

mechanisms must exist to provide specificity to its targets.  Unique interactions between 

Eve and various transcriptional regulators provide a platform to control Eve activity in a 

context-dependent manner (Kobayashi et al., 2001; Zhang et al., 2002).  Additional layers 

of regulation likely exist, as the effect of Eve on numerous gene targets is complex and 

dosage sensitive.  In addition to modulation of different protein complexes, Eve activity 

can be regulated by post-translational modification.  Han and Manley (1993) showed that 

Eve is phosphorylated in Drosophila cells, suggesting that Eve may be regulated by 

phosphorylation.  Subsequent analyses revealed that the repressive activity of Eve could 

be inhibited by phosphorylation in vitro (Li and Manley, 1999).  Thus it is possible that a 

mechanism of regulation of Eve activities could involve phosphorylation to either 

promote or inhibit Eve function. 

 Drosophila nemo (nmo) encodes an evolutionarily conserved proline-directed 

serine/threonine kinase essential during development (Choi and Benzer, 1994; Mirkovic 

et al., 2002; Verheyen et al., 2001).  Nmo and its homologues, the Nemo-Like Kinases 

(Nlks), have a conserved role in inhibition of T-cell factor (TCF) homologs (Zeng and 

Verheyen, 2004; Ishitani et al., 2003; Ishitani et al., 1999; Rocheleau et al., 1999).  TCF 

family members act as transcription factors in the Wnt/Wingless (Wg) pathway (Behrens 

et al., 1996; Molenaar et al., 1996).  We have also shown that Nmo antagonizes the BMP 

pathway by suppressing transcriptional activity of the BMP effector Mothers against Dpp 

(Mad)(Zeng et al., 2007). Nmo has additional regulatory roles in eye specification, planar 

cell polarity, synaptic growth and apoptosis, and likely mediates crosstalk between 

multiple signalling pathways (Braid and Verheyen, 2008; Choi and Benzer, 1994; 
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Mirkovic et al., 2002; Strutt et al., 1997; Verheyen et al., 2001; Merino et al., 2009; 

Fiehler and Wolff, 2008).  

 Zygotic loss of nmo results in reduced adult viability, and escaping homozygous 

mutant adults exhibit eye and wing defects and sterility (Choi and Benzer, 1994; 

Verheyen et al., 2001).  Loss of maternal nmo in germline clones (GLC) results in ~80% 

embryonic lethality. These embryos display various head defects and abnormal cuticle 

patterning including loss or fusion of ventral denticle belts (Mirkovic et al., 2002).  

Altered patterns of apoptosis at various stages of development are also observed in nmo 

mutants (Mirkovic et al., 2002). 

In this study, we analyzed how Nmo contributes to patterning of embryonic 

segments.  Loss of maternal nmo results in reproducible denticle belt defects consistent 

with a role in pair-rule patterning.  Examination of gene expression patterns and genetic 

interaction studies revealed that nmo modulates a subset of Eve activities during 

embryonic segmentation.  Altering nmo function compromises Eve’s repressive activity 

in the even PS.  In nmo GLCs, expression of the Eve target odd is expanded, resulting in 

subsequent repression of En and Wg.  Nmo can compensate for the effects of ectopic Odd 

on even-numbered En expression, further demonstrating its effect on patterning of even 

PS.  Furthermore, we find that Nmo can bind to and phosphorylate Eve, suggesting that 

Nmo modulates Eve directly.  Thus, our work demonstrates a novel requirement for Nmo 

in pair-rule patterning during early Drosophila development.  



 220 

 
 

Figure 6-1 Segmentation cascade in embryonic patterning.  

A hierarchy of genes regulates segmentation in different stages of Drosophila 

embryogenesis.  The pair-rule genes eve and ftz are expressed in the odd and even 

parasegments, respectively.  Eve represses odd expression, and sets up a row of cells that 

express Ftz but not Odd.  In these cells, Ftz activates the even numbered en stripes. For 

clarity, only a subset of gene expression profiles relevant for these studies are shown.  

Even though wg and en are expressed in adjoining cells, the PS boundary separates them 

and the cells are referred to by their PS identity such that stripe 5 (odd numbered) wg 

expressing cells are adjacent to stripe 6 (even-numbered) en expressing cells.  For more 

details, please refer to Sanchez and Thieffry (2003) and Jaynes and Fujioka (2004). 
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6.3 nmo GLC embryos exhibit denticle belt fusions characteristic of 
pair-rule defects 

 We have previously shown that embryos devoid of maternally contributed nmo 

(nmo GLC) exhibit significant embryonic lethality and defects in apoptosis and cuticular 

patterning (Mirkovic et al., 2002).  To understand Nmo’s contribution to embryonic 

segmentation, we sought to further characterize the cuticle phenotype.  nmo GLC 

embryos characteristically display fusions of denticle belts in alternating segments (Fig. 

6-2B, C).  The most commonly observed fusions in nmo GLCs involved the third thoracic 

segment and the first abdominal segment (T3-A1; arrow in Fig. 6-2B), A2-A3 (arrow in 

Fig. 6-2C), and occasionally A4-A5 (Table 6-1) or A6-A7 (arrowheads in Fig. 6-2B, C). 

These fusions appeared to result from loss of either medial or lateral naked cuticle. We 

observed complete loss of naked cuticle between segments at low frequency.   
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Figure 6-2 nmo GLC mutants display embryonic patterning defects. 

