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Abstract  
 

The Drosophila gene Anaplastic lymphoma kinase (Alk) is homologous to 
mammalian ALK, a member of the Alk/Ltk family of receptor tyrosine kinases. In 
Drosophila Alk is crucial for development of the embryonic visceral mesoderm, 
where it is the receptor for Jelly Belly (Jeb) ligand. Jeb binding stimulates an Alk-
driven, extracellular signal-regulated, kinase-mediated signaling pathway, which 
results in the expression of the downstream gene duf/kirre. The visceral mesoderm is 
made up from two different cell types, founder cells and fusion competent myoblasts. 
The Jeb-Alk signal transduction pathway drives specification of the founder cells of 
the Drosophila visceral muscle. In this work we aimed to identify genes specifically 
expressed in the founder cells and/or fusion competent myoblasts. Four genes from 
number of candidates were investigated further. These genes are Hand, expressed in 
founder cells, goliath, parcas and delilah, which are expressed in fusion competent 
myoblasts. Hand is a basic helix-loop-helix (bHLH) transcription factor. Alk-
mediated signal transduction drives the expression of the bHLH transcription factor 
hand in vivo, and loss of Alk function results in a complete lack of hand expression in 
the visceral mesoderm, while Alk gain of function results in an expansion of hand 
expression. There are no obvious defects in the visceral muscle fusion process hand 
mutant animals, suggesting that Hand is not critical for visceral muscle fusion per se.  
I have studied another molecule Goliath, a putative RING finger E3 ligase. goliath is 
specifically expressed in the FCM of visceral and somatic muscles. goliath mutant 
animals do not display any obvious muscle phenotypes, perhaps reflecting a 
redundant role with CG10277, which encodes a second Goliath family protein in 
Drosophila melanogaster. Deletion mutation of the CG10277 locus does not result in 
muscle defects either, and generation of double mutants of goliath and CG10277 will 
be required to determine their function in vivo. 
In addition, I have studied another bHLH transcription factor Delilah and its role in 
muscle development. We show that delilah is expressed in visceral muscle, somatic 
muscles and in tendon cells. Delilah mutant animals display a held out wing 
phenotype and are unable to fly. Inducible RNAi against delilah results in a similar 
phenotype. Delilah is transcriptionally regulated by mef2 and biniou, early regulators 
of muscle development. While delilah appears to function in tendon cells, we were 
unable to find any obvious phenotype in either visceral or somatic muscles. In order 
to further investigate the underlying mechanism of Delilah function we have used 
Tandem affinity purification (TAP) methodology followed by mass spectrometry to 
identify Delilah binding partners. This analysis suggests a number of candidate 
functional partners for the Delilah protein. 
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Abbreviations 
 

aa Amino acids 

ALCL Anaplastic Large Cell Lymphoma 

ALK Anaplastic Lymphoma kinase 

bHLH Basic helix-loop-helix 

CG Computed Gene 

CRM Cis Regulatory Module 

ECM Extra Cellular Matrix 

EMA Epidermal muscle attachment 

FCs Founder Cells 

FCMs Fusion competent myoblasts 

FISH Fluorescent in situ hybridisation 

IFM Indirect flight muscle 

Ig Immunoglobulin 

ISH In situ hybridisation 

Jeb Jelly Belly 

MS Mass Spectrometry 

NRTK Non receptor tyrosine kinase 

PTK Protein tyrosine kinase 

RING Really Interesting New Gene 

RNAi RNA interference 

RTK Receptor tyrosine kinase 

TAP Tandem affinity purification 

TF Transcription factor 

UAS Upstream activation sequence  

VM Visceral muscles 
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Introduction 

For a multicellular organism to function properly, cells need to communicate with 

each other. Cell growth, migration, differentiation and cell death are examples of 

cellular events that are regulated by signals. The signals that cells receive originate 

from other cells or from the external environment or from the cell itself. This 

interaction is mediated by the signaling molecules. A number of different cell surface 

receptors for signaling molecules have been discovered, as well as intracellular 

signaling pathways that connect the receptors with their downstream in the cytoplasm 

or in the nucleus.  Many different types of cell surface receptors have been identified. 

These recognize different signaling molecules with their extracellular domains, which 

result into activation of their intracellular domains.  

Protein Kinases 

Growth factors mediate various biological processes such as cell proliferation, 

migration and differentiation by binding to and activating cell-surface receptors with 

protein kinase activity (Blume-Jensen and Hunter, 2001; Schlessinger, 2000).  

Protein kinases make up one of the largest and most important of protein families, and 

around 1.5 to 2% of genes in the eukaryotic genomes code for protein kinases 

(Manning, 2005). Signal transduction pathways governed by protein kinases are 

highly conserved.  53 distinct kinase families and subfamilies are conserved among 

yeasts, nematodes, insects and vertebrates while another 91 subfamilies are conserved 

among metazoan genomes (Manning et al., 2002a). The human genome contains 518 

putative protein kinase genes (Manning et al., 2002b), the mouse genome has 540 

genes for protein kinases (Caenepeel et al., 2004), the sea urchin genome has 353 

protein kinases (Bradham et al., 2006), and the fruit fly Drosophila contains 239 

protein kinases (Manning et al., 2002a) and in the nematode C. elegans there are 438 

protein kinase encoding genes (Manning, 2005). Interestingly, the Dictyostellium 

discoideum amoebae kinome has 285 kinases, more than that of Drosophila 

melanogaster (Goldberg et al., 2006). A recent study of the unicellular organism 

Monosiga brevicollis describes 128 protein kinases in its genome (Manning et al., 

2008). 
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Protein Tyrosine Kinases 

Protein Tyrosine Kinases (PTK) can be divided into two primary categories, Receptor 

Tyrosine Kinases (RTKs) and Non Receptor Tyrosine Kinases (NRTKs) (Neet and 

Hunter, 1996). RTKs are transmembrane glycoproteins, which can be activated by 

ligand binding that leads to transduction of signals to the cytoplasm. RTKs 

phosphorylate themselves as well as other downstream targets (Hunter, 2007). The 

RTK family can be divided into approximately 20 different subfamilies, including the 

insulin superfamily of receptors, Epidermal growth factor (EGF), fibroblast growth 

factor (FGF), platelet-derived growth factor (PDGF), vascular endothelial growth 

factor (VEGF) and nerve growth factor (NGF). The Non-receptor tyrosine kinase 

include the Src family (Superti-Furga and Courtneidge, 1995), the Janus kinases (Jak) 

(Darnell et al., 1994), the Abl family (Wang, 1993), the Fes family (Care et al., 1994), 

the Rak/Frk (Cance et al., 1994), the Csk family (Cance et al., 1994), the Srm 

(Kohmura et al., 1994), Tec family (Bolen, 1993), the Focal adhesion kinase 

(Richardson and Parsons, 1995), and the Ack family (Manser et al., 1993), among 

others.   

The RTKs have a common structure and can be identified by the presence of single 

membrane-spanning domain and an intracellular protein kinase catalytic domain 

(Hunter, 1997). The extracellular domain varies from receptor to receptor (Figure 1). 

RTKs can be activated by various peptide ligands, dependant on the RTK itself. In 

fact, a number of RTKs are still ‘orphan’ receptors, for which the ligand is not yet 

described. Crosslinking of receptors by growth factor ligands can be achieved in a 

number of ways. EGF, a monomeric ligand, changes the EGF receptor conformation 

in the extracellular domain allowing the occupied monomers to recognize and form 

dimers (Yarden, 2001). PDGF is itself a disulphide linked dimeric ligand which 

crosslinks its receptor upon binding (Andrae et al., 2008). The Insulin receptor exists 

as a dimer and requires its ligand to bind for its subsequent activation (Goberdhan and 

Wilson, 2003).  
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Figure 1: Schematic figure of RTK family members. The RTKs are a large family 

of transmembrane containing proteins with highly diverse extracellular domain and a 

conserved intracellular kinase domain (Modified and reproduced with permission 

from Nature publication group). 

ALK is a receptor tyrosine kinase 

RTKs are key components of cell signaling networks and play a vital role in normal 

physiological processes, such as embryogenesis, cell proliferation, and cell death. 

Anaplastic lymphoma kinase (ALK) was first identified as the oncogenic chimeric 

nucleophosmin-ALK fusion protein that results from the (2;5)(p23;q35) chromosomal 

translocation in Anaplastic Large Cell Lymphomas. Nucleophosmin-ALK contains 

the amino-terminal domain of the nucleophosmin fused with the carboxy-terminal 

cytoplasmic domain of ALK and the fusion results in a constitutively active protein 

tyrosine kinase domain (Morris et al., 1994).  



  13 

Structure of ALK 

ALK is a single chain transmembrane protein of 1620 amino acids in the human, 1620 

amino acids in the mouse, 1701 amino acids in the Drosophila melanogaster and 

1421 amino acids in C. elegans (Iwahara et al., 1997; Liao et al., 2004; Loren et al., 

2001; Morris et al., 1997; Reiner et al., 2008). ALK is highly homologous to 

Leukocyte tyrosine kinase (LTK), and together these RTKs fall within the Insulin 

Receptor super family. 

 

 

Figure 2: Schematic comparison of the ALK family members and NPM-ALK 

fusion protein.  

The extracellular domain of the Alk contains two MAM domains, an LDLa domain 

and glycine rich region. Like other RTKs it has a cytoplasmic domain which posseses 

kinase activity and is highly conserved (Loren et al., 2001). 

