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Abstract 

Development of multicellular organisms requires regulated cell-cell communication 
mediated by a handful of conserved signalling pathways. Precise regulation of signalling 
is essential in integrating the many inputs that cells receive.  

In this study, I investigated several different aspects of cell communication and signal 
transduction. First, I describe a novel mode of cross-talk between the Wingless (Wg) and 
the Bone Morphogenic Protein (BMP) pathways where Wg-dependent gene transcription 
is suppressed by ectopic BMP signaling, and the BMP effector Mad disrupts the 
interaction between Wg effectors Arm and dTcf. This represents a novel mode of 
regulation to integrate input from various pathways, and does not involve post-
translational modification. 

Protein phosphorylation by kinases is a post-translational modification reiteratively used 
in many different pathways and processes to regulate signaling.  My further studies have 
involved two kinases, Nemo (Nmo) and Homeodomain-interacting Protein Kinase (Hipk), 
and their roles in cell signaling and development. Nmo is an evolutionarily conserved 
kinase involved in the modulation of several pathways. It was originally implicated in 
regulating cell movements during Planar Cell Polarity (PCP) signaling. Our genetic and 
molecular studies show that Nmo binds the core PCP factors, and phosphorylates the E-
cadherin-Arm complex, implicating Nmo as the molecular link between these two 
complexes to promote cell motility and rotation. Additionally, we found that nmo inhibits 
the BMP pathway and suppresses BMP-regulated gene transcription during wing 
development. Nemo binds to and phosphorylates Mad at a conserved serine, leading to 
its nuclear exclusion in a kinase dependent manner. This is the first known kinase to 
target the MH1 domain of Mad to alter its subcellular localization. 

Hipk represents another class of conserved kinases important in the regulation of 
signaling. Hipk was previously implicated in growth, apoptosis and patterning. I describe 
a novel role for Hipk in the regulation of cell junctions and apicobasal polarity in the adult 
midgut. Loss of hipk leads to a disruption in junctions, epithelial disorganization and cell 
death. Hipk genetically and physically interacts with the polarity protein Discs Large (Dlg) 
and is required for its membrane localization.  

Keywords. Nemo; Hipk; BMP; Wnt; PCP; Dlg 
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1. General Introduction 

1.1.  Signal transduction pathways 

In multi-cellular organisms, cells utilize a complex system of communication that 

governs basic cellular activities and coordinates cell actions. This system of 

communication is referred to as cell signaling (Jordan, et al., 2000). Cells can respond to 

a variety of extrinsic and intrinsic signals to control processes such as metabolic activity, 

growth and differentiation of tissues, cell survival, cell death, and cellular movement. 

Traditional work in biology has focused on teasing-apart complicated cell signaling 

networks into discrete pathways that are easier to study and understand.  

Cell signalling can occur via direct contact cells-cell contact (juxtacrine 

signalling), over short distances (paracrine signalling) or over large distances (endocrine 

signalling). Cells can also signal to themselves (autocrine signalling). Signaling can also 

occur through cell contact with the extracellular matrix (ECM) or through special 

signalling junctions known as gap junctions (Gilbert, 2000). Some signalling molecules 

are hydrophobic steroid hormones that can cross the plasma membrane and move into 

the cell. Once inside, these hormones will bind an intracellular receptor and are carried 

into the nucleus to affect transcription of their target genes (Gilbert, 2000). Hydrophillic 

signalling molecules are often proteins that cannot pass the plasma membrane. These 

molecules transduce a signal to inside the cell by binding to a transmembrane receptor 

and leading to changes inside the cell (Gilbert, 2000). Intercellular signalling can be 

through the use of secreted hydrophilic molecules. Signalling through these molecules 

usually involves several steps: 1) synthesis and release of ligand (signalling molecule) 2) 

binding of the signalling molecule  to a specific receptor on the target cell leading to 

receptor activation 3) initiation of one of more intracellular signal-transduction pathways 

which in turn 4) leads to a cascade of events that can ultimately lead to a change in cell 

behaviour. Often times the signal received by the cell is amplified, usually involving 



 

2 

intracellular second messengers, ultimately leading to a greater response by the cell 

(Gilbert, 2000; Scott and Pawson, 2009).  

1.2. Drosophila melanogaster as a model system for the 
study of intricate signalling networks 

The fruit fly Drosophila melanogaster has been used as a model organism for 

over 100 years in cell biological, genetic and developmental studies (Beckingham, et al., 

2005; Arias, 2008). The fruit fly is small and has a simple diet, therefore large numbers 

of flies can be maintained inexpensively in the laboratory. It has a short life cycle of 

about two weeks, thus large-scale crosses can be set up and followed through several 

generations in a timely manner. Importantly, Drosophila is a genetically tractable model 

organism. It has only four chromosomes making genetic crosses relatively simple. 

Additionally, there is less genetic redundancy compared to other model organisms, with 

fewer copies of related genes studies (Beckingham, et al., 2005; Arias, 2008). Due to 

these reasons, a lot of work has historically been done using flies. Thus, a vast number 

of reagents and tools are available including large collections of mutants, transgenics 

and other genetic manipulation tools. More importantly, there is significant gene 

conservation between fly and human genes and many fly genes have human 

orthologues. In fact, signalling pathways and the cellular processes that they regulate 

are highly conserved between flies and humans, and many developmental signaling 

pathways were first discovered and characterized in flies (Beckingham, et al., 2005; 

Arias, 2008). As a result, studying regulation of a pathway or process in flies is directly 

applicable to understanding that pathway or process in humans.  

1.2.1. Development and patterning of tissues in Drosophila 
melanogaster 

There are four stages in the Drosophila life cycle: embryonic, larval, pupal, and 

adult (Loeb, 1915). The anterior-posterior body axis is established in the pre-blastoderm 

embryo, by concentration gradients generated through the diffusion of maternally 

localized transcription factors (Wolpert, 2011). During late embryonic to first instar larval 

stage, specialized cells, called imaginal discs, are set aside that will later give rise to 
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adult structures such as eyes, wings, legs, halteres and the genital discs. The disc 

primordia begin as small clusters of about 20 cells during embryogenesis (Wolpert, 

2011). These cells proliferate during the three larval stages (the first, second and third 

instar). By the time the discs are ready to differentiate in the third instar stage, the 

number of cells in the disc has reached 50 to 75 thousand (Carthew, 2007; Erickson, 

2011).  

During the second and early third instar larval stages, cells of the imaginal disc 

massively proliferate, and most of the events governing patterning and differentiation 

happen during the third instar larval and early pupal stages. However, at the end of third 

instar stage, the imaginal disc is still a single layered epithelium and lacks structure 

(Garcia-Bellido and Merriam, 1969). During pupal stages, there is massive differentiation 

followed by morphological changes that will lead to the formation of elaborate adult 

structures such as wing and eyes, from flat sheet of cells (reviewed in North and French, 

1994; Tsachaki and Sprecher, 2012). During the pupal stages, the disc everts and 

changes shape, in a process known as metamorphosis. In addition to further 

differentiation and extensive changes in morphology, excess cells of the pupal eyes and 

wings undergo programmed cell death or apoptosis (reviewed in Carthew, 2007; 

Roignant and Treisman, 2009). Finally, the pupa eclose out of their pupal casings and a 

fully-grown adult fly emerges. 

1.3. Kinases and their roles in Signaling  

For any organism to achieve proper development and prevent disease, the 

activity of a complex array of distinct signalling pathways must be tightly regulated. 

Regulation of a signalling pathway can occur at each step in a pathway by modifying 

signaling pathway components. One way to achieve this is through post-translational 

modifications. Post-translational modification is the chemical modification of a protein 

after its translation, increasing the functional diversity of the proteome by the covalent 

addition of functional groups, partial proteolytic cleavage of protein subunits or 

degradation of entire proteins. 
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The process of phosphorylation is one post-translational modification that 

involves the addition of a phosphate group (PO4) from adenosine triphosphate (ATP) 

and its attachment to the hydroxyl side chain of a serine, threonine or tyrosine 

(Rimington, 1927). Phosphorylation is an important post-translational modification and 

regulatory mechanism widely utilized by cells. This process is carried out by enzymes 

called  protein kinases (Krebs, 1972; Krebs and Beavo, 1979). The reverse reaction is 

called dephosphorylation, and is carried out by protein phosphatases (Krebs and Beavo, 

1979). The addition of a phosphate molecule to a polar side chain of an amino acid 

residue can turn that portion of a protein into a very hydrophilic region. In this way, it can 

induce a conformational change in the structure of the protein via changes in interactions 

with residues in other regions of the protein. This results in a conformational change in 

the structure of the protein causing it to either become activated or deactivated (Rubin 

and Rosen, 1975). Replacing a Serine, Threonine or Tyrosine with a negatively charged 

amino acid, such as Glutamic Acid or Aspartic Acid, can mimic a permanent state of 

phosphorylation. Such mutants are called phosphomimetics. Conversely, replacing that 

site with Alanine, called a phosphoresistant mutant, will render it resistant to 

phosphorylation. Thus, the importance of phosphorylation events at specific residues 

can be studied in vitro and in vivo by creating various phosphomimetic and 

phosphoresistant mutants. Therefore, many proteins are switched "on" or "off" by 

phosphorylation and dephosphorylation, and this represents an important mode of 

protein regulation. Phosphorylation can regulate the activity of proteins and kinase can 

regulate many cellular processes, by altering transcription levels or localization through 

phosphorylation of transcription factors, changes in cell shape by phosphorylation of 

structural proteins and altering their localization or affecting their degradation, and many 

more. A handful of signaling pathways direct cell fate and these are reiterated through-

out development. The full spectrum of responses required by an organism greatly 

outnumbers the number of genes and pathways. One way to add diversity is through 

post-translational modifications that can control protein structure, how proteins interact 

with each other, changes in protein localization or stability, or combinatorial control of 

transcription through the formation of various transcriptional complexes.  

The simplest classification method for kinases is according to the residue(s) they 

can phosphorylate. According to this classification, there are serine/threonine kinases, 
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such as Mitogen-Activated Protein Kinases (MAPKs), tyrosine kinases, such as the 

Epidermal Growth Factor Receptor (EGFR) and dual-specificity kinases such as the 

Dual-specificity Tyrosine Phosphorylation and Regulated Kinases (DYRK) family (Hanks, 

2003). Most kinases target conserved sequences in their substates. For example, the 

consensus phosphorylation site that is shared by MAPK substrates is PxS/TP (Biondi 

and Nebreda, 2003).  

A common feature of kinases is that they are also regulated by post-translational 

modification, namely their own phosphorylation status. Phosphorylation events can 

sometimes occur in tandem involving a cascade of kinases, each one successively 

phosphorylating and activating a more downstream kinase, leading to an amplification of 

the signal. MAPKs typically form hierarchical pathways, receiving input several levels 

above the MAP kinase. In the simplest senario, a MAPKKK phosphorylates a MAPKK, 

inducing a conformational change that will allow it to bind and phosphorylate a MAPK. 

The activated MAPK can in turn go on to phosphorylate downstream substrates. Most 

MAPKs possess a TxY motif within their activation lip that is dually phosphorylated at the 

threonine and the tyrosine by the upstream kinase. This upstream activation is a shared-

feature of many classes of kinases. Protein kinases possess a conserved lysine in the 

catalytic domain, which is critical for the phosphorylation reaction. Point mutations of this 

critical lysine residue inhibit the activity of the kinase and render it inactive. This is known 

as a kinase inactive or kinase dead mutant (Carrera, et al., 1993). 

1.3.1. Drosophila Nemo 

Drosophila nemo (nmo) is the founding member of an evolutionarily conserved 

family of protein kinases. It was first identified as a gene required for planar cell polarity 

(PCP) during ommatidial development in the Drosophila eye (Choi and Benzer, 1994; 

Fiehler and Wolffe, 2008; Mirkovic, et al. 2002; Mirkovic, et al., 2011). During PCP, 

ommatidia of the eye rotate 90° in opposite directions in either half of the eye, 

establishing mirror-image symmetry across the midline and nmo has been linked to the 

regulation of cell motility during this process. Subsequent analyses have shown that nmo 

functions in multiple tissues and has many additional roles, as described below. nmo is 

essential for embryonic development, and loss of both maternal and zygotic nmo results 

in embryonic lethality, characterized by head defects, inappropriate ventral denticle belts 
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and disruption of apoptosis (Mirkovic, et al., 2002; Braid and Verheyen, 2010). nmo is 

important in the proper development and patterning of several tissues including the 

developing wing, where nmo acts as an inducible antagonist of Wg signalling to allow 

vein formation (Zeng and Verheyen, 2004) and in the eye, where it has a proneural role 

in specifying the photoreceptors (Braid and Verheyen, 2008; Morillo, et al., 2012). 

Additionally, nmo initiates a phosphorylation circuit that sets circadian clock speed by 

slowing the pace of the Drosophila circadian oscillator (Chiu, et al., 2011; Yu, et al., 

2011).  

Structurally Nmo and its homologues, called Nemo-like Kinases (Nlks), are 

proline-directed Serine/Thronine kinases with 37-41% sequence homology to Mitogen-

Activated Protein Kinases (MAPKs) and Cyclin-dependent Kinases (Cdks) (Choi and 

Benzer, 1994). However, Nmo differs in its longer carboxy-terminal regions and the 

amino acid sequence in the phosphorylation lip of the activation loop (TQE) is unlike that 

of the MAPKs or Cdks (Choi and Benzer, 1994; Brott, et al.,1998). Most typical MAPKs 

posses a TxY motif that is dually phosphorylated at both the threonine and the tyrosine 

residue. The negatively charged glutamic acid mimics a phosphorylation, thus Nmo may 

be partially active, meaning that it requires only phosphorylation on the threonine residue 

to become fully active (Brott, et al., 1998).  

1.3.2. Nmo-like kinases (Nlks) 

Nmo homologues, or (Nlks) have been studied in other model organisms, 

including the murine and human Nlks, Caenorhabditis  elegans (C. elegans) Lit-1, Fugu 

rubripes Nlk and the Xenopus xNlk (Brott et al., 1998; Harada, et al., 2002; Hyodo-Miura, 

et al.,  2002; Kehrer-Sawatzki, et al., 2000; Meneghini, et al., 1999; Rocheleau, et al., 

1999; Shin, et al., 1999). Nlks have been shown to regulate a number of transcription 

factors with key roles in cell fate determination. Nlks exert an inhibitory effect on the 

gene regulation activity of the Wnt/Wingless (Wg) effectors T-Cell Factor/ Lymphoid 

enhancer factor-1(Tcf/Lef) transcription factors (Ishitani et al., 1999; Rocheleau et al., 

1999; Shin et al., 1999). Murine Nlk phosphorylates Tcf and inhibits the DNA-binding of 

the Tcf/β-catenin complex (Ishitani et al., 1999) thereby inhibiting Wnt-dependent target 

gene transcription. Additionally over-expressed zebrafish nlk, in concert with wnt8, can 

downregulate tcf3a and tcf3b, to repress Wnt targets during neurectodermal patterning 
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(Thorpe and Moon, 2004). Interestingly, in neural progenitor cells, it has been found that 

Nlk promotes Wnt signaling in the neural progenitor cells, suggesting that the kinase 

may exert opposite effects on canonical Wnt signaling in different tissues (Ota, et al., 

2011; Ota, et al., 2012) 

In addition to canonical Wnt signalling, Nmo and Nlks have also been found to 

participate in non-canonical Wnt signalling (Ishitani et al., 1999; Meneghini et al., 1999; 

Rocheleau et al., 1999). Nlk is proposed to act as a positive effector of non-canonical 

Wnt signaling pathway, acting downstream of Wnt5A, MAP3K7/Tak1 and Hipk2 (Ishitani, 

et al., 1999; Ishitani, et al., 2003). Activation of this pathway causes binding to and 

phosphorylation of the histone methyltransferase SET domain, bifurcated 1 (SETDB1) 

(Takada, et al., 2007). The Nlk-SETDB1 complex subsequently interacts with 

Peroxisome proliferator-activated receptor gamma (PPARG), leading to methylation of 

PPARG target promoters at histone H3K9 and transcriptional silencing. The resulting 

loss of PPARG target gene transcription inhibits adipogenesis and promotes 

osteoblastogenesis in mesenchymal stem cells (Takada, et al., 2007). Additionally, in a 

C. elegans non-canonical Wnt pathway, activation of the Lit-1 kinase requires Wrm-1, a 

β-catenin-like protein, leading to phosphorylation of Lit-1 and Wrm-1 and subsequent 

phosphorylation and inhibition of a nematode Tcf, Pop-1 (Rocheleau et al., 1999). 
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Fig 1.1. Schematic representation of the overall structures of conventional 
MAPKs and the atypical MAPK like kinases Nemo and NLK.  

 All MAPKs contain a Ser/Thr kinase domain flanked by N- and C-terminal regions of 
different lengths. Different additional domains are also present in some MAPKs, including 
a transactivation domain (TAD), a nuclear localization sequence (NLS), and a domain 
rich in Ala, His, and Glu (AHQr). Typical MAPKs contain a TxY in their activation lip that 
are dually phosphorylated by the upstream kinase in the cascade. In Nemo and NLK, this 
site is replaced by a TQE motif suggesting that these atypical MAPKS may be partially 
active and might only require autophosphorylation (Reviewed in Cargnello and Roux, 
2011).  

Analysis of Nlk function in Xenopus axis formation assays has shown that injection of 

murine Nlk and Xenopus Xnlk mRNAs blocks axis formation and rescues the axis 

duplication induced by ectopic β-catenin and elevated Wnt levels (Hyodo-Miura et al., 

2002; Ishitani et al., 1999). Together these effects inhibit the transcriptional activation of 

canonical Wnt/beta-catenin target genes.  

 Nlk has also been found to negatively regulate the Myb family of 

transcription factors. Phosphorylation of Myb by Nlk leads to its subsequent proteolysis. 

Kurahashi, et al., 2005; Kanei-Ishii C, 2004; Kanei-Ishii C, 2008). Additionally, murine 

Nlk is a negative regulator of the Notch signaling pathway. It binds to and 

phosphorylates Notch1, thereby preventing the formation of a transcriptionally active 

ternary complex of Notch1 (Ishitani et al., 2011).  



 

9 

1.3.2.1. The Regulation of Nemo and Nlks 

Nlks may be activated by canonical and non-canonical Wnt signaling pathway  

(Ishitani, et al., 2003; Kanei-Ishii, et al., 2004; Smit, et al, 2004; Zeng and Verheyen, 

2004). For example, Wnt1, a canonical Wnt, is capable of activating murine Nlk. Wnt5A, 

a non-canonical Wnt is also shown to act upstream of Nlk. Cytokines such as Interleukin 

6 (IL-6) have also been shown to activate Nlk (Ohkawara, et al., 2004; Kojima, et al., 

2005). As mentioned previously, nmo has been shown to be an inducible antagonist of 

the Wg pathway. (Zeng and Verheyen, 2004). Additionally, Nerve Growth Factor (NGF) 

functions upstream of the kinase and is capable of activating it (Ishitani et al., 2009). 

Insight into the molecular regulation of Nlk has come recently. Murine Nlk is activated by 

dimerization and subsequent intermolecular autophosphorylation on Thr-298 within the 

TQE motif (T202 in Nmo). Additionally, it has been found that nuclear entry of Nlk is a 

dimerization-dependent process (Ishitani, et al., 2011; Ishitani, 2012). Although recent  

studies suggests that Nmo may not require an upstream kinase (Ishitani, et al., 2011; 

Ishitani, 2012), several previous studied identified a MAPK-like kinase cascade in 

hematopoietic cells. Wnt-1 activation leads to the activation of Transforming growth 

factor-β activated kinase 1 (Tak1), a MAPKKK, which phosphorylates and activates 

Homeodomain-interacting protein kinase 2 (Hipk2), which acts as the intermediary 

kinase in the cascade. Hipk in turn phosphorylates and activates Nlk, and the activated 

Hipk and Nlk together promote the degradation of the c-Myb transcription factor (Kanei-

Ishii, et al., 2004; Kurahashi, et al., 2005; Kanei-Ishii, et al., 2008). 

1.3.3. Homeodomain-interacting protein kinase (Hipk) family 

Hipk is a serine/threonine kinase involved in many cellular process including 

transcriptional regulation, differentiation, and apoptosis. Various cellular and biochemical 

roles have been ascribed to the four vertebrate homologues, Hipk 1-4. With the 

exception of Hipk4, members of this family share a highly conserved protein structure 

that includes an N-terminal kinase domain, a Homeodomain Interacting Domain (HID), 

and a domain rich in proline, glutamic acid, serines and threonines, called a PEST 

domain, where a multitude of transcription factors bind (Calzado, et al., 2007). 

Additionally an autoinhibitory domain exists at the c-terminus which is subject to 
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cleavage, rendering the protein hyperactive (Rui, et al., 2004). Drosophila has a single 

Hipk member in its genome, referred to simply as Hipk, hereafter.  

Hipks are members of the DYRK family of kinases (Hofmann, et al., 2000). This 

is a class of serine/threonine kinases, capable of autophosphorylating at a tyrosine 

residue, and is therefore classified as a dual-specificity kinase. Members of the Hipk 

family share sequence similarity with other DYRKs, and both have been shown to 

phosphorylate the same targets as vertebrate Hipks, namely p53 (Wang, et al., 2001). 

However, no consensus target site has been described for this family of kinases. 

Vertebrate Hipk2, the best characterized member of this family, was originally 

identified in a yeast-2-hybrid screen as a binding partner for the Nkx-1.2 homeodomain 

transcription factor (Kim, et al., 1998). Members of this family have been previously 

described as nuclear kinases that are enriched in nuclear speckles called promyelocytic 

leukemia (PML) bodies. hipk2 knock-out mice display only minor neuronal defects 

(Wiggins, et al., 2004, Zhang et al., 2007). However, a double knockout hipk1 and hipk2 

is lethal and the mice display neural tube closure defects and homeotic transformations 

in the axial skeleton (Isono et al., 2006), suggesting some functional redundancy 

between the two genes. The best studied role for Hipk2 is its role in phosphorylating and 

activating p53, upon the induction of genotoxic stress, leading to p53 mediated gene 

transcription and apoptotic cell death (reviewed in Calzado, 2007). Hipk2 knockdown 

impairs p53 function, induces chemoresistance, angiogenesis, and tumor growth in vivo. 

Conversely, Hipk2  overexpression activates apoptotic pathways, counteracts hypoxia, 

inhibits angiogenesis, and induces chemosensitivity both in p53-dependent and -

independent ways. Based on this, Hipk2 has been dubbed an “oncosupressor” (D'Orazi, 

et al., 2012). 

 

Fig 1.2. Schematic representation of the Hipk family protein domains. 
 The kinase domain is located at the N-terminus, followed by an interaction domain for 

Homeodomain transcription factors, called a Homeodomain Interacting Domain, HID and 
a PEST domain at the C-terminus, which contains binding sites for non-homeotic factors 
The AID is an autoinhibitory domain, which is subject to cleavage.  
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Studies in the Drosophila eye have found a role for Hipk in inhibiting the global 

co-repressor Groucho (Choi et al., 2005, Lee et al., 2008a) and promoting eye growth. 

Hipk has also been found to be required for wing development by promoting the 

Wingless (Wg) pathway through stabilization of the transcription factor Armadillo (Arm) 

(Lee, et al., 2008b). Hipk achieves this by phosphorylating and inhibiting the F-box/WD 

repeat-containing protein 1A (FBXW1A) also known as β-TrCP or Fbxw1 or Slimb in 

Drosophila, an E3 ubiquitin ligase receptor (Swarup and Verheyen, 2011). This action of 

Hipk inhibits the ubiquitination machinery, allowing the Arm protein to escape 

degradation. In addition to Arm, Cubitus interruptus (Ci), a zinc finger containing 

transcription factor involved in the Hedgehog (Hh) signaling pathway, can also escape 

proteosomal mediated degradation. Thus, Hipk contributes to the Hh pathway (Swarup 

and Verheyen, 2011). Hipk has also been show to inhibit the Hippo pathway through 

regulating the activity of the Yorkie (Yrk) transcription factor (Chen and Verheyen, 2012). 

Drosophila Hipk also regulates the JNK signaling pathway, in a Small Ubiquitin-like 

Modifier (SUMO)-ylation dependent process, and the balance between cytoplasmic and 

nuclear Hipk is modulated through SUMOylation (Huang, et al., 2011). Thus far, it 

appears that in the Drosophila larval imaginal tissue, Hipk largely plays a role in 

promoting tissue growth by regulating various signaling pathways that regulate growth 

and morphogenesis.  

1.3.3.1. Regulation of Hipk family of kinases 

Studies in vertebrate cell culture have hinted that members of the Hipk family can 

be regulated at the level of protein stability. Human Hipk2 and Hipk3 are modified by a 

SUMO at lysine 25, as revealed by in vivo and in vitro experiments; and disruption of this 

SUMOylation leads to a strong increase in Hipk2 and -3 protein stability (Gresko, et al., 

2006; de la Vega, et al., 2011). SUMOylation of Hipk2 has also been shown to affect its 

subnuclear localization to PML bodies (Roscic, et al., 2006), which are transcriptionaly 

active subdomains in the nucleus (Xie, et al., 2006). Furthermore, it has been shown that 

Siah-1, a p53-inducible ubiquitin E3 ligase, binds to Hipk2 and allows its ubiquitination 

and proteasomal elimination (Calzado, et al., 2009). 
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1.4. Goals of thesis  

Although studies in cell culture has identified a myriad of Nmo and Hipk 

interactors, investigation of the biological significance of these interactions has been 

minimal. The main goal of my studies was to elucidate the role of Nmo and Hipk in 

Drosophila development and shed light on the mechanisms that kinases employ to 

regulate various cellular processes that govern the development of a multicellular 

organism. Studies described in this thesis will provide additional insight into the 

mechanism by which Nmo and Hipk are able to regulate cell signalling, and expands on 

the existing knowledge on how various signalling inputs are able to govern the 

development of an organism from the early patterning stages to adulthood.  
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2. Competition between Mad and Armadillo/β-
Catenin for dTcf Binding in the Drosophila 
wing leads to reduced Wingless activity 

A modified version of this chapter was published in PLOS ONE 
(2008), Volume 3(12): e3893. 

Contributions: Maryam Rahnama contributed to Figures: 1, 3, 4 and 5. Yi Arial 

Zeng contributed to Figures 1, 2, 3, 5 and 6. Simon Wang and Wendy Lee contributed to 

reagents and technical assisstance.  

2.1. Introduction 

The Drosophila wing is an excellent model for the study of epithelial 

morphogenesis and signal transduction. The wing is non-essential, therefore wing 

development is amenable to genetic manipulation. The adult wing has a simple 

organization of five longitudinal and two transverse veins. Wing development is a 

relatively simple process involving the conversion of a single layered columnar 

epithelium to a flattened bilayer with the basal surfaces of dorsal and ventral epithelia in 

close contact (Barabant et al., 1996; Fristorm et al., 1993). Since the imaginal disc is 

considered a monolayered sack, patterning is relatively simple as it occurs in two-

dimensions. 

