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GeneralGeneral Introduction 

1.. Basi c aspect s of neuroblastom a 

Clinica ll  aspect s 
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. 

Clinica ll  Stagin g 
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 . 

Embryolog y 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. 
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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). 

Chromosoma ll  defect s in neuroblastom a 
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 Genom e Projec t 

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. 

Geneti cc  linkag e 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. 

Expresse dd sequenc e 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. 

Radiatio nn Hybri d 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 
fro mm th e 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/) ) 

Sequencin gg of PAC contig s 
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). 

Publi cc  versu s privat e genom e project s 
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. 

Bioinformatic s 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 throughpu t mRNA expressio n analysi s 
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 

17 7 



ChapterChapter 1 

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.. Molecula r Genetic s of Neuroblastom a 

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. 

LOHo ff  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 
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SROO SRO 
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Non-Imprinted Non-Imprinted 
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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. 

Constructio nn of a physica l map of the MYCN associate d 1p36.1 tumo r 
suppresso rr  locu s 
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. 

Transcriptom ee analysi s 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. 

Deletio nn and silencin g of the Caspas e 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 amplificatio n 
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 oncogen e activatio n 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. 

Neuroblastom aa researc h and the huma n genom e projec t 
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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TwoTwo tumor suppressor loci on 1p35-36 

Abstrac t t 

AA previous LOH study of a series of 91 neuroblastomas suggested that the 1p35-36 
regionregion encodes at least two tumor suppressor loci with a role in neuroblastoma. 
HereHere we present the results of a much larger study. 205 neuroblastomas were 
analyzedanalyzed for LOH of chromosome 1 and MYCN amplification. The results 
corroboratecorroborate the existence of two tumor suppressor loci on 1p. Distinct 1p loci appear 
toto be involved in MYCN single copy versus MYCN amplified neuroblastoma, as 
thesethese tumors display a different type of SRO. About 15% of MYCN single copy 
neuroblastomaneuroblastoma show 1p deletions. They have deletions of variable length with an 
SROSRO of 47 cR at 1p36.3. The lost alleles are preferentially of maternal origin 
(p=0.0002),(p=0.0002), suggesting parental imprinting of the locus. MYCN amplified 
neuroblastomaneuroblastoma have a contrasting pattern of 1p loss. These tumors display much 
largerlarger deletions of at least 89 cR comprising the region from 1p36.1 to the telomere. 
LOHLOH of 1p is detected in about 86% of the cases. The lost alleles are of random 
parentalparental origin suggesting inactivation of a non-imprinted suppressor. 

Introductio n n 

Thee distal short arm of chromosome 1 represents an intriguing region of 
chromosomall loss in cancer (reviewed Schwab et al., 1996). The 1p35-36 region is 
frequentlyy deleted in neuroblastomas, brain tumors, hepatocellular carcinomas and 
aa wide variety of carcinomas, e.g. of lung, colon, breast, ovarium and pancreas 
(Hilgerss et al., 1999, Bièche et al., 1999; Bigner et al., 1999; Smith et al., 1999; 
Rashidd et al., 1999, Leone et al., 1999, Ragnarsson et al., 1999). First described for 
neuroblastomaa over 20 years ago, the 1p35-36 region still withstands any attempt to 
identifyy a suppressor locus (Brodeur et al., 1977). The absence of a hereditary 
cancerr predisposition locus in this region has precluded a genetic linkage approach. 
Analysess of large series of different tumor types showed that deletions are usually 
veryy long and often involve the entire p-arm. The pattern of deletions in colon cancer 
iss complex and does not permit identification of one shortest region of overlap 
(SRO).. Breast tumors show at least two SROs (Bièche et al., 1999). The 1p35-36 
regionn is most intensively studied in neuroblastoma, but this has not resulted in a 
consensuss on the number and localization of suppressor loci. About 30% of 
neuroblastomass have 1p deletions, which are of variable length but almost always 
extendd to the telomere (White et al., 1995, Caron et al., 1995). The SRO has a 
lengthh of about 25 cM and maps to 1p36.2-3. The proximal border was defined by 
D1S244D1S244 (Martinsson et al., 1995), while an interstitial deletion in a cell line defined 
thee subtelomeric marker D1S172 as a distal border (Cheng et al., 1995). A 
constitutionall interstitial deletion in a neuroblastoma patient could further limit the 
distall border to D1S80 (White et al., 1995). Schleiermacher et al. (1994) identified a 
feww tumors with interstitial deletions of 1p32-34, suggesting an additional 
suppressorr locus in this region. 

Previously,, we have studied a panel of 25 neuroblastoma cell lines and 91 tumors 
forr MYCN amplification and deletion of 1p. The detailed analysis suggested that the 
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regionn 1p35-36 harbors several tumor suppressor loci (Caron et al., 1995; Cheng et 
al.,, 1995; Versteeg et al., 1995). Distinct 1p ioci appeared to be involved in MYCN 
singlee copy versus MYCN amplified neuroblastoma, as these tumors displayed a 
differentt type of SRO. The MYCN amplified neuroblastomas showed a larger SRO 
thann the MYCN single copy tumors. In addition, the MYCN amplified tumors had a 
randomm parental origin of the deleted 1p alleles, while the MYCN single copy tumors 
showedd a preferential maternal origin of the deletions. We therefore postulated that 
twoo different 1p suppressor loci play a role in neuroblastoma pathogenesis. One is a 
distall (1p36.2-3), imprinted locus deleted in a subset of MYCN single copy 
neuroblastomas.. The second suppressor locus maps more proximal (1p36.1), is 
deletedd in almost all MYCN amplified tumors and is not imprinted. 
Thiss hypothesis has encouraged critical discussions on 1p deletions in 
neuroblastoma,, with a focus on the role of genomic imprinting. Cheng et al. reported 
randomm parental origin of 1p deletions in a series almost exclusively consisting of 
MYCNMYCN amplified tumors, which is in line with our observations (Cheng et al., 1993). 
Onlyy a few isolated cases of MYCN single copy tumors have been analyzed for 
parentall origin of 1p deletions. Martinsson et al. reported one maternal and one 
paternall loss in MYCN single copy neuroblastomas (Martinsson et al., 1995). 
Ass completion of the 1p35-36 sequence is an immediate goal of the human genome 
sequencingg effort at the Sanger Center, many candidate tumor suppressor genes 
currentlyy emerge from the sequence databases. A precise definition of the SROs in 
differentt neuroblastoma types and a critical analysis of of a possible role for 
imprintingg is important to guide a rational testing of candidate genes. 
Heree we present an analysis of an extended series of 205 neuroblastomas for the 
lengthh of 1p deletions and the parental origin of the deleted alleles. The results 
furtherr corroborate the existence of two suppressor loci in the 1p35-36 region, one 
off which is imprinted. 

Result s s 

LOHH of 1p36 in MYCN amplicifatio n and singl e cop y neuroblastoma . 
Wee analyzed a series of 205 neuroblastoma tumor samples, including 91 previously 
describedd cases (Caron et al., 1995) for MYCN copy number and loss of 
heterozygosityy (LOH) of chromosome 1p. These tumors represent the entire clinical 
spectrumm from aggressive stage 4 to favorable localized and 4s cases. To avoid 
under-- or over-scoring of 1p deletions, we followed a strict protocol established by 
thee ENQUA group (European Neuroblastoma Quality Assessment group, Ambros et 
al.,, ms in prep.). In short, we only analyzed samples containing >60% of 
(ganglio)neuroblastomaa cells, as shown by (immuno)histological analysis. The DNA 
contentt of all samples was measured on parallel sections to identify aneuploid 
cases.. All samples were analyzed for 1p by Southern blot hybridizations with VNTR 
probess and PCR analysis of polymorphic markers. Cases with >90% decrease in 
intensityy of an allelic band for two or more 1p probes were scored as allelic loss 
(LOH).. Cases with a 60-90% decrease of intensity of an allelic band ('allelic 
imbalance')) were only scored as LOH if several other probes without imbalance 
weree found. If not, double-color interfase FISH with a centromeric and 1p telomeric 
probee was performed to discriminate between LOH and chromosome 1 gains. 
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Inn our series of 205 neuroblastoma samples we demonstrated allelic loss of 
telomericc chromosome 1p markers in 53 cases (26%). Of the 36 samples with 
MYCNMYCN amplification, 31 (86%) showed LOH of 1p. Apparently, amplification of 
MYCNMYCN strongly correlates with deletion of 1p, suggesting a functional relationship 
betweenn MYCN and a chromosome 1p suppressor locus. In MYCN single copy 
neuroblastomaa 1p alleles are lost in 22 out of 169 cases (13%). This indicates that 
losss of function of a 1p suppressor locus can also play a role in MYCN single copy 
neuroblastoma. . 
Too define the characteristics of the 1p deletions in as many neuroblastomas as 
possible,, we included 7 such cases originating from O.Delattre (Inst. Curie, Paris), 
whichh were part of our initial series (Caron et al., 1995). This brings the total of 
neuroblastomaa with a 1p deletion analyzed in this paper to 60 independent samples, 
366 with MYCN amplification and 24 with a single copy MYCN gene. 

1pp deletion s in MYCN singl e cop y tumor s are preferentiall y of materna l origin . 
Thee parental origin of the lost 1p alleles was determined by comparing the 
hybridizationn patterns of patient samples with parental DNA samples. Of the 24 
MYCNMYCN single copy neuroblastoma with 1p loss the origin of the lost alleles was 
maternall in 21 and paternal in 3 cases (table 1). This distribution differs very 
significantlyy from the expected random distribution (probability = 0.0002). This 
patternn of preferential maternal allelic loss indicates the involvement of an imprinted 
1pp suppressor locus in MYCN single copy neuroblastoma. This implies that the 
maternall copy is inactivated by allelic loss of 1p, whereas the retained paternal copy 
iss supposedly inactivated in the germline by genomic imprinting. 
Thee deletions in the 24 MYCN single copy neuroblastoma are of variable length 
(Figuree 1). The commonly deleted region always includes the telomere and is 
proximallyy defined by the marker D1S2667, which is retained in sample N161 
(Figuree 1). The resulting SRO in MYCN single copy neuroblastoma has a length of 
477 cR. 

1pp deletion s in MYCN amplifie d neuroblastom a are larg e and of rando m 
parenta ll  origin . 
Inn contrast to the MYCN single copy tumors, the lost 1p alleles in MYCN amplified 
neuroblastomass followed an essentially random distribution. We could establish the 
parentall origin of the lost 1p alleles in 32 out of 36 MYCN amplified neuroblastoma. 
Deletionss were of maternal origin in 18 cases and of paternal origin in 14 cases. 
Thiss random distribution of lost parental alleles indicates that MYCN amplified 
neuroblastomaa have deletions of a non-imprinted suppressor locus. 
Inn addition, the 1p deletion pattern in the MYCN amplified neuroblastoma differs 
strikinglyy from that in MYCN single copy cases. The smallest deletion found in the 
MYCNMYCN amplified tumors (defined by tumor N110, see Figure 1) extends from the 
telomeree to the marker HMG17, at 89 cR from the telomere. The observation that 
thee SRO in MYCN amplified neuroblastomas is much larger than in MYCN single 
copyy cases is further supported by the pattern of loss observed for the marker 
D1S7.D1S7. D1S7 is retained in 10 of the 24 informative MYCN single copy cases, 
whereass D1S7 is retained in only 2 of the 36 informative MYCN amplified 
neuroblastomaa (p = 0.002). Our finding that the 1p deletions in MYCN amplified 
neuroblastomaa always encompass a more proximal region than the MYCN single 
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copyy SRO suggests that this region is involved in tumorigenesis of MYCN amplified 
neuroblastoma. . 

Tablee 1: Patterns of parental origin of the lost 1 p alleles in MYCN single copy and MYCN 
amplifiedd neuroblastoma. 

MYCNMYCN statu s 

MYCN MYCN 

singlesingle copy 

MYCN MYCN 

amplified amplified 

Chromosom ee 1p 
los s s 

244 allelic loss 

1477 intact 

366 allelic loss 

55 intact 

Parenta ll  Origi n 

211 maternal 

33 paternal 

188 maternal* 

144 paternal* 

P-valu e e 

0.0002 0.0002 

NS NS 

Conclusion Conclusion 

Imprinted Imprinted 
Suppressor Suppressor 
gene gene 

non-imprinted non-imprinted 
suppressor suppressor 
gene gene 

( ** = of the 36 MYCN amplified neuroblastoma the parental origin could be established in 32 
cases) ) 

Takenn together, our observations on the parental origin of lost 1p alleles and the 
deletionn mapping data suggest that chromosome 1p harbors at least 2 distinct 
neuroblastomaa suppressor loci. One suppressor locus, inactivated in MYCN single 
copyy cases, is imprinted and maps to a telomeric 47 cR SRO on 1p36.3. A second 
non-imprintedd suppressor locus, involved in MYCN amplified neuroblastoma, is 
inactivatedd by much larger telomeric deletions with an SRO of 89 cR. 
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MYCNMYCN singl e cop y MYCN amplifie d 

Figuree 1: The extend of 1p deletions in 60 neuroblastomas. The MYCN single copy and MYCN 
amplifiedd cases are grouped together. Open circles indicate LOH, filled circles indicate retained 
heterozygosity,, a forward slash indicates constitutionally homozygous. On the left the markers are 
depictedd used for LOH study. The large, bold markers are mapped on the Radiation Hybrid Map, the 
smalll markers are CEPH markers. The commonly deleted region for both groups is indicated by black 
arrows. . 

Discussion n 

Thee mapping of tumor suppressor genes on chromosome 1 p in neuroblastoma is 
stilll an unsettled issue. The formal SRO maps from D1S244 to D1S172 (Martinsson 
ett al., 1997, Cheng et al. 1995). This region is likely to harbor a tumor suppressor 
locus.. Previously, we proposed a role for at least two different tumor suppressor loci 
onn 1p36 (Caron et al., 1995; Cheng et al., 1995; Versteeg et al., 1995). Here we 
describee a larger tumor series and the results strongly corroborate our earlier 
hypothesis.. Distinct 1p loci appear to be involved in MYCN single copy versus 
MYCNMYCN amplified neuroblastoma, as these tumors display a different type of SRO. 
Aboutt 15% of MYCN single copy neuroblastomas show 1p deletions. They have 
deletionss of variable length with an SRO of 47 cR. The commonly deleted region 
mapss to 1p36.3. The lost alleles are preferentially of maternal origin (p=0.0002), 
suggestingg parental imprinting of the locus. MYCN amplified neuroblastomas show 
aa contrasting pattern of 1p loss. These tumors display much larger deletions of at 
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leastt 89 cR comprising the region from 1p36.1 to the telomere. LOH of 1p is 
detectedd in 86% of the cases. The lost alleles are of random parental origin 
suggestingg deletion of a non-imprinted suppressor. 
AA strong correlation between 1p abnormalities and MYCN amplification is supported 
byy many other studies (Fong et al. 1989, Komuro et al. 1998, Ichimiya et al. 1999). 
Thee 14% of MYCN amplified cases without detectable 1p deletions in our series 
couldd represent a different genetic subtype, or have cryptic defects in the 1p36.1 
region.. We detected no MYCN amplified cases with short distal deletions, but rare 
casess have been described in literature (Martinsson etal., 1995). 
Noo large independent series of MYCN single copy neuroblastomas have been 
analyzedd for parental origin of 1p deletions. We have collected a unique series of 
2055 samples and constitutional DNA from the patient as well as both parents. This 
hass enabled a detailed study of the role of imprinting in neuroblastoma. 
Onee of the genes that has been put forward as a candidate imprinted 
neuroblastomaa tumor suppressor is TP73 (Kaghad et al., 1997). Expression of this 
TP53TP53 homologue was reported to be monoallelic. However, further studies reported 
biallelicc expression in 4 out of 8 neuroblastomas (Lui et al. 2000) and few mutations 
inn the gene were found. Therefore, a role of TP73 in neuroblastoma pathogenesis 
remainss to be established {Ichimiya etal., 1999, Ejeskaretal., 1999). 
LOHH of chromosome 1p is associated with many different tumor types such as 
lymphoma,, breast and ovarian cancer. The 1p36 region is likely to harbor several 
tumorr suppressor genes involved in a wide range of tumors. Breast cancer 
representss another example of a tumor where two different tumor suppressor loci on 
1pp play a role (Bièche et al 1999). Two distinct consensus regions of LOH were 
found:: 1p36.3 and 1p32. An imprinted growth regulatory gene, NOEY2, was recently 
mappedd at 1p31 and is a candidate for the proximal suppressor (Yu et al., 1999). A 
second,, distal suppressor is likely to play a role in a different subset of breast 
cancers. . 
Inn our tumor series we found a similar phenomenon. Although the SROs in the two 
subsetss of neuroblastomas clearly overlap, both the length of the deletions and the 
imprintingg status strongly suggests a role for two distinct tumor suppressor loci 
mappingg on chromosome 1p. It is remarkable though that the MYCN amplified 
neuroblastomass have deletions of the entire region from HMG17 to the telomere. If 
aa suppressor gene involved in this subset of tumors maps to 1p36.1, interstitial 
deletionss of this region with retention of the telomeric region would be expected. The 
factt that we have not found such tumors can by explained in two ways. First, the 1p 
deletionss are mostly caused by unbalanced t(1:17) translocations, by which the 
entiree telomeric part of chromosome 1p is replaced by a segment of the 17q arm 
(Caronn et al., 1994). This mechanism will always result in deletions that extend to 
thee telomere. Alternatively, 1p36.3 may harbor yet another locus, that acts in 
concertt with the proximal (1p36.1) tumor suppressor in the pathogenesis of MYCN 
amplifiedd neuroblastoma (Figure 2). 
Inn conclusion, the analysis of a series of 205 tumor samples and parental DNAs 
showw evidence for two tumor suppressor genes mapping on 1p36. These findings 
mayy guide the selection of candidate tumor suppressor genes emerging from the 
sequencingg of the 1p35-36 region. 
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SROO SRO 
MYCNN single copy MYCN amplified 

Figuree 2: A schematic of postulated suppressor loci on 1p. Two types of SRO are implicated in 
neuroblastomaa pathogenesis. The tumor suppressor locus involved in MYCN single copy tumors is 
probablyy imprinted and maps within a 47 cR region. The tumor suppressor locus involved in MYCN 
amplifiedd neuroblastomas is non-imprinted and maps to a 89 cR region. The deletions of the MYCN 
amplifiedd tumors also extend to the telomere. This could be caused by the mechanism of the 1p 
deletionss (see text), or by a (second) 1p36.3 locus that may play an additional role in MYCN amplified 
tumorss (open box). 

Materialss and Methods 

Sampl ee collectio n and DNA isolation . 
Afterr informed consent was given, we obtained 205 pairs of tumor and constitutional 
tissuee samples from neuroblastoma patients treated between 1990 and 1999 at the 
Emmaa Kinderziekenhuis/Academical Medical Center, other pediatric oncology 
centerss in the Netherlands and the University Hospital of Ghent, Belgium. Also 
peripherall blood samples were obtained from the parents after written informed 
consent.. Histological analysis was performed and high-molecular weight DNA was 
preparedd as described before (Caron et al., 1993). Also 7 samples analyzed by the 
labb of O.Delattre from Institute Curie, Paris, France were included. 