Expression pattern of ALK  

Early analysis by Northern blot revealed that ALK mRNA is predominantly expressed 

in the brain and spinal cord of the mouse (Iwahara et al., 1997). Studies with ALK 

antibodies reveal that the mALK protein is highly expressed in neonatal mouse brain 
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(Iwahara et al., 1997). RNA in situ hybridization analysis shows that mALK mRNA is 

expressed in different parts of nervous system such as mid-brain, thalamus, olfactory 

bulb and ganglia of embryonic and neonatal mice (Iwahara et al., 1997). Alk mRNA is 

also found to be expressed in developing embryonic visceral muscles and CNS in 

Drosophila melanogaster (Loren et al., 2001). Drosophila Alk protein can be detected 

in the maturing lamina plexus and strong expression in processes of target neurons 

innervating the medulla neuropil in third instar larvae (Bazigou et al., 2007).  In chick 

embryos, ALK is expressed in sympathetic and dorsal root ganglia at stage 19. In 

addition, mRNA is expressed from stage 23/24 (E4) to stage 39 (E13) in discrete 

motor neuron subsets of chick spinal cord along with a select group of muscles that 

are innervated by one of these particular motor neuron clusters (Hurley et al., 2006). 

Recently, Vernersson et al. have described an extensive characterization of the 

mRNA and protein expression of mALK during mouse development. They have 

shown that mRNA and mALK protein show overlapping expression patterns in 

specific regions of the central and the peripheral nervous systems. Furthermore, 

mALK was found to be expressed in the eye, nasal epithelium, olfactory nerve, 

tongue, skin, tissue surrounding the esophagus, stomach and midgut but not the 

hindgut, testis and ovary (Vernersson et al., 2006). 

ALK in cancer 

As described earlier, ALK was identified as fusion protein from lymphoma cells 

carrying a (2;5)(p23;q25) chromosomal translocation. ALK positive lymphomas – 

also termed ‘ALKomas’ - occur mainly in children and young adults. The presence of 

CLTC-ALK and NPM-ALK has been identified in a rare form of B-cell Non Hodkins 

Lymphoma (Adam et al., 2003; Chikatsu et al., 2003; De Paepe et al., 2003; Gascoyne 

et al., 2003; Reichard et al., 2007). ALK fusion proteins have also been identified in 

inflammatory myofibroblastic tumors (IMTs) (Coffin et al., 2001). Soda et. al. studied 

lung tissue from Non-small-cell lung cancer patients, in which they isolated the total 

mRNA pool and searched for oncogenes that could transform mouse 3T3 fibroblasts. 

This led to the identification of the EML4-ALK fusion oncogene (Soda et al., 2007). 

A recent study has reported the first example of gain-of-function mutations in the 

ALK gene locus, which lead to cancer. Mapping of genes involved in familial 

neuroblastoma led to the identification of a region of chromosome 2 as harbouring a 

causative genetic locus. Further sequencing identified a collection of mutations in the 
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ALK gene locus in eight families with familial neuroblastoma. Non-familial cases of 

neuroblastomas were also found to harbour similar ALK mutations (Mosse et al., 

2008). These results are in agreement with an earlier study where ALK mRNA and 

protein in neuroblastoma was examined, in which 22 of 24 neruoblastomas were 

found to express ALK transcripts and ALK protein (Lamant et al., 2000).   

It has been suggested that a subset of lung cancers, lymphomas, and neuroblastomas 

containing genomic ALK alterations might be clinically responsive to inhibitors. 

Recently, McDermott et al. have tested two potential ALK kinase inhibitors - 

TAE684 and BMS-536924 - concluding that these kinase inhibitors may be useful 

against different  tumor types that harbor ALK gene mutations (McDermott et al., 

2008). 

ALK in normal development 

D. melanogaster Alk has been shown to regulate gut development.  Alk mutant 

animals do not form gut muscles and thereby lack a functional gut (Lorén et al., 

2003). Alk mutants lack specification of founder cells (FCs), a cell type required for 

normal muscle fusion and thus explaining the lack of a functional gut (Englund et al., 

2003; Lee et al., 2003). Drosophila Alk also plays a crucial role in the developing 

central nervous system. Alk signaling is required for target selection by R cell axons 

within the lamina and medulla (Bazigou et al., 2007; Bazigou and Rallis, 2007).  

Interestingly, the Alk orthologue in C. elegans has been shown to play an important 

role in the inhibition of presynaptic neural differentiation. Downregulation of ceAlk 

by a specific SCF-like ubiquitin ligase complex is required for maturation of neural 

synapses in the C. elegans (Liao et al., 2004). Recently mutations in ceALK (Scd-2) 

have been shown to modulate the activity of the TGFβ pathway which controls entry 

into the dauer formation (Reiner et al., 2008).  In zebrafish, the closest homologue of 

Alk, shady, which encodes a leukocyte tyrosine kinase (LTK) has been characterized.  

Shady (or DrLTK) regulates the formation of iridophores from the neural crest in 

zebrafish (Lopes et al., 2008). In contrast to these striking phenotypes in lower 

eukaryotes, ALK homozygous mutant mice do not show any significant 

developmental or anatomical defects (Bilsland et al., 2008) Vernersson, personal 

communication). However, these animals display an anti-depressant phenotype 

indicating a role for ALK in the regulation of behavior in the adult mouse (Bilsland et 
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al., 2008). Further investigation of ALK in vertebrates will hopefully clarify its 

function. 

Ligands of ALK 

The Drosophila melanogaster Alk is activated by Jelly belly (Jeb), a molecule 

secreted by the somatic mesoderm. Jeb binds to Alk on the surface of FCs and 

activates the Ras–mitogen-activated protein kinase (MAPK) signaling pathway and 

the expression of the downstream genes duf/kirre and org-1, hand and dpp, thereby 

specifying muscle founder cells in the visceral muscles (Englund et al., 2003; Lee et 

al., 2003; Shirinian et al., 2007; Varshney and Palmer, 2006). The mammalian ALK 

receptor is unable to respond to the Jeb ligand and to date there is no Jeb homologue 

identified in vertebrates (Yang et al., 2007). The Alk ligand Jeb is also expressed in 

photoreceptor axons, activating Alk in target neurons of the optic lobe of the visual 

system of Drosophila melanogaster (Bazigou et al., 2007). In C. elegans, the Alk 

homologue, Scd-2 can be activated by the LDL motif containing protein Hen-1 that in 

turn activates Sma-5 a MAP kinase, via an adaptor molecule Soc-1. This pathway is 

required for dauer formation (Reiner et al., 2008). 

In vertebrates the question of a ligand for ALK is a matter of dispute, with many 

considering ALK still to be an orphan RTK.  In fact, Pleotrophin (PTN), a heparin-

binding growth factor has suggested to be an ALK ligand. PTN was used as a bait to 

screen a cDNA library from human foetal brain, leading to the identification of Alk 

(Stoica et al., 2001). The heparin binding neurotrophic factor Midkine (MK), which is 

similar to PTN, has also been proposed as a putative ligand (Stoica et al., 2001). 

Intriguingly, Miple 1, the Drosophila homologue of PTN, and Miple2, the Drosophila 

homologue of MK, have complementary expression patterns to that of Alk. However, 

to date it has not been possible to activate Alk with either Miple1 or Miple2 (CE and 

RHP, personal communication). Thus the subject of PTN and MK as Alk ligands is 

still somewhat controversial, and whether PTN and MK are physiologically relevant 

Alk activators is still an open question. 

ALK mediated signaling  

The NPM-ALK fusion protein has been shown to bind and phosphorylate a number of 

proteins such as Grb2, PLC- γ, the p85 subunit of PI3-Kinase, IRS-1 and SHC, and is 
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known to regulate a variety of cellular processes. Alk signals through the RAS/MAPK 

pathway and this has been shown in vivo in Drosophila, where Alk protein is 

necessary for ERK activation in the embryonic visceral mesoderm (Englund et al., 

2003; Loren et al., 2001). Alk signaling has been shown to activate many downstream 

targets such as duf/kirre, hand, org-1 and Dpp in the developing visceral mesoderm 

(Englund et al., 2003) (Figure 3A). Similarly, in the nematode C. elegans, ceALK 

protein has been implicated in dauer formation through the activation of MAP Kinase 

pathway signaling (Reiner et al., 2008). 

 

Figure 3A:  Schematic showing the Jeb/Alk signaling cascade and known 

downstream genes in Drosophila.  

Alk activation promotes neuronal differentiation of PC12 cell lines (Motegi et al., 

2004). Antibody based activation of ALK leads to recruitment and phosphorylation of  

the Shc and FRS2 adaptors molecules in neuronal PC12 cells (Degoutin et al., 2007). 

Crokett and colleagues have identified proteins that interact with the Alk tyrosine 

kinase by co-immunoprecipitation with anti-ALK antibodies, followed by mass 

spectrometry analysis (Crockett et al., 2004). These included a number of proteins, 

which have been previously reported in ALK signaling, including PI3-K, Jak2, Jak3, 

Stat3, Grb2, IRS, and PLC-γ. Other independent proteomics studies have also 

identified many signaling molecules involving in NPM-ALK signaling pathway 

(Cussac et al., 2006; Elenitoba-Johnson et al., 2006; Lim and Elenitoba-Johnson, 

2006; Sjostrom et al., 2007). 
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Drosophila as a model system 

One of the major requirements in today’s basic biological research is to use an 

experimentally established model organism to study human gene function. For nearly 

a century, the fruit fly Drosophila melanogaster has been utilized as a genetic system 

to study a variety of biological processes and gene function. T. H. Morgan first used 

Drosophila to study genetics in the early 1900’s. The work of T. H. Morgan and his 

students C. B. Bridges, H. J. Muller and A. H. Sturtevant gave rise to many of the 

basic concepts in Drosophila genetics today. The basic finding that genes are 

arranged in a linear manner came from their groundbreaking work (Sturtevant, 1913). 

In addition, two very significant tools, ‘balancer’ chromosomes and ‘deficiency’ 

chromosomes evolved from their studies (Rubin and Lewis, 2000). 

