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Scientific report and 5-year future perspective 
 
Introduction 
The division is focused on two areas of active research. One, basic and translational aspects 
of the major pediatric solid cancer, neuroblastoma. And two, the FRAGILOME project, which 
aims at deciphering the set of genes at predetermined chromosome breakage sites (common 
fragile sites, cFS) of the human genome, define their functions and explore which of the 
genes can undergo genetic damage as the result of cFS activation and consequently 
contribute to tumorigenesis.  
 
Neuroblastoma is the most frequent single-entity solid cancer in young children. Over the 
last 20 years, research activities have tremendously increased worldwide, and 
neuroblastoma has become an increasingly attractive tumor model. Accordingly, the 
neuroblastoma community, as judged by the number of scientific publications, but also by the 
presence of scientists at bi-annual meetings on “Advances in Neuroblastoma Research” 
(http://www.anrmeeting.org/index.shtml) has grown from a small number to a large scientific 
community. In spite of the tremendous progress in understanding neuroblastoma 
development, the prognosis of patients, particularly those with advanced disease, has 
remained dire. The phenotype of spontaneous regression in a subset of approximately 10% 
of neuroblastomas is under vigorous investigation in our laboratory, as understanding the 
pathways leading to regression could be a point of departure for developing new anti-
neuroblastoma therapies. 
The attraction of numerous scientists to study neuroblastoma, which is considered a rare 
tumor, to large extent has been fueled by two principle discoveries. One, neuroblastoma had 
been the first tumor for which parallel (array) analysis had been used for mRNA expression 
profiling. And second, by using array profiling, the very first onco-genetic biomarker had been 
identified, the amplified MYCN gene, which today is in successful clinical use worldwide for 
neuroblastoma therapy design. In addition, extensive biochemical and molecular analyses by 
our group have demonstrated that the enhanced expression of the MYCN-protein, 
consequent to gene amplification, occupies a central role in the development of at least a 
subset of neuroblastomas. 
 
The Divison of Tumor Genetics is internationally well positioned as one of the leading groups 
on basic and translational aspects of neuroblastoma research. This is mainly documented by 
the highly-reviewed national and international research networks, which have been and are 
being coordinated by this Division. Additional strength has come from the close collaboration, 
with full spatial integration of laboratories, with the DKFZ-Children’s Clinic Heidelberg Clinical 
Cooperation Unit (G340; Head: Professor Olaf Witt) addressing neuroblastoma with 
emphasis on a translational perspective. 
 
Main achievements over the past 5 years include 
 

 Assembly of a diagnostic NB chip and introduction into the clinic. We have developed 
a designer diagnostic NB chip that significantly outperforms all currently used 
neuroblastoma risk stratification systems. From February 2008, this diagnostic NB chip 
has become part of the clinical German NB trial protocol and is currently included in a 
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feasibility study by the US FDA. To our knowledge this is the first gene expression-
profiling tool that has been integrated into a nationwide clinical cancer trial. 

 Molecular definition of spontaneous NB regression. We have established the first 
model of spontaneous NB regression, which is based on a low-level MYCN-protein 
function gain in NB cells. Based on this model, we are currently studying new 
therapeutic concepts using selective small compound inhibitors targeting defined 
MYCN oncogenic functions that are exclusively deregulated in high-risk 
neuroblastomas, such as MDM2, CDK4 and HDAC deregulation. 

 
 Dissection of MYCN and c-MYC function in NB tumorigenesis. We have identified 

several new candidates genes, such as SOXN, ATXN2, CTSD, SKP2, through which 
MYC proteins control the different cellular NB phenotypes. 

 
 Identification of CAMTA1 as a new tumor suppressor gene on chromosome 1p36. 

Allelic loss at distal 1p is a common feature of neuroblastomas and various other 
tumors. Ectopic induction of this gene inhibits features of aggressive cancer cells and 
induces neuronal differentiation. 