Wildtype embryonic cuticle. (B, C) Reducing maternally loaded nmo results in pair-rule-

like patterning phenotype.  Fused denticle belts were frequently observed in a subset of 

segments, specifically between T3/A1 (arrow in C), A6/7 (arrowhead in B, C) and A2/3 

(arrow in B). 
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Table 6-1 Reducing nmo levels leads to patterning defects in every other segment. 

a eve/+;nmoGLC were derived from females bearing nmo GLCs crossed to Df(2R) eve/Cyo, 

Twi-GFP and selected by the absence of GFP marker.  
b Percentage of population with a complete or partial loss of the anterior-most denticle 

belt, that is, T3, A2, A4 and A6. 
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The alternating pattern of affected segments in nmo mutant embryos was 

reminiscent of pair-rule mutant phenotypes.   Loss of pair-rule genes that pattern the odd 

or even numbered PS results in two distinct phenotypic classes.  nmo GLCs resembled 

loss of ftz, a gene required for patterning even numbered PS and consequent odd 

numbered cuticle segments.  ftz mutant embryos display compound segments of T3-A1, 

A2-A3, A4-A5 (DiNardo and O'Farrell, 1987), suggesting that nmo may affect signalling 

during establishment of the even PS.  Similarly, ectopic Odd expression also results in 

pair-wise fusions of the same denticle belts (Saulier-Le Drean et al., 1998).  Mutations in 

the genes governing odd numbered PS generate composite segments in a different frame, 

i.e. creating fusions between A1-A2, A3-A4, etc., which do not occur in nmo GLCs.  

Weaker pair-rule mutant alleles generate smaller deleted segments, and can produce pair 

wise fusions of denticle belts without losing the naked cuticle between the denticles 

entirely.  nmo GLCs also resembled embryos with a loss of the downstream segmentation 

gene en in these PS (Nusslein-Volhard and Wieschaus, 1980).  Taken together, we 

investigated a potential role for Nmo in pair-rule patterning of even numbered PS. 
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6.4 En and Wg expression are disrupted in nmo GLCs  

To further characterize the role of Nmo in embryonic patterning, the expression 

patterns of the pair rule and several segmentation genes were examined in nmo mutants.  

This analysis would allow us to pinpoint the stages at which Nmo acts and possibly 

regulates gene expression. The expression patterns of the pair rule genes hairy, runt, eve 

and ftz appear normal in nmo GLC embryos (Fig. 6-3), leading us to ask whether Nmo 

might rather affect their function.   
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Figure 6-3 Primary pair-rule gene expression is normal in nmo mutant embryos.  

Whole-mount in situ hybridization was performed with eve (A, B), run (C, D),  h (E, F) 

and ftz (G,H) antisense probes in stage 5 embryos. The expression patterns of the pair-

rule genes in nmo GLCs (B, D, F, H) are indistinguishable from wildtype embryos (A, C, 

E, G). It appears that there is a slight enhancement of ftz expression in the head region. 
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We examined the expression patterns of the segmentation genes wg and en, which 

can be used as reliable readouts of pair-rule activity (Howard and Ingham, 1986; DiNardo 

and O'Farrell, 1987; Ingham, 1988; Martinez-Arias et al., 1988).  Their correct expression 

pattern is crucial for the final organization of each individual segment.  By stage 10, both 

En and Wg are expressed in 14 stripes (Fig. 6-4A, C).  In stage 10 and 11 nmo GLC 

embryos, both En (Fig. 6-4B) and Wg (Fig. 6-4D) expression were disrupted.  Since 

expression of the ftz gene is restricted to the even-numbered PS, double staining for En or 

Wg with ftz-lacZ allowed the unambiguous identification of the stripe identities affected 

in nmo GLC (Fig. 6-4E, F).  Consistent with the observed cuticular phenotype, both En 

and Wg were disrupted in stripes at the anterior edge of ftz expression, corresponding to 

even En stripes and odd Wg stripes.  Wg was most frequently affected in odd numbered 

PS, although additional anterior stripes can also be altered.  In double stained embryos, 

we observed that the loss of Wg in each segment was more severe than the loss of the 

neighboring En stripe (Fig. 6-10). Loss of expression usually occurred either medially or 

laterally; we rarely observed the complete loss of any stripe.  In addition, we observed 

that some anterior stripes, such as Wg stripe 5 and En stripes 4 and 6, were more often 

affected than others.  Intriguingly, En was only reduced in alternating stripes 

corresponding to the even PS.  Given the distinct reduction in En expression in even 

stripes, we hypothesized that Nmo may have a role in regulating pair rule activity in the 

even PS to promote En expression.  
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Figure 6-4  En and Wg are altered in nmo mutant embryos. 

Antibody staining for En (A, B) and Wg (C, D) was performed in w1118 and nmo GLC 

mutant embryos.  Reducing nmo activity disrupts both En and Wg expression.  (E, F) 

Double staining for Ftz (brown) and En (black) allowed unambiguous identification of 

affected PS (arrowheads). 
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6.5 nmo synergizes with eve 

Even-numbered stripes of en rely on Ftz activity in addition to repression of odd 

by Eve.  Given that Nmo affects the expression of even En stripes, we initially focused 

our attention on potential interactions between nmo and both ftz and eve.  We crossed 

nmo GLC mothers to ftz11/TM3 males to see if the nmo GLC phenotype was sensitive to 

levels of ftz.  In assessing cuticular phenotypes, we observed no variation of the nmo 

GLC phenotype in this experiment (Fig. 6-5B).  In contrast, we observed a potent 

synergy when we crossed nmo GLC to Df(2R)eve/Cyo, twi-GFP (Fig. 6-5C,E, F).  A 

similar synergy was observed when nmo GLC were crossed to the eve1 allele (Fig. 6-5D).  

Heterozygosity for eve alone produced embryos that appeared normal.  nmo GLCs that 

were heterozygous for Df(2R)eve exhibited increased lethality from 75.6% to 90.8% 

(Table 6-1).  More strikingly, nearly all the eve-/+, nmo GLC embryos exhibited a severe 

pair-rule cuticle phenotype (Fig. 6-5C), caused by complete fusions of alternating 

denticle belts (Table 6-1).  This phenotype was considerably more severe than the nmo 

GLC denticle belt fusions, which reflect loss of partial segments.  These eve-/+, nmo GLC 

mutants phenocopied embryos homozygous for the original hypomorphic eve pair-rule 

alleles described in Nusslein-Volhard and Wieschaus (1980).  Our observations 

suggested that Nmo synergized with Eve, and loss of nmo mimicked the effects of further 

reducing Eve function.  Although we observed a potent interaction between eve and nmo, 

this genetic combination did not abolish Eve activity entirely.  Embryos homozygous for 

strong eve alleles exhibit a lawn of denticles due to the complete loss of en expression 

(Harding et al., 1986; Macdonald et al., 1986), a phenotype that is much more severe than 
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that seen in nmo GLC mutants.  Nevertheless, our results suggested that nmo may 

contribute to a subset of Eve activities during segmentation.  



