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Introduction

Introduction
The cancer research field encompasses a broad range of subjects, varying from mo-
lecular genetic studies on tumor characteristics to large scale clinical trials with new 
therapeutic tools.  In this thesis we describe part of this process as regards to targeting 
the cell cycle in neuroblastoma. In the introduction we will try to give an overview of 
our current knowledge of neuroblastic tumors and we will discuss strategies for the 
development of new targeted therapies. 

1 Neuroblastoma

1.1 Biology of neuroblastoma

Neuroblastic tumors are derived from neuroectodermal cells that originate from the 
neural crest during fetal development. These cells are normally destined to form the 
adrenal medulla and sympathetic nervous system(1-4). Failure of these cells to re-
spond to differentiation signals is the first step towards malignant transformation of 
these neuroblastic cells. Histological markers of the developmental lineage from which 
tumors cells originate can still be found in the mature tumor(5;6). The histological clas-
sification of neuroblastic tumors occurs according to the balance between neural type 
cells (neuroblasts and ganglion cells) and Schwann type cells. The neuroblastoma are 
the most aggressive of this family of tumors and in turn may be classified as differ-
entiating, poorly differentiated and the most aggressive undifferentiated. The undif-
ferentiated neuroblastoma are composed almost entirely of neuroblasts which appear 
as small round blue cells. The ganglioneuroblastoma contain neuroblasts with a more 
mature appearance that are clustered in small foci surrounded by Schwannian stroma. 
Ganglioneuroma are predominantly composed of Schwann cells with mature ganglion 
cells(7;8).

1.2 Genetic aberrations

Various types of genetic aberrations occur in neuroblastoma. First the DNA content 
of neuroblastoma falls in two categories: near diploid and hyperdiploid. Hyperdiploid 
tumors are thought to have defects in mitosis, associated with whole chromosome 
gains and losses. This could explain why these tumors tend to be less aggressive(3;9). 
On the contrary, more malignant neuroblastoma have defects in genomic stability re-
sulting in chromosomal rearrangements and unbalanced translocations. These tumors 
maintain their dipoid DNA content. Diploid as well as hyperdiploid tumors have gains or 
losses that frequently involve the same chromosomes. Only in the diploid tumors these 
events concern chromosome arms or regions while hyperdiploid tumors tend to have 
gains or losses of whole chromosomes. 

Gain most frequently involves chromosome 17. The 17q arm is gained in almost all high 
grade neuroblastoma. Breakpoints vary, but gain from 17q21 to the telomere suggests 
a dosage effect of several genes in that region(10). Candidate tumor driving genes are 
NME1, PPM1D and BIRC5(11-13). The chromosome 2p arm also shows frequent gain. 
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This region encompasses MYCN and ALK , the two best known oncogenes in neuro-
blastoma which are discussed below. Apart from these two genes, MEIS1 and NAG are 
possible tumor drivers in the 2p region(14;15). Hyperdiploid tumors also show frequent 
gain of whole chromosome 7.  

Partial loss is most frequently seen for chromosome 1p and 11q. Both are associated 
with bad prognosis independent of other molecular genetic characteristics, though 1p 
deletions are strongly correlated with MYCN amplification(16;17). For chromosome 1 
the Smallest Region of Overlap (SRO) is located at 1p36(18). Several potential tumor 
suppressor genes have been identified in this region. Most interesting are CHD5 (19) 
and a tumor suppressing micro RNA, MIR-34A (20;21). On chromosome 11 the SRO is 
located around 11q23 (22). The tumor suppressor genes here have not yet been identi-
fied. Loss of whole chromosome 3 and 4 does occur very frequently in hyperdiploid 
tumors.

Apart from these large chromosomal aberrations, small regions of amplification do oc-
cur. The MYCN oncogene at chromosome 2p is amplified in 20-30% of neuroblastoma. 
Amplification strongly correlates with a bad prognosis(4;23). Myc oncogene family 
members, MYC (c-Myc), MYCN and MYCL, are transcription factors, which activate, 
together with their dimerization partner Max, gene expression of a number of genes 
in an E-box dependent manner. MYCN and MYC probably have very similar molecular 
functions(24). The Myc Oncogene family members are involved in cell growth through 
protein synthesis, transcriptional regulation of ribosomal RNA processing, cell adhesion 
and tumor invasion. Recently MYCN has shown to be involved in the origin of replica-
tion complex as a co-factor in the complex as well as through direct transcriptional 
up-regulation of the MCM family of genes(25;26). Also amplifications of the Cyclin D1 
oncogene at 11q13 are found in neuroblastoma. These amplifications have a much 
lower frequency of about 2-5%. 11q13 Amplifications are not correlated with prognosis 
or tumor subtypes(27;28). The function of Cyclin D1 will be discussed further in this 
chapter.

Finally single nucleotide mutations are identified for a number of genes in neuroblas-
toma. Recently the ALK gene was found to be mutated in 6-10% of the neuroblastoma. 
Mutations are located in the kinase domain of the ALK gene and are thought to have an 
activating function(29). PHOX2B is also found to be sporadically mutated. The function-
al consequences are still being studied (30). The established tumor suppressor P53 is 
not found to be mutated in primary neuroblastoma but mutations do occur in tumors 
that relapse after treatment(31;32).

1.3 Clinical presentation

Clinically neuroblastoma can arise anywhere throughout the sympathetic nervous 
system. The adrenal gland is the most common primary site followed by abdominal, 
thoracic, cervical and pelvic sympathetic ganglia. Neuroblastoma may metastasize to 
the lymph nodes, bone marrow, bone, liver and skin. Bone metastasis tend to appear in 
the orbit and therefore periorbital ecchimoses is a classical sign of disseminated neu-
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roblastoma. Around 40% of the tumors present with localized disease that ranges from 
small intra-adrenal mass found by ultrasonografy, to very large and locally invasive 
tumors. Paraspinal located tumors tend to invade the neuronal foramina and can cause 
compression of the spinal cord. These cases are oncological emergencies and require 
acute treatment. About half of the patients present with evidence of metastatic dis-
ease, ranging from loco regional spread in lymph nodes to distant metastasis. Children 
with metastasis mostly have extensive tumor burden and are frequently very ill. About 
5% of the patients present with a striking phenotype of 4S disease. Infants present with 
small tumors that metastasize to skin, liver and bone marrow. 4S Tumors tend to disap-
pear spontaneously without treatment(3;4;23).

1.4 Diagnosis and staging

Neuroblastoma diagnosis requires either a positive histological analysis or evidence 
of neuroblastoma cells in the bone marrow with positive catacholamines in the urine. 
Tumors are staged according to the International Neuroblastoma Staging System (INSS) 
which was revised in 1993 (33). Stage 1,2 and 3 represent loco regional tumors with or 
without positive lymph nodes. Stage 4 tumors are those with distant metastasis. The 
specific subgroup of stage 4S tumors is reserved for patients less than 1 year of age 
with dissemination limited to skin liver and/or bone marrow.

1.5 Risk stratification

Risk classification of neuroblastoma is not uniform in different collaborative groups. 
However, all risk classification system use age, INSS stage, and MYCN copy number as 
risk factors. Histopathological grading is used in different variants, in Europe all groups 
include neuroblastoma and ganglioneuroblastoma in the treatment protocols for 
malignant neuroblastoma. Ganglioneuroma are classified as a benign disease and not 
included.

The Dutch Childhood Oncology Group (DCOG) Neuroblastoma Disease Committee 
has launched a new treatment protocol in 2007 for which the stratification is shown 

Figure 1: Stratification of neuroblastoma tumors 
according to the DCOG NBL 2007 trial.
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in figure 1. Recently several high throughput methods have shown additional value in 
risk stratification. Specifically the analysis of the overall genomic pattern adds critical 
prognostic information to conventional markers and will be included in future treat-
ment stratification (9).

1.6 Current treatment and prognosis

The DCOG treatment regimen is based on the German Pediatric Oncology Group treat-
ment strategy. The schedule for high risk patients is shown in figure 2. The medium risk 
protocol contains parts of the high risk treatment. In low risk patients a wait and see 
strategy is followed. 

The DCOG found the GPOG treatment unsatisfactory for high-risk neuroblastoma 
patients and therefore they chose to add 2x radioactive MIBG treatment upfront to the 
high risk protocol. MIBG is a neurotransmitter-like substance that can be radioactive 
labeled with 131I for treatment or 123I for diagnostics. The radiopharmacon shows 
uptake in 95% of the neuroblastoma. After initial radiation 3 cycles N5 chemotherapy 
(cisplatinum, etoposide, vindesine) and 3 cycles N6 chemotherapy (vincristine, dacar-
bazine, ifosfamide, doxorubicin) are given. Resection is performed if substantial tumor 
remains after induction therapy. This resection should be attempted after the 4th or 
6th chemotherapy cycle. After the primary inductiontherapy and surgery a myeloab-
lative high-dose-chemotherapy with melphalan, etoposide and carboplatin is given, 
followed by autologous stem cell reinfusion. Finally retinoic acid is given in 6 cycles 
followed by a short break and 3 more cycles. The prognosis for patients with high risk 
tumors is very poor as shown in the Kaplan Meier curve. (fig 3.)
The numbers however were taken from the 98 neuroblastoma and ganglioneuroma 
panel used for high throughput profiling in our lab. These patients received various 
treatment regimens. The prognosis is better for patients that are treated with the cur-
rent protocol, with a 5 year overall survival around 30% for high risk patients (34;35).

2 Targeted therapy
The poor prognosis of neuroblastoma despite extensive treatment using the complete 
spectrum of current therapeutic options implies that a new approach is needed. In the 
last two decades knowledge on the pathogenesis of cancer has increased exponen-

Figure 2: Overview of neuroblastoma high risk treatment protocol (S=surgery, N5/6=chemotherapy cycles, 
MIBG=MIBG treatment, MEGA +ASCT=  myeloablative high-dose-chemotherapy with autologous stem cell 
transplantation, 13-cis-RA=13-cis-retinoic acid)
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tially. It is now clear that cancer is a multistep process which leads to a common set 
of properties in cancer cells. These include the hallmarks of cancer: self-sufficiency in 
growth signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion of pro-
grammed cell death (apoptosis), limitless replicative potential, sustained angiogenesis, 
and tissue invasion and metastasis(36). The most powerful strategies for intervention 
will be described in this chapter, followed by a description of the stepwise process of 
targeted drug development. We will finish with a discussion on the new therapeutic 
options in neuroblastoma and the cell cycle as potential therapeutic target.

 2.1 New treatment strategies

Despite the fact that many properties are altered through genetic and epigenetic 
changes, the primary driving oncogenic aberrations in a tumor are thought to be 
few. These can be gain of oncogenes or loss of tumor suppressors. The mechanism of 
oncogene addiction describes the phenomenon in which tumor cells can only survive 
with the continued activity of a certain driving oncogene(37). The subset of oncogenes 
whose inhibition can lead to cell death or differentiation is of great clinical importance. 
The best know example is the BCR-ABL fusion gene which can be specifically targeted 
by the kinase inhibitor Imatinib. Other genes that are successfully targeted in subsets 
of tumors are EGFR (Gefitinib/Erlotinib) and HER2 (Trastuzumab). For the well known 
oncogenes MYC and RAS the intervention has proven more difficult. Also the reverse 
mechanism to use tumor suppressors as therapeutic target has lagged behind. It is 
often difficult to use a small molecule to restore or mimic the function of a protein that 
is absent and gene transfer to restore tumor suppressor function is not yet possible in a 
clinical setting. 

As we know now, tumors also depend on activity of many other signal transduction 
routes that are not directly oncogenic themselves. For many aberrant pathways the 
activity is required for tumor cell survival but normal cells do not depend on this to the 
same degree. This dependence opens the opportunity for synthetic lethal interven-
tions, meaning that inhibition or stimulation of a certain gene will only be lethal in cells 
with activation of a certain oncogene or inactivation of a certain tumor suppressor. 
So, targeting a gene or pathway that is synthetic lethal to a cancer relevant mutation 
should kill only cancer cells and spare normal cells(38). Though theoretically very prom-

Figure 3: Kaplan Meier curve showing sur-
vival of patients with high, medium and low 
risk neuroblastoma. The number between 
brackets indicates the number of patients in 
the group. Data were derived from the 98 
neuroblastoma tumors panel that is used in 
the R2 web application. 
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ising, the number of true synthetic lethal combinations that are described is still very 
small. High throughput screening methods are now used to identify more potential 
targets. In chapter 6 we describe the discovery of a synthetic lethal relation between 
MYCN and CDK2.

Both strategies (i.e. targeted inhibition of oncogenes or synthetic lethal combinations) 
yield potential tumor specific treatment strategies. Still the high mutation rate and ge-
netic plasticity of tumors will lead to tumor resistant subclones. One of the most strik-
ing examples is the therapy resistance to imatinib caused by BCR–ABL gene mutation in 
Chronic Myeloid Leukemia (39). Therefore it is vital to search for optimal combination 
strategies using targeted compounds and achieve additional or even synergistic thera-
peutic effects. 