MYCNMYCN cop y numbe r and chromosom e 1p DNA analyses . 
Southernn blot analysis was performed by the standard alkaline blotting method. The 
MYCNMYCN copy number per haploid genome was determined by densitometric analysis 
off Southern blot filters hybridized with a MYCN probe and a single copy probe of 
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chromosomee 2p, with a Phosphor Imager (Molecular Dynamics) and ImageQuant 
Softwaree v3,0. Loss of heterozygosity for chromosome 1p36 loci was analyzed by 
Southernn blot using the following probe/enzyme combinations: 
CEB15(D1S172)/Taql/Pvull,, D1S80/Taql/BamHI, D1S76/Taql, CEB37/Taql, 
D1S96/Taql,, NN1.3/Pvull, FUCA/Pvull, HMG17/Kpnl, D1S7/Taql, D1S57/Taql, 
CEB82/Pvull,, MYCL/EcoRI, D1S62/Pvull, D1S15/Bglll, D1S21/Taql, D1S17/Taql, 
NRAS/EcoRI,, D1S13/Pvull, MUC1/Taql. For PCR analyses we used the markers 
D1S80,, D1S76, D1S214, D1S508, D1S1615, D1S2667, D1S228, D1S199, 
D1S28433 and D1S233. The annealing temperature, number of amplification cycles 
andd extension time were adapted for each primer set. The probes CEB15(D1S172), 
CEB377 and CEB88 were a gift from G.Vergnaud, D1S7 was kindly provided by 
J.Armour,, NN1.3 was derived from human sequences flanking an adenovirus/SV40 
hybrid-viruss integration site on 1p36 (A12M2) and was a gift from M.Romani, all 
otherr probes were purchased from the American Type Culture Collection (ATCC). 
Forr the localization of the polymorphic markers on 1p we used data from Human 
Genee Map 1999 (http://www.ncbi.nlm.nih.gov/genemap99/), the CEPH consortium 
mapp (Dracopoli et al., 1991), and unpublished linkage data concerning CEB15/82 
providedd by G.Vergnaud. The parental origin of the lost 1p36 alleles was determined 
ass previously described (Caron et al, 1993). 

Interfas ee Fluorescen t in-sit u hybridizatio n (FISH) for chromosom e 1p. 
Wee used tumor touch preparations on glass slides to perform dual color interfase 
FISHH with a chromosome 1 subcentromeric probe (pUC1.77) and a 1p telomeric 
probee (D1Z2). The pUC1.77 probe was directly labeled with fluorochrome Cy3. The 
D1Z22 probe was labeled with biotine-11-dUTP by nick translation. The hybridization 
wass performed using a formamide-based hybridization solution and overnight 
incubationn in a moist chamber at C on the slides sealed by a coverslip. After 
severall post-hybridization washes immunofluorescent detection of the biotinylated 
D1Z22 probe was performed with FITC-conjugated avidine. If necessary, subsequent 
signall enhancement of D1Z2 was achieved by using biotin-labeled anti-avidine 
antibodiess and a second round of FITC-avidine detection. The scoring of interfase 
FISHH patterns was done following the ENQUA guidelines. The number of 
centromericc (green) and telomeric (red) signals were counted in at least 100 
interfasee nuclei. Only results of the major pattern were used. 

Scorin gg of alleli c los s (LOH). 
Alll cases were analyzed for the 1p telomeric region by the VNTR marker D1S172 
and/orr the PCR markers D1S80 and D1S76. Also the 1p35 region was analyzed by 
thee VNTR markers D1S7 and D1S57 and/or the PCR marker D1S233. Only cases 
withh >90% decrease in intensity of an allelic band for 2 or more 1p probes are 
scoredd as allelic loss (LOH). For all cases in which a 60-90% decrease in intensity 
off an allelic band ('allelic imbalance') for 1 or more probes was detected we needed 
too discriminate between allelic loss and chromosomal copy number changes leading 
too an unbalanced distribution of alleles without allelic loss. This was accomplished 
byy analyzing the pattern of allele intensity for more 1p and 1q markers and -in some 
cases-- interfase FISH. The imbalance was scored as allelic loss, if in a more 
proximall region 2 or more markers showed 2 alleles of equal intensity. In contrast, 
ann allelic imbalance pattern persisting over the entire p- and q-arm was not scored 
ass allelic loss. In these cases and other unclear cases interfase FISH with a 1p 
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centromericc and telomeric probe was performed to distinguish between allelic loss 
andd imbalances due to chromosomal copy number abnormalities. 

Statistica ll  analysis . 
Thee probability for the observed proportion of maternal 1p loss against the 
expectedd proportion of 0.5 with random parental loss was calculated, using the 
exactt p-value based on the binomial theorem in a 2-tailed fashion. The 2-tailed 
Fisher-exactt test was used to compare the distribution of D1S7 LOH in the MYCN 
singlee copy versus the MYCN amplified cases. 
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AnAn integrated 5 Mb map of 1p36.1 

Abstrac t t 

CommonCommon genetic aberrations of neuroblastoma are deletions of the short arm of 
chromosomechromosome 1 (1p36) and MYCN amplification. Our deletion analysis of 25 tumor 
cellcell lines and 171 tumors strongly suggests that 1p harbors several tumor 
suppressorsuppressor loci. Distinct loci are involved in MYCN single copy versus MYCN 
amplifiedamplified neuroblastoma. Deletions in MYCN single copy tumors have a shortest 
regionregion of overlap (SRO) of 20 cM at 1p36.3. MYCN amplified tumors have large 
deletionsdeletions with an SRO of about 60 cM, from 1p36.1 to the telomere. This SRO is 
defineddefined by D1S7 (1p36.1), which was the most distal locus retained. Therefore, a 
suppressorsuppressor gene associated with MYCN amplified tumors probably maps within a 
fewfew megabases distal of D1S7. In order to map this locus, we further refined this 
SRO.SRO. We mapped the breakpoint of the MYCN amplified neuroblastoma with the 
smallestsmallest 1p deletion between 56.6 and 57.2 cM from 1pter. Pulsed Field Gel 
ElectrophoresisElectrophoresis and radiation hybrid mapping was used to construct a 5 Mb physical 
mapmap of this region. The map includes the region from 82.73 tilt 92.89 cR from 1pter. 
AboutAbout half of it was isolated in P1 and PAC clones. The region harbors the genes 
FGR,FGR, SLC9A1, HMG17, EXTL1, AML2, RH, 0P18, four ESTs, and a newly identified 
genegene with a transcript size of approximately 7 Kb. Several of the mapped genes 
havehave a putative role in cell growth, differentiation, and morphogenesis. 

Introductio n n 

Neuroblastomaa is an embryonal tumor of the sympathetic nervous system. The 
tumorr displays a heterogeneous biologic behavior ranging from aggressive incurable 
diseasee to spontaneous regression. Common genetic aberrations of neuroblastoma 
aree deletions of the short arm of chromosome 1 (1p36) (Brodeur et al., 1977; Gilbert 
ett al., 1982; Weith et al., 1989) and MYCN amplification (Schwab et al.,1983). Both 
MYCNMYCN amplification (Brodeur et al, 1984; Schwab et al., 1984; Seeger et al., 1985) 
andd loss of 1p {Caron et al., 1996; Rubie et al., 1997) are associated with a poor 
prognosis. . 
Wee have studied a large panel of 25 neuroblastoma cell lines and 171 tumors for 
MYCNMYCN amplification and deletion of 1p. The detailed analysis strongly suggests that 
1pp harbors several tumor suppressor loci (Caron et al., 1995; Cheng et al., 1995; 
Versteegg et al., 1995). Distinct 1p loci appear to be involved in MYCN single copy 
versuss MYCN amplified neuroblastoma, as these tumors display a different type of 
shortestt region of overlap (SRO). About 15% of MYCN single copy neuroblastomas 
showw 1p deletions. They have deletions of variable length with an SRO of 20 cM. 
Thee commonly deleted region maps to 1p36.3 (Caron et al., unpublished data). 
Inn contrast, MYCN amplified neuroblastomas show LOH of 1p in about 90% of the 
cases.. These tumors display much larger deletions of at least 60 cM comprising the 
regionn from 1p36.1 to the telomere. The distal 20 cM of this SRO is identical to the 
SROO of MYCN single copy cases. These data suggest that two different 1p regions 
havee a role in neuroblastoma pathogenesis. The distal 20 cM of 1p represents the 
formall SRO and most likely harbors a tumor suppressor gene. The finding that 
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MYCNMYCN amplified neuroblastomas consistently show larger deletions including the 
1p36.11 region can be interpreted in two ways. The difference could be explained 
eitherr mechanistically, e.g., by MYCN inducing chromosomal instability resulting in 
largerr deletions, or alternatively, the 1p36.1 region could harbor a second 
suppressorr locus, with a specific role in MYCA/-amplified tumors. Several data are in 
linee with the latter possibility. The existence of a second suppressor locus at 1p36.1 
withh a role in MYCN amplified tumors is supported by analysis of the parental origin 
off 1p deletions. Deletions of 1p in MYCN single copy tumors are of maternal origin in 
90%,, strongly suggesting that the affected suppressor locus is subject to genomic 
imprintingg (Caron et al., 1995; unpublished data). In contrast, deletions in MYCN-
amplifiedd tumors are of random parental origin, implicating that the affected 
suppressorr locus is not imprinted (Caron et al., 1995; unpublished data). Together 
withh the length of the SROs, these differences in parental origin suggest that 1p36 
containss two suppressor loci: a distal (1p36.3) imprinted locus deleted in MYCN 
singlee copy neuroblastomas and a more proximal non-imprinted locus at 1p36.1 that 
iss consistently deleted in MYCN amplified neuroblastomas. 
Aboutt 20% of neuroblastomas have MYCN amplification. In 90-95%, these tumors 
havee 1p deletions that, at least in our series, always include the distal 60 cM of 1p. 
Thee 5-10% of MYCN amplified cases without detectable 1p deletions in our series 
couldd represent a different genetic subtype, or have cryptic defects in the 1p36.1 
region.. We detected no MYCN amplified cases with short distal deletions, but 
incidentall cases have been described in literature (Martinsson et al., 1995). 
Thee alternative interpretation that the different SROs are a reflection of increased 
chromosomall instability in MYCN amplified tumors is not supported by mechanistical 
studies.. About 50% of the 1p deletions in cell lines stem from 1;17 translocations 
(Savelyevaa et al., 1994; Caron et al., 1994; Van Roy et al., 1994). These 
translocationss give rise to Loss of 1p and gain of 17q. The breakpoints are scattered 
overr 1p and 17q. As these frequent 1 ;17 translocations are found in both MYCN 
singlee copy as well as MYCN amplified cell lines, there are no indications for 
differentt mechanisms operating in these two types of neuroblastoma. 
Thee SRO of MYCN amplified neuroblastomas in our series was delineated by two 
tumorss (N110 and N191) in which we identified D1S7 as the most distal locus 
retainedd (Caron et al., 1995; unpublished data; Cheng et al., 1995). We therefore 
assumee that the suppressor locus associated with MYCN amplification maps distal 
off this deletion border. As all 1p deletions in our series extend to the telomere, a 
distall border for this locus cannot formally be defined. However, since the 1p36.1 
sub-bandd is consistently deleted, we assume that the locus maps within a region of a 
feww megabases at the proximal side of the SRO of MYCN amplified cases. 
Inn order to analyze this region, the proximal border of the deletion in the two critical 
tumorss was further delineated. We therefore constructed a physical map of a region 
off 5 Mb spanning the breakpoint of the tumor with the shortest deletion, integrating 
genetic,, radiation hybrid, and FISH markers. 

Result s s 

Delineatio nn of the 1p/MYCN Critica l Regio n on the Geneti c Map 
Deletionn studies in MYCN amplified neuroblastomas suggest a tumor suppressor 
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Figuree 1: Map of the deletion breakpoint in cell line UHG-NP as determined by FISH analysis with 
YACs.. The YACs are represented by the horizontal bars and the markers found in the YACs by 
thee black dots. Black squares indicate the presence of a FISH signal, and open squares indicate 
thee absence of a FISH signal. Below is depicted the critical region of MYCN ampl i f ied 
neuroblastomass as used for the construction of the physical map. 

locuss mapping to 1p36.1 (Caron et. al, 1995; Cheng et al, 1995). This region was 
analyzedd by Southern blot analysis with polymorphic markers in 32 MYCN amplified 
tumorr samples and cell lines. The SRO of the 1p deletion of these tumors was 
delineatedd by tumors N191 and N110 which both have retained two alleles of D1S7 
(1p36.1).. Further analysis with a series of other polymorphic 1p markers revealed 
thatt tumor N191 had lost one allele of HMG17, while tumor N110 showed retention 
off both alleles (Caron et al., in press). This identifies HMG17 as the most proximal 
genee defining the SRO, and N110 as the MYCN amplified tumor with the smallest 1p 
deletion. . 

Inn order to fine-map the proximal border of the 1p deletion of tumor N110, we 
performedd FISH with YACs from the CEPH/Genethon library (Albertsen et al, 1990) 
thatt were identified to harbor CA repeats from the 1p36.1 region (Table 1), 
(Chumakovv et al., 1995). The YACs were tested by FISH on metaphase spreads of 
normall fibroblasts for chromosomal localisation. Only YACs with a single 
hybridisationn signal mapping to chromosome 1 were used for further analysis. FISH 
wass then performed on the cell line UHG-NP (Van Roy et al., 1995), which had been 
establishedd from tumor N110. Karyotyping of the tumor and cell line revealed an 
identicall 1p deletion, caused by a der(1)t(1;17)(p36;q11-12) (Van Roy et al., 1994). 
YACC 3.4 with locus D1S247 and YAC 136 with locus D1S511 hybridized proximal to 
thee UHG-NP breakpoint. These loci are mapped at 59.0 cM and 57.2 cM from the 
telomere,, respectively. YAC 1.10 with locus D1S234 hybridised distal to the 
breakpoint.. This locus is mapped at 56.6 cM from the telomere. This indicates that 
thee breakpoint of UHG-NP is localized between 56.6 and 57.2 cM (Figure 1). 
Becausee we assume that the suppressor gene associated with MYCN amplification 
mapss just distal of this breakpoint, we decided to construct a physical map of the 
criticall region. 

Isolatio nn of PACs by YACs and Singl e Cop y Probe s 
Mostt of the YACs from this chromosomal region appeared to be scrambled or 
unstablee (data not shown). We therefore used the least scrambled YACs to identify 
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Tablee 1: List of P1 and PAC clones used in this study. 

Marker/clon e e 

Y1.10 0 

Y120 0 

Y122 2 

SLC9A1 SLC9A1 

HMG17 HMG17 

Est3/a-Man n 

Est2 2 

OP18 OP18 

Est10/RH H 

AML2 AML2 

Est1 1 

cDNAA C2 

pooledd subclones from p54, p55 
andd p58 

pooledd subclones from p93 

Correspondin gg P1/PAC/YAC 
clon e e 

p53,, p54, p55, p56, p57, p58, 
p117,, p119, p564 

p10,, p17, p19, p21, p23,p106 

p36,, p52, p91, p93, p94 

p112 2 

p164,, p96, p97, p509, p515 

p597,, p598 

p597,, p598 

p596,, p597, p598 

p615 5 

p586,, p587, p611, p612 

p591,p592,, p593 

p106,, p19,p20, p23 

p519,, p520, p533, p539, p540 

p161,, p162, p516, p518 

Thee left column lists the marker or clone that was used to screen the high density gridded P1 or PAC 
filters.. The right column lists the P1 or PAC clones identified with these markers. "Y" numbers refer to 
YACC clones, "p" numbers refer to PAC or P1 clones. For official clone names of the ESTs see text, for 
officiall clone names of the YAC, P1 and PAC clones see material and methods. 

correspondingg P1 and PAC clones, which we expected to be more stable. High 
densityy gridded P1 and PAC filters were screened by hybridization of entire YACs 
whichh were isolated by PFGE. We used YAC 1.10 (positive for locus D1S234) and 
YACss 120 and 122 (positive for the FGR gene, see below and Table 1). The 
identifiedd P1 and PAC clones were tested by FISH analysis for their chromosomal 
position.. We isolated 9 PACs with Y1.10, 6 PACs with Y120 and 5 PACs with Y122. 
Inn addition, a series of PACs and P1 clones were isolated with probes containing the 
FGR,FGR, HMG17,AML2 ,and SLC9A1 genes, previously mapped to 1p35-36.1 (Van 
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Royy et al., 1993; Wijmenga et al., 1995). The PAC and P1 clones were then 
subclonedd and single copy probes were used for the identification of new PACs 
(Tablee 1 and Fig. 2, for official clone names see material and methods). 

Radiatio nn Hybri d Mappin g 
Somee of the single copy probes were subsequently mapped on the radiation hybrid 
mapp (Cox et al., 1990), in order to identify ESTs within the region of interest. Probes 
fromm the HMG17 gene, probe 55-4 from P1 clone 55 (isolated with Y1.10) and cDNA 
C22 (see below) were sequenced and analysed by PCR on the Gene Bridge radiation 
hybridd panel (Fig. 4) (Walter et al., 1994). PCR data were used to calculate the 
positionn relative to the Whitehead Institute/MIT Center for Genome's Research's 
radiationn hybrid map of the human genome (Hudson et al., 1995) 
(http://carbon.wi.mit.edu:8000/cgi-bin/contig/RHmapper.pl).. HMG17 maps 3.87 cR 
(lod>3)) proximal to framework marker OP18 (WI-9053), which is positioned at 85.57 
cRR from the top of the Chr.1 linkage group. Probe 55-4 maps at 0.00 cr. (lod>3) from 
frameworkk marker RP_L11_1 which is positioned at 82.73 cr. From the top of the 
Chr.11 linkage group. cDNA C2 was mapped at 2.43 cr. (Iod>3.0) proximal to locus 
D1S5111 which is positioned at 90.46 cr. from top of Chr.1 linkage group. A series of 
ESTss from the same region of the radiation hybrid map were then used to identify 
additionall PACs. These ESTs were IMAGp998M0885 (EST2), IMAGp998E03173 
(EST1),, Wl 18360 (EST10) and, IMAGp998K2021 (EST 3) (Lennon et al., 1996). 
FISHH analysis confirmed the localisation of the corresponding PACs on 1p36 (Table 

1)--

Contig ss of the Critica l Regio n 
Thee screening of P1 and PAC libraries with YACs, genes, and ESTs identified in the 
criticall region as well as the screening with single copy subclones from these PAC 
andd P1 clones enabled us to construct large contigs. This was confirmed by 
fingerprintingg and by hybridization of the fingerprints with the single copy probes. 
Thiss resulted in 57 PAC and P1 clones from the 1 cM region, which were grouped in 
88 contigs (Table 1 and Fig. 2, for official clone names see material and methods). 
Fourr PACs were not part of a contig. 
Thee Chromosome 1 mapping group of the Sanger Centre is currently identifying and 
sequencingg PAC contigs from chromosome arm 1p. In the 5 Mb region described 
here,, the Sanger database presently gives three contigs for the genes AML2 (1 
PAC,, fully sequenced: ctg83), EST1 and RH (5 PACs, partly sequenced: ctg492) 
andd the cluster OPÏ8/EST2/EST3 (2 PACs, partly sequenced: ctg560). One 
unsequencedd PAC is identified for FGR (ctg40). No PACs are identified for the 
geness HMG17, EXTL1, SLC9A1, or our newly identified C2 gene (see below, gene 
identification),, (data obtained from the Sanger Centre website, 
http://www.sanger.ac.uk/HGP/Chr1). . 

