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Chapterr 5 

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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Chapterr 5 

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 
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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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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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