 231 

 
 

 

Figure 6-5 nmo and eve synergize during pair-rule patterning. 

(A) nmo GLC embryonic cuticle.  (B) Heterozygosity for ftz11 does not modify the nmo 

GLC phenotype in severity or penetrance. Heterozygosity for Df(2R)eve (C, E, F) and 

eve1 (D) results in a dramatic enhancement of the nmo GLC pair-rule phenotype resulting 

in partial and complete fusions of alternating denticle belts. 

 



 232 

 
 

6.6 nmo is co-expressed with the pair-rule and segmentation genes 

 In the process of embryonic segmentation, the even numbered PS are established 

through the combined repressive action of Eve on the repressor Odd, and activation of en 

expression by Ftz (see introduction). We established whether nmo is expressed with these 

pair-rule genes during segmentation using the nmo-lacZ strain (nmoP; Choi and Benzer, 

1994).  The nmo-lacZ enhancer trap line reliably reports the nmo mRNA expression 

pattern in imaginal discs (Choi and Benzer, 1994; Zeng and Verheyen, 2004).  Anti β-gal 

antibody staining detected an expression pattern that closely resembled the mRNA profile 

in embryos (Fig. 6-6; Verheyen et al., 2001).   

We first detected zygotic nmo in stage 5 embryos, where it was weakly expressed 

in all cells and overlapped with both Eve and Ftz during initiation and refinement of the 

primary 7-stripe pair-rule expression pattern (Fig. 6-6A-C).  By stage 6, nmo expression 

was enriched in a stripe of cells anterior to the 2nd and 7th Ftz stripes (Fig. 6-6D-F). We 

next addressed whether nmo might be expressed in subsequent stages when Eve and Ftz 

cooperate to initiate en expression in even numbered PS.  Indeed, we detected broad nmo 

expression that included all 14 En stripes from its initiation in stage 7 and 8 embryos 

(Fig. 6-6J-L) through stage 11 (Fig. 6-6M-O) to stage 14 (Fig. 6-6P-R).  Interestingly, the 

early stripes of enriched nmo expression persisted anterior to 4th and 14th En stripes until 

germ band retraction (arrowheads in Fig. 6-6M, O).  These sites of enrichment also 

correspond to the stripes that are most sensitive to loss of nmo. By stage 14, nmo was also 

enriched in the narrow stripe of En-expressing cells at the posterior edge of every  
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Figure 6-6 nmo is expressed with the pair-rule and segmentation genes during 
embryonic segmentation. 

nmo-lacZ/+ embryos stained for β-galactosidase to detect nmoP (green), with anti-Eve 

(red; B,C, H, I) or anti-Ftz (red; E, F) or anti-En (red; K, L, N, O, Q, R).  (A-C) Stage 5 

nmo-lacZ (A) is weakly expressed in all cells and overlaps with Eve (B; C, merge).  (D-

F) Stage 6 nmo-lacZ (D) is more highly expressed than in (A), and overlaps with Ftz (E). 

nmo is enriched in stripes of cells anterior to the 2nd and 7th Ftz stripes (arrowheads, D 

and F).  (G-L) Stage 7 nmo-lacZ (G, J) overlaps with prominent odd and weak even Eve 

stripes (H; I, merge) and the early 14 stripes of the segmentation gene En (K; L, merge).  

(M-O)  Stage 11 nmo-lacZ (M) is strongly expressed in all parasegments and overlaps 

with the 14 mature En stripes (N; O, merge).  Elevated nmo expression is still detected 

anterior to and encompassing the 4th and 14th En stripes (arrowheads, M and O). (P-R) 

Stage 14 nmo-lacZ (P) is enriched in cells flanking the segment boundaries, including the 

posterior stripe of En-positive cells (Q; R, merge) and more broadly at the anterior 

boundary. 
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segment, and more broadly at the anterior boundaries (Fig. 6-6P-R). nmo was excluded 

from the amnioserosa, and later was co-expressed with Eve and En in a subset of neural 

cells (data not shown). Co-localization of nmo with the pair-rule and segmentation genes 

suggests that Nmo may have multiple roles during embryonic segmentation.  However, 

given the distinct effect on En in even numbered PS in nmo GLC embryos, we chose to 

focus our analysis on Nmo’s role in this context.  The observed co-localization supported 

a model in which Nmo might regulate Eve to facilitate the final epidermal pattern of the 

embryo. 

We further analyzed nmoP expression in a nmo GLC background to determine if 

Nmo might regulate its own expression.  We observed only subtle modifications in 

zygotic nmo expression. nmo-lacZ was rarely detected in stage 5 embryos, but its 

expression was comparable to wild-type by stage 6 (Fig. 6-7). We also noted that nmo 

expression appeared less organized in stage 14 embryos (Fig. 6-7). However, this may be 

a secondary consequence of abnormal segment morphology (Fig. 6-7). Thus, we 

concluded that nmo’s self-regulation is minimal and that zygotic nmo is expressed at near 

normal levels in nmo GLCs.  
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Figure 6-7  nmo-lacZ expression in nmo GLC embryos. 

nmo GLC embryos were stained with anti-β-galactosidase to detect nmo-lacZ (green) and 

with anti-Eve (red; B,C, E, F) or anti-En (red; H, I, K, L) for reference. (A-C) nmo-lacZ 

(A) is rarely detected in Stage 5 embryos. nmo-lacZ is expressed normally in stage 6 (D-

F) and stage 11 (G-I) embryos. (J-L) Expression of nmo-lacZ (J) is mildly affected in 

regions where En expression (K) is disrupted (L), which may be due to abnormal 

morphology of the affected segments. 
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6.7 Nmo promotes Eve-mediated repression of odd 

nmo GLC cuticles resembled embryos expressing elevated odd, as well as ftz 

mutants (DiNardo and O'Farrell, 1987; Saulier-Le Drean et al., 1998).  Given the 

observed synergy between nmo and eve, and the normal expression of ftz in nmo GLCs, it 

is likely that nmo’s resemblance to ftz mutants was a secondary consequence of nmo’s 

effect on Eve activity, rather than on Ftz itself.  Genetic interaction studies and 

immunohistochemistry experiments were performed to investigate whether Nmo 

promoted Eve to stimulate its repression of odd.  If this were indeed the case, we 

predicted that nmo mutant embryos would have reduced Eve activity and consequently, 

would fail to repress odd expression effectively.   

