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Chapterr 1 

Thee hallmark s of cance r 
Cancerr is a complex disease and many types of cancers are diagnosed in the human 
population.. It is believed that virtually all cancers acquire the same set of functional 
capabilities:: self-sufficiency in growth signals, insensitivity to antigrowth signals, 
evasionn of apoptosis, limitless replicative potential, sustained angiogenesis, and 
tissuee invasion and metastasis (1). The chronological order and mechanism by which 
thesee capabilities are acquired vary between different types of cancer, but in each 
cancerr the same multiplicity of regulatory circuits must be disrupted. The fact that 
tumorigenesiss is a multi-step process, which requires several, rate-limiting events, 
explainss why cancer in general is an age-dependent disease. However, some 
tumourss occur specifically during childhood. One example is neuroblastoma, an 
embryonicc tumour that is the subject of this thesis. 

Generall  introductio n to neuroblastom a 
Neuroblastomaa is one of the most common solid tumours of childhood. 
Neuroblastomaa tumours are derived from progenitor cells of the sympathetic nervous 
systemm (SNS). At presentation, more than 50% of patients are less than two years of 
age.. There are about 25 new cases in the Netherlands each year. Neuroblastoma 
displayss a wide spectrum of clinical behaviour; on the one hand there are tumours 
thatt regress spontaneously and on the other hand there are highly malignant 
tumourss with a very poor outcome despite intensive therapy (2;3). Almost all cases 
aree sporadic, but very rare forms of hereditary neuroblastoma are known (4;5). 

Thee Sympatheti c Nervou s Syste m 
Thee SNS and the parasympathetic nervous system together constitute the autonomic 
nervouss system (ANS). The ANS regulates the skin and all visceral organs without 
consciouss control. The sympathetic and parasympathetic systems innervate the same 
endd organs but have generally opposing actions. The SNS is involved in the so-called 
"fight"" or "flight" responses, while the parasympathetic division allows us to "rest" 
andd "digest". In general, both divisions of the ANS collaborate to control body 
homeostasiss (6). 
Thee antagonistic actions of the sympathetic and parasympathetic divisions of the 
ANSS are characterised by both anatomical differences and synaptic chemistry (7). In 
bothh systems, innervation of the end organs requires two neurons arranged in series. 
Thee first neuron (preganglionic) originates in the neural tube and synapses on the 
celll body of a second neuron (postganglionic), that in turn synapses on the visceral 
endd organs. In the SNS the preganglionic neurons arise from the thoracic and lumbar 
divisionss of the spinal cord (Figure 1), while the parasympathetic preganglionic 
neuronss arise from cranial and sacral divisions of the CNS. Moreover, the cell bodies 
off the postganglionic neurons in the SNS are clustered in ganglia next to the spinal 
cordd (sympathetic ganglia), while the terminal neurons of the parasympathetic 
nervouss system are located in or near the visceral organ they innervate. 
Neurotransmissionn between preganglionic and postganglionic neurons is, in both 
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systems,, effected by acetylcholine release from the presynaptic neurons. 
Postganglionicc neurons of the parasympathetic system also release acetylcholine. 
Postganglionicc neurons of the sympathetic system, however, produce noradrenalin as 
theirr neurotransmitter (6). 

Descending g 
autonomic c 
pathways s 

ŝaa Blood vessels 
---^Nfcc of head 

Glands s 

Respiratory y 
system m 

Circulatory y 
'A'A f\ system 

Digestive e 
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irr Reproductive 
system m 

Sympatheticc chain 

Figuree 1: Sympathetic division of the autonomic nervous system. 
Preganglionicc neurons are represented by thick lines. Postganglionic neurons are represented by 
brokenn lines. T, thoracic root; L, lumbar root. Axons of preganglionic neurons sprout from the cord at 
spinall levelsTl through L2. Preganglionic neuronscan synapse in 1. sympathetic chain ganglia, 2. 
superiorr cervical ganglion, 3. prevertebral ganglia (the largest prevertebral ganglion is called celiac 
ganglion),, 4. adrenal medulla. Figure adapted from (6). 
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Chapterr 1 

Figuree 2: Sympathetic chain ganglion. 
Schematicc representation of a cross section through spinal cord and a sympathetic chain ganglion. 
Notee the segmental construction. Axons of preganglionic sympathetic neurons and somatic motor 
neuronss (ventral root) join axons of sensory neuron (dorsal root) and form a spinal nerve. 
Sympatheticc fibres branch from the spinal nerve and grow ventrally (white ramus) to enter the 
sympatheticc chain ganglion. In the sympathetic chain ganglion preganglionic sympathetic neurons 
synapss on a postganglionic sympathetic neuron. Axons of postganglionic neurons grow dorsally (grey 
ramus)) and rejoin the spinal nerve. Figure adapted from (8). 

Axonss of preganglionic sympathetic neurons sprout from the cord at spinal levels T l 
throughh L2 and join the axons of somatic motor neurons in a ventral root (Figure 1). 
Att each segmental level the ventral root approaches the corresponding dorsal root 
(containingg sensory nerve fibres) and together they make up a spinal nerve (8) 
(Figuree 2). The segmental construction of the peripheral nerves (Figures 1 and 2) 
followss the segmentation of the whole body plan. The sympathetic fibres soon 
branchh from the spinal nerve (white ramus) and grow ventrally to enter the 
correspondingg sympathetic chain ganglion (Figure 2). There, the preganglionic 
sympatheticc neurons might synapse directly with a postganglionic neuron. Axons of 
thosee postganglionic neurons grow dorsally and rejoin the spinal nerve (grey ramus). 
Nott all preganglionic sympathetic fibres that enter a chain ganglion synapse there. 
Somee travel cranially or caudally and synapse in chain ganglia outside of T l through 
L2.. The ascending and descending preganglionic sympathetic fibres plus chain 
gangli aa themselves constitute the so-called sympathetic trunk. As exemplified in 
figuree 1, some of the fibres from T l travel up the sympathetic trunk to synapse in 
thee superior cervical ganglion. The postganglionic fibres arising here follow blood 
vesselss to the various structures in the head that receive sympathetic innervation. 
Furthermore,, some of the preganglionic sympathetic fibres that arise from cord levels 
T55 through L2 pass onward the sympathetic ganglia (via splanchnic nerves) and 
synapsee in one of the prevertebral ganglia. Prevertebral ganglia are located next to 
majorr branches of the abdominal aorta. The postganglionic sympathetic axons from 
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thee prevertebral ganglia grow out along these arteries to innervate the same tissues 
thatt the arteries supply with blood. As exemplified in figure 1, the largest 
prevertebrall ganglion is the celiac ganglion. Postganglionic fibres from this ganglion 
innervatee the liver, gallbladder, stomach, pancreas and spleen (6). 
Finally,, some sympathetic preganglionic axons do not synapse in sympathetic ganglia 
butt directly innervate the chromaffin cells of the adrenal medulla and extra-adrenal 
paragangliaa (see next paragraph). Chromaffin cells are considered a special 
sympatheticc postganglionic cell type. They secrete noradrenalin and adrenalin into 
thee circulation, where these agents act as hormones (9). Primary neuroblastoma 
tumourss arise in the adrenal medulla (40%) as well as at other locations of the 
postganglionicc SNS in the abdomen and chest (2;10). 

Celll  type s in th e SNS 
Ass stated in the previous paragraph the SNS is formed by the neurons of the 
sympatheticc ganglia and the chromaffin cells of the adrenal medulla and the 
paraganglia.. A third and minor cell type, the small intensely fluorescent (SIF) cell, is 
alsoo defined within the SNS. SIF cells display an intermediate neuronal-
neuroendocrinee phenotype and their function is unknown (11). They are found in 
sympatheticc ganglia and paraganglia. 
Thee composition of the endocrine SNS differs between infants and older children. 
Thee extra-adrenal paraganglia are the major source of systemic noradrenalin 
productionn during foetal and neonatal life. They are found retroperitoneal as 
dispersedd groups of chromaffin cells near the sympathetic ganglia along the 
abdominall aorta. The largest paraganglion is referred to as the organ of Zuckerkandl. 
Inn children, their function is taken over by chromaffin cells of the adrenal medulla. In 
addition,, the adrenal chromaffin cells switch from noradrenalin to adrenalin 
production.. Therefore, while the adrenal medulla matures during the first three years 
off life, the paraganglia regress and are hardly identifiable in adults. SIF cells also 
undergoo postnatal regression, whereas the number of sympathetic neurons remains 
constantt throughout postnatal life (11-13). 

Catecholamin ee biosynthesi s 
Catecholaminess are aromatic ring compounds and they are part of the same 
biosynthesiss route (Figure 3 (9)). They serve as hormones and/or neurotransmitters 
inn the sympathetic nervous system. Post-ganglionic sympathetic ganglia produce 
smalll amounts of dopamine and noradrenalin that are released as neurotransmitters 
att their synapses. Chromaffin cells of paraganglia and adrenal medulla, on the other 
hand,, secrete noradrenalin respectively adrenaline as hormones. Therefore, the 
enzymess that catalyse the synthesis of these compounds are much more abundant in 
chromaffinn cells than in neurons (11). 
Thee first reaction, the oxidation of L-tyrosine to L-dopa, is catalysed by Tyrosine 
Hydroxylasee (TH). This reaction is followed by a decarboxylation of L-dopa to 
dopaminee by Dopa Decarboxylase (DDC). Subsequently, this product can be oxidised 
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Chapterr 1 

byy Dopamine-p-Hydroxylase (DBH) to noradrenalin. Phenylethanolamine-N-
methyltransferasee (PNMT) methylates noradrenalin to form adrenalin (Figure 3). 
PNMTT is only present in the adrenal medulla. Glucocorticoids produced by the 
adrenall cortex are essential for development of the high levels of PNMT in the 
adrenall (9). 
Elevatedd levels of catecholamines and their degradation products in the urine of 
neuroblastomaa patients serve as a diagnostic tool (14). The primary metabolite of 
dopaminee is homovanillic acid (HVA), and the primary metabolite of noradrenalin is 
vanillylmandelicc acid (VMA). Urinary levels of these catecholamine metabolites are 
increasedd in 85% to 90% of neuroblastoma patients. The ratios between early 
(beforee DBH) and late (after DBH) catecholamine metabolites in the urinary profiles 
off patients might include some information on the maturation status of the enzyme 
systemm and thus of the tumour cells itself. This might have prognostic value as more 
differentiatedd tumours generally correspond to better outcome (15) 

C - C H 2 - N H 2 2 

OH H 

Tyrosine e 

TH H 

\/ / 
Dopa a 

DDC C 

v v 
Dopamine e 

v v 

DBH H 

Noradrenalin n 

PNMT T 

v v 
Adrenalin n 

Figuree 3: Catecholamine biosynthesis route. 
THH Tyrosine Hydroxylase; DDC Dopa decarboxylase; DBH dopamine-beta-hydroxylase; PNMT 
Phenylethnolamine-N-methyltransferase.. Figure adapted from (9). 
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Neuroblastom aa biolog y 
Ass stated previously neuroblastoma tumours display a remarkable spectrum of 
clinicall behaviour. It has the highest rate of spontaneous remission described for any 
malignantt neoplasm (2; 16). Such spontaneous remissions occur predominantly in 
infantss and are characterised by disappearance of both the primary tumour and its 
metastasess or by maturation to a fully differentiated cell type (ganglioneuroma). 
Spontaneouss remission occurs without treatment, while the highly malignant tumours 
needd aggressive therapy and still have a poor prognosis (2; 17). 
Severall clinical staging systems are being used. Recently the widely used Evans 
classificationn (18) was replaced by an adapted and improved classification system as 
formulatedd in the International Neuroblastoma Staging System (INSS) (19). In all 
classificationn systems the age of the patients is taken into account as an important 
predictivee factor. Outcome is much better for infants below 1 year of age than for 
olderr children. Also, histopathological classification of neuroblastoma has been 
developedd to increase predictability (20;21). For children over 1 year of age, more 
differentiatedd tumours have a better prognosis than undifferentiated tumours. In 
addition,, near triploid tumours have a better prognosis than near diploid or tetraploid 
tumours,, while chromosomal aberrations like amplification of the MYCN oncogene, 
losss of heterozygosity (LOH) on chromosome lp (22) and gain of chromosome 17q 
(23)) correlate with a bad prognosis. 
Neuroblastomaa seem to comprise more than one biological entity. It is believed that 
tumourr formation results from primitive SNS cells that are arrested at various stages 
off maturation. In this view, the type and timing of oncogenic mutations, as well as 
thee precursor type they occur in, might determine tumour behaviour. Therefore, 
embryonicc development of the SNS and especially the genes that control proliferation 
andd differentiation of the SNS are the main focus of this thesis. 

Developmen tt  of the Sympatheti c Nervou s Syste m (SNS) 
Likee most of the peripheral nervous system, the post-ganglionic part of the SNS is 
derivedd from the neural crest. The neural crest is a unique population of cells that 
separatee from the neural epithelium around the time of neural tube closure (in the 
fourthh week of human gestation). From here neural crest cells start to migrate. They 
aree pluripotent and give rise to a diverse array of derivatives. Neural crest cells in the 
trunkk produce melanocytes of the skin as well as sensory and autonomic neurons of 
multiplee subclasses and associated glia cells. Neural crest cells migrate and 
differentiatee according to instructive signals from their environment. Meanwhile 
neurall crest cells gradually undergo restrictions in their developmental potential (7). 
Post-ganglionicc sympathetic neurons, neuroendocrine chromaffin cells of the adrenal 
medullaa and paraganglia, and SIF cells develop from a common neural crest derived 
progenitorr population (13;24-26). This so-called sympathoadrenal (SA) lineage is 
formedd by groups of primitive neural crest cells that aggregate at the dorsal aorta at 
somitee levels 7 through 28. This temporary structure is sometimes indicated as the 
primaryy sympathetic chain. From here, SA cells remigrate to their final destinations 
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andd give rise to the specialised cell types of the secondary sympathetic side chain, 
thee paraganglia and the adrenal medulla. The invasion of the mesodermally derived 
adrenall cortex by primitive neuroblasts takes place in the sixth week of human 
gestation.. In there, most cells differentiate into chromaffin cells of the adrenal 
medulla.. However, small nodules of neuroblastic cells are also recognised within the 
adrenall medulla (10). These neuroblastic cells of the adrenal gland are sparse or 
absentt after 3 postnatal years. 
SAA progenitors are bipotential; they are able to develop into either chromaffin cells or 
sympatheticc neurons. In primary sympathetic ganglia, SA progenitors co-expressing 
neuron-specificc and chromaffin-specific antigenic markers have been observed. Later 
on,, the chromaffin-specific markers are lost by the cells that remain in sympathetic 
ganglia,, whereas the neuron-specific markers are lost by the progenitors that 
continuee migrating to the adrenal gland (27;28). 
Thee SIF cell is also bipotential. Despite similar morphology, the "dual" phenotype and 
highh catecholamine content of SA progenitor and SIF cells, they are distinct by 
antigenicc criteria (13). The difference between SIF cells and SA progenitors is further 
reflectedd by the fact that SIF cells develop later than principal neurons in 
sympatheticc ganglia, while SA progenitors are present earlier. Thus, phenotypic 
plasticityy within the sympathetic nervous system is not limited to early progenitor 
cells. . 
InIn vivo, environmental signals like NGF and glucocorticoids control the fate of 
sympatheticc cells (13). In the absence of glucocorticoids (which are produced by the 
adrenall cortex) mature chromaffin cells can respond to NGF and transdifferentiate to 
aa neuronal phenotype (29-31). This interconversion of various cell types is 
characteristicc for the SNS. The plasticity of SIF cells, chromaffin cells and 
sympatheticc neurons reflects their shared developmental history. 

Neuroblastom aa genetic s 
Theree exists a striking parallel between neuroblastoma and normal development of 
thee SNS. Neuroblastoma cells not only resemble progenitors of the sympathoadrenal 
lineage,, but we obtained evidence that the differentiation potential of the progenitors 
iss also conserved in tumour cells (chapter 5 of this thesis) (16;32). Genetic defects 
withinn embryonic control genes may underlie the unbalanced proliferation and 
disturbedd differentiation of neuroblastoma tumour cases (chapter 4 of this thesis) 
(33).. The genes that are important for neural crest development encompass 
transcriptionn factors, growth factors and their receptors and signal transduction 
molecules.. Therefore, many genes that belong to these categories are subject of this 
thesiss and they are summarised in this paragraph. 

Familia ll  and syndromi c neuroblastom a 
Inn addition to sporadic neuroblastoma, familial cases as well as syndromic cases are 
sometimess reported. Although these cases are very rare, they are interesting in the 
lightt of identification of genes and mutations that predispose to neuroblastoma. 
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Congenita ll  centra l hypoventilatio n syndrom e (CCHS) and Hirschsprun g 
diseas ee (HSCR) 

Congenitall central hypoventilation syndrome (CCHS) or Ondine's curse is a rare 
disorder.. Less than 200 patients are currently reported world-wide. CCHS is 
characterisedd by impaired autonomous breathing. The exact pathophysiology of 
CCHSS is unknown, but there is no doubt that it is associated with the dysfunction of 
neurall crest derived cells. Due to the deficiency in autonomic control of respiration, 
patientss suffer from inadequate responses to hypercapnia and hypoxia. As a result 
patientss hypoventilate and shallow breathing during sleep; more severely affected 
patientss hypoventilate both awake and asleep. 

Overr 15% of patients with CCHS also suffer from Hirschsprung's disease (HSCR) 
(34).. The combination of CCHS and HSCR is known as Haddad syndrome. Patients 
withh HSCR lack neuronal ganglia in the distal gastrointestinal tract, which causes 
poorr co-ordination of peristalsis and a contracted distal segment with subsequent 
constipationn or intestinal obstruction. The a-ganglionic gut results from a migration 
defectt in neural crest derived enteric neurons. HSCR occurs in one out of 5000 live 
births.. In approximately 30% of cases HSCR is associated with additional disorders of 
neurall crest origin. To our interest, the incidence of neuroblastoma and 
ganglioneuromaa is increased in patients with CCHS, HSCR or Haddad syndrome (35). 
Casee reports on familial HSCR and CCHS support a genetic cause for both disorders. 
Soo far mutations in at least eight genes are known to be associated with isolated 
and/orr syndromic cases of HSCR disease. Those genes are implicated in migration, 
differentiationn and maturation of enteric neural crest cells (36). The highest 
proportionn of both familial and sporadic HSCR cases is due to mutations of the RET 
genee encoding the receptor for glial cell line-derived neurotrophic factor (GDNF). 
Laterr on in this chapter the RET gene and other growth factor receptors will be 
discussedd in more detail. Mutations in the homeodomain transcription factor Phox2B 
aree the major cause of CCHS (37). 

Transcriptio nn factor s 

Phox2 B B 

Phox2BB is a highly conserved paired-type homeodomain containing transcription 
factorr that is expressed in sympathetic, parasympathetic as well as enteric ganglia of 
thee developing peripheral autonomic nervous system. Mice lacking Phox2B die before 
birthh (38). In these null mice all autonomic ganglia fail to form properly. It was 
shownn that in the anlagen of the sympathetic ganglia and the enteric nervous system 
Phox2BB is needed for the expression of RET and for the maintenance the expression 
off the bHLH transcription factor MASH1 (Mammalian achaete scute homologue-1). In 
addition,, Phox2B-/- mice fail to switch on the expression of the noradrenalin 
synthesiss enzymes TH and DBH in the ganglionic anlagen. 
Thee Phox2B gene consists of 3 exons which encode a protein of 314 amino acids; the 
paired-likee homeodomain is formed by amino acids 98 to 148. Two polyalanine 
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repeatss of 9 respectively 20 residues are located C-terminal of the homeodomain. In 
44 recent publications Phox2B was identified as the major disease causing gene in 
CCHSS (37;39-41). In total, 133 unrelated CCHS patients were analysed and 
heterozygouss Phox2B mutations were detected in 87% of cases (116/133). A 
detailedd study of Phox2B +/- mice (these heterozygous mice show no obvious 
phenotypee (38)) subsequently revealed a slightly altered response to hypoxia and 
hypercapniaa at birth and a decreased TH expression in the chemosensory neurons of 
thesee mice, thereby providing mechanistic insight into CCHS (42). All identified CCHS 
mutationss affected the C-terminal part of the Phox2B protein. Most mutations (109 
cases)) consisted of 5-13 alanine expansions in the 20 alanine tract, in none of these 
casess an association of CCHS and neuroblastoma was reported. Seven patients had 
mutationss in exon three other than poly-alanine repeat expansions. Two of them 
weree reported with neuroblastoma (29%), 2 patients died at 4 months of age and in 
33 patients no signs of neuroblastoma have been reported. Therefore we 
hypothesisedd that mutations in Phox2B, other than in frame expansions of the 20 
alaninee tract, might predispose to neuroblastoma. 

Thee data prompted us to investigate the expression of Phox2B and to search for 
genee mutations in neuroblastoma patients (chapter 4 of this thesis). We screened a 
largee panel of sporadic neuroblastoma cases and identified six different Phox2B 
mutationss (33). During the course of that study, Phox2B mutations were reported in 
twoo neuroblastoma families (43,44). In table 1 all 11 Phox2B mutations that have 
beenn identified so far in patients with neuroblastoma are summarised. 

Tablee 1: Neuroblastoma associated Phox2B mutations 
Symptoms s 
CCHS,, neuroblastoma 
Haddad,, neuroblastoma 
Haddad,, neuroblastoma 
HSCR,, neuroblastoma 
Neuroblastomaa (HSCR) 
Neuroblastoma a 
Neuroblastoma a 
Neuroblastoma a 
Neuroblastoma a 
Neuroblastoma a 
Neuroblastoma a 

Mutation* * 
618-619insC C 
A463TT (K155stop) 
721-737insl7nt t 
C421GG (R141G) 
676delG G 
633-670del38nt t 
702-714insl3nt t 
721-755del35nt t 
284-291del8nt t 
G299TT (R100L) 
721-740del20nt t 

Notes s 
Constitutional l 
Constitutional l 
Constitutionall de novo 
Inheritedd from mother 
Familial l 
Tumourr specific 
Tumourr specific 
Tumourr specific 
Constitutionall de novo 
Familial l 
Celll line 

Reference e 
(37) ) 
(39) ) 
(33) ) 
(43) ) 
(44) ) 
(33) ) 
(33) ) 
(33) ) 
(33) ) 
(43) ) 
(33) ) 

** nucleotide (nt) numbering refers to the CDS of Phox2B consisting of 942nt, homeodomain: nt294-
nt444,, 20 alanine tract: nt721-nt780. 

Soo far mutations of the Phox2B gene are the only mutations found in neuroblastoma. 
Itt is the first proof of principle that genetic alterations in developmental control 
geness give rise to neuroblastoma tumour formation. Since only a very limited number 
off sporadic tumours display tumour-specific Phox2B mutations (2.3%), sequencing of 
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otherr genes in the same differentiation route might be optional. Alternatively, other 
mechanismss might account for mis-regulation of Phox2B gene function. All mutations 
reportedd so far, including the tumour specific deletions, are heterozygous. The 
currentlyy available data are inconclusive for the question whether the Phox2B 
mutationss result in loss or gain of function. In case of loss of function mutations, the 
heterozygosityy implies either a dominant negative effect of the mutated protein or 
hh a plo-in sufficiency. As Phox2B is located on chromosome 4pl3, LOH of this genomic 
regionn in neuroblastoma (45) might also result in haplo-insufficiency. 

Phox2 A A 

Phox2AA (46) is a closely related neuronal type-specific paired-homeodomain 
transcriptionn factor with a homeodomain identical to Phox2B. Phox2A also 
determiness the noradrenergic phenotype (47). Like Phox2B, Phox2A is expressed in 
alll neurons that transiently or permanently express DBH. Both proteins can bind to 
thee promoter proximal region of the DBH gene, which contains two homeodomain 
recognitionn sites (48-51). DBH transcription is increased in the presence of either 
Phox2AA or Phox2B (52). 
AtAt most sites Phox2A and Phox2B are co-expressed. However, detailed analysis of 
thee relative timing of Phox2A and Phox2B expression at various sites suggests 
positivee cross-regulations. In the sympathetic ganglia anlagen Phox2B is expressed 
beforee Phox2A. In other structures the Phox2A gene expression precedes Phox2B 
expressionn (53). These structures, like the locus coeruleus, some parasympathetic 
gangliaa and the Vllth, IXth, and Xth cranial sensory ganglia, are typically affected in 
Phox2AA knock-out mice (47;53). 

HASH1 1 

HASHl/Mashll (human/mammalian achaete scute homologue-1) is a proneural basic 
helix-loop-helixx (bHLH) transcription factor. Proneural genes are master regulators of 
neuronall differentiation. HASH1/MASH1 drives neurogenesis by activating the 
expressionn of a cascade of neuronal genes in precursors of autonomic neurons, but 
nott in those of sensory neurons. It controls both pan-neuronal and subtype-specific 
aspectss of autonomic neuronal identity. Expression of HASHl/Mashl is induced by 
bonee morphogenetic proteins (BMPs). BMP2 and 4 are specifically expressed in the 
dorsall aorta and gut, near or within which various classes of autonomic neurons 
developp (54-56). 
Mashll homozygous null mice die at birth with apparent breathing and feeding 
defects.. The olfactory epithelium and sympathetic, parasympathetic, and enteric 
gangliaa are severely affected (57). In the anlagen of the sympathetic ganglia, the 
Mashl7"" mutation arrests the development of neuronal precursors, thereby 
preventingg the generation of sympathetic neurons and resulting in cell death. At first 
sight,, the adrenal medulla of Mashl7" mice appeared to be largely normal. However, 
mostt adrenal medullary cells that were identified by Phox2B immunoreactivity in 
Mashll mutant mice at embryonic day 13.5 lacked expression of the 
catecholaminergicc marker TH (58). At birth, the Phox2B-positive adrenal cell 

20 0 



Chapterr 1 

populationn is decreased in Mashl"'" mice as compared to normal mice and most 
remainingg cells do not contain chromaffin granules but display an immature 
neuroblast-likee phenotype. Thus, HASHl/Mashl holds a key position in neuronal and 
neuroendocrinee differentiation programs within the SA lineage (59). 
Duringg development of the SNS, Mashl positively regulates expression of Phox2A, 
whilee expression of Phox2B precedes expression of Phox2A and occurs independently 
off Mashl function (58;60;61). Therefore, HASHl/Mashl and Phox2B represent two 
independentt upstream members of a network of control genes (62). HASH1 is 
expressedd in the majority of primary neuroblastoma tumours and cell lines (chapter 3 
off this thesis). HASH1 expression levels are controlled by the Delta-Notch pathway 
(63;64)) which is discussed later on in this chapter. 

HAND1an dd HAND2 
Thee HAND subclass of bHLH transcription factors is comprised of two members 
eHAND/HANDll and dHAND/HAND2. HAND amino acid sequences are highly 
conservedd from fly to man, but the expressions patterns appear to vary between 
speciess (65). In mouse and chicken, the HAND genes are expressed in the 
developingg heart, the lateral mesoderm, and a sub-population of neural crest cells 
(66-69).. Both proteins show a high degree of functional redundancy, but also non-
overlappingg functions are attributed to these proteins (65). The phenotype of HAND1 
nulll mice is difficult to analyse due to pronounced defects in extra-embryonic 
mesodermm that result in embryonic lethality between E8.0 and E9.0 (70). The data 
suggestt that heart morphology is altered. HAND2 null mice are embryonic lethal and 
diee between E9.5 and E10.5 due to cardiac and vascular defects (71). 
Althoughh the role of HAND genes is best studied in heart development, some reports 
describee the functioning of HAND genes in neural crest-derived cells in vitro and in 
vivovivo (72;73). Howard et al. (74) showed that constitutive expression of HAND genes 
resultss in noradrenergic differentiation, while antisense HAND constructs cause a 
significantt reduction in noradrenergic neurons. Thus HAND genes support 
noradrenergicc differentiation, a phenotype that is marked by DBH expression. Indeed 
twoo recent reports describe enhancement of DBH transcription by HAND2 (75;76). 
Togetherr with Phox2A, HAND2 takes part in a protein complex that binds to the 
homeodomainn binding site in the DBH promoter and activates DBH transcription. The 
activityy of this complex is independent of direct DNA binding by HAND2. HAND2 is 
expressedd in almost all neuroblastoma specimens examined (77) (data not shown). 
HAND11 expression is limited and correlates with DBH expression in a panel of 22 
neuroblastomaa cell lines (data not shown). 

MYCN N 
MYCNN belongs to the myc gene family encoding transcription factors with a 
HLH/leucinee zipper domain. MYCN is amplified in 20% of neuroblastomas, which 
makess it the most prominent player identified in this tumour so far. Amplified MYCN 
sequencess usually form double minute chromosomes or homogeneously staining 
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regionss (HSRs) containing 50-100 extra copies of the gene. MYCN amplified 
neuroblastomaa tumours follow a particular aggressive course (78;79). 
MYCNN expression is largely restricted to embryonic tissues (80) and neuroendocrine 
tumours.. Transfection of MYCN in neuroblastoma cell lines strongly increased 
proliferationn (81;82) and transgenic mice with over expression of MYCN (under 
controll of the TH promoter) frequently develop neuroblastomas (83). The MYCN 
homozygouss null mouse dies in mid-gestation and has fewer neuronal cells in the 
peripherall ganglia (84-86). 
MYCNN transcriptionally regulates many genes. Serial Analysis of Gene Expression 
(SAGE)) revealed that ectopic MYCN expression up-regulated genes involved in 
proteinn synthesis and ribosome biogenesis in neuroblastoma cell line SHEP (87). In 
addition,, MYCN up regulated expression of the chromosome 17q genes nm23-Hl and 
-H22 (88) and down regulated expression of the chromosome lp36 gene Cdc42. 
Cdc422 encodes a Rho-family GTPase which promotes differentiation of 
neuroblastomaa cells (Valentijn et al. submitted). 

