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Abstract 
 

The Drosophila melanogaster gene Anaplastic Lymphoma Kinase (DAlk) is 
homologous to mammalian Alk, which is a member of the Alk/Ltk family of 
receptor tyrosine kinases (RTKs). In humans the t(2;5) translocation involving the 
Alk locus encodes an active form of Alk that is the causative agent in Non-
Hodgkin’s Lymphoma (Morris et al., 1994). Alk has also been associated with 
other cancers such as inflammatory myofibroblastic tumours (IMTs). The 
physiological function of the Alk RTK has not been described in any system until 
very recently, and is still not defined in vertebrates.  
The molecular similarity between Drosophila Alk and mammalian Alk suggested 
that mutation of Alk in flies may affect similar functional and developmental 
processes, and thus lead to some understanding of Alk function in vivo. 
 
By employing an EMS mutagenesis screen we were able to obtain loss-of-function 
mutants in the Drosophila DAlk gene. Eleven independent DAlk mutants were 
identified and characterized. DAlk is normally expressed in the developing gut and 
in the CNS. DAlk mutant animals have a lethal phenotype and die at late embryonic 
stages or as 1st instar larva. In DAlk mutant embryos there is a complete failure in 
the development of the midgut whereas the CNS appears normal. The midgut 
consists of visceral musculature that is syncytial and is formed by fusion of 
multiple myoblasts. This is a dynamic process where two types of myoblasts, i.e. 
fusion-competent-myoblasts and founder-cells that function as seeds for muscle 
formation, fuse. In DAlk homozygous embryos there is no founder cell 
specification, which explains the failure of midgut formation in these embryos.  
 
Recently a novel secreted molecule Jelly Belly (Jeb) was identified. Jeb is 
expressed in the tissue neighbouring the DAlk expressing cells of the developing 
visceral mesoderm. Jeb mutant embryos show a phenotype that is similar to that of 
DAlk mutant embryos. We have been able to show that Jeb is the ligand for DAlk 
in the developing visceral mesoderm and that Jeb binding stimulates a DAlk driven 
ERK signaling pathway. This leads to the expression of Dumbfounded (duf)/kin of 
Irregular-chiasm-C (kirre), a founder-cell specific immunoglobulin that has an 
important role in myoblast aggregation and fusion. 
 
The functional Drosophila midgut is made up of the visceral muscle that encircles 
the endodermal tube. This tube formation includes migration of cells originating in 
the anterior and posterior parts of the embryo, first along the anterior-posterior axis 
using the visceral mesoderm as a template, then dorsally and ventrally. In DAlk 
mutant embryos there is no visceral muscle fusion and both the visceral mesoderm 
and the endoderm fail to undergo dorsal-ventral migration.  
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Abbreviations 
 

ALCL  Anaplastic Large Cell Lymphoma 

ALK  Anaplastic Lymphoma Kinase 

AMG  Anterior midgut primordia 

ATP  Adenosine Tri-Phosphate 

EMS  Ethylmethanesulphonate 

ERK  Extracellular signal-regulated kinase 

GEF  Guanine nucleotide exchange factor 

GTP  Guanosine triophosphate 

JEB  Jelly Belly 

JNK  Jun-N-terminal kinase  

LDLa          Low-density lipoprotein 

LTK  Leukocyte tyrosine kinase 

MAM  (meprin A-5 protein and receptor protein tyrosine phosphatase mu) 

MAPK   Mitogen activated protein kinase 

MK  Midkine 

NRTK  Non-Receptor Tyrosine Kinase 

PI3K  Phosphatidyl-inositol-3'-OH-kinase 

PMG  Posterior primordia 

PTB  Phospho tyrosine binding domain 

PTK  Protein Tyrosine Kinase 

PTN  Pleiotrophin 

RTK  Receptor Tyrosine Kinase 

SH2  Src homology-2 domain 

SH3  Src homology-3 domain 

v-Src  viral-Src 

c-Src  cellular-Src 

UTR  Unstranslated region 
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Introduction 
 

The fruitfly Drosophila melanogaster. 
 

History 

Drosophila melanogaster is a fruitfly that has been used as a model organism since 

the beginning of the last century. At the Columbia University T.H. Morgan in his 

famous “Fly room” was joined by three students; A.H. Sturtevant, C.B. Bridges 

and H.J. Muller. Together they formulated a chromosome theory of heredity that 

won Morgan the Nobel Prize 1933. In 1913, Sturevant showed that genes are 

arranged in a linear order and in 1914-1916, Bridges showed that chromosomes 

contain genes. Two years later H.J. Muller introduced the first balancer 

chromosomes. These are chromosomes carrying multiple inversions that allow 

stable inheritance of lethal mutations in a heterozygote manner that does not 

require selection. H.J. Muller later won the Nobel Prize (1946) for the discovery 

that X-rays induce mutations including chromosomal rearrangements. T.S. Painter 

published the first physical mapping of chromosomes in Drosophila 1934. These 

maps were refined by Sturevant in the following years and to such a fine degree 

that they were still used until very recently. The usage of X-rays to generate 

chromosomal damage was later shown to induce duplications and deletions, a fact 

used by D.L. Lindsey, L. Sandler and co-workers to generate the first set of 

duplications and deletions spanning the major autosomes in the 1970s. During 

1973-1975 Hogness laboratory carried out the first cloning of eukaryotic DNA, 

they obtained the first random clones from Drosophila and managed to map a 

cloned DNA segment to a specific chromosomal location. During the last 30 years 

progress in Drosophila research has literally exploded. The genome wide 

mutational screen for genes involved in fundamental processes during embryonic 

development published in 1980 by C. Nusslein-Volhard and E. Wieschaus led to 

the discovery of genes involved in most major signaling pathways, and also won 

the authors the Nobel Prize in 1995. In 1981 the first transgenic fly was made and 
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used to rescue the phenotype of a mutated gene. This initiated several technical 

advances, which made life a lot easier for the Drosophila scientist. Examples 

include the use of enhancer traps to screen for genes based on their expression 

pattern, large scale insertional mutagenesis with transposable elements (P-

elements), site-specific recombination and the two component Gal4/UAS system, 

published in 1993, that is used for controlling ectopic gene expression.  

 

Drosophila as a model system.  

There are many good reasons for using Drosophila as a model system. Part of the 

reason people work on Drosophila is historical, since so much is already known 

and there are many excellent techniques and tools available. A great advantage is 

that it is a small animal, with a short life cycle of only ten days, and it is cheap and 

easy to keep in large numbers. Mutant flies, with defects in any of several thousand 

genes are available, and the entire genome was sequenced and reported in March 

2000 (Rubin and Lewis, 2000), adding another key element to the geneticists 

toolbox. The Drosophila genome is ∼180Mb (120Mb is euchromatin), contains 

∼14 000 genes (compared to an estimated number of 30 000 in humans) and is not 

as complex as in mammals. Consequently there is less problems with redundancy 

when studying gene function in Drosophila as compared to mammalian systems. A 

with all model organisms Drosophila also has some drawbacks, for example fly 

stocks can not be permanently stored by freezing. This is a problem since fly stocks 

can be genetically altered by time and it is not possible to preserve the original 

phenotype. Additionally, techniques for homologous recombination  to knockout 

genes are-although possible-not yet routine .  

 

 

Development of the Drosophila embryo.  

Drosophila embryogenesis takes about 24 hours and has been subdivided into 17 

developmental stages (Fig 1) (Campos-Ortega and Hartenstein, 1997). Throughout 

the 17 stages the embryo develops complex structures such as gut and CNS 
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(Hartenstein, 1993). During the first developmental stages the embryo consists of 

one cell with many nuclei, a syncytia. By stage 5 the nuclei have moved out to the 

periphery of the embryo and start to be encapsulated by ingrowing cell membranes 

and the cellular blastoderm forms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig 1. Illustration of the different embryonic developmental stages. The embryo starts as a 
syncytia with no obvious structures. During the 17 developmental stages complex 
structures such as a gut and nervous system will develop (Fig from (Hartenstein, 1993), 
CSHL Press). 
 

Gastrulation starts at stage 6 by the formation of the ventral furrow, which leads to 

the invagination of the future mesoderm. During gastrulation cells on the outside of 

the embryo move inwards resulting in the formation of the three germlayers; the 
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ectoderm, endoderm and mesoderm. The ectoderm forms the nervous system and 

the epidermis. The endoderm will form the midgut epithelia and originates from 

two separate cell masses in the anterior and posterior ends of the embryo. These 

cell masses will migrate first along the anterior posterior axis and then dorsally and 

ventrally to form the tube-like structure of the midgut. The internalized 

mesodermal cells will continue to proliferate and spread under the ectoderm to 

form a monolayer of cells along the whole of the length of the embryo. From stage 

12 the mesoderm will be organized to form somatic and visceral muscle, heart and 

fat body. During germband extension (stage 8–11), the germband consisting of the 

ectoderm and mesoderm is elongated, a movement resulting in the tip of the 

germband being pushed first upward and then towards the anterior region of the 

embryo. Germband extension is followed by germband retraction (stage 12-13), an 

event where the germband is shortened.  During stage 14-15 the embryo goes 

through dorsal closure, closure of the midgut and head involution. By stage 16-17 

the last differentiation steps take place and the embryo secretes the cuticle from the 

epidermis.   
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The kinome. 
Protein kinases mediate most of the signal transduction in eukaryotic cells as well 

as controlling cellular processes like transcription, metabolism, migration, 

proliferation, differentiation and apoptosis. The protein kinase family is among the 

largest of the protein families making up almost 2% of the eukaryotic genome. 

