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“No thief, however skillful, can rob one of knowledge, and that is 
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Abstract 

The anaplastic lymphoma kinase (ALK), initially identified as a 

translocation partner in anaplastic large cell lymphoma (ALCL), has been 

described in a number of tumors such as neuroblastoma. Neuroblastoma is a 

neural crest derived malignancy of the sympathetic nervous system. Therefore, 

understanding regulation of ALK transcription and activity in the context of 

normal neural crest development might highlight abnormal events contributing 

to neuroblastoma initiation. The use of vertebrate model systems has been very 

important for studying in detail the pathways activated during neural crest 

development, their contribution to neuroblastoma and the identification of 

therapeutic targets. 

Using a yeast one-hybrid approach, we identified Odd-paired (Opa) as a 

potential transcription factor modulating Alk expression in the Drosophila 

visceral mesoderm (VM) (Paper I). Opa promotes Alk expression in the VM in 

combination with Bagpipe (Bap) and Biniou (Bin) through binding to the here 

identified AlkEB9 enhancer region.  

In a subsequent paper, we identified ALKAL1 and ALKAL2 as the 

activating ligands for the human ALK (Paper II). Using a combination of in vitro 

and cell culture assays we show that the ALKAL proteins can bind and activate 

human ALK. Moreover, ALKAL proteins can “super-activate” mutant ALK, 

highlighting a putative role for the ALKALs/ALK axis in neuroblastoma.  

The third paper shows in vivo evidence of ALKAL activity during 

zebrafish neural crest development (Paper III). We identified and characterized 

three zebrafish Alkal proteins and demonstrated their ability to activate human 

and zebrafish ALK family RTKs. Zebrafish Alkals activate the ALK-related 

receptor leukocyte tyrosine kinase (LTK) in the neural crest to promote 

iridophore development.  

In the last paper, we employed the DamID approach on the Drosophila 

VM and identified the transcription factor Kahuli (Kah) as an Alk 

transcriptional target in this tissue (Paper IV). We also addressed the in vivo 
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Kah role during embryogenesis and showed that Kah is required for normal 

midgut invaginations and formation of the body wall musculature.  

Together, this thesis highlights the importance of ALK receptor signaling 

during development in vertebrate and invertebrate models. Further, it shows 

that ALKAL signaling via the activation of the ALK family receptors are involved 

in neural crest development. 
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Introduction 

Cell signaling mechanisms 

The need to detect and process environmental information via cell 

membrane receptors is common to all organisms. Unicellular organisms are in 

close contact with their environment and external stimuli may permeate  the cell 

membrane to interact with cytoplasmic or nuclear targets. However, complex 

multicellular organisms have developed multilayered signaling cascades to 

satisfy the need for an increased control and capacity of signaling pathways 

(Amit, Wides, and Yarden 2007; Shiu and Li 2004). The tyrosine kinase family 

is one of the most important gene families in metazoans, being involved in 

development, differentiation, immune response and cell death (van der Geer, 

Hunter, and Lindberg 1994; Hunter 1998; Hubbard and Till 2000). 

Protein phosphorylation 

Protein phosphorylation is one of the most common and important post-

translational modifications and is responsible for the regulation of most cellular 

processes such as protein synthesis, cell division, signal transduction, cell 

growth and cancer, to mention a few. Phosphorylation is a reversible 

modification that is tightly regulated by combinatorial functions of kinases and 

phosphatases, which add or remove phosphate (PO4) groups (Li et al. 2013; 

Sacco et al. 2012; Hunter and Pawson 2012; Hunter 2012). The majority of 

phosphorylation events in eukaryotic cells occur on serine (Ser or S, 86.4%), 

threonine (Thr or T, 11.8%) and tyrosine (Tyr or Y, 1.8%) residues (Schwartz and 

Murray 2011; Roskoski 2012; Nishi, Shaytan, and Panchenko 2014). In addition, 

phosphorylation of histidine (His or H) and aspartate (Asp or D) residues can 

take place, however phosphorylation on these residues is relatively unstable 

(Boyer et al. 1962; Fuhs and Hunter 2017). 

Protein kinases play a crucial role in regulation of the majority of cellular 

pathways, especially those involved in signal transduction (McCance 2014). 
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Cancer is considered a disease of abnormal signaling leading to tumorigenesis 

and tumor progression. Dysfunctional signaling arises from genetic mutations 

and epigenetic changes, resulting in deregulation of the normal cellular 

mechanisms, modifications in phosphorylation status of signaling pathways and 

tumorigenesis (Vogelstein and Kinzler 2004; Harsha and Pandey 2010; 

Hanahan and Weinberg 2011; Jones and Baylin 2002; Hallberg and Palmer 

2013; Umapathy et al. 2019). 

Many of the signaling pathways regulated by receptor tyrosine kinases 

(RTKs) and other protein kinases are involved in onset and progression of 

different types of cancer. Therefore, research on these signaling pathways has 

important clinical utility for developing therapeutics able to target and block 

tumor growth (Hanahan and Weinberg 2011; Hainaut and Plymoth 2013; 

Barrows et al. 2019). 

Tyrosine phosphorylation 

Phosphorylation of Tyr residues was first observed on polyoma virus 

middle T antigen by Hunter and colleagues (Hunter and Eckhart 2004). 

Transfer of a phosphoryl group from a high-energy donor to Tyr residues of a 

substrate protein is performed by protein tyrosine kinases (PTKs). Although Tyr 

phosphorylation was originally characterized in the control of cell proliferation, 

it is now appreciated that it is involved in regulation of a variety of cellular 

processes. Tyr-phosphorylation status is tightly regulated by the combinatorial 

activity of PTKs and protein tyrosine phosphatases (PTPs) (Fig. 1). 

Phosphorylation of Tyr residues adds negative charges to the protein chain and 

increases side chain size, consequently triggering structural changes and 

providing docking sites for phosphotyrosine binding proteins (Brady and Lau 

2012). 

The human PTK superfamily is composed of 90 members divided into 

two classes: 58 RTKs and 32 non-receptor tyrosine kinases (nRTKs) (Robinson, 

Wu, and Lin 2000; Manning et al. 2002). 
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nRTKs are cytosolic enzymes and are involved in signal transduction, 

regulating cell growth and proliferation, differentiation, adhesion and 

migration, and are key in the regulation of the immune response (Weiss and 

Littman 1994). The Src family is by far the most intensively studied nRTK and 

plays key roles in signal transduction via a variety of surface receptors. Src has 

two major phosphorylation sites: Tyr-416 and Tyr-527. Phosphorylation of the 

Tyr-527 residue locks Src in an inactive conformation. Phosphorylation of Tyr-

416 activates Src by displacing the pTyr-416 from the binding pocket and 

allowing the substrate to gain access (Roskoski 2005; Frame 2002; Irtegun et al. 

2013). 

 
Figure 1. 

4-3

reverted 

 

RTKs are single transmembrane proteins and generally serve as receptors 

for extracellular ligands that allow cell-to-cell communication. The ligand-

induced response varies between cells depending on the specific ligand and 

receptor identity, the adaptor proteins interacting with the receptor, and the 

cell-type. The combination of these factors drives activation of downstream 

signal transduction pathways, such as the mitogen activated protein kinase 

(MAPK)/extracellular signal–regulated kinase (ERK) pathway (Katz, Amit, and 

Yarden 2007; Rodriguez-Viciana et al. 1994; Levy and Darnell 2002; Noh, Shin, 

and Rhee 1995). 
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Receptor Tyrosine Kinase (RTK) superfamily 

RTKs are glycosylated transmembrane receptors that mediate cell-to-cell 

communication by transduction of extracellular signals to the cytoplasm and 

nucleus. These single transmembrane receptors contain an extracellular domain 

(ECD) for binding of polypeptide ligands (mainly growth factors) and an 

intracellular domain containing the tyrosine kinase domain (TKD). Signal 

transduction is achieved by autophosphorylation of the Tyr kinase and Tyr-

phosphorylation of downstream signaling proteins, resulting in activation of 

numerous signaling pathways involved in cellular processes such as cell 

proliferation, differentiation, migration, and metabolic changes (Schlessinger 

and Ullrich 1992; Lemmon and Schlessinger 2010; Schlessinger 1988a; Jiang 

and Hunter 1999). The RTK family includes insulin receptors (IRs) and 

receptors for many growth factors, such as epidermal growth factor (EGF), the 

fibroblast growth factor (FGF), and nerve growth factor (NGF) (Hunter 1997; 

Rodrigues and Park 1994). 

Signal transduction via RTK cascades exist almost exclusively in animals, 

undergoing ligand-receptor coevolution and expansion during the course of 

evolution and reaching the highest complexity in vertebrates with 518 kinases 

and 58 RTKs encoded in their genome (Shiu and Li 2004). Basic research in 

genetically tractable organisms such as nematodes and arthropods has been key 

in understanding their mechanisms of action and the fundamental roles played 

by different RTKs during human development and disease. 

Invertebrate model systems 

Conserved RTK signaling in metazoans is crucial for most aspects of cell 

fate determination and differentiation, patterning, growth and survival. 

Approximately 20 and 15 RTKs are encoded by the Drosophila and the C. 

elegans genome, respectively, of which nearly all have a mammalian 

counterpart (Sopko and Perrimon 2013; Popovici et al. 1999; Shiu and Li 2004). 

Studies using hybrid RTKs of the Drosophila Breathless (Bth) and Heartless 

(Htl) receptors suggest that RTK activation generates a generic signal that is 



 

5 
 

differently interpreted depending on the cell-identity and its developmental 

history (Dossenbach, Rock, and Affolter 2001; Flores et al. 2000; Halfon et al. 

2000; Simon 2000; Xu et al. 2000). This fact supports and reinforces the idea 

of conserved mechanisms for RTK signaling among animals. 

Drosophila Sevenless pathway 

The utility of model systems in understanding signaling can be illustrated 

by Drosophila, which has been extensively used to characterize signaling 

pathways important for cell type specification. The fly eye is composed of 

around 750-800 repetitive ommatidia. Each ommatidium is comprised of eight 

photoreceptor neurons (R1-R8) and four lens-secreting cone cells. In addition, a 

net of pigment cells surrounds each ommatidium to achieve individual optical 

insulation between neighbors (Wolf and Ready 1993). 

