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Abstrac t t 
Neuroblastomass are the most frequently occurring solid tumors in children under 5 years. 

Spontaneouss regression is more common in neuroblastomas than in any other tumor type, especially 

inn young patients under 12 months. Unfortunately, the full clinical spectrum of neuroblastomas 

alsoo includes very aggressive tumors, unresponsive to multi-modality treatment and accounting 

forr most of the pediatric cancer mortalities under 5 years of age. It is generally emphasized that 

moree than one biological entity of neuroblastoma exists. Structural genetic defects such as 

amplificationn of MYCN, gain of chromosome 17q and LOH of 1p and several other chromosomal 

regionss have proven to be valuable as prognostic factors and will be discussed in relation to their 

clinicall relevance. Recent research is starting to uncover important molecular pathways involved in 

thee pathogenesis of neuroblastomas. The aim of this review is to discuss several important aspects 

off the biology of the neuroblast, such as the role of overexpressed oncogenes like MYCN and 

CyclinCyclin D1, the mechanisms leading to decreased apoptosis, like overexpression of BCL-2, Survivin, 

NM23,NM23, epigenetic silencing of Caspase 8, and the role of tumor suppressor genes, like p53, p73, 

andd RASSF1A. In addition, the role of specific proteins overexpressed in neuroblastomas, such as 

thee neurotrophin receptors TrkA, B, and C in relation to spontaneous regression and anti-

angiogenesiss will be discussed. Finally, we will try to relate these pathways to the embryonal origin 

off neuroblastomas and discuss possible new avenues in the therapeutic approach of future 

neuroblastomaa patients. 



Introduction:: La Danse Macabre 

1.00 Clinica l behavio r of neuroblastoma s 
Neuroblastomass are neuroectodermal tumors of embryonic neural crest-derived cells. The neural 

crestt in normal development gives rise to nerve cells of the sympathetic nervous system. This is 

formedd by the sympathetic side chains and sympathetic ganglia, which run alongside the ventral 

sidee of the spine, and the adrenal medulla. The fetal adrenal medulla consists of a mixture of 

chromaffinn cells and clusters of mature ganglion cells1,2. Chromaffin cells are neuro-endocrine in 

originn and produce the stress hormones norepinephrin and epinephrin. Ganglion cells are 

interconnectingg nerve cells between pre-and postganglionic sympathetic nerve fibers. The adrenal 

medullaa strongly increases the amount of chromaffin cells after birth, in concert with a gradual 

losss of ganglion cells. In the extra-medullary sympathetic nervous system, the opposite can be 

observed.. Extra-medullary chromaffin cells will rapidly disappear from the ganglia, and the neuronal 

cellss become the predominant cell type. Neuroblastomas most likely originate from both cell types 

orr from a pluripotent precursor cell, since they can contain cells with neuronal and chromaffin cell 

properties24.. Also, neuroblastoma tumors arise in both the sympathetic side chains and the adrenal 

medulla.. Neuroblastomas account for 8-10% of all pediatric cancers, and since 80% concerns 

childrenn under the age of 5 years it is the most prominent solid cancer of this age group. 

Thee spectrum of pediatric neuroectodermal tumors ranges from undifferentiated, truely malignant 

neuroblastomas,, via ganglioneuroblastomas to well-differentiated, mostly benign ganglioneuromas. 

Withinn the group of malignant neuroblastomas, different risk categories can be identified: patients 

withh high, intermediate or low risk tumors. High-risk tumors include disseminated disease or bulky 

tumorss with gross genetic alterations, such as amplification of MYCN (INSS5 stage 3 and 4). These 

patientss form a group at risk with a 5 years event-free survival of 25-30%, despite multi-modality 

treatmentt including myelo-ablative chemotherapy. Patients with intermediate risk disease are 

characterizedd by large, unresectable, localized tumors without structural chromosomal defects 

(INSSS stage 2b-3). Their outcome is more favorable ( 5-year EFS of 60-80%) and can be reached by 

combiningg surgery with (neo-) adjuvant chemotherapy. Low risk tumors include children with 

smalll tumors (INSS stage 1-2a), which can be managed by surgery alone and will lead to an 

excellentt 5 years EFS of more than 90% (Table 1). Two additional patient categories should be 

mentioned.. The first is formed by infants (under 1 year of age at diagnosis) with a small primary 

tumorr and dissemination of disease. The dissemination is according to a limited and characteristic 

patternn involving tumor localization in liver, bone marrow and/or skin, but not in bone (stage 4S). 

Thesee patients have an excellent 5-year EFS of 70-90%, and a high rate of spontaneously regression 

whichh allows a 'wait-and-see' approach to treatment6-7. The second group is formed by patients 

uncoveredd by mass screening. The mass screening programs were initiated in an attempt to early 

detectt patients with unfavorable tumors8"11. However, the screening has led to an increase in the 

detectionn of low-stage neuroblastoma patients, but has not resulted in a decrease of unfavorable, 

high-riskk disease in older children. This strongly suggests it concerns a new class of tumors that 
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Chapterr 1 

normallyy would have regressed spontaneously, before the onset of clinical signs. It also suggests 

thatt the high-risk tumors, usually in the older child over 1 year, do not evolve from lower-risk 

tumors,, but arise as such. 

Apartt from the stage of disease, the age of the patient is also an important prognostic factor. For 

reasonss unknown, the prognosis of infants under one year of age at diagnosis is significantly 

betterr than for older children with the same clinical stage, particularly for stage 4 disease. 

Severall important questions have been raised by these and other clinical observations. Do 

neuroblastomass share a common genetic defect at the onset of disease? If so, the different 

clinicall behaviors suggests that low-risk and high-risk tumors divert early after the first oncogenic 

hit(s)) and fare independent courses of tumor progression. Alternatively, low-risk and high-risk 

neuroblastomass could arise as the result of a different etiology or from different stages of embryonic 

development.. These and other questions will be addressed in view of the (epi-) genetic and molecular 

alterationss in neuroblastomas. 

2.00 Genetic s of neuroblastom a 
Thee last few decades, several genetic aberrations in different subsets of neuroblastoma tumors 

andd cell lines have been uncovered. The emerging patterns of multiple genetic defects, such as 

aneuploidy,, chromosomal gains and losses, and amplification of chromosomal material seem to 

mirrorr the different clinical entities and have led to a better stratification of patients for therapy 

(Tablee 1). The most important genetic alterations in neuroblastomas will be briefly discussed in the 

contextt of their clinical relevance. For more details on the genetics of neuroblastomas, we refer to 

excellentt and recent reviews by others12,13. 

2.11 Ploidy 

Aneuploidyy (gains and losses of one or more chromosomes of a diploid genome) is a form of 

geneticc instability frequently observed in neuroblastomas. Different patterns of aneuploidy seem 

associatedd with the different clinical entities. Near-diploid and near-tetraploid tumors are usually 

detectedd in patients over one year of age and associated with structural abnormalities involving 

allelicc loss of chromosome 1p, amplification of the MYCN gene and with aggressive tumors and 

dismall outcome. Hyperdiploid or near-triploid tumors are usually found in patients under 12 months 

orr in low-risk tumors (Stage 1, 2, 4s) with few or no structural chromosomal abnormalities. Near-

pentaploidd tumors are rare and found in patients with favorable prognostic factors and excellent 

prognosis,, as in near-triploid tumors14,15. 

Thee mechanism(s) leading to this form of genetic instability in human cancers or neuroblastomas 

iss still unclear. In general, incorrect segregation of chromatids and aneuploidy are considered to 

resultt from amplification or hypertrophia of centrosomes16. It has been shown that several common 

geneticc alterations in cancer like p53 gene mutations and CDK2-cydin E overexpression can induce 
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Introduction:: La Danse Macabre 

Tablee 1. Characteristic s of Neuroblastom a Risk Group s 

Tumorr  Characteristic s Low-Ris k Intermediate-Ris k HRjh-Risk 

Age e 
Stage e 
5-yearr OS 

Genetic c 
Ploidy y 
Iploss s 
111 q loss 
14qq loss 
17qq gain 
N-myc c 

Molecular r 
TrkA A 
TrkB B 
TrkC C 
p75p75tm tm 

CCND1 1 
NM23 3 

Typicallyy < 1 yr 
1,2,4s s 
95% % 

3N N 
Rare e 
Rare e 
Rare e 
Rare e 

Normal l 

High h 
Low w 
High h 
High h 

? ? 

Low w 

Typicallyy > 1 yr 
3,4 4 

50% % 

2N/4N N 
Rare e 

Frequent t 
Frequent t 
Frequent t 
Normal l 

Low w 
Low w 
Low w 

? ? 
? ? 
? ? 

Typicallyy > 1 yr 
3,4 4 

25% % 

2N/4N N 
Frequent t 

Rare e 
Rare e 

Frequent t 
Amplified d 

Low w 
High h 
Low w 
Low w 

7 7 

High h 

OS,, Overall Survival; LOH, Loss of Heterozygosity; Trk, Tyrosine Receptor Kinase; CCND1, gene for Cydin-D1 
(adaptedd from reference Brodeur, 2003). 

suchh aberrations of the centrosomes leading to chromosomal instability in murine cell lines and 

tumorss developed in p53 null mouse models17,18. Also, it has been shown in vitro that overexpression 

off the myc oncogene can induce genomic instability in rodent fibroblast cell line19 and in genetically 

normal,, primary human fibroblasts20. However, the relevance of these general mechanisms for 

understandingg aneuploidy in neuroblastomas is not clear. In general, it seems likely that, so far 

unidentifiedd genetic lesions underlie the ploidy defects in neuroblastoma. 

2.22 Allelic loss at 1p 
Onee of the most prominent regions of Loss of Heterozygosity (LOH) in neuroblastomas is 1p, 

commonlyy identified in 30-35% of all tumors. The shortest region of overlap (SRO) of allelic loss in 

alll tumors is within 1p36, but there is no consensus about the polymorphic markers that define 

thee borders of the SRO21"23. Loss of chromosomal material on 1 p is frequently associated with an 

unbalancedd translocation with the long arm of chromosome 17, t(1;17). Unfortunately, this has 

nott led to the identification of important genes in the chromosomal breakpoint areas, due to the 

factt that the breakpoints are highly variable on both chromosomes24 ,25 . Efforts to define the SRO 

andd putative tumor suppressor genes by cytogenetic and molecular analyses of large tumor cohorts 

andd cell lines have identified at least two different SRO's and one region of homozygous deletion 

(HD).. The region of HD was found in one cell line at chromosome 1 p36.2, spanning approximately 

5000 kb. Expression and sequence analysis of multiple genes within the region of HD has not 

revealedd oncogenic mutations in this region so far26. In tumors wi th amplification of MYCN, LOH 

off 1p usually affects large areas, often reaching to 1p32 or even more proximal. The SRO for 
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Chapterr 1 

MYCNMYCN amplified tumors has been defined to 1 p35-1 pter2729. This defect is strongly associated 

withh dismal outcome. In contrast, the SRO for 1p deletions in MYCN single copy tumors was 

foundd to be smaller, and defined at 1p36.321, 30- 31. The initial finding of preferential maternal 

allelicc loss in this subcategory27 was not confirmed in later studies32. Furthermore, tumors with 

thee smaller LOH are often near-triploid and associated with a better outcome. The different regions 

off deletion associated with different biological entities suggest the existence of more than one 

tumorr suppressor genes at chromosome 1p. 

Epigeneticc silencing of potential tumor suppressor genes as an alternative mechanism in the absence 

off genetic mutations has not yet been studied systematically in neuroblastomas and needs further 

investigation.. In our own analysis of the methylation status of 23 putative tumor suppressor 

geness at 1 p36 in 22 neuroblastoma cell lines, we could not detect de novo methylation in the 

promoterr regions of any of the genes33. 

Deletionn of 1 p is considered an independent predictor of unfavorable outcome in neuroblastomas 

off every stage34"36. It is more commonly found in patients with advanced disease (INSS stage 3, 4) 

thann in low-risk patients. In high-risk patients it is strongly associated with structural abnormalities, 

inn particular amplification of MYCN, di-or tetraploidy, and gain of chromosome 17q. In a multivariate 

analysiss of 89 patients, loss of 1 p reduced the 3 years event free survival from 53  10 to 0 percent 

forr stage 3 and 4 tumors and from 100 to 34 + 15 percent for stages 1, 2, or 4s34. Therefore, 

LOH1pp is considered an important predictor of poor outcome for all subsets of neuroblastoma 

disease. . 

2.33 Allelic loss at 11q 
Geneticc aberrations at chromosome 11 q in neuroblastoma patients include sporadic constitutional 

changess such as a balanced translocation involving 11 q21 and 11 q22, deletion of 11 q23, inversion 

off 11q21-q23 and more frequently allelic loss. Allelic loss of 11q has been reported in 15 to 44 

percentt of neuroblastomas. The common region of deletion was defined between 11q14-23 in a 

cohortt of 129 neuroblastomas with loss of 11q37. Loss of 11q is inversely correlated with MYCN 

amplificationn and associated with a poor prognosis, particularly in patients with MYCN single copy 

tumors38,, 39. The data strongly suggest that one or more tumor suppressor gene(s) is located at 

chromosomee 11 q and inactivated in the malignant progression of high-risk, MYCN single copy 

tumors. . 

2.44 Allelic loss at other chromosomes 
Allelicc loss of various other chromosomal arms and regions have been reported, such as 2q, 3p, 

4p,, 9p, and 14q. The observed frequencies were highly variable, possibly as a result of different 

sensitivitiess between cytogenetic, molecular and Comparative Genomic Hybridization (CGH) studies. 

Losss of 2q has been defined at 2q33 and is associated with loss of expression of the gene for 
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Introduction:: La Danse Macabre 

Caspasee 8 (see section 3.6)40. For 3p, a SRO was defined at chromosomal band 3p25.3-p14.341, 

andd a candidate tumor suppressor gene, RASSF1A has been identified (see section 3.9). The SRO 

forr 4p has been defined at 4p16, and is possibly also associated with hereditary neuroblastoma42, 

43.. The SRO at 9p has been established at 9P2144, and for 14q at 14q23-3245. 

Bothh 3pLOH and 14qLOH were found to be associated with loss of 11 q in localized, MYCN single 

copyy tumors38,45. The loss of 9p was present in low frequencies in clinically detected tumors, but 

inn high frequency among tumors from mass screening programs46. The SRO includes the tumor 

suppressorr genes CDKN2A (encoding both p16iNK4Aand p14ARF). However, mutations, homozygous 

deletions,, gross chromosomal abnormalities or promoter hypermethylation with down-regulation 

off expression of CDKN2A in neuroblastomas have not been found47*48. In our own experience, 

wee could not detect de novo methylation of p16INK4A in 22 neuroblastoma cell lines33. 

2.55 Extra copies of 17q 
Gainn of a long segment of the q-arm of chromosome 17 is associated with a poor outcome49, 50. 

Oftenn it results from an unbalanced translocation with chromosome 1 p or 11q51, 52. Gain of 17q, 

inn unbalanced translocations or as part of whole chromosome gain is seen in 80% of neuroblastomas53" 
55.. Whole chromosome 17 gain is typically seen in near-triploid tumors with favorable prognosis. 

Selectivee gain of the long arm of chromosome 17 is primarily found in advanced disease. The 

independentt predictive power of gain of 17q status was established in tumors with gain of 17q, 

withoutt MYCN amplification or allelic losses of 1 p or 11 q4 9 , 5 6 . It appears that unbalanced 17q gain 

identifiess a larger population at risk than any other clinical or cytogenetic factor. 

Thee mechanism(s) involved in the adverse prognosis could be either the fusion of a gene flanking 

thee 17q breakpoint, or a dosage effect of one or more genes at the extra 17q region. A common 

amplifiedd region has been identified in several studies, ranging from 17q21,3-17qter, corresponding 

too a distance of approximately 60 cM54, 57. In addition, the breakpoint region is highly variable, 

whichh makes it very unlikely that just a single gene at 17q is involved in the tumorigenic progression. 

Itt is therefore commonly believed that a dosage effect of one or more genes or class of genes in 

thee unbalanced gain is responsible for the altered phenotype. Several genes have been implicated 

forr a role in tumor progression in the common region of gain, but the most prominent candidates 

aree nm23-H1, nm23-H2 and survivin (see sections 3.10 and 3.11). 

2.66 MYCN, the oncogene 
Amplificationn of the proto-oncogene MYCN is the most prototypic genetic aberration in 

neuroblastomass and is found in 20-25% of all neuroblastomas. MYCN was identified as a gene 

homologouss to c-MYC and overrepresented in neuroblastomas58. Amplified MYCN sequences 

usuallyy form double minute (dmins) chromosomes or homogeneously staining regions (HSR's), 

whichh contain 50-500 copies of the MYCN gene. Overexpression of transfected MYCN in cultured 
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mammaliann cells strongly increases proliferation rates and is able to induce cellular transformation59, 

60.. Transgenic mice with overexpression of MYCN in neural crest-derived tissues frequently develop 

neuroblastomas61.. Reduction of MYCN mRNA by the use of antisense MYCN can decrease 

proliferationn and/or induce differentiation in cultured human neuroblastoma cell lines62,63. 

Thee MYCN product (MYCN) is a nuclear phosphoprotein with an N-terminal transactivation domain 

andd a C-terminal basic Helix-Loop-Helix/Leucine zipper (bHLH-LZ) motif. It functions as a 

transcriptionall activator by forming DNA binding heterodimers with the MAX protein, which is a 

memberr of the MAX/MAD family of proteins64. MYCN transcriptionally activates many genes, 

directlyy and indirectly. Direct, known targets of MYCN have long been limited to a handful of 

genes,, like Prothymosin Alpha, Ornithine Decarboxylase and ID2. MYCN, like C-MYC, most probably 

actss directly to promote proliferation, cell growth and protein synthesis. Recently, a comparison 

byy SAGE (Serial Analysis of Gene Expression) analysis of a cell line with ectopic MYCN expression 

indicatedd that MYCN regulates cell growth through genes involved in protein synthesis and ribosome 

biogenesis65.. For numerous other genes the expression levels have been reported to correlate 

withh MYCN levels, but the significance of these findings is unclear. 

MYCNMYCN amplified tumors follow a very aggressive course and are strongly associated with additional 

structurall abnormalities, especially loss of 1p, 17q gain, and near-diploidy or -tetraploidy. In 

multivariatee analyses, a significant correlation between MYCN amplification and poor outcome 

wass established in all patient subsets34,66. MYCN amplification is currently used for the identification 

off high-risk patients and is implemented in all international clinical trials for the treatment 

stratificationn of neuroblastoma patients. 

3.00 Biologica l pathway s in neuroblastom a 
Neuroblastomass are considered to be embryonal tumors, which means that they originate as the 

resultt of a developmental defect during the normal differentiation from progenitor cells to mature 

tissuee cells. Although many molecular pathways must be involved in the normal development of 

thee neuro-endocrine cells, our knowledge hereof is scanty and limited. The introduction of molecular 

toolss for high-throughput analysis of expressed genes has accelerated our insight into many biological 

pathwayss seemingly important in the pathogenesis of neuroblastomas. We will discuss the most 

prominentt and promising genes, proteins and pathways. Then, we will attempt to correlate them 

too known genetic alterations and important developmental processes of the neuro-endocrine cells 

(summarizedd in Table 2 and Figure 1). 

3.11 Expression and function of the neurotrophins and their receptors 
Neurotrophinss are important soluble factors that regulate growth, development, survival and 

repairr of the nervous system. They use two classes of receptors for their signaling pathways, the 

Trkk tyrosine kinase receptors and the p75 neurotrophin receptor (p75NTR). The receptors TrkA, 

18 8 



Introduction:: La Danse Macabre 

Tablee 2. Genetic and molecula r characteristic s of neuroblastoma s 

Characteristi c c 

Ptoidyy 3N/5N 
Ploidyy 2N/4N 
Gainn 17q 

LOHH 1p 
L0H2q q 
L0H3p p 
LOHH 4p, 9p 
LOH11q q 
LOHH 14q 
TrkAA overexpression 
TrkBB overexpression 
TrkCC overexpression 
P75NTRR overexpression 

CCND1CCND1 overexpression 

Associatio nn wit h Geneti c / Molecula r defec t 

Unknown n 
Amplifiedd N-myc 
t(1;17)ort(11;17)) Nm23 overexpression 
Survivinn overexpression Amplified N-myc 
Amplifiedd N-myc 
Losss of CA5P8 Amplified N-myc 
LOHH 11q, 14q N-myc normal 
Unknown n 
LOHH 3p, 14q N-myc normal 
LOHH 3p, 11q N-myc normal 
Ha-Rass overexpression 
Ploidyy 2N/4N Amplified N-myc 
Unknown n 
Unknown n 
Amplificationn CCND1 

Prognosi s s 

Good d 
Poor r 
Poor r 

Poor r 
Poor r 
Intermediate e 
Unknown n 
Intermediate e 
Intermediate e 
Good d 
Poor r 
Good d 
Good d 
Unknown n 

LOH,, Loss of Heterozygosity; Trk, Tyrosine Receptor Kinase; CCND1, gene for Cyclin-D1. 

TrkBB and TrkC can bind the nerve growth factor {NGF), brain-derived neurotrophic factor (BDNF) 

andd neurotrophin-3 (NT-3), respectively, while neurotrophin-4/5 (NT-4/5) binds to TrkB and weakly 

too TrkA. p75NTR is a low-affinity receptor and member of the Tumor Necrosis Factor (TNF) receptor 

superr family, and can bind all four neurotrophic6769. 

3.22 TrkA expression in neuroblastomas 
Highh expression of the high-affinity receptor TrkA is found in mature sympathetic ganglia as well as 

inn tumors with favorable prognosis . High TrkA expression is associated with younger age, lower 

stagee and absence of MYCN amplification. Vice versa, low TrkA expression is associated with a poor 

prognosiss and MYCN amplification70,71. In the absence of NGF, TrkA expression will lead to apoptosis, 

whilee binding of NGF increases cell survival and differentiation of neuroblasts72,73. Schwann cells, 

whichh can be part of the stromal environment of the neuroblasts, are a known source of NGF 

production74.. Increase of stromal components in neuroblastoma tumors is also associated with a 

betterr prognosis and cellular differentiation75. Conversely, the absence of NGF may lead to increased 

apoptosiss in ganglia and TrkA expressing tumors. Therefore, absence of NGF in the 

microenvironmentt of tumors may play a role in the regression of neuroblastomas seen in individual 

patients,, especially infants. 

Anotherr possible connection of TrkA to regression of neuroblastoma tumors is formed by the 

oncogenee HRAS. Increased HRAS expression is a favorable predictor of outcome in neuroblastomas 

andd strongly correlated to high expression of TrkA. This was shown for clinically detected 

neuroblastomass and neuroblastomas detected by mass screening76. Furthermore, increased 

expressionn of HRAS protein within tumor samples was preferentially found in areas of cellular 

degenerationn . Interestingly, the areas of high HRAS staining did not stain for active caspase 3 or 
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Figur ee 1. Apoptoti c Defect s in Neuroblastoma . Defects in the intrinsic and extrinsic routes to apoptosis are 
prominentt in high-risk neuroblastomas. 
1.. Methylation and down-regulation of the GASPS gene blocks the extrinsic route (see section 3.6). 
2.. Increased expression of BCL2 and/or BCLXL prevents formation of BAX and release of pro-apoptotic 

mitochondriall factors, such as Cytochrome c and SMAC/DIABLO (see section 3.7) 
3.. MYCN is a pro-apoptotic factor that increases BAX and Cytochrome c release (see section 3.8) 
4.. TP53 in neuroblastoma cells is mostly locked in the cytoplasm, possibly by the Pare protein. This prevents 

normal,, pro-apoptotic TP53 activity (see section 3.12).The role of the related TP73 in neuroblastomas is 
unclear.. However, both TP53 and TP73 may be inhibited by overexpression of anti-apoptotic DeltaNp73. 

5.. NM23 is a strong candidate oncogene on chromosome 17q, a region of frequent chromosomal gain in 
neuroblastomas.. Nm23H2 may prevent doxorubicin induced apoptosis (see section 3.10). 