Comparison of the kinase chromosomal map with known disease loci shows that 

164 kinases map to regions associated with tumours and 80 kinases map to regions 

associated with other major diseases such as diabetes, schizophrenia and 

osteoarthritis.  

 

The function and structure of the family of protein kinases is highly conserved 

throughout the phylogenetic tree. This makes it possible to make cross-species 

analysis of function, especially of human kinases in more simple models systems 

like Drosophila melanogaster. In order to make it easier to study kinase function in 

different model systems, an extensive effort has been made to catalogue and 

compare the kinases of different metazoan in the kinome project (Caenepeel et al., 

2004; Manning et al., 2002a; Manning et al., 2002b). 

 

The kinome has been divided into groups, families and subfamilies. Comparison of 

the genomes of yeast, worm, fly and human reveal that 51 of 209 kinase sub-

families are shared within the kinomes of these species. These are thought to be 

kinases essential for the eukaryotic cells existence. In addition 93 subfamilies are 

present in worm, fly and human indicating that these evolved early in metazoan 

evolution. 98% of the human kinases have orthologs in mouse. There are no fly-

specific kinase families and the 21 families found in fly can also be found in 

human. More specifically 90 tyrosine kinases can be identified in human whereas 

Drosophila has only 32 tyrosine kinases of which 21 are predicted to be RTKs 

(Manning et al., 2002a).  
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Protein tyrosine kinases (PTKs). 

Tyrosine phosphorylation was first described in 1980 (Hunter and Sefton, 1980). 

At the time it was generally thought that kinases phosphorylate only serines and 

threonines, but in their report Hunter and Sefton showed that the product of the 

viral onco-gene v-src was phosphorylated on tyrosines. The specific reaction that 

the RTKs catalyse is the transfer of the γ phosphate of ATP to the hydroxyl group 

of a tyrosine in the substrate. V-Src and c-src were the first onco/proto-onco gene 

couple to be identified.  The tyrosine kinase family can be further divided into non-

receptor tyrosine kinases (NRTKs) and receptor tyrosine kinases (RTKs) and both 

groups have been associated with the onset/progression of cancers. 

 

 

The nonreceptor tyrosine kinase Src as a model for tyrosine kinase 

structure. 

The Src-family of kinases is the largest subfamily of NRTKs. This family of 

NRTKs plays critical roles in eukaryotic signal transduction. The Src family 

members share a common regulatory mechanism but differ in cellular expression 

and localisation (Sicheri and Kuriyan, 1997). 

 

In 1997 Sicheri and Kuriyan solved the crystal structure of the Src family kinase 

Hck in its inactive state (Sicheri et al., 1997). Since the catalytic domain of 

different kinases is so highly conserved, the Hck structure together with the 

subsequent structure of Lck in an active state have allowed us to better understand 

the mechanisms for kinase activation and regulation. In general, structural analysis 

of the catalytic domain of different kinases has revealed that they adopt a very 

similar conformation when activated whereas the conformation of the inactive state 

varies. Src kinases contain a Src homology-2 (SH2) domain, a Src homology-3 

(SH3) domain and a catalytic domain. The catalytic domain is divided into a N-

terminal and a C-terminal lobe. The SH2 and SH3 domains serve dual functions in 

regulating the activity of Src kinases. 
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Fig 2. In the inactive state the activation-loop (A-loop) of the kinase domain is restricted by 
intramolecular bindings. Upon activation these restrictions are released and the A-loop 
undergoes a conformational change.  This opens up the catalytic cleft and allows catalysis 
of the kinase substrate (fig from (Schindler et al., 1999), Cell press). 
 

In the active form these domains are responsible for targeting the Src proteins to 

specific sites containing phosphotyrosine residues or Pro-X-X-Pro motifs, which 

bind the SH2 and SH3 domains. In the inactive form the SH2 binds pTyr-527 of 

the C-terminal tail and SH3 binds the linker between the SH2 domain and the  

N-terminal lobe. Upon ligand binding or dephosphorylation of the Tyr-527 the 

intramolecular bindings are relieved and inhibitory structure of the A-loop broken 

(Fig 2.). This results in conformational change and autophosphorylation of  

Tyr-416, which stabilizes the active conformation of the A-loop. This 

conformational change opens up the catalytic cleft and exposes different residues 

that are involved in the orientation of the MgATP for phosphorylation of the 

substrate as well as allows for substrate binding (Sicheri et al., 1997; Yamaguchi 

and Hendrickson, 1996). Several glycines in the ATP binding loop, a glutamic acid 

that is responsible for stabilizing the catalytic lysine and the α and β phosphates of 

MgATP in the α-helix C, and a DFG amino acid triplet that is responsible for 

orienting the γ phosphate of MgATP for transfer to the substrate in the activation 

loop are absolutely conserved residues within the catalytic domain of the kinases. 
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Receptor Tyrosine Kinases (RTKs). 

RTKs and their signaling pathways play central roles in embryonic development 

and for adult tissue maintenance and regeneration. The RTK family includes 

receptors for several growth factors ex epidermal growth factor (EGF), insulin-like 

growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), fibroblast growth 

factor (FGF), vascular endothelial growth factor (VEGF) and insulin. The growing 

list of processes regulated by these receptors across the phylogenetic tree is 

extremely diverse and include proliferation, differentiation, survival as well as cell 

and axon migration. The importance of the receptor tyrosine kinase family is 

illustrated by the fact that more than 50% of the known RTKs have been reported 

to be mutated or over-expressed in human malignancies. 

 

 

Overall structure and function. 

RTKs comprise a large family of membrane spanning proteins with highly 

divergent extracellular domains coupled to a conserved intracellular domain  

(Fig 3). The majority of RTKs are monomers containing an extracellular ligand 

binding domain, a single spanning transmembrane domain and an intracellular 

portion with tyrosine kinase catalytic activity. The insulin receptor and its family 

members make an exception being dimers (Jiang and Hunter, 1999). Upon ligand 

binding, tyrosines within the intracellular domain become auto-phosphorylated and 

can act as docking sites for Src homology 2 (SH2) domain- and Phosphotyrosine 

Binding (PTB) domain containing proteins (Pawson and Gish, 1992; van der Geer 

and Pawson, 1995). SH2 domains bind phosphotyrosines whereas PTB domains act 

more promiscuously and bind NPXY motifs where the tyrosine is phosphorylated 

but also bind to proteins independent of tyrosine phosphorylation and even to the 

NPXY itself (Schlessinger and Lemmon, 2003). 
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Regulation of RTKs. 
  

Protein tyrosine phosphatases (PTPs). 

Tyrosine phosphorylation is a reversible process that is regulated by the balanced 

activity of protein tyrosine phosphatases (PTPs). The ratio between the amount of 

PTPs and PTKs is close to 1:1 with 81 predicted active PTPs and 85 of the 90 

PTKs predicted to be active (Alonso et al., 2004). PTPs play specific and active 

roles in regulating the levels of tyrosine phosphorylation and are important in the 

regulation of many biological processes. This can be illustrated by that fact that 

PTPs are expressed in defined patterns from ubiquitous to cell specific and that 

many of the reported PTP gene deletions result in unique phenotypes (Alonso et 

al., 2004). The importance of the PTPs can be reflected by the fact that 19 PTPs 

map to regions frequently deleted in human cancers and additional PTPs have been 

associated with diseases such as diabetes, neurological and autoimmune diseases 

(Andersen et al., 2004). 

 

 

Endocytosis. 

A major down regulation mechanism for RTKs is through internalization by 

endocytosis. The endocytosis of the EGF Receptor (EGFR) has been used as a 

model for studies of endocytic trafficking of RTKs. Inactive cell surface receptors 

are constitutively internalized at low rate and recycled back to the surface through 

endosomal trafficking. The activated EGFR on the other hand is rapidly 

internalized through a RTK activation dependent increase in clathrin coated pit 

(CCP) formation at the signaling site (Teis and Huber, 2003). These CCPs bud 

from the plasma membrane to form clathrin coated vesicles (CCV) that enter early 

endosomes (Larkin et al., 1983; Marsh and McMahon, 1999). Both inactive and 

active EGFR enter the early endosome, but inactive EGFR is recycled back to the 

cell surface whereas the activated EGFR is sent for degradation in the lysosome via 

the late endosome. It has been shown that internalized EGFR continues to signal 
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and it is thought that signaling continues until the receptor signaling complex is 

sorted into internal vesicles of the late endosomes (Teis and Huber, 2003)  

 

 
RTKs in Drosophila.  

The kinome project has identified 20 RTKs and 12 NRTKs in the Drosophila 

genome (www.kinase.com). Therefore we now have a definitive number of RTKs 

in the fruitfly whose function remains to be understood (Table 1).   