Transition of pair-rule gene expression from 7 to 14 stripes, and initiation and 

maintenance of segmentation gene expression, is a highly dynamic process orchestrated 

by different molecular mechanisms at each phase (Manoukian and Krause, 1992; Saulier-

Le Drean et al., 1998; Fujioka et al., 2002; Swantek and Gergen 2004). As such, we used 

odd-LacZ to carefully examine odd expression and its effect on En in nmo GLC embryos 

throughout segmentation (Fig. 6-8, 6-9 and 6-10).  In wildtype embryos, en is transcribed 

in cells expressing Ftz and not in the presence of odd (Manoukian and Krause, 1992).  

odd is initially expressed in seven stripes that span the even-numbered PS and then later 

in 14 stripes centered on both even and odd PS (Coulter et al., 1990).  Such 7-to-14 stripe 

transitions have been described for several of the other pair-rule genes (eve (Macdonald 

et al., 1986); prd (Kilcherr, 1986) and runt (Gergen and Butler, 1988)). To support the 
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model that reduced En expression in nmo mutants (see Fig. 6-4) was caused by de-

repression of odd, we double-stained these embryos for En and odd.   

We first detected abnormal En expression in stage 7 nmo GLC embryos. Here we 

most frequently observed a shift in a subset of En stripes such that they are closer than in 

wildtype (Fig. 6-8B, E) and also observed loss of lateral En in some embryos (not 

shown). Loss of nmo did not have an observable effect on odd expression (Fig. 6-8A, C) 

until stage 8. In age-matched wildtype embryos, odd expression is higher in the odd 

stripes, and not yet fully repressed in the cells anterior to the even stripes (Fig. 6-8G, P).  

In nmo GLC embryos, odd expression was elevated in the even stripes, and the anterior 

cells intervening the odd stripes (Fig. 6-8J, M, S, V).  En is normally expressed anterior 

to odd in 14 evenly spaced stripes, 2-3 cells wide (Fig. 6-8H, I). We observed the most 

dramatic effect on En expression in nmo GLC embryos at this stage.  Similar to what is 

seen in eve mutants (Frasch et al., 1988; Hughes and Krause, 2001; Fujioka et al., 2002) 

and hs-odd embryos (Saulier-Le Drean et al., 1998), the even En stripes were shifted, 

producing a pairing of stripes 1 and 2, 3 and 4, etc. (Fig. 6-8K, N, T, W).  En was also 

absent from some cells in the even PS, resulting in incomplete stripes (Fig. 6-8R, W).  In 

more severely affected embryos, the even En stripes could converge on the anterior 

stripes, and loss of En in these PS was even more dramatic (Fig. 6-8N, W).  The odd En 

stripes typically appeared normal in later stages (Fig. 6-4B, Fig. 6-9D, H), so it was 

interesting that at this stage they were 1 or 2 cells wider (Fig. 6-8T, W). Thus, in nmo 

GLC embryos, odd was not effectively repressed in cells where we detected an anterior 

shift and partial loss of En expression (Fig. 6-8U, X).  In the more severe phenotype, 

irregular spacing of some pairs of odd stripes was also apparent (Fig. 6-8M).  These data  
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Figure 6-8 Expansion of odd in even PS leads to loss of early En stripes in nmo GLC. 

 

Embryos were stained for odd-lacZ (green) and En protein (red). (A-F) Stage 7 embryos. 

(A-C) Wild-type. (D-F) nmo GLC: En stripes (E) are abnormally spaced compared to 

wild-type (B). (D) odd expression is comparable to wild-type (A). (G-X) Stage 8 

embryos. (G-I, P-R) Wild-type. (J-O, S-X) nmo GLC: odd expression is elevated in even 

stripes (J, M, S, V) compared to wild-type (G, P). En is significantly reduced in even 

stripes, and is shifted such that the odd and even stripes appear paired (compare K and N 

with H; T and W with Q). De-repression of odd is coincident with loss of En (compare L 

and O with I; U and X with R).  
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suggest that nmo contributes to establishment of the 14 En stripes and the PS boundaries 

in the early stages of segmentation.  Moreover, it supports our hypothesis that Nmo 

promotes En expression in the even PS through repression of odd. 

In stage 9-11 nmo GLC embryos we observed various phenotypic combinations 

of altered En expression. We documented embryos in which En stripes were coupled but 

still expressed at relatively normal levels (Fig. 6-9E, compare with B).  Here, odd 

expression was clearly expanded compared to wildtype (Fig. 6-9D). In embryos with 

normally spaced PS as described in Fig. 3, odd was also expanded at the expense of En in 

even stripes (not shown).  We further discovered medial fusions of a subset of En stripes 

in otherwise unaffected nmo mutants (Fig. 6-9G-O; Fig. 6-10). These fusions involved En 

stripes 4 and 5 (Fig. 6-10), 4, 5 and 6 (Fig 6-9H, N; Fig. 6-10) or 4, 5, 6 and 7 (not 

shown). While we cannot definitively assess which stripes are responsible for the fusion, 

we detected lateral expansion of odd between the fused stripes (Fig. 6-9G, M). In 

addition, medial Wg is also significantly reduced in this phenotype (Fig. 6-10). 

