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GeneralGeneral Introduction 

1.. Basic aspects of neuroblastoma 

Clinicall aspects 
Neuroblastomaa was first described by Virchow in 1864 (Virchow, 1864). It is a 
typicall tumor of young children; 50% of the patients are diagnosed before the age of 
22 years and 75% under the age of 4 years. There are about 20-25 new cases in the 
Netherlandss each year. Neuroblastoma originates in the sympathetic nervous 
system.. Primary tumors are frequently situated in the adrenal medulla (30%), in 
paragangliaa (30%) and the sympathetic side chain (30%). In 60% of the patients 
metastasess are present at diagnosis. Common metastatic sites are bone, lymph 
nodes,, bone marrow and liver. Intrapulmonary or brain metastases are very rare. 
Thee tumor displays heterogeneous clinical behavior ranging from spontaneous 
regressionn to swift and fatal progression despite therapy given to the patient. 
Treatmentt for neuroblastoma varies from no therapy at all to a combination of 
extensivee surgery, chemotherapy and radiotherapy. Choice of therapy is based on 
agee of the patient, clinical stage of the tumor and biological factors such as ploidy. 

Clinicall Staging 
Thee INSS (International Neuroblastoma Staging System) system is commonly used 
forr clinical staging of neuroblastoma (Brodeur et al., 1993). Staging is based on the 
findingss by physical examination, nuclear imaging, radiographic imaging and bone 
marroww analysis. Stage 1 are localized tumors with complete gross excision. Stage 
2AA and 2B are localized tumors with incomplete gross excision. In stage 2A the 
ipsilaterall nonadherent lymphnodes are negative for tumor microscopically, in stage 
2BB they are positive. Stage 3 tumors are unresectable unilateral tumors infiltrating 
acrosss the midline. Stage 4 tumors show remote disease involving the skeleton, 
organs,, soft tissue and/or distant lymph nodes. The group of stage 4s tumors have 
metastasiss to liver, skin or bone marrow but not to the skeleton. Stage 4s is limited 
too infants less than 1 year old. 
Agee of the patient and stage of the tumor are important prognostic factors. Patients 
youngerr that one year at diagnosis have a better prognosis than older patients. 
Stagee 1, 2A and 2B patients have a relatively good prognosis and sometimes 
spontaneouss regression of the tumor is observed. The long term survival of stage 3 
patientss varies between 60-90% (Garaventa et al., 1993; West et al., 1993). The 
stagee 4 represents the most aggressive form of the tumor. The long term survival of 
stagee 4 patients >1 year is estimated to be as low as 10-25%. In contrast, the stage 
4ss patients have a good prognosis and 90% of the tumors go in spontaneous 
regression. . 
Thee regressions observed in stage 1, 2 and 4s tumors appear to be a widespread 
phenomenon.. Mass screening programs unexpectedly revealed evidence that many 
neuroblastomass go in spontaneous regression. These programs aiming at the early 
detectionn of neuroblastoma are carried out on a nationwide basis in Japan. Several 
pilott studies have been set up in Europe and North-America. In most programs 
childrenn are screened before the age of 9 months. The programs have shown a 
considerablee increase in detection of stage 1 and 2 tumors in the screened infants 
(e.g.. in the study of Woods et al., 1996: 10 reported versus 3.8 expected early-
diseasee cases). However, follow up of the cohort of screened children showed that 
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theree was no significant decrease in stage 3 or 4 neuroblastoma (Woods et al., 
1996).. This indicates that stage 4 tumors are not a more advanced stage of 1/2 
patientss but a different biological group. Most of the stage 1/2 neuroblastomas 
detectedd by screening would otherwise have regressed without ever becoming 
clinicallyy manifest. As a result of this information, the screening projects are not 
continuedd in Europe and North America as public health measures. Several 
researchh projects are still active in this field. The largest study is a regional-control 
studyy in Germany . 