 
Figure 2.  during 

. 

 

photoreceptor specific genes. 
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The development of the visual system, with focus on R cell differentiation 

has underpinned the dissection of RTK pathways, i.e. that of the Sevenless (Sev) 

RTK and its ligand Bride of sevenless (Boss) (Fig. 2) (Tomlinson and Ready 

1987; Hart et al. 1990; Kramer, Cagan, and Zipursky 1991). During eye 

development, the seven-transmembrane ligand Boss, presented by R8 

photoreceptors, binds and activates the Sev receptor on prospective R7 

photoreceptor cells. Activation of the Sev receptor triggers stimulation of the 

ERK/MAPK pathway concluding in neuronal specification of the developing R7 

photoreceptor cells (Hart et al. 1990; Kramer, Cagan, and Zipursky 1991; Reinke 

and Zipursky 1988). Today, the fly eye is still considered to be an excellent 

genetic system to study cellular processes and diseases such as 

neurodegeneration, cancer, or diabetes. 

Drosophila MAPK activation during embryogenesis 

Work from many laboratories paint a picture of RTKs functioning in a 

highly temporally and spatially controlled manner to orchestrate a multitude of 

developmental processes. During embryogenesis, signaling output for the 

different RTKs can be visualized by looking at downstream activity with dpERK 

antibodies (Gabay, Seger, and Shilo 1997), providing an overview “atlas” of 

MAPK-driven signaling events (Fig. 3). The “atlas” of MAPK activation during 

Drosophila embryogenesis highlights the dynamics of activation of the different 

RTKs, which respond to different stimuli to activate the conserved MAPK 

pathway. 

Following mesoderm differentiation, activation of Alk by the Jeb ligand 

drives ERK activation in the visceral mesoderm (VM) (Fig. 3, stage 11), resulting 

in the specification of founder cells (FCs) (see section: “Alk signaling in 

fruitflies”). This can be compared with dpERK in the tracheal pits at stage 11, 

which is due to signaling by the FGFR homologue, Breathless (Btl) (Shishido et 

al. 1993; Hidalgo and Booth 2000; Egger et al. 2002; Freeman et al. 2003). 
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Altogether, Drosophila embryogenesis serves as a great model to study 

activation of different RTKs, each responding to different ligands but having in 

common the activation of the conserved MAPK pathway. 

Figure 3. 

fuchsia) upon Alk signaling. ( ). 

Vertebrate model systems 

Insights from invertebrate model systems have been key to describe 

signaling pathways and identify transcriptional targets. The number of tyrosine 

kinases in the vertebrate kinome is larger than that in invertebrates, with a 

marked increase of RTKs over nRTKs. This is thought to reflect increasing 

requirements for versatility and control of signaling pathways over the course of 

evolution (Shiu and Li 2004). RTK expansion is the result of several gene 

duplications; thus, every RTK subfamily tends to have multiple human RTK 

paralogues in comparison to their invertebrate orthologues (Miyata and Suga 

2001). Moreover, signaling cascades have evolved towards signaling networks 

where parallel cascades richly interact and generate functional robustness. 

Vertebrate systems also offer the opportunity to study tissues such as the neural 

crest, which is important when considering human diseases such as 

neuroblastoma, a tumor that arises from the developing neural crest (Simoes-

Costa and Bronner 2013; Maguire, Thomas, and Goldstein 2015; Nakagawara 

2004). 
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Neural crest development in Danio rerio 

The neural crest (NC) is an evolutionary adaptation common to all 

vertebrates and gives rise to a great diversity of cell lineages, including 

melanocytes, craniofacial cartilage and bones, smooth muscle, neurons and glia 

(Huang and Saint-Jeannet 2004). The mechanisms behind NC specification and 

migration are complex and not well understood, therefore the use of simpler 

model organisms such as Danio rerio have been key in describing the initial 

patterns of NC development. 

NC cells (NCCs) are a migratory population of cells that arise from the 

dorsal part of the neural tube. Following induction, NCCs delaminate and follow 

migratory paths conserved among all vertebrates (Gammill and Bronner-Fraser 

2003; Le Douarin and Kalcheim 1999; Morales, Barbas, and Nieto 2005; 

Steventon, Carmona-Fontaine, and Mayor 2005). A number of extracellular 

signals have been described in zebrafish that interact with NCCs to guide their 

migration, proliferation and survival. These signals are detected by surface 

RTKs, including the conserved Ephrin-receptor (Eph) and Leucocyte Tyrosine 

Kinase (Ltk) (Robinson et al. 1997; Smith et al. 1997; Lopes et al. 2008). 

Pigment cells are one of the many cell types derived from the zebrafish 

NC. Several factors control the timing and pattern of the dorso-lateral migration 

of pigment cell precursors. The molecular mechanisms controlling the transition 

from multipotent NC to restricted pigment cell fate remain poorly understood. 

However, genetic analysis in the zebrafish has identified key extracellular 

signals and downstream transcription factors required for specification of 

different pigment cell fates. One of the best characterized examples is the Ltk 

receptor that triggers specification of the iridophore lineage (Lopes et al. 2008; 

Fadeev et al. 2016). Although mammals do not develop iridophores, the study of 

zebrafish Ltk signaling is key in achieving a better understanding of the human 

orthologues ALK and LTK in the context of neural crest development. 
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Drosophila embryogenesis and muscle development 

After fertilization, specification of anterior-posterior (A-P) and dorsal-

ventral (D-V) axis are initiated by the action of maternally deposited 

components. D-V axis determination results in the formation of the three germ 

layers: mesoderm, endoderm and ectoderm. Dorsal protein (from maternally 

deposited mRNA) localizes to the nuclei of ventral cells in a form of a gradient, 

which reaches the highest concentration near the ventral-most region of the 

embryo. High nuclear concentrations of Dorsal activate expression of the 

mesodermal genes twist (twi), snail (sna) and  (fgf8r), inducing 

mesoderm fate and promoting invagination of this tissue through the ventral 

furrow (Fig. 4A) (Steward and Govind 1993). Adjacent to these ventral cells, the 

concentration of nuclear Dorsal decreases and allows expression of  

 
Figure 4. Dorso-
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rhomboid (rho), which leads to differentiation of the neuroectoderm. The nuclei 

in the dorsal side of the embryo contain very low to no Dorsal protein, which 

relieves inhibition of the dorsalizing genes zerknüllt (zen) and decapentaplegic 

(dpp) and promotes formation of the amnioserosa and the ectoderm. Thus in 

the same cell, Dorsal can function as transcriptional activator and repressor, 

depending on concentration levels (Fig. 4B). 

Subdivision of the embryonic mesoderm 

Following axis determination, the Drosophila embryonic body plan is 

established by the action of segmentation genes at different time points during 

embryogenesis: gap genes (syncytial blastoderm), pair-rule genes (cellular 

blastoderm) and segment polarity genes (after cellularization) (Nusslein-

Volhard and Wieschaus 1980). 

The mesoderm is defined during the cellular blastoderm stage in response 

to nuclear Dorsal protein, that promotes expression of snail and twist in the 

ventral-most cells of the embryo. At gastrulation, these cells invaginate to form 

the presumptive mesoderm that gives rise to the visceral, somatic and cardiac 

muscles together with the fat body (Bate 1993). Although twist is initially 

uniformly expressed along the entire mesoderm, it is later modulated by signals 

from the ectoderm into high and low Twist level domains along the A-P axis, 

defined by Wingless (Wg) and Hedgehog (Hh) respectively, to give segmental 

identity (Borkowski, Brown, and Bate 1995; Baylies and Bate 1996; Castanon et 

al. 2001). Similarly, signaling from the TGF-β family member Dpp defines 

dorsal-ventral domains of the mesoderm (St Johnston and Gelbart 1987). 

Within the mesoderm, the trunk mesoderm is divided into segmental 

units known as parasegments (PS) (Borkowski, Brown, and Bate 1995; Azpiazu 

et al. 1996; Riechmann et al. 1997), which can be subdivided in A (Anterior) and 

P (Posterior) domains, corresponding to the sloppy-paired (slp) and the even-

skipped (eve) functional domains, respectively (Riechmann et al. 1997). Cell 

intrinsic and extrinsic factors further subdivide these domains into dorsal and 

ventral positional subdomains that give rise to visceral, somatic, cardiac and fat 
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body mesodermal tissues (Borkowski, Brown, and Bate 1995; Azpiazu et al. 

1996; Riechmann et al. 1997; Maggert, Levine, and Frasch 1995) (Fig. 5). 

 
Figure 5. nic 
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Specification of the visceral mesoderm  

Within each individual parasegments, Dpp and Wg promote the 

expression of  (tin) that specifies the dorsal mesoderm and is required 

for visceral mesoderm (VM) and heart formation (Frasch 1995; Yin and Frasch 

1998). Combinatorial effect of Dpp and Tin drives the expression of the NK 

homeobox family gene bagpipe (bap) in the dorsal mesoderm (Azpiazu et al. 

1996). Simultaneously, ectodermal Wg in the A domains drives expression of slp 

that restricts bap expression to the P domain of the dorsal mesoderm (Fig. 5) 

(Riechmann et al. 1997; Azpiazu et al. 1996; Lee and Frasch 2000). The 

transcription factor Bap is an early regulator of trunk mesoderm and together 
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with  the FoxF homolog Biniou (Bin) specifies the trunk visceral mesoderm 

(Perez Sanchez et al. 2002; Zaffran et al. 2001). Expression of Bap is transitory 

and disappears rapidly after VM specification, whereas Bin expression stays 

stable contributing to the maintenance of the VM cell fate during midgut 

development (Bienz 1994; Zaffran et al. 2001). 

Development of embryonic visceral muscles 

The Drosophila digestive tract is divided into three regions: foregut, 

midgut and hindgut. While the inner layers of foregut and hindgut originate 

from the invaginating ectoderm, the midgut epithelium consists of cells of 

endodermal origin (Fig. 6). In addition, foregut, midgut, and hindgut are 

surrounded by visceral muscles (Tepass and Hartenstein 1994; Reuter, 

Grunewald, and Leptin 1993). 