6.. Increased expression of Survivin, an IAP protein inhibits Caspase 9 activation in the apoptosome (see section 
3.11) ) 

fragmentedd 3' DNA ends (TUNEL assay). In neuroblastoma cell lines, overexpression of wild-type 

HRAS,, caused the cells to undergo cell death, whereas overexpression of an inactive HRAS mutant 

didd not cause cell death. Interestingly, the process of cell death appeared to be independent of 

caspasee activation77. This suggests that expression of the HRAS, in concert with high TrkA expression 

cann induce caspase-independent cell death in neuroblastoma cell lines and may play a role in the 

intriguingg process of spontaneous regression of neuroblastomas. A role for TrkA as an inhibitor of 

angiogenesiss was suggested in SY5Y cells transfected with TrkA and TrkB. In comparison to the 

parentall SY5Y cells, the mRNA and protein levels of angiogenic factors were significantly reduced, 

whereass this was not demonstrated in the TrkB transfectants. In xenograft models, tumorigenicity 

wass reduced in the TrkA t ransfected xenograf ts, and was associated w i t h decreased 

vascularization78.. Lastly, genetic alterations have not been demonstrated for either of the Trk 
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receptors.. Their role in the origin of neuroblastomas therefore remains speculative. They may 

reflectt the level of differentiation at the time of developmental arrest of the neuroblast, and seem 

too have an important role in the phenotype of the arrested cell. 

3.33 p75NTR expression in neuroblastomas 
Thee role of p75NTR in neuroblastomas is still unclear. In general, activation of p75NTR leads to 

increasedd apoptosis in neuroblasts. Whether this is dependent upon stimulation with neurotrophins 

iss still controversial. Different cell systems have created contradictory results about the p75NTR-

inducedd apoptosis. Some found it to be correlated only to the expression level of the receptor, 

whilee others showed that apoptosis was activated in a ligand-dependent manner78"80. High 

expressionn of p75NTR is more pronounced in lower-risk neuroblastomas, whereas MYCN amplification 

iss strongly associated with low expression of p75NTR81. 

3.44 TrkB and TrkC expression in neuroblastomas 
Inn contrast to TrkA and p75NTR, high expression of TrkB is preferentially found in high-risk tumors, 

particularlyy in those with amplification of MYCN82. In the presence of BDNF, TrkB signaling promotes 

celll survival and induces modest neurite outgrowth and this may represent an autocrine or paracrine 

loopp leading to survival83. This paracrine loop seems to enhance both angiogenesis and drug 

resistance78,84,85.. There is evidence that TrkB and TrkC are expressed in the earlier development 

off the ganglion cells of the sympathetic nervous system, which will switch to mainly TrkA expression 

inn the mature ganlion cell86. The data suggest that the maturation arrest of cells with high expression 

off TrkB takes place at an earlier stage of neuroblast development than those with high TrkA 

expression.. TrkC expression is, like TrkA predominantly found in lower stage, MYCN single copy 

tumors. . 

3.55 Retinoic acid 
Retinoicc acid (RA) is involved in neuronal differentiation and apoptotic pathways. Different naturally 

occurringg retinoids (AII-frans-RA or ATRA and 9-c/s-RA) mediate their effects by interaction with two 

typess of receptors, the RA receptors (RARs) and the Retinoic X receptors (RXRs), both non-steroid 

nuclearr hormone receptor family members. It has been shown that the induction of apoptosis by 

syntheticc RA such as 13-c/s-RA is dependent upon the co-stimulation of both RAR a and RAR T84, 87. 

Differentiatonn is induced by RAs through the activation of many genes, although the key pathways 

mayy not be known yet. In neuroblastomas with expression of BDNF, RA increases transcription of 

TrkB,, leading to cell survival and neurite extension88. RA also increases expression of glial-derived 

neurotrophicc factor (GDNF) and its receptor RET, and this combination also enhances 

neurogenesis84,89. . 

Thee ability of RAs to induce apoptosis or differentiation in vitro has led to clinical use. The synthetic 
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compoundd 13-c/s-RA was found to be most active and improves the event-free survival of patients 

withh minimal residual disease or complete remission after treatment90. Currently, it is included in 

alll major clinical studies. A recently introduced synthetic retinoid, N-(4-hydroxyphenyl) retinamide 

(fenretinide)) does not lead to differentiation of tumor cells, but solely induces apoptosis91- 92. 

Fenretinidee is currently undergoing clinical trials in neuroblastoma patients93. 

3.66 Caspase 8 and the extrinsic route to apoptosis 
Alterationss of the Caspase 8 gene, CASP8, have been shown in neuroblastomas, medulloblastomas, 

rhabdomyosarcoma,, retinoblastoma and neuroendocrine lung cancer40,94"96. Caspase 8 is a cysteine 

proteasee and a member of the Caspase family of proteolytic enzymes, activated in programmed 

celll death. Caspase 8 can be activated by most members of the TNF-Receptor Super Family 

(TNFRSFF members, e.g. Fas, Death Receptor 3, DR4, DR5, TNFR2, p75TNR) through the intermediate 

FADDD (FAS-associating protein with death domain). The intracellular death domain (DD) of the 

TNFRSFF members, FADD and pro-caspase 8 assemble to form a death-inducing signaling complex 

(DISC).. Activated Caspase 8 will lead to activation of pro-Caspase 3 and initiation of the final 

pathwayy to apoptosis. GASPS is located at human chromosome band 2q33, a region associated 

withh LOH in neuroblastomas and several other tumor types (see section 2.4)40, 97, 98. Genetic 

analysiss of the region showed a homozygous deletion of 20-35 kb in one neuroblastoma cell line 

andd one tumor, encompassing the immediate CASP8 region, but not involving flanking genes like 

CASP10.CASP10. Further analysis showed loss of expression of CASP8 mRNA and Caspase 8 protein in 13/ 

211 neuroblastoma cell lines. The overall loss of CASP8 expression in neuroblastomas is estimated 

att 25-35%, predominantly in high-risk tumors, and seems strongly associated with the presence of 

amplifiedd MYCN40- 94, 99. The lack of expression was associated with hypermethylation of a 5'-

flankingg sequence, and re-expression could be induced by treatment of the tumor cells with the 

demethylatingg agent 5-aza-2'deoxycytidine (5-AZA). There was a strong association of 

hypermethylationn of this particular area and down-regulation of CASP8. Interestingly, the area 

subjectedd to de novo methylation is not a classical CpG island, as it has a C + G content of less 

thann 60% (49%) and a CpG:GpC ratio below 0.6 (0.25). Furthermore, the proposed regulatory 

regionn maps at the boundary between exon 3 and intron 3100. Also, promoter studies did not 

identifyy this region as a gene promoter, whereas a cloned DNA fragment at the 5' terminal region 

off exon 1 has promoter activity in neuroblastoma cell lines, but only in cells that express the 

GASPSS gene100. No differences in methylation were detected in this promoter between cells with 

orr without expression of the CASP8 gene. Furthermore, in cell lines that do not express CASP8, 5-

AZAA treatment of the cells was able to activate GASPS promoter constructs, suggesting that 

demethylationn of a trans-acting factor or gene controls the activity of the CA5P8 promoter. 

Thee biological relevance of loss of Caspase 8 follows from its central position in the extrinsic 

apoptoticc route. CASP8 acts as a tumor suppressor gene, and inactivation will result in cell survival. 
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Indeed,, tumor cells with loss of CASP8 do not respond to TNF-receptor mediated triggers like 

TRAILL (TNF Receptor Apoptosis Inducing Ligand) or FasL (Fas ligand)101. In tumors with 

hypermethylatedd CASP8, treatment with 5-AZA will restore the responsiveness to TRAIL or FasL 

andd induce apoptosis102. Therefore, the epigenetic and genetic down-regulation of CASP8 is the 

firstt evidence of alterations in apoptosis in neuroblastomas. 

Ann important regulator of Caspase 8 and the DISC is FLIP (Flice Inhibitory Protein), a caspase 8-

relatedd protein. The FLIP gene is a structural homologue of CA5P8 and co-localizes at chromosomal 

bandd 2q33. Two isoforms of the protein, a long FLIPL and a short FLIPS have been identified. FLIPL 

iss very similar to caspase 8, but is defective in its protease domain, rendering the protein unable to 

initiatee the apoptotic cascade. Initial reports were inconclusive whether FLIP proteins are stimulatory 

orr inhibitory on caspase 8 and apoptosis. However, experiments in which FLIP was stably 

overexpressedd in cell cultures or in mice deficient in FLIP support an antiapoptotic function for 

FLIP103.. FLIPL and FLIPS seem comparable in their ability to inhibit apoptosis, but their functional 

differencess still need further study. Furthermore, high FLIP expression was reported in melanomas 

andd EBV-induced Burkitt's lymphomas103. In neuroblastoma cell lines, we found a strong association 

betweenn silencing of CA5P8 and FLIP. The majority of these cell lines were hypermethylated for 

Casp8Casp8 and FLIP™4. 

3.77 Intrinsic route to apoptosis 
Apoptosiss can also be mediated through the intrinsic, Caspase 9 dependent route. Activation of 

Caspasee 9 results from release of Cytochrome c {Cyt c) from the mitochondria, which associates 

withh APAF-1 (Apoptotic Protease-Activating Factor-1) and pro-caspase 9 to form the apoptosome. 

Withinn this protein complex, caspase 9 activation is achieved by an autocatalytic c/s-acting processing 

eventt of the pro-caspase 9105. Caspase 9 will, similar to activated Caspase 8 activate the down-

streamm caspase effector cascade, which involves Caspase 3, among others. The autolytic process 

willl eventually lead to the demise of the cell. 

Necessaryy for the release of cyt c is the initiation of the mitochondrial-outer-membrane 

permeabilizationn (MOMP). BCL2 and BCL-XL suppress apoptosis by blocking MOMP, whereas pro-

apoptoticc BAX (BCL2-associated X protein) can shift the balance and induce MOMP106. This will 

inducee conformational changes in the pore proteins like VDAC (Voltage Dependent Anion Channel), 

andd the release of Cyt c. Also SMAC/DIABLO (Second Mitochondria-Derived activator of Caspase/ 

Directt IAP-Binding Protein with Low pi) is released, which acts as an inhibitor of the lAP's (Inhibitor 

off apoptosis). lAP's, like Survivin (see section 3.11) are negative regulators of the apoptosome. 

Therefore,, release of SMAC/DIABLO will also activate apoptosis. 

Inn neuroblastomas, increased levels of BCL2 and BCL-XL have been observed, and correlate with 

decreasedd apoptosis107, 108. Overexpression of BCL2 blocked TRAIL-induced apoptosis in 

neuroblastomaa cell lines109. Also, increased BCL2 expression was correlated with poor prognostic 

23 3 



Chapterr 1 

factorss like MYCN amplification and unfavorable histology110. Finally, overexpression of both BCL2 

andd BCL-XL was able to block apoptosis induced by various chemotherapeutic agents, like cisplatin, 

doxorubicin,, etoposide, and betulinic acid. Therefore it was suggested that the observed expression 

off these proteins in tumors may contribute to the drug resistance, characteristic of high-risk 

neuroblastomas111,112.. It should be stressed however, that structural alterations of the BCL2 and 

BCL-XBCL-XLL genes, or any of the other genes involved in the intrinsic apoptotic pathway have never 

beenn shown104,113. 

3.88 MYCN and apoptosis 
Manyy observations have shown that MYCN and its family member c-MYC can induce apoptosis101,114. 

Thee apoptotic properties of c-MYC have been studied in more detail than for MYCN, and several 

dataa to support a role for MYCN in apoptosis are based on studies with c-MYC. However, all the 

availablee data suggest that MYCN and c-MYC have similar functions, but in different cell types. In 

fact,, it was even shown that MYCN can functionally replace c-MYC in murine development115. 

Initially,, it was shown that apoptosis could be induced in fibroblasts with ectopic expression of c-

MYCC if cultured in the absence of sufficient survival factors116. A widely supported interpretation 

off these and similar observations about the apoptotic potential of oncogenes is that the induction 

off the cell cycle after expression of oncogenes also sensitizes cells to apoptosis. Apoptosis however, 

willl be suppressed as long as appropriate survival factors are available for proliferation and growth. 

Thiss suggests a coupling between the cell cycle and apoptosis, and implies that cells with oncogenic 

mutationss can only outgrow their paracrine environment in the presence of sufficient growth 

factors,, or if apoptosis is inhibited. Examples of inhibition of apoptosis in combination with up-

regulationn of the cell cycle are ample in carcinogenesis. In fact, in the majority of all cancer types, 

aa combined loss of TP53 or ARF and activation of oncogenes like c-MYC or RAS can be found. In 

particularr for c-MYC it was shown that in normal, mature cells activation of c-MYC induces uniform 

celll proliferation, accompanied by overwhelming apoptosis that rapidly erodes celll mass. However, 

uponn induced co-expression of BCL-XL, c-MYC triggered rapid and uniform progression into invasive 

tumors.. Subsequent c-MYC deactivation induced rapid regression associated with vascular 

degenerationn and cell apoptosis117. It seems that in neuroblastomas a similar interplay between 

celll growth and apoptosis exists involving MYCN. It has been convincinglyy shown that exogenous 

overexpressionn of MYCN sensitizes neuroblastoma cell lines to many apoptotic triggers, such as y-

IFN,, TRAIL, FasL, but also to exogenous stimuli like doxorubicin101,104,118. However, neuroblastomas 

characteristicallyy overexpress MYCN, and do not apoptose spontaneously or after stimulation. In 

fact,, they appear to be highly resistant to induction by TRAIL40. This is considered to result from 

overexpressionn of BCL2 or BCL-XL in neuroblastomas. Increased levels of BCL2 can counteract the 

MYCNN induced activation of BAX, which would lead to release of Cyt c into the cytosol. Overexpression 

off BCL2 or BCL-XL has been observed in high-risk neuroblastomas with amplified MYCN. Indirect 
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evidencee of the clinical relevance and influence of BCL2 on apoptosis comes from experiments in 

whichh the influence of BCL2 overexpression is bypassed by overexpression of pro-apoptotic SMAC/ 

DIABLO.. This strongly increased the TRAIL sensitivity of glioblastoma cells and neuroblastomas, 

suggestingg that ineffective or defective apoptosis is a basic defect in these tumors119. 

Thee role of MYCN in the extrinsic apoptotic route is less clear. Induction of apoptosis by MYCN or 

c-MYCC through this route has never been shown. Nevertheless, down-regulation of GASP 8 (see 

sectionn 3.6) in neuroblastomas seems closely connected to overexpression of MYCN. However, a 

directt influence of MYCN on GASPS has not been shown. Overexpression of MYCN does not 

inducee GASPS hypermethylation or down-regulation104. Interestingly, epigenetic down-regulation 

off GASPS has mainly been observed in neuro-endocrine tumors with MYC overexpression, such as 

neuroblastoma,neuroblastoma, medulloblastoma and neuro-endocrine lung tumors120-121. It is possibly that the 

Caspasee 8 dependent pathway is an essential pathway in neuro-endocrine development and that 

blockingg of this route is important in the pathogenesis of aggressive neuro-endocrine tumors. 

3.99 Hypermethylation of RASSF1A 
Allelicc loss at the short arm of chromosome 3 is a common event in many different cancers, 

includingg pediatric neuroblastomas. The SRO in neuroblastomas has been defined at 3p25.3-

p14.33 (see section 2.4)41. RA55F1A (Ras-association domain family 1) is within the SRO in 

chromosomall band 3p21.3 and frequently inactivated by hypermethylation in neuroblastoma cell 

liness and tumors, medulloblastoma, rhabdomyosarcoma, retinoblastoma, phaeochromocytoma, 

lung,, breast, kidney cancer, head and neck squamous cell carcinomas, testicular germ cell tumors 

andd several others122"124. Hypermethylation of RASSF1A in neuroblastomas was reported in 40-

55%% of tumors and 86% of cell lines. A relationship with concomitant hypermethylation of CASP8 

wass suggested since methylation of CASP8 was detected in 56% of tumors with RASSF1A 

methylationn and only in 17% in tumors without RASSF1A methylation (p=0,003). A role as a 

tumorr suppressor gene of RASSF1A was suggested since re-expression of RASSF1A in human 

cancerr cell lines reduces the cellular growth. The function of RASSF1A seems to negatively effect 

thee oncogenic HRAS GTPase123. However, HRAS overexpression in neuroblastomas is a favorable 

event,, possibly related to spontaneous tumor regression (see section 3.2). This contrasts with the 

oncogenicc potential of HRAS and challenges any interpretation about the influence of RASSF1A 

onn Ras function. 

3.100 Nm23-H1 and nm23-H2 
NM23H1NM23H1 is a highly interesting candidate gene for an important role in neuroblastoma pathogenesis, 

associatedd with gain of chromosome 17q. NM23H1 maps at 17q22 just within the common 

amplifiedd region of 17q. NM23H1 was originally described as a suppressor of metastasis with low 

orr absent expression in mainly breast cancer and melanoma. In several other malignancies, NM23H1 
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actss as an oncogene and increased serum levels of NM23H1 correlated with poor prognosis and 

increasedd aggressiveness. This is well documented for non-Hodgkin's lymphomas and this correlation 

iss likely to exist for various hematological malignancies125. NM32-H1 overexpression in 

neuroblastomass is also strongly related to increased aggressiveness. Interestingly, NM23H1 is part 

off a gene family, of which its close relative NM23H2 co-localizes at 17q22. NM23H1 and NM23H2 

aree both up regulated by MYCN and c-MYC in neuroblastoma. Importantly, this implies that 

amplificationn of MYCN in tumors with a gain of 17q will lead to a synergistic accumulation of the 

NM23H1NM23H1 and H2 mRNA levels. Functionally, it seems that NM23H2, but not HI has an anti-

apoptoticc effect. Down regulation of NM23H2 expression by RNAi enhanced apoptosis after addition 

off doxorubicin in neuroblastoma cell lines, but did not influence apoptosis induced by TRAIL126. 

Thesee preliminary data suggest that NM23H2 is involved in chemotherapy resistance in 

neuroblastomass with 17q gain. Taken together, the NM23 gene family members at 17q seem 

importantt candidate genes in the 17q-gain related pathogenesis of neuroblastomas. 

3.111 Survivin 
Recently,, the 17q located Survivin gene, which codes for the anti-apoptotic regulatory protein 

Survivinn has also been implicated in neuroblastoma. Survivin maps at chromosome 17q25, within 

thee minimal region of chromosomal gain. The Survivin protein is a so-called IAP (Inhibitor of 

apoptosis),, a negative regulator of Caspase 9 in the intrinsic apoptotic route. In two studies of 

neuroblastomaa samples of 72 and 34 patients respectively, increased expression of Survivin 

correlatedd significantly with unfavorable histology, additional adverse clinical factors (age, stage) 

andd outcome127. Moreover, exogenous overexpression of Survivin was able to block apoptosis 

inducedd by RA in a RA sensitive cell lines128. Increased expression of Survivin has been observed in 

embryonicc and fetal organs and the majority of malignancies, but is undetectable in most terminally 

differentiatedd normal tissues129. The role of Survivin in cancer formation or progression and more 

specificc in neuroblastoma needs to be established. 

3.122 p53, p73 and DeltaNp73 
Thee nuclear phosphoprotein TP53 plays a central role in the pathogenesis of human cancers. TP53 is 

aa checkpoint protein for the cell cycle and monitors DNA damage. Activation of TP53 will lead to cell 

cyclee arrest or apoptosis. Defects in the p53 gene play a role in more than 50% of all human 

neoplasias.. It usually concerns LOH of one allele, in combination with a (missense) point mutation. In 

neuroblastomas,, p53 is rarely mutated130. However, it has been shown in a cohort of 46 

neuroblastomass that the TP53 protein rs functionally inactivated through sequestration in the cytoplasm 

inn undifferentiated neuroblastomas131. Recently, a cytoplasmic protein Pare was identified, responsible 

forr cytoplasmic sequestration of ectopic TP53. RNAi-mediated reduction of endogenous Pare mRNA 

significantlyy sensitized neuroblastoma cells with cytoplasmic TP53 sequestration to a DNA damage 
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response.. Therefore, it seems that the subcellular localization of TP53 is regulated by Pare132. 

Thee p73 gene is a structural homologue of p53, located at chromosome 1p36.3133 and TP73 

inducess apoptosis similar to TP53. Therefore, TP73 seemed an excellent candidate tumor suppressor 

genee for neuroblastomas. However, despite the fact that p73 maps within the SRO of 1 p deletion 

inn neuroblastomas, mutations have not been found so far. Only in malignant lymphomas, 

inactivationn of p73 has been observed as a result of bi-allelic hypermethylation134. Recently, a 

truncatedd anti-apoptotic isoform, DeltaNp73, which antagonizes both TP53 and the full-length 

TP733 protein, has gained attention. So far, expression of this variant in neuroblastoma patients 

significantlyy correlated with age at diagnosis, urinary excretion of catecholamine-derivatives, and 

reducedd survival. The role of this protein needs further investigation in larger cohorts to establish 

itss role in the pathogenesis of neuroblastomas135. 

3.133 CyctinDI 
Geneticc aberrations and overexpression of Cyclin Dl (CCND1) have been identified for several 

humann neoplasms, such as mantle cell lymphoma, head and neck squamous cell carcinoma, lung 

cancerr and breast cancer136. D-type cyclins play an essential role in cell cycle progression, as they 

controll Cyclin Dependent Kinases (CDKs). Activation of CDK4 and CDK6 by CCND1 induces 

phosphorylationn of the retinoblastoma protein Rb, release of E2F transcription factors and 

progressionn of the cell cycle from G1 to S. Recently, very high expression of CCND1 RNA and 

proteinn levels was found in approximately two thirds of cell lines and tumors. In addition, 

amplificationn of the CCND1 gene was found in one neuroblastoma cell line and 4 neuroblastoma 

tumors137.. There was no obvious relation to prognostic factors, such as amplification of MYCN, 

age,, stage or any other factor. It suggests that CCND1 is a frequently overexpressed oncogene in 

neuroblastomas.. This is of particular interest since the downstream kinases CDK4/6 are potential 

targetss for future kinase inhibitors138,139. 

3.144 Is neuroblastoma an embryonal tumor? 
Itt is widely assumed that neuroblastomas are embryonal tumors. This means that they are considered 

too originate from a developmental defect, which prevents normal cellular differentiation and locks 

cellss in a state of increased growth. How true is this? Certainly, neuroblastomas are tumors of 

earlyy childhood and are almost non-existent after the age of 10 years. In murine neural crest cells, 

inductionn of neuroblastomas by forced overexpression of MYCN is limited to the first months of 

life.. These data suggest that neuroblastomas arise only during the normal development of the 

sympatheticc nervous system. Paradoxically, the younger patient enjoys a better prognosis than the 

olderr child does (> 1 year at diagnosis). This is unexpected, since an early onset of disease would 

implyy earlier defects during development and the formation of more undifferentiated, aggressive 

tumors. . 
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Exceptt for the fact that certain developmental genes have a prominent expression in specific 

subsetss of neuroblastomas140,141{see also sections 3.2-4), there is still little support for an embryonal 

originn of neuroblastomas at the molecular level. Firstly, there are no known alterations in 

developmentall control genes. It could be argued that MYCN is an important developmental control 

gene,, but MYCN and its family member c-MYC are also implicated in many adult tumor types. 

Secondly,, the additional (epi-) genetic alterations present in neuroblastomas are related to an 

increasee of the cell cycle (overexpression of oncogenes as MYCN and CCND1) and loss of apoptosis 

{CASP8{CASP8 hypermethylation, overexpression of BCL-2, NM23H2, Survivin). This bears resemblance to 

thee common themes in adult type cancers. Almost all adult types of cancer can be characterized 

byy increased proliferation, in combination with apoptotic defects. These observations direct us to 

thee understanding that embryonal tumors are dependent upon similar mechanisms for cancer 

formationn as epithelial carcinomas. 

Inn summary, the embryonal origin of pediatric malignancies may be reflected by the strong 

expressionn of intact genes of neuro-endcrine development, which contribute to the phenotype of 

thee cell. However, no genetic alterations in developmental control genes have ever been shown. 

Thee overexpression of oncogenes and loss of apoptotic potential in neuroblastomas are reminiscent 

off the mechanisms well known in the pathogenesis of adult type cancer formation. 

3.155 Future prospects 
Thee molecular properties and defects of the neuroblastoma cells predict multiple possible ways to 

specificallyy target the malignant cell142. Targeted therapy can be directed against defective genes 

orr proteins, which contribute to the malignant phenotype of the cell. However, the physiological 

propertiess of the cell can also be used as a specific target for therapeutic modulators. The adrenergic 

propertiess of the neuroblast have inspired the development of targeted radiotherapy with 131l 

labeledd MetalodoBenzylGuanidine (MIBG), a compound structurally related to nor-adrenaline. It 

hass proven to be an effective agent with minimal toxicity, even in patients with decreased chemo-

sensitivity143'' 144. The neuronal antigen disialoganglioside (GD2) is highly expressed on 

neuroblastomaa cells. Monoclonal antibodies against GD2 have shown anti-tumor activity in multiple 

phasee II studies and are currently being tested in the European HR-NBL-1/ESIOP phase III trial. RAR 

receptorss can induce apoptosis and/or differentiation upon stimulation with RA. This has led to 

thee use of 13-c/s-Retinoic acid and more recently the development of fenretinide, which more 

specificallyy induces apoptosis (see section 3.5). 