Consistent with previous studies (Frasch et al., 1988; Hughes and Krause, 2001), we 

found that En was more severely affected in nmo GLCs at the end of germ-band 

retraction compared to stages 9-11.  We observed variable defects ranging from fusion of 

or incomplete lateral En stripes (Fig. 6-9Q) to complete loss of some segments (Fig. 6-

9R).  There was an additional class of severely affected nmo GLC embryos that we do 

not describe, since expression of odd and En lacked any discernable pattern, precluding 

interpretation.  The observed expansion of odd and concomitant reduction and/or anterior 

shift of even En stripes in nmo GLC embryos are consistent with reduced Eve function in 

the even PS. 
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Figure 6-9 Reduced nmo leads to de-repression of odd and abnormal expression of 

En. 

Embryos were stained for odd-lacZ (green) and En protein (red). (A-O) Stage 10 and 11 

embryos. (A-C, J-L) Wild-type: odd (A, J) expression is refined to 14 narrow stripes. En 

(B, K) is also expressed in 14 evenly spaced stripes, immediately anterior to odd-

expressing cells (C, L). (D-F) nmo GLC: odd (D) is expanded in all stripes, while En (E) 

is shifted, resulting in the coupled appearance of odd and even En stripes. En is also lost 

in cells where odd impinges on its expression domain (F). (G-I, M-O) nmo GLC: Lateral 

de-repression of odd (G and M, compare with A and J) is coincident with fusion of En 

stripes 4-6 (H, N, O). (P-R) Stage 14 embryos. (P) Wild-type. (Q, R) nmo GLC: En 

expression is more severely affected in later stages. Lateral stripes of En are incomplete 

or fused (Q, compare with P), or can be completely abolished (R, compare with P). 
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Figure 6-10 Ectopic odd and loss of Wg coincide with fused En stripes in nmo GLC 
embryos. 

(A-F) Ventral view of embryos depicted in Fig. 7 A-C, G-O. Embryos were stained with 

anti-β-galactosidase to detect odd-lacZ (green) and with anti-En (red). (A-C) Wild-type. 

(D-F) nmo GLC: odd (D, compare with A) is elevated where En stripes 4-6 (white bar) 

are fused (E, F). (G-L) Embryos were stained with anti-β-galactosidase to detect en-lacZ 

(green) and with anti-Wg (red).  (G-I) Wild-type. en-lacZ (G) is expressed posterior to 

Wg (G, I). (J-L) nmo GLC: Wg expression is dramatically reduced (K) at the site of fused 

en stripes 4 and 5 (J, white bar), and is more affected by loss of nmo than en (L). 
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6.8 Nmo can suppress the effects of ectopic odd 

Further genetic interaction studies were undertaken to confirm the model that 

Nmo acts to potentiate Eve activity in even PS.  We reasoned that if Nmo played a role in 

pair-rule patterning via its regulation of Eve and odd expression, then phenotypes due to 

odd expression should be sensitive to levels of nmo.  To test this, we expressed UAS-odd 

using prd-Gal4 (prd>odd) at 29ºC and examined the effect of Nmo on Odd-mediated 

repression of En.  En expression was reduced in even PS in prd> odd, phenocopying the 

effect seen by heat shock-driven Odd (Saulier-Le Drean et al., 1998).  Using UAS-lacZ as 

a marker and a titration control, we determined that prd-Gal4 is expressed in broad 

domains centered on even numbered En stripes (Fig. 6-11B), and that En was affected to 

the same degree in prd>odd, lacZ  (Fig. 6-11A, C) as in prd>odd embryos.  

Co-expression of UAS-Nmo with UAS-Odd was able to rescue the expression 

pattern of En to normal (Fig. 6-11E, G).  We noted that, while En was normally 

expressed in stage 9-11 prd>nmo embryos (Fig. 6-11I, K), even En stripes were 

expanded in some stage 8 embryos (not shown). This early effect is likely due to the 

normally incomplete repression of odd in the even PS at this stage, and thus when 

elevating Nmo has the most observable effect on Eve’s repression of odd.  These 

interaction studies suggested that nmo normally stimulates or enhances Eve activity to 

establish the boundary of odd expressing cells, and therefore indirectly promotes the 

expression of En.  
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Figure 6-11 Nmo promotes Eve-mediated inhibition of odd. 

Embryos were stained with anti-β-galactosidase (B, D) or anti-GFP (F, H, J, L) to 

visualize expression of prd-Gal4 (green) and with anti-En (red). (A-D) Expression of 

prd-Gal4>UAS-odd, UAS-lacZ causes loss of En (arrowheads in A, C) in prd-expressing 

PS.  (E-H) Co-expression of UAS-nmo with UAS-odd resulted in a restoration of En 

stripes (arrowheads in G) in prd stripes.  (I-L) prd>nmo expression alone did not alter En 

expression at this stage.  Cuticle preparations from the same experiment show that 

prd>odd causes mild to moderate denticle fusions (M) which can be suppressed by co-

expression of nmo (N).  (O) prd>nmo causes no detectable cuticle defects. 
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In a previous study, ectopic Odd resulted in a shortening of even En and odd Wg 

stripes, culminating in fusion of denticle belts (Saulier-Le Drean et al., 1998).  Since the 

cuticles of hs-odd embryos resemble nmo GLC embryos, we also examined the effect of 

elevating Nmo on denticle patterning in prd>odd embryos. Overexpressing odd with prd-

Gal4 in even numbered PS produced cuticle defects ranging from fusions of denticle 

belts to loss of abdominal segments (Fig. 6-11M).  The severity of the patterning defects 

was assessed according to the total number of fused or deleted segments (Fig. 6-12).  The 

most severe phenotype, consisting of three or more affected segments, was observed in 7 

% of the prd>odd progeny.   We found that co-expressing nmo suppressed the 

segmentation defects of prd>odd by more than 2 fold.  Control crosses to test the titration 

of prd-Gal4 (prd>odd+lacZ) showed no change in the Odd-induced phenotype.  Nmo’s 

ability to rescue Odd’s repression of En in these cells, effectively restoring the cuticle 

pattern to wildtype, supports our hypothesis that Nmo normally represses Odd in the even 

PS.  
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Figure 6-12 nmo suppresses ectopic odd denticle phenotypes. 