Constructio nn of the Physica l Map 
Wee used the identified ESTs and probes of the genes FGR, SLC9A1, HMG17, 
EXTL1,EXTL1, AML2, RH, and OP18, and the isolated single copy probes to construct a 
physicall map of the critical region (Fig. 2). DNA from lymphocytes of healthy donors 
ass well as from six cell lines was digested with the rare cutter restriction enzymes 
Noti,Noti, Mlui, Nrul and AscI, separated by PFGE and blotted. The cell line SK-N-FI was 
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Figuree 2: A physical map spanning the 1p36.1 region consistently deleted in MYCN amplified 
neuroblastoma.. Upper part gives the distance in Kb and the global position of the identified 
genes.. Below, the restriction fragments are given as detected by PFGE. The length of each 
fragmentt is depicted in Kb. Fragments with arrowheads are contiguous on upper and lower half of 
thee figure. The used probes are indicated in the square boxes below the PFGE fragments. At the 
bottomm of the figure are depicted the eight contigs of PACs and P1 clones, which were grouped 
afterr fingerprinting. Black circles or squares indicate confirmed mapping of a probe on a 
restrictionn fraament or P1 or PAC clone. 

usedd as a standard on which the physical map was based (this cell line displayed no 
LOHH of chromosome arm 1p). 
Twoo basic criteria were used to construct the physical map. Firstly, physically linked 
probess from one gene or one PAC often link two restriction fragments. An example 
off this is depicted in Figure 3. A prob e for EST1 (Fig. 3a) and probe 586-S14 (Fig. 
3b)) hybridised to identical Mlul and AscI restriction fragments (400 Kb and about 
19000 Kb respectively). A probe for the AML2 gene (Fig. 3c) hybridised to a 200 Kb 
MlulMlul fragment and an approximately 1500 Kb AscI fragment. As the AML2 gene and 
thee 586-S14 probe are localized on the same PAC (p586), we were able to link these 
differentt restriction fragments. A similar situation was found for probes from the 5' 
sidee and from the 3' side of the CpG island of HMG17. They colocalize on one 1200-
15000 Kb Mlul fragment, but to different Notl, Nrul and AscI fragments because these 
enzymess have restriction sites within the HMG17 CpG island. The same approach 
wass used for probe 593-S16 that harbours a Notl site, which created subclones 593-
S16AA and 593-S16B, and for probes from PACs covering the cluster 
OP78/EST2/EST3. . 
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Secondly,, we used as a criterion that two probes were assigned to adjacent map 
positionss if they shared identical restriction fragments for at least two enzymes. The 
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Figuree 3: Pulsed Field Gel analysis of the ESTWAML2 region. DNA of five cell lines was digested 
withh Mlul, AscI or both enzymes and hybridized with probes for EST1 (A), 586-S14 (B) and the 
AML2AML2 gene (C). EST1 and probe 586-S14 hybridize onto identical AscI and Mlul restriction 
fragmentss (approx. 1900 Kb and 400 Kb respectively). The AML2 gene hybridizes onto a 200 Kb 
MlulMlul and an approx. 1800 Kb AscI restriction fragment. The probes for AML2 and 586-S14 are 
derivedd from the same PAC (p586). thus linking the Mlul and AscI restriction fragments. We used 
DNAA from cell lines N206 (lane 1), NGP (lane 2), SK-N-AS (lane 3), SK-N-FI (lane 4). and SK-N-
SHH (lane 5). Cell line SK-N-FI was used as a standard on which the physical map was based. 

restrictionn enzymes were then used in a double digestion with other enzymes to 
determinee probe positions and minimal physical distances. For example, cDNA C2 
andd SLC9A1 both hybridized to an 850 Kb Nrul and a 1200 Kb Mlul restriction 
fragment,, and were therefore considered to align and link together within 850 Kb. An 
exceptionn to this criterion had to be made in the region between the HMG17 and 
EXTL1EXTL1 genes. These genes are linked together by an approximately 1900 Kb AscI 
restrictionn fragment, while no common restriction fragment with another enzyme was 
found.. However, in cell line N206 the EXTL1 gene and the HMG17 gene both 
recognizedd a second, AscI fragment of 1500 Kb, confirming their physical linkage. 
Relativee positions have also been established by radiation hybrid mapping. HMG17 
wass mapped at 3.87 cR. proximal to the OP18 gene (Genebridge 4, Walter et al., 
1994)) that is physically linked to EXTL1 by identical AscI (1900 Kb), Mlul (1000 Kb) 
andd Nrul (400 Kb) fragments. Furthermore, two color FISH with PACs for FGR, 
HMG17HMG17 and EST1 established their chromosomal order. Taken together, these data 
confirmm the mapping of the genes as HMG17, EXTL1 and OP18 from the 
centromeree to the telomere, respectively, on a common 1900 Kb AscI restriction 
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fragment. . 
AA second problem with the physical mapping arose at a small region spanning probe 
593-S16AA (isolated from PAC 593) and EST1. These probes recognized in some cell 
liness and lymphocytes, a complex pattern of additional Notl and Sfil restriction 
fragments,, probably pointing to a large scale length polymorphism (data not shown). 
Thiss region maps adjacent to the Notl fragment with the genes for the Rhesus blood 
groupp antigens (RH). These genes are known to have many complex 
polymorphisms.. The RH locus is composed of two closely linked structural genes, D 
andd CcEe (Le van Kim, 1992). The presence or absence of the D gene in the 
genomee determines the genetic bases of the f?H-positive and f?H-negative blood 
groupp polymorphism. The origin of the aberrations we observed in the region 
adjacentt to the RH genes may be related to this complex polymorphism. 
Thee result s of the PFGE analysis are depicted in Figure 2. The proximal border of 
thee deletion of cell line UHG-NP was originally defined between the loci D1S511 
(57.22 cM) and D1S234 (56.6 cM). The physical map that we constructed spanning 
thesee loci comprises 5 Mb (Fig. 2). Within this region we identified the genes for 
FGR,FGR, SLC9A1, HMG17, EXTL1.AML2, RH, OP18 and probably a-Mannosidase 
(seee below) in addition to a series of anonymous ESTs. An integrated map of this 
regionn including genetic, radiation hybrid and FISH markers is depicted in Figure 4. 

V -- *> cM 

D1S5111 D1S234 

Figuree 4: An integrated physical, genetic and radiation hybrid map of the 1p36.1 
regionn implicated in pathogenesis of MYCN amplified neuroblastoma. Markers 55-4 
andd D1S234 were linked by their colocalization on YAC 1.10. In this region, 0.6 cM 
correspondss to approximately 7 cR and 2-3 Mb. 

Genee Identificatio n 
Too identify additional genes in this region, we used the entire YAC 120 isolated by 
PFGEE for the screening of a cDNA library. This resulted in the identification of 
thecDNAA clone C2, that recognized a 7 Kb transcript in all neuroblastoma cell lines 
testedd and a 3 KB transcript in a subset of cell lines. Sequencing of this probe 
(Genbankk accession number AF110141) and a search in Genbank (Benson et al., 
1998)) showed that it is a new gene with a homologue on the X-chromosome. 
AA database search with the EST sequences revealed EST3 to be highly similar to 
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murinee Mannosyl-oligosaccharide alpha-1,2-mannosidase. A search with the 
sequencee of EST10 revealed that part of the sequence (50 bp out of 564 bp) was 
identicall to the RH gene, however the rest of the sequence had no homology to any 
partt of the RH gene. The RH locus is known to have many complex polymorphism 
andd EST10 might therefore represent an alternative transcript of the RH locus. 

Discussio n n 

Ourr analysis of neuroblastoma tumors and cell lines suggest that a tumor 
suppressorr locus associated with MYCN amplification maps within a few megabases 
distall of the HMG17 gene. Therefore, a physical map spanning the HMG17 region 
wass constructed as a first approach towards the identification of the tumor 
suppressorr gene. 
YACss identified with highly polymorphic CA repeats narrowed down the critical 
regionn to 0.6 cM between the loci D1S511 and D1S234. The YACs were then used 
too identify P1 and PAC clones. Single copy probes from the PACs were mapped on 
thee radiation hybrid map. This enabled us to select ESTs that were mapped within 
thee same region. They were used together with single copy probes from the PACs 
andd probes of genes for the construction of a physical map. 
D1S511D1S511 was mapped at 90.46 cR on the Whitehead Institute/MIT Center for 
Genomee Research's radiation hybrid map of the human genome (Hudson et al., 
1995).. D1S234 has not been mapped on the RH map, but probe 55-4 from the same 
clusterr was mapped at 82.73 cR. The physical map shows that these markers 
encompasss a region of 2-3 Mb. In this region, 0.6 cM corresponds to approximately 
77 cR and 2-3 Mb. The entire physical map that was constructed encompassed a 5 
Mbb region and integrates genetic, radiation hybrid and FISH markers. We were able 
too map a series of interesting genes within this region. Several of them have a 
putativee role in cell growth, differentiation or morphogenesis. OP18 (oncoprotein 18) 
encodess a proliferation-related cytosolic phosphoprotein which is induced in normal 
lymphocytess following mitogenic stimulation (Melhelm et al., 1991). It is a target for 
bothh cell cycle and eel! surface receptor-regulated phosphorylation events. Ser25 
andd Ser38 are targets for cyclin dependent kinases (CDKs). Induced expression of 
kinasee target site-deficient OP18 mutants resulted in immediate G2/M block 
(Larssonn et al, 1995). Phosphorylation of the protein seems therefore essential for 
celll cycle progression. 
Wee also mapped the oncogene FGR (Nishizawa et al., 1986). FGR specifies a non-
receptorr protein-tyrosine kinase, p55c-FGR, a member of the SRC family. 
Mutagenizedd FGR with alterations in the 3' end of the gene were potent oncogenes 
whenn transfected into NIH 3T3 cells (Sartor et al., 1992). AML2, also known as 
Cbfa3Cbfa3 is a subunit of the DNA-binding core binding factor (CBF). It belongs to the 
Drosophilaa runt domain family of transcriptional regulators. The runt gene was 
originallyy characterized from its vital role in segmentation in which it acts as a 
primaryy pair-rule gene (Gergen et al., 1985). The runt gene has three human 
homologues,, AML1, AML2, and AML3. AML1 is the most frequent target of 
chromosomall translocations in acute leukaemia (Bitter et al., 1987; Miyoshi et al., 
1991).. The role of AML2 has as yet not been ascertained. 
EXTL1EXTL1 (Wise et al., 1997) is a member of the multiple exostoses gene family. Its 
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Drosophilaa homologue tout-velu is required for diffusion of Hedgehog, that patterns 
tissuess during vertebrate and invertebrate development (Beliaiche et al, 1998). 
Mutationss in human EXT1 and EXT2 cause familial exostoses (Wuyts et al., 1998). 
EXT1EXT1 and EXT2 were found to be deleted in exostoses-derived tumors, supporting 
thee hypothesis that they function as tumor suppressor genes. The function of EXTL1 
hass not been established but its sequence similarity to EXT1 and EXT2 makes it a 
candidatee tumor suppressor gene. HMG17 (Landsman et al., 1986) encodes a high 
mobilityy group, non-histone protein involved in chromosomal architecture. In addition 
wee identified SLC9A1 (Lifton et al., 1990) which encodes a Na+/H+ exchanger and 
thee RH (RHesus) locus (Mouro et al., 1993), which encodes the D, Cc and Ee blood 
groupp antigens. Screening of cDNA libraries with the entire YAC120 isolated from 
PFGEE enabled us to clone a novel gene C2, whose function is unknown. 
Thee integrated map presented in this paper provides a resolution that so far has not 
beenn obtained by any other map. The RH, HMG17 and SLC9A1 genes were 
mappedd by FISH to 1p36.11 (Van Roy et al., 1993). The FGR gene was mapped in 
thee same study to 1p36.12-p35.1. In the map presented in this paper, we are able to 
resolvee the chromosomal order and spacing of these genes. 
LOHH of chromosome arm 1p is amongst the most profound genetic aberrations of 
neuroblastomaa but also of many other tumors, including colorectal cancer (Praml et 
al.,, 1995), breast cancer (Nagai et al., 1995; Munn et al., 1991) and melanoma 
(Dracopolii et al., 1989; Goldstein et al., 1993). This suggests a broad role for 
chromosomee 1 alterations in tumorigenesis. The physical mapping of this 
chromosomee is a first step towards the characterization of this region. 
AA series of PACs and isolated contigs of chromosome 1 are presently being 
sequencedd at the Sanger Centre. These PACs and the corresponding markers are 
onlyy tentatively ordered. Radiation hybrid and genetic maps are suitable for global 
positioningg of markers, but lose their resolution for markers that fall within a region of 
aa few megabases. Therefore, the map presented in this paper provides the Sanger 
contigss from the 5 Mb region with a physical anchor. 
Thiss is the first large scale physical map of the 1p36 region. We identified a series of 
geness with a putative role in cell growth and differentiation in this region. The 5 Mb 
physicall map together with the PAC contigs identified by us and at the Sanger 
Centree provide a tool for further analysis of this 1p36 region and will thus not only 
helpp neuroblastoma research but also the investigation of other malignancies where 
LOHH of 1p plays role in tumorigenesis. 

Materia ll  and method s 

Celll  Line s 
Peripherall blood lymphocytes were obtained from healthy donors by Ficoll-hypack 
gradientt according to standard protocols. 
Alll cell lines were cultured in Dulbecco modified Eagle medium (DMEM) 
supplementedd with 10% fetal calf serum, 20 mM L-glutamine, 10 U/ml penicillin, and 
100 :g/ml streptomycin. Cells were maintained at C under 5% C02. The following 
celll lines were used: IMR32, N206, NGP, SK-N-AS, SK-N-FI, and SK-N-SH. For 
primaryy references of these cell lines, see Cheng etal. (1995). 
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Pulse dd Field Gel Electrophoresi s 
Lymphocytess and cell lines were embedded in 0.75% low melting agarose blocks 
andd incubated o/n in 5 volumes 0.5 M EDTA pH 9.5, 1% sodium-lauroylsarcosine 
andd 0.5 mg/ml proteinase K at , and stored in 0.2 M EDTA at . 
DNAA was digested to completion with a restriction endonuclease. DNA fragments 
weree separated by pulsed field gel electrophoresis (PFGE) in a CHEF gel apparatus 
(Pharmaciaa LKB Gene Navigator™ system). Electrophoresis was carried out on a 
1%% agarose gel at C in 0.5XTBE (45 mM Tris, 45 mM boric acid, and 1.25 mM 
Na2EDTAA pH8.3) with varying pulse times and voltage. The DNA fragments were 
thenn transferred to Hybond-N+filters (Amersham) by the standard alkaline blotting 
method.. DNA probes were 32P-labelled by the random primer method. Filters were 
hybridisedd for 16 hours at C in 0.5 M Na2HP04, pH 6.8, 7% SDS, 1mM EDTA, 
andd 50 ^g/ml herring sperm DNA. 

Sequenc ee Analyst s and Radiatio n Hybri d Mappin g 
Forr sequence analysis of probes cloned into plasmid PBS-SK, the insert was 
amplifiedd and sequenced with M13 universal and reverse primers. PCR conditions 
weree 35 cycles of 1.5 min. , 1.5 min. , and 1 min. . The PCR product 
wass purified with a PCR purification kit (Qiagen). Sequence reactions were 
performedd with the ABI PRISM™ Dye Terminator cycle sequencing ready reaction kit 
(Perkinn Elmer) and run on an ABI377. Radiation hybrid mapping was performed on 
thee Genebridge 4 Radiation Hybrid panel (Walter et al., 1994) distributed by 
Researchh Genetics, inc. From the sequence of HMG17 we used oligo 62 (5'-CTC-
TGC-ATG-GAA-AGT-CTC-3')) and oligo 63 (5'-CGA-AGG-CAG-TAA-ATG-AGG-3'), 
fromm the sequence of probe 55-4 we used oligo 228 (5'-CCA-TGA-GGC-AGA-AGC-
TGC-3')) and oligo 229 (5'-TGA-ACT-CTG-AGT-CAA-GTC-3'), and from the 
sequencee of cDNA C2 we used oligo 107 (5'-ATG-AAG-CAG-GCT-GAA-AGG-3') 
andd oligo 108 (5'-GAT-GGA-CTC-AGT-CAT-TCC-3'). The scoring was as follows, 
HMG17:HMG17: 00001-00100-00000-01000-00011-00100-00002-00112-00001-00000-
00000-00000-10000-00000-01011-00001-01000-02000-000;; probe 55-4: 00001-
00200-00000-01000-000111 -00000-00000-00111 -01001 -00000-00000-00000-10010-
00000-01001-00001-01100-01000-010,, cDNA C2: 00101-00100-00000-00000-
00101-00010-00001-00112-01001-00000-01000-00000-00000-00000-01111-00011--
01010-01001-010.. These data were submitted to the Whitehead Radiation Hybrid 
mapp web site (http://carbon.wi.mit.edu:8000/cgi-bin/contig/RHmapper.pl), where the 
cRR distances relative to the framework markers of the Whitehead's radiation hybrid 
mapp of the human genome (Hudson et al., 1995) were calculated. 
Thee ESTs were obtained from the Reference Library, ICRF (Lennon et al., 1996) and 
distributedd by the RessourcenZentrum im Deutschen Humangenomprojekt am Max 
Planck-tnstitutPlanck-tnstitut fur Molekulare Genetik in Germany. 

YAC,, PAC, and P1 Clone s 
YACss from the CEPH/Genethon library (Albertsen et al., 1990) that were identified to 
harbourr CA repeats from the 1p35-36.1 region (Chumakov et al., 1995) were used 
forr FISH analysis and screening of PAC libraries. These YACs were: 857-F4 
(Y1.10),, 649-F1 (Y136), 723-C6 (Y120), 723-E1 (Y3.4), and 697-E10 (Y122). The 
PACC and P1 clones were obtained by screening of high density gridded filters with 
YACs,, genes and single copy probes. The P1 library no. 700 was constructed by 
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Fionaa Francis {Francis et al., 1994). The P1 filters and clones were distributed by the 
RessourcenZentrumRessourcenZentrum im Deutschen Humangenomprojekt am Max Planck-institut für 
MolekulareMolekulare Genetik in Germany (Zehetner et al., 1994). The official clone names for 
thee P1 clones described in this article are as follows: p10: ICRFP700M2062, p17: 
ICRFP700E0669,, p19: ICRFP700L0491, p21: ICRFP700C0846, p23: 
ICRFP700O1290,, p36: ICRFP700D08112, p52: ICRFP700H0245, p53: 
ICRFP700L0282,, p54: ICRFP700J0170, p55: ICRFP700J0170, p56: 
ICRFP700A0678,, p57: ICRFP700H2354, p58: ICRFP700G1176, p91: 
ICRFP700A03114,, p93: ICRFP700P19104, p94: ICRFP700I0642, p96: 
ICRFP700O1316,, p97: ICRFP700G0433, p106: ICRFP700G2291, p112: 
ICRFP700J01112QDB,, p161: ICRFP700P18116Q06, p162: ICRFP700M1790Q06, 
p164:: ICRFP700E24102Q06. 
Thee PAC clones came from a gridded PAC library RPCI-1 N  704 constructed by P. 
dee Jong and P. loannou (loannou et al., 1994). The high density gridded filters and 
cloness were distributed by the YAC Screening Centre Leiden (YSCL). The official 
clonee names were: RPCI1 60-L16 (p509), RPCI1 12-117 (p515), RPCI 189-116 
(p516),, RPCI1 112-M24 (p518), RPCI1 23-M14 (p519), RPCI1 98-A21 (p520), 
RPCI11 172-G13 (p533), RPCI1 55-P19 (p539), RPCI1 273-I22 (p540), RPCI1 23-
M14(p564),, RPCI1 65-P1 (p586), RPCI1 132-N11 (p587), RPCI1 132-P11 (p588), 
RPCI11 35-C22 (p591), RPCI1 82-J2 (p592), RPCI1 219-111 (p593), RPCI1 17-L17 
(p596),, RPCI1 317-E23 (p598), RPCI1 139-L24 (p611), RPCI1 141-P20 (p612) and 
RPCI11 7-L11 (p615). 
FISHH analysis was performed as described as described elsewhere (Van Roy et al., 
1993). . 

Probe s s 
Forr hybridization of PFGE filters we used probes derived from the genes SLC9A1 
(Liftonn et al., 1990), RH (Chérif-Zahar et al., 1990) and HMG17 (Landsman et al., 
1986).. A 5' HMG17 probe was made by PCR on p515 using oligo 62 and 93 (see 
above).. A 3' HMG17 probe was made by PCR on p515 using oligo 68 (5'-CAG-CAT-
AGA-CTT-AAC-AAC-TCC-CT-3')) and oligo 69 (5'-GGT-ATT-TCA-GGC-AGG-ACA-
TG-3').. A genomic probe for exon2 of AML2 was kindly provided by C. Wijminga. A 
probee for EXTL1 was kindly provided by W. Wuyts. 
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ThreeThree neuroblastoma aberrations map within 300 Kb 

Abstrac t t 

CommonCommon genetic aberrations of neuroblastoma are deletions of the short arm of 
chromosomechromosome 1 (1p36) and MYCN amplification. Previously we have shown evidence 
forfor at least two different neuroblastoma tumor suppressor loci on 1p. One is 
associatedassociated with MYCN single copy tumors and maps distal on 1p36.3. Another locus 
mapsmaps to 1p36.1 and is deleted in about 90% of MYCN amplified neuroblastoma. It is 
difficultdifficult to define the exact position of the MYCN-associated locus as the SRO is 
large.large. The locus probably maps distal to the breakpoint in cell line UHG-NP as this 
cellcell line has the smallest 1p deletion of MYCN amplified neuroblastomas. 
Here,Here, we present a 600 kb PAC contig spanning the breakpoint of UHG-NP. This 
regionregion was analyzed for genes and aberrations. The AML2 gene mapped 200 kb 
distaldistal to the UHG-NP breakpoint. Two more tumor specific aberrations were mapped 
withinwithin the 300 kb region upstream of AML2, close to the UHG-NP breakpoint. These 
datadata implicate the AML2 upstream region in neuroblastoma pathogenesis. AML2 
itselfitself is expressed in a few neuroblastoma only and showed no mutations. 