RTK Classification Reference 
Alk Alk (Loren et al., 2001) 
CG11573 DDR  
CG3277 PDGFR/VEGFR  
Cad96Ca Unique  
Drl-2 Ryk  
DER EGFR (Livneh et al., 1985; Wadsworth 

et al., 1985) 
DEK Eph (Scully et al., 1999) 
DInR InsR (Fernandez et al., 1995; Ruan et 

al., 1995) 
DNrk Musk (Oishi et al., 1997) 
Pvr, PDGF- and 
VEGF- receptor 
related 

PDGFR/VEGFR (Duchek et al., 2001; Heino et al., 
2001) 

DRet Ret (Huen et al., 2000; Sugaya et al., 
1994) 

DRor Ror (Wilson et al., 1993) 
Torso Unique (Casanova and Struhl, 1989; 

Sprenger et al., 1989) 
WSCK Unique  
Breathless FGFR (Glazer and Shilo, 1991) 
Doughnut Ryk (Oates et al., 1998) 
Derailed/Linotte Ryk (Callahan et al., 1995; Dura et al., 

1995) 
Heartless FGFR (Beiman et al., 1996; 

Gisselbrecht et al., 1996; 
Shishido et al., 1993; Shishido et 
al., 1997) 

DTrk Trk (Pulido et al., 1992) 
Sevenless Sevenless (Hafen et al., 1987) 
 

Table 1. A summay of the RTKs identified in Drosophila.  Most of the RTKs belong to 
described subfamilies (classification) and many of them have been published (see refs). 
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Most of these RTKs have specific tasks during Drosophila development. Some 

RTKs control defined developmental decisions whereas as some are employed 

repeatedly such as DER, which is necessary for various developmental processes. 

All but three RTKs are reported to belong to described subfamilies 

(www.kinase.com). 

 

 
The Ras/MAPK module. 

The Ras-Raf-MEK-MAPK cascade is an evolutionary conserved signaling pathway 

for the control of cell proliferation, differentiationand survival. It is found in all 

eukaryotes and is a common signaling cascade for different RTKs. This module is 

used to transmit information from the cell surface receptors to the cytoplasm and 

nucleus (Fig 4) (O'Neill and Kolch, 2004).  

In mammalian systems five MAPK 

modules have been identified. These 

include the extra cellular signal-regulated 

kinase 1 and 2 (ERK1/2) pathway that is 

involved in cell growth and differentiation, 

the Jun-N-terminal kinase (JNK) and 

p38MAPK pathways that are involved in 

stress responses like inflammation and 

apoptosis. All three of these modules are 

also involved in developmental processes 

(Schaeffer and Weber, 1999). In 

Drosophila, ERK is required in many 

responses including several processes 

during development(see next section).  

The Drosophila, JNK homologue, named 

Basket, is involved in the immune 

Fig 4. The Ras/MAPK  signaling module 
generates a signaling cascade that mediates 
and modifies signals from the outside of 
the cell to the cytoplasm and the nucleus. 
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response of the fly and in a developmental process called dorsal closure 

(Sluss et al., 1996). The p38MAPK homologue in Drosophila is named 

Dp38 and has been shown to respond to osmotic stress and heat shock (Han 

et al., 1998). 

The MAPK module constitutes a signaling pathway in which each downstream 

kinase serves as a substrate for the upstream activator. Simplified in the classical 

Ras to ERK pathway, activation of a RTK leads to the recruitment and binding of 

the growth factor receptor bound protein 2 (Grb 2) to phosphorylated tyrosines 

either on the RTK itself or to a receptor substrate protein. Grb2 binds Son of 

sevenless (Sos), a guanine exchange factor (GEF) for the small GTP binding 

protein Ras. Ras functions as an “on-off “ switch that is catalytically active when 

bound to GTP and catalyticlly inactive when bound to GDP. Sos catalyzes the 

transition from Ras-GDP to Ras-GTP. Upon activation of Ras, Raf translocates to 

the plasma membrane where it binds to and gets activated by Ras (Kolch, 2000). 

Raf then signals to ERK via MEK. These latter steps involve the scaffold proteins 

Kinase suppressor of Ras (KSR) that regulates the assembly of the Raf, MEK and 

ERK into a signaling complex (O'Neill and Kolch, 2004). 

 

 

ERK activation during Drosophila embryogenesis. 

In Drosophila there is only one MEK and one ERK (Gabay et al., 1997). In 1997 

Gabay et al. published an atlas of ERK activation during Drosophila 

embryogenesis (Fig 5). In this paper they used an antibody targeted to the 

phosphorylated form of the activation loop of ERK. This antibody is specific to 

ERK and does not recognize other MAPK family members such as JNK. The atlas 

shows different patterns of ERK activation at different developmental stages. 

Surprisingly the ERK activation pattern was very distinct and temporally and 

spatially restricted. Most of the patterns identified could be accounted for by 

known RTKs. For example, the RTK Torso was identified as responsible for the 

graded ERK activation at the anterior and posterior poles in stage 4 embryos.
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Heartless (Htl), an FGF receptor expressed in the mesoderm is responsible for ERK 

activation in mesodermal cells during stage 8, since this activation pattern was 

absent in Htl mutant embryos. Some of the ERK activation patterns described by 

Gabay et al in 1997 did not have any identified receptor and were thus ascribed to 

signaling by so far unidentified RTKs or other signaling pathways e.g. G-coupled 

receptors.  

 

 

Fig 5. Atlas of ERK activation during Drosophila development. Indicated RTKs are 
responsible for the distribution of dp-ERK at different developmental stages. (Fig 
from (Gabay et al., 1997) with permission from Company of Biologists Ltd.) 
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Anaplastic Lymphoma Kinase (Alk). 

Anaplastic Lymphoma Kinase (Alk) was first identified in a t(2;5) chromosomal 

translocation resulting in a NPM-ALK fusion protein that is the causative agent in 

Anaplastic Large Cell Lymphoma (ALCL), a subtype of non-Hodgkin’s lymphoma 

(Morris et al., 1994; Shiota et al., 1994). ALCL accounts for 30-40% of pediatric 

large cell lymphomas. Different fusion partners have been described for Alk in 

ALCL but NPM-ALK is the most common compromising almost 80% of the Alk 

positive ALCLs (Pulford et al., 2004). Alk fusion proteins have also been described 

as the causative agents in other cancers such as inflammatory myofibroblastic 

tumors (IMTs) (Coffin et al., 2001). Alk has also been implicated as a rate limiting 

factor in the growth of glioblastoma multiform, which is a highly aggressive 

human brain cancer (Powers et al., 2002). 

 

Alk is a 200 kDa protein that belongs to the Insulin Receptor superfamily and is 

most closely related to Leukocyte tyrosine kinase (LTK) (Fig 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 6. Schematic comparison of 
the Alk family members and the 
NPM-Alk fusion protein. Shown 
in numbers is identity between 
illustrated domains. 



 24

The extra cellular portion of the Alk RTK consists of two MAM (named after 

meprins, A-5 protein and receptor protein tyrosine phosphatase mu) domains, an 

LDLa domain and a glycine rich region. The MAM domains are thought to be 

involved in cell-cell interactions (Beckmann and Bork, 1993). Presently not much 

is known about the importance of the MAM domains, the LDLa domain and the 

glycine rich region for Alk function, but from studies in Drosophila we know that 

the second MAM domain and the glycine rich region are essential for the normal 

function of the protein (Loren et al., 2003). 

 

Analysis of Alk RNA expression by Northern blot of human tissues showed high 

expression levels in testis and small intestine and expression in brain and placenta 

at lower levels (Morris et al., 1994). Subsequently, full-length human and mouse 

Alk were cloned in 1997 (Iwahara et al., 1997) and reported to have strong 

expression in the developing mouse brain by in situ analysis. 

 

The NPM-Alk oncogene has transforming capabilities when expressed in cells 

(Fujimoto et al., 1996) and has been shown to co-immunoprecipitate with SHC 

(Bischof et al., 1997), IRS-1 (Fujimoto et al., 1996) and PLC-γ (Bai et al., 2000). 

The signal transducer and activator of transcription 3 and 5 (STAT3 and STAT5) 

belong to the (STAT) family of transcription factors. STATs have essential roles in 

promoting cell proliferation and protection from apoptosis. Two family members, 

STAT3 and STAT5, have both been found to be constitutively active in NPM-Alk 

expressing cells (Nieborowska-Skorska et al., 2001; Zamo et al., 2002; Zhang et 

al., 2002). 

 

Two related peptide ligands have been reported for Alk in vertebrates, pleotrophin 

(PTN) (Stoica et al., 2001) and midkine (MK) (Stoica et al., 2002). Alk was 

identified in a screen of a human cDNA phage-display library using PTN as a bait. 

Both Alk and PTN are expressed in the developing CNS of the mouse. Adding 

PTN to Alk expressing cells leads to phosphorylation of the Alk receptor itself and 

of the down-stream signaling molecules IRS-1, Shc, PLC-γ and PI3K (Stoica et al., 
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2001). The other reported ligand, midkine (MK), is a growth factor homologous to 

PTN. MK binds to Alk and can signal through PI3K and MAPK in different Alk 

positive cell lines (Stoica et al., 2002). There are two Drosophila PTN homologues 

named Miple1 and Miple2 (C.E. and RH.P. unpublished observations). Currently 

no in vivo data exists in any system to confirm a role for either PTN or MK as 

bonafide Alk ligands. 

 

 

Muscle development in Drosophila. 
In higher animals there are different kinds of muscles that are structurally and 

functionally optimised for different purposes. In vertebrates there are several 

different types of muscles i.e. the skeletal muscles, heart muscles and smooth 

muscles. These muscles are of different origin and have different ultra structure as 

well as contractile properties and physiological function. 

 

In Drosophila the body-wall muscles or the somatic muscles are adapted for rapid 

and synchronous contraction, the heart for the circulation of the hemolymph, 

whereas the visceral muscles are responsible for peristaltic movements.  