There are many features that make Drosophila an attractive model organism for 

genetic and biological research. Drosophila is easily cultured in the laboratory, flies 

are small, have a life cycle of around 10 days and grow on simple molasses media.  A 

single male and single female can produce more than hundred progeny. Drosophila 

has a relatively simple karyotype, with only four pairs of chromosomes. The extensive 

use of Drosophila as a model organism has generated an invaluable knowledge base 

of Drosophila development and an extensive set of genetic tools (Nagy et al., 2003). 

The experimental advantages of Drosophila as a model system is more important 

given the conservation between Drosophila and humans (Rubin, 2001). The 

conservation of disease genes and disease-related pathways provides advantages for 

adopting Drosophila as a tool for drug discovery.  

Life cycle of Drosophila 

The Drosophila egg is approximately half millimeter long. It takes around 24 hours 

for the embryo to develop and hatch into larva. These larvae eat and grow 

continuously and moult after one day to become first instar larva, after two days to 

become 2nd instar larva and after four days to become 3rd instar larva.  They live for 

two days as a 3rd instar larva before they moult one more time to form an immobile 

pupae. Over the next four days, the body is completely remodeled to form the adult, 

which then hatches from the pupal case and become the adult fly (Campos-Ortega and 

Hartenstein, 1997) (Figure 3B). 
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Figure 3B. Life Cycle of Drosophila melanogaster (Reprinted with permission from 

FlyMove (Weigmann et al., 2003)) 

Comparative genomics of Drosophila and Humans 

The latest Drosophila genome annotation is predicted to contain more than 13,000 

genes, as compared to about 33,000 genes in the human genome (Rubin, 2001). 

Comparative genomic analysis of flies and mammals showed that around 60% of 

genes are conserved (Rubin et al., 2000). Furthermore, in a bioinformatics analysis of 

human disease genes, it was shown that a significant number of human disease genes 

have homologues in Drosophila (Chien et al., 2002; Reiter et al., 2001).  

Tools and Techniques in Drosophila  

The tools and techniques generated by the fly community over the years makes 

Drosophila research very interesting. New powerful tools for the analysis of gene 

function are available for public use (Nagy et al., 2003). The genome sequence of 12 

different Drosophila species (Clark et al., 2007) and the complete sequence of 

heterochromatin region of Drosophila melanogaster is now available (Clark et al., 

2007; Hoskins et al., 2007). Comparative analysis of these genomes should improve 

our understanding of regulatory sequences.  

The functional analysis of Drosophila genes has now graduated from gene to genome 

wide analysis. The results of Drosophila specific global expression studies are 
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available at the BDGPs patterns of Gene expression in Drosophila embryogenesis 

database, which includes in situ hybridization to whole embryos using ESTs from the 

BDGP Drosophila gene collection (Stapleton et al., 2002).  A variety of methods are 

available for generating mutants in the genome. These methods can be divided into 

four?three categories: chemical agents such as EMS and ENU, ionising radiation such 

as X-ray, transposons, and homologous recombination. The most widely used 

transposon today is the P-element. P-elements are very powerful tools for genetic 

analysis; however, they have some limitations - particularly insertion site specificity. 

A number of other transposons have been described and some of these are now being 

used regularly. The piggyBac excises cleanly from the original site of insertion and to 

date no examples of imprecise excision have been reported (Chien et al., 2002; 

Hacker et al., 2003; Horn et al., 2003; Thibault et al., 2004). A large collection of 

genomic insertions and deletions has been made by the company Exelixis, using 

piggyBac transposons and are available to the fly community (Parks et al., 2004; 

Thibault et al., 2004). Ryder et al have described a collection of P-element insertions 

that have been widely utilised for generating custom deletion mutants in Drosophila 

(Ryder et al., 2007; Ryder et al., 2004). An additional transposon, the Minos element, 

has also been introduced and mobilised in Drosophila (Franz and Savakis, 1991; 

Loukeris et al., 1995). While there are an extensive variety of tools available to the 

Drosophila research community, there is always demand for faster tools to carry out 

reverse genetic screens.  Rapid and efficient ways of knocking out gene function in C. 

elegans using RNAi are available (Fraser et al., 2000; Gonczy et al., 2000). In 

Drosophila RNAi libraries were initially available to perform genome wide screens in 

cell culture systems (Armknecht et al., 2005; Clemens et al., 2000; Flockhart et al., 

2006) but this method requires a reliable assay system, which can be technically 

difficult. Using the inducible Gal4/UAS system, a genome wide inducible RNAi, 

method has been developed, which allows for knockdown of any gene not only in a 

tissue specific manner but also at a particular time.  This library contains 22,270 

transgenic lines covering 88% of the genome and this resource will certainly help the 

reverse genetics approach and help the fly community to efforts to unravel gene 

function at the whole genome level (Dietzl et al., 2007). A similar collection of 

inducible RNAi transgenic Drosophila has been made by a consortium of Japanese 

researchers and has been made publicly available to the fly community 

(http://www.shigen. nig. ac.jp/fly/nigfly).   
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One of the most widely used techniques for controlled gene expression in Drosophila 

to date is binary Gal4/UAS system (Brand and Perrimon, 1993). In this expression 

system one cassette has gene encoding the yeast transcriptional activator Gal4. The 

Gal4 gene is acts under the control of known promotors and this Gal4 expression can 

be controlled spatially or temporally.  The other cassette is a gene of interest under the 

control of the Gal4 binding site UAS (Upstream Activation Sequences). When the 

two fly strains carrying these cassettes are crossed together, the expression of the gene 

of interest will reflect the expression of the Gal4 driver in the progeny of a cross. In 

the Drosophila research community, there is a large number of tissue-specific Gal4 

drivers are available. 

Several recent technical advances, such as ChIP-on-Chip screens, can be utilized to 

test genomic DNA sequences for enhancer activity in vivo (Abe et al., 2006; Berman 

et al., 2004; Markstein et al., 2004; Ostrin et al., 2006; Sandmann et al., 2007). The 

making of enhancer–reporter constructs and the mutational analysis of these enhancer 

sequences can be laborious, requiring complicated DNA cloning, especially when 

dealing with large sequence fragments. The Drosophila Gateway Vector collection 

(Unpublished http://www.ciwemb.edu/labs/murphy/Gateway vectors.html) comprises 

a set of many Gateway-based vectors designed to express epitope-tagged proteins in 

Drosophila in vitro or in vivo.  This method allows you to recombine an Open 

Reading Frame (ORF) of interest into any of the vectors using a simple and efficient 

in vitro reaction. Gateway technology uses lambda integrase to recombine gene of 

interest, flanked by attL1 and attL2 recombination sites, with the attR1 and attR2 

recombination sites of a destination vector (Abe et al., 2006). This directional 

recombination based cloning system is a very rapid and efficient method for 

generating Drosophila constructs with out restriction digestion and ligation. Thus, 

given the advanced tools and techniques available Drosophila is a perfect candidate to 

carry out biological and genetic research. 

Drosophila as a model system to study muscle development 

There are fundamental similarities between the biology of Drosophila and that of 

vertebrates. As discussed earlier 60% of Drosophila proteins share sequence 

similarity with human proteins (Rubin, 2001). Muscle development is a complex 

process that involves a network of different well-coordinated cellular events that 
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eventually give rise to specialized multinucleate muscles cells.  All muscles have a 

similar feature being capable of contraction. The genetic analysis of muscle 

development shows that the main steps of muscle formation include myogenic 

determination, differentiation of muscle precursors, myoblast fusion and terminal 

differentiation. All these process are tightly controlled by an evolutionarily conserved 

signaling network. Thus, studying the genetic control of muscle development in 

simpler model organisms like Drosophila is an attractive way to study genetic and 

signaling networks involve in muscle development. Data generated from various 

genome wide screens to find the targets of early muscle differentiation genes such as 

biniou (bin), bagpipe (bap) (Jakobsen et al., 2007), mef2 (Junion et al., 2005), twist 

(Sandmann et al., 2007), snail and dorsal (Zeitlinger et al., 2007) will certainly help 

in understanding similar gene function in vertebrates.  Furthermore, genome wide 

microarray screens have provided lists of genes differentially expressed in two muscle 

cell types; the founder cells (FCs) and the fusion competent myoblasts (FCMs) 

(Artero et al., 2003; Estrada et al., 2007; Furlong et al., 2001). A high-density SNP 

map and high-throughput genotyping assays for Drosophila melanogaster has been 

generated. This map comprises 27,367 SNPs in Drosophila stocks. These SNPs have 

been used to map mutations in muscle related genes (Chen et al., 2008). 

In order to understand the genetic analysis of muscle assembly and maintenance, a 

method for efficient RNA interference (RNAi) in Drosophila primary cells using 

double-stranded RNAs (dsRNAs) has been developed (Bai et al., 2008). This method 

was used to analyze 28 Drosophila homologues of human muscle disease genes, 19 of 

which gave rise to abnormal muscle phenotypes in primary culture. Drosophila is a 

model organism well suited for studying various human genetic diseases, which could 

provide the tools to investigate the mechanisms of disease. In terms of studying 

muscle related human disease, Drosophila has already been used as a model for 

understanding the role of Muscleblind (Mbl) in Myotonic dystrophy (MD) (Machuca-

Tzili et al., 2006). Muscleblind proteins are conserved between flies and humans, and 

animals mutant in the Mbl genes reflect the phenotype observed in MD patients. 

Thus, given the tools and background information on muscle development Drosophila 

can help in providing a molecular understanding of human muscle disease. 
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Mesoderm formation in the Drosophila embryo 

In Drosophila muscles can be divided into somatic muscle, visceral muscle and 

cardiac muscle, all of which develop from the mesoderm (Bate and Rushton, 1993). 