Approachess to target molecular defects of the neuroblastoma cell are aimed at reversing the 

aggressivee phenotype. Most of these approaches are still in development, and often involve the 

restorationn or stimulation of apoptosis145. Several molecular defects could potentially be targets 

forr intervention in neuroblastomas, 

a.. In xenograft and ex vivo tumors it was shown that apoptotic defects induced by overexpression 
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off BCL2 and/or BCL-XL can be corrected by using a SMAC/DIABLO peptide119. 

b.. Hypermethylation of CASP8 is widespread in high-risk neuroblastomas. Several demethylating 

agentss and deacetylation inhibitor compounds are currently being tested for clinical use and 

couldd potentially restore the CASP8 function146. 

c.. Inhibition of genes by RNAi is a promising novel strategy that has proven useful in vitro and 

waitswaits clinical testing147. Several genes are potential targets in neuroblastomas, such as BCL2 

and/orr BCL-XL and the overexpressed Pare gene that locks TP53 in the cytoplasm. Also 

overexpressedd oncogenes like MYCN, and CCND1 could be excellent targets. 

d.. Tyrosine kinase inhibitors have become the most promising new drugs against cancer since 

imatinabb (Gleevec) has proven effective in hematological malignancies and others. The 

overexpressionn of the TrkB receptor kinases in high-risk neuroblastomas potentially enables 

targetedd inhibition. Specific kinase inhibitors have proven effective in several human-derived 

neuroblastomaa xenografts148. The widely observed overexpression of CCND1 in neuroblastomas 

suggestss that the down-stream kinases CDK4/6 are potential targets for future kinase inhibitors, 

whichh may be useful in a wide range of patients (see section 3.13). 

3.166 Concluding remarks 
Neuroblastomass are a complex and diverse group of tumors of early childhood. Their clinical 

behaviorr is reflected by the multiple genetic alterations found in different clinical subgroups. This 

hass enabled us to better identify patients at risk. However, this has not led to novel therapeutic 

strategiess or better survival. While the treatment of the low-risk and intermediate-risk patients has 

mostlyy been satisfactory, this is not so for patients with high-risk, aggressive disease. Particularly 

inn high-risk neuroblastomas we are starting to uncover molecular markers and essential biological 

pathways,, which will help us to unveil the secret of the neuroblast. More importantly, it will direct 

ourr future efforts towards new tumor-specific therapeutic approaches aimed at overcoming or 

compensatingg for the molecular alterations in the tumorcell. Hopefully this will be beneficial to the 

prognosiss of neuroblastoma patients. 
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Abstrac t t 
TRAILL {TNF-Related Apoptosis Inducing Ligand) induces apoptosis in a large variety of cancer cells, 

butt not in most normal human cells. This feature makes TRAIL a potential anti-tumor agent. TRAIL 

cann bind to four different receptors, two pro-apoptotic death receptors DR4 and DR5 and two 

anti-apoptoticc decoy receptors DcR1 and DcR2. Normal cells express all four receptors. The increased 

TRAILL sensitivity of tumor cells has been postulated to result from the lack of decoy receptor 

expression.. We studied the tumor specific down-regulation of the TRAIL receptors DcR1 and DcR2, 

ass well as DR4 and DR5 in a group of pediatric tumor cell lines (9 neuroblastoma and 3 peripheral 

PNET's)) and 3 cell lines from adult tumors. Lack of expression of DcR1 and DcR2 was widespread 

(13/155 and 10/15 respectively), both in the adult tumor cell lines as well as in the pediatric tumor 

lines.. DR4 and DR5 were expressed in 8/15 and 12/15 cell lines respectively. To understand the 

tumorr specific down-regulation of the TRAIL receptors, the promoter regions were studied for 

possiblee methylation changes of their CpG islands. All normal tissues were completely unmethylated, 

whereass in the tumor cell lines we found frequent hypermethylation of the promoter. For DcR1 

andd DcR2 we found dense hypermethylation in 9/13 {69 %) and 9/10 (90 %) of non-expressing 

celll lines respectively. DR4 and DR5 were methylated in 5/7 (71%) and 2/3 (67%) non-expressing 

celll lines respectively. Treatment with the demethylating agent 5-aza-2' deoxycytidine resulted in 

partiall demethylation and restored mRNA expression. In addition, we performed mutation analysis 

off the death domains of DR4 and DR5 by sequencing exon 9. Mutations were not present in any 

off the neuroblastoma or PNET cell lines. 

AA panel of 28 fresh neuroblastoma tumor samples also lacked expression of DcR1 and DcR2 in 

855 % and 74 % of cases respectively. Hypermethylation was observed in 6/28 (21 %) for DcR1 

andd 7/28 (25 %) for DcR2. DR4 and DR5 were both expressed in 22/28 tumors, and no promoter 

methylationn was observed. 

Thesee data suggest that hypermethylation of the promoters of DcR1 and DcR2 is important in the 

down-regulationn of expression in neuroblastoma and other tumor types. 



Hypermethylationn of DcR1 and DcR2 in tumors 

Introductio n n 
TRAILL is a TNF related ligand of receptors which modulate programmed cell death1'2. Pro-apoptotic 

TRAILL signaling is mediated through death receptor 4 (DR4, also TNFRSF10A, Apo-2, TRAIL-R1) 

andd death receptor 5 (DR5, also TNFRSF10A, KILLER/DR5, TRICK2, TRAIL-R2). These receptors 

signall apoptosis by association of their intracellular death domain with similar domains in intracellular 

adapterr proteins like FADD and pro-caspase 83,4. Subsequently, caspase 3 and the common route 

too programmed cell death are activated. This pro-apoptotic effect of TRAIL is counteracted by the 

decoyy receptors 1 (DcRI, also TNFRSF1OC, TRID, TRAIL-R3) and 2 (DcR2, also TNFRSF1OD, TRUNDD, 

TRAIL-R4),, which are structural homologues of the death receptors but defective in their death 

domains.. DcR1 completely lacks the intracellular death domain and DcR2 contains a truncated, 

non-functionall death domain5"9. Both receptors bind TRAIL, but are unable to associate with the 

intracellularr signaling molecules of apoptosis. They thus act as dominant negative receptors for 

TRAIL.. All TRAIL receptors have been mapped to the same chromosomal locus 8p21-22, suggesting 

thatt they have evolved as a result of gene duplication9. 

Normall tissues usually express all four TRAIL receptors and this balance prevents TRAIL induced 

apoptosis.. Cancer cells on the other hand, often lack expression of the decoy receptors 5'7< 10. The 

unbalancee in favor of pro-apoptotic receptors was postulated to determine their increased sensitivity 

too TRAIL induced apoptosis. Support for this hypothesis was found in transfection assays in which 

re-expressionn of DcR1 in melanoma cells lacking endogenous DcR1 altered their TRAIL sensitive 

phenotypee into a TRAIL resistant one11. However, later studies involving multiple cancer cell lines 

off varying origin, and leukemia samples from patients, could not establish a correlation between 

down-regulationn of the decoy receptors and TRAIL sensitivity, or even a reverse correlation 12"14. 

Thesee conflicting data concerning the role of the decoy receptors in apoptosis have not been 

clarifiedd yet. 

Apoptoticc defects are believed to play a major role in pediatric neuroblastomas. Neuroblastomas 

aree exceptional tumors because they are resistant to TRAIL induction of apoptosis. It has been 

shownn that down-regulation of caspase 8 is important in this TRAIL resistant phenotype15"18. 

However,, not all neuroblastomas have down-regulated caspase 8, and little is known about the 

correlationn between expression of the TRAIL receptors and TRAIL sensitivity in neuroblastomas. 

Here,, we studied the expression and methylation status of all four TRAIL receptors in a group of 

pediatricc tumor cell lines (9 neuroblastomas and 3 peripheral PNET's; primitive neuro-ectodermal 

tumors)) and cell lines from adult brain, colon and skin tumors. Our data suggest that 

hypermethylationn of DcR1 and DcR2 is involved in down-regulation of gene expression in tumor 

celll lines and fresh neuroblastoma tumors. 
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Material ss  and method s 
Celll Culture 
Celll lines were cultured at 37 , 5% C0 2 , using Dulbecco's Modified Essential Medium (DMEM; 

Gibco)) containing 10% Fetal Calf Serum, 292 jig/ml L-Glutamine, 1% 100x MEM (Non-essential 

aminoo acids medium, Gibco) and 0,5% Penicillin/Streptomycin solution. Freshly prepared 5-aza-

2'deoxycytidinee (5-AZA; Sigma) was added three times (2 u.M) in the last week before harvest, 

simultaneouslyy with fresh medium. Cells were harvested 24 hours after last addition of 5-AZA, and 

usedd for DNA and RNA isolation. 

TRAILL treatment, propidium iodide staining and FACS analysis 
TRAILL {R&D systems Europ Ltd., UK; final concentration 20 ng/ml) treatment was performed in 

24-welll plates (1-2 x 106 cells / ml medium). After 24 hours, cells were harvested, the medium 

removed,, and washed once with PBS and centrifuged at 200 x g. Apoptotic cells were determined 

byy the propidium iodide method 19. Briefly, 500 uJ of a hypotonic buffer {50 |ig/ml propidium 

iodidee in 0.1 % sodium citrate plus Triton X-100; Sigma) was added directly to the cell pellet. The 

tubess were placed at 4 C in the dark overnight before flow cytometry analyzes. The propidium 

iodidee fluorescence of individual nuclei was measured using a FACScan flow cytometer (Beekman). 

Att least 1x104 cells of each sample were analyzed in triplicates for each sample. Apoptotic nuclei 

appearedd as a broad hypodiploid DNA peak, as compared to the diploid DNA peak (GO or resting 

cells)) or hyperdiploid DNA peak (G2 or dividing cells). Induction of apoptosis after stimulation with 

TRAILL was defined as a two-fold induction of base line apoptosis or more. 

RT-PCRR detection of mRNA 
Totall RNA was isolated from cell lines using RNAzol™ B (Cinna, Biotecx Laboratories Inc) according 

too manufacturers protocol. First strand cDNA synthesis was performed on 2 u.g of total RNA in a 

volumee of 20 uJ using Superscript™ II (GibcoBRL) and oligo (dT). The specific primers used for 

mRNAA amplification were as follows: 

DR44 (accession nr Gl:2460427) F(315): CCAACAAGACCTAGCTCCCCAGC; R(793): AAGA 

CTACGGCTGCAACTGTGACTCC;; DR5 (accession nr GL1945071) F(295): GTCCTGCTGCAGG 

TCGTACC;; R(681): GATGTCACTCCAGGGCGTAC 

DcR11 (accession nr GI2338421) F(205)20: CCCAAAGACCCTAAAGTTCGTC; R{447) GCAAGAAGGTT 

CATTGTTGGA.. DcR2 (accession nr GI4106963) F(183): ACCCCAAGATCCTTAAGTTCG; R(426) 

CAAGAAGGCAAATTGTTGGAAA Caspase 8 (accession nr GI4502582) F{516): GGAAAGGGAACT 

TCAGACACC;; R(850) TCAGCAGGCTCTTGTTGATTT. 

Analysiss of expression was performed in a 25 | i ! PCR reaction containing 1 u,l of cDNA, 1 \i\ dNTP's 

(2.55 mmol/l each), 0.5 |il each of the specific primers (150 ng/^l), and 0.25 jil Taq DNA polymerase 

(55 U/uJ; Boehringer). PCR conditions were as follows: 1 cycle, 5 min/95 ; 35 cycles, 1 min/95 , 
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11 min/60 , 1 min/72 , and one cycle 5 min/72 . PCR products were loaded on a 4% agarose 

gell (Metaphor; BioWhittaker Molecular Applications, USA), stained with Gelstar nucleic acid gel 

stainn (BioWhittaker Molecular Applications, Rockland, ME, USA) and directly visualized under UV 

illumination. . 

Methylationn specific PCR (MSP) 
Genomicc DNA was isolated from cell lines and primary tissues, using standard procedures. 

Approximatelyy 1 ig of DNA was bisulfite-modified,,as described 21. This treatment converts all 

unmethylatedd cytosines into uracil. In the subsequent Methylation Specific PCR reaction all uracils 

becomee thymidines. The PCR requires primer pairs that specifically recognize methylated or 

unmethylatedd sequences. These primers were designed in the 5'-UTR CpG island of the published 

sequences.. The primer sequences are (5' to 3'): 

DcR1::  GAATTTTTTTATGTGTATGAATTTAGTTAAT (unmethylated sense); TTACGCGTA 

CGAATTTAGTTAACC (methylated sense); CCATCAAACAACCAAAACA (unmethylated antisense); 

ATCAACGACCGACCGAAACGG (methylated antisense). 

DcR2::  TTGGGGATAAAGTGTTTTGATT (unmethylated sense); GGGATAAAGCGTTTCGATC 

(methylatedd sense); AAACCAACAACAAAACCACA (unmethylated antisense); CGACAACA 

AAACCGCGG (methylated antisense). 

DR4::  GTAGTGATTTTGAATTTTGGGAGTGTAGT (unmethylated sense); TTCGAATTTCGG 

GAGCGTAGCC (methylated sense); CTCATAATTCAATCCCCACAA (unmethylated antisense); 

GTAATTCAATCCTCCCCGCGAA (methylated antisense). 

DR5::  TGTTTGAGTAGTGAAAGATTAGTTTGTGTT (unmethylated sense); GAGTAGTGAAAGA 

TTAGTTCGCGTCC (methylated sense); ACAACCAAAACATTCTATCCCCA (unmethylated antisense); 

CCGAAACGTTCTATCCCCGG (methylated antisense). 

Caspasee 817: TAGGGGATTTGGAGATTGTGA (unmethylated sense); TAGGGGATTCGGAGATTGCGA 

(methylatedd sense); CCATATATATCTACATTCAAAACAA (unmethylated antisense); CGTATATCT 

ACATTCGAAACGAA (methylated antisense). 

PCRR reactions are hot started at 95 C for 15 min, by using 0.25 uj (5 U/|xl) of HotStarTaq DNA 

polymerasee (Qiagen). Reactions were performed at 60 C annealing temperature. Each PCR reaction 

wass loaded on a 6 % non-denaturing polyacrylamide gel, stained with ethidium bromide and 

directlyy visualized under UV illumination. Genomic DNA treated with Sss1 methyfase (New England 

Biolabs;; as instructed by manufacturers protocol) and after bisulfite modification was used as 

positivee control for methylated DNA. 

Result s s 
Expressionn of the decoy receptors DcR1 and DcR2 
Wee analyzed the mRNA expression of the decoy receptors DcR1 and DcR2 and death receptors 
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Tabl ee 1 . TRAIL sensitivit y o f tumo r cel l lines , in relatio n t o 
DcR22 an d caspas e 8 

Cell l 

Lines s 

Tumor r 
Type e 

TRAIL L 
Response e 

DcR1 1 

Methyll mRNA 

DcR2 2 

Methyll mRNA 

expressio nn anc 

DR4 4 

Methyll mRNA 

methylat io nn profile s of DcR1, 

DR5 5 

Methyll mRNA 

Casp8 8 

Methyll mRNA 

SK-N-AS S 
GI-ME-N N 
SJN& * * 
IMR32 2 
LA-N-1 1 
LA-N * * 
NMB B 
KCNR R 
LA-N-5 5 
CHP100 0 
NN-1 1 
TC32 2 
518A A 
SW837 7 
H392 H392 
Fibroblas t t 

NBL NBL 
NBL NBL 
NBL NBL 
NBL NBL 
NBL NBL 
NBL NBL 
NBL NBL 
NBL NBL 
NBL NBL 
PNET PNET 
PNET PNET 
PNET PNET 
Melanoma Melanoma 
Colon Colon 
Brain Brain 
Normal Normal 

Yes Yes 
Yes Yes 
Yes Yes 
No No 
No No 
No No 
No No 
No No 
No No 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
ND ND 
ND ND 

Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
No* No* 
No* No* 
No* No* 
Yes Yes 
Yes Yes 
No No 
Yes Yes 
No No 
No* No* 
No No 

--
--
--
--
--
--
--
+ + 
+ + 

--
--
--
--
--
--
+ + 

Yes Yes 
Yes Yes 
Yes Yes 
No* No* 
Yes Yes 
Yes Yes 
Yes Yes 
No* No* 
No* No* 
Yes Yes 
No No 
No No 
Yes Yes 
No No 
Yes Yes 
No No 

--
--
--
--
--
--
--
+ + 
+ + 

--
+ + 
+ + 

V--
+ + 

--
+ + 

No No 
Yes Yes 
No No 
Yes Yes 
Yes Yes 
No No 
Yes Yes 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
Yes Yes 
No No 

+ + 

--
+ + 

--
--
--
--
+ + 

--
+ + 
+ + 
+ + 
+ + 
+ + 

--
+ + 

No No 
No No 
No No 
No No 
Yes Yes 
No No 
Yes Yes 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 

+ + 
+ + 
+ + 
+ + 

--
+ + 

--
+ + 
+ + 
+ + 
+ + 

--
+ + 
+ + 
+ + 
+ + 

No No 
No* No* 
No* No* 
Yes Yes 
Yes Yes 
No* No* 
Yes Yes 
Yes Yes 
Yes Yes 
No* No* 
No* No* 
No* No* 
No* No* 
No No 
No No 

No* No* 

NBL:NBL: Neuroblastoma, PNET: Primitive Neuro-Ectodermal Tumor; Methyl.: Hypermethylation; mRNA: mRNA 
expression;; ND: Not done; No*: Besides the unmethylated product, a methylated product was detected. 

DR44 and DR5 in a panel of pediatric neuroblastoma cell lines, peripheral PNET's and adult tumor 

celll lines (see table 1). Non-transformed, cultured fibroblasts were used as controls. Expression of 

thee receptors was measured by RT-PCR. In the fibroblasts, we found expression of both DcR1 and 

DcR2.. In the tumor cell line panel, DcR1 is down regulated in 13/15 (87 %) and DcR2 in 10/15 

(66(66 %) cell lines (fig. 1). This frequent down-regulation of expression of DcR1 and DcR2 in pediatric 

tumorr cell lines was previously reported for cell lines of adult type of cancers 6~8'13. DR4 and DR5 

expressionn was variable. DR4 was expressed in 8/15 (53%) cell lines and DR5 was expressed in 

12/155 (80%) cell lines. Almost all cell lines (13/15) therefore express at least one of the death 

receptorss DR4 or DR5. 

TRAILL sensitivity was measured by the ability of the tumor cells to undergo apoptosis after co-

culturingg for 24 hours with TRAIL. Apoptosis was measured by FACS analysis for apoptotic bodies 

afterr nuclear staining with propidium iodide. Eight of 15 cell lines are sensitive to TRAIL, ranging 

fromm 2 fold (518A, SK-N-AS) to 10 fold (CHP100) increase in apoptotic bodies compared to the 

controlss (data summarized in table 1). However, in 6 neuroblastoma cell lines, we did not observe 

anyy induction of apoptosis after stimulation with TRAIL. Recently, it was shown that many 

neuroblastomass lack expression of caspase 8 and therefore are unable to respond to TRAIL17"21. 

Thiss caspase 8 down-regulation was found to be associated with promoter hypermethylation. We 

thereforee checked the caspase 8 expression and promoter methylation status for the complete 

panel.. Indeed, caspase 8 was not expressed in the TRAIL resistant neuroblastoma cell lines, while 

robustt expression was observed in all TRAIL responsive cell lines (SK-N-AS, GI-ME-N, SJNB-8, and all 
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Figur ee 1. RT-PCR expression 
analysiss of DcR1, DcR2, DR4, 
DR55 and caspase 8 in human 
cancerr cell lines. Analysis of 
GAPDHH mRNA expression serves 
ass a control. 
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DR4-U U 

DR4-M M 

DR5-U U 
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Figur ee 2. Methylation analysis of 
thee DcR1, DcR2, DR4, DR5 and 
caspasee 8 gene promoter. Top 
panelss (U): Amplified products 
withh primers recognizing 
unmethylatedd sequences for 
eachh gene. Bottom panels (M): 
Amplifiedd products with primers 
recognizingg methylated 
sequencess for each gene. IVD, In 
vitroo methylated DNA serves as a 
positivee control for methylated 
sequence.. Completely 
methylatedd cell lines correspond 
withh down-regulation of the 
mRNAA expresion (see fig. 1). • 

non-neuroblastomaa cell lines) (fig. 1 and table 1). We used methylation specific PCR (MSP) to 

analyzee promoter hypermethylation 21. Cell lines IMR32, LA-N-1, NMB, KCNR, and LA-N-5 were 

foundd to be completely methylated and lacked expression of caspase 8. All other cell lines with 

partially,, or completely unmethylated promoters expressed caspase 8, and responded to TRAIL 

(fig.. 2 and table 1). LA-N-6 is an exception since it is not completely methylated and yet it also does 

nott express caspase 8. 
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Figur ee 3. Methylation analysis of 
thee DcR1 and 2 genes in normal 
humann tissues. All human tissues 
aree unmethylated, except for a 
faintt methylated DcR2 product in 
liverr tissue. IVD, In vitro methylated 
DNAA serves as a positive control for 
methylatedd sequence. 

Thiss analysis shows that TRAIL resistance correlates very well with down-regulation of caspase 8. To 

analyzee a possible correlation between TRAIL sensitivity and TRAIL receptor expression, we further 

analyzedd the group of caspase 8 positive cell lines (SK-N-AS, GI-MEN, SJNB-8, CHP100, NN-1, TC32, 

518A,, and SW837; see table 1). All cell lines in this sub-group are TRAIL sensitive. They all lack 

DcR11 expression and 4 /8 lack DcR2 expression. This means that in this subgroup, down-regulation 

off DcR1 correlates with TRAIL sensitivity, and DcR2 does not. 

Methylationn of the TRAIL receptors 
Thee almost complete absence of either of the two decoy receptors DcR1 and DcR2 in many 

differentt tumor types and the variable expression of the death receptors urged us to analyze the 

mechanismss involved in their down-regulation. We looked for promoter hypermethylation as a 

mechanism,, which can selectively down-regulate gene expression. DcR1 and DcR2 both contain 

CpGG rich areas, near the translation start site. We first analyzed the methylation status of the 

promoterr regions in normal human tissues (heart, liver, lung, muscle, ovary, spleen, kidney) and 

untransformedd fibroblasts (fig. 3). All normal tissues and fibroblasts were completely unmethylated 

forr all four TRAIL receptors, except for a faint methylated DcR2 product in liver tissue, which 

representedd less that 5% of the total DNA. In the tumor cell lines we found dense promoter 

methylationn (>95%) for DcR1 in 9/13 (69%) of non-expressing cell lines (6/7 neuroblastoma cell 

liness and 3/6 non- neuroblastoma cell lines) (fig. 2 and table 1). DcR2 was densely methylated in 

9/100 (90%) of non-expressing cell lines (6/7 neuroblastoma cell lines and 3/3 non- neuroblastoma 

celll lines). Also, methylation of DR4 and DR5 was frequent. DR4 was methylated in 5/7 (71%) 

non-expressingg cell lines, and DR5 in 2/3 (66%). Partially methylated gene promoters did not 

correlatee well with down-regulation of expression, as was also true for caspase 8. However, complete 

promoterr methylation correlated in all cases with lack of expression. 

Demethylationn of the TRAIL receptors 
Too further establish the role of methylation in the down-regulation of DcR1 and DcR2, we treated 

DcR1-U U 

DcR1-M M 

DcR2-U U 

DcR2-M M 
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Figur ee 4. Demethylation and re-expression of DcR1 and DcR2 after treatment of cell lines with 5-AZA. (A) 
DcR-1-uDcR-1-u and DcR2-u: Methylation analysis of DcR1 and DcR2 in tumor cell lines with primers recognizing 
unmethylatedd gene sequences. Cell lines have been pretreated with the demethylating agent 5-AZA. All cell 
liness contain unmethylated sequences (compare also fig. 2). (B) RT-DcR1-AZAand RT-DcR2-AZA: Corresponding 
RT-PCRR expression analysis of DcR1 and DcR2 after 5-AZA pre-treatment. Partial demethylation restores 
mRNAA expression of DcR1 or 2 in cell lines which did not express DcR1 or 2 prior to 5-AZA treatment (see also 
fig.. 1). RT-GAPDH-AZA serves as a control. 

thee nine non-expressing, hypermethylated cell lines with the demethylating agent 5-AZA. Addition 

off 5-AZA to the cell culture induced partial demethylation of the decoy receptors in all cell lines 

tested.. In addition, all demethylated cell lines restored mRNA expression of these genes to varying 

degreess (fig 4). The same 5-AZA-treated cell lines also showed demethylation and re-expression of 

thee DR4 and DR5 genes (data not shown). These results suggest that hypermethylation of the 

TRAILL receptor promoters plays a causative role in down-regulation of expression. Thus, in 

neuroblastomaa cell lines, 5 genes within the TRAIL pathway (DcR1, DcR2, DR4, DR5, and caspase 

8)) are subject to epigenetic down-regulation of expression. 