The dorsoventral (DV) and anterioposterior (AP) boundaries are formed at the 

beginning of third instar. The anterior-posterior decision is controlled by the expression 

of the homeobox gene engrailed in all cells destined to become posterior. The later 

subdivision between dorsal and ventral cells is controlled by the expression of the 

homeobox gene apterous in dorsal cells. engrailed and apterous are called selector 

genes because they are necessary and sufficient for posterior versus anterior and dorsal 
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versus ventral fate, respectively. These initial differences are used to establish the 

localized expression of secreted molecules that further pattern the disc. The Hedgehog 

(Hh) ligand is expressed and secreted in response to engrailed. The expression of Hh 

leads to the expression of the secreted factor Decapentapleigic (Dpp) at the AP 

boundary. In contrast, the Wingless (Wg) ligand is secreted along the DV boundary. Wg 

and Dpp diffuse across the field of cells forming protein concentration gradients in the 

DV and AP axes respectively. Wg and Dpp each specify cell fate in a direct and 

concentration dependent manner. Thus, cell fates are initially specified by the 

concentration of Wg and Dpp to which they are exposed and whether or not they 

express engrailed  and/or  apterous. Vein specification is also initiated in the wing disc 

during the third instar stage. 

 

Fig 2.1. Drosophila wing development.  
 (A)The top part of the imaginal wing disc gives rise to the notum. The adult wing (B) is 

derived from the imaginal disc wing pouch (A, orange areas). Patterning of the wing 
blade occurs during larval stages and the positions of the vein and wing margins are 
indicated in the developing pouch. The adult wildtype wing possesses longitudinal veins 
(L1-L5) and two connecting cross veins (ACV and PCV). The wing margin refers to the 
tissue surrounding the wing blade, and corresponds to the DV boundary of the imaginal 
disc. Dorsal (D), Ventral (V), Anterior (A) and Posterior (P) are indicated at the bottom.    
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Gene expression in presumptive veins is initiated as a series of parallel stripes of 

vein primordia (Klein, 2001), which continues until the pupal stages. During the early 

pupal stage, the disc monolayer protrudes out and folds into a bilayer along a circular 

line around the disc pouch, which forms the future margin of the wing.  

Both Wg and Dpp pathways regulate the expression of target genes that 

influence wing shape, size and patterning (Tabata and Takei, 2004). Consistent with 

these diverse roles in the wing, mutations in the two pathways result in distinct adult 

wing phenotypes. Reduced Wg signaling leads to loss of the wing blade tissue, or loss of 

DV wing margin tissue, which manifests in variable notching phenotypes (reviewed in 

Cuoso, et al., 1994). Reduced BMP leads to the formation of wings that are typically 

larger than wild-type and have vein patterning defects (reviewed in Blair, 2007).  

The contribution of multiple signal transduction cascades that regulate the 

transcription of many genes ultimately determines the final size and shape of the wing. 

Therefore, the precise regulation of the many conserved signalling pathways that 

correctly integrate during wing development is important to normal development. 

Misregulation of these pathways leads to abnormality and disease. Although many of 

these components have been identified, many outstanding questions remain on how 

these pathways integrate to determine precise temporal and positional cues, as well as 

proper cell identity, during development. 

2.1.1. Drosophila Wingless signalling 

Wnt/Wingless (Wg) and TGFβ/BMP are two distinct families of secreted ligands 

that employ different signaling components to exert their biological effects. These 

pathways play essential roles in the growth and patterning of most tissues across 

species from flies to humans (reviewed in Clevers, 2006; Waite and Eng, 2003). 

Therefore, any insight that can be gained into their interactions may reveal important 

mechanisms of regulation that participate in fine-tuning signaling and achieving proper 

differentiation. In addition, mutations in components of these pathways can have dire 

consequences for organismal development and survival. Thus, identifying regulatory 

networks can provide insight into aberrant development and cancers that result when 

regulation is disrupted. 
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Fig 2.2. Schematic of the Canonical Wnt/Wg Pathway.  
 (A) In the absence of Wg signaling, cytoplasmic Arm levels are kept low through 

phosphorylation and continuous proteasome-mediated degradation, which is controlled 
by the destruction complex, composed of Sgg, CK1, APC and Axin. Wg signaling results 
in down-regulation of Sgg kinase activity, which allows Arm to escape degradation and 
accumulate in the cytoplasm. Subsequently, Arm proceeds into the nucleus where it 
forms a complex with dTcf transcription factors. Arm and dTcf regulate the transcriptional 
activation of numerous target gene. These genes, such as achaete 
(ac), senseless (sens) and distal-less (dll) organize the D/V boundary of the wing and 
contribute to adult features such as the wing margin. Reviewed in Swarup and Verheyen, 
2012.  

Wg signaling is mediated by the DNA-binding transcription factor, dTcf, and its 

co-activator β-catenin/Armadillo (Arm) (van de Wetering, et al., 1997). In the absence of 

Wg signaling, cytoplasmic Arm levels are kept low through phosphorylation and 

continuous proteasome-mediated degradation, which is controlled by a complex of 

Glycogen Synthase Kinase 3 (GSK3), also known as Zeste White3 (Zw3) and Shaggy 

(Sgg), Casein Kinase 1 (CK1), Adenomas Polyposis Coli (APC), and Axin (Aberle, et al, 

1997; Willert, et al., 1999; Yost, et al., 1996; Logan and Nusse, 2004) (Fig 2.2A). Wg 

signaling results in down-regulation of Sgg kinase activity, which allows Arm to escape 
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degradation and accumulate in the cytoplasm. Subsequently, Arm proceeds into the 

nucleus where it forms a complex with dTcf, a member of the lymphoid enhancer factor 

1 (Lef)/T-cell factor (Tcf) family of transcription factors. Arm and dTcf regulate the 

transcriptional activation of numerous target genes (van de Wetering, et al., 1997; 

Brunner, et al., 1997; van Noort and Clevers, 2004) (Fig. 2.2B). These genes, such 

as achaete (ac), senseless (sens) and distal-less (dll) organize the D/V boundary of the 

wing and contribute to adult features such as the wing margin (Zecca, et al., 1996; 

Neumann and Cohen, 1997). 

2.1.2. Transforming Growth Factor beta (TGFβ) signaling  

Transforming Growth Factor beta (TGFβ) superfamily is a large group of 

secreted growth factors, classified into three families: the TGFβs, the Activins, and the 

Bone Morphogenic Proteins (BMPs). The TGFβ signalling pathway is initiated when a 

secreted ligand of the TGFβ, Activin, or BMP family binds to a type II serine/threonine 

(S/T) kinase receptor, such as Punt (reviewed in Attisano and Wrana, 2002; von Bunoff 

and Cho, 2001). This receptor recruits and phosphorylates a type I S/T kinase receptor, 

such as Thick Veins (Tkv). Tkv, through the help of an anchor protein, Smad Anchor for 

Receptor Activation (SARA), recruits and phosphorylates a receptor-regulator member 

of the Smad (R-Smad) family of proteins. The phosphorylated R-Smad, binds a common 

Smad (Co-Smad), forming a trimeric complex consisting of two Mad proteins and one 

Co-Smad homologue, called Medea (Med), and the complex translocates into the 

nucleus, where it activates target genes by binding to the Smad consensus binding site 

(Schmierer and Hill, 2005) (Fig. 2.3B). In the absence of Dpp ligand, Mad is not 

phosphorylated by Tkv and remains monomeric. Monomeric Smads are not retained in 

the nucleus, rather they shuttle in and out of the nucleus (Xiao et al., 2001; Xiao et al., 

2003) (Fig. 2.3A) 

Drosophila TGFβ signalling is carried out by three related ligands of the BMP 

family, Decapentaplegic (Dpp), Screw (Sew) and Glass bottom Boat (Gbb), and one 

Activin named Baboon (Arora et al., 1994; Brummel et al., 1999; Doctor et al., 1992; 

Badgett et al., 1987; Wharton et al., 1991). Of these, Dpp has been the best 

characterized and is found to act as a morphogen during the patterning of multiple 
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tissues during embryonic and imaginal disc development (reviewed in Raftery and 

Sutherland, 1999).  

Crosstalk between Wnt/Wg and TGFβ/BMP signaling pathways has been 

extensively described in numerous systems. These interactions involve both cooperation 

and antagonism between these pathways to modulate gene expression. This cross 

regulation has generally focused on the role of both pathways in regulation of 

transcription. It has been previously shown that vertebrate Lef/Tcf proteins can associate 

with Smads and synergistically activate transcription of Xtwn and mouse c-myc. 

 

Fig 2.3. Schematic of the BMP pathway.  
 (A) In the absence of Dpp ligand, Mad is not phosphorylated by Tkv and both Mad and 

Medea remains monomeric. Monomeric Smads shuttle in and out of the nucleus. (B) 
When the Dpp ligand activates a Type II receptor Punt (transmembrane, green), which in 
turn phosphorylates the type I receptor Tkv (transmembrane, purple), Mad (green circle) 
is phosphorylated by activated Tkv recpetor, and forms a trimeric complex consisting of 
two Mad proteins and one Med (oval, orange), and the complex translocates into the 
nucleus, where it activates target genes, such as Omb, VgQ, and Salm, by binding to the 
Smad consensus binding site.  
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In Drosophila, the expression of several genes is regulated coordinately by Dpp 

and Wg, including Ubx and dpp. Furthermore, a mutual antagonism between Wg and 

Dpp pathways that results in transcriptional repression of the two ligands, wg and dpp, 

has been well described in the Drosophila leg imaginal disc. Ectopic Dpp signaling in leg 

discs leads to reduced wg ligand expression and phenotypes indicative of loss of Wg 

signaling. Conversely, ectopic Wg expression leads to a loss of Dpp ligand and 

phenotype associated with loss of Dpp signalling. On the other hand, while ectopic Dpp 

signaling in the developing wing does not result in changes in wg ligand expression, it 

can cause phenotypes indicative of loss of Wg signaling, such as wing notching (Fig. 

2.4). Thus, the modes of Wg and Dpp regulation appears to be different between the 

wing and the leg imaginal discs. 

2.2. Results  

2.2.1. Ectopic Dpp signaling can mimic Wg loss of function 
phenotypes 

Previous studies have shown that inhibition of wg signaling during wing disc 

development results in adult wing margin notches of varying severities (Cuoso, et al. 

1994). For example, expression of a dominant negative form of dTcf (dTcfΔN) using the 

Gal4/UAS ectopic expression system (Brand and Perriomon, 1993) causes a severe 

loss of anterior and posterior wing margins through inhibition of Wg signalling (van der 

Weterin, 1997). We have found that ectopic expression of core components of the BMP 

pathway with various Gal4 drivers also causes similar defects and phenocopied loss of 

Wg signalling (Fig. 2.4). Expression of either UAS-Mad with omb-Gal4 or vg-

Gal4, or UAS-Med with vg-Gal4, or the activating regulator of BMP, UAS-Sara, with vg-

Gal4 (Fig. 2.4, A-F), in wing discs all caused variable notching of the wing. Increased 

wing notching as a consequence of progressively higher levels of BMP signalling have 

been previously described (Bennett, et al. 2002). Others have also found that Med and 

Mad induce such phenotypes upon misexpression, and these effects may involve 

enhanced stabilization of endogenous Mad (Marquez, et al, 2001). 
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2.2.2. Dpp loss of function has phenotypes associated with Wg 
gain of function 

To characterize the inhibition of Wg by BMP pathway components, we 

determined whether dpp loss of function mutants display any phenotypes suggestive of 

elevated Wg signaling. We found that dppd5/dpphr56 flies displayed ectopic bristles along 

the L3 vein with 47% penetrance (n = 122; arrow in Fig. 2.3K). Ectopic bristles were also 

seen upon expression of activated UAS-ArmS10 with T93-Gal4 (Figs. 2.4L) and these 

are known to be caused by elevated Wg signaling (Couso et al., 1994; Blair et al., 2007). 

In addition, rare homozygous dppd5 flies had tiny wings lacking most vein tissue that 

displayed patches of ectopic bristles suggesting elevated Wg activity (arrows in Fig. 

2.4N, O). 

To further investigate whether Dpp can influence the signaling capacity of the Wg 

pathway, genetic interaction studies were undertaken. We observe that co-expression 

of vg>Mad and Tcf can suppress posterior notches caused by expression 

of vg>Mad alone (Fig. 2.4F). Consistently, we found that the vg>Sara-induced notching 

(Fig. 2.4G) was enhanced by heterozygosity for dTcf3 (Fig. 2.4H) and suppressed by 

heterozygosity for the Wg inhibitor sggM1-1 (zw3/GSK3β) (Fig. 2.4I). These interactions 

suggest the vg>Sara-induced notching was due to reduced Wg signaling, and that 

elevated BMP can inhibit endogenous Wg signaling. This effect is distinct from what is 

observed in the leg disc and is not due to the suppression of wg, as ectopic BMP 

signaling does not affect wg ligand expression in the wing pouch (Fig. 2.4H) (Morimura, 

et al., 1996; Theisen, et al., 1996). 
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Fig 2.4. Modulation of BMP signaling in the wing results in wg-like phenotypes.  
 (A) Wildtype adult wing. (B) Inhibition of Wg signaling by expression 

of vg>dTcfΔN caused extensive wing notching. Ectopic expression 
of omb>Mad (C), vg>Medea(D), vg>Mad (E) and the positive regulator of Dpp, Sara, 
in vg>Sara (G) resulted in wing notching. Co-expression of Mad and dTcf with vg-
Gal4 suppressed the wing notches (F). Heterozygosity for dTcf3 enhanced 
thevg>Sara notching (H) while heterozygosity for sggM1-1suppressed the notching (I). (J) 
The wildtype distal portion of the third longitudinal vein (L3). Loss of function 
transheterozygous alleles of dpp, dppd5/dpphr56show ectopic bristles (K) that phenocopy 
ectopic Wg signaling seen in T93>Arms10 (L). (M) An enlarged view of a wildtype 
proximal anterior wing margin, showing the normal pattern of bristles. (N) Wing from 
a dppd5 adult that lacks most veins, and displays ectopic bristles (arrow). (O) A higher 
magnification of the patch of extra bristles (arrow) seen in (N). 

2.2.3. Wg target gene expression is inhibited by Dpp signaling 

We next examined the expression of four Wg targets,  nmo, dll, sens, and ac, in 

wing discs where the Dpp pathway was activated (Phillips and Whittle, 1993; Couso, et 

al., 1994; Zecca, et al., 1996; Parker, et al., 2002; Zeng and Verheyen, 2004). We 

wanted to determine whether the observed adult wing phenotypes and genetic 
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interactions reflected changes in Wg target genes. The flip-out clone technique was 

used to express either UAS-Mad (Fig. 2.5D, J) or an activated form of the receptor UAS-

TkvQD (Fig. 2.5A, M, P) in GFP-marked clones (Zeng and Verheyen, 1994; Nellen, et al., 

1996). We obtained similar results from both transgenes, indicating that in this context, 

expression of high levels of Mad can lead to high levels of BMP pathway activity. In all 

cases, flip-out clones showed reduced Wg target gene expression (Fig. 2.5C, F, L, O, 

R). Expressing UAS-TkvQD in the dpp expression domain also suppressed Dll protein 

expression (Fig. 2.5G–I). Consistent with the disc data, we observed that surviving 

adults from flip-out UAS-TkvQD crosses displayed margin notching, confirming that 

reduction of target gene expression in larval imaginal discs results in wg loss of function 

adult phenotypes (Fig 2.5S, T).  
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Fig 2.5. BMP signaling can inhibit Wg-target gene expression in vivo. 
 (A–R) Dpp signaling was activated ectopically in 3rdinstar wing discs and the expression 

of Wg target genes was examined. nmo-lacZ (as detected by anti-βgal antibody, red in 
B, C) is suppressed in UAS-TkvQD flip out clones (A–C; clone is marked by GFP in A, B; 
arrow in C) and UAS-mad flip out clones (D–F; arrow in F). The arrowhead in C points to 
the nmo expression in vein primordia (15). (G–I) Dll protein expression is suppressed 
(arrow in I) by dpp-Gal4>UAS-TkvQD, UAS-GFP and in UAS-mad flip out clones (J–
L). (M–O) Sens expression is suppressed (arrow in O) in UAS-TkvQDclones. (P–R) Ac 
expression is suppressed in UAS-TkvQDflip out clones (arrow in R). (S, T) Adult wing 
phenotypes derived from larvae in which flip-out UAS-TkvQD clones were induced show 
inhibition of Wg signaling and Wg target gene expression. 

2.2.4. Reduced BMP signaling leads to elevated Wg signaling 

We then sought to demonstrate that an elevation of Wg signaling output is 

observed upon reduction of BMP signaling. mad10 clones were induced in 

a Minute+ background and examined for Dll expression. In clones located outside the 

endogenous Dll domain, in regions of the wing disc exposed to low levels of Wg, a cell 

autonomous induction of Dll was observed upon loss of mad (Fig. 2.6B–H). Clones 

within the endogenous Dll domain did not show elevated Dll staining, likely due to 

saturation of Wg signaling within the Dll domain. Furthermore, as described above, the 

adult wing phenotypes observed after mad10clone induction (Fig. 2.6I, K) closely 

resemble phenotypes observed with ectopic stabilized Arm (Fig. 2.6J, L). These 

observations reveal that in the absence of Mad, Wg target gene expression can be 

elevated. Thus both increased and decreased Mad signaling can modulate the extent of 

Wg pathway activity. 
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Fig 2.6. Loss of BMP signaling can induce elevated Wg signaling. 
 mad10 loss of function somatic clones were induced and examined in 3rd instar larval 

discs and adult. (A) Ectopic Dll is seen in two small clones (arrows). (B–D) Higher 
magnification of disc in panel A, showing cell autonomous ectopic Dll (red in D) 
in mad clones (marked by arrows and the absence of GFP, green in B). (E, F) A 
different mad10 clone marked by the absence of GFP (E), showing ectopic Dll (F). (G, H) 
Z-sections of the regions shown with a white line in panels E and F, revealing the 
specificity of ectopic Dll to the mad10  clone (arrows). (I–L) Adult wing phenotypes 
observed after mad10  clone induction (I, K) phenocopy defects observed with ectopic 
activated Arm (T93-Gal4>Arms10) (J, L). 

2.2.5. In vitro competition affects Wg-dependent gene expression 

Our genetic interaction studies suggest an inhibitory interaction in the wing 

between the signaling effectors of the Wg and BMP pathways. Specifically, elevating the 

levels of BMP signal through the ectopic expression of Mad or activated Tkv led to 

diminished expression of Wg targets. Since it has been shown previously in vertebrate 

as well as Drosophila that members of the Lef/Tcf family of proteins can associate with 

Smads (Labbe, et al., 2000; Nishita, et al., 2000; Theil, et al., 2002; Hussein, et al., 
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2003; Lei Lim and Hoffman, 2006;  ), we sought to investigate the possibility that 

sequestering of dTcf by Mad in the wing could lead to a reduction in Wg signaling output. 

To further characterize the mechanism of Wg inhibition by BMP signaling, 

biochemical studies were performed with dTcf, Arm and Mad. Immunoprecipitations 

(IPs) were performed from HEK293 cells transfected with Drosophila expression 

constructs. These experiments showed an interaction between Mad and dTcf (Fig. 

2.7A), but not between Mad and Arm (Fig. 2.7B). Next, Mad and dTcf binding domains 

were mapped using truncation constructs (Fig. 2.7C). Mad truncations were made in 

which the two conserved MH1 and MH2 domains were deleted. The MH1 domain 

contains the DNA binding domain, while the MH2 domain is involved in protein-protein 

interactions and transcriptional activation (reviewed in Massague, et al., 2005). dTcf can 

bind full length Mad and MadΔMH1, but not MadΔMH2 or Mad-linker, thus dTcf binds the 

MH2 domain of Mad (Fig. 2.7D). Mad binds two C-terminal truncations of dTcf, but not a 

deletion of the HMG domain (Fig. 2.7E), indicating that Mad binds the DNA-binding HMG 

domain of dTcf. 

To address whether the binding of Mad and dTcf affects the Arm/dTcf complex, 

protein binding was examined in cells triply transfected with Mad and dTcf and 

increasing amounts of Arm. dTcf precipitated both Mad and Arm when the Arm amount 

was relatively low (Fig. 2.7F, lanes 2 and 3), while increasing amounts of Arm blocked 

the binding of dTcf and Mad in a dose-sensitive manner (Fig. 2.7F, lane 4). Reciprocally, 

cells were transfected with dTcf, Arm and increasing amounts of Mad (Fig. 2.7G). Mad, 

dTcf and Arm were co-immunoprecipitated under conditions in which the Mad amount 

was relatively low (Fig. 2.7G, lanes 2 and 3), but higher levels of Mad blocked the 

Arm/dTcf complex (Fig. 2.7G, lane 4). Since dTcf can bind both Mad and Arm, we 

examined whether the proteins form a heterotrimeric complex. When lysates from cells 

expressing all three proteins were immunoprecipitated (IP), a Mad IP (anti T7) failed to 

pull down Arm (Fig. 2.7H) and an Arm IP (anti HA) failed to pull down Mad (Fig. 2.7I), 

suggesting that the precipitates seen in Fig. 2.7F, G (lanes 2, 3) represent mutually 

exclusive complexes of dTcf/Arm and dTcf/Mad. 
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2.2.6. High levels of Mad can inhibit Wg-dependent gene 
expression in vitro 

To study the effect on transcription of Mad/dTcf binding, the Tcf-responsive 

Topflash reporter was used (Fig. 2.7J, K) (Korinek, et al., 1997). Co-transfection of Arm 

and dTcf abundantly induced Topflash (Fig. 2.7J, K). Co-transfection with full length Mad 

caused a dose-sensitive inhibition (Fig. 2.7J). Transfection of MadΔMH2 or the Mad 

linker did not inhibit Topflash expression, showing that binding between Mad and dTcf 

was required for the inhibition (Fig. 2.7K). MadΔMH1 could inhibit Topflash, but not to 

the degree that full length Mad could, indicating that some inhibitory function is retained 

in the MH1 domain. Thus, expression of forms of Mad that can bind dTcf resulted in a 

decrease in Wg-dependent gene expression. 
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Fig 2.7. Mad and dTcf form a complex that competes with Arm-dTcf binding and 
blocks dTcf-dependent gene expression. 

 (A) Binding of Mad and dTcf. pCMV-T7-Mad and pCMV-Myc-dTcf were co-transfected 
into HEK293 cells. Cell lysates were immunoprecipitated (IP'd) with anti-Myc, anti-T7 or 
IgG (control). Immunoblotting (IB) was performed with anti-Myc and anti-T7 antibodies. 
(B) Mad and Arm do not associate directly. pCMV-T7-Mad and pCMV-HA-Arm were co-
transfected into HEK293 cells. Cell lysates were IP'd with anti-HA, anti-T7 or IgG 
(control). IB was performed with anti-HA and anti-T7 antibodies. (C) A schematic map of 
the dTcf and Mad truncation constructs and indication of their ability to bind the other. (D) 
dTcf binds the MH2 domain of Mad. HEK293 cells were transfected with Myc-dTcf and 
the indicated T7-Mad constructs. Cell lysates were IP'd with anti-Myc or IgG (control). IB 
was performed with anti-Myc and anti-T7 antibodies. (E) Mad interacts with the HMG 
domain of dTcf. HEK293 cells were transfected with T7-Mad and Myc-dTcf constructs. 
Cell lysates were IP'd with anti-Myc or IgG (control). IB was performed with anti-Myc and 
anti-T7 antibodies. WCL, whole cell lysates. (F) Increasing concentrations of Arm can 
inhibit the Mad/dTcf complex. 1.5 mg of T7-Mad, 1.5 mg of Myc-dTcf and increasing 
amounts of HA-Arm were co-transfected into HEK293 cells. Cell lysates were IP'd with 
anti-Myc. IB was performed with anti-HA, anti-Myc and anti-T7 antibodies. (G) High 
concentrations of Mad can inhibit Arm/dTcf complex formation. 500 ng of HA-Arm, 800 ng 
of Myc-dTcf and increasing amounts of T7-Mad were co-transfected into HEK293 cells. 
Cell lysates were IP'd with anti-Myc. IB was performed with anti-HA, anti-Myc and anti-T7 
antibodies. (H) Transfected cell lysates expressing HA-Arm, Myc-dTCF and T7-Mad were 
IP'd with anti-T7, followed by IB with anti-T7 and anti-HA, showing that Mad did not bind 
to Arm (I) Transfected cell lysates expressing HA-Arm, Myc-dTCF and T7-Mad were IP'd 
with anti-HA, followed by IB with anti-T7 and anti-Myc, showing that Arm did not pull 
down Mad. (J) Topflash assays in HEK293 cells showed inhibition of dTcf/Arm-
dependent transcription by Mad. Topflash values are indicated on the left. These values 
are from the average of three independent transfection experiments. Vectors used for 
each experiment are as indicated in the figure. The negative control Fopflash values are 
given on the right in white columns. (K) Only Mad forms that can bind dTcf can inhibit 
Topflash expression, indicating the interaction must be direct. 

2.2.7. In vivo competition 

To test the hypothesis that excess Mad can saturate dTcf in vivo, Wg target gene 

expression was monitored in wing disc clones ectopically expressing Mad and dTcf. Our 

prediction would be that Mad inhibits Wg targets by competing with Arm for dTcf binding. 

Thus, if excess dTcf is provided, it should alleviate the repressive effect of Mad and 

allow dTcf/Arm-driven transcription to proceed. Ectopic dTcf in flip-out clones showed no 

change in Sens expression (Fig. 2.7G–I), consistent with the lack of phenotype seen 

with vg>dTcf expression. Ectopic expression of dTcf does not lead to a modulation of 

transcription as members of the Lef/Tcf family of transcription factors are abundantly 

expressed and bound to DNA and must rely on association with co-factors to activate 

gene transcription (reviewed in Celevers, 2006). On the other hand, as shown 

previously, flip-out Mad clones showed suppressed Sens expression (Fig. 2.5A–C). 
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Simultaneous expression of dTcf in such clones blocked the inhibition caused by Mad 

and the normal expression pattern was seen (Fig. 2.8D–F). Thus, enhanced levels of 

dTcf could suppress the negative effects of ectopic Mad on Wg transcriptional output. 

These observations strengthen our model in which ectopic Mad competes with dTcf and 

leads to a reduction in Wg signaling output. By expressing even higher levels of dTcf, we 

effectively were able to titrate the suppressive effects of elevated Mad protein. 

2.3. Discussion  

In this study, we show that Wg-dependent gene expression can be modulated in vivo by 

elevated BMP signaling due to activated receptor or high levels of Mad. We find that the 

molecular basis for this effect arises through Mad/dTcf complex formation, which can 

inhibit the binding of Arm with dTcf and block Wg-dependent gene expression in vitro. 

We propose that Mad and Arm compete for binding of dTcf, and that ectopic nuclear 

Mad inhibits Wg signaling through direct binding with dTcf. In support of this model, 

overexpression of dTcf inhibits Mad-dependent suppression of Wg target gene 

expression in vivo. Thus elevated Dpp signaling can inhibit Wg signaling both in vitro 

and in vivo. We also show that loss of BMP signaling can result in elevated Wg target 

gene expression, suggesting the interaction between the two pathways normally acts to 

fine-tune the Wg response. A subsequent study has found similar results using a 

different allele of Mad (Mad12) and Mad RNAi (Eivers et al., 2011). 
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Fig 2.8.  In vivo competition between dTcf and Mad affects Wg target genes. 
 Flip-out clones (positively marked with GFP) were generated to express Mad and/or dTcf. 