Embryology y 
Thee neural crest is a population of precursor cells that forms at the border between 
thee neural plate and the prospective epidermis in vertebrate embryos {Figure 1). 
Followingg neural tube closure, these ceils peel off the neural tube and migrate 
throughoutt the embryo. In different regions of the embryo, neural crest cells develop 
intoo different cell types. For example, in the skin they become melanocytes. Some 
neurall crest derived cells form the facial skeleton. In other locations, they develop 
intoo different kinds of neurons. The neural crest cells that give rise to the 
sympatheticc nervous system are called sympathogonia. They form the sympathetic 
gangliaa and they invade the adrenal gland where they develop into cathecholamine 
secretingg chromaffin cells in the adrenal medulla. Neuroblastomas are thought to 
originatee from sympathogonia (reviewed in Brodeur et al., 2000). 
Thee identity of the signals that direct neural crest cells towards a particular fate 
alongg migratory pathways is for the most part unknown. Neural crest cells might be 
predisposedd to select a neuronal fate in the absence of extrinsic influences. 
However,, transplantation and cell culture experiments have indicated that 
extracellularr signals influence the fate of neural crest cells (Le Douarin et al., 1994). 
Severall growth factors have been found to instruct cultures of mammalian neural 
crestt cells to adopt different fates. Cultures treated with TGF-p (transforming growth 
factorr (3) form smooth-muscle, while those treated with GGF (glial growth factor) 
formm ganglia (Shah et al., 1996; Shah et al., 1994). Cultures treated with BMPs 
(bonee morphogenetic proteins) form autonomic neurons and to a lesser extend 
smoothh muscle (Shah etal., 1996). 
Neuroblastomaa is an embryonal tumor and defects in differentiation pathways may 
bee involved in tumorigenesis. Several early patterning molecules are expressed in 
neuroblastomass such as HOX genes (Peverali et al., 1990; Manohar et al., 1993) 
andd genes from the Delta/Notch signaling pathway (Van Limpt, pers. 
communication).. Some members of the HOX gene family are expressed in the 
neurall tube and early in neural crest development (Hunt et al., 1991). 
Inn Chapter 6 of this thesis we describe amplification of the homeodomain gene 
MEIS1MEIS1 in cell line IMR32 and its ove rex press ion in 25% of neuroblastomas. MEIS1 
interactss with HOX proteins. The MEIS1 gene is implicated in e.g. limb patterning 
(Mercaderr et al., 1999). Retroviral activation of Meisl and HoxA9 cause leukemic 
transformationn in mice (Nakamura et al., 1996). The activation of MEIS1 in 
neuroblastomaa suggests that also specific HOX-genes may play a role in 
neuroblastomaa pathogenesis. 

12 2 



GeneralGeneral Introduction 

A A 

QQ O 

Figuree 1: A scheme of neural crest formation. (A) Signals 
fromm adjacent ectoderm and mesoderm (arrows) are thought 
too induce neural crest forming regions at the neural plate 
borderr (black circles). These signals may include BMPs, 
Wntss and FGFs. (B) In the closing neural tube, neural crest 

BB forming regions express BMPs which are required for neural 
crestt formation (circular arrows). (C) After neural folds 
approximate,, neural crest cells migrate out from the dorsal 
neurall tube. Cells in this region express a number of BMPs, 
GGFss and other factors which may be required for 
maintenancee and/or proliferation of neural crest precursors 
(circularr arrows), (adapted from LaBonne et al., 1999). 

Chromosomall defects in neuroblastoma 
Inn the late 70's, loss of chromosome 1p and homogeneously staining regions (HSR) 
weree first described as common genetic aberrations of neuroblastoma (Brodeur et 
al.,, 1977; Balaban-Malenbaum and Gilbert, 1977). In 1983 the HSRs were found to 
representt amplified copies of the MYCN oncogene (Schwab et al., 1983). More 
recently,, gain of chromosome 17q was identified in 60% of neuroblastomas (Caron 
ett al., 1994; Lastowska et al., 1997; Abel et al., 1999; Bown et al., 1999). Other less 
frequentt chromosome losses have been described such LOH of 11q23 and 14q 
(Srivatsann et al., 1993). The deletions harbor still unidentified tumor suppressor 
genes.. They are the target of intense research and will be discussed in Chapter 3 of 
thee Introduction. Since the progress in the Human Genome Project has played a 
pivotall role in the search for neuroblastoma tumor suppressor genes and the 
techniquess developed in this project are extensively used in this study, I will first 
summarizee the progress of the Human Genome Project. 
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2.. The Human Genome Project 

Startedd in 1990, the Human Genome Project is an effort to identify the estimated 
40,000-100,0000 human genes and determine the sequence of the 3 billion 
nucleotidess that underlie all of human biology and its diversity. The project originally 
wass planned to last 15 years. Rapid technological advances have accelerated the 
expectedd completion date of a working draft to September 2000. A reliable 
sequencee will be finished by 2003. This has revolutionized the character of the 
geneticc maps available to date. 

Geneticc linkage map 
Thee first comprehensive map of the human genome was a genetic linkage map. It is 
basedd on the inheritance patterns of genes and other markers. By the end of 1994, 
suchh a genetic map was available with more than 5800 markers with an average 
intervall of 0.7 cM (Gyapay et al., 1994). A major limitation of genetic maps is that 
onlyy polymorphic markers such as CA-repeats can be placed. This has hindered 
creationn of a dense map. Also, genes show little polymorphisms and are therefore 
difficultt to map. 

Expressedd sequence tags (ESTs) 
Ann essential part of the development of a dense map of the human genome has 
beenn the large scale generation of ESTs by both public (e.g. Washu-EST project) 
andd private {e.g. TIGR) initiatives. As of now, over 1.8 million EST sequences from 
overr 300 different human cDNA libraries have been deposited into Genbank. These 
transcriptss represent both known and unidentified genes. To assign all alternative 
transcriptss to the right transcription units and to eliminate redundancies, the Unigene 
projectt clusters overlapping EST and mRNA sequences 
(http://www.ncbi.nlm.nih.gov/UniGene/).. However, Unigene clusters are prone to 
error.. Hybrid cDNAs of two different genes may cause hybrid Unigene clusters. 
Differentt members of gene families may end up in one Unigene cluster. Also, 3' and 
5'' end sequences from the same gene may be placed into different clusters if the 
mRNAA is long and sequences do not overlap. 