Sequencee analysis of the intracellular death domains of DR4 and DR5 

Mutationss in the DR5 gene have been described for head and neck cancer and lung cancer22"24, 

andd they were exclusively found in the intracellular death domain. Since not all cell lines with 

downn regulated DR4 and DR5 are hypermethylated, we performed a sequence analysis of the 

deathh domain spanning exon 9 for both genes. The analysis was performed on all neuroblastoma 

andd PNET cell lines. Our analysis did not reveal any mutation (data not shown). 

Methylationn of Dcr1, DcR2, DR4 and DR5 in fresh neuroblastoma tumors 

Too establish the role of promoter methylation and expression of DcR1 and DcR2 in fresh tumors, 

wee analyzed a panel of 28 neuroblastoma tumors. The neuroblastoma tumor panel contains a 

varietyy of all INSS (International Neuroblastoma Staging System) stages 1-4 and 4S, and was 

randomlyy chosen from our neuroblastoma tumor bank. Areas of dense tumor tissue (>90%) were 
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Figur ee 5. Methylation analysis of 
thee 6 methylated samples (N1-N6) 
forr DcR1 and DcR2 out of a 28 
primaryy neuroblastoma tumor 
panel. . 

selected.. To this purpose, we made serial sections of tumor samples and did a microscopic analysis 

off each 5th section. Sections without detectable normal infiltrating tissue were marked and DNA 

andd RNA were isolated from the sections in between them. Expression of the studied genes in the 

tumorss was comparable to the cell lines. DcR1 was weakly expressed in 5/28 (18%) and DcR2 in 

8/288 (29%) tumors. DcR1 was methylated in 6/28 tumors (21 %) and DcR2 was methylated in 

7/288 (25 %) tumors (figure 5). Five of six tumors with methylated DcR1 did not express this gene, 

ass assessed by rt-PCR. The sixth sample showed weak expression only. For DcR2, three of the four 

methylatedd samples did not express the gene. These data show that methylated tumor samples 

havee an absent or very weak DcR1 or DcR2 expression. However, also many tumors without 

methylationn of the promoter of DcR1 or DcR2 lack expression of these genes. This suggests that 

otherr mechanisms beside methylation operate in tumors to mediate DcR1 and 2 down-regulation. 

Inn addition, we analyzed DR4 and DR5 methylation and expression in the tumor series. DR4 and 

DR55 were both expressed in 22/28 (78%) of the tumors. Methylation of DR4 and DR5 was not 

detectedd in any of the tumor samples (data not shown). 

Discussio n n 
Carcinomass have been reported to lack expression of the decoy receptors, which may render them 

moree susceptible to TRAIL induced apoptosis5,7'10. Here, we show that a series of pediatric tumor 

celll lines also shows a frequent abrogation of decoy receptor expression. Considering the 

mechanismss responsible for this tumor specific down-regulation of the decoy receptors, we found 

completee DcR1 and DcR2 promoter hypermethylation in 69 % and 90 % of non-expressing cell 

liness respectively. DR4 and DR5 were also frequently down-regulated and methylated in the cell 

lines.. After treatment of the cell lines with the demethylating agent 5-AZA, we observed partial 

demethylationn and restoration of mRNA expression. These experiments strongly suggest that 

promoterr methylation is responsible for the down-regulation of the TRAIL receptors DcR1 and 

DcR22 in the tumor cell lines tested. Promoter hypermethylation of DcR1 and DcR2 was also found 

DcR2-U U 

DcR2-M M 
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inn fresh neuroblastoma tumors, although in a smaller percentage (21-25 %) of samples. DR4 and 

DR55 were also frequently down-regulated in the cell lines, which is in agreement with earlier 

observationss 18. Here, we report the association between down-regulation of DR4 and DR5 and 

promoterr hypermethylation in the cell lines. However, in most of the fresh tumors, DR4 and DR5 

weree expressed, and we did not observe promoter hypermethylation in the non-expressing tumors. 

Thee observed differences between the fresh tumors versus the cell lines may in part be explained 

byy the fact that neuroblastoma cell lines are raised from aggressive neuroblastomas, invariably 

stagee 3 or 4, often associated with amplification of MYCN and/or loss of heterozygosity for 

chromosomee 1 p36. The freshly obtained neuroblastoma tumor samples used here also contained 

specimenss from the less aggressive stages 1, 2, and 4S. However, the limited number of cases for 

eachh different stage did not permit a conclusive analysis of a possible relation between tumor 

stagee and DcR1 or DcR2 methylation. 

Methylationn of promoters was assessed by MSP (Methylation Specific PCR). MSP has established 

itselff as a robust and highly reproducible technique, which allows the screening of large tumor 

panels.. However, only a limited number of CpG-dinucleotides within the PCR primers can be 

investigated.. This limitation can be overcome by using multiple primer pairs within the same CpG-

island,, as we did for DR4 and DR5. The results were identical (data not shown). Alternatively, 

sequencingg of areas of the CpG-island after bisulfite treatment of the DNA will give a broader 

insightt in the methylation pattern of the island of interest. However, this technique is not suitable 

forr screening of a large tumor panel, as described in this study. 

Thee frequent down regulation and key position of caspase 8 in the apoptosis pathway complicates 

thee analysis of the functional importance of TRAIL receptor expression in apoptosis. Considering 

onlyy caspase 8 expressing cell lines, we could establish a correlation between DcR1 down regulation 

andd TRAIL sensitivity. The next step would be to functionally test the effect of regained DcR1 and/ 

orr DcR2 expression on apoptosis after demethylation in a TRAIL induction assay. Unfortunately, 

whenn we demethylated the cell lines by adding 5-AZA to the cell cultures, the background apoptosis 

levell increased from 2-8% to more than 50%. This obviously precluded a reliable comparison of 

thee TRAIL sensitivity between 5-AZA treated and non-treated cell lines. Even a 3-fold reduction of 

thee 5-AZA concentration could not bring the background apoptosis back to normal levels (data 

nott shown). 

Thee down-regulation of the decoy receptors in cancer is a puzzling feature, since it renders cancer 

cellss more susceptible to TRAIL induced apoptosis, and thus would counteract tumorigenesis. This 

couldd be seen as a protective response against tumor formation or progression. In this view, DcR1 

andd DcR2 down regulation represents a 'physiological' response of the (pre-) cancerous cell to a 

cellularr state in which a higher level of apoptotic sensitivity is warranted. Considering the many 

cancerr types with downregulated decoy receptors, it may be an important threshold against 

cancerr formation. It will be interesting to test whether DcR 1 and DcR2 down-regulation is inducible 
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inin vitro by cellular transformation with exogenous oncogenes. A precedent to such a regulatory 

principlee is provided by MYC oncogenes, which are known to render cells prone to apoptosis2527. 

Currently,, we have no clue as to the identity of the genes responsible for down regulation of DcR1 

andd 2. However, our results suggest that promoter methylation plays an important role in the 

mechanismm of down regulation. The mechanistic involvement of the methylation machinery in a 

'physiological'' cellular response that counteracts carcinogenesis has not been observed previously. 

Aberrantt methylation and subsequent down-regulation of potential tumor suppressor genes (TSGs) 

iss found in many different cancer types {reviewed in 28-29) and is comparable to genetic mutations 

orr deletions of TSGs. In contrast to the down-regulation of the decoy receptors, these changes 

contributee to the malignant tumor phenotype. In neuroblastomas, caspase 8 hypermethylation 

andd down-regulation has also been postulated to be such an oncogenic event15. Caspase 8 is a 

downstreamm target of the TRAIL route to apoptosis. Absence of caspase 8 prevents cleavage and 

activationn of pro-caspase 3 and decreases the apoptotic potential of the neuroblast. 

Itt therefore appears that promoter hypermethylation in cancer has two faces. The data presented 

inn this paper suggest a regulatory role for decoy receptor methylation in the activation of important 

stepss of the apoptosis pathway. This may render potential tumor cells prone to apoptosis and thus 

protectt the organism against cancer. In neuroblastomas, it appears that cancer cells have escaped 

fromm this fate by methylation and down-regulation caspase 8, which blocks the apoptotic pathway 

downstreamm of the TRAIL receptors. 

48 8 



Hypermethylationn of DcR1 and DcR2 in tumors 

Reference s s 
1.. Pitti, R. M., Marsters, S. A., Ruppert, S., Donahue, 

C.. J.( Moore, A., and Ashkenazi, A. Induction of 
apoptosiss by Apo-2 ligand, a new member of the 
tumorr necrosis factor cytokine family. J Biol Chem 
271:12687-90;; 1996. 

2.. Wiley, S. R., Schooley, K., Smolak, P. J., Din, W. S., 
Huang,, C. P., Nicholl, J. K., Sutherland, G. R., 
Smith,, T. D., Rauch, C, Smith, C. A., and et al. 
Identificationn and characterization of a new mem
berr of the TNF family that induces apoptosis. Im-
munitymunity 3:673-82; 1995. 

3.. Kischkel, F. C, Lawrence, D. A., Chuntharapai, A., 
Schow,, P., Kim, K. J., and Ashkenazi, A. Apo2L/ 
TRAIL-dependentt recruitment of endogenous 
FADDD and caspase-8 to death receptors 4 and 5. 
ImmunityImmunity 12:611-20; 2000. 

4.. Sprick, M. R., Weigand, M. A., Rieser, E., Rauch, C. 
T.,, Juo, P., Blenis, J., Krammer, P. H., and Walczak, 
H.. FADD/MORT1 and caspase-8 are recruited to 
TRAILL receptors 1 and 2 and are essential for 
apoptosiss mediated by TRAIL receptor 2. Immunity 
12:599-609;; 2000. 

5.. Pan, G., Ni, J., Wei, Y. F., Yu, G.,, Gentz, R., and 
Dixit,, V. M. An antagonist decoy receptor and a 
deathh domain-containing receptor for TRAIL. Sci-
enceence 277:815-8; 1997. 

6.. Pan, G., Ni, J., Yu, G., Wei, Y. F., and Dixit, V. M. 
TRUNDD,, a new member of the TRAIL receptor 
familyy that antagonizes TRAIL signalling. FEBS Lett 
424:41-5;; 1998. 

7.. Sheridan, J. P., Marsters, S. A., Pitti, R. M., Gurney, 
A.,, Skubatch, M., Baldwin, D., Ramakrishnan, L., 
Gray,, C. L, Baker, K„ Wood, W. I., Goddard, A. 
D.,, Godowski, P., and Ashkenazi, A. Control of 
TRAIL-inducedd apoptosis by a family of signaling 
andd decoy receptors. Science 277:818-21; 1997. 

8.. MacFarlane, M., Ahmad, M., Srinivasula, S. M., 
Fernandes-Alnemri,, T., Cohen, G. M., and Alnemri, 
E.. S. Identification and molecular cloning of two 
novell receptors for the cytotoxic ligand TRAIL J 
BiolBiol Chem 272:25417-20; 1997. 

9.. Marsters, S. A., Sheridan, J. P., Pitti, R. M„ Huang, 
A.,, Skubatch, M., Baldwin, D., Yuan, J„ Gurney, 
A.,, Goddard, A. D„ Godowski, P., and Ashkenazi, 
A.. A novel receptor for Apo2L/TRAIL contains a 
truncatedd death domain. CurrBiol 7:1003-6; 1997. 

10.. Yamanaka, T., Shiraki, K., Sugimoto, K., Ito, T., 
Fujikawa,, K., Ito, M., Takase, K., Moriyama, M., 
Nakano,, T., and Suzuki, A. Chemotherapeutic 
agentss augment TRAIL-induced apoptosis in hu
mann hepatocellular carcinoma cell lines. 
HepatologyHepatology 32:482-90; 2000. 

11.. Zhang, X. D., Franco, A. V., Nguyen, T., Gray, C. 
P.,, and Hersey, P. Differential localization and regu
lationn of death and decoy receptors for TNF-re-
latedd apoptosis-inducing ligand (TRAIL) in human 
melanomaa cells. J Immunol 164:3961-70; 2000. 

12.. Ashkenazi, A., and Dixit, V. M. Apoptosis control 
byy death and decoy receptors. Curr Opin Cell Biol 
11:255-60;; 1999. 

13.. Griffith, T. S., and Lynch, D. H. TRAIL: a molecule 
withh multiple receptors and control mechanisms. 
CurrCurr Opin Immunol 10:559-63; 1998. 

14.. Sheikh, M. S., Huang, Y., Fernandez-Salas, E. A., El-
Deiry,, W. S., Friess, H., Amundson, S., Yin, J., 
Meltzer,, S. J., Holbrook, N. J., and Fornace, A. J., 
Jr.. The antiapoptotic decoy receptor TRID/TRAIL-
R33 is a p53-regulated DNA damage-inducible gene 
thatt is overexpressed in primary tumors of the 
gastrointestinall tract. Oncogene 18:4153-9; 1999. 

15.. Teitz, T., Wei, T., Valentine, M. B., Vanin, E. F., 
Grenet,, J., Valentine, V. A., Behm, F. G., Look, A. 
T.,, Lahti, J. M., and Kidd, V. J. Caspase 8 is deleted 
orr silenced preferentially in childhood neuroblasto
mass with amplification of MYCN. Nat Med 6:529-
35;; 2000. 

16.. Teitz, T., Lahti, J. M., and Kidd, V. J. Aggressive 
childhoodd neuroblastomas do not express caspase-
8:: an important component of programmed cell 
death.. J Mol Med 79:428-36; 2001. 

17.. Hopkins-Donaldson, S., Bodmer, J. L, Bourloud, K. 
B.,, Brognara, C. B., Tschopp, J., and Gross, N. Loss 
off caspase-8 expression in highly malignant human 
neuroblastomaa cells correlates with resistance to 
tumorr necrosis factor-related apoptosis-inducing 
ligand-inducedd apoptosis. Cancer Res 60:4315-9; 
2000. . 

18.. Eggert, A., Grotzer, M. A., Zuzak, T. J., Wiewrodt, 
B.. R., Ikegakt, N., and Brodeur, G. M. Resistance to 
TRAIL-inducedd apoptosis in neuroblastoma cells 
correlatess with a loss of caspase-8 expression. Med 
PediatrPediatr Oncol 35:603-7; 2000. 

19.. Nicoletti, I., Migliorati, G., Pagliacci, M. C, 
Grignani,, F., and Riccardi, C. A rapid and simple 
methodd for measuring thymocyte apoptosis by 
propidiumm iodide staining and flow cytometry. J 
ImmunolImmunol Methods 139:271 -9; 1991. 

20.. Griffith, T. S., Chin, W. A., Jackson, G. C, Lynch, 
D.. H., and Kubin, M, Z. Intracellular regulation of 
TRAIL-inducedd apoptosis in human melanoma cells. 
JJ Immunol 161:2833^0; 1998. 

21.. Herman, J. G., Graff, J. R., Myohanen, S., Nelkin, 
B.. D., and Baylin, S. B. Methylation-specific PCR: a 
novell PCR assay for methylation status of CpG is
lands.. Proc Natl Acad Sci USA 93:9821-6; 1996. 

49 9 



Chapterr 2 

22.. Lee, S. H., Shin, M. S.r Kim, H. 5., Lee, H. K., Park, 
W.. S.r Kim, S. Y., Lee, J. H., Han, S. Y., Park, J. Y., 
Oh,, R. R., Jang, J. J., Han, J. Y., Lee, J. Y., and 
Yoo,, N.J. Alterations of the DR5/TRAIL receptor 2 
genee in non-small cell lung cancers. Cancer Res 
59:5683-6;; 1999. 

23.. Ozoren, N., Fisher, M. J., Kim, K., Liu, C. X., Genin, 
A.,, Shifman, Y., Dicker, D. T., Spinner, N. 8., 
Lisitsyn,, N. A., and El-Deiry, W. S. Homozygous de
letionn of the death receptor DR4 gene in a na
sopharyngeall cancer cell line is associated with 
TRAILL resistance. Int J Oncol 16:917-25; 2000. 

24.. Wu, W. G., Soria, J. C, Wang, L, Kemp, B. L, and 
Mao,, L. TRAIL-R2 is not correlated with p53 status 
andd is rarely mutated in non-small cell lung cancer. 
AnticancerAnticancer Res 20:4525-9; 2000. 

25.. Evan, G. I., Wyllie, A. H., Gilbert, C. S„ Littlewood, 
T.. D., Land, H., Brooks, M., Waters, C. M., Penn, L. 
Z.,, and Hancock, D. C. Induction of apoptosis in 
fibroblastss by c-myc protein. Cell 69:119-28; 1992. 

26.. Fulda, S., Lutz, W., Schwab, M., and Debatin, K. 
M.. MycN sensitizes neuroblastoma cells for drug-
inducedd apoptosis. Oncogene 18:1479-86; 1999. 

27.. Lutz, W-, Fulda, S., Jeremias, I., Debatin, K. M., 
andd Schwab, M. MycN and IFNgamma cooperate 
inn apoptosis of human neuroblastoma cells. 
OncogeneOncogene 17:339-46; 1998. 

28.. Herman, J. G., and Baylin, S. B. Promoter-region 
hypermethylationn and gene silencing in human 
cancer.. Curr Top Microbiol Immunol 249:35-54; 
2000. . 

29.. Esteller, M., Corn, P. G„ Baylin, S. B„ and Herman, 
J.. G. A gene hypermethylation profile of human 
cancer.. Cancer Res 61:3225-9; 2001. 

50 0 



C h a p t e r r 3 3 
Thee N-myc paradox: N-myc overexpression in 

neuroblastomass is associated with sensitivity as well as 
resistancee to apoptosis 

Maxx M. van Noesel1,2, Rob Pieters2, P. A. Voute1, Rogier Versteeg' 

Cancerr Letters 2003; 197: 165-172 

11 Depts. of Human Genetics and Pediatric Oncology, EKZ/AMC, Amsterdam, 
2Dept.. of Pediatric Oncology-Hematology, Erasmus MC-Sophia Children's Hospital, 

Rotterdam,, the Netherlands 



Abstrac t t 
Neuroblastomass are characterized by defects in TRAIL induced apoptosis, especially down-regulation 

andd methylation of CASP8. This defect is associated with amplification of N-myc. However, N-myc 

hass also been implicated in induction of apoptosis, especially activation of CASP9 mediated 

apoptosis.. Here we found that ectopic N-myc expression induces TRAIL susceptibility, both by 

CASP88 and CASP9 mediated apoptosis. N-myc did not modify CASP8 expression and methylation. 

CASP88 defects therefore represent an independent event in neuroblastoma, counteracting the N-

mycc induced susceptibility to apoptosis. Analysis of the CASP9 mediated route in a series of 

neuroblastomaa cell lines, we found normal expression and no aberrant methylation of four apoptotic 

intermediates,, including CASP9 itself. 
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Introductio n n 
Apoptoticc defects play a major role in the development of cancer. Pediatric neuroblastomas are 

characterizedd by the inability to respond to the apoptosis inducing ligand TRAIL (TNF-Related 

Apoptosiss Inducing Ligand) which leads to a decreased apoptotic potential1, 2. Analysis of the 

deathh receptor induced apoptotic cascade has revealed epigenetic repression of one or more 

intermediatee proteins. Normally, TRAIL can bind four receptors, death receptors DR4 and 5 and 

decoyy receptors DcR1 and 2. Activation of the death receptors leads to activation of CASP8 through 

ann intracellular intermediate protein called FADD (Fas-associated protein with Death Domain). 

Activatedd CASP8 directly activates the executioner caspase, CASP3, which invariably leads to 

programmedd cell death. The decoy receptors are homologous to the death receptors, but lack a 

functionall intracellular domain. TRAIL binding to the decoy receptors therefore does not lead to 

activationn of the apoptotic cascade. The decoy receptors most probably function as modifiers of 

thee TRAIL response. The best-known apoptotic defect in neuroblastoma cell lines and tumors is 

down-regulationn of CASP8, which strongly correlates with TRAIL unresponsiveness. The lack of 

expressionn was associated with hypermethylation of the promoter in 70-80% of cases and is 

associatedd with aggressive, N-myc amplified neuroblastomas3. Demethylation was able to restore 

CA5P88 expression and apoptosis in cell lines4. We recently showed that also the TRAIL receptors 

weree down-regulated by promoter hypermethylation in neuroblastoma cell lines5.The decoy 

receptorss were down-regulated in the majority of cell lines and tumors, which was associated with 

promoterr hypermethylation in up to 80% of the non-expressing cell lines and 25 % of the tumors. 

Down-regulationn by hypermethylation of DR4 and DR5 was found in a few neuroblastoma cell 

lines,, but not in neuroblastoma tumors. The functional role of the lack of DcR1 and 2 expression 

iss not clear. We argued that it may represent an early anti-tumor response in cancerous cells to 

increasee the sensitivity for apoptotic stimuli5. The data imply that in neuroblastomas the death 

receptorr mediated route to apoptosis is affected in multiple ways and epigenetic regulation of 

genee expression plays an important role. 

Alternatively,, apoptosis can also develop through the so-called intrinsic pathway, which involves 

thee activation of CASP9 through the release of mitochondrial cytochrome c (cyt c) into the cytosol. 

Regulationn and initiation of this process relies on the balance between the anti-apoptotic Bcl2 and 

thee pro-apoptotic BAX family of proteins in the mitochondrial membranes. A variety of stimuli can 

shiftt the balance towards increase of BAX family of proteins. When BAX is increased it induces 

releasee into the cytosol of cyt c and other pro-apoptotic proteins like Smac/DIABLO (Second 

Mitochondria-derivedd Activator of Caspase). When cyt c is released, it binds Apaf-1 (Apoptotic Protease 

Activatingg Factor) and pro-CASP9 under the formation of the apoptosome6,7. The result is cleavage 

off inactive pro-CASP9 into active CASP9, which can activate the executioner caspase, CASP3. 

Mostt stimuli that increase BAX and release cyt c are related to DNA damage and increased p53 

andd the intrinsic pathway to apoptosis is therefore considered to be important in intracellular 
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controll of cell homeostasis. Induction of apoptosis by chemotherapeutic drugs is also considered 

too be activated through the mitochondria8,9. Lastly, the mitochondrial route is also connected to the 

deathh receptor mediated route. Activated CASP8 can cleave the cytosolic Bid protein (BH3-lnteracting 

Domainn Death Agonist), which can activate the BAX family of proteins in the mitochondria10, 11. 

Whilee the CASP8 route to apoptosis clearly shows defects in neuroblastoma, much less is known of 

thee role of the intrinsic apoptotic pathway. Neuroblastomas with amplification of N-myc have been 

reportedd to have an increased expression of Bcl2 and survivin (an inhibitory protein of the apoptosome), 

suggestingg that in high-risk neuroblastomas this apoptotic route is less active12. 

Thee association between amplification of N-myc and decreased apoptosis through the CASP8 

mediatedd and perhaps CASP9 mediated pathways is in sharp contrast with the findings that N-

mycc and its close relative c-myc can also induce apoptosis13,14. The most important pro-apoptotic 

effectt of N-myc and c-myc is probably their potential to increase the levels of BAX and the cytosolic 

cytt e6 ,7 '15. Here, we investigated the association between N-myc and apoptosis in neuroblastoma 

celll lines. We analyzed both a cell line panel with amplification of the endogenous N-myc gene, as 

welll as a neuroblastoma cell line with ectopic expression of N-myc. Both the CASP8 and CASP9 

routess to apoptosis were induced by N-myc, suggesting that defects in these routes in neuroblastoma 

tumorss function to neutralize this effect of N-myc. 

Material ss  and method s 
Celll Culture 
Celll lines were cultured at 37 , 5% C02, using Dulbecco's Modified Essential Medium (DMEM; 

Gibco)) containing 10% Fetal Calf Serum, 292 u.g/ml L-Glutamine, 1% 100x MEM (Non-essential 

aminoo acids medium, Gibco) and 0,5% Penicillin/Streptomycin solution. Fresh media were applied 

twicee weekly. 

TRAILL treatment, propidium iodide staining and FACS analysis 
Thee irreversible protease inhibitors Z-IETD-FMK (CASP8 inhibitor) and Z-LEHD-FMK (CASP9 inhibitor) 

weree obtained from Alexis Biochemicals, Switzerland. They were kept as stock solutions of 0,2% 

inn DMSO and added directly to cell cultures in a final concentration of 20 mM. For apoptosis 

studies,, cell cultures were pretreated for 1 hour with protease inhibitors, before addition of TRAIL. 