 
The FRAGILOME project has been started more recently. As a background information, the 
human genome contains approximately 120 predetermined DNA breakage regions, referred 
to as common fragile sites (cFS) that have been cytogenetically mapped to specific sites 
existing on basically all chromosomes. cFS should not be confused with rare FS (rFS), such 
a “fragile-X”, which in contrast to cFS do not involve DNA breakage. The rFS merely 
represent a constriction of a chromosomal region, consequent to abnormal expansion of 
trinucleotide repeats, and there is no evidence for their involvement in human malignancies. 
Activation of cFS, and thereby DNA breakage, can occur as the consequence of DNA-
replication stress, such as by certain chemicals, e.g. acting as DNA polymerase inhibitors. 
While DNA breaks can be repaired, this often involves a reduced fidelity with the 
consequence of persisting DNA changes. One major gross chromosomal alteration departing 
from cFS activation is DNA amplification, which is a major type of chromosomal change in 
cancer cells. Neuroblastoma provides the prototypic example for a role of amplification in 
tumorigenesis. From this it would follow that cFS should represent a productive source from 
which further insight into genomic changes in tumorigenesis can be derived. Little attention 
has been given in the past to identify which of the cytogenetically mapped cFS might 
encompass one or several genes that may be damaged consequent to cFS activation. 
However, it should be obvious that cFS represent risk regions in the human genome from 
which genomic damage preferentially can depart. 
The strategic aim of the FRAGILOME project is to systematically explore the genetic 
information of the repertoire of cFS, characterize the core regions of cFS DNA breaks, define 
persisting cFS gene damage and explore in which way the damaged genetic information 
might contribute to tumorigenesis. In perspective, it will be tested if such damaged genetic 
information could be used as a biomarker for clinical management or even as a therapeutic 
target. 
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Main achievements over the past 5 years include the 
 

 Establishment of a strategy for mapping cFS genes by a combination of FISH 
(using YAC and BAC probes) and by intelligent bioinformatics for gene 
identification. 

 
 Identification of the genomic architecture and informative content of close to 20 

previously  uncharacterized cFS. 
 
 Design of Fine Tiling CGH chips for exploring genomic damage of cFS genes in 

human tumor samples. 
 

 Documentation of the significance of cFS for oncogene amplification, 
determination of the origin of  MYCN amplification from cFS FRA2C. 

 
 Demonstration that haploinsufficiency of the breast cancer risk gene BRCA2 

results in a hypersensitivity to conditions that provoke replication stress, 
determination of breakage at cFS FRA9G in BRCA2-associated high risk breast 
cancer patients leading to disruption of the C9orf39 gene, with as yet unknown 
function. 
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Description of past and ongoing projects, 5-Year Future Directions 
 
1. Neuroblastoma 

 
1.1. NB diagnostic chip in the clinic 
Clinical courses of neuroblastomas are highly variable ranging from spontaneous regression 
to relentless progression. Accordingly, treatment intensities range from a wait-and-see 
strategy to intensive multimodality therapies making risk prediction at the time of diagnosis 
an important task. Current risk stratification systems that are based on clinical, 
histomorphological and genetic markers, including amplified MYCN oncogene and deletion 
of chromosome 1p material are still error prone, 
particularly for neuroblastomas that lack amplified 
MYCN oncogene. To develop a robust risk 
stratification tool based on gene expression data, 
all key genetic determinants dictating 
neuroblastoma phenotypes should be adequately 
represented on such a diagnostic tool. In a 
collaborative effort within the German Research 
Association for Neuroblastoma Targeted 
Therapies (GRANT funded by NGFN2), we have 
gathered gene expression data from a large set of neuroblastoma tumors using different 
high-throughput gene expression analysis tools: standard expression arrays, customized 
arrays based on subtractive cDNA libraries and SAGE libraries were used to define a 
comprehensive list of genes reflecting the expression repertoire of individual neuroblastoma 
phenotypes. In addition, transcripts mapping to frequently altered chromosomal regions were 
included. Based on this unique compilation of neuroblastoma phenotype-specific transcripts, 
we designed a customized microarray consisting of 10.163 oligos representing 8.155 
Unigene clusters and more than 2.000 newly designed probes for transcripts that were not 
covered by current “whole-genome” arrays. This diagnostic NB chip has been incorporated 
February 2008 into the clinical German NB trial protocol. Prior to this, we have 

 