The mesoderm is the layer of cells between the endoderm and ectoderm in the 

gastrula. Initially, mesoderm is specified in the ventral region of the blastula. During 

gastrulation the mid–ventral cells invaginate and spread in a layer under the ectoderm 

to form the mesoderm proper and at this stage no commitment for cell fate takes 

place. Subsequently, the embryo becomes segmented and each segment is subdivided 

along anterior-posterior (A/P) and dorsal-ventral (D/V) axes.  At this stage, cells 

differentiate and commit to different cell fates. At the same time mesoderm begins to 

separate into two cell layers, somatic and splanchnic mesoderm. The somatic muscles 

are derived from the somatic mesoderm and the visceral muscles are derived from 

splanchnic mesoderm (Riechmann et al., 1997) (Borkowski et al., 1995). 

The Muscle pattern in Drosophila 

Development of Visceral muscles 

The visceral muscles (VM) of Drosophila forms the thin layers of muscle fibers that 

surround the digestive tract and generate peristaltic movements.  The visceral muscles 

of the midgut consist of an inner layer of circular and an outer layer of longitudinal 

muscles (Figure 4). The circular muscles are binucleate and form the middle part of 

the gut while longitudinal muscles are multinucleated. The foregut and hindgut are 

surrounded by only longitudinal muscle fibers (Klapper et al., 2001). The early 

visceral mesoderm of Drosophila can be divided into three parts, trunk visceral 

mesoderm, caudal visceral mesoderm and cephalic visceral mesoderm.  

Differentiation of Trunk Visceral mesoderm (TVM) 

The trunk mesoderm is composed of parasegments.  The cells in each parasegment are 

subdivided into anterior sloppy paired (slp) and posterior even skipped (eve) domains 

(Azpiazu et al., 1996). The primordia of different muscle tissues are derived from 

these cells. The dorsal portion of each slp domain contains the precursor of the trunk 

visceral mesoderm and the dorsal portion of eve domain forms cardiac and dorsal 

somatic muscle progenitors, the fat body and the gonadal mesodermal precursors. 
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The NK homeobox gene bagpipe (bap) and the FoxF forkhead domain gene biniou 

(bin) have been identified as essential regulators of visceral mesoderm development 

in Drosophila (Zaffran et al., 2001). Bap is expressed in the circular muscle 

precursors of foregut, midgut and hindgut. Bap expression begins 4-6 hours after 

fertilization and is expressed in a segmental pattern. This region will give rise to the 

visceral mesoderm (Azpiazu and Frasch, 1993). In bap mutant embryos visceral 

mesoderm formation is strongly disrupted and cells of the visceral mesoderm do not 

differentiate properly. In bap mutant animals, many trunk visceral mesoderm markers 

such as Fasciclin III (FasIII) are not expressed. Bin expression is activated in the trunk 

visceral mesoderm primordia and is downstream of dpp, tin, and bap and maintained 

in all types of developing gut muscles (Zaffran, 2001).  

 

 

Figure 4:  Schematic drawing showing the Drosophila gut system. (Reproduced 

with permission from FlyMove (Weigmann et al., 2003)) 

The early VM differentiation genes, bap and bin are required for the activation of 

ß3Tub60D in the VM. Bin is expressed from VM specification until the end of 

development, suggesting that additional regulatory signals are necessary to restrict 
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Bin activity. Recently, it has been shown that bin-bound Cis regulatory motifs 

(CRMs) drive expression in different subtypes of VM. Bin regulates a large group of 

spatially restricted transcription factors and components of cell signaling pathways 

that likely target different subsets of these CRMs (Jakobsen et al., 2007). 

In conclusion, Bin provides regulatory input at all stages of VM development, not just 

during early specification and a new role for bin as a direct regulator of the 

transcriptional program within the foregut and hindgut VM have been identified 

(Jakobsen et al., 2007). 

Differentiation of Visceral muscle progenitors 

As discussed above tin, bap and bin are visceral determination genes and are 

responsible for subdividing mesoderm into different tissues. It has been shown that 

the bin and bap expressing cell cluster is divided into two distinct cell types; the FCs 

and the FCMs. This subdivision is an important phenomenon for the later formation 

of bi-nucleated visceral muscles and is a subject of study in this thesis. The visceral 

muscle FCs are specified in a columnar row on the ventral side of the VM, while the 

more dorsally located cells differentiate into FCMs (Martin et al., 2001). At stage 11, 

the row of FCs express activated ERK (Gabay et al., 1997). It has been shown that 

RTK Alk is required for the activation of MAP kinase cascade in the FCs (Loren et 

al., 2001).  

The specification of FCs in the VM is regulated by the activation of the Alk signaling 

(Englund et al., 2003; Lee et al., 2003; Stute et al., 2004). The secreted molecule Jeb 

is expressed by nearby somatic muscle precursors (Weiss et al., 2001) and acts as a 

ligand for the receptor tyrosine kinase Alk, in visceral muscle precursors (Englund et 

al., 2003; Lee et al., 2003; Stute et al., 2004) (Figure 5). Alk mutants show a complete 

absence of gut musculature (Lorén et al., 2003) and this phenotype is identical to that 

observed in jeb mutants. The jeb visceral muscle phenotype can be rescued with 

constitutive activated Alk (Lee et al., 2003). Furthermore, Alk activation induces 

downstream signaling and thereby activates FC identity genes, duf/kirre, org-1 and 

hand and dpp. It has also been shown that in absence of Jeb-Alk signaling, visceral 

muscle FCs change their identity and become FCMs which can eventually be 

incorporated into somatic muscles (Englund et al., 2003; Lee et al., 2003; Stute et al., 

2004). 
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Figure 5: Schematic outlining the process of visceral muscle FC specification and 

their fusion with FCMs. 

Development of Somatic Muscles 

The somatic muscles are also multinucleate (syncitial) in Drosophila. In each 

abdominal hemisegment of the Drosophila embryo a stereotypic pattern of thirty 

distinct larval somatic muscles develops. Each muscle has characteristic properties, 

including its size, shape and innervation (Taylor, 2006). The coordination activities of 

the segmentation genes divide each mesodermal segment into different segments, 

which give rise to the somatic muscles. 

Differentiation of Somatic Muscle Founder Cells 

The somatic muscle FCs are differentiated as distinct cells by the division of 

progenitor cells that express the bHLH transcription factor Lethal of scute (L’sc) 

(Carmena et al., 1995). L’sc is expressed in clusters in each hemisegment and in each 

cluster expression of L’sc is restricted to one cell called the ‘progenitor cell’.  After 

cell division L’sc expression is lost and its expression is not detected at later stages 

(Carmena et al., 1995). l’sc mutants display a show loss of FCs and somatic muscles, 

while overexpression of l’sc causes duplication of FCs and somatic muscles. Taken 

together, these phenotypes suggest an important role of l’sc during early muscle 



  27 

development. Given its wider expression pattern in muscle progenitors, the loss of 

function phenotype is not severe, indicating the involvement of other factors in early 

myogenesis (Carmena et al., 1995) (Figure 6).  

 

Figure 6: Schematic showing process of myoblast fusion ((Taylor, 2002) 
Reproduced with permission from Current Biology). The mesoderm is divided into 
parasegments. Muscle progenitors are originated from the group of cells that express 
lethal of scute by the process of lateral inhibition. This cell differentiates to form a FC 
and expresses duf/kirre, while other cells become FCMs and express sns. The FCMs 
extend filopodia towards the FCs, initiating the fusion proccess.  Ultrastructural 
analysis of fusing myoblasts shows the formation of a pre-fusion complex; followed 
by plaque formation, cell alignment and ultimately membrane fusion.  After the fusion 
process, a multinucleate myotube is formed. 

 

After the initial subdivision of the embryonic mesoderm into somatic and visceral 

components, the somatic muscle progenitors are in an uncommitted state by the 

inhibitory Notch (N) pathway. EGF receptor (Buff et al., 1998) and Heartless FGF 

receptor (Michelson et al., 1998) activation restricts l’sc expression to clusters of 

equivalent cells which give rise to individual progenitors. Each progenitor then 

divides asymmetrically to form daughter FCs that express muscle identity genes. The 

FCs seed the formation of individual muscles by attracting FCMs to fuse with them 

(Ruiz Gomez et al., 2000). These FCMs are derived from N-inhibited equivalence 

group cells that fail to acquire a progenitor fate (Bour et al., 2000) and can be 

distinguished by the expression of a transcription factor lameduck (Ruiz-Gomez et al., 

2002).   
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The Ras/MAPK and Notch signaling pathways acts in opposite manner during early 

myogenesis and specify eve positive progenitors (Carmena et al., 2002). Notch 

competes with Ras by down-regulating different Ras-MAPK signaling components. 

Ras up regulates the Notch ligand Delta, which eventually inhibits the Ras-MAPK 

signaling cascade (Carmena et al., 2002). Once prognitors are specified, they divide 

asymmetrically and give rise to two FCs (Carmena et al., 1998). The different 

signaling cascades that a FCs receives results in the expression of different FCs 

identity genes. There are many founder identity genes, such as the homeobox gene 

S59 (Slouch), eve, ladybird, apterous, muscle segment homeobox (msh), collier, 

nautilus, vestigial, and kruppel have been described (Frasch, 1999).  In conclusion, 

there are many different signaling pathways acting together in the specification of 

muscle progenitors.  

Process of myoblast fusion 

Myoblast fusion is precisely regulated to produce muscles of the correct size and 

organisation.  Myoblast fusion process also has clinically relevant issues as myoblast 

fusion takes place in adults in response to injury, suggesting a possible clinical 

importance of myoblast fusion. The multinucleated muscle structure develops during 

embryogenesis through the fusion of different myoblasts. In vertebrates, the process 

of myoblast fusion occurs in two or more fusion ‘‘waves’’, depending upon the 

species. In different species, the first round of myoblast fusion forms the primary 

myotube. These primary myotubes then serve as a seed for subsequent myoblasts to 

fuse and form a myotube. During myoblast fusion, the FCs and FCMs come into 

contact, recognize each other and then fuse. In Drosophila the process of myoblast 

fusion begins at stage 12 and continues until stage 16. The whole fusion process takes 

around 6-7 hours to complete (Bate and Rushton, 1993).  The final size of the fiber is 

then acquired through multiple rounds of fusion events.  Recognition of FC and FCM 

is specific and directional, and fusion does not occur between the cell types. Genetic 

studies have identified a number of proteins in the FC and FCM that plays key role in 

the fusion process (Chen and Olson, 2004) ( Figure 7). 