Radiationn Hybrid Map 
Thee Radiation Hybrid Mapping Consortium generated a radiation hybrid (RH) 
transcriptt map of the human genome that positions ESTs relative to other markers 
(e.g.. microsatellites or genes). STSs (sequence tagged sites), developed from ESTs 
orr randomly cloned sequences, are mapped by PCR against a panel of somatic cell 
hybridss to determine their chromosomal localization. Each cell line contains a 
randomm set of fragments of irradiated human genomic DNA in a hamster 
background.. Presence or absence of the STS in each hybrid is recorded as a vector 
off 1's and 0's. Two markers are considered to be linked if they have vectors of 
statisticallyy significant similarity defined by a LOD score. Units of map distance (cR) 
referr to the X-ray dosage used to construct the RH panel. A set of approximately 
11000 genetic markers from the Genethon genetic map has been used to construct 
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thee framework and to form the basis for map integration. This Human GeneMap 
integratess genetic linkage markers, genes and ESTs. The first release of this 
GeneMapp in 1996 reported -16,000 mapped ESTs and genes, the 1998 GeneMap 
featuredd 30,181 ESTs and genes (Figure 2). 

Figuree 2: Progress in the number of 
mappedd genes. Prior to the start of the 
H u m a nn G e n o m e P r o j e c t , 
approximatelyy 2000 genes had been 
mappedd by many investigators using a 
v a r i e t yy o f m e t h o d o l o g i e s . 
GeneMap'96,, the initial data release 
fromm the Radiat ion Hybrid Map 
consortium,, reported the positions of 
aboutt 16,000 genes and ESTs. For 
GeneMap'98,, this number has nearly 
doubledd to a total of 30,261 mapped 
g e n e ss a n d E S T s . ( f r o m : 
http://www.ncbi.nlm.nih.gov/genemap p 
99/) ) 

Sequencingg of PAC contigs 
Thee basic unit for the initial sequencing of the human genome is the PAC or BAC. A 
PACC is a vector that can carry a 100-200 Kb insert of chromosomal DNA. The ESTs 
fromm the Radiation Hybrid Map are used to identify these PACs from PAC libraries 
generatedd at specialized centers (loannou et al., 1994). FISH analysis then confirms 
thee RH-based mapping. Large stretches of overlapping PAC or BAC clones are 
calledd contigs. The PACs forming the minimal tiling path of a contig are sequenced. 
Thiss is called the clone-by-clone approach. It is the main approach used by the 
Humann Genome Project sequencing effort. An overview of this strategy is depicted 
inn Figure 3. 
Onn December 2nd, 1999 the first sequence of a human chromosome, number 22, 
wass published (Dunham et al., 1999). It was obtained using a clone-by-clone 
sequencingg strategy. As of May 2000, 96.6% of the human genome has been 
sequencedd this way as a working draft. The goal is to obtain a finished high quality 
sequencee by 2003. Originally set out as a fifteen year effort in 1990, the sequencing 
projectt has accelerated tremendously due to new, automated sequencing 
technologies.. Also, competition from the commercial sector has proven to be a 
drivingg force. 
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Figuree 3: Overview of the clone-by-clone approach towards sequencing the Human Genome 
Project.. As an example chromosome 19 is shown. First, genetic linkage maps provided mapping 
informationn of polymorphic markers (top). Distances were given in cM. These markers in 
combinationn with ESTs were used to identify PACs. Overlapping PACs are called contigs and are 
usedd as the basis for sequencing the human genome (bottom), (adapted from: DOE Human 
Genomee Program, website: http://www.ornl.gov/hgmis). 