The midgut musculature consists of an inner layer of circular muscles and 

an outer one of longitudinal muscles deriving from the trunk visceral mesoderm 

(TVM) and caudal visceral mesoderm (CVM) progenitors, respectively (Campos-

Ortega and Hartenstein 1997; Martin et al. 2001; Klapper et al. 2002). At 

embryonic stage 10, the TVM progenitors form two rows of 11 segmental 

clusters characterized by expression of the Alk RTK, and bap and bin 

transcription factors (Azpiazu et al. 1996; Loren et al. 2003; Zaffran et al. 2001). 

Following Alk activation, the dorsal-most row of cells undergoes FC fate 

specification, whereas the remaining cells express fusion competent myoblast 

(FCM) specific genes (Stute et al. 2004; Lee et al. 2003; Englund et al. 2003). 

This results in differential gene expression, such as expression of 

dumbfounded/kin of irregular-chiasm-C (duf/kirre) and sticks and stones 

(sns) in FC and FCMs, respectively. Both Duf/Kirre and Sns are transmembrane 

receptors that belong to the immunoglobulin superfamily. Moreover, both have 

been shown to act as attractants for the FCMs and FCs and play a role in the 

fusion of both cell types (Ruiz-Gomez et al. 2000; Bour et al. 2000; Dworak et 

al. 2001). 



 

13 
 

 
Figure 6. 

-

 

Fusion of FCs to FCMs occurs during stage 11/12, resulting in the 

formation of binucleated syncytia of circular visceral muscles. At the same time, 

the CVM progenitors migrate anteriorly along the visceral muscles, and by the 

end of stage 12, longitudinal FCs fuse with the remaining FCMs from the VM 

(Klapper et al. 2002; Martin et al. 2001). In contrast to the binuclear circular 

muscles, the longitudinal muscles are multinucleated fibers. Both muscle types 

are connected by extracellular matrix and integrins and form a dense network 

coating the entire gut tube (Brown, Gregory, and Martin-Bermudo 2000; 

Klapper et al. 2002; Martin et al. 2001). 

The Anaplastic Lymphoma Kinase (ALK) RTK 

The ALK receptor was first described in 1994 as a fusion partner with 

NPM observed in ALCL patients (Morris et al. 1994). The NPM-ALK fusion 

protein arises from a t(2;5) chromosomal rearrangement, where the kinase 

domain of ALK is combined with the N-terminal portion of NPM resulting in 

expression of a 80 kDa fusion protein (Fujimoto et al. 1996; Morris et al. 1994). 

The t(2;5) brings the expression of the ALK kinase domain under control of the 

strong  promoter, leading to high expression of the NPM-ALK fusion 

protein, dimerization via the NPM domain and constitutive activation of the 
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ALK kinase function (Bai et al. 1998; Bischof et al. 1997; Fujimoto et al. 1996; 

Shiota et al. 1995). 

The characterization of the full-length human ALK receptor was reported 

independently by two groups, revealing a 1620 amino acid RTK with a predicted 

molecular weight of 180 kDa (Iwahara et al. 1997; Morris et al. 1997). ALK 

exhibits the conserved structural architecture of a typical transmembrane RTK, 

with an extensive ECD, a lipophilic transmembrane (TM) region and a 

cytoplasmic tyrosine kinase domain (TKD) that displays high similarity to the 

insulin receptor (IR) TKD. 

ALK, together with the closely related Leucocyte Tyrosine Kinase (LTK), 

belongs to the insulin receptor superfamily. Unlike ALK, the extracellular 

domain of the human LTK is smaller, containing only a glycine-rich (GR) 

domain (Hallberg and Palmer 2013). Moreover, in contrast to the membrane-

localized ALK, LTK appears to localize to the endoplasmic reticulum (ER), 

where it regulates cellular proteostasis controlling ER export and formation of 

ER exit sites (ERES) (Bauskin, Alkalay, and Ben-Neriah 1991; Centonze et al. 

2019). 

ALK domain structure overview 

The ALK ECD displays a unique combination of structural domains 

among the RTKs, containing an LDLa (low-density lipoprotein class A) domain 

flanked by two MAM (meprin, A5 protein and receptor protein tyrosine 

phosphatase μ) domains as well as a glycine-rich (GR) region proximal to the 

membrane (Fig. 7) (Iwahara et al. 1997; Stoica et al. 2001; Morris et al. 1997). 

Despite similarities, the human ALK ECD is significantly larger than that of  

LTK, which lacks both the LDLa and MAM domains (Iwahara et al. 1997; Morris 

et al. 1997). Although the precise function of the ALK ECD domains remains 

unclear, studies performed in Drosophila and cell culture have shown 

functional significance for both the MAM and GR domains. There, point 

mutations altering highly conserved residues within either the MAM or GR 
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domains render the structurally conserved Drosophila ALK inactive (Loren et 

al. 2003; Guan et al. 2015). 

 
Figure 7. 

(yellow), and a glycine-  

, green to 

, red) within 

 

 

ALK/RTK activating ligands 

The general pattern of RTK activation can be summarized as several 

critical events: ligand binding, ligand-induced receptor dimerization, tyrosine 

auto-phosphorylation and activation of downstream signaling proteins 

(Lemmon and Schlessinger 2010; Schlessinger 1988b; Jiang and Hunter 1999). 

Over the last 15 years, several secreted molecules have been proposed as ALK 

ligands, including the small heparin-binding growth factors Midkine (MDK) and 

Pleiotrophin (PTN), as well as heparin and zinc (Murray et al. 2015; Stoica et al. 

2002; Stoica et al. 2001; Bennasroune et al. 2010). However, further reports 

have been unable to corroborate these findings (Motegi et al. 2004; Moog-Lutz 

et al. 2005; Mourali et al. 2006; Mathivet, Mazot, and Vigny 2007; Hugosson et 

al. 2014; Guan et al. 2015). While today the ALK vertebrate ligands have been 

identified, their identity was unknown at the beginning of my PhD studies. 
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In vivo functionality of ALK/LTK family 

RTKs play vital roles in the transmission of extracellular cues regulating 

key cellular processes such as proliferation, survival, and differentiation. In 

addition, a number of RTKs have also been reported to be implicated in 

oncogenesis, ALK being one of them. 

 
Figure 8. 

-

 

Apart from its role in human cancer biology, ALK has been investigated in 

several model organisms, from invertebrate organisms such as the fruit fly 

( ) and the nematode Caenorhabditis elegans, to 

vertebrates represented by zebrafish (Danio rerio) and mice ( ) 

(Fig. 8). The study of the evolutionary conserved ALK/LTK RTK family has 
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provided valuable insights into the signaling pathways activated downstream of 

ALK not only during development but also in ALK-driven tumors. 

SCD-2 signaling in C. elegans 

The single worm homolog of ALK/LTK, namely SCD-2 (Suppressor of 

Constitutive Dauer formation 2), was initially identified in a screen for 

suppressors of the TGF-beta pathway mutants that cause constitutive dauer 

formation (Inoue and Thomas 2000). Almost a decade later, analysis of a C. 

elegans strain isolated from a desert oasis which failed to respond to dauer 

pheromone at 25°C, concluded with the characterization and genetic mapping of 

this phenotype to the scd-2 locus. This work uncovered a novel sensory pathway 

that in combination with the TGF-beta pathway regulates dauer formation. In 

short, HEN-1 ligand is released in response to sensory stimuli (such as dauer 

pheromone itself), thus activating SCD-2 that signals via the SOC-1 RTK adaptor 

protein to activate the SMA-5 MAPK. Ultimately, information gathered through 

both SCD-2 and TGF-beta pathways triggers the activity of the DAF-3 (SMAD3) 

transcription factor and initiates dauer formation (Fig. 9) (Schutzman et al. 

2001; Reiner et al. 2008; Ishihara et al. 2002; Watanabe et al. 2005). Moreover, 

an scd-2(neu*) chimeric constitutively active receptor, in which the SCD-2 TM 

domain was replaced with that of the mutant mammalian ErbB2/Her2/Neu 

RTK oncogene, therefore bypassing the requirement for HEN-1 ligand caused 

an early arrest phenotype. This was interpreted as inhibition of feeding 

behavior, thus suggesting that SCD-2 mediates food signal inputs (Reiner et al. 

2008). 

In the nematode, HEN-1 is highly expressed by the AIY neurons, on 

which numerous sensory neurons converge and form synapses to integrate 

different sensory signals. One group of these neurons are the AIA neurons 

which are responsive to HEN-1 protein secretion. Analysis of scd-2 mutants and 

animals devoid of AIY neurons (therefore lacking HEN-1) suggested that, 

although SCD-2 RTK signaling is dispensable during development, it is required 
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for integration of sensory inputs, memory formation and ultimately for proper 

behavioral choice making (Ishihara et al. 2002; Shinkai et al. 2011). 

 
Figure 9. SCD- -  

- -1 and -4 receptors 

-  receptors), i - -1 

-

-

SCD-2 therefore is able t -  

-  

SCD-2 RTK signaling also has a role in presynaptic 

differentiation/maturation of the neuromuscular junction in C. elegans. Here, 

SCD-2 forms a complex with the F-box protein FSN-1 through its SPRY domain. 

Additionally, FNS-1 associates with the RING finger protein RPM-1 in an SCF-

like ubiquitin ligase complex at presynaptic periactive zones, downregulating 

SCD-2 to locally regulate presynaptic differentiation and synapse position (Liao 

et al. 2004). An additional role for SCD-2 signaling involves aging regulation by 
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neurosecretory control, where scd-2 mutant animals display a decreased life-

span as measured by lysosomal deposits of lipofuscin that accumulate over time 

in the intestine of the aging worm (Shen, Wang, and Wang 2007). 

Alk signaling in fruitflies  

The role of ALK during development has been most extensively studied in 

the fruit fly. Similar to C. elegans, the Drosophila genome harbors a single 

ALK/LTK family member. Drosophila Alk shares an overall domain structure 

with human ALK (Fig. 8) and plays a critical role during embryogenesis in the 

developing VM (Loren et al. 2001). Many of the studies on Alk signaling have 

focused on its controls of specification of a specific cell type – the VM founder 

cells (FCs) (Englund et al. 2003; Lee et al. 2003; Loren et al. 2003; Stute et al. 