 

The somatic muscles of Drosophila and vertebrates are composed of multinucleate 

cells, syncytia. This multinucleate structure is laid down during embryogenesis by 

fusion of multiple muscle precursor cells called myoblasts. Vertebrate fusion 

events, depending on species, can take from days to months.  In Drosophila 

embryos myoblast fusion in the somatic mesoderm takes less than seven hours 

(Bate, 1990). This results in 30 body-wall muscles per hemisegment that can be 

distinguished by different size, shape and site of attachment to the epidermis. 

 

Muscles in both vertebrates and invertebrates develop from the mesodermal germ 

layer. In Drosophila the mesoderm originates from a stripe of cells in the ventral 

region of the embryo. During gastrulation these cells invaginate through the ventral 

furrow. The internalized cells continue to proliferate and spread in a dorsolateral 
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direction beneath the ectoderm. By stage 10 the mesodermal cells have formed a 

monolayer that covers most of the length of the embryo. From early stage 12 the 

mesoderm splits up into subdomains of mesoderm to form somatic- and visceral 

mesoderm, fat body and heart (Hartenstein, V., Atlas of Drosophila development, 

CSHL 1993).  

 

 

Molecular characterization of early mesoderm development. 

In Drosophila the muscles originate from the mesoderm that is formed in the 

ventral region of the embryo. This is determined by the action of a series of 

maternal genes resulting in a nuclear gradient of the transcription factor Dorsal 

along the dorsoventral axis of the embryo. Dorsal has its highest nuclear 

concentration in the ventral most region where it induces expression of the bHLH 

transcription factor twist. Twist is required for proper gastrulation and for the 

development of the mesoderm (Leptin, 1991; Simpson, 1983). 

 

Initially the mesodermal layer is rather homogenous and all cells express twist in a 

uniform pattern but by stage 10 the mesodermal layer is divided into domains with 

high and low twist expression along the 

anterior-posterior axis. This occurs in response 

to the segmental genes sloppy-paired (slp) 

(high Twist) and even-skipped (eve) (low 

Twist)(Azpiazu et al., 1996; Riechmann et al., 

1997). The mesodermal division into 

subdomains is further refined along a 

dorsoventral axis by the TGFβ family member 

Decapentaplegic (Dpp) that is expressed in the 

dorsal most part of the ectoderm (Frasch, 

1995; Staehling-Hampton et al., 1994). Dpp 

and twist activate tinman (tin), a homeobox 

Fig 7. The mesoderm is divided into 
different subdomains by combinatorial 
information of multiple genes. 
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gene, which is expressed in all mesodermal cells during gastrulation  but is 

restricted to a few cells at the dorsal most region of the mesoderm by stage 10. Tin 

is required for the development of the heart and the visceral mesoderm (Azpiazu 

and Frasch, 1993; Lee et al., 1997; Yin et al., 1997). The combinatorial output of 

the effect of these genes and their regulators leads to the differentiation of the 

mesoderm as described (Fig 7). The dorsal most mesoderm that receives Dpp in the 

eve/low twist-expressing domain will form visceral mesoderm. The ventral most 

portion will form the fat body. In the slp/high twist expressing domain the dorsal 

most cells receiving dpp will become the heart, whereas the ventral portion will 

become somatic mesoderm (Baylies et al., 1998). 

 

       

Early steps in Drosophila somatic muscle development. 

The key event of muscle formation is the fusion of founder cells and fusion 

competent cells (Fig 8). Both cell types are derived from areas of the somatic 

mesoderm. In islets of  Lethal-of-scute (L´Sc) expressing cells within the high twist 

expressing region, one cell per islet is singled out by Notch and Delta-mediated 

lateral inhibition (Baylies et al., 1998; Carmena et al., 1995). This cell will then 

undergo an asymmetric division to form either two muscle founder cells or one 

founder cell and one adult muscle precursor  (Carmena et al., 1995; Ruiz Gomez 

and Bate, 1997).  The remaining cells of the islets become fusion competent cells. 

In Notch mutant embryos, fusion competent cells fail to form and instead all 

myoblasts adopt founder cell fate (Bour et al., 2000; Corbin et al., 1991). The 

founder cell is responsible for the uniqueness of the future muscle fibre by the 

determination of their size, position, orientation and pattern of  motorneuron 

innervation. The founder cells have a differential expression of transcription factors 

muscle identity genes such as Apterous, Even-skipped, Kruppel and Ladybird 

(Dworak and Sink, 2002). The fusion competent cells are considered to be a more 

homogenous population, since they all express the transcription factors Lame duck 

(lmd)/myoblast incompetent (minc) and gleeful (glee) (Duan et al., 2001; Furlong et 

al., 2001; Ruiz-Gomez et al., 2002).  
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Fig 8. An schematic view of Drosophila muscle development. A. In islets of  Lethal-of-scute (L´Sc) 
expressing cells within the high twist expressing region, one cell per islet is singled out by Notch 
and Delta-mediated lateral inhibition. This cell will become a founder cell or an adult muscle 
precursor cell. B. The founder cell attracts fusion competent cells and fuse with them. 
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A cellular and subcellular description of myoblast fusion.  

The myoblast fusion process is a multistep event. The initial step observed is that 

the fusion competent myoblast send filopodia towards founder cells. In the next 

steps the fusion competent cells recognize and adhere to the founder cell. 

Following the adhesion “prefusion complexes” form at the site of cell-cell contact 

(Fig 9a,b). These are pairs of vesicles, lining up with each other across the apposed 

cell membranes. Electron-dense material is associated with the vesicle pair both in 

the plasma membrane and in the extracellular space between them. The “prefusion 

complexes” are then thought to fuse to form electron-dense streches or plaques (Fig 

9d) and the myoblasts align more extensively with each other. Subsequently 

cytoplasmic continuity is created by multiple small pores of fusion between the 

apposed plasma membrane (Fig 9c,e). Finally the remaining plasma membrane is 

removed by vesiculation (Fig 9f). (Doberstein et al., 1997).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 9. Electron photomicrographs of fusion at a subcellular level. A, There is an 
accumulation of prefusion complex at sites of fusion (arrowhead). B, Magnification of 
A.  C, One set of paired vesicles and pore formation. Electron dense plaque. E, 
Formation of many pores where the membrane is breaking up. F, The remaining excess 
membrane is removed in clear vesicles (arrowhead). (Fig from (Doberstein et al., 1997) 
with permission from Rockerfeller University Press) 
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Molecular characterization of muscle formation/fusion. 

 

Extracellular proteins  

The first steps in myoblast fusion are attraction and recognition of  founder cells 

and fusion competent cells. This is mediated by transmembrane receptors 

belonging to the Immunoglobulin Superfamily (IgSF). Sticks and stones (Sns) was 

the first extracellular protein to be identified as essential for myoblast fusion (Bour 

et al., 2000). It is expressed in fusion competent myoblasts and after fusion with 

founder cells Sns protein can no longer be detected. In Sns mutant animals there is 

a complete absence of body-wall muscles, since the fusion competent myoblasts 

fail to fuse to founder cells. Hibris (Hbs) (Artero et al., 2001; Dworak et al., 2001) 

is a Sns paralogue and is also expressed in the fusion competent cells. Hbs mutants 

survive to adult stages but embryos occasionally have muscles missing and/or 

muscles with abnormal morphologies as well as gut development defects. A higher 

number of free myoblasts can be found around the muscles surrounding the gut, 

heart and CNS in hbs mutants when compared to wild-type. This is seen both in the 

somatic and the visceral mesoderm. In Notch mutant embryos where all myoblasts 

adopt founder cell fate, the expression of sns or hbs is severely reduced or totally 

absent (Artero et al., 2003; Bour et al., 2000; Dworak et al., 2001).  

 

Dumbfounded (duf)/kin of Irregular-chiasm-C (kirre) and Irregular-chiasm-C 

(IrreC)/roughest (rst), have an overlapping expression in the muscle founder cells 

(Ruiz-Gomez et al., 2000; Strunkelnberg et al., 2001). Duf/kirre is expressed in 

founder cells only whereas IrreC/rst is expressed both in founder cells and fusion 

competent cells. Both Duf /kirre and IrreC/rst have been shown to function as 

attractants for fusion competent myoblasts (Ruiz-Gomez et al., 2000; 

Strunkelnberg et al., 2001). Animals with a deletion (Df(l)w67k30 ) that uncovers the 

duf/kirre and the IrreC/rst locus are lethal and have a strong muscle phenotype 

with a complete lack of myoblast fusion in the somatic mesoderm and gaps in the 

visceral mesoderm. The myoblast fusion defects seen in the deletion mutants could 

be rescued by one copy of either gene. Removal of either gene alone only causes 
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no (Duf/kirre) or subtle (IrreC/rst) embryonic muscle fusion phenotypes 

(Strunkelnberg et al., 2001).  