Publicc versus private genome projects 
AA major technological breakthrough in the development of automated sequencers 
hass been the capillary sequencer. As this development made it possible to 
sequencee entire genomes in 1 year, sequencing of the human genome became 
commerciallyy attractive. Genomic sequence as a source of new or refined targets for 
drugg administration has therefore evoked the interest of the pharmaceutical industry. 
Thee Celera Genomic company has used high speed capillary sequencers for a 
shotgunn approach towards sequencing of the genome. With the shotgun approach, 
sequencedd DNA fragments have not been assigned any chromosomal position. The 
randomlyy generated sequences are fed into a supercomputer and sophisticated 
softwaree is used to match the fragments and establish their genomic order. Proof of 
principlee has been given by completion of the Drosophila Genome, which was 
obtainedd entirely through shotgun sequencing (Adams et al., 2000). However, the 
manyy repeat sequences in the human genome will make it difficult to position 
resemblingg fragments from different parts of the chromosome. In April 2000, Celera 
announcedd that it had sequenced 99% of the genome. However, they used public 
dataa of mapped PAC sequences to overcome the intrinsic problems of their shotgun 
approach.. This has created tension between public and private genomic sequencing 
projects.. The discussion has focused on the licensing of genomic sequence. One of 
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thee major arguments is that researchers using Celera genomic data would be 
constrainedd if they developed commercial products. 
Althoughh Celera promised to make their data publicly available, the discussion 
betweenn private and public genome projects continues. On March 15, 2000, U.S. 
presidentt Clinton and the U.K. prime-minister Blair issued a joint statement that the 
humann genetic blueprint was "one of the most significant scientific projects of all 
time.. To realize full promise of the research, raw fundamental data on the human 
genomee including the human DNA sequence and its variations, should be made 
freelyy available to scientists everywhere." This caused a 20% drop in Celera's 
stocks.. However, the financial expectations placed on the genomics industry are still 
highh given the economic benefits of rapid development of treatments of disease. 
Nonetheless,, the formation of Celera has stimulated progress of the public project. 
Thee Academic groups will now sequence the Mouse Genome using a combination 
off clone-by-clone and shotgun approaches. 

Bioinformatics s 
Iff compiled into books, the sequence data from the Human Genome Project would 
filll an estimated 200 volumes of telephone books (at 1000 pages each), and reading 
itt would require 26 years working around the clock. Because handling this amount of 
dataa will require extensive use of computers, database development will be a major 
focuss of the human genome project. Although a DNA sequence does not 
immediatelyy reveal information about gene regulation, it allows a systematic 
approachh to defining the genetic components. Predictive computational analysis can 
bee used to identify new genes. But, as demonstrated by the analysis of the finished 
chromosomee 22 sequence, prediction of human genes is difficult (Dunham et al., 
1999).. More than 30% of computer algorithm-based exon predictions cannot be 
experimentallyy confirmed and are probably artifacts. About 95% of genes are at 
leastt partially predicted by ab initio methods, but few structures are completely 
correct.. More than 20% of exons are not predicted at all. This implies that the use of 
bioinformaticss to annotate genes in the sequence is not reliable, and additional 
experimentall methods should be applied to identify all genes in the sequence. The 
nextt step will be to identify the expression levels of these genes in different tissues 
orr disease types. This has been made possible by the development of high 
throughputt mRNA analyses such as SAGE and microarrays. 

Highh throughput mRNA expression analysis 
Too study the complex changes that take place in a cell during malignant 
transformation,, Velculescu and coworkers developed the SAGE (serial analysis of 
genee expression) technique in 1995 (Velculescu et al., 1995). SAGE is based on the 
extractionn of a 10 bp sequence from a defined 3' position of a gene, which uniquely 
identifiess the transcript. This sequence is called a SAGE tag. The tags are linked 
togetherr to form concatamers. These are cloned into a vector which enables high 
throughputt sequencing. The number of times the tag of a gene is present in a SAGE 
libraryy of a tissue is a quantitative representation of its expression level. This way, 
thee expression level of all transcripts in a given tissue can be studied. SAGE 
librariess of many tissues totaling to several million tags have been created. Although 
thiss is a powerful approach to look at gene expression, problems arise in identifying 
thee gene corresponding to each tag. It is straight forward to identify a tag belonging 
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too a well caracterized full length mRNA. But it is very difficult to identify reliable tags 
forr a Unigene cluster that consists of e.g. 40 ESTs. A major problem are sequence 
errorss in the ESTs. Also, ESTs are often not polyA primed and 3' or 5' ends cannot 
bee distinguished or are annotated incorrectly. This causes an erroneous tag 
assignmentt from the 5' end instead of the 3' end of the gene. One gene may also 
havee more than one tag (i.e., through alternative transcripts or polymorphisms) and 
thiss has to be distinguished from false tag assignments due to sequence errors. 
Softwaree developed by CGAP (Lal et al., 1999) and the Human Transcriptome Map 
(Caronn et al., in prep) create new tag extraction routines from Unigene clusters. The 
Humann Transcriptome Map now gives an error rate as low as 3.5%. Although 
computer-algorithmm based assignments have to be checked by hand, high 
throughputt mRNA analysis provides an unprecedented insight in total cellular gene 
expression.. The huge amounts of data obtained by a single experiment will create a 
neww approach towards functional genome analysis. 
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3.. Molecular Genetics of Neuroblastoma 

Commonn genetic changes in neuroblastoma are loss of 1p, gain of 17q and 
amplificationn of the MYCN oncogene (for review see Maris and Matthay, 1999). 
Interestingly,, well known tumor suppressor genes e.g. TP53 and p16 do not appear 
too play a role in neuroblastoma pathogenesis (Vogan et al., 1993; Castresana et al., 
1997;; Kawamata et al., 1996). The most common genetic aberrations will be 
discussedd in more detail. 