2.2 Identification of targets

These new treatment strategies will not select treatment based on tumor type but 
rather on tumors characteristics defined by genetic mutations or aberrations in signal 
transduction routes. This requires detailed knowledge of the genetic and epigenetic 
status of the tumor to be treated. In the last decade this became possible through vari-
ous large scale profiling techniques. Firstly the identification of gained oncogenes and 
deleted tumor suppressor genes can be done genome wide through array Comparative 
Genomic Hybridization (CGH). This method is based on the hybridization of fluores-
cently labeled tumor DNA with one label and normal DNA with a different label, to 
DNA micro arrays containing probes mapping across to the whole human genome (40). 
Recently the use of Single Nucleotide Polymorphism (SNP) arrays for this purpose has 
become possible as well. This technique uses the existence of over a million SNPs scat-
tered across the human genome. Loss or gain of allelic variants can be used to score 
genetic aberrations. Single nucleotide mutations or small deletions can be detected 
through DNA sequencing for genes known to be involved in a certain cancer. More 
high-throughput methods that use large scale sequencing techniques are now being 
developed.

In addition to the genetic aberrations, it is essential to analyze the activity of signal 
transduction routes involved in cancer. Single marker gene scoring by immunohis-
tochemical staining can give an indication for some routes. More complete insight can 
be obtained through mRNA profiling of tumor material(41). Expression aberrations of 
driving genes in signaling pathways can indicate whether activation of these routes is 
driving a certain tumor. Moreover, through manipulation experiments and correlative 
analysis, mRNA gene signatures have been generated that indicate the activity of path-
ways or the probability for drug sensitivity. These signatures can be related to mRNA 
profiles of tumor samples to predict the activity of signal transduction routes (42;43). 

Integrated analysis of array CGH, SNP array and Affymetrix expression data can be 
used to pinpoint tumor driving aberrations. To that purpose Jan Koster and colleagues 
at our department of human genetics have designed the bioinformatic platform R2. 
Affymetrix mRNA profiles of 143 neuroblastoma and 25 neuroblastoma cell lines, array 
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CGH of 110 neuroblastoma tumors and SNP array data of 50 tumors and 25 cell lines 
have been generated in our lab and are available trough the R2 website. Also mRNA 
profiles of many manipulation experiments have been incorporated in the application. 
Moreover we can compare our data with public available profiles of over 15000 tumor 
samples of 50 different tumor types. R2 facilitates an integrated analysis and allows 
identification of important regulatory pathways. This platform has been used exten-
sively in chapter 5.

2.3 Validation of targets

The next step in targeted drug development is the validation of a gene or pathway as 
viable drug target. Cell line systems are used to test this. In our lab we use a panel of 
25 well characterized neuroblastoma cell lines. Currently we are also isolating tumor 
initiating cells from primary tumors to include in this panel(44). In these models the 
expression levels of potential drug targets is manipulated. Various systems are used for 
over-expression or silencing of tumor suppressors and oncogenes. Silencing is mainly 
performed using the RNA interference technique. Classically this is done by transfect-
ing 21 base pair double strand RNA molecules targeting the gene of interest (45). More 
recently the transfection of plasmids that express short hairpin RNA molecules using 
lentiviral systems has become the state of art. The SIGMA TRC library is used in our 
lab. In addition we use a doxycycline inducible system (46) if knock down of a certain 
gene is studied in more detail. Over-expression analysis is studied using stable induc-
ible plasmid systems. If inhibition or over-expression of a certain target gene leads to 
a significant phenotype like apoptosis or differentiation, further analysis is performed 
using targeted compounds. The final step is in vivo proof of principle using the inhibit-
ing compound in xenograft or transgenic models. 

2.4 New therapies in neuroblastoma

Many new therapeutic strategies are developed in neuroblastoma but, only very few 
are specifically targeting tumor driving genes or use synthetic lethal relations. New  
aspecific cytotoxic agents in clinical trial are topoisomerase inhibitors (irinotecan, 
XK469), tubulin binding agents (ABT751, TPI-287), DNA damaging agents (Trabectedin) 
and an interesting compound that is used in sleeping sickness (Nifurtimox). The last 
compound was coincidently found to inhibit neuroblastoma growth and is now in 
phase 2 clinical trial. Many new compounds target signal transduction routes known to 
be involved in oncogenesis. Several are also clinically tested in neuroblastoma, includ-
ing VEGF inhibitors (ZD6474, Cediranib, Sunitinib, Bevacizumab), an mTOR inhibitor 
(Temsirolimus), a proteasome inhibitor (Bortezomib), a COX2 inhibitor (Celecoxib), an 
EGFR inhibitor (Gefitinib) and a synthetic retinoid (Fenretinide). Antibodies to optimize 
the immune response targeting neuroblastoma cancer cells are 3F8 and Ipilimumab. 
Both are in advanced clinical trials. More information on these trials can be found at 
http://clinicaltrials.gov.

Targeted therapies, specific for genes with a role in neuroblastoma tumors, aim at ALK, 
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AURKA and NTRK1/2 (Trk A and B). Since the identification of ALK as potential tumor 
driving gene in neuroblastoma, two targeted compounds were extensively tested in 
vitro (TAE684 from Nerviano and PF-02341066 from Pfizer). In vivo testing of TAE684 
showed poor pharmacokinetics and new derivatives of the compound are now being 
tested in vitro. The Pfizer compound is in phase I clinical trial in adults and a clinical 
trial in neuroblastoma patients is planned but has not been registered at the NCI yet 
(47). AURKA has been identified as potential therapeutic target. The gene was found to 
be sporadically amplified in neuroblastoma and showed an extensive over-expression. 
Moreover a synthetic lethal-like relation with MYCN was found (48). A clinical phase I/
II trial in neuroblastoma patients with the AURKA inhibiting small molecule MLN8237 is 
ongoing. Finally the tyrosine kinases NTRK1 and 2 are strongly over-expressed in neuro-
blastoma and the NTRK inhibitor CEP701 is in clinical trial in neuroblastoma(49).

2.5 Cell cycle as therapeutic target

In chapter 2 to 6 we will describe the identification of cell cycle aberrations in neuro-
blastoma tumors and the validation of therapeutic targets in the cell cycle. In Chapter 
2 we show that the Cyclin D1 gene is extensively over-expressed in neuroblastoma and 
we identify a low frequency of genomic amplifications of the Cyclin D1 gene. Chapter 3 
discusses the mechanism of over-expression of Cyclin D1 in non amplified tumors and 
we identify the GATA3 transcription factor as a direct transcriptional regulator of Cyclin 
D1. In Chapter 4 we use RNA interference to show that neuroblastoma functionally 
depend on over-expression of G(1)-regulating genes to maintain their undifferentiated 
phenotype. In Chapter 5 we use an integrated analysis of  array CGH, SNP arrays and 
Affymetrix mRNA expression to show a surprisingly high frequency of genetic aberra-
tions in G1 regulating genes, which leads to over-expression of E2F target genes. Finally 
in Chapter 6 we validate CDK2 as viable drug target in neuroblastoma and we identify a 
synthetic lethal relation between the MYCN oncogene and CDK2. In Chapter 7 we give 
a short summary and we discuss future directions.
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Abstract
Cyclin D1 regulates G1 cell cycle progression by controlling the phosphorylation of the 
retinoblastoma protein (pRb). This pathway is frequently deregulated in many malig-
nancies. In neuroblastoma, however, no consistent G1 cell cycle checkpoint aberrations 
have been found. We examined the possible deregulation of Cyclin D1 (CCND1) in this 
tumour. mRNA expression profiles of neuroblastoma generated by SAGE (Serial Analysis 
of Gene Expression) revealed a high expression of CCND1 in a subset of neuroblastoma 
cell lines and tumours. The CCND1 expression level can equal  to 0.3% of the total cel-
lular mRNA. Northern blot analysis of CCND1 expression showed a relative over-expres-
sion in 16 of 23 neuroblastoma cell lines and 10 of 15 tumour samples. In the majority 
of cases, the high CCND1 mRNA levels also lead to high CCND1 protein levels. In search 
for mechanisms causing this relative over-expression we screened for amplifications 
and rearrangements of CCND1. Five amplifications were found in 202 neuroblastoma 
tumours and cell lines. Analysis of the 3’UTR of CCND1 showed a rearrangement in 1 of 
96 tumours. These clonal aberrations of CCND1 together with the high expression sug-
gest a role for deregulated CCND1 activity in neuroblastoma tumorigenesis.
 

Introduction
D type Cyclins play a critical role in cell cycle progression by activating their Cyclin De-
pendent Kinase partners CDK4 and CDK6. This leads to phosphorylation of the pocket 
protein pRb which then releases the E2F transcription factors that promote expression 
of several key regulators of G1 to S cell cycle progression. This cascade causes irrevers-
ible passage through the restriction point (1-3).
Genetic aberrations and over-expression of the Cyclin D1 gene (CCND1) have been 
reported for several human neoplasms (4). CCND1 aberrations were first identified in 
parathyroid adenomas, where the PTH promoter is juxtaposed to CCND1  on chromo-
some 11, causing over-expression of CCND1 (2). In mantle cell lymphoma, juxtaposi-
tioning of cis-acting sequences by translocations as well as rearrangements in the 3’ 
untranslated region (UTR) of CCND1 can cause over-expression (5-7). Amplification of 
CCND1 is reported with high frequency in head and neck squamous cell carcinoma, 
oesophageal cancers, squamous cell carcinoma of the lung and mammary carcinoma. 
Several human cancers exhibit CCND1 over-expression without these genetic aberra-
tions (4).  Furthermore, transgenic mice with tissue specific CCND1 over-expression in 
mammary epithelial cells, develop mammary hyperplasia and carcinoma (8).
Neuroblastoma is a childhood tumour with an extreme diversity in clinical behaviour, 
ranging from spontaneous regression in most stage 4s and some stage 1 or 2  tu-
mours, to fast and fatal progression despite aggressive treatment in many stage 3 and 
4 tumours (9;10). Several genetic aberrations, like MYCN amplification, 1p deletion, 
and 17q gain have been associated with poor prognosis (11-13). Analysis of cell cycle 
checkpoint aberrations has not yielded many clues for neuroblastoma tumour devel-
opment (14;15). A mutation in CDK6 that disrupts the CDKN2A inhibiting function and 
two CDK4 amplifications have been described in neuroblastoma cell lines (16;17).
In this study we report a high expression of CCND1 both at the RNA and protein level, 
in approximately two thirds of neuroblastoma cell lines and tumours. Amplification of 
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CCND1 was found in 1 of 24 neuroblastoma cell lines and 4 out of 179 tumour samples. 
In one tumour we found a rearrangement in the 3’UTR of CCND1. Together, these data 
indicate that aberrant expression of CCND1 might play a role in neuroblastoma tumori-
genesis. 
 

Materials and methods:

Sample Collection and Clinical Data. 

Neuroblastoma cell line culture conditions were as described (18). Tumour samples 
and normal tissue were obtained in the period 1990 - 2001 from patients treated in the 
Emma Kinderziekenhuis-Academic Medical Center in Amsterdam, Sophia Kinderziek-
enhuis in Rotterdam and the University Hospital of Gent. Tumour samples were snap 
frozen and stored at -80°C. All patients were classified according to the INSS staging 
system. Additional clinical and genetic diagnostics were performed as described (12).

SAGE and Data Analysis. 

SAGE libraries of 2 neuroblastoma cell lines and 3 neuroblastoma tumours were gener-
ated as described (19). The other SAGE library data were obtained from NCBI SAGEmap 
(http://www.ncbi.nlm.nih.gov/SAGE) (Lal et al., 1999). Combined tissue type SAGE 
libraries from the various tumours were each derived from at least 4 individual SAGE 
libraries of tissue and cell lines of a specific tumour. Each tissue type library consisted 
of a minimal 96,494 tags. The normal combined tissue SAGE library consisted of 18 dif-
ferent SAGE libraries of 7 different non-cultured primary tissue samples (brain, breast, 
colon, kidney, lung, pancreas and prostate). The total tag number in this compiled 
library was 879,252. The normal cell line SAGE library consisted of 13 different libraries 
from short term cultures of 8 different tissues (brain, breast, kidney, ovary, pancreas, 
prostate, skin and vascular tissue). The total tag number of this compiled library was 
386,014. Data were analysed using the human transcriptome map web application 
(http://bioinfo.amc.uva.nl/htm/) (20).  

Northern Blotting. 

Total cellular RNA was isolated using standard LiCl method (21)), quantified spectro-
photometrically and 1μg of RNA was loaded on a test gel for adjustment of variations 
in RNA concentration. 15 μg of RNA was then electrophoresed through a 1% agarose 
gel containing 6.7% formaldehyde and blotted on Hybond N membrane (Amersham, 
Piscataway, USA) in 16.9x SSC and 5.7 % formaldehyde. 

Southern Blotting. 

DNA isolation was performed according to standard procedures (12). For amplification 
and breakpoint analysis, tumour and normal tissue samples were digested with TaqI 
and BamHI restriction enzymes (Roche, New Jersey, USA). Electrophoreses was carried 
out on a 1% agarose gel in 0.5% TBE. DNA fragments were transferred to a Hybond N+ 
membrane (Amersham, Piscataway, USA) by the alkaline blotting method.
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Hybridisations. 