Introductio n n 

Neuroblastomaa is an embryonal tumor arising from neural crest derived cells. The 
tumorr displays heterogeneous biologic behavior ranging from aggressive incurable 
diseasee to spontaneous regression. Amongst the most common genetic aberrations 
off neuroblastoma are deletions of the short arm of chromosome 1 (1p36) (Brodeur 
ett al., 1977; Gilbert et al., 1982; Weith et al., 1989) and MYCN amplification 
(Schwabb et al., 1983). Both MYCN amplification (Brodeur et al., 1984; Schwab et al., 
1984;; Seeger et al., 1985) and loss of 1p (Caron et al., 1996; Rubie et al., 1997) are 
associatedd with a poor prognosis. 
Previously,, we obtained evidence for at least two different neuroblastoma tumor 
suppressorr loci on chromosome 1p (Caron et al., 1995; Cheng et al., 1995, Caron et 
al.,, in press). It appears that distinct loci are involved in MYCN single copy versus 
MYCNMYCN amplified neuroblastoma, as these tumors display a different type of SRO. Of 
thee MYCN single copy tumors, about 15% displays 1p deletions of variable length 
withh an SRO of 47 cR. The commonly deleted region maps to 1p36.3 and the lost 
alleless are preferentially of maternal origin, suggesting parental imprinting of the 
locuss (Caron et al., 1995, Caron et al., in press). In contrast, about 90% of MYCN 
amplifiedd neuroblastomas show LOH of 1p. The deletions are at least 90 cR 
comprisingg the region from 1p36.1 to the telomere. The deletions of 1p in MYCN 
amplifiedd tumors are of random parental origin. These data strongly suggest that 
theree are at least two different 1p suppressor genes involved in neuroblastoma; a 
distall (1p36.3) imprinted locus involved in the MYCN single copy tumors and a 
proximall (1p36.1) non-imprinted locus that is consistently deleted in MYCN amplified 
neuroblastomas. . 
LOHH studies of a large panel of MYCN amplified tumor samples and cell lines 
revealedd that the SRO of these tumors is determined by cell line UHG-NP (Caron et 
al.,, 1995, Caron et al., in press). The HMG17 gene was the most distal marker 
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retainedd in this cell line. In a series of 205 analyzed neuroblastomas, we did not 
observee any smaller or interstitial deletions of 1p in MYCN amplified neuroblastomas 
(Caronn et al., 1995, Caron et al., in press), although some isolated cases have been 
describedd in literature (Martinsson et al., 1995). We therefore assume that at least 
onee tumor suppressor locus with a major role in MYCN amplified neuroblastoma 
mapss within a few Mb distal to the HMG17 gene. As the deletions are always large 
andd extend to the telomere, the exact region to search for the MYCN -associated 
tumorr suppressor gene is difficult to define. We previously constructed a 5 Mb 
physicall map spanning the breakpoint of cell line UHG-NP (Spieker et al., 2000). 
Inn the present paper we describe a 600 Kb PAC contig of 600 Kb of the UHG-NP 
breakpointt region. We searched for genes in this region by a variety of techniques. 
Thee AML2/CBFA3 gene, which belongs to the Drosophila runt domain family of 
transcriptionn regulators was found to map 200 kb distal to the 1p breakpoint of UHG-
NP.. The AML transcription factor family consists of the 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 target 
forr chromosomal translocations in leukemia (Bitter et al., 1987; Miyoshi et al., 1991). 
AML3AML3 is essential for normal osteoblast differentiation and skeletal morphogenesis 
(Ducyy et al., 1997; Komori et al., 1997; Mundlos et al., 1997; Otto et al., 1997). The 
functionn of AML2 has not been ascertained yet, but several lines of evidence 
suggestt a role in cell growth and differentiation (Hanai et al., 1999; Levanon et al., 
1998).. We analyzed the expression of AML2 in MYCN single copy and MYCN 
amplifiedd cell lines and tumor samples. The coding regions of AML2 were screened 
forr mutations in a panel of 220 patients and 24 cell lines. The upstream region of the 
genee was also screened for tumor specific aberrations. Besides the breakpoint in 
UHG-NP,, we detected two more neuroblastoma specific aberrations in the 300 Kb 
AML2AML2 upstream region. 

Result s s 

AA 600 Kb PAC conti g spannin g the UHG-NP deletio n breakpoint . 
Deletionn studies in MYCN amplified neuroblastomas suggest a tumor suppressor 
locuss mapping on chromosomal band 1p36.1, within a few Mb distal to the HMG17 
genee (Caron et al., 1995; Cheng et al., 1995, Caron et al., in press). The proximal 
borderr of this region is defined by the 1p deletion breakpoint of cell line UHG-NP, in 
whichh the HMG17 gene is the most distal marker retained. The 1p deletion in this 
celll line is caused by a t(1;17) translocation (Van Roy etal., 1997). 
Previously,, we constructed a 5 Mb physical map spanning the deletion breakpoint of 
UHG-NPP and identified 48 PACs at regular intervals in this region (Spieker et al., 
2000).. We used these PACs to pinpoint the 1p deletion breakpoint of cell line UHG-
NP.. FISH with PACs of IMAGp998E03173 (EST1) and AML2 gene showed that the 
breakpointt maps between these genes. To obtain this region in a PAC contig, we 
subclonedd the PACs identified by EST1 and AML2, and screened high density PAC 
filterss with the single copy probes. Newly identified PACs were checked by FISH for 
chromosomall localization and position relative to the UHG-NP breakpoint. The PACs 
weree fingerprinted and Southern blots with PAC DNA were hybridized with the single 
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copyy probes to establish the extend of overlap. This resulted in a 600 Kb contig 
spanningg the deletion breakpoint of cell line UHG-NP (Figure 1). 
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Figuree 1: A 600 kb PAC contig spanning the deletion breakpoint of cell line UHG-NP. The PACs are 
depictedd by horizontal bars, see for clone numbers material and methods. Black circles indicate the 
singlee copy probes used for PFGE analysis of the breakpoint region. The light gray rectangles 
representt the map position of small transcripts. EST1 and AML2 exons are represented by dark gray 
rectangles.. A, B and C are ESTs annotated in the Sanger Center contigs with accession numbers 
T39234,, AA953402 and AA948312 respectively. The positions of the rearrangements in cell lines 
IMR32,, UHG-NP and tumor N14 are shown at the bottom of the figure. The dark grey bars refer to the 
finishedd seauences. the dotted bars to unfinished seauences. 

Wee further mapped the breakpoint with pulsed field gel electrophoresis (PFGE). 
DNAA from cell lines UHG-NP and SK-N-AS (this cell line displayed no LOH of 
chromosomee 1p) was digested with the rare cutter enzymes Notl, Mlul, and Nrul, 
separatedd by PFGE and blotted. The filters were hybridized with the single copy 
probess that had been isolated from the 600 Kb PAC contig. EST1 and probe P592-
S55 detected the same 350 kb Notl restriction fragment (Figure 2A and 2B). EST1 
detectedd a large additional fragment (>800 kb) in cell line UHG-NP that was not 
detectedd by the P592-S5 probe. Probe P593-S16b maps 50 kb proximal to EST1, 
butt hybridizes to a different Notl fragment of 250 kb. Probe P593-S16b does not 
detectt the aberrant 800 kb band either, excluding that the 800 kb fragment extends 
too the direction of this probe. As EST1 and P592-S5 map to the same 350 kb Notl 
fragmentt they should both recognize the 800 kb Notl restriction fragment. As only 
EST1EST1 detects this fragment, it harbors the t(1;17) breakpoint which therefore maps 
betweenn EST1 and P592-S5 (Figure2c). The two Notl fragments detected by EST1 
inn cell line SK-N-AS are caused by a polymorphism and are also present in other cell 
liness (Spieker et al., 2000). Hybridization of the PFGE filters with a series of single 
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copyy probes further mapped the deletion breakpoint of UHG-NP between probes 
P592-R9bb and P592-S5 in a region of approximately 25 kb (Figure 1). 

Figuree 2: Pulsed Field Gel analysis of the t(1;17) breakpoint of UHG-NP. DNA of cell lines UHG-NP 
andd SK-N-AS was digested with Notl and hybridized. A: a probe for the EST1 gene detected an 
aberrantt Notl fragment (>800 kb) in cell line UHG-NP that was not detected in cell line SK-N-AS 
(arrow).. B: probe P592-S5 does not detect this fragment. C: a schematic representation of the t(1;17) 
deletionn breakpoint of UHG-NP. 

Genee Identification . 
Too obtain an overview of all genes in the 600 Kb region, we used two different 
approaches.. First, we used the Chromosome 1 PAC sequence data as established 
byy the Sanger Center (http://www.sanger.ac.uk/HGP/Chr1). Two different contigs 
(ctg833 and ctg492 ) overlap with our 600 kb PAC contig spanning the UHG-NP 
breakpointt (Figure 1). This gave us 237 kb of finished sequence and 70 kb of 
unfinishedd sequence. Thirty Kb of unfinishe d sequence between the breakpoint of 
UHG-NPP and AML2 was analyzed using three exon search programs (see material 
andd methods). Exons predicted by at least two different programs were used to 
designn eleven PCR probes. In addition, we used the annotations of the finished 
sequencee as provided by the Sanger Center. This yielded three ESTs (T39234, 
AA9534022 and AA722351, ctg83, depicted in Figure 1 as A, B and C respectively). 
Thee ESTs and PCR probes were hybridized to Northern blots. No expressed 
sequencess were detected in 10 neuroblastoma cell lines tested. 
Ass a second approach to identify transcripts of genes, we hybridized 50 single copy 
probess from the region to Northern blots (Figure 3). The blots contained RNA of 24 
neuroblastomaa cell lines, 4 PNET (peripheral neural ectodermal tumor) cell lines and 
aa Wilm's tumor and melanoma cell line. Six single copy probes detected small 
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transcriptss in all cell lines (Figure 3, shown for probe P593-S23). Two probes were 
sequenced,, but BLAST searches revealed no homology to known genes. All these 
transcriptss mapped in a small region proximal to the UHG-NP breakpoint (Figure 1). 
Hybridizationn of EST1 revealed two transcripts of 1.5 and 1.8 Kb in all 
neuroblastomaa cell lines tested. The function of EST1 is unknown. Protein structure 
predictionn software Prosite (Hofmann et al., 1999) and SMART (Schultz et al., 1998) 
didd not identify known protein motifs or homologies. 

Ann exon 5 probe of AML2 detected expression in some cell lines (Figure 3). Two 
MYCNMYCN single copy cell lines, i.e. LAN-6 and SJNB-1 showed expression of AML2. 
Off the MYCN amplified cell lines, only SJNB-6 showed a weak expression (Figure 
3).. Furthermore, PNET cell lines CHP100, TC32, CB-AG-NP and SK-N-MC and 
melanomaa cell line 518A2 displayed AML2 expression (Figure 3). RT-PCR analysis 
usedd to detect weak expression levels identified AML2 expression in a fourth cell 
line,, SHEP-2. Northern blot analysis of 22 fresh neuroblastoma samples revealed 
thatt the gene is also weakly expressed in one MYCN amplified tumor (data not 
shown). . 

PNETT MYCN singl e cop y NB MYCN amplifie d NB 
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Figuree 3: Northern blot analysis of the genes mapping within the 600 Kb PAC contig. The cell lines 
aree grouped into MYCN single copy (center) and MYCN amplified (right) neuroblastoma cell lines. In 
addition.. 4 PNET cell lines, 1 Wilm's tumor (AP10) and 1 melanoma cell line (518A) were analyzed 
forr expression. The filter was sequentially hybridized with probe P593-S23, recognizing a small 
transcript,, EST1 and an exon 5 probe of AML2. 

Mutatio nn analysi s of AML2 
Thee AML2 gene maps 300 kb distal to the UHG-NP breakpoint. Based on its 
homologyy to AML1 and AML3, we considered it as an interesting gene for further 
analysis.. We therefore performed mutation analysis of the AML2 gene by SSCP 
(Oritaa et al., 1989) in all the MYCN amplified and MYCN single copy tumors 
availablee in our lab. A total of 205 tumors were screened for mutations in the coding 
regionss of the gene. The AML2 gene has 5 exons which were tested using both 5% 
andd 10% glycerol polyacryl-amide gels. Of exons 1 to 4, the entire exon sequence 
wass analyzed using primer sets designed from the intron sequence. Of exon 5, the 
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codingg sequence of 695 bp was analyzed. None of these exons revealed any 
mutations.. Therefore, sequences upstream of the AML2 gene were analyzed for 
aberrationss that may have affected regulatory elements. 

AA larg e duplicatio n of 1p36 in cel l lin e IMR32. 
Wee used the PAC clones from the 600 kb region to analyze 24 neuroblastoma cell 
liness by FISH analysis for rearrangements in the retained copy of the 1p36.1 region. 
Inn cell line IMR32 we discovered a local duplication with PAC P592. Two distinct 
signalss were detected on 1p which were at least several megabases apart (Figure 
4a).. PAC P586 from the AML2 gene did not detect this duplication (Figure 4b). The 
duplicatedd region is at least 4 Mb in length as it is also detected by a PAC from the 
FGRFGR gene mapping 4 Mb proximal to EST1. Subsequent analysis revealed that the 
duplicationn was detected by all PACs between EST1 and FGR that we placed on the 
5Mbb physical map (Spieker et al., 2000). Dual color FISH with several of these 
PACss demonstrated that the duplication was in a head-to-tail formation (data not 
shown).. This implies that the seemingly intact copy of chromosome 1 in IMR32 has 
twoo possible breakpoints, one far proximal and one just distal to EST1 (Figure 4B). 
PFGEE analysis of cell line IMR32 revealed that the distal insertion breakpoint maps 
withinn the 600 Kb PAC contig, approximately 300 Kb upstream of the AML2 gene 
andd 75 Kb upstream of the UHG-NP breakpoint (Figure 1 and data not shown). 
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Figuree 4: The IMR32 cell line displays a duplication of a large part of chromosome 1p. A: PAC P592 
hybridizess twice to chromosome 1p. B: P586 displays only one hybridization signal C: A schematic 
representationn of the local duplication. 
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Neuroblastom aa N14 display s a tumo r specifi c rearrangemen t on Souther n 
blot . . 
Thee single copy probes that we isolated from the PAC contig were also used to 
screenn for small tumor specific events by Southern blot analysis. DNA of 205 
neuroblastomaa tumor samples as well as 24 cell lines was digested with either 
EcoRII or BarmHI restriction enzymes, and analyzed by Southern blot. The filters 
weree hybridized with 50 single copy probes from the 600 Kb PAC contig. We 
detectedd in tumor N14 an aberrant 10 Kb BamHI restriction fragment with probe 
P677-S10bb (Figure 5A). The normal band detected by this probe was 13 kb in 
length.. Lymphocyte DNA of the patient and DNA of lymphocytes of both parents did 
nott show the aberrant band, indicating that the aberration was tumor specific. 
Aboutt 30 kb of unfinished sequence covering this region was available on the 
Sangerr Center website (http://webace.sanger.ac.uk/humace/unfingenes/). We 
designedd probes at regular intervals within the normal 13 kb BamHI restriction 
fragmentt (Figure 5B). Probe 5-2 from the end of the 13 kb BamHI fragment detected 
ann approximately 6 kb aberrant BamHI restriction fragment, that was not present in 
anyy of the control DNA samples. Aberrant bands were also detected with other 
restrictionn enzymes excluding that the aberration was caused by a point mutation 
introducingg new BamHI fragments. The most likely interpretation of the data is a 
balancedd rearrangement, as depicted in Figure 5b. 
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Figuree 5: Southern blot analysis of a tumor specific rearrangement in tumor N14. A: probe P677-S10b 
detect ss an aberran t 10 Kb band in N14 (lane 1) that is not present in DNA of lymfocytes of the patient 
(lanee 2) or DNA of lymfocytes of the parents (lanes 3 and 4). An aberrant band was also detected 
withh probe P5-2 mapping distal to the rearrangement (lane 5). This aberration was not detected in 
controll DNA (lane 6). B: A schematic representation of the rearranged region. 

Thiss could be caused by a balanced chromosomal translocation. The new restriction 
fragmentss of 10 kb and 6 kb detected by probe P677-S10b and probe P5-2 
respectivelyy would represent both sides of the translocation. 
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Thee rearrangement was narrowed down to a 2 Kb region {Figure 5B). The same 
regionn from the intact copy of chromosome 1 of tumor N14 was screened for 
mutationss but none were detected. Potential exon sequences within a 30 kb region 
spanningg the breakpoint were analyzed {see: gene identification), but at this point no 
evidencee for expressed sequences has been found. 
Thee tumor N14 rearrangement mapped between the breakpoint of UHG-NP and the 
AML2AML2 gene. The three tumor specific events that we found to be clustered within 
3000 kb upstream of AML2 point to a role for sequences in this region in 
neuroblastomaa pathogenesis. 

Discussio n n 

Inn our analysis of MYCN amplified neuroblastomas, we found that 33 out of 38 
tumorss displayed large deletions of chromosome 1p. The minimal length of the 
deletionss was about 89 cR, from 1p36.1 to the telomere. The SRO was defined by 
celll line UHG-NP, which had retained two alleles of the HMG17 gene (Caron et al., 
inn press). As no smaller deletions were found in any of the MYCN amplified tumors 
andd cell lines tested, this strongly suggests that a tumor suppressor gene maps just 
distall to the 1p deletion breakpoint of UHG-NP. Previously, we have constructed a 5 
Mbb physical map spanning the breakpoint region (Spieker et al., 2000). In the 
currentt paper we present a 600 Kb PAC contig covering the exact location of the 1p 
breakpointt of UHG-NP. This contig was screened for genes and tumor specific 
aberrations. . 
EST1EST1 and several probes that recognized small transcripts on a Northern blot 
mappedd proximal to the breakpoint. Sequence analysis of EST1 and these probes 
revealedd no homology to known genes. They are equally expressed in MYCN single 
copyy as MYCN amplified neuroblastoma, making a role in neuroblastoma 
pathogenesiss less likely. Most interestingly, the 600 Kb region also harbors the 
AML2AML2 gene. AML2 belongs to the Drosophila runt domain family of transcriptional 
regulators.. The runt gene was originally characterized from its role in segmentation 
inn which it acts as a primary pair-rule gene (Gergen and Wieschaus, 1985). In 
humans,, the gene has three homologues, AML1, AML2 and AML3. Thus far the 
AMLAML proteins have been shown to interact with several transcription factors and co-
activatorss such as Ets-1 and to support context-dependent transcription of target 
geness (Wotton et al., 1994; Hanai et al., 1999). AML1 is the most frequent target of 
chromosomall translocations in acute leukemia {Bitter et al., 1987; Miyoshi et al., 
1991)) and is thought to play an essential role in leukemogenesis. The AML3 gene 
productt is involved in bone formation (Ducy et al., 1997; Komori et al., 1997; 
Mundloss et al., 1997; Otto et al., 1997). The role of the AML2 gene is largely 
unknown.. Recently, evidence was found that AML2 may play a role in hematopoietic 
celll differentiation. It is predominantly expressed in cells of hematopoietic origin and 
cann be upregulated by retinoids (Le et al., 1999). A role in the TGFp signaling 
pathwayy seems likely as the AML2 protein complexes with Smads (Hanai et al., 
1999),, which are signal transducers of the TGFfi pathway. Direct interaction 
betweenn Gro/TLE and the AML1 and AML2 proteins leads to transcriptional 
repressionn of AML-regulated target genes (Levanon et al., 1998). 
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Wee studied AML2 expression in neuroblastoma cell lines as well as tumors. One 
MYCNMYCN amplified cell line, one tumor and three MYCN single copy cell lines showed 
AML2AML2 expression. Screening of AML2 both by Southern blot and SSCP analysis 
detectedd no mutations in 205 tumors and 24 cell lines tested. The three tumor 
specificc events we found in the 300 kb region proximal to the gene may have 
affectedd regulatory elements of AML2 or unknown exons. The latter possibility 
cannott be excluded as about half of the transcribed AML2 regions are as yet 
unidentified. . 
Basedd on LOH studies of neuroblastoma, we postulated that the tumor suppressor 
genee involved in MYCN amplified neuroblastomas maps just distal to the 1p 
breakpointt of UHG-NP. Since the deletions always extend to the telomere, it is 
difficultt to define the exact region to search for a tumor suppressor gene. Here, we 
analyzedd the possibility that the gene maps within a 600 Kb region spanning the 
UHG-NPP breakpoint. The three tumor specific events that we found to be clustered 
withinn 300 kb point to a role for sequences in this region in neuroblastoma 
pathogenesis.. The aberrations could have affected expression of AML2 or of an as 
yett undetected gene between EST1 and AML2. Further analysis of this region, as 
welll as the still unexplored region distal of AML2 is necessary to identify the 
suppressorr locus that is consistently deleted in NMA tumors. 