LOHoff 1p 
Aboutt 30% of neuroblastomas have 1p deletions which are of variable length but 
almostt always extend to the telomere. Deletion of 1p is associated with a poor 
prognosiss (Maris et al., 1995; Caron et al., 1996; Rubie et al., 1997). Amplification of 
MYCNMYCN and LOH of 1p are strongly correlated, but 1p loss also plays a role in MYCN 
singlee copy neuroblastoma (Fong et al., 1989; Komuro et al., 1998; Ichimiya et al., 
1999).. About 90% of MYCN amplified neuroblastomas have LOH of 1p, whereas 
aboutt 13% of MYCN single copy tumors show 1p deletions (Caron et al., 1995) and 
thiss thesis, Chapter 2. The deletion pattern of 1p in neuroblastoma is complex and is 
likelyy to harbor several tumor suppressor loci (Figure 4). The formal SRO defined by 
Martinssonn et al., spans about 45 cR between D1S80 and D1S244 (region C, Figure 
4)) (Martinsson et al., 1997a). However a large number of studies nave refined this 
SRO.. Amler and co-workers propozed a localization of a putative suppressor locus 
betweenn D1S228 and D1S214, based on a reciprocal (1;15) translocation of cell line 
NGPP in this region (region D, Figure 4)(Amler et al., 1995). Hogarty et al., have 
focussedd on a 1 Mb region between D1S2660 and D1S253 at 23 cR (region B, 
Figuree 4)(Hogarty et al., 2000). The telomeric border of this region was determined 
byy a neuroblastoma patient with a constitutional 1p36 deletion, the proximal border 
byy a 1p deletion in a primary tumor (Biegel et al., 1993). Another constitutional 
rearrangementt has been described on 1p36. Laureys et al reported a balanced 
translocationn t(1;17)(p36;q12-21) in a child with a stage 3 abdominal neuroblastoma 
(regionn E, Figure 4)(Laureys et al., 1995a). The 1p breakpoint maps proximal to the 
1p36.33 SRO in a cluster of repetitive RNA genes and may represent a more 
proximall tumor suppressor locus (van der Drift et al., 1995), A homozygous deletion 
off a 500 Kb region at D1S244 was recently reported by Nakagawara et al. (region A, 
Figuree 4) (Nakagawara et al., 2000). The deletion created a fusion protein between 
UFD22 and the PEX14 gene. This is the only homozygous deletion of 1p reported in 
neuroblastomaa as yet. Also more proximal chromosome 1 regions have been 
implicatedd in tumorigenesis (Schleiermacher et al., 1994). This group reported three 
interstitiall deletions at 1p32 suggesting another locus on 1p (region F, Figure 4). 
Wee obtained evidence for at least two different neuroblastoma tumor suppressor loci 
onn chromosome 1p (Caron et al., 1995, Cheng et al., 1995, and Chapter 2, this 
thesis).. It appears that distinct loci are involved in MYCN single copy versus MYCN 
amplifiedd neuroblastoma, as these tumors display a different type of SRO. Of the 
MYCNMYCN single copy tumors, about 15% displays 1 p deletions of variable length with 

19 9 



ChapterChapter 1 

SROO SRO 
MYCNMYCN single copy MYCN amplified 

Imprinted Imprinted 
locus locus 

B. B. 
White White 

A. A. 
Nakagawara Nakagawara 

c. . 
Martinsson n 

D. D. 
Amler Amler 

E. E. 
Laureys Laureys 

Non-Imprinted Non-Imprinted 
locus locus 

F. F. 
Schtetermacher Schtetermacher 

Figuree 4: Deletion mapping of chromosome 1p suggests that several tumor suppressor loci on 1p 
playy a role in neuroblastoma tumorigenesis. Right of the Figure: (A) Nakagawara et al. reported a 
5000 Kb homozygous deletion of D1S244 (ANR 2000). (B) Hogarty et al., have focussed on a 1 Mb 
regionn between D1S2660 and D1S253 to identify tumor suppressor genes (Hogarty et al., 2000) (C) 
Thee SRO determined by Martinsson et al. maps between D1S244 and D1S80. a region of 45 cR. 
(Martinssonn et al., 1997a). This is generally considered as the formal SRO of the 1p36.3 tumor 
suppressorr locus. (D) As the site of a putative tumor suppressor locus, Amler et al. mapped the 
reciprocall (1;15) translocation of cell line NGP between D1S228 and D1S214 (Amler e ta l . , 1995). (E) 
AA constitutional balanced translocation breakpoint (t(1;17)) maps at 1p36.3 and may represent a 
tumorr suppressor locus (Laureys et al., 1995b). (F) A more proximal locus is thought to map at 1p32 
determinedd by three interstitial deletions described by Schleiermacher et al. (Schleiermacher et al., 
1995).. Left of the Figure: we have found evidence for two distinct tumor suppressor loci on 1p: a 
distall imprinted suppressor is deleted in MYCN single copy tumors and maps to 1p36.1. A second, 
non-imprintedd proximal suppressor is consistently deleted in MYCN amplified neuroblastomas and 
maoss to 1 D 3 6 . 1 . 