MEIS1 1 

Neuroblastomaa cell line IMR32 was found to have amplification of MEIS1, a TALE 
familyy homeobox transcription factor (89). No mutations of the gene were identified 
inn neuroblastoma so far. High-level expression of MEIS1 and other TALE family 
memberr genes was demonstrated in a panel of neuroblastoma cell lines. Stable 
transfectionn of MEISl-expressing cell lines with cDNA encoding a naturally occurring 
dominant-negativee splice variant of MEIS1 (MEIS1E) yielded clones with impaired cell 
proliferation,, gain of differentiated phenotype, and increased contact inhibition and 
celll death. Subsequently, a number of genes that showed differential expression as a 
resultt of MEIS1E expression were identified by SAGE. Several genes involved in 
developmentall signalling pathways, chromatin binding, cell cycle control, 
proliferation,, and apoptosis were included (90). The MEIS1 gene was originally 
identifiedd as a target for retroviral insertions in myeloid leukaemia in mice (91). 
Together,, the amplification in IMR32 , its relevance for neuroblastoma cell growth 
andd proliferation, and its role in leukaemia suggest a causative role for MEIS1 in 
neuroblastomaa pathogenesis. 

Growt hh facto r receptor s 

RETT recepto r 

Thee RET proto-oncogene encodes a receptor tyrosine kinase expressed primarily in 
neurall crest and urogenital precursor cells. As expected from its tissue expression 
duringg embryogenesis, RET knockout mice lack enteric neurons and superior cervical 
gangliaa and show defects in the kidney (92). GDNF is identified as one of the ligands 
forr the RET receptor. Both are required for enteric neurogenesis. RET mutations are 
frequentlyy found associated with HSCR and also five germ line mutations in the 
GDNFF gene have been detected in HSCR patients. 
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Neurall crest derived progenitors of enteric neurons are closely related to SA 
progenitorss (13). For instance, one of the neurotransmitters used by enteric neurons, 
serotonin,, is transiently expressed in SA progenitors in embryonic sympathetic 
gangliaa and adrenal medulla. In addition, Tyrosine Hydroxylase is transiently 
expressedd by a population of cells in the developing gut. Also the RET receptor signal 
pathwayy is functional in most neuroblastoma. Although several lines of evidence 
suggestt a role for the RET receptor in neuroblastoma pathogenesis, no RET 
mutationss have been detected in sporadic neuroblastoma cases (93). In addition, no 
linkagee to the RET locus could be determined in familial neuroblastoma (94;95). 
Possibly,, expression of RET in neuroblastoma merely reflects the differentiation 
statuss of the tumour cells. 

Neurotrophin ss and thei r receptor s 
Thee neurotrophin family consists of four members: nerve growth factor (NGF), brain 
derivedd neurotrophic factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4 (NT-
4).. There are two classes of neurotrophin cell-surface receptors: low-affinity and 
high-affinityy neurotrophin receptors. All four neurotrophins bind to the low-affinity 
nervee growth factor receptor, p75. The p75 receptor belongs to the tumour necrosis 
factorr receptor family and was the first identified neurotrophin receptor (96). The 
high-affinityy receptors include receptor tyrosine kinase proteins TrkA, TrkB and TrkC. 
Thesee receptors have different specificities for different members of the neurotrophin 
familyy (Figure 4). TrkA is the receptor for NGF, TrkB is the receptor for BDNF and 
NT-4,, and TrkC is the receptor for NT-3. However, NT-3 can also bind to TrkA and 
TrkB,, but with lower affinity than to TrkC, and with lower affinity than the primary 
ligandss for these receptors (97;98). 

NGFF BDNF NT-3 NT-4/5 \x/x \x/x 
TrkAA TrkB TrkC 

Figuree 4: Neurotrophins and their preferred high-affinity receptors. 

Trkk genes encode transmembrane receptors that probably function as homodimers. 
Uponn activation by their specific ligands, Trk receptors dimerise and 
autophosphorylatee several cytoplasmic tyrosines, which results in docking of 
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signallingg proteins and signal transduction. Several small G proteins, including Ras, 
Rap-1,, and members of the Cdc42-Rac-Rho family, as well as pathways regulated by 
MAPP kinase, PI 3-kinase and phospholipase-C-y (PLCy) are activated (99-102). The 
low-affinityy p75 receptor has no cytoplasmic tyrosine kinase domain (103-105) and 
itss role is controversial, as it may be involved in either promoting or down-regulating 
thee response to the neurotrophin. 
Activationn of Trk receptors has been linked to survival or to differentiation, whereas 
inhibitionn of Trk activation can lead to programmed cell death. Therefore, the 
presencee respectively absence of ligand can have a profound effect on cellular 
behaviourr (2). Also the effect of Trk receptor signalling is dependent on the cell type 
ass well as the differentiation state of the cell. Oncogenic rearrangements of the TrkA 
genee have been found in colon carcinoma, papillary carcinomas and acute myeloid 
leukaemiaa (AML) (98). The TrkA gene was first identified as a fusion product of the 
TrkAA gene and the tropomyosin gene which resulted in constitutive activation of the 
tyrosinee kinase activity. Despite the identification of TrkA as an oncogene, high 
expressionn of wild type TrkA in neuroblastoma is found in tumours with a favourable 
prognosiss (106). TrkB, however, is expressed in aggressive, N-myc amplified 
neuroblastomas.. It is believed that sympathetic precursors switch expression from 
TrkBB (or TrkC) to TrkA in later embryonic stages (107). Correspondingly, NGF 
responsivenesss appears relatively late in differentiation (11). Therefore, Trk gene 
expressionn (TrkA versus TrkB) seems to reflect a developmental stage in which 
neuroblastomass are blocked.. 

Interestingly,, when knockouts of the neurotrophins and their receptors are studied, 
onlyy in NGF -/- and in TrkA -/- mice the sympathetic nervous system is seriously 
affectedd (108;109). Animals of both phenotypes are viable at birth, but do not gain 
weightt in comparison with their littermates. Most animals die within the first month 
off life. At ten days of age mice lacking TrkA suffer from complete loss of sympathetic 
neuronss (110). The adrenal medullary phenotype of TrkA -/- mice is less dramatic. 
Manyy aspects of the structure and chemistry of the adrenal medulla appear 
unchanged,, but a reduction in acetylcholinesterase activity and a significant decrease 
inn the catecholamine content were observed (111). In addition, sensory neurons 
responsivee to temperature and pain are lost at birth in TrkA -/- mice (110). NGF -/-
micee display similar neuropathies (108). Mice deficient for TrkB or BDNF, on the 
otherr hand, experience loss of sensory neurons responsive to tactile stimuli. In 
addition,, TrkB mutant mice display a loss of motor neurons (112). TrkB -/- animals 
diee within the first 48 hr as they do not feed. The BDNF -/- mice show a somewhat 
milderr phenotype and survive for a few weeks. Mice deficient for the other TrkB 
ligand,, NT-4, show only minor cellular deficits in certain groups of sensory neurons 
andd develop normally to adulthood (112). Knock-outs for TrkC or NT-3 show 
abnormall movements caused by the loss of sensory proprioceptive neurons and are 
lethall during early postnatal development. p75 -/- mice survive to adulthood and 
exhibitt subtle losses of subpopuiations of sensory neurons that evolve over a longer 
timee frame. 
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Inn correspondence with the favourable prognosis of TrkA expressing neuroblastoma 
tumourss in vivo, SH-SY5Y neuroblastoma cells with ectopic expression of TrkA 
displayy growth inhibition, downregulation of angiogenic factors and enhanced drug-
inducedd apoptosis in vitro(113). On the other hand, SH-SY5Y cells with ectopic TrkB 
expressionn show enhanced proliferation and resistance to chemotherapy-induced 
apoptosiss (114;115). SY5Y-TrkA and SY5Y-TrkB cells also induce highly divergent 
tumourss in nude mice. While SY5Y-TrkA cells show an impaired tumour growth, 
SY5Y-TrkBB cells produce rapidly growing tumours with a pronounced angiogenesis 
(113).. Recently, TrkB was shown to confer resistance to apoptosis induced by loss of 
cell-matrixx adhesion, and thereby TrkB promoted metastasis of tumour cells (116). 
Ass TrkA and TrkB induce strongly different phenotypes (114), they must have 
differentt effects on gene transcription in neuroblastoma. In chapter 4 and 6 we 
describee the identification of several genes that were differentially expressed 
betweenn SH-SY5Y cells with ectopic TrkA and TrkB expression. 

Signa ll  transductio n 

Thee Delta-Notc h pathwa y 

Howw do multipotent neural precursors choose their fates? This is partly controlled by 
environmentall signals like NGF and glucocorticoids, but also cell-autonomous 
developmentall programs play an important role. The Delta-Notch pathway is an 
examplee of such a cell fate determination pathway, which integrates intrinsic and 
extrinsicc cues (117). 
Thee list of developmental processes requiring Notch signalling is extensive and ever-
increasing.. In general, Notch functions as a receptor involved in cell-cell 
communication.. The interaction of Notch with a ligand, that is usually expressed on a 
neighbouringg cell, triggers immediate proteolytic processing of the Notch protein. 
Thee intracellular domain of Notch is released from the cell membrane and 
translocatedd to the nucleus. There Notch functions as a transcription factor activating 
thee expression of the bHLH genes of the Enhancer of Split family. These genes 
encodee transcriptional repressors that inhibit expression of proneural genes including 
achaetee scute and its homologues. Achaete scute proteins on their turn activate the 
expressionn of Delta and its homologous. As Delta and these homologues are the 
ligandss of Notch, Notch activation also results in a downregulation of the expression 
off its ligand on the same cell. Thereby an initial small difference in expression of 
Deltaa and Notch on two neighbouring cells is enhanced in subsequent rounds of cell-
celll signalling. As a result, differentiation is inhibited in the Notch expressing cell, 
whilee in the ligand expressing cell differentiation is induced (figure 5). Thus, Notch 
signallingg results in different cell fates for two neighbouring cells. This mechanism 
nott only functions in neurogenesis, but also in many other developmental decisions. 
Earlyy in development, Notch activation may promote a maintenance of multipotency, 
butt later during development, it may also promote secondary cell fates (117). 
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Figuree 5: The Delta-Notch pathway 
Onee way in which the Delta-Notch pathway can be used is called lateral inhibition (159). This model 
showss a progenitor cell which is capable of proliferation. Cell division results in two identical but 
multipotentt daughter cells. All cells initially express Delta (ligand) and Notch (receptor) and therefore 
theyy can signal to one another. However, at any point there will be a subtle difference between the 
cells,, for example the left cell receives a little bit more of an instructive signal. As a result the 
expressionn of proneural genes (like HASH1) is induced in this cell and also the delta expression on 
theirr cell surface is up regulated. Binding of Delta to Notch of the neighbouring cell (right cell) results 
inn downregulation of proneural genes (via activation of enhancer of split homologues) in that cell. 
Thereforee expression of Delta is prevented. Thus, the effect of a little difference between two 
daughterr cells is further amplified. In the left cell, Notch is no longer activated, which results in a 
furtherr induction of proneural genes and also more Delta expression. This cell will differentiate. In the 
rightt cell, however, Notch is continuously activated which will result in an irreversible switch to a 
secondd cell fate. By this means two identical cells in the same environment can adopt different cell 
fates. . 
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Twoo notch ligands are known in Drosophila. Delta and Serrate. Several mechanisms 
andd co-factors can modulate the signalling of the core transduction pathway. In 
vertebratess an additional level of complexity is added to the pathway as four notch 
geness and at least six ligands are present which enables various interactions. Several 
mousee knock-outs are constructed for Delta-Notch pathway genes. In none of the 
describedd phenotypes the SIMS is affected (see also the Jackson laboratory mouse 
genomicss information database http://www.informatics.jax.org/). Homozygotes for 
targetedd null alleles of the Notch 1 or the Notch2 gene exhibit serious defects which 
inn both cases results in lethality by embryonic day 11.5. On the other hand, 
homozygouss Notch3 null mice are viable, fertile, and show no overt phenotype (118). 
Thee Notch ligands belong to two classes; the Serrate/Jagged homologues and the 
Deltaa homologues. Jaggedl or Jagged2 homozygous null mutants die prior to 
embryonicc day 11.5 respectively perinataily. Also homozygous null embryos for Dill 
doo not survive. Homozygous DII3 mutants are seriously affected due to defective 
segmentationn in the embryo and delayed and irregular somite formation. At least ten 
Enhancerr of Split homologues are described in mouse and human (HES1-7, HEY1-2, 
HEYL1).. HES1, HES7 and HEY2 mutants show reduced viability and most die in utero 
orr neonatally, while HEY1 homozygous null mice are healthy and fertile with no 
majorr developmental defects (119). 

Notchh proteins have been implicated in cancer. In human T-ALL (T-cell acute 
lymphoblasticc leukaemia) chromosomal translocations of the Notchl gene resulting in 
overr expression of a constitutive active Notchl protein are described (120). Also 
truncatedd Notch2 protein has been implicated in virus-induced leukemogenesis in the 
catt (121) and viral insertions within the Notch4 gene are associated with mouse 
mammaryy tumours (122). Notch3 over expression is observed in non-small-cell lung 
cancerr (123) and transgenic mice expressing the intracellular Notch3 protein display 
aggressivee T cell neoplasias (124). Therefore, the role of the Delta-Notch pathway is 
interestingg from the point of view of cell fate decisions and cancer. 

Dlkl Dlkl 
Thee research project described in this thesis is based on the identification of 
developmentall genes that play a role in neuroblastoma. We used Serial Analysis of 
Genee Expression (SAGE) to generate a complete expression profile of several 
neuroblastomaa cell lines and tumours. Most developmental genes (specified as 
DrosophilaDrosophila homologues, chapter 2 of this thesis) showed very low expression, with 
thee exception of a human homologue of the Drosophila Delta gene (Delta-like 1, 
Dlkl).. Dlkl represented over 0.5% of all transcripts in the SAGE library of the SK-N-
FII cell line (125). Because Dlkl orthologues were identified independently in human, 
rat,, mouse and bovine, many names were given to the same molecule; pG2 
(126;127),, foetal antigen-1 (FA-1) (128), Pref-1 (preadipocyte factor-1) (129), 
stromall cell derived protein-1 (SCP-1), zona glomerulosa-specific factor (ZOG) and 
Dlkk (130). Dlkl is widely expressed in embryonic tissues, whereas in the adult its 
expressionn is more confined. The Dlkl gene is expressed in the adrenal gland, the 
anteriorr pituitary and the endocrine pancreas. 
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Thee Dlkl gene encodes a transmembrane protein of 383 amino acids that possesses-
sixx tandem EGF-like sequences at the extra cellular domain, a single transmembrane 
domainn and a short intracellular tail. Several alternatively spliced mRNA products are 
describedd (131; 132). In addition, post-translational modification and enzymatic 
cleavagee of Dlkl can result in the release of the extracellular part as a soluble protein 
(133;; 134). The structure of the individual EGF-like repeats indicate that Dlkl is a 
memberr of the EGF-like homeotic family, including the notch receptors and their 
ligandss (128). Notch ligands also share a N-terminal cysteine-rich motif termed DSL 
(Delta-Serrate-Lag2).. This DSL domain appears to be important for binding to the 
Notchh receptor (135). As the DSL motif is absent from Dlkl it has been questioned 
whetherr Dlkl can function as a Notch ligand. 
Dlkll is a paternally expressed imprinted gene on human chromosome 14q32. There 
aree two animal models for mis-regulation of Dlkl expression described. In sheep the 
Dlkll gene is located on chromosome 18, a region that is synthetic to human 
chromosomee 14q. A single nucleotide substitution within this region can cause 
muscularr hypertrophy, a feature that is known as the callipyge (CLPG) phenotype. 
Callipygee is derived from the Greek and literally means beautiful buttocks. The 
callipygee phenotype displays an unique mode of inheritance, referred to as polar 
overdominance.. As a result, only heterozygous individuals who receive the CLPG 
mutationn from their father exhibit muscular hypertrophy. The CLPG mutation affects 
aa long-range control element (LRCE) within the imprinted domain. It has been shown 
thatt the imprinting status of the paternal expressed Dlkl and PEGU genes and the 
maternall expressed GTL2 and MEG8 genes (GTL2 and MEG8 encode untranslated 
RNAA products) remains unaltered by the mutation. However, the unique combination 
off the c/>effect of the paternal inherited CLPG mutation on the expression levels of 
thee genes in the Dlkl-GTL2 cluster and the fra^s interaction between the products of 
reciprocallyy imprinted genes results in the callipyge phenotype (136-138). The Dlkl 
genee is over-expressed in skeletal muscle of callipyge sheep. 
Inn mice a targeted deletion of Dlkl has been generated. Heterozygous mice that 
harbourr the paternally inherited null allele display growth retardation, obesity, 
blepharophimosiss (abnormally narrow eyelids horizontally), skeletal malformation, 
andd increased serum lipid metabolites. This phenotype is highly similar to the 
symptomss observed in human maternal UPD14 (uniparental disomy of chromosome 
14).. Therefore, the paternally expressed Dlkl gene seems to be important for normal 
developmentt and for homeostasis of adipose tissue mass in both mouse and human 
(139).. The imprint of Dlkl is maintained in neuroblastoma (chapter 3 of this thesis), 
brainn tumours and lymphomas (64; 140). 
Dlkll plays a role in several differentiation processes. The callipyge phenotype (Dlkl 
over-expression)) and the obese phenotypes of Dlkl null mice and mUPD14 patients 
(noo dlkl expression) suggest that Dlkl is involved in myogenesis and adipogenesis. 
Dependingg on the exposure to growth factors, mesenchymal precursor cells can 
differentiatee into muscle or fat cells. The role of Dlkl in myogenesis is not studied in 
detail.. However, Dlkl is identified as a negative regulator of adipocyte differentiation. 
Transfectionss of preadipocyte cell lines with Dlkl as well as antisense-Dlkl constructs 
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showedd that downregulation of Dlkl is essential to complete adipocyte differentiation 
(129;141;142). . 
Thee effects of Dlkl expression seem to be tissue dependent. Dlkl expression in 
foetall liver marks bipotential hepatoblasts that are highly proliferative (143), while 
over-expressionn of Dlkl in mesenchymal stem cells maintains a pool of bipotential 
progenitorr cells without affecting the proliferation rate (144). On the other hand, 
Balb/cc 3T3 fibroblast cells with diminished levels of Dlkl expression are found to be 
associatedd with rapid growth. The influence of Dlkl on the Delta-Notch pathway also 
dependss on the tissue studied. Kaneta et al. (145) have reported that Dlkl influences 
thee number of developing thymocytes by upregulation of the expression of HES1, a 
homologuee of the Drosophifa Enhancer of Slit transcription factor downstream of 
Notch.. However, Ohno et al. (146) demonstrated that HES1 is not involved in the 
inhibitoryy effect of Dlkl on colony formation of murine haematopoietic progenitors. 

TheThe Delta-Notch pathway in neuroblastoma 
Wee studied the expression of members of the Delta-Notch pathway in a panel of 21 
neuroblastomaa cell lines. The inverse expression pattern of Dlkl and Notch3 suggest 
thatt the pathway is active in neuroblastoma (64). Ectopic expression of Dlkl in two 
neuroblastomaa cell lines regulated the expression of HEY1, an Enhancer of Split 
homologuee downstream of Notch (chapter 5 of this thesis). This formally proved that 
Dlkll is a functional member of the Delta-Notch signalling route. However, analysis of 
thee cell line panel showed a quite random expression of the human homologous of 
Enhancerr of Split, making it difficult to identify major players in this gene category in 
neuroblastomaa (64). The extreme high Dlkl expression in a subset neuroblastoma 
celll lines resembled the expression levels in chromaffin cells of normal adrenal gland. 
Dlkll expression in the neuroblastoma cell lines also correlated strongly to DBH 
expression,, which is the hallmark of chromaffin cells. Therefore, we concluded that 
Dlkll not only plays a role in Delta-Notch signalling, but also is a marker for 
differentiatedd chromaffin cells. In addition, Dlkl protein is mainly localised in 
intracellularr vesicles, suggesting an as yet not understood function of Dlkl in 
chromaffinn maturation (chapter 7 of this thesis). 

AA networ k of differentiatio n pathway s in neuroblastom a 
Thee genes and pathways that were discussed in the preceding paragraphs do not 
functionn independently in neural crest development. In order to give rise to the right 
numberr and type of neurons at the right time, transcription factors and players of 
diversee pathways interact with each other and influence each others expression 
(147). . 
Thee generation of autonomic neurons from neural crest stem cells is started by an 
extrinsicc signal; BMPs. BMPs are expressed in the dorsal aorta, close to the 
developingg sympathetic ganglia. BMP signalling elicits the expression of a network of 
transcriptionn factors that control autonomic neuron differentiation (12;13;148). This 
networkk includes the previously discussed transcription factors HASHl/Mashl, 
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Phox2BB and Phox2A (62). Whereas these transcription factors are necessary for the 
generationn of all autonomic neurons, additional regulators that specify the 
sympatheticc lineage are known. HAND2 is such a factor (149). There is also evidence 
thatt the zinc finger transcription factor Gata2/3 contributes to the expression profiles 
off sympathetic neurons (150). There are strong cross-regulations among these 
transcriptionn factors and the frequent reciprocal regulations in the sympathetic 
lineagee make it difficult to determine the exact hierarchy within the network. The 
transcriptionn factors can lie both upstream and downstream of one another. This is 
formallyformally possible, but a model that fits this hypothesis is rather complex. During 
sympatheticc development expression of Mashl, Phox2B, Hand2, Phox2A and Gata2/3 
aree sequentially induced and precede the onset of the noradrenergic marker genes 
THH and DBH. A time dependent hierarchy is supported by the fact that the most 
downstreamm factor, Gata2/3, has only a very weak cross-regulating activity with 
respectt to HASHl/Mashl, Phox2B, Phox2A and Hand2 (150). As a result of the 
strongg cross-regulations, ectopic expression of each individual factor can induce the 
completee noradrenergic expression profile. 
Protein-proteinn interactions between co-expressed bHLH transcription factors can 
alsoo be complex. The classic model for bHLH factors is that a heterodimer comprised 
off a class A (ubiquitously expressed) and a class B (tissue-specific expressed) protein 
iss formed, which then mediates transcription via DNA binding to an E-box sequence 
(consensus:: CANNTG). The basic domain is responsible for DNA binding and the 
helicess are involved in protein binding and dimerisation. Unlike many class B bHLH 
factors,, HAND1 and HAND2 exhibit the ability to dimerise with themselves and other 
classs B bHLH factors (151). Indeed, the class B bHLH factor HASHl/Mashl is able to 
dimerisee with the HAND factors (65). Broad dimerisation characteristics result in 
dimerss recognising different c/>acting sequences. 
Usingg high throughput techniques, like SAGE and microarray, we identified a novel 
relationn between the TrkA pathway and the Delta-Notch pathway (chapter 6 of this 
thesis).. In SY5Y cells we found that TrkA, the NGF receptor which is only expressed 
inn neuroblastoma tumours with a good prognosis, regulates the expression of Dlkl 
andd Notch3. Also several chromaffin marker genes including DBH were silenced by 
TrkA,, but not by TrkB. We found that TrkA, and not TrkB, functions upstream of the 
transcriptionn factors Phox2B and HAND1. Therefore, Phox2B and HAND1 are the 
candidatee transcription factors for the downregulation of DBH and Dlkl in SH5Y-TrkA 
cellss and the co-regulation of DBH and Dlkl in neuroblastoma. Together, these data 
connectt the catecholamine synthesis pathway, Phox2B, the Delta-Notch pathway and 
thee NGF signalling pathway. This network of interactions between players of different 
developmentall pathways controls normal SNS differentiation and mis-regulation 
mightt contribute to SNS pathogenesis. 
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Chapterr 1 

Neuroblastom aa and cance r stem cell s 
Recentt insight in tumour biology has raised the hypothesis of cancer stem cells. 
Cancerr stem cells are proposed to be rare tumour cells that renew themselves and in 
additionn give rise to more differentiated daughter cells with a limited lifespan (152-
154).. Individual tumours might therefore consist of two types of cells: immortal 
cancerr stem cells and more differentiated tumour cells that divide for a limited 
numberr of generations. The latter cells can represent the bulk of a tumour mass, but 
theyy are not immortal and therefore not the cells that have to be therapeutically 
targeted.. The cancer stem cells in contrast may divide occasionally and therefore 
representt only a small proportion of the tumour. However, due to their capacity to 
self-renew,, cancer stem cells are immortal and can drive the tumour. While there is 
experimentall support for this hypothesis in leukaemia, breast cancer and brain 
tumourss (155-158), it is unknown whether other tumours consist of different 
compartments. . 
Inn correspondence with the cancer stem cell hypothesis, leukaemia and other 
tumourss were found to be heterogeneous for specific precursor cell markers and 
isolationn of the subset of cells that expressed these markers showed that their 
oncogenicc properties strongly differed from the rest of the tumour cells (155-158). 
Isolationn of different populations from breast tumours showed that most cells failed 
too form tumours upon inoculation of over 10,000 cells in mice, while as few as 100 
cancerr stem cells were able to form tumours (155). Interestingly, the newly formed 
tumourss harboured the same heterogeneous cell population as the initial tumour and 
thuss the equilibrium of cancer stem cells and more differentiated tumour cells was 
restored. . 
Primitivee cells of the SIMS might have stem cell properties. Striking parallels can be 
foundd between normal stem cells and cancer cells. It can be speculated that 
transformationn of normal sympathetic stem cells into neuroblastoma tumour cells will 
requiree only relatively few mutations, as properties like unlimited replicative 
potential,, tissue invasiveness and growth factor availability are already present. As a 
consequence,, the pathways that regulate self-renewal in stem cells could be 
preservedd in neuroblastoma tumour cells. 
Detailedd studies on Dlkl and related players showed that these genes are very 
heterogeneouslyy expressed within individual tumours and cell lines (chapter 5 of this 
thesis).. Several differentiation stages of sympatho-adrenal development may 
thereforee exist side by side in one tumour. Like normal stem cells, cancer stem cells 
cann divide asymmetrically and produce more differentiated cells. In correspondence, 
cellss within a neuroblastoma can be heterogeneous with respect to proliferation and 
differentiationn (chapter 5). Subcloning of neuroblastoma cell lines leads to a shift in 
thee expression patterns of the cells, but after a while the original equilibrium is 
restoredd (chapter 5). This has suggested us that neuroblastoma, like several other 
tumours,, includes a cancer stem cells population. Therefore, future research aiming 
att the identification of surface markers that can identify a possible cancer stem cell 
populationn within neuroblastomas is necessary. Such markers will allow the 
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combinationn of cell sorting and functional assays. The identification of cancer stem 
cellss in neuroblastoma might have great implications for treatment protocols. 

Neuroblastom aa and embryoni c contro l genes 
Neuroblastomaa is an embryonic tumour of the SNS. Several parallels exist between 
neuroblastomaa and normal differentiation of the SNS. The finding of mutations in the 
homeodomainn transcription factor Phox2B in neuroblastoma tumours shows that 
embryonicc control genes are involved in neuroblastoma tumorigenesis. Phox2B is 
partt of a developmental network that connects the NGF signalling pathway, the 
Delta-Notchh pathway and the catecholamine synthesis route. As a result of these 
complexx inter-cellular and intra-cellular communication networks proper cell numbers 
andd cell traits can be ensured. Mutations or dis-regulation of crucial players within 
thee network might disturb the normal development of a cell. Such a disruption in a 
multipotentt progenitor cell might turn the cell in a cancer stem cell. Phox2B 
mutationss are only found in approximately 2.2% of sporadic neuroblastoma cases, 
thereforee other players in the same developmental network might be mutated in 
otherr cases. This thesis deals with developmental genes that are active in 
neuroblastomaa and control normal cell fate determination within the SNS. 
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Abstrac t t 
Backgroud:: Serial Analysis of Gene Expression (SAGE) is an efficient method to 
establishh a complete mRNA expression profile of a tissue. Procedure: We applied 
SAGEE to identify expression of developmental control genes in neuroblastoma. 
Results:: The human homologue of the Drosophiia Delta gene, Delta like-1 (Dlkl), 
wass shown to have an unusual high expression in a SAGE library of the SK-N-FI 
neuroblastomaa cell line. Northern blot analysis confirmed high Dlkl expression in SK-
N-FII and several other neuroblastoma cell lines. Signalling between Delta and its 
receptorr Notch controls many differentiation steps in Drosophiia and man, including 
neurall crest cell fate decision. Conclusions: Our data therefore suggest a role for the 
Delta-Notchh pathway in neuroblast differentiation. 

Introductio n n 
Neuroblastomaa is an embryonic tumour, originating from immature sympathetic 
neuroblastt cells. The tumour displays a remarkable spectrum of clinical and biological 
behaviour.. Spontaneous regression of metastasised neuroblastoma as well as swift 
andd fatal progression despite intensive therapy can occur. Intensive molecular 
researchh has identified a limited number of genes involved in neuroblastoma. The 
onlyy major player identified is the N-myc oncogene, amplified in about 20% of 
neuroblastomass (1). However, many recurrent chromosomal alterations have been 
identified,, suggesting a role for genes on chromosomal bands lp36, 14q32 and 
17q22-qter(2-5). . 
Wee applied Serial Analysis of Gene Expression (SAGE) to identify new genes with a 
possiblee role in neuroblastoma pathogenesis. SAGE can identify all transcripts 
expressedd in a tissue (6). We have identified more than 130.000 SAGE transcript tags 
inn six neuroblastoma tumours and cell lines. Each of the six SAGE libraries can be 
usedd as a reference for comparison of gene expression patterns associated with 
specificc genetic aberrations or biological behaviour. 
Wee analysed the SAGE databases for expression of developmental control genes. A 
rolee for these genes in neuroblastoma pathogenesis is suggested by the embryonic 
originn of neuroblastoma and their capacity to regress or differentiate. We identified a 
veryy high expression of the human homologue of Drosophiia Delta in a subset of 
neuroblastoma.. This gene functions in an important differentiation pathway in 
DrosophiiaDrosophiia and plays a role in early neuroblast differentiation in man. 