 

Intracellular proteins 

Myoblast fusion is a multistep event that requires rearrangements in the actin 

cytoskeleton of both founder cells and fusion competent cells. A number of 

intracellular proteins have been identified to be active in myoblast fusion by 

linking the receptor signals to the cytoskeleton. Myoblast city (Mbc) is a guanine 

nucleotide exchange factor (GEF) expressed in the somatic and visceral mesoderm 

of the developing embryo (Erickson et al., 1997; Rushton et al., 1995). In mbc 

mutant embryos myoblasts fail to fuse. Founder cells do form and have founder 

cell specific features whereas fusion competent cells do not show the normal 

orientational preference for the founder cells and instead can be identified as 

rounded cells in loose clusters in the region of normal fusion (Doberstein et al., 

1997; Erickson et al., 1997; Rushton et al., 1995). Mbc has been suggested to be a 

regulator of DRac1 activity (Nolan et al., 1998). Rac is a GTPase that is involved 

in controlling cell shape changes by regulation of the actin cytoskeleton (Hall, 

1998). In Drac1, Drac2 double mutants there is little or no myoblast fusion 

(Hakeda-Suzuki et al., 2002). 

 

Antisocial (Ants)/ Rolling pebbles (Rols) is a founder cell specific adaptor protein 

expressed in both the somatic and visceral mesoderm (Chen and Olson, 2001; 

Menon and Chia, 2001; Rau et al., 2001). It is an adapter protein with multiple 

putative protein-protein interaction domains. Ants/Rols interacts directly with Duf 

and Mbc (Chen and Olson, 2001) and links Duf to D-titin (Menon and Chia, 2001). 

Ants/Rols mutant embryos have muscle fusion defects. During fusion Ants/Rols 

localizes to discrete sites at the plasma membrane in a Duf dependent manner 

(Chen and Olson, 2001; Menon and Chia, 2001).   

 

D-titin is expressed in both founder cells and fusion competent myoblasts and is 

enriched at sites of cell fusion. It is a 3000 kDa protein that binds sarcomeric 
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proteins. D-titin mutant embryos have muscle fusion defects and altered muscle 

morphology (Menon and Chia, 2001; Zhang et al., 2000). In Duf and Ants/Rols 

mutant embryos D-titin fails to localize to the membrane and is generally found in 

the cytoplasm.  

 

Loner is a guanine nucleotide exchange factor expressed in founder cells of the 

somatic mesoderm. In loner mutant embryos myoblasts fail to fuse. Another 

protein, ADP-ribosylation factor 6 (ARF6) is a small GTPase that has been 

implicated in endocytosis, membrane recycling and cytoskeletal rearrangements is 

activated by loner (Chen et al., 2003).   

 

 

 

 

Fig 10. An overview of proteins involved in muscle fusion (see text for details). 



 33

Development of the gut in Drosophila  

In Drosophila the visceral muscle is less diverse than in mammalian systems and is 

mainly found in the digestive tract. While the somatic muscles have been well 

studied less is known about the visceral muscle development. The Drosophila 

midgut consists of an inner layer of circular muscles and an outer layer of 

longitudinal muscles that envelope the endodermal tube. It has been shown that 

these two layers are of different origin. The circular muscles are derived from 

mesodermal cells of the trunk whereas the longitudinal muscles are derived from 

mesoderm at the posterior end of the embryo.  

 

Visceral muscles were for long thought to be mononucleate (Elder, 1975), but 

recently it has been shown that they in fact consist of binucleate syncytia (Klapper 

et al., 2002; Martin et al., 2001). The syncytium is formed by fusion of founder 

cells and fusion competent cells (as described for somatic muscles). Visceral 

founders are divided into two groups, those that seed the circular muscles and those 

that seed the longitudinal muscles, while there seems to be a common group of 

fusion competent cells (Klapper et al., 2002; Martin et al., 2001). The myoblasts of 

the visceral mesoderm are specified around stage 10 (Azpiazu and Frasch, 1993). 

They can be identified as metameric clusters that first migrate along the 

anterioposterior axis to form two parallel bands along most of the length of the 

embryo during stage 11 and finally migrate ventrally and dorsally to form a closed 

tube lined with endoderm around stage 15. 

 

Molecular characterization of early visceral mesoderm development  

Bagpipe (bap) (Azpiazu and Frasch, 1993) is a homeobox gene that is required for 

the formation of the visceral muscle and more specifically the inner circular 

muscles of the midgut visceral muscle. Bap is a target for Tin and in tin mutant 

embryos Bap is virtually absent in the presumptive midgut visceral muscle. Tin is 

initially expressed in the entire dorsal mesoderm but later gets restricted to the 

developing heart, whereas Bap is expressed in segmental bilateral clusters within a 
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continuous waved line. Bap expression is transient and disappears after the fusion 

of the visceral arches. 

 

Biniou (Bin)/FoxF  a FoxF forkhead domain protein is expressed in the fore- and 

hindgut precursors and in the caudal (longitudinal precursors) as well as the 

visceral mesoderm at stage 10 (Perez Sanchez et al., 2002; Zaffran et al., 2001). 

The expression of Bin is maintained in the gut muscles until they are fully 

developed. In tin and bap mutants Bin expression is clearly decreased but not 

absent. Upon ectopic expression of Dpp with the twist-Gal4 driver Bin expression 

is ectopically induced and this is also true in a tin mutant background (Zaffran et 

al., 2001). In bin and bap mutants the bilateral clusters do form and migrate to form 

the continuous waved line of visceral mesoderm but fail to express typical visceral 

mesoderm markers such as FasIII, Broken heart (Bkh) and Vimar. There seems to 

be a feedback loop between Bap and Bin, since in bin mutants Bap expression is 

not maintained in the visceral mesoderm at stage 11. Additionally, Bin expression 

is normally initiated at stage 10 in bin mutants but disappears at stage 11 (Zaffran 

et al., 2001). Analysis of the somatic muscle in stage 16 embryos reveals that 

myoblasts originating from the trunk visceral mesoderm can fuse with the somatic 

muscles in bin as well as bap mutant animals (Azpiazu and Frasch, 1993; Zaffran 

et al., 2001).  

 

In summary there is a genetic cascade regulating visceral mesoderm development 

which includes Twist → Tin → Bap → Bin (Zaffran et al., 2001). Both the late 

phase of Tin expression and Bap expression require Tin for activation by Dpp but 

low levels of Bin can be induced by Dpp even in the absence of Tin and Bap. 

Interestingly ectopic expression of Dpp in the ectoderm or in the mesoderm leads 

to an expanded expression of all three components Tin, Bap and Bin (Frasch, 1995; 

Staehling-Hampton et al., 1994; Zaffran et al., 2001). Taken together this indicates 

that Dpp can activate Tin, Bap and Bin respectively to induce their down-stream 

targets. 
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Another gene βTub60D encoding the protein β3 tubulin which is a component of 

microtubules, has been shown to be essential for proper development and function 

of the gut (Dettman et al., 1996). βTub60D has a specific visceral mesoderm 

binding enhancer region and its expression is dependent on direct binding of Bin 

and Bap to this region (Zaffran and Frasch, 2002). In bin or bap mutants β3 tubulin 

expression is almost completely absent. βTub60D is considered to be a terminal 

differentiation gene in the visceral mesoderm and it is a direct target of Bin and 

Bap. 

 

Endoderm migration 

The gut consists of an endodermal tube that is covered by the visceral muscles. The 

midgut endoderm originates from two spatially separated primordia, the anterior 

midgut primordia (AMG) arising in the anterior ventral part of the embryo and the 

posterior primordia (PMG) arising in the posterior pole of the embryo. The two 

primordia start as epithelial cells but undergo an epithelial to mesenchymal 

transition by stage 10. In the next step, uring stage 11, the two endodermal 

primordia start to migrate in the posterior (AMG) and the anterior (PMG) direction 

respectively. The cells send processes towards the visceral mesoderm which serves 

as track for their migration. By the end of germband retraction at stage 12 the 

AMG and PMG meet and fuse. By stage 13 the epithelial cells of the endoderm 

form two longitudinal plates flanking the central yolk. These plates will expand 

dorsally and ventrally to form an enclosed tube by stage 15 (Hartenstein, 1993; 

Tepass and Hartenstein, 1994). This migration is dependent on the underlying 

visceral mesoderm (Tepass and Hartenstein, 1994). 

 

 

Molecular characterization of visceral muscle formation 

Two populations of tightly associated cells in a continuous band can be identified 

in the presumptive visceral muscle by stage 11. In the ventral portion there is a row 

of rectangular shaped cells that express Duf and in the dorsal portion there is a 
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band consisting of 3-4 rows of globular shaped cells expressing Sns. These are the 

founder cells and the fusion competent cells of the visceral mesoderm (Fig 11). By 

stage 12 founder cells and fusion competent cells start to fuse to form an elongated 

binucleate syncytium with a spindlelike shape. Fusion competent cells that have 

fused stop expressing Sns. In somatic muscle fusion last from stage 12 to 15 but in 

the visceral muscle the fusion process terminates by stage 13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the Drosophila visceral mesoderm both Df(l)w67k30 (which deletes both duf/kirre 

and IrreC/rst) and sns mutants show a similar phenotype as in the somatic 

mesoderm i.e. a complete loss of fusion. The continuous band that can normally be 

identified in the visceral mesoderm by stage 11 is interrupted in Df(l)w67k30 

animals. Slightly later at stage 12 the fusions competent cells and the founder cells 

have detached and large gaps form between the two sets of cells. The sns mutants 

have a similar phenotype with gaps between the founder cells and the fusion 

competent cells (Klapper et al., 2002; Martin et al., 2001). In both mutants many 

unfused myoblasts can be identified within the visceral mesoderm by the end of 

normal fusion.  