Probes were generated by RT-PCR. For CCND1 we used the following primers: CCND1 
exon 3-4 probe: 5’-tcattgaacacttcctctcc-3’ and 5’-gtcacacttgatcactctgg-3’; CCND1 exon 
5 3’UTR centromeric probe: 5’-tatcccctgccccttcct-3’and 5’-tcctccaatagcagcaaaca-3’; 
CCND1 exon 5 3’UTR telomeric probe: 5’-acaagtgtgtcttacgtgcc-3’ and 5’-atgccggttacat-
gttggtg-3’; COX8 probe: 5’-aagcttgggatcatggaattg-3’and 5’-atttattgttacaagggggacc3’. 
Probes were sequence verified. Probes were 32P labelled by random priming. We 
hybridised Southern and Northern blot filters for 16 hours at 65°C in 0.5 M Na2HPO4, 
7% SDS, 1mM EDTA and 50 μg/ml herring sperm DNA. Measurement of signal intensity 
was performed with a Fuji phosphor imager and Aida 2.41 software.

Western Blotting. 

The neuroblastoma cell lines were harvested during exponential growth. From tumours 
5 consecutive 20 μm sections were used for protein isolation. Cells were lysed in 50 
mM Tris, 150 mM NaCl, 1% Triton X-100, 0.1% SDS and protease inhibitors (protease 
cocktail, Roche, New Jersey, USA). Protein was quantified with RC-DC protein assay 
(Bio-Rad, Hercules, USA).  Loading was controlled by Bio-Rad Coomassie staining of a 
reference SDS-Page gel. Lysates were separated on a 12.5 % SDS-Page gel and electro 

Figure 1. CCND1 expression levels in SAGE libraries normalised to 20,000 tags per library. The CCND1 
expression levels for the neuroblastoma (NB) libraries were derived from our SAGE libraries. The expression 
levels of CCND1 in other tumour libraries, the normal tissue library and normal cell line library were derived 
from NCBI SAGEmap (http://www.ncbi.nlm.nih.gov/SAGE) (Lal et al., 1999). The normal tissue library was 
compiled from SAGE libraries of normal brain, breast, colon, kidney, lung,  pancreas and prostate tissues. 
The normal cell line library was compiled from SAGE libraries of short term cultures of brain, breast, kidney, 
ovary, pancreas, prostate, skin and vascular cells.
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blotted on a transfer membrane (Millipore, Gloucestershire, UK). Blocking and incuba-
tion were performed using standard procedures. DCS-6 mouse monoclonal CCND1 
(Neomarkers , Fremont, USA) and  Actin C2 mouse monoclonal (Santa Cruz, Santa Cruz, 
USA) antibodies were used as primary antibodies. After incubation with a secondary 
sheep anti-mouse or anti-rabbit horseradish peroxidase linked antibody (Amersham, 
Piscataway, USA), proteins were visualised using an ECL detection kit (Amersham, Pis-
cataway, USA). Antibodies were stripped from the membrane using a 2% SDS, 100 mM 
β-mercapto-ethanol, 62.5 mM Tris-HCL pH 6.7 buffer. 
 

Results

SAGE Expression Profiling Reveals High CCND1 Expression in Neuroblastoma. 

We constructed SAGE mRNA expression libraries from two neuroblastoma cell lines 
and three neuroblastoma tumours (22). SAGE can quantitatively identify all transcripts 
expressed in these tissues and cell lines.  In total, we sequenced >300,000 SAGE mRNA 
transcript tags, each representing a mRNA expressed in these neuroblastomas. Analysis 
of mRNA expression profiles from the 11q chromosomal region with the Human Tran-
scriptome Map web application (20) revealed a high expression of CCND1 in a subset 
of neuroblastomas (Fig 1). For the cell line SK-N-FI and the tumour N165, the levels of 
CCND1 expression were 63.0 / 20,000 and 36.9 / 20,000 tags respectively. Some neuro-
blastomas therefore reach a CCND1 mRNA expression level of over 0.3% of all mRNAs. 
Only in a subset of the SAGE libraries of mammary carcinoma, were comparable CCND1 
expression levels found. In all other SAGE libraries from, e.g., colon tumours and brain 

Table 1. Expression of cell cycle regulating genes in SAGE libraries. The expression of cell cycle regulating 
genes normalised to 20,000 tags in each library is shown. SAGE libraries are derived from neuroblastoma cell 
lines (SK-N-FI, IMR-32) and neuroblastoma tumours (N52, N159 and N165). Also the expression in a compiled 
normal tissue library is given. This library is derived from 31 different SAGE libraries from normal tissue and 
short term cultured cell lines from normal tissue (Lal et al, 1999).



29

2

Rearrangements and Increased Expression of Cyclin D1 (CCND1) in Neuroblastoma

tumours CCND1 expression ranged from 2-8 tags / 20,000 tags. Combined SAGE  librar-
ies of normal tissues or of short term cultures of normal tissues both showed a much 
lower expression of CCND1 (2.2 and 4.0 per 20,000 tags respectively) compared to neu-
roblastoma libraries. We also compared the expression of CCND1 with the expression 
of other cell cycle regulating genes (Table 1). Only Cyclin B1 was expressed to a fairly 
high level (12.9 per 20,000 tags) in the IMR-32 SAGE library. The other Cyclins, Cyclin 
Dependent Kinases and Cyclin Dependent Kinase Inhibitors were expressed at relatively 
low levels. 

High CCND1 Expression Levels in a Panel of Cell Lines and Tumours. 

In order to verify the high CCND1 expression in neuroblastoma we hybridised a North-
ern blot of 23 neuroblastoma cell lines with a CCND1 exon 3-4 probe. This confirmed 
the high expression levels measured by SAGE in the cell lines SK-N-FI and IMR-32 (Fig 
2A). Furthermore, it showed comparable or even higher CCND1 expression in 16 of 23 
(70%) cell lines (Fig 2A). As neuroblastoma cell lines represent only an aggressive sub-
set of the whole clinical spectrum, we also analysed CCND1 expression in a series of 15 

Figure 2. (A) Northern blot 
analysis of CCND1 expression in 
23 neuroblastoma cell lines. A 28S 
RNA probe was used to quantify 
loading. Arrows indicate the cell 
lines that were used to generate 
SAGE libraries. (B) Northern blot 
and Western blot analysis of CCND1 
in neuroblastoma cell lines. A 28S 
RNA probe, an Actin antibody and 
Coomassie staining were used to 
quantify loading
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neuroblastoma tumours. CCND1 was expressed in a SAGE library of tumour N52, to a 
level of 8.9 per 20,000 tags. On Northern blot N52 showed only a weak CCND1 expres-
sion (Fig 2C). CCND1 mRNA expression in the tumour samples was elevated compared 
to N52 CCND1 expression in 10 of 15 (67%) tumour samples (Fig 2C). To analyse CCND1 
protein levels, Western blots with 15 neuroblastoma tumours and 9 neuroblastoma cell 
lines were probed with the DCS-6 monoclonal antibody. For the cell lines the protein 
levels correlated quite well with the observed mRNA levels (Fig 2B). The 15 tumour 
samples also showed a correlation between mRNA and protein levels (Fig 2C). All tu-
mours with low CCND1 mRNA expression had low levels of CCND1 protein. The major-
ity of tumours with high mRNA expression also had readily detectable levels of CCND1 
protein. Tumour N442 with high CCND1 mRNA but weak CCND1 protein expression 
was a clear exception. This suggests a posttranscriptional regulation of CCND1 levels in 
this tumour. The relatively low CCND1 level in tumour N249 may have been caused by 
a lower amount of protein loaded on the gel, as suggested by a control hybridisation of 
the filter with an anti-Actin antibody. 

Amplification of CCND1 in Neuroblastoma. 

We analysed the CCND1 copy number in our panel of 179 tumour samples and 23 cell 
lines by Southern blot. We performed double hybridisation with a COX8 probe for load-
ing control. The COX8 gene maps 8.1 Mb downstream of CCND1 in chromosome band 
11q13. In the panel of 179 tumour samples, 4 cases showed amplification ranging from 
4 to 18 fold (Fig 3).  In our cell line panel we found one amplification of CCND1 in Lan6 
(data not shown). For 2 of these 5 neuroblastomas with CCND1 amplification we could 
also analyse the level of mRNA expression. Cell line Lan6 and the tumour N194 both 
showed high CCND1 mRNA expression (Fig 2A and Fig 2C). No RNA or protein was avail-
able for the other samples.

Figure 2. (C) Northern blot 
and Western blot analysis 
of CCND1 in neuroblastoma 
tumour samples. A 28S RNA 
probe, an Actin antibody 
and Coomassie staining 
were used to quantify 
loading. The arrow marks 
the tumour used for SAGE 
analysis. The asterisk indi-
cates the tumour sample 
that shows amplification on 
Southern blot analysis.
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Rearrangement in the 3’ UTR of CCND1 in a Neuroblastoma. 

We screened 96 neuroblastoma tumours by hybridisation of a Southern blot with a 3’ 
UTR CCND1 probe (Fig 4C). In tumour N508 we detected an abnormal CCND1 fragment, 
both with  BamHI and a TaqI digests (Fig 4A). This indicated a breakpoint between 
the two TaqI sites in the 3’ UTR of CCND1. We then analysed whether this rearrange-
ment occurred 3’ or 5’ of probe A. We hybridised the Exon 3-4 probe to the filter. In 
the BamHI digest this probe recognised the same rearranged band as probe A. This 
showed that the rearrangement occurred 3’ of probe A. We then hybridised the filter 

Figure 3. CCND1 amplifications in neuro-
blastoma tumours. Southern blot filter 
with TaqI digested pairs of tumour (t) and 
constitutional DNA (c) were hybridised 
with a CCND1 probe and a COX8 probe 
for loading control. COX8 maps to chro-
mosomal band 11q13.

Figure 4. Rearrangement in the 
CCND1 3’ UTR of tumour N508. 
(A) Southern blot of the tumour 
N508 (t) and constitutional 
tissue (c) of the same patient, 
hybridised with Probe A. The 
abnormal sized bands in the tu-
mour DNA digested with TaqI and 
BamHI are indicated by arrows. 
(B) Northern Blot of the tumour 
N508 (t) and the SK-N-AS cell line 
as control (c). (C) A schematic 
presentation of CCND1 with the 
location of the restriction sites 
for BamHI and TaqI endonucleas-
es. The untranslated regions are 
indicated as light grey and the 
coding sequence as dark grey. 
Probe A was used for the screen-
ing of 98 patients for 3’ UTR 
rearrangements. Probe B and 
the exon 3-4 probe were used 
to determine the breakpoint in 
tumour N508.
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with probe B, which is located 3’ of probe A. Unexpectedly, probe B showed no aber-
rant band in the TaqI and BamHI digest. This indicated that the breakpoint in the TaqI 
and BamHI fragment had occurred in between probes A and probe B (Fig 4C). Probe B 
only recognised the un-rearranged allele of the 3.1 kb TaqI CCND1 fragment, implying 
that the 3’ end of the TaqI fragment of the rearranged CCND1 allele was missing. This 
indicates that there was either an interstitial deletion in the aberrant CCND1 copy or an 
unbalanced translocation. To determine whether there was indeed mRNA transcribed 
from the rearranged copy of CCND1, we hybridised a Northern blot of N508 with the 
exon 3-4 probe. This probe recognizes the normal 4.3 Kb CCND1 transcript in control 
RNA (Fig 4B). In N508, in addition an aberrant transcript of 7 Kb was present (Fig 4B), 
indicating that the rearranged CCND1 gene was indeed transcribed. 

Correlations with Other Genetic Alterations and Clinical Parameters. 

Since CCND1 RNA was differentially expressed in neuroblastoma tumours, we searched 
for correlations with other well known diagnostic and prognostic parameters. Expres-
sion levels were scored as absent/low for tumour N36, N52, N106, N225 and N406 

and moderate/high for the other tumours. No significant correlations were found with 
tumour stage, age, ferritin levels, LDH levels or any of the genetic characteristics (MYCN 
amplification, 1p deletion and 17q gain) (Table 2).  Although there was a tendency that 
high CCND1 expression is more frequently found in tumours with LOH of 1p, gain of 
17q and higher tumour stages, the number of analysed tumours was clearly to small to 
support a statistically significant correlation. 