Materia ll  and method s 

Tissuee culture 

Alll cell lines were cultured in Dulbecco's modified Eagle medium (DMEM) 
supplementedd with 10% fetal calf serum, 20 mM L-glutamine, 10U/ml penicillin, and 
10|ig/mll streptomycin. Cells were maintained at C under 5% C02. 
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Norther nn blo t analysi s 

Totall cellular RNA was isolated by the LiCI-ureum method (7). 20^g of RNA was 
electrophoresedd through a 1% agarose gel containing 6.7% formaldehyde and 
blottedd on Hybond nylon membrane (Amersham) in 16.9xSSC, 5.7% formaldehyde. 
Hybridisationn and washing were performed according to standard procedure. The 
Dlkll probe used for northern blot analysis was a 389 bp PCR fragment amplified 
fromm cDNA (oligos F:gacaatgtttgcaggtgc and R:gatctcgcagaaattgcc) 

SAGE E 
SAGEE was performed according to Velculescu et al. (6). Libraries were constructed 
fromm six neuroblastoma cell lines and tumours with distinct clinical behaviour and 
geneticc aberrations (Boon et al. EMBO J. 2001). In short, SK-N-FI and N52 are a 
neuroblastomaa cell line respectively tumour without N-myc amplification and without 
lpp deletion. IMR32 and N159 are a cell line respectively tumour with N-myc 
amplificationn and with lp deletion. SHEP2 and SHEP21N are two neuroblastoma cell 
liness with the same genetic background; they have no N-myc amplification and 1 p 
deletion.. However, the SHEP21N cell line is transfected with an inducible N-myc 
constructt (8). 

Result s s 

Expressio nn of developmenta l contro l genes in neuroblastom a SAGE 
librarie s s 
Neuroblastomass are thought to arise from precursor cells of the sympatho-adrenal 
lineage.. The genes which determine the differentiation of these sympatho-adrenal 
progenitorss are largely unknown. However, it is likely that genes controlling 
embryonicc development are involved. Interestingly, many developmental control 
geness were first identified in Drosophila. Over the past decades human homologues 
off these genes were identified. Many of these Drosophila homologues are found to 
playy a role in human cancers (9-11). 
Wee selected more than 200 human homologues of Drosophila developmental genes. 
Thee SAGE tags which belong to these genes were identified in databases 
(http://www.ncbi.nlm.nih.gov/SAGE/).. The neuroblastoma SAGE libraries were 
analysedd for expression of these tags. 
Ann example of this search is shown in table I. Strikingly, most Drosophila 
homologuess have very low expression levels in the neuroblastoma SAGE libraries. 
Tagg counts range from 0 to 3 tags per 10,000. However, the human homologue of 
DrosophilaDrosophila delta (delta like-1, Dlkl) has an extreme high expression in the SK-N-FI 
SAGEE library. Fifty-four out of 10,000 tags matched this gene. There are only a 
handfull of genes with similar expression levels in this neuroblastoma cell line. 
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Tablee 1: Genome-wide expression analysis of human homologues of Drosophila 
geness in neuroblastoma SAGE libraries 
Tag g 

CAGACATTTT T 

TTCTGTGATA A 

ATAGTAGCTT T 

TAAGATTAGA A 

TCCTCAAGAT T 

L II 1 1111IG! 

TGGTGGCCGC C 

GA"GGTCTG G 

TCTCCTGCAT T 

CGAGAGGGAG G 

ACACAGG 1 111 

GAGAGCAGCA A 

ATACAGAAT A A 

GTGAAGGG 1 1 1 

CCTCCTGCAT T 

TACAGATCAC C 

GGA111GÜAG G 

AAGCAGGAGG G 

ICII 1IAAAAI 

AAGGAAACAG G 

AGTGGAAGGT T 

GGTGTGAGCC C 

AGGGCAACTA A 

GACTGAATCT T 

AICCCIICCC C 

CGTAAGGCAT T 

AAGGAAATG A A 

I b ll 1 ICAGGA 

GAGTCCCTGG G 

GACII MATAA 

TGGGTGAGTT T 

GAG!! 1! GAAA 

TACTTGAAGG G 

GGGGA111LL L 

ACGCTCATCG G 

ATCCAGTATC C 

AGCGGCCGCG G 

CAGACTGGAC C 

11 1 1L1G1GAA 

11 11 GAG 11G1 

AAAATAAACG G 

IIIACACAA G G 

SK-N-FI I 

0,0 0 

0,0 0 

3,0 0 

3,0 0 

6,1 1 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

53,7 7 

1,0 0 

1,0 0 

0,0 0 

1,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

2,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

N52 2 

0,0 0 

0,0 0 

1,5 5 

0,0 0 

3,1 1 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

3,1 1 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,5 5 

0,0 0 

1,0 0 

0,5 5 

0,5 5 

0,0 0 

0,5 5 

1,0 0 

0.5 5 

0,0 0 

0,5 5 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

2,0 0 

0,0 0 

IMR32 2 

0,0 0 

0,0 0 

2,1 1 

4,1 1 

5,2 2 

0,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

5,2 2 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

1,0 0 

N159 9 

0,8 8 

0,0 0 

0,8 8 

0,8 8 

4,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

4,8 8 

0,0 0 

0,0 0 

0,0 0 

0,8 8 

0,8 8 

0,8 8 

0,0 0 

0,8 8 

0,0 0 

0,8 8 

0,8 8 

0,0 0 

0,0 0 

0,0 0 

1,6 6 

0,8 8 

0,8 8 

0,0 0 

0,8 8 

0,8 8 

0,8 8 

0,0 0 

0,0 0 

0,0 0 

0,8 8 

0,8 8 

0,0 0 

0,0 0 

0,0 0 

SHEP P 

0,0 0 

0,0 0 

0,0 0 

0,5 5 

0,5 5 

0,0 0 

0,5 5 

0,5 5 

1,9 9 

0,0 0 

0,5 5 

0,0 0 

1,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,0 0 

0,0 0 

0,5 5 

0,5 5 

0,0 0 

0,5 5 

0,0 0 

0,0 0 

0,5 5 

0,0 0 

0,0 0 

0,0 0 

0,5 5 

0,5 5 

0,0 0 

0,5 5 

0,5 5 

0,5 5 

0,0 0 

0,0 0 

0,5 5 

0,5 5 

0,0 0 

SHEP21N N 

0,0 0 

0,5 5 

2,6 6 

1,1 1 

1,6 6 

0,0 0 

0,0 0 

0,5 5 

1,6 6 

0,5 5 

0,0 0 

0,5 5 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,1 1 

0,5 5 

0,0 0 

2,1 1 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

2,1 1 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,5 5 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

0,0 0 

1,1 1 

0,0 0 

1,1 1 

0,5 5 

Definitionn unigene cluster 

ATP-bindmgg cassette 8 (homolog of Drosophila white) 

single-mindedd {Drosophila) homolog 1 

singedd (Drosoph/ia)-\\ke (sea urchin fascin homolog like) 

timelesss (Drosophila) homolog 

enhancerr of rudimentary (Drosophila) homolog 

ELAVV (embryonic lethal, abnormal vision, Drosophi/a)-\'\ke l (Hu antigenR) 

rhomboi dd  (veinlet, Drosophi/a)-\\ke 

cutt (Drosophi/a)-\ike 1 (CCAAT displacement protein) 

mshh (Drosophila) homeo box homolog 1 (formerly homeo box 7) 

FATT tumor suppressor (Drosophila) homolog 2 

FATT tumor suppressor (Drosophila) homolog 

transducin-likee enhancer of split 3, homolog of Drosophila E(spl) 

deltaa (Drosophila)-\\ke 1 

ELAVV (embryonic lethal, abnormal vision, Drosophila)-\ike 3(Hu antigenC) 

forkheadd (Drosophila) homolog 1 (rhabdomyosarcoma) 

frizzledd (Drosophila) homolog 7 

dishevelle dd  3 (homologous to Drosophila dsh) 

MADD (mothers against decapentaplegic, Drosophila) homolog 3 

phosphodiesterasee 4B, cAMP-specific (dunce (Drosoph//a)-homologE4) 

discs,, large (Drosophila) homolog 2 (chapsyn-110) 

discs,, large (Drosophila) homolog 4 

forkheadd (Drosoph/ia)-\\ke 16 

diaphanouss (Drosophila, homolog) 1 

suppressorr of variegation 3-9 (Drosophila) homolog 

peanu tt  (Drosophi/a)-\\ke 1 

forkheadd (Drosophi/a)-\ike 6 

slitt (Drosophila) homolog 3 

tumorouss imaginal discs (Drosophila) homolog 

periodd (Drosophila) homolog 

ELAVV (embryonic lethal, abnormal vision, Drosophi/a)-\ike 4(Hu antigenD) 

MADD (mothers against decapentaplegic, Drosophila) homolo g 4 

enhancerr of zeste (Drosophila) homolog 2 

MADD (mothers against decapentaplegic, Drosophila) homolog 1 

sall (Drosophi/a)-\ike 2 

frizzledd (Drosophila) homolog 2 

MADD (mothers against decapentaplegic, Drosophila) homolog 2 

flightlesss 1 (Drosophila) homolog 

transducin-likee enhancer of split 4, homolog of Drosophila E(spl) 

splicingg factor,arginine/serine-rich8(suppressor-of-white-apricot,Dr.) 

mshh (Drosophila) homeo box homolog 2 

DrosophilaDrosophila retinal degeneration B 

forkheadd (Drosophila)-\\ke 8 

Tagg abundance is normalised to 10,000. 
Onlyy tags extracted from well-characterised mRNAs are included in the list. Tags generated from this 
categoryy of clones are most reliable. 

Dlk ll  expressio n in othe r SAGE librarie s 

Onee of the advantages of SAGE is that the data are absolute, which enables the 
universall comparison of SAGE libraries. An increasing number of SAGE libraries is 
availablee on the world wide web (12) To increase the power of this analysis we have 
pooledd a series of tag libraries originating from the same tissue types (Caron et al. in 
prep.).. The expression of Dlkl in SK-N-FI is much higher than in any other tissue for 
whichh SAGE libraries are available (figure 1). There is hardly any or no expression of 
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Dlkll in normal colon, colon tumour, normal brain, normal breast, breast tumour, 
normall ovary, ovary tumour, normal prostate, prostate tumour or muscle. Low 
expressionn is found in vascular endothelial cells, skin fibroblasts and several brain 
tumours. . 

oo SAGE libraries 
o o 

Figuree 1: Dlkl tag abundance in SAGE libraries of different tissues. 

Highh expressio n of Dlk l occur s in a subse t of neuroblastom a 

Thee high expression of Dlkl in SK-N-FI was confirmed by northern blot analysis 
(figuree 2). Two transcripts of 1.7 and approximately 4.5 kb appear. In addition to SK-
N-FI,, 4 other neuroblastoma cell lines show a similar high Dlkl expression. Three cell 
liness have moderate expression levels and 3 cell lines have very low Dlkl expression. 
Thee other 12 neuroblastoma cell lines of the total 23 neuroblastoma cell lines in the 
panell lack Dlkl expression. There is no correlation between Dlkl expression and N-
mycc amplification, lp deletion or other known parameters important in 
neuroblastoma. . 
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Neuroblastomaa cell lines 
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Figuree 2: Northern blot analysis of DLK1 expression in neuroblastoma cell lines. 
Upperr panel: Hybridisation signal with DLK1 probe. Lower panel: Ethidiumbromide staining of the 
mRNAA gel as a loading control. 

Discussio n n 
Wee used SAGE to search for genes with a possible role in neuroblastoma. Human 
homologuess of Drosophila embryonic genes expressed in neuroblastoma SAGE 
librariess were considered as interesting candidates. The Dlkl gene was found to be 
highlyy expressed in a subset of neuroblastoma. Interestingly, the expression of this 
gene,, but under another name, was previously studied in human adrenal medulla 
embryogenesis.. 40% of neuroblastoma primary tumours originate from the adrenal 
medulla.. The pG2 gene was cloned from a human pheochromocytoma(13;14). The 
predictedd protein sequence was at that time not recognised as a homologue of the 
DrosophilaDrosophila Delta gene. In situ hybridisation studies of Cooper et al. (15) show 
expressionn of pG2/Dlkl in the mesodermally derived foetal adrenal cortex at 7.5 
weekk postconception. In contrast, pG2/Dlkl is not expressed in the medullary 
precursorr cells at that time. As late as 20 weeks postconception pG2/Dlkl expression 
couldd be detected in the medullary chromaffin precursors. At 24 weeks of gestational 
agee maximal pG2/Dlkl expression levels in adrenal medulla were reached. The gene 
remainss highly expressed during subsequent development and adult life. 
Thee Delta gene is extensively studied in Drosophila (16-18). It is part of a conserved 
signallingg pathway that controls cell fate determination. Delta functions as a ligand 
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forr the Notch receptor. Upon ligand binding the notch receptor is activated, which 
resultss in receptor cleavage. The intracellular part of notch is translocated to the 
nucleus.. This causes transcriptional activation of genes of the enhancer of split 
complex.. The genes of this complex encode transcriptional repressors. They down-
regulatee the expression of proneural genes. By this means the activity of notch 
inhibitss differentiation to a neuronal cell fate. 
Mutationss in Delta/Notch signalling have been implicated in cancer. Several 
mutationss of Notch homologues are described in mammalian tumours (11;19). In 
orderr to get more insight in Delta/Notch interactions that might play a role in 
neuroblastomaa we studied the human homologues of other players in the pathway. 
Preliminaryy data suggest that the pathway is active in neuroblastoma. 
Thee chromosomal locations of some of the genes of the pathway are striking. Three 
homologuess of the enhancer of split complex are located at a region of interest in 
neuroblastoma.. HES2, HES3 and HES5 are located at the distal tip of chromosome 
lp.. However, none of them is expressed in neuroblastoma cell lines (data not 
shown).. The Dlkl gene is located at 14q32 (20), a LOH region in 30% of 
neuroblastomaa tumours (4;5;21). 
Thee very high Dlkl expression suggests that this gene plays a role in neuroblast 
differentiation.. We presently analyse Dlkl and other members of the Delta/Notch 
pathwayy for a possible role in neuroblastoma pathogenesis. 
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Abstrac t t 
Thee childhood tumour neuroblastoma originates from neural crest-derived 
progenitorss of the sympathetic nervous system. By Serial Analysis of Gene 
Expressionn (SAGE) we previously identified the Drosophila Delta homologue Dlkl as 
onee of the genes most highly expressed in the neuroblastoma cell line SK-N-FI. The 
Delta-Notchh pathway controls many differentiation steps in Drosophila and man. We 
analysedd expression of 21 genes of this pathway in 21 neuroblastoma cell lines. Dlkl 
expressionn was very high in 5 cell lines, while another subset expressed Notch3. The 
imprintingg of Dlkl was faithfully preserved in neuroblastomas. The single paternal 
allelee can therefore produce over 0.5% of all cellular mRIMAs. Dlkl maps to 14q32, a 
regionn that showed LOH in 31/170 (18%) tumours. The random parental origin of 
thee deleted alleles excluded Dlkl as target of the LOH. In addition, Dlkl was not 
amplified,, rearranged or mutated in neuroblastoma cell lines and tumours. We 
thereforee analysed whether high Dlkl expression marks a specific differentiation 
stagee of the sympatho-adrenal lineage. Many neuroblastomas arise in the adrenal 
medulla,, which predominantly consists of chromaffin cells. Normal adrenal medulla 
showedd equally high Dlkl levels as the SK-N-FI cell line. Chromaffin cells in young 
childrenn are marked by noradrenalin production, which is mediated by dopamine-
beta-hydroxylasee (DBH). DBH expression in the neuroblastoma cell lines almost 
perfectlyy corresponded to Dlkl expression. Neuroblastoma cell lines with high Dlkl 
expressionn are therefore arrested in a relatively late stage of chromaffin lineage 
differentiation,, while Notch3 expression might correspond to earlier precursor stages 
orr to an alternative developmental fate. 

Introductio n n 
Neuroblastomaa is an embryonal tumour of the sympathetic nervous system. Tumour 
cellss resemble neural crest-derived precursor cells within the sympatho-adrenal 
lineagee which are arrested at different stages of maturation (1;2). Round week 4 of 
humann embryogenesis, neural crest cells separate from the neural epithelium and 
startt to migrate. In the trunk, they aggregate at the dorsal aorta and form the 
primaryy sympathetic anlage. Subsequently, these sympatho-adrenal cells 
differentiatee in response to instructive signals from their environment and re-migrate 
too their final destinations. From week five on sympatho-adrenal cells start to invade 
thee adrenal cortex, where they will finally differentiate into chromaffin cells. Almost 
simultaneouslyy sympathetic paraganglia are formed at various locations within the 
trunk.. The largest paraganglion is referred to as the organ of Zuckerkandl. During 
foetall and neonatal life these extra-adrenal chromaffin cells are the major source of 
cathecholaminee secretion. At the age of 3 year their function is almost entirely 
replacedd by the mature chromaffin cells of the adrenal medulla. In addition to 
endocrinee chromaffin cell types, sympatho-adrenal precursor cells give rise to 
neuronss of the sympathetic ganglia and to the intermediate small intensely 
fluorescentt cells of sympathetic ganglia and paraganglia (1;3;4). 
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Too identify genes and pathways with a role in neuroblastoma and neuroblast 
differentiation,, we applied Serial Analysis of Gene Expression (SAGE) technology (5). 
SAGEE can produce a complete gene expression profile of a tissue or cell line. We 
generatedd SAGE libraries of nine neuroblastoma tumours and cell lines. Over 380,000 
SAGEE tags were identified, each representing a transcript expressed in 
neuroblastoma.. Analysis of our SAGE database revealed a high expression of a 
humann homologue of the Drosophiladelta gene, Dlkl, in a subset of neuroblastoma 
(6).. Dlkl belongs to the EGF-like protein family (7). These proteins function as 
receptorss or ligands in evolutionary conserved signalling pathways that control cell 
fatee decisions in many tissues, including neural crest (8-10). Drosophila Delta is a 
transmembranee protein that can signal to neighbouring cells, where it activates 
Notch.. Upon activation, Notch is cleaved and the intracellular domain is translocated 
too the nucleus, where it activates genes of the Enhancer of Split complex. They 
encodee basic Helix-Loop-Helix (bHLH) transcriptional repressors that down-regulate 
thee expression of proneural genes like the genes of the Achaete-Scute complex. 
Proneurall genes encode transcription factors that are essential for differentiation to a 
neuronall fate. As a result, neural differentiation is inhibited in cells where Notch is 
activated.. These cells either differentiate to a secondary fate or remain in a 
proliferativee state. 
Inn addition to the core transduction pathway described above, many additional 
elementss modulate signals transmitted through the Notch receptor. Moreover, 
comparedd to Drosophila, most genes of the pathway are duplicated in mammals. In 
Drosoph/iatheDrosoph/iathe single Notch protein has two ligands, Delta and Serrate. The 
mammaliann homologues of Delta and Serrate include Dill, DII3, DII4, Dlkl and 
Jaggedll and Jagged2 (11). Mammals posses four receptor homologues named 
Notchll to 4. The mammalian targets of Notch are called Hairy and Enhancer of Split 
(HES).. There are 10 human HES and HES-related genes described so far. 
Itt is unknown whether Dlkl can bind to Notch receptors (7). However, distinct 
reportss indicate roles for both Dlkl and Notch signalling in sympathetic neuroblast 
differentiation.. Dlkl (in early publications called pG2) is previously found to be 
expressedd in a relatively late stage of neuroblast differentiation in the adrenal 
medullaa (7;12;13). Expression of the Human Achaete-Scute Homologue-1 (HASH1) 
onn the other hand is only found in human sympathetic neuroblasts of early embryos 
(14).. In addition, several studies describe expression of HES1, HASH1 and Dlkl in 
limitedd series of neuroblastoma tumours and cell lines (12; 15-18). Support for a 
functionall role of the Notch pathway in neuroblast differentiation comes from 
Grynfeldd and co-workers (19). They show that induced differentiation in SH-SY-5Y 
neuroblastomaa cells is associated with transient HES1 activity and reduced HASH1 
expression.. HES1 activation can be mediated by Notch, as expression of the 
intracellularr domain of Notchl in these cells resulted in activation of the HES1 
promoter. . 
Ass a further step to a more comprehensive view of the Delta-Notch pathway in 
neuroblastt differentiation and pathogenesis we thoroughly analysed the expression 
off 21 genes in a panel of 21 neuroblastoma cell lines. Several active players are 
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identifiedd and their expression patterns suggest functional roles for Dlkl and Notch3 
inn neuroblast differentiation. The extreme differences in expression of the Delta-
Notchh pathway genes most likely characterise neuroblastoma cell lines arrested at 
variouss stages of sympathetic nervous system development. 

Material ss  and method s 

Sampl ee collectio n and DNA isolatio n 

Afterr informed consent was given, 181 pairs of tumour and constitutional tissue 
sampless were obtained from neuroblastoma patients treated between 1990 and 2001 
att the Emma Kinderziekenhuis/Academic Medical Centre, other paediatric oncology 
centress in the Netherlands and the University Hospital of Gent, Belgium. For 
comparison,, peripheral blood samples were obtained from the parents. Histological 
analysiss was performed and high-molecular weight DNA was prepared as described 
beforee (20). 

Celll  line s 

Thee SHEP cell line was maintained in RPMI1640 medium with glutamax (Invitrogen, 
Breda,, The Netherlands) supplemented with 10% foetal calf serum, 0.15% 
bicarbonate,, 20mM L-glutamine, 35mM HEPES, lOOU/ml penicillin, and 100ng/ml 
streptomycin.. Other neuroblastoma cell lines were cultured in Dulbecco modified 
Eaglee medium supplemented with 10% foetal calf serum, non-essential aminoacids, 
20mMM L-glutamine, 10U/ml penicillin, and lO^g/ml streptomycin. Cells were 
maintainedd at C under 5% C02. 

Souther nn blo t analysi s 

DNAA was digested with TaqI and separated on a 0.8% agarose gel. The fragments 
weree transferred to Hybond-N+ filters (Amersham Biosciences, Roosendaal, The 
Netherlands)) by the standard alkaline blotting method. DNA probes were 32P labelled 
byy the random primer method. Filters were hybridised for 16 hours at C in 0.5M 
Na2HP04.pH6.8,, 7% SDS, ImM EDTA and 50ug/ml herring sperm DNA. Filters were 
washedd in 40mM Na2HP04, 1% SDS at . 

Norther nn blo t analysi s 

Totall cellular RNA was isolated by the LiCI ureum method (21). Twenty ug of RNA 
wass electrophoresed through a 1% agarose gel containing 6.7% formaldehyde and 
blottedd on Hybond nylon membrane (Amersham Biosciences, Roosendaal, The 
Netherlands)) in 16.9x SSC and 5.7% formaldehyde. Hybridisation and washing 
conditionss were as described for Southern blot analysis. 

Probe s s 

Sequencess of all probes were verified before hybridisation. Probes for several human 
geness were made by PCR of cDNA, chromosomal DNA or EST clones obtained from 
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thee IMAGE consortium (Table 1). For other genes, inserts of EST clones from the 
IMAGEE consortium were used as probe for northern blot analysis (Table 2). CBF-1 
andd HES6 probes were a generous gift from M. Kool en T. de Haas from the 
Departmentt of Neurozintuigen, AMC, Amsterdam, The Netherlands. 

Tablee 1: Overview of PCR primers used for gene amplification 
Gene e 

Dlkl l 
Jaqqedl l 
Jagged2 2 
Notchh 1 
Notch2 2 
Notch3 3 
Notch4 4 
HES1 1 
HES2 2 
HES3 3 
HES5 5 
HASH1 1 

Forwardd primer 

aggtcttgtcgatgaagc c 
aqacatcgatgaatgtgcca a 
tggcactcgctqtatqaaag g 
tgcagtgcaacaaccacg g 
atcaatgctqqcaacacq q 
tacacaatggcacctgcg g 
cctqqatgactqtattqc c 
caaaqacagcatctgaqc c 
tgqatgtagagtaggaagc c 
qqctqcatqctttaatgg g 
aagqatcatagtggaggc c 
agcaagtcaagcgacaqc c 

Reversee primer 

ctatgaatqctcctqtqc c 
ccacaqacqttqqaqqaaat t 
aqqqccacatcaataaccaq q 
agtggaagqaqctgttqc c 
cttaagacaatgccctgg g 
cacagtgacaqqtgaagg g 
gcactcattqtqatcaqc c 
qtcatqqcattqatctgg g 
atcaaccagagcctqaqc c 

Product t 
length h 
283 3 
342 2 
310 0 
380 0 
323 3 
302 2 
373 3 
377 7 

Template e 

cDNA A 
cDNA A 
cDNA A 
AI921414 4 
AI018418 8 
AA284113 3 
R31152 2 
W39250 0 

1222 AI275093 
atqcacttcatqcactqqq 156 
aqaqqactttcttcaggg g 
ccaaagtccattcgcacc c 

246 6 
438 8 

DNA A 
W68771 1 
cDNA A 

Tablee 2: Overview of probes derived from EST clones 
Gene e 
Dill l 
DII3 3 
DII4 4 
HES4 4 
HES7 7 
HEY1 1 
HEY2 2 
HEYL1 1 
DBH H 

accession n 
R18606 6 
AI468121 1 
R32711 1 
BG325949 9 
BI259590 0 
R60705 5 
BE795886 6 
R25238 8 
AW872875 5 

Insertt length 
2299 9 
1105 5 
700 700 
1100 0 
1500 0 
1342 2 
1300 0 
718 8 
750 0 

Wester nn blot s 
Cellss pellets were resuspended in lysisbuffer (20mM Tris HCI pH8, 137mM NaCI, 10% 
glycerol,, 1% NP40), frozen in liquid nitrogen and thawed at . Cell lysates were 
separatedd on a 7.5% SDS-polyacrylamide gel and electroblotted onto Immobilon-P 
transferr membrane (Millipore, Etten-Leur, The Netherlands). Blocking of the 
membranee and incubation with antibodies were performed according to standard 
procedures.. Proteins were visualised using the ECL detection system (Amersham 
Biosciences,, Roosendaal, The Netherlands). Antibodies (Dlkl N-18, Notchl C-20, 
Notch33 M-20, Jagged 1 H-114) were purchased from Santa Cruz (Santa Cruz, 
California,, US). 

Sequenc ee analysi s 

22 ug of total RNA was DNase treated and cDNA was synthesised using superscript 
TMM II according to manufacturers protocol (GibcoBRL, Invitrogen BV, Breda, The 
Netherlands).. The coding regions of Dlkl were amplified using the following primer 
pairs;; set 1: caaccagaagcccagtg and tcggtgcaaatgcactgc (313bp), set 2: 
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ctttgtgaccagtgcgtgg and aggtcttgtcgatgaagc (454bp), set 3: gcaatttctgcgagatcg and 
ctgttgtactgaagcagcc (main product 573bp, sometimes additional smaller variants due 
too alternative splicing (22)), set 4: ccatctgcttcaccatcc and caagagatagcgaacacc 
(337bp).. PCR products were run on LMP agarose gels and purified with a gel 
extractionn kit (Qiagen, Hombrechtikon, Switzerland). Sequence reactions were 
performedd with the ABI PRISM™ Dye terminator cycle sequencing ready reaction kit 
(Perkinn Elmer, Oosterhout, Netherlands) and run on an ABI377. 

Scorin gg of alleli c loss (LOH) 

711 patients were analysed for the 14q32 region with VNTR marker D14S23 (ATCC, 
Manassas,, US). Cases in which one allele in the tumour DNA was reduced more than 
90%% as compared with its corresponding normal allele are scored as allelic loss 
(LOH).. Cases in which one allele in the tumour DNA was reduced but still clearly 
visiblee were scored as allelic imbalance. 124 patients were analysed with PCR 
markerss D14S611 and/or D14S749 (Marshfield marker set version 6). In each 
reactionn 45ng of DNA was amplified using hot start Taq enzyme and buffer (Qiagen, 
Westburgg b.v., Leusden, The Netherlands). PCR conditions for both marker sets were 
15'' at C followed by 30 cycli (45" , 45" , 45" ) and a final 30' 
incubationn at . PCR products were diluted and a Genescan run was performed 
onn an ABI377. Gel files were analysed using Genotyper software. 

Immunohistochemistr y y 

Fivee ^m sections of paraffin embedded normal adrenal glands were deparaffized and 
endogenouss peroxidase was quenched. Slides were boiled for 10 minutes in 0.01M 
citratee buffer. Sections were placed for 30 minutes in PBS with BSA-C (0.1%) and 
CWFSS gelatin (5%) (both reagents purchased from Aurion, Wageningen, The 
Netherlands).. The sections were incubated with Dlkl antibody diluted 1:1000 in PBS 
containingg BSA-C at room temperature for 1 hour followed by overnight incubation at 

.. As a negative control adjacent sections were incubated without primary 
antibody.. The specimens were washed in PBS and re-incubated for 30 minutes with 
rabbitt anti-goat IgG (Daco,Carpinteria, US) diluted 1:100 in PBS with BSA-C. 
Subsequentt incubations with peroxidase conjugated link antibodies (power vision kit) 
weree performed according to manufacturer (Immunologic, Duiven, The Netherlands). 
Sectionss were incubated with DAB substrate (Immunovision, Springdale, US) and 
counterstainedd with haematoxylin. Adjacent sections were also stained with a 
chromograninAA antibody. 
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Result s s 

mRNAA expressio n of member s of th e Delta-Notc h pathwa y in 
neuroblastoma . . 