ann SRO of 47 cR. The commonly deleted region maps to 1p36.3 and the lost alleles 
aree preferentially of maternal origin, suggesting parental imprinting of the locus. In 
contrast,, about 90% of MYCN amplified neuroblastomas show LOH of 1p. The 
deletionss are at least 90 cR comprising the region from 1p36.1 to the telomere. The 
deletionss of 1 p in MYCN amplified tumors are of random parental origin. These data 
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stronglyy suggest that there are at least two different 1p suppressor genes involved 
inn neuroblastoma; a distal (1p36.3) imprinted locus involved in the MYCN single 
copyy tumors and a proximal (1p36.1) non-imprinted locus that is consistently deleted 
inn MYCN amplified neuroblastomas (Figure 4). 
Withh different research groups focussing on different regions of LOH on 1p, over the 
yearss a large number of genes have been suggested as candidate tumor 
suppressors.. One of these candidates is the TP73 gene. Expression of this TP53 
homologuee was first reported to be monoallelic, in line with characteristics of a 
distal,, imprinted suppressor (Kaghad et al., 1997). However, further studies reported 
biallelicc expression in 4 out of 8 neuroblastomas (Liu et al., 2000). Few mutations in 
thee gene were found and evidence for a role for TP73 in neuroblastoma 
pathogenesiss has not been reported. Other candidate tumor suppressor genes on 
1pp that have been put forward over the past years are for example DAN (Nakamura 
ett al., 1997), HRK3 (Maris et al., 1997), CDC42 (Nicole et al., 1999), PfTSLRE 
(Lahtii et al., 1994), CORT (Martinsson et al., ANR 2000) and AML2 (this thesis, 
Chapterr 4). However, the fine-mapping of chromosomal regions on 1p and mutation 
analysiss of candidate genes by us (this thesis, Chapter 3 and 4) and other groups 
hass not yet led to the definitive identification of a tumor suppressor gene. 

Constructionn of a physical map of the MYCN associated 1p36.1 tumor 
suppressorr locus 
Thee 1p36.1 tumor suppressor involved in MYCN amplified neuroblastomas has 
beenn the focus of this thesis. The SRO in MYCN amplified tumors was defined by 
celll line UHG-NP (Caron et al., 1995). The deletion starts just distal to the HMG17 
genee and extends to the telomere (89 cR). In our series of 225 neuroblastoma 
tumorss and cell lines we never found smaller or interstitial deletions of 1p in MYCN 
amplifiedd cases. Therefore, we postulate that the tumor suppressor gene implicated 
inn MYCN amplified tumors maps within a few megabases distal of HMG17. We used 
thee construction of a physical map of this region as a first approach to identify 
candidatee tumor suppressor genes (Spieker et al., 2000) and this thesis, Chapter 3. 
Too investigate the possibility of a gene mapping just distal to the breakpoint of UHG-
NP,, a 600 kb PAC contig of this region was constructed and analyzed in detail for 
geness and mutations (this thesis, Chapter 4). The AML2/CBFA3 gene was found to 
mapp 200 Kb distal to the breakpoint of UHG-NP. We found three neuroblastoma 
specificc aberrations within a 300 Kb region upstream of the AML2/CBFA3 gene. The 
AMLAML transcription family of proteins consists of three members: AML1 (CBFA2), 
AML2AML2 (CBFA3) and AML3 (CBFA1). The AML1 gene is necessary for liver 
hematopoiesiss (Okuda et al., 1996) (Wang et al., 1996). It is the most common 
targett for chromosomal abnormalities in leukemia (Bitter et al., 1987) (Miyoshi et al., 
1991).. AML3 is essential for normal osteoblast differentiation and skeletal 
morphogenesiss (Ducy et al., 1997; Komori et al., 1997; Mundlos et al., 1997; Otto et 
al.,, 1997). Although its function is largely unknown, recent publications point to a 
rolee for AML2 in cell growth and differentiation (Hanai et al., 1999; Levanon et al., 
1998).. AML2 forms a complex with Smad3 and may thus be a nuclear target of 
TGF-p/BMPP signaling. As TGF-p and BMP are both implicated in neural crest cell 
differentiationn (see: embryology, this chapter), it is tempting to speculate a role for 
AML2AML2 in neuroblastoma tumorigenesis. The aberrations clustered within a 300 Kb 
regionn upstream of AML2 may have affected regulatory elements of the gene. 
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Alternatively,, they may have affected an unidentified gene mapping between AML2 
andd the breakpoint of UHG-NP. 