Molecular Biology of Myoblast fusion 

For myoblast fusion to occur, FCMs must identify, migrate and adhere to the FCs and 

fuse. Genetic studies have identified four members of immunoglobulin superfamily 
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(IgSF) such as stick and stones (sns) (Bour et al., 2000), dumbfounded/kin of irreC 

(duf/kirre), roughest (rst) (Ruiz-Gomez et al., 2000), and hibris (hbs) (Artero et al., 

2001; Dworak et al., 2001), that are involved in myoblast recognition and adhesion.   

Extracellular Proteins involved in muscle fusion 

Sticks-and Stones (Sns) 

Sns is a member of the immunoglobulin superfamily (IgSF) and has eight 

Immunoglobulin-like (Ig-like) domains (Bour et al., 2000). The extracellular domain 

structure is characteristic of the IgSF subfamily known as Nephrins, and is conserved 

in C. elegans, mouse, rat and human as well as Drosophila (Hobert et al., 2004; Vogel 

et al., 2003). The sns locus was identified on the basis of its fusion defective 

phenotype. Sns mRNA and protein are specifically expressed in the FCMs of the 

somatic and visceral muscles.  In sns mutant animals, FCMs do not extend filopodia 

towards FCs, suggesting that recognition of myoblasts does not occur. In sns mutant 

FCMs are unable to migrate towards FCs, resulting in a defective muscle fusion 

phenotype, which is different from other fusion defective mutants such as myoblast 

city (mbc) and blownfuse (blow). In blow and mbc mutants myoblast attach to each 

other but fail to fuse. Thus, Sns seems to acts as a receptor for other molecule. 

Deletion studies have shown that a region of 166 amino acids with in the intracellular 

domain of Sns is essential for function during myoblast fusion. Recently, it has been 

shown that Sns is phosphorylated specifically on tyrosine residues and these tyrosine 

residues have an important role in restoring muscle fusion defect phenotype in sns 

mutants.  It is proposed that other proteins may interact with Sns through these 

sequences for muscle fusion process. Recent studies shows that Crk interacts directly 

with Sns and with the FCM-specific protein, Solitary (Sltr)/D-WIP (Kim et al., 2007; 

Massarwa et al., 2007).  

 

Dumbfounded/kin of Irregular chiasm C (Duf/Kirre) and Roughest/Irregular 

chiasmC (Rst/IrreC)  

Duf was identified in an enhancer trap screen by Michael Bate’s group (Nose et al., 

1998). Like Sns, Duf/Kirre encodes a member of the immunoglobulin superfamily of 

proteins. The ß-galactosidase expression in the enhancer trap line rP298 is confined to 

FCs of somatic and visceral muscles in the Drosophila embryo (Nose et al., 1998; 
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Ruiz-Gomez et al., 2000). Genetic deletion of duf/kirre and rst/irreC causes muscle 

fusion defects, and in these mutants, FCMs do not extend filopodia towards FCs 

suggesting that duf/kirre serves as an attractant for FCMs. Missexpression of 

Duf/Kirre causes FCMs to migrate toward sites of ectopic Duf/Kirre expression 

(Ruiz-Gomez et al., 2000).  

The fusion phenotype can be rescued by overexpressing Duf/Kirre in mesodermal 

tissues. Later, Fishbach’s group showed that the deficiency used by Ruiz-Gomez et al. 

not only deletes duf/kirre but also deletes another gene rst)/irreC located nearby 

(Strunkelnberg et al., 2001). In fact, removing only duf/kirre does not cause severe 

fusion phenotypes and muscles are normal, indicating that rst/irreC plays a redundant 

role. Furthermore, it has been shown that the expression of either Duf/Kirre or 

Rst/IrreC in the mesoderm is sufficient to rescue the phenotype (Strunkelnberg et al., 

2001). Roughest/IrreC protein is similar to Duf/Kirre, although in contrast to 

Duf/Kirre, Rst/IrreC is expressed in both FCs and FCMs.  

Hibris (hbs) 

Hbs is a transmembrane immunoglobulin-like protein that shows extensive homology 

to Drosophila Sns (Sns) and the human kidney protein Nephrin.  Hibris was 

indentified by two research groups in screens for differentially expressed genes in FCs 

and FCMs and second through database searches for IgSF members in Drosophila 

(Artero et al., 2001; Dworak et al., 2001). Hbs is expressed in embryonic visceral, 

somatic and pharyngeal muscles.  In the somatic muscles, Hbs is restricted to FCMs 

and is regulated by Notch and Ras signaling pathways (Artero et al., 2001).  

Given the structural similarities between Hbs, Sns, Duf/Kirre and Rst/IrreC, one 

would predict a very similar role. It has been shown that Hbs and Sns co-localize at 

the cell membrane of FCMs, although Hbs is not required for normal fly development 

and hbs mutants survive and become semi-fertile adults (Artero et al., 2001; Dworak 

et al., 2001). However, hbs mutant embryos show an increase number of unfused 

myoblast (Artero et al., 2001; Dworak et al., 2001).  

Intracellular Proteins involved in muscle fusion. 

Subsequent to recognition and adhesion of FCs and FCMs the intracellular signaling 

machinery must be activated for subsequent migration and fusion events to occur. To 
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date many genes have been identified and shown to be active as intracellular signaling 

components in response to extracellular signals. Some of these genes are discussed 

here. 

 

Figure 7:  Important molecules involved in myoblast fusion process.  Muscle FCs 
act as attractants for FCMs. FCMs are specified by the transcription factor 
Lameduck/Myoblast incompetent. The transmembrane receptors Duf/Kirre and Rst 
are expressed in FCs, while Sns and Hibris are expressed in FCMs. Duf/Kirre and Sns 
interaction via their extracellular domains is important to mediate myoblast fusion. 
Adaptor protein, such as Ants/Rols interact with Duf/kirre and Mbc. Duf/Kirre is also 
important for the recruitment of the Loner. Mbc activates the small GTPase Drac. 
Mef2 is also required for the differentiation of founder and fusion-competent cells 
((Chen and Olson, 2004) reproduced with permission from Science Direct). 

Myoblast city (mbc) 

Mbc was one of the first proteins in Drosophila to be identified as an essential 

intracellular component for myoblast fusion. Mbc mutant embryos are characterized 

by the absence of multinucleate muscle fibers and presence of unfused myoblasts and 

this phenotype is different than that of duf/kirre and sns mutants (Rushton et al., 

1995). In mbc mutants, myoblasts migrate but fail to fuse and it has been shown that 

these mutants have fewer prefusion complexes suggesting that it may have role in 

vesicle accumulation (Doberstein et al., 1997).   
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Antisocial (Ants) and Rolling pebbles (Rols) 

Ants/rols was identified independently in three labs in screens to identify genes 

involved in myoblast fusion. Ants/rols encodes an ankyrin repeat-, TPR repeat-, and 

RING finger-containing protein expressed in FCs and it is an essential component for 

myoblast fusion.  During fusion, Ants/Rols is recruited to membrane sites in a 

Duf/Kirre-dependent manner. These sites also contain D-Titin, which is involved in 

maintaining myotube structure and morphology. When Ants/Rols is absent or 

mislocalized, D-Titin is not longer found at the site of fusion. Ants/Rols interacts with 

the cytoplasmic domain of Duf/Kirre and with Mbc, and is thought to create a link 

between the initial event of myoblast attraction with the downstream events of 

myotube structural organization (Chen and Olson, 2001; Menon and Chia, 2001; Rau 

et al., 2001).  

Loner 

Chen et al. discovered a new gene called loner, encoding an ARF6 guanine nucleotide 

exchange factor (GEF), required for myoblast fusion. Expression of Loner increases 

in the mesoderm at the time of myoblast fusion and then declines when fusion is 

complete. Loner is specifically expressed in the FCs of somatic but not in visceral 

muscles and its recruitment to the sites of myoblast fusion is dependent upon 

duf/kirre. The loner phenotype can be rescued with full-length Loner, but not with 

Loner containing a catalytically inactive point mutation in the Sec7 domain or with a 

mutant lacking the PH domain required for membrane targeting (Chen et al., 2003).  

Genes known to be important for muscle fusion are summarised in the table 1. 
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Table 1: List of genes important for muscle fusion and development 

Gene Name Expression Domains Predicted function 

Alk FC, FCM MAM, LDLa, Kinase Receptor tyrosine 
kinase 

Jeb FCM LDL domain Secereted molecule  

Lameduck FCM Zing finger  Transcription factor 

Duf /Kirre FC Ig, TM, CD, PDZBD Cell adhesion 

Rst/IrreC FC, FCM Ig, TM, CD, PDZBD Cell adhesion 

Sns FCM Ig, TM, FN-III, 
PDZBD Cell adhesion 

Hbs FCM Ig, TM, FN-III, 
PDZBD Cell adhesion 

Ants/rols FC LM, RING, PL, AR, 
TPR and CC Adaptor molecule 

Mbc FC/FCMP SH3, GEF and CB Cytoskeleton 
component 

Loner FC CC, Sec7, GEF, IQ and 
PH 

Cytoskeleton 
component 

D-Titin FC/FCM Ig, FN-III, PEVK Cytoskeleton 
component 

Kette FC/FCM Not known Cytoskeleton 
component 

Blown fuse FCM PH Cytoskeleton 
component 

Rac1 FC/FCM GTpase Cytoskeleton 
component 

Scar FC/FCM SHD, PR, VCA Cytoskeleton 
component 

WASP Not known WH1, PIP2BD, GBD, 
PR, VCA 

Cytoskeleton 
component 

Sltr/WIP/Vrp FCM ProfBD, WH2, PR, 
WspBD 

Cytoskeleton 
component 

Sing FC/FCM Marval, TM Vesicle fusion 
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Metamorphosis and formation of adult muscle pattern 

During Drosophila metamorphosis almost all larval muscles degenerate and are 

replaced by a set of adult muscles (Bate and Rushton, 1993). The adult thoracic 

muscles are divided into the Direct Flight Muscles (DFMs) and Indirect Flight 

Muscles (IFMs). The IFMs are again divided into two groups, the Dorsal Longitudinal 

Muscles (DLMs) and the Dorso-Ventral Muscles (DVMS) (Fernandes et al., 1991). 