Discussion
The analysis of our SAGE libraries showed that CCND1 was highly expressed in a large 
subset of neuroblastomas. Expression levels in cell line SK-N-FI were about 0.3% of 
all cellular mRNAs and the Northern blot analysis of the cell line panel showed even 
higher levels in some cell lines. A major question is whether these high levels play a 
role in neuroblastoma pathogenesis, or whether they represent an unusually high 
expression level that is normal for neuroblasts. The finding of chromosomal rearrange-
ments or amplifications of CCND1 in some neuroblastoma tumours suggests that these 

Table 2. Comparison of Cyclin D1 mRNA expression 
levels with clinical and genetic characteristics. Correla-
tions of Cyclin D1 mRNA expression levels with clinical 
and genetic characteristics for 15 patients are shown. 
Serum ferritin levels were considered positive if above 
142 μg/l and serum LDH levels were considered 
positive if above 310 U/L. MYCN was considered to 
be amplified if Southern blot analyses showed an in-
crease of > 10 times compared to control DNA (Caron 
et al, 1993).
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cells emerged from clonal selection of CCND1 over-expressing cells. This implies that 
increased CCND1 levels in the tumours with CCND1 amplification contribute to tu-
mourigenesis. The expression levels in the tumours with CCND1 aberrations were well 
comparable with the expression levels found in two third of the neuroblastomas with 
germline CCND1. This indicates that also in neuroblastoma without CCND1 amplifica-
tion, the high CCND1 expression levels might be involved in tumorigenesis. This pattern 
is similar to other malignancies like colorectal carcinoma, where aberrations of CCND1 
are rare, but over-expression is found in 30-46% of cases (23).
Since only a small percentage of neuroblastomas with high CCND1 expression had 
rearrangements, also regulating mechanisms are likely to be involved in causing the 
high CCND1 expression. CCND1 expression and translation are regulated by several 
cell signalling pathways. The Wnt-beta catenin pathway, RAS-MAPK pathways, the Neu 
pathway and PI-3-kinase/Akt dependent pathway are all regulating CCND1 at the tran-
scriptional level and are thus candidates for aberrations (24-26).  These pathways are 
known to be involved in several malignancies, but as yet they are not reported to play a 
role in neuroblastoma. 
Aberrations in cell cycle regulation have been reported in neuroblastoma cell lines at 
low frequency. Two CDK4 amplifications and one mutation in the Cyclin Dependent 
Kinase Inhibitor (CDKI) binding site of CDK6 have been found (16;17). Alterations of 
CDKI’s are very rare in neuroblastoma. The well known alterations in the CDKI CDKN2A 
gene are not found. Surprisingly, elevated CDKN2A expression has been reported in 
neuroblastoma together with high CDK4 kinase activity in the same cells leading to Rb 
protein hyperphosphorylation (14-16;27). Integrating these data suggests that the high 
expression of CCND1 in neuroblastoma could stimulate the CDK4/6 kinase activity. The 
levels of CDKN2A could be insufficient to inhibit this increased kinase activity and thus 
pRb remains hyperphosphorylated, allowing G1 progression.
An interesting finding was the observed CCND1 rearrangement in one neuroblastoma. 
Rearrangements in the 3’UTR of CCND1 are frequently found in other tumours. E.g., 
mantle cell lymphoma show rearrangements in the 3’UTR which are thought to result 
in more stable transcripts (5;6). We showed that the rearranged CCND1 in this tu-
mour expressed an aberrant transcript of 7 Kb due to alterations in the 3’end of the 
transcript. This transcript could have an altered half life as has been observed for the 
transcript of rearranged CCND1 genes in mantle cell lymphoma (Rimokh et al., 1994). 
It has been shown that CCND1 deficient mice have only minor developmental abnor-
malities (28). Cell cycle regulation in these mice is thought to be rescued by Cyclin D2 
and D3. A recent report indicates that CCND1 ablation in mice protects against the 
development of mammary carcinoma induced by by Neu and Ras oncogenes. This 
indicates that, in mammary epithelial cells, the Neu and Ras pathways are connected 
to the cell cycle machinery solely through CCND1 (29). Together, these two findings 
suggest that CCND1 ablation could be highly selective in preventing tumour prolifera-
tion dependent on the activated oncogenic pathway. New CDK 4/6 specific inhibitors 
are generated by protein based drug design (30;31). The high CCND1 expression in a 
substantial part of neuroblastoma tumours combined with these recent advances in 
intervention design warrant further studies to evaluate CCND1-CDK4/6 as therapeutic 
targets in neuroblastoma.
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Abstract
Almost all neuroblastoma tumors express excess levels of Cyclin D1 (CCND1) compared 
to normal tissues and other tumor types. Only a small percentage of these neuroblas-
toma tumors have high-level amplification of the Cyclin D1 gene. The other neuroblas-
toma have equally high Cyclin D1 expression without amplification. Silencing of Cyclin 
D1 expression was previously found to trigger differentiation of neuroblastoma cells. 
Over-expression of Cyclin D1 is therefore one of the most frequent mechanisms with 
a postulated role in neuroblastoma pathogenesis. The cause for the Cyclin D1 over-
expression is unknown. Here we show that Cyclin D1 over-expression results from tran-
scriptional up-regulation. To identify upstream regulators, we searched in mRNA pro-
files of neuroblastoma tumor series for transcription factors with expression patterns 
correlating to Cyclin D1. GATA3 most consistently correlated to Cyclin D1 in 4 indepen-
dent datasets. We identified a highly conserved GATA3 binding site 27 bp upstream of 
the Cyclin D1 transcriptional start. Chromatin immune precipitation confirmed binding 
of GATA3 to the Cyclin D1 promoter. Silencing of GATA3 resulted in reduced Cyclin D1 
promoter activity and reduced Cyclin D1 mRNA and protein levels. Moreover, GATA3 si-
lencing caused differentiation which was similar to that caused by Cyclin D1 inhibition. 
These findings implicate GATA3 in Cyclin D1 over-expression in neuroblastoma. 

Introduction
The cell cycle is a tightly controlled process which is deregulated in all cancer cells 
(1). Several checkpoints normally prevent premature cell cycle progression and cell 
division. The crucial G1 entry point is controlled by the D type Cyclins that can activate 
CDK4/6 which in turn phosphorylate the pRb protein. This results in a release of the 
E2F transcription factor, which causes transcriptional up-regulation of numerous genes 
involved in further progression of the cell cycle (2). 
Neuroblastoma are embryonal tumors that originate from precursor cells of the 
sympathetic nervous system. This tumor has a very poor prognosis and despite the 
low frequency it is the second cause of cancer related deaths in children (3;4). The 
G1 checkpoint is deregulated in neuroblastoma in various ways. Sporadic CDKN2A 
(p16) mutations and CDK4 amplifications have been reported, but most striking is the 
extensive over-expression of Cyclin D1 (5-7). We have previously shown a very high 
expression on mRNA and protein level compared to normal tissue and even compared 
to other tumors with known high expression levels of Cyclin D1. Functional evaluation 
of Cyclin D1 in neuroblastoma showed a crucial role in maintaining the undifferentiated 
phenotype of the neuroblasts in vitro and in vivo (8). A genomic cause for the extensive 
Cyclin D1 over-expression could be identified in a minority of cases. We have previ-
ously reported high-level genomic amplification of the Cyclin D1 gene in 5 out of 202 
neuroblastoma tumors and cell lines. Speleman et al. also reported recurrent high-level 
genomic amplifications of the 11q13 region encompassing the Cyclin D1 gene (6;9). 
These clonal events clearly pointed to a crucial role for Cyclin D1 in neuroblastoma 
tumor genesis, but could not explain the over-expression of Cyclin D1 in about 75% of 
the remaining neuroblastoma, that showed Cyclin D1 expression levels reaching equal 
or even higher levels compared to tumors with genomic amplification.
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Figure 1. Affymetrix microarray analysis suggests Cyclin D1 transcriptional up-regulation by GATA3. (a) Cyclin 
D1 mRNA expression and Cyclin D1 promoter activity in neuroblastoma cell lines. mRNA was isolated from 
neuroblastoma cell lines using using Trizol (Invitrogen). mRNA was labeled and hybridized on Affymetrix 
HG-U133 Plus 2.0 arrays. Expression was normalized using the MAS5.0 algorithm. For Cyclin D1 promoter 
activity, a Cyclin D1 promoter fragment encompassing nucleotides -1696 to 186 according to NM_053056.2 
was taken from a pA3 vector and cloned in the pGL3 Firefly luciferase reporter plasmid(23). Neuroblastoma 
cell lines were co-transfected with the Cyclin D1 promoter reporter and a Renilla luciferase expression vec-
tor as an internal transfection control. Luciferase activity was measured using the Promega Dual-Luciferase 
Reporter Assay System and Cyclin D1 promoter activity was defined as firefly luciferase activity/ Renilla 
luciferase activity. (b) YY plot of Cyclin D1 and GATA3 Affymetrix expression in 110 neuroblastic tumors. 
Material collection and RNA isolation procedures were described previously (8). MASS5.0 corrected data 
is shown. The tumor sample indicated by the circle contains a strong genomic amplification of the 11q13 
region containing Cyclin D1. 2log values of Cyclin D1 and GATA3 expression are indicated by red and blue 
dots, respectively. For each tumor sample several characteristics are given as tracks (color coded boxes). 
Survival (Red=death, Light green=Survival 0-5 years, Dark green= Survival >5 years); INSS (Red=Stage 3 or 4, 
Green=Stage 1 or 2, Orange=Stage 4S); Histology (Red =Neuroblastoma, Dark green=Ganglioneuroblastoma, 
Light green=Ganglioneuroma); MYCN (Green=Non amplified, Red=Amplification>10 copies. (c) Bar plot show-
ing the average mRNA expression of GATA3 in various tumor sets and normal tissues, measured by Affymetrix 
U133plus2 microarrays. Sources for the datasets were described previously(8).  The number between brack-
ets indicates the number of tumors in the data set. The error bars indicate the standard error.



41

3

Cyclin D1 is a direct transcriptional target of GATA3 in neuroblastoma tumor cells

Identification of the mechanism that drives Cyclin D1 over-expression in neuroblastoma 
is therefore an important question. In this paper we identify by in silico analysis the 
GATA3 transcription factor as a candidate regulator of Cyclin D1. We show that GATA3 
binds to the Cyclin D1 promoter and that silencing of GATA3 reduced promoter activity,  
resulting in decreased Cyclin D1 mRNA and protein levels, as well as in differentiation 
of neuroblastoma cells. 
 

Results and Discussion

Identification of GATA3 as possible regulator of Cyclin D1 using mRNA profiling

Cyclin D1 is extremely highly expressed in over 75% of the neuroblastoma tumors, 
while CCND1 genetic aberrations are much more infrequent. To search for the mecha-
nism behind Cyclin D1 over-expression, we first analyzed whether up-regulation was 
transcriptionally mediated.  We cloned a 1882 bp Cyclin D1 promoter fragment encom-
passing the region 1696 bp upstream to 186 downstream of the transcription start site 
(TSS) of Cyclin D1 (numbered according to NCBI Reference Sequence NM_053056.2) in 
a pGL3 reporter vector. This construct was transfected together with a Renilla luciferase 
control construct into several different neuroblastoma cell lines that had a wide range 
of Cyclin D1 expression levels as based on Affymetrix expression data. The cells were 
harvested during exponential growth, and the relative Cyclin D1 promoter activity 
determined by a dual luciferase assay. The relative Cyclin D1 promoter activity showed 
a very clear correlation to the endogenous Cyclin D1 mRNA expression levels (figure 
1A). This suggested that the high expression of Cyclin D1 in neuroblastoma results from 
transcriptional up-regulation.
To identify transcription factors that regulate Cyclin D1 expression in neuroblastoma, 

Table 1: The ten most significant correlating transcription factors with Cyclin D1 in 4 independent neuro-
blastoma datasets. Correlations were calculated between the Affymetrix expression of Cyclin D1 and all 
transcription factors defined in the gene ontology database. The significance of finding a certain correlation 
(p-value) is calculated by the following formula t=r/√((1-r2)/(n-2)), where r corresponds to the correlation 
value and n denotes the number of samples. The number between brackets indicates the number of tumors 
in the dataset. The type of Affymetrix microarray is given below the name of the dataset. The Versteeg data-
set has been published previously (8). The other datasets were taken from the NCBI GEO database (gse3960, 
gse3446 and gse12460). 
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we used Affymetrix mRNA expression data. We hypothesized that the mRNA expres-
sion level of a transcription factor that causes the over-expression of Cyclin D1 might 
be related to the level of Cyclin D1 mRNA expression. We have built the R2 bioinfor-
matic analysis program (Koster et al., submitted), which allows easy identification of 
correlations in gene expression in tumor series analyzed by expression arrays. The R2 
application contains Affymetrix mRNA expression data of four different neuroblas-
toma tumor sets in the public domain. We searched these four datasets for genes in 
the Gene-Ontology category “transcription factors” (GO 3700). Of the 945 genes in 
this category, GATA3 showed the highest correlation to the Cyclin D1 expression levels 
(table 1). This raised the possibility that GATA3 is involved in transcriptional regulation 
of Cyclin D1. The correlation in the series of 110 neuroblastic tumors profiled in our 
lab is shown in detail in figure 1B. There is a strong correlation between the GATA3 and 
Cyclin D1 mRNA expression profiles, with one striking exception (sample with circle). 
This outlier had high Cyclin D1 expression, but only low GATA3 expression. The sample 
appeared to have high level genomic amplification of the Cyclin D1 gene. This suggests 
that high Cyclin D1 expression in neuroblastoma is either caused by genomic amplifica-
tion of Cyclin D1, or related to high GATA3 expression. 