Transcriptomee analysis of 1p 
Thee Human Transcriptome Map developed in our department integrates SAGE 
expressionn data with mapping information of the Human GeneMap '99 (Caron et al., 
inn prep). This application enables the analysis of expression profiles of any 
chromosomall region. We used the Human Transcriptome Map to perform an 
integrall gene expression study of chromosome 1p35-36. The Human Transcriptome 
Mapp shows that 1p35-36 is a gene dense region, with an overall high level of 
expressionn (Caron et al., in prep). 
SAGEE libraries of 2 neuroblastoma tumors and 4 neuroblastoma cell lines with 
differentt genetic defects were established in our lab (Boon et al., submitted, Caron 
ett al., in prep.). A total of 125,000 tags from these libraries were sequenced. To 
identifyy neuroblastoma-specific genes on 1p, we compared the expression profile of 
1pp in the combined neuroblastoma SAGE libraries to SAGE libraries of other tissue 
types.. To study genes differentially expressed between 1p-deleted and 1p-intact 
neuroblastomas,, we combined the neuroblastoma SAGE libraries with LOH of 1p 
andd amplification of MYCN. The expression profile if this combined library was 
comparedd to combined SAGE libraries of neuroblastomas with two intact 
chromosomess 1 and normal MYCN copy number. To distinguish between the 
effectss of 1p deletion and MYCN amplification on the expression profiles we also 
analyzedd the expression profiles of MYCN transfected cell line SHEP-21N and 
controll transfected cell line SHEP-2. These cell lines do not display LOH of 1p, 
whichh enables the identification of candidate target genes of MYCN on 1 p. 
Wee screened a region of 150 cR from top of chromosome 1p, including the SROs 
fromm both MYCN single copy and MYCN amplified neuroblastomas. The expression 
profiless between the different tissue types are rather synchronous and few genes 
showw neuroblastoma specific expression. Three genes have an expression pattern 
thatt warrants a further analysis of their role in neuroblastoma pathogenesis (an 
initiall report is given in this thesis, Chapter 5). 

Gainn of 17q 
Aboutt 50-60% of neuroblastomas have a few extra copies of chromosome 17q 
(Savelyevaa et al., 1994; Lastowska et al., 1997).(Caron, 1995; Lastowska et al., 
1997;; Abel et al., 1999). This gain has been associated with advanced disease, 
deletionn of chromosome arm 1p, and amplification of the MYCN oncogene, all of 
whichh predict an adverse outcome (Bown et al., 1999). It is the most frequent 
cytogeneticc abnormality of neuroblastoma cells. Gain of 17q is the result of 
unbalancedd translocations with mostly chromosome 1p (Savelyeva et al., 1994; 
Caronn et al., 1994; Caron et al., 1994). These breakpoints are scattered on the 
17q22-qterr region. The disruption of a specific gene leading to gain or loss of 
functionn seems therefore unlikely. The data suggests that dosage of a gene or 
geness is responsible for the pathogenic effects of 17q gain. The minimal region of 
gainn is at least 25 Mb large, but often gain of the entire q-arm is found (Meddeb et 
al.,, 1996). The extend of the amplified region has hampered the identification of 
targett oncogenes. Some candidate target genes have been suggested. Survivin is a 
familyy member of inhibitor of apoptosis proteins (lAPs) and maps to 17q25. 
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Downregulationn of Survivin induces apoptosis and inhibits cell proliferation 
(Ambrosinii et al., 1998). Levels of Survivin mRNA are high in advanced stage 
neuroblastomaa tumors and cell lines and this is associated with poor prognostic 
factorss (Islam et al., 2000). It is therefore one of the major candidate target genes. 
NM23NM23 is a suppressor of metastasis and has also been suggested as a target of 17q 
gainn (Amendola et al., 1997). 
Inn addition to 17q gain, a homozygous deletion of the NF1 gene mapping on 17q 
hass been reported (Martinsson et al., 1997b). However, no other cases of 
homozygouss deletions have been reported and a role for NF1 in a large number of 
neuroblastomass seems unlikely. 

Deletionn and silencing of the Caspase 8 gene on 2q33 
Thee gene for caspase 8 (CASP8) is located on human chromosome 2q33 {Grenet et 
al.,, 1999). LOH of CASP8 was detected in 5/18 neuroblastoma cell lines (Teitz et 
al.,, 2000). The gene was homozygously deleted in only one cell line. Epigenetic 
inactivationn appears to play a more prominent role in gene silencing. In 63% of the 
MYCNMYCN amplified tumors and 3.7% of the MYCN single copy tumors, expression was 
silencedd through methylation of CASP8 regulatory sequences. Caspase 8 is 
essentiall in death receptor activated cell death (Kitson et al., 1996). MYCN 
overexpressionn sensitizes neuroblastomas to apoptosis (Fulda et al., 1999). Losing 
caspasee 8 expression may be one of the mechanisms to avoid apoptosis in MYCN 
amplifiedd tumor cells. 