The distribution of phenotypes in the indicated genotypes is shown.  Patterning 

phenotypes were assessed and tallied according to the total number of segments lost or 

fused.  The population was classified into the following groups: wildtype, weak (1 

segment affected), moderate (2 segments affected), severe (3 or more segments affected).  

Indicated values represent the observed percentage of each phenotypic category within 

the total population of each cross. 
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6.9 Nmo binds to and phosphorylates Eve 

Thus far, our genetic and phenotypic studies highlight the synergy between nmo 

and eve in denticle patterning, and the presence of eve loss-of-function phenotypes in 

nmo GLC embryos. Since nmo and Eve are expressed in the same cells, we asked 

whether Nmo could promote pair-rule patterning through a direct protein-protein 

interaction with Eve.  To test such a possibility, a series of biochemical assays were 

performed.  Lysates from HEK293T transfected with Flag-tagged Nmo (Flag-Nmo) or 

HA-tagged Eve (HA-Eve) were mixed together and subjected to co-immunoprecipitation 

assays with the appropriate antibodies.  Immunoprecipitation of whole cell lysates with 

an anti-HA antibody isolated Flag-Nmo in a complex with HA-Eve (Fig. 6-13A).  

Reciprocal co-immunoprecipitation with anti-Flag also pulled down HA-Eve bound to 

Flag-Nmo (Fig. 6-13A), demonstrating that Nmo bound to Eve.  

Given that odd expression was de-repressed in nmo GLC embryos, we then 

addressed whether Nmo interacts with Eve via the protein’s repressive domains using a 

directed yeast two-hybrid assay.  We first confirmed the interaction between Nmo and 

full length Eve (FL; Fig. 6-13B).  Previous studies have shown that Eve contains multiple 

repression motifs, including a Gro-independent transient assay-defined repression domain 

(TARD) and a separate Gro-interacting domain (GID) within the C-terminus (Kobayashi 

et al., 2001).  Nmo did not bind Eve truncations comprising only the TARD domain or C-

terminus (Fig. 6-13B). 
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Figure 6-13 Nmo binds and phosphorylates Eve. 

(A) HEK293T cell lysates were immunoprecipitated (IP) with anti-HA, anti-Flag or IgG 

(control) antibodies and extracts were visualized by Western blot (WB) using anti-HA or 

anti-Flag antibody, for Eve and Nmo, respectively.  Eve-Nmo complexes were isolated in 

immunoprecipitation assays with either anti-HA or anti-Flag antibody.  (B) Schematic 

representation of Eve protein domains.  Eve contains a homeodomain (HD), transient 

assay repression domain (TARD) and a Gro-interaction domain within the C-terminus.  

In yeast two hybrid assays, Nmo interacted with Eve full length (FL), but not with the 

TARD or C-terminal domains.  (C) HEK293T cell lysates transfected with the indicated 

expression constructs were purified with anti-HA and anti-Flag and subjected to in vitro 

kinase assays.  Eve is phosphorylated in the presence of Nmo WT, but not with Nmo KD. 
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 The observed protein interaction between Nmo and Eve prompted us to examine 

whether the Nmo kinase phosphorylates Eve.  Indeed, Eve was phosphorylated in our in 

vitro kinase assays, running as a smear in the presence of Nmo wildtype (WT; Fig. 6-

13C).  Others have also shown similar phosphoforms of Eve that run as a smear (Li and 

Manley, 1999).  The kinase activity of Nmo was crucial for this post-translational 

modification since kinase dead (KD) Nmo failed to phosphorylate Eve (Fig. 6-13C).  

Together, these studies demonstrated that Nmo phosphorylates Eve and may promote 

Eve-mediated events during embryogenesis. 
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6.10 Discussion: 

Throughout embryogenesis, unique transcriptional complexes undergo dynamic 

changes to regulate the expression profile of segmentation genes.  Individual body 

segments are patterned through distinctive molecular cues.  However, it is well known 

that key players such as Eve play a more global role on gene transcription throughout the 

embryo. A regulatory network exists to control Eve specificity, eliciting unique cellular 

responses to Eve activity.  Protein kinases can effectively modulate Eve function and 

reign in its signalling potential, limiting its effect exclusively to a subset of segments or 

target genes (Li and Manley, 1999).  Here, we demonstrated that Nmo promotes Eve-

mediated repression on a subset of Eve targets, specifically in even PS.  We found that 

nmo GLC embryos exhibited fusion of denticle belts in every other segment, 

characteristic of defects in pair-rule patterning.  Additionally, expression of even En 

stripes is disrupted in nmo GLCs.  We believe the cuticular phenotypes we observe are a 

direct result of this disruption, particularly because we usually observe either medial or 

lateral disruption of En and Wg expression, and either medial or lateral fusion of denticle 

belts.  Within these stripes, the Eve target and en inhibitor, odd, is also derepressed. This 

finding suggests that Eve activity is likely compromised in these cells. Moreover, we can 

replicate the nmo GLC cuticle phenotype by specifically elevating Odd in the even PS. 

Importantly, co-expressing Nmo rescues both the loss of en and denticle belt fusions 

induced by ectopic Odd, most likely by increasing repression of endogenous odd during 

the 7 to 14 stripe transition in stage 8 embryos.  Since Ftz is unable to activate En in the 

presence of Odd, an effect of Nmo on Ftz would not have been able to restore En in this 
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assay, further supporting our model that Nmo likely acts on Eve to promote even En 

stripes.  Moreover, nmo expression overlaps with Eve throughout segmentation, 

suggesting that Nmo may directly regulate Eve.  In agreement with this model, we found 

that Nmo can bind and phosphorylate Eve.  Thus, our studies describe a novel role for 

Nmo as a modulator of pair-rule patterning. 

 Our data support a role for nmo in modulating a subset of Eve activity as nmo 

GLCs lose even En stripes and odd Wg stripes, rather than all En and Wg stripes as 

observed in eve null mutants (Harding et al., 1986; Macdonald et al., 1986).  That Nmo 

would affect only a subset of Eve activities is not unexpected, as Eve contains several 

independently regulated domains (Kobayashi et al., 2001).  Loss of the Groucho (Gro) 

interaction domain in Eve does not effect odd expression (Kobayashi et al., 2001). 