Materia ll  and method s 

Celll  line s 
Alll cell lines were cultered in Dulbecco modified Eagle Medium (DMEM) 
supplementedd with 10% fetal calf serum, 20 mM L-glutamine, 10 U/ml penicillin and 
100 ng/ml streptomycin. Cells were maintained at C under 5% C02. See for 
referencess cell lines Cheng etal., 1995. 

Pulse dd fiel d gel electrophoresi s 
Lymphocytess and cell lines were embedded in 0.75% low melting agarose blocks an 
incubatedd o/n in 5 volumes 0.5 EDTA pH 9.5, 1% sodium-lauroylsarcosine and 0.5 
mg/mll proteinase K at C and stored in 0.2 M EDTA at . 
DNAA was digested to completion with a restriction endonuclease. DNA fragments 
weree separated by PFGE in a CHEF gel apparatus (Pharmacia LKB Gene 
Navigator™™ system). Electrophoresis was carried out on a 1% agarose gel at C 
inn 0.5% TBE (45 mM Tris, 45 mM boric acid and 1.25 mM Na2EDTA pH 8.3) with 
varyingg pulse times and voltage. The DNA fragments were then transferred to 
Hybondd N+filters (Amersham) by the standard alkaline blotting method. DNA probes 
weree 32P-labelled by the random primer method. Filters were hybridized for 16 hours 
att C in 0.5 M Na2HP04, pH 6.8, 7% SDS, 1 mM EDTA and 50 jig/ml herring 
sperm.. Filters were then washed 2X 10 minutes in 40 mM Na2HP04, pH 6.8, 0.1% 
SDSS and 1X5 minutes in 40 mM Na2HP04, pH 6.8. 
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PACC clone s 
Thee PAC clones were obtained by screening of high density gridded filters with 
probess for genes or single copy probes. The PAC clones came from a gridded PAC 
libraryy RPCI N  704 constructed by P. de Jong and P. loannou (loannou et al., 
1994).. The high density gridded filters and clones were distributed by the YAC 
screeningg Center Leiden (YSCL), supported by EU grant PL930088. The official 
clonee names were : RPCI1 1-F13 (P616), RPCI1 219-111 (P593), RPCI1 35-C22 
<p591),, RPCI1 82-J2 (p592), RCPI1 44-M16 (P677), RCPI1 44-D13 (P674), RCPI1 
309-G188 (P679), RCPI1 143-13 (P678), RCPI1 65-P1 (P586), RCPI1 132-N11 
(P587),, RCPI1 139-L24 (P611), RCPI1 141-P20 (P612), RCPI1 155-A15 (P681) and 
RCPI11 318-C9 (P682). EST1 (IMAGp998E03173) was obtained from the Reference 
library,, ICRF (Lennon et al., 1996) and distributed by the RessourcenZentrum im 
DeutschenDeutschen Humangenomprojekt am Max Planck-lnstitut fur Molekulaire Genetik in 
Germany. . 
FISHH analysis was performed as described elsewhere (Van Roy et al., 1993). 

Sequenc ee analysi s 
PACss were subcloned in PBS-SK and inserts were amplified and sequenced with 
M133 universal and reverse primers. PCR conditions were 35 cycles of 1.5 min. 

,, 1.5 min. C and 1 min. . The PCR product was purified with a PCR 
purificationn kit (Qiagen). Sequence reactions were performed with the ABI PRISM™ 
Dyee Terminator cycle sequencing ready reaction kit (Perkin Elmer) and run on an 
ABI377. . 
Thee unfinished Chromosome 1 PAC sequence data as established by the Sanger 
Centerr was analyzed using three exonsearch programs: Genscan (Burge and Karlin, 
1997),, X-grail {http://compbio.ornl.gov/Grail-1.3/) and F-genes (CGG WEB server: 
http://genomic.sanger.ac.uk/). . 

Norther nn blo t analysi s 
Totall cellular RNA was isolated by the LiCI-ureum method (Auffray and Rougeon, 
1980).. 15 \ig of RNA was electrophoresed through a 1 % agarose gel containing 
6.7%% formaldehyde and blotted on Hybond N membrane (Amersham) in 16.9x SSC 
andd 5.7% formaldehyde. Hybridization and washing conditions were the same as 
describedd for Southern blot analysis. 

SSCPP analysi s 
Thee coding regions of AML2 were amplified using the following primer pairs: exon l : 
oligoo 299 (5'-GCT-GTT-ATG-CGT-ATT-CCC-3') and oligo 294 (5'-GGG-TCC-CGC-
ACT-CAC-CTT-3'),, exon 2: oligo 322 (5'-TAA-GCT-GTC-CCC-CTG-CAT-C-3') and 
oligoo 323 (5'-AAT-GGC-GAG-GCC-TCC-CTT-C-3'), exon 3: oligo 327 (5'-AAC-
CGC-CTG-CCT-CTA-TTC-3')) and oligo 328 (5'-TCA-GGG-GGC-TCG-GTG-GCA-
CTT-A-3'),, exon 4-1: oligo 298 (5'-GTT-CCC-TGA-CCG-CTT-TGG-3') and oligo 324 
(5'-CAG-ATG-GAC-CAC-ATC-GAG-3'),, exon 4-2: oligo 325 (5'-TCT-CCA-CTG-
AGA-CTC-TGG-3')) and oligo 326 {5'-TGG-GTG-TGC-TCG-GTG-TCA-3')T exon 5-1: 
oligoo 329 (5'-TGA-CCT-CTT-CCC-TGC-TGT-3') and 330 (5'-TGA-GGC-TGC-TGA-
TGC-TCG-T-3'),, exon 5-2: oligo 331 (5'-TCA-GCT-GCC-TTC-CCC-TAC-A-3') and 
oligoo 296 (5'-CCG-TAG-TAG-AGG-TGG-TAG-3'), exon 5-3: oligo 332 (3'-TCC-ACC-
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ATA-CCT-ACC-TCC-3')) and oligo 333 (3'-AGC-GCT-GCT-GGT-GCA-AGA-3'), exon 
5-4:: oligo 334 (3'-TCA-CCT-ACC-CGC-ATG-CTG-3') and oligo 335 <3'-AGT-CCA-
CCA-GGG-CGG-TCA-GTA-5').. PCR products were analyzed by SSCP on 12.5% 
non-denaturingg polyacrylamide gels ran at 15 Watt o/n. All samples were tested on 
5%% and 10% glycerol gels. 
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AnAn integral expression profile of 1p35~36 

Abstrac t t 

HighHigh throughput mRNA analyses such as microarrays and SAGE (serial analysis of 
genegene expression) provide a new tool for cancer research. SAGE gives a quantitative 
overviewoverview of all transcripts in a tissue. It is based on the extraction of a 10 bp tag 
fromfrom a defined position in each cDNA which uniquely identifies the transcript. SAGE 
librarieslibraries of two neuroblastomas and four neuroblastoma cell lines with a total of 
124,762124,762 tags were established in our lab. In addition, we have developed a software 
applicationapplication which integrates expression data from SAGE analysis with the Human 
GeneMapGeneMap '99. The resulting Human Transcriptome Map 2000 enables a systematic 
analysisanalysis of expression profiles of any chromosomal region. 
TheThe 1p35-36 region is frequently deleted in neuroblastomas, brain tumors, and a 
widewide variety of carcinomas. First described for neuroblastoma over 20 years ago, 
thethe 1p35-36 region still withstands any attempt to identify a tumor suppressor locus. 
InIn neuroblastoma the deletions are large and often extend to the telomere. We have 
establishedestablished an integral SAGE expression profile of 629 genes mapped to 1p35-36 to 
studystudy the role of this region in neuroblastoma pathogenesis. The expression profiles 
ofof neuroblastoma SAGE libraries of cell lines and tumors with and without LOH of 1p 
werewere compared. Loss of chromosome 1p correlates with amplification of MYCN. To 
identifyidentify possible MYCN target genes on 1p we compared SAGE expression profiles 
ofof a MYCN transfected cell line and a control transfected cell. Differentially 
expressedexpressed genes were further analyzed for expression in a large series of 
neuroblastomaneuroblastoma tumors and cell lines. 

Introductio n n 

Thee Human GeneMap '99 currently provides the Radiation Hybrid map position of 
aboutt 40,000 expressed sequences (ESTs) and known genes. The precise 
chromosomall position of alt genes is rapidly established with the sequencing of the 
humann genome. Meanwhile, technological advances such as microarrays and 
SAGEE (serial analysis of gene expression) enabled genome wide mRNA expression 
studiess (Velculescu et al., 1995). These techniques enable the identification of 
differentiallyy expressed genes in normal versus malignant cells or in tumor cells with 
differentt genetic aberrations. SAGE is based on the extraction of a 10 bp sequence 
tagg from a defined 3' position of each cDNA which uniquely identifies the transcript. 
Thee frequency of a transcript tag in a SAGE library of a tissue corresponds to the 
quantitativee expression level of the gene. SAGE provides an integral expression 
profilee of all genes expressed in a cell or tissue. We have constructed SAGE 
librariess of two neuroblastoma tumors and four neuroblastoma cell lines with a total 
off 124,762 tags (Boon et al., submitted, Caron et al., in prep). One of the major 
advantagess of SAGE is that the observed expression levels are absolute. Tag 
frequenciess in the neuroblastoma SAGE libraries can therefore be compared to tag 
frequenciess in other SAGE libraries. Currently, 83 different SAGE libraries can be 
accessedd from the CGAP SAGE databases on the WWW (at 
http://www.ncbi.nlm.nih.gov/SAGE/)) with a total of more than 3,300,000 tags (Lai et 
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al.,, 1999). The database includes libraries from skin, colon, brain, ovary and other 
tissuess of both normal and malignant origin. 
Wee have developed software for a database application which integrates SAGE 
expressionn data with the RH mapping information from the Human GeneMap '99 
(Caronn et al., in prep). The software has determined the transcript tags that belong 
too the mapped ESTs, mRNAs and Unigene clusters. The frequencies of these tags 
observedd in SAGE libraries of different tissues are displayed graphically. This 
Humann Transcriptome Map allows a systematic analysis of mRNA expression 
profiless of any chromosomal region in presently 12 normal and pathologic tissues. 
Wee have applied the Human Transcriptome Map to analyze the expression profiles 
off chromosome 1p35-36. 
Thee distal short arm of chromosome 1 represents an intriguing region of 
chromosomall loss in cancer (reviewed in Schwab et al., 1996). The 1p35-36 region 
iss frequently deleted in neuroblastomas, brain tumors, hepatocellular carcinomas 
andd a wide variety of carcinomas, e.g. of lung, breast, ovarian and pancreas 
(Ragnarssonn et al., 1999; Bieche et al., 1999; Hilgers et al., 1999). First described 
forr neuroblastoma over 20 years ago, the 1p35-36 region still withstands any 
attemptt to identify a tumor suppressor locus (Brodeur et al., 1977). The 
chromosomee 1 deletions in the different tumor types are large and often involve the 
entiree p-arm. Breast and ovarian tumors show at least two SROs (Bieche et al., 
1998).. About 30% of neuroblastomas have 1p deletions which are of variable length 
butt almost always extend to the telomere. 90% of the MYCN amplified 
neuroblastomass show LOH of 1p (Fong et al., 1989; Caron et al., 1993; Komuro et 
al.,, 1998; Ichimiya et al., 1999). Previously, we obtained evidence for at least two 
differentt neuroblastoma tumor suppressor loci on chromosome 1p. One suppressor 
locuss deleted in MYCN single copy neuroblastoma maps to 1p36.3 and is probably 
imprinted.. The SRO of MYCN single copy tumors is 47 cR. A second more proximal 
locuss is consistently deleted in MYCN amplified neuroblastomas and is not imprinted 
(Caronn et al., 1995; Cheng et al., 1995; Caron et al., 2000). The SRO of MYCN 
amplifiedd tumors is 89 cR. Several other regions of 1p35-36 have been implicated in 
neuroblastomaa pathogenesis but there is no consensus on the localization and 
numberr of tumor suppressor loci (see Introduction of this thesis). A few tumors with 
interstitiall deletions of 1p32-34 have been described, suggesting an additional 
suppressorr locus in this region (Schleiermacher et al., 1994). Therefore, the distal 
1pp region probably harbors multiple tumor suppressor loci. 
Thee Human Transcriptome Map enables an integral gene expression study of the 
distall region of chromosome 1p. We analyzed gene expression profiles in a region 
off 155 cR from D1S417 to the telomere, with a total of 629 unique Unigene clusters. 
Thiss region comprises the SRO of both MYCN single copy and MYCN amplified 
neuroblastomas.. We compared expression profiles between 1p-intact and 1p-
deletedd neuroblastomas. In addition, we searched for target genes of MYCN on 
chromosomee 1p. These comparisons identified overall sixteen genes that were 
differentiallyy expressed. Analysis of their expression in a large panel of 
neuroblastomaa tumors and cell tines identified several genes with an expression 
profilee that warrants a further analysis of their role in neuroblastoma pathogenesis. 
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Result s s 

SAGEE librarie s of neuroblastom a 
SAGEE libraries of two neuroblastoma tumors and four neuroblastoma cell lines with 
differentt genetic defects have been established in our lab (Table 1) (Boon et al., 
submitted;; Caron et al., in prep). Cell line IMR32 and tumor N159 display 1p loss 
andd MYCN amplification. Cell line SK-N-Fi and tumor N52 have no LOH of 1p, nor 
amplificationn of the MYCN oncogene. SHEP-21N is a MYCN transfected clone of the 
SHEPP cell line, while SHEP-2 is a control transfected cell line (Lutz et al., 1998). 
Fromm the six neuroblastoma SAGE libraries, a total of 124,762 tags were 
sequenced.. We compared different combinations of SAGE libraries to address the 
followingg questions: (1) which genes on 1p35-36 show neuroblastoma specific 
expression?? (2) which genes are differentially expressed between 1p-deleted and 
1p-intactt neuroblastoma? (3) which genes on 1p are downstream targets of MYCN? 

IMR32 2 

N159 9 

SK-N-Fi i 

N52 2 

SH-EPP 2 

SH-EP21N N 

tags s 

9676 6 

20001 1 

9876 6 

19597 7 

44674 4 

20938 8 

1p p 

LOH H 

LOH H 

intac t t 

intac t t 

intac t t 

intac t t 

MYCN MYCN 

amplifie d d 

amplifie d d 

singl ee cop y 

singl ee cop y 

singl ee cop y 

transfecte d d 

combined combined 

11 p delete d 
29,6777 tags 

11 p intac t 
74,1477 tags 

Totall  = 124,762 tags 

Tabell 1: Sage libraries of neuroblastoma 

AA neuroblastom a specifi c expressio n profil e of chromosom e 1p 
Thee Human Transcriptome Map developed in our department integrates SAGE 
expressionn data with the Human GeneMap '99 (Caron et al., in prep). This allows a 
systematicc analysis of gene expression profiles of any chromosomal region. The 
Humann Transcriptome Map displays expression profiles of compound libraries. 
SAGEE libraries of a tissue (e.g. normal colon) are combined into one tissue-type 
library.. In principle, only tissues for which at least 100,000 tags were available were 
included.. Expression levels are normalized to 100,000 tags and graphically 
displayed.. Compound SAGE libraries of 12 normal and pathologic tissue types are 
shown. . 
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Too identify neuroblastoma-specific genes on 1p, we combined the SAGE libraries of 
IMR32,, N159, SK-N-Fi, N52, SHEP-2 and SHEP-21N with a total of 124,762 tags 
(NRBL-ro/a/).. The NRBL-fofa/ SAGE library was compared to the 12 tissue-specific 
SAGEE libraries. The resulting expression profiles are shown in Figure 1. We 
analyzedd the region from D1S417 to the telomere, comprising 155 cR, which 
includess SROs from both MYCN single copy tumors (47 cR) as well as MYCN 
amplifiedd tumors (89 cR) (Caron et al., 1995 and Caron et al., 2000). Each position 
onn the vertical axis denotes one gene. The bars represent the expression level per 
100,0000 analyzed tags. Expression levels of 15 tags and more are shown as a light 
greyy bar. For genes with several different tags (e.g. due to alternative splicing), the 
totall of all tags per gene is shown. 
Thee expression profile of neuroblastoma is rather synchronous to that of other tissue 
types.. Only the muscle library showed an aberrant expression profile. Relatively few 
geness show neuroblastoma specific expression. Examples that we tested are 
phosphatidylinositoll 3-kinase catalytic subunit pHOdelta, Ubiquination factor E4B, 
KIAA0237KIAA0237 mRNA and EST1p17 (Table 2). Northern blot analysis of KIAA0237 is 
shownn in Figure 2. KIAA0237 indeed shows a high expression neuroblastoma cell 
liness IMR32 and SK-N-Fi, but no expression in one brain and two colon tumor cell 
lines. . 
Wee analyzed expression of these genes in a panel of neuroblastoma and control cell 
liness by Northern blot. The gene EST1p17 showed an interesting expression profile 
(Figuree 3). Little or no expression was detected in most neuroblastoma cell lines. 
Expressionn was specifically induced in the MYCN transfected cell line SHEP-21N, 
whereass the control transfected cell line SHEP-2 showed no expression of 
EST1p17.. This suggests that it is a target of MYCN. Remarkably, the gene also 
showedd high expression in cell line SJNB12, a neuroblastoma cell line with a 1p 
deletionn and c-myc amplification. 
Wee retrieved a full length mRNA from the TIGR database (Quackenbush et al., 
2000).. BLAST analysis revealed that the gene encodes for the small stress protein 
cvHspp (Krief et al., 1999). It is mainly expressed in the heart and insulin-sensitive 
tissues.. CvHsp was shown to interact with the cytoskeletal protein a-filamin. This 
couldd point to a role in cytoskeletal stability (Krief etal., 1999). 

Tabell 2: neuroblastoma specific genes (normalized per 100,000 tags) 

cR R 

41.64 4 

41.96 6 

59.63 3 

125.31 1 

Gene e 

Ubiquinationn factor 
E4B B 

PI3KK subunit 
pHOdelta a 
EST1p17 7 

KIAA0237 7 

UNIGENE E 

Hs.24594 4 

Hs.. 162808 

Hs.56874 4 

Hs.78748 8 

NRBL L 
total l 
1.8 8 

3.6 6 

0.9 9 

11.8 8 

Colon n 
tumor r 

0 0 

0 0 

0 0 

0.9 9 

brain n 
tumor r 

0.4 4 

0.4 4 

0.4 4 

0.4 4 

Breast t 
tumor r 

0 0 

0 0 

0 0 

0 0 

ovary y 
tumor r 

0 0 

1.2 2 

0.4 4 

0.8 8 
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Figuree 1: The expression profiles of the 1p35-36 region. The neuroblastoma-fofa/ SAGE library is 
comparedd to compound SAGE libraries of 12 other tissue types, indicated on top. Each position on 
thee vertical axis represents one gene. The bars represent the expression level per 100,000 tags. Dark 
greyy bars are expression levels between 1 and 15. Expression levels of 15 or more tags are shown 
ass a light grey bar. Nine intervals from the Radiation Hybrid Map are analyzed with a total of 155 cR 
fromm top of chromosome 1p, indicated in black and light grey bars on the left of the figure. On the right 
off the figure, expression of all combined tissues is shown. 