SAGEE is an efficient method to establish a complete mRNA expression profile of a 
tissue.. SAGE libraries of 3 neuroblastoma tumours and 6 neuroblastoma cell lines 
withh different genetic defects have been established in our laboratory (23;24). In 
totall 380,909 tags were sequenced from 9 neuroblastoma SAGE libraries. Since 
neuroblastomaa is a childhood tumour, these SAGE libraries were analysed for 
expressionn of developmental control genes. This has resulted in the identification of 
Dlkll as one of the most highly expressed genes in some neuroblastoma cell lines (6). 
Dlkll transcripts can represent up to 0.5% of all messenger RNAs. Northern blot 
analysiss identified 5 neuroblastoma cell lines with very high Dlkl expression, two 
withh moderate expression and 14 cell lines with no or weak expression (6) (Figure 
1).. RT-PCR showed Dlkl expression in 11 out of 35 neuroblastoma tumours (data 
nott shown). No correlation is found between Dlkl expression and N-myc 
amplification,, lp deletion, primary tumour localisation, clinical stage or other known 
parameterss important in neuroblastoma. 
Heree we have analysed the expression of 20 additional members of the Delta-Notch 
pathwayy in a panel of 21 neuroblastoma cell lines. We first analysed the expression 
off additional ligands of Notch, the human Delta and Jagged homologues. Dill, DII4 
andd Jagged2 are not expressed in neuroblastoma. Low levels of DII3 mRNA are 
detectedd in most neuroblastoma cell lines while Jaggedl is expressed in 3 
neuroblastomaa cell lines (Figure 1A). Notchl and Notch2 are expressed in 2 
neuroblastomaa cell lines. Notch3 is expressed in 11 of 21 neuroblastoma cell lines, 
suggestingg a predominant role for this Notch receptor in neuroblast differentiation. 
Notch44 is not detectable in any of the neuroblastoma cell lines. Remarkably, the two 
celll lines with the highest Jaggedl expression also express Notchl and Notch2. Since 
Jaggedll is a ligand of Notch, autocrine stimulation of the pathway could potentially 
playy a role in these cells. 
AA striking observation in figure 1A is the inverse correlation in expression of Dlkl and 
Notch3.. Expression of either Notch3 or Dlkl in neuroblastoma cell lines might 
indicatee differentiation into two different cell types or a block in differentiation at two 
differentt stages of development. In addition, we discern a third group of 
neuroblastomaa cell lines which express nor Dlkl nor Notch3. 
Notchh activation results in downregulation of expression of proneural genes, like the 
Humann Achaete-Scute Homologue-1 (HASH1) (25). Indeed, we find an inverse 
correlationn between expression of Notch3 and HASH1 in our panel, although the 
patternn is not fully consistent (Figure 1A). This suggests that Notch signalling is 
functionall in neuroblastoma. 
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Figuree 1: mRNA expression analysis of the Delta-Notch signalling pathway genes in 
211 neuroblastoma cell lines. 
A:: Northern blot analysis of 6 key genes of the Delta-Notch pathway. The Dlkl expression pattern (6) 
iss shown as reference. Cell lines are ordered according to their HASH1 expression. An ethidium 
bromidee staining of 28S rRNA band on the blot gel is shown as loading control. 
B:: Northern blot analysis of Notch3, CBF-1 and five HES family member genes. 
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Downn regulation of HASH1 by activated Notch is mediated by additional transcription 
factors.. CBF-1 interacts with the intracellular Notch protein to activate transcription 
off HES genes (26). CBF-1 is expressed in all neuroblastoma cell lines tested (Figure 
IB).. The expression of 10 known HES family members was analysed in the 
neuroblastomaa cell lines. HES2, HES3, HES5, HES7 (27) and HEY2 (28) mRNAs were 
nott detected. HES1, HES4, HES6, HEY1 and HEYL1(29;30) were expressed, but their 
expressionn patterns do not correlate with Notch3 or HASH1 expression (Figure IB). 
Therefore,, it is not evident which of the HES family members function as 
downstreamm effectors of Notch3 in neuroblastoma. As yet unidentified HES family 
memberss could be involved. 

Protei nn expressio n of Dlkl , Jagge d 1, Notc h 1, Notch 2 and Notch 3 

Thee expression analysis was extended to the protein level. Western blot analysis with 
ann antibody against the N-terminus of Dlkl (Figure 2A) shows a single band of 45 
kDaa which corresponds to the largest membrane associated variant of the protein 
(7;31).. Dlkl protein levels correspond with mRNA expression in all cell lines tested. 
Inn all seven cell lines with Dlkl expression, as well as seven cell lines without Dlkl 
expression,, we found a perfect correlation between mRNA and protein levels (shown 
forr 8 cell lines in Figure 2A). The expression of the 150 kDa Jaggedl protein in SJNB-
122 and SHEP is shown in Figure 2C. Although both cell lines have comparable 
Jaggedll mRNA levels (Figure 1A), their Jaggedl protein levels differ. Therefore, 
Jaggedll expression is post-transcriptionally regulated. Notch genes encode 
approximatelyy 300 kDa precursor proteins, which are cleaved in the trans-Go\q\ 
networkk by a Furin-like convertase. Therefore, Notch receptors are presented on the 
celll surface as intra-molecular heterodimers (32). The Notchl and Notch2 antibodies 
detectt the 110 kDa Oterminus of these Notch proteins (Figure 2C and D). The 
Notch33 antibody recognises the 90 kDa C-terminal intracellular domain of the Notch3 
receptorr (Figure 2B) (33). All Notch protein levels detected on Western blot 
correspondd to their mRNA levels (Examples are shown in Figure 2B-D) 
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Figuree 2: Western blot analysis of Dlkl (A), Notch3 (B), Jaggedl (C), Notchl (C) and 
Notch22 (D) in neuroblastoma cell lines. 
Coomassiee stained parallel gels of C and D are shown as loading controls. 

Dlk ll  is imprinte d in neuroblastom a 

Thee strong differences in Dlkl expression urged us to analyse whether the gene is 
subjectt to chromosomal or regulatory defects, either in the cell lines with high Dlkl 
expressionn or rather in the cell lines lacking Dlkl expression. Dlkl is part of a cluster 
off imprinted genes on chromosome 14q32 (34). Dlkl is exclusively expressed from 
thee paternally inherited allele in several tissues of mouse, sheep and human (34-36). 
Wee used 3 single nucleotide polymorphisms (SNPs) in Dlkl exons to analyse whether 
DLK11 is imprinted in neuroblastoma. cDNAs of 24 Dlkl expressing cell lines and 
tumourss were sequenced and compared to the corresponding chromosomal 
sequences.. Dlkl expression was mono-allelic in 17/17 neuroblastoma cell lines and 
tumourss that were heterozygous for one or more of the SNPs. E.g. DNA of cell line 
SKNBEE was heterozygous at nucleotide positions 564 (C/T), while the cDNA only 
showedd expression of the C allele (Figure 3A). 

Too determine the parental origin of the expressed alleles we further compared cDNA 
fromm 7 neuroblastoma tumours with normal and tumour DNA of the patients and 
withh the DNA of their parents. In one heterozygous patient with very low Dlkl 
expressionn we found expression of the maternal allele. The six remaining cases did 
showw mono-allelic expression of the paternal allele. E.g. DNA of tumour N106 is 
heterozygouss at position 564 of the Dlkl coding sequence. Since both parents of 
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patientt N106 are homozygous for either the T or C allele, the expressed T allele in 
cDNAA of this patient was inherited from the father (see examples in figure 3B). The 
imprintt of Dlkl is therefore well preserved in neuroblastoma and the paternally 
inheritedd allele can produce over 0.5% of all cellular mRNAs. 

14q322 deletion s in neuroblastom a do no t targe t Dlk l 

Dlkll maps to chromosome band 14q32, a region that frequently shows LOH in 
neuroblastomaa (37-41). Dlkl is therefore a candidate tumour suppressor gene. The 
mono-allelicc expression of Dlkl in neuroblastoma implies that the absence of Dlkl 
expressionn in a subset of neuroblastoma cell lines could result from deletion of the 
paternallyy inherited allele. We therefore investigated the parental origin of 14q 
deletionss in neuroblastoma. 181 neuroblastomas were analysed by Southern blot 
withh RFLP marker D14S23 or by PCR with polymorphic markers D14S611 and 
D14S7499 (Figure 4A). Eighteen of 102 informative tumours showed LOH with the 
PCRR markers (Figure 4B). Ten of 68 informative tumours showed LOH by the 
southernn blot analysis, while 3 tumours showed allelic imbalance suggestive for LOH. 
Inn total, allelic loss or imbalance of 14q32 was detected in 31/170 (18%) informative 
tumourss (Table 3). 
DNAA of the parents could be analysed in 25 cases. Ten cases showed paternal loss 
andd 15 cases showed maternal loss, clearly showing that there is no preferential loss 
off one of the parental alleles (Table 3 and Figure 4B). The observed maternal losses 
makee it highly unlikely that Dlkl is target of the recurrent 14q deletions in 
neuroblastoma.. Deletion of the maternal 14q allele would not contribute to a reduced 
Dlkll expression, as this allele is already switched off by imprinting. 

Tablee 3: Allelic loss of 14q in neuroblastoma tumours 
marker r 

D14S23 3 

D14S611 1 

D14S749 9 

## Patients 

71 1 

122 2 

105 5 

Tota l * ** 181 

## Informative 

68 8 

70 0 

83 3 

170 0 

## LOH or imbalances 

133 (9)* 

16(13)* * 

18(16)* * 

3 11 (25) * 

## Paternal loss 

1 1 

5 5 

8 8 

10 0 

## Maternal loss 

8 8 

8 8 

8 8 

15 5 

** The numbers within the brackets indicate the patients of which DNA of parents could be analysed. 
*** Total numbers are based on the actual number of patients included in this study. Tumour samples 
off each patient were analysed with one or more of the markers. 
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Figuree 3: Dlkl is imprinted in neuroblastoma. 
A:: Mono-allelic expression of Dlkl. Sequencing of RT-PCR products (top) and corresponding 
chromosomall DNA (bottom) of neuroblastoma cell lines SKNBE and Lan-6. 
B:: Dlkl is expressed from the paternal allele in neuroblastoma tumours. To determine the parental 
originn of the expressed alleles we analysed normal and tumour DNA of neuroblastoma patients, as 
welll as normal DNA of their parents. Three representative cases (patients N106, N249 and N160) of 
paternall Dlkl expression are shown. 
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Figuree 4: Dlkl is not the target of 14q deletions in neuroblastoma 
A:: DLKl maps just in between the SROs suggested by Hoshi et al. (1999) (40) and Theobald et al. 
(1999)) (41). For the localisation of the polymorphic markers on 14q we used data from 
http://www.gdb.org// and http://genome.ucsc.edu. 
B:: There is no preferential loss of maternal or paternal chromosome 14q in neuroblastoma tumours. 
N100/11 T is tumour DNA, N100/1 L is lymphocyte DNA of the patient and N100/2 L and N100/3 L are 
lymphocytee DNAs from the father and mother respectively. The numbering for patient N161 is similar. 

Dlk ll  is not affecte d by chromosoma l aberration s or mutation s in 
neuroblastom a a 

Too analyse whether chromosomal aberrations of Dlkl play a role in neuroblastoma, 
Southernn blots with DNA of 119 neuroblastoma tumours and 20 neuroblastoma cell 
liness were hybridised with a DLKl probe. No amplifications or rearrangements were 
found.. We further screened DLKl for mutations. The 1152 bp coding region of Dlkl 
cDNAA was sequenced in 13 cell lines and 11 tumours that expressed Dlkl, but no 
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mutationss were found. Over-expression of truncated Notch alleles has been 
implicatedd in several cancers (42-44). Therefore, the southern blots were also 
analysedd with a Notch3 probe, but the gene only showed a germ-line configuration 
(dataa not shown). 

Dlk ll  is highl y expresse d in adul t adrena l medull a 

Thee absence of genomic aberrations and mutations and the faithfully preserved 
imprintt suggested that the very high Dlkl expression might be a normal feature of a 
neuroblastt developmental stage. It was previously reported that the adrenal medulla 
showss Dlkl expression (12). As forty percent of neuroblastoma tumours originate 
fromm the adrenal medulla, we set out to determine the Dlkl expression level in 
adrenalss and adrenal medulla. We compared Dlkl expression in RNA isolated from 
adultt adrenal gland and from the neuroblastoma cell line SK-N-FI. Northern blot 
analysiss shows that Dlkl expression in the adult adrenal gland reaches almost the 
samee level as observed in the neuroblastoma cell line (Figure 5A). The human 
adrenall gland consists of a neural crest-derived medulla, which is surrounded by the 
mesodermallyy derived cortex. Immunohistochemical staining of two adult adrenals 
withh an antibody recognising Dlkl showed that both the cortex and the medulla 
contributee to the Dlkl expression (Figure 5B-E). Dlkl was highly expressed in adrenal 
medullaa cells. The outer layer of the cortex (zona glomerulosa) also has Dlkl 
expression,, while the other cortex layers (zona fasciculata and zona reticularis) 
hardlyy express Dlkl (45;46). The combined analysis of Dlkl mRNA expression in the 
adrenall and the immunohistochemical analysis of the cell type of Dlkl expression 
showss that adult human adrenal medulla has an extraordinary high Dlkl expression, 
comparablee to the levels seen in a subset of neuroblastoma cell lines. 

Dlk ll  expressio n level s correspon d to Dopamine-beta-hydroxylas e 
expressio n n 

Thee high Dlkl expression in adult adrenal medulla suggests that the similar levels 
seenn in neuroblastoma cell lines reflect a relatively late medulla cell-like 
differentiationn stage. The adrenal medulla mainly consists of chromaffin cells. The 
hallmarkk of these cells is the production of noradrenalin during late foetal 
developmentt and early childhood, followed by adrenalin production after birth. 
Noradrenalinn is synthesised by the enzyme Dopamine-beta-hydroxylase (D8H). To 
analysee whether the high Dlkl levels in the neuroblastoma cell lines indeed 
correspondd to a differentiated chromaffin cell type, we analysed the cell line panel for 
DBHH expression. Northern blot analysis revealed a striking correlation between 
expressionn of Dlkl and DBH (Figure 6). This shows that high Dlkl expression in 
neuroblastomaa cells indeed corresponds to a differentiated chromaffin cell 
phenotype.. The almost perfect match between Dlkl and DBH expression in the cell 
linee panel suggests that the regulation of both genes is closely linked, thus 
implicatingg a role for Dlkl in cell fate determination and functional differentiation of 
chromaffinn cells. 
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Figuree 5: Dlkl expression in neuroblastoma cell line SKNFi reflects the normal Dlkl 
expressionn level in adult adrenal medulla. 
A:: Northern blot analysis of Dlkl expression in normal adult adrenal gland and in cell line SKNFi. Lane 
1:: 12 ug total RNA of adult adrenal gland, lane 2: 12 ug total RNA of SKNFi, lane 3: 6 ug total RNA of 
SKNFi. . 
B-E:: Immunohistochemical analysis of normal adult adrenal gland. B: Chromogranin A staining of the 
adrenall medulla. Magnification lOx. C-E: Dlkl staining of human adrenal gland. C: The medulla shows 
aa strong Dlkl signal (left upper corner). There is only weak staining in the zona reticularis and zona 
fasciculataa of the adrenal cortex. Zona glomerulosa is not visible in this field. Magnification lOx. D: 
Dlkll staining in the adrenal medulla (lower side of the field). The upper side of this field shows the 
almostt negative zona reticularis. Magnification 40x. 4E: Dlkl staining in zona glomerulosa of the 
adrenall cortex. Magnification 40x. 
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Figuree 6: Northern blot analysis of Dlkl (6) and DBH in a panel of 20 neuroblastoma 
celll lines shows that expression of both genes is strongly correlated. 
Ann ethidium bromide staining of the 28S rRNA band of the blot gel is shown as a control for 
quantification. . 

Discussio n n 
Neuroblastomaa cells resemble immature sympathetic neuroblasts arrested in their 
differentiation.. Since final differentiation is blocked in neuroblastoma tumours we 
focussedd on genes that might control cell fate decisions within the sympathetic 
nervouss system. SAGE analysis identified very high expression of Dlkl in a 
neuroblastomaa cell line. Although Drosophila Delta is the ligand of Notch, interactions 
betweenn its human homologue Dlkl and Notch receptors have not been proven. The 
Dlkll protein is missing a so-called DSL (delta-serrate-lagged) domain, which was 
proposedd to mediate Notch binding (7). Dlkl nevertheless plays a role in 
differentiationn of several tissues. In preadipocyte cell lines different splice variants of 
Dlkll have opposing effects on differentiation (47;48). Dlkl inhibits stem cell factor-
inducedd colony formation in murine hematopoietic progenitors in a HES independent 
wayy (49). However there are also indications that Dlkl is a valid partner of the Delta-
Notchh pathway. The stimulatory effect of Dlkl on the cellularity of thymocytes was 
shownn to be mediated by increased HES1 expression (50). We have analysed 21 
memberss of the Delta-Notch pathway for expression in a large panel of 
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neuroblastomaa cell lines. Our observation of an inverse correlation between Dikl and 
Notch33 expression in neuroblastoma cell lines is in line with a role of Dlkl in the 
Delta-Notchh pathway. 
Notchh signalling has been implicated in several cancers (42;44). Chromosomal 
translocationss resulting in over-expression of intracellular Notchl protein are involved 
inn human T-ALL (T-cell acute lymphoblastic leukaemia). Similarly, truncated Notch2 
proteinn has been implicated in virus induced leukemogenesis in the cat and viral 
insertionss within the murine Notch4 gene are associated with mammary tumours 
(43;51).. Over-expression and translocations upstream of the Notch3 gene are 
observedd in non-small-cell lung cancer (52) and constitutively active Notch3 
expressionn in transgenic mice induces aggressive T cell neoplasias (53). We identified 
Notch33 as the predominantly expressed Notch gene in neuroblastoma. However, the 
Notch33 gene did not show gross genomic aberrations in neuroblastoma tumours and 
celll lines. 
Mostt striking in neuroblastoma is therefore the extremely high expression of Dlkl in 
subsetss of neuroblastomas. We analysed whether the Dlkl gene in cell lines with 
eitherr high or absent expression is subject to chromosomal or regulatory aberrations. 
Ourr results show that this is unlikely to be the case. No amplifications, mutations or 
deletionss were found to target the Dlkl gene. The previously reported imprinting of 
Dlkll is even faithfully preserved in neuroblastoma, leading to the surprising 
conclusionn that the very high expression is derived from a single allele. This raised 
thee question whether high Dlkl expression represents a normal feature within the 
processs of neuroblast maturation. 
AA distinct cell type of the differentiated sympathetic nervous system is the chromaffin 
celll in the adrenal medulla. Morphogenesis of human adrenals begins at week 5 of 
gestationn when migrating neural crest cells invade the mesodermally derived foetal 
adrenall cortex. Cooper et al. (12) studied adrenal glands at week 7.5 and 20 of 
gestation.. In situ hybridisation showed that at 7.5 weeks post-conception Dlkl is still 
undetectablee in the precursor cells of the adrenal medulla, but high Dlkl expression 
wass found in nearly all cells in the adrenal cortex. At 20 weeks post-conception, Dlkl 
mRNAA expression was detected in chromaffin precursor cells of the adrenal medulla 
andd expression levels persisted in adult adrenal medulla. Dlkl expression in 
neuroblastss therefore starts somewhere between week 7.5 and 20 of human 
embryogenesiss and is preserved in the differentiated cells of the adult medulla. By a 
combinationn of northern blot and immunohistochemical analyses we have shown that 
thee expression in the adult adrenal medulla reaches the same level as in the high 
Dlkll expressing neuroblastoma cell lines. This suggested that neuroblastoma cell 
liness with a high Dlkl expression are arrested in a relatively late stage of 
developmentt towards a chromaffin like cell type. We have tested this idea further by 
analysiss of DBH expression of these neuroblastoma cell lines. DBH mediates the final 
stepp in noradrenalin synthesis. Noradrenalin production is the hallmark of chromaffin 
cellss in late foetal development and young children. Besides chromaffin cells of the 
adrenall medulla there are the extra-adrenal chromaffin cells of the paraganglia (e.g. 
thee organ of Zuckerkandl) and the small intensely fluorescent (SIF) cells (1). The 

70 0 



Chapterr 3 

extra-adrenall chromaffin cells regress after birth, while the adrenal chromaffin cells 
persistt and further mature by expression of an additional enzyme which converts 
noradrenalinn to adrenalin. The almost perfect correlation between intense DBH and 
Dlkll mRNA expression levels in a panel of 20 neuroblastoma cell lines shows that 
Dlkll is intimately connected to the differentiation of neuroblasts into noradrenalin 
synthesisingg chromaffin cells (either adrenal or extra-adrenal). This is in agreement 
withh differentiation studies of neuroblastoma cell line SMS-KCNR. Induced 
differentiationn of these cells towards a chromaffin phenotype is accompanied by Dlkl 
expressionn (17). The tight correlation between the Dlkl and DBH expression levels 
mightt suggest that DBH is directly controlled by Dlkl. Preliminary results do not 
supportt this possibility. Neuroblastoma cell lines with a high expression of a 
transfectedd Dlkl gene did not show a change in DBH expression (van Limpt et al., 
unpublished).. This suggests that Dlkl is not upstream of DBH, but that both genes 
aree co-regulated by an as yet unknown mechanism. 
Thee Delta-Notch pathway is known to control cell fate decisions by a process called 
laterall inhibition(9). Lateral inhibition was e.g. studied in neural stem cells isolated 
fromm rat foetal peripheral nerve (54). These stem cells give rise to 3 cell types: 
neurons,, Schwann cells and smooth muscle-like myofibroblasts. They develop in a 
spatio-temporall controlled way, which is strongly dependent on Notch signalling (10). 
Initially,, neurogenic factors such as BMP2 induce differentiation of subsets of stem 
cellss into neurons. These differentiating neurons start to express Delta-family 
memberss on their cell surface. When sufficient Delta-expressing cells have been 
generated,, they activate the Notch receptors on the remaining pool of 
undifferentiatedd stem cells. As a result, these stem cells then switch to differentiate 
intoo Schwann cells, instead of neurons (10). In general, the Delta-Notch pathway 
functionss when one precursor cell has to differentiate into two different cell lineages. 
Duringg development of the sympatho-adrenal lineage, precursor neuroblasts can 
developp into either sympathetic neurons or chromaffin cells. Our analyses firmly 
connectt Dlkl expression to the chromaffin differentiation lineage. 

AA second subset of cell lines that emerges from our expression analysis only 
expressess HASH1. In early Drosophila development the Achaete-Scute genes (the 
DrosophilaDrosophila homologues of HASH) are known to control genes of the Delta-Notch 
pathway.. Expression of Achaete-Scute homologues precedes expression of both 
Deltaa and Notch. The activation of Delta expression is directly mediated by Achaete-
Scutee genes, perhaps via interactions with the promoter (55;56). Also studies with 
micee homozygously deleted for the murine homologue of HASH1 (MASH1) show that 
thiss gene controls a wide range of genes involved in differentiation and survival of 
autonomicc and noradrenergic neurons (57;58). In human sympathetic neuroblasts 
HASH11 was only expressed at the earliest embryonic ages examined, around week 
6.55 to 7 (14). During final maturation, expression of HASH1 is probably down-
regulatedd as a result of Notch and HES activity. There is substantial evidence that 
thiss feedback loop is functional in neuroblastoma cells (16; 19). In addition, we found 
weakk or absent HASH1 expression in Notch3 expressing neuroblastoma cell lines. 
Therefore,, neuroblastoma cell lines expressing neither Dlkl nor Notch, but having 
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highh HASH1 expression could correspond to early precursor cells of the sympatho-
adrenall lineage. Finally neuroblastoma cell lines with Notch3 expression could reflect 
thee differentiation pathway into sympathetic neurons or an earlier developmental 
stagee that precedes the switch into different lineages. 
Ourr data suggest that the neuroblastoma cell lines can be derived from cells arrested 
att precursor stages of the chromaffin lineage, the neuronal lineage and from very 
earlyy precursor stages. All cell lines were established from aggressive 
neuroblastomas,, suggesting that aggressive neuroblastomas can origin from all these 
precursors.. This view is in conflict with studies from PShlman and co-workers (59-
61),, who analysed markers on the normal sympathetic nervous system precursor 
tissuess and on neuroblastoma tumours. They concluded that aggressive stage 4 
neuroblastomass are more similar to the neuronal differentiation lineage, and not to 
chromaffinn cells. However, Dlkl and DBH expression were not included in this study. 
AA further analysis of these markers on a large neuroblastoma tumour series, as well 
ass on normal precursor cells of the sympathetic neuronal system is therefore 
important.. At this moment it cannot be excluded that neuroblastomas have a strong 
capacityy to transdifferentiate. The Dlkl expression in neuroblastoma cell lines could 
thenn reflect transdifferentiation to chromaffin cell precursors. 
Inn conclusion, we identified a series of Delta-Notch pathway genes that are well 
expressedd in neuroblastoma. The expression patterns suggest that the 
neuroblastomaa cells represent different developmental stages, each characterised by 
aa specific pattern of Delta-Notch pathway genes. The subset of neuroblastoma cell 
liness with very high Dlkl expression and correspondingly high DBH expression clearly 
reflectt a differentiated chromaffin cell type. 
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Abstrac t t 
Neuroblastomass are embryonal tumours of the sympatho-adrenal lineage with a 
clinicall course ranging from spontaneous regression to fatal progression. The Phox2B 
homeoboxx transcription factor functions in the differentiation of the sympatho-
adrenall lineage. Targets of Phox2B are e.g. genes of the (nor)adrenalin synthesis 
route,, like Dopamine Beta Hydroxylase (DBH). Congenital Central Hypoventilation 
Syndromee was recently found to result from Phox2B mutations and two such patients 
inn addition developed neuroblastoma. A germ line mutation in Phox2B was identified 
inn a family with hereditary neuroblastoma. Here we report the first analysis of 
Phox2BB in a series of 237 sporadic neuroblastomas and 22 cell lines. Six frameshift 
mutationss were found in exon 2 and 3; including one in cell line SK-N-SH. Two 
patientss showed de novo constitutional mutations. One of them was diagnosed with 
Haddadd syndrome. All analysed cases expressed the mutated and wild type Phox2B 
alleles.. Ectopic expression of TrkA, the Nerve Growth Factor receptor, strongly down-
regulatedd Phox2B and DBH expression in cell line SH-SY5Y. However, TrkA and 
Phox2BB showed a positive correlation in a panel of 66 neuroblastoma tumours. 
Althoughh Phox2B mutations are infrequent (2.3%), they implicate a role for the 
Phox2BB pathway in oncogenesis. 

Introductio n n 
Neuroblastomaa is a childhood tumour originating from progenitor cells of the 
sympatheticc nervous system (SNS). The tumour displays a broad spectrum of clinical 
behaviour,, ranging from spontaneous regression to fatal progression despite 
intensivee therapy. In general, tumours with a good prognosis are diagnosed in 
childrenn less than 1 year of age. Unfavourable tumours occur in older children and 
aree characterised by chromosomal rearrangements. Only a few genes with a 
causativee roie in neuroblastoma pathogenesis have been identified. MYCN is 
amplifiedd in 20% of tumours, while amplifications of Cyclin Dl , MDM2, Cdk4 and 
Meisll were reported for only a few cases (Schwab et al. 1984; Brodeur et al. 1984; 
Molenaarr et al. 2003; Spieker et al. 2001a; van Roy et al. 1995). Mutated genes have 
nott been reported to date, except for a single mutation in Cdk6 and one 
rearrangementt of Cyclin Dl (Molenaar et al. 2003; Easton et al. 1998). Loss of 
heterozygosityy of large domains of chromosome arms lp, 4p, l l q and 14q is 
frequent,, as well as gain of a large part of the q arm of chromosome 17. 
Markerss for a poor prognosis of neuroblastoma are MYCN amplification, loss of lp36, 
gainn of 17q and high expression of TrkB, the receptor for brain derived neurotrophic 
factorr (BDNF) (Schwab et al. 1984; Brodeur et al. 1984; Nakagawara et al. 1994; 
Caronn et al. 1996; Caron 1995). In contrast, high expression of TrkA, the receptor for 
nervee growth factor (NGF), is associated with a very good prognosis (Nakagawara et 
al.. 1993). Ectopic expression of TrkA in the human neuroblastoma cell line SH-SY5Y 
inducedd growth inhibition and impaired tumour growth, while ectopic TrkB 
expressionn resulted in enhanced proliferation and rapidly growing tumours (Eggert et 
al.. 2002; Eggert et al. 2000). 