Therefore we do not believe that Nmo mediates or promotes Eve/Gro-controlled 

repression.  This raises the possibility that Nmo mediates Gro-independent repression by 

Eve, particularly in the repression of odd.  We found a striking similarity in phenotype 

between nmo GLCs and embryos with elevated levels of odd.  This effect partly mimics 

the effects of reducing Eve-mediated repression (Saulier-Le Drean et al., 1998).  Of note, 

the phenotype of ubiquitous Odd only manifests defects in even PS, supporting the 

evidence that, in odd PS, En expression is controlled in a very different manner and not 

sensitive to levels of Odd.  Our data suggest that Nmo promotes the activity of Eve and 

subsequent En expression in even PS.  

The multifunctional nature of Eve can be partly attributed to its dynamic 

expression pattern.  Early Eve expression is crucial for the activation of both even and 

odd numbered en stripes.  However, the enhancement and maintenance of odd numbered 
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en stripes is mediated by late Eve expression (Fujioka et al., 1995).  Earlier in 

embryogenesis, the highest concentration of Eve is centered on the odd numbered PS 

primordia, creating a bell shaped gradient.  It has been postulated that at this stage Eve 

acts as a morphogen, permitting Eve to act on its downstream targets in a concentration 

dependent manner (Fujioka et al., 1995).  Low levels of Eve at the posterior edges of odd 

PS contribute to en expression in even-numbered stripes.  In these cells, Eve 

concentration tapers off toward the boundary of the even-numbered PS, co-localizing 

with low level Ftz (Frasch and Levine, 1987).  Within these cells, Eve represses odd, 

allowing Ftz-dependent en activation in even numbered stripes.  Nmo likely mediates this 

subset of early Eve function, given that the even-numbered en stripes are most sensitive 

to nmo levels.  This may account for the presence of incomplete denticle fusions in nmo 

GLCs, rather than the loss of entire segments. In addition, we found that nmo colocalizes 

with Eve in the pre-cellular blastoderm.  Previous studies and our work here shown that 

nmo is expressed in every segment after gastrulation (Liang and Biggin, 1998; Verheyen 

et al., 2001).  Although we have yet to identify the role of late nmo expression, it is 

tempting to speculate that it may be distinct from the function of early nmo expression.  

Since nmo GLCs rarely display obvious alterations in odd numbered en stripes, it is 

unlikely that nmo regulates the late function of Eve.  

 We cannot exclude the possibility that Nmo may also affect the activities of other 

pair-rule genes. Interestingly, we observed an expansion of En in odd PS in stage 8 

embryos, indicating that Nmo may function to refine the early odd-numbered En stripes 

through yet another mechanism. Consistent with our observations, others have 

demonstrated that altered expression of pair rule and segmentation genes can be restored 
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later in development, since temporally unique mechanisms exist to regulate their 

expression (Saulier-Le Drean et al., 1998).  Given nmo’s broad expression throughout 

segmentation we predict that additional roles remain to be identified for Nmo during 

segmentation and in other embryonic patterning processes.  For example, we cannot rule 

out that the observed defects in some even Wg stripes in nmo GLC embryos may be due 

to modulation of additional factors such as Ftz or Sloppy-paired by Nemo.  In addition, 

nmo is co-expressed with Eve and En in the embryonic nervous system, and nmo GLC 

embryos display abnormal neural patterning (A.U. and L.R.B., unpublished). 

 We postulate that Nmo acts to promote Eve activity as a repressor of odd 

expression.  While it is likely that a number of proteins act together with Eve during this 

process, few have been identified.  Mutations in the histone deacetylase Rpd3 were found 

to cause a pair-rule phenotype that was attributed to loss of Eve repressor function 

(Mannervik and Levine, 1999).  Specifically, in these mutants the even-numbered En 

stripes were affected.  The authors postulate that Rpd3 acts as a co-repressor with Eve to 

suppress odd expression in the Ftz domain.  The selectivity of this phenotype is 

reminiscent of the nmo GLC phenotype and highlights the idea that Eve mediates 

repression of its different targets through multiple mechanisms and binding partners. 

  Previous studies have shown that Eve is phosphorylated in Drosophila S2 cells 

(Han and Manley, 1993), suggesting that Eve may be regulated by phosphorylation. 

Further biochemical analyses revealed that the repressive activity of Eve is inhibited by 

phosphorylation in vitro (Li and Manley, 1999).  Addition of Glycogen Synthase Kinase-

3 (GSK3) inhibited Eve activity, and this effect could be alleviated upon addition of LiCl, 

an inhibitor of GSK3.  The presence of LiCl also reduced Eve phosphorylation in nuclear 
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extracts, indicating that GSK3 phosphorylates Eve.  Eve silences gene transcription by 

interfering with the interaction between the general transcription factor TFIID and the 

TATA box within the promoter.  Eve can either bind to the TATA binding protein (TBP), 

a target for repression (Li and Manley, 1998; Um et al., 1995), or bind to DNA, 

occluding transcriptional complex formation (Austin and Biggin, 1995).  GSK3-mediated 

phosphorylation can inhibit the TBP-Eve interaction, hence inhibiting Eve-mediated 

repression (Li and Manley, 1999).  Our data reveal that phosphorylation of Eve may not 

solely lead to the protein’s inhibition, but may also be an activating event.   

 Our work is the first example to our knowledge of a kinase that phosphorylates 

Eve and genetically promotes Eve activity.  Phosphorylation represents a widespread 

phenomenon that can alter the transcriptional activity of a protein by several mechanisms.  