GATA3 binding to a newly identified GATA3 binding site in the Cyclin D1 promoter 

To validate a functional relation between the GATA3 transcription factor and Cyclin 
D1, we generated 3 different siRNA’s targeting various 21 bp sequences in the coding 
region of GATA3. The best siRNA showed 60% silencing of GATA3 as analyzed by Q-PCR, 
and this siRNA was selected for further experiments (data not shown). To analyze 
whether GATA3 silencing results in a decrease in Cyclin D1 promoter activity, we used 
the Cyclin D1 promoter construct described above. The IMR-32 and SK-N-BE neuroblas-
toma cell lines were co-transfected with the Cyclin D1 promoter reporter construct and 
a constitutively active Renilla luciferase expression vector as internal transfection con-
trol. In addition these cells were transfected with GATA3 siRNA or a GFP siRNA control. 
Figure 2A shows that GATA3 silencing results in a decreased Cyclin D1 promoter activity 
in both neuroblastoma cell lines. 
To identify whether the reduction in Cyclin D1 promoter activity resulted from a direct 
or indirect regulation by GATA3, we searched for candidate GATA3 binding sites within 
the Cyclin D1 promoter. We performed a high-stringency search for GATA3 binding 
sites conserved among (different) species, using three GATA3 position weight matrices 
provided by the Transfac database. This search yielded one highly-conserved match, 27 
to 19 bp upstream of the CCND1 transcriptional start site (figure 2B). To test whether 
GATA3 binds this cis element we performed a Chromatin-Immune-Precipitation (ChIP) 
assay. Chromatin isolated from IMR-32 cells was used for a pull-down experiment with 
a GATA3 antibody, as well as a FLAG antibody as a negative control. Following DNA 
isolation, Q-PCR was performed, using primers surrounding the GATA3 binding site in 
the Cyclin D1 promoter (PP1), or primers further upstream in the promoter (PP2). The 
results showed a strong enrichment for the DNA fragment containing the postulated 
GATA3 binding site, confirming binding of GATA3 to the Cyclin D1 promoter in neuro-
blastoma tumor cells.
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Figure 2. GATA3 binding to the Cyclin D1 promoter. (a) Cyclin D1 promoter activity after GATA3 siRNA knock-
down in IMR-32 and SK-N-BE. Both cell lines were co-transfected with the full length Cyclin D1 promoter 
reporter construct and a constitutive active Renilla luciferase expression vector as an internal transfection 
control as described above. In addition these cells were transfected with GATA3 siRNA or a GFP siRNA control 
(see supplementary table 1 for sequences). Luciferase activity was measured and Cyclin D1 promoter activity 
defined as described above. The relative Cyclin D1 promoter activity in the control sample was set to 100. (b) 
Overview of the Cyclin D1 promoter region with the location of the GATA3 binding site, the ChIP primer pairs 
and the full length promoter construct. The CCND1 promoter sequence was extracted from Human Genome 
assembly version 18 (Hg18) as provided by the UCSC Genome Browser.  The conserved GATA3 binding site 
was detected using three available matrices for GATA3 from Transfac 11.1 (V$GATA3_01, V$GATA3_02 and 
V$GATA3_03). These were searched against the CCND1 promoter region using the Storm program from 
the CREAD package.  A p-value of 0.0001 was used as a match threshold against whole-genome intergenic 
sequence hit-tables constructed for each genome searched.  This search of the CCND1 promoter region was 
first carried out in the Hg18 sequence and subsequently in the orthologous regions of 19 other genomes. 
Requiring that a site be conserved in at least 7 species, a single GATA3 binding site was identified which most 
closely matched the V$GATA3_03 matrix. (c) ChIP analysis using GATA3 antibody and Cyclin D1 promoter 
primers. A modified protocol of the Upstate ChIP kit was used (Upstate, Charlottesville, USA). ChIP was 
performed with either 1 μg of GATA3 antibody or 1 μg of anti-FLAG-antibody (as a negative control) and 
protein-A agarose. For each ChIP sample, the precipitated chromatin was finally dissolved in 30 μl water. 
These samples were amplified using a ligation-mediated PCR. 50 ng of DNA of all ChIP samples and of the 
input DNA was analyzed with SYBR Green based quantitative PCR. Primer pairs were checked for specificity 
by melting curve analysis and gel electrophoresis. Primer pair efficiencies were determined by the slope of 
PCR curves, and were comparable at different template concentrations. Each ChIP and following PCR was 
performed in fourfold. A complete list of all the primers and antibodies used for ChIP analysis is listed in the 
supplementary table1. The Ct was calculated using iCycler software and the figure shows the ΔCt which is the 
Ct of the input sample- the Ct of the calculated sample. Error bars show the standard error.
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GATA3 silencing in neuroblastoma cell lines causes Cyclin D1 down regulation

Our results predicted that knock-down of GATA3 would result in reduced levels of 
Cyclin D1. Therefore we transfected the most potent GATA3 siRNA in the neuroblas-
toma cell line IMR-32. Control samples were transfected with a GFP siRNA. RNA was 
harvested 48 hours after transfection, and GATA3 and Cyclin D1 levels determined 
using Q-PCR analysis. Figure 3A shows a 60% knock-down of GATA3 followed by a 40% 
reduction of Cyclin D1 mRNA. Also Western blot analysis showed a good knock-down 
of GATA3 followed by a decrease in Cyclin D1 protein (figure 3B). Phenotypic analysis 
of the IMR-32 cells using light microscopy clearly showed reduced cell proliferation as 
well as the formation of neurite extensions (figure 3C). To exclude off-target effects, 
we used a second RNA interference technique and another target sequence. Lentiviral 
transduction was used to infect IMR-32 and SK-N-BE cells with a GATA3 shRNA express-
ing vector. Again, Western blot analysis showed that GATA3 was efficiently silenced 
and that Cyclin D1 expression also decreased (figure 3D), confirming the findings in the 
transient GATA3 siRNA experiments. 

Our results identify GATA3 as a gene involved in transcriptional regulation of Cyclin D1. 
Identification of transcription factor target genes by comparative genomics based on 
expression profiling has been shown before (10). We now used the same method in 
reverse. Identification of correlating transcription factors made it possible to identify a 
likely upstream regulator of an important oncogene in neuroblastic tumors. The excep-
tion formed by the tumor with strong genomic Cyclin D1 amplification in the GATA3-
Cyclin D1 correlation analysis is striking (figure 1B). One could consider including this 
outlier approach to predict upstream regulators even more accurate. 

The transcriptional regulation of Cyclin D1 suggests oncogenic potential for the GATA3 
transcription factor. GATA3 has been shown to be crucial in neural crest cell differentia-
tion by transcriptional activation of the TH and DBH noradrenalin synthesis genes, but 
also by controlling cell survival and early sympathetic neuronal development (11-14). 
The direct transcriptional control of Cyclin D1 could be in line with the function of 
GATA3 in development of a fast dividing population of neural crest cells. Moreover, 
we have shown previously that Cyclin D1 is crucial in maintaining the undifferentiated 
phenotype of neuroblastoma cells (8). This raises the possibility that the function of 
GATA3 in maintaining sympathetic neuronal cells in a certain differentiation state could 
be mediated through its activation of Cyclin D1. Sustained activity of GATA3 in neuro-
blastoma cells could then be considered oncogenic, since it maintains the high Cyclin 
D1 expression with a consequently increased proliferation rate and block in further 
differentiation. 

We show an over-expression of GATA3 in neuroblastoma tumors but also in breast 
tumors (figure 1C). In breast cancer Cyclin D1 is an established oncogene (15) and 
the over-expression of GATA3 is strongly correlated with Cyclin D1 expression. GATA3 
expression is specific for Estrogen Receptor (ER) positive cells (16-18). Within the group 
of ER positive cells the GATA3 transcription factor is crucial for cell cycle progression 
(19;20). GATA3 has also been shown to inhibit CDKN2C (p18) in these ER positive cells 
(21). This suggests that GATA3 transcriptional regulation of Cyclin D1 might function 



45

3

Cyclin D1 is a direct transcriptional target of GATA3 in neuroblastoma tumor cells

Figure 3. Silencing of GATA3 in neuroblastoma cell lines causes Cyclin D1 down regulation. (a) Q-PCR analysis 
of GATA3 and Cyclin D1 mRNA expression after GATA3 knock-down. IMR-32 cells were transfected with 
double stranded 21 bp siRNA targeting GATA3 and with a siRNA targeting GFP as control, following previously 
described procedures (target sequences are listed in supplementary table 1)(8). Cells were harvested after 
48 hours. Trizol RNA isolation and cDNA production were performed using standard procedures. Q-PCR was 
done on cDNA with primers described in supplementary information using the real-time iCycler PCR platform 
(Biorad) in combination with the intercalating fluorescent dye SYBR Green I. Expression was normalized to a 
control (PSMB1) gene and calculated using iCycler software.  The expression of GATA3 and Cyclin D1 in the 
GFP siRNA control samples was set to 1. Error bars show the standard error. (b) Western blot of IMR32 after 
GATA3 knock-down. Cells used for the experiments described in figure 3a were harvested for protein isola-
tion using Laemmli extraction buffer. Western blot analysis was performed as described previously (reference 
6). Antibody descriptions can be found in the supplementary data. (c) Light microscopy pictures of cells after 
GATA3 or GFP control siRNA treatment after 72 hours. (d) Western blot analysis of GATA3 and Cyclin D1 after 
lentiviral GATA3 shRNA knock-down in IMR-32 and SK-N-BE. Lentivirus expressing shRNA constructs target-
ing GATA3 or a control non-targeting shRNA were produced in the HEK-293T packaging cell line following 
standard procedures. Virus was concentrated by ultra-centrifugation at 32,000 rpm for 1 hour, and virus titers 
determined by a p24 ELISA assay. An M.O.I (multiplicity of infection) of 1 was used for the experiments. 24 
hours after virus addition, medium was refreshed, and protein isolated after an additional 72 hours. Western 
blot analysis was as described above.
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together with inhibition of CDKN2C as tumor driving mechanism in a subset of breast 
tumors. 

The high GATA3 expression suggests clonal events, but we could not detect any am-
plifications or gain of GATA3 by Southern blot analysis of 105 primary neuroblastoma 
tumor samples (results not shown).  Alternatively, the over-expression of GATA3 could 
result by other upstream events that maintain a high GATA3 expression. PHOX2B is 
known to regulate GATA3 and PHOX2B activating mutations have been identified in 
neuroblastoma tumors (12;22).

We have shown direct involvement of the GATA3 transcription factor in activation of 
the driving oncogene Cyclin D1 which is over-expressed in 75% of the neuroblastoma, 
implicating GATA3 in the pathogenesis of neuroblastoma.
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Abstract
Genomic aberrations of Cyclin D1 (CCND1), CDK4 and CDK6 in neuroblastoma indicate 
that dysregulation of the G1 entry checkpoint is an important cell cycle aberration 
in this pediatric tumor. Here we report that analysis of Affymetrix expression data of 
primary neuroblastic tumors shows an extensive over-expression of Cyclin D1 which 
correlates with histological subgroups. Immunohistochemical analysis demonstrated 
over-expression of Cyclin D1 in neuroblasts and low Cyclin D1 expression in all cell 
types in ganglioneuroma. This suggests an involvement of G1 regulating genes in 
neuronal differentiation processes which we further evaluated using RNA interference 
(RNAi) against Cyclin D1 and its kinase partners CDK4 and 6 in several neuroblastoma 
cell lines. The Cyclin D1 and CDK4 knock-down resulted in pRb pathway inhibition as 
shown by an almost complete disappearance of CDK4/6 specific pRb phosphoryla-
tion; reduction of E2F transcriptional activity and a decrease of Cyclin A protein levels. 
Phenotype analysis showed a significant reduction in cell proliferation, a G1 specific cell 
cycle arrest and moreover an extensive neuronal differentiation. Affymetrix microarray 
profiling of siRNA treated cells revealed a shift in expression profile towards a neuronal 
phenotype. Several new potential downstream players are identified. We conclude 
that neuroblastoma functionally depend on over-expression of G1 regulating genes to 
maintain their undifferentiated phenotype.
 

Introduction
Neuroblastic tumors develop from progenitor cell types that originate from the neural 
crest. These tumors are classified into neuroblastoma and the more differentiated 
counter parts, ganglioneuroblastoma and ganglioneuroma. This histopathological 
classification is based on morphologic features of the tumor. Undifferentiated neuro-
blastoma at one end of the spectrum, contain mainly neuroblasts where on the other 
end ganglioneuroma consist of ganglion cells, Schwann cells and stroma cells (1;2). 
This spectrum of neuroblastic tumors is reflected in the development of non malignant 
neuroblasts that differentiate along neural crest cell lineages to neuronal ganglia and 
chromaffin cells (3-5). The Schwann cells in neuroblastic tumors are believed to be 
normal cells invading the tumor and not to originate from the malignant neuroblasts, 
though some researchers have disputed this (6-8). The molecular mechanism underly-
ing the differentiation pattern and the differences between these neuroblastic tumor 
types have been subject of several studies.  Growth signaling pathways and in specific 
neurotrophins and their receptors have been found to determine differentiation pat-
terns in nonmalignant neuroblasts and influence the differentiation state of neuroblas-
toma (9-11). 

Recently some papers functionally link neuronal differentiation to cell cycle regulation 
which frequently involves the G1 cell cycle entry point (12-15). This is a tightly con-
trolled process by the D type Cyclins and their kinase partners CDK4 and CDK6. In pres-
ence of Cyclin D these kinases phosphorylate the pRb protein which then releases from 
the E2F transcription factor. Subsequent transcription of key regulator genes allows 
further progression of the cell cycle (16). In neuroblastic tumors several oncogenetic 
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events causing changes in cell cycle regulation have been described. Amplifications of 
CDK4 and one mutation in CDK6 that disrupts p16 binding have been identified (17-
19). We have reported amplification of the Cyclin D1 gene in 5 out of 203 neuroblastic 
tumors and a rearrangement in the 3’UTR of the Cyclin D1 gene in one tumor (20). The 
sporadic genomic aberrations of CDK4, CDK6 and Cyclin D1, together with the findings 
of the very high Cyclin D1 expression levels suggested that dysregulation of the G1 
entry checkpoint is an important cell cycle aberration in neuroblastoma. 