TRAILL was obtained from R&D systems Europ Ltd., UK and used in a final concentration of 20 ng/ 

ml.. Treatment with TRAIL was performed in 24-well plates (1-2 x 106 cells in 1 ml medium). Cells 

weree harvested after 24 hours of TRAIL addition, washed once with PBS and centrifuged at 200 x 

g.g. The propidium iodide method was used for detection of apoptotic cells, as described elsewhere16. 

Briefly,, 500 jxl of a hypotonic buffer (50 u,g/ml propidium iodide in 0.1 % sodium citrate plus 

Tritonn X-100; Sigma) was added directly to the cell pellet. The tubes were placed at 4 C in the 

darkk overnight before flow cytometry analyzes. The propidium iodide fluorescence of individual 

54 4 



Thee N-myc paradox 

nucleii was measured using a FACScan flow cytometer (Beekman). At least 1x104 cells of each 

samplee were analyzed in duplicates or triplicates for each sample. Apoptotic nuclei appeared as a 

broadd hypodiploid DNA peak, as compared to the diploid DNA peak (GO or resting cells) or 

hyperdiploidd DNA peak (G2 or dividing cells). Induction of apoptosis after stimulation with TRAIL 

wass defined as a two-fold induction of base line apoptosis or more. 

RT-PCRR detection of mRNA 
Totall RNA was isolated from cell lines using RNAzol™ B (Cinna, Biotecx Laboratories Inc) according 

too manufacturer's protocol. First strand cDNA synthesis was performed on 2 u,g of total RNA in a 

volumee of 20 uJ using Superscript™ II (GibcoBRL) and oligo (dT). The specific primers used for mRNA 

amplificationn were as follows {in 5' to 3' orientation): Caspase 8 (accession nr GI4502582) F(514): 

GGAAAGGGAACTTCAGACACC;; R(869): TCAGCAGGCTCTTGTTGATTT, PCR product length 356 bp. 

Caspas ee 9 (accession nr GI1532150) F(92): GTGGAAGAGCTGGAGGTGG; R(294) GTCCTG 

GCCTGTGTCCTCTA,, PCR product length 201 bp. APAF-1 (accession nr. AF013263) F{589): 

AGCTCGAAATTGTTTGCTTCA;; R(921): 5-AAAACAACTGGCCTCTGTGG, PCR product length 333 

bp.. Smac/DIABL O (accession nr Gl 11094502) F(24): GAAATCAGAGCCTCATTCCCT; R(344) 

GCTGCCATCTCTGAAAGACC,, PCR product length 321 bp. VDAC1 (accession nr Gil 1417131) 

F(66):: CGACATGGATTTCGACATTG; R(396) CACTTTAGCCGAGAAGCAGG, PCR product length 331 

bp.. Annealing temp. 60 , 30 cycles 

Analysiss of expression was performed in a 25 uJ PCR reaction containing 1 uJ of cDNA, 1 jil dNTP's 

(2.55 mmol/l each), 0.5 JLLI each of the specific primers (150 ng/uJ), and 0.25 |oJ Taq DNA polymerase 

(55 U/uJ; Boehringer). PCR conditions were as follows: 1 cycle, 5 min/95 ; 35 cycles, 30 sec/95 , 

11 min/60 , 1 min/72 , and one cycle 5 min/72 . PCR products were loaded on a 4% agarose 

gell (Metaphor; BioWhittaker Molecular Applications, USA), stained with ethidium bromide and directly 

visualizedd under UV illumination. 

Methylationn specific PCR (MSP) 
Genomicc DNA was isolated from cell lines and primary tissues, using standard procedures. 

Approximatelyy 1 fig of DNA was bisulfite-modified, as described5'17. PCR reactions are hot started 

att 95 C for 15 min, by using 0.25 uJ (5 U/uJ) of HotStarTaq DNA polymerase (Qiagen). Reactions 

weree performed at 60 C annealing temperature. Each PCR reaction was loaded on a 6 % non-

denaturingg polyacrylamide gel, stained with ethidium bromide and directly visualized under UV 

illumination.. Genomic DNA treated with Sss1 methylase (New England Biolabs; as instructed by 

manufacturerss protocol) and after bisulfite modification was used as positive control for methylated 

DNA.. Primer sequences for CASP8 as described earlier3, 5, other primer sequences on request. 
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Result s s 
TRAILL induction of apoptosis in neuroblastoma cell lines 
Thee relationship between N-myc expression and apoptosis susceptibility was analyzed in a panel of 

111 neuroblastoma cell lines. The cell lines were treated with TRAIL and analyzed by FACS for the 

percentagee of apoptotic nuclei. Only three neuroblastoma cell lines, SK-N-AS, GI-ME-N and SJNB-

8,, were responsive to TRAIL, with a 2-5-fold induction of apoptosis (see table 1). Responsiveness 

wass strongly correlated with expression of CASP8, since all three cell lines expressed CASP8, while 

CASP88 was switched off in 8/10 TRAIL-resistant cell lines. The two unresponsive cell lines that 

expressedd CASP8, LA-N-2 and SK-N-FI, both expressed DR5. SK-N-FI also expressed DR4 (data not 

shown),, suggesting that these ceil lines have the potential to bind TRAIL. In this panel, we observed 

aa clear tendency for a correlation between TRAIL resistance and N-myc amplification. Of the seven 

celll lines with endogenous N-myc amplification, 6 cell lines were TRAIL resistant. Of the four cell 

liness without N-myc amplification, two were TRAIL sensitive. Six out of seven N-myc amplified cell 

liness have a methylated CASP8 promoter, which strongly correlates with CASP8 down-regulation 

(Tablee 1). However, also two of the four N-myc single copy cell lines show promoter methylation 

andd silencing of CASP8. 

Tablee 1. TRAIL sensitivit y of neuroblastom a cell lines , relate d to methylatio n profil e and mRNA expressio n 
off  genes in th e apoptoti c pathway . NMA: N-myc amplification ; Met: Methylate d (Yes/No) ; Exp: mRNA 
expression . . 

NBLL TRAIL NMA Casp8 Casp9 Apaf-1 VDAC1 Smac 
Celll lines Apoptosis 

1.. SK-N-AS 
2.. GI-ME-N 
3.. SJNB8 
4.. LA-N-2 
5.. SK-N-Fi 
6.. IMR32 
7.. LA-N-1 
8.. NMB 
9.. L A N * 

10.. KCNR 
11.LA-N-5 5 

12.. SHEP-21N 
13.. SHEP-2 

Yes Yes 
Yes Yes 
Yes Yes 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 

Yes Yes 
No No 

. . 
--
+ + 
+ + 

--
+ + 
+ + 
+ + 

--
+ + 
+ + 

+ + 

--

Met t 

No No 
No No 
Yes Yes 
No No 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 

No No 
No No 

Exp p 

+ + 
+ + 
+ + 
+ + 
+ + 

--
--
--
--
--
--

+ + 
+ + 

Met t 

No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 

No No 
No No 

Exp p 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 

Met t 

No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 

No No 
No No 

Exp p 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 

Met t 

No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 

No No 
No No 

Exp p 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 

Met t 

No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 
No No 

No No 
No No 

Exp p 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 

Blockingg of apoptosis 
Too assess the role of N-myc in TRAIL induced apoptosis more directly, we used an N-myc transfected 

celll line (a kind gift of M. Schwab). The SHEP cell line has no N-myc amplification and expression, 

norr c-myc expression. A tetracycline-regulated N-myc expression vector has been introduced into 

thesee cells (SHEP-21N clone). SHEP-2 is a mock-transfected control clone14 ,18 . Background apoptosis, 
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Figur ee 1. TRAIL induce d apoptosi s in the N-myc transfecte d SHEP-21N cell line . 
A.. FACS analysis of apoptotic nuclei after 24 hr induction with TRAIL, with or without inhibitors for caspase 8 

andd 9. 
B.. Quantification of apoptotic nuclei. 21 N: SHEP-21N control, +8inh: addition of CASP8 inhibitor, +9inh: 

additionn of CASP9 inhibitor, 8/9inh: addition of both CASP8 and CASP9 inhibitors. 
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ass assessed by propidium iodine staining followed by FACS analysis was for both cell lines 5-8%. 

SHEP-22 cells were unresponsive to TRAIL. However, SHEP-21N cells showed a strongly increased 

sensitivityy to TRAIL resulting in 72% (range 60-74) apoptosis (Fig 1). 

Wee used the SHEP-2/5HEP-21N system to analyze the roles of the CASP8 and the CASP9 routes to 

N-mycc induced apoptosis. We determined the contribution of CASP8 and CASP9 in apoptosis by 

usingg specific inhibitors for CA5P8 (Z-IETD-FMK) and CASP9 (Z-LEHD-FMK) 19' 20. Z-IETD-FMK and 

Z-LEHD-FMKK did not enhance background apoptosis (Fig 1b). Addition of Z-IETD-FMK reduced 

TRAIL-inducedd apoptosis in SHEP-21N from 72% to 38% (range 34-41). Z-LEHD-FMK reduced 

apoptosiss to 57% (range 50-60), and the combination of the 2 inhibitors reduced apoptosis to 

31%% (range 29-37) (Fig 1a and 1b). This suggests that the N-myc induced sensitivity to TRAIL-

dependentt apoptosis is mediated mainly by CASP8 and also to a lesser extent by CASP9. These 

analysess confirm that N-myc can induce susceptibility to apoptosis and show that both the CASP8 

andd CASP9 routes are involved. This strongly contrasts with the observed correlation between N-

mycc expression and resistance to apoptosis and down-regulation of CASP8, as observed in the cell 

linee panel and previously3. We therefore directly analyzed whether N-myc can down-regulate the 

expressionn of CA5P8 in the SHEP-21N cells. CASP8 was expressed in both 5HEP-2 and SHEP-21N 

cellss (Table 1.). Methylation analysis showed no detectable methylation changes in SHEP-2 or 

SHEP-21NN (data not shown). This implies that N-myc is not directly involved in the down-regulation 

orr methylation of CASP8 in high-risk neuroblastomas. The defect in CASP8 expression in 

neuroblastomaa cell lines has therefore most probably been induced by genes or mechanisms other 

thann the oncogene N-myc itself. The defects in the CASP8 route to apoptosis possibly function to 

neutralizee the N-myc induced susceptibility for CASP8 mediated apoptosis. 

Methylationn and expression of genes of the intrinsic route to apoptosis 
Sincee high expression of N-myc also increases the susceptibility for CASP9 mediated apoptosis, we 

wonderedd whether N-myc amplified cell lines have defects in the CASP9 route to apoptosis. We 

analyzedd epigenetic regulation of a series of genes of the CASP9 mediated apoptotic pathway. 

Fourr proteins down-stream of the activation of BAX were selected. The genes analyzed were 

VDAC1,, a Voltage Dependent Anion Channel protein involved in the mitochondrial pore protein 

complex,, Smac/DIABLO, the inhibitor of the apoptosome inhibitory proteins (like survivin), and 

twoo proteins of the apoptosome, CASP9, and Apaf-1. We used the Methylation Specific PCR for 

methylationn analysis. Each of the four genes contains a CpG island in the promoter. The analysis 

showedd that all four genes were completely unmethylated without evidence of aberrant methylation 

inn any of the cell lines from our cell line panel (data not shown). Subsequently, we analyzed their 

expressionn pattern by semi-quantitative RT-PCR. The four genes were all normally expressed in all 

celll lines of the cell line panel (Fig 2.). In conclusion, the expression profiles of the genes do not 

suggestt that either one acts as a tumor suppressor gene in neuroblastomas. 
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Numberingg of cell lines refers to Table 1. 
l f c w t e B fc j r |#«»IÉIto*l i»teterf lÉ*to»I ÖÖ GAPDH GAPDH served as a control. 

Discussio n n 
Down-regulationn and hypermethylation of CASP8 has become the hallmark of defective apoptosis 

inn neuroblastomas. CASP8 is the initiator caspase of the death receptor mediated apoptotic route, 

butt is also connected to the intrinsic apoptotic route through the intermediate protein Bid. Defects 

inn CASP8 are primarily found in high-risk neuroblastomas, often characterized by amplification of 

N-myc1"3.. This model of tumorigenesis, which combines defective apoptosis and amplification of 

ann oncogene, seems to fit the clinical behavior of high-risk neuroblastomas. The defective apoptosis 

couldd mirror the frequently observed chemotherapy resistance, while amplification of N-myc is 

knownn to increase cell proliferation. The model seems to explain the poor outcome for this group 

off patients. However, the molecular mechanisms at the basis of the model are not altogether 

clear.. N-myc and c-myc family members are also known to induce apoptosis13'21. This apoptotic 

potentiall results from the ability to increase the levels of BAX and to increase the release of cyt c 

intoo the cytosol6. Here, we assessed the paradoxical role of N-myc amplification in neuroblastoma 

celll lines, most of which have endogenous overexpression of N-myc. As expected, we confirmed 

thee strong correlation between TRAIL resistance, down-regulation of CASP8 and amplification of 

N-myc.. However, in a SHEP cell line with ectopic expression of N-myc we observed strong induction 

off TRAIL mediated apoptosis compared to the mock-transfectant control clone. Specific blocking 

off CASP8 or CASP9 showed that both CASP8 and CASP9 mediated apoptosis were involved in the 

TRAILL response. The potential of N-myc to induce both apoptotic routes suggests an effect at 

severall levels of the pathways, but he precise mechanism is unknown. In addition, when we 

analyzedd CASP8 in the SHEP cells, we found CASP8 expression without evidence of methylation 

changess in both the N-myc expressing and non-expressing cell line. Our data imply that the down-

regulationn of CASP8 in high-risk neuroblastomas is not a direct effect of N-myc, but an indirect 

effectt of the biology of these tumors. In addition, we considered the possibility that also the 

CASP99 mediated route to apoptosis is less functional in neuroblastomas. This was suggested by 

severall reports12. We argued that multiple genes in the intrinsic route to apoptosis were candidate 

tumorr suppressor genes for neuroblastomas. CASP9 is located at chromosome 1p36, a common 
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regionn of LOH in neuroblastomas and other tumors. Recently, it was shown that CASP9 was 

indeedd located within the shortest region of overlap of these heterozygous deletions22. However, 

thee same report also showed that expression of CASP9 in neuroblastomas was normal. Apaf-1 is 

epigeneticallyy down-regulated in melanomas and is considered as a potential tumor suppressor 

genee for this malignancy23. Smac/DIABLO peptides are able to increase sensitivity for TRAIL induced 

apoptosiss of various tumors, including neuroblastomas24. These genes, together with the 

intermediateintermediate VDAC1 were tested for aberrant methylation and expression. All cell lines, including 

thee two CASP8 expressing, TRAIL resistant cell lines were completely unmethylated for these 

geness and showed normal expression levels. 

Inn conclusion we showed that N-myc induces both CASP8 and CASP9 mediated apoptosis. Epigenetic 

down-regulationn of CASP8 in neuroblastomas is unlikely to be induced by overexpression of N-

myc.. Additional defects in apoptosis may be involved in the CA5P9 route to apoptosis, but we 

foundd no evidence for (epigenetic) silencing of several selected key intermediates down-stream of 

thee activation of BAX. 
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Abstrac t t 
CpG-islandd hypermethylation of gene promoters is a frequent mechanism for gene inactivation in 

tumors.. Many neuroblastomas have hypermethylation and down-regulation of CASP8, leading to 

resistancee to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). We recently found 

hypermethylationn of the four TRAIL receptors in 9 neuroblastoma cell lines. Here, we analyzed 

methylationn of 34 genes in 22 neuroblastoma cell lines. Of the 29 newly analyzed genes, only FLIP 

att 2q33 was methylated in 8/22 cell lines. The FLIP protein is a negative regulator of Caspase 8. 

FLIPFLIP maps adjacent to CASP8 and their methylation patterns showed a moderate correlation. 

Furthermore,, co-methylation patterns were observed for the TRAIL receptor pairs DCR1 and DCR2 

andd between DR4 and DR5. All four receptors co-localize in chromosome band 8p21. The 6 genes 

methylatedd in neuroblastomas appeared to occur in pairs. The genes within each pair have a 

strongg sequence homology, and originated from gene duplication. We found no evidence for 

regionall spreading of methylation, as we did not observe de novo methylation in additional local 

CpGG islands. However, the gene pairs showed a striking co-regulation at the mRNA expression 

level.. Down-regulation of FLIP strongly corresponds with down-regulation of CASP8, and this was 

alsoo found for DCR 1 and DCR2. Only a subset of the down-regulated genes was methylated. This 

suggestss a mechanism of co-regulated transcriptional silencing of the gene pairs, followed by a 

methylationn event that is less penetrating. The methylation pattern therefore supports a model in 

whichh CpG islands are not randomly targeted by methylation in cancer. Specific transcriptional 

silencingg probably marks genes that can become methylated. 



Clusteringg of Hypermethylated Genes in Neuroblastoma 

Introductio n n 
Epigeneticc silencing of tumor suppressor genes plays an important role in the pathogenesis of 

mostt cancers. In normal cells, only a few genes are transcriptionally regulated by DNA methylation, 

includingg imprinted genes and genes on the silenced X-chromosome. Human cancer cells, however, 

displayy epigenetic instability, which is characterized by global CpG demethylation of the bulk 

chromatin,, and hypermethylation of normally unmethylated promoter-associated CpG islands. 

Similarlyy to genetic aberrations in cancer, each cancer type appears to display a unique pattern of 

geness affected by hypermethylation of promoter CpG islands. For instance, methylation of MGMT 

andd APC are frequently observed in colorectal cancer, p14ARF in gastric tumors, BRCA1 uniquely in 

breastt and ovarian cancer, MLH1 in colorectal, endometrial and gastric tumors with microsatellite 

instability,, and TP73 and CDKN2B methylation has been observed in hematological malignancies1-2. 

Hypermethylationn of promoter CpG islands is associated with formation of regional heterochromatin, 

andd attraction of transcriptional repressors. The role of methylation in this model is supported by 

thee physical interaction between key elements of repressed heterochromatin such as histone 

deacetylases,, transcriptional repressors, methylated Iys9 residues in histone H3 and several 

componentss of the methylation machinery, like the DNA methyltransferases (DNMT1, 3A and 3B) 

andd the methyl-binding proteins (MECP2 and MBD1)3. 

Despitee the emerging patterns of aberrant methylation of cancer genomes and the biological 

modell for transcriptional repression, the initiating mechanisms underlying CpG island 

hypermethylationn are still poorly understood. Foremost is the question whether aberrant methylation 

iss initiated by the repressor complexes in a gene-specific manner, or as a random process, initiated 

byy an aberrant methylation machinery that randomly targets genomic sequences. 

Inn pediatric neuroblastomas several potential tumor suppressor genes are frequently 

hypermethylatedd and down-regulated. This was particularly found for genes of the tumor necrosis 

factor-relatedd apoptosis-inducing ligand (TRAIL) pathway to apoptosis (CASP8, and the receptors 

TNFRSF10A,TNFRSF10A, TNFRSF10B, TNFRSFWC, and TNFRSFWD, further referred to as DR4, DR5, DCR1, 

andd DCR2, respectively)4"6. In this study we analyzed the methylation pattern of 34 genes at 12 

differentt chromosomal regions in 22 neuroblastoma cell lines. The analysis included the mentioned 

geness of the TRAIL pathway as well as 7 additional genes involved in apoptosis. Furthermore, 18 

geness in chromosome band 1p36 and 4 genes associated with carcinogenesis, like CDKN2A/ 

p16p16INK4AINK4A'' were analyzed. 

Material ss  and method s 
Celll Culture 
Celll lines were cultured at 37 , 5% C02, using Dulbecco's Modified Essential Medium (DMEM; 

Gibco)) containing 10% Fetal Calf Serum, 292 (ig/ml L-Glutamine, 1% 100x MEM (Non-essential 

aminoo acids medium, Gibco) and 0,5% Penicillin/Streptomycin solution. 
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RT-PCRR Detection of mRNA 
Totall RNA was isolated from cell lines using RNAzol™ B (Cinna, Biotecx Laboratories Inc) according 

too manufacturer's protocol. First strand cDNA synthesis was performed on 2 |j.g of total RNA in a 

volumee of 20 uJ using Superscript™ II (GibcoBRL) and oligo (dT). The specific primers used for 

mRNAA amplification were as follows: 

FLIPFLIP  (accession nr Gl: 4505246) F (235): GTTCAAGGAGCAGGGACAAG; R (436): TGCAATC 

GATTATCAGGCAG;; Primers for additional genes have been described previously6, or available on 

request. . 

Analysiss of expression was performed in a 25 (il PCR reaction containing 1 .̂l of cDNA, 1 u.1 

dNTP'ss (2.5 mmol/l each), 0.5 u.1 each of the specific primers (150 ng/uJ), and 0.25 uJ Taq DNA 

polymerasee (5 U/u.1; Boehringer). PCR conditions were as follows: 1 cycle, 5 min/95 ; 35 

cycles,, 1 min/95 , 1 min/60 , 1 min/72 , and one cycle 5 min/72 C PCR products were 

loadedd on a 4% agarose gel (Metaphor; BioWhittaker Molecular Applications, USA), stained with 

Gelstarr nucleic acid gel stain (BioWhittaker Molecular Applications, Rockland, ME, USA) and directly 

visualizedd under UV illumination. 

Methylation-specificc PCR (MSP) 
Genomicc DNA was isolated from cell lines and primary tissues, using standard procedures. Procedures 

forr bisulfite treatment and PCR analyses were performed as described6,7. The primer sequences 

forr FLIP are (5' to 3'): TGGTTATTTGTAG111 I I IGGAGT (unmethylated sense); GTTATTTGTAGT 

TTTTCGGAGCC (methylated sense); AATAACAACAACAAAAAAATCCA (unmethylated antisense); 

CAACGACAAAAAAATCCGG (methylated antisense). Expected PCR products 211 bp (U)/ 203 bp (M). 

Thee specific MSP primer sequences for TNFRSFWA/DR4, TNFRSF10B/DR5, TNFRSF10C/DCR1, 

TNFRSF10D/DCR2,TNFRSF10D/DCR2, and CASP8 were as described6. Expected PCR products for DR4:91 (methylated)/ 

1022 (unmethylated) bp, DR5:199/208 bp, DCR1: 125/135 bp, DCR2: 138/145 bp, CASP8: 321/322 

bp.. Primer sequences of additional genes available upon request. 

PCRR reactions were hot started at 95 C for 15 min, by using 0.25 u,l (5 U/uJ) of HotStarTaq DNA 

polymerasee (Qiagen). Reactions were performed at 60 C annealing temperature. Each PCR reaction 

wass loaded on a 6 % non-denaturing polyacrylamide gel, stained with ethidium bromide and directly 

visualizedd under UV illumination. Genomic DNA treated with Sss1 methylase (New England Biolabs; 

ass instructed by manufacturer's protocol) and after bisulfite modification was used as positive control 

forr methylated DNA. 

Statisticall Analysis 
Statisticall significance was determined by the Fisher's exact, two-tailed probability test. The analysis 

off the correlation between expression of FLIP and GASPS was complicated by faint expression bands 

forr FLIP in several cell lines. The Fisher's exact test reached p=0.001 if low expressing cell lines were 
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consideredd to lack expression of FLIP (LAN-6, SJNB-1, 11 OB, IMR32.TR14, SK-N-BE, LAN-2, NMB). It 

reachedd a p=0.12 if these same cell lines were considered as expressing the FLIP mRNA. The 

associationn between methylation and expression of FLIP was significant (p=0.05) for both 

considerationss of the FLIP expression pattern. The significance of the correlation between 

amplificationn of MVC/V and the expression of FLIP varied between p=0.004 and p=0.05. 

Result s s 
Methy la t ionn Pattern o f 34 Genes in Neuroblastomas 

Promoter-associatedd CpG islands of 34 genes were analyzed by MSP in a panel of 22 neuroblastoma 

celll lines and 6 normal tissues. Eighteen genes were selected f r o m ch romosome band 1p36, a 

regionn of f requen t loss o f heterozygosi ty in neuroblastoma. Fur thermore, w e analyzed several 

potent ia ll t umo r suppressor genes and a series of genes of the TRAIL pa thway (Table 1). There 

Tabl ee 1. Methylatio n Patter n of 34 gene s in 22 neuroblastom a cel l line s and 6 norma l tissues . 
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we ree 28 genes unmethy la ted in all cell lines (Table 1). W e detected methy la t ion of one gene, FLIP, 

t ha tt was not previously ident i f ied as a ta rge t of methy la t ion. FLIP was hypermethy la ted in 8 /22 

(36%)) neuroblastoma cell lines (Fig. 1), but not in any of the 6 analyzed normal tissues (Figure 1 

andd Table 1). Some cell lines we re hemi-methylated (AMC106 , SJNB-8, NMB). The FLIP gene maps 

nextt to the CASP10and CASP8 genes in chromosome band 2q33 (Fig. 2a). Previously, w e established 
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thee methylation patterns for GASPS in 9 neuroblastoma cell lines6. In the present study, we expanded 

thee analyses to the complete panel (Fig. 1 and Table 1). CASP8 was methylated in 17/22 (77%) 

celll lines, including LAN-6, which has a faint unmethylated band. Three cell lines were hemi-

methylatedd for CASP8, and two cell lines (SK-N-AS and LAN-2) completely unmethylated (Fig. 1). 