Effect ss of 1p deletio n and MYCN amplificatio n on expressio n of 1p35-36 
encode dd gene s in neuroblastom a 
Thee SAGE libraries of the 1p intact neuroblastoma cell lines SK-N-Fi and SHEP-2 
andd neuroblastoma tumor N52 were combined into one compound 1p-/V?facf library 
off 74,147 tags. Also the SAGE libraries of the 1p deleted neuroblastoma cell line 
IMR322 and neuroblastoma tumor N159 were combined (Ip-deleted, 29,677 tags). 
Thee 1p-/7itecf and ïp-deleted libraries were compared for differences in expression 
profiles.. Cell line IMR32 and tumor N159 have MYCN amplification whereas N52, 
SK-N-Fii and SHEP-2 have single copy MYCN. This reflects the observation that 
90%% of neuroblastoma with MYCN amplification have 1p deletions (Fong et al., 
1989;; Caron et al., 1995). To distinguish between the effects of 1p deletion and 
MYCNMYCN amplification, we also analyzed the expression profiles of MYCN transfected 
celll line SHEP-21N and control transfected cell line SHEP-2. These cell lines do not 
displayy LOH of 1p and therefore enabled us to discriminate between effects of 1p 
deletionn and MYCA/overexpression. 
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Figuree 2: Northern blot analysis of KIAA0237. 
Thiss gene was selected for its neuroblastoma 
specificc expression pattern. A trancript is 
detectedd in neuroblastoma cell lines SK-N-Fi 
andd IMR32, but two colon cell lines (SW837 
andd HCT116) and a brain cell line (H392) 
whichh were used to construct SAGE libraries 
(NCBII CGAP, Lal et al . . 1999) show no 
expression. . 
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Figuree 3: Northern blot analysis of four genes that showed differential expression between the SAGE 
libraries.. The neuroblastoma cell lines are grouped into MYCN single copy and MYCN amplified 
neuroblastomaa cell lines. MYCN transfected cell line SHEP21-N and control transfected cell line 
SHEP-22 are shown on the right of the figure. In addition, 4 PNET cell lines, 1 Wilm's tumor (AP10) 
andd 1 melanoma cell line (518A) were analyzed for expression (left). Top of the figure shows 
expressionn of MYCN. SHEP-21N has a smaller transcript size of MYCN caused by the construct used 
forr transfection. 
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Thee SAGE expression profiles of Ip-intact, Ip-deleted, SHEP-2 and SHEP-21N 
librariess from D1S417 to the telomere are shown in Figure 4. 

1p-intactt 1p-deleted SHEP-2 SHEP-21N 

Figuree 4: Expression profiles of the 1p35-36 region in 1 p-intact versus 1p-deleted neuroblastomas 
(leftt of the Figure) and SHEP-2 versus SHEP-21N neuroblastomas (right of the Figure). Each position 
onn the vertical axis represents one gene. The bars represent the expression level per 25,000 tags. 
Darkk grey bars are expression levels between 1 and 15, expression levels of 15 or more tags are 
shownn as a light grey bar. Nine intervals from the Radiation Hybrid Map are analyzed with a total of 
1555 cR form top of chromosome 1p, indicated in black and light grey bars on the left of the figure. 
Indicatedd are some of the genes used for analysis in this paper, as well as some well characterized 
chromosomee 1p genes. The HMG17 gene defines the SRO of MYCN amplified neuroblastomas and 
mapss to 89 cR. The SRO in MYCN single copy tumors is 47 cR. Abbreviations: GNBP: guanine 
nucleotidee binding protein, L22: ribosmal protein L22, TNFRSF9: tumor necrosis factor super family 9, 
HNRPR:: heterogeneous nuclear ribonucleoprotein R, UBFE4B: ubiquination factor E4B. 

Severall genes are differentially expressed among the different combinations of 
SAGEE libraries. We observed a higher expression level of the L22, L11 and S8 
ribosomall protein genes in the SHEP-21N versus the SHEP-2 libraries and the 1p-
deleteddeleted versus the 'Ip-intact library. Ribosomal protein genes are massively up-
regulatedd by MYCN (Boon et al., submitted). Their up-regulation is therefore 
probablyy not related to 1p deletion. We selected 14 other genes that showed 
differentiall expression (Figure 5). 
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Figuree 5: Selection of fourteen differentially expressed genes on 1p35-36. Expression levels are 
normalizedd per 25,000 tags. 

Elevenn of these genes showed a higher expression in the 1 p-intact library compared 
too the ^-deleted library. All of these genes except KIA00237 also showed higher 
expressionn in the library of SHEP-2 compared to the library of the MYCN transfected 
SHEP-21NN cells. They may therefore represent genes that are -directly or indirectly-
downregulatedd by MYCN. One gene, origin recognition complex, showed increased 
expressionn in the 1p-c/e/eted library and no induction in SHEP-21N. Furthermore, 
NADH-ubiquinonee oxidoreductase and TNFRSF9 (4-1BB, CD137, ILA) were 
specificallyy induced in the SHEP-21N library, but not in the '\p-deleted libraries. 
Wee performed Northern blot analysis to determine which of the differentially 
expressedd genes observed in the SAGE libraries showed consistent expression 
differencess in a large panel of neuroblastoma samples. Northern blots with RNA of 
244 neuroblastoma and other cell lines with and without 1p deletion were hybridized 
withh probes for the genes (Figure 3 and data not shown). Most differences observed 
inn the SAGE libraries did not correlate with 1p deletion and/or MYCN amplification in 
aa large panel of cell lines (e.g. small memrane protein 1, Figure 3). Two genes, 
EST1p22 and DKFZP566G223 showed an interesting expression pattern and were 
furtherr analyzed. 

EST1p22 and DKFZP566G223 are differentiall y expresse d betwee n 1p intac t and 
1pp delete d neuroblastom a tumo r samples . 
EST1p22 showed differential expression between 1p intact and 1p deleted SAGE 
libraries.. It was down-regulated in the SAGE library of the MYCN transfected SHEP-
21NN cells. The gene maps to 15.94 cR, within the SROs of both MYCN single copy 
andd MYCN amplified neuroblastomas. Northern blot analysis showed that the gene 
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iss well expressed in all MYCN single copy neuroblastoma cell lines, while 7/15 
MYCNMYCN amplified cell lines have a considerably lower expression level (Figure 3). 
Expressionn differences were also detected upon Northern blot analysis of 19 fresh 
neuroblastomaa tumor samples. EST1p2 was consistently higher expressed in the 1p 
intact,, MYCN single copy tumors compared to the 1p deleted. MYCN amplified 
tumorss (Figure 6). 
AA full length 1855 bp cDNA was obtained by aligning 107 ESTs of EST1p2 with 
SeqWebb Version 1.1 software. Blast analysis detected no homologies to known 
genes.. Protein sequences from three reading frames were subsequently used for 
SMARTT (Simple Modular Architecture Research Tool) analysis (Schultz et al., 
1998(Schultzz et al., 2000; Schultz et al., 1998). The software predicted with high 
probabilityy three transmembrane domains in one of the reading frames. No protein 
motivess were predicted in the other two protein sequences. 

MYCNN single copy MYCN amplified 

Figuree 6: Northern blot analysis of EST1p2 in neuroblastoma tumors. Neuroblastoma tumors are 
groupedd in MYCN single copy tumors (left) and MYCN amplified tumors (right). Tumor N179 has LOH 
off chromosome 1 p. other MYCN single copy tumors have intact 1 p. 

DKFZP566G2233 is downregulate d in MYCN transfecte d cel l lin e SHEP-21N and 
map ss jus t dista l to AML 2 on 1 p36.1 . 
Thee second gene with an interesting expression pattern on a Northern blot with 24 
neuroblastomaa and other cell lines was DKFZP566G223. The gene was 
downregulatedd in MYCN transfected cell line SHEP-21N compared to control 
transfectedd cell line SHEP-2, suggesting that it is downregulated by MYCN. The 
genee mapped to 81.89 cR. In search for the tumor suppressor locus associated with 
MYCNN amplification, we have previously constructed a 600 Kb PAC contig spanning 
thee breakpoint of neuroblastoma cell line UHG-NP and the AML2 gene (Spieker et 
al.,, submitted). The breakpoint of UHG-NP mapped to 82 cR. To determine if 
DKFZP566G223DKFZP566G223 mapped close to the breakpoint, we hybridized a probe for the 
genee to a Southern blot with DNA of PACs identified in the 600 Kb /\/WL2-region. 
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DKFZP566G2233 mapped just distal to AML2 (data not shown). Full length mRNA 
analysiss revealed that it is a p64-related CI" channel called CLIC4L (Edwards, 1999). 
Chloridee channels are present in membranes of intracellular organelles where they 
contributee to electrolyte composition, thus regulating pH of cellular sub-compartments 
(all Awqati, 1995). Although the gene is expressed in a wide variety of tissues, 
expressionn is most prominent in the renal cortex and tubili (Edwards, 1999). As this 
candidatee MYCN downstream target maps within a region consistently deleted in 
MYCNMYCN amplified neuroblastomas, we are currently analyzing the role of this gene in 
neuroblastoma. . 

Discussio n n 

Thee pattern of chromosome 1p deletions in neuroblastoma is complex. The 
deletionss are large and often extend to the telomere. A series of candidate 
neuroblastomaa tumor suppressor genes have been proposed, but none has been 
convincinglyy identified. Several tumor suppressor loci appear to play a role in 
tumorigenesis.. The multitude of implicated regions, as well as the lack of 
homozygouss deletions, suggest that gene dosage of a series of genes may lead to 
neuroblastomaa pathogenesis. The Human Transcriptome Map enables an integral 
genee expression study of any chromosomal region. Previously, we have used this 
applicationn for the identification of oncogenes targeted by amplification (Spieker et 
al.,, submitted). We have now applied the Human Transcriptome Map to select 
candidatee tumor suppressor genes in the 1p35-36 region. Using the software from 
thee Human Transcriptome Map, we could analyze genes differentially expressed 
betweenn 1p-intact and 1p-deleted neuroblastomas. As 90% of MYCN amplified 
neuroblastomass have LOH of chromosome 1p, we also searched for MYCN target 
geness on chromosome 1p (Fong et al., 1989; Caron et al., 1995; Komuro et al., 
1998;; Ichimiyaetal., 1999). 
Mostt differentially expressed genes did not show consistent expression differences 
inn a large panel of neuroblastoma tumors and cell lines. They rather showed highly 
variablee expression without a recognizable pattern. Their differential expression in 
thee SAGE library was therefore coincidental. Three genes showed a more 
interestingg expression pattern. First, EST1p17 showed neuroblastoma specific 
expression.. The gene was induced in MYCN transfected cell line SHEP-21N, 
suggestingg that it may be a target of MYCN. This pattern could fit in a mode! where 
EST1p177 plays a feedback role to attenuate the effects of MYCN overexpression on 
celll proliferation. Second, EST1p2 was well expressed in MYCN single copy 
neuroblastomaa cell lines, while 7/15 MYCN amplified cell lines and 10/10 MYCN 
amplifiedd neuroblastoma tumors samples have considerably lower expression. The 
genee was also downregulated in a SHEP-21N line compared to SHEP-2. The gene 
mapss to 15.94 cR, within the SRO of both MYCN single copy and MYCN amplified 
neuroblastomas.. Third, DKFZP566G223 was downregulated in SHEP-21N and 
mappedd just distal to the AML2 gene, a region consistently deleted in 90% of MYCN 
amplifiedd neuroblastomas. 
Inn conclusion, the Human Transcriptome Map has been useful in selecting candidate 
geness with differential expression between different subtypes of neuroblastoma. 
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Furtherr analysis of the three candidates is necessary to establish whether they play 
aa role in neuroblastoma pathogenesis. 

Materia ll  and method s 

Celll  line s 
Cellss were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 
10%% fetal calf serum, 20mM L-glutamine, 10 U/ml penicillin and 10 ug/ml 
streptomycin.. Cells were maintained at C under 5% C02. 
Forr primary references cell lines see Cheng et al. (Cheng et al., 1995). The SHEP-2 
andd SHEP-21N cell lines were a kind gift from Dr. Schwab (Lutzetal., 1998). 

Analysi ss  of the SAGE expressio n data 
SAGEE libraries of the neuroblastoma cell lines and tumors were established as 
describedd previously (Velculescu et al., 1995). To obtain the expression profiles of 
chromosomee 1p, we used software developed in our department for the Human 
Transcriptomee Map (Caron et al., in prep). In short, the software extracts reliable 3' 
SAGEE tags from sequences and links these to the NCBI CGAP SAGE libraries (Lai 
ett al., 1999) to obtain an expression profile of any chromosomal region. For Figure 1 
andd 4, we used the "whole chromosome view" format. With this application, if two or 
moree reliable tags belong to one Unigene cluster, only their combined expression 
levell is shown. 

Norther nn blo t analysi s 
Forr Northern blot analysis we made probes from genes by PCR on cDNA or 
chromosomall DNA. The oligos used for per were: guanine nucleotide protein: oligo 
10711 5'-catgtggatgccatggag-3' & oligo 1072 5'-cacctaaggactgagtcc-3'; EST1p2: 
oligoo 1073 5'-ctttatgaacacagaggc-3' & oligo 1074 5'-gactccatctaccagatc-3'; 
Ubiquinationn factor E4B: oligo 1075 5'-caacgaggcaagcagaag-3' & oligo 1076 5'-
accctgcctcaaactcac-3';; EST1p4: oligo 1077 5'-gtgcttaaccctgaatcc-3' & oligo 1078 5'-
ttggacttatggcagctg-3';; heterogeneous nuclear ribonucleoprotein R: oligo 1079 5'-
tgccacctccaattagag-3'' & oligo 1080 5'-gtagatctagagccaatc-3'; DKFZP566G223: 
oligoo 1081 5'-tctctccagagttgcatg-3' & oligo 1082 5'-tactggtgctgatgttcc-3'; small 
membranee proteinl: oligo 1083 5'-ctagcctaatagaccagc-3' & oligo 1084 5'-
gcatgctatcagttaac-3';; clone 24607 mRNA: oligo 1085 5'-agctgtgtgagtgttgag-3' & 
oligoo 1086 5'-acatgaagctctcagctg-3'; DKFZP568L1722: oligo 1087 5'-
acttgagtctcagggaag-3'' & oligo 1088 5'-gcagaggcatcagataag-3'; NADH-ubiquinone 
oxidoreductase:: oligo 1089 5'-gtcgctagctagtcgttc-3' & oligo 1090 5'-
tccagacatcagcagctg-3';; KIAA0237: oligo 1091 5'-actgtgaccttgggtaag-3' & oligo 1092 
5'-cagtccctatcagctatc-3';; origin recognition complex: oligo 1122 5'-
atggcatgaagctgacgg-3'' & oligo 1123 5'-ctcaggaagctctgttcc-3'; TNFRSF9: oligo 1097 
5'-gtgaatgggacgaaggag-3'' & oligo 1124 5'-aaaggccaactcattggc-3'; PI3K subunit 
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p1100 delta: oligo 1099 5'-cattgtctaagccacctc-3' & oligo 1100 5'-aggcacacaagactgtac-
3':: EST1p17: oligo 1101 5'-gtgtatacaggttccagc-3' & oligo 1102 5'-tgagtgctgtgctttgtc-
3'.. PCR conditions were optimized for each primer set. The 1p13 EST clone was 
obtainedd from the IMAGE consortium, ID 240723. 
Totall cellular RNA was isolated by the LiCI-method (Auffray and Rougeon, 1980). 15 
ugg of RNA was electrophoresed through a 1% agarose gel containing 6.7% 
formaldehydee and blotted on Hybond nylon membrane in 16.9X SSC and 5.7% 
formaldehyde.. DNA probes were 32P labeled by the random primer method. Filters 
weree hybridized for 16 hours at C in 0.5 Na2HP04 pH 6.8, 7% SDS , 1mM EDTA 
andd 50 ug/ml herring sperm DNA. 
Thee tumor samples used for Northern blot analysis were staged according to Evans 
ett al. (Evans era/., 1971). Tumor stages are: N52, stage IVs; N186, stage IV; N99, 
stagee II; N225, stage Ivs; N68, stage III; N160, stage IV, N407, stage IV; N415, 
stagee IV; N179, stage III; N36, stage II; N40, stage III; N159, stage IV; N194, stage 
IV;; N418, stage IV; N106, stage IV; N107, stage IV; N410, stage IV; N442, stage IV; 
N458,, stage IV. 
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TheThe Meisl oncogene is highly expressed in neuroblastoma 

Abstrac t t 

NeuroblastomaNeuroblastoma is an embryonal tumor originating from neural crest derived cells. 
HereHere we present the serendipitous cloning of amplified sequences of chromosome 
2p152p15 in neuroblastoma cell line IMR32. The amplified region was analyzed for 
oncogeneoncogene activation using a SAGE library of IMR32. SAGE (serial analysis of gene 
expression)expression) permits a quantitative analysis of all transcripts of a tissue or cell line. 
TheThe expression of genes and ESTs mapping within a 30 cR region covering the 
ampliconamplicon was compared to 4 additional SAGE libraries of neuroblastomas and 12 
SAGESAGE libraries of other tissues in the CGAP databases. The IMR32 SAGE database 
revealedrevealed increased expression of the MEIS1 oncogene, whereas other SAGE 
librarieslibraries showed little or no MEIS1 expression. MEIS1 turned out to be highly 
amplifiedamplified and over-expressed in IMR32. Analysis of 24 neuroblastoma cell lines and 
2222 tumors showed high expression in about 25% of the cases. The MEIS1 
homeoboxhomeobox protein forms a complex with the H0XA9 and PBX proteins that are 
implicatedimplicated in human leukemia. MEIS1 is a target of retroviral insertion in murine 
leukemia.leukemia. This is the first report of a MEIS1 amplification and activation in human 
cancercancer and the first time that identification of a candidate target of amplification is 
facilitatedfacilitated by high throughput mRNA expression profiling. 