2004). Expression of Alk in the VM is regulated by a combinatorial effect of Bin 

and Bap (Zinzen et al. 2009; Zaffran et al. 2001; Azpiazu and Frasch 1993). In 

the fly, the Alk ligand is a small low-density lipoprotein containing secreted 

protein called Jelly belly (Jeb) (Weiss et al. 2001). Jeb activates Alk, driving 

signaling crucial for FC specification and further embryonic gut muscle 

development (Englund et al. 2003; Loren et al. 2003; Weiss et al. 2001; Lee et 

al. 2003). 

Activation of Alk signaling is activated by Jeb binding to the dorsal-most 

row of cells of the VM, stimulating the Raf/MAPK pathway via Connector 

enhancer of kinase suppressor of Ras (Cnk) and Aveugle (Ave) (Fig. 10) 

(Wolfstetter et al. 2017; Loren et al. 2003; Lee et al. 2003; Englund et al. 2003). 

This MAPK activation in the VM drives degradation of the Gli/Zic/Glis family 

transcription factor Lame duck (Lmd) by the E3 ubiquitin ligase Mind bomb 2 

(Mind2) (Popichenko et al. 2013). Lmd has been proposed to function as 

activator of FCMs genes and of a putative FC repressor. Therefore, degradation 

of Lmd, driven by the Alk/MAPK pathway, is required to prevent expression of 

the FC repressor and therefore for FC specification (Zhou et al. 2019). In 

addition to Lmd degradation, Jeb/Alk activation drives signaling events 

promoting expression and activation of key signaling molecules including Hand, 
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, or-blind-related-gene-1 (org-1), 

protein at  and Alk itself in the FCs (Schaub et al. 2012; 

Popichenko et al. 2013; Varshney and Palmer 2006; Mendoza-Garcia et al. 

2017; Lee et al. 2003; Englund et al. 2003; Stute et al. 2004; Zhou et al. 2019). 

 
Figure 10. 

only occurs in the dorsal-

- -

- -

specification. 
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Animals devoid of either Jeb or Alk ultimately fail to specify visceral FCs, 

resulting in defective gut muscle development and lethality (Loren et al. 2003; 

Lee et al. 2003; Azpiazu and Frasch 1993; Weiss et al. 2001; Zaffran et al. 2001). 

Jeb/Alk signaling also has indirect effects on the embryonic endoderm through 

regulation of the dpp TGF-beta homolog (Shirinian et al. 2007). 

Besides expression in the embryonic VM, the Drosophila Alk is also 

expressed in the amnioserosa and embryonic epidermis, at the neuromuscular 

junction (NMJ), and in the developing nervous system. In the CNS, Jeb/Alk 

signaling regulates correct targeting of photoreceptor axons during maturation 

of the optic lobe. Here, Alk acts in an anterograde signaling manner promoting 

survival of the lamina L3-neuron dendrites resulting in proper targeting of R8-

cell axons in the medulla of the fly optic lobe (Bazigou et al. 2007; Pecot et al. 

2014). Alk also acts in an anterograde fashion at the larval NMJ, where the 

receptor, present at the post-synaptic membrane activates a Ras/MAPK 

signaling cascade, in response to pre-synaptically secreted Jeb, thus regulating 

synaptic transmission (Rohrbough et al. 2013).  

An additional role for Jeb/Alk signaling is to control organ and body 

growth. Neuronal Alk activation has an adverse effect on body size, as increased 

Alk activity leads to reduced fly size (Gouzi et al. 2011). However, under 

nutrient-deprived conditions, Alk activity functions to spare CNS progenitors at 

the expense of other tissues in a process known as “brain-sparing”. Here, Alk 

activity suppresses amino acid sensing via the Slif/Reb/TORC1, the Insulin 

Receptor (InR) and the Target of rapamycin (TOR) pathways, resulting in 

constitutive activation of Phosphoinositide-3-kinase (PI3K) and TOR targets, 

thus sparing the CNS during starvation (Cheng et al. 2011). Interestingly, null 

dNf1 (Neurofibromatosis 1, a Ras GTPase activating protein) mutants display 

phenotypes in body size regulation and associative learning that can be rescued 

by inhibition of Alk, suggesting that dNf1 functions downstream of Alk activity 

(Gouzi et al. 2011; Gouzi et al. 2005). 
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ALK/LTK signaling in zebrafish 

The zebrafish genome harbors two ALK/LTK RTK family members. 

Interestingly, both zebrafish Alk and Ltk exhibit MAM domains, making both 

zebrafish homologs closer to the human ALK in terms of domain structure (Fig. 

8) (Fadeev et al. 2018; Mo et al. 2017; Lopes et al. 2008). In addition, 

phylogenetic analyses suggest that the vertebrate Alk and  arose by gene 

duplication early in evolution (Lopes et al. 2008). 

Zebrafish Alk is expressed in the developing CNS and has been reported 

to be necessary for neuronal survival (Yao et al. 2013). Zebrafish Ltk has been 

shown to be critical in development of one type of neural crest (NC) derived 

pigment cells - the iridophores (Lopes et al. 2008; Kelsh et al. 1996; Haffter et 

al. 1996). 

 
Figure 11.  (A) 

showing the  along the peripheral neurons 

 

Neural crest cells give rise to several cell types including 

–  
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In zebrafish embryos, migrating NC cells undergo direct differentiation 

into three types of chromatophores: black melanophores, orange/yellow 

xantophores, and silvery/blue iridophores (Fig. 11). During color patterning, 

heterotypic interactions regulate cell shape and density of the three types of 

pigment cells. This, in combination with the later proliferation of new pigment 

cells during metamorphosis, generates the characteristic striped adult pattern 

(Budi, Patterson, and Parichy 2008, 2011). 

Similar to the human ALK RTK, the zebrafish Ltk is initially expressed in 

a subset of premigratory NCCs (Lopes et al. 2008; Iwahara et al. 1997; Morris et 

al. 1997). Signaling through Ltk specifically regulates iridophore differentiation, 

proliferation and survival. Simultaneously, iridophore proliferation and 

migration is controlled by competitive homotypic interactions (Lopes et al. 

2008; Fadeev et al. 2016). While hypomorphic ltk mutants, such as shady, 

survive to adulthood and display pigmentation defects, null/knock-out ltk 

animals die during larval stages (Fadeev et al. 2018); however, the underlying 

mechanisms behind remain elusive (Fig. 12). 

 
Figure 12.  allele leads 

to overproduction of iridophores. In contrast, the ltkshd 

  

In 2016, a dominant gain-of-function (GOF) ltk allele was described, 

named . The  allele harbors a missense mutation that 

substitutes F993I in a highly conserved position of the kinase domain, which 

corresponds to the human ALK-F1174 residue, a known hotspot in human 

neuroblastoma. This mutation generates a constitutively active version of Ltk 
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that is sensitive to human ALK inhibitors (Fadeev et al. 2016; Fadeev et al. 

2018). 

ALK in vertebrates: mouse and human 

ALK expression during mammalian development has been best studied in 

mice. ALK is detected during embryogenesis in the developing ganglia and the 

primitive spinal cord, and at later time points can be detected throughout the 

CNS and PNS, testis and ovaries (Iwahara et al. 1997; Morris et al. 1997; 

Bilsland et al. 2008; Cazes et al. 2014; Lopez-Delisle et al. 2014; Vernersson et 

al. 2006). ALK expression is high in neonatal mouse brain and sympathetic 

ganglia, decreasing to lower levels in adult mice (Iwahara et al. 1997; Cazes et al. 

2014). Expression of ALK in the CNS appears to overlap to a certain extent with 

that of the related LTK, although LTK expression has only been reported in 

adult neurons and the hippocampus (Weiss et al. 2012).  

The strong expression of ALK in neural tissue suggested a potentially 

important function during the development of neural structures. Mice devoid of 

ALK are viable (Bilsland et al. 2008; Lasek, Lim, et al. 2011; Weiss et al. 2012; 

Witek et al. 2015), as are mice mutant for both ALK and LTK (Weiss et al. 2012). 

Although viable, phenotypes involving neurogenesis, behavior function and 

hormonal disturbances have been reported (Bilsland et al. 2008; Dutton et al. 

2017; Lasek, Gesch, et al. 2011; Lasek, Lim, et al. 2011; Mangieri et al. 2017; 

Schweitzer et al. 2016; Weiss, Weber, Marzulla, et al. 2017; Weiss, Weber, 

Torres, et al. 2017; Weiss et al. 2012; Witek et al. 2015). While future work 

should clarify the role of ALK in adult neurogenesis and behavior, it is worth 

noting that patients on ALK inhibitors experience visual side-effects as well as 

depressed testosterone levels (Weickhardt et al. 2012; Witek et al. 2015; 

Camidge et al. 2012; Kwak et al. 2010).  

In humans, ALK can be detected in the testis, small intestine, prostate, 

brain, and placenta in adult tissues, along with the brain and liver of the human 

fetus (Morris et al. 1994). Interestingly, ALK polymorphisms have been reported 

to be associated with schizophrenia, sensitivity to alcohol and alcohol 
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dependence (Kunugi et al. 2006; Lasek, Lim, et al. 2011; Wang et al. 2011), 

further emphasizing potential roles of ALK in neural tissues.  

ALK in human cancers  

The work in this thesis has employed several model systems to investigate 

ALK function. The underlying aim has been to understand how ALK is regulated 

normally to allow better understanding of aberrant ALK signaling in disease, 

particularly in tumor development and growth. Here, I discuss ALK in the 

context of cancer development and more specifically in the childhood cancer 

neuroblastoma. 

Oncogenic ALK signaling 

Human ALK has been extensively studied in its oncogenic role. Since the 

first reports of the NPM-ALK fusion oncoprotein in anaplastic large cell 

lymphoma (ALCL) (Morris et al. 1994; Fujimoto et al. 1996; Bischof et al. 1997), 

a large body of data has been generated regarding ALK in multiple cancer types. 