 
Fig. 1: Diagnostic neuroblastoma chip. 
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retrospectively analyzed more than 250 primary neuroblastomas. In addition, a prospective 
study has been established that started October 2004 to further assess the validity of this NB 
chip. Together, results from these two studies clearly revealed that risk prediction using this 
NB chip outperforms all currently used risk stratification systems. 
Ongoing projects and future directions 
The enormous dataset generated from primary neuroblastomas reflecting the full spectrum of 
biological and clinical subtypes (current status: > 500 neuroblastomas, > 1000 profiles) is 
currently being evaluated by an FDA-initiated quality control network (MAQC2 project, 
http://edkb.fda.gov/MAQC/) with the aim of establishing robust standards for the transfer of 
high-throughput gene expression tools and classifiers into the clinic. To further evaluate the 
usefulness of the diagnostic NB chip as a risk stratification tool, we have collected additional 
neuroblastoma specimens from partners within the EU. For this and for the elucidation of 
shared altered molecular pathways in embryonal tumors, we have set up the EET- 
(European Embryonal Tumor) Pipeline consortium, funded by the Sixth Framework Program 
of the EU. 
 
1.2. Spontaneous NB Regression: A Goldmine for New Therapeutic Concepts 
Spontaneous regression of metastatic neuroblastoma disease occurs in approximately 10% 
of neuroblastomas (stage 4s MYCN non-amplified tumors). By analyzing spontaneous 
regressing as well as progressing tumors at the 
mRNA and DNA level using different high-
throughput technologies, we established the first 
model of spontaneous neuroblastoma 
regression in stage 4s neuroblastomas that is 
based on a low-level function gain of the MYCN 
oncoprotein. In contrast, progressing 
neuroblastomas showed highly deregulated 
activity of either MYCN or c-MYC. Based on this 
findings, we designed new therapeutic concepts 
that use selective small compound inhibitors 
targeting defined MYCN/c-MYC functions that 
are exclusively deregulated in high-risk neuro-
blastomas, such as MDM2 and CDK4 activation. 
Furthermore, to identify small compounds that 
inhibit MYCN/c-MYC functions in high-risk 
neuroblastomas, we searched for drugs that 
suppresses the gene expression signature 
triggered by highly deregulated MYCN or c-
MYC. Several HDAC inhibitors were among the 
top-ranked drugs suppressing the MYCN/c-
MYC-regulated gene expression signature in 
neuroblastoma cells in vitro. With the toxine of the fungus Helminthosporum carbonum (HC-
Toxin), we identified an HDAC-inhibitor leading to induction of differentiation, inhibition of 
proliferation and cell cycle, as well as induction of apoptosis in neuroblastoma cells (including 
MYCN-amplified cells) at nanomolar concentrations. Most intriguingly, the novel drug has no 
effects on proliferation, morphology or apoptosis of normal fibroblasts in this concentration 

 
Fig. 2: Gene expression profiling distinguishes 
progressing and regressing neuroblastomas. 
Regressing stage 4s tumors are marked in yellow 
(disease stage) within the low-risk group (green). 
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range. We therefore anticipated a tumor-selective effect and protected the HC-Toxin by a 
patent (PCT/EP2007/061206). 
 
Ongoing projects and future directions 
Ongoing and future work focuses on the translation of these new therapeutic concepts into 
the clinic. Prior to this, extensive in vivo testing using NB mouse models will be performed 
(funded by NGFNPlus). 
 