Each hemisegment contains one bundle of DLMS containing six fibers, and three 

bundles of DVMs. The DVMs are made up of DVM1 (3 fibers), DVMII (2 fibers) and 

DVMIII (2 fibers) (Fernandes et al., 1991). The IFMs are responsible for the 

movement of wings indirectly by deformation of the thoracic exoskeleton. The DLMs 

contract the thorax and thus function as wing depressors. The DVMs expand the 

thorax and acts  as  wing elevators (Figure 8). Adult somatic muscles are formed by 

the fusion of muscle precursors differentiated during embryogenesis and proliferated 

during larval stages.  The adult somatic muscles are different from larval somatic 

muscles, for example larval somatic muscle are made up of single fibers while adult 

muscle contain a group of fibers.  

 

Figure 8: Schematic figure showing Adult musculature. (Reproduced with 

permission from Atlas of Drosophila development. (Campos-Ortega and Hartenstein, 

1997))  

The flight muscle myofibril is composed of cytoskeletal network of contractile 

proteins, which are capable of generating power for Drosophila flight.  IFM fibers are 
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multinucleated and with many mitochondria and myofibrils. The myofibril is a 

complicated structure of many proteins filaments such as sarcomeres (Vigoreaux, 

2001). In IFM fiber thick filaments and thin filaments are arranged in a double 

hexagonal array and with a layer of actin filaments in between thick filaments. 

Sarcomeres contain orderly Z bands, M bands as well as a narrow I band. The process 

of myofibril assembly is a complicated and still poorly understood.  

Muscle attachment and tendon cell development 

The somatic muscle forms a network of muscle arranged under the epidermis. All 

somatic muscles are attached at both ends to epidermal tendon cells.  Muscles and 

tendon cells develop from different germ layers, the mesoderm and ectoderm, 

respectively. The initial patterning of each cell type takes place independently. After 

myoblast fusion, each syncytial muscle migrates and extends its leading edges in both 

directions towards the tendon precursor cells. The cytoskeleton network forms a 

bridge between the muscle and tendon cell via extracellular matrix (ECM) deposited 

between them. This architecture provides mechanical force for larval movement 

(Becker et al., 1997). 

It has been shown that differentiation of tendon cells takes place in two phases and the 

first phase is muscle independent and the second one is muscle dependent (Becker et 

al., 1997). The initial determination of tendon precursor identity is induced by 

ectodermal signaling and many segment polarity genes such as patched, naked, and 

wingless have been implicated in the differentiation of tendon precursors (Volk and 

VijayRaghavan, 1994). Tendon precursor cells are characterized by the expression of 

a transcription factor called stripe (sr) (Frommer et al., 1996).  Stripe activity is 

important for the determination of muscle attachment cell fate. Stripe mutant animals 

do not have epidermal attachment cells, resulting in to complete loss of somatic 

muscle network. Ectopic expression of Stripe leads to transformation of Stripe 

expressing cells into tendon cell and eventually attracting myoblasts (Vorbruggen and 

Jackle, 1997). This suggests that stripe is an important molecule in tendon cell 

differentiation. The precise attachment of a muscle to its attachment site is induced by 

positive muscle-dependent signals. It has been shown that mutant animals lacking 

muscles show loss of tendon specific markers including Stripe. On the other hand, 
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when muscles were produced ectopically by overexpressing Apterous, Stripe is 

induced in the those tendon cells, suggesting that muscle tendon interaction is 

required for the expression of tendon specific genes (Becker et al., 1997).   

 

Figure 9: Schematic showing Drosophila muscles and tendon interaction to the 

epidermis.  Tendon cells connect to muscles via extracellular matrix, a site of integrin 

function. The tendon cell contains 5-6 fibers of microtubules that reinforce this 

connection (Modified from (Grevengoed and Peifer, 2003)  and reprinted with 

permission from Science Direct). 

Stripe is regulated post transcriptionally by the RNA binding domain protein, Held 

Out Wings (How). How mutants maintain high Stripe expression in tendon precursor 

cells (Nabel-Rosen et al., 1999). Stripe mRNA stability is directly regulated by How 

activity. How has two splice variants How(Long) and How(Short). How(L) represses 

stripe mRNA levels by inducing its degradation and How(S) upregulates stripe 

mRNA level by inducing their stabilization (Nabel-Rosen et al., 2002). In tendon cells 

Stripe is expressed at low levels and How(L) is highly expressed and its expression is 

further induced by Stripe activity. How(S) expression begins in tendon cells in late 
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developmental stages. How(S) activity elevates the stripe mRNA levels (Nabel-Rosen 

et al., 2002). 

It has been shown that the Drosophila EFGR receptor plays an important role in 

tendon cell differentiation and in mutant animals markers of tendon cells such as 

Delilah and β1tubulin, are not expressed. The EGFR ligand Vein is not only required 

for tendon cell differentiation but it can also induce the expression of many tendon 

specific markers including Stripe, when over-expressed in ectoderm (Yarnitzky et al., 

1997). Thus, Vein acts as a muscle derived signal that activates the EGF-receptor 

signaling pathway in tendon cell and required for terminal differentiation of tendons 

(Yarnitzky et al., 1997).  It has been shown that Kakapo, an intracellular protein, 

involved in the mechanism responsible for the accumulation of the Vein expression 

between muscle and tendon cell after they are attached to each other. In kakapo 

mutant embryos, the localization of Vein at the myotendon junction site is more 

diffuse than normal and in turn, large numbers of tendon cell precursors undergo 

terminal differentiation (Strumpf and Volk, 1998). 

It is important to form stable adherence junctions between the muscle and tendon cell 

to attach the muscles to the epidermis and to resist force of muscle contraction 

(Prokop et al., 1998). The hemiadherence junctions formed at the myotendon sites are 

mediated by Drosophila integrin adhesion receptors. At the muscle side there is an 

αPS1βPS heterodimer and on the tendon cell side there is an αPS1βPS heterodimer. 

These receptors bind their respective ligands such as Tiggrin and Laminin (Brown, 

2000), which are major components of extracellular matrix at the myotendon junction. 

The ECM also contains other molecules such as M-spondin (Umemiya et al., 1997), 

Masquarade (Murugasu-Oei et al., 1995) and Vein (Strumpf and Volk, 1998). In βPS 

mutants, the muscles approach the tendon cells and form an initial contact but after 

initial muscle contraction, the muscles round up and detach (Leptin et al., 1989; 

MacKrell et al., 1988). 

Proteomic based approaches to study protein complexes 
 

Proteins have enzymatic, structural and regulatory functions to carry out the vast 

majority of biological processes in cells. They rarely work as monomeric units, but 
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rather interact with other proteins and form more stable or transient complexes. 

Protein-protein interactions take place at almost every functional level of the cell 

including the structure of subcellular compartments, the transport machinery across 

various biological membranes, the regulation of gene expression, and the transduction 

of intracellular signals. Any change in normal protein-protein interactions can 

potentially lead to disease and has become a major area of investigation in the post 

genomic era.  

Whole genome protein-protein interaction screens have been conducted in yeast 

(Gavin et al., 2002) and the nematode C. elegans (Reboul et al., 2003) using yeast two 

hybrid approaches and using TAP tag methods. The Drosophila protein interaction 

map has also been published where more than 7,000 proteins were analyzed using 

yeast two hybrid approach (Giot et al., 2003). This map contains 4,780 interactions to 

create a higher confidence interaction map. As with other high throughput screens, 

genome wide proteomics experiments generate a high percentage of false positives, 

while at the same time providing important clues about possible interactions. 

Elucidating molecular interactions is one of the major tasks of molecular biology in 

the post genomic era. Earlier the challenging task in protein analysis was protein 

identification and relatively large amounts of protein were required for their 

identification but nowadays protein identification by mass spectrometry is very 

sensitive and requires small amounts of protein (Mann et al., 2001). Conventionally, 

protein complexes were purified using classical biochemical methods. These methods 

are time consuming, requiring large amount of tissues or cells for identification of low 

abundance protein complexes and involved many steps which could lead to disruption 

of the protein complexes. Recent advances in the development of affinity purification 

and epitope tagging methods significantly reduces the time and cost of purifications 

(Fritze and Anderson, 2000). Adding suitable peptides such as His6X tag, TAP tag, 

myc Tag etc, modifies target proteins to be suitable for different purification methods.  

There are currently many different affinity purification tags available (Terpe, 2003), 

allowing for high-efficiency purification. Currently some of the most commonly used 

methods are co-immunoprecipitation, epitope-tagging, tandem affinity purification 

method (TAP) and GST pulldowns. 
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Aims of the thesis 
 

The aims of this thesis were to study Jeb-Alk signaling and identify downstream 

targets of the Receptor Tyrosine Kinase Anaplastic Lymphoma Kinase (Alk) 

signaling cascade in Drosophila melanogaster during muscle development. More 

specifically goals were to: 

 

• Characterize genes expressed in visceral muscle FCs and FCMs. 