79 9 



Recentlyy it was found that the congenital central hypoventilation syndrome (CCHS) is 
causedd by mutations in the paired homeobox transcription factor Phox2B (Amiel et 
al.. 2003; Weese-Mayer et al. 2003; Sasaki et al. 2003). Two CCHS patients with 
Phox2BB mutations in these studies also had a neuroblastoma (Amiel et al. 2003; 
Weese-Mayerr et al. 2003). Most Phox2B mutations in CCHS are expansions of a poly-
alaninee tract in exon 3 (see Fig. 1), but these patients did not develop 
neuroblastoma.. The CCHS patients with neuroblastoma had a stop codon and a 
frameshiftt mutation in Phox2B, both occurring between the homeobox and the poly-
alaninee stretch (Amiel et al. 2003; Weese-Mayer et al. 2003) 
Phox2BB controls some important differentiation steps in the sympathoadrenal 
lineage.. The cells of this neural crest derived lineage migrate ventrally during early 
embryogenesiss and give rise to the specialised cell types of the sympathetic side 
chain,, the sympathetic paraganglia and the adrenal medulla. The human adrenal 
medullaa is formed by primitive neuroblasts invading the adrenal cortex from the 6th 

weekk of gestation on. After migration, neuroblasts can differentiate into chromaffin 
cellss and neuronal cells. Chromaffin cells function to produce high levels of 
(nor)adrenalinn for secretion into the circulation. It is assumed that neuroblastomas 
cann arise from any stage in the sympatho-adrenal differentiation route. Indeed most 
neuroblastomass are marked by secretion of metabolites of the noradrenalin synthesis 
pathway. . 
Phox2BB is part of a regulatory network with the homologous transcription factor 
Phox2A,, the human-achaete-scute-homologue-1 (HASH1) and the Delta-Notch 
pathway.. HASH1 can induce expression of Phox2A and Phox2B, but Phox2B can also 
inducee and maintain expression of HASH1 (Morin et al. 1997; Pattyn et al. 1999; 
Guillemott et al. 1993; Huber et al. 2002; Stanke et al. 2004). Phox2A and Phox2B 
controll the expression of the genes that encode the enzymes for the synthesis of 
(nor)adrenalin,, like DBH and Tyrosine Hydroxylase (TH) (Yang et al. 1998). Phox2B 
nulll mutant mice show major defects in the differentiation of the peripheral nervous 
system:: autonomic ganglia fail to form properly and Ret and Mashl (the murine 
homologuee of HASH1) are not properly expressed in the anlagen of the sympathetic 
gangliaa and the enteric nervous system (Pattyn et al. 1999). In addition, they do not 
expresss DBH and TH, resulting in noradrenalin deficiency and an embryonic lethal 
phenotype. . 
Duringg the course of this study, a family with hereditary neuroblastoma was found to 
havee a Phox2B mutation (Trochet et al. 2004). Here we present the first analysis of 
2377 sporadic neuroblastomas and 22 neuroblastoma cell lines, and describe six cases 
withh mutations in Phox2B. In addition, Phox2B is related to the TrkA pathway, as it 
wass switched off by ectopic TrkA expression in a cell line, but shows a positive 
correlationn to TrkA in a neuroblastoma tumour series. 
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Material ss  and Method s 

Sampl ee collectio n and DNA isolatio n 

Afterr informed consent was given, tumour tissues from neuroblastoma patients 
treatedd at the Emma Kinderziekenhuis/Academic Medical Center and other pediatric 
oncologyy centers in the Netherlands were obtained. A consecutive series of 237 
tumourr samples was used for sequencing of Phox2B. The large majority of the 
sampless were pre-treatment biopsies. The stage distribution of the tumours was as 
following:: stage 1: 15 tumours; stage 2: 36 tumours; stage 3: 28 tumours; stage 4: 
866 tumours; stage 4S: 17 tumours and 55 tumours of unknown stage. Peripheral 
bloodd samples of patients and their parents were also collected. Histological analysis 
wass performed and high molecular weight DNA was prepared as described before 
(Mullenbachh et al. 1989) and used for sequencing. The 66 neuroblastomas used for 
expressionn analysis were from the German neuroblastoma study NB95 and NB97. 
Theirr clinical staging was: Stage 1: 20 tumours; stage 2: 16 tumours; stage 3: 8 
tumours;; stage 4: 14 tumours; stage 4S: 8 tumours. 

Celll line s 
Thee TrkA and TrkB transduced SH-SY5Y cells were described previously (Eggert et al. 
2000).. Cell lines were cultured as previously described (Spieker et al. 2001b; Boon et 
al.. 2001). Cell lines sequenced for Phox2B mutations were: SK-N-FI, LAN-2, SK-N-
AS,, LAN-6, SJ-NB-1, SJ-NB-12, SK-N-SH, UHGNP, AMC106, IMR32, KCNR, TR14, 
N206,, SJ-NB-8, SK-N-BE, SJ-NB-6, LAN-1, NMB, NGP, SJ-NB-10, LAN-5 and NB69wt. 
Inn addition, we sequenced the SK-N-SH derivatives SHEP, SH-SY5Y and SH-SY5Y-
TrkA. . 

Sequenc ee analysi s 

Phox2BB exons 1, 2 and 3 were amplified with primer pairs 3328F+3329R, 
3330F+3331RR and 3333F+3336R described in Table 1, giving products of 385bp, 
346bpp and 711bp respectively. The PCR reactions were carried out using 0.15(il 
HotstarTaqq DNA polymerase (Qiagen) in a total volume of 25jil containing 50ng 
genomicc DNA, 20ng of each primer (or 25ng for exon 3 primers), ImM MgCb, 5jal 
solutionn Q (Qiagen), 0.2mM dNTPs, and 2.5^1 lOx Hotstar PCR buffer. The 
amplificationn was performed with an initial denaturation at C for 10' followed by 
355 cycles of 45" at , 1' at C C for exon 2), and 90" at . Final 
extensionn was at C for 7'. Due to its high GC content, sequencing of exon 3 was 
performedd in the presence of 1 M betaine and reactions were started with an initial 
denaturationn step for 10' at . The PCR products were visualized on agarose gels. 
Sequencee reactions were performed with the ABI PRISM™Dye terminator cycle 
sequencingg ready reaction kit (Applied Biosystems, Nieuwerkerk, The Netherlands) in 
aa final reaction volume of 20jil. For exon 1 and 2 the same primers employed for 
initiall PCR were used. For exon 3 primers 3332F, 3334R, 3366F and 3336R were 
used.. PCR products were sequenced in both forward and reverse directions on an 
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ABII 3730 (Applied Biosystems) automated sequencer. Sequences were base-called 
andd assembled with the Staden-package (Bonfield et al. 1998), using sequence 
AF1179799 as a reference. All sequence assemblies and polymorphisms were 
manuallyy reviewed to insure accuracy of variant identification. 

Tablee 1: Oligo nucleotides used for sequencing 
Oliqo o 
3328F F 
3329R R 
3330F F 
3331R R 
3B72F F 
3573R R 
34433 F 

Sequence e 
tqaqctqtqcacatctcc c 
atatacqqqcqqaaaqqc c 
tcctcacattctaqctcc c 
cttcqaatttcaccaqcc c 
tctcctctqtcatactctaqttcctt t 
qaccctttccaqctctttqaq q 
gagtccaqqtqtqqttcc c 

3332FF ! acttqqqccaccctaacc 
3333F F 
3366F F 
3334R R 
3336R R 

gccqaaqtaqaacttqqq q 
aqtctgactcttccaqq q 
caaqcgaatccqqgatqq q 
cqacgacaataqccttqq q 

Location n 
Exonll 5'UTR 
Intronn 1 
Intronn 1 
Intron2 2 
Exon2 2 
Exon2 2 
Exon2/Exon3 3 
Intron2 2 
Intron2 2 
Exon3 3 
Exon3 3 
Exon33 3'UTR 

Analysi ss  of Phox2 B fragmen t 3C and 2C 

Thee Phox2B exon 3 region coding for the polyalanine repeat was amplified with 
primerr pair 3366F+3334R. The PCR products (338bp for the wt allele) were analyzed 
onn 8% PAGE. For heterozygous individuals, the separated bands were isolated, 
dissolvedd in H20 and used for re-PCR. This enabled separated sequencing of both 
alleles. . 
Ann 127 bp fragment overspanning the 8bp deletion of patient N97 was amplified 
usingg primers 3572F+3573R. Both alleles were isolated from PAGE and sequenced 
separately. . 

Expressio nn profilin g of SH-SY5Y clones : 

Affymetrixx HGU95Av2 oligonucleotide microarrays and GeneChip Microarray Suite 
(MAS)) 5.0 software (Affymetrix) were used to compare gene expression profiles (24). 

Norther nn blo t analysi s and RT-PCR 

RNAA isolation and Northern blot analysis was performed as described before (Limpt 
ett al. 2003). DNA probes were generated from EST clones of the IMAGE consortium; 
TrkAA (bgll0843, insert 850bp), TrkB (AW770836, insert 1300bp) and Phox2B 
(AI266171,, insert 1449bp). The DBH probe was described previously (33). Oligo dT-
primedd cDNA was synthesized at C from 3 ug total RNA with ThermoScript TM 
accordingg to manufacturers protocol (Invitrogen, Life Technologies, The 
Netherlands).. 2ul cDNA was used for PCR amplification with primer pair 
3443F+3334R.. PCR products (wt Phox2B band of 440bp) were analyzed by 12% 
PAGE.. For the real time rtPCR analysis of the series of 66 neuroblastomas, we used 
"Assayss on demand" (Applied Biosystem). They were performed for TrkA (Assay ID 
Hs00176787_ml),, Phox2B (Assay ID Hs00243679_ml) and DBH (Assay ID 
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Hs00168025_ml).. Expression values were normalized by geometric averaging of four 
housekeepingg genes (SDH, GAPDH, UBC and HPRT) as proposed in Vandesompele et 
al.. (Vandesompele et al. 2002). Correlation of gene expression was evaluated by 
calculatingg Pearson correlation coefficients (r) and by applying Wilcoxon rank sum 
testingg using programs within the "stats"-package of "R" (www.r-project.org). 

Result s s 
Thee constitutive mutations of Phox2B in two CCHS patients with neuroblastoma 
suggestedd us to analyse a possible role of this gene in neuroblastoma pathogenesis. 
Thee full coding sequences of exons 1, 2 and 3 were amplified by PCR of genomic 
DNAA of a series of sporadic neuroblastomas and neuroblastoma cell lines. The three 
exonss were sequenced for 237 neuroblastomas and 22 neuroblastoma cell lines. No 
mutationss were found in exon 1. One mutation was found in exon 2 and five 
differentt mutations were found in exon 3, all resulting in frameshifts (see table 2). 
Fourr mutations were caused by small deletions and two by small duplications. The 
exonn 3 deletions could readily be sequenced, as the PCR reaction of this GC-rich 
exonn shows a strong preference for the shortest allele. Also the expansions could be 
identifiedd by sequencing, but required additional analysis (see below). Deletions and 
duplicationss were confirmed at least twice by independent PCR and sequence 
reactions. . 

Tablee 2: Summary of Phox2B mutations 
Patient t 
SK-N-SH H 
N129 9 
N511 1 
N571 1 
N532 2 
N97 7 

Agee (months) 

--
11 1 
10 0 
47 7 

8 8 
9 9 

Stage e 

--
3 3 
1 1 

3 3 
22 + 3 (3M) 
2 2 

Outcome e 

--
diedd of complications 
NED D 
diedd of disease 

NED D 
NED D 

Mutation* * 
721-740del20nt t 
633-670dei38nt t 
721-755del35nt t 
702-714dupl3nt t 
721-737dupl7nt t 
284-291del8nt t 

Status s 
Celll line 
Tumourr specific 
Tumourr specific 
Tumourr specific 
Constitutionall de novo 
Constitutionall de novo 

** nucleotide (nt) numbering refers to the CDS of Phox2B consisting of 942nt, homeodomain: nr.294-

nt444,, 20 alanine tract: nt721-nt780. 

NEDD = no evidence of disease 

Celll line SK-N-SH was found to carry a Phox2B allele with a deletion of 20 bp in the 
poly-alaninee encoding tract, causing a frameshift and premature stop. A 338 bp 
fragmentt of exon 3 encompassing the deletion (fragment 3C) was amplified by PCR 
andd analysed by PAGE (Fig. IB). Both the wild type and mutated allele were present 
inn the cell line. The bands were excised and sequenced, confirming the presence of a 
wildd type as well as the mutant allele. 
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Fig.1:: Phox2B is mutated in five neuroblastoma tumours and a cell line. 
A)) The organization of the Phox2B gene and the positions of the mutations. Nucleotide positions 630 
too 759 and 241 to 361 refer to the coding sequence. Deletions are indicated by dots, duplications are 
inn bold. The homeodomain is in dark grey, the poly-alanine encoding stretch is in light grey. B) PCR 
productss of exon 2 fragment 2C and exon 3 fragment 3C were analysed on PAGE. The alleles in SK-N-
SHH are shown next to two normal controls (c). The mutant alleles of N129 and N511 are only present 
inn the tumour (IT) and not in lymphocyte DNA of the patient (1L) and parents (2L and 3L). The 
mutantt alleles of N97 and N532 are present in the tumour (IT) and lymphocyte DNA of the patients 
(1L),, but not in lymphocyte DNA of the parents (2L and 3L). The mutant alleles in N571 are present in 
twoo tumour samples (1T1 and 1T3) and not in normal tissue of the patient (IN). Note the presence 
off heteroduplex bands of mutant and wild-type alleles in the upper part of the gel. C) An 
electropherogramm of the Phox2B sequence of tumour N129 showing the 38 bp deletion. 

Neuroblastomaa N129 had a 38 base pairs deletion between the homeobox domain 
andd the poly-alanine tract, causing a 12 amino acid deletion and a frameshift in the 
subsequentt codons (Fig. 1A and C). PCR amplification of fragment 3C showed that 
bothh the wild-type and the mutant alleles were present in the tumour, but not in the 
lymphocytee DNA of the patient and his parents (Fig. IB). Patient N129 was 
diagnosedd with a stage 3 neuroblastoma at the age of 11 months and died four 
monthss later of therapy-related complications. 
Neuroblastomaa N511 had a 35 base pairs deletion starting at the poly-alanine tract 
andd causing a frameshift in the C-terminal end of the protein (Fig. 1A). PCR 
amplificationn of fragment 3C showed that the mutated allele was present in the 
tumour,, but not in lymphocytes of the patient. Also a wild type fragment was present 
inn the tumour (Fig. IB). Sequencing of these bands confirmed the presence of a wild 
typee and the mutated allele. Patient N511 was diagnosed with a stage 1 abdominal 
neuroblastomaa at 10 months of age, presented with recurrent disease 3 years after 
diagnosiss and shows no evidence of disease at age of 5 years. 
Neuroblastomaa N571 had a 13 bp duplication, starting just before the poly-alanine 
encodingg tract and causing a subsequent frameshift (Fig.lA and B). The mutation 
wass not present in the DNA of normal tissue of the patient. The patient was 
diagnosedd with an abdominal stage 3 neuroblastoma at the age of 3 years and 11 
monthss and died of recurrent disease about a year later. 
Neuroblastomaa N532 had a 17 bp expansion of the poly-alanine tract, leading to a 
frameshiftt of the C-terminal part of the protein. PCR amplification of fragment 3C 
showedd that a normal allele and the expanded allele were present in the tumour as 
welll as in the lymphocytes. However, lymphocyte DNA of both parents showed 
normall 3C fragments (fig. IB). The expansion is therefore a de novo constitutional 
mutation.. Sequencing of the excised alleles confirmed the mutation in the tumour 
andd the lymphocytes. The patient has a complete agangliosis of the colon (long 
segmentt Hirschsprung's disease). At the age of 8 months, the boy was diagnosed 
withh two primary neuroblastomas of stage 2 and 3, which implies staging as 3M. 
Afterr detection of the Phox2B mutation, the patient underwent further clinical 
examinationn and was diagnosed with CCHS. The combination of CCHS and 

85 5 



Hirschsprungg disease is known as Haddad syndrome. Two years after diagnosis the 
patientt is in complete remission of his neuroblastoma. 
Neuroblastomaa N97 had an 8 base pairs deletion in exon 2, just upstream of the 
homeoboxx domain. PCR amplification of a fragment of exon 2 (fragment 2C) showed 
thatt the deletion was present in tumour and lymphocyte DNA of the patient, but not 
inn lymphocyte DNA of his parents. The patient was diagnosed with a stage 2 thoracal 
neuroblastomaa at age of 9 months. After treatment, he has remained disease free 
withh a follow-up of 12 years. The patient was not diagnosed with further 
abnormalities,, except for suffering already as neonate from oesophageal reflux. This 
symptomm is associated with CCHS and may indicate a failure of local autonomic 
control. . 
Inn addition to these mutations, we observed eleven cases with previously reported 
polymorphismss of Phox2B (Amiel et al. 2003; Weese-Mayer et al. 2003; Sasaki et al. 
2003).. They were all contractions of the poly-alanine encoding tract that left the 
readingg frame intact. These polymorphisms were in all analysable cases present in 
thee lymphocyte DNA of the patient and one of the parents. 

Wild-typ ee and mutan t Phox2 B allele s are co-expresse d 

Althoughh the mutations in Phox2B clearly implicate this gene in neuroblastoma 
pathogenesis,, it is not clear whether Phox2B functions as an oncogene or a tumour 
suppressorr gene. The five exon 3 mutations start between amino acid 215 and 246 
andd leave the homeobox domain (a.a. 99 -148) intact, while the poly-alanine stretch 
(a.a.. 241-260) is in all cases completely or largely destroyed (Fig.lA). They all cause 
aa frameshift in the C-terminal part of the Phox2B protein, with two different reading 
framess (+1 frame: N532; +2 frame: N129, N511, N571 and SK-N-SH). In contrast, 
thee exon 2 mutation causes a frameshift that completely disrupts the homeobox 
domainn and all downstream sequences. All six mutations could therefore function to 
inactivatee the protein, but they could as well produce an active protein with changed 
properties,, either oncogenic by themselves or with a dominant negative function. 

Ourr PCR analyses of the wild type and mutated Phox2B alleles (fig. 1) clearly 
showedd that both alleles were retained in the tumours and cell line. The tumours 
thereforee show no loss of heterozygosity (LOH), as could be expected for a tumour 
suppressorr gene. As a further analysis of the question whether Phox2B could be a 
tumourr suppressor gene, we studied the Phox2B mRNA expression in three tumours 
withh exon 3 mutations and in cell line SK-N-SH. mRNA was reverse transcribed and a 
fragmentt spanning part of exons 2 and 3 was amplified by PCR and analysed on 
PAGE.. All three tumours and the cell line showed the wild type as well as the mutant 
fragment,, clearly showing that both alleles were expressed in all four cases (Fig. 2). 
Thiss expression pattern does not support a role as classical tumour suppressor gene. 
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Fig.2:: Three neuroblastomas and cell line SK-N-SH express both the wild-type and 
mutatedd Phox2B alleles. 
Oligoo dT-primed cDNA of tumours N129, N511 and N532 and cell lines LAN-1 (control) and SK-N-SH 
weree amplified by PCR. The fragment includes part of exon 2 and exon 3 spanning the deletions and 
expansion.. Except for the control sample, wild type and mutant cDNA products are always observed 
together. . 
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Fig.3:: Phox2B and DBH expression in neuroblastoma cell line SK-N-SH and 
derivatives. . 
A)) A Northern blot with total RNA from SK-N-SH, its neuronal derivative SH-SY5Y and its epithelial 
derivativee SHEP was hybridized with Phox2B and DBH probes. UbiquitinB hybridization and 28S serve 
ass loading controls. B) Phox2B and DBH expression are down-regulated by TrkA, but not by TrkB. A 
Northernn blot with total RNA from SH-SY5Y, SH-SY5Y transduced with an empty vector (mock), two 
cloness transduced with a TrkA expression construct (TrkA) and two clones transduced with a TrkB 
expressionn construct (TrkB) was hybridized with probes for the indicated genes. 
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Relationshi pp betwee n TrkA , Phox2 B and DBH expressio n in SK-N-SH 
derivative s s 

Too further analyse the role of Phox2B and genes upstream and downstream of it, we 
exploredd cell line SK-N-SH and some of its derivatives. SH-SY5Y and SHEP are two 
well-studiedd stable subclones of SK-N-SH, with a neuronal-like and epithelial-like 
phenotype,, respectively (Ross et al. 1983). Sequencing confirmed that both 
derivativess carry the same Phox2B mutation as SK-N-SH (data not shown). Northern 
blott analysis showed that SK-N-SH and SH-SY5Y have a high Phox2B expression, but 
thee gene is completely silent in SHEP. Also DBH is expressed in SK-N-SH and SH-
SY5Y,, but not in SHEP (Fig. 3A). As DBH is a well documented target gene of Phox2B 
(Yangg et al. 1998), these data suggest that the transcriptional activation of DBH by 
wild-typee Phox2B is not affected by the presence and expression of a mutated 
Phox2BB allele. These results do not support a possible dominant negative effect of 
thee mutated Phox2B product, at least not for DBH regulation. 
SH-SY5YY has been extensively used to study the effects of ectopic expression of TrkA 
andd TrkB. We previously described clones of SH-SY5Y which were virally transduced 
withh TrkA and TrkB expression vectors (Eggert et al. 2002; Eggert et al. 2000). The 
TrkAA and TrkB receptors expressed in the clones were activated even in the absence 
off exogenously added ligands, probably due to dimerization of the over-expressed 
receptorss (Eggert et al. 2000). We have analysed the mRNA expression profiles of 
TrkAA and TrkB expressing clones by oligonucleotide arrays (Schulte 2004). The 
profiless of the clones expressing TrkA showed a strongly reduced signal for Phox2B. 
RNAA of three SH-SY5Y clones transduced with TrkA, two TrkB-transduced clones, SH-
SY5YY wild-type and a control clone transduced with an empty vector were analysed 
byy Northern blot. TrkA and TrkB were highly expressed in the clones transduced with 
thee respective genes, but not in the wild type cells and control clones (Fig. 3; shown 
forr two TrkA clones). Indeed Phox2B was strongly silenced in the TrkA-expressing 
clones,, but not in the wild type and control cells and the two TrkB-expressing clones. 
AA regulatory connection between TrkA and Phox2B has never been reported before. 
Alsoo DBH expression was completely abrogated in all SY5Y clones with TrkA 
expressionn (Fig. 3B). DBH expression remained unaffected in the SY5Y-TrkB clones. 
Phox2BB is therefore down-regulated by TrkA, but not by TrkB, and connects the 
NGF-TrkAA pathway with the noradrenalin synthesis route. The mutated Phox2B is 
unablee to interfere with the regulation of DBH by wild-type Phox2B. 

TrkAA and Phox2 B expressio n are positivel y correlate d in neuroblastom a 
tumour s s 

Too analyse whether the relationships observed in SK-N-SH and its derivatives are 
representativee for neuroblastomas in vivo, we analysed TrkA, Phox2B and DBH 
expressionn in a series of 66 neuroblastomas, representative for the normal 
neuroblastomaa spectrum (see materials and methods). Surprisingly, the real time 
rtPCRrtPCR data showed a positive correlation between expression of TrkA and Phox2B 
(Fig.. 4A). As expected, also Phox2B and DBH were positively correlated (Fig. 4B). All 
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correlationss were significant: between TrkA and Phox2B (Pearson correlation 
coefficientt r=0.6; Wilcoxon rank sum test p<0.001), between Phox2B and DBH 
(r=0.52;; p<0.001) and between TrkA and DBH (Fig. 4C; r=0.74; p<0.001). Although 
thee in vitro and in vivo results both indicate a relationship between TrkA and Phox2B, 
thee relationship in SH-SY5Y is opposite to the apparent relation in the tumour series. 
Off note, TrkA is constitutively active in SK-SY5Y, while it is unknown whether TrkA 
wass activated by its ligand NGF at the moment of surgical excision of the tumours. 

0 00 OS 

Fig.. 4: Real time rtPCR analysis of TrkA, Phox2B and DBH expression in a series of 
666 neuroblastomas. 
A-C)) Scatter plots of normalized gene expression for the indicated genes. Trendlines indicate the 
degreee of positive correlation. All correlations were significant (p<0.001, Wilcoxon rank sum test). 

89 9 



Discussio n n 
Heree we present the first analysis of a series of sporadic neuroblastoma for Phox2B 
mutations.. Six different mutations were found in a series of 237 tumours and 22 cell 
liness (2.3%). The five exon 3 mutations cluster in or close to the poly-alanine tract 
andd induce frameshifts, while the exon 2 mutation induces a frameshift that disrupts 
thee homeobox and all downstream sequences. The mutations induce shifts towards 
bothh the +1 or +2 frames. They thereby differ from the large majority of the Phox2B 
mutationss in CCHS, which are expansions of the C-terminal poly-alanine tract that do 
nott induce frameshifts (Amiel et al. 2003; Weese-Mayer et al. 2003; Sasaki et al. 
2003).. These in-frame expansions are never associated with neuroblastoma. Only 
twoo constitutive Phox2B mutations in CCHS patients with neuroblastoma have been 
described.. One had a stop codon immediately after the homeobox domain (Weese-
Mayerr et al. 2003), and the other one had a frameshift in the C-terminal end of the 
proteinn due to an insertion, leaving the homeobox intact and destroying the poly-
alaninee stretch (Amiel et al. 2003). Neuroblastoma-associated mutations therefore 
seemm to share the destruction of a significant part of the normal amino acid 
sequence. . 
Thee mutations raise the question whether Phox2B should be considered as a tumour 
suppressorr gene or oncogene. Phox2B could be argued to have a differentiation-
stimulatingg function, as it activates genes of the (nor)adrenalin synthesis route, 
whichh characterise terminally differentiated neuroblasts. In addition, Phox2B maps to 
thee short arm of chromosome 4, which we and others found to show LOH in about 
20%% of neuroblastomas (Perri et al. 2002; Caron et al. 1996). It maps at about 37 
Mbb proximal of the SRO defined in one study (Perri et al. 2002), but most 4p 
deletionss are large and include the Phox2B region, opening the possibility that 
Phox2BB could act as a tumour suppressor gene. If Phox2B had a tumour suppressor 
function,, the mutations would either cause inactive proteins, or may have a 
dominantt negative effect and prevent the functioning of the wild-type allele. The 
dominantt negative model is not supported by the observation that SK-N-SH and SH-
SY5YY cells have a normal expression of the Phox2B-target gene DBH, while they 
expresss both the mutant as well as the wild type Phox2B allele. The mutant allele 
evidentlyy cannot prevent DBH expression. The fact that in all tumours with Phox2B 
mutations,, the wild type allele was present and, as far as analysed, also expressed 
alsoo seems to contradict a tumour suppressor function, but does not exclude 
tumorigenesiss by haploinsufficiency of Phox2B. Alternatively, the mutations that we 
observedd in neuroblastoma could be activating and change Phox2B into an 
oncogene.. The frameshifts always destroy the poly-alanine tract, which may be 
targetedd by an unknown protein that forms an inactive complex with Phox2B. Poly-
alaninee tracts are found in many transcription factors, including a series of homeobox 
proteinss (Lavoie et al. 2003; Han and Manley 1993; Lanz et al. 1995). However, the 
mutationn upfront of the homeobox in patient N97 suggests that, if this were an 
activatingg mutation, the activated protein would even not need the DNA-binding 
homeodomain.. All together, the available data are as yet inconclusive for the 
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mechanismm by which Phox2B mutations contribute to neuroblastoma pathogenesis. It 
iss even possible that the different mutations are oncogenic by different mechanisms. 
Thee observation that constitutive ectopic TrkA expression in SH-SY5Y can largely 
silencee Phox2B expression is potentially very interesting, but has to be interpreted 
withh respect to the paradoxical observation that TrkA and Phox2B expression is 
positivelyy correlated in a series of 66 neuroblastoma tumours. The positive 
correlationn in the tumour series does not imply that one of the genes induces 
(indirectly)) the expression of the other. However, the effect of TrkA on Phox2B in 
SH-SY5YY reveals a regulatory connection, in which TrkA is upstream of Phox2B. A 
majorr difference between the physiological status of the SH-SY5Y clones in vitro and 
thee tumour series in vivo is that the first have a constitutiveiy active TrkA protein, 
probablyy due to the high expression and spontaneous dimerization of TrkA, while the 
tumourr cells need NGF stimulation for TrkA activation and signalling. As we do not 
knoww whether NGF, which can be produced by Schwann cells in or around tumour 
lesions,, was present in the tumours, it is currently impossible to determine the level 
off TrkA activity in the tumours and asses whether it can potentially down-regulate 
Phox2BB in vivo. Interestingly, ectopic expression of TrkB does not have any effect on 
Phox2B.. TrkA and TrkB are associated with strongly different phenotypes. TrkA 
expressionn is associated with a favourable prognosis, while TrkB expression 
associatess with a poor prognosis (Nakagawara et al. 1994; Nakagawara et al. 1993). 
Thee question whether a possible relationship between TrkA and Phox2B plays a role 
inn tumour behaviour in vivo requires further analysis. 

Thee frequency of Phox2B mutations in neuroblastoma is relatively low. Also the two 
patientss with de novo constitutive mutations have only one and two primary 
tumours,, indicating that Phox2B mutations need additional defects to give rise to full 
blownn tumours. Phox2B is evidently involved in control of development and 
mutationss may only contribute to cancer during a short time-frame in neuroblast 
differentiation.. Phox2B functions in a developmental pathway including HASH1, 
Phox2AA and RET and is by these genes connected to a regulatory network including 
thee Delta-Notch pathway and a range of pro-neural genes. This study shows that 
Phox2BB mutations can contribute to neuroblastoma pathogenesis and indicates that 
thee regulatory network around Phox2B plays an important role in neuroblast 
differentiation. . 
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Abstrac t t 
Neuroblastomass are embryonic tumours of the sympathetic nervous system (SNS). 
Theyy are assumed to derive from a block in the normal SNS differentiation program. 
Here,, we describe that Delta-like 1 (Dlkl) shows a heterogeneous expression in 
neuroblastomaa tumours and cell lines. Dlkl is postulated to function in the Delta-
Notchh pathway and is a marker for the chromaffin lineage in SNS differentiation. 
Subcloningg experiments of neuroblastoma cell lines showed a high degree of 
spontaneouss Dlkl expression in individual clones. Also other genes of the Delta-
Notchh pathway co-ordinately changed their expression. The spontaneous Dlkl 
activationn in subclones was not stable, resulting over time in restoration of the 
originall percentage of Dlkl-positive cells. To test whether Dlkl indeed functions in 
thee Delta-Notch pathway, we transfected the gene in two neuroblastoma cell lines. 
Microarrayy profiling of clones with ectopic Dlkl expression showed regulation of 
HEY1,, a known downstream effector of Delta-Notch signalling. Dlkl is therefore a 
functionall component of the Delta-Notch pathway. Neuroblastoma cell lines strongly 
differedd in their percentage of Dlkl positive cells, as well as in their capacity for 
spontaneouss Dlkl activation. This plasticity might reflect the stage at which 
neuroblastss were blocked in their differentiation and enabled us to place the cell lines 
inn a tentative model of SNS differentiation. This study shows that neuroblastomas 
aree not a homogeneous cell population and indicates that also this tumour should be 
analysedd for the existence of a cancer stem cell compartment. 