While ALK fusion partners have been identified in many cancer types (Hallberg 

and Palmer 2013), the most studied fusions are NPM-ALK in ALCL and EML4-

ALK in non-small-cell lung cancer (NSCLC). Despite the broad range of cancers 

involved, the ALK fusion proteins reported to date function in a similar general 

manner. Firstly, dimerization of the resulting ALK fusion protein is driven by 

the partner protein – where dimerization promotes trans-auto-phosphorylation 

and activation of the ALK kinase domain, leading to constitutive ligand-

independent signaling. Secondly, the expression of the ALK fusion reflects the 

regulatory elements of the fusion partner. Thirdly, subcellular localization of the 

ALK fusion protein can be influenced by the fusion partner protein (Bischof et 

al. 1997; Soda et al. 2007; Tort et al. 2001; Hallberg and Palmer 2016). 

Moreover, the fusion partner also influences kinase activity, protein turnover 

and even differential sensitivity to ALK tyrosine kinase inhibitors (TKIs) 

(Childress et al. 2018). The role of ALK fusions in human cancer has been 
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covered extensively in many reviews which address different aspects of ALK 

signaling and function (Hallberg and Palmer 2016; Lin, Riely, and Shaw 2017). 

ALK and neuroblastoma 

Neuroblastoma (NB) is a childhood cancer that arises from the NCCs of 

the sympaticoadrenal lineage. Most NB tumors express the full length ALK 

under the control of its own promoter, either in its wild-type form or harboring 

missense mutations (Lamant et al. 2000; Dirks et al. 2002; Osajima-Hakomori 

et al. 2005; Lee et al. 2018; Chen et al. 2014). NB arises both as sporadic and 

familial events. Although the incidence of familial NB is very low (in the order of 

1-2% of cases), half of the cases are associated with germline mutations in the 

ALK locus (Mosse et al. 2008; Janoueix-Lerosey et al. 2008; Devoto et al. 2011).  

Most ALK mutations are activating point mutations within the kinase 

domain, although translocations have also been reported (Chiarle et al. 2008; 

Duyster, Bai, and Morris 2001; Hallberg and Palmer 2013; Fransson et al. 2015; 

Caren et al. 2008). In brief, the majority of ALK mutations observed in NB 

disrupt the PTK auto-inhibited conformation and induces constitutive ligand-

independent signaling (Lee et al. 2010; Fransson et al. 2015; Okubo et al. 2012). 

ALK point mutations have been reported in both familial and somatic NB, with 

the majority localized at the ‘hotspot’ positions of R1275, F1174 and F1245 (Fig. 

13) (Chiarle et al. 2008; Duyster, Bai, and Morris 2001; Hallberg and Palmer 

2013; Fransson et al. 2015; Caren et al. 2008; Bresler et al. 2014; Hallberg and 

Palmer 2016; De Brouwer et al. 2010). While R1275Q is the most common 

mutation (present in 45% of familial NB and 33% of sporadic cases), F1174 and 

F1245 mutants are also frequent in sporadic NB (in 30% and 12% of cases, 

respectively) (De Brouwer et al. 2010; Bresler et al. 2014; Hallberg and Palmer 

2016; Devoto et al. 2011). 

The contribution of ALK mutations to the development of NB has been 

addressed in mice by expression of gain of function ALK mutant variants, either 

as transgenes or knock-in mutations at the ALK locus (Berry et al. 2012; Cazes 

et al. 2014; Ueda et al. 2016). Mice expressing activated ALK GOF mutant 
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variants display increased neurogenesis in the sympathetic ganglia, however in 

no case was activated ALK able to drive NB tumor development as a single agent 

(Cazes et al. 2014; Ueda et al. 2016; Heukamp et al. 2012; Schulte et al. 2013). 

 
Figure 13.  

-pocket 

 

Earlier genetic observations noted an increased incidence of activating 

ALK point mutations in MYCN amplified tumors (8.9 %), that is associated with 

poorer patient survival (De Brouwer et al. 2010). Approximately 25% of NB 

tumors display amplification of MYCN (Ruiz-Perez, Henley, and Arsenian-

Henriksson 2017). Furthermore, ALK has been shown to control MYCN 

transcription and protein stabilization through PI3-K/Akt/PKB/MEKK3/MEK5 

pathway (Umapathy et al. 2014; Berry et al. 2012; Schonherr et al. 2012; Chesler 

et al. 2006). In addition, studies in zebrafish and mice models showed a 

cooperative effect of ALK and MYCN in promoting NB development (Zhu et al. 

2012; Berry et al. 2012; Cazes et al. 2014; Heukamp et al. 2012; Ueda et al. 

2016). 
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The potency of combining ALK-GOF and MYCN expression to develop 

abnormal organs or tumors has been studied in transgenic zebrafish and mouse 

models. In zebrafish, NB-like tumors developed with three fold greater 

penetrance and an accelerated onset, when ALK-GOF was coexpressed with 

MYCN and compared to tumor development in MYCN positive animals (Zhu et 

al. 2012). Similarly, ALK-GOF coexpressed with MYCN had a greater tumor 

penetrance and earlier tumor onset when compared to MYCN expressing mice 

(Berry et al. 2012; Ueda et al. 2016). Altogether, there seems to be an intricate 

potentiation between ALK and MYCN that needs further study to be fully 

understood. 

ALK amplification and/or overexpression 

As mentioned above, mutations in the  locus are highly correlated 

with neuroblastoma disease progression. While abnormal  expression can 

arise from  gene amplification and overexpression, ALK mutation and 

amplification are very seldom observed within the same tumor (Javanmardi et 

al. 2019). While polysomy of chromosome 2 and therefore  amplification 

does not always mean increased levels of ALK protein or signaling, gain of  

usually is associated with increased sensitivity to ALK inhibitors, such as 

crizotinib (Miyake et al. 2002). 

 
Figure 14. (2p24.3) and 
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A common hallmark of high risk NB is gain of the distal region of 

chromosome arm 2p, namely “2p-gain” (De Brouwer et al. 2010). Interestingly, 

the ALK locus (at 2p23.2-2p23.1) is located in close proximity to MYCN (at 

2p24.3) locus (Fig. 14), and are expressed at detectable levels in primary NB 

tumors (Javanmardi et al. 2019). Therefore, NB cell lines express that ALK 

together with MYCN may represent a positive control loop promoting NB 

growth and survival when deregulated. This is supported by several reports 

studying germline chromosomal abnormalities involving 2p-gain and congenital 

NB. In these cases, no ALK mutations have been reported, pointing to a 

combinatorial effect of ALK and MYCN in promoting NB onset (Say et al. 1980; 

Patel et al. 1997; Dowa et al. 2006; Nagano et al. 1980; Morgenstern et al. 2014; 

Javanmardi et al. 2019). 

Further studies on alterations of the ALK locus from a cohort of 263 NBs 

suggest that increased levels of either mutated or wild-type ALK may promote 

NB onset and progression (Schulte et al. 2011). Similarly, differential ALK 

expression has also been reported in other tumor types such as epithelial 

ovarian cancer (Tang et al. 2016), NSCLC (Salido et al. 2011), and esophageal 

cancer (Schoppmann, Streubel, and Birner 2013). Taken together, ALK 

overexpression in cancer may promote tumor progression; however, further 

characterization of theunderlying mechanism is required to fully understand 

this clinical setting.  

Development of ALK-targeted drugs  

Given the role of ALK during the progress of a number of cancers, the 

development of new drugs for ALK-positive cancer patients has evolved towards 

targeting ALK itself and its downstream signaling partners. It is known, from in 

vivo mice studies, that lack of ALK signaling in mammals does not critically 

compromise their well-being (Bilsland et al. 2008; Lasek, Lim, et al. 2011; Weiss 

et al. 2012; Witek et al. 2015). This is in agreement with treatment of ALK-

positive cancers with ALK tyrosine kinase inhibitors (TKI) being generally very 

well tolerated. One of the first ALK inhibitors identified was NVP-TAE684, 
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which specifically targets the ATP pocket of ALK (Galkin et al. 2007). Although 

capable of reducing cell proliferation in preclinical models of ALK-driven 

cancers such as ALCL, NSCLC, and NB; NVP-TAE684 is not used 

therapeutically. Instead, a number of other ALK TKIs have been developed for 

use in ALK-positive patients (Hallberg and Palmer 2016; Marsilje et al. 2013; 

Lin et al. 2017; Rothenstein and Chooback 2018; Millett, Elkon, and Tabbara 

2018).  In 2011, crizotinib was FDA approved for treatment of ALK-positive 

NSCLC patients (Kwak 2010). Since then, crizotinib has been tested in other 

ALK-positive cancers such as ALCL, NCLC, NB, and IMT. However, the 

response in adult patients is not permenant, due to resistance mechanisms that 

include acquisition of secondary crizotinib-resistant mutations in ALK as well as 

increased ALK copy number. Next generation ALK TKIs have been developed 

and proved to target crizotinib-resistant clones, such as ceritinib (FDA approved 

in 2014), alectinib (FDA approved in 2015), brigatinib (FDA approved in 2017), 

and lorlatinib (FDA approved in 2018) (Guan et al. 2018; Marsilje et al. 2013; 

Alam et al. 2019; Katayama et al. 2014; Sakamoto et al. 2011; Siaw et al. 2016; 

Camidge et al. 2018; Johnson et al. 2014; Chia et al. 2014). All of these 

inhibitors are currently being actively explored in ALK-positive tumors, 

including NB. 

Advanced methodology employed 

Model system research communities, particularly the Drosophila 

community, are very active in the development of ingenious techniques to 

answer demanding biological questions. Here, I briefly introduce some 

techniques employed during this thesis work. 

UAS-GAL4 expression system 

To characterize a gene of interest, analysis of available null mutants is the 

most common approach. However, overexpression or knock down is also 

important for characterization and understanding of in vivo significance of a 

protein, or its mutant variant. To achieve this, the UAS-GAL4 system, and 
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derivatives thereof, allow precise spatio-temporal control of transgene 

expression. The UAS-GAL4 transcriptional activation system was adopted from 

yeast (S. cerevisiae) and engineered for use in Drosophila. In brief, GAL4 

induces transcription by binding to UAS (upstream activating sequence) 

sequences (Fig. 15) (Brand and Perrimon 1993). 