1.3. Dissecting MYCN and c-MYC functions in tumorigenesis and in neuroblastoma-
initiating (stem) cells 
Enhanced activity of MYC transcription factors, such as MYCN and c-MYC, contributes to 
almost every aspect of tumor formation: unrestricted cell proliferation, inhibition of 
differentiation, cell growth, angiogenesis, reduced cell adhesion, metastasis, and genomic 
instability. In line with this, MYC proteins are thought to play a crucial role in cancer-initiating 
(stem) cells. In contrast, MYC proteins also sensitize cells for apoptosis, a function that 
should inhibit tumor formation. The full spectrum of target genes through which MYC 
transcription factors mediate these 
contrasting functions is still unclear. We 
have used different functional approaches 
to elucidate pro-tumorigenic or pro-
apoptotic MYCN and c-MYC functions in 
neuroblastoma cells. (1) A function-based 
gene cloning approach based on the 
“Technical Knock Out” (TKO) strategy was 
used to identify death-associated genes 
due to their inactivation by antisense RNAs 
expressed from an episomal cDNA library. 
Using this approach and validated by 
siRNA technology, we established SOXN 
and ATXN2 as new candidate genes 
through which MYCN controls pro-
apoptotic activities in neuroblastoma cells. 
As a pro-survival signal in chemo-resistant 
neuroblastoma cells with deregulated 
MYCN, we identified CTSD, a new target of 
MYCN in neuroblastoma cells. (2) In 
addition, we used a reverse genomics 
approach to identify pro-tumorigenic 
functions of MYCN and c-MYC in 
neuroblastoma cells. For this, we 
generated gene expression profiles from a neuroblastoma culture model that allows 
conditional activation of either MYCN or c-MYC to define MYCN/c-MYC oncogenic 
signatures. Mapping these oncogenic signatures from the in vitro system to gene expression 
profiles of primary neuroblastomas, we identified Skp2, the SCF ubiquitin ligase controlling 
p27 functions, as a crucial downstream component of deregulated MYCN/c-MYC in high-risk 
neuroblastomas. 

 
Fig. 3: Binding of MYCN protein to the CDK4 promoter in 
MYCN amplified neuroblastoma cells (Kelly) as measured 
by Chromatin Immunoprecipitation (ChIP)-chip. Different 
epigenetic marks associated with active transcription 
(H3K4me3), elongation (H3K36me3), and repression 
(H3K27me3) allow for the distinction of actively 
transcribed and repressed genes. 
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Ongoing projects and future directions  
Current projects use Chromatin Immunoprecipitation (ChIP-chip as well as ChIP-sequencing) 
to further dissect MYCN and c-MYC functions in neuroblastoma cells from different 
neuroblastoma subtypes, including neuroblastoma-initiating (stem) cells. MYCN- and c-MYC 
binding to target gene promoters is analyzed in different cell types together with epigenetic 
markers that allow the distinction between activated and repressed genes. Within the EET 
(European Embryonal Tumor) Pipeline consortium funded by the EU, we are also analyzing 
MYCN and c-MYC functions in other embryonal tumors. In addition, our functional 
approaches to dissect MYCN/c-MYC functions will be further expanded to a whole genome 
siRNA screen for neuroblastoma disease-relevant genes using reverse transfections on cell 
arrays, funded by the NGFNPlus. 
 
1.4. CAMTA1, a new tumor suppressor gene on chromosome 1p36 
Allelic loss at distal 1p is a common feature of neuroblastomas and various other tumors, and 
it is widely assumed that this region harbors genetic information relevant for development of 
these malignancies. For almost two decades numerous studies have attempted to refine the 
complexity of the 1p deleted region in order to increase the chances for identifying the 
gene(s) of interest. Using loss of heterozygosity studies, we considerably narrowed down the 
region deleted in neuroblastomas, allowing for the first time to pinpoint single genes. 
Extensive sequence analysis of all candidate genes revealed tumor-specific sequence 
variants in the transcription factor gene CAMTA1. The potential influence of these variants on 
tumorigenesis is currently under investigation.  
Integrating global microarray expression data and clinico-biological parameters revealed that 
low expression of  CAMTA1 mRNA is significantly associated with poor neuroblastoma 
outcome. The robustness of this marker could be confirmed via QPCR in a large 
independent patient cohort. Intriguingly, multivariate analysis revealed that the prognostic 
information of CAMTA1 expression was independent of all tested established risk markers, 
including 1p deletion. These data suggest that (i) CAMTA1 expression represents a new 
powerful prognostic variable, which will improve current risk stratification models for 
neuroblastoma (ii) CAMTA1 is a strong candidate for the 1p gene being involved in the 
development of neuroblastoma and other tumors. The prognostic significance of CAMTA1 
expression could be confirmed by other US-american and european groups and was recently 
extended to other tumor entities like colorectal cancer.  
We further assessed the functional role of CAMTA1 in neuroblastoma via establishment of 
CAMTA1-inducible neuroblastoma cell models. Targeted induction of this gene inhibits 
features of aggressive cancer cells like hyperproliferation and anchorage independent 
growth. Morphologically, CAMTA1-induced neuroblastoma cells exhibit features of neuronal 
differentiation. 
CAMTA1 is a Ca2+/calmodulin regulated transcription factor with its target sequences being 
largely unknown. To identify downstream effectors mediating CAMTA1 functions, time-
resolved transcriptome profiles of two CAMTA1-induced neuroblastoma cell models were 
taken employing a whole genome microarray platform. Profile analysis revealed significant 
induction of cell cycle regulative genes and initiation of a neuronal differentiation program. 
Ongoing projects and future directions 
So far, chromosomal rearrangements were not found, rare CAMTA1 sequence variants were 
detected. Future studies will be directed to search, by custom-designed fine-tiling CGH 
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arrays, for microdeletions or rearrangements on the exon level that may contribute to 
neuroblastoma development. These “ultra high resolution chips” allow detection of 
rearrangements with a resolution of less than 500 bp. After analyzing a comprehensive set of 
neuroblastomas, further tumor entities characterized by 1p deletion will be included. 
To further shed light on the CAMTA1 regulatory network and to identify additional 
components of diagnostic/therapeutic relevance, we are following a computer model based 
approach aiming at the identification of key nodes connecting CAMTA1 to central cellular 
decisions. The time-resolved genome wide expression profiles of CAMTA1-induced cells will 
be used to build the topology of the CAMTA1-regulated network. In an iterative process 
predictions made by the resulting in silico model will be tested in vitro via RNAi knock-down 
experiments in CAMTA1 cell systems to further refine the predictive performance. 
Superimposing the final CAMTA1-network model onto genome wide expression data from 
neuroblastomas with integration of the respective clinico-biological patient features should 
reveal therapeutically relevant structures. 
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2. Fragilome Project 
 