Introductio n n 
Recentt insight in the biology of leukaemia and other tumours has raised the 
hypothesiss that individual tumours can consist of two types of cells: immortal cancer 
stemm cells and more differentiated cancer cells with a limited life span (1-3). The 
cancerr stem cells renew themselves and in addition produce cells that can divide for 
aa limited number of generations and differentiate according to a more or less normal 
program.. The latter cells can represent the bulk of a tumour mass, but they are not 
immortall and therefore not the cells that have to be therapeutically targeted. The 
cancerr stem cells in contrast may represent a small proportion of the tumour, but 
theyy are the immortal cells that drive the tumour. While there is experimental 
supportt for this hypothesis in leukaemia, breast cancer and brain tumours, it is 
unknownn whether other tumours consist of different compartments. 
Neuroblastomaa is a childhood tumour of the sympathetic nervous system (SNS) with 
aa highly variable prognosis. Some metastasised neuroblastomas regress 
spontaneously,, while other tumours show an aggressive and fatal progression. The 
SNSS is derived from the neural crest. During early embryogenesis, a population of 
neurall crest derived precursor cells migrate ventrally and give rise to the neurones 
andd the chromaffin cells of the sympathetic side chain, the sympathetic paraganglia 
andd the adrenal medulla (4;5). Chromaffin cells function to produce noradrenalin and 
secretee this hormone into the circulation. It is assumed that neuroblastomas can 
arisee from any stage in the sympatho-adrenal differentiation route. 
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Wee recently identified mutations in the homeobox transcription factor Phox2B in 
sporadicc neuroblastomas (6). Phox2B plays an important role in differentiation of the 
SNS.. It is part of a regulatory network with the homologous transcription factor 
Phox2A,, the human-achaete-scute-homologue-1 (HASH1) and the Delta-Notch 
pathway.. Phox2A and Phox2B control the expression of the genes that encode the 
enzymess for the synthesis of noradrenalin, like dopamine beta hydroxylase (DBH). 
HASH11 can induce expression of Phox2A and Phox2B, but Phox2B can also induce 
andd maintain expression of HASH1 (7-11). The expression of the proneural HASH1 
genee is also controlled by the Delta-Notch pathway. 
Thee Delta-Notch pathway plays an important role in embryonic development in 
speciess ranging from Drosophilato humans. In general, Notch proteins function as 
receptorss for Delta proteins on adjacent cells and this interaction can start a process 
off divergent differentiation between these cells. When Delta on cell A signals to 
Notchh receptors on a neighbouring cell B, the intracellular domain of Notch in cell B 
translocatess to the nucleus and induces the expression of genes of the Enhancer of 
Splitt complex (in human HES 1-7, HEY1-2 and HEYL1) (12). These helix-loop-helix 
transcriptionn factors can negatively regulate the group of proneural genes, like 
HASH1.. In the absence of proneural genes, Delta expression in cell B ceases and 
Notchh receptors on the neighbouring cell A are no longer activated (13-16). This 
resultss in cell A in downregulation of Enhancer of Split genes, upregulation of 
proneurall genes and further upregulation of Delta expression. This process, known 
ass lateral inhibition, leads to two different cells, one strongly expressing Delta (A) 
andd the other Notch (B). Lateral inhibition functions to generate two different cell 
typess from one precursor cell type. This is e.g. described in Drosophila neurogenesis 
andd rat sciatic nerve differentiation (17-19). 
Onee of the human Delta homologues, Dlkl, is very highly expressed in normal 
adrenall medulla and in a subset of neuroblastoma cell lines. The expression in cell 
liness closely correlates with expression of DBH (20). Therefore neuroblastomas with 
highh Dlkl expression might represent tumours from a relatively late differentiation 
stagee of the chromaffin cell lineage. The Notch3 gene, on the other hand, shows an 
inversee expression pattern with Dlkl in neuroblastoma cell lines (20). Notch3 positive 
cellss could therefore represent another differentiation stage or lineage than Dlkl 
positivee cells. 
Here,, we describe that many neuroblastoma tumours and cell lines have a 
heterogeneouss expression of Dlkl. Subcloning of neuroblastoma cell lines showed 
thatt individual cells can switch their Dlkl phenotype. However, the original 
equilibriumm of Dlkl positive and negative cells ultimately restores as Dlkl expressing 
cellss show a reduced proliferative potential. Not only Dlkl is regulated, but also other 
geness of the Delta-Notch pathway and related transcription factors, including 
Phox2A.. This process therefore represents the activation of a differentiation program 
withinn a sub-population of tumour cells. 
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Material ss  and Method s 

Patient ss and tissu e specimen s 

Immunohistochemistryy was performed on paraffin embedded tumour samples of 
neuroblastomaa patients treated between 1986 and 2001 at the Emma 
Kinderziekenhuis/Academicc Medical Centre, Amsterdam, the Netherlands. 91 tumour 
sampless from 90 patients were analysed. From one patient both a primary tumour 
andd a metastasis were included. The patient group consisted of 44 males and 46 
femaless between the age of 0 and 15 years. The specimens represented 48 primary 
tumours,, 22 metastases, 2 recurred tumours and 19 samples of unknown origin. 
Clinicall data, pathology records and laboratory test results were available on most 
tumours.. Informed consent was given by the patients' parents. 

Immunohistochemistr y y 

Fivee jinn sections of paraffin embedded tissue blocks were deparaffised and 
endogenouss peroxidase was quenched. Slides were boiled for 10 minutes in Tris-
EDTAA buffer (pH 8.9-9.2) (21). Sections were placed for 30 min. in PBS with BSA-C 
(0.1%)) and CWFS gelatin (5%) (both reagents purchased from Aurion, Wageningen, 
Thee Netherlands). Two adjacent sections of each sample were stained with 
antibodiess against the amino terminus (Dlkl N-18) and the carboxy terminus (Dlkl 
C-19)) of human Dlkl (Santa Cruz, California, US). Both goat polyclonal antibodies 
weree diluted in PBS containing BSA-C (Dlkl N-18 1:2000, Dlkl C19 1:1000). After 
overnightt incubation at , specimens were washed in PBS and re-incubated for 30 
minn with rabbit anti-goat IgG (Daco, Carpinteria, US) diluted 1:100 in PBS with BSA-
C.. Subsequent incubations with peroxidase conjugated link antibodies (goat-anti-
rabbitt poly-HRP PowerVision kit) were performed according to manufacturer 
(Immunologic,, Duiven, The Netherlands). Peroxidase staining was performed 
(PowerVisionn DAB substrate kit, Immunologic, Duiven, The Netherlands) and sections 
weree counterstained with haematoxylin. The Dlkl antibodies gave identical staining 
patternss with only some variances in the intensities of cell staining between them. 
Appropriatee negative controls, omission of the primary antibody and preabsorption of 
primaryy antibodies with their blocking peptide (Santa Cruz, California, US), were 
performed. . 

Tissu ee cultur e 

Alll cell lines were cultured in Dulbecco modified Eagle medium supplemented with 
10%% foetal calf serum (FCS), non-essential aminoacids, 20 mM L-glutamine, 10U/ml 
penicillinn and lO^g/ml streptomycin. Cells were maintained at C under 5% C02. 
Celll lines were subcloned by limited dilution. Individual wells of tissue culture plates 
weree seeded at theoretical densities of 0.5, 1, and 2 cells/well. The clonal origin of 
cellss was verified microscopically soon after cell plating. Subsequently, the subclones 
FI-SKK and SJ-8 were transfected with a pcDNA3 plasmid vector conferring resistance 
too G418 
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Immunofluorescens e e 

Cellss were grown on glass coverslips and fixed with 4% paraformaldehyde in 
phospatee buffered saline (PBS) at room temperature for 5 min. To reduce 
background,, slides were incubated in 100 mM glycine (Sigma) twice for 5 min. After 
washing,, the fixed cells were blocked and permeabilised with 5% rabbit serum 
(Aurion)/10%% BSA-C (Aurion)/0.2% cold water fish skin (CWFS, Aurion)/0.2%Tween 
inn PBS for 1 hr at . Then, slides were incubated overnight at C with goat-anti-
Dlkll (1:250) (Dlkl-C19, Santa Cruz) in blocking solution, washed, incubated lhr at 

CC with rabbit-anti-goat FITC-conjugated secondary antibody (1:5000) (Sigma 
F7367)) in blocking solution and washed again. Cells were embedded in vectashield 
(vectorr laboratories Inc.) and nuclei were counterstained with dapi. Analysis was 
performedd using a Zeiss Axioskop microscope equipped with a Cytovision Image 
Analysiss system (Applied Imaging Ltd). 

Norther nn blo t analysi s 

Cellss were harvested under standardised conditions, which is 70% confluency and 
freshh medium (24 hours). Total cellular RNA was isolated by the LiCI ureum method 
(22).. Twenty micrograms of RNA was electrophoresed through a 1% agarose gel 
containingg 6.7% formaldehyde and blotted on Hybond nylon membrane (Amersham 
Biosciences,, Roosendaal, The Netherlands) in 16.9x SSC and 5.7% formaldehyde. 
DNAA probes were hybridised for 16 hr at C in 0.5 M Na2HP04, pH6.8, 7% SDS, 1 
mMM EDTAand 50 jig/ml herring sperm DNA. Filters were washed in 40 mM Na2HP04, 
1%% SDS at . 

Probe s s 

Sequencess of all probes were verified before hybridisation. Probes for several of the 
humann genes were generated by PCR, using neuroblastoma cDNA or EST clones 
obtainedd from the IMAGE consortium as template, and subsequently cloned in the 
plasmidd vector pGEMT-easy (Promega, Leiden, The Netherlands). For other genes, 
insertss of EST clones from the IMAGE consortium were used as probe for Northern 
blott analysis. Most probes are described previously (20). Phox2A probe was amplified 
usingg primers cctacctcaattcgtacg (forward) and tcacgcgtgtaaatgtcg (reverse) and for 
Phox2BB a 1449 bp insert of IMAGE clone 1266171 was used. 

Stabl ee transfection s 

AA 1205 bp DNA fragment encoding full length human Dlkl protein was amplified 
usingg the following primers; forward: agagatgaccgcgaccgaag and reverse: 
tagtaagctctgcggaactcc.. The PCR product was cloned into the pcDNA3 plasmid vector 
usingg SureClone™ Ligation kit (Amersham pharmacia biotech) according to the 
manufacturer'ss instructions. Constructs were sequence verified before transfection. 
Cellss were seeded in 60 mm plates 1 day before transfection to obtain 50% 
confluencyy on the transfection day. Transfections were done using the DAC30 
transfectionn reagent (Eurogentech). 3-5 pg/plate DAC30 and 5-10 pg/plate plasmid 
DNAA were used, each diluted in 500 pi of medium without FCS and antibiotics. The 

100 0 



Chapterr 5 

DNAA and DAC30 dilutions were then combined, gently mixed, and left at room 
temperaturee for 30 min. Before transfection, the cell medium was replaced by 
mediumm without FCS and antibiotics using 4 ml/plate. The DNA/DAC30 mixture was 
thenn added dropwise to the cells under continuous swirling, after which they were 
incubatedd for 6 h at C Subsequently, the transfection mixture was replaced by 
freshh medium. Cells were subjected to G418 selection 48 hrs after transfection. Drug 
resistantt single cell derived colonies were subsequently transferred to separated 
wellss and clonal lines were obtained. 

Microarra yy analyse s 

Microarrayy analyses were performed at the dept. of U.N. and H.-H. R. in Berlin. 
152933 human cDNA clones were obtained from the resource centre of the German 
Humann Genome Project (RZPD Berlin). Clone inserts were amplified under standard 
conditionss using primers M13for (GTA AAA CGA CGG CCA G) and M13rev (CAGGAA 
ACAA GCT ATG AC). Primers were obtained from MWG Biotech (Ebersberg, Germany). 
Inn addition, 34 plant cDNA sequences were amplified. All PCR products were 
evaluatedd by agarose gel electrophoresis. Purified PCR products were resuspended in 
88 ul of 3xSSC and printed on Corning GAPS II slides by a robotic spotting device 
(SDDC-22 MicroArrayer, ESI, Toronto, Canada/ChipWriter Pro, Bio-Rad, Munich, 
Germany)) with SMP3 pins from TeleChem International (Sunnyvale, CA). Total RNA 
wass isolated from the neuroblastoma cell line SK-N-AS which does not express Dlkl, 
aa primary sub-clone of it, NAS, a NAS mock clone, and from stable Dlkl transfectants 
off NAS (clone 7B5 and clone 39). Labelling of cDNA targets and image acquisition 
wass done as described in Wieczorek et al. (23). The raw data was normalised using 
Microarrayy Suite software (version 2.0, Scanalytics, Fairfax, VA). In total, three co-
hybridisationss were performed and repeated once with fluorescent dyes Cy3 and Cy5 
swapped,, resulting in 6 hybridisations: SK-N-AS versus Dlkl clone 7B5 and two times 
NASSS versus Dlkl clone 39. Genes with highest differences in gene expression 
betweenn the Dlkl clones and Dlkl-negative cell lines were selected and tested by 
Northernn blotting. 

FACS S 

4xl077 cells were treated twice with 4%PFA/PBS for 5 min and washed with 100 mM 
glycine.. Fixed cells were blocked with 5% rabbit serum (Aurion)/0.2%% BSA-C 
(Aurion)/0.2%% cold water fish skin (CWFS, Aurion)/0.2% Tween in PBS for 1 hr at 
RT.. Cells were then incubated for 1 hr at RT with goat-anti-Dlkl (1:50) (Dlkl-C19, 
Santaa Cruz) in blocking solution, washed, and incubated 30 min at RT with rabbit-
anti-goatt FITC-conjugated secondary antibody (1:2000) (Sigma F7367) in blocking 
solution.. Samples were washed before flow cytometric analysis with a FacsAria 
(Bectonn Dickinson). 

Wester nn blo t 

Celll pellets were resuspended in lysisbuffer (20 mM Tris HCI, pH 8, 137 mM NaCI, 
10%% glycerol and 1% NP40), frozen in liquid nitrogen and thawed at . Cell lysates 
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weree separated on a 7.5% SDS-polyacrylamide gel and electroblotted onto 
Immobilon-PP transfer membrane (Millipore, Etten-Leur, The Netherlands). Blocking of 
thee membrane and incubation with antibodies were performed according to standard 
procedures.. Proteins were visualised using the ECL detection system (Amersham 
Biosciences,, Roosendaal, The Netherlands). Dlkl (C19) and Notch3 (M20) antibodies 
weree purchased from Santa Cruz (Santa Cruz, CA). 

MTTT colorimetri c analysi s 

6xl033 single cells in 100 ul fresh medium were seeded into wells of a 96-well plate. 
Theree were 4 duplicate wells for each time-point. The cells were cultured for 0, 1, 2, 
33 and 7 days, respectively, at 37 . Dlkl transfected cells were also cultured in the 
absencee of G418. 10 ul MTT (5 mg/ml) was added to each well 4 hr prior to the end 
off the respective incubation time. When the experiment ended, 100 ul 0.01M 
HCI/10%SDSS was added to each well. The next day absorbent value of each well was 
examinedd at the wavelengths 570 nm and 630 nm by ELISA. 

Result s s 

Heterogeneou ss Dlk l expressio n in neuroblastom a tumour s and cel l line s 

Immunohistochemistryy and mRNA analysis previously showed that Dlkl is highly 
expressedd in a subset of neuroblastoma cell lines and in differentiated chromaffin 
cellss of the normal adrenal medulla (20). SAGE analysis revealed that Dlkl transcripts 
presentedd up to 0.5% of all cellular mRNAs in some cell lines and in the adrenal 
medullaa (20;24). We stained a series of 91 neuroblastomas with an antibody for 
Dlkl.. About 50% of the tumours were negative, but in the other half we found Dlkl-
positivee foci. No correlation with age, stage or outcome of the disease was found, 
butt Dlkl expression was related to the differentiation status of the tumours. We 
observedd that 38% of the stroma-poor tumours were Dlkl-positive, while 74% of the 
stroma-richh tumours were Dlkl-positive (Table 1, p<0.003). The stroma-rich tumours 
containedd scattered Dlkl- positive atypical ganglion cells (Figure 1A) and the stroma-
poorr tumours typically showed a focally arranged Dlkl expression often associated 
withh a more differentiated cell population (Figure IB). 

Tablee 1: Dlkl expression correlates with the differentiation status of neuroblastoma 
tumours s 
Histologicall subtype 
Dlkll positive 
Dlkll negative 
Total l 

Stromaa poor 
23 3 
37 7 
60 0 

Stromaa rich 
23 3 
8 8 
31 1 

Total l 
46 6 
45 5 
91 1 

Wee searched for a model system to analyse the mechanism behind the focal Dlkl 
proteinn expression. We had previously analysed a panel of 21 neuroblastoma cell 
liness and showed that 4 of these cell lines had very high Dlkl mRNA levels, 14 cell 
liness had no or hardly detectable Dlkl expression, and the remaining cell lines had 
intermediatee expression levels (20). Immunofluorescent staining with a Dlkl antibody 
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revealedd that also the cell lines showed a heterogeneous expression of Dlkl. In SK-
N-FI,, which expresses Dlkl to a level of 0.5% of all mRNAs, only 75%-85% of cells 
weree positive (Figure 1C). In SJ-NB-8, a neuroblastoma cell line with barely 
detectablee levels of Dlkl expression on Northern blot, 1% of cells was found to be 
Dlkll positive. Other cell lines were entirely positive (SJ-NB-1 and N206) or entirely 
negativee (SK-N-AS and SJ-NB-12) for Dlkl protein expression. 

SK-N-FII sub-clone s sho w differentia l expressio n of Dlk l 

Wee wondered whether the clonal Dlkl expression was the result of genetic 
heterogeneityy in the neuroblastomas and neuroblastoma cell lines. The cell lines are 
overr 10 years in culture and often show heterogeneity for chromosomal aberrations, 
likee translocations and deletions. Alternatively, the heterogeneity might result from 
ann intrinsic capacity of the cells to enrol in a differentiation program. We therefore 
analysedd a series of subclones from the cell lines. To insure a single cell as starting 
point,, cell line SK-N-FI was first subcloned by limited dilution. The resulting clone, FI-
SK,, was used for a subsequent round of subcloning. Nine independent clones were 
expandedd and analysed on Northern blot. Although the cells had a clonal origin and 
weree identically treated, we found a remarkable heterogeneity for Dlkl expression 
(Figuree 2A). While FI-SK had a high Dlkl expression, only 3 of 9 clones have retained 
thiss high expression level. The other clones have only moderate Dlkl levels, or no 
Dlkll expression at all. 

Co-ordinate dd down-regulatio n of Dlk l and up-regulatio n of Notc h 3 

Wee have previously shown that Dlkl is a relatively late marker of differentiating 
neuroblastss of the chromaffin cell lineage, which are marked by high DBH 
expression.. The subset of neuroblastoma cell lines with a high Dlkl expression also 
expressedd abundant levels of DBH transcripts. In contrast, Notch3 was expressed in 
aa different subset of neuroblastoma cell lines, and therefore Notch3 expressing cells 
mostt likely represent more immature neuroblasts or another cell fate (20). Northern 
blott analysis of the FI-SK clones indicated that not only Dlkl expression was variable, 
butt that a series of genes showed coordinated changes in expression. Dlkl 
expressionn in FI-SK clones correlated negatively with Notch3 expression and 
positivelyy with DBH expression (Figure 2A), which is in line with the gene expression 
patternn previously observed in a neuroblastoma cell line panel (20). Like the mother 
celll line SK-N-FI, clones with high Dlkl levels totally lacked expression of Notch3. We 
alsoo analysed the expression of the transcription factors HASH1, Phox2A and Phox2B 
inn the FI-SK clones (Figure 2A). Phox2B expression was stable in all FI-SK clones 
irrespectivee of their Dlkl status, but we found a positive correlation between Dlkl, 
Phox2AA and HASH1 expression in the subclones. This suggests that some of the 
subcloness have entered a specific differentiation program, rather than show random 
heterogeneityy in gene expression. 
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SJ-NB-88 can clonall y activat e Dlk l expressio n 

Wee tested whether other neuroblastoma cell lines also had the capacity to activate 
thee Delta-Notch differentiation program in a subset of their population. SJ-NB-8 had 
barelyy detectable Dlkl levels on Northern blots, but immunofluorescent staining 
showedd that 1% of the cells are Dlkl-positive. Thus, this line is very different from 
SK-N-FII with 74-85% Dlkl-positive cells. SJ-NB-8 was subcloned by limited dilution. 
AA sub-clone (named SJ-8), also had a weak Dlkl expression (Figure ID and 2B). This 
sub-clonee was used for a second round of subcloning and 9 clones were analysed. 
Threee subclones hardly expressed Dlkl, three had a weak Dlkl expression, but the 
remainingg three clones had a strong Dlkl expression (Figure 2B). Comparison of the 
Dlkll expression between the SJ-8 clones and SK-N-FI showed that maximum Dlkl 
levelss in SJ-8 derivatives were about 10% of the Dlkl levels reached in SK-N-FI (see 
figuree 3). The cloning procedure of SJ-NB-8 assured that the clones were derived 
fromm a single cell, and thereby the Dlkl expression in the SJ-8 subclones was 
identifiedd as de novo and spontaneous. 
Thee Northern blot of the 9 SJ-8 subclones was hybridised with probes of other Delta-
Notchh pathway genes (Figure 2B). Phox2A showed a positive correlation with Dlkl, 
butt DBH, HASH1 and Phox2B were not clearly correlated. Surprisingly, the Notch3 
expressionn was increased in two of the three clones with high Dlkl expression. This 
contrastedd with the inverse expression pattern of Notch3 and Dlkl in our previously 
analysedd series of 21 neuroblastoma cell lines (20) and in the SK-N-FI subclones. 
Onee explanation could be that the SJ-8 subclones were in fact heterogeneous and 
consistedd of a Dlkl+/Notch3~ and a Dlkl /Notch3+ population. To test whether SJ-8 
subcloness were heterogeneous and expressed Notch3 and Dlkl on different sub-
populations,, we stained SJ-8 derived clones for Dlkl. First, SJ-8 cells were seeded at 
veryy low density and small (single cell derived) colonies were transferred to glass 
slides.. Subsequently, 18 colonies were stained with antibodies against Dlkl protein. 
Elevenn clones were negative for Dlkl, but in 7 of 18 subclones 10-40% of the cells 
weree positive for Dlkl. This showed that the subclones were indeed heterogeneous. 
Wee next grew positive clones to lxlO8 cells, stained them with Dlkl antiserum and 
sortedd them by FACS in a Dlkl-positive and a Dlkl-negative population. Western blot 
analysiss of the two sorted subpopulations showed that Notch3 protein is expressed in 
bothh populations (Figure 3). The finding of Notch3 expression in Dlkl-positive SJ-8 
cellss was quite unusual as the principle of lateral inhibition predicts that this is an 
unstablee situation. 

Dlk ll  expressio n confers  a growt h disadvantag e 

Thee high frequency of Dlkl expression in the twice subcloned derivatives of SJ-NB-8 
contrastedd with the low frequency (~l%) of Dlkl-positive cells in the mother cell 
line.. We therefore analysed whether the high Dlkl expression in the subclones was 
stable.. Liquid nitrogen stocks of 8 SJ-8 subclones made at the moment of their initial 
Northernn blot analysis were taken in culture and passaged for two and four months. 
Northernn blot analysis showed that all these clones reverted to low Dlkl expression 
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levelss (Figure 4A). Thus, the equilibrium of Dlkl expressing and non-expressing cells 
iss restored over time, suggesting that there is negative selection against Dlkl 
expressionn within SJ-8 populations. 
Too further analyse the mechanism behind this negative selection, we stably 
transfectedd SJ-8 with a Dlkl expression vector. Clones with high exogenous Dlkl 
expressionn showed a strongly reduced growth rate compared to SJ-8 cells (Figure 
4B).. In the absence of G418-selection the Dlkl clone grew faster. Western blot 
analysiss of Dlkl clones showed that in the absence of selection exogenous Dlkl 
expressionn is reduced (Figure 4C). This confirmed that the SJ-8 cells have a tendency 
too select for Dlkl negative cells. 
Thee analysis of SJ-NB-8 showed that these cells can spontaneously activate Dlkl 
expression.. The Dlkl expression was part of a series of changes in the Delta-Notch 
pathwayy genes and therefore represented the activation of an entire pathway. Within 
fourr weeks, the subclones were heterogeneous again and after two months the Dlkl 
expressionn was back to its original low level. The original SJ-NB-8 population is 1% 
Dlkll positive. This was probably due to a growth disadvantage of Dlkl-positive cells. 
Thiss suggests that within these cells, there is continuously a minority that initiates 
Dlkll expression. As these cells have a reduced proliferative capacity, they are in a 
dynamicc equilibrium with the Dlkl-negative cells, resulting in an overall stable 
percentagee of 1% Dlkl expression in the SJ-NB-8 population. 

Identificatio nn of HEY1 as downstrea m targe t of Dlk l 

Thee coordinated activation of Dlkl and Notch3 in the SK-N-FI and SJ-NB-8 subclones 
indicatedd that Dlkl is a functional component of the Delta-Notch pathway. However, 
thiss has not been formally proven and has in fact been questioned as Dlkl misses 
thee extracellular DSL (delta-serrate-lagged) domain which is thought to interact with 
Notch.. We therefore studied the effect of exogenous Dikl expression on other genes 
off the Delta-Notch pathway. We subcloned the human neuroblastoma cell line SK-N-
ASS by limiting dilution. Stable Dlkl transfectants and empty vector controls were 
generatedd of a primary sub-clone NAS. While NAS cells are 100% Dlkl negative, the 
transfectantss cells are 100% Dlkl positive (Figure 5A). No spontaneous induction of 
endogenouss Dlkl expression was observed in any of the NAS mock clones (Figure 
5B).. We studied the changes in gene expression of the Dlkl-expressing clones by 
microarrayy analysis. To identify differentially expressed genes, RNAs from Dlkl-
positivee clones and Dlkl-negative controls were hybridised to arrays with 15,293 
spottedd cDNA clones. Altogether, we compared mRNA levels of two transfectants 
withh high Dlkl expression with mRNA from the Dlkl-negative SK-N-AS and NAS cell 
liness (see materials and methods). In these hybridisations, the HEY1 gene was found 
too be induced. HEY1 is a human homologue of the Drosophiia hairy and enhancer of 
splitt genes and has previously been shown to be an effector of Notch signalling (12). 
Northernn blot analysis confirmed that HEY1 is a downstream target of Dlkl. HEY1 
expressionn was down-regulated in 4 Dlkl-expressing NAS transfectants as compared 
too 4 empty vector controls (Figure 5B). This is the first direct evidence that Dlkl can 
functionn in the human Delta-Notch pathway. 
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HEY11 was also studied in SJ-8 Dlkl transfectants and in SJ-8 clones that 
spontaneouslyy induced their endogenous Dlkl expression. HEY1 is up-regulated in 
fivee clones expressing ectopic Dlkl as compared with Dlkl negative empty vector 
controlss (Figure 5C). Also the clones with the highest levels of endogenous Dlkl 
inducedd their expression of HEY1 (Figure 2B). Thus, HEY1 is also identified as Dlkl 
targett in SJ-8 derivatives, but in this cell line there is a positive correlation between 
HEY11 and Dlkl. There was no correlation between Dlkl and HEY1 in the FI-SK 
subcloness (Figure 2A). 
Thee exact mechanisms that underlie the opposing effects of Dlkl on HEY1 expression 
inn SJ-NB-8 and SK-N-AS are unknown, but the lower exogenous Dlkl levels that were 
obtainedd in SJ-8 clones versus SK-N-AS transfectants might play a role. Moreover, 
thee expression background and activation status of other genes and proteins, 
includingg Notch3, might modify the effect of Dlkl on HEY1 expression. 
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SK-N-FI(IOOOx)) C SJ-8(1000x) D 