MYCNN amplification 
Aboutt 25% of neuroblastomas show amplification of the MYCN oncogene which is 
associatedd with a poor prognosis (Brodeur et al., 1984; Schwab et al., 1984; Seeger 
ett al., 1985). Amplification is manifested as double minute chromosomes (DMs) or 
homogeneouslyy staining regions (HSR). The amplified region shared between 
differentt tumors is limited to a 300 kb region surrounding the MYCN gene (Akiyama 
ett al., 1994) but individual amplicons may vary from a few hundred to several 
thousandss of kb. The DEAD box protein 1 gene {DDX1) and NAG (neuroblastoma 
amplifiedd gene), are often found to be coamplified with MYCN (Amler et al., 1996; 
Wimmerr et al., 1999). However, only MYCN is amplified in all amplicons. It is 
thereforee the target of amplification and a major player in neuroblastoma 
tumorigenesis. . 
Thee MYC gene family {C-myc, N-myc and L-myc) encodes transcription factors 
whichh contain a helix-loop-helix/leucine zipper (HLH/LZ) domain. MYC binds 
specificallyy to DNA and recognizes the CAC(A/G)TG elements (E-box). MYC forms 
dimerss with another HLH/LZ protein called MAX which is a prerequisite for 
transformationn (Amati et al., 1993). Putative cellular target functions of MYC are cell 
cycle,, apoptosis, DNA metabolism and energy metabolism. Although 33 potential 
targett genes of MYCN have been described, the exact function of MYC has not 
beenn clarified (Dang, 1999). Cumulative evidence support a role for MYCN in cell 
growthh rather than proliferation. In Drosophila, myc regulates cellular growth during 
developmentt (Johnston et al., 1999). It was found to target pitchoune (Pit) (Zaffran 
ett al., 1998). Pit is a DEAD box helicase, a class of proteins in yeast known to be 
involvedd in translation initiation and ribosomal RNA processing. Therefore MYC may 
contributee to cell growth and cell division by mediating ribosome assembly and 
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facilitatingg translation. In line with these results, MYC was found to induce nucleolin 
andd nucleophosmin (Greasley et al., 2000 and Boon et al., in prep). This nucleolar 
proteinn is involved in rRNA processing and ribosome assembly (Tuteja and Tuteja, 
1998;; Pinol-Roma, 1999). In addition, MYC was found to induce expression of 65 
outt of 80 ribosomal RNAs, as well as many translation initiation and elongation 
factorss and other genes involved in protein synthesis (Boon et al., submitted). 
MYCNMYCN is often overexpressed in neuroblastoma. The induction of proteins involved 
inn protein synthesis and metabolism by MYC overexpression may release the 
maximall cellular capacity for protein synthesis to the growing and proliferating tumor 
cell. . 

MEIS1MEIS1 oncogene activation in IMR32 
Inn addition to MYCN amplification, other amplifications have been described. 
Infrequentt amplifications of MDM2 have been reported (Corvi et al., 1997; Elkahloun 
ett al., 1996; Corvi et al., 1995). ZNF133 is amplified in cell line NGP (Heiskanen et 
al.,, 2000). In Chapter 6 we describe the serendipitous cloning of a chromosome 
2p155 amplified sequence in cell line IMR32. The detection of this amplicon in IMR32 
suggestedd that it may harbor an oncogene with a role in neuroblastoma 
pathogenesis.. To detect whether the amplification caused an oncogene to be 
overexpressedd in IMR32, we utilized a SAGE library of cell line IMR32 that we had 
establishedd in our lab. The expression profile of a 30 cR region spanning the 
ampliconn was compared to SAGE libraries available in the CGAP databases and to 
neuroblastomaa SAGE libraries in our lab. The MEIS1 oncogene was both amplified 
andd overexpressed in IMR32. Although DNA amplification was restricted to this cell 
line,, we found a similar high expression level of the gene in about 25% of the 
neuroblastomaa tumors and cell lines tested. The MEIS1 gene was originally 
identifiedd as a target for retroviral insertions in myeloid leukemia in mice (Moskow et 
al.,, 1995). MEIS1 forms a trimeric complex with PBX1 and HOXA9 which is 
essentiall for binding to consensus DNA targets (Shen et al., 1999). Both PBX1 and 
HOXA9HOXA9 are implicated in leukemic transformation in humans. The PBX1 gene is a 
targett of t(1:19) translocation in pre-B acute lymphoblastoid leukemias where it 
fusess to the E2A gene (Kamps et al., 1990). HOXA9 is fused to NUP98 by a t(7:11) 
translocationn in human acute myeloid leukaemia (Borrow et al., 1996). The finding 
thatt MEIS1 is amplified and overexpressed in neuroblastoma suggests a role for this 
genee in human oncogenesis. 

Neuroblastomaa research and the human genome project 
Inn conclusion, the development of PAC technology enabled us to construct a contig 
spanningg 1 p deletion breakpoint of the MYCN amplified tumor with the smallest 1 p 
deletion.. We were able to identify AML2 as a candidate tumor suppressor gene. 
Highh throughput mRNA expression analysis in combination with genetic mapping 
hass enabled us to identify the MEIS1 gene as a target for amplification in IMR32. 
Thee same tool has facilitated the selection of candidate tumor suppressor genes 
andd MYCN target genes on 1p. One of the MYCN targets turned out to map just 
downstreamm of AML2, suggesting that further analysis of the gene in this region is 
warranted. . 
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