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Chapterr 3 

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 
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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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