Figuree 1: Heterogeneous Dlkl expression in neuroblastoma tumours and cell lines. 
A-B:: Immunohistochemical analysis of neuroblastoma tumour sections showing heterogeneous 
distributionn of Dlkl protein within positive tumours. (A) Stroma-rich neuroblastoma 
(ganglioneuroblastomaa and ganglioneuroma) display Dlkl staining in the atypical ganglion cells 
scatteredd throughout the tumour or arranged in groups, surrounded by and intermingled with 
supportingg cell types like satellite cells and Schwannian stroma. (B) Among the stroma-poor tumours 
Dlkll expression is focally arranged and Dlkl-positive foci are associated with a more differentiated cell 
population.. C-D: Immunofluorescent Dlkl staining (green) of neuroblastoma cell lines SK-N-FI and SJ-
8.. Nuclei of SK-N-FI were stained red with propidiumiodide (C). 
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Figuree 2: Northern blot analysis of twice subcloned neuroblastoma cell lines. 
FI-SKK subclones (A) and SJ-8 subclones (B) were analysed for expression of Dlkl, Notch3, DBH, 
HASH1,, Phox2A, Phox2B and HEY1. An ethidium bromide staining of the 28S rRNA band is shown as 
loadingg control. 
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Figuree 3: Co-expression of Dlkl and Notch3 in SJ-8 derived cell populations. 
Twoo heterogeneous SJ-8 subclones (SJ-8A and SJ-8B) were sorted in a Dlkl positive and a Dlkl 
negativee fraction. The two fractions (Dlkl+ and Dlkl-) were analysed on Western blot and incubated 
withh antibodies against Dlkl and Notch3. For comparison, lane 5 shows the Dlkl protein expression in 
SK-N-FI.. Coomassie staining is shown as loading control. 
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Figuree 4: Selection against Dlkl expression in the neuroblastoma cell line SJ-NB-8 
andd its derivatives. 
(A)) Northern blot analysis showing that spontaneously induced Dlkl levels in twice cloned derivatives 
off neuroblastoma cell line SJ-NB-8 cannot be maintained. Liquid nitrogen stocks of eight SJ-8 
subcloness made at the moment of their initial Northern blot analysis were taken in culture and 
passagedd for two and four months. Over time all clones reverted to almost the same low levels of 
Dlkll expression. SJ-8 clone 3 failed to grow. (B) MTT growth curves of SJ-8 wild type and a SJ-8 
clonee with ectopic Dlkl expression. Stable transfectants of SJ-8 expressing high levels of ectopic Dlkl 
weree cultured under selective pressure with G418. After 6 weeks in culture 90% of the cells expressed 
Dlkll (immunofluorescense data not shown). Without selective pressure only 40 - 50% of cells 
expressedd Dlkl. Representative results of three independent experiments are shown. Each time point 
iss the mean value of four independent measurements. (C) Western blot analysis of two stable SJ-8 
transfectantss with high and low ectopic Dlkl levels that were cultured for one month in the presence 
orr absence of G418 selective pressure, lane 1: SJ-8 Dlkl clone 1 (no selection), lane 2: SJ-8 Dlkl 
clonee 1 (+ selection), lane 3: SJ-8 Dlkl clone 5 (no selection), lane 4: SJ-8 Dlkl clone 5 (+ selection). 
Coomassiee staining is shown as loading control. 
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Figuree 5: HEY1 expression is regulated by Dlkl in neuroblastoma cell lines. 
(A)) Immunofluorescent Dlkl staining of NAS wild type and NAS Dlkl transfected cells. (B-C) Northern 
blott analysis of the HEY1 mRNA expression in Dlkl transfectants and empty vector controls of 
neuroblastomaa cell lines NAS (B) and SJ-8 (C). 
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Discussion n 
Tumourr heterogeneity is a widespread phenomenon. Numerous antigens on all kinds 
off tumour cells show a heterogeneous staining pattern on histological sections. Also 
Dlkll expression in neuroblastoma was heterogeneous. The detailed analysis of the 
Dlkll expression presented here provides two important insights. Firstly, the 
heterogeneouss expression does not result from genetic heterogeneity. Our 
experimentss in which doubly subcloned tumour cell lines immediately display a 
strongg heterogeneity for Dlkl showed that neuroblastoma cell lines have an intrinsic 
mechanismm to spontaneously activate or inactivate developmental gene expression. 
Secondly,, we showed that changes in Dlkl expression are not isolated events that 
randomlyy affect genes, but represented the activation of a series of genes within a 
developmentall program of the Delta-Notch pathway.. Although the precise molecular 
functioningg of the Delta-Notch pathway in neuroblastomas is still largely unknown, 
thee coordinated changes between Dlkl and Notch3, Phox2A, HASH1, DBH and/or 
HEY11 expression strongly suggest a cascade of events. The heterogeneous Dlkl 
expressionn in neuroblastomas therefore results from the initiation of a differentiation 
programm in subsets of tumour cells. 
Insightt in the role of the Delta-Notch pathway in the differentiation of the human 
SNSS is still limited. It is largely based on inference of the insights in this pathway in 
thee development of other neuronal tissues in animal models. Analyses of the 
pathwayy in human neuroblastoma are restricted to observations of relationships 
betweenn individual members of the pathway and on expression studies (25-27). We 
havee previously shown that human chromaffin cells of the adrenal medulla have an 
extremelyy high Dlkl expression. A subset of neuroblastoma cell lines showed the 
samee high expression, suggesting that they represented chromaffin precursor cells 
blockedd in a relatively late differentiation stage. Precursor cells in the human SNS 
differentiatee into at least two different cell types: chromaffin cells and ganglion cells. 
Ass differentiated chromaffin cells are marked by high Dlkl expression, it is attractive 
too speculate that lateral inhibition by the Delta-Notch pathway functions to create the 
developmentall switch in the chromaffin cell type and ganglion cell type. Notch3 
expressingg cells might thus represent differentiation stages towards ganglion cells. 
Thiss hypothesis is largely inferred from the lateral inhibition model, but it should be 
notedd that the Delta-Notch pathway does not necessarily functions in each tissue 
accordingg to this principle (28). 
Inn our experiments, a cell line with very few Dlkl expressing cells in its population 
(SJ-NB-8),, tended to switch on Dlkl expression upon subcloning. This could be seen 
ass a further step in differentiation towards chromaffin cells. However, another cell 
linee with Dlkl expression in the majority of its cell population (SK-N-FI), showed the 
oppositee behaviour. A large fraction of its subclones was Dlkl-negative, which would 
suggestt dedifferentiation, back from the chromaffin cell type. A simplified 
interpretationn could be that neuroblastoma cells can differentiate and de-differentiate 
withinn a certain window. In this view, neuroblastoma cells try to undergo a 
differentiationn program that is controlled by the Delta-Notch pathway, but cannot 
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completee the program. This might result from a block in one of the genes in the 
pathwayy or in a relating pathway. This notion is strongly supported by the recent 
findingg of constitutive mutations in Phox2B in syndromic and familial neuroblastomas 
(29-31)) and tumour-specific mutations in sporadic neuroblastomas (6). During 
subcloningg of SK-N-FI and SJ-NB-8, cells pass through a stage without influences of 
neighbouringg cells and this might result in the observed clonal heterogeneity. The 
heree described finding that SJ-8 subclones ultimately fall back into the same 
equilibriumm of Delta-Notch expression as their parental line supports this idea. 
However,, a more far reaching interpretation of these results is possible. Data on 
humann acute myelogeneous leukaemia have indicated the existence of tumour stem 
cells.. Tumours were found to be heterogeneous for specific precursor cell markers 
andd isolation of the subset of cells that expressed these markers showed that their 
oncogenicc properties strongly differed from the rest of the tumour cells. Recently, 
similarr cancer stem cells were identified in solid tumours like breast cancer (1) and 
brainn tumours (3). As a result these tumours are heterogeneous with respect to 
proliferationn and differentiation. Isolation of different populations from breast 
tumourss showed that most cells failed to form tumours upon inoculation of over 
10,0000 cells in mice, while as few as 100 cancer stem cells are able to form tumours 
inn mice (1). Once again the equilibrium is restored as the newly formed tumours 
harbourr the same diverse mixture of cell populations as the initial tumour. 
Tumourr stem cells form the real population of immortal tumour cells, but like normal 
stemm cells, they can divide asymmetrically and give rise to more differentiated cells 
withh a limited life span. Several parallels exist between the tumour stem cell 
hypothesiss and our observations in neuroblastoma. We observe heterogeneity for 
importantt components of a differentiation pathway. Subcloning of the cells leads to a 
shiftt in clones with the expression pattern corresponding to the minority of the cells. 
Afterr further culturing of the subclones, the equilibrium observed in the original cell 
populationn is re-established. 

AtAt this moment, it is premature to conclude whether neuroblastomas can move forth 
andd back in a certain window of differentiation, or whether the heterogeneity in 
expressionn of Delta-Notch pathway genes reflects the existence of tumour stem cells 
inn neuroblastoma. However, the observation that some neuroblastoma cell lines are 
100%% negative for Dlkl expression, while other cell lines are 1%, 75% or 100% 
positive,, permits us to place them in a tentative differentiation scheme (Figure 6). In 
DrosophilaDrosophila organogenesis the expression of achaete scute precedes expression of 
bothh Delta and Notch. Also mammalian achaete scute homologues are described as 
earlyy regulators of neural crest cells within the autonomic lineage. We previously 
describedd HASH1, Dlkl and Notch3 expression in a panel of 21 human 
neuroblastomaa cell lines (20). HASHlhigh/Dlkl7Notch3" cell lines are probably blocked 
inn an early progenitor stage of sympathoadrenal development (type 1 cells in figure 
6).. HASHllo7Dlklhigh/Notch3" cells probably represent cells from the chromaffin 
differentiationn lineage (type 4 cells). HASHr/Dlkl"/Notch3+ cells could represent an 
intermediatee precursor or the ganglionic lineage. SJ-NB-8 is arrested in an early 
stagee where Dlkl can be induced (type 2 cells in figure 6). Although individual 
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Figuree 6: Tentative model of the Delta-Notch expression during differentiation stages 
off the sympathoadrenal (SA) lineage. 
Neuroblastomaa cell lines could correspond to different stages of SA development. HASHlnigh/Dlkr 
/Notch3"" cell lines, like LAN-1, NMB, SJ-NB-10 and NGP, probably correspond to an early progenitor 
stagee of the differentiation route, while HASHllOT7Dlklh'9h/Notch3" cells might represent cells from the 
chromaffinn differentiation lineage. HASHl'/Dlkr/Notch3+ cells might reflect an intermediate precursor 
orr the ganglionic lineage. Type 2a and 2b cells are exemplified by SJ-NB-8 which might be arrested in 
ann early stage where Dlkl expression is initiated. Although individual SJ-NB-8 cells try to enter the 
subsequentt differentiation step, they cannot reach the type 4 stage. SK-N-FI is arrested at a stage 
wheree cells expressing high Dlkl levels pre-dominate the culture. As 20% of the SK-N-FI cells are 
Dlkl-negative,, this cell line could have entered the decision stage between Dlkl expressing chromaffin 
precursorss (type 4) or neuronal precursors (type 5). SK-N-FI cells can not fully mature in one 
direction. . 
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SJ-NB-88 cells try to enter the subsequent differentiation step, they cannot reach a 
stablee level of more than 1% Dlkl+ cells. SK-N-FI, on the other hand, is arrested in a 
stagee where cells expressing high Dlkl levels pre-dominate the culture. This suggests 
thatt SK-N-FI cells are stalled at a later stage of the Delta-Notch differentiation route 
thann SJ-NB-8 cells. As 20% of the SK-N-FI cells are Dlkl-negative, this cell line has 
probablyy entered the decision stage between Dlkl expressing chromaffin precursors 
(typee 4) or neuronal precursors (type 5). SK-N-FI cells can not fully maturate in one 
direction.. The exclusive expression of either high Dlkl or Notch3 in the subclones 
indicatess that SK-N-FI is blocked in a stage where switches in the Delta-Notch 
pathwayy are still reversible. Probably, the cells try to enter differentiation into one of 
bothh directions, but cannot complete this step. 
Thee here presented analysis of the heterogeneity of Delta-Notch pathway genes in 
neuroblastomaa may form a basis for a further analysis of the oncogenity of subsets 
off neuroblastoma cells and a critical evaluation of the cancer stem cell concept in this 
tumour.. As the concept of tumour stem cells strongly bears on therapeutic 
strategies,, this question is of eminent importance to improve clinical outcome for 
patientss suffering from aggressive neuroblastoma. 
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Abstrac t t 
Neuroblastomaa is a childhood tumour of the developing sympathetic nervous system 
(SNS)) with a highly variable prognosis. Tumours with high expression of the 
neurotrophinn receptor TrkA have a favourable prognosis, whereas TrkB expression is 
associatedd with a poor outcome. We previously showed that ectopic expression of 
TrkA,, but not of TrkB, can silence Phox2B expression in neuroblastoma cell line SH-
SY5Y.. Phox2B is a key regulator of the chromaffin lineage of the SNS and is mutated 
inn a subset of neuroblastomas. Previous data suggested that the chromaffin lineage 
differentiationn is also controlled by Delta-Notch pathway genes. Here we have 
analysedd whether TrkA and TrkB also differentially regulate the Delta-Notch pathway 
geness and other regulatory genes. Dlkl, a homologue of the Drosophila Delta gene, 
wass silenced by TrkA, but not TrkB. Also other genes of the Delta-Notch pathway 
weree regulated. Furthermore, TrkA and TrkB differentially regulated HAND1, IGF2, 
RETT and several differentiation markers. These results suggest that TrkA, Phox2B 
andd the Delta-Notch pathway have a strong regulatory interaction in neuroblastoma. 
Furthermore,, the identification of a series of developmental genes that are regulated 
byy TrkA and not by TrkB might contribute to the understanding of the different 
biologicall effects of these receptors. 

Introductio n n 
Neuroblastomaa is a childhood tumour originating from the developing sympathetic 
nervouss system (SNS). The tumour displays a broad spectrum of clinical behaviour, 
rangingg from spontaneous regression to fatal progression despite intensive therapy. 
Inn general, tumours with a good prognosis are diagnosed in children below 1 year of 
age.. Unfavourable tumours occur in older children and are characterised by 
chromosomall rearrangements (1). Markers predictive for poor outcome are 
amplificationn of MYCN, deletion of chromosome lp, gain of 17q and high expression 
off TrkB, the receptor for Brain Derived Neurotrophic Factor (BDNF). In contrast, high 
expressionn of TrkA, the receptor for Nerve Growth Factor (NGF), is associated with a 
goodd prognosis (2;3). 
Thee human neuroblastoma cell line SH-SY5Y is intensively used to study the 
differentiall effects of TrkA or TrkB expression. Ectopic expression of TrkA induced 
growthh inhibition and impaired tumorigenicity in SH-SY5Y, while ectopic TrkB 
expressionn resulted in enhanced proliferation and rapidly growing tumours (4;5). 
Althoughh these phenotypes strongly differ, little is known about the molecular 
pathwayss underlying the differences between TrkA and TrkB signalling. Upon 
activationn by their specific ligands, Trk receptors dimerise and autophosphorylate 
cytoplasmicc tyrosines which recruit intermediates in intracellular signalling cascades. 
Ass a result, Trk receptor signalling activates several small G proteins, including Ras, 
Rap-1,, and members of the Cdc42-Rac-Rho family, as well as pathways regulated by 
MAPP kinase, PI 3-kinase and phospholipase-C-y (PLCy) (6-9). 
Wee recently found that expression of TrkA, but not TrkB, can strongly downregulate 
thee mRNA expression of Phox2B in SH-SY5Y. Phox2B is a homeobox transcription 
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factorr that can be mutated in sporadic and familial neuroblastomas (10;11). Also cell 
linee SH-SY5Y carries a Phox2B mutation (11). Phox2B plays an important role in the 
developmentt of the autonomic nervous system. Transgenic mice with a homozygous 
inactivationn of Phox2B fail to express the enzyme Dopamine Beta Hydroxylase (DBH) 
(12).. DBH catalyses the last step of noradrenalin production and high DBH 
expressionn is therefore a hallmark of chromaffin cells, which secrete this hormone 
intoo the circulation. Indeed, SY5Y cells in which Phox2B was silenced by TrkA also 
showedd an abrogation of DBH expression (11). TrkA might therefore influence the 
noradrenergicc differentiation in the SNS by controlling the Phox2B expression. 
Thee developing SNS can differentiate into different cell types, of which chromaffin 
cellss and neuronal cells are the most important. We previously proposed that the 
decisionn to differentiate in either of the two lineages is mediated by the Deita-Notch 
pathwayy (13). In general, Notch genes function as receptors for Delta proteins on 
adjacentt cells and this interaction can start a process of divergent differentiation 
betweenn two cells (14). Adrenal chromaffin cells highly express Dlkl, a homologue of 
thee Drosophila delta gene, as well as DBH. Also neuroblastoma cell lines with a high 
DBHH expression showed high Dlkl expression. In contrast, neuroblastoma cell lines 
withoutt Dlkl and DBH expression often showed Notch3 expression (13). Therefore, 
Dlkll positive neuroblastoma cells might represent the chromaffin lineage, while 
Notch33 positive cells might be blocked in another differentiation stage. 
Thesee combined studies suggested that chromaffin lineage differentiation and DBH 
expressionn are regulated by the TrkA-Phox2B route, but not by TrkB. As also the 
Delta-Notchh pathway is involved in chromaffin lineage differentiation, we set out to 
analysee whether there is a relationship between TrkA, TrkB and the Delta-Notch 
pathway.. TrkA and TrkB were found to have a strongly differential effect on 
expressionn of Dlkl and Notch3, as well as on a series of other genes with a role in 
SNSS differentiation. 

Material ss  and method s 

Tissu ee cultur e 
Celll lines were cultured in RPMI1640 medium with glutamax (Invitrogen, Breda, The 
Netherlands)) supplemented with 10% foetal calf serum, 0.15% bicarbonate, 20mM 
L-Glutamine,, 35mM HEPES, 100U/ml penicillin and lOO^g/ml streptomycin. Cells 
weree maintained at C under 5% CO2. 

Introductio nn of TrkA or TrkB cDNA in neuroblastom a cel l line s 

Full-lengthh TrkA and TrkB cDNAs were cloned into the retroviral expression vector 
pLNCXX or pLNCX2 (Clontech, Palo Alto, CA) respectively, as previously described (5). 
Briefly,, the receptor constructs were transfected into the packaging cell line Bing by 
electroporation,, and virus-containing supernatant (10ml) from these cells was added 
too LipoTaxi (Stratagene, La Jolla, CA) and used to infect SH-SY5Y cell cultures. 
Mediumm was changed twice a week. Infected cells were subjected to selection with 
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5000 Mg/ml G418 (Sigma, Munich, Germany). Drug resistant cell cultures were 
subclonedd by limited dilution to obtain single-cell clonal lines. As negative controls, 
SH-SY5YY cells were infected with a retrovirus bearing the pLNCX empty retroviral 
vectorr (SY5Y-vec). The identity of all clones was confirmed by sequencing after 
infection. . 

SAGE E 

SAGEE was performed as described (15;16) with minor adaptations. Libraries were 
constructedd from a SY5Y-vec and a SY5Y-TrkA clone. Total RNA was extracted by the 
LiCII ureum method (17). Poly(A)+ RNA was isolated using the MessageMaker kit 
(Gibco-BRL)) according to the manufacturer's instructions. SAGE libraries were 
generatedd using 3 ug of poly(A)+ RNA. The cDNA was synthesized according to the 
Superscriptt Choice System (Gibco-BRL), digested with Nlalll and bound to 
streptavidd in-coated magnetic beads (Dynal). Linkers containing recognition sites for 
BsmFII were ligatedto the cDNA. Linker tags including a cDNA tag were released by 
BsmFII digestion, ligated to one another and amplified. The PCR products were 
heatedd for 5 min at C before preparative analysis on a polyacrylamide gel. After 
thee ligation, concatamers were digested with SphI and fragments between 500 and 
900bpp were purified and cloned in pZero-1 (Invitrogen). Colonies were screened with 
PCRR using M13 forward and reverse primers. Inserts >300 bpwere sequenced with a 
BigDyee terminator kit and analysed on an ABI 3730 (Applied Biosystems) automated 
sequencer. . 

Affymetri xx  HGU95Av2 oligonucleotid e microarray s (~12,600 genes ) 

SH-SY5YY cells harbouring the Trk receptor constructs or empty vector control were 
lysedd in Trizol (Gibco) in the absence of neurotrophins. Total mRNA was prepared 
accordingg to the manufacturer's instructions. RNA was purified using the Qiagen 
RNeasyy Mini Kit (Qiagen, Hilden, Germany). Fragmentation of cRNA, hybridisation to 
U95Av22 microarrays (Affymetrix Inc, Santa Barbara, CA), washing and staining as 
welll as scanning the arrays in a GeneArray scanner (Agilent, Palo Alto, CA) was 
performedd according to the manufacturer's recommendations. Signal intensities and 
decisionn calls for further analysis were determined using the GeneChip Microarray 
Suitee (MAS) 5.0 software (Affymetrix). Scaling across all probe sets of a given array 
too an average intensity of 1000 units compensated for variations in the amount and 
qualityy of the cRNA samples and other experimental variables. 

Norther nn blo t analysi s 

Totall cellular RNA was isolated by the LiCI ureum method (17). Twenty micrograms 
off RNA was electrophoresed through a 1% agarose gel containing 6.7% 
formaldehydee and blotted on Hybond nylon membrane (Amersham Biosciences, 
Roosendaal,, The Netherlands) in 16.9x SSC and 5.7% formaldehyde. DNA probes 
weree hybridised for 16hr at C in 0.5M Na2HP04, pH6.8, 7%SDS, ImM EDTA and 
50|ig/mll herring sperm DNA. Filters were washed in 40mM Na2HP04, 1%SDS at 
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Probe s s 

Sequencess of all probes were verified before hybridisation. Probes for several of the 
humann genes were generated by PCR, using neuroblastoma cDNA or EST clones 
obtainedd from the IMAGE consortium as template, and subsequently cloned in the 
plasmidd vector pGEMT-easy (Promega, Leiden, The Netherlands). For other genes, 
insertss of EST clones from the IMAGE consortium were used as probe for northern 
blott analysis. Several probes are described previously (13), new probes are included 
inn table 1 or table 2. NPY probe was a gift from J.Molenaar. 

Tablee 1 : overview of PCR primers used for gene am 
Gene e 
GAP43 3 
SCG10 0 
IGF2 2 
HAND2 2 
HAND1 1 
Phox2A A 

Forwardd primer 
gctgagacagaaagtgcc c 
atgctgtcactgatctgc c 
ttgaggagtgctgtttcc c 
ccgttgcagcaataatgcc c 
aggctgaactcaagaagg g 
cctacctcaattcgtacg g 

Reversee primer 
gagaaagagggctagtgg g 
cctgatatcgcatgatcc c 
tggaacctgatggaaacg g 
agactcagtggttccaacc c 
agcctttcatcttcctgc c 
tcacgcgtgtaaatgtcg g 

plif ication n 
Productt length 
452 2 
567 7 
423 3 
340 340 
655 5 
352 2 

template e 
aa663505 5 
aa013360 0 
cDNA A 
cDNA A 
cDNA A 
cDNA A 

Tablee 2: Overvieww of probes derived f rom EST clones 
Gene e 
TrkA A 
TrkB B 
Notch3 3 
CHGA A 
Phox2B B 
cRET T 

Accession n 
bg110843 3 
aw770836 6 
ai814756 6 
W15214 4 
ai266171 1 
h24956 6 

Insertt length 
850 0 
1300 0 
2681 1 
398 8 
1449 9 
700 0 

Immunofluorescenc e e 

Cellss were grown on glass coverslips and fixed with 4% paraformaldehyde in 
phosphatee buffered saline (PBS) at room temperature for 5 min. To reduce 
background,, slides were incubated in lOOmM glycine (Sigma) twice for 5 min. After 
washing,, the fixed cells were blocked and permeabiiised with 5% rabbit serum 
(Aurion)/10%% BSA-C (Aurion)/0.2% cold water fish skin (CWFS, Aurion)/0.2%Tween 
inn PBS for 1 hr at . Then, slides were incubated overnight at C with goat-anti-
Dlkll (1:250) (Dlkl-C19, Santa Cruz, CA) in blocking solution, washed, incubated lhr 
att C with rabbit-anti-goat FITC-conjugated secondary antibody (1:5000) (Sigma 
F7367)) in blocking solution and washed again. Cells were embedded in vectashield 
(Vectorr Laboratories Inc.) and nuclei were counterstained with propidium iodide. 
Analysiss was performed using a Zeiss Axioskop microscope equipped with a 
Cytovisionn Image Analysis system (Applied Imaging Ltd). 

Result s s 
Transfectionn of TrkA or TrkB induces different phenotypes in neuroblastoma cell 
lines,, but the underlying molecular mechanisms are unknown. We therefore 
comparedd the gene expression profiles of the neuroblastoma cell line SH-SY5Y with 
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ectopicc expression of either TrkA or TrkB (SY5Y-TrkA and SY5Y-TrkB). The TrkA and 
TrkBB receptors are constitutively active in these cells (18). Even in the absence of 
theirr respective exogenous ligands, they show a low level of autophosphorylation, 
probablyy due to their high protein expression levels. Gene expression profiles of the 
cellss were compared by Serial Analysis of Gene Expression (SAGE) (15) and 
oligonucleotidee microarrays. We constructed SAGE libraries of a SY5Y vector control 
andd a SY5Y-TrkA clone with 45,737 and 47,486 tags respectively. Each tag 
representedd an mRNA expressed in these cell lines. Comparison of the libraries 
identifiedd 128 genes with a significantly (p<0.01) differential expression. The most 
strikingg difference was observed for Dlkl, which showed 132 transcript tags per 
50,0000 mRNAs in SY5Y and 0 transcript tags in SY5Y-TrkA (Table 3). In parallel, we 
usedd oligonucleotide arrays to analyse mRNA from SY5Y, SY5Y-TrkA as well as SY5Y-
TrkBB (18). The array data indicated a strong down regulation of Dlkl by TrkA, but not 
byy TrkB (Table 3). We therefore decided to verify all Delta-Notch pathway genes 
identifiedd in the SAGE or microarrays by Northern blot analysis. In addition, we 
examinedd genes involved in the noradrenalin synthesis route and some other 
differentiationn markers (Table 3). 

TrkAA silence s Dlk l expressio n in neuroblastom a 

Northernn blots with total RNA from SH-SY5Y, an empty vector control clone, three 
independentt clones with ectopic TrkA expression and two with ectopic TrkB 
expressionn were hybridised with probes for TrkA and TrkB (Figure la). The TrkA and 
TrkBB clones showed a high expression of the transfected genes (two of the three 
TrkAA clones are shown; the hybridisation results are identical for all three clones). 
Dlkll mRNA expression was indeed completely switched off by TrkA, but not by TrkB 
(Figuree la). The differential Dlkl expression in the TrkA and TrkB clones was 
confirmedd at the protein level. Immunofluorescent staining with an antibody for Dlkl 
showedd that SH-SY5Y, empty vector control and SY5Y-TrkB cells were positive for 
Dlkll protein, while all SY5Y-TrkA cells were negative (Figure 2). We next analysed 
whetherr the four human Notch receptors were regulated by the Trk receptors. 
Notch33 was previously found to be the most frequently expressed Notch gene in 
neuroblastomaa cell lines (13). The oligonucleotide arrays did not reveal differential 
Notch33 expression, while the SAGE libraries showed a Notch3 upregulation by TrkA 
fromm 0 to 6 transcript tags per 50,000 transcripts (p<0.05). The Northern blots 
confirmedd that Notch3 is indeed upregulated by TrkA and to an even greater extend 
byy TrkB (Figure la). The other Notch genes did not show (differential) expression in 
thee SAGE or oligo-array data, but Northern blot analysis showed a weak upregulation 
off Notchl by TrkA and TrkB (Figure la). These results show a new regulatory 
connectionn between the TrkA signalling route and the Delta-Notch pathway. 
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Tablee 3: Expression of selected groups of genes in SY5Y-vec, SY5Y-TrkA and SY5Y-
TrkBB as analysed by SAGE and oligonucleotide microarrays. 

gene e 

Dlkl l 
Dill l 
DII3 3 
DII4 4 

jaggedd 1 
jagged2 2 
Notchh 1 
Notch2 2 
Notch3 3 
Notch4 4 
HES1 1 
HEY1 1 
DBH H 
DDC C 
CHGA A 
CHGB B 
HASH1 1 

HAND1 1 
HAND2 2 
Phox2A A 
Phox2B B 
IGF2 2 

GAP43 3 
NPY Y 

SCG10 0 

RET T 

category y 

Delta-Notch h 

notchh ligand 
notchh ligand 
notchh ligand 
notchh ligand 
notchh ligand 
receptor r 
receptor r 
receptor r 
receptor r 
notchh effector 
notchh effector 

CAA synthesis 
CAA synthesis 
Dense-core e 
Dense-core e 

tf f 

tf f 
tf f 
tf f 
tf f 
Differentiation n 

Differentiation n 
Differentiation n 

Differentiation n 

Differentiation n 

Unigene e 
Hs. . 

169228 8 
250500 0 
127792 2 
3736 6 
409202 2 
166154 4 
311559 9 
8121 1 
8546 6 
436100 0 
250666 6 
234434 4 
2301 1 
150403 3 
172216 6 
2281 1 
1619 9 

152531 1 
36029 9 
276879 9 
87202 2 
349109 9 

79000 0 
1832 2 

90005 5 

350321 1 

ocus s 
ink k 

8788 8 

10683 3 

182 2 

4851 1 
4853 3 
4854 4 

4855 5 
3280 0 
23462 2 
1621 1 
1644 4 
1113 3 
1114 4 
429 9 

9421 1 
9464 4 
401 1 
8929 9 
3481 1 

2596 6 
4852 2 

11075 5 

5979 9 

tag g 

atacagaata a 
atatctgtaa a 
ggagcgcggt t 
cctccaacta a 
tgcttctgcc c 
gctgttggtg g 
ggtaagtaac c 
tatagatcct t 
ttccatagcc c 
gtagggagga a 
cactatattt t 
gaactgtggt t 
ctgggccggg g 
tggctaaatg g 
aagctctcct t 
cttatgacaa a 
gccggctcgc c 
taatgctatt t 
cctgttgtgc c 
gacctgctgg g 
aggcctgtcc c 
tgcatatagt t 
gggggggggt t 

cctgaactct t 
cattcaaaaa a 
cattcaaaag g 
gtttaaaaag g 
atgctactga a 
tatcataaaa a 

SAGE E 
SY5Y--
Vec c 
132,2 2 
0 0 

2,1 1 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

2,1 1 
17,4 4 
13,1 1 
5,4 4 
17,4 4 
9,8 8 
6,5 5 
8,7 7 
6,5 5 
5,4 4 
4,3 3 
6,5 5 

5,4 4 
36 6 
17,4 4 
49,1 1 
5,4 4 
41,5 5 

SAGE E 
SY5Y--
TrkA A 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
6,3 3 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 1 
0 0 
1 1 
6,3 3 
9,4 4 

2,1 1 
0 0 

2,1 1 
0 0 
0 0 
3,1 1 
0 0 
17,8 8 

SAGE E 
P--
value e 
0,000 0 

--
0,238 8 

--
--
--
--
--
0,016 6 

--
--
0,238 8 
0,000 0 
0,000 0 
0,028 8 
0,000 0 
0,009 9 
0,014 4 
0,017 7 
0,613 3 

0,251 1 
0,328 8 
0,014 4 

0,216 6 
0,000 0 
0,000 0 
0,000 0 
0,028 8 
0,002 2 

Chip--
SY5Y-Vec c 

44864 4 

--
--
--
543 3 

--
--
31 1 
908 8 
31 1 
124 4 

--
2764 4 
17052 2 
2661 1 
7556 6 
2574 4 
11237 7 

--
--
--
2789 9 
207 7 
484 484 

7283 3 
12488 8 

27991 1 

3993 3 

Chip--
SY5Y--
TrkA A 
130 0 

--
--
--
1169 9 

--
--
67 7 
1107 7 
158 8 
177 7 

--
231 1 
68 8 
43 3 
97 7 
257 7 
1197 7 

--
--
--
159 9 
190 0 
386 6 
621 1 
116 6 

3744 4 

1550 0 

Chip--
SY5Y--
TrkB B 
51225 5 

--
--
--
714 4 

--
--
272 2 
1220 0 
133 3 
150 0 

--
1693 3 
11159 9 
1472 2 
5712 2 
1203 3 
5966 6 

--
--
--
3013 3 
663 3 
723 3 
1005 5 
4728 8 

15835 5 

1845 5 

tf:: transcription factor. CA: catecholamine. For SAGE analysis, tag counts are normalised to 50,000. 
Somee genes are represented by two different tags (due to alternative splicing or a single nucleotide 
polymorphism)) and also for some genes two independent oligo sets were spotted on the array. 