 Group leader: 
 Dr. Larissa Savelyeva 
 PhD students: 
 Diana Ibragimova 
 Anne Blumrich 
 Fabiola Hormozian 
 Lena Brückner 
 Sarah Zahedi 
 Internship student: 
 Ralitsa Arnaudova 
 Technical assistant: 
 Elisa Maria Hess 
 
2.1. Cloning and mapping of cFS gene(s) 
Approximately 120 cFS have been cytogenetically identified, but for only very few the DNA 
damage regions or gene(s) have been determined. We are using two strategies for the 
identification of cFS gene(s): genetically tagging DNA by insertional mutagenesis and FISH 
mapping. The first molecular approach is based on the preferential integration of an 
exogenously supplied marker-tag 
into cFS regions and subsequent 
cloning of DNA flanking the tag. 
The second approach is six-
colour FISH with YAC and BAC 
probes each labelled with different 
fluorescence-conjugated 
nucleotides (Fig.1). The 
simultaneous use of six different 
DNA probes allowed us to narrow 
down the region of fragility from 
several megabases to the exact 
genomic region spanning a break 
in each metaphase. Combining 
the the approaches we have 
identified the genomic 
architecture and genetic 
information at 17 previously 
uncharacterised cFS associated 
with cancer and other human 
chronic disorders (Table 1). 
Future directions 
We will continue to identify the genetic information encompassing cFS. Several cFS genes, 
like DAB1 (FRA1C), CENTG2 (FRA2J), NBEA (FRA13A), GPHN (FRA14B), NRXN3 
(FRA14C) are now considered candidates for the development of non-malignant neuronal 
diseases, such as autism. We are going to determine whether genomic damage resulting 

Fig. 1: Simultaneous hybridization of contiguous six-color BAC 
FISH allows to detect gene(s) disrupted by the activation of cFS. 
GPHN at FRA14B, and NRXN3 at FRA14C. 
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from cFS activation is associated with the pathogenesis of neuro-developmental disorders 
and/or cancers. A primary target of our interest will be to explore the genetic complexity of 
newly identified cFS genes and their role in tumor initiation and progression. 
Table 1. New 17 fragile sites identified through FRAGILOME research 

2.2. Genomic rearrangements of cFS 
genes(s) in tumor cells 
The activation of cFS appears to be a 
prominent initiating event in the 
generation of DNA damage, particularly 
of DNA deletions and DNA amplifications. 
For detection of genomic damage of cFS 
genes in human tumor cells, we are 
using two major approaches. Structural 
chromosomal rearrangements within cFS 
genes resulting from incorrect joining of 
DNA segments, such as translocations, 
insertions or inversions, are determined 
by FISH. Genetic aberrations leading to 
loss or gain (amplification) of 
chromosomal material are determined by 
Fine-Tiling Array CGH. Combination of 
both approaches allows the 
determination of breakpoints at ultrahigh 
resolution in DNA targets located within 
cFS and may pinpoint genomic regions 
harboring genes important for tumor 
initiation or progression. Our recent 
studies have shown that the amplification 