(A–C) Sens expression was suppressed in Mad misexpression clones (arrows in C). (D–
F) No reduction of Sens was seen in double flip-out clones expressing Mad and dTcf 
(arrows in F). (G–I) As expected, flip-out dTcf clones showed no reductions in Sens 
(arrows in I). (J–L) Flip-out Mad clones induced ectopic expression of the Dpp target 
Salm. (M–O) Double flip-out clones expressing Mad and dTcf did not show suppression 
of the ectopic induction of Salm. 
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Also consistent with our findings, Takaesu et al. (2005) describe that expression 

of a dominant negative human Smad4 construct in Drosophila wings leads to elevated 

Wg signaling and target gene expression (Takaesu, et al., 2005). The molecular 

mechanism of this interaction is not yet known, but may also involve mutant Smad4 

titrating endogenous Mad protein, thus mimicking our mad loss of function studies. 

We and others (Marquez, et al., 2001; Bennett and Alphey, 2002; Eivers, et al., 

2011) have shown that ectopic expression of Mad or Med generates wing margin 

notches, which mimic a loss of Wg phenotype. Adachi-Yamada et al. (1999) reported 

that overexpression of a constitutively active version of Tkv leads to activation of the 

JNK apoptotic pathway and the consequence is loss of wing tissue (Adachi-Yamada, et 

al., 1999). We cannot exclude the possibility that either vg>Mad or vg>Med may activate 

the cell death pathway directly. However, the observation that the notching phenotype 

can be enhanced by loss of dTcf and rescued by gain of Wg, as seen with the zw3+/−  

heterozygous mutant, supports the hypothesis that  vg>Mad  and  vg>Med  suppress 

Wg signaling activities, therefore leading to the terminal consequence: apoptosis in the 

wing margin. Indeed, reduction of Wg signaling leading to activation of the JNK apoptotic 

pathway has been elegantly illustrated by Giraldez and Cohen (2003) (Giraldez and 

Cohen, 2003).  

We have shown that both dpp loss of function mutants and mad somatic clones 

display ectopic bristles phenotypes on the wing blade, a phenotype indicative of elevated 

Wg signaling. The relatively weak adult phenotype can be explained if Dpp attenuation 

of Wg signaling plays a fine-tuning role in a specific developmental time window. Likely 

the damage caused by loss of dpp and mad can be compensated for by later 

development events. During early larval development, Dpp and Wg execute their global 

patterning function in organizing the A/P and D/V axes. In this stage, Dpp signaling 

antagonizes Wg signaling at the A/P-D/V intersection. In the late 3rd instar larval and 

pupal stages, Wg functions in wing margin organization, which requires repression 

of dpp expression (Glise, et al., 2002). Consequently, in this stage Dpp signaling is not 

active in the wing margin. Therefore, suppression of the Dpp pathway does not lead to a 

severe loss of the wing margin, and only rare cases of ectopic bristle phenotype were 

observed in the Dpp signaling mutants. However, overexpression of Dpp signaling in this 

stage can cause loss of the margin (Figure 2.4C–F, Fig 2.5S, T). In support of the 

notion, in the early larval stage, Dpp and Wg domains intersect, suggesting a possible 
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crosstalk of the two pathways (Glise, et al., 2002). In the late 3rd instar, Dpp expression 

is suppressed when the A/P and D/V boundaries intersect (Glise, et al., 2002; Zeng, et 

al., 2008). Taken together, we postulate that the mechanism of Dpp inhibiting Wg 

signaling is temporal and likely functions in the early larval stage to fine-tune the global 

patterning of the wing disc. Nevertheless, we observe that altering the levels of BMP 

signaling is sufficient to modify Wg target gene expression. We observed ectopic Dll 

in mad mutant clones, and suppression of Dll, nmo, Sens, and Ac expression upon 

overexpression of mad and in activated tkv flip-out clones. 

Several studies in vertebrate have shown that association between Smad and 

Lef/Tcf plays significant roles in controlling certain developmental events. In Xenopus, 

Smad interacts with Lef1 to synergistically activate Xtwn transcription (Labbe, et al., 

2000; Nitisha, et al., 2000). In mice, a Smad-Lef/Tcf complex is implicated in 

transcription of c-myc,Emx2, MSX2, and gastrin (Lim and Hoffmann, 2006; Hussein, et 

al., 2003; Theil, et al., 2002; Lei, et al., 2004). These studies suggest a general 

molecular mechanism that not only is the Smad-Lef/Tcf complex required, but also the 

promoter specific cis-elements are needed for the synergistic activation of the target 

genes. For example, activation of Xtwn requires Smad3 binding to the Smad binding 

elements (SBEs); c-myc activation needs Smad4 binding to the Lef/Tcf binding elements 

1 (TBE1). Our studies in the fly wing unveil a novel mechanism of interaction of the 

Smad-Tcf complex, in which it exerts an antagonistic role on Wg target gene expression, 

both in vivo and in vitro. The antagonism is cis-element independent, as evidenced by 

the finding that expression of Mad in vitro can inhibit Tcf-response in Topflash assays, 

where reporter gene expression is controlled solely by Tcf binding sites. These in vitro 

findings are consistent with the modified levels of targets we observe in the wing, namely 

Dll, nmo, Sens and Ac. Our biochemical studies suggest a more general molecular 

mechanism for the Smad-Lef/Tcf interaction in the wing, in which Mad and Arm compete 

for the binding of dTcf. Excessive Mad can inhibit the association of Arm/dTcf in 

vitro. The suppression of Wg target genes by ectopic Mad can be rescued by 

replenishing the dTcf pool (co-expression of dTcf) in vivo. Although a different molecular 

mechanism is proposed here, the binding domains between Smad and Tcf are 

conserved between Drosophila and vertebrate. Similar to the vertebrate study (Labbe, et 

al., 2000), our study indicates that the MH2 domain of Mad associates with the HMG 

domain of dTcf. Previous research showed that the amino terminus of dTcf binds to 
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Arm (van de Wetering, et al., 1997). The fact that Mad and Arm interact with different 

domain of dTcf independently would not exclude the possibility of competition for 

binding, as there is the possibility of conformational changes induces through 

protein/protein interaction. It is intriguing to speculate that the same mechanism of 

Smad- Lef/Tcf antagonism is also conserved in vertebrates. 

 

Fig 2.9. Model depicting competition between Mad and Arm for Tcf binding.  
 In the nucleus, certain pools of Mad bind Medea at BMP consensus target sites and 

activate transcription from BMP responsive genes. Mad can also bind Tcf and compete 
with Arm for Tcf binding, resulting in inhibition of transcription from Wg target genes. Data 
by Eivers, et al., 2011 suggests that this competition happens at the DNA.  

Distinct tissue-specific mechanisms of interaction between Wg and BMP 

signaling have evolved. For example, in contrast to the mutual repression of Wg and 

BMP seen in leg discs, elevated Dpp actually induces wg expression during embryonic 

gut development (Staehling-Hampton K, Hoffmann, 1994). Our study describes an 

antagonism that acts to fine-tune the level of Wg signaling in the wing pouch through 

competition between Mad and Arm for dTcf binding. We propose that the different 

expression domains, tissue specific regulators and temporal patterns of activation will 

determine the specificity of the different modes of regulation. The interaction we observe 
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in the wing represents a novel mechanism of interaction between Wg and BMP signaling 

and highlights the importance of cross regulation of signaling pathways during 

development. 

One outstanding question is whether the binding of Mad to dTcf is dependent on 

the phosphorylation status of Mad. The study by Eivers et al. (2011) suggests that the 

receptor phosphorylation of Mad actually has an inhibitory effect on the formation of 

complexes with dTcf, as less Mad is bound to dTcf in cell transfected with the 

constitutively active vertebrate BMP receptor. Thus, they conclude that it is monomeric 

Mad that is complexing with dTcf (Eivers, et al., 2011). Although the in vitro results from 

this study are compelling, it is unclear as to why ectopic expression of activated Tkvk in 

the wing, is able to phenocopy reduced Wg signaling and leads to reduced Wg target 

gene expression (Takaesu, et al., 2005; Zeng, et al., 2008; Eivers, et al., 2011). At this 

time it cannot be conclusively said whether receptor phosphorylation of Mad in vivo has 

an effect on its ability to bind dTcf. 

2.4. Materials and Methods 

Fly strains: The following fly strains were used: nmo-lacZ (nmoP) (Choi and 

Benzer, 1994; Zeng and Verheyen, 2004), UAS-lacZ (Bloomington Stock Center), UAS-

Mad, UAS-Med, UAS-TkvQD ,UAS-SaraF678A (Nellen et al., 1996; this form of Sara leads 

to elevated signaling by blocking receptor downregulation), vg-Gal4 (expressed in the 

wing pouch), omb-Gal4 (expressed along the D/V boundary), T93-Gal4 (Bloomington 

Stock Center), UAS-Arms10(Pai et al., 1997), UAS-dTcf, dTcf3 and UAS-dTcfΔN (Van der 

Wetering, et al., 1997), Ay-Gal4.25-UAS-GFP.S65T, dppd5, dpphr56, sggM1-1 and mad10  

(Sekelsky, et al.,1995). 

Flip-out clones, somatic loss of function clones and antibody staining: Flip-out 

ectopic expression clones and staining were generated as described in (Zeng and 

Verheyen, 2004; Ito, et al., 1997). For each genotype, at least 30 clones were examined. 

Somatic mad clones were generated by crossing hsflp.22/Y; M(2)21AB1GFP 

FRT40A/CyO males to yw; mad10 FRT40A/In(2LR) Gla females. Embryos were collected 

for 24 hours and heat-shocked at 38°C for 90 minutes at 72–96 hours after egg 
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laying. mad10 clones located outside of the endogenous Dll domain were examined and 

ectopic Dll was observed in 39% (n = 33). The following antibody dilutions were used: 

rabbit anti-βgal (1:2000, Cappel), rat anti-Dll (1:500), mouse anti-Dll (1:400, , Duncan et 

al., 1998), mouse anti-Ac (1:50), rabbit anti-GFP (1:1000, Sigma), rabbit anti-Salm 

(1:600) and guinea pig anti-Sens (1:1500), anti-Wg (1:100, DSHB). 

Expression vectors: pCMV-HA-Arm and pCMV-Myc-dTcf were generated by D. 

Bessette (D.B. and E.M.V., unpublished). dTcf constructs were generated in pCMV-Myc. 

The dTcfΔC1 construct encodes amino acids (a.a.) 1–522 (full length dTcf is 751 a.a.); 

dTcfΔC encodes a.a. 1–394; dTcfΔHMG encodes a.a. 1–244. Mad constructs were 

generated from pCMV-T7-Mad (Staehling-Hampton and Hoffmann, 1994). MadΔMH1 

encodes a.a. 157–455; MadΔMH2 encodes a.a. 1–256; Mad linker encodes a.a. 157–

256. More details on construct generation can be supplied upon request. Co-IP's were 

performed using standard protocals. 

Topflash reporter assay: HEK293 cells were cultured in 6 well plates and transiently 

transfected by using Polyfect (Qiagen). The renilla luciferase pRL-CMV served as an 

internal control. Transfections contained 1 mg of pTOPFLASH reporter, 0.1 mg of pRL-

CMV and others as described in Figs. 2.4J, K. pCMV empty vector was used to add to a 

total of 1.15 mg per well. Luciferase assays were performed with the Dual Luciferase 

Reporter assay system (Promega) according to the manufacturer's instructions and as 

described in Korinek et al. (1997). Each experimental condition was examined three 

times and the results were standardized against the internal controls. 
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3. Drosophila Nemo antagonizes BMP signaling 
by phosphorylation of Mad and inhibition of 
its nuclear accumulation 

A modified version of the following chapter was published in Development (2007) 

Volume 134, p.2061-71. 

Yi Arial Zeng contributed to Figures 1, 2, 3, 4, 5. Maryam Rahnama contributed 

to Figures: 3, 4, 5, 6. Esther M. Verheyen and Simon Wang contributed to figure 3. 

Worlanyo Sosu-Sedzorme contributed to figure 2.   

3.1. Introduction 

Dpp plays several distinct roles during larval and pupal wing development (Segal 

and Gelbart, 1985; Spencer et al., 1982). As explained in Chapter 2, during larval disc 

development, Dpp is expressed along the AP boundary of the disc in response to 

Hedgehog signaling (Tanimoto et al., 2000). Localized phosphorylation and activation of 

Mad (pMad) results in a Mad activity gradient that drives characteristic patterns of 

reporter gene expression across the wing disc, providing positional information to guide 

wing vein organization. In addition to a patterning function, BMP signaling is required for 

proliferation of the disc, as clones of cells lacking tkv or Mad are smaller than sister 

clones and are eliminated from the wing disc, whereas ectopic BMP signaling results in 

outgrowths (Martin-Castellanos and Edgar, 2002; Rogulja and Irvine, 2005). It is 

speculated that pMad is important for both the proliferative and patterning functions of 

Dpp, but the temporal and spatial characteristics for each are distinct (Rogulja and 

Irvine, 2005).  

 As previously explained, Dpp signaling regulates the expression of several genes 

in the wing imaginal disc, including optomoter blind (omb; also known as bifid - 

Flybase), spalt major (salm) and vestigial quadrant (vgQ) enhancer (Burke and Basler, 
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1996; Grimm and Pflugfelder, 1996; Kim et al., 1997; Lecuit et al., 1996; Lecuit and 

Cohen, 1998; Nellen et al., 1996). The inhibitory Smad homolog Daughters against dpp 

(Dad) is also a BMP target gene that acts in a negative-feedback loop to inhibit BMP 

signaling (Tsuneizumi et al., 1997).  

As reviewed in Chapter 1, Nlk can be activated by the MAPK kinase kinase Tak1 

(TGF-β activated kinase 1) in mammals (also known as Map3k7 - Mouse Genome 

Informatics) and in C. elegans (also known as MOM-4 - Wormbase) in certain contexts 

(Ishitani et al., 1999; Meneghini et al., 1999). However, in this chapter, I describe an 

inhibitory relationship between Nemo and the Dpp pathway, in wing imaginal disc 

development.  

3.2. Results 

3.2.1. nmo wing phenotypes suggest antagonism of BMP signaling   

As previously mentioned, modulation of nmo expression affects the patterning 

and growth of multiple tissues (Choi and Benzer, 1994; Mirkovic et al., 2002; Verheyen 

et al., 2001). Notably, the wing phenotypes are indicative of altered BMP signaling. The 

adult wing blade consists of two epithelial sheets of intervein cells intersected at regular 

intervals by an invariant pattern of longitudinal veins (numbered L2-L5), the anterior 

crossvein (ACV) and posterior crossvein (PCV) (Fig. 3.1A) (Bier, 2000). Mutations that 

target the early role of Dpp result in vein loss, vein fusions and narrowing of wing tissue 

(Fig. 3.1B,C) (Cook et al., 2004; Haerry et al., 1998; Segal and Gelbart, 1985; Spencer 

et al., 1982). Later, during pupal wing development, dpp expression in vein primordia 

functions to maintain and refine the veins (de Celis, 1997; Yu et al., 1996). 

Ectopic expression of Nemo using the Gal4-UAS system causes a number of 

different wing phenotypes (Brand and Perrimon, 1993; Mirkovic et al., 2002; Verheyen et 

al., 2001; Zeng and Verheyen, 2004). Expression of nmo with omb-Gal4 resulted in a 

narrowing of the regions between longitudinal veins, notably L2 and L3 (Fig. 3.1D), a 

phenotype seen with certain dpp alleles (Brummel et al., 1994; Segal and Gelbart, 

1985). Expression of two copies of UAS-nmo with omb-Gal4 (omb>2x nmo) resulted in 
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loss of wing tissue, narrowing of the interval between veins, loss of the PCV and loss of 

some longitudinal veins (Fig. 3.1E,F). This phenotype is reminiscent of BMP inhibition 

caused by brinker (Cook et al., 2004), and phenocopies that seen with expression of 

dominant-negative versions of the Dpp receptors tkv and punt (Haerry et al., 1998) and 

in certain dpp mutants (Bangi and Wharton, 2006). 69B-Gal4>nmo results in varied loss 

of the PCV and a narrower wing blade (Fig. 3.1J) (Verheyen et al., 2001). This 

phenotype resembles loss-of-function mutations in the gbb, Medea  and  crossveinless  

genes (Conley et al., 2000; Hudson et al., 1998; Khalsa et al., 1998; Segal and Gelbart, 

1985). Similarly, ectopic expression of the BMP antagonist sog also leads to loss of PCV 

tissue (Fig. 3.1I) (Yu et al., 1996). 

By contrast, nmo loss-of-function alleles displayed a broader wing blade and 

ectopic veins emanating from the PCV, posterior to L5 and between L2 and L3 (Fig. 

3.1H). The distance between the longitudinal veins was also expanded (Fig. 3.2H; see 

below). The nmo phenotype is similar to those found in flies ectopically expressing Dpp, 

Mad or Gbb (Haerry et al., 1998; Yu et al., 2000; Yu et al., 1996). Using vestigial-

Gal4 (vg-Gal4) to express UAS-Mad along the dorsal/ventral (D/V) boundary also 

resulted in a broader wing and ectopic veins along L2 and L5 and emanating from the 

PCV (Fig. 3.1G) (see also Tsuneizumi et al., 1997). This effect on wing shape, size and 

vein position in loss-of-function and ectopic nmo flies suggests that Nemo might 

negatively influence BMP signaling. 
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Fig 3.1. Opposing effects of nmo and the Dpp pathway on Drosophila wing 
growth and patterning. 

 (A) A wild-type adult wing. (B,C) Wings from transheterozygous combinations 
of dpp loss-of-function alleles (B, dppd5/dpphr56; C, dppd5/dpphr4) show reductions in vein 
spacing and loss of veins. (D-F) Ectopic Nemo decreases spacing of veins in a dose-
sensitive manner. (D) omb-Gal4/+; UAS-nemo/+. (E,F) omb-Gal4/+; UAS-nmo/+; UAS-
nmo/+. (G) UAS-Mad/+; vg-Gal4/+. (H) A nmoadk2/nmoadk2 loss-of-function wing. (I) 
Ectopic expression of the BMP antagonist Sog (UAS-sog/+; 69B-Gal4/+). (J) UAS-nmo/+; 
69B-Gal4/+ phenocopies reduced BMP signaling. 

3.2.2. nmo is an antagonist of BMP signaling 

To test the hypothesis that Nemo inhibits BMP signaling we carried out genetic 

interaction studies. Several Gal4-driver strains were used to activate BMP signaling, and 

the ability of nmo to modulate the induced phenotypes was then examined. In all cases, 

expression of UAS-nmo caused a dramatic reduction in the severity of phenotypes 

resulting from activation of BMP signaling. Specifically, constitutively active Tkv driven 

by dpp-Gal4 (UAS-tkvQD) (Nellen et al., 1996) resulted in a 20.8% penetrant bifurcated 

wing blade phenotype (n=53), which was completely suppressed by co-expression 

of UAS-nmo (Fig. 3.2A-C; n=49). Although the bifurcation was suppressed, 

ectopic nmo was unable to fully restore the wing to wild-type morphology. Use 

of patched (ptc-Gal4) to drive expression of wild-type UAS-tkv caused a vein defect 

along the A/P boundary (Fig. 3.2D) that was suppressed by UAS-nmo (Fig. 3.2F). 
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Marquez et al. (Marquez et al., 2001) also observed ectopic vein phenotypes upon 

ectopic expression of Mad. vg>Mad caused a broader wing shape and an abnormal 

wing vein phenotype (Fig. 3.1G, Fig. 3.2G). Whereas vg>nmo caused no discernable 

phenotype (Fig. 3.2H), co-expression of UAS-nmo and UAS-Mad led to dose-sensitive 

suppression of the phenotype induced by UAS-Mad (Fig. 3.2I).  

 

Fig 3.2. nmo antagonizes BMP signaling during Drosophila wing development. 
 (A) dpp-Gal4>UAS-tkvQD results in a bifurcated wing blade. (B) dpp-Gal4>UAS-nmo has 

no visible wing defect. (C) Ectopic nmo is able to suppress the bifurcated phenotype 
inUAS-nmo/+; dppGal4/UAS-tkvQD wings. (D) ptc-Gal4>UAS-tkv causes loss of wing 
tissue and fusion of L3 and L4 veins. (E) ptc-Gal4>UAS-nmo shows no obvious 
phenotype. (F) ptc-Gal4/UAS-nmo; UAS-tkv/+ shows suppression of the 
ectopic tkvphenotype. (G) vg-Gal4>UAS-Mad showing both a widened wing blade and 
ectopic veins. (H) vg-Gal4>UAS-nmo shows no obvious phenotype. (I) UAS-Mad/+; vg-
Gal4/UAS-nmo rescues the broad wing blade and ectopic wing veins phenotype caused 
by ectopic Mad. (J) The weak Dad mutant Dadj1E4 has no discernible wing phenotype. 
(K) nmoadk1 showing a mild ectopic vein phenotype. (L) Dadj1E4; nmoadk1double-mutants 
have more severe ectopic vein phenotypes than nmoadk1 alone. 
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The observation of a synergistic interaction between  nmo and  Dad  provided 

further support for the proposal that Nemo antagonizes BMP signaling. Dad is an 

antagonist that is also a transcriptional target of the pathway (Tsuneizumi et al., 1997). A 

P-element enhancer trap insertion into the Dad gene caused no discernible wing 

phenotype in homozygous flies (Fig. 3.2J), yet in the Dadj1E4; nmoadk1 double-mutant fly 

we observed ectopic vein phenotypes much more severe than nmoadk1 normally 

displayed (Fig. 3.2, compare L with K). This suggests that both genes contribute to the 

inhibition of the pathway and that this Dad allele might have partially reduced function, 

but not below the threshold needed to see a defect on its own. 

3.2.3. Nmo can modulate BMP-dependent gene expression 

To further characterize the inhibitory effect of nmo, the expression of BMP-target 

genes was monitored in third instar larval wing discs bearing either nmo mutant clones 

or ectopic expression of nmo. The vestigial quadrant (vgQ) enhancer is expressed in 

domains flanking the D/V and A/P boundaries (Fig. 3.3A). Mad has been shown to bind 

directly to the Dpp-responsive element within the vgQ enhancer (Kim et al., 1997); thus, 

this gene serves well as a readout of Mad-mediated gene expression. UAS-nmo driven 

by the dorsally expressed apterous-Gal4 severely reduced vgQ-lacZ staining in the 

dorsal wing pouch (Fig. 3.3B). To further characterize this effect, vgQ expression was 

monitored in wing discs containing nmo loss-of-function somatic clones (Fig. 3.3C-

E). nmoDB24 clones in the central region of the wing where Dpp signaling is most active 

(and nmo is normally enriched, see Fig. 3.3I) showed elevated vgQ expression (Fig. 

3.3E, arrow), whereas clones outside of this region showed no change in reporter gene 

expression (Fig. 3.3E, arrowhead). 

The narrowed wing seen in omb>2x nmo (Fig. 3.1F) flies suggests an inhibition of Mad 

signaling, which sets up the width of wing vein intervals. Staining for the target 

gene salm confirmed that modulation of nmo can affect the width of the BMP response 

gradient. salm is expressed in the central portion of the wing pouch and the breadth of 

the strip indicates the degree of BMP signaling (Fig. 3.3) (Barrio and de Celis, 

2004; Lecuit and Cohen, 1998; Sturtevant et al., 1997). Measurements of the width 

of salm expression at the D/V boundary (Fig. 3.3, white lines) were normalized against 
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wild type (taken as 100%). In nmo mutants, the width of the salm domain was 

consistently wider than in the wild type (113.92%, n=20, Fig. 3.3G), whereas in omb>2x 

nmo the width was dramatically reduced to just 56.62% (n=20, Fig. 4H).  

To determine if nmo can affect levels of pMad, we examined pMad antibody 

staining in nmo mutant clones. In nmoDB24 mutant clones (Fig. 3.3L, marked by the 

absence of GFP fluorescence) there was no detectable change in the levels of pMad 

(Fig. 3.3N and merged image in Fig. 3.3M). In omb>1x nmo discs where the width of 

the salm expression domain was altered (data not shown), we observed a slight 

narrowing of the interval between pMad stripes (Fig. 3.3Q), whereas in 

homozygous nmo mutant discs the domain was subtly wider (Fig. 3.3P). Although the 

mechanism responsible for this observation is not yet known, it is possible that the early 

role of Nemo in regulating proliferation affects cell numbers in the disc and wing. 
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Fig 3.3. nmo modulates Mad-dependent target gene expression and the pMad 
gradient.  

 (A) vgQ-lacZ expression in the wild-type Drosophila third instar wing imaginal disc. 
(B)vgQ expression is abolished in the dorsal wing pouch when UAS-nmo is expressed 
using the dorsal-specific driver ap-Gal4. (C,D) nmoDB24 somatic clones (marked by the 
absence of GFP, green). (E) Expression of vgQ-lacZ is increased in the clone abutting the 
A/P boundary (arrow) but shows no detectable change in the clone further away from the 
levels of highest Dpp signaling, in which nmo expression is normally low (arrowhead). (F-
H) Salm expression in wild type, nmoDB24/nmoadk2 and omb>2x nmo third instar wing 
discs. The width of Salm expression along the D/V boundary is indicated by a white line. 
(I-K) nmolacZ expression in late third instar stage wing discs (green) co-localizes in the L3 
and L4 vein primordia flanking the A/P boundary with highest levels of pMad staining (red 
in J,K). (L-N) nmoDB24 somatic clones (marked by the absence of GFP, green). (M,N) 
pMad staining is unchanged in nmo clones. (O-Q) pMad staining in wild-type 
(O), nmoDB24/nmoadk2 (P) and omb>1x nmo (Q) discs. Arrowheads indicate the position of 
peaks of pMad staining. 

3.2.4. Nmo binds to and phosphorylates Mad 

Since Nemo can genetically inhibit BMP signaling, we sought to address the 

underlying biochemical mechanism. Nlk can target a number of transcriptional regulators 

and affect their function both positively and negatively. Since Nemo can antagonize 

Mad-dependent target gene expression in vivo, co-immunoprecipitation studies were 

carried out. HEK293 cells were transfected with T7-tagged Mad and Flag-tagged Nemo 

and immunoprecipitations revealed binding of Mad and Nemo (Fig. 3.4A). 

Next we addressed whether Nemo could phosphorylate Mad. In vitro kinase 

assays were performed on cell lysates and Nemo was found to phosphorylate Mad, as 

well as to autophosphorylate (Fig. 3.4B). This was dependent on the kinase activity of 

Nemo as a dominant-negative Nemo (K69M) construct, in which the lysine residue in the 

ATP-binding domain was changed to methionine, did not show phosphorylation of Mad, 

nor did it show Nemo autophosphorylation (Fig. 3.4B).  

3.2.5. Nmo targets serine 25 in the MH1 domain of Mad 

The Mad protein consists of a highly conserved N-terminal Mad homology domain 

1 (MH1), a non-conserved linker region and the conserved C-terminal MH2 domain (Fig. 

3.4C) (reviewed by Kretzschmar and Massagué, 1998). Since Nemo is a proline-directed 

S/T kinase, we sought to identify Nemo target residues in Mad. We identified all S/T 

residues followed directly by prolines (S/TP). Based on the precedent seen with Erk-
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mediated inhibition of Smads, we first targeted residues within the linker region of Mad. 