Introductio n n 

Neuroblastomaa is an embryonal tumor originating from neurai crest derived cells. 
Commonn genetic aberrations are loss of chromosome 1p (Brodeur et a/., 
1977;Gilbertt era/., 1982;Weith et a/., 1989) and amplification of the MYCN 
oncogenee (Schwab et a/., 1983). The MYCN oncogene is amplified in about 25% of 
primaryy neuroblastomas which is associated with a poor prognosis (Brodeur et a/., 
1984;Seegereff a/., 1985;Schwab et a/., 1984). Amplification is manifested as double 
minutee chromosomes and/or homogeneously staining regions (HSR). The amplified 
regionn shared between different tumors is limited to a 300 Kb region surrounding the 
MYCNMYCN gene (Akiyama et a/., 1994), but individual amplicons may vary from a few 
hundredd to several thousands of kb. 
Neuroblastomaa cell line IMR32 has a large MYCN amplicon that has been 
intensivelyy studied. Cloned sequences from the HSR of cell line IMR32 were found 
too originate from chromosomal band 2p23-24 where MYCN maps (Kanda ef a/., 
1983).. However, two probes derived from the IMR32 amplicon were found to 
originatee from chromosomal bands 2p13-16 and were not amplified in other cell lines 
(Shilohh etai, 1985). The amplified copies of these sequences appeared to be evenly 
distributedd over the HSR of IMR32. Three more cases of amplification of 2p13-14 
materiall have been obtained in CGH studies of neuroblastoma (Brinkschmidt etai, 
1997).. The amplified band 2p13-14 was distinct from the MYCN amplicon site at 
2p23-24.. All three cases were accompanied by both MYCN amplification and 1p 
loss. . 
Heree we describe the serendipitous cloning of a new probe of the 2p13-16 amplicon 
off IMR32, IMR-V1. We placed this locus on the radiation hybrid map and determined 
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thee maximum length of the amplification unit using probes proximal and distal to 
IMR-V1.. To identify expressed sequences in the amplicon, we analyzed a SAGE 
libraryy from cell line IMR32 that we have recently constructed in our lab. SAGE 
permitss a quantitative analysis of all transcripts of a tissue or cell line (Velculescu et 
a/.,, 1995). It is based on the extraction of a 10 bp sequence from a fixed position in a 
cDNAA (SAGE tag). The tag uniquely identifies a transcript. This allows a rapid 
analysiss of large amounts of expressed sequences. The expression levels of all 
geness and ESTs mapping on the Human Genemap '99 (Deloukas et at., 1998) 
withinn the amplified region were compared to 4 other neuroblastoma SAGE libraries 
ass well as SAGE libraries of 12 other tissues in the CGAP databases (Lai era/., 
1999).. The MEIS1 gene was specifically expressed in IMR32 but showed little or no 
expressionn in the other SAGE libraries. MEIS1 encodes a homeodomain-containing 
protein.. It has been implicated in leukemic transformation in mice. MEIS1 forms 
heterodimerss with the PBX1 and HOXA9 proteins (Shen et at., 1999), which are both 
targetss of recurrent chromosomal translocations in human leukemias (Borrow et a/., 
1996;Kampss et at., 1990). Co-expression of HOXA9 and MEIS1 genes has been 
descibedd in human myeloid leukemias (Lawrence et at., 1999). Both genes showed 
perturbedd expression in the tumor cells compared to normal hematopoietic cells. 
Wee detected a strong MEIS1 amplification in IMR32 as well as a high expression 
levell of the gene. About 25% of the neuroblastoma cell lines and tumors showed an 
equallyy high expression of MEIS1 independent of DNA amplification. The data 
suggestt a role for MEIS1 in neuroblastoma pathogenesis. 

Result s s 

Clonin gg of an amplifie d sequenc e fro m chromosom e 2p15 in cel l lin e IMR32 
Inn search of chromosome 1 p36 aberrations, we analyzed DNA of 205 
neuroblastomaa tumors and 24 cell lines with about 50 probes from chromosome 1p. 
Onee probe (H600) detected an aberrant 4 Kb EcoRI fragment on a southern blot of 
celll line IMR32, in addition to the normal band (figure 1A). This fragment was not 
detectedd in any other DNA sample. DNA fragments adjacent to this probe did not 
detectt rearranged bands. To study the origin of the alteration, we cloned the 4 kb 
fragment.. Total DNA isolated from cell line IMR32 was digested with EcoRI and 
separatedd on a low melting agarose gel. DNA migrating at 4 Kb was excised from 
thee gel and cloned into a plasmid vector. A positive clone with a 4 Kb insert (IMR-
V1)) was identified. 
AA probe of this clone was hybridized to a Southern blot filter with IMR32 DNA and 
foundd to represent a highly amplified sequence in this cell line (Figure 1B). A weak 
sequencee homology with the chromosome 1 probe probably led to the detection of 
thiss high copy amplification in cell line IMR32 (data not shown). 
Too study the origin of the amplified sequence, we used the IMR-V1 clone for FISH 
analysiss on IMR32 (Figure 1C). The probe hybridized to the HSR (homogeneously 
stainingg region) on chromosome 1, which also harbors the 2p23-24 derived MYCN 
amplicon.. The signal of the clone was evenly distributed over the HSR and 
recognizedd the same region as a FISH probe for MYCN. However, FISH analysis of 
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Figuree 1: A: Probe H600 originating from chromosome 1p36 detects an aberrant band on a Southern 
blott with DNA from cell line IMR32. This band is absent in other neuroblastoma cell lines shown as 
control.. The aberrant fragment was isolated from the gel and cloned (IMR-V1). B: Hybridization of 
IMR-V11 to the same Southern blot shows that the aberrant band is in fact a highly amplified 
sequence.. Detection of the amplification was likely due to a weak sequence homology between H600 
andd IMR-V1 (not shown). C: FISH analysis of IMR-V1 on IMR32 metaphase spreads. The probe 
hybridizess to the HSR on chromosome 1, which also harbors the MYCN amplicon. Red: chromosome 
11 centromere probe, green: IMR-V1 probe. D: IMR-V1 hybridizes to 2p15 on normal lymphocytes. 

thiss probe on normal lymphocytes placed the probe on chromosome 2p15, much 
moree proximal than the MYCN locus (Figure 1D). 

Mappin gg of IMR-V1 on th e radiatio n hybri d pane l 
Too determine the chromosomal position of IMR-V1 on chromosome 2, the clone was 
mappedd on the radiation hybrid panel. The clone was partly sequenced (accession 
nr.. AZ081511) and oligos were designed for PCR on the Genebridge 4 RH panel 
(Walterr et a/., 1994). The probe mapped at 209.98 cR on the Human Genemap '99 
(HGM99).. This is about 153 cR from the MYCN locus (at 56.45 cR on HGM99, 
http://www.ncbi.nlm.nih.gov/genemap99/). . 
Probess from the genes REL, MAD and TFGa mapping at 193 cR, 219 cR and 220 
cRR from top of chromosome 2 respectively (HGM99), were used for Southern blot 
analysis.. None of these genes were amplified in IMR32. implying that the size of the 
ampliconn is less than 26 cR. This also confirmed that the amplicon harboring the 
IMR-V11 clone is distinct from the MYCN amplicon, although they are apparently 
assembledd in the same HSR. 
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Expressio nn analysi s of the 2p15 amplico n utilizin g an IMR32 SAGE librar y 
Thee detection of this amplicon in IMR32 suggests that it may harbor an oncogene 
withh a role in neuroblastoma pathogenesis. To study whether the amplification 
causess an oncogene to be overexpressed in IMR32, we utilized a SAGE library of 
celll line IMR32 that we established in our lab. Ten thousand SAGE tags, each 
representingg a single transcript of IMR32, were sequenced from this library. This is 
sufficientt to represent highly and moderately expressed genes in IMR32. E.g. 
transcriptss of the amplified MYCN gene are represented by 7 tags. 
Wee selected the interval from the HGM99 that harbored the IMR-V1 clone {D2S147-
D2S358),D2S358), as well as the neighboring intervals {D2S358-D2S292 and D2S337-
D2S147).D2S147). The latter two intervals harbored the genes for REL, MAD and TGFa, that 
weree not amplified in cell line IMR32. Therefore the three intervals encompassed the 
entiree amplified region. For the genes and ESTs mapping in this 30.36 cR region, we 
determinedd the corresponding SAGE tags using software developed in our 
departmentss (Caron et al, in prep). These tags were linked to the expression data 
fromm the IMR32 SAGE library. This enabled us to develop an expression profile of 
thee amplified region. This profile was compared to 4 other neuroblastoma SAGE 
librariess with a total of 120,000 tags established in our lab (Boon et al., in prep; 
Caronn et al., in prep). In addition, we compared the expression profile of IMR32 to 
thee tag frequencies in the SAGE libraries from the NCBI-CGAP databases 
(http://www.ncbi.nlm.nih.gov/SAGE/).. An example of such an analysis is shown in 
Figuree 2. To increase the power of this analysis, we combined all SAGE tag libraries 
off the same tumor type (see material and methods). For example, the combined 
colonn tumor library counts 339,378 tags, and was derived from 6 individual libraries, 
Thiss way, the SAGE expression profile of 114 genes and ESTs covering the 
ampliconn was analysed. Their expression levels (normalized per 10,000 tags) are 
indicatedd by the colored bars in Figure 2. About 50% of the genes were expressed in 
onee or more libraries. In general, the expression levels were quite similar. One gene 
showedd an interesting expression pattern. The MEIS1 gene was represented with 
threee tags per 10,000 in the IMR32 library. In the other neuroblastoma SAGE 
libraries,, 1 tag was expressed. We found 4 tags on a total of 213,163 tags in the 
combinedd ovary tumor library and 1 tag on a total of 319,501 tags in the combined 
brainn tumor library. No expression was found in any of the additional NCBI-CGAP 
librariess with a total of >2,000,000 tags. With only 10,000 tags sequenced from the 

Figuree 2 (right page): SAGE analysis of the 2p15 amplicon of IMR32. A chromosomal region of 30 cR 
wass analyzed for expression in a SAGE library of IMR32. This was compared to combined SAGE tag 
librariess from colon (total=339,378 tags), brain (total=319,501 tags), breast (total=66,598 tags) and 
ovaryy tumors (total=213,163 tags). The light and dark grey bars indicate the expression levels of the 
tagss in these libraries, normalized to the frequency per 10,000 tags. The MEIS1 gene is represented 
byy three tags in IMR32 whereas little or no expression was found in any of the other SAGE libraries. 
Mostt other genes show a similar expression pattern amongst the different libraries. Genes expressed 
att low frequencies are less likely to be represented in IMR32, as only 10,000 tags were sequenced 
fromm this library. The figure depicts a region of 26 cR, encompassing the entire amplified region from 
IMR32. . 
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IMR322 library, this cell line appeared to display a relatively high amount of tags for 
thee MEIS1 gene. 
MEIS1MEIS1 encodes a transcription factor that binds to HOXA9 and PBX proteins and 
functionss as an oncogene in murine leukemia. We therefore analyzed MEIS1 copy 
numberr in IMR32. Southern blot analysis revealed that MEIS1 was highly amplified 
inn cell line IMR32 (Figure 3). 

MEIS1MEIS1 > 

controlcontrol > 

Figuree 3: Southern blot analysis reveals 
thatt the MEIS1 gene is amplified in 
IMR32.. A probe from chromosome 1 was 
usedd as a control for loading of DNA. 
AMC1066 and SK-N-Fi are two 
neuroblastomaa cell lines, control is 
lymphocytee DNA of a healthy donor. 

MEIS11 is highl y expresse d in neuroblastom a tumor s and cel l lines . 
Too determine the expression level of MEIS1 we hybridized a Northern blot containing 
RNAA of 24 neuroblastoma and 4 PNET (Peripheral Neuro Ectodermal Tumor) cell 
liness and a Wilm's tumor and melanoma cell line (Figure 4). IMR32 displayed a high 

Q.. 2 X 
<< IT) CJ 

PNET T 

! ! 
O-- O 

MYCNN single copy MYCNN amplified 

zz z 
:££ si 
COO CO 

II  J- X 5 ^ 
COO O 3 < CO 
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Figuree 4: MEIS1 and PBX7 expression in neuroblastoma cell lines. Northern blots were loaded with 
totall RNA from 24 neuroblastoma cell lines, 6 PNET (peripheral neural ectodermal tumor) cell lines, a 
Wilm'ss tumor (AP10) and a melanoma cell line (518A2). The blot was hybridized with probes for 
MEIS1MEIS1 and PBX1. The 18S band of the EtBr stained blot gel is shown as control for quantification. 

expressionn of the MEIS1 gene. MEIS1 is also highly expressed in several other eel 
liness (SK-N-MC, SJNB-8, LAN5 and SJNB-10). 
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Neuroblastomaa cell lines are usually established from stage IV neuroblastomas. To 
studyy the expression level in other stages, MEIS1 was hybridized to a Northern blot 
withh RNA from 22 neuroblastomas of all stages (Figure 5). Five tumor samples 
showedd high MEIS1 expression and 12 tumors had a moderate expression. No 
correlationn with tumor stage was found (for staging of analyzed tumors see material 
andd methods). These data suggest a role for the gene in a large subset of 
neuroblastomas.. We also checked for expression in a brain tumor cell line and two 
colonn tumor cell lines (Figure 5). SAGE libraries of these three cell lines were part of 
thee combined SAGE libraries of colon and brain in this analysis. The cell lines 
showedd no expression of MEIS1, in line with data obtained from the SAGE analysis 
(Figuree 2). 

MYCNN single copy MYCN amplified cell lines 

Figuree 5: Northern blot analysis of MEIS1 expression in 22 fresh neuroblastoma tumor samples. 
Shownn on the right are 2 colon tumor cell lines (HCT116 and SW837) and a cell line from a brain 
tumorr (H392). These cell lines show no MEIS1 expression, in line with the SAGE libraries that were 
establishedd from these cell lines (Lai etal., 1999). Tumors N198, N49 and N406 have low copy 
MYCNMYCN amplification (3-10 copies), other MYCN amplified tumors have >10 copies. 

Too analyze whether the high MEIS1 expression in the neuroblastoma cell lines and 
tumorss was caused by MEIS1 amplification, we analyzed the cell lines and 205 
neuroblastomaa tumors by Southern blot. No further amplifications were found. This 
suggestss that MEIS1 expression in cell lines and tumors is likely to be activated by 
otherr mechanisms. 
Thee MEIS1 protein binds to PBX1 which is necessary for both translocation of PBX1 
too the nucleus and transcription activation of target genes (Pai et al., 1998). To 
determinee whether this pathway is active in neuroblastoma, we hybridized the 
Northernn blot used for analysis of MEIS1 expression with a probe for PBX1. This 
revealedd that the PBX1 gene was expressed in most neuroblastoma cell lines 
(Figuree 4). Therefore, overexpression of MEIS1 may enhance PBX translocation to 
thee nucleus and target gene activation by MEIS-PBX-HOX complexes. 
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Discussio n n 

Inn this paper we describe the serendipitous cloning of an amplified chromosome 2 
sequencee in cell line IMR32, due to a weak sequence homology to one of our 
chromosomee 1p36 probes. The data from our study confirm previous evidence for a 
secondd region of amplification on chromosome 2p15 in cell line IMR32, proximal to 
thee MYCN amplicon at 2p24-25 (Shiloh et ai, 1985). The clone mapped on the 
Radiationn Hybrid Map between markers D2S147 and D2S358 at 209 cR from the top 
off chromosome 2 and approximately 153 cR proximal from the MYCN locus. As 
REL,REL, MAD and TGFa are not amplified, the amplicon was limited to a region 
betweenn 193 cR and 219 cR from top of chromosome 2. 
Analysiss of the structural organization of the MYCN amplicon showed that the HSR 
iss organized as tandem repeats of amplicons (Akiyama ef ai, 1994). FISH analysis 
revealedd that the 2p15 region of amplification was part of the same HSR as the 
MYCNN amplicon. The clone that we used for FISH analysis was evenly distributed 
overr the HSR. These amplified sequences are usually manifested as double minutes 
(DMs)) before forming a HSR. The amplified sequence from the 2p15 region 
probablyy has developed as an independent event. If so, DMs of the 2p15 amplicon 
andd the MYCN amplicon may have recombined before integration in chromosome 
11 p and the forming of an HSR. 
SAGEE analysis of a 30 cR region spanning the amplicon was used to identify genes 
affectedd by the amplification. The MEIS1 gene was represented by three tags in the 
IMR322 SAGE library compared to little or no expression among over 2,000,000 tags 
fromm the SAGE libraries in the CGAP databases. The gene was amplified in IMR32 
andd Northern blot analysis confirmed a relatively high expression level of the MEIS1 
genee in this cell line. This is, to our knowledge, the first example of the identification 
off an amplified oncogene using high throughput mRNA profiling. 
Wee found no evidence for other cases of MEIS1 amplification in a series of 205 
neuroblastomaa tumors and 24 cell lines. However, Northern blot analysis revealed 
thatt MEIS1 is weakly expressed in about half of the samples and highly expressed 
inn about 25% of the cases. As MEIS1 expression is much lower in other human 
tissuess analyzed by SAGE, the high expression in neuroblastoma suggest a role for 
thiss gene in normal development of neuroblasts. Amplification as found in IMR32 is 
onee of the means to induce overexpression and suggests a role of MEIS1 in 
neuroblastomaa pathogenesis (Worsley et at., 1997). Functional studies are required 
too establish the possible role of MEIS1 in this tumor. 
Thee MEIS1 gene was originally identified as a target for retroviral insertions in 
myeloidd leukemia in mice (Moskow et ai, 1995). Many leukemias with MEIS1 
activationn also showed retroviral activation of HOXA9 suggesting a cooperation 
betweenn the two proteins in tumor induction (Nakamura et ai, 1996). The 
homeodomainn of MEIS1 is most closely related to those of the PBX family of 
homeoboxx protein-encoding genes. The MEIS1 protein forms a trimeric complex 
withh PBX1 and HOXA9, which is essential for binding to consensus DNA targets 
(Shenn et ai, 1999). Both PBX1 and HOXA9 are implicated in human leukemic 
transformation.. The PBX1 gene is a target of a t(1:19) translocation in pre-B acute 
lymphoblastoidd leukemias where it fuses to the E2A gene (Kamps et ai., 1990). 
HOXA9HOXA9 is fused to NUP98 by a t(7:11) translocation in human myeloid leukemia 
(Borroww et ai, 1996). HOXA9 and MEIS1 are co-expressed in human myeloid 
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leukemiass (Lawrence et al., 1999). High expression of these genes in AML was 
suggestedd to result from a disturbance of the developmentally controlled down-
regulation.. The finding that MEIS1 is amplified and overexpressed in neuroblastoma 
iss the first indication that this gene may play a role in this tumor. 
HOXHOX gene expression has been found in human neuroblastoma (Peverali et al., 
1990).. We found that also PBX is expressed in most cell lines, indicating that this 
pathwayy is active in neuroblastoma. Drosophila genetics has provided more insight 
inn the interaction of these genes and their role in embryogenesis. The Drosophila 
homologuess of PBX and MEIS are extradenticle (Exd) and homothorax (Hth) 
respectively.. Exd is active only in regions of the embryo where the product is located 
too the nucleus (Gonzalez-Crespo and Morata, 1995;Rauskolb et a/., 1995). 
Homothoraxx was found to be essential for translocation of Exd to the nucleus 
(Rieckhoff et a/., 1997;Pai era/., 1998). Therefore, Homothorax is responsible for 
nuclearr translocation of Exd as well as transcription activation of HOX-Exd-Hth 
complexes.. Also in mice, nuclear localization of PBX depends on complex formation 
withh MEIS1 proteins (Berthelsen et a/., 1999). 
Thee high MEIS1 expression in many neuroblastomas may be induced by other 
embryonall control genes. MEIS1 is mainly expressed during embryonal 
developmentt (Nakamura et a/., 1996). In Drosophila leg development, homothorax 
expressionn was shown to be restricted by Distal-less (Dll) {Abu-Shaar and Mann, 
1998;Gonzalez-Crespoo et at., 1998). Dll in turn is induced by Wingless (Wg). In 
addition,, Wg may regulate homothorax independently of Dll, indicating involvement 
off other repressors (Wu and Cohen, 1999). The overexpression of MEIS1 that we 
foundd may therefore be caused by defects in Distal-less or Wingless signalling. Both 
thee mammalian and the amphioxus homologues of distal-less (Dlx) have been 
implicatedd in neural patterning (Anderson ef a/., 1997a;Anderson et a/., 
1997b;Hollandd et al., 1996). Defects in the Distal-less/MEIS pathway may therefore 
resultt in aberrant neural differentiation. 
Inn conclusion, the high expression level of the MEIS1 gene in neuroblastoma and 
thee absence of expression in many other tissues indicates a role for MEIS1 in 
normall embryonic neuroblast development. Since MEIS1 is part of a complex 
pathwayy of homologues of Drosophila morphogenetic proteins and mammalial 
developmentall control genes, this finding provides new clues to understand normal 
differentiationn of neuroblasts and neural crest derived cells. The role of MEIS1 in 
murinee leukaemias and its amplification in IMR32 suggest that MEIS1 may play a 
causativee role in neuroblastoma pathogenesis. 

Materia ll  and method s 

Celll  line s 
IMR322 was cultured in Dulbecco modified Eagle medium (DMEM) supplemented 
withh 10% fetal calf serum, 20 mM L-glutamine, 10 U/ml penicillin and 10 ^g/ml 
streptomycin.. Cells were maintained at C under 5% C02 . For primary references 
celll lines see Cheng et al., 1995 (Cheng era/., 1995). 
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Souther nn blo t analysi s 
DNAA was digested to completion with a restriction endonuclease and separated on a 
0.8%% agarose gel in 1XTBE. The fragments were transferred to Hybond-isffilters 
(Amersham)) by the standard alkaline blotting method. DNA probes were 32P labeled 
byy the random primer method. Filters were hybridized for 16 hours at C in 0.5 M 
Na2HP04.. pH 6.8, 7% SDS, 1mM EDTA and 50 \xgfm\ herring sperm DNA. 