Today, the UAS-GAL4 system has been refined and is extensively used in 

the Drosophila community. In addition to overexpression experiments, the 

system can be used to knock down genes by overexpression of UAS-  

(interference RNA) transgenes, to rescue loss-of-function mutations, to label 

and trace single tagged molecules in vivo, or to block protein function by 

overexpressing dominant negative variants, among many alternatives (Duffy 

2002; McGuire, Roman, and Davis 2004; Southall, Elliott, and Brand 2008). 

 
Figure 15. the UAS- adapted t to target tissue specific 

within 

 

of a gene of interest in a specific tissue. 
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CRISPR/Cas9 

In the case of gene editing by CRISPR/Cas9, fundamental discoveries in 

other organisms were again adapted and further developed for use in 

Drosophila. The CRISPR (Cluster Regularly Interspaced Short Palindromic 

Repeats) mechanism was initially described in archaea as an adaptive immune 

system of these bacteria (Mojica, Juez, and Rodriguez-Valera 1993). It consists 

of several repeated sequences of DNA interrupted by “spacer” sequences – 

remnants of viral DNA from previous infections. These spacer sequences are 

transcribed into RNA and, in case of recurrent viral infection, recognize and 

target the viral DNA and recruit the nuclease CRISPR associated protein 9 

(Cas9) for cleavage of viral DNA. In addition, Cas9 directed cleavage requires 

the presence of a PAM (protospacer adjacent motif) sequence downstream of 

the target DNA (Marraffini and Sontheimer 2008; Brouns et al. 2008; 

Barrangou et al. 2007). 

For gene manipulation in Drosophila, constructs coding for specific 

guide-RNAs (gRNAs) are injected into embryos expressing Cas9 under control 

of vasa promoter. This facilitates targeted mutagenesis events to take place 

during the first stages of embryogenesis (Gasiunas et al. 2012; Jinek et al. 2012; 

Wiedenheft, Sternberg, and Doudna 2012). 

The CRISPR/Cas9 approach allows gene disruption as a result of small 

deletions/insertions produced by NHEJ (non-homologous end joining) repair 

mechanism (Fig. 16) (Guo et al. 2018). Moreover, CRISPR/Cas9 can be used for 

gene replacement, modification of critical or conserved amino acids, or 

endogenous tagging of proteins, among other uses. To do this, a donor DNA 

sharing flanking homology arms with the cut genomic DNA must be included in 

the injection mix. In this case, the donor DNA functions as a template to direct 

HDR (homology-directed repair). 
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Figure 16. overview of the 

 

Targeted DamID 

Techniques that identify the binding of regulatory factors to chromatin 

are of great importance in revealing mechanisms controlling gene expression 

and determining specific cell fate programs. Chromatin immunoprecipitation 

(ChIP) is widely used, but its main limitation is the need for antibodies to target 

the protein of interest and precipitate the protein-bound DNA.  An additional 

technique, DamID (DNA adenine methyltransferase identification), profiles 

genome-wide protein-DNA interactions using DNA adenine methylation (m6A) 

of nearby GATC motifs. These m6A-GATC motifs can then be enriched and PCR 

amplified to generate genome-wide binding profiles of the protein of interest 

thus removing the need for an affinity reagent (van Steensel and Henikoff 

2000). 
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DamID uses the DNA adenine methyltransferase (Dam) from E. coli, 

fused to the protein of interest expressed at low levels. When the fusion protein 

comes into close proximity with DNA, Dam methylates adenines in neighboring 

GATC sites. DamID has been adapted to assess cell-specific binding profiles of a 

given protein, namely targeted DamID (TaDa). TaDa allows conditional 

expression of the Dam-fusion protein by usage of the UAS/GAL4 system. 

Insertion of an additional open reading frame (ORF) between the UAS motif 

and the Dam-fusion ORF, enables non-toxic low levels of the fusion protein 

(Fig. 17) (Southall et al. 2013). 

 
Figure 17. 

- resulting in -fusion protein  

in a specific . -

intr at very 

low levels. 

Recently, several DamID variations have risen to adjust the technique for 

applications such as studying chromatin accessibility by expressing only Dam 

(CATaDa), cell-type specific transcriptional state profiling using Dam fused to 

RNA-POLII (TaDa RNA-POLII) or co-occupancy of TF complexes (Split-

DamID) among others (Aughey et al. 2018; Marshall and Brand 2017; Hass et 

al. 2015). 

 



 

35 
 

Aim of thesis 

In this work, I aimed to understand the molecular mechanisms regulating 

ALK transcription, ligand-dependent activation and downstream signaling 

events. Hereby, I aimed to increase our understanding of the in vivo function of 

the ALK/LTK family during normal development and disease, with a stronger 

focus on NB. To achieve these goals, I employed the fruitfly D. melanogaster, 

the zebrafish D. rerio, and NB cell lines. 

Specific aim 

Paper I. We aimed to understand the transcriptional regulation of the 

Drosophila Alk locus. A yeast one-hybrid approach was used to screen 

Drosophila transcription factors that could bind the Alk locus. Functional 

interrogation of the Alk locus by lacZ transgenes and CRISPR/Cas9 

genome editing enabled the identification of cis-regulatory regions of the 

Alk locus in Drosophila. The main focus of this study was on Alk regions 

that transcriptionally regulate VM expression. Based on our findings, we 

explored the mechanisms by which Opa promotes Alk transcription in 

combination with Bap and Bin.  

Paper II. In this paper we were able to identify human ligands for the human 

ALK RTK. A range of biochemical and cell biology approaches were taken 

to show that ALKAL1/2 are ALK activating ligands. Further, we could show 

that in addition to activate endogenous ALK present in NB cell lines, 

ALKAL ligands are able to “super-activate” mutant ALK. This work was 

important to identify a putative role for ALKAL ligands during NB 

development, which is actively being explored further.  

Paper III. Here we aimed to provide evidence that the ALKAL ligands were 

able to activate ALK family RTK signaling in the neural crest. We initially 

identified and characterized the three ALKAL proteins encoded within the 

D. rerio genome and investigated their ability to activate both zebrafish 



 

36 
 

and human ALK family RTKs. Finally, we were able to show that they 

function in vivo in the developing neural crest to generate iridophores, 

which contribute to the zebrafish stripe pattern. 

Paper IV. In this work we aimed to identify putative downstream signaling 

targets of Alk in the Drosophila VM. To this end, we employed the DamID 

approach and performed the analysis in genetically manipulated conditions 

for Alk signaling activity. This approach led to many interesting targets, 

one being the Snail family transcription factor Kahuli which was further 

investigated. 
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Results and Discussion 

Paper I 

The Zic family homologue Odd-paired regulates Alk expression in Drosophila. 

(Mendoza-García et al., 2017) 

Background 

The Alk RTK is employed multiple times during Drosophila development 

in a variety of tissues (Gouzi et al. 2011; Rohrbough et al. 2013; Bazigou et al. 

2007; Wolfstetter et al. 2017; Loren et al. 2001; Cheng et al. 2011; Gouzi et al. 

2018; Rohrbough and Broadie 2010; Stute et al. 2004; Lee et al. 2003; Loren et 

al. 2003). Spatiotemporal regulation of Alk signaling is tightly regulated not 

only by the interaction with its ligand Jeb, but at the level of Alk transcription. 

Alk signaling has been previously characterized as being crucial for FC 

specification by downstream activating the MAPK pathway (Englund et al. 

2003; Lee et al. 2003; Loren et al. 2003; Stute et al. 2004; Shirinian et al. 

2007). Several transcriptional targets that specify FC identity have been also 

identified such as Hand, org-1, duf/kirre, dpp, RhoGAP15B and Alk  (Schaub et 

al. 2012; Popichenko et al. 2013; Varshney and Palmer 2006; Lee et al. 2003; 

Englund et al. 2003; Stute et al. 2004; Zhou et al. 2019; Shirinian et al. 2007). 

While Bap and Bin are important transcription factors for VM specification and 

maintenance (Azpiazu and Frasch 1993; Zaffran et al. 2001); little is known 

about the molecular mechanisms regulating the spatiotemporal expression of 

Alk in this tissue. In this paper, we aimed to identify Alk cis-regulatory modules 

(CRMs) active in the VM and characterize transcription factors governing Alk 

transcriptional control. 

Results and Discussion 

Initially, we addressed Alk expression pattern during embryogenesis by a 

combination of in situ hybridization and transgenic GAL4-lines containing DNA 
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sequences of the Alk 5-prime upstream regions (Fig. S1). We identified two new 

regions overlapping with the already published AlkEI6.5-GAL4 driver (Loren et 

al. 2001), namely AlkE4- and AlkE2.7-GAL4 that are also active in the trunk 

VM. Moreover, we observed higher expression levels of AlkE2.7- and AlkE6.5-

GAL4 lines in the FCs compared to FCMs expression levels (Fig. 1B, D). This 

suggested a putative Alk positive feedback loop, which we were able to 

demonstrate by addressing AlkE2.7-GAL4 activity upon ectopic expression of 

Jeb in the VM, and therefore activation of Alk signaling cascade (Fig. 1G).  

Previous work identified two alternative promoters at the Alk locus, 

resulting in Alk-RA and Alk-RB transcripts which both encode the same protein 

(Loren et al. 2001). The usage of alternative promoters allows differential 

spatial and temporal expression of both transcripts, as has been previously 

described for genes such as the Drosophila DOA kinase (Kpebe and Rabinow 

2008). To investigate this further, we disrupted the 5-prime UTR of the Alk-RB 

isoform that is overlapping with the above GAL4-characterized sequences active 

in the VM, amnioserosa (AS) and epidermis. This resulted in a complete loss of 

Alk protein in the VM, while Alk mRNA and protein expression was unaltered in 

the CNS. Together, our results indicate Alk-RB transcript to be crucial for 

driving and maintaining sufficient Alk protein levels in the VM, AS and 

epidermis (Fig. 2). 