The phosphorylation status can alter the substrate’s nuclear localization, stability and/or 

protein-protein interactions.  Nmo or its vertebrate homologue, Nmo-like kinase (Nlk), 

has been shown to affect gene transcription by inhibiting its substrate Tcf/Lef from 

binding to its DNA sequence, as well as affecting the nuclear localization of another 

substrate, Mad (Ishitani et al., 1999; Zeng et al., 2007; Merino et al., 2009).  Another 

intriguing possibility is that Nmo may modulate Eve’s recognition of its various targets, 

perhaps by altering Eve’s ability to interact with its co-repressors.  Although our analyses 

do not distinguish between these possible modes of action, our data support the model 

that Nmo may define the temporal or/and spatial boundaries of Eve activity.  
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6.11 Contributions 

L. R. Braid and W. Lee contributed equally to this work. A. Uetrecht designed the 

original hypothesis, and together with W. Lee characterized the nmo GLC cuticle 

phenotype and performed in the in situ hybridization. I generated the data and the images 

for Fig. 6-6, 6-7, 6-8, 6-9, 6-10, 6-11 and 6-12. I designed and executed the 

misexpression assay in Fig. 6-11. I also performed the yeast two-hybrid binding assay 

described in Fig. 6-13. Kinase assays were performed by S. Swarup. G. Papaianni and A. 

Heiler assisted with fly husbandry, embryo collections, immunostaining and scoring 

cuticle preps. 
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7: General Conclusions and Summary 

The work described here reveals new roles for Nmo in establishing the embryonic 

parasegments, in eye specification mediated by the RD network, and in eye patterning 

through propagation of the morphogenetic furrow. The division of embryonic 

parasegments gives rise to the anterior/posterior compartments of the larval imaginal 

discs (Cohen, 1993). This work implicates nmo in embryonic parasegment boundary 

formation since it phosphorylates and potentiates activity of the transcriptional repressor 

Eve. In subsequent larval stages, I find that nmo again contributes to 

compartmentalization. Genetic evidence suggests that nmo may contribute to 

specification of the anterior eye compartment during the second instar. During third instar 

retinal patterning, nmo affects the rate of morphogenetic furrow progression, which is a 

dynamic anterior/posterior boundary. Additional genetic and biochemical evidence 

indicate that Nmo potentiates activity of the retinal factor, Eya, in a kinase-dependent 

fashion. However, the relevance of this regulatory interaction to normal eye development 

has not yet been fully established. Together, the described research reveals new, 

important roles for Nmo in potentiating the activity of transcriptional regulators to pattern 

the embryo and the eye, and in defining compartment boundaries.  

The subtle phenotypes observed in nmo mutants, coupled with the observed 

synergy upon misexpressing nmo, imply that Nmo may exert a regulatory function that is 

redundant with another MAPK. This redundancy is unlikely to be contributed by other 

Nlk family MAP kinases, since there appears to be only a single Nlk encoded in the 
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genomes of C. elegans, D. melanogaster, M. musculus and H. sapiens (Kortenjann et al., 

2001). Nmo may have overlapping functions with the ERK kinase, rl, to potentiate Eya’s 

transcriptional activity (Hsiao et al., 2001). Redundancy between Nlk and ERK has been 

previously documented (Rottinger et al., 2006), which supports such a model. 

Is Nmo a vital factor during eye development? Certainly, the nmo eye is 

considerably more moderate than the eyeless phenotype exemplified by RD mutants, and 

less dramatic than mutations that affect key components of signalling pathways and 

processes like cell proliferation, cell survival, furrow progression and differentiation. A 

cursory evaluation may lead one to conclude that Nmo is in fact dispensable for eye 

development. The fly, however, might disagree. 

The nmo eye, though not profoundly smaller than wild-type, manifests 

morphological defects that undermine a fundamental biological problem: how to shape an 

organ to confer optimal function. The visual system of the fruit fly has evolved to 

produce a highly refined sense organ. The compound eye is perfectly shaped in 3-

dimensional space to maximize acuity of light and motion. For example, a specialized 

subset of ommatidia populates the dorsal rim area of the eye, and is used for navigation 

by measuring the oscillation plane of polarized sky light (Labhart and Meyer, 1999; 

Labhart and Meyer, 2002). 

The shape of the nmo eye is invariant and abnormal. It has fewer ommatidial rows 

on the A-P axis and is elongated dorso-ventrally. Undoubtedly, this morphological defect, 

combined with an overall reduction in unit eyes, affects the animal’s vision. The 

additional, known, nmo eye phenotypes  – incomplete ommatidial rotation, 

supernumerary accessory cells and interommatidial bristles and the orthogonal 
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ommatidial lattice (Choi and Benzer, 1994; Zheng et al., 1995; Verheyen et al., 2001; 

Chou and Chien, 2002; Mirkovic et al., 2002; Brown and Freeman, 2003; Fiehler and 

Wolff, 2008; Mirkovic et al., 2011)– likely have a compound, deleterious impact on 

visual acuity. Hence, these seemingly undramatic malformations, when taken together, 

debilitate the fly’s ability to interact with its environment and consequently impair critical 

functions such as navigation. Thus, I would argue that Nmo does have a pivotal role in 

fly eye development, by contributing to multiple processes that culminate in the precise 

shape of the visual organ to confer optimal functionality and survival. 

Moreover, I predict that future analysis of nmo mutant retinas will uncover 

additional visual defects, most profoundly in the retinal axonal array. I have observed 

nmo expression in the embryonic CNS and PNS, as well as the larval brain, and 

documented moderate to severe neural patterning defects in nmo GLC embryos (not 

shown).  Several lines of evidence suggest a global role for Nmo in neural specification: 

1) nmo transcript is highly coincident with the pro-neural gene Ato during embryonic and 

larval development; 2) nmo potentiates the ability of Ey to induce ELAV in wing discs, 

which no other RD component can (Salzer and Kumar, 2010) and 3) Nmo has a 

documented role in SOP specification and patterning in the wing imaginal disc (Lee, 

2009). Deciphering how the axonal projections emanating from the eight photoreceptor 

types and how the ocelli are specified, guided and integrated has become the focus of 

active research. It will be interesting to discover how Nmo contributes to this complex 

process, as well. Further characterization of Nmo’s diverse roles in development will aid 

in understanding how cells integrate multiple signals to achieve a specific outcome. 
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