Site-directed mutagenesis was employed to alter serine 212 (S212) to alanine in the 

single consensus Erk phosphorylation site (PNSP) in the linker domain. In addition, two 

putative phosphorylation sites (S202 and S226) in the linker and one in the C-terminus 

of the MH1 domain (S146) were mutated to alanine (Fig. 3.4C). Surprisingly, a construct 

expressing Mad in which these four sites were altered to alanine residues (Mad-4SA) 

was still phosphorylated by Nemo (Fig. 3.4D). 

BMP receptor activation leads to phosphorylation of serines (SSVS) at the C-

terminus of Mad (reviewed by ten Dijke and Hill, 2004). A Mad construct in which these 

sites were altered (Mad-AAVA; Fig. 3.4C) was also still phosphorylated by Nemo (Fig. 

3.4D), ruling out these residues as possible Nemo target sites. 

To map the domain in which the target residue was located, a truncated Mad 

protein was generated from which the MH1 domain was deleted (Mad-ΔMH1; Fig. 3.4C). 

This protein was no longer phosphorylated by Nemo (Fig. 3.4D), indicating that the 

target site was contained within the deleted fragment. Within the deleted MH1 fragment 

there are two putative Nemo target sites, S25 and S146. Since the S146 residue had 

been altered in the Mad-4SA construct that was still phosphorylated by Nemo, we 

focused on S25. Site-directed mutagenesis of S25A was performed and in vitro kinase 

assays from transfected cells revealed that Nemo was unable to phosphorylate 

MadS25A (Fig. 3.4D). Thus, we determined that Nemo can phosphorylate the single 

serine 25 residue in the MH1 domain of Mad. This residue has not previously been 

shown to be targeted by any MAPK proteins and has not previously been implicated in 

regulation of Mad function. The serine found in Mad at position 25 is conserved in the 

mammalian ortholog Smad1, but not in the related Smads 2 and 3. 
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Fig 3.4. Drosophila Nemo binds to and phosphorylates serine 25 in the MH1 
domain of Mad.  

 (A) pXJ-Flag-nemo and pCMV-T7-mad were co-transfected into HEK293 cells. Cell 
lysates were immunoprecipitated with anti-Flag, anti-T7 or IgG (control). Immunoblotting 
was performed with anti-Flag and anti-T7 antibodies. (B) Nemo phosphorylates Mad and 
autophosphorylates. HEK293 cells were transfected with expression vectors as indicated. 
Immunoprecipitated complexes with indicated antibodies were subjected to in vitro kinase 
assays and analyzed by autoradiography. The immunoprecipitates were also 
immunoblotted with the indicated antibodies to confirm loading. (C) Schematic of the full-
length Mad protein showing the MH1, MH2 and linker domains, as well as the site of the 
nuclear localization sequence (NLS). Potential Nemo phosphorylation sites are each 
indicated directly above the protein structure as a numbered S residue, followed by 
proline (P). The constructs shown beneath were generated to identify residues that are 
phosphorylated by Nemo. (D) In vitro kinase assays performed with wild-type Mad, Mad 
4SA, Mad AAVA, Mad-ΔMH1 and MadS25A demonstrate that Nemo specifically targets 
serine 25, and that Nemo autophosphorylates. (E) Immunoblot of cell extracts used in 
kinase assays showing relative expression levels of these proteins. 

3.2.6. Nmo phosphorylation of Mad promotes nuclear export 

Examination of the subcellular localization of the MadS25A protein in COS-7 and 

HeLa cells revealed a primarily nuclear localization as compared with wild-type Mad 

(compare Fig. 3.5A and C). Significantly, the nuclear localization was found to be 

constitutive and unaffected by either expression of activated receptor or the presence of 

Nemo (Zeng, et al., 2007). This suggests that the phosphorylation of Mad by Nemo at 

S25 regulates its nuclear accumulation, and this regulation is disrupted when the residue 

is rendered immune to Nemo phosphorylation (MadS25A). Consistent with the prediction 

that the phosphorylation status of S25 influences the localization of Mad, we found that 

MadS25D was localized primarily in the cytoplasm (Fig. 3.5B), even in the presence of 

activated receptor (Zeng et al., 2007). 

Such observations suggest that Nemo is either involved in cytoplasmic 

sequestration of Mad or that phosphorylation by Nemo increases its rate of nuclear 

export. In both scenarios, the result would be removal of Mad from the nucleus and 

reduced target gene expression. To test which of these roles Nemo is carrying out, we 

examined the effect of leptomycin B (LMB) on Mad localization. LMB acts to inhibit Crm1 

(Emb - Flybase) -dependent nuclear export, a process involved in the nucleocytoplasmic 

shuttling of BMP Smads, but not TGF-β Smads (Inman et al., 2002; Xiao et al., 2001). If 

Nemo is required for cytoplasmic tethering of Mad, then LMB treatment should not affect 

the cytoplasmic localization of Mad after co-transfection with Nemo. If, however, Nemo 
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participates in stimulating nuclear export, then treatment with LMB should result in Mad 

accumulation in the nucleus, even in the presence of Nemo. We found that the nuclear 

retention of Mad increased upon treatment with LMB (Fig. 3.5E,F), supporting the 

second scenario, i.e. that Nemo acts to promote nuclear export of Mad, thus reducing 

the effectiveness of Mad signaling. 

 

Fig 3.5. Drosophila Nmo phosphorylation promotes the nuclear export of Mad.  
 COS-7 cells were transfected with the constructs indicated and stained for the 

localization of Mad (green, upper panel of each pair) and with DAPI to indicate nuclei 
(blue, lower panel of each pair). MadS25A is primarily nuclear (A), whereas MadS25D is 
heavily enriched in the cytoplasm (B). Percentages indicate the number of cells 
displaying a primarily nuclear localization. (C,D) The localization of Mad is influenced by 
Tkv receptor activation. (E,F) Co-transfection of Nemo inhibits the Tkv-induced nuclear 
accumulation in the absence of leptomycin B (LMB) (E), but does not block nuclear 
retention in the presence of LMB (F). 
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3.2.7. In vivo consequences of the MadS25A mutation 

To examine the potential role of the S25 residue in regulating Mad function, 

transgenic fly strains expressing a UAS-MadS25A transgene were generated. 

Expression of MadS25A was induced with numerous Gal4 drivers known to induce 

phenotypes upon expression of wild-type Mad. Since Mad proteins have to shuttle 

between the nucleus and cytoplasm to maintain their active state (Xiao et al., 2003; Xiao 

et al., 2001), our prediction would be that a nuclear-trapped Mad would signal weakly, at 

most. Consistent with this prediction, we found that in vivo expression of MadS25A 

with engrailed-Gal4 (en-Gal4) resulted in very mild phenotypic consequences (Fig. 

3.6B), as compared with the severe defects caused by expression of wild-type Mad (Fig. 

3.6A). Among 20 independently generated transgenic lines, this S25A line displayed the 

strongest phenotypic consequences. In situ hybridizations performed with several 

independently isolated lines confirmed that the UAS transgenes were expressed (Fig. 

3.6A and B). An antisense probe made against a partial mad cDNA confirmed that the 

UAS-MadS25A transgene is transcribed in ptc>UAS-MAdS25A wing discs (Fig 3.6 D). 

The mad sense probe (Fib. 3.6C) served as control. 
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Fig 3.6. In vivo analysis of MadS25A.  
 The in vivo consequences of en-Gal4 expressing UAS-MAdS25A are very mild compared 

with wild-type UAS-Mad (A). An antisense probe made against the Mad sequence (D) 
confirms that the UAS-MadS25A transgene is transcribed as seen by RNA in situ 
hybridization on ptc>UAS-MAdS25A wing discs (C, D). The sense probe (C) served as 
control. 

3.3. Discussion 

In this study, we demonstrate a novel regulatory role for the Drosophila Nlk family 

member Nemo in a TGF-β-superfamily signal transduction pathway. We provide 

evidence that Nemo is an antagonist of BMP signaling in Drosophila by examining its 

role in wing development through genetic analysis and monitoring of BMP-dependent 

gene expression. The genetic interaction studies show that phenotypes caused by 
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activation of the BMP pathway can be suppressed by ectopic nmo and enhanced by loss 

of nmo. Our data suggest that Nemo participates in the BMP pathway by modulating 

Mad activity. This is seen in the inhibition by Nemo of Mad-dependent gene expression 

and in the elevated expression of Mad target genes observed in nmo mutant clones. 

Nemo can bind to and phosphorylate Mad and this phosphorylation has direct 

consequences on the nuclear localization of Mad in cell culture, and possibly in vivo. We 

mapped the single Nemo target residue to serine 25 within the MH1 domain of Mad, a 

site distinct from those previously implicated in the regulation of Mad activity and nuclear 

localization. 

 

Fig 3.7. Model depicting Nmo’s activity in the BMP pathway.  
 In the absence of signal, Mad and Medea are unphosphorylated and monomeric (Chaptr 

2, Fig. 2.3). In response to the activated Tkv receptor, Mad is phosphorylated in its MH2 
domain (orange) and forms a complex with Medea, capabable of entering the nucleus 
and activating the transcription of target genes, such as Omb, VgQ and Salm. Upon 
attenuation of the signal, these sites are dephosphorylated by a phosphatase and Mad 
returns to it’s basal state. (A) phosphorylation of Mad by Nemo in the MH1 (pink) causes 
the nuclear export of Mad and attenuation of target gene transcrption. This 
phosphorylation most likely disrupts the trimeric Mad and Medea, and causing the 
complex to return to basal state, i.e. monomeric and shuttling in and out of the nucleus. 
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The vertebrate Mad ortholog Smad1 normally shuttles between the cytoplasm 

and nucleus in the absence of signal, but upon receptor activation becomes 

phosphorylated at its C-terminus, binds the Co-Smad and accumulates primarily in the 

nucleus (Xiao et al., 2001). Such nucleocytoplasmic shuttling is observed with R-Smads 

participating in both BMP and TGF-β signaling (reviewed by ten Dijke and Hill, 2004). 

The shuttling provides a tightly regulated mechanism for monitoring the activation status 

of the receptors (Inman et al., 2002). Receptor-phosphorylated Smads are 

dephosphorylated in the nucleus, most likely causing them to detach from Co-Smads 

and DNA and allowing them to shuttle back to the cytoplasm (Chen et al., 2006; Duan et 

al., 2006; Knockaert et al., 2006). Their nuclear retention is aided by the formation of the 

R-Smad-Co-Smad complex and DNA binding. Thus, receptor activation leads to 

elevated nuclear retention. The actual rates of nuclear import are not altered by 

receptor-mediated phosphorylation (Schmierer and Hill, 2005). 

From our findings we conclude that under normal conditions, endogenous Nemo 

acts to modulate the level of active Mad that is retained in the nucleus. Since Nemo is 

expressed ubiquitously at low levels and is enriched in cells with elevated levels of 

pMad, it fulfils the requirements for such a molecule involved in fine-tuning the BMP 

response. The phosphorylation by Nemo might control a delicate balance between 

promoting cytoplasmic localization of Mad, while allowing certain levels of Mad signaling 

to proceed in a receptor-dependent manner. 

We show that Nemo can inhibit BMP signaling by antagonizing the nuclear 

localization of Mad in a kinase-dependent manner. Such a mechanism has been 

attributed previously to crosstalk between Erk MAPK signaling and TGF-β/BMP signaling 

(reviewed by Massague, 2003). Our research presents Nemo as the first MAPK-like 

protein to attenuate DrosophilaBMP pathway activity through phosphorylation of Mad. 

We have also found that murine Nlk can bind to Mad (data not shown), raising the 

intriguing possibility that this mechanism is conserved across species. 

MAPK can repress TGF-β-superfamily signaling by targeting several Smads 

(Aubin et al., 2004; Grimm and Gurdon, 2002; Kretzschmar et al., 1997; Kretzschmar et 

al., 1999; Pera et al., 2003). The BMP-specific Smad1 is a target of cross-regulation by 

EGF signaling through the Erk MAPK pathway. Erk phosphorylates Smad1 in the linker 
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domain and inhibits both the nuclear accumulation and transcriptional activity of Smad1 

in cell culture and, in consequence, the in vivo function of Smad1 in neural induction and 

tissue homeostasis (Aubin et al., 2004; Kretzschmar et al., 1997; Pera et al., 2003). Ras-

stimulated Erk also phosphorylates two R-Smads involved in TGF-β/Activin signaling 

and prevents their nuclear accumulation (Kretzschmar et al., 1999). The phosphorylation 

sites within these Smads differ, thus providing a mechanism for preferentially selective 

inhibition of one subtype (reviewed by Massague, 2003). Thus, the distinct Nemo 

phosphorylation site in the MH1 domain represents an additional level of regulation of 

these proteins. 

The phosphorylation of serine 25 in the MH1 domain of Mad represents a novel 

site of regulation of Smads. This protein domain is involved in nuclear localization, DNA 

binding and association with transcriptional regulators (Kretzschmar and Massagué, 

1998). Based on known protein structures of Smads, one can predict that the Mad MH1 

domain is composed of several elements. The most N-terminal sequence predicts a 

flexible region, then a short alpha-helix followed by a linker region and a longer, second 

alpha-helix (Chai et al., 2003). The second alpha-helix contains the predicted nuclear 

localization sequence (NLS) (Xiao et al., 2001). Serine 25 is located just N-terminal to 

the first alpha-helix. The added negative charge following phosphorylation by Nemo 

could modify the interaction between the two alpha-helical regions by potentially 

neutralizing the positively charged NLS and thereby influencing nuclear localization of 

Mad (Fig. 3.7). Such a model is also supported by our finding that mutation of serine to 

alanine renders Mad constitutively nuclear. Interestingly, others have observed a similar 

constitutively nuclear localization when they mutated the Erk phosphorylation sites in 

Smad1 (Kretzschmar et al., 1997). This suggests that both Nemo and Erk MAPK are 

involved in the inhibition of BMP signaling and that their distinct sites of action function to 

block the nuclear accumulation of Smads. Thus, the cellular factors that induce either 

Nlk or Erk activity can oppose the functions of BMP signaling. 

In addition to the biochemical and cell culture evidence that Nemo targets the 

MH1 domain of Mad to promote its nuclear export, we present in vivo evidence which 

clearly demonstrates that the expression of Nemo or absence of nmo has a measurable 

effect on the readout of the BMP pathway in terms of Mad target gene expression, wing 

size, wing vein spacing and vein patterning. Specifically, elevated Nemo can attenuate 
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the expression of vgQ and salm, whereas nmo somatic clones and mutant discs show 

elevated or expanded target gene expression. Genetic interaction studies confirm such 

an antagonistic role, as elevated Nemo can suppress the mutant phenotypes induced by 

elevated BMP signaling, and reductions in nmo enhanced the penetrance of activated 

BMP phenotypes. Thus, the phenotypic analyses support and extend the biochemical 

model of the inhibition of Mad and BMP signaling by Nemo. 

Modulation of Nemo does not affect the levels of pMad found at the peaks of the 

BMP response gradients, suggesting that the effect of Nemo is at the level of the nuclear 

function of Mad. Our LMB studies demonstrate that Nemo can affect the nuclear 

localization of Mad. Thus, we propose that Nemo promotes the nuclear export of Mad 

and that this results in a fine-tuning of the levels of target genes in regions where nmo is 

expressed. 

We propose that one role for nmo is in refining the level of BMP signaling 

regulating proliferation. This early role for BMP signaling also relies on Mad and is 

therefore a candidate for Nemo-mediated inhibition. The effect on proliferation may 

affect the spacing, but not levels, of the pMad gradient. We consistently observe that the 

genotypes in which wing width is affected do have a mild effect on the spacing of pMad 

stripes, and we suggest this might be due to actual changes in cell number in the disc. 

Additionally, nmo mutations manifest in alterations in wing size, wing shape and cell 

density. 

nmo mutations also affect the later larval and pupal patterning and differentiation 

functions of BMP, and these can be correlated to changes in target gene expression and 

with vein patterning abnormalities. Thus, it appears that Nemo can modulate levels of 

BMP signaling at several developmental stages in wing growth and patterning. 

We have previously demonstrated that Nemo can  antagonize Drosophila Wg 

signaling during wing development (Zeng and Verheyen, 2004). In this study we 

demonstrate that Nemo also acts to attenuate BMP signaling by targeting the activity of 

Mad. In both of these signaling pathways the net outcome is the inhibition by Nemo of 

pathway-dependent target gene expression. These results demonstrate that Nemo - and 



 

65 

by extension the Nemo-like kinases - play important roles in refining signaling pathways 

during development. 

An intriguing but still incomplete picture is emerging regarding the regulation of 

both Nlk expression and activity and it represents a potential point of crosstalk between 

signaling pathways. We have shown that Drosophila nmo is transcriptionally regulated 

by Wg signaling (Zeng and Verheyen, 2004). Others have found that the kinase activity 

of vertebrate Nlk is stimulated by Tak1 after Wnt induction (Ishitani et al., 2003a; Smit et 

al., 2004; Kanei-Ishii et al., 2004) and that Tak1 can be activated by BMP signaling 

(Yamaguchi et al., 1995), although at this time there is no evidence of this in flies. 

Activated Nlk can inhibit Tcf/Lef proteins and modulate Wnt-dependent gene expression 

(Ishitani et al., 2003b; Ishitani et al., 1999; Zeng and Verheyen, 2004). In this study, we 

found that Drosophila Nemo is playing an important role in modulating BMP signaling 

and Mad-dependent gene expression, revealing an additional point of cross-regulation 

and refinement between signaling molecules. 

3.4. Materials and Methods 

Fly strains: The following fly strains were used: nmoDB24 (Zeng and Verheyen, 

2004), nmoadk1 andUAS-nmoC5-1e (Verheyen et al., 2001), UAS-nmob27, nmoP also 

referred to as nmo-lacZ (Choi and Benzer, 1994; Zeng and Verheyen, 2004), AyGal4.25-

UAS-GFP.S65T (Ito et al., 1997; Zecca et al., 1996), Ubi-GFP FRT 79D, ap-

Gal4 (expressed in the dorsal wing disc compartment), dpp-Gal4 (expressed along the 

A/P boundary), ptc-Gal4 (expressed along the A/P boundary), vg-Gal4 (expressed along 

the D/V boundary), prd-Gal4 (expressed in alternating stripes in the embryo), 69B-

Gal4 (expressed ubiquitously in the wing pouch),omb-Gal4 (expressed in a wide domain 

along the A/P axis in the wing pouch), dppd5, dpphr56, dpphr4, UAS-Mad, UAS-MadS25A, 

UAS-tkvQD (Nellen et al., 1996), UAS-tkvwt, UAS-sog (Yu et al., 

2000), P[lacW]Dadj1E4 (Tsuneizumi et al., 1997), vgQ-lacZ, salm-lacZ, rlSem/CyO, UAS-

Sem3-1 (Rintelen et al., 2003) and UAS-GFP. 

Clonal analysis: nmoDB24 somatic clones were induced using the FLP/FRT method (Xu 

and Rubin, 1993). To induce nmo loss-of-function clones, embryos from the appropriate 
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crosses were collected for 24 hours and the hatched larvae were heat shocked at 38°C 

for 90 minutes at 48 hours of development. More than 30 clones were examined in each 

experiment. 

Immunostaining and wing handling: Dissection of imaginal discs, X-Gal staining and 

antibody staining were performed following standard protocols. The antibodies used 

were: rabbit anti-pMad (1:1000) (Persson et al., 1998), anti-Delta 9B ascites (1:5000; 

DSHB), mouse anti-β-galactosidase (1:500; Promega) and rabbit anti-β-galactosidase 

(1:2000; Cappel). Secondary antibodies used were: donkey anti-mouse FITC, donkey 

anti-rabbit CY3, donkey anti-rabbit FITC and biotinylated goat anti-rabbit (all from 

Jackson ImmunoResearch), donkey anti-mouse Alexa Fluor 594 (Molecular Probes). All 

secondary antibodies were used at a 1:200 dilution. Adult wings were dissected and 

rinsed in 100% ethanol followed by mounting in Aquatex (EM Science). 

Nemo expression vectors: Full-length nmo coding sequences were cloned into the 

pXJ-Flag expression vector. The kinase-dead Nemo construct encodes a substitution of 

a lysine residue at position 69 for a methionine (K69M). This was modeled on the 

kinase-dead form of Nlk described by Brott et al. (Brott et al., 1998). Mutagenesis was 

performed using the QuickChange Site-Directed Mutagenesis Kit according to the 

manufacturer's instructions (Stratagene). 

Co-immunoprecipitations: HEK293 cells were cultured in Dulbecco's modified Eagle's 

medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (Gibco). Cells at 70-

80% confluency were subjected to transient transfection with 8 μg total DNA using 

Polyfect transfection reagent (Qiagen) following the manufacturer's instruction. Cells 

were lysed 24-48 hours after transfection in lysis buffer [10% glycerol, 1% Triton X-100, 

50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, 4% protease inhibitors (Roche), 100 

mM β-glycerol phosphate, 1 mM sodium vanadate, 5 mM NaF]. Mouse anti-Flag (Sigma) 

or mouse anti-T7 (Novagen) coupled to protein G-sepharose beads (Sigma) were used 

for immunoprecipitation for 1 hour at 4°C. The immunocomplexes were washed three 

times with lysis buffer and boiled in Laemmli buffer, then subjected to SDS-PAGE and 

western analysis according to standard protocols. Primary antibodies used were mouse 

anti-Flag (1:1000) or mouse anti-T7 (1:5000), and the secondary antibody was goat anti-

mouse HRP light chain-specific (1:5000; Jackson ImmunoResearch). The western blot 
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was visualized using the Enhanced Chemiluminescence (ECL) Western Blotting System 

(Amersham). 

Kinase assays: Cell lysates were precleared with protein G-sepharose beads and 

incubated with appropriate antibodies. Antibody-protein complexes were precipitated 

with protein G-sepharose beads, then washed three times with lysis buffer and once with 

kinase assay buffer (25 mM HEPES pH 7.2, 25 mM MgCl2, 50 mMβ -glycerol phosphate, 

2 mM dithiothreitol, 0.5 mM sodium vanadate, 0.1 mM ribo-ATP). Kinase reactions were 

initiated by the addition of kinase assay buffer containing 10 μCi of [γ-32P]ATP at room 

temperature and stopped after 20 minutes by the addition of Laemmli buffer. Samples 

were boiled and subjected to SDS-PAGE and transferred to nitrocellulose membrane 

(Perkin Elmer Life Sciences) according to standard protocols and visualized by 

autoradiography. 

Immunostaining of cultured cells and nuclear export assays: COS-7 and HeLa cells 

were grown on glass coverslips in 6-well plates 24 hours prior to transfection. Cells at 

50-70% confluency were transiently transfected with various combinations of vectors: 

pCMV-T7-mad; pCMV-T7-mad and pCDNA-HA-tkvQD (Inoue et al., 1998); pCMV-T7-

mad, pCDNA-HA-tkvQD and pXJ-Flag-nmo; pCMV-T7-mad, pCDNA-HA-tkvQD and pXJ-

Flag-nmoK69M; pCMV-T7-mad-S25A; pCMV-T7-mad-S25D. Sixteen hours post-

transfection, the cells were fixed in 4% paraformaldehyde for 15 minutes, followed by 

permeabilization with 0.25% Triton X-100. Following two washes in PBS, 

immunostaining was performed using mouse anti-T7 antibody (1:2000; Novagen) and 

rabbit anti-HA (1:1000; Sigma). Secondary staining was performed using donkey anti-

mouse FITC and goat anti-rabbit CY3 (1:200). Coverslips were mounted cell-side down 

with Prolong Gold Antifade Reagent with DAPI (Molecular Probes). For Crm1-dependent 

nuclear export assays, leptomycin B (Sigma) was added to a final concentration of 5.53 

ng/ml for 2 hours prior to fixation. 

Site-directed mutagenesis of Mad and generation of the Mad MH1 deletion 

construct: Mutagenesis was performed on the pCMV-T7-mad plasmid, using the 

QuickChange Site-Directed Mutagenesis Kit according to the manufacturer's instructions 

(Stratagene). Forward and reverse PCR primers were designed to harbor several 

nucleotide changes, with the rest of the sequence corresponding to the template. 
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Serines 25, 146, 202, 212 and 226 were respectively substituted with alanines as 

indicated in Fig. 6. In addition, S25 was replaced with aspartic acid (S25D) to introduce a 

phosphomimetic residue. 

The Mad-ΔMH1 construct was made by excision of an EcoRI fragment from the 5ʹ′ 

coding region of the pCMV-T7-mad plasmid. pCMV-T7-mad contains two EcoRI sites: 

one is located in the 5ʹ′ multiple cloning site, the other is at the boundary of the MH1 

domain and the linker domain. Mad-ΔMH1 was obtained by EcoRI digestion, gel 

purification of the vector plus 3ʹ′ sequences and religation resulting in an in-frame fusion 

of T7 with the remainder of the Mad coding region, thereby deleting the MH1 domain. 

Untagged and T7-tagged MadS25A were cloned into pUAST and transgenic fly strains 

were generated by BestGene. The prd-Gal4 driver was used to express this transgene in 

alternating embryonic segments and en-Gal4, ap-Gal4 and vg-Gal4 were used to test for 

phenotypic effects in the wing. 

RNA in situ hybridization: The MH1 domain of Mad was excised using EcoRI and 

cloned into pDrive (Qiagen). A DIG-labelled probe was made from 5 ug of DNA template 

using Roche DIG RNA labelling kit T7/SP6 according to manufacturers protocol. The 

sense probe was used as negative control. Probe concentration was determined by dot 

blot quantification method and a total of 50 ng/ml of probe was used. RNA in situ 

hybridization was performed as previously described by O’neill and Bier, 1994.   
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4. The Nemo kinase phosphorylates β-catenin to 
promote ommatidial rotation and connects 
core PCP factors to E-cadherin/β-catenin  

A modified version of the following chapter was published in Nature Structural 

and Molecular Biology. 2011 (6):665-72. 

Maryam Rahnama contributed to Fig. 3, 4, 5 and 6 and supplemental Fig. 3 and 

6. Imaginal disc stainings were performed by Maryam Rahnama. Tangential sections of 

the ommatidial were prepared by Ivana Mirkovic, William Gault, Andreas Jenny and 

Konstantin Gaengel. in vitro binding and phosphorylation studies of Arm and Nmo were 

performed by Maryam Rahnama and Ivana Mirkovic. Mapping the phosphorylation sites 

was performed by Maryam Rahnama.  

4.1. Introduction 

The Drosophila retina is a highly organized structure composed of ~800 units, 

called ommatidia, each containing 8 photoreceptor (R-) cells that are precisely arranged 

with respect to each other and the axes of the eye field (Wolff and Ready, 1993; 

Mdodzik, 1999). Each ommatidium contains eight photoreceptors (R1-R8), four cone 

cells and two primary pigment cells arranged in a stereotypic pattern, and these units are 

surrounded by a lattice of secondary and tertiary pigment cells. The photoreceptors 

project axons into the optic lobes of the brain, where they bundle in two separate 

ganglia, the lamina and the medulla (Clandinin and Zipursky, 2002). 