To identify transcription factors regulating Alk-RB expression, a 3.6 kb 

genomic region covering the putative Alk-RB enhancer region was subdivided 

into 6 fragments, and analyzed by high-throughput yeast one-hybrid (Y1H) and 

reporter gene analysis (Fig. S1).  Our reporter activity analysis identified AlkE8 

and AlkE9 regions as active in the AS, VM, and epidermis; in a similar pattern 

to Alk protein expression (Fig. 3A-E). In addition, Y1H analysis identified the 

Gli transcription factor Odd-paired (Opa) as binding to the AlkEB9 enhancer 

region (Fig. 4A,B). We identified two putative Opa binding sites within the 

AlkEB9 region, which we validated in vitro by EMSA assays and in vivo by 

removing these specific sites from the genome by CRISPR/Cas9 (Fig. 5, 6).  
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A previous genome-wide ChIP-on-chip screen for mesodermal TFs 

occupancy identified a CRM overlapping with the AlkE2.7 sequence, that was 

described to be bound by  Bin, Bap, Mef2, Tin, and Twi TFs (Zinzen et al. 2009). 

Surprisingly, none of these TFs were identified in our Y1H, suggesting 

additional requirements for binding of some TFs such as dimerization with 

other co-factors or post-translational modifications. Interestingly, homozygous 

mutants for bin, bap, and tin display decreased Alk expression in the VM (Fig. 

9A-B, Fig. S11), similar to opa null mutants (Fig. 7). Therefore, we addressed 

Alk protein levels in bin and bap null mutants harboring a deletion of the Opa 

binding region in AlkEB9. The enhanced loss of Alk protein in these mutant 

animals (Fig. 9) suggests a combinatorial role for Bin, Bap, and Opa in 

promoting VM expression of Alk. 

In addition to its role in parasegmental subdivision of the fly embryo 

(Benedyk, Mullen, and DiNardo 1994), the pair-rule protein Opa is required for 

the correct development of the VM. It is known that Dpp signaling restricts opa 

expression to PS6-8 in the VM, with dpp mutants expressing opa uniformly 

throughout the VM (Cimbora and Sakonju 1995). In addition, Opa is also known 

to drive dpp expression during adult head development (Sen et al. 2010) and 

potentially during the mesoderm development, since opa mRNA can be 

detected from stage 6 thought the mesoderm (Cimbora and Sakonju 1995). Dpp 

signaling during early mesoderm stages results in up-regulation of tin and bap, 

key factors for dorsal mesoderm induction and VM specification (Azpiazu and 

Frasch 1993; Lee and Frasch 2005). Similarly, Dpp signaling in the VM is 

regulated by Alk activity, and the TFs Bin and Org-1, followed by activation of 

Mad pathway in the midgut endoderm (Shirinian et al. 2007; Schaub and 

Frasch 2013). These previous findings, together with our results, reveal a 

complex regulatory network were Dpp and Alk mesodermal responses control 

one another expression via multiple TFs such as Tin, Bap, Bin, Org-1 and Opa. 

Molecular mechanisms controlling Alk expression in different tissues and 

developmental stages remain to be addressed in future experiments. 
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Paper II 

FAM150A and FAM150B are activating ligands for anaplastic lymphoma kinase. 

(Guan et al., 2015) 

Background 

Aberrant activation of ALK has been described in a variety of cancers, 

including non-small cell lung cancer (NSCLC) and neuroblastoma (NB) 

(Hallberg and Palmer 2013). Therefore, understanding the mechanisms 

activating the ALK receptor and its downstream signaling is key for the 

development of targeted therapies. While the Drosophila and C. elegans ALK 

receptor have well defined ligands – Jeb (Englund et al. 2003; Lee et al. 2003; 

Stute et al. 2004) and HEN-1 (Ishihara et al. 2002), respectively – the 

vertebrate ALK has been considered to be an orphan receptor for over a decade. 

In 2014, an extracellular proteome signaling screen identified ALKAL1 and 

ALKAL2 (then named FAM150A and FAM150B) as LTK ligands (Zhang et al. 

2014). Moreover, ALKAL2 was reported to be highly expressed in the human 

adrenal gland, part of which originates from the NC and a common site of NB 

tumors (Brodeur 2003; Maris et al. 2007). LTK and ALK RTKs share a great 

sequence similarity within the kinase domain, as well as a GR in their 

extracellular domains (ECDs) (Hallberg and Palmer 2013; Guan et al. 2015). 

Therefore, we investigated whether ALKAL1 and/or ALKAL2 could activate the 

ALK RTK. 

Results and Discussion 

Both ALKALs are small, basic proteins that display homology only with 

themselves through the FAM150 domain, where four cysteines are conserved 

through many species (Reshetnyak et al. 2015; Zhang et al. 2014; Fadeev et al. 

2018). 

In order to test ALKAL-driven activation of ALK we assayed neurite 

outgrowth in PC12 cells. Similar to PC12 cells transfected with ALK harboring 
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the activating mutation ALK-F1174L found in NB patients, coexpression of ALK 

and ALKAL1 or ALKAL2 resulted in a robust increase of neurite outgrowth due 

to ALK activity (Fig. 1C-F). Further, we tested the ability of secreted ALKAL 

proteins to activate ALK present in IMR32 cells. Here, we observed ALKAL-

induced phosphorylation of ALK that was inhibited on treatment with the ALK 

TKI crizotinib (Fig. 2A-D). Similarly, we could activate ectopically expressed 

ALK in PC12 cells and endogenous ALK in IMR-32 cells upon addition of 

recombinant purified ALKAL1 (Fig. 2E, F). As previous work had reported 

heparin as an activator of ALK (Murray et al. 2015), we also tested whether 

addition of heparin had any effect on ALKAL-driven activation of ALK. While 

we were able to pull down purified ALKAL1 using heparin columns, no 

additional ALK activation was observed when ALKAL1 was presented in the 

presence of heparin (Fig. 2 – Sup. 1, 2).  

The Drosophila eye offers the possibility to test activation of ectopically 

expressed ALK, determined by a rough eye phenotype as readout (Chand et al. 

2013; Schonherr, Ruuth, Yamazaki, et al. 2011; Schonherr, Ruuth, Eriksson, et 

al. 2011). Thus, we investigated the ability of ALKAL1/2 to activate human ALK 

in the Drosophila eye. Similar to animals expressing the constitutive active 

ALK-F1174S variant from NB patients, coexpression of ALK with either ALKAL1 

or ALKAL2 led to a strong rough eye phenotype (Fig. 3). 

We next addressed the binding affinity of ALKAL1 to the ALK ECD by 

ELISA and Biacore surface plasmon resonance (SPR) analysis, showing that 

ALKAL1 specifically binds ALK with a dissociation constant of ~20 nM (Fig. 

4A). In line with this observation, we could also immunoprecipitate ALKAL1/2 

with ALK (Fig. 4B). Previous work on Drosophila Alk had highlighted the 

importance of the GR domain (Englund 2003). Since ALK and LTK share the 

GR region in their ECDs, we examined the contribution of four conserved Gly 

residues, contained within the ALK GR domain, for ALKAL binding. While 

mutations in the GR region did not alter the ALKAL1-ALK interaction, deletion 

of the GR region and mutations of individual Gly residues severely impaired the 

binding of ALKAL2 to ALK (Fig. 4 – Sup. 4,5). To confirm the importance of the 

GR region for binding of ALKAL proteins, we used antibodies recognizing the 



 

42 
 

ECD of ALK and tested their ability to modulate ALKAL1-driven ALK activation. 

Interestingly, anti-ALK mAb13 showed a strong inhibition of ALKAL1-activated 

ALK (Fig. 4E), supporting the importance of the GR in ALK activation by the 

ALKAL proteins. 

In addition, we tested whether constitutive active ALK mutants could be 

further activated upon ALKAL induction. “Super-activation” of ALK-R1275Q 

was observed in PC12 cells exogenously expressing ALK-R1275Q, as well as at 

the level of the endogenous ALK-R1275Q mutation found in CLB-GAR 

neuroblastoma cells (Fig. 4F,G – Sup. 7). 

Altogether, this work identified ALKAL1 and ALKAL2 as activating 

ligands of the human ALK RTK. We also showed that in addition to activation of 

wildtype ALK, constitutively active ALK mutants can be “super-activated” by 

ALKALs. These findings suggest that ALK ligands may impact on the 

development of ALK- expressing tumors such as neuroblastoma and motivate a 

rigorous investigation of the ALKAL ligands in this setting. 

Paper III 

ALKALs are in vivo ligands for ALK family receptor tyrosine kinases in the 

neural crest and derived cells. (Fadeev et al., 2018) 

Background 

In the previous paper we identified the ligands for human ALK, namely 

ALKAL1 and ALKAL2 (Guan et al. 2015). While ALKAL-ALK interaction and 

consequent ALK activation were shown in that study, the question of whether 

ALKALs interact and activate ALK in vivo remained unanswered. The zebrafish 

genome harbors two members of the ALK receptor family: DrAlk and DrLtk, 

expressed in the developing CNS and the neural crest, respectively (Yao et al. 

2013; Lopes et al. 2008). Interestingly, both DrAlk and DrLtk share conserved 

domain structures with human ALK (HsALK), in both the extracellular and 

intracellular domains (Lopes et al. 2008) (Fig. 1A).  
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While the in vivo relevance of DrAlk is unclear, DrLtk has a well-

established role in zebrafish pigment patterning, specifically during the 

iridophore development (Lopes et al. 2008; Fadeev et al. 2016). Animals mutant 

in the shady (shd) locus (encoding Drltk) exhibit a severe loss of iridophores 

(Lopes et al. 2008). Moreover, moonstone (ltkmne) mutant animals, harboring 

the activating DrLtk-F993I mutation (analogous to the human ALK-F1174 

hotspot observed in NB patients), display an over proliferation of iridophores 

that can be regulated by treatment with the ALK inhibitor TAE684 (Fadeev et al. 

2016). 

The zebrafish genome encodes for three ALKAL proteins (Alkal1, Alkal2a 

and Alkal2b) that could potentially activate DrAlk or DrLtk. Given the 

previously characterized role of DrLtk signaling in iridophore proliferation, we 

aimed to exploit this readout to in vivo validate these Alkal proteins as DrLtk 

ligands in vivo. 