In this paper a detailed analysis of Cyclin D1 over-expression by Affymetrix profiling and 
immunohistochemical analysis of neuroblastic tumors reveals that the over-expression 
is specific for malignant neuroblasts. We show that silencing of Cyclin D1 and its kinase 
partner CDK4 causes an inhibition of the Cyclin D1-pRb pathway, a G1 cell cycle arrest 
and growth arrest. Moreover we show a clear differentiation towards a neuronal cell 
type by immunofluoresence and Affymetrix Microarray analysis after Cyclin D1 and 
CDK4 silencing.  

Materials and methods

Patient material

The neuroblastic tumor panel used for Affymetrix Microarray analysis contains 88 
neuroblastoma samples, 11 ganglioneuroblastoma samples and 11 ganglioneuroma 
samples. All samples were derived from primary tumors of untreated patients. Material 
was obtained during surgery and immediately frozen in liquid nitrogen. N-Myc ampli-
fications and 1p deletions were al determined using Southern blot analysis of tumor 
material and lymphocytes of the same patient.
 

Cell lines

Cell lines were cultured in Dulbecco Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum, 20 mM L-glutamine, 10 U/ml penicillin and 10 µg/ml 
streptomycin. Cells were maintained at 37 ˚C under 5% CO2. For primary references of 
these cell lines, see Cheng et al (21).

RNA isolation, Northern blotting and Affymetrix Microarray analysis

Total RNA of neuroblastoma tumors was extracted using Trizol reagent (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s protocol. RNA concentration was 
determined using the NanoDrop ND-1000 and quality was determined using the RNA 
6000 Nano assay on the Agilent 2100 Bioanalyzer (Agilent Technologies). For Northern 
Blotting 15 μg of RNA was electrophoresed through a 1% agarose gel containing 6.7% 
formaldehyde and blotted on Hybond N membrane (Amersham, Piscataway, USA) in 
16.9x SSC and 5.7 % formaldehyde. The Cyclin D1 probe was generated by RT-PCR. We 
used the following primers: 5’-tcattgaacacttcctctcc-3’ and 5’-gtcacacttgatcactctgg-3’; 
Probes were sequence verified. Probes were 32P labeled by random priming. We 
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hybridized Northern blot filters for 16 hours at 65°C in 0.5 M Na2HPO4, 7% SDS, 1mM 
EDTA and 50 μg/ml herring sperm DNA. Measurement of signal intensity was per-
formed with a Fuji phosphor imager and Aida 2.41 software. For Affymetrix Microarray 
analysis, fragmentation of RNA, labeling, hybridization to HG-U133 Plus 2.0 microarrays 
and scanning was carried out according to the manufacturer’s protocol (Affymetrix Inc. 
Santa Barbara, USA). The expression data were normalized with the MAS5.0 algorithm 
within the GCOS program of Affymetrix. Target intensity was set to 100 (α1=0.04 and 
α2 0.06). If more then one probe set was available for one gene the probe set with the 
highest expression was selected, considered that the probe set was correctly located 
on the gene of interest. Public available Affymetrix expression data was taken from the 
NCI GEO database1. 

Immunohistochemistry

Paraffin-embedded tumors were cut into 4 μm sections, mounted on aminoalkylsaline 
coated glass slides and dried overnight at 37 0C. Sections were dewaxed in xylene and 
graded ethanol, after which they were fixed and endogenous peroxidase was blocked 
in a 0.3% H2O2 solution in 100% methanol. Subsequently the slides were rinsed thor-
oughly in distilled water and incubated in a 0.01 M Sodium-citrate solution pH 7.1, in 
an autoclave. After 10 minutes at 120 0C, the sections were left to cool for at least 5 
minutes. After rinsing in distilled water and phosphate buffered saline (PBS), the last 
step in pre-treatment is 10 minutes incubation in a normal goat serum solution (10% 
in PBS). For detection of Cyclin D1 we used a mouse monoclonal, DCS-6 (Neomarkers, 
California) as a primary antibody. Slides were incubated overnight at 4 0C in a 1:1000 
dilution in a solution of bovine serum albumin 1% in PBS (PBSA 1%). Slides were then 
blocked with a post-antibody blocking (Power vision kit, Immunologic)1:1 diluted in PBS 
for 15 minutes, followed by a 30 min incubation with poly-HRP-goat α mouse/rabbit 
IgG (Power vision kit, Immunologic) 1:1 diluted in PBS. Chromogen and substrate were 
diaminobenzidine (DAB) and peroxide (1% DAB and 1% peroxide in distilled water). A 
2 minutes incubation time results in a brown precipitate in Cyclin D1 positive nuclei. 
Nuclear counterstaining was done with haematoxylin. After dewatering in graded 
ethanol and xylene, slides were coated with glass and evaluated independently by two 
observers. As a positive controls mantle cell lymphomas were used and as negative 
controls two Burkitt lymphomas samples were used. 

RNA interference

The siRNA oligonucleotides were synthesized by Eurogentec (Belgium). Three differ-
ent siRNA’s were designed, targeting Cyclin D1 on nucleotide 855 to 875 (CD1-A), 345 
to 365 (CD1-B) and 671 to 691 (CD1-C) according to GenBank accession NM_053056. 
The CDK4 siRNA’s is targeting nucleotide 1062 to 1082 according to GenBank accession 
NM_000075. The CDK6 siRNA is targeting nucleotide 1112-1132 according to GenBank 
accession NM_001259. A previously designed siRNA directed against GFP was used as 
negative control (sense sequence: GACCCGCGCCGAGGUGAAGTT). Neuroblastoma cell 
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lines were cultured for 24 hours in 6 cm plates and transfected with 5.5 μg siRNA using 
lipofectamin® according to manufacturers’ protocol.

Transactivation assays

The following luciferase constructs were used in the transactivation assays:  pGL3 TA-
TAbasic-6xE2F (pGL3 containing a TATA box and 6 E2F binding sites was previous tested 
for E2F selectivity and was a kind gift of Prof. R. Bernards, Dutch Cancer Institute) (22), 
pRL-CMV (Renilla luciferase vector under CMV promoter). Cells were cultured for 24 
hours in 6 well plates and transfections were conducted using lipofectamin 2000® 
according to manufacturers’ protocol. 0.8 μg of the pGL3TATAbasic-6xE2F vector was 
transfected together with the 0.8 μg pRL-CMV vector and with the Cyclin D1 siRNA or 
the GFP siRNA. Dual luciferase assays were performed after 48 hours using the Pro-
mega dual-luciferase reporter assay system. For each assay three separate experiments 
were performed.

Western Blotting

The neuroblastoma cell lines were harvested on ice and washed twice with PBS. Cells 
were lysated in a 20% glycerol, 4% SDS, 100 ηM TrisHCl pH6.8 buffer. Protein was quan-
tified with RC-DC protein assay (Bio-Rad, Hercules, USA).  Loading was controlled by 
Bio-Rad Coomassie staining of a reference SDS-Page gel. Lysates were separated on a 
10 % or 5% SDS-Page gel and electro blotted on a transfer membrane (Millipore, Glouc-
estershire, UK). Blocking and incubation were performed using standard procedures. 
DCS-6 mouse monoclonal Cyclin D1 (Neomarkers , Fremont, USA), CDK4 C22 rabbit 
polyclonal (Santa Cruz, Santa Cruz, USA), CDK6 C21 rabbit polyclonal (Santa Cruz, Santa 
Cruz, USA), pRb SER780 rabbit polyclonal (Cell signaling technology, Beverly, USA), 
Cyclin A clone 25 mouse monoclonal (Novocastra, Newcastle upon Tyne, UK ),  Actin C2 
mouse monoclonal (Santa Cruz, Santa Cruz, USA),  and Tubulin (Boehringer, Basel, Swit-
zerland) antibodies were used as primary antibodies. After incubation with a secondary 
sheep anti-mouse or anti-rabbit horseradish peroxidase linked antibody (Amersham, 
Piscataway, USA), proteins were visualized using an ECL detection kit (Amersham, Pis-
cataway, USA). Antibodies were stripped from the membrane using a 2% SDS, 100 mM 
β-mercapto-ethanol, 62.5 mM Tris-HCL pH 6.7 buffer. 

Cell counting

All cell counting experiments were performed in duplo. Cells were collected by trypsini-
zation and diluted in 1 ml of medium. Two samples of 100 μl of this medium were di-
luted in 100 μl TritonX-100/sapponine and 10ml isotone II and duplo counting of these 
two samples were performed on a Beckman Coulter Counter.

FACS analysis

Cells were grown for 24 hours in 12 well plates and then transfected with siRNA as 
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described before. 48 or 72 hours after transfection cells were lysated in the wells with a 
3.4 mM Trisodiumcitrate, 0.1% Triton X-100 solution containing 50 μg/μl of propidium 
iodide. After 1 hour incubation, DNA content of the nuclei was analyzed using a fluores-
cence activated cell sorter. A total of 30,000 nuclei per sample were counted. The cell 
cycle distribution and apoptotic sub G1 fraction was determined using WinMDI version 
2.8.

TUNEL assay

Apoptotic cells were detected using the in situ cell death detection kit from Roche ap-
plied science (Basel, Switzerland). Cells with green fluorescent nuclei were indicated as 
apoptotic cells. The apoptosis index was the number of apoptotic cells divided by the 
total number of cells. For each experiment 500 cells were counted.

Fluorescence Microscopy

Cells were grown on glass and transfected as described above. Cells were rinsed twice 
with PBS and fixed on glass using 4% paraformaldehide in PBS for 30 minutes. One 
more wash step was performed using PBS permeabilisation of the cells using 0.05% 
Triton X-100 in PBS. After three more wash steps using 0.01% Triton X-100 in PBS slides 
were blocked in 1% BSA, 0.01%Triton X-100, PBS. This was followed by 15 minutes 
incubation with 0.1 μg Phalloidin-TRITC labeled (Sigma-Aldrich, Zwijndrecht, the 
Netherlands) in 100 ul blocking solution. Slides were washed four times with 0.01%Tri-
tonX-100 in PBS and finally with H2O. After drying slides were mounted in Vectashield® 
with 25 μg/ml propidium iodide.
 

Results

Expression of G1 phase regulating Cyclins and Cyclin Dependent Kinases.

Affymetrix expression profiles of 110 neuroblastic tumors allowed us to analyze expres-
sion levels of G1 regulating genes in vivo. First we compared our data with publicly 
available Affymetrix HG-U133-plus2 expression profiles of 353 normal samples and 
2047 tumor samples (see materials and methods section for references). Of the G1 
regulating Cyclins the Cyclin D1 gene shows the most abundant expression (Fig. 1A). 
The average Cyclin D1 expression in neuroblastic tumors is 6 times higher compared to 
normal tissue (n=184) and 16 times higher compared to normal central nerve system 
(CNS) tissue series (n=169). Also compared to libraries of 18 common malignancies, 
the Cyclin D1 expression in neuroblastoma is 2.5 to 7.5 fold higher. Even tumor types 
with known high frequency of genetic aberrations of the Cyclin D1 11q13 locus such as 
breast tumors and myeloma have lower expression of Cyclin D1 compared to neuro-
blastoma. The partners of Cyclin D1, the G1 regulating CDK4 and CDK6, show interest-
ing expression patterns. CDK4 and CDK6 are both highly expressed in neuroblastoma 
compared to various normal tissues and the CDK4 expression level is comparable 
to adult tumors. To further analyze the expression of Cyclin D1, CDK4 and CDK6 in 
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neuroblastoma we generated plots of neuroblastic tumors and cell lines. Figure 1b 
shows that the Cyclin D1 expression (2log values shown) in cell lines is within range of 
the in vivo expression. In our neuroblastoma series we could identify a weak correla-
tion between Cyclin D1 expression levels and INSS tumor stage and a very significant 
correlation with the histological classification of neuroblastic tumors (ganglioneu-
roma versus neuroblastoma unpaired student T-test p=1.2x10-13). The plot of CDK4 
in neuroblastoma tumors shows that CDK4 expression in neuroblastoma cell lines is 
comparable to tumors with high expression (Fig 1C). The tumor panel has one and 
the cell line panel two samples with extremely high expression of CDK4. We therefore 
screened the tumor and cell line panel for potential genomic amplification of CDK4. 
The tumor and cell lines with extremely high CDK4 expression are the tumors showing 
amplification of CDK4 (data not shown). The CDK4 expression shows a correlation with 
INSS tumor stage, LOH of 1p, MYCN amplification and most significantly with survival as 
indicated by the Kaplan Meier curve (Log rank probability of 6.2x10-10). The correlation 
to survival is also significant independent of histological classification (Log rank prob-

Figure 1. Expression analysis of G1 phase regulating Cyclins and Cyclin Dependent Kinases in neuroblastoma. 
A, The average Affymetrix microarray mRNA expression levels of Cyclin D1, CDK4 and CDK6 in various adult 
tumor types (blue) and normal tissues samples (green) compared to neuroblastic tumors samples (red). 
The number in brackets for each tumor tissue type indicates the number of samples. Error bars show the 
standard error of the mean. The source for the public available data is given in the material and methods 
section. B, Affymetrix microarray expression of Cyclin D1 (2log transformed) in individual neuroblastic tumor 
samples (n=110) and neuroblastoma cell lines (n=24), ordered by the 2log fold transformed level of Cyclin 
D1 expression. For each tumor sample and each cell line several characteristics are given as tracks (color 
coded boxes). INSS (Red=Stage 3 or 4, Green=Stage 1 or 2, Blue=Stage 4S); MYCN (Green=Non amplified, 
Red=Amplification>10 copies, Orange=Contains MYCN expression vector); LOH1p (Red=LOH1p, Green=No 
LOH1p, Grey=Non informative); Survival (Red=death, Light green=Survival 0-5 years, Dark green= Survival >5 
years); Histology (Red=Neuroblastoma, Dark green=Ganglioneuroblastoma, Light green=Ganglioneuroma). 
The bar plot shows the average Affymetrix microarray expression of Cyclin D1 in ganglioneuroma (GN), 
ganglioneuroblastoma (GNB) and neuroblastoma (NB). C, Affymetrix microarray expression of CDK4 (2log 
transformed) in individual neuroblastic tumor samples (n=110) and neuroblastoma cell lines (n=24), ordered 
by the level of CDK4 expression. Further information is as in figure 1B. The Kaplan-Meier curve shows the 
Survival of patients with CDK4 Affymetrix microarray expression above 780 (N=33) compared to below 780 
(N=77). D, Affymetrix microarray expression of CDK6 (2log transformed) in individual neuroblastic tumor 
samples (n=110) and neuroblastoma cell lines (n=24), ordered by the level of CDK6 expression. Further 
information is as in figure 1B. The bar plot shows the average Affymetrix microarray expression of CDK6 in 
ganglioneuroma (GN), ganglioneuroblastoma (GNB) and neuroblastoma (NB).