Thee frequent methylation of the two neighboring genes strongly contrasts to the lack of methylation 

inn most other analyzed genes and suggests a shared underlying mechanism. However, it is 

remarkablee that CASP8 and FLIP are not concomitantly methylated in all cell lines. Of the 8 cell 

liness methylated for FLIP, 7 have methylation of CA5P8, but 10 additional cell lines with CASP8 

methylationn lack methylation of FLIP. 

Wee furthermore analyzed the methylation of the four TRAIL receptors DCR1, DCR2, DR4 and DR5 

inn the cell line panel, as previous analysis of a limited cell line series detected methylation of these 

genes6.. The four TRAIL receptors map directly adjacent to each other in a small region in 

chromosomee band 8p21. DCR1 and DCR2 were methylated in 11/22 and 14/22 cell lines respectively 

(Tablee 1). Although the methylation of these two genes is more strictly correlated (p=0.02, Fisher's 

exactt two-tailed test) than in the case of CASP8 and FLIP, also here several cell lines show methylation 

off one of the neighboring genes only. DR4 and DR5 were methylated in 4 and 3 cell lines respectively 

(Tablee 1). Two cell lines showed methylation of both DR4 and DR5. None of the TRAIL receptors 

weree methylated in six analyzed normal tissues. 

Analysiss of Loco-regional Spreading of Methylation 

Thee analysis of 34 genes on 12 chromosomal regions showed clustering of de novo methylation in 

chromosomall bands 2q33 and 8p21, which strongly contrasts with the absence of methylation in 

thee remaining 28 genes from 10 chromosomal regions. The co-methylation of neighboring genes 

suggestss that the adjacent position of the genes plays a role in the mechanism of methylation. 

Onee possibility is that co-methylation results from loco-regional spreading of methylation to 

neighboringg genes. We therefore analyzed the methylation status of promoter-associated as well 

ass non-promoter CpG islands in the FLIP/CASP10/CASP8 cluster at 2q33 and the DCR1/DCR2/ 

DR4/DR5DR4/DR5 cluster at 8p21. At 2q33, there was only one additional non-promoter CpG island, 14 kb 

upstreamm of CASPW, which was not subject to de novo methylation since it was densely methylated 

inn all cell lines and normal tissues. At 8p21, four additional CpG islands were identified, each 
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Figur ee 2. Schematic representation of chromosome bands 2q33 and 8p21, (A) Genetic organisation (B) 
Methylationn pattern of the CpG rich areas at 8p21 . • Promoter associated CpG island, A Non-promoter CpG 
rich,OUnmethylated,, ©Partially methylated,© Methylated 

spanningg more than 0.3 kb, and with a more than 50% GC content (Fig. 2). The density of 

methylationn per CpG island was consistent throughout the tumor cell line panel and the 6 normal 

tissuess (Fig. 2). Moreover, their methylation was equal in the cell lines with or without methylation 

off the TRAIL receptor gene(s). To complete the analyses, we tested the methylation status of the 

geness flanking the methylated gene clusters. The genes NDUFB3 and ALS2CR3 flank the cluster at 

2q333 and the cluster at 8p21 is flanked by IMAGE clone 5093453 and the gene RHOBTB2. The 

promoter-associatedd CpG islands of the four genes were completely unmethylated in all 

neuroblastomaa cell lines and normal tissues (Fig. 2). Therefore, the aberrant de novo methylation 

off the two clusters at 2q33 and 8p21 was restricted to the promoter-associated CpG islands of 

structurallyy related genes, without evidence of spreading to neighboring CpG dense areas or 

genes.. These data do not support a model of regional spreading of methylation from one CpG 

islandd to another. 

Expressionn of DCR1 and DCR2 is Highly Correlated 
Ann alternative explanation for the observed co-methylation of the gene pairs was suggested by an 

expressionn analysis of these genes in the cell line panel. We previously established an association 

betweenn hypermethylation and down-regulation of expression for the TRAIL-receptors DR4, DRS, 

DCR1DCR1 and DCR2 in 9 neuroblastoma cell lines6. We extended the expression studies by semi

quantitativee RT-PCR of the complete cell line panel. There appeared to be a striking correlation 
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Figur ee 3. mRNA expression of 
FLIP,FLIP, CASP8, DCR1 and DCR2 in a 
panell of neuroblastoma cell lines 
ass assessed by rtPCR. MNA: 
MYCNN amplified cell lines (+). 

betweenn the expression of DCR1 and DCR2 (p=0.01) (Fig. 3). Only three of the 22 cell lines 

showedd a discordant expression, while 19 cell lines were concordant with 6 expressing and 13 

non-expressingg cell lines. There was also a good correlation between down-regulation of the 

expressionn and methylation for DCR1 (p=0.012) and DCR2 (p=0.008). Methylated genes were always 

downn regulated, except for the cell lines SK-N-BE and N206, which showed variable expression of 

DCR2DCR2 in repeat experiments, while the gene was consistently methylated. However, down-regulation 

wass not always associated with hypermethylation of the genes. As a result, in some cell lines, like 

SJNB11 and TR14, DCR1 and DCR2 are both switched off, while only DCR2 is methylated. The strong 

correlationn between the expression of DCR1 and DCR2 suggests that both genes are coordinately 

downn regulated. The incomplete correlation with methylation suggests that methylation is not a 

prerequisitee for this down-regulation, but rather an additional effect that may or may not occur. 

Expressionn of FLIP and CASP8 is Highly Correlated 
Thee co-regulation of DCR1 and DCR2 urged us to analyze whether the other pair of methylated 

genes,, CASP8 and FLIP show a co-regulation as well. Semi-quantitative RT-PCR indeed showed 

highlyy correlated expression patterns of FLIP and CASP8 (p=0.001; see Materials and Methods) 

(Fig.. 3). Six of 22 cell lines showed expression of both genes, while 7 cell lines showed a complete 

lackk of expression of both genes. Eight CASP8 negative cell lines had a very weak FLIP expression. 

Onlyy SJNB-10 showed a clearly discordant pattern, as it expressed FLIP but not CASP8. Methylation 

iss significantly associated with down-regulation of CASP8 (p=0.009), but for FLIP the significance 

iss dependent on the interpretation of the low-expressing cell lines (see Materials and Methods). 

Similarr to the methylation patterns of DCR1 and DCR2, methylation was found in a subset of the 

down-regulatedd genes only. CASP8 was silenced but not methylated in one cell line and this 

situationn was found for FLIP in 7 cell lines. The inverse situation, expression of methylated alleles, 

wass only found in two cell lines for CASP8 and never for FLIP. The expression and methylation 

patternss of CASP8 and FLIP suggest that the down-regulation of the expression is highly coordinated, 

*«—.«»t|-- - - DcR2 
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whilee not all down-regulated genes become methylated. To our knowledge, no specific repressors 

off CASP8 and FLIP have been identified. Previous studies have suggested a correlation between 

MYCNMYCN amplification and CASP8 down-regulation. The MYCN transcription factor is frequently 

amplifiedd in neuroblastoma8-9. In our panel, we found a strong correlation between amplification 

off MYCN and the down-regulation of CASP8 (p=0.004) and FLIP (p=0.004 to p=0.051; see Materials 

andd Methods). Fourteen of 15 MYCN amplified cell lines lacked expression of CASP8 while 5/7 

MYCNMYCN single copy cell lines expressed GASPS. There was no correlation between amplification of 

MYCNMYCN and DCR1 and DCR2 expression. Our data support a model in which methylation of CpG 

islandss does not randomly affect CpG islands in cancer cells, but is associated with specific 

transcriptionall silencing of genes. 

Discussio n n 
Aberrantt methylation of promoter-associated CpG islands is a well-recognized mechanism for 

down-regulationn of tumor suppressor genes in cancer. Hypermethylation of the apoptotic genes 

CA5P8CA5P8 and the TRAIL receptors seems to play a role in the pathogenesis of neuroblastomas6,10. 

Here,, we describe the methylation pattern of 34 genes in neuroblastomas. De novo methylation 

wass only observed in one additional gene, FLIP, and not in 28 other genes. The complete lack of 

methylationn in several tumor suppressor genes from important regions such as 1p36 and others 

impliess that aberrant methylation does not spread randomly over the genome, but seems to 

followw a clear, non-random pattern of distribution. 

Thee six methylated genes described here include only intermediates of the TRAIL pathway to 

apoptosis,, and cluster in two chromosomal regions. DCR1 and DCR2 are structural and functional 

homologues.. FLIP, the gene with de novo methylation described here is a structural homologue of 

CASP8,CASP8, but the FLIP protein acts as a functional inhibitor of the Caspase 8 protein. In view of its 

function,, it is unclear how down-regulation of FLIP could alter or influence the phenotype of a 

tumorr cell with down-regulated CASP8. In the absence of the Caspase 8 protein, the apoptotic 

routee is blocked in all instances, regardless of the FLIP expression. The reverse, expression of both, 

mostt probably reflects the normal cellular homeostasis in pro- and anti-apoptotic signals. Down-

regulationn of FLIP alone was not observed in any cell line. Interestingly, we observed strikingly 

similarr expression patterns for the gene pairs CASP8/FLIP and DCR1/DCR2 respectively, suggestive 

off co-regulation of transcription. The co-methylation of FLIP and CASP8 or DCR1 and DCR2 was 

nott correlated as strong as the pattern of co-expression. For the four analyzed genes in the 22 cell 

lines,, we observed a total of 15 silenced genes that were not methylated. In contrast, only three 

casess were observed of a methylated gene that was expressed. How do these data reflect the 

currentt models describing the relationship between gene hypermethylation and transcriptional 

repression?? Two opposing models can be envisaged. Aberrant methylation randomly targets CpG 

islands,, and occasionally inactivates a tumor suppressor gene. Alternatively, aberrant methylation 
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iss an exponent of a suppressor-complex that targets specific genes. Support for the first model in 

whichh methylation has an initiating role in the silencing of genes comes from studies on DNA 

methyltransferasess (DNMT's). Over-expression of ectopically expressed DNMT's can lead to de 

novoo methylation of promoter CpG islands and gene silencing11, 12, whereas demethylation can 

inducee re-expression of silenced methylated genes13. Another observation in line with this model is 

thatt in tumors caused by an inherited mutation in one allele of a tumor suppressor gene, the other 

allelee can be inactivated by methylation14'15. This argues against methylation as an endpoint of 

silencingg by transcriptional repressors, as this would likely act on both alleles of the tumor suppressor 

gene.. These data support the view that methylation alone is sufficient for silencing of genes and 

nott a consequence of other mechanisms of gene silencing. However, the alternative model, which 

explainss aberrant methylation in cancer as a result of transcriptional silencing, is supported by 

recentt data concerning the role of methylation in normal expression regulation. They suggest that 

DNAA hypermethylation marks an endpoint of transcriptional silencing which locks the gene into a 

permanentt state of silencing. This is based on the observation that hypermethylation of promoter 

regionss is strongiy associated with deacetylation of histone tails16, and the attraction of 

transcriptionall repressor complexes like human Sin3 and histone deacetylation complexes17. 

Deacetylationn of histones changes the so-called histone code, a process that includes methylation 

off histone residues as well. Especially methylation of histone 3 at lysine 9 (H3-K9) seems important, 

whichh is in a variety of organisms an important bridging step towards DNA methylation18"21. In 

thiss model, epigenetic silencing of genes is a multi-step process with DNA methylation as an 

endpoint,, leading to a permanent gene repression. The unusual clustering of silenced genes in 

neuroblastomaa cell lines reported here best fits the latter model, in which silencing by transcriptional 

repressorss precedes methylation. Methylation would in this model not be fully penetrant, leaving 

somee genes in a silenced but unmethylated state. This interpretation of our data predicts that the 

genee pairs share a transcriptional repressor that is active in the tumor cell lines. Others and we 

havee observed a strong correlation between silencing of CA5P8 and amplification of MYCN 10. 

Wee observed the same correlation between FLIP and MYCN. The MYCN transcription factor has 

beenn implicated in transcriptional silencing22, 23, warranting a further analysis of its role in the 

silencingg of CASP8 and FLIP. 
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Summar y y 
Hypermethylationn of gene promoters has been implicated in tissue-specific expression. The human 

Deathh Receptor-3 (DR3/TNFRSF25A) gene is exclusively expressed in lymphocytes. Here, we describe 

thatt the DR3 promoter-associated CpG island was unmethylated in lymphocytes of 10 normal 

donors.. In contrast, in non-expressing tissues of lung, kidney and breast were invariably 

hypermethylatedd for DR3. Similarly, 18/18 tumor cell lines from breast, colon, lung, thyroid, prostate 

andd neuro-ectodermal (PNET and neuroblastoma) tissues were methylated. The timing and pattern 

off de novo methylation during human embryonic development is largely unknown. In a panel of 

humann embryonic tissues from 4-9 weeks post conception, we found less DR3 methylation as in 

thee adult tissues, implying that methylation patterns evolve beyond the first trimester. Analysis of 

haematopoieticc malignancies revealed cases of aberrant DR3 methylation. Although infrequent in 

leukemiaa samples (1/23 AML; 3/29 ALL), it occurred in 19/53 non-Hodgkin's lymphoma (NHL). 

Fromm the 8 diagnostic subgroups of NHL in which we found hypermethylation, pediatric Burkitt's 

lymphomass stood out with 7/8 methylated samples. DR3 is a human tissue-specific gene with a 

strongg association between promoter hypermethylation and expression. DR3 methylation in NHL, 

particularlyy pediatric Burkitt's lymphomas, suggests that this pro-apoptotic gene is a candidate 

tumorr suppressor gene. 



DR3:: tissue-specific methylation 

Introductio n n 
Thee role of DNA methylation in the regulation of tissue-specific gene expression is still unclear. 

DNAA methylation takes part in the complex chromatin remodeling processes that regulate the 

transcriptionall activity of genes and is associated with the attraction of transcriptional repressive 

proteinn complexes1. The importance of DNA methylation is well understood for specific regulatory 

processes,, such as the silencing of the inactivated X-chromosome and imprinted genes2, 3 and in 

pathologicall processes, like many types of cancer4,5. Of specific interest is the question whether 

regionall hypermethylation of promoter-associated CG rich areas (CpG islands) is involved in the 

silencingg of tissue-specific genes and developmentally expressed genes. Methylation of promoter 

sequencess is considered to induce a (semi-) permanent silencing of genes, which is much more 

difficultt to reverse than other chromatin remodeling processes, such as histone deacetylation or 

methylationn of histone H3 lysine 9. Although CpG island methylation is an attractive model for the 

(semi-)) permanent silencing of tissue-specific genes, it has been difficult to identify clear examples 

off such genes, particularly in humans6. In the mouse and rat, the tissue-specific genes HoxAB and 

galectin-1havee been identified as genes with a strong correlation between promoter 

hypermethylationn and expression regulation7-8. For human tissue-specific genes, the association 

betweenn silencing and hypermethylation has mainly been described for CpG-poor promoter 

sequencess or sequences outside the gene promoter and the regulatory role of this type of 

methylationn is doubtful9,10. The only known human gene in which promoter methylation seems 

too have a role in cell type-specific expression is 5ERPINB5, encoding the maspin protein11. Maspin 

iss expressed in a cell type-restricted manner in epithelial cells of the airway, breast, skin and 

prostate.. The expression is inversely correlated with methylation of the SERPINB5 promoter. 

Inn this paper we describe the serendipitously uncovered tissue-specific methylation pattern of the 

promoter-associatedd CpG island of DR3. The DR3 gene codes for a pro-apoptotic receptor of the 

Tumorr Necrosis Factor Receptor Super Family (TNFRSF). The DR3 gene maps to chromosome 1 p36.3, 

aa region often deleted in pediatric neuroblastoma and other tumors12. In an analysis of this specific 

regionn for aberrantly methylated genes in neuroblastomas13, DR3 surfaced as a gene with a 

methylationn pattern strongly correlating to the expression in human adult tissues. The expression 

patternn of the full-length transcript of DR3 has been well established, since the gene was initially 

describedd multiple times under different names. Independently, thesee studies found identical expression 

patternss limited to lymphocytes and tissues enriched in lymphocytes (spleen and thymus)14"19. Other 

tissues,, such as brain, heart, prostate, testis, ovary, small intestines and colon did not express DR3 

mRNA.. In lymphocyte subgroups, DR3 mRNA was expressed abundantly in phyto-haemagglutinin 

activatedd peripheral blood lymphocytes (PBL), and in CD4+ and CD8+ subsets17,19. 

Too the best of our knowledge this is the first human tissue-specific gene with an expression pattern 

correspondingg to the methylation status of a promoter-associated CpG island. Furthermore, we 

analyzedd the rate at which the methylation pattern of DR3 establishes in several human fetal 
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tissuess between 4 and 9 weeks post conception. Lastly, we show that aberrant methylation of DR3 

iss frequent in several types of non-Hodgkin's lymphomas, particularly pediatric Burkitt's lymphoma. 

Material ss  and method s 
DNAA extraction and Methylation Specific PCR 
Genomicc DNA was isolated from cell lines, primary tissues, and fetal tissues using standard 

procedures.. Approximately 1 (ig of DNA was bisulfite-modified, as described20,21. PCR reactions 

aree hot started at 95 C for 15 min, by using 0.25 u,l (5 U/(il) of HotStarTaq DNA polymerase 

(Qiagen).. Reactions were performed at 60 C annealing temperature. Each PCR reaction was 

loadedd on a 6 % non-denaturing polyacrylamide gel, stained with ethidium bromide and directly 

visualizedd under UV illumination. Genomic DNA treated with Sss1 methylase (New England Biolabs; 

ass instructed by manufacturer's protocol) and after bisulfite modification was used as positive 

controll for methylated DNA. 

Thee primer sequences for DR3 are (5' to 3'): TGTGGGGTTGAAGGTGGAATTATGAT (unmethylated 

sense);; GGGTTGAAGGCGGAATTACGAC (methylated sense); CACCACACAACCCCACAACCA 

(unmethylatedd antisense); CGCAACCCCGCGACCG (methylated antisense), expected product 

lengths:: methylated 96 bp; unmethylated 105 bp. The PCR product of the unmethylated PCR gives 

risee to a double banding in 10-15% of individuals. Sequence analysis was performed after cloning 

off band fragments into a TOPO TA cloning system (Invitrogen Corporation). Three band fragments 

weree cloned and of each, 5 clones were isolated for sequencing. All 15/15 clones revealed equal 

sequences,, which corresponded to the expected sequence of the DNA enclosed by the primers 

(dataa not shown). Polymorphisms, deletions and/or insertions were excluded. We concluded that 

dimerizationn or differences in coiling and tertiary structure of the PCR product best explains the 

observedd difference in mobility through the gel. 

Humann fetal tissues 
Humann fetal tissues were obtained from interrupted pregnancies between 6-12 weeks (estimated 

4-100 weeks post conception) for non-medical reasons and according to Dutch law. The local 

ethicall committee approved the study, and informed consent was obtained in all individuals. Fetal 

tissuess were visually identified and snap-frozen in liquid nitrogen, before DNA isolation. 

Celll lines and tumor tissues 
Celll lines were cultured at 37 , 5% C02, using Dulbecco's Modified Essential Medium (DMEM; 

Gibco)) containing 10% Fetal Calf Serum, 292 |ig/ml L-Glutamine, 1% 100x MEM (Non-essential 

aminoo acids medium, Gibco) and 0,5% Penicillin/Streptomycin solution. Normal tissues and tumor 

sampless were obtained from the department of pathology of two institutes: The Johns Hopkins 

Medicall Center, Baltimore, MA and The Erasmus Medical Center, Rotterdam, The Netherlands. 
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Informedd consent was obtained for all patient samples. Peripheral blood samples were obtained 

fromm healthy volunteers. 

Result s s 
Methylationn of DR3 in tumor cell lines 

Inn a large survey for hypermethylated candidate tumor suppressor genes (TSG' s) on chromosomal 

regionn 1p36.3-pter13, we tested DR3 in a panel of 10 neuroblastoma cell lines. A 500 base pair 

sequencee around the DR3 gene transcription start site fulfills the criteria for a CpG is land2 2 , 2 3
: 

withh a C+G count of 72% and an observed CpG/expected CpG of 1.5 (Fig. 1). Multiple primers 

weree tested for methylation specific PCR analysis of the island, which all rendered similar results 

taggccgagcagagggggcacctggtcggactcggttgggctcgggcggccc c 

cgcctccccccgcccgccaggcgggcccttctcgacggcgcggggcgggccc c 

Primerss Sense 1 

tgcgggcgcggggctgaaggcggaaccacgacgggcagagagcacggagcc c 

Primerss Sense 2 

gggaagcccctgggcgcccgtcggagggctlatggagcagcggccgcggggc c fatq q 
Primerss Antisense 1 

tgcgcggcggtggcggcggcg g 

Primerss Antisense 2 

Figuree 1. Promotersequence 
DR3. . 
Partiall CpG island of DR3 
promoterr and the position of 
methylationn specific PCR primer 
sequences.. CG-dinucleotides 
aree annotated in bold and the 
transcriptionn start site by an 
arrow. . 

(dataa only shown for primer set 1 described in Material s and Methods) . Surprisingly, DR3 was 

completelyy hypermethylated in 10/10 tested neuroblastoma cell lines (fig. 1B). This unusual methylation 

patternn was further tested in an additional 9 cell lines of adult solid tumors, from breast (HS57), 

colonn (Lobo), lung (V1752 and A549), thyroid (Kat 18), prostate (Dupro) and neuro-ectodermal 

(Primitivee Neuro-Ectodermal Tumor; PNET-CHP100) tissues. Similar to the neuroblastoma cell lines, 

DR33 was found completely methylated in 9/9 solid-tumor cell lines (Fig. 2). Two leukemia cell lines 

K5622 and KG1A, were unmethylated (data not shown). The emerging methylation pattern seemed 

too reflect the expression pattern of the gene in normal tissues: DR3 is exclusively expressed in leukocytes 

orr tissues enriched in leukocytes or lymphocytes, such as liver and spleen. DR3 seems densely 

methylatedd in cell lines from any tissue, except from hematopoetic cells. 

Figuree 2. Methylation Specifi c PCR for DR3 in solid tumor cell lines. 

Methylationn pattern of DR3 in a cell line panel 
off neuroblastoma (NB), breast (Br-Ca), colon 
(Co-Ca),, non-small cell lung cancer (NSCLC), 
prostatee (Pros-Ca), primitive neuro-ectodermal 
tumorr (PNET), and thyroid (Thy-Ca). U: PCR 
productt from unmethylated bisulfite altered 
primers,, M: PCR product from methylated 
bisulfitee altered primers. 
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Methylationn of DR3 in normal, adult tissues 
Wee tested the DR3 methylation pattern in 10 PBL samples and several adult tissues from lung, 

kidney,, and breast for methylation. All PBL samples were completely unmethylated for DR3 (Fig. 3). 

However,, in the non-expressing tissues, variable amounts of methylation were detected, ranging 

fromm 50 % (lung, kidney) to 100 % (breast) per sample (Fig. 3). These results are consistent with 

thee tissue specific expression of this gene in lymphocytes, but not in epithelial tissues. 

Figur ee 3. Methylatio n Specifi c PCR for DR3 in norma l tissue s 

PBL ll  PBL 2 PBL 3 

VV M O M Ü 

PBLL  4 L m g l k m g 2 Kdji y BW ^ t r l H ,0 

U M U M U M U MM  U M Ü M U M 

Periferall blood lymphocytes (PBL) from 4 healthy individuals are unmethylated and contrast within variable 
methylationn seen in normal tissues from lung, kidney (Kdny) and female breast(Brst). In vitro methylated DNA 
wass used as a control for methylated PCR products (+ctrl). U: PCR product from unmethylated bisulfite altered 
primers,, M: PCR product from methylated bisulfite altered primers. Double product bands are visible in 10-
15%% of individuals, as explained in Material s and Methods . 

Methylationn of human fetal tissues 
Thee observed methylation pattern for DR3 must arise during the fetal period. In general, the 

genomee is wiped clean of DNA methylation immediately after fertilization and a wave of de novo 

methylationn then establishes the adult pattern of methylation24 ' 25. The rate of this de novo 

methylationn is uncertain. We investigated the methylation status of several non-hematological 

tissuess in human embryo's ranging from 4-9 weeks p.c. Term placental tissue was hemi-methylated. 