Fig 11. The visceral mesoderm before and after fusion. A. Founder cells and fusion 
comptent cells can easily be identified by their morphology at stage 11. B.  Visceral 
muscle fusion leads to the formation of spindlelike binucleate cells during stage 12-
13. 
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In summary Duf and Sns have been shown to be involved in attraction and 

adhesion in somatic mesoderm. This is also true for the their function in the 

visceral mesoderm. 

 

Myoblast city (mbc) is another gene that has been implicated in visceral muscle 

fusion and it is expressed in the visceral mesoderm from stage 12. In mbc mutant 

embryos there is no myoblast fusion and gaps can be identified in the visceral band 

(Klapper et al., 2002).  

 

Since Duf/kirre, Sns and Mbc have also been shown to be involved in fusion of 

myoblasts in the somatic mesoderm, it becomes obvious that some of the key genes 

involved in muscle fusion are the same in somatic and visceral mesoderm. 

 

Jelly Belly (jeb) was identified in a screen for genes that are directly activated by 

Tinman. Jeb is a secreted LDL containing protein that is expressed in the somatic 

mesoderm and in the CNS of the embryo (Weiss et al., 2001). Immunohisto-

chemical analysis indicated that Jeb is specifically taken up by the visceral 

mesoderm cells. In a temperature sensitive allele of shibire, a dynamin-related 

GTPase that is required for endocytosis, there is no uptake of Jeb in the visceral 

mesoderm. Since the majority of RTKs are regulated by endocytosis this suggests 

that Jeb may bind to, and get internalized with, a RTK in the visceral mesoderm. In 

jeb mutant embryos FasIII expression is clearly reduced and visceral muscles fail 

to form. In addition, endoderm development is initially normal with the formation 

of two bilateral bands, whereas the dorsal-ventral migration is clearly disturbed 

(Weiss et al., 2001). 
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Aims 
 

The aim of this thesis was to study the role and function of the receptor tyrosine 

kinase (RTK) DAlk during Drosophila melanogaster development. More 

specifically the goals were to: 

 

• Obtain DAlk loss-of-function mutants. 

• Study the phenotype in these mutants to gain information on DAlk 

function. 

• Identify the ligand/ligands for DAlk. 

• Identify downstream target signaling molecules for the DAlk RTK. 

• Identify downstream target genes for the DAlk RTK. 
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Results and discussion 
 

Identification and characterization of DAlk (Paper I)  

 

Isolation and description of the DAlk gene and its product. 

DAlk was isolated through a degenerate PCR approach which was designed to 

identify novel RTKs in Drosophila (Palmer et al., 1999). Briefly primers were 

designed to recognize conserved regions within the kinase domain of tyrosine 

kinases. After PCR the resulting bands were subjected to sequence analysis.  

 

The DAlk locus is encoded by 10 exons. Eight exons encode the ORF of DAlk and 

two exons fall into different splice forms in the 5´ UTR. Northern blot analysis 

revealed a ~ 8.5kb transcript which fits with the predicted 8466 bp cDNA 

including the 5´and 3´ UTR. Western blot analysis reveals that DAlk is a 200 kDa 

protein that is tyrosine phosphorylated. DAlk has several interesting domains in its 

extra cellular portion. It consists of two MAM (named after meprins, A-5 protein 

and receptor protein tyrosine phosphatase mu) domains, an LDLa domain and a 

glycine rich region. MAM domains are approximately 170 amino acids and are 

thought to be involved in cell-cell interactions. The relevance of these domains for 

DAlk function is unclear, however from subsequent work (see Paper II) we know 

that the MAM domain and the glycine rich regions are critical for function. 

 

 

DAlk has a dynamic expression pattern during Drosophila 

embryogenesis. 

Analysis of DAlk mRNA expression during Drosophila embryogenesis shows that 

DAlk is expressed at stage 10 in segmental clusters of the developing mesoderm 

and in the central nervous system from stage 14 onwards. Antibody staining shows 

Alk protein in segmental patches of the developing mesoderm. The cells of these 

clusters eventually migrate to form visceral arches that will fuse to form a 
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continuous waved line of the visceral mesoderm. An enhancer trap constructed 

from a 6.5kb fragment of genomic DNA upstream of the DAlk ATG mimics the 

visceral mesoderm but not the CNS pattern of DAlk expression. 

 

DAlk drives ERK activation in vivo. 
In 1997 Gabay et al. published an atlas of ERK activation during Drosophila 

embryogenesis using a di-phospho ERK (dp-ERK) specific antibody (Gabay et al., 

1997). One of the patterns revealed ERK activation in the visceral arches of the 

visceral mesoderm. This pattern was very similar to the expression pattern of the 

DAlk RTK in the visceral mesoderm at stage 11. To determine if dp-ERK and 

DAlk are expressed in the same tissue we used immunohistochemical analysis of 

DAlk and dp-ERK and could see that they do co-localize. This raised the question 

of whether DAlk can activate ERK in vivo? To address this question we examined 

DAlk full-length expressing clones and were able to show that they have increased 

levels of phosphotyrosine, consistent with the ectopically expressed DAlk being 

active. Further, we could see that the clones were also positive for dp-ERK telling 

us that DAlk is able to drive ERK activation in vivo. Thus, in this paper we 

described DAlk as a novel Drosophila homologue of Alk. Further, DAlk RTK is 

expressed in the developing visceral mesoderm and in the CNS and has the 

capacity to drive ERK activation in vivo.  

 

 

DAlk is required for proper gut formation (Paper II)  

 

The DAlk mutagenesis screen. 

Since we wished to define the normal function of DAlks during Drosophila 

development we initiated a genetic screen to obtain mutants in the DAlk locus. 

DAlk point mutations were obtained using a two-step screening approach. Since 

there were no deficiencies for DAlk at that time we started by creating one 

ourselves. The following Ethylmethane sulphonate (EMS) screen was based on the 



 41

hypothesis that a DAlk loss of function mutant would have a lethal phenotype and 

the newly generated deficiency was used to screen for lethal hits within the 

genomic region of DAlk.  

 

 

The creation of an ALK Deficiency. 

To generate a DAlk deficiency we used a designer deletion approach (Cooley et al., 

1990). Briefly, two P-elements marked with red eyes (w+ ) flanking the DAlk locus 

were recombined onto the same chromosome. We then introduced a source of 

transposase as a mutagen to allow for simultaneous P-element mobilization to 

delete the region between these P-elements (Fig 12) and screened for adult progeny 

that had lost both P-elements i.e. adult flies with white eyes. Genetic 

complementation analyses resulted in 80 adult fly strains that were homozygous 

lethal. These fly strains were kept over a CyO balancer chromosome. Each of these 

putative DAlk deficiency fly strains were analysed by Southern blot analysis. 

Genomic DNA from adult flies was prepared, digested and probed against DAlk 

and a control gene. Since the putative deficiency strains were homozygous lethal 

we had to compare the internal ratio of DAlk with a control gene both in wild type  

Fig 12. Generation of a DAlk deficiency chromosome. Two P-elements were recombined 
onto the same chromosome. Simultaneous mobilization of the two P-elements deleted the 
DAlk locus. 
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and in the putative DAlk deficiency strains. One fly strain containing the deletion 

uncovering the DAlk locus was obtained. We named it Df(2R)Alk∆21/CyO. 

 

 

EMS mutagenesis. 

In the second step we carried out an EMS screen as described by Grigliatti 

(Grigliatti, 1998). Male flies were fed with EMS and then mated to ES/Cy virgin 

females. Single w+/CyO male progeny (each potentially mutagenized within the 

deficiency region) were mated with two or three virgin female Df(2R)Alk∆21/CyO. 

Totally 4760 males were tested. We obtained 68 fly strains that failed to 

complement the deficiency Df(2R)Alk∆21, i.e. have a lethal hit within the defiency 

(Crossing scheme illustrated in Fig 13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 13. Fly crossing scheme for the generation of DAlk loss-of-
function mutants. 
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Complementation analysis with the obtained 68 fly strains was performed, 

resulting in the identification of 8 complementation groups. The theoretical size of 

the Df(2R)Alk∆21deficiency is approximately 245kb and harbors some 30 genes.  

Since there are ~14,000 Drosophila genes and 3,600 are predicted to be lethal, then 

approximately 1 in 3-4 will be lethal, so for the 28-31 in the DfAlk group we 

would expect approximately 8-10 complementation groups. This corresponds very 

well with the actual number of complementation groups we obtained. 

 

Identification of the ALK mutants 

DAlk mutants were identified by sequence analysis (Fig 14). Genomic DNA from 

heterozygote adult flies from each of the lethal complementation groups was 

prepared and sequenced. DAlk mutants were identified by double peaks in the 

sequencing trace. Once we obtained one DAlk mutant we could concentrate on 

analysing the correct complementation group. For every mutant obtained new 

genomic DNA was prepared and sequence analysis was repeated. 

 

 

 

 

 

 

 

 

 

 

 

Fig 14. DAlk mutants were identified by sequence analysis. Point mutations in a heterozygous 
mutant flies were identified as double peaks in the sequencing trace. Obtained DAlk mutants 
were confirmed by cloning into TOPO vectors and subsequent sequencing.  
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The mutants were also confirmed by cloning of the mutant fragment into the TOPO 

vector and sequencing with vector specific primers. These sequences will only 

show single peaks in the sequencing trace, either mutant or wild type. 