Table 1. Results of immunohistochemical staining 
of 97 neuroblastic tumors containing 8 ganglioneu-
roma, 26 ganglioneuroblastoma and 63 neuroblas-
toma. Tissue was considered positive if at least 
10% of the tumor cells showed specific nuclear 
staining, strongly positive when in at least 20% of 
the stained nuclei the haematoxylin counter stain 
wasn’t visible any more and focal positive when 
only a part of the tumor showed nuclear staining.
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ability of 3.0x10-7 in only neuroblastoma) or MYCN amplification (log rank probability of 
5.0x10-5 in only non N-Myc amplified neuroblastoma). CDK6 shows a similar pattern to 
Cyclin D1 (fig 1D) with a very significant correlation with the histological classification 
of neuroblastic tumors (ganglioneuroma versus neuroblastoma unpaired student T-test 
p=8.0x10-17)

High Cyclin D1 expression is restricted to neuroblasts.

The difference in Cyclin D1 expression in ganglioneuroma and neuroblastoma, found in 
Affymetrix expression profiles, could be the result of the influx of Schwann cells in the 
tumor and dilution of a possible Cyclin D1 signal. Therefore we stained paraffin embed-
ded tumor sections from 63 neuroblastomas, 26 ganglioneuroblastomas and 8 gangli-
oneuromas with a Cyclin D1 antibody. Tissue was considered positive if at least 10% of 
the tumor cells showed specific nuclear staining, strongly positive when in at least 20% 
of the stained nuclei the haematoxylin counter stain was not visible any more and focal 

Figure 3. Cyclin D1 and CDK4 silencing in neuroblastoma cell lines causes pRb pathway inhibition. A, On the 
left a Western blot from SK-N-BE cell lysates, 48 hours after treatment with three different Cyclin D1 siRNA’s 
and a GFP siRNA as negative control. The Western blot is incubated with a Cyclin D1 antibody, and a β-actin 
antibody for loading control. On the right a Northern blot from SK-N-BE cell lines 48 hours after treatment 
with Cyclin D1 and GFP siRNA. The ethidium bromide staining of the ribosomal RNA 4,9 kB band is shown 
as loading control. B, Western blot from cell lysates of SJNB-6, SJNB-10, SK-N-FI and SK-N-BE, 48 hours after 
treatment with Cyclin D1 (CD1) or GFP siRNA. Western blots were incubated with a Cyclin D1 antibody, an 
antibody specific for CDK4 phosphorylated pRb (Ser 780 pRb), and a Cyclin A antibody. The Western blot 
was incubated with β-actin antibody for loading control. Because SJNB-6 has low β-actin expression we used 
Tubulin as loading control. C, Western blots from cell lysates of SK-N-FI and SK-N-BE, 48 hours after treatment 
with CDK4, CDK6 or GFP siRNA. Western blots were incubated with a CDK4 or CDK6 antibody, a Cyclin D1 
antibody, an antibody specific for CDK4/6 phosphorylated pRb (Ser 780 pRb), and a Cyclin A antibody. The 
Western blot was incubated with β-actin antibody as loading control. D, E2F transcriptional activity, 24 hours 
after transfection with Cyclin D1 (red) or GFP (green) siRNA of neuroblastoma cell lines SK-N-BE and the SK-
N-FI. E2F activity is shown as the firefly luciferase activity from the E2F-FF reporter construct divided by the 
renilla luciferase activity from the co-transfected constitutionally active CMV-RL vector. These are the results 
of three independent experiments. The error bars show the standard deviation.

Figure 2. Immunohistochemical staining of a neuroblastoma and a ganglioneuroma tumor with an antibody 
against Cyclin D1. The arrows indicate two negative nuclei of ganglion cells. The scale bar indicates 50 µm.
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positive when only a part of the tumor showed nuclear staining. For 24 tumors both 
Affymetrix and protein data were available. There was a clear correlation between the 
Cyclin D1 mRNA expression by microarray and the protein expression data by immu-
nohistochemistry (data not shown). In the complete panel of 97 tumor samples that 
were analyzed for Cyclin D1 expression by immunohistochemistry there was a clear 
correlation between the histological classification and the Cyclin D1 expression levels 
(Table 1). In ganglioneuroma not only the Schwannian stroma cells have low expression 
of Cyclin D1 but also the ganglion cells have low expression of Cyclin D1 compared to 
neuroblasts (Fig. 2). High Cyclin D1 expression that does not leave any haematoxylin 
visible is restricted to neuroblasts. These results indicate that Cyclin D1 might play a 
role in maintaining the undifferentiated phenotype of neuroblasts.

Cyclin D1 and CDK4 RNA interference causes pRb pathway inhibition.

To study the functional relevance of Cyclin D1 and its kinase partners CDK4 and CDK6 in 
neuroblastoma, we used RNA interference to silence these genes in neuroblastoma cell 
lines. We first tested Cyclin D1 siRNA’s in the neuroblastoma cell line SK-N-BE, which 
has a very high expression of Cyclin D1. As a negative control we used a siRNA target-
ing the coding region of Green Fluorescent Protein (GFP). From three different siRNA’s 
targeting the coding region of Cyclin D1, the CD1C siRNA showed the best reduction 
of Cyclin D1 mRNA and protein (85%) (Fig. 3A). From our panel of neuroblastoma cell 
lines we selected three more cell lines with high expression of Cyclin D1. Transfection 
of the Cyclin D1 siRNA (CD1-C) in SJ-NB 6, SJ-NB 10 and SK-N-FI showed a 70%, 43% 
and a 89% reduction of Cyclin D1 respectively (Fig. 3B). The silencing of the Cyclin D1 
gene lasted for four days. To determine whether silencing of Cyclin D1 causes an effect 
on the downstream pRb pathway, we used a phosphospecific antibody against CDK4/6 
phosphorylated pRb (Ser780). All four neuroblastoma cell lines transfected with the 
Cyclin D1 siRNA showed a decrease in Ser 780 phosphorylated pRb (Fig. 3B). Hypophos-
phorylation of pRb causes inhibition of the E2F transcriptional activity. To show that the 
E2F transcriptional activity was indeed inhibited by the Cyclin D1 protein knock down, 
we used a dual luciferase assay with a reporter construct containing 6 E2F binding 
sites. In the two tested neuroblastoma cell lines, SK-N-BE and SK-N-FI, a clear down-
regulation of E2F transcriptional activity was shown in the Cyclin D1 siRNA treated 
cells compared to the GFP siRNA treated cells (Fig 3D). E2F induces transcription of 
Cyclin A. Figure 3B shows that Cyclin A levels also decrease after Cyclin D1 silencing. To 
determine if silencing of the Cyclin D1 kinase partners results in the same downstream 
pathway effect we also developed an effective CDK4 and CDK6 siRNA and transiently 
transfected the cell lines SK-N-BE and SK-N-FI. Western blot results show an effec-
tive knockdown of CDK4 in SK-N-BE and SK-N-FI, 72 hours after transfection (Fig. 3C). 
The CDK4 silencing has no effect on Cyclin D1 protein levels. CDK4 silencing results in 
evident decrease in pRb phosphorylation and reduction of the E2F target protein Cyclin 
A. Also CDK6 was very efficiently silenced. However, CDK6 silencing hardly affected the 
Rb phosphorylation level and also Cyclin A levels were not or hardly reduced (Fig. 3C). 
We conclude that knock down of Cyclin D1 or its kinase partner CDK4 causes inhibition 
of the pRb-E2F pathway in neuroblastoma cell lines. CDK6 silencing hardly affects the 
pRb-E2F pathway. 
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G1 cell cycle arrest and inhibition of cell growth after Cyclin D1 or CDK4 inhibition.

The inhibition of the Cyclin D1-pRb-E2F pathway resulted in marked phenotypical ef-
fects in neuroblastoma cell lines. We performed FACS analysis to evaluate the effect 
of Cyclin D1 inhibition on the cell cycle. The SK-N-FI, SK-N-BE, SJNB-6 and SJNB-10 cell 
lines were transfected with siRNA targeting Cyclin D1 and GFP and harvested for FACS 
analysis after 48 hours. SK-N-BE shows a clear increase in G0G1 fraction and a decrease 
in G2S fraction in the Cyclin D1 siRNA treatment as compared to the GFP negative con-
trol (Fig. 4A). This results in a strong increase of the G0G1/G2S ratio, which was also ob-
served in the three other neuroblastoma cell lines tested (Fig 4B). Also CDK4 inhibition 
by siRNA showed a strong G1 arrest. In SK-N-BE CDK4 silencing caused an even stronger 
G1 arrest compared to Cyclin D1 silencing. This is probably due to a more effective 
knockdown. To analyze whether the G1 cell cycle arrest results in growth inhibition we 
performed growth assays in the SK-N-BE and SK-N-FI cell lines after Cyclin D1 silencing. 
Cells were trypsinized after 0, 24, 48 and 72 hours and counted with a Coulter counter. 
The first 24 hours no effect is seen on cell growth. At 48 and 72 hours a significant cell 
growth reduction is seen in the two cell lines transfected with Cyclin D1 siRNA cells 
compared to the control cells (Fig 4C). The silencing of CDK6 did not result in growth 
inhibition (data not shown).

Cyclin D1 and CDK4 silencing induces neuronal differentiation.

The growth inhibition observed in Cyclin D1 siRNA treated cells can be caused by a 
growth arrest or cell death. In Cyclin D1 siRNA treated neuroblastoma cell lines we 
did not observe an increased number of detached cells suggesting that no increase in 
apoptosis has occurred. FACS analysis did not show an increase of the sub-G1 fraction 
at 48 and 72 hours after transfection of Cyclin D1 or CDK4 siRNA in cell lines SK-N-BE, 
SK-N-FI, SJNB-6 and SJNB-10. Also a TUNEL assay performed at 48 hours after Cyclin D1 
knockdown showed no increase in the apoptotic index in any of the cell lines. However, 
analysis of neuroblastoma cells after Cyclin D1 or CDK4 silencing revealed a strong 
phenotype. Silencing of CDK6 did not induce this differentiated phenotype (data not 
shown). Cyclin D1 and CDK4 siRNA treated neuroblastoma cells showed an extensive 
increase in the number of neurite extensions per cell and the length of those exten-
sions compared to the negative control. In figure 4D, this neuronal differentiation is 
visualized by staining actin with TRITC labeled phalloidin. This suggests that neuroblasts 
differentiate towards a neuronal phenotype after inhibition of the G1 checkpoint.

Cyclin D1 and CDK4 silencing induces a neuronal differentiation pattern on mRNA 
profiling. 