• Identify genes regulated by Jeb-Alk signaling. 

• Study the role of downstream genes during muscle development. 
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Results and Discussion 

Jeb signals through the Alk receptor tyrosine kinase to drive visceral 
muscle fusion (Paper I) 

 
Jeb is a ligand for Drosophila Alk 

Weiss et al., 2001 initially showed that the Jeb protein is produced by somatic 

mesoderm. However in jeb mutants, the somatic muscle appears normal but there is 

no differentiated visceral muscle. Thus, Jeb function in one cell type is required for 

the development of other cell type. How does this work? Weiss et al. suggested that 

Jeb is a signal secreted by somatic muscle progenitors and required for visceral 

muscle development (Weiss et al., 2001). They presented a number of other findings 

that support the idea of a secreted signal. They observed Jeb protein in the visceral 

mesoderm as well as in the somatic mesoderm, and this association of Jeb with 

visceral mesoderm was reduced or absent in shibire mutants. Shibire is required for 

clathin-mediated endocytosis, suggesting that Jeb enters visceral cells via a receptor, 

which is also consistent with the punctate expression pattern of Jeb in visceral 

mesoderm. In jeb mutants there is no differentiated visceral muscle. This phenotype is 

reminiscent of the midgut phenotype found in Alk mutants (Lorén et al., 2003). 

We wished to identify which event in the development of the gut is affected? 

Differentiated visceral muscles of the midgut are composed of a network of circular 

and longitudinal muscle fibers. The circular visceral muscles express the Alk RTK. 

They develop from eleven clusters of cells along each side of the embryo that derive 

from part of the Eve domain of each segment defined by the intersecting A–P and D–

V cues described earlier. The specified circular visceral muscle progenitors are 

developed as clusters of cells expressing maker genes such as bin, bap, and tin. The 

cells in these clusters move internally and then migrate longitudinally to form a 

continuous band and express a differentiation marker, the immunoglobulin domain 

adhesion molecule Fasciculin III (Fas III).  At this stage, two populations of cells can 

be seen, columnar FCs and adjacent FCMs.  Confocal analysis of Alk and jeb mutants 

shows that both mutant animals lack FCs. These cells subsequently fuse with adjacent 

FCMs and elongate to form the midgut.  Since it has been shown earlier that Jeb is a 

secreted molecule and based on similar phenotype, we speculated that Jeb could be 
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taken up by Alk positive neighboring FCs in the VM. If this is the case then Jeb 

uptake should be affected in Alk mutant animals.  It has been shown that the ventral 

most cells to the Alk positive cells are Jeb expressing cells. A clear colocalisation at 

the site of contact between Jeb positive somatic muscle precursors and Alk positive 

visceral mesoderm clusters is observed. The visceral mesoderm clusters responds to 

Jeb signal and differentiate into column like FCs. Both Alk and jeb mutant animals 

show complete absence of FCs.  In Alk1 mutant animals, which contains a truncation 

and has no functional domains, Jeb colocalisation is not observed suggesting that Alk 

functions as a receptor for the Jeb.  If Jeb is a ligand for Alk, these proteins must 

interact and we find that Jeb co-immunoprecipitates with the endogenous Alk RTK, 

and this is dependent on the extracellular domain of Alk. Finally, a direct binding of 

Jeb and Alk was observed, both by direct enzyme-linked immunosorbent assay 

(ELISA) analysis and by sandwich ELISA. Thus, Alk seems to function as the 

receptor, or part of a receptor complex, for Jeb. 
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The bHLH transcription factor Hand is regulated by Alk in the 
Drosophila embryonic gut (Paper II) 

Drosophila Hand represents the single Drosophila ortholog of the vertebrate dHand 

(76% identity) and eHand (69% identity in the bHLH domain) proteins involved in 

heart formation (Srivastava et al., 1995). Drosophila hand expression begins at stage 

11 of embryonic development in bilateral stripes in the ventral mesoderm. It continues 

to be expressed in two tissues derived from this mesoderm, the dorsal vessel (heart) 

and the circular visceral musculature. We wished to examine its expression in circular 

visceral muscles in more detail. We used the FC specific rP298lacZ reporter line to 

examine hand expression in vivo using fluorescent in situ hybridization. hand mRNA 

showed an overlapping expression pattern with rP298lacZ in FCs, and no expression 

in other cell types, such as the FCMs.  

Given the expression pattern of hand in FCs, we wished to analyse hand expression in 

the developing visceral mesoderm of Alk mutants. Alk mutant animals display a 

complete block in the specification of the FC type, due to the lack of activation of the 

Jeb-Alk signal transduction pathway required for this cell population to be generated 

(Englund et al., 2003; Lee et al., 2003; Stute et al., 2004). hand expression is absent in 

developing visceral mesoderm in both Alk and jeb mutant embryos. Importantly, hand 

expression was unaffected in heart tissue in Alk and jeb mutants. Thus, hand 

expression in the visceral mesoderm founder cells is absent in Alk and Jeb mutants, 

suggesting that the hand gene is a downstream target of the Alk signaling pathway in 

vivo. 

Since in both Alk and Jeb mutants FCs are completely absent, it is difficult to 

conclude that Jeb-Alk signaling actively drives hand expression in vivo. In order to 

address this issue, we overexpressed the secreted Jeb ligand, under the control of the 

inducible Gal4-UAS system. Upon overexpression of the Jeb ligand, all Alk-

expressing cells in the visceral mesoderm are converted to FC, as evidenced by the 

expansion of duf/kirre expression. A similar expansion of expression was also 

observed for hand, with expression now being no longer restricted to a row of FCs, 

but being generally expressed in all cells of the visceral mesoderm. Once again, we 

saw no evidence for a role of Alk in the regulation of hand in the developing heart, 

since expression of the hand gene in heart was unchanged upon ectopic expression of 
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Jeb ligand. Taken together, these results suggest that activation of Alk in the visceral 

mesoderm drives hand expression in the visceral mesoderm FCs. 

We were interested to examine whether Hand function is required for visceral 

mesoderm cell fate specification or fusion. In order to investigate a possible role for 

hand in the visceral mesoderm development, we employed an existing deficiency 

Df(2L)Exel7046. This deficiency uncovers 69.99 kb which spans 16 genes including 

hand. We wished to investigate whether the specification of FCs occurred correctly in 

the absence of the Hand bHLH transcription factor. Embryos mutant for hand were 

stained with anti-Alk antibodies, which mark both FCs and FCMs in the visceral 

mesoderm. We were unable to see any defects in the specification of Alk-positive 

circular visceral muscle progenitor cells in the absence of Hand function. From this 

analysis we could further observe that FCs in hand mutants are apparently specified 

correctly in terms of their general morphology. The differentiation of visceral muscles 

was further analysed using the FasIII, which is a marker for differentiated visceral 

mesoderm as the midgut forms. In agreement with our previous results we found that 

differentiation of visceral muscles appears normal with respect to FasIII expression. 

Recently, Lo, et al. confirmed our observations that Hand is not required for 

embryonic muscle development and they have shown that the hand gene is required 

for remodeling of the midgut during later metamorphosis (Lo et al., 2007). There are 

several obvious candidates for molecules which may regulate the transcription of the 

hand locus in response to Alk activation such as  (i) ERK, which is known to be 

activated in response to Jeb/Alk signaling (ii) bin, a FoxF forkhead domain protein 

and, and (iii) Bagpipe (Bap), a NK homeobox protein which are known to be 

important for visceral gut development.  Popichenko et al. have recently described the 

identification of regulatory regions in the hand gene essential and sufficient for the 

expression in the visceral mesoderm during embryogenesis. They found that hand 

expression in the circular visceral mesoderm is abolished in embryos mutant for bin. 

Furthermore, they showed that bin regulates hand expression by direct binding to a 

300 bp sequence element, located within the 3rd intron of the hand gene (Popichenko 

et al., 2007). 
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Mutation of the Drosophila bHLH transcription factor Delilah results 
in a held out wing phenotype suggesting a role in myotendonous 
junction formation (Paper III) 

In this report we have analyzed the basic helix-loop-helix transcription factor Dei. Dei 

was originally identified as a binding partner of E12 protein and it was shown to 

expressed in tendon cells (Armand et al., 1994). Later, dei has been predicted to be a 

FCM specific gene in microarray screens carried out to investigate differentially 

expressed genes in FC and FCM (Artero et al., 2003). Dei has been shown to be 

regulated by vein-EGFR signaling (Yarnitzky et al., 1997), however, the function of 

Dei itself has not been studied in vivo.  

In this paper we describe deiGV mutants and study its role in visceral and somatic 

muscle development. DeiGV mutants are homozygous viable and display an adult held 

out wing phenotype. While the deiGV mutants we have generated here do not delete 

the entire coding region of dei, our in situ analysis has shown that dei mRNA is not 

transcribed in the deiGV mutants. Data from crossing deiGV mutants to a deficiency 

uncovering the region suggest that our deiGV mutant is not a null mutant of the dei 

locus, since the observed phenotype is more severe.  

We have also idenitifed a mutant allele – known as taxi wings (taxi) - on the third 

chromosome that shows an identical phenotype to the deiGV mutant allele. Our 

complementation analysis indicates that taxi is indeed a dei allele. However, we were 

unable to identify a molecular lesion in the coding sequence of dei in the taxi mutant. 

We suggest that the taxi mutation may reside in the dei promoter region and need 

further sequencing efforts in this region. Recently, two genome wide ChIP-Chip 

analyses, carried out with two early trasnscription factors biniou and mef2, have 

identified putative binding sites for these transcription factors in the 5’ upstream 

region of dei gene suggesting that this area of the regulatory region might be 

important for dei expression. We hypothesize that mutation in this region might 

disrupt normal dei function, and this is also supported by the fact that deiGVmutants 

lacking upstream regulatory regions display a held out wing phenotype. 
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The deiGV mutant phenotype is also supported by our inducible RNAi experiments, 

which shows similar held out wing phenotype when crossed to muscle specific drivers 

such as apterous-Gal4, actin5C-Gal4 or how24B-Gal4.  It has not determined whether 

RNAi creates complete knock down and thus creates a null phenotype.  

