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Neuroblastomaa is an embryonic tumour of the sympathetic nervous system (SNS). 
Thee SNS is formed by sympathoadrenal (SA) progenitor ceils, which are multipotent 
andd give rise to the diverse cell types of the SNS. The main cell types are neurons, 
SIFF cells and chromaffin cells. They form the different elements of the SNS: 
sympatheticc ganglia (neurons, SIF cells), paraganglia (SIF cells and chromaffin cells) 
andd adrenal medulla (chromaffin cells). The three cell types produce catecholamines, 
likee dopamine, noradrenalin and adrenalin. The chromaffin cells of the adrenal 
medullaa secrete noradrenalin and adrenalin in the circulation. 
Neuroblastomass are found throughout the SNS and the tumour cells resemble SNS 
progenitorss at different stages of maturation. Therefore, a parallel exists between 
normall development of the SNS and neuroblastoma tumour formation. Also it can be 
speculatedd that transformation of normal sympathetic progenitor cells into 
neuroblastomaa tumour cells will require only relatively few mutations, as properties 
sharedd by cancer cells and stem cells (e.g. unlimited replicative potential, tissue 
invasivenesss and growth factor availability) are already present. This might explain in 
partt why an embryonic tumour like neuroblastoma occurs in early life, while cancer 
inn general is an age-dependent disease. This suggests that disturbance of genes that 
controll normal SNS development might contribute to neuroblastoma tumorigenesis. 
Embryonicc control genes that play a role in the differentiation of the SNS are 
thereforee the main focus of this thesis. 

Inn chapter 2, we describe the identification of developmental control genes that are 
expressedd in neuroblastoma. We used the serial analysis of gene expression (SAGE) 
methodd to establish a complete mRNA expression profile of several neuroblastoma 
tumourss and cell lines and analysed the resulting libraries for expression of human 
homologuess of Drosophila developmental control genes. A homologue of the 
DrosophilaDrosophila Delta, the Dlkl gene, showed very high expression in neuroblastoma cell 
linee SK-N-FI and 4 additional neuroblastoma cell lines. Drosophila Delta encodes a 
ligandd for the Notch receptor. This Delta-Notch pathway controls cell fate decisions in 
manyy tissues from Drosophila to man. 

Wee studied the expression of the 4 human Notch receptors and their known ligands 
inn a panel of neuroblastoma cell lines (chapter 3). It appeared that Dlkl and the 
Notch33 receptor are expressed in different subsets of cell lines. Furthermore, cell 
liness with high Dlkl expression also express the enzyme Dopamine-B-Hydroxylase 
(DBH).. DBH functions in catecholamine synthesis, as it converts dopamine to 
noradrenalin.. It is highly expressed in normal chromaffin cells of the adrenal medulla. 
Neuroblastomaa cell lines with high Dlkl expression therefore correspond to a 
relativelyy differentiated stage of the chromaffin lineage. Notch3 expressing cell lines, 
onn the other hand, are probably arrested in an earlier precursor stage or an 
alternativee lineage of SNS differentiation. 
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Dlkll is part of an imprinted gene cluster on chromosome 14q32. The imprint of Dlkl 
iss maintained in neuroblastoma tumours. The 14q32 region is lost in 18% of 
neuroblastomaa tumours. A random parental origin of the lost alleles indicates, 
however,, that the imprinted Dlkl gene is not the target of these deletions. Also the 
Dlkll gene is not mutated, amplified or rearranged in neuroblastoma (chapter 3). 

Inn chapter 4 we present the proof of principle that mutations in embryonic control 
geness do contribute to neuroblastoma pathogenesis. We found Phox2B mutations in 
sporadicc neuroblastomas. The Phox2B gene encodes a homeobox transcription factor 
thatt plays an important role in sympathoadrenal differentiation. Phox2B controls the 
expressionn of DBH and other SA marker genes. The identified frameshift mutations in 
exonn 2 and 3 of Phox2B disturb a polyalanine tract in the C-terminus of the protein. 
Phox2BB mutations are also found in syndromic and familial neuroblastoma cases. 