Thee fetal tissues showed a variable methylation per tissue. For each gestational age several tissues 

fromm a single individual were tested. The amount of methylation was not consistent between the 

differentt tissues, and was most prominent in the tissues from 5, 6, and 9 weeks p.c. (See Fig 4). 

Figur ee 4. Methylatio n Specifi c PCR fo r DR3 in feta l huma n tissues . 

UU M U M U M UU M U M UU M U M U U M M 

AA W k pc 

Brainn Gut Umb 

UU M U M U M 

Gull  Extr 

UU M U M 

55 W k pc 

Extrr  Brain 

UU M U M 

66 W k pc 77 W k pc 88 Wkpc 

H, 0 0 

Methylationn specific patterns of placenta 
(Plac)) at 38 weeks (Term) and various human 
fetall tissues between 4-9 Wk post conception 
(pc).. Tissues from each gestational age were 
derivedd from a single individual. In vitro 
methylatedd DNA was used as a control for 
methylatedd PCR products (+ctrl). U: PCR 
productt from unmethylated bisulfite altered 
primers,, M: PCR product from methylated 
bisulfitee altered primers. Double product 
bandss are visible in 10-15% of individuals, as 
explainedd in Material s and Methods . 
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Figur ee 5. Methylatio n Specifi c PCR for DR3 in hematologica l malignancie s 

DR33 methylation pattern in representative 
sampless of fresh AML, ALL, and pediatric 
Burkitt'ss lymphoma (BL) samples. U: PCR product 
fromm unmethylated bisulfite altered primers, 
M:: PCR product from methylated bisulfite altered 
primers.. For explanation of double product 
bandss (BL3), see Material s and Methods . 

Wee did not observe a clear increase in the amount of methylation towards the older fetuses. The 

methylationn still seemed less than 50% at week 9 p.c. in the semi-quantitative MSP. Based on the 

intra-individuall variation and the absence of abundant methylation in all gestational ages up to 9 

weekss p.c, we conclude that the methylation of DR3 doesn't seem to have reached the pattern of 

thee adult tissues at the end of the first trimester of pregnancy. 

Methylationn of DR3 in hematological malignancies 
DR33 is exclusively expressed in normal leukocytes. DR3 is a pro-apoptotic gene concerned with the 

negativee selection of thymocytes during lineage specific development26. Loss of DR3 could be 

consistentt with increased survival of thymocytes and the induction of malignancies. Since DR3 

silencingg seems regulated by DNA methylation, we investigated the methylation pattern in groups 

off different hematological malignancies. In total we tested 23 AML samples, 29 ALL samples, 53 

non-Hodgkin'' s lymphomas (NHL; 45 adult NHL samples of variable histological subtypes and 8 

pediatricc Burkitt's lymphoma samples). Methylation of at least 50% or more of the PCR product 

wass found in 1/23 of the acute myeloid leukemia (AML) samples (4%), 3/29 acute lymphoblastic 

leukemiaa (ALL) (10%), and 19/53 NHL (36%). The methylation in the group of NHL was equally 

spreadd over several histological subtypes: large cell anaplastic lymphoma, follicular small cleaved 

lymphoma,, lymphoblastic lymphoma, diffuse large cell lymphoma, marginal zone lymphoma, 

follicularr large cell lymphoma and adult Burkitt's lymphoma. However, pediatric Burkitt's lymphomas 

stoodd out with dense and partial methylation in 7/8 samples (Fig 5). We conclude that in AML and 

ALLL the low amount of methylation reflects the unmethylated state of normal PBL. However in 

lymphomas,, a significant amount of methylation was found. Since the NHL samples all contained 

80%% tumor cells or more, this observed methylation is most likely a switch from unmethylated 

normall hematological cells to methylated cells in the tumor. This aberrant methylation was most 

prominentt in pediatric Burkitt's lymphoma. 

Discussio n n 
Here,, we demonstrated that DR3, a tissue-specific gene exclusively expressed in leukocytes, is 

hypermethylatedd in non-expressing tissues while completely unmethylated in expressing leukocytes. 

Thee tissue-specific hypermethylation is located in a CpG island in the 5' region of the gene, just 

AML ll  AML : AML 3 AML 4 ALL 1 ALL 2 ALL 3 ALL 4 ALL S ALL 6 

UU M U M U M U M U M U M U M U M U M U M 

BL11 BL2 BL3 BL4 BL5 BL6 BL7 BLB 

UU M P M U M U M D M U M U M D M 
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upstreamm of the transcription start site. The differential methylation pattern was observed in cell 

liness from several solid tissues (neuroblastoma, colon, breast, prostate, lung, thyroid, neuro

ectodermall lineage; all completely methylated) and from AML and ALL (unmethylated). The tissue-

specificc methylation pattern was also observed in normal tissues: Normal PBL were invariably 

unmethylated,, whereas tissues from lung, breast and kidney were methylated, with variable amounts 

off methylation ranging from 50-100%. 

Althoughh it has previously been brought forward that tissue-specific genes are regulated by 

methylation,, only one clear example has recently been described for the human gene 5ERPINB5, 

(encodingg maspin11) with promoter-methylation regulated cell type-specific expression. In rat and 

mousee similar observations have been made for galectin-1 and the homeobox gene HOXA57, 8. 

Thee human HoxA5 gene has a similar CpG-rich promoter as the mouse sequence and HoxA5 is 

expressedd in a stage- and lineage-specific manner in developing human blood cells 27. In several 

humann cancer cell lines and tissues, aberrant methylation of the human HoxA5 gene has been 

reported,, but unfortunately, the human HoxA5 gene has not been studied concerning its methylation 

patternn in normal tissues28. The human sequence of the Galectin-1 gene surrounding the 

transcriptionall start site does not fulfill the criteria of a CpG island and should be characterizedd as 

CpGG poor (www.ncbi.nlm.nih.gov/; accession code M57678). 

Historically,, other tissue-specific genes with a tissue-specific methylation pattern have been reported, 

suchh as the rat tyrosine aminotransferase gene, the ovalbumin gene and the p-globin gene in 

chicken,, and the human ySP-globin locus29"32. However these genes do not have a promoter-

associatedd CpG island. The observed methylation was in the CpG-poor promoter or located outside 

thee 5' promoter area of the genes. In general, it is now believed that methylation of non-CpG 

islandd regions does not show an obvious correlation with silencing of genes6,10 and the observed 

methylationn patterns are most likely to result from the altered expression, rather than being the 

regulatoryy mechanism responsible for it. 

Inn human embryo's varying from 4-9 weeks p.c, we observed that the DR3 methylation pattern 

didd not reflect the pattern as seen in the adult tissues, but seemed undermethylated. Our 

understandingg of the establishment of methylation patterns in the developing embryo is limited 

andd most data are based on mouse studies. It is thought that after fertilization, genome-wide 

demethylationn is followed by waves of de novo methylation upon embryo implantation24,25. In 

thee mouse, de novo methylation is considered to be nearly completed around the time of 

implantationn in the uterus, 4.5 days p.c. Implantation of the human embryo takes place around 8-

99 days p.c. Our data show that remethylation and tissue-specific methylation for DR3 as seen in 

thee adult tissues are not yet fully established at the end of the first trimester of pregnancy, at 9 

weekss p.c. Interestingly, a similar observation was made for HoxA5 in the mouse. The methylation 

patternn of the tissue-specific HoxA5 gene was not yet established 18,5 days p.c.8, and it was 

suggestedd that the establishment of developmentally important and tissue-specifically expressed 
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geness like the Hox genes differs from what is known for non-developmental genes. Our data 

suggestt a similar pattern for the tissue-specific human gene DR3. 

Thee DR3 gene codes for a pro-apoptotic death receptor, a member of the death domain containing 

familyy of Tumor Necrosis Factor Receptors. Upon stimulation, the DR3 protein can connect to two 

intracellularr pathways: activation of Caspase 8 leading to apoptosis and activation of the 

transcriptionn factor NF-kappa-B15. In DR3-null mice it was established that negative selection of 

thymocytess was impaired. Positive selection and superantigen-induced negative selection were 

normal26.. Thus, it seems thatt the DR3 gene product is involved in lymphoid cell homeostasis and 

developmentt (negative selection) of blood cell subsets. It implies that loss of DR3 could increase 

celll survival of developing leucocytes, raising the possibility that DR3 could act as a tumor suppressor 

genee in these cells. The aberrant methylation of DR3 in several NHL samples contrasts with the 

normallyy unmethylated leucocytes. We concluded that DR3 may be an aberrantly methylated 

tumorr suppressor gene for NHL, particularly pediatric Burkitt's lymphoma. This is based on the 

factt that the tumor samples consisted of 80% or more tumor cells, suggesting that the observed 

methylationn originates from the tumor cells rather than from the minority of normal cells. Burkitt's 

lymphomaa is an immature B-cell neoplasm. Mature B-cells are completely unmethylated. They 

accountt for approximately 15 % of PBL, and methylation of such a subset would be detected by 

thee sensitive methylation specific PCR. The normal methylation pattern for DR3 in immature B-cells 

iss not known. However, methylation was not present in different hematological malignancies, 

suchh as AML and ALL. Therefore, we conclude that the observed methylation in NHL and pediatric 

Burkitt'ss lymphoma samples is specific and an aberration from the normal situation. Similar findings 

off aberrant methylation in cancer tissue have also been reported for SERPINB5. The cell type-

specificc gene SERPINB5 is unmethylated in normal breast epithelial cells, and hypermethylated in 

humann breast cancers33. Loss of the SERPINB5 encoded protein maspin correlates with increased 

metastaticc potential in breast cancer and other tumors34. These observations indicate that maspin 

actss as a tumor suppressor gene, which can by silenced by aberrant gene methylation. 

Inn conclusion, the tissue-specific expression of the human pro-apoptotic and leukocyte specific 

receptorr DR3 seems regulated by the differential methylation of a CpG rich promoter. The 

developmentt of its methylation pattern in human embryos seems to evolve beyond the first trimester 

off pregnancy. The specific role of DR3 in the negative selection of lymphocytes implies that the 

functionn of DR3 is important in the development of normal lymphocytes. The observed methylation 

off several NHL samples, particularly pediatric Burkitt's lymphoma suggests that DR3 may act as a 

tumorr suppressor gene. It will be important to further explore the precise role of DR3 in the 

developmentt of normal blood cells and pediatric Burkitt's lymphomas. 
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Generall discussion and future directions 

Summar y y 
Pediatricc neuroblastomas are important contributors to cancer-related mortality in children. 

Neuroblastomass are malignant tumors of the sympathetic nervous system and adrenal medulla. 

Thee clinical spectrum and outcome are variable. Approximately half of all neuroblastoma patients 

sufferr from high-risk neuroblastoma disease with bulky tumors and/or distant metastases at 

diagnosis.. The outcome in this group is poor, 20-30% 5 years event-free survival (EFS) despite the 

usee of intensive and multi-modality anti-tumor therapy, high-dose chemotherapy with peripheral 

bloodd stem cell rescue. However, there is also a group of neuroblastoma patients with limited 

diseasee that have an acceptable to favorable prognosis of 70-95% 5 yrs EFS and even patients 

withh spontaneous tumor regression without treatment. This variable clinical spectrum correlates 

withh variable genetic and molecular findings in each clinical group. It supports the idea that the 

underlyingg biology of neuroblastomas is not uniform, but includes several different biological 

entities.. Neuroblastomas should therefore better be regarded as a group of malignant diseases, 

originatingg from the sympatho-adrenal lineage. 

Att the time when this thesis was undertaken, there was a growing interest in the role of regional 

methylationn of DNA and the silencing of tumor suppressor genes in (adult) cancer. A stream of 

dataa supported the idea that DNA methylation (the addition of a methyl group on the C5 position 

off cytosines) of cytosine- and guanine-rich areas in gene promoters (CpG islands) was involved in 

thee silencing of these genes. It was evident from the beginning that this regional hypermethylation 

off gene promoters was especially found in cancer cells or other pathological cells, but not in 

normall tissue cells. The availability of demethylating agents, which could demethylate such gene 

promoterss in vitro and restore the gene-expression and -function excited the field of cancer biology. 

Itt held the promise that demethylating agents could be used in vivo to restore tumor suppressor 

activityy and be used in the treatment of cancer. In neuroblastomas, little was known about a 

possiblee role of changes in methylation in the biology of the tumor cell. At that time, the few 

availablee data suggested that loss of chromosome 1 p36, a common genetic defect in neuroblastoma 

cells,, induced methylation changes of the chromosomal region of HLA-C leading to the loss of HLA 

classs I, a common defect in aggressive neuroblastomas and other tumors (R. Versteeg, unpublished 

data).. This thesis originally intended to follow up on these data, but immediately shifted attention 

towardss aberrant methylation of candidate tumor suppressor genes in neuroblastomas. In brief, 

chapterr 1 of this thesis reviews the common genetic and molecular defects in neuroblastomas, 

andd attempts to correlate these to the variable clinical entities. Chapter 2 describes the aberrant 

methylationn pattern of 4 members of the family of Tumor Necrosis Factor Receptors (TNFR), 

namelyy Death Receptor 4 {DR4), Death Receptor 5 (DR5), Decoy Receptor 1 (DcR1) and Decoy 

Receptorr 2 (DcR2). In chapter 3. we focused on the influence of overexpression of the oncogene 

MYCNN on both caspase 8- and caspase 9 dependent apoptosis and gene methylation of several 

geness of the apoptotic pathways. Chapter 4 shows that in a large group of candidate tumor-
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suppressor-geness methylation seems to cluster in specific chromosomal regions. Chapter 5 describes 

thee serendipitous finding that differential methylation of the tissue-specific gene Death Receptor 3 

(DR3)(DR3) is associated with its specific expression pattern in adult tissues. Furthermore, the data 

suggestt a role of aberrant methylation in the genesis of pediatric Burkitt's lymphoma. 

Thesee results and future directions for research and possible new avenues for targeted 

neuroblastomaa treatment are summarized and discussed below. 

Chapte rr  1: Introduction into the biology of neuroblastoma. The first part aims to integrate the 

mostt important genetic alterations into the different clinical stages and prognoses. For instance 

hyperdiploid/near-diploidd tumor cell genomes are strongly associated with low risk disease, stage 

1-22 and a favorable prognoses. Diploid and tetraploid genomes are frequently associated with 

high-riskk disease as seen in clinical stage 3-4. The latter group also exhibits frequent genetic 

alterations,, such as amplification of the oncogene MYCN, loss of heterozygosity (LOH) of 

chromosomee 1p36, gain of chromosome 17q, t( 1; 17) and LOH of several other chromosomal 

regions.. The second part describes the alterations in biological pathways in neuroblastomas and 

aimss to correlate this to the earlier described genetic/clinical subgroups. Multiple different 

aberrationss in neuroblastomas {including the research described in this thesis) lead to defects in 

apoptosis.. A model surfaces in which MYCN amplification acts as an enhancer of both cell growth 

andd apoptosis. Additional defects in the apoptotic pathways then shift the balance towards increased 

celll growth and a cancerous phenotype. 

Chapte rr  2: Neuroblastomas are characterized by defects in TRAIL (Tumor Necrosis Factor-Related 

Apoptosiss Inducing Ligand) induced apoptosis. This strongly contrasts with the increased TRAIL 

sensitivityy of most other tumor types. We addressed the question of the TRAIL sensitivity by studying 

thee tumor-specific down-regulation of the TRAIL receptor genes DcRl and DcR2, as well as DR4 

andd DR5 in a group of neuroblastoma and control tumor cell lines. Lack of expression of DcR1 

andd DcR2 mRNA was widespread, both in the adult tumor cell lines as well as in the pediatric 

tumorr lines. DR4 and DR5 were expressed in the majority of cell lines. Promoter methylation 

analysiss of these four receptor genes showed that they were completely unmethylated in normal 

tissues,, but frequently hypermethylated in tumor cell lines. For DcRl and DcR2, hypermethylation 

wass found in 69 % and 90 % of non-expressing cell lines, respectively. For DR4 and DR5 

hypermethylationn was found in -70% non-expressing cell lines. Demethylation assays resulted in 

partiall demethylation and restored mRNA expression. Mutation analysis excluded mutations in 

thee DR4 or DR5 genes in any of the cell lines. In fresh neuroblastomas, down-regulation of DcRl 

andd DcR2 was found in -80% and hypermethylation was observed in 21-25%. DR4 and DR5 were 

bothh expressed in 80% of tumors, and no promoter methylation was observed. We concluded 

thatt hypermethylation of the promoters of DcRl and DcR2, but not DR4 and DR5 is important in 

thee down-regulation of expression in neuroblastomas. 
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Chapte rr  3: Amplification of MYCN in neuroblastomas is strongly associated with both 

unresponsivenesss to TRAIL induced apoptosis and down-regulation and methylation of GASPS. 

However,, MYCN has also been implicated in induction of apoptosis, especially activation of CA5P9 

mediatedmediated apoptosis. We found that ectopic MYCN expression induces TRAIL susceptibility, both 

byy CA5P8 and CASP9 mediated apoptosis in neuroblastoma cell lines. MYCN did not modify 

GASPSS expression and methylation. We concluded that CASP8 defects therefore represent an 

independentt event in neuroblastoma, counteracting the MYCN induced susceptibility to apoptosis. 

Thee analysis of the CASP9 mediated route showed normal expression and no aberrant methylation 

off four apoptotic intermediates, including GASP9 itself. 

Chapte rr  4: It describes the methylation pattern in 22 neuroblastoma cell lines of 34 genes on 12 

differentt chromosomal regions, including 18 genes on chromosome 1p36, a region commonly 

deletedd in neuroblastomas. Besides the earlier described methylation of the TRAIL receptors, FLIP 

att 2q33 was additionally methylated in 8/22 and GASPS in 20/22 cell lines. The 6 genes methylated 

inn neuroblastomas appeared to occur in pairs: FLIP and CASP8 are strongly homologous genes 

andd map both to chromosome 2q33. The 4 TRAIL receptor genes are also strongly related and 

mapp as a group to chromosome 8p21. Not only were the methylation patterns of the grouped 

geness very similar, but interestingly, the expression pattern of FLIP and CASP8 was almost identical 

andd similarly, the mRNA expression of DcRl and 2 was almost identical. We found no evidence for 

regionall spreading of methylation, as we did not observe de novo methylation in additional local 

CpGG islands. The data suggested a mechanism of co-regulated transcriptional silencing of the 

genee pairs, followed by a methylation event that is less penetrating. It supports a model in which 

CpGG islands are not randomly targeted by methylation in neuroblastoma. 

Chapte rr  5: Describes a serendipitous finding concerning the DR3 gene on chromosome 1p36. 

DR3DR3 is a member of the TNFR (Tumor Necrosis Factor Receptor) Super Family of pro-apoptotic 

receptorss and related to DR4 and DR5. DR3 is a tissue-specific gene since it is only expressed in 

normall peripheral blood leukocytes, and not in any other tissue. We showed that DR3 is 

unmethylatedd in normal leukocytes, which express the gene. However, in other non-expressing 

tissuess we found consistent hypermethylation ranging from 50-100% per tissue sample. This was 

evenn more pronounced in tumor cell lines, in which the methylation pattern of the cell lines 

reflectedd the situation in normal tissues: hematological malignancies were almost invariably 

unmethylated,, whereas cell lines from different solid tumors were all completely methylated. In 

tissuess from human embryos between 3-9 weeks post conception, we observed a pattern of 

undermethylationn as compared to adult tissues, suggesting that methylation patterns are not fully 

establishedd at 9 weeks. Interestingly, frequent methylation was not found in common 

haematologicall malignancies, such as ALL and AML, but was clearly present in a significant number 

off non-Hodgkin's lymphomas, especially pediatric Burkitt's lymphomas. The data suggest a possible 

rolee for loss of DR3 in the genesis of non-Hodgkin's lymphomas or pediatric Burkitt's lymphomas. 
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Discussio n n 
Thee data described here and elsewhere1 indicate that multiple genes of the apoptotic pathways 

aree aberrantly methylated in neuroblastoma. This is mostly seen in high-risk neuroblastomas and is 

associatedd with over-expression of the oncogene MYCN. The emerging phenotype is one of loss of 

signalingg through the so-called 'extrinsic', caspase 8-dependent pathway to apoptosis in combination 

withh overexpression of MYCN. This is a familiar theme in cancer biology, since several cancer types 

aree characterized by apoptotic defects and overexpression of an oncogene. The presumed 

mechanismm is that overexpression of MYCN increases both the potential for growth as well as 

apoptosis.. In combination with apoptotic defects the balance is disrupted and tips over towards 

celll growth and proliferation, leading to a cancerous phenotype (Fig. 1). 

Figur ee 1. MYCN increase s both proliferatio n and 
apoptosi ss  In the presence of apoptotic defects (see text) or 
increasedd survival factors (e.g.Bcl2), the balance shifts 
towardss increased cell proliferation. 

However,, the increased sensitivity for apoptosis induced by MYCN protein is induced through the 

mitochondriaa as part of the so-called 'intrinsic' apoptotic pathway. In the mitochondria several 

pro-- and anti-apoptotic proteins from the Bcl-2 protein family reside in a delicate balance. Upon 

apoptoticc signaling, the balance can shift and increases the activation of the pro-apoptotic proteins. 

Thiss will induce the release of several proteins into the cytosol, such as cytochrome C and other 

pro-apoptoticc factors. Cytochrome C will form a complex with APAF-1 and pro-caspase 9. The 

complexx then activates caspase 9, which can activate the effector caspases 3, 6 and 7 (Fig. 2). 

Therefore,, MYCN activation will lead to caspase 9 dependent apoptosis. However, this general 

modell of apoptosis-induction by MYCN does not explain why defects in the caspase 8 dependent 

pathwayy in neuroblastomas lead to a reduction of the MYCN-induced apoptosis. To understand 

this,, two additional factors should be considered. First, in neuroblastoma cell lines we showed 

thatt MYCN overexpression stimulated both the caspase 8 and caspase 9 dependent apoptotic 

pathwayy (chapter 3). Second, it has often been suggested that there is probably a considerable 

crosss talk between the two different pathways. The intrinsic and extrinsic apoptosis signaling 

pathwayss communicate with each other. Caspase-8 has been shown to cleave the pro-apoptotic 

Bcl-22 family member Bid. The cleavage of BID by caspase-8 and the translocation of truncated Bid 

too the mitochondria to promote cytochrome c release through interaction with BAX and BAK 

providee a plausible mechanistic link between the extrinsic and intrinsic pathways2 (Fig. 2). This 

Proliferatio n n 
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Figur ee 2. Cross-talk (dotted arrow) between the extrinsic (1) and intrinsic (2) apoptotic pathway can induce 
'cycling'' (arrow-circle) of the signal with enhancement of the apoptotic signal. P-CASP: inactive pro-caspase, 
CASP:: activated caspase 

apparentlyy amplifies the apoptotic signal following death receptor activation, and different cell 

typess may be more reliant on this amplification pathway than others3. This would explain why 

defectss in one route induce a considerable down-regulation of the total apoptotic potential. 

Ann additional aspect of the association of MYCN overexpression and the loss of especially caspase 

88 is the suggestion that MYCN might induce the caspase 8 defect. We were able to show in 

chapterr 3 that silencing or methylation of CASP8 was never caused by MYCN overexpression. 

Therefore,, MYCN amplification and methylation of CASP8 should be considered as two separate 

eventss in tumor cell progression. 

Ourr observation that multiple genes can be aberrantly methylated in the same tumor is not unique 

(chapterss 2 and 4). In fact, most studies have indicated that aberrant methylation follows a cancer 

type-specificc methylation pattern, involving several genes per cancer type. Chapter 4 renders support 

forr this tumor type-specific methylation. In a group of 22 neuroblastoma cell lines, only 6 of 34 

geness on 12 different chromosomal regions tested for hypermethylation were methylated. 28 

geness were never methylated in any of the cell lines. The 6 hypermethylated genes belonged to 

twoo groups of related genes and co-localized per group on chromosomes 2q33 and 8p21 
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respectively.. It has often been suggested that methylation can spread from one methylated hotspot 

too surrounding chromosomal regions or CpG islands. Although the co-localization of the methylated 

geness seemed to support this hypothesis, further analysis showed that additional de novo 

methylationn had not occurred in these regions and therefore it is unlikely that the observed pattern 

wass the effect of loco-regional spreading of methylation. Also, down-regulation of the genes did 

nott always involve methylation of the promoter. We concluded that structurally related and 

neighboringg genes can be subjected to gene silencing by regulatory regions or mechanisms that 

seemedd to precede the methylation. An additional aspect of the awareness that multiple genes 

cann be subjected to aberrant methylation is that we may not know all the hypermethylated genes 

inn neuroblastomas. The only additional gene reported is hypermethylation of RASSF1A, a RAS-

familyy related gene, hypermethylated and silenced in many different tumor types (see chapter 1). 