FISHH analysi s 
FISHH analysis was performed as described elsewhere (Van Roy etal., 1993). 

Sequenc ee analysi s and radiatio n hybri d mappin g 
Forr sequence analysis the IMR32-V1 probe was cloned into plasmid PBS-SK, the 
insertt was amplified and sequenced with M13 universal and reverse primers. 
Sequencee reactions were performed with the ABI PRISM™ Dye Terminator cycle 
sequencee ready reaction kit (Perkin Elmer) and run on an ABI 377. From the 
sequencee of probe IMR32-V1 {accession nr. AZ081511) we designed oligo 534 (5'-
tctcctgcctgcataatg-3')) and oligo 535 (5'-caagccctctggcttata-3'). 
RHH mapping was performed on the Genebridge 4 radiation Hybrid panel (Walter et 

al.,al., 1994) distributed by Research Genetics, inc. Results were mapped on the 
Genemapp '99 using the Genemap server at the Sanger center at 
http://www.sanger.ac.uk/RHserver/RHserver.shtml. . 

Norther nn blo t analysi s 
Totall cellular RNA was isolated by the LiCI-ureum method (Auffray and Rougeon, 
1980).. 15 ^g of RNA was electrophoresed through a 1% agarose gel containing 
6.7%% formaldehyde and blotted on Hybond nylon membrane in 16.9x SSC and 5.7% 
formaldehyde.. Hybridization and washing conditions were the same as described for 
Southernn blot analysis. 
Thee tumor samples used for Northern blot analysis were staged according to Evans 
ett al. (Evans etal., 1971). Tumor stages are: N52, stage IVs; N186, stage IV; N99, 
stagee II; N225, stage Ivs; N68, stage III; N160, stage IV, N407, stage IV; N415, 
stagee IV; N179, stage III; N198, stage IVs; N49, stage IV; N406, stage IV; N36, 
stagee II; N40, stage III; N159, stage IV; N194, stage IV; N418, stage IV; N106, stage 
IV;; N107, stage IV; N410, stage IV; N442, stage IV; N458, stage IV. 

Analysi ss  of the SAGE expressio n data 
SAGEE libraries of the neuroblastoma cell lines and tumors were established as 
describedd previously (Velculescu ef al., 1995). To obtain an expression profile of the 
ampliconn of IMR32, we used software developed in our department (Caron et al., in 
prep).. In short, the software extracted reliable 3' SAGE tags from sequences and 
linkedd these to NCBI CGAP SAGE libraries (Lai et al., 1999) to obtain an expression 
profilee of any chromosomal region. The MEIS1 gene has three different transcripts 
causedd by alternative splicing of the gene. Therefore, three reliable 3' tags were 
obtainedd (CATACAAGAT , TGTGTATTTT and CCAACTCATA), which were used for 
expressionn analysis. To increase the power of this analysis, tag counts of tumors 
originatingg from the same tissue type were combined to a single library. These 
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combinedd tag libraries were: colon tumor: CaCo2, HCT116, RKO, SW837, TU102, 
TU98;; brain tumor: GBM H1110, DUKE H392, pooled GBM, DUKE 757, DUKE 
H341,, DUKE MHH-1, H1126; ovary tumor: ES2-1, OV1063-3, OVCA432-2, OVT6, 
OVT8,, OVP5, OVT7; breast tumor: MDA453, SKBR3, DCIS. 
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Neuroblastomaa is an embryonal tumor originating from neural crest derived cells. 
Thee tumor displays biological heterogeneous behavior ranging from swift and fatal 
progressionn to the spontaneous regression of tumor cells. Common genetic 
aberrationss of neuroblastoma are deletion of the short arm of chromosome 1 (1p36) 
andd amplification of the MYCN oncogene. We confirmed evidence for two distinct 
tumorr suppressor loci on chromosome 1p: a distal (1p36.3) imprinted suppressor 
implicatedimplicated in MYCN single copy neuroblastomas and a proximal (1p36.1), non-
imprintedd suppressor consistently deleted in MYCN amplified neuroblastomas 
(Chapterr 2). The 1p36.1 tumor suppressor locus consistently deleted in MYCN 
amplifiedd neuroblastomas has been the focus of this thesis. 
Thee MYCN amplified cell line with the shortest 1p deletion is UHG-NP. The region 
1p36.11 to the telomere is deleted. We found no smaller or interstitial deletions in 
MYCNMYCN amplified cases in a series of over 225 neuroblastoma tumors and cell lines. 
Thereforee we hypothesized that a tumor suppressor gene involved in MYCN 
amplifiedd neuroblastomas maps just distal to the UHG-NP breakpoint. To analyze 
thiss region, we constructed a 5 Mb physical, genetic and radiation hybrid map 
spanningg the 1p deletion breakpoint of UHG-NP (Chapter3). 
Inn Chapter 4 we present a 600 Kb PAC contig spanning this deletion breakpoint. The 
regionn was screened for genes and aberrations. The AML2 gene mapped 200 kb 
distall to the UHG-NP breakpoint. We mapped two more neuroblastoma specific 
aberrationss within a 300 kb region upstream of the AML2 gene, close to the UHG-
NPP breakpoint. AML2 is a transcription factor that belongs to the Drosophila runt 
domainn family of transcription factors. Two other family members, AML1 and AML3 
aree involved in liver hematopoiesis and osteoblast differentiation respectively. AML1 
iss translocated in human leukemia. AML2 is therefore an interesting candidate for 
thee MYCN associated tumor suppressor locus. The aberrations we found upstream 
off AML2 clustered within a 300 kb region may have affected upstream regulatory 
elementss of the gene. Alternatively, they may have targeted an unidentified gene 
mappingg between AML2 and the breakpoint of UHG-NP. 
Ass the 1p deletions in neuroblastoma are large and always extend to the telomere, it 
iss difficult to pinpoint the specific region for positional cloning experiments. It is likely 
thatt several genes mapping on 1p act in concert towards tumor progression. To 
analyzee this possibility, we made use of high throughput mRNA analysis. SAGE 
(seriall analysis of gene expression) provides an integral expression profile of all 
geness in a cell or tissue. We utilized the neuroblastoma SAGE libraries available in 
ourr lab in combination with SAGE libraries from the CGAP databases. The Human 
Transcriptomee Map developed in our department integrates SAGE expression data 
withh mapping information of the Human Genemap '99. In Chapter 5 we used the 
Humann Transcriptome Map to perform an integral gene expression study of 
chromosomee 1p35-36. The expression profiles of SAGE libraries with and without 
LOHH of 1p were compared. In addition we used SAGE expression profiles of a 
MYCNMYCN transfected cell line and a control transfected cell line to identify possible 
MYCNMYCN target genes on 1p. Differentially expressed genes were further analyzed for 
expressionn in a large series of neuroblastoma tumors and cell lines. Three 
candidatess have an expression profile that warrants further analysis of their role in 
neuroblastomaa pathogenesis. Two genes are probably a target of MYCN 
downregulation,, one is upregulated by MYCN. 

123 3 



Summary Summary 

Inn Chapter 6 we describe the serendipitous cloning of a chromosome 2p15 amplified 
sequencee in cell line IMR32. To detect whether the amplification targeted an 
oncogenee in IMR32, we utilized a SAGE library of IMR32. The expression profile of 
aa 30 cR region spanning the amplicon was compared to other SAGE libraries. The 
MEIS11 oncogene turned out to be amplified and overexpressed in IMR32. Although 
MEIS11 DNA amplification was restricted to this cell line, we found a similar high 
expressionn level of the gene in about 25% of neuroblastoma tumors and cell lines 
tested.. The MEIS1 gene is a target for retroviral insertions in myeloid leukemia in 
mice.. MEIS1 form a complex with PBX1 and HOXA9 proteins. Both PBX1 and 
HOXA99 are implicated in leukemic transformation in humans. The finding that 
MEIS11 is amplified and overexpressed in neuroblastoma is the first indication for a 
rolee of this gene in human cancer. 
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Hett neuroblastoom is een kindertumor die ontstaat uit voorloper cellen van het 
sympathischee zenuwstelsel. Het biologische en klinische gedrag van de tumor loopt 
zeerr uiteen. In sommige gevallen verdwijnt een uitgezaaid neuroblastoom vanzelf 
zonderr veel therapie. Bij andere patiënten is een uitgezaaid neuroblastoom niet te 
genezen,, ondanks zeer intensieve therapie. Door dit heterogene ziekteverloop is het 
belangrijkk inzicht te verkrijgen in de genetische veranderingen die leiden tot het 
ontstaann van de tumor. Hierdoor kan een betere diagnose en behandeling van de 
tumorr verkregen worden. Veel voorkomende genetische afwijkingen van 
neuroblastomenn zijn verlies van de korte arm van chromosoom 1 (1p36) en 
amplificatiee van het MYCN oncogen. Beide afwijkingen correleren met een agressief 
gedragg van de tumor. In het eerste gedeelte van dit proefschrift hebben we verdere 
aanwijzingenn gevonden dat de chromosoom 1p36 regio tenminste twee tumor 
suppressorr genen bevat. Een distaal, geimprint locus (1p36.3) is betrokken bij het 
ontstaann van tumoren met een normaal aantal kopieën van het MYCN oncogen. 
Eenn meer proximaal (1p36.1) tumor suppressor locus is gedeleteerd in MYCN 
geamplificeerdee tumoren, en is niet geimprint. Dit tweede tumor suppressor locus is 
dee focus van dit proefschrift geweest. 
Dee MYCN geamplificeerde cellijn met de kortste deletie is UHG-NP. De regio vanaf 
1p36.11 tot aan het telomeer is gedeleteerd. Wij hebben geen kortere noch 
interstitiëlee deleties van 1p in MYCN geamplificeerde tumoren gevonden in een 
seriee van totaal 225 neuroblastoom tumoren en cellijnen. Dit leidde tot de hypothese 
datt een tumor suppressor locus betrokken bij MYCN geamplificeerde tumoren net 
distaall van het 1p breukpunt van cellijn UHG-NP ligt. Om deze regio te analyseren 
hebbenn we een 5 Mb fysische, genetische en radiation hybrid kaart gemaakt die het 
breukpuntt van UHG-NP overspant {Hoofdstuk 3). 
Inn hoofdstuk 4 wordt een 600 Kb PAC contig van dit 1p breukpunt beschreven. Deze 
regioo is gescreend voor de aanwezigheid van kandidaat tumor suppressor genen en 
kleinee tumor specifieke genetische afwijkingen. Het AML2 gen lag 200 Kb distaal 
vann het UHG-NP breukpunt. Twee tumor specifieke afwijkingen lagen in de 300 Kb 
regioo voor het AML2 gen, vlakbij het UHG-NP breukpunt. AML2 is een transcriptie 
factorr dat behoort tot de Drosophila runt domein familie van transcriptie regulatoren. 
Tweee andere leden van deze genfamilie, AML1 en AML3 zijn respectievelijk 
betrokkenn bij lever hematopoiese en bot differentiatie. Het AML1 gen is 
getransloceerdd in humane leukemiën. AML2 is hierdoor een interessante kandidaat 
voorr het MYCN geassocieerde tumor suppressor gen. De afwijkingen die we 
gevondenn in de 300 Kb regio voor het gen kunnen regulatorische elementen van het 
genn geraakt hebben. Maar ze kunnen natuurlijk ook effect hebben op een nog 
ongeïdentificeerdd gen in dit gebied. Verder onderzoek is nodig of het AML2 gen 
inderdaadd een rol speelt in neuroblastomen. 
Omdatt de 1p deleties in neuroblastomen altijd lang zijn en tot aan het telomeer 
lopen,, is het moeilijk om de exacte locatie van het tumor suppressor gen te bepalen. 
Hett lijkt erop dat het verlies van een combinatie van meerdere genen op 1p tumor 
progressiee bepalen. Om deze mogelijkheid te analyseren hebben we gebruik 
gemaaktt van nieuwe technieken die voortkomen uit het Humane Genoom Project. 
SAGEE (serial analysis of gene expression) is een techniek die het mogelijk maakt 
omm een integraal expressie profiel van alle genen in een cel of weefsel te maken. 
Wee hebben gebruik gemaakt van de SAGE databases die door ons lab zijn gemaakt 
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inn combinatie met SAGE banken van de NCBI-CGAP databases. De Human 
Transcriptomee Map ontwikkeld in ons lab integreert de SAGE expressie data met de 
informatiee van de Human GeneMap '99. In hoofdstuk 5 hebben we gebruik gemaakt 
vann de Human Transcriptome Map om een integrale genexpressie studie van alle 
genenn in de chromosoom 1p35-36 regio uit te voeren. De expressie profielen van 
SAGEE banken van neuroblastoma cellijnen en tumoren met en zonder 1p verlies 
werdenn vergeleken. Ook gebruikten we SAGE expressie profielen van een MYCN 
getransfecteerdee cellijn en een controle getransfecteerde cellijn om mogelijke MYCN 
targett genen op 1p te identificeren. Genen met differentiële expressie werden verder 
geanalyseerdd voor hun mogelijke rol in neuroblastoma. 
Inn hoofdstuk 6 beschrijven we de klonering van een chromosoom 2p15 
geamplificeerdee sequentie in cellijn IMR32. Om te bepalen of deze amplificatie 
expressiee van een oncogen beïnvloedde, hebben we gebruik gemaakt van een 
SAGEE bank van IMR32. Het expressie profiel van een 30 cR regio die de 
amplificatiee overspant werd vergeleken met andere SAGE banken. Het MEIS1 
oncogenn was geamplificeerd en kwam tot overexpressie in IMR32. Hoewel MEIS1 
DNAA amplificatie alleen in deze cellijn gevonden werd, werd een vergelijkbaar hoge 
expressiee van het gen in 25% van de neuroblastoma tumoren en cellijnen 
gevonden.. Het MEIS1 gen is een target voor retrovirale inserties in myeloide 
leukemiee in muizen. MEIS1 eiwit vorm een complex met de PBX1 en HOXA9 
eiwitten.. Zowel PBX1 als HOXA9 zijn betrokken bij leukemiën in mensen. De vinding 
datt MEIS1 geamplificeerd is en tot overexpressie komt in neuroblastoma is de 
eerstee indicatie voor een rol van dit gen in humane kanker. 
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BMP: : 

cR: : 

cM: : 

EST: : 

FISH: : 

GGF: : 

HSR: : 

INSS: : 

Kb: : 

LOH: : 

Mb: : 

PAC: : 

PCR: : 

PFGE: : 

RH: : 

SAGE: : 

SRO: : 

STS: : 

TGF-p: : 

YAC: : 

bonee morphogenetic protein 

centi-ray y 

centi-morgan n 

expressedd sequence tag 

fluorescentt in situ hybridization 

gliall growth factor 

homogeneouslyy staining region 

internationall neuroblastoma staging system 

kilobase e 

losss of heterozygosity 

megabase e 

P11 artificial clone 

polymerasee chain reaction 

pulsedd field gel electrophoresis 

radiationn hybrid 

seriall analysis of gene expression 

shortestt region of overlap 

sequencee tagged site 

transformingg growth factor (5 

yeastt artificial clone 
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Enn dan nu mijn laatste taak als hoofdredactrice van de privé genetics: het 
dankwoord. . 
Allereerstt zijn daar natuurlijk de promotoren. Andries, bedankt dat ik 4 1/2 jaar bij de 
vakgroepp Anthropogenetica mocht werken. Tom, jouw steun in de laatste maanden 
heeftt een hoop vergemakkelijkt, bedankt! Rogier, ondanks dat we elkaar wel eens in 
dee haren zijn gevlogen (daar had ik er gelukkig meer van) denk ik dat ik geen betere 
begeleiderr had kunnen wensen. Je enthousiasme voor het onderzoek is zeer 
inspirerendd (ok, soms frustrerend) en het spijt me dan ook dat ik het chromosoom 1 
raadsell niet heb kunnen oplossen. Je uitbeelding van buikdanseres is onvergetelijk 
enn de uitspraak "zukkuh blokkuh hasj" zal nog lang doorklinken op het AMC! Succes 
mett de Nature papers in de toekomst. Alle collegas bedankt voor de gezelligheid en 
dee steun. En dan in het bijzonder Mirjam (strakke billuh & brosrepen....) en Alvin (je 
kann niets fout doen op een UNIX processor...). Linda, you've got the job! Succes... 
Collega-aio'ss Marc, Vera en Maaike: succes & veel strekte! Huib, dansend op de 
tafel:: onvergetelijk! En natuurlijk de studenten Dirk en Merel, die een behoorlijk 
steentjee hebben bijgedragen. En het vaste onderdeel van het gouden trio, Peter. 
Joop,, drie bier, hik, flashbacks, goldstrike. De tijd met jou was echt te gek en niet 
evenn samen te vatten, maar dat hoef ik jou niet uit te leggen. Hik, gesellig! 
Enn dan is er natuurlijk de bioinformatica groep. Antoine, Merlijn, Barbera; naast heel 
veelveel gezelligheid ook bedankt voor alle computer hulp! Barbera; ik denk niet dat ik 
ooitt nog een kamergenote met zo'n goeie muziek smaak zal krijgen! Dit proefschrift 
wass ook nooit gelukt zonder de mannen van de fotografie, en natuurlijk vooral Eelco. 
Jee hebt zoveel gedaan, dat kan ik niet even opschrijven, "je bent GEWELDIG!!" 
Enn dan het thuisfront. Tja het kluppie van de Zaak he! "Nog eentje dan, maar dit is 
echtt de laatste!" Paultje, ik zal voorlopig mijn middlename "klaag" maar even 
schrappenn en me bezig houden met "hip", of was het nou "hik"? Richard, heeeeee! 
ergg bedankt dat je mijn paranimf wil zijn, maar laat dat oorlogsverleden maar thuis. 
Peter,, ontzettend bedankt voor de kaft (is ie af?). Harriet, altijd even bijroddelen, 
heerlijk!! Monique, Bart en Jeroen, altijd een luisterend oor en vooral goeie feesten! 
Nogg even naar Tivoli? En natuurlijk de rest: bedankt voor alles! 
Enn dan komen we langzaam aan bij de mensen die de dank het meeste verdienen. 
Mabel,, als ik zeg bedankt voor alles dekt het de lading totaal niet. Je bent een dikke 
vriendinn geworden en zonder jou had ik dit absoluut niet kunnen doen. Ik zal je 
missenn als collega maar ben er van overtuigd dat we elkaar blijven zien! 
Pap,, mam, ik laat het niet altijd merken maar ik ben blij dat jullie altijd achter me 
staan.. Pap, jouw adviezen zijn al heel vaak van pas gekomen, bedankt voor dat 
luisterendd oor en hopelijk mag ik daar in de toekomst nog veel gebruik van maken... 
Enn dan Peter, mijn lief. "I give you a kiss on the forehead and you know what that 
means!"" Gelukkig gaan we nu samen op reis en hoef ik je voorlopig niet meer te 
missen. . 
EnEn dan nu: Weekend en drie bier! Het is gelukt! Yessssssss 

Nicol e e 
128 8 




	Cover
	Titlepage
	Table of Contents
	Chapter 1 General Introduction
	Chapter 2 Chromosome 1p35-36 Contains 2 Distinct Neuroblastoma Tumor Suppressor Loci, One of Which is Imprinted.
	Chapter 3 An Integrated 5 Mb Physical, Genetic and Radiation Hybrid Map of a 1p36.1 Region Implicated in Neuroblastoma Pathogenesis
	Chapter 4 Three 1p36 rearrangements in neuroblastoma cluster within a 300 kb upstream region of AML2.
	Chapter 5 An integral gene expression profile of the 1p35-36 region involved in neuroblastoma
	Chapter 6 The MEIS1 oncogene is highly expressed in neuroblastoma and amplified in cell line IMR32.
	Summary
	Samenvatting
	Abbreviations
	Cover