 

 

Description of the DAlk mutants 

In our screen we obtained 11 independent loss of function DAlk mutants (Fig 15) 

which all display a similar phenotype. The mutations can be divided into three 

groups;  

1. Truncations: Alk1 and Alk8 ,  

2. Point mutations in the extracellular domain: Alk2 to Alk7. 

3. Point mutations in the intracellular domain: Alk9 and Alk10. 

All mutants identified (except the truncations) are mutations within residues that 

are absolutely conserved between mouse, human and Drosophila Alk. The Alk1 is a 

point mutation that creates a stop within the first MAM domain (named after 

mephrins, A-5 protein and receptor protein tyrosine phosphatase mu). The Alk1 

protein lacks any functional domains and is considered to be a functional null. The 

Alk8 mutant carries a point mutation in a splice donor site and is predicted to be 

truncated just after the transmembrane domain. Alk2 is a mutation in the second 

MAM domain. Alk4 to Alk7 are all mutations within the glycine rich region. 

Interestingly they all convert glycines into acidic amino acids. Alk9 is a glutamic 

acid to lysine mutation in the α helix C in the invariant glutamic acid (Glu 1244 in 

DAlk) that is responsible for stabilizing the catalytic lysine and the α- and β-

phosphates of MgATP.  Alk10 is an aspartic acid to asparagine mutation in the 

aspartic acid (Asp 1347 in DAlk) of the conserved Asp-Phe-Gly (DFG) which is 

involved in orienting the γ-phosphate of MgATP for transfer to the substrate. 

Interestingly, we did not find mutations in any of the putative phosphotyrosines in 

the cytoplasmic portion of the DAlk RTK. This tells us that either the screen was 

not saturated or there is redundancy among the tyrosines in the intracellular 

domain. 
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Fig 15. Overview of DAlk loss-of-function mutants. On top, the genomic organization of the 
DAlk locus. On bottom schematic illustration of the mutations on the amino acid and protein 
domain level. The locations of the point mutations in DAlk are indicated by arrows. 
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DAlk is essential for proper gut development in Drosophila 

The DAlk mutant animals are homozygous lethal and about half die at embryonic 

stage. The ones that do manage to hatch never survive through the larval stages. In 

a food coloration assay where embryos were allowed to hatch on red food we could 

see that heterozygous DAlk1 mutant 1st instar larva look healthy and eat whereas 

DAlk1 homozygous mutant larva did not eat. Upon dissection we observed no 

functional midgut in the homozygous mutant larva. Using Alk specific antibodies, 

we could observe that the normal development of the visceral mesoderm was 

clearly disturbed. The bilateral continuous band of the visceral mesoderm at stage 

14 was disrupted in mutants and Alk positive cells were found scattered in the 

embryo. DAlk1 encodes a premature stop and results in a truncated protein. This 

truncated Alk harbours the epitope used to create the antibodies and therefore we 

can detect the protein in DAlk1 homozygous mutants. The failure of proper visceral 

mesoderm development was also shown by the absence of Myocyte enhancer 

factor 2 (Mef2) and anti-myosin-heavy-chain (MHC) which are both markers for 

muscles, and by the absence of Fasciclin III (FasIII) an immunoglobulin adhesion 

molecule that is a marker for visceral mesoderm. Analysis of the embryonic CNS 

in DAlk mutant animals reveals no obvious defects. 

 

In wild type embryos Alk staining and FasIII overlaps during visceral mesoderm 

development. To see if DAlk can drive FasIII in the visceral mesoderm the 

mesodermal driver twist-Gal4 was used to ectopically express a UAS-Alk 

transgene. Indeed FasIII was induced by Alk, supporting the idea that Alk is 

involved in the activation of FasIII expression. This is interesting since the 

forkhead-domain transcription factor Drosophila FoxF/Biniou has been shown to 

drive FasIII in the developing visceral mesoderm (Perez Sanchez et al., 2002; 

Zaffran et al., 2001) and that Drosophila FoxF/Biniou could be activated by DAlk 

RTK signaling since DAlk belongs to the insulin receptor superfamily. With this 

knowledge FasIII stainings of DAlk mutant embryos were re-examined with a 

confocal microscope. Scattered DAlk mutant cells were seen to be weakly FasIII 

positive. Thus in DAlk mutant embryos FasIII expression is markedly reduced in 
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the visceral mesoderm, but not absent. This does not exclude that full FasIII 

expression needs DAlk signaling since there is thought to be a positive feedback 

loop where Bin upregulates its effector Bap and expression of FasIII (Zaffran et al., 

2001). 

 

DAlk is the RTK which drives ERK activation in the visceral 

mesoderm. 

Further we wanted to examine whether DAlk is the “missing” RTK for ERK 

activation in the visceral mesoderm as we had suggested earlier (Paper I). 

Therefore we stained DAlk mutant embryos for dp-ERK. Dp-ERK was absent in 

the visceral arches in DAlk mutants and therefore we conclude that DAlk is indeed 

necessary for ERK activation in the visceral mesoderm. 

 

 

Jeb signals through Alk to drive visceral muscle fusion (Paper III). 

 
In 2001 Jelly Belly (Jeb), a LDL domain containing protein that was expressed in 

the somatic mesoderm and secreted was described (Weiss et al., 2001). Further, it 

was reported that in jeb mutant embryos the visceral mesoderm did not develop 

properly. In light of this, and together with the fact that the DAlk RTK is expressed 

in the visceral mesoderm and that DAlk mutant embryos also had strong visceral 

mesoderm defects, we started to compare jeb and DAlk mutants more closely.  

 

 

DAlk and Jelly Belly mutants have an identical visceral mesoderm 

phenotype.  

The same food coloration assay used for DAlk1 mutant analysis in Paper II, was 

used for jeb mutant analysis. Heterozygote mutant sibling 1st instar larva display a 

wild-type gut, which was absent in DAlk1 and jeb homozygote mutant larva. 

Furthermore, upon dissection no functional midgut was identified in either mutant. 

We then carried out a more detailed analysis of the visceral mesoderm in embryos. 



 48

In wild-type embryos Alk and FasIII are expressed in the visceral mesoderm, 

which appear as two bilateral bands at stage 13. In DAlk1 and jeb homozygous 

mutant embryos these two bilateral bands are absent and instead the visceral 

mesoderm can be identified as disorganized Alk expressing cells. 

To further analyze the phenotype of DAlk and jeb mutants we undertook a detailed 

confocal analysis. In stage 11 wild type embryos, founder cells and fusion 

competent myoblasts can readily be identified by their morphology and 

organization. Founder cells can be seen as columnar cells in a single row in the 

ventral part of the Alk expressing cells of the visceral mesoderm. The fusion 

competent cells are globular in shape and arranged in 3-4 rows of cells neighboring 

the founder cells. In DAlk1 and jeb homozygous mutant embryos the columnar cells 

of the visceral mesoderm could not be identified at any stage. Instead all cells 

display fusion competent cell morphology and the founder cells are not specified. 

Interestingly, it has been shown that expression of the founder cell marker Sns is 

expanded to the whole visceral mesoderm in jeb mutant embryos (Lee et al., 2003; 

Stute et al., 2004). In addition, ectopic expression of Jeb in the mesoderm using the 

twist-Gal4 driver results in a complete loss of Sns (Lee et al., 2003). Taken 

together this provides strong evidence that founder cell specification is dependent 

both on normal DAlk and Jeb function.  

Normally the formation of the binucleate syncytia of the visceral muscle is 

completed and the cells have stretched out dorsally and adopt a spindle like shape 

by stage 13. In DAlk1 and jeb homozygous mutant embryos the fusion event never 

takes place and instead the Alk expressing cells of the visceral mesoderm have lost 

their organization and can be found as disorganized clusters. 

In an independent screen for genes involved in visceral muscle development Stute 

et al. isolated a DAlk and a jeb mutant allele as mutants which fail to undergo 

visceral muscle fusion (Stute et al., 2004). They also concluded that DAlk and Jeb 

normal function is essential for founder cell formation and proper visceral muscle 

development.  
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ERK is not activated in the visceral mesoderm of DAlk and Jeb mutant 

embryos. 

In our previous paper we identified DAlk as the “missing” RTK for ERK activation 

in the visceral mesoderm. Upon closer examination we could see that ERK is 

specifically activated in the founder cells. Jeb homozygous mutant animals have a 

phenotype in the visceral mesoderm that is identical to DAlk homozygous mutants. 

At this point we suspected that jeb and DAlk acted in the same signaling pathway 

and wanted to see if Jeb could affect signaling in the visceral mesoderm. Using the 

dp-ERK specific antibody we could see that the ERK activation in the founder cells 

of the visceral mesoderm was indeed absent also in jeb homozygous mutant 

embryos. Thus DAlk and Jeb are both essential for ERK activation in the founder 

cells of the visceral mesoderm. In addition, overexpression of Jeb with the twist-

Gal4 driver leads to an expanded ERK activation pattern in the visceral mesoderm 

(Lee et al., 2003). This is interesting because it shows that all cells of the visceral 

mesoderm have the competence to become founder cells. 

Ras and Raf, components of the Ras-ERK signaling module have also been shown 

to be involved in the activation of founder cell specific genes, since ectopic 

expression of activated Ras and Raf with the mesodermal twist-Gal4 driver, can 

rescue jeb mutants and lead to ectopic org-1 expression (see next section) (Lee et 

al., 2003).   

 

DAlk and Jeb are essential for duf/kirre expression in the visceral 

mesoderm. 