Regulatio nn of Notc h downstrea m effector s 

Activationn of Notch receptors by ligands of the human Delta family members on 
adjacentt cells triggers translocation of the intracellular part of the Notch protein into 
thee nucleus, where the hairy and enhancer of split (HES) genes are regulated. Ten 
humann HES and HES-related genes are described. Neither SAGE nor microarray data 
weree informative on one of them. Five HES homologues (HES1, HES4, HES6, HEY1 
andd HEYL1) were previously shown to be expressed in a neuroblastoma cell line 
panell (13) and were therefore analysed by Northern blot. Three of them were 
expressedd in SH-SY5Y clones. Only HES1 expression was moderately induced by TrkA 
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andd TrkB (Figure la). The upregulation of HES1 suggests that the Notch receptors 
inducedd in the TrkA and TrkB expressing cells are active. However, as Dlkl is silent in 
SY5Y-TrkAA cells we searched for expression of additional Notch ligands. Based on 
theirr expression in either SAGE or microarray, DII3 and Jaggedl were analysed on 
Northernn blot. Their expression levels were very low and variable (data not shown). 

vv Q TrkA TrkB 

Figuree 1: TrkA and TrkB differentially regulate gene expression in neuroblastoma cell 
linee SH-SY5Y. 
AA northern blot with total RNA from SH-SY5Y (wt), SH-SY5Y transduced with an empty vector (mock), 
twoo clones transduced with an a TrkA expression construct (TrkA) and two clones transduced with a 
TrkBB expression construct (TrkB) was hybridised with probes for the indicated genes, (a) Expression 
off Dlkl and some other genes of the Delta-Notch pathway were differentially regulated by TrkA and 
TrkB.. (b) In addition, expression of the transcription factors Phox2B and HAND1, which regulate SNS 
differentiation,, and of DBH and chromogranins were downregulated by TrkA and not by TrkB. (c) Also 
aa series of developmental genes were differentially regulated by TrkA and TrkB. 
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bHLHH and homeodomai n transcriptio n factor s of th e autonomi c lineag e are 
downstrea mm target s of TrkA 

Wee previously showed that TrkA downregulates Phox2B and DBH in the SY5Y clones 
(11).. In addition, we have observed a strong correlation between DBH and Dlkl 
expressionn in neuroblastoma cell lines and normal chromaffin cells (13). The finding 
thatt also Dlkl is downregulated by TrkA, but not TrkB, strongly suggests that the 
TrkA,, Phox2B and Delta-Notch signalling routes are closely connected in 
neuroblastoma.. We therefore further analysed the Phox2B network. Transcription of 
DBHH can be induced by both Phox2B and its homologue Phox2A (19-23). 
Hybridisationn of the Northern blots showed a high Phox2A expression in SY5Y, but no 
regulationn by TrkA or TrkB. Recently, it was shown that the bHLH transcription factor 
HAND22 can synergistically enhance the transcription of DBH by Phox2A (24;25). Also 
HAND22 is not regulated in the TrkA clones, but its expression is boosted by TrkB 
(Figuree lb). Neuroblastomas can also express HAND1, a homologue of HAND2 (26). 
Thee SAGE data suggested regulation of HAND1 and hybridisation of the Northern blot 
showedd that this gene is completely silenced by TrkA, but not by TrkB (Figure lb). 
Thesee results suggest that the down regulation of DBH in SY5Y-TrkA cells is probably 
mediatedd by the downregulation of Phox2B, and not under control of Phox2A. An 
additionall role for HAND1 has to be further analysed, as well as the possibility that 
Phox2BB controls Dlkl expression. 
Anotherr bHLH transcription factor, HASH1, directly regulates transcription of Phox2A 
andd Phox2B and is an important regulator of autonomic neuronal identity (27;28). 
Thee data in table 3 suggested differential expression of HASH1. Northern blot 
analysiss showed, however, that the variable HASH1 expression is the result of clonal 
variationn in the analysed cell lines, rather than effectuated by TrkA or TrkB (Figure 
lb). . 

Thee catecholamin e biosynthesi s and secretio n rout e is influence d by TrkA 

Wee analysed the expression profiling data for additional genes with a role in 
noradrenalinn synthesis. DBH is the last enzyme of the noradrenalin biosynthesis route 
andd converts dopamine to noradrenalin. The enzyme dopa decarboxylase (DDC) 
catalysess the preceding step as it converts 3,4-dihydroxyphenylalanine (dopa) to 
dopamine.. The SAGE and microarray data indicate that also DDC is strongly down-
regulatedd by TrkA, and not by TrkB (table 3). Chromaffin cells store and secrete 
(nor)adrenalinn with dense-core secretory granules. Chromogranins A and B (CHGA 
andd CHGB) are major constituents of these granules and they were found to be 
stronglyy downregulated by TrkA, but not by TrkB (Table 3 and figure lb). 

Additiona ll  d if f eren tiato n marker s regulate d by TrkA and TrkB 

TrkAA also affected the expression of other differentiation markers of neuroblastoma 
(tablee 3). IGF2 expression was described as a marker for extra-adrenal paraganglia 
andd for adult, but not foetal, adrenal medulla (29;30). Northern blot analysis showed 
thatt IGF2 mRNA is downregulated by TrkA, but not by TrkB (Figure lc). SAGE and 
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microarrayy data also suggested regulation of GAP43, SCG10 and NPY by TrkA. GAP43 
iss an axonal protein involved in growth cone motility and synapse formation. SCG10 
(orr stathmin-like 2) is also present in neuronal growth cones. NPY is expressed in 
immature,, proliferating cells of the sympathetic nervous system and mature neurons, 
butt not in noradrenergic chromaffin cells. Northern blot analysis confirmed the strong 
downn regulation of GAP43, SCG10 and NPY by TrkA. In contrast to the other genes 
identifiedd in this study, they are also downregulated by TrkB. Also the RET gene 
appearedd to be downregulated in our SY5Y-Trk system (Table 3). RET is the receptor 
forr glial cell line-derived neurotrophic factor (GDNF) and is active in most 
neuroblastomass (31). Interestingly, RET expression can be induced by HASH1, 
Phox2AA and Phox2B (12;32). Northern blot analysis does not correspond precisely 
withh the profiling results, as RET appears to be downregulated by TrkB, and not by 
TrkAA (Figure lc). 

Expressio nn of Delta-Notc h signallin g element s is simila r in SY5Y-TrkA and 
SH-EPP cell s 

Neuroblastomaa cell lines have a certain capacity to transdifferentiate from one 
phenotypee into another. This phenomenon was intensively studied in neuroblastoma 
celll line SK-N-SH. Two stable subclones were derived from this line, SH-SY5Y and 
SHEP.. These two derivatives have been well characterised. SH-SY5Y is described as a 
neuronall type subclone, while SHEP is described as an epithelial-like subclone. 
However,, little is known of the molecular mechanisms behind the differentiation of 
SK-N-SHH into different directions. We previously showed that SH-SY5Y has a high 
Phox2BB and DBH expression, while SHEP lacks any expression of this genes (11). We 
thereforee hybridised a Northern blot filter with RNA from SH-N-SH, SY5Y and SHEP 
withh a Dlkl probe (figure 3). Interestingly, SY5Y and SHEP have an opposite 
hybridisationn pattern for Dlkl and Notch3 (13). SK-N-SH and SY5Y are positive for 
Dlkll and negative for Notch3, but this pattern is inversed in SHEP. Although SHEP 
doess not express TrkA (data not shown), these results show that there is a strong 
parallell in gene expression between SY5Y-TrkA and SHEP. Both cell lines lack 
expressionn of Phox2B, Dlkl and DBH, but do express Notch3. The differential 
expressionn of these genes in SH-SY5Y and SH-EP cells may explain part of the 
differencess in the phenotypes of these two cell lines. 
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Figuree 2: Dlkl protein is down-regulated by TrkA and not by TrkB in neuroblastoma 
celll line SH-SY5Y. 
Immunofluorescentt Dlkl staining (green) of SH-SY5Y wt cells and SY5Y cells transduced with TrkA 
andd TrkB. Nuclei are counterstained with dapi (blue). 
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Figuree 3: Dlkl expression in SK-N-SH, SH-SY5Y and SHEP. 
Northernn blot with total RNA from SK-N-SH and its derivatives SH-SY5Y and SHEP was hybridised with 
aa Dlkl probe. UbiquitinB hybridisation and 28S serve as loading controls. 
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Discussio n n 
Inn this study we applied SAGE and oligonucleotide arrays to identify downstream 
targetss of an ectopically expressed TrkA receptor. Both technologies yielded highly 
complementaryy results in comparing the expression profiles of TrkA, TrkB or mock-
infectedd neuroblastoma cells. We focussed on the expression of genes involved in 
Delta-Notchh signalling and some differentiation markers. Ten genes whose regulation 
wass predicted by the profiling experiments were validated on Northern blot. Three 
geness were identified by SAGE only (Notch3, HAND1 and IGF2), one by the 
oligonucleotidee arrays only (Phox2B) and six were found by both analyses (Dlkl, 
DBH,, CHGA, GAP43, NPY, SCG10). Both technologies were therefore very 
instrumentall in analysing the changes in gene expression profiles induced by TrkA or 
TrkBB and in identifying novel regulatory interactions. 
Manyy of the regulatory pathways that are active in SNS development are connected 
too each other, but insights in these systems are as yet far from complete. The 
interactionss of these regulatory systems can change depending on time and space in 
thee developing embryo. Embryonic tumour cells may reflect essential aspects of 
thesee interactions. In this study we identified many new interactions between genes 
withh a role in SNS differentiation or neuroblastoma pathogenesis. Two major 
conclusionss can be drawn. Firstly, TrkA and TrkB strongly differ in their regulation of 
Dlkl,, Notch3, HAND1, IGF2 and RET. As these genes are known to play important 
roless in development and/or tumorigenesis, these findings might explain some of the 
strongg differences in phenotype induced by both genes, as well as the different 
prognosticc values of them in neuroblastoma. Secondly, these experiments reveal a 
relationshipp between two pathways implicated in SNS lineage differentiation and 
neuroblastomaa pathogenesis. The homeobox transcription factor Phox2B controls 
noradrenergicc differentiation in the SNS. Phox2B is mutated in a subset of 
neuroblastomass and is downregulated by TrkA in SY5Y cells (10;11). Here we show 
thatt TrkA/Phox2B signalling not only controls the catecholamine synthesis route and 
DBHH expression, but also the Delta-Notch pathway. This finding places the TrkA 
signallingg cascade upstream of Dlkl and DBH. The downregulation of DBH by TrkA is 
mostt likely mediated by the downregulation of Phox2B. Whether Phox2B and possibly 
HAND11 in addition mediate the Dlkl silencing remains to be analysed. These data 
showw that in principle, the TrkA/Phox2B and Delta-Notch pathways are 
interconnected. . 

Althoughh these results show some fundamental interactions between pathways, it is 
prematuree to extrapolate these findings to SNS development or neuroblastoma 
pathogenesis.. It is evident that the here described pathways are important in the 
biologyy of the SK-N-SH cell line and its derivatives SY5Y and SHEP. SY5Y and SHEP 
appearedd to have opposite expression patterns for Dlkl and Notch3, just like SY5Y 
andd SY5Y-TrkA. This suggests that the differences in Delta-Notch pathway activity 
mayy represent a major difference between SY5Y and SHEP. As we previously showed 
thatt high Dlkl (and DBH) expression is a hallmark of normal chromaffin cells, this 
suggestt that SY5Y reflects a chromaffin-type of differentiation lineage, while SHEP 
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wouldd represent another lineage of the SNS. It is difficult to speculate about the 
precisee nature of this latter lineage. The SNS knows two main types of terminally 
differentiatedd cells: chromaffin cells and ganglionic cells. SHEP cells and SY5Y-TrkA 
cellss could represent more immature cells, which have not differentiated in one of 
eitherr directions. However, many more intermediate cell types could exist during 
normall development. We recently showed in an analysis of a series of 
neuroblastomass that there was in vivo a positive correlation between expression of 
TrkA,, Phox2B and DBH. This is in apparent contradiction to the situation in SY5Y. 
Therefore,, it is not clear when and how the regulatory circuitry as described in this 
paperr for SY5Y, functions during normal differentiation of the SNS. However, the 
observedd relationships between Phox2B, which is mutated in some neuroblastoma, 
TrkA,, Delta-Notch, RET and other pathways and differentiation markers reveals a 
numberr of novel interactions which may play an important role in neuroblastoma 
pathogenesis.. As many of these genes are differentially regulated by TrkA and TrkB, 
theyy may define part of the different biological effects of both neurotrophin 
receptors. . 
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Chapterr 7 

Introductio n n 
Highh expression of the human Delta-like 1 (Dlkl) gene is found in a SAGE library of 
thee human neuroblastoma cell line SK-N-FI (Chapter 2 of this thesis) (1). Dikl is a 
homologuee of the Drosophila Delta gene, which functions in the evolutionary 
conservedd Delta/Notch cell fate determination pathway (2). Drosophila Delta is a 
membranee protein that signals to Notch receptors on adjacent cells. It has been 
questionedd whether Dlkl can be a ligand of mammalian notch receptors, as it lacks a 
so-calledd DSL motive, which is thought to function in the interaction with Notch 
receptorss (2). We previously found support for a role of Dlkl in Delta/Notch 
signalling.. Dlkl and Notch3 are expressed in different subsets of neuroblastoma cell 
liness (Chapter 3 of this thesis) (3), suggesting that this expression pattern may result 
fromm lateral inhibition as found in the classical Delta/Notch pathway. More 
importantly,, ectopic Dlkl expression regulated expression of HEY1, a known 
downstreamm effector of Notch (Chapter 5 of this thesis). This suggested that Dlkl 
cann function as a classical Delta-family membrane protein, which signals to Notch 
receptors.. However, immunostainings with anti-Dlkl antibodies showed a punctuated 
cytoplasmicc staining for Dlkl protein (Chapters 5 and 6 of this thesis). 
Neuroblastomaa cell lines showed an almost perfect correlation between high Dlkl 
andd DBH mRNA expression (Chapter 3 of this thesis) (3). The DBH gene encodes the 
Dopamine-[3-Hydroxylasee enzyme which catalyses the conversion of dopamine into 
noradrenalinn in the catecholaminergic pathway. DBH is a intracellular membrane 
proteinn localised in synaptic vesicles of sympathetic neurons and in large dense core 
vesicless of chromaffin cells (4;5) Here we have analysed whether the Dlkl protein in 
celll line SK-N-FI is present in the same vesicles as DBH. 

Material ss  and Method s 

Doubl ee immunofluorescens e stainin g wit h DBH and Dlk l antibodie s 

Cellss were grown on glass coverslips and fixed with 4% paraformaldehyde in 
phospatee buffered saline (PBS) at room temperature for 5 min. To reduce 
background,, slides were incubated in 100 mM glycine (Sigma) twice for 5 min. After 
washing,, the fixed cells were blocked and permeabilised with 5% rabbit serum 
(Aurion)/10%% BSA-C (Aurion)/0.2% cold water fish skin (CWFS, Aurion)/0.2%Tween 
inn PBS for 1 hr at . Slides were first incubated overnight at C with sheep-anti-
DBHH (3:1000) (polyclonal to human DBH, Abeam, ab6487) in blocking solution, 
washed,, incubated for 1 hr at C with rabbit-anti-sheep TRITC-conjugated 
secondaryy antibody (1:2000) (affinity purified, minimum cross reactivity to human 
serumm proteins, Rockland 613-4028, Sanvertech bv.) and washed again. Then, slides 
weree incubated overnight at C with goat-anti-Dlkl (1:250) (Dlkl-C19, Santa Cruz) 
inn blocking solution, washed, incubated lhr at C with rabbit-anti-goat FITC-
conjugatedd secondary antibody (1:5000) (Sigma F7367) in blocking solution and 
washed.. Cells were embedded in vectashield (vector laboratories Inc.) and nuclei 
weree counterstained with dapi. Single immunofluorescent staining with each of the 
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antibodiess and appropriate negative controls (by omission of one or both of the 
primaryy antibodies) were performed. Analysis was performed using a Leica TCS-SP2 
confocall microscope. 

DBHH Dlk1 overlay 

Figuree 1: Localisation of DBH and Dlkl protein. 
Confocall images of neuroblastoma cell line SK-N-FI grown on glass slides, double stained for DBH (red 
TRITCC fluorescence) and Dlkl (green FITC fluorescence). Co-localisation of DBH and Dlkl produces a 
yelloww colour in the overlay projection. Magnification 400x. 

Wee studied the localisation of Dlkl protein in neuroblastoma cell lines. Dlkl protein 
stainingg of intact neuroblastoma cells and subsequent FACS analysis (fluorescence 
activatedd cell sorting) showed expression of the Dlkl protein at the cell surface (A. 
Chan,, unpublished results; J. Seppen, department of experimental hepatology AMC, 
personall communication). However, immunofluorescent staining showed that Dlkl 
proteinn is mainly localised in intracellular vesicles. This staining pattern looks 
comparablee to DBH staining in large dense core vesicles. We therefore performed 
doublee immunofluorescent staining for Dlkl and DBH in the neuroblastoma cell line 
SK-N-FI.. Confocal analysis of the images showed that the large majority of DBH and 
Dlkll staining was non-overlapping (Figure 1). Only a few yellow spots were 
identified,, indicating that the majority of the Dlkl and DBH proteins do not share a 
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cellularr compartment. These data show that Dlkl is not or hardly present in large 
densee core vesicles where the noradrenalin synthesis and storage take place. 

Discussio n n 
Whyy are Dlkl and DBH co-expressed in neuroblastoma? This might be a reflection of 
thee cell fate decision mediated by Delta-Notch signalling in which the chromaffin cell 
typee is marked by expression of both Dlkl and DBH. However, the very high Dlkl 
expressionn levels (over 0.5% of all mRNAs in SK-N-FI represent the Dlkl gene) 
exceedd the expression levels of Notch3 by far and are not in favour of simple 1:1 
ligand:receptorr interactions. Dlkl protein is localised to intracellular vesicles in 
neuroblastomaa cell lines. Endocytosis of Delta ligands seems to play a role in the 
functioningg of the Delta-Notch pathway(6;7). This modification of the core signalling 
pathwayy might explain the intracellular localisation of Dlkl in neuroblastoma cell 
lines.. Alternatively, Dlkl might have an as yet unknown role, independent of its 
functionn in Delta-Notch signalling. Our double staining experiments suggest that Dlkl 
doess not localise to the same vesicles as DBH, and therefore is not involved in vesicle 
transportt or catecholamine release. Further studies are necessary to identify the type 
off vesicle where the Dlkl protein is found. 
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Abbreviation s s 

AML L 
ANS S 
bHLH H 
BDNF F 
BMP P 
CCHS S 
CDS S 
CNS S 
DDC C 
DBH H 
EST T 
FACS S 
GC C 
GDNF F 
HASH1 1 
HSCR R 
HSR R 
HVA A 
INSS S 
LOH H 
Mashl l 
NGF F 
nt t 
PNS S 
SA A 
SAGE E 
SIFF cell 
SNS S 
TH H 
VMA A 

acutee myeloid leukaemia 
autonomicc nervous system 
basicc helix-loop-helix 
brainn derived neurotrophic factor 
bonee morphogenetic protein 
congenitall central hypoventilation syndrome 
codingg sequence 
centrall nervous system 
dopaa decarboxylase 
dopaminee p-hydroxylase 
expressedd sequence tag 
fluorescencee activated cell sorter 
glucocorticoid d 
gliall cell line-derived neurotrophic factor 
humann achaete scute homologue-1 
Hirschsprungg disease 
homogeneouslyy staining region 
homovanillicc acid, 2-hydroxy-3-methoxyphenylacetic acid 
internationall neuroblastoma staging system 
losss of heterozygosity 
mammaliann achaete scute homologue-1 
nervee growth factor 
nucleotide e 
peripherall nervous system 
sympathoadrenal l 
seriall analysis of gene expression 
smalll intensely fluorescent cell 
sympatheticc nervous system 
tyrosinee hydroxylase 
vanillymandelicc acid, 4-hydroxy-3-methoxymandelic acid 
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Lis tt  of synonym s 

.. adrenalin, epinephrine 

.. afferent neuron, sensory neuron 

.. CCHS, Ondine's curse 

.. dHAND, HAND2, Hed, Thing2 

.. Dlkl, Dlk-1, DLK1, delta-like-1, pG2, ZOG-1, pref-1 
-- efferent neuron, motor neuron 
.. eHAND, HAND1, Hxt, Thingl 
.. Ganglia, collection of nerve cell bodies (neurons) outside the CNS 
.. Ganglion cell, neuron 
.. HEY1, HERP 
.. MYCN, n-myc 
.. Organ of Zuckerkandl, para-aortic chromaffin body, largest paraganglion 
.. Noradrenalin, norepinephrine 
.. Phox2A, arix 
.. Phox2B, PMX2B, NBPHOX 
.. prevertebral ganglia, collateral ganglia, preaortic ganglia, the celiac ganglion is 

thee largest prevertebral ganglion 
.. sympathetic trunk, sympathetic side chain, sympathetic chain ganglia, 

paravertebrall ganglia, lateral ganglia 
.. TrkA, NTRK1 
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Summar y y 

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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Eenn neuroblastoom is een kindertumor van het sympatisch zenuwstelsel. Het 
sympathischh zenuwstelsel vormt een deel van het autonome zenuwstelsel dat de 
werkingg van het hart en de longen activeert en die van bv. het maagdarm kanaal 
remt.. Het sympatisch zenuwstelsel bestaat uit een zenuwgrensstreng die loopt langs 
dee ruggengraat vanaf de schedel tot de onderbuik en een neuroendocriene 
componentt die gevormd wordt door het orgaan van Zuckerkandl en het bijniermerg. 
Dee cellen van het sympathisch zenuwstelstel produceren dopamine, noradrenaline en 
adrenaline.. Deze stoffen, die tot de groep van catecholaminen behoren, worden 
aangetroffenn in de urine van kinderen met een neuroblastoom. 
Hett klinisch verloop van een neuroblastoom kan erg uiteenlopen. Sommige kinderen 
genezenn met een minimale behandeling, terwijl de ziekte in andere gevallen fataal 
kann zijn ondanks zeer intensieve therapie. We kennen een aantal factoren die het 
verschill in prognose kunnen voorspellen. Maar verder onderzoek naar deze tumor is 
noodzakelijkk om betere therapieën te kunnen ontwikkelen die succesvol zijn in alle 
patiënten. . 

Omdatt een neuroblastoom ontstaat uit onrijpe voorlopercellen van het sympathisch 
zenuwstelsell en alleen op de kinderleeftijd voorkomt, richt het onderzoek zoals 
beschrevenn in dit proefschrift zich op de mogelijke rol van vroege 
ontwikkelingsgenenn bij het ontstaan van een neuroblastoom. 
Inn hoofdstuk 2 hebben we middels een techniek genaamd SAGE (serial analysis of 
genee expression), bekeken welke genen er actief zijn in neuroblastomen. Vervolgens 
hebbenn we gekeken of er in deze lijsten van actieve genen ook interessante 
ontwikkelingsgenenn voor kwamen. Dit bleek het geval te zijn en we hebben het gen 
Dlkll geïdentificeerd. Evenals zoveel vroege ontwikkelingsgenen is dit gen sterk 
geconserveerdd in de evolutie. In het fruitvliegje, een organisme waarvan de 
embryonalee ontwikkeling uitgebreid is bestudeerd, codeert Delta/DIkl voor een eiwit 
datt zich in de celmembraan bevindt. Als dit eiwit bindt aan een zogenaamde Notch 
receptorr op de celmembraan van een naburige cel, dan komt in deze buurcel een 
cascadee van reacties op gang die er uiteindelijk voor zorgen dat de genexpressie 
verandert.. Op deze manier communiceren cellen met elkaar en wordt het mogelijk 
omm bij de vorming van een orgaan precies genoeg cellen met een bepaalde functie te 
genereren. . 

Inn hoofdstuk 3 hebben we Dlkl, de Notch receptoren en andere eiwit factoren die bij 
dee cascade van reacties betrokken zijn, nader bestudeerd in neuroblastomen. We 
hebbenn de genexpressie van relevante spelers geanalyseerd in neuroblastoom cellen 
diee buiten het lichaam gekweekt zijn. In een panel van 21 van zulke neuroblastoom 
cellijnenn vonden we dat Dikl hoog tot expressie kwam in 6 cellijnen, terwijl Notch3 
juistt in 8 andere cellijnen tot expressie kwam. De overige 7 cellijnen brachten geen 
vann beide genen tot expressie. Dit zou erop kunnen duiden dat expressie van een 
vann beide genen de expressie van het andere gen onmogelijk maakt en dat we hier 
duss te maken hebben met vertegenwoordigers van tenminste twee verschillende cel 
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typenn binnen het sympathisch zenuwstelsel. Bovendien bleek hoge expressie van 
Dlkll in neuroblastoom cellijnen samen te gaan met expressie van DBH, het enzym 
datt de omzetting van dopamine in noradrenaline katalyseert. Deze hoge expressie 
vann Dlkl, samen met DBH expressie, is ook te vinden in de neuroendocriene cellen 
vann het volwassen bijniermerg. Hieruit kunnen we concluderen dat Dlkl expressie 
eenn kenmerk is van relatief uitgerijpte cellen van de neuroendocriene component 
binnenn het sympatisch zenuwstelsel. We hebben geen aanwijzingen gevonden voor 
genetischee defecten in het Dlkl gen in neuroblastoma tumoren. 
Inn hoofdstuk 4 beschrijven we de ontdekking van mutaties in het Phox2B gen in 
neuroblastomen.. Dit gen codeert voor een transcriptiefactor die een belangrijke rol 
speeltt bij de ontwikkeling van het sympathisch zenuwstelsel. Transcriptiefactoren 
regelenn de expressie van andere genen en Phox2B reguleert o.a. het DBH gen. De 
bevindingenn in dit hoofdstuk bewijzen dat ontwikkelingsgenen inderdaad een rol 
kunnenn spelen bij het ontstaan van neuroblastomen. 
Inn hoofdstuk 5 beschrijven we dat het Dlkl eiwit heterogeen verdeeld is over de 
cellenn van verse neuroblastomen en de neuroblastoom cellen in een kweekschaal. 
Dlkll positieve tumoren blijken te bestaan uit een mengsel van Dlkl positieve en 
negatievee cellen. Bij het uitkloneren van een neuroblastoom cel lijn met 1% Dlkl-
positievee cellen bleek dat 4 van de 9 nieuw ontstane klonen een hoge Dlkl expressie 
had.. De expressie van Dlkl kan dus spontaan geïnduceerd worden. Wanneer de 
nieuwee klonen langere tijd gekweekt werden, herstelde het evenwicht tussen Dlkl 
positievee en negatieve cellen zich overigens tot de uitgangssituatie. Hoewel deze 
resultatenn slechts bij toeval zijn gevonden, vertonen de data mogelijk 
overeenkomstenn met een hypothese die recentelijk voor diverse tumoren is 
opgesteld.. De zogenaamde 'tumor stam cel' hypthese gaat ervan uit dat slechts een 
beperktee populatie binnen een tumor het eeuwige leven heeft. Deze 'tumor stam 
cellen'' vermenigvuldigen zichzelf, maar vormen tevens grote aantallen meer 
gedifferentieerdee dochter cellen. Bewijs voor deze hypothese is gevonden in 
leukemiën,, in borstkanker, in prostaatkanker en in hersentumoren. In de toekomst 
zoudenn ook neuroblastoom tumoren op deze hypothese getoetst moeten worden. Dit 
iss belangrijk omdat het bestaan van een 'stam cel populatie' grote consequenties 
heeftt voor de behandeling van een tumor. 
Daarnaastt is gebleken dat niet alleen de expressie van Dlkl verschilt tussen 
subklonenn van een cellijn, maar dat de expressie van andere genen mee verandert. 
Opp deze manier worden kleine netwerken van genen zichtbaar die samen een 
differentiatieprogrammaa vertegenwoordigen. De data laten opnieuw zien dat de 
Delta-Notchh route actief is in neuroblastomen. Wanneer we de expressie van Dlkl 
forcerenn in een cellijn (middels gen manipulatie) wordt de aktiviteit van deze route 
versterkt. . 
Inn hoofdstuk 6 breiden we het netwerk van onderling gekoppelde 
ontwikkelingsgenenn verder uit. Expressie van een zeer interessant gen genaamd 
TrkA,, gaat gepaard met een goede prognose voor de patiënt. Een broertje van TrkA, 
hett zogenaamde TrkB gen, komt daarentegen alleen tot expressie in tumoren met 
eenn heel slechte prognose. Om de verschillen in prognose te begrijpen, vergeleken 
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wee de verschillen in genexpressie die door TrkA en TrkB worden geïnduceerd. Beide 
genenn werden daarom ingebracht in een neuroblastoom cellijn. De genexpressie 
werdd bestudeerd met twee technieken die analyse op grote schaal mogelijk maken, 
namelijkk SAGE en microarray. Het blijkt dat TrkA in staat is om zowel de expressie 
vann Phox2B, DBH als Dlkl uit te schakelen. TrkB doet dit niet. Dus TrkA koppelt 
Phox2BB aan zowel de catecholamine synthese als aan de Delta-Notch route. Samen 
zijnn deze spelers verantwoordelijk voor een goede coördinatie tijdens de ontwikkeling 
vann het sympathisch zenuwstelsel. Een fout in de regulatie van een van de spelers of 
vann het hele differentiatieprogramma kan bijdragen aan het ontstaan van een 
neuroblastoom. . 
Inn hoofdstuk 7 laten we zien dat het Dlkl eiwit zich niet alleen in het celmembraan 
bevindt,, maar vooral in intracellulaire blaasjes. Deze lokalisatie van Dlkl is nog niet 
tott in detail uitgezocht, daarom kunnen we alleen over de functie hiervan speculeren. 
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