As discussed earlier, the dei regulatory region contains biniou and mef2 binding sites 

leading us to investigate whether these trancription factors are required for dei 

expression pattern. Here we show dei is transcriptionaly regulated by mef2 and biniou. 

Further studies are required to support this result, potentially by creating mutations in 

these binding sites and investigating dei expression.  

Given its expression in the visceral mesoderm, we investigated Dei function in the 

visceral mesoderm. Our results do not show any obvious phenotype in the 

specification of FCs, FCMs and eventual fusion process. Earlier, we have shown 

similar results with another FC specific bHLH transcription factor Hand (Varshney 

and Palmer, 2006). It is possible that two bHLH transcription factors works together 

after fusion and this can be addressed by creating a double mutant for both hand and 

dei. 

As dei is expressed in somatic muscles, we investigated embryonic somatic muscles 

and larval muscles. We do not observe any obvious muscle related phenotype in 

embryos and larvae suggesting dei might function in adult muscles. deiGV  adult flies 

display severe wing blisters. It is known that mutation in the integrin subunits result in 

a failure of cell adhesion between two epithelial layers, as seen in viable alleles of 

inflated and myospheroid (Brabant and Brower, 1993; Brower et al., 1995). We have 

analysed intrgrin localization in deiGV/Df(3R)ED6232 mutant animals, and find that 

concentration of βPS integrin at muscle attachment sites in embryos is delayed. 

However, this effect is not translated to the larval muscles, where a normal attachment 

and integrin localization is observed. It has been shown that hypomorphic alleles for 

myospheroid (mysnj42) also display a held out wing phenotype and are unable to fly. 

Histological analysis of these mutants shows defects in mesothoracic indirect flight 

muscle (de la Pompa et al., 1989; Wilcox et al., 1989).  In addition, mutation in a 

RNA binding gene how, has also been shown to have held out wing phenotype with 

blisters (Baehrecke, 1997; Lo and Frasch, 1997). Since, deiGV mutants also show such 
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a phenotype, future work should be address indirect flight muscle development and 

tendon cell differentiation in these mutants. 
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Analysis of the bHLH transcription factor Delilah protein 
interactome in Drosophila with tandem affinity purification-mass 
spectrometr (Paper IV) 
 

Delilah is a bHLH transcription factor expressed in visceral muscles, somatic muscles 

and tendon cells (Armand et al., 1994; Artero et al., 2003). We have shown that dei 

mutant display held out wing phenotype (Varshney et al., Manuscript III in this 

thesis).  It has been shown that Dei protein interacts with number of other proteins 

based on genome wide yeast two-hybrid screen (Giot et al., 2003). We wished to 

complement this data with an independent approach, employing affinity purification 

methods followed by mass spectrometry. We used the UAS/Gal4 system to over 

express a TAP tagged Dei protein (NTAP-Dei) using the apterous-Gal4 driver. We 

have previously shown that over expression of Dei results in a held out wing 

phenotype. Flies displaying held out wings were subjected to NTAP-Dei purification 

followed by mass spectrometry analysis.  

Mass spectrometry analysis of NTAP-Dei associated proteins identified 8 putative 

binding partners of Dei. α-Actinin is one of the identified proteins in the Dei 

complex, and this protein has previously been shown to be important in myofibrillar 

assembly (Fyrberg et al., 1990). In additon CG6441 and CG5726 were identified, and 

these are predicted as binding partners of Esg, which is predicted to bind 

Thromospondin (Tsp). These are of interest since tendon cells produce Tsp, and it has 

been shown that it is required for the formation of the integrin-mediated 

myotendinous junction. Both CG6441 and CG5726 are perfect candidate for further 

analysis in tendon cell development in the context of Dei function. Other proteins 

identified from this analysis include CG17654. CG17654 is also predicted to interact 

with muscle related proteins such as Actin5C and Mes2. In summary, the analysis 

performed here has identified several putative Dei interacting protein and their 

function needs to be investigated in vivo. Given the dei RNAi phenotype in adults, it 

would be interesting to test these candidates by RNAi analysis in future. 

 

Recently, a new version of TAP, GS-TAP has been tested in flies. GS-TAP contains 

includes two Protein G modules and a streptavidin binding peptide (SBP), separated 
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by one or two TEV protease cleavage sites (Kyriakakis et al., 2008).  This method 

reported up to 10-fold increase in the yield with this Tag compared to protein A based 

yeast TAP. The original yTAP has poor cleavage of tagged proteins from IgG beads 

and this new tag has two TEV cleavage site which has been shown important for 

efficient elution (Kyriakakis et al., 2008). It would be potentially interesting to repeat 

this analysis with this new tag see whether it could isolate some new Dei interacting 

proteins. 

  



  49 

 

Mutational analysis of the fusion competent myoblast specific E3- 
ligase Goliath in Drosophila melanogaster (Paper V) 
 

Drosophila muscles are developed from the fusion of two different cell types FCs and 

FCMs. Several molecules have been implicated in the development of muscle 

progenitors and the process of myoblasts fusion including Jeb and Alk (Englund et al., 

2003; Lee et al., 2003; Stute et al., 2004). Both cell types are expected to have 

different set of gene expression profiles. Two independent microarray screens have 

identified genes that are differentially expressed in the FCs and FCMs. Apart from 

this, we indentified several other FC and FCM specific molecules based on searches 

of the BDGP gene expression database (Tomancak et al., 2002). We tested and 

confirmed the expression pattern of a subset of candidates by in situ hybridization. 

One of these was goliath (gl), which was expressed in FCMs. 

Gl has been previously cloned and identified as a mesoderm specific gene (Bouchard 

and Cote, 1993; Cote et al., 1987) but has not been studied in detail. The gl locus 

encodes two isoforms - Goliath-PA and Goliath-PB - which are 461 and 601 amino 

acids respectively. Our sequence analysis shows that Gol protein contains a unique 

domain architecture with a signal peptide, a protease associated domain, a RING 

domain and a transmembrane domain suggesting it to be a membrane bound protein. 

The RING domain of Gol belongs to the C3H2C3 based on conserved cystine and 

histidine residues. The C3H2C3 type RING finger function as E3 ligase. The RING 

domain is well conserved among vertebrates and other species and is thought to be 

important for degradation of protein complexes via the ubiquitination pathway. We 

found another gl homologue, CG10277 on the third chromosome of Drosophila 

melanogaster, which shows similar domain architecture with 100% identity in the 

RING domain.  

The expression of gl was investigated by fluorescent in situ hybridization. We used a 

FC specific reporter line rP298lacZ, which reflects the expression pattern of the FC 

specific protein Duf/kirre. In agreement with earlier report we found gl to be 

expressed in the FCMs of visceral muscles and somatic muscles. This is interesting, 

as it has been shown that FCs contain a different type of RING family E3 ligase, 
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Mindbomb2 (Carrasco-Rando and Ruiz-Gomez, 2008; Nguyen et al., 2007), 

suggesting that both cell types contain specific regulators of the ubiquitination 

machinery.  

We generated gl mutants by FLP/FRT mediated recombination. Gl mutants were 

lethal at embryonic stage and we found that while deleting gl, we also deleted three 

tRNA genes encoding Ala anticodons. We speculated that this might cause lethality, 

and indeed we were able to rescue the gl mutant lethality with a tRNA genomic 

rescue construct. The rescued flies do not have any obvious phenotype and are fertile. 

We were surprised to find that glGV:tRNAgenomic resuce  flies  do not have any obvious 

phenotype in visceral muscles and somatic muscles. This led us to think about 

redundant function of gl. A redundant role of an E3 ligase cullin has been described in 

Arabidopsis (Figueroa et al., 2005). Since the Drosophila geneome contains a second 

gl homologue - CG10277 – we decided to generate deletion mutants in the CG10277 

locus. This deletion takes out three additional genes as well as CG10277 and is lethal.  

However, again we did not find any obvious muscle phenotype.  In order to rule out 

redundancy with gl, it will be necessary to generate double mutants with CG10277 for 

further analysis. 

In conclusion, we have shown that the three tRNAs genes encoding Ala anticodons 

are required for fly viability. We have shown that gl is not critical for muscle 

development. Furthermore, we have generated mutants for the gl homologue 

CG10277, which also did not show any obvious muscle phenotype. Future work with 

a gl;CG10277 double mutant is needed to define a role for this unique family of 

proteins in muscle development. 
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Conclusions 
 

• We have shown that the secreted molecule Jelly Belly (Jeb) binds to the 

receptor tyrosine kinase Alk and acts as a ligand  (Paper I). 

• A FC specific bHLH transcription factor Hand has been identified as a 

transcriptional target of Jeb-Alk signaling in the visceral muscle. Hand is not 

required for the development of visceral mesoderm (Paper II). 

• Mutations in the bHLH transcription factor delilah result in a held out wing 

phenotype. dei has shown to be regulated by early muscle specific 

transcription factors bin and mef2. A new allele of dei, taxi has been identified. 

The localization of β-PS integrin is delayed in dei mutant animal embryos, but 

not larvae. Given the lack of developmental defects in embryonic and larval 

muscles, we suggest a possible role of Dei in adult muscle and tendon cell 

development (Paper III). 

• Novel putative interacting partners for Dei have been identified by Tandem 

affinity purification and mass spectrometry analysis (Paper IV). 

• A FCM specific gene goliath, encoding a putative RING domain containing 

E3 ligase, has been identified. Mutation of the goliath locus does not result in 

any obvious muscle phenotype suggesting a possible redundant role, with the 

related CG10277 gene product (Paper V). 
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