Results and Discussion 

Some signaling molecules can act locally and affect the behavior of 

neighboring target cells (Cooper 2000), therefore we employed in situ 

hybridization to characterize the larval expression pattern of alkal1, alkal2a, 

and alkal2b. The three alkals were expressed in the notochord and iridophore 

stripes, the eye and the swim bladder; in a pattern overlapping with ltk mRNA 

(Fig. 2B). Further, we assessed the ability of human and fish ALKAL/Alkal 

proteins to activate DrLtk using both the Drosophila eye model and the PC12 

neurite outgrowth assay (Guan et al. 2015). Interestingly, coexpression of DrLtk 

with either human or fish ALKAL/ALkals resulted in DrLtk activation (Fig. 3A-

D). 

Given the similarity between DrLtk and human ALK, we decided to 

examine the ability of human ALKALs to activate DrLtk and of DrAlkals to 

activate HsALK. While overexpression of either human ALKAL1 or 2 in 

zebrafish larvae led to activation of the endogenous DrLtk, as measured by 

increased number of iridophores (Fig. 2C-D); only DrAlkal2a was able to 
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activate endogenous ALK in IMR-32 and NB-1 neuroblastoma cell lines (Fig. 

3G, H). In conclusion, these results suggest that ALKALs activate ALK family 

RTKs in vivo. 

Finally, we employed the CRISPR/Cas9 system to generate null mutants 

for all three alkal genes and the ltk receptor, aiming to identify the role of 

DrAlkals during development. Animals devoid of ltk (ltkko) did not develop any 

iridophores, not even upon alkal2a overexpression; thus highlighting the 

requirement of Ltk for Alkal proteins to drive iridophore specification (Fig. 4A). 

While individual alkal knockouts did not display obvious defects in their 

pigment patterns, the various combinations of alkal mutations resulted in 

reduction of iridophores and the consequent defects in color patterning. Loss of 

all Alkal proteins, in triple alkal mutants, resulted in a complete loss of 

iridophores, phenocopying ltk null animals (Fig. 4D). 

In summary, this work identified a role for the DrAlkal ligands in the 

control of iridophore development, a developmental process that has previously 

been shown to require the DrLtk ALK family RTK. This work represents the first 

in vivo evidence of the ALKAL-ALK ligand-receptor pair to be involved in the 

development of a neural crest derived tissue: the zebrafish iridophores. This is 

especially significant when considering the potential role of the ALKAL ligands 

in neuroblastoma, and further work must address this relationship. 

Paper IV 

DamID transcriptional profiling identifies Kahuli as a downstream target of Alk. 

(Mendoza-García et al., manuscript) 

Background 

During the last decade many downstream transcriptional targets of Alk 

signaling have been identified in the developing VM (Shirinian et al. 2007; 

Schaub et al. 2012; Popichenko et al. 2013; Varshney and Palmer 2006; 

Mendoza-Garcia et al. 2017; Lee et al. 2003; Englund et al. 2003; Stute et al. 
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2004). Aiming to identify additional Alk-induced transcriptional events in this 

tissue, we employed the targeted DamID (TaDa) approach (Southall et al. 2013). 

TaDa allows transcriptional profiling of a specific tissue without dissection or 

cell sorting, and has been shown to reproduce RNAseq results (Vissers et al. 

2018). 

Results and Discussion 

We targeted our DamID analysis to the VM by use of twist and bap-GAL4 

drivers that drive expression in the mesoderm and visceral mesoderm 

respectively. Similarly, we genetically activated or inhibited Alk signaling by 

expression of either Jeb ligand or the Alk extracellular domain (AlkDN), 

respectively, throughout the VM (Fig. 1). Further analysis of our TaDa data 

showed differential expression of Hand, kirre, org-1, and dpp, all previously 

identified transcriptional targets of ALK (Fig. 1F-G, 2B). In addition, we 

observed transcriptional activation of transcription factors, in line with Alk 

signaling activating the FC differentiation program (Fig. 2D). Altogether, these 

results support the use of the TaDa approach to identify Alk transcriptional 

targets in the forming VM. 

In addition to the previously mentioned Alk targets, our TaDa analysis 

revealed differential expression of a number of genes with marked expression in 

the VM. One of these encoded the transcription factor Kahuli (Kah) which we 

further characterized (Fig. 3). Kah belongs to the Snail family of transcription 

factors that is involved in epithelial to mesenchymal transitions (EMT) crucial 

for tumor invasion and metastasis; therefore, we decided to address its role in 

the developing VM. Interestingly, while Kah mRNA is detected in the trunk 

visceral mesoderm, it is restricted to FCs (Fig. 4A). This observation, suggests 

that Kah is transcriptionally activated upon Alk activity. We therefore examined 

Kah mRNA expression in the VM in two different genetic backgrounds: ectopic 

activation of Alk by overexpression of jeb, and animals devoid of Jeb ligand and 

therefore lacking Alk signaling. Once again, Kah transcription responded to Alk 

signaling activity, thus verifying Kah as a novel transcriptional target of Alk in 

the VM (Fig. 4B-C). 
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In addition, we investigated the in vivo role of Kah, analyzing the VM of 

Kah mutant animals. While Kah is dispensable for FC specification (Fig. 5B), it 

appears to be required for the correct formation of the chambered midgut (Fig. 

5F). Since kah transcripts can also be detected at the somatic mesoderm, we 

analyzed later embryos for defects at the body wall musculature. Embryos at 

stage 16 display a mild phenotype, lacking correct attachment of the LT3 muscle 

(Fig. 5H). This prompted us to look at muscle attachment site proteins, such as 

the β-PS integrin (Devenport and Brown 2004; Devenport et al. 2007). Kah 

mutants exhibited miss-localization of β-PS integrin and subtle defects in 

muscle attachment (Fig. 5K). 

In summary, kah represents a novel Alk transcriptional target in the VM 

and while not required for FC specification, it appears to play a role later in the 

formation of the anterior constriction of the midgut. In addition, Kah, which is 

expressed in the somatic mesoderm as well as the visceral mesoderm, appears 

to be required for correct attachment of the body wall muscles. The 

mechanism(s) by which Kah regulates these processes requires further 

investigation, particularly in light of the likely involvement of downstream 

targets of Kah itself in its capacity as a Snail family transcription factor. 
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Conclusions 

Paper I 

• Alternative promoters at the Alk locus result in transcription of Alk-RA 

and Alk-RB. 

• Alk-RA and Alk-RB transcripts are differentially expressed. 

• Expression of Alk in the visceral mesoderm is regulated by enhancer 

elements upstream of the Alk-RB promoter. 

• The Alk-RB promoter is essential for Alk expression in the VM. 

• The Opa transcription factor activates Alk-RB expression through the 

AlkEB9 enhancer. 

• AlkEB9 is also regulated by Bin and Bap transcription factors. 

• Epidermal expression of Alk is activated by Opa through the AlkEB9 

enhancer. 

Paper II 

• ALKALs (FAM150/AUG) are conserved among vertebrates. 

• Expression of either ALKAL1/2 (FAM150A/B) activate human ALK in 

PC12 cells, resulting in neurite outgrowth, phosphorylation of ALK and 

downstream targets such as ERK. 

• ALKAL1/2 (FAM150A/B) activate endogenous ALK and downstream 

signaling events in IMR-32 and NB1 neuroblastoma cells. 

• Ectopic expression of ALKAL1/2 (FAM150A/B) in the Drosophila eye is 

sufficient to activate ectopically expressed human ALK in vivo and 

promote rough eye phenotypes. 

• ALKALs (FAM150s) secreted proteins bind human ALK, as shown by 

ELISA, Biacore surface plasmon resonance (SPR) analysis and 

immunoprecipitation approaches. 
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Paper III 

• Danio rerio Ltk shares sequence and domain structure with human 

ALK, and controls the development of iridophore pigment cells (neural 

crest-derived cells). 

• Animals carrying the ltkmne allele (activating point mutation F993I, 

analogous to the human ALK F1174 NB hotspot) display over-

proliferation of iridophores in the larval trunk, giving a greenish 

appearance to the adult fish. 

• ALKAL proteins are conserved among vertebrates, with three Alkals 

(Alkal1, Alkal2a, Alkal2b) identified in the zebrafish genome. 

• Zebrafish Alkals and Ltk receptor share expression domains during 

embryogenesis, and are found in the notochord, iridophores stripes, 

eyes and swim bladder. 

• Overexpression of ALKALs (fish, human or mice) in zebrafish result in 

DrLtk activation (assessed by ectopic iridophore proliferation as a 

readout), and reveals a conserved ligand-receptor axis. 

• Alkal-driven iridophore proliferation observed in zebrafish requires the 

DrLtk receptor, as either chemical or genetic inhibition of the DrLtk 

receptor blocks Alkal-driven iridophore generation.  

• Coexpression of DrAlkals and DrLtk (or human ALK), in fly eyes or 

PC12 cells results in activation of both the zebrafish Ltk and the human 

ALK receptors. 

• DrAlkal2a-conditioned media activates endogenous human ALK 

present in NB1 and IMR-32 neuroblastoma cell lines.  

• Zebrafish alkal mutants display a complex range of iridophore 

phenotypes. Importantly, alkal triple KO animals are devoid of 

iridophores, phenocopying ltk KO mutants. 

• Together, these data support a critical role for Alkal-dependent 

activation of Ltk signaling in iridophore development in the zebrafish 

neural crest. 
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Paper IV 

• DamID performed in a range of genetic conditions that manipulate Alk 

signaling output was successfully used to identify VM specific 

transcripts and Alk-dependent loci in the VM. 

• Known Alk targets, such as Hand, org-1, dpp and duf/kirre were 

identified in our DamID screen. 

• We were able to identify and validate a number of novel targets, 

including Kah, downstream of Alk signaling in the VM. 

• Kah encodes a Snail family transcription factor that is expressed in the 

VM, somatic mesoderm and the developing CNS. 

• Loss of Kah affects midgut development, with loss of the first midgut 

invagination. 

• Kah is also required in the somatic mesoderm for proper body wall 

musculature attachment, since animals devoid of Kah exhibit rounded 

up muscles and mislocalization of β-PS integrin.  
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