The eye-antennal imaginal disc is specified during the embryonic stage where a 

group of cells are set aside to give rise to a set of adult eyes and antenna. During the 

first and second instar larval stages, morphogen gradients have not yet formed and the 

disc undergoes unspecified growth. During this time, the number of cells in a single disc 
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increases from during the first instar to by early third instar. Specification of retinal fate is 

achieved through the combined action of an intericate network of transcription factors 

collectively known as the retinal determination genes (Silver and Rebay, 2005). Pattern 

formation and ommatidial differentiation begin in the third larval instar with the 

appearance of a groove called the morphogenetic furrow (MF) at the posterior margin of 

the eye disc (Ready et al., 1976). This indentation in the epithelium, which results from 

an apical constriction and apical-basal contraction of the cells, sweeps progressively 

across the eye disc from posterior to anterior over a 2-day period. Cells anterior to the 

MF are undifferentiated and proliferate asynchronously, whereas cells posterior to the 

MF are organized into columns of regularly spaced clusters within which photoreceptor 

differentiation occurs in a defined sequence (Tomlinson and Ready, 1987, Wolff and 

Ready, 1991). An average of 30 columns, each initiated every 90- 120 minutes, will form 

the entire retinal field. Unlike other imaginal discs, which are patterned by organizers 

formed at stable boundaries between cellular territories, the eye disc has a pro- gressive 

pattern of differentiation controlled by signals that are constantly changing their spatial 

positions. 

Epithelial cells, including that of the Drosophila eye disc, are polarized along two 

axes: 1) apical-basolateral polarity, and 2) a polarity axis within the plane of the 

epithelium, commonly referred to as planar cell polarity (PCP). PCP is distinct from and 

is perpendicular to apical/basal polarity, and is a widespread feature of epithelia in both 

invertebrates and vertebrates. PCP signaling determines the direction of the ommatidial 

units of the compound eye and the bristles of the wing, mammalian ciliogenesis, neural 

tube closure, and arrangement of the sensory organs of the inner ear.  
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Fig 4.1. Polarization of epithelia along two axes.  
 PCP occurs perpendicular to apicobasal polarity and leads to a steotypical arrangement 

with individual cells facing a specific direction. 

Frizzled planar cell polarity (Fz/PCP) signaling is associated with cell fate 

specification of the R3/R4 photoreceptor pair (Seifert and Mlodzik, 2007; Wang and 

Nathans, 2007). In response to Fz/PCP signaling ommatidial preclusters rotate a precise 

90° in opposite directions in either half of the eye, creating a mirror image symmetry 

across the dorso-ventral midline (Wolff and Ready, 1993). During rotation, R-cell 

precursors of each cluster are held together tightly by increased E-cadherin localization 

to membranes between precluster cells, but the process also requires the presence of E-

cad on the outside membranes of the preclusters to facilitate rotation (as in shotgun/E-

cad hypomorphic mutants rotation is strongly reduced) (Mirkovic and Mlodzik, 2006).  
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Fig 4.2. Arrangement of the Drosophila ommatidia and the role of PCP signaling  
 (A) A Drosophila eye imaginal disc contains about 800 ommatidia units. Each 

ommatidium is made up of 8 photorceptors, R1-R8. In response to Fz/PCP signalling, the 
developing ommatidial preclusters rotate 90° in opposite directions in either half of the 
eye, creating a mirror image symmetry across the dorso-ventral midline. (B) At the 
junction R3/R4 membrane junction, Fmi is anchored in both R3 and R4. In the developing 
R3 photoreceptor, Fmi, Diego, and Dsh form a complex. However, in the developing R4, 
Pk and Stbm are bound to Fmi (Rawl and Wolff, 2003). 

Frizzled planar cell polarity (Fz/PCP) signaling is associated with cell fate 

specification of the R3/R4 photoreceptor pair (Seifert and Mlodzik, 2007; Wang and 

Nathans, 2007). Fmi is a transmembrane protein and is anchored at the R3 and R4 

junction. In the R3, Fmi, Diego, and Dsh form a complex, whereas in the R4 cell, Pk and 

Stbm are bound to Fmi (Rawl and Wolff, 2003). Drosophila E- and N-cadherins have 
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also been implicated in the process, with E-cad/shg again promoting rotation and the N-

cadherins (N-cad1 and 2) restricting movement (Mirkovic and Mlodzik, 2006). The 

combination of motility of the whole cluster relative to surrounding interommatidial 

epithelial cells and tight association of precluster cells to each other suggests a complex 

regulation of cell adhesive behavior. Convergent extension associated cell movements 

in vertebrates are also affected by Fz/PCP signalling (Seifert and Mlodzik, 2007; 

Solnica-Krezel, 2005). Molecular links between the PCP factors and the mechanisms 

underlying cell motility have remained elusive.  

Cadherins are homophilic transmembrane adhesion proteins, comprising a major 

intercellular adhesion system in epithelia (Takeichi, 1999; Gumbiner, 2008). Their 

cytoplasmic domains interact with the cytoskeleton through an association with catenins: 

α-catenin, β-catenin/Arm, and p120ctn. Differential association and activity of catenins 

can help to determine different states of cadherin-mediated adhesion (Gumbiner, 2008). 

β-catenin directly binds the cadherin cytoplasmic domain, promoting the stabilization and 

cell surface transport of cadherins (Chen, et al., 1999; Huber, et al., 2001). α-catenin 

binds β-catenin through its N-terminal region, and can bundle F-actin as well as other 

actin-associated proteins through its C-terminal region (Drees, et al., 2005; Imamura, 

1999; Weis and Nelson, 2006 ). Several mechanisms regulate adhesion strength and 

dynamics to maintain tissue integrity, and allow morphogenetic movements. Adhesion 

regulation may occur via several broad mechanisms: (1) regulation of cadherin cell 

surface delivery/stabilization (Huber, et al, 2001), (2) phospho-modulation of β-catenin 

binding to cadherin (Stappert, J. & Kemler, 1994; Daugherty and Gottardi, 2007 ) or α-

catenin binding to β-catenin (Kuroda, et al. 1998) , (3) the relationship of α-catenin to the 

actin cytoskeleton (Drees, et al, 2005; Nieset, 1997), and/or (4) cis-clustering of 

cadherins (Yap et al., 1998). 

Only a few factors that affect PCP mediated rotation have been identified, but the 

mechanism of action for most of them remain unclear. Drosophila Nmo was the first 

rotation-specific gene described (Choi and Benzer, 1994; Fiehler and Wolff, 2008). Other 

factors/pathways required in the process include Rho kinase (dROK; Winter, et al., 

2001), Egfr-signaling (Brown and Freeman, 2003; Gaengel and Mlodzik, 2003; Strutt, 

and Strutt, 2003, scabrous (Chou and Chien, 2002) and Zipper/Myosin II (Fiehler and 
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Wolff, 2007). It remains unclear how the activity of E-cad (and its associated proteins) is 

regulated during rotation, as the molecular links between the PCP complexes and 

classical cadherins have not been described, although a link was previously suggested 

(Classen, et al, 2005). In this chapter, I provide evidence that Nemo serves as a 

conserved molecular link between core PCP factors and the E-cadherin–β-

catenin/Arm complexes, promoting cell motility and rotation through direct 

phosphorylation of Arm. This data has led to the hypothesis that core PCP proteins Stbm 

and Pk helps to recruit and/or stabilize Nmo at the R3-R4 membrane region.  

4.2. Results  

4.2.1. nmo autonomously regulates ommatidial precluster rotation 

To define the role of nmo in rotation, we have analyzed a nmo null allele, nmoDB 

In comparison to the hypomorphic nmoP allele, nmoDB resulted in a much more severe 

under-rotation, with many clusters unable to initiate rotation and remaining parallel to the 

equator (Fig. 4.3). The defects in nmoDBmutant ommatidia were largely restricted to 

rotation (Fig. 4.3e). Substantial under-rotation was evident from early stages of 

precluster rotation in eye discs (Fig. 4.3f,g). Preclusters having mutations in either 

allele,nmoDB or nmoP, showed rotation defects as early as in row 5 (the earliest stage 

when rotation is detectable with molecular markers; for example, see Fig. 4.3f,g, in 

which anti-Sal staining marks R3-R4 and indicates the degree of rotation of respective 

clusters just after the onset of rotation). In nmoDB eyes, many clusters did not rotate at all 

and remained in the orientation parallel to the equator at 0°. In adult retinas of wild-type 

flies, all ommatidia were at a rotation angle of 90° (100%); in nmoP flies the ommatidia 

were around 50° on average, whereas in nmoDB flies the majority (36.7%) were at a 0° 

angle (Fig. 4.3h). Furthermore, in sevGal4 UAS-Nmo, 34% of clusters are over-rotated 

to random degrees (only 65.9% remain at 90°). Together with the disc analyses, this 

indicates that nmo is required throughout the rotation process. 
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Fig 4.3. nmo regulates ommatidial rotation.  
 (a) Schematic of ommatidial rotation in third-instar larval eye disc, posterior to the 

morphogenetic furrow (vertical yellow line; equator (Eq), horizontal blue line). Cells 
acquiring R3 fate are labeled in green. Left image shows organization of individual 
photoreceptors within an ommatidium in adult eye. (b) Third-instar eye disc stained with 
antibody to a pan-neuronal marker, Elav (red) and with GFP from the psq>GFP reporter 
(green; strong in R3 and weaker in R4; single channel in right image). (c) Tangential 
section of adult wild-type eye with ommatidia arranged around the equator (having 
completed the 90° rotation). Bottom, schematic with dorsal and ventral chiral forms 
indicated by black and red arrows, respectively. (d,e) Eye sections as in c bearing the 
hypomorphic allele nmoP (d) or the null allele nmoDB (e). Arrows indicate degree of 
rotation (see quantification of rotation-angle distributions in h). (f,g) Third-instar eye discs 
(just posterior to the morphogenetic furrow) stained with anti-Sal (red; marking R3-R4 
precursors in rows 2–5), anti-Elav (blue; marking all R-cell precursors) and anti-GFP 
(green; marking mutant tissue distinguished by GFP absence). Mutant clones of nmoP (f) 
and nmoDB (g) are shown. Left images, three channels with Elav staining labeling all 
photoreceptors; middle images, two channels. Right images are semi-schematic versions 
of the middle images: white bars indicate orientation of wild-type clusters, and yellow bars 
indicate orientation of mutant clusters. (h) Rose diagrams showing the angle distributions 
of ommatidia (in intervals of 10°) with the genotypes indicated. The radial axis displays 
percentage of ommatidia up to 25%; percentages above 25% are written next to the 
sector bar. 
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4.2.2. Nmo is dynamically localized throughout the imaginal disc 
cells  

As there are no reliable antibodies to Nmo, we generated transgenes 

encoding Nmo with a GFP tag (NmoGFP; expressed under tubulin-Gal4 or sev-

Gal4 control). NmoGFP is generally localized in a ubiquitous manner throughout each 

cell, including association with the membrane, as well as some possible nuclear 

localization (Fig 4.4a-f). Low expression under a ubiquitous promoter revealed 

that NmoGFP was enriched asymmetrically on the R4 side of the R3-R4 border 

membranes (Fig. 4.4e–f). Stbm is asymmetrically localized in R4 in a similar manner 

(Strutt, et al., 2002). At later rotation stages, NmoGFP is more abundant in R4 than in 

R3, like the core PCP factors (Fig. 4.4e-f). 
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Fig 4.4. Nmo localizes to the membrane and is enriched in R3-R4 cells.  
 Nmo is found throughout all imaginal disc cells analyzed, using NmoGFP transgenes (e.g 

under tubulin promoter control) that fully rescued the nmo loss-of-function phenotype. (A-
C) show eye discs stained for NmoGFP (anti-GFP in green, monochrome in C’), anti-Arm 
(red), and anti-Ecad (blue). (D) shows a wing disc stained for NmoGFP.  NmoGFP is 
often found at the membrane (overlap with anti-E-cad staining in C and single stain in D). 
The respective staining pattern does not change in mutant tissue clones of E-cad/shg. (E) 
and (F): High resolution image ommatidial preclusters, row 8-10. NmoGFP expression 
under GMRshort-Gal4 in all cells posterior to the MF.  

4.2.3. Nmo interacts genetically and physically with core PCP 
components 

To corroborate the hypothesis that there is a functional relationship 

between Nmo and the PCP factors Stbm and Pk, we examined defects in flies doubly 
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homozygous for the hypomorphic nmoP allele and for the mutated allele of 

either stbm or pk (Fig. 4.3). In stbm mutants, rotation angles and direction apear 

randomized (Fig. 4C). Whereas ommatidia rotate in nmoP flies by an average of 45° (Fig. 

4.3d,i–j), in the double mutants many ommatidia did not rotate at all and remained 

oriented parallel to the equator (Fig. 4.5d). The rotation defect in the double mutant with 

the hypomorphic nmoP allele was similar to that observed in the nmoDB null mutant, 

suggesting that the partial Nmo activity in nmoP flies is further impaired in the absence 

of Stbm. A similar effect was also observed in pksple1; nmoP double mutants. pksple1 is a 

hypomorphic allele of pk. The impact of adding a second mutation was particularly 

evident here, as in the pksple1 single mutant, rotation was normal (Fig. 4.5f). Note that 

often in double mutants rotation was not initiated and clusters remained in the original 

position by row 10 and later (Fig. 4.5e). In discs, GFP-tagged Canoe protein (CnoGFP), 

a membrane component required in adhesion and rotation, was used to label cells at the 

adherens junctions (Fig. 4.5g,h), showing that lack of rotation at larval stages led to 

defects in adult eyes. As these defects were detectable from early stages of precluster 

rotation (Fig. 4.5g,h), the phenotype is probably due to a failure to properly initiate 

rotation. 

As Nmo genetically and physically interacts with Stbm and is enriched in R4, we 

next analyzed whether Nmo and Stbm are required for each other's localization and/or 

enrichment. Although a nmo loss-of-function mutation or Nmo overexpression did not 

affect Stbm localization (or that of other core PCP factors; data not shown), localization 

and enrichment of NmoGFP were both markedly reduced in a stbm mutant background 

(GMR>stbmRNAi; Fig. 4.5l,m). In particular, the levels of Nmo in R3 and R4 were 

indistinguishable in the mutant, in contrast to the high R4 levels in wild-type flies 

(compare Fig. 4.3l,m and see also see Fig. 4.2e,f). The membrane enrichment at the R4 

side of the R3-R4 border was also lost (Fig. 4.5l,m). These data suggest that Stbm is 

required for proper localization or stability of Nmo in R4, and thus Nmo is functionally 

linked to the R4-specific PCP factors Stbm and Pk. 
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Fig 4.5. nmo genetically and physically interacts with core PCP components. 
(a) GST pull-down assays using GST-tagged full-length Nmo and in vitro–translated StbmC, PkC, 

Dsh, Dgo and PkM (b) Specificity assays for the GST-Nmo-StbmC interaction, using 
GST-PkC. 'Input' lane contains 10% of amounts loaded on column. (c–f) Tangential eye 
sections from flies with indicated genotypes. stbm6 is a mutant allele of stbm. Schematic 
of cluster orientation, as in Figure 1, is shown below each micrograph. (g,h) Precluster 
rotation defects in pksple1; nmoP double-mutant discs (CnoGFP was used to mark all cells 
at the adherens junctions). Yellow bars indicate orientation of clusters; yellow arrows 
mark one cluster each in g and h that have not yet initiated rotation. (i) NmoGFP is 
localized to the membrane at the R4 side of the R3-R4 border. Micrograph depicts area 
of eye imaginal disc posterior to furrow (anterior is left, dorsal up) showing NmoGFP 
localization (green) and membrane staining (anti–β-cat; magenta). Yellow arrows mark 
R4 side of the R3-R4 border. Boxed areas are magnified in j,k. (j,k) Magnified views of a 
precluster in i that has initiated rotation (j) and one that is approximately at 45° (k). 
Bottom images are monochromes showing NmoGFP only with a semi-schematic overlay 
of cell outlines (yellow) and the five R-cells of the precluster labeled with their numbers. 
Black arrowheads indicate R4 side of membrane. (l,m) NmoGFP localization and stability 
depends on the presence of Stbm. Shown are NmoGFP localization in wild-type 
background (l; R3 and R4 precursors are labeled 3 and 4, respectively, within each 
cluster) and in GMR>NmoGFP; >stbmRNAi background (m; mutant R3-R4 precursors 
are marked with stars). Anterior is left and dorsal up in both panels. 

4.2.4. Nmo binds and phosphorylates β-catenin  

Among the cell-adhesion and the cytoskeletal and cell-architecture factors, Arm 

was a strong modifier of the sev>Nmo. We thus tested whether Nmo can physically 

interact with and/or phosphorylate Arm (Fig. 4.6). GST-Nmo bound β-cat from SW480 

cell lysates similarly to purified Xenopus laevis β-cat (Fig 4.6A). The double band 

from 35S-labeled Nmo probably likely represents various autophosphorylated forms 

of Nmo. GST–β-catenin also bound in vitro–translated Nmo (Fig. 4.6b). Similarly, 

immunoprecipitates of Nmo efficiently phosphorylated β-catenin, but those containing a 

kinase-dead (kd) Nmo isoform did not (Fig. 4.6c, 4.7a). I next identified Nmo target 

phosphorylation sites on β-cat (Arm) in vitro by creating an Arm-ΔC construct that 

removes the last 3 SP/TP sites. This truncation failed to become phosphorylated in an in 

vitro kinase assay by Nmo. This revealed that three serine and threonine 

phosphorylation sites in the C-terminal region of β-cat (Ser764, Ser802 and Thr827) are 

preferential target sites of Nmo (Fig 4.7a,b). To determine whether the Arm 

phosphorylation sites are physiologically relevant, transgenic flies lines expressing 

stable ArmS10 with the three sites mutated to alanine (UAS-ArmS10AAA; Fig 4.7) were 

made. The subcellular localization of Arm or ArmS10 was not affected by the AAA 

mutations (Fig. 4.7c).  
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Fig 4.6. Nmo binds and phosphorylates β-cat /Arm 

 Left, extracts from SW480 cell lysates incubated with GST-Nmo; right, 
recombinant Xenopus β-cat incubated with GST-Nmo. Western blotting (WB) is used to 
detect β-cat. (b) GST−β-cat incubated with in vitro–translated Nmo. (C)  32P kinase 
reactions and immunoprecipiations (IP) of Nmo and hemagglutinin-taggedβ-cat (HA–β-
cat) purified from cell lysates. Lane 1, full-length (FL) wild-type (WT) Nmo; lane 2, full-
length kinase-dead (kd) Nmo. Upper bands are β-cat. 
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Fig 4.7. Nmo phosphorylates Arm at S764, S802, and T 827. 
 (A) Wildtype Nmo (lower band) purified from HEK293T cells and incubated with 

radiolabelled 32P is capable of phosphorylating wildtype Arm, top band (lane 1) but not 
ArmAAA (lane3). NmoK69M was used as negative control (lanes 2 and 4). Lower gel is 
the kinase assay loading control. (B) Cartoon depicting the Nmo phosphorylation sites on 
the C-terminus of Arm. (C) The AAA mutation does not affect localization or stability in 
either ArmWT or the stabilized isoform Arm S10. Apical sections of eye imaginal discs 
are shown, note that Arm S10 is more stable and detected also in the cytoplasm of the 
cells as compared to ArmWT, which is only detected at the apical junctional regions 
(small apical tufts in R-cell precursors). There is no detectable difference between the 
WT and the AAA isoforms. 

4.2.5. Arm and Nmo act synergistically in rotation 

As Nmo phosphorylation may impact adherens junction structure and dynamics 

in vivo, I next tested whether Arm and Nmo act together to promote rotation in 

vivo. Stable Arm isoform ArmS10, a truncated isoform that is not subject to degradation 

(Pai, et al., 1997) was expressed alone or coexpressed with Nmo (under sev-

Gal4 control; Fig. 4.9). Notably, in contrast to normal ArmS10, when ArmS10AAA was 

co-expressed with Nmo (under sev-Gal4 control), the distribution of the rotation angles 

(over-rotation) resembled that of flies expressing Nmo alone (UAS-Nmo). Over-rotation 

was markedly suppressed as compared to UAS-Nmo, UAS-ArmS10 flies (Figs. 4.9e,f). 
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These data suggest that Nmo-mediated phosphorylation of the Arm C-terminal sites is 

crucial for the regulation of ommatidial rotation in vivo. These data confirm 

that Nmo binding to E-cad–Arm complexes and phosphorylation of Arm on the C-

terminal sites is physiologically relevant to the rotation process, and thus the Nmo kinase 

promotes rotation via Arm. Notably, however, in sev>ArmS10; UAS-Nmo flies most 

ommatidia were (>90%) were over-rotated (Fig. 4.9e,f). Although expression of 

either Nmo or ArmS10 alone did not produce marked rotation defects at 18 °C, 

coexpression produced many over-rotated ommatidia (Fig. 4.9a–d). ArmS10 

coexpressed with the kinase-dead Nmo isoform had effects similar to expression 

of ArmS10 alone, confirming that kinase activity is required for rotation (Fig. 4.9c). These 

data suggest that Nmo and Arm cooperate to promote rotation and that the kinase 

activity of Nmo is required.  

 

Fig 4.9. Nmo and Arm act synergistically in rotation 
(a–c) Tangential eye sections of flies with indicated genotypes; anterior is left and dorsal is up. 

The following transgenes were expressed at 18 °C under sev-Gal4 control: UAS-
nmo(a); UAS-nmo; UAS-armS10 (encoding a stabilized form Arm; b); and UAS-
armS10; UAS-nmoKD (a kinase-inactive isoform; c). Bottom, schematics of ommatidial 
orientation as in Figure 4.1 (dots represent ommatidia that cannot be scored for 
orientation). (d–f) Sections as in a–c of flies with indicated genotypes. The following 
transgenes were expressed at 25 °C under sev-Gal4 control: UAS-armS10 (d);UAS-
armS10; UAS-nmo (e); and UAS-armS10AAA; UAS-nmo (f). 
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4.3. Discussion 

Ommatidial rotation is an example of cell motility regulated by Fz-PCP signaling. 

Our data indicate that Nmo regulates the activity of E-cad–Arm complexes and is linked 

to the core PCP factor Stbm. Nmo promotes Arm's function in rotation by directly 

phosphorylating β-cat, while integrating signalling input from PCP (Stbm–Pk) and 

possibly other signalling pathways, including Notch. 

nmo is required throughout the rotation process, and many clusters in null 

mutants do not rotate at all. Accordingly, increased Nmo levels (sev>Nmo) cause over-

rotated ommatidia. Mosaic studies reveal that nmo is required in all outer R-cells, as only 

fully (wild-type) nmo+ ommatidia are 100% certain to rotate normally. It was previously 

suggested that nmo is required mainly in R1-R6 cells (Fiehler and Wolff, 2008). The 

difference from this data is probably explained by the fact the Fiehler study used a 

hypomorphic allele with some gene function still present, whereas a null allele was used 

in this chapter. Consistently, another report (Choi and Benzer, 1994) has also concluded 

that nmo can function in any R-cell. 

Genetic, physical and functional interactions indicate that Nmo regulates the 

activity of E-cad–β-cat complexes during rotation. Stable β-cat (ArmS10) affects both 

nuclear Wg signaling (resulting in photoreceptor loss) and junctional E-cad–Arm 

complexes (resulting in aberrant cell adhesion/rotation). Not only does Nmo also acts 

synergistically with ArmS10 to raise the rate of rotation (as compared to the rate seen 

with either Nmo or ArmS10 alone), co-expression of Nmo with ArmS10 block increased 

nuclear β-cat signaling (Ishitani, et al., 1999; Meneghini, et al., 1999). Data from this 

chapter indicate that (i) Nmo phosphorylates Arm, (ii) this phosphorylation is 

physiologically important and (iii) Nmo phosphorylation of Arm is necessary for the two 

proteins to act synergistically. 

Consequently, Nmo may connect the core PCP Stbm–Pk complex to the activity 

of E-cad–β-cat. As the presence of the Stbm–Pk complex seems to correspond to an 

increase in the amount of Nmo at R4 membranes and junctional complexes, a rise in 

Stbm levels could increase the ability of sev>Nmo to cause an over-rotation phenotype. 

These data indicate that Nmo serves as a link from PCP factors to the E-cad–catenin 
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complexes. The data are consistent with the hypothesis that the Stbm–Pk complex helps 

to recruit and/or stabilize Nmo at membrane regions (where the PCP factors partially 

overlap with E-cad–Arm complexes). In conclusion, this study defines a framework in 

which Nmo serves as a link between PCP (Stbm) and the regulation of adhesive cell 

behavior at the level of adherens junction complexes.  

At this time, it is unclear how Nmo is recruited to the membrane, or what 

regulates the subcellular distribution of Nmo. This remains a major outstanding question. 

Future studies should also involve deciphering whether such an interaction exists 

between vertebrate Nlk and β–catenin in the context of PCP signalling. The C-terminus 

of Arm that is subject to Nmo phosphorylation is required for Arm binding to the basal 

transcriptional machinery. It remains to be answered whether phosphorylation of Arm by 

Nmo affects Arm’s activity as a transcription factor in the context of canonical Wg 

signaling.  

4.4. Materials and Methods 

Fly strains and genetics: The following alleles were obtained from: shgP34-1, shgIg29 (U. 

Tepass), DE-cadWT (H. Oda), UAS-DN-cad56, UAS-RhoAIR (Billuart, et al., 

2001), Ncad Δ14 (from T. Clandinin). UAS-Nmo (Verheyen, et al., 2001) and UAS-

NmoGFP (Fiehler and Wolff, 2008) transgenes were as described and driven with the 

UAS/Gal4 system (Brand and Perrimon, 1993) Flip-out GOF clones of UAS-Nemo were 

generated with MARCM using hsFLP, actin>CD2> and marked with UAS-wRNAi. 

Interaction crosses were grown at 25°C and eyes from female flies examined. The 

transgenes that modified sev>Nemo (UAS-EcadWT, UAS-Stbm and UAS-

RhoARNAi showed no phenotype with sevGal4 by themselves. Flip-out GOF clones 

of UAS-Nemo were generated with MARCM using hsFLP, actin>CD2> and marked 

with UAS-wRNAi. Interaction crosses were grown at 25°C and eyes from female flies 

examined. The transgenes that modified sev>Nemo (UAS-EcadWT, UAS-Stbm, UAS-

RhoARNAi showed no phenotype with sevGal4 by themselves. For LOF clonal 

analyses, nmo alleles were recombined onto w−; FRT80 chromosome and clones 

induced with eyFLP (marked with ubiGFP). Minute (M) clones (giving mutant tissue a 

growth advantage) were induced with hsFLP. Rescue experiments were performed with 
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a tub-NemoGFP construct (NemoII cDNA was used), or with UAS-Nemo expressed 

under sevGal4 or mδGal4 control. 

Immunohistochemistry and histology: Primary antibodies were: rat anti-DE-cad 

(DCAD2; gift from H. Oda); rabbit anti-Bar (gift from K. Saigo); rat anti-Spalt (B. 

Mollereau); rabbit anti-Dlg (gift from Z.H. Chen); rhodamine-phalloidin (Molecular 

Probes); anti-β-Gal (Cappel, Promega), rat anti-Elav, mouse anti–Arm (N27A1), rat anti-

DN-cad (Dn-Ex#8) and mouse anti-Fmi from the DSHB. Secondary antibodies were from 

Jackson Labs. Eye sections and eye discs were prepared, stained, and analyzed as 

described (Mirkovic et al., 2006). For genetic interactions, eyes were sectioned near 

equatorial region and ommatidia with correct photoreceptor number were scored; a 

rotation defect was defined as being at least 20° less or more than the 90° in wt. 