Fragile site   Gene   Clinical phenotype    
Carcinogenesis            
FRA13D   GPC5 (glypican 5)  amplification in lymphoma 
FRA2C   MYCN, DDX1,NAG  amplification in neuroblastoma 
FRA2I   PARD3B   invasive and metastatic potential 
FRA3A   RBMS3    c-MYC regulation protein   
 
Neuronal genes 
FRA13A   NBEA (neurobechin)  candidate gene for autism 
FRA14C   NRNX3 (neurexin 3)   candidate gene for autism 
FRA2J   CENTG2 (centaurin)  candidate gene for autism 
FRA14B   GPHN (gephyrin)   hyperexplexia   
FRA1C   DAB1 
FRA2E   EXOC6B 
 
Various function 
FRA1E    DPYD    thymine-uraciluria, fluorouracil toxicity 
FRA5H    PDE4D    ischemic stroke  
FRA9G    C9orf39    9p-deletion syndrome 
FRA11G   several genes 
FRA6H   several genes 
FRA13E   several genes 
FRA2D   no genes         
 

Fig. 2: FRA2C sequences surrounding the MYCN 
oncogene. Fine tiling microarrays on neuroblastoma cells 
identify chromosomal breakpoints of FRA2C, from which 
MYCN amplification has departed. 
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of the MYCN gene has originated from cFS FRA2C, which provides a prominent example for 
the role that cFS activation has for oncogene amplification (Fig. 2).  
 
Future directions: 
We will continue our efforts to identify genomic damage of all cFS genes that we will newly 
discover in the course of our cloning and mapping efforts (2.1). Particular emphasis will be 
on 3 tumor entities: Neuroblastoma, Breast Cancer and Colon Cancer, for which we already 
have a substantial set of patient materials with clinical patient information. 
 In particular, the assembly and use of a Fine Tiling CGH array targeting cFS sequences 
should provide the possibility for high though-put analyses of larger numbers of tumor 
samples. Any identified recurrent cFS-gene alterations will be analysed against available 
patient clinical data to find out if they would represent a clinically informative biomarker. In 
addition, we will aim at identifying the possible role that the altered genetic information might 
have for tumorigenesis.  
 

2.3. Haploinsufficiency for BRCA2, cFS expression, and breast cancer 
We have made the original observation that that mono-allelic inactivation of the breast 
cancer risk gene BRCA2, a gene required for homology-directed repair of double-strand 
DNA breaks, is associated 
with decreased ability of the 
cell to maintain genomic 
stability. We found that 
heterozygous BRCA2 
mutation carriers exhibit a 
high degree of constitutional 
instability in the distal portion 
of the short arm of 
chromosome 9 (distal 9p), 
consisting of DNA 
duplications, inversions, and 
deletions (Fig.3). The 
molecular basis for the 
instability of this chromosomal region in breast cancer patients appears to be the 
consequence of the activation of a newly identified cFS, FRA9G. Heterozygous carriers of 
BRCA2 mutations exhibit an almost 7-fold increase of breakage compared to non-mutation 
carriers from the same families and to unrelated healthy individuals. These data support the 
idea that haploinsufficiency for BRCA2 results in a hypersensitivity to conditions that provoke 
replication stress. We determined that breakage at FRA9G leads to disruption of the C9orf39 
(chromosome 9 open reading frame 39) gene, whose function is currently unknown.  
 
Future directions: 
We will analyse the function and expression of C9orf39. These studies will elucidate the 
possible contribution of C9orf39 to tumorigenesis and, in particular, the possible role to 
breast cancer risk of BRCA2 germline mutation carriers.  

Fig. 3: Genomic regions of constitutional instability in the distal portion 
of the short arm of chromosome 9 (distal 9p) in four BRCA2 mutation 
families. FRA9G is localized in a close vicinity of these regions. 
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