To further analyze the characteristics of the differentiation pattern after Cyclin D1 or 
CDK4 silencing, we performed Affymetrix expression profiling. The SK-N-BE cell line was 
transfected with Cyclin D1 siRNA, CDK4 siRNA and GFP siRNA as control. RNA was iso-
lated at time point 0 and 48 hours after siRNA transfection and hybridized on Affyme-
trix HG-U133-plus2 microarrays. All assays were performed in triplo and results were 
analyzed on MAS5 normalized data. First we excluded all genes without a present call 
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based on the MAS5 algorithm. Secondly we excluded all genes that were significantly 
regulated (unpaired t-test p<0.01) between time points 0 and 48 hours in the GFP 
transfected cells, to avoid selection of genes that are also regulated due to transfection 
procedures. We subsequently selected genes that were at least 2 fold and significantly 
(Unpaired t-test p<0.01) regulated both in the Cyclin D1 and the CDK4 silenced cells 
compared to GFP siRNA treated cells 48 hours after transfection. This resulted in a 
set of 129 regulated genes, of which 70 were up- and 59 were down-regulated. These 
genes were grouped according to their function derived from the NCI Gene and OMIM 
databases (Table 2A and 2B). For 38 of the up-regulated genes a functional descrip-
tion was given and 11 of those genes are involved in neuronal processes as neuronal 
development, signaling or neurotransmitter secretion. This indicates that these cells 
show a change in expression pattern towards a neuronal phenotype which reflects our 
observations. The majority of down regulated genes are involved in cell cycle regulation 
or transcriptional regulation. The genes marked with an asterix are well established 
E2F target genes (23-27), which confirms the reliability of our results since the Cyclin 
D1/CDK4 complex functions through phosphorylation of pRb and activation of the E2F 
transcription factor.
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Discussion
We report a very high mRNA expression of Cyclin D1 in neuroblastoma compared to all 
other normal tissue libraries and tumor libraries including tumors libraries with known 
high frequencies of Cyclin D1 genetic aberrations. The protein expression correlates 
well with the mRNA expression levels and Cyclin D1 is mainly located in the nucleus of 
malignant neuroblasts. CDK4 and CDK6, the kinase partners of Cyclin D1, are also highly 
expressed and correlate with unfavorable prognosis and histological classification, 
respectively. These findings strongly suggest a role for G1 entry checkpoint dysregula-
tion in the etiology of neuroblastoma. Silencing of Cyclin D1 and CDK4 clearly leads to 
inactivation of the pRb pathway and E2F transcription. For CDK6 the effect on the pRb 
pathway is less outspoken. Probably CDK4 plays a more pronounced role in neuroblas-
toma cell lines compared to CDK6. This does not exclude a role for CDK6 in vivo. 

Apart from cell cycle regulation these G1 entry checkpoint regulators have been linked 
to other signal transduction routes. The apoptotic response which has been reported 
following Cyclin D1 silencing by other authors (28;29), was not found after Cyclin D1 
or CDK4 silencing in neuroblastoma as shown by FACS, Tunnel assay and microarray 
expression analysis. However, we report a change into a more differentiated phenotype 
after Cyclin D1 and CDK4 inhibition. The involvement of Cyclin D1 in neuronal differen-
tiation processes has been suggested previously (12;30;31). In neuroblastoma several 
authors linked Cyclin D1 nuclear over-expression to neuronal differentiation, but only 
as a downstream effect of other regulating genes (14;15). We now show that Cyclin 
D1 over-expression itself is a driving event that prevents differentiation in neuroblas-
toma. First we show a very high expression of Cyclin D1 in neuroblasts and low Cyclin 
D1 levels in differentiated ganglion cells in vivo. In vitro we show neuronal outgrowth 
after Cyclin D1 or CDK4 silencing and induction of a neuronal expression signature by 
Affymetrix microarray analysis. This is not in contrast with the findings that growth 
signaling pathways determine differentiation patterns in nonmalignant neuroblasts and 
influence the differentiation state of neuroblastoma. These signal transduction routes 
most frequently involve the transcriptional regulation of Cyclin D1 and thus the effect 
on neuronal differentiation by these signal transduction routes could partly function 
through Cyclin D1 regulation (32).

The signal transduction routes that cause the distinct phenotypical effects (cell cycle 
arrest and neuronal differentiation) on neuroblastoma could both involve E2F activ-
ity. Many of the cell cycle progression genes that show up in the microarray profile 
are E2F target genes. The down regulation of the cell cycle inhibitor CDKN2C seems in 
conflict with the cell cycle arrest but again this gene is an established E2F target. The 
phenotypical effect of neuronal differentiation could involve the strongly regulated 
MELK which is an established E2F target and a crucial player in maintaining an undif-
ferentiated phenotype in neuronal progenitor cells (27;33;34). In our neuroblastoma 
panel the Affymetrix expression of MELK is strongly correlated to histological classifica-
tion and prognosis (data not shown). Further studies have to identify the exact role of 
this gene in the pathogenesis of neuroblastoma. The expression profiling after Cyclin 
D1 and CDK4 silencing also allows us to identify new downstream players involved in 
neuronal differentiation in neuroblastoma. Zfp423 is a newly identified transcription 
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factor controlling proliferation and differentiation of neural precursors in cerebellar 
vermis formation. MYT1 is a transcription factor that has a role in the regeneration of 
oligodendrocyte lineage cells in response to demyelination (35;36).

We conclude that the high expression Cyclin D1 and CDK4 that correlates with histo-
logical subtypes and prognosis together with the previous reported genetic aberrations 
indicate that these G1 regulating genes are crucial players in neuroblastoma tumori-
genesis. The resulting E2F transcriptional activity seems to regulate cell cycle as well as 
neuronal differentiation signal transduction.
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Abstract
Deregulation of the cell cycle is crucial in oncogenesis. The tightly controlled network 
of cell cycle regulating genes consists of a core of Cyclin Dependent Kinases (CDK’s) 
that are activated by periodic expressed Cyclins. The activity of these Cyclin-CDK com-
plexes is in turn influenced by Cyclin Dependent Kinase Inhibitors (CDKI’s) and multiple 
signal transduction routes that are frequently involved in cancer. Neuroblastoma are 
paediatric tumors that belong to the group of small round blue cell tumors which are 
characterized by a high growth rate and fast cell division. In this paper we present 
high throughput analyses of cell cycle regulating genes in neuroblastoma. We ana-
lyzed a series of neuroblastoma by Comparative Genomic Hybridization (CGH) arrays, 
Single Nucleotide Polymorphism (SNP) arrays and Affymetrix expression arrays and we 
analyzed the data with the R2 bioinformatic tool. About 30% of neuroblastoma have 
genomic amplifications, gains or losses with shortest regions of overlap (SRO’s) that 
suggest implication of a series of G1 cell cycle regulating genes. CCND1 (Cyclin D1) and 
CDK4 are amplified or gained and the chromosomal regions of CDKN2 (INK4) group of 
CDKI’s are frequently deleted. Cluster analysis shows that tumors with genomic aberra-
tions in G1 regulating genes, over-express E2F target genes that regulate G2/M phase 
progression. These tumors have a poor prognosis. Our findings suggest that pharma-
cological inhibition of cell cycle genes might bear therapeutic promises for high risk 
neuroblastoma tumors. 
 

Introduction
The cell cycle is regulated by Cyclin Dependent Kinases (CDK’s) that are activated by 
intermittent expressed Cyclins. Each phase of the cell cycle is more or less controlled by 
specific CDK/Cyclin complexes, though there is redundancy. The Cyclin/CDK complexes 
are inhibited by Cyclin Dependent Kinase Inhibitors (CDKI’s). Cell cycle deregulation is 
one of the hallmarks of cancer and several human tumors are characterized by typi-
cal aberrations in cell cycle regulating genes. Retinoblastoma have deletions of the Rb 
gene, mantle cell lymphoma carry translocations that result in over expression of the 
CCND1 (Cyclin D1) gene and familial melanomas have CDKN2A (INK4A; p16) dele-
tions(1-3).

Neuroblastoma are extracranial neuroendocrine tumors that arise from the sympa-
thetic nervous system. The tumor is characterized by a wide diversity of presentations. 
It is one of the rare human malignancies known to demonstrate spontaneous regres-
sion with complete disappearance of undifferentiated disseminated stage 4S neuro-
blastoma. On the other end of the spectrum are the stage 4 neuroblastoma tumors, 
often with bone metastasis, that are very aggressive and have a very poor prognosis. 
Though neuroblastoma have a low incidence, they are the second cause of cancer-
related deaths in children. Histologically the neuroblastoma tumors can be subdivided 
in three types, i.e. undifferentiated, poorly differentiated and differentiating neuroblas-
toma. Prognosis is better in more differentiated tumors(4;5). The most striking genetic 
characteristic of neuroblastoma is the amplification of MYCN. This oncogene is ampli-
fied in 20-30% of neuroblastoma tumors and strongly correlates with a bad prognosis. 
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Myc Oncogene family members are involved in cell growth through protein synthesis, 
transcriptional regulation of ribosomal RNA processing, cell adhesion and tumor inva-
sion(6;7). MYCN has also shown to be involved in the origin of replication complex as a 
co-factor in the complex, as well as through direct transcriptional up-regulation of the 
MCM family of genes(8;9). Besides MYCN, only very few other genes have been impli-
cated in neuroblastoma pathogenesis. PHOX2B is mutated in less than 5% of neuroblas-
toma (10), while ALK mutations were recently identified in about 7 % of neuroblastoma 
(11). Chromosomal aberrations on the contrary, are very frequent in neuroblastoma. 
Gain of chromosome 17q is found in the majority of neuroblastoma, while loss of distal 
chromosome arms 1p and 11q are among the prominent deletions. Homozygous dele-
tions are exceptionally rare and it proved to be difficult to pinpoint genes in the aber-
rant chromosomal regions that actually contribute to neuroblastoma.

There is not one clear genetic defect in neuroblastoma that causes cell cycle deregula-
tion, though a low frequency of deletions and amplifications of cell cycle regulating 
genes have been described(12-15). In this paper we show by array CGH analysis of a 
panel of 82 primary neuroblastoma that about one-third of the tumors carry genetic 
aberrations of core cell cycle genes. Integrated analysis of CGH data and Affymetrix 
mRNA expression data revealed that the presence of these genetic aberrations cor-
related with high expression E2F target genes that regulate the S and G2/M phase. 
Tumors with deregulation of E2F target genes tend to have a bad prognosis.

 

Results

High frequency of DNA and mRNA aberrations in G1 checkpoint regulating genes in 
neuroblastoma.

Cells have to pass the G1 entry checkpoint to irreversibly proceed in the G1 phase 
of the cell cycle. This checkpoint is tightly controlled by the D type Cyclins that acti-
vate the kinase activity of CDK4 and CDK6. Activated CDK4/6 phosphorylates the pRb 
protein on several residues, resulting in a release and activation of E2F transcription 
factors. The target genes that are subsequently transcribed by E2F control further pro-
gression of the cell cycle.

The q arm of chromosome 11 is frequently deleted in neuroblastoma, which correlates 
with a poor prognosis(16). The 11q13 region however, where CCND1 (Cyclin D1) is lo-
cated, is never included in the deletions. On the contrary, we could identify gain of the 
11q region containing CCND1 in 10 out of 82 neuroblastoma (fig 1A and S1) that were 
analyzed by Comparative Genomic Hybridization (CGH). Moreover the CCND1 gene 
sporadically shows high level amplification in neuroblastoma, which is in line with our 
previous findings(14). In our cohort of 82 neuroblastoma we could identify two primary 
tumors with high level amplification of the 11q13 region including the CCND1 gene (fig 
S2). This brings the frequency of gain or amplification of the 11q13 region to 15%. The 
expression of CCND1 on mRNA level is elevated in almost all of the neuroblastoma, 
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Figure 1. Smallest Region of Overlap (SRO) analysis determined by array CGH analysis. (A) The 11q13 region 
showing tumors with gain in black and amplification in red. The SRO is indicated with dotted lines and the ex-
act genomic location on 11q is given in the figure. The CCND1 gene is located from 69.165.000 to 69.178.000 
which is in the SRO. (B) The 12q14 region showing gain and amplification in 3 tumor samples. The NCBI 
reference sequences for genes are shown in green and red (green is sense and red anti-sense orientation). 
The location of CDK4 is indicated. (C) The 9p21 region showing loss of heterozygosity. The CDKN2A/B genes 
are located next to each other in the SRO as indicated in the figure. One tumor showed a small interstitial 
deletion in the CDKN2A gene (ITCC0195) and is therefore not included in this SRO analysis.  
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compared to normal tissue and even compared to many adult malignancies (fig S3). 

Deregulation of the G1 checkpoint can also occur by aberrations of CDK4 or CDK6, 
as amplifications and activating mutations of these CDK’s are found in various tumor 
types(17-19). In our series of 82 neuroblastoma, used for CGH analysis, we could 
identify one tumor with CDK4 amplification. In addition, the 12q14 region encompass-
ing the CDK4 gene showed gain in 2 out of 82 neuroblastoma. In one tumor this occurs 
only in a small area directly surrounding the CDK4 gene (fig 1B and S4). The mRNA 
expression of CDK4 is high compared to normal tissue and significantly correlated with 
a bad prognosis (fig S5 and S6). For CDK6, the other G1 regulating Cyclin Dependent 
Kinase, CGH analysis did not reveal any genetic aberrations. However, CDK6 is highly 
expressed in neuroblastoma and expression is correlated to undifferentiated tumor 
histology (fig S7 and S8).

The pRb gene and the E2F transcription factors are not located in regions with genetic 
aberrations in neuroblastoma. Only E2F6 is located on the frequently gained 2p region 
but this gene is not functioning as a key player in G1 cell cycle regulation(20). The E2F 
transcription factors E2F1 and E2F3 have a moderate high expression, which correlates 
with a poor prognosis (fig S9 and S10). 

The Cyclin D-CDK4/6 complex can be inhibited by the INK4 group of CDKI’s. The best 
known inhibitor is CDKN2A (INK4A /p16) which is located on chromosome 9p21 at the 
same gene locus as p14ARF. CDKN2A has not been reported to harbour single nucle-
otide mutations in neuroblastoma but sporadic deletions of CDKN2A are found(12). 
In the 82 neuroblastoma analyzed by CGH we identified 7 tumors with small 9q21 
deletions indicating heterozygote loss of CDKN2A (fig 1C and S11). To confirm heterozy-
gote deletions we used SNP array analysis, which showed that the CDKN2A aberrations 
affected one allele only. The previously described homozygous deletions of CDKN2A 
were therefore not