Inn chapter 5 we further studied the activity of Dlkl and the Delta-Notch pathway in 
neuroblastoma.. Dlkl showed heterogeneous expression within individual 
neuroblastomaa tumours and cell lines. We could show that neuroblastoma cells can 
'spontaneously'' activate the expression of the Dikl gene. In cell line SJ-NB-8 one 
percentt of the cells is Dlkl positive. The cell line was subcloned, and one clone was 
againn subcloned, thus ensuring that all double subclones were derived from one and 
thee same cells. Four of nine of these subclones showed high Dlkl expression. 
Notch3,, DBH, HASH1 and Phox2A were co-regulated with spontaneous Dlkl 
expressionn in the subclones. This indicates that the subclones can activate a whole 
differentiationn pathway. This spontaneous Dlkl activation of the clones was not 
stable,, as after one month in tissue culture the percentage of only 1% positive cells 
wass restored in all subclones. The heterogeneity in expression of a differentiation 
pathwayy and the temporal disturbance of an equilibrium between different 
subpopulationss of cells might resemble the recently formulated cancer stem cell 
hypothesis.. Cancer stem cells are considered as a small population of tumour cells 
whichh actually drive a tumour. Cancer stem cells are the immortal tumour cells which 
reneww themselves and in addition give rise to more differentiated daughter cells with 
aa limited life span. While there is experimental support for this hypothesis in 
leukaemia,, breast cancer, prostate cancer and brain tumours, it is unknown whether 
neuroblastomass also harbour a cancer stem cell population. The heterogeneous Dlkl 
expressionn in neuroblastoma tumours and cell lines at least shows that various 
differentiationn stages are present within one tumour. Therefore, the analysis of 
neuroblastomaa tumours for the existence of a cancer stem cell population should be 
ann important topic of future research. 
Thee activation of such a differentiation program suggests that Dlkl and the Delta-
Notchh pathway are indeed active in neuroblastoma. This idea is strengthened by the 
findingg that HEY1, a known downstream effector of Delta-Notch signalling, is 
regulatedd by ectopic Dlkl expression. 
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Inn chapters 4 and 6 we studied the effects of TrkA and TrkB on the expression of 
Phox2B,, Dlkl and their related genes. The TrkA gene encodes the receptor for Nerve 
Growthh Factor (NGF). High expression of TrkA in neuroblastoma is associated with a 
goodd prognosis. In contrast, high expression of TrkB, the receptor for Brain Derived 
Neurotrophicc Factor (BDNF) marks neuroblastomas with a poor prognosis. TrkA, but 
nott TrkB, can silence the expression of Phox2B in neuroblastoma cell line SH-SY5Y 
(chapterr 4). Also markers of the chromaffin lineage like Dlkl, DBH and CHGA were 
silencedd by TrkA and not by TrkB. Notch3 expression, on the other hand, was 
upregulatedd by TrkA and to an even greater extent by TrkB. Furthermore, TrkA and 
TrkBB differentially regulated HAND1, IGF2 and RET gene expression (chapter 6). 
Althoughh the presented data in cell line SH-SY5Y were not confirmed in a series of 
neuroblastomaa tumours, they clearly show that several regulatory pathways which 
aree active in SNS development are connected. TrkA signalling regulates Phox2B, the 
catecholaminee synthesis route and the Delta-Notch pathway. Together these 
pathwayss control proper cell fate decisions within the developing SNS and mis-
regulationn of the involved players might result in neuroblastoma tumour formation. 
Thee differential effects of TrkA and TrkB on players of those pathways might 
contributee to the extreme differences in clinical behaviour between tumours 
expressingg one of the neurotrophin receptors. 

Inn chapter 7 we describe that Dlkl protein in neuroblastoma cell lines is mainly 
localisedd in intracellular vesicles. So far we can only speculate about the 
consequencess of this intracellular localisation for the function of the Dlkl protein in 
neuroblastoma. . 

Inn conclusion, we found evidence that the Delta-Notch pathway is active in 
neuroblastoma.. High Dlkl expression in cell lines is associated with high DBH 
expression,, which relates Dlkl-expressing neuroblastomas to the chromaffin 
differentiationn lineage of the SNS. DBH is known to be controlled by Phox2B. We 
identifiedd six neuroblastomas with Phox2B mutations. A relationship between Dlkl, 
DBHH and Phox2B was further supported by analyses of targets of TrkA, the receptor 
forr NGF. TrkA was found to silence the expression of Phox2B, DBH and Dlkl. This 
thesiss therefore reveals a network of embryonic pathways that control cell fate 
decisionss during SNS development. The mutations in Phox2B show that defects in 
embryonicc control genes indeed can underlie neuroblastoma pathogenesis. 
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