Duf/kirre is a protein expressed in the founder cells of the somatic and visceral 

mesoderm. It has been shown to be involved in fusion of myoblasts (see Molecular 

characterization of muscle formation/fusion). Since founder cells are not specified 

in DAlk and jeb mutant embryos we wanted to see if this affects the expression of 

duf/kirre. Indeed duf/kirre expression was absent in the visceral mesoderm in 

DAlk1 and jeb homozygous embryos. However the expression was not affected in 

the founder cells of the somatic mesoderm, which could be explained by the fact 
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that DAlk is not expressed there. Furthermore, in addition to Duf the T-box 

transcription factor Org-1, identified in founder cells of the visceral mesoderm, is 

dependent on both DAlk and Jeb (Lee et al., 2003). Ectopic expression of Jeb using 

the mesodermal twist-Gal4 driver resulted in the induction of Duf and Org-1 

expression in the visceral mesoderm. Stute et al. have published similar results 

showing that overexpression of DAlk with the bap-Gal4 mesodermal driver results 

in an expanded expression of duf/kirre (Stute et al., 2004). These results further 

strengthen the theory that Jeb and DAlk are involved in a signaling pathway that 

drives muscle founder cell specification and where activation of this signaling 

pathway ultimately leads to activation of genes involved in muscle fusion, such as 

duf/kirre and org-1.  

 

 

Jeb is a ligand for DAlk. 

If Jeb is the ligand for DAlk in the visceral mesoderm it would be expected that 

DAlk and Jeb co-localize in this tissue sometime during development. Confocal 

analysis shows an overlapping pattern of DAlk and Jeb expression at the surface of 

the ventrally located cells of the visceral mesoderm that contact the Jeb expressing 

somatic mesoderm. On closer inspection these visceral mesodermal cells respond 

by differentiating into columnar founder cells. In DAlk1 homozygous mutant cells 

there is no co-localization of DAlk and Jeb and no founder cells are specified, so it 

appears as though the DAlk expressing cells respond in a spatial manner to Jeb by 

differentiating into founder cells. If Jeb is a ligand for DAlk the two proteins 

should be able to interact physically. In a direct as well as in a sandwich ELISA we 

were able to show that they do bind with high affinity. Cell culture experiments 

further confirmed that cells transfected with Alk bind recombinant Jeb, whereas 

cells transfected with control plasmid do not. Finally we also assayed interaction 

between endogenous DAlk and Jeb by co-immunoprecipitation of Jeb with an Alk 

antibody from embryonic extracts. 
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The DAlk kinase activity is essential for Jeb uptake and regulation of 

the ligand-receptor complex. 

To further understand the function of DAlk and its interaction with the ligand Jeb 

we had a closer look at some of our DAlk mutants, namely DAlk8- DAlk10. DAlk8 is 

expected to result in a protein truncated just after the transmembrane domain and 

DAlk9 and DAlk10 are point mutations in absolutely conserved residues within the 

kinase domain. The DAlk8- DAlk10 alleles are expected to result in a receptor with 

an intact extracellular domain and no, or a non functional, kinase domain. 

Interestingly, analysis of mutant embryos showed that all Alk expressing cells in 

the visceral mesoderm actually bind Jeb. This should be compared to the wild-type 

situation when only the ventral most cells bind Jeb in a highly transient manner. 

This interaction seems to be very strong since Jeb/Alk positive cells can be 

identified long after the normal expression has of Jeb ceased. Confocal analysis 

further showed that the Jeb/DAlk RTK complex is not internalized and degraded in 

DAlk9 and DAlk10. Thus the ligand-receptor complex is not down regulated in DAlk 

kinase loss of function mutants, and this implies that kinase activity of the DAlk 

RTK itself is essential for regulation of the signaling complex. 

 

 

In DAlk and jeb mutant embryos fusion competent myoblasts of the 

visceral mesoderm can fuse into the somatic mesoderm. 

In both bin and bap mutant embryos bap-Gal4 expressing cells i.e. visceral 

mesodermal cells, have been reported to be able to incorporate into somatic muscle 

(Azpiazu and Frasch, 1993; Zaffran et al., 2001). We were interested in tracing the 

fate of the visceral mesoderm in DAlk and jeb mutant embryos, and therefore 

analyzed mutant embryos with the Mef-2 muscle marker and Alk. Confocal 

analysis revealed that Alk expressing cells are attracted by and can be found in 

close proximity to the somatic mesoderm. In addition, fusion competent cells from 

the visceral mesoderm of DAlk and jeb mutant embryos are still able to fuse since 

they can be found incorporated into somatic muscle (Englund et al., 2003; Lee et 
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al., 2003; Stute et al., 2004). Thus in the absence of visceral founder cells that seed 

the visceral muscle fusion, the fusion competent cells of the visceral mesoderm get 

attracted by and can fuse into the somatic muscle.  

 

 

Visceral muscle fusion is essential for the dorsal-ventral migration of 

the endoderm in Drosophila (Paper IV). 

 
The functional Drosophila midgut is made up of the visceral muscle that encircles 

the endodermal epithelial tube. The midgut visceral muscles are formed by fusion 

of myoblasts and originate from the trunk mesoderm, while the endodermal tube 

originates from cell masses in the anterior and posterior parts of the embryo. These 

endodermal cell masses first migrate in the anterior-posterior direction to form two 

longitudinal plates. The cells of these plates then migrate in a dorsal- ventral 

direction to form an enclosed tube. Proper endodermal migration is dependent on 

the underlying visceral mesoderm (Tepass and Hartenstein, 1994). We have shown 

that visceral muscle fusion is dependent on the RTK DAlks normal function 

(Englund et al., 2003).  Jelly Belly (Jeb) is a ligand for DAlk and essential for 

DAlks function in visceral muscle fusion (Englund et al., 2003; Lee et al., 2003). In 

jeb mutant embryos the longitudinal endodermal migration is normal but there is 

no dorsal-ventral migration (Weiss et al., 2001). Taken together this suggests that 

DAlk may play an important role in endoderm migration and formation of the 

midgut epithelia. Therefore we were curious to examine whether endodermal 

migration is affected in DAlk mutant embryos. 

 

In a screen to identify molecules downstream of DAlk we analysed DAlk mutant 

embryos with antibodies against a homeobox protein Prospero, which is expressed 

in gut endoderm. Interestingly, we could see that the anterior-posterior migration 

was not affected in DAlk mutant embryos. In order to confirm these findings we 

used the 258-LacZ reporter line to investigate endoderm migration in DAlk mutant 

embryos. This analysis showed that in DAlk mutant embryos the initial longitudinal 
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migration of the endoderm is not affected, whereas the final dorsal-ventral 

migration is abnormal. This suggests that the endodermal cells of the midgut are 

dependent on visceral muscle fusion and DAlk function for proper migration 

during the last steps of endodermal migration and midgut epithelial formation.  

 

To further investigate the interaction between the cells of the endoderm and the 

visceral mesoderm we examined the embryos more carefully by confocal analysis. 

In order to observe this in detail we used a cytoskeletal protein, Adducin, as a cell 

shape marker, together with Prospero and Alk to identify the endoderm and 

visceral mesoderm respectively. Interestingly we could identify a bridge like 

structure between the bilateral plates of the endoderm. The cells of this bridge are 

flanked by large endodermal cells that directly contact the underlying visceral 

mesoderm. These large cells are probably large basophilic cells (LBCs) that have 

been described before (Reuter et al., 1993; Tepass and Hartenstein, 1994). LBCs 

derive from the posterior portion of the migrating endoderm and remain 

mesenchymal and attached to the apical surface of the endodermal surface when 

the rest of the endoderm has become epithelial. However, from our analysis it 

appears as though the LBCs directly contact the visceral mesoderm. The LBCs and 

the bridge like structure are present both in wild type and DAlk mutant embryos.  

Taken together, these results show that the initial anterior-posterior migration of 

the endoderm does not require visceral muscle fusion, while the dorsal-ventral 

migration is dependent on an intact visceral muscle template. Furthermore, we 

have identified a so far undescribed bridge like structure between the bilateral 

endodermal plates. This bridge is flanked by LBCs that directly contact the 

underlying visceral mesoderm. 
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Future perspectives 
 

This thesis describes the identification and studies of a novel Drosophila RTK 

essential for proper development of the midgut. We have been able to link a novel 

signaling pathway to the fusion of myoblasts in the visceral mesoderm which is a 

key event in the developing visceral muscle and midgut (Fig 15). Many important 

and exciting questions remain to be answered, for example why is ERK only 

activated in the founder cells when DAlk is actually also present in the fusion 

competent myoblasts? What different roles does DAlk have in the founder cells 

and in the fusion competent cells? Is the differential behavior of the DAlk 

expressing cells due to the activity of a co-receptor and/or activity of another 

signaling pathway such as the PI3K pathway? What are the downstream targets for 

DAlk and how is DAlk regulated? 

 

Since signaling modules are often highly conserved through evolution and because 

Drosophila, mouse and human Alk are homologues and have been shown to be 

expressed in analogue tissues, understanding of the normal function in Drosophila 

will provide a great tool for understanding Alk function in mammals. 

 

 

 

Fig 16. DAlk is involved in a novel 
signaling pathway that is essential 
for visceral muscle fusion and 
formation of the gut. Jeb binds to 
and activates the RTK DAlk. This 
results in activation of ERK and 
transcription of duf/kirre. 
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