Itt will therefore be important to conduct genome-wide methylation assays and correlate the outcome 

withh expression of the genes and the patient's prognosis. It is expected that such an approach will 

leadd to the uncovering of additional genes and pathways involved in the etiology of neuroblastomas. 

Tissue-specificc methylation has been a controversial topic for many decades. The initial observation 

inn the gamma-globin gene and others that silencing was associated with hypermethylation first 

stirredd the opinions. However, these observations were done in CpG poor promoters and exons 

andd the role of their methylation in relation to transcriptional regulation was unclear. Additional 

testingg showed that demethylation of the sequences did not alter the expression of the complete 

gene.. Therefore, the remaining opinion is mainly skeptical towards methylation as a mechanism 

forr tissue-specific gene silencing. However in mice, examples of tissue-specific methylation of CpG 

richh promoter areas (CpG islands) were shown for the HOXA5 and Galectin-1 gene. In chapter 5, 

wee described a similar finding for the human DR3 gene, coding for the pro-apoptotic receptor 

expressedd in normal leukocytes. It suggests that the expression of a selected group of genes with 

tissue-specificc expression can in fact be guided by methylation. The expression of a lineage specific 

genee is considered to have great relevance for the involved tissue. Therefore, silencing of this gene 

inn lineage-specific cancer cells probably strongly bears on the phenotype of the aberrant cell. It is 

likelyy that such a gene acts as a lineage-specific tumor suppressor gene. We therefore considered 

itt highly significant that DR3 was methylated in multiple non-Hodgkin's lymphoma (NHL) samples, 

ass opposed to other hematological malignancies like ALL and AML (chapter 5). The DR3 protein is 

involvedd in the negative selection of thymocytes, and silencing of the DR3 gene could therefore 

veryy well increase the cell survival of hematological precursor cells. Further studies are warranted 

too better understand the physiological role of DR3 in leukocytes and the prognostic relevance of 

hypermethylatedd DR3 in NHL. 

Futuree Directions 
Thee majority of high-risk neuroblastomas have proven to be resistant to conventional anti-tumor 

94 4 



Generall discussion and future directions 

therapies,, even when applied in high dose or intensive combinations. There is a strong need for 

novell strategies in the treatment of this disease. Future research in neuroblastomas should therefore 

nott only be aimed at a better understanding of the biology, but more specifically at understanding 

thosee defects or mechanisms which could serve as potential targets for therapy. The research 

describedd in chapters 2-4 connects with two novel avenues in neuroblastoma research, which 

carryy the possibilities for new treatments. Firstly, epigenetic changes, such as promoter 

hypermethylationn are highly tumor specific and the methylation is potentially reversible by 

demethylatingg agents. Secondly, the apoptotic defects in neuroblastomas suggest that 

neuroblastomaa treatment could benefit from strategies to repair or substitute apoptosis. Of 

particularr interest is the observation that the epigenetic defects in neuroblastomas overlap with 

thee apoptotic defects, which suggests the possibility to combine the different approaches for 

treatmentt purposes. Possible new strategies include: 

1 .. Demethylatin g treatmen t 

DNAA cytosine methylation takes part in the cascade of heterochromatin formation and gene 

inactivation.. DNA methylation can inhibit transcription directly by hindering transcriptional activators, 

orr by the attraction of transcriptional repressor protein complexes such as methyl-DNA binding 

proteinss (MBD's like MeCP2 and MBD2), which eventually recruit other enzymes like histone 

deacetylasess (HDAC). These HDACs remove acetyl groups from lysine residues of histone H3 and 

H44 and attract repressor proteins like ISWI ATPase and initiate chromatin condensation. DNA 

methylationn and histone deacetylation, especially of lysine 9 on histone H3 (H3K9) are strongly 

connectedd to each other and are both inducers of gene silencing (fig 3). 

DNAA methylation can be reversed by demethylating agents, such as the analogues of cytosine, 5-

aza-cytidinee and the more potent 5-aza-2'-deoxycytidine (decitabine). Reactivation of silenced genes 

byy using these compounds was shown in vitro for many different situations, for instance in the 

hypermethylatedd CGG expanded repeats in the fragile X syndrome, in the silenced copy of the 

SNRPNSNRPN and neighboring genes in cell lines of Prader-Willi patients, but also in many aberrantly 

hypermethylatedd genes in different cancer types4. In neuroblastoma cell lines, we showed in chapter 

22 that gene silencing by DNA methylation of DcR1, 2 and DR4 and 5 was reversible by decitabine. 

Clinicall testing of these agents already started in the 1970s, since they were originally synthesized as 

cytosinee analogues. A large body of clinical trials particularly with 5-azacytidine in acute lymphoblastic 

leukemiaa showed effectiveness that was comparable to equitoxic doses of cytarabine5,6. However, 

aa revival in the interest for these agents for their demethylating effect has recently started. Clinically 

significantt results were obtained in myelodysplastic syndrome (MDS), acute myeloid leukemia 

(AML)) and chronic myeloid leukemia (CML)7,8. Demethylation of the tumor suppressor gene p15 

waswas observed in several patients and correlated with clinical response. Vice versa, the increase in 

methylationn of p15 in one patient correlated with disease progression. Interestingly, dose de-

95 5 



Chapterr 6 

Euchromati n n Heterochromati n n 

HMT T 

Histonee H3K9 Histone H3K9 
unmethylatedd methylated 

7 7 

HP1 1 

DNMT T 

DNAA DNA 
unmethylatedd methylated 

: : 
HDAC C 

Histonee Histone 
acetylatedd deacetylated 

HAT T 

Figur ee 3. Chromatin remodeling. Flowchart of interactions between histone acetylation histone methylation, 
andd DNA methylation. HMT: histone methyltransferases, HP1: heterochromatin protein 1, DNMT: DNA 
methyltransferases,, MBD: Methyl-binding domain proteins, HDAC: histone deacetylases, HAT: histone 
acetyltransferasess (adapted from ref 5) 

escalatingg testing showed that decitabine was most effective in the lower or middle doses, wi th 

loww or minimal non-hematologic toxicity. Although these early clinical trials are promising for 

futuree testing in many different tumor types, several key questions remain. Important is to evaluate 

whichh gene or genes can be reactivated in tumors with a 'methylation phenotype' (defined by the 

presencee of one or more methylated genes). Equally important will be to investigate if the presence 

off methylated genes is predictive of a clinical response to demethylating agents. Very little, if 

anythingg is known about the response to these types of agents in pediatric cancer patients. An 

importantt issue to address in this age group will be influence of demethylating agents on imprinted 

(hemi-methylated)) genes or loci. Several imprinted genes are important in growth and development 

andd loss of imprint (LOI) is associated with the development of cancer, especially in the pediatric 

agee group. For instance, LOI of chromosome 11 p15 and overexpression of the imprinted IGF2 

genee (Insulin Growth Factor-2) is associated with overgrowth syndromes like Beckwith-Wiedeman 

syndrome,, the development of nephroblastoma (Wilms'tumor) and other pediatric malignancies. 

Itt has been shown that fewer than 1 % of 10,000 genes increase their expression level in response 

too decitabine t reatment 9 , suggesting that only aberrantly methylated genes respond to 

demethylatingg agents. However, the response of imprinted genes to demethylating treatment has 

nott been studied in detail and should be considered carefully in the pediatric age group. 
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2.. HDAC inhibitor s 

Histonee tails can be acetylated by histone acetyltransferases (HATs), and acetylated histones are 

usuallyy associated with transcriptionally active chromatin. Vice versa, removing acetyl groups from 

histones,, especially of the H3K9 (lysine residue 9 on the tail of the histone 3 protein) is essential in 

thee formation of heterochromatin and silencing of genes. The deacetylation of histone proteins by 

histonee deacetylase enzymes (HDACs) can pharmacologically be inhibited (fig 3). Several HDAC 

inhibitorss have been identified and tested in vitro, including trychostatin (TSA), sodium phenyl 

butyratee (SPB), 4-phenylbutyrate (4-PBA), procainamide, and suberoylanilide hydroxamic acid (SAHA) 

forr their effect on gene transcription reactivation10. An important study by Cameron etal. showed 

aa synergistic effect of histone deacetylase inhibition and demethylation. TSA and decitabine were 

bothh able to reverse gene silencing of several hypermethylated genes in colon cancer cell lines. 

However,, the combination of the two agents showed a much more significant demethylation and 

reactivationn of the genes11. This synergistic effect of demethylating agents and HDAC inhibitors 

wass confirmed in further studies12,13. Clinical testing of HDAC inhibitors was first applied in acute 

promyelocyticc leukemia (APL), a disease characterized by the inactivation of the retinoic acid 

receptor-betaa (RARp) by a HDAC repressive complex. The APL specific fusion protein PML/RARa 

hass the ability to suppress RARp by recruitment of a nuclear co-repressor -histone deacetylase 

(NCOR/HD)) complex, resulting in local chromatin remodeling. This silencing of RAR(3 can be reversed 

byy SPB in a transgenic mouse model and in clinical studies with refractory APL patients14. Currently 

aa wide range of different HDAC inhibitors alone or in combination with demethylating agents are 

inn pre-clinical and clinical phase l/lI trials, and although the effectiveness has not been established 

soo far, toxicity seems to be very limited, without unexpected toxicity reported9,15. It should also 

bee noted that these drugs have a strong anti-proliferative effect and induce differentiation16. In 

neuroblastomaa cell lines and xenografts, the HDAC inhibitor m-carboxycinnamic acid bis-hydroxamide 

(CBHA)) was able to induce apoptosis and had a synergistic effect with All-Trans retinoic acid 

treatmentt in inducing apoptosis and differentiation17-18. 

3.. TRAIL/Apo2 L 

Mostt tumors can be characterized by an increased sensitivity for the apoptosis inducing ligand 

TRAIL/Apo2L,, compared to normal human tissues19,20. TRAIL has therefore gained interest as a 

possiblee anti-tumor agent that can selectively induce apoptosis in tumor cells, but not in normal 

tissues.. Apoptosis induction in response to most DNA-damaging drugs usually requires the function 

off the tumor suppressor p53, which engages primarily the intrinsic apoptotic-signaling pathway. 

TRAILL induces apoptosis through the extrinsic, p53-independent pathway and can induce apoptosis 

inn a variety of cancer cell lines regardless of p53 status, thus helping to circumvent resistance to 

chemo-- and radiotherapy. The combination of TRAIL with chemotherapeutic agents has indeed 

beenn found to be particularly effective in killing cancers, but most abundantly in tumors with wild-
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typee p5321. Importantly, administration of soluble recombinant TRAIL in experimental animals, 

includingg mice and nonhuman primates, induces significant tumor regression without systemic 

toxicity22,23.. However, an alarming finding showed that normal human hepatocytes were also 

efficientlyy killed by TRAIL24, leading to liver necrosis. This finding was similar to earlier reports on 

hepatotoxicityy when using FasL as an anti-tumor agent. This serious cytotoxicity has prevented 

phasee l/l I studies with recombinant TRAIL so far. Attempts to circumvent the problem have led to 

shiftingg from recombinant TRAIL to gene therapy approaches with TRAIL. A TRAIL-expressing 

adenovirall vector has been recently shown to cause direct tumor cell killing, as well as a potent 

bystanderr effect through prolonged presentation of TRAIL by transduced normal cells25. In 

combinationn with a tumor-specific promoter this approach could potentially avoid severe toxicity. 

Thee human telomerase reverse transcriptase (hTERT) gene is active in more than 85% of human 

cancers,, but quiescent in most somatic cells. Lin et al. demonstrated that an adenoviral vector 

expressingg the GFP/TRAIL fusion gene from the hTERT promoter elicited high levels of transgene 

expressionn and apoptosis in a variety of breast cancer cell lines. Furthermore, treatment with Ad/ 

gTRAILL effectively induced apoptosis in malignant cells but not in normal human primary hepatocytes 

inin vitro, suppressed tumor growth and prolonged duration of survival in vivo26. Although these 

aree promising therapies, they largely depend on the efficient infection of the tumor and avoidance 

off immune clearance to be effective. Toxicity to human hepatocytes is still present in adenoviral 

vectorss with TRAIL and clinical use of adenoviral vectors appears to be limited to local therapy or 

controlledd by a tumor-specific promoter (hTERT) to avoid severe liver damage27,28. An important 

factorr to consider in neuroblastomas is that the TRAIL-induced route to apoptosis is defective in 

thee majority of tumors, as explained in chapters 3 and 4. TRAIL treatment for neuroblastomas 

wouldd therefore be dependent on concurrent strategies to circumvent or repair apoptotic defects, 

e.g.. in combination with demethylating agents or HDAC inhibitors29. 

4.. Intrinsi c pathwa y to apoptosi s 

Enhancementt of the mitochondrial pathways to apoptosis offers immediate ways of increasing 

apoptosiss and possibilities to circumvent defects in the extrinsic apoptotic pathway. Up-regulation 

off Bcl2 has been found in neuroblastomas and correlated with a decreased prognosis (see chapter 

1).. Antisense molecules to Bd2 are now in phase III clinical trials. Pre-clinical studies demonstrated 

thatt the antisense Bd2 oligonucleotide alone was superior to standard chemotherapy for malignant 

melanomaa cells and enhanced apoptosis in other tumor models when used in combination with 

chemotherapy30.. Another approach to enhance the mitochondrial death pathway is to increase 

thee expression of APAF-1, which could be achieved by the demethylating agent 5-aza-2-

deoxycytidine,, which suggets that the expression of APAF-1 is under the epigenetic control of a 

trans-actingg factor31. Since XIAP blocks apoptosis at the effector phase, a point where multiple 

signalingg pathways converge, strategies targeting XIAP may also prove effective to overcome 
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resistance.. Smac was identified as a protein that is released from mitochondria in response to 

apoptoticc stimuli, and it has been reported that Smac agonists sensitize TRAIL-induced apoptosis 

andd induce the regression of malignant glioma in vivo32. 

Conclusion s s 
Onee of many features characteristic of neuroblastomas is the silencing of genes as a result of DNA 

hypermethylationn and the subsequent loss of apoptotic potential. Novel strategies are being 

conductedd to repair or circumvent these tumorigenic events. DNA silencing by methylation and 

thee formation of heterochromatin can be reversed by demethylating agents and other chromatin 

remodelingg agents, particularly HDAC inhibitors. This holds the promise of new treatments based 

onn the reversal of silenced genes, such as CASP8 and other intermediates of the apoptotic cascade. 

AA second promising future application of new drugs could be through enhanced signaling of the 

intrinsic,, mitochondria-dependent route to apoptosis. Possible avenues include silencing of the 

anti-apoptoticc protein Bcl2 by antisense-Bcl2 or siRNA or circumventing the mitochondria completely 

byy administration of the post-mitochondrial pro-apoptotic Smac protein. Future testing in pre

clinicall and clinical trials will teach the value of these new agents, alone or as a combination for a 

groupp of vulnerable neuroblastoma patients. 
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Hett neuroblastoom is een tumor van zenuwweefsel van het onwillekeurige zenuwstelsel en komen 

voorr in de bijnier en borst- en buikholte. Neuroblastomen zijn tumoren van jonge kinderen: 80% 

vann alle patiënten zijn jonger dan 5 jaar. Het neuroblastoom wordt daarom gerekend tot de 

ontwikkelingstumorenn of embryonale tumoren. Jaarlijks worden er in Nederland 25-30 kinderen 

gediagnosticeerdd met een neuroblastoom. 

Dee genezingskansen van patiënten met een neuroblastoom zijn zeer variabel. Gunstige tumoren 

zijnn kleine, gelokaliseerde tumoren of tumoren bij jonge kinderen onder het jaar. Van deze kinderen 

geneestt 70-90% met geen of minimale therapie of soms met een combinatie van chemotherapie 

enn chirurgie. Patiënten ouder dan een jaar hebben om onbegrepen redenen een slechtere prognose 

dann kinderen onder het jaar bij diagnose. Ongunstig is als de tumor is uitgezaaid of de tumor een 

afwijkendd oncogen MYCN in de tumorcellen bevat. Van deze hoogrisico neuroblastoom patiënten 

geneestt slechts 20-30%. 

Dee oorzaken die leiden tot de ontwikkeling van het neuroblastoom zijn nog niet goed opgehelderd. 

Err zijn wel veel prognostische factoren bekend die invloed hebben op de overleving. Daaruit is wel 

enigszinss af te leiden welke factoren belangrijk zijn. Evident is dat het neuroblastoom, net als alle 

anderee vormen van kanker een genetische ziekte is die veroorzaakt wordt door afwijkingen in het 

DNAA van de tumorcellen. Uiteindelijk leidt dit tot ongebreidelde groei en tumorvorming. Welke 

preciezee DNA afwijkingen een rol spelen is nog niet geheel bekend. 

Inn dit onderzoeksproject is gezocht naar afwijking in het DNA veroorzaakt door foutieve methylering. 

DNAA methylering is een chemische veranderingen aan het DNA die de functie van het erfelijke 

materiaall kan verstoren. Dit is in het bijzonder van belang als de methyleringsverandering plaatsvindt 

inn een regelstukje (zogenaamde genpromoter) van een gen. Genen zijn stukjes erfelijk materiaal 

diee coderen voor een eigenschap. Genen bestaan uit strengen DNA waarop een unieke code 

beslotenn ligt. Ontregeling van een gen kan leiden tot een ontregeling van de normale celgroei. 

Hoofdstu kk 1 geeft een overzicht van het klinische beeld van het neuroblastoom in relatie tot de 

bekendee genetische afwijkingen. Prognostische factoren zoals leeftijd van de patiënt, uitbreiding 

vann de ziekte (stagering) worden besproken in samenhang met genetische veranderingen zoals 

afwijkingenn aan de DNA hoeveelheid (ploidy), verlies van chromosoomarmen (Loss of Heterozygosity: 

LOH),, extra chromosomaal DNA (chromosoom 17q) en overexpressie van het oncogen MYCN. Dit 

wordtt afgerond met een geïntegreerd klinisch-genetisch model van het neuroblastoom. In het 

tweedee deel van het hoofdstuk worden metabole routes besproken die van belang lijken in de 

pathogenesee van het neuroblastoom, zoals de neurotrofe receptor routes (TrKA, B, C, p75NTR), 

dee rol van apoptose (proces van geprogrammeerde celdood) in neuroblastomen, de rol van MYCN 

inn apoptose en defecten in de extrinsieke apoptotische route. Voorts worden enkele kandidaat 

tumorr supressor genen besproken, zoals RASSF1A, leden van de p53 familie, en enkele kandidaat 

oncogenen,, zoals Survivin en NM23-H1 en H2 en Cycline Dl. 

Hoofdstu kk 2 beschrijft de ongevoeligheid van neuroblastoom cellijnen voor de apoptose-
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inducerendee ligand TRAIL {TNF-Related Apoptosis-inducing Ligand). In een analyse van de 

verschillendee genen betrokken in de TRAIL-gestimuleerde apoptotische cascade werden methylerings 

veranderingenn gevonden in 4 receptorgenen van de TNF receptor superfamilie in een panel van 

cellijnenn van 9 neuroblastoom tumoren, 4 primitieve neuro-ectodermale tumoren en 3 volwassen 

tumoren.. De receptorgenen Dc/?1 en DcR2 bleken een sterke promoter hypermethylering te vertonen 

inn 69 en 90% van de cellijnen zonder genexpressie, respectievelijk. Voor de receptorgenen DR4 en 

DR5DR5 werd hypermethylering gevonden in 71 en 67% van de cellijnen zonder genexpressie, 

respectievelijk.. Voor alle 4 de genen werd aangetoond dat demethylering van de genen mogelijk 

wass met het demethylerende agens 5-aza-2'deoxycytidine, hetgeen resulteerde in re-expressie van 

hett genprodukt (RNA). Mutatieanalyse van het death domain van DR4 en DR5 sloot de aanwezigheid 

vann mutaties in dit gendomein uit. In een panel van 28 neuroblastoom tumoren werd verlies van 

expressiee van DcR 1 en 2 gevonden in 85 en 74%, respectievelijk. In respectievelijk 21 en 25% was 

err sprake van hypermethylering van de genpromoter. De data suggereren dat hypermethylering 

vann DcRl en 2 een belangrijk mechanisme is, betrokken bij de afschakeling van genexpressie in 

neuroblastomen. . 

Hoofdstu kk 3 bestudeert de rol van het oncogen MYCN bij apoptose in een neuroblastoom cellijn 

mett induceerbare MYCN expressie. Inductie van MYCN bleek de gevoeligheid van de cellijn voor 

TRAILL sterk te verhogen, zowel via de Caspase 8 gemedieerde (extrinsieke) route alswel via de 

Caspasee 9 gemedieerde (intrinsieke) apoptotische cascade. Hoewel MYCN amplificatie in 

neuroblastomenn geassocieerd is met afwezige expressie van Caspase 8 als gevolg van promoter 

hypermethylering,, kon geen direct effect van MYCN worden aangetoond. Hoge MYCN expressie 

bleekk niet in staat de expressie van Caspase 8 te reduceren, noch bleek er een effect op de methylering 

vann het Caspase 8 gen. Een analyse van enkele mediairen van de Caspase 9 gemedieerde apoptotische 

routee gaf geen aanwijzingen voor functieverlies van de route. Ook bleken er bij analyse van de 

methyleringsstatuss en expressie van CASP9, VDAC1, en APAF-1 geen afwijkingen te bestaan. 

Hoofdstu kk 4 laat een analyse zien van de methyleringsstatus van 34 genen op 12 chromosomale 

regio'ss in 22 neuroblastoom cellijnen. Opvallend is dat methyleringsveranderingen alleen werden 

gevondenn voor 6 genen van dezelfde apoptotische cascade: DcR 7, DcR2, DR4, DR5, FLIP en CASP8, 

waarbijj alleen FLIP nog niet eerder was beschreven. Analyse van de expressie liet opvallende 

paarsgewijzee expressiepatronen zien. De expressie- en in mindere mate methyleringspatronen van 

hett genpaar DcR1 en DcR2 waren nagenoeg identiek. Daarnaast zijn DcR 1 en DcR2 structureel 

verwantee genen die co-localiseren op het genoom op chromosomale band 8p21. Een gelijksoortige 

correlatiee tussen expressie en methylering werd gevonden voor het gen-paar FLIP en CASP8. FLIP 

enn CASP8 zijn ook structureel verwante genen en co-localiseren op chromosomale band 2q33. De 

dataa suggereren een paarsgewijze co-regulatie van expressie, waarbij genafschakeling tevens 

geassocieerdd is met genpromoter methylering voor DcR1/DcR2 en FLIP/CASP8. 

Hoofdstu kk 5 beschrijft het bij toeval gevonden methyleringspatroon van DR3. DR3 is een pro-
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apototischee receptor van dezelfde TNFR superfamilie van apoptotische receptors als DR4 en DR5. 

DR3DR3 is een gen dat weefselspecifiek tot expressie komt in lymfoid weefsel, zoals witte bloedcellen en 

thymuss (zwezerik) en niet tot expressie komt in alle andere weefsels. De genpromoter van DR3 bleek 

ongemethyleerdd in normale witte bloedcellen, maar gemethyleerd in normale weefsels van borstklier, 

longg en nier en in 18/18 cellijnen van tumoren van soliede (niet-lymfoïde) weefsels. Het patroon is 

consistentt met gen met een weefselspecifieke expressie en een inverse correlatie met methylering 

vann de genpromoter. In het humane genoom is slechts van een ander weefselspecifiek gen bekend 

datt de afschakeling van expressie wordt gereguleerd door genpromoter methylering, het SERPINB5 

genn dat codeert voor het Maspin eiwit. In een analyse van verschillende hematologische maligniteiten 

bleekk aberrante methylering van DR3 niet voor te komen in Acute Lymfatische Leukemie (ALL) of 

Acutee Myeloïde Leukemie (AML), maar wel in 19/52 non-Hodgkin lymf omen (NHL). Binnen deze 

groepp van NHL tumoren bleek met name het Burkitt lymfoom in 7/8 tumoren gemethyleerd. DR3 is 

mogelijkk een tumor supressor gen voor het NHL, met name het Burkitt lymfoom. 

Hoofdstu kk 6 bevat een samenvatting van hoofdstukken 1-5 waarin enkele bevindingen en 

interpretatiess nader worden besproken. Daarnaast probeert hoofdstuk 6 aan te geven welke 

nieuwee therapieën gericht op de nu bekende moleculaire defecten in het neuroblastoom mogelijk 

zijn.. Met name wordt een mogelijke toekomstige rol van demethylerende therapieën bediscussieerd. 
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