Biochemical assays: An ArmΔC construct encoding amino acids 1-730 was made by 

cutting at a TthIII1 site within the 3' end of the Arm cDNA and a KpnI site present in the 

multiple cloning site of the vector. Within the deleted region, three potential Nmo 

phosphorylation sites are encoded: Serine 786, 802 and Threonine 827. These residues 

were mutated to Alanines (individually and in triple combination, and assayed for 

phosphorylation by Nmo (panel A)). Mutagenesis was performed on the HA-pCMV-Arm 

plasmid using the QuickChange site-directed mutagenesis kit according to the 

manufacturer's instructions (Stratagene). HEK293T cells were transfected with 4.0µg of 

pCMV-HA-Arm (wild-type/WT and AAA) and 4.0µg of pXJ-Flag-Nmo (wildtype and 

kinase dead (Stahle-Backdhal et al.)). Transfected proteins were immunoprecipitated 

with anti-HA and anti-Flag antibodies. Immunoprecipitated proteins were subjected to in 

vitro kinase assays and analyzed by autoradiography. 

Titration experiments: Titration experiments were performed under conditions where β-

cat is either pre-phosphorylated with Nemo or where both ß-cat and cad-GST are pre-

phosphorylated together. Alternatively, cad-GST was added together with ß-cat for 

kinase reaction. The concentrations of cad-GST and Nemo were kept constant (2.5 or 

5μg for cad; 1.5 or 3μg for Nemo) with increasing concentrations of ß-cat (0.3 -1.7μg). 

Kinase assays were done in 30μl of kinase buffer followed by 3-4 hr pull-down with cad 

preincubated with beads. The beads were then washed in pull-down buffer and 

resuspended in 20μl 2X concentrated SDS sample buffer. Samples were analyzed on 
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10% SDS-polyacrylamide gel, stained with Coomassie solution to reveal protein content, 

and scanned with an Odyssey scanner (Licor) Quantification of protein levels was done 

with Odyssey program and data was analyzed in Excel. Western analysis was done 

according to standard procedures. Primary antibody was anti- RGS-His (Qiagen). 
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5. Homeodomain-interacting Protein Kinase is 
required for Maintainance of Epithelial 
Integrity and Proper Localization of Polarity 
Protein Discs Large 

Maryam Rahnama designed and performed the experiments in this chapter with 

help with dissection from undergraduate student Robert Muhumuza.  

5.1. Introduction  

Despite the physiological differences between vertebrates and insects, the 

Drosophila gut is remardably similar to the vertebrate intestine. Recent studies have 

found a remarkably high degree of conservation between Drosophila and mammals with 

respect to the signaling pathways that control intestinal development, regeneration and 

disease (Takashima, et al., 2012). The Drosopohila intestinal stem cell lineage is well 

understood providing a framework that can be used to elucidate many aspects of human 

intestinal pathology. Pathways such as Wg and Notch (N) have been found to be crucial 

for cell specification and many other aspects of cell signalling in the Drosophila and 

mammalian intestine. I was originally interested in characterizing the role of Nmo and 

Hipk in this tissue, since both Nmo and Hipk regulate pathways that are important in cell 

specification. However, I didn’t observe any notable defects in nmo loss of function 

intestinal clones, but hipk clones exhibited many defects that are independent of cell 

specification. In this chapter, I present evidence to show that Hipk is required in the 

Drosophila intestine for cell survival, and maintenance of tissue architecture as well as I 

the estabblishment of polarity and maintenance of basolateral junctions. This is the first 

time that Hipk has been implicated in maintance of cell polarity and junctional 

architecture, and repsents a unique and novel finding.   
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5.1.1. Cell Junctions 

Most tissues are composed of sheets of cells, held together by a series of 

specialized structures called junctional complexes or simply junctions. Cell junctions are 

abundant in epithelial tissues and consist of large multiprotein complexes that provide 

contact between one cell and the extracellular matrix or between neighboring cells. They 

also create a permeability barrier for epithelia and control paracellular transport. 

Additionally, junctions are required for establishing apicobasal polarity in the cell. Based 

on functions, three major types of cell junctions have been described in animals: 1) 

anchoring junctions, such as adherens junctions (AJs) that link a cell to its substrate, 

such as the extracellular matrix (ECM) (Takahashi, 1991; Lock, et al., 2008) 2) 

communicating junctions, such as gap junctions, which are composed of small channels 

that permit small molecules to shuttle from one cell to another and thus directly link the 

interior of adjacent cells and 3) occluding junctions, such as tight junctions (TJs) in 

vertebrates and septate junctions (SJs) in arthropods (Farquhar and Palade, 1963) that 

provide permeability barriers and maintain apicobasal polarity (Fig. 5.1). The focus of 

this chapter will be SJs of Drosophila.  

The AJs are common to most epithelia and have their cytoplasmic face linked to 

the actin cytoskeleton and often appear as bands encircling the cell (Fig. 5.1) . Adherens 

junctions are composed of two types of proteins: cadherins and catenins. Junctional 

Cadherins, such as Epithelial-Cadherin (E-Cadherin), are transmembrane proteins 

whose extracellular domain forms a homodimeric complex with another Cadherin 

molecule. The intracellular segment of Cadherin binds to the second component of 

adherens junctions, which are catenins that are connected to actin filaments of the 

cytoskeleton. β-Catenin, called Armadillo (Arm) in Drosophila, links the actin 

cytoskeleton indirectly through binding α–catenin.  

In contrast to AJs, which allow the passage of molecules, vertebrate TJs and 

invertebrate SJs are the closely associated areas of two cells whose membranes join 

together (Schneeberger and Lynch, 1992) that maintain a barrier function by preventing 

the passage of ions, molecules, and pathogens through the space between cells 

(Powell, 1981), and create a seal between the two membranes. TJs also function to hold 

cells in a tissue together (Schneeberger and Lynch, 1992), and maintain the polarity of 
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cells by preventing the lateral diffusion of integral membrane proteins between 

the apicolateral and the basolateral membrane domains (Shin and Margolis, 2006; 

Miyoshi and Takai, 2005). 

TJs are composed of a branching network of sealing strands, and each strand is 

formed from a series of transmembrane proteins embedded in the plasma membrane of 

each cell, with their extracellular domains in direct contact with one another, creating an 

impermeable seal between cells. Major components of the vertebrate tight junctions are 

Claudins and the Occludins (Anderson and Van Itallie, 2009; Angelow et al., 

2008(Furuse and Tsukita 2006). These transmembrane proteins associate with different 

peripheral membrane proteins located on the intracellular side of plasma membrane, 

which anchor the strands to the actin component of the cytoskeleton. Effectively, TJs join 

together the cytoskeletons of adjacent cells together. 

 

Fig 5.1. Junctional organization in vertebrates and Drosophila 
 AJs occur in both Vertebrates (A) and Drosophila (B) and are composed of Cadherins 

and Catenins. The extracellular domain of E-Cad forms a homodimeric complex with 
another Cadherin molecule, whereas its intracellular domain binds beta-Catenin, which 
links to the actin cytoskeleton through α–catenin. AJs are more apical in Drosophila. The 
occluding junctions include TJs in vertebrates and SJs in Drosophila. TJs are large 
protein complexes and cause close-associations between membranes of two adjacent 
cells. SJ show ladder-like structures. Both TJs and SJs are associated with many 
peripheral proteins, including Dlg, Scrib and Lgl.  
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In contrast to vertebrate species, most epithelial tissues in invertebrates lack TJs 

(Lane and Chandler, 1980). In invertebrates, septate junctions (SJs) are the structures 

observed between epithelial cells, and are responsible for creating a permeability barrier 

and maintaining apicobasal polarity (Lock, 1965; Satir and Gilula, 1973; Lane and Skaer, 

1980; (Banerjee et al. 2006). Although they serve similar functions, SJs and TJs show 

some molecular and morphological differences (Lane and Swales 1982; Tsukita et al. 

2001). Whereas TJs are physically closely associated with the AJs, invertebrate SJs 

assume a more basolateral position (D'Atri and Citi 2002; Anderson et al. 2004). 

Morphologically, on thin section electon micrographs, TJs appear as a series of apparent 

contact points where the outer leaflets of the plasma membranes of two adjacent cells 

join together (Tsukita et al. 2001). In contrast, SJs of most invertebrate tissues appear 

as ladder-like structures (Green, P.R. Bergquist, 1982; Lane et al., 1994; Tepass and 

Hartenstein, 1994). SJ strands are arranged in parallel tight arrays, whereas TJ strands 

are less compact and are organized into overlapping networks (Claude and 

Goodenough, 1973; Lane and Swales, 1982). Additionally, whereas two Claudins have 

been identified in fly SJs (Anderson and Van Itallie, 2009; Angelow et al., 2008; Furuse, 

2010 (Furuse and Tsukita 2006), Occludin homologues have not been observed in SJs 

(Bryant, 1994) and are exclusively found in TJs. Despite these differences, TJs and SJs 

are remarkably similar in function.  

Both SJs and TJs function to maintain a permeability barrier across epithelia by 

creating a network of sealed strands that seal the space in between cells. Loss of 

function studies of many SJ-associated proteins in Drosophila have revealed that SJs 

are involved in regulating the diffusion of ions, solutes, and the movement of pathogens 

through the paracellular space (Skaer et al., 1987, Baumgartner et al., 1996; Lamb et al., 

1998; Behr et al., 2003; Beyenbach, 2003; Genova and Fehon, 2003; Llimargas et al., 

2004; Nelson et al., 2010; Paul et al., 2007; Wu et al., 2004; Wu et al., 2007). It is 

important to note that occluding junctions can vary in the permeability. For example, the 

TJs of the proximal tubule of the kidney are “leaky” to allow the passage of solutes and 

nutrients whereas the TJs of the distal tubule are “tight” and impermeable to prevent 

backflow (Claude and Goodenough 1973). 

Based on ultrathin section electron microscopy, SJs are divided into two types, 

pleated SJs (pSJs) and smooth SJs (sSJs) (Green and Bergquist, 1982; Lane et al., 
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1994; Tepass and Hartenstein, 1994). pSJs are parallel plasma membranes of adjacent 

cells with gaps in between creating ladder-like structures. pSJs are specific to 

ectodermally derived tissues, such as the epidermis, hindgut, tracheae, and in glia. In 

contrast, sSJs are observed in endodermal epithelia, such as the midgut (Flower and 

Filshie, 1975; Noirot-Timothee and Noirot, 1980). Although ladder-like septa are 

common to both types of junctions, pSJ exhibit a zigzag pattern whereas sSJs show 

smooth lines (Lane et al., 1994). Ectodermally-derived epithelia, such as that of the 

Drosophila intestine, called the posterior midgut, have sSJs, whereas the epithelia of the 

imaginal discs, the ovaries and the embryo have pSJs. 

In ectodermally-derived epithelial cells in Drosophila, belt-like adherens junctions 

(AJs) circumscribe the most apical part of the lateral membrane as belts. By contrast, it 

has been reported that belt-like AJs are not observed in Drosophila midgut epithelia, but 

rather spot-like AJs occur (Tepass and Hartenstein, 1994; Tepass, et al., 2001). Given 

that belt-like AJs play crucial roles in the morphogenesis of epithelial cells, including the 

formation of cell-cell contacts and cell polarity in animal cells in general (Harris and 

Tepass, 2010), sSJs might play important roles in the morphogenesis of these epithelial 

cells, instead of belt-like AJs.  

Components that make up the SJ can be divided into two groups: SJ core 

components that are important for maintaining junctional structures and transepithelial 

occlusion barrier (Banerjee et al., 2006; Furuse and Tsukita, 2006; Nelson and Beitel, 

2009; Tepass et al., 2001), and peripheral proteins that are associated with the SJs. 

These are important in establishing apico-basal polarity, and also link the SJ to the 

underlying cytoskeleton, thus maintaining cell shape (Oshima and Fehon, 2011).  

5.1.1.1. Septate Junction Components 

The SJ is a large multiprotein complex and genetic analyses of Drosophila have 

identified and characterized many different SJ- components and associated proteins 

(Banerjee et al., 2006; Furuse and Tsukita, 2006; Nelson and Beitel, 2009; Tepass et al., 

2001). SJ core components are transmembrane proteins that create a physical diffusion 

barrier. These include the Claudin-like proteins, such as Megatrachea (Behr et al. 2003), 

the FERM-domain containing protein Expanded (Ex) (Badouel et al. 2009), Neurexin 

(Nrx) IV , (Baumgartner et al. 1996), Neuroglian (Nrg) (Genova and Fehon 2003), and 
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Contactin (Cont) (Faivre-Sarrailh et al. 2000; Faivre-Sarrailh et al. 2004), which are 

important in the occluding junctions of glia and blood-brain barrier formation, and 

Coracle (Cora) (Tepass et al., 2001; Lamb, et al. 1998), a member of the protein 4.1 

superfamily, that function to link transmembrane proteins with the underlying actin 

cytoskeleton (Ward et al. 2001). 

Additionally, many proteins are associated with the SJ which are not part of the 

core complex. These include αβ-Spectrin (Spec), which comprise the major protein 

component of a submembrane cytoskeletal scaffold, and Ankyrin (Ank), which comprise 

a family of adaptor proteins that mediate the attachment of integral membrane 

proteins to the spectrin-actin based membrane skeleton (Das et al. 2008).  

An important component of the SJ is the Scribble (Scrib) complex, comprising of 

Scrib itself (Bilder and Perrimon 2000), Discs large (Dlg) (Woods and Bryant 1993; 

Woods et al. 1996; Woods et al. 1997) and Lethal giant larvae (Lgl) (Woods et al. 1997). 

Members of the Scrib complex are peripheral membrane proteins that co-localize to the 

lateral membrane of the Drosophila and mammalian epithelium, however Lgl is also 

found in the cytoplasm at lower levels (Woods et al. 1997; Humbert et al. 2008). 

Members of the Scrib complex are required for maintenance of SJs, as null mutations in 

any of the dlg, lgl and scrib genes can disrupt the SJ (Elsum et al. 2012; Humbert et al. 

2003). scrib shows a genetic interaction with dlg and lgl and loss-of-function mutants in 

these genes have very similar developmental phenotypes, including loss of apical–

basal polarity, impaired cell cycle exit and tissue overgrowth that results in larval lethality 

(Elsum et al. 2012; Bilder 2004). However, the nature of the physical interactions 

between Scrib, Dlg and Lgl is not yet well-understood.  

An important feature of members of the Scrib complex is that the genes are 

classified as Drosophila tumor suppressor genes as mutations in any of the dlg, lgl or 

Scrib genes cause neoplastic tissue growth in the growing imaginal disc and the 

Drosophila brain (Timmons et al. 1993; Faivre-Sarrailh et al. 2000). Additionally, analysis 

of patient tumour samples has demonstrated the importance of the Scrib complex in 

cancer onset and progression, suggesting a conserved function. Lower expression of 

hDlg, the human homolgue of Dlg, is strongly correlated with a reduced survival rate and 

higher rate of metastasis (Niimi, et al. 2010). Similar results have been found with hScrib 
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(Nakagawa et al. 2004) and the human lgl homologue Hugl-2 (Schimanski et al. 2005). 

Conversely, overexpression of Hugl-2 suppresses tumorigenesis and induces 

mesenchymal to epithelial transition (Kashyap, et al. 2012). In addition to tumour 

formation, and loss of polarity, disruption of the Scrib complex in the imaginal disc has 

more recently been shown to trigger stress-induced cell death through the activation of 

the JNK kinase cascade (Igaki, et al, 2009). 

5.1.2.  Discs Large 

Dlg is a member of the membrane associated guanylate kinases (MAGUKs) 

proteins that localizes to septate junctions. All MAGUKs contain multiple PDZ motifs, a 

SH3 motif, and a region with high similarity to guanylate kinases (GUK) (Fig. 5.2). Both 

the PDZ and the SH3 domains of Dlg may serve as sites for protein-protein interactions. 

Like the other members of the Scrib complex, Dlg is important in the regulation of cell 

growth (Woods, 1996) as dlg mutants show an enhanced level of cell proliferation in 

imaginal discs, leading to tumor formation.  

Additionally, mutations in dlg disrupt interactions between many of the core SJ 

components and the memrane, suggesting a role for Dlg in maintaining the junctional 

structure. In dlg mutant salivary glands, cells retain their apicobasal polarity, but the 

septate junctions are reduced to a small fraction of their normal length (Woods, 1996), 

highlighting the importance for Dlg in maintaing SJ structure. Imaginal discs mutant 

for dlg lack apicobasal polarity and septate junctions. However, the AJs are still present 

in these mutants, and can even be found at various ectopic positions on mutant cell 

membranes in discs. 

Microfilaments and microtubule networks are also disrupted by loss of Dlg, 

affecting cell shape (Elsum et al., 2012) and there is redistribution of Cor and Ex 

throughout the cell, as both proteins are found unrestricted along the cell membrane 

(Woods et al. 1997) Additionally, Nrg appears to have an elevated level of expression 

compared with wild type, while FAS III levels are reduced (Woods, 1996). In contrast, 

mutations in core SJ component genes disrupt the permeability barrier, but they do not 

affect cell shape in most tissues, including the epidermis and salivary glands (Behr et al., 
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2003; Genova and Fehon, 2003; Llimargas et al., 2004; Nelson et al., 2010; Paul et al., 

2007; Wu et al., 2004; Wu et al., 2007).  

In addition to the Scrib complex, apical complexes, such as the Par complex and 

the Crumbs (Crb) complex are important in establishing and maintaining apicobasal 

polarity (Fig. 5.3). The Par complex consists of three main interacting proteins, two PDZ-

domain-containing scaffold proteins Partitioning defective (Par) 3/Bazooka (Baz) and 

Par6, as well as atypical Protein Kinase C (aPKC), a serine/threonine kinase. These 

three proteins make a stable biochemical complex which localizes to the apical 

membrane. The kinase activity of aPKC is required for PAR complex, and aPKC-

mediated phosphorylation of target proteins is a key event of downstream polarity 

signalling. Mutation or loss of Par3, Par6 or aPKC results in defects in establishing 

apical identity. Other components important for establishing apical identity and 

apicobasal polarity are Crb and PALS1/Startdust (Sdt), which localize apically. aPKC 

has been shown to physically interact with and phosphorylate both the transmembrane 

protein Crb and Lgl, thus functionally bridging the Crumbs, Scribble and Par polarity 

complexes (Fig. 5.3). 

 

Fig 5.2. Protein domains of Drosophila Dlg, Scrib and Lgl. 
 Drosophila Dlg consists of 3 PDZ domains, a SH3 and a GUK domain. PDZ domains and 

the SH3 domains are sites of protein-protein interactins. Scrib also contains multiple PDZ 
domains, Plus a Leurince-Rich Repeat (LRR) domain and a LAP-specific domain (LSD) 
of unknown function. Lgl has multiple WD-40 repeats, a protein domain capabale of 
binding to PPxY motifs.  

The developmental defects caused by crb and sdt mutations are very similar. 

The epithelial structure of ectodermal cells breaks down during early organogenesis, 

leading to the formation of irregular clusters of cells and cell death in some epithelia 
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(Knust et al. 1993; Tepass and Knust 1993). These phenotypes are distinct from 

mutations in members of the Scrib complex, as the underlying cause is a failure to 

establish apical fate, rather than a breakdown between cell junctions and the underlying 

cytoskeleton.  

Different components important for establishing polarity act by “repelling” other 

components (Fig. 5.3). The Scrib complex restricts the Par complex to the apical 

membrane whereas the Par complex recruits the Crumbs complex and together they 

exclude Scrib from the apical membrane. Phosphorylation of Lgl by aPKC prevents its 

localization to the apical cortex, thereby restricting it to the lateral domain. Furthernore, 

loss of polarity and overproliferation phenotype of lgl mutants is rescued by loss of aPKC 

indicating that Lgl is required to restrict aPKC activity. 

Epithelial permeability barriers, whether formed through TJs in vertebrates or SJs 

in invertebrates, are important in many diverse processes and their disruption can lead 

to disease. In vertebrates, the endothelial tight junctions which form blood–brain barrier, 

are essential to keeping the brain isolated from fluctuating ion levels, pathogens, growth 

hormones, neural active compounds that can affect brain function (Rubin and Staddon, 

1999). Similarly in insects, upon disruption of SJs, high potassium concentrations of the 

hemolymph can interefere with neuronal activity leading to paralysis, if the blood–brain 

barrier is disrupted (Auld et al., 1995; Baumgartner et al., 1996). The TJ forms the 

paracellular permeability barrier of the renal tubule of the vertebrate kidney and the 

gastrointestinal tract (Li et al., 2011) and the animal gastrointestinal tract relies heavily 

on tight regulation of the permeability barrier (Visser et al., 2009). Mutations that disrupt 

the tight junctions lead to dramatic fluid and electrolyte loss through hampered epithelial 

barriers including skin and intestine (Furuse, et al., 2002; Schulzke and Michael 

Frommb, 2009) and tight junctions can be regulated through phosphorylation (Dorfel, et 

al., 2009; Rao, 2011). In this chapter, I will describe a novel role for Homeodomain-

interacting Protein kinase (Hipk) in regulating the organization of epithelium and SJ in 

the adult Drosophila posterior midgut.  
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Fig 5.3. Three conserved protein complexes — PAR, Crumbs and Scribble 
complexes — localize differenty in the cell and control epithelial 
polarization. 

 Dlg, Lgl and Scrib together make up the Scrib complex and associate with the SJs in 
Drosophila and TJ in vertebrates along the basolateral membrane of polarized epithelia. 
Members of the Scrib complex are required to maintain both TJs and SJs and Scrib 
complex mutants exhibit improper localization of other protein complexes, which 
manifests in loss of polarity phenotypes. The Par complex consists of Par-3, Par-6 and 
aPKC, which localizes to the subapical region. The Crumbs complex is localized to the 
apical region and comprises the transmembrane protein Crb and the cytoplasmic 
scaffolding molecule PALS1/Stardust. Mutual exclusion of the Scrib complex and the 
apical junctional complexes controls apico–basal polarity. aPKC phosphorylates Lgl and 
members of the Par complex to maintain the asymmetric distribution of polarity 
regulators. 

5.1.3. Drosophila Posterior Midgut as a Model to study Epithelial 
Barrier Function and Polarity 

The animal gastrointestinal tract, comprising the stomach, small intestine and 

colon, serve as the principal organs for digestion of food and absorption of nutrients. In 

the mammalian small intestine, differentiated cells such as absorptive enterocytes (EC) 

and secretory goblet and enteroendocrine (ee) cells reside in protrusions known as villi. 
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These cells are continuously shed from the villi and are replaced by new cells. By 

contrast, the long-lived Intestinal stem cells (ISCs) reside basally in concave structures 

known as crypts (reviewed in Greco, et al., 2010). ISCs proliferate to self-renew and also 

give rise to transient amplifying cells through further rounds of divisions (reviewed in 

Barker, et al., 2008) . The intestinal epithelium is one of the most rapidly turned over 

tissues in mammals, with turn-over rates averaging a week (reviewed in Barker, et al., 

2010). As newly divided cells move apically towards the villi, they differentiate into either 

absorptive enterocytes or one of three types of secretory cells: paneth, enteroendocrine, 

or goblet (reviewed in Schonhoff, et al., 2004). In addition to these endodermal cells 

produced by ISCs, the mammalian intestine is surrounded by mesodermally derived 

visceral muscle, that undergoes peristaltic contractions to allow food to pass through the 

digestive tract (Farrar and Zfass, 1967). 

The endodermal portion of the Drosophila intestine, termed the midgut, 

undergoes similar dynamic cell turnover (Ohlstein and Spradling, 2006;  Micchelli and 

Perrimon, 2006; Ohlstein and spradling, 2007), also mediated by long-lived ISCs. The fly 

midgut lacks crypts and villi, instead comprising a cellular monolayer surrounded by two 

layers of visceral muscle (reviewed in Jiang and Edgar, 2012; Fig. 5.4A). Intestinal stem 

cells reside at the basal side of this epithelium, between enterocytes and the basement 

membrane, a thin sheet of laminar fibers containing the extracellular matrix (ECM) 

underlying the epithelium (Fig. 5.4). The stem cells divide to self-renew and to give rise 

to committed progenitors, called enteroblasts (EB), which directly differentiate, without 

further cell division, into two functional cell lineages similar to those found in vertebrates: 

absorptive enterocytes and enteroendocrine cells (Micchelli and Perrimon, 2006). This is 

in contrast with the mammalian stem cells that give rise to rapidly dividing transit 

amplifying cells that undergo multiple rounds of cell division prior to differentiation. The 

differentiating enterocytes in Drosophila then endoreplicate  and develop microvilli on 

their apical surface, called a brush border, similar to that seen in mammals (Bonfanti, et 

al. 1992; Morgan, et al., 1995). The ECs are easily identified by their large nuclei 

(Micchelli and Perrimon, 2006). Although Drosophila lack the goblet, paneth, stromal, 

and dentritic cells found in mammals, most of their functions – such as immunity and 

barrier formation – are fulfilled by the ECs (Reviewed in Jiang and Edgar, 2012). 

Additionally, insect midgut lacks the thick mucosa produced by mammalian intestinal 
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cells. Instead, they produce a tough membrane called the peritrophic matrix comprised 

of the exoskeletal protein chitin and glycoproteins including mucins related to those 

found in vertebrates, and it protects against infection by enteric pathogens (Kuraishi, et 

al., 2011). 

Ectodermally-derived epithelial in Drosophila, such as the posterior midgut 

epithelium, have sSJs instead of the more commonly found pSJs. Additionally, it has 

been reported that the commonly found belt-like AJs are not observed in midgut 

epithelial cells, but rather spot-like AJs occur (Fig. 5.4B) (Baumann, 2001; Tepass and 

Hartenstein, 1994; Tepass et al., 2001). Given that belt-like AJs play crucial roles in the 

morphogenesis of epithelial cells, including the formation of cell-cell contacts and cell 

polarity in animal cells in general (Harris and Tepass, 2010), sSJs might play a more 

prominent role in the morphogenesis of midgut epithelial, instead of belt-like AJs. 

Interestingly, whereas AJs are prominently seen in ISCs, EBs, and ee cells, AJs are not 

prominently seen encircling the ECs. Conversely, sSJs are found encircling ECs, but are 

not found in ISC, EB or ee cells.   
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Fig 5.4.  The Drosophila gastrointestinal (GI) tract  
 (A) The GI tract is a long tube which allows food to pass through. Food enters the GI tract 

through the foregut. A region containing specialized iron and copper cells regulates 
dietary iron and copper levels. The region with highest degree of similarity with the 
mammalian intestine in terms of function is the anterior region of the posterior midgut 
(boxed), which is the focus of this chapter. A slice cross section thrugh the Drosophila GI 
tract is depicted in the cartoon. Two layers of muscle surround the gut allowing for 
paristalsys contractions in the intestine. The Drosophila midgut lacks crypts and villi and 
the midgut is an imperfect monolayer. However, all cell types are not located on the same 
plane. The intestinal stem cells (ISC), which reside basally close to the underlying 
basement membrane and the extracellular matrix (ECM), give rise to one cell type, an 
enteroblast (EB). The EB then will go on to differentiate into either of two cell types: a 
hormone secreting enteroendocrime (ee) cell or a large polyploid absorptive enterocyte 
(ECs). The majority of the Drosphila midgut is made up of large ECs, which in addition to 
absoption of nutrients, also have barrier and immunity functions. As the stem cells 
mature, they grow in size and move apically towards the lumen. (B) Cartoon depicting the 
top view of the intestinal epithelial architecture. The ECs, which comprise 90% of the 
intestine, often appear as hexagonal in shape. Spot-like AJs encircle the cell, but are 
more prominently seen in ISCs, EBs, and ee cells. The ECs have smooth SJs which join 
adjacent cells together.  

An important signalling pathway that plays reiterative roles in development in 

Drosophila and mammals is the Notch (N) pathway. In the Drosophila adult intestine, 

intact N signaling appeared to be required for the balance between stem cell self-

renewal and differentiation (Micchelli, and Perrimon, 2006; Ohlstein and Spradling, 2007; 

Perdigoto, et al., 2011; Fre, et al., 2011; Takashima, et al., 2011; Bardin, et al., 2010; 

{Fre, et al., 2011). The Notch signaling pathway consists of a cell surface receptor, 

Notch (N) that can be activated by a transmembrane ligands, such as Delta (Dl), 

supplied by an adjacent cell. Interaction of N receptor with its ligand Dl leads to a series 

of cellular events resulting in activation of a number of transcription factors including the 

Suppresor of Hairless (Su(H)) and members of the Enhance of Split (E(Spl)) complex.  

In the Drosophila posterior midgut, Dl-rich vesicles are only found in the ISCs. 

Thus, Delta expression serves as a highly specific stem cell marker in the Drosophila 

intestine (Micchelli, and Perrimon, 2006; Ohlstein and Spradling, 2007). Dl ligand from 

the ISC activates N signalling pathway in the EB daughter cells. In the intestine, 

immediately following division, Dl ligand is presented to the adjacent daughter cell, 

interacting with the N receptor and activating the N signalling pathway in the adjacent 

EB, leading to expression of N targets such as Su(H) and E(Slp) complex (Fig. 5.5). In 

this tissue, different pools of Dl-rich ISCs exist. ISCs with high levels of Dl expression on 

their surface results in high level of N signalling activity in the EB, causing it to 
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differentiate into EC. In order to specify a differentiated ee, the ISC must down-regulate 

Dl to reduce the levels of N signalling in the EB. Thus, ISCs with low Dl levels activate 

low levels of N signalling in the EB, causing it to differentiate into an ee cell (Fig. 5.5).  

Since high levels of N signalling are required to specify the EC fate and low 

levels of N to specify ee, over-activation of the pathway lead to a decrease in 

proliferation and early differentiation of ISC progeny into cells resembling ECs, as 

marked by their large polyploid nuclei (Micchelli, and Perrimon, 2006; Ohlstein and 

Spradling, 2006; Ohlstein and Spradling, 2007). Consistently, reduction of N signalling 

will lead to an increase in the number of ISC (marked by Dl) and ee cells (marked by the 

transcription factor Prospero (Pros)). In fact, clones mutant for N are filled with cells rich 

in Dl and Pros at the expense of other cell types. Whereas ectopic N signalling leads to 

an over abundance of polyploid ECs.  

Asymmetric cell division has a fundamental role in the control of progenitor or 

stem cell numbers and differentiation. One way to achieve asymmetric cell division is 

through lateral inhibition, a mechanism commonly employed by the N signaling pathway 

(Collier et al. 1996; Hawkins and Garriga 1998). In the Drosphila midgut, immediately 

following cell division, the two daughter cells must decide as to which one will adopt an 

ISC fate and which will become the EB. The moment after cell division, through a 

stochastic mechanism, one daughter cell adopts the ISC fate and becomes Dl positive, 

while the other cell adopts and EB fate and becomes N positive (Maeda et al. 2008; de 

Navascues et al. 2012). Proper maintenance of the AJs is important for this process, as 

N-mediated lateral inhibition requires cell-cell contact (Maeda et al. 2008). 
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Fig 5.5. Cells in the posterior midgut are specified through differential N 
signaling.  

 The ISC is capable of self renewal (symmetric division) or giving rise to a daughter, called 
an enteroblast (EB) (asymmetric division). The ISC expressed the Dl ligand on its surface 
and the interaction between Dl ligand on the ISC and N receptor on its EB daughter, 
leads to activation of N target genes, Su(H) and E(Spl) in the EB. The EB does not divide 
further, but directly differentiates into either an ee or an EC. ECs are recognized by their 
large nuclei or through the marker Pdm1, whereas ee cells have small nuclei and are 
recognzied through expression of Prospero (Pros) protein. The decision to differentiate 
into an ee or an EC is determined by the level of N signalling received by the EB. If the 
surface Dl expression of an ISC was low, the EB will receive low levels of N signalling 
and differentiate into an ee. Conversely, if the surface expression of an ISC was high, the 
EB receives high N and will differentiate into EC.  

5.1.4. Methods used to study gut dynamics in Drosophila  

To study the Drosophila intestine, two Gal4s have been widely used. Escargot-

Gal4 (EsgGal4) drives expression of UAS-transgenes only in ISCs and EBs, but not ECs 

or ee cells, and MyoIA-Gal4 which is expressed only in the ECs (Jiang, et al., 2009). 

This method is used to achieve expression of UAS-driven transgenes, including RNAi-

mediated knockdown, in all the cells that have that particular Gal4-expression pattern.  

Additionally, various methods have been used to perform lineage tracing to mark 

a population of cells derived from a single ISC. In the flip-out (FO) misexpression 

technique, a heat-shock inducible Flip Recombinase excises a stop cassette causing the 

expression of Gal4 in a random subset of cells. Since the process is random and not 
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restricted to a specific cell type, a UAS-GFP reporter is used to mark those cells that 

have achieved Gal4 transcription. Thus, the stem cell and all its descendants are 

marked by GFP in all the subsequent cell divisions, and this method is used to perform 

lineage tracing. When heat-shock is induced in a non-dividing cell, it remains as a single 

cell and no clone is made. Since the ISCs are the only dividing cells in this tissue, clones 

originating in other cell types do not propogate. The tissue surrounding the clone is 

wildtype and GFP negative. This method can be used to overexpress various 

transgenes in the clones, including RNAi mediated knockdown. Another technique 

commonly used is Mosaic analysis with a repressible cell marker (MARCM). MARCM 

achieves lineage tracing of homozygous mutant clones in a heterozygous GFP negative 

background, through the use of Gal80 transcription factor, which inhibits the Gal4 

transcription factor, prior to heatshock induction. Upon heat-schock induction, two 

important events occur. First, a homozygous mutant clone of the gene of interest is 

made, and second, the Gal80 is recombined out and the Gal4 transcription factor is free 

to activate transcription from UAS-transgenes.  This allows either lineage tracing or also 

the simultaneous expression of a UAS transgene in homozygous mutant cells. 

5.1.5. Apoptosis in Drosophila 

Cell death can be carried out through an intracellular program, called 

programmed cell death or apoptosis. Apoptosis is crucial to normal development and to 

regenerate damaged tissue following stress, injury, infection or old age (Elmore, 2007). 

Caspases, known as executioners of apoptosis, are a conserved family of cysteine 

proteases that irreversibly commit a cell to die (Riedl and Shi, 2004). Caspases 

comprise two distinct classes, initiator caspases, encoded by Dronc and Dredd in flies, 

and effector caspases, such as Drosophila Drice (Steller, 2008). The Drosphila inhibitor 

of apoptosis 1 (Diap1) protein directly inhibits the catalytic activity of Drice and targets 

Dronc to the ubiquitylation-mediated degradation pathway, thus inhibiting apoptosis. In 

Drosophila, the induction of apoptosis requires the products of reaper (rpr), hid and grim, 

genes encoded by the 75C1,2 region of the Drosophila third chromosome. These are 

collectively referred to as the RHG proteins (Goyal, et al., 2000). The RHG proteins bind 

to and antagonize Diap1-mediated suppression of Dronc and Drice, thus activating 

Dronc and Drice and subsequently apoptosis. Thus, inhibition of apoptosis can be 

achieved by overexpression of caspase inhibitors, such as transgene encoding 
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baculovirus p35 (Hay, et al., 1994), or by mutations in the RGH genes (Cashio, et al., 

2005). A common type is of non-apoptotic cell death is known as necrosis, but it is 

phenotypically distinct from apoptosis and does not involve caspases (Kanduc, et al., 

2002).  

In this chapter, I will describe a role for Homeodomain-interacting Protein Kinase 

(Hipk) in cell death, the organization of the intestinal epithelium and cell junctions. Loss 

of hipk function leads to widespread cell death and compromises the integrity of the 

epithelium, leading to tissue disorganization and the appearance of lesions. hipk is 

important for proper localization of the SJ-associated protein Dlg as loss of hipk leads to 

mislocalization of Dlg. Conversely, overexpression of Hipk leads to a reduction in the 

levels of Dlg and the core SJ protein Cora. hipk genetically interacts with dlg and the two 

proteins can be found in the same molecular complex. This data implicates a novel role 

for Hipk in the regulation of junctions and Dlg. 

5.2. Results 

5.3. Hipk promotes proliferation and Notch signaling in the 
adult Drosophila midgut 

I examined the requirements for hipk in the midgut by generating GFP-marked 

mutant clones using the FO misexpession technique to overexpress or knockdown hipk, 

and examining clone maintenance and proliferation over time (Micchelli and Perrimon, 

2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007; Jiang and Edgar 

2009). The GFP-marked wild-type clones maintained clusters of GFP-labeled clones 

containing ISCs, progenitors (EBs) and terminally differentiated ECs and ee cells. These 

wild-type ISC-derived clones showed a slow ISC turnover rate over time, with clones still 

containing ISCs 3 weeks after clone induction, consistent with previous observations (Lin 

et al., 2008).  

FO misexpression clones of hipk grow to become larger than wild-type clones 

with a higher propensity towards the EC fate, which requires high levels of N signalling 

(Fig 5.6A, B; Fig 5.8). Following this growth period, the clone size subsequently drops at 
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a fast rate, to fall below that of wildtype. In these clones, there are more EC cells present 

compared to wildtype, demonstrating a bias towards differentiation into the EC fate. 

Concurrently, there is a depletion of ISCs, leading to a reduction in the growth rate of 

clones in the subsequent period. Indeed, the number of Dl positive ISCs declines 

overtime in these clones (Fig. 5.6A, B; Fig. 5.8). Quantification of this can be found in 

Fig. 5.9. 

 

Fig 5.6.  Ectopic hipk leads to a depletion of ISCs and an overabundance of EC.  
 (A) Wildtype FO misexpression clones were created by crossing the FO strain with a 

GFP reporter to a w1118 strain (FOX w1118). Wildtype clones (marked by GFP, N=8) shown 
14 days post clone induction. Dl positive ISCs are marked by membrane staining (gray) 
whereas ee cells express the nuclear transcription factor Prospero and appear nuclear. 
When hipk is ectopically expressed in randomly marked GFP clones (B, N=16), the 
proportion of GFP positive cells is greatly increased (compared green area in B to A). 
However, the number of Dl+ and Pros+ ee cells within the GFP clones are reduced. The 
bulk of the clonal tissue is made up of ECs (marked by large nuclei). Based on the size 
and shape, the other green cells were identified as EB (small nuclei, Dl-, Pros-) and EC 
(large nuclei). Quantification of each cell type can be found in Fig. 5.8. 

5.3.1. Hipk is not required for differentiation 

In the Drosophila ISC lineage, Notch (N) activation is critical for lineage 

differentiation. Disruption of N function has been shown to prohibit differentiation leading 

to the formation of mosaic tumors containing a mixture of ISC like Dl positive cells and 

Prospero positive ee cells (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006, 
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2007). Conversely, clones in which N signalling is hyperactivated (Nact) produce single 

ECs and are transient clones (Ohlstein and Spradling, 2007).  

As expected, RNAi knockdown of N lead to formation of tumours mosaic for Dl 

and Pros. To address whether hipk is required for N dependent differentiation, I over 

expressed or knocked down hipk in this background. Increasing or decreasing the levels 

of hipk in the reduced N background did not rescue the differentiation defect, with the 

clones still exhibiting a higher proportion of Dl and Pros cells compared to control clones. 

Based on this result, it appears that Hipk is not required for N mediated differentiation. 

Double knockdown clones of N and hipk were smaller than wild-type clones, indicating 

either a survival or a proliferation defect.  
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Fig 5.7. Hipk is not required for N mediated specification.  
 RNAi knockdown of N lead to formation of tumours mosaic for Dl and Pros (gray, A, A’) 

due to the requirement for N for proper differentiation. Ectopic hipk (B, B’) or 
simultaneous knockdown of hipk (C, C’) is not able to rescue this defect (B, B’). GFP 
marked clones are green and DAPI (blue) marks nuclei.   

5.3.2. Hipk is required for cell survival in the adult Drosophila midgut  

Clones in which hipk transcript is knocked down by RNAi show a defect in 

survival over time (Fig. 5.8), while differentiation still proceeds as clones have all four 

cell types, albeit at reduced numbers, in relatively wildtype proportions (Fig. 5.9). RNAi-

mediated hipk knockdown also led to the appearance of lesions within the gut with 
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regions devoid of cells, as visualized by the absence of DAPI stained-nuclei. In addition 

to nuclear TUNEL seen outside the clone region, cytoplasmic TUNEL staining, indicative 

of non-apoptotic cell death, was observed within a small percentage of these clones, 

suggesting that Hipk function may be required for cell survival. Unexpectedly, following 

induction of hipk loss of function clones, or RNAi knockdown, regions devoid of cells as 

observed by the absence of the nuclear marker DAPI, started appearing in the midgut 

(Fig. 510). 

 

Fig 5.8. Hipk is required for cell survival.  
 Two weeks post clone induction, hipk-IR knockdown clones (N=12) are remarkably 

smaller than wildtype clones and the tissue appears disorganized (compare to Fig. 5.6A). 
As a consequence, total number of Dl+ and Pros+ cells is reduced. Dl+ cells (A’ gray, 
membrane) as well as Pros+ cells (A’, gray, nuclear) are still present in these clones. 
Based on the size and shape, the other green cells were identified as EB (small nuclei, 
Dl-, Pros-) and EC (large nuclei). Quantification of each cell type can be found in Fig. 5.9. 
GFP positive clones are marked by green and DAPI stained nuclei are blue.  

Normally, the rate of cell death and cell proliferation in the gut are such that new 

cells will replenish the dying cells. In cases where higher rates of cell death were 

induced, either genetically by overexpression of pro-apototic p53, or through bacterial 

infection, the gut shrunk in width and length but the overall organization of the tissue 

remained intact (Jiang, et al., 2009; Buchon, 2009). Phenotypes describing regions 

devoid of cells in the Drosophila midgut have not been previously reported in the 

literature, but will be explored in this chapter. 
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Fig 5.9. Overexpression of hipk affects cell fate whereas reduced hipk levels 
have a dramatic effect on cell numbers.  

 (A) The number of each cell type was counted in each clone (N refers to number of 
clones counted). (B) Numbers were normalized to look at proportions. In FO 
misexpression clones of Hipk (middle bar) a depletion of ISCs (blue) and an 
overabundance of EC cells (pink) suggests that ectopic Hipk causes overspecification of 
the EC fate, and therefore likely promotes the N pathway. However, upon knockdown of 
hipk, all cell types (including ECs) are still present suggesting that hipk may not be 
required for differentiation and that some N signalling is still achieved. Although all cell 
types are reduced in hipk knockdown clones, the relative proportions of each appear to 
be largely undisturbed (B), suggesting that while hipk may be required for cell survival, it 
is likely not required for specification or differentiation of a specific cell type in the 
intestinal epithelium. (C) Clones over-expressing hipk (red) initially grow faster (more 
cells per clone) compared to wildtype clones (green). This is followed by a significant 
drop in clone size by week 3. This shift maybe due to a depletion of Dl+ stem cells 
overtime. By contrast, hipk4 mutant clones (B) show a slight survival defect overtime, 
when compared to wildtype clones.  

RNAi-mediated knock down of hipk, as well as hipk somatic loss of function 

clones, leads to non-autonomous nuclear Terminal deoxynucleotidyl transferase dUTP 

Nick End Labeling (TUNEL) staining in cells that appear to be GFP negative (Fig. 5.10B’’ 

Fig. 5.11 B’). TUNEL staining binds the ends of double stranded DNA and an intense 

nuclear TUNEL stain is indicative of apoptotic cell death. Additionally, in older clones, 

cytoplasmic TUNEL, which has been attributed to non-apoptotic cell death, was 

observed (Gujral, et al., 2001; Gujral, et al., 2002; de Torres, et al., 1997; Yasuda, 1995; 

Basnakian, et al., 2010). Necrotic cell death can be caused by an impairment in the cell’s 

ability to maintain homeostasis, leading to a rupturing of organelles, including the 

mitochondria and the nucleus, which releases their contents into the cytoplasm (Zong, et 

al., 2006). Thus, it appears that loss of Hipk leads to both apoptotic and non-apoptotic 

cell death, possibly necrotic or lysosomal cell death.  
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Fig 5.10. Knockdown of hipk causes cell death in a non-autonomous manner.  
 (A) 14 days post clone induction, TUNEL positive cells (red) are rarely seen in wildtype 

clones (FOXw1118, N=17). (B) In guts bearing hipk knock down clones (FO X hipk-IR), a 
region devoid of DAPI stained nuclei and TUNEL positive cells around the edges can be 
seen (N=29). Almost all TUNEL positive cells are not positive for GFP (B-B’’’). On rare 
occasions, GFP cells can be found that appear to be TUNEL positive (B’’ white arrow). 
(C) The same image as the boxed region in B’’ at a higher magnification, showing a GFP 
positive cell that also shows nuclear TUNEL. 

The lack of GFP expression in TUNEL positive cells may be due to the inhibition 

of protein synthesis in cells undergoing apoptosis. Protein synthesis is required for the 

initiation phase of apoptosis and caspase activation, but not for the execution phase 

(Coxon, et al., 1998) thus GFP production may cease during the later stages of 

apoptosis. Alternatively, reduction of Hipk function may trigger a non-autonomous 

apopotic cell death mechanism in the neighbouring cells. Another possibility is that 

sample tissues bearing hipk mutant clones readily undergo damage and tearing during 

the post-dissection fixation and washing associated with standard immunohistochemistry 

protocols.  



 

123 

To address these concerns and to determine whether cell death is occurring in a 

non-autonomous manner or not, I blocked cell death either in the hipk clones, using 

baculovirus p35, a caspase inhibitor transgene (Clem, et al, 1991; Hay, et al, 1994; Zoog 

et al, 1999), or in the entire midgut tissue, including both clone and non-clonal tissue, 

using the Df3L(H99) deficiency, that removes the upstream activators of the caspase 

cascade, Grim, Rpr and Hid (White, 1994; Goyal, 2000). This method has been utilized 

by other groups in the past to differentiate between autonomous and non-autonomous 

cell death (Mesquita, et al., 2010). While p35 is a universal inhibitor of caspases, the 

removal of the executioner caspases grim, rpr, and hid through the Df3L(H99) deficiency 

will block cell death at a specific level. Nonetheless, the effect of both scenarios is to 

block apoptosis. The difference is that p35 is a UAS-driven transgene and as such, 

expressed only inside hipk clones, whereas the Df3L(H99) deficiency is a heterozygous 

mutation leading to organism-wide reduction in apoptotic levels. Thus, apoptosis inside 

the clone can be dissected from cell death that is occurring outside the clone region.  

Simultaneous ectopic expression of p35 and knockdown of hipk through RNAi, or 

in hipk loss of function clones, through the MARCM technique, did not reduce the cell 

death (Fig. 5.11b’, 5.11d’ and 5.12c). Thus blocking apoptosis in cells were hipk is 

knocked down did not prevent the appearance of lesions. Next, I examined whether 

tissue-wide reduction in apoptosis would block this phenotype. Knockdown of hipk in an 

Df3L(H99) deficiency background partially rescues the TUNEL positive cells (Fig. 5.11, 

C, C’). Thus, I conclude that cell death is occurring outside the clone in a non-

autonomous manner.  
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Fig 5.11. Various cell death effects are seen in hipk knockdown clones.  
 Three weeks post clone induction, control clones made using the flp-out cassette method 

(A, A’) rarely display TUNEL positive cells. In contrast, hipk clones display non-apoptotic 
cell death (B, B’) as marked by cytoplasmic TUNEL(red) as well as apoptotic cell death, 
as marked by nuclear TUNEL, in a non-authonomous manner. (B). Simultaneous ectopic 
expression of caspase inhibitor p35 does not rescue this cell death (D. D’), However, 
RNAi knockdown of hipk in an Df3L(H99) deficiency background (C, C’) partially rescues 
the lesions and the frequency of TUNEL positive cells. Thus, it appears that cell death is 
occurring outside the clone. 

Interestingly, unlike in hipk-IR FO misexpression clones or in hipk4 mutant 

clones, when a MyoI-Gal4 driver, whose expression is restricted to EC cells, is used to 

drive RNAi knockdown of hipk, no lesions were observed (N=48 guts). This suggests 
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that a yet unidentified secreted factor might be produced in response to reduced hipk 

levels from a specific cell type, other than EC, and induce cell death in the neighbouring 

cells.  

 

Fig 5.12. Deficiency Df3L(H99) is able to partially rescue the lesions devoid of 
cells associated with hipk knockdown.  

 No lesions have been observed in wildtype guts (left column). 16/36 guts with hipk RNAi 
knockdown clones had between 1-4 lesions. 8/37 guts with hipk-IR in a Df3L(H99) have 
between 1 to 2 lesions with the rest having displaying no lesions. 27/34 guts in which hipk 
was knockdown and the caspase inhibitor p35 was expressed in the same cell still had 
between 1-4 lesions. Thus, the reduction of cell death in a Df3L(H99) background is able 
to rescue the frequency and the number of lesion per gut. 



 

126 

 
 

D 

 

Fig 5.13. hipk4 mutant clones display similar lesions to hipk knockdown clones.  
 No lesions have been associated with wildtype clones (A)., whereas guts bearing hipk4 

clones had lesions neighbouring the mutant clone region. As before, over-expression of 
caspase inhibitor p35 did not rescue the lesion. Attempts to make Df3L(H99), hipk4 
double mutant clones were not made as the two genes are on opposite arms of the same 
Loss of hipk results in defects in the cell morphology and tissue-organization. 

5.3.3. Knockdown of dlg phenocopies loss of hipk 

Interestingly, I found that RNAi mediated knockdown of dlg also produces non-

autonomous cell death and lesions associated with loss of hipk, suggesting a possible 

similar mechanism or common pathway.  
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Fig 5.14. dlg knockdown mimics loss of hipk 
 Wildtype tissue contains rare TUNEL positive cells and no lesions (A-C). RNAi 

knockdown of dlg leads to the formation of lesions and non-autonomous nuclear TUNEL 
staining indicative of apoptosis (D-F) in a manner similar to hipk knockdown (Fig. 5.9, 
5.10, 5.11). 

This finding led me to examine other cytoskeletal components more closely. I 

next stained hipk clones for α-Spectrin, an actin cross-linking and scaffolding protein that 

links the plasma membrane to the actin cytoskeleton, to affect overall cell shape 

(Dubreuil, 1987; Pesacreta, et al., 1989; Lee, et al., 1993). 3 days after induction of hipk 

clones, there are changes in cell morphology (Fig 5.15, B, B’). In the cross-section view, 

wildtype cells (Fig. 5.15, A, A’) appear organized. By comparison, FO clones 

overexpressing hipk (FOXhipk) appear longer and are protruding into the lumen, 

additionally the nuclei appear to be displaced. By contrast, in the hipk RNAi knockdown 

clones, the tissue appears to be disorganized and the cells are too closely compacted 

compared to wildtype. The cell morphology also appears to be affected with the spectrin 

staining appearing more diffuse and not confined to the cell periphery (Fig. 5.15, C, C’). 

Furthermore, there appears to be multilayering in the tissue in both loss and gain of Hipk 

(Fig. 5.15 B-C’) 



 

128 

 

Fig 5.15. Loss of hipk results in defects in the cell morphology and tissue 
organization.  

 In Z sections of the wildtype tissue, α-spectrin is enriched at basal side where the visceral 
muscle is found (left side), as well as in between cells (A, A’, red) and the cells have a 
highly structured arrangement. By contrast, in clones over-expressing hipk (B, B’) the 
cells have an abnormal shape and are protruding into the lumen (right side). By contrast, 
in hipk RNAi knockdown clones, the tissue appears to be disorganized and the cells are 
too closely compacted and multilayered compared to wildtype. The cell morphology also 
appears to be affected with the spectrin staining appearing more diffuse and 
disorganized. 
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5.3.4. Loss of hipk function does not affect junctional Armadillo 

The actin cytoskeleton is linked to E-cadherin at the plasma membrane through 

Arm/β-Catenin, part of the adherens junctions (AJs) (Yamada, et al., 2005). AJs are 

required for maintenance of epithelial cell layers in tissues by regulating proliferation 

and adhesion between cells. Thus changes in cell morphology might be due to 

disruption of AJs and membrane Arm protein. Previously, our lab has shown that Hipk is 

required for stabilization of both cytoplasmic and in some cases, membrane Arm, in the 

developing wing and eye disc (Lee et al., 2008; Swarup and Verheyen, 2011). To test 

whether a reduction in hipk levels is disrupting Arm stability and reducing membrane 

Arm levels, I looked at Arm staining in hipk RNAi knockdown clones and did not observe 

a difference in Arm levels in the clone region compared to wildtype controls (Fig. 5.16 A-

C). As previously mentioned, AJs in the Drosophila intestine are enriched around ISCs 

and EBs and not around ECs (Fig. 5.16), which have SJs. Based on the Arm stainings, 

AJs in hipk clones appears to be intact.  
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Fig 5.15. Modulation of hipk levels does not appear to affect Arm staining in the 
Drosophila intestine.  

 Junctional Arm  staining is found around the members of ISCs, EBs and ee cells at the 
site of adherens junctions (A, A’). No change in Arm levels was observed in hipk4 mutant 
clones (B, B’) or hipk flp out over-expression clones (C, C’). 
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5.3.5. Loss of hipk function causes mislocalization of Discs Large and 

Coracle at the septate junctions 

I next checked to see whether SJ components are affected by changes in hipk 

levels. Dlg, an important septate junction associated protein, is enriched at the 

basolateral membrane. Within GFP marked hipk4 mutant clones, Dlg staining appears 

diffuse and mislocalized to the cytoplasm, in a cell autonomous manner (Fig 5.16, clone 

region in B, B’). Using the MyoIA Gal4 to knock down hipk in the EC cells, I observe a 

similar mislocalization of Dlg to the cytoplasm. Dlg staining appears hazy and is not 

restricted to the membrane. This is accompanied by changes to the cell shape leading to 

round cells (Fig. 5.16, C, C’, arrows) instead of the hexagonal arrangement seen in 

wildtype tissue (Fig. 5.16 A, A’).  

These result suggest a role for hipk in maintaining cell structure, possibly through 

regulating Dlg localization. In addition to the hazy staining, it appears that there is more 

Dlg is present in the cytoplasm of hipk4 mutant cells. This could be due to an overall 

increase in the total levels of Dlg in the cells, or it could be due to improper targeting of 

Dlg to the cytoplasm. These results support a role for hipk in the proper maintenance of 

Dlg at the membrane. Unexpectedly, in clones ectopically expressing a strong hipk 

transgene, Dlg levels appear reduced (GFP marked clones in Fig. 5.17, B, B’). This may 

be due to a dominant negative effect. Our lab has observed dominant negative 

phenotypes associated with high Hipk levels in the past. However, the possibility that 

both an increase or a decrease in Hipk levels affects Dlg localizaiton cannot be ruled 

out. It is possible that the change in Dlg localization is due to a change in the physical 

structure of the SJ. As Dlg is a peripheral membrane protein, I wanted to look at the core 

components of the SJ. An antibody against FasIII failed to show membrane staining in 

this tissue. I next looked at Coracle (Cora) staining, another core SJ protein. As 

expected, Cora is enriched at the membrane in wildtype tissue (Fig 5.18, A, A’) . 

Membrane Cora staining appears hazy in FO hipk overexpression clones (Fig. 5.18, B, 

B’) suggesting a disruption in the SJ structure. In RNAi knockdown of clones of hipk, 

Cora is still present at the membrane and therefore, SJs are still formed (Fig 5.18, C, C’), 

however, there is a mild disruption of Cora. A lesion associated with knockdown of hipk 

can be seen in the region abutting the clone (Fig 5.18, C, C’ asterisk).  
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Fig 5.16. Loss of hipk function causes mislocalization of Dlg.  
  (A, A’) Control W1118 guts display membrane Dlg staining (gray, N>50)). In hipk4 mutant 

clones (B, B’), Dlg staining appears diffuse and mislocalized to the cytoplasm, in a cell 
autonomous manner (N=26). Using the MyoIA Gal4 to knock down hipk in the EC cells 
(C, C’, N=19), a similar mislocalization of Dlg to the cytoplasm is observed. A few cells 
appear to have lost their normal shape and look round (arrow in C, C’).  



 

133 

 

Fig 5.17. hipk can regulate membrane Dlg.  
 (A,  A’) Dlg staining in W1118 control background. Clones ectopically expressing a strong 

hipk transgene (GFP positive cells in B, Dlg levels appear reduced (B’) and disorganized 
as compared to non-clonal tissue in B’ or wildtype guts in A and A’.  
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Fig 5.18. hipk is not required for Cora localization to the membrane, but ectopic 
hipk affects Cora.  

 Cora is enriched at the membrane in wildtype tissue (A, A’). Cora staining appears 
slightly hazy in ectopic hipk clones (B, B’). Upon RNAi knockdown of hipk (GFP cells in 
C, C’), Cora is still present at the membrane. Note the presence of a lesion close to a 
hipk knockdown clone (marked by asterisk). 
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5.3.6. Hipk genetically and physically interacts with Discs Large 

I showed that hipk clones display a delocalization of Dlg protein. Therefore, to 

test for a genetic interaction between hipk and dlg, I made double RNAi knockdown 

clones. Infection induced epithelial delamination has been previously associated with 

reduced Dlg levels in the adult Drosophila midgut (Buchon, et al., 2010). In this process, 

the infected ECs undergo delamination, followed by anoikis, a type of anchorage-

dependent cell death induced by cells detaching from the extracellular matrix (ECM). 

This process is associated with naturally reduced Dlg levels at the SJs.  

Previously, I described RNAi knockdown of dlg phenocopying hipk loss with non-

autonomous TUNEL staining and the appearance of lesions (Fig. 5.14), suggesting a 

common mechanism might be at play. In a cross section view, epithelial delamination 

and extrusion of cells from the lumen can be seen in RNAi knockdown clones of dlg (Fig. 

5.19, B, B’). Additionally, reduced Dlg levels and extensive multilayering is evident in 

these clones, suggesting possible delamination. The link between reduced Dlg levels 

and the process of delamination and anoikis is not surprising. For cells to undergo 

delamination and extrude from the lumen, they must break their attachment with their 

neighbours. By contrast, in hipk RNAi clones, the Dlg staining is no longer restricted to 

the lateral membrane, but is extending into the apical domain facing the lumen (Fig. 

5.19, B, B’). The epithelium also appears to be disorganized in both cases and the cell 

shape is abnormal, confirming the observations with Spectrin staining (Fig. 5.15). This 

suggests that hipk function may be required for proper localization of Dlg.  

Interestingly, when a weak UAS-hipk transgene is over-expressed in the dlg 

RNAi knockdown background, the tissue appears more normal (Fig 5.19, C, C’). The 

delamination and miltilayering is no longer observed, and additionally the cell shape 

appears to be partially rescued. Although this experiment does not give epistatic 

information, as it involves RNAi, it demonstrates a genetic interaction between hipk and 

dlg and suggests that modulating the levels of hipk can affect dlg localization or function. 

No clones were found when a strongly expressing hipk transgene was used in the dlg 

RNAi knockdown clones. Similarly, hipkIR; dlg-IR double knockdown clones were not 

observed, suggesting that this genotype is not compatible with cell survival. It is likely 
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that the strong hipk transgene is acting as a dominant negative, since a weaker 

transgene is capable of rescuing dlg knockdown.  

Given this genetic interaction, I next decided to assay for a possible physical 

interaction between Hipk and Dlg, I obtained protein lysate from fly intestines over-

expressing HA-Hipk using the MyoIA-Gal4 driver, which is expressed in ECs. The Hipk 

protein was pulled down with an antibody against HA, and endogenous Dlg protein was 

detected in the co-immunoprecipitate (Fig 5.19, C). Although this interaction between 

Hipk and Dlg proteins may not be direct, this does suggest that the two proteins can be 

found in the same complex.  
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Fig 5.19. Hipk interacts with Dlg  
 Knockdown of hipk (A) and dlg (B) leads to multilayering, extrusion of cells into the 

lumen. Whereas in dlg knockdown (B), Dlg levels appear reduced, in the hipk 
knockdown, Dlg appears to be mislocalized extending into the apical side (towards the 
lumen). (C) Over-expression of a weak hipk transgene rescues defects seen in dlg 
knockdown. (D) Dlg physically interacts with Hipk. Intestinal tissue lysates were prepared 
and Dlg was immunoprecipiated using an anti-Dlg antibody (4F3). A band corresponding 
to HA-tagged Hipk protein was detected. 
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5.4. Discussion 

In this study, I examined the roles for Hipk in adult midgut. This tissue was 

chosen to be studied because its homeostasis is regulated by pathways found to be 

regulated by Hipk in other contexts. While Hipk may plays a role in signalling pathways 

that govern cell fate decision making in the Drosophila midgut, there is also a novel 

structural role for Hipk in the maintenance of epithelial integrity and cell junctions.  

Ectopic Hipk appears to promote both proliferation and N signaling in the adult 

Drosophila midgut. These clones grow at a faster rate than wildtype tissue with a 

propensity to overspecify ECs (Fig 5.4), suggesting higher levels of N signalling. This 

leads to an ISC depletion and slower growth rates by week 3. However, it doesn’t 

appear that hipk is required for N signalling as it is unable to rescue the defects seen 

with N-IR (Fig. 5.11). RNAi mediated knockdown clones of hipk are smaller with a slight 

survival defect. Although, asymmetric cell division has been shown to have a role in the 

control of progenitor or stem cell numbers ultimately affecting differentation, I don’t 

expect this in the midgut. Asymmetric cell divison can be regulated by the polarised 

localization of cell fate determinants and controlling the correct orientation of mitotic 

spindles (Royer and Lu 2011). Thus, polarity can regulate asymmetric cell division, 

through the asymmetric localization of fate determinants and by regulating the mitotic 

spindle. In those situation, loss of polarity is expected to lead to a loss of asymmetry and 

prevent differentiation. However, no asymmetric localization of determinants have been 

reported in the Drosophila intestine so far, and the ISC’s decision to undergo symmetric 

or asymmetric cell division appears to be based on N mediated lateral inhibition. Thus, 

any role that Hipk might play in differentation is most likely through its role in the N 

pathway, and not through its roles in regulating polarity.  

An interesting phenotype observed in hipk LOF clones whether generated 

through flip-out method or the MARCM technique is apoptotic cell death outside the 

clone region as seen by nuclear TUNEL, suggesting non-autonomy (Fig 5.6 and 5.7). 

Additionally, at 3 weeks post clone induction, cytoplasmic TUNEL stain is seen within 

these clones, suggesting non-apoptotic cell death might be responsible for the survival 

defect in the clones. The apoptotic cell death outside the clone and the non-apoptotic 

cell death in the clone is accompanied by lesions devoid of cells in the regions 
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neighbouring the clones. Interestingly, the flies survive despite having lesions in their 

intestine. There is a muscle layering surrounding the entire gut, therefore there is no 

apparent leakage of food in these intestines. It is possible that the lesions are transient 

and new cells are produced to heal the lesion, but a new lesion might appear in a 

different region.  

I tested to see whether the cell death is indeed non-autonomous. When p35 is 

co-expressed in the same clone as a hipk RNAi knockdown or mutant clone, the TUNEL 

staining and the lesions are not rescued (Fig. 5.8-5.10). However, reduced cell death in 

an Df3L(H99) deficiency background is able to partially rescue both the TUNEL staining 

and the lesions. This suggests a non-autonomous signal from the hipk knockdown 

clones is responsible. Interestingly, when the same UAS-RNAi transgene is used to 

knockdown hipk in ECs using the MyoIA-Gal4, instead of flip-out clones, no cell death is 

observed. The generation of flip-out clones is a random event, and in the case of the gut, 

a clone is induced when it originates in an ISC, and propagates in its descendents, 

which include other ISCs, EBs, ECs, and ee cells. However, MyoIA is only expressed in 

the EC cell type. This suggests that the cell death signal may originate from non-EC 

cells. The cell death phenotype appears to become worse over time. Therefore, for 

subsequent analysis, I chose to look at earlier clones, before the apperance of massive 

cell death and reorganization in the tissue.  

Based on the epithelial misorganization observed in hipk clones, I next decided 

to check whether junctional proteins are intact. Although Arm staining, which localizes to 

the adherens junctions, appears normal (Fig. 5.13); septate junction components do 

appear to be affected. Namely, Dlg appears to be mislocalized in hipk4 mutant clones 

and in MyoIA-Gal4 driven knockdown of hipk. Dlg appears hazy and no longer restricted 

to the membrane, but also present in the cytoplasm. This suggests that hipk may be 

required for proper localization of Dlg. In thse clones, Cora, a core SJ component, 

localizes normally to the membrane (Fig. 5.15) suggesting that SJ are still intact in hipk 

clones, and rules out the possibility that Dlg mislocalization is due to a disruption in the 

physical structure of the SJ. Dlg also appears to have extended into the apical domain, 

towards the lumen (Fig. 5.16). This may happen when AJs are disrupted, allowing the 

normally basolateral SJ associated proteins to extend into the apical side. However, 

since Arm staining was unaffected in hipk clones (Fig. 5.13), this extension of Dlg into 
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the apical side is probably not due to a disruption in the AJs. However, it is still possible 

that other apical components, such as members of the Crb or Par complexes, might be 

affected. A physical interaction between Hipk and Dlg through co-immunoprecipitation 

(Fig. 5.16) suggests that Hipk may be present in a complex at the membrane. Although 

this was done with an HA-Hipk transgene and endogenous Dlg, and may not 

demonstrate a direct physical interaction, but rather suggests the two proteins are found 

in a complex.  

Using a strong hipk transgene to express it in clones, reduced Dlg levels are 

observed (5.14), However, Cora staining is altered in hipk overexpression clones (Fig. 

5.15) suggesting that the integrity of the SJ might be affected. Interestingly, a weaker 

hipk transgene was able to rescue the defects associated with dlg knockdown. The 

stronger hipk transgene might have a dominant negative affect. Others in our lab have 

observed that two copies of hipk can act as dominant negative in various signalling 

contexts in the developing wing tissue. Thus the reduced levels of Dlg might be due to 

possible dominant negative affects associated with high levels of hipk.  

Members of the Scrib complex members, including dlg, were originally identified 

through homozygous recessive screens, to cause neoplastic tissue growth (Woods and 

Bryant 1991; Abbott and Natzle 1992). This neoplastic phenotype is largely attributed to 

loss of contact inhibition through a disruption in cell junctions, although members of the 

Scrib complex are also capable of regulating the transcription of many cell death and cell 

division genes (Humbert et al. 2008). However, subsequent analysis has shown that the 

ability of Scrib complex mutants to cause neoplastic tissue growth depends on the 

microenvironment. In fact, the presence of these potentially oncogenic clones next to 

wildtype tissue causes elimination of the oncogenic clones. One such method is through 

the TNF-α ligand Eiger, which activates JNK-mediated cell death, leading to elimination 

of the oncogenic clones and wide-spread cell death, followed by compensatory tissue 

regeneration and remodelling (Igaki et al. 2009; Ohsawa et al. 2011). Consistent with our 

results, although Hipk is required for proper localization of Dlg, hipk mutant clones do not 

cause neoplastic tissue growth. In fact, they appear to have a slight survival defect 

themselves, and occasionally exhibit non-apopototic cell death (Fig. 5.11, B, D). 

Furthermore, loss of hipk appears to cause wide spread apoptotic cell death in a non-

autonomous manner in the surrounding wildtype tissue (Fig. 5.10, B).  
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Dlg has been previously shown to be regulated through phosphorylation. In the 

Drosophila neuromuscular junction, Dlg is regulated by PAR-1 kinase through 

phosphorylation at Ser 797 within it GUK domain (Zhang et al. 2007) and by CamKII at 

Ser 48 within its SH3 domain (Koh et al. 1999). Both event affect Dlg localizaiton and 

inhibit its targeting to the neuromuscular junction, leaing to hazy Dlg immunostainings. 

Additionally, hDlg has been shown to undergo phosphorylation depndent proteasomal 

mediated degradation, induced by the Human Papilloma Virus (HPV) E6 ubiquitin ligase 

(Mantovani et al. 2001; Massimi et al. 2006). Subsequent analysis identified 

phosphorylation of Ser158 by Jun N-terminal kinase (JNK) for this phosphorylation an 

hDlg accumulation at sites of cell contact (Massimi et al. 2006). Furthermore, in cell 

culture, hDlg is hyperphosphorylated as a result of increased cell-cell contact, and the 

phosphorylated forms of hDlg are also more readily degraded by the proteasome under 

conditions of low cell density conditions (Mantovani et al. 2001; Massimi et al. 2006). 

These results support the notion of a complex phosphorylation-dependent regulation 

of Dlg, both with respect to its cellular localization and Dlg protein levels. Although at 

present time, I have no evidence that Hipk is capable of phosphorylating Dlg, it is 

interesting to speculate that Hipk is regulating Dlg through phosphorylation. This could 

result in altered Dlg levels, localization or both. However, the possibility that Hipk is 

indirectly required for Dlg localization, for example by negatively regulating another 

protein that is required for Dlg loclaization, cannot be ruled out. Additionally, whether 

Hipk’s kinase activity is required for this interaction has not been tested yet.  

Another outstanding question that could be addressed is identifying a putative 

secreted signal that is activated upon loss of hipk or dlg that triggers non-autonomous 

cell death. The TNF-α receptor Eiger (Egr) is one possible candidate. Egr has been 

shown to activate JNK-mediated and JNK-indepdent cell death in various contexts (Ma, 

et al., 2012). Additionally, Egr is a transmembrane protein that can be also cleaved, 

and is therefore capable of acting as a secreted ligand and exerting its effect on nearly 

cells. Additionally, there is precedence for Scrib complex mutant clones activating cell 

death through Egr in the developing eye imaginal disc.  

Another aspect of this study that can be studied further is the mechanism 

underlying hipk’s requirement for cell survival, and induction of cell autonomous non-
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apoptotic cell death upon hipk knockdown. Neither double knockdown clones of hipk and 

dlg, nor clones in which dlg is knockdown and a strong hipk transgene is overexpressed 

survive. Whether this is a byproduct of loss of junctions and polarity or if hipk is 

regulating another function of Dlg is another question that remains to be further 

investigated.  

5.5. Materials and Methods 

Fly Strains and antibodies: hipk4 allele; UAS-hipkstrong; UAS-hipkweak (Lee, et al., 2009;  

Lee, et al., 2009); UAS-dlg-IR (VDRC 41134 and 41136), UAS-p35, Df3L(H99) 

(Bloomington Stock Centre). Anti-Dlg (4F3 sup.) at 1:10; Anti-Arm (N2 7A1 conc.) at 

1:10; Anti-Spectrin (3A9 sup.) at 1:100; Cora (C566.9 sup.) at 1:250 (Developmental 

Studies Hybridoma Bank). MARCM 79 and Flip-out lines were gifts from Bruce Edgar.  

Dissection and Immunofluorescence staining: Flies were anesthetized and dissected 

in Schneider’s insect media. The entire GI tract was removed and rinse once with PBS. 

Samples were fixed in a 1:1 cocktail of Heptane and 4% paraformaldehyde for 30 

minutes at room temperature. Samples were subsequently washed for 5 minutes in 

100% methanol and gradually rehydrated with PBT by reducing the methanol 

concentration to 75% for 3 minutes, 50% for 5 minutes, 25% for 10 minutes and 100% 

for 15 minutes. Samples were then blocked in 2% BSA in PBT and immunostained 

overnight at 4oC with the appropriate primary antibody. Samples were washed 3 times in 

PBT and stained for 2 hours with the appropriate secondary, then washed again. Finally, 

samples were mounted in VectaSheild mounting media plus DAPI (Vector labs) on 

platform slides and imaged using a Nikon A1R confocal microscope or spinning disc 

confocal (Perkin Elmer).  

Generation of Clones: After setting up the initial cross, adult progeny of the appriproate 

genotype were collected into fresh vials and aged for 3 days and heatschocked by 

placing in a 37oC incubator for 10 minutes (FO clones) or 90 minutes (MARCM clones). 

Samples were analyzed at the indicated timepoints. 

Titration Control: For rescue experiment in 5.18, a UAS-lacZ was double balanced with 

each RNAi line to verify that the rescue is not due to Gal4 titration. 



 

143 

Co-immunoprecipitations: Approximately 50 guts were dissected in insect media and 

lysed in 200 µl of 1X Cell Lysis Buffer (Cell Signaling Technologies), supplemented with 

100 mM fresh PMSF. Normal mouse IgG (Santa Cruz Biotechnology Inc.) or mouse anti-

Dlg (4F3, sup., DSHB) were incubated overnight at 4°C. The antibodies were coupled to 

protein G-sepharose beads (Sigma) for 2 hours at 4°C. The immunocomplexes were 

washed three times with lysis buffer and boiled in Laemmli buffer, then subjected to 

SDS-PAGE and western analysis according to standard protocols. Primary antibodies 

used were mouse anti-HA (Sigma Aldrich, 1:1000) and the secondary antibody was goat 

anti-mouse HRP light chain-specific (1:5000; Jackson ImmunoResearch). The western 

blot was visualized using the Enhanced Chemiluminescence (ECL) Western Blotting 

System (GE Healthcare). 
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6. Conclusion 

The precise regulation of the many conserved signalling pathways that correctly 

integrate during development is required for proper tissue growth and the prevention of 

disease.  Understanding the molecular circuitry that controls cell fate decisions during 

development has broad implications, since the misregulation of many developmental 

events is reiterated in diseases such as cancer. The high degree of conservation 

between flies and mammalian genes allows us to extrapolate from studies done in 

Drosophila, to understand human biology. My research has uncovered Nmo and Hipk as 

key regulators of an array of signalling pathways.  

Nmo and Nlk have been implicated in an array of cellular processes including 

PCP during ommatidial rotation (Choi and Benzer 1994; Brown and Freeman, 2003; 

Fiehler and Wolff, 2008), a process that occurs at the membrane and does not seem to 

involve gene transcription. Our study establishes a direct link between Arm/β-catenin 

and planar cell polarity through Nmo. Nmo is able to phosphorylates Arm at 3 residues 

on the C-terminus and this phosphorylation is required for proper rotation in PCP 

signalling. Furthermore, an indirect link between core PCP component, Strabismus and 

the cytoskeleton has been established through Arm and Nmo (Mirkovic et al., 2011).  

Another process that Nmo/Nlk has been implicated in the repression of Wnt/Wg 

mediated target gene expession. Nmo and Nlk have been shown to inhibit this pathway 

at the DNA level, as the proposed mechanism is that phosphorylation by Nmo appears 

to inhibit the Tcf/β-Catenin transcriptional complex (Ishitani, et al., 2003a; Ishitani, et al., 

2003b; Zeng and Verheyen, 2004).  

Work from this thesis has shown that Nmo and Nlk are capable of inhibiting 

another signalling pathway, the TGF-β/BMP pathway, by phosphorylating the 

transcription factor Mad/Smad and inhibiting its nuclear accumulation, through the 

disruption of its NLS. This interaction appears to occur at the nuclear level and 
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represents a novel mode of Smad regulation that had not been previously described. 

Thus it seems that Nmo is able to exert different effects at different levels and in different 

locations within the same organism (Zeng, et al., 2007).  

Interestingly, despite being credited with a variety of important functions, Nmo 

mutants are viable, displaying subtle patterning defects. This is due to two main reasons. 

First, we believe that maternally deposited Nmo masks the deleterious effects of a null 

nmo mutation during embryogenesis, as the double maternal and zygotic mutant 

embryos are lethal. Second, it appears that Nmo’s plays a role in fine-tuning of many 

signalling pathways and integrating the developmental cues received from multiple 

genetic and molecular networks, rather than play a very prominent role in a discrete 

pathway.  

Although researchers tease apart signalling pathways by assigning them into 

discrete linear pathways, many layers of complexities exist. In this thesis, I describe a 

novel mode of cross talk by Wg and BMP, two pathways that are regulated by Nmo, with 

BMP regulating Wg target genes, but not vice versa. This interaction appears to occur at 

the level of Mad and dTcf, through competition with Arm for binding to Wg targets, 

independently of Nmo (Zeng, et al., 2008). Awareness of such levels of complexities is 

necessary when researchers narrow in on signalling pathways as therapeutic targets, as 

targeted inhibition or activation of one pathway, may perturb other pathways and lead to 

unwanted consequences. Although it has been suggested that the Mad that is involved 

in this competition is monomeric and unphosphorylated (Eivers et al., 2011), this 

conflicts with the genetic in vivo data which shows that Gal4 expression of ectopic TkvQD 

receptor in the wing can mimic reduced Wg phenotypes and lead to loss of Wg targets.  

Another kinase central to this thesis is Hipk, and although Hipk and Nmo come 

from very distinct families of kinases, they share similar features. They both play diverse 

roles in many pathways. The best characterized role for vertebrate Hipk2 is in the 

activation of p53-mediated apoptosis upon introduction of genotoxic stress in cell culture 

(reviewed in Calzado, 2007). This role for Hipk has not yet been studied in flies. Thus 

far, it appears that Drosophila Hipk also plays a role in the fine-tuning of many 

developmental pathways. It promotes the N, Hippo, Wg, and Hh pathways during 

Drosophila wing and eye development, pathways that regulate growth (Lee et al., 2008a, 
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Lee et al., 2008b; Swarup and Verheyen, 2011, Chen and Verheyen, 2012). Whether 

Drosophila Hipk also has a role in p53 mediated cell death has not been studied. 

Teasing apart the true role of this kinase has been complicated by the fact that multiple 

Hipks exist in the vertebrate genome, with some redundancy in function (Rinaldo, et al., 

2008). I studied the role of Hipk in the adult Drosophila midgut and found a role in 

epithelial organization and proper localization of components of the septate junctions. It 

is unknown at this time how Hipk is affecting junctional organization. It may be acting on 

Dlg or it may be acting on another SJ protein. It is also possible that Hipk is affecting 

another junctional complex such as the apical Crumbs complex or the Par complex. This 

is a novel role for Hipk as it has not been previously shown to play a role with membrane 

or junctional components, and has been predominantly described as a nuclear kinase. 

Thus, it appears that both Nmo and Hipk are able to exert their effects on a myriad of 

substrates in different locations of the cell. This may be due to different pools of each 

protein available in different parts of the cell and able to interact with different substrates.  

Although this theis covers a lot of ground and offers novel insight into the role of 

protein phosphorylation in regulating many aspects of cell signalling, one limitation of 

this thesis is that it leaves many unanswered questions. An immediate outstanding 

questionis by what mechanisms do Hipk and Nmo exert their affects. To address this 

question, additional experiments to identify the binding partners and possible 

phosphorylation targets must be carried out. Nemo and Nlks appear to bind an array of 

nuclear transcription factors and affect the transcriptional output of many pathways, 

including Wnt/Wg, TGF-β, Notch, and others (reviewed in Ishitani and Ishitani, 2013). 

Vertebate Hipks are well-known interactors of many transcription factors, including many 

homeotic transcription factors (Rinaldo, et al., 2008). But perhaps the best known target 

of Hipk is the p53 transcription factor, which is phosphorylated and activated by Hipks in 

response to stress (Rinaldo, et al., 2007). Hipks also contributes many developmental 

pathways including vertebrate TGF-β (Zhang et al., 2006), Drosophila Wg and N (Lee et 

al., 2008a; Lee, et al., 2008b) pathways. Not much is known about additional roles that 

Nmo/Nlk and Hipks might play at the cytoplasm or at the membrane.   

Another very important outstanding question is how are Hipk and Nmo 

themselves regulated. Teasing apart the precise regulation of signalling pathways is a 

complex process. Deciphering what regulates the regulators is even more complex. 
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Previous reports have identified Hipk as an upstream activator of Nlk in vertebrates 

(Ishitani, et al., 1999; Kanei-Ishii, et al., 2004; Kanei-Ishii,et al., 2008). However, recent 

studies suggest that perhaps Nlk maybe partially active and may not require an 

upstream kinase to activate it, rather the process involves dimerization and 

autophosphorylation (Ishitani et al., 2012). Independent groups have also found that 

vertebrate Hipks are capable of cis-autophosphorylation and may not rely on upstream 

kinases for activation (Saul, et al., 2012). We believe that Nemo is transcriptionally 

regulated in the wing and possibly in the eye imaginal disc, acting in a negative feedback 

loop with the pathways that it regulates, namely Wg (Zeng and Verheyen, 2004), 

whereas Hipk transcript appears to be ubiquitious (Lee, et al., 2008a). What regulates 

the kinase activity of these proteins and whether there is an upstream kinase to Nmo 

and Hipk in flies is unknown at this time.  

Whether Hipk and Nmo are part of a molecular kinase cascade in flies is still 

unanswered, as mutant phenotypes do not suggest so (Wendy Lee, PhD thesis). To 

make matters more complicated, they seem to regulate overlapping sets of signalling 

pathways, but in different and sometimes opposite ways. At this time, we do not have 

strong evidence to support that the two are part of a kinase cascade. To test whether 

Drosophila Hipk and Nmo form a kinase cascade, an in vitro approach can be taken to 

isolate the proteins and test them in a direct in vitro kinase assay.  

It is likely that Nmo levels are kept low in the cell, both at the transcript level and 

at the protein, and in reponse to misregulation of pathways such as Wg, Nmo 

transcription is elevated. Vertebrate Hipk levels is somewhat different in that it is 

believed that the transcript is continuously made, but Hipk protein levels are normally 

kept low and the protein is stabilized upon induction of genotoxic stress (Gresko, et al, 

2005). It is possible that Nmo and Hipk act to fine-tune an array of developmental 

signalling pathways to ensure the organism receives proper positional and temporal 

cues to achieve proper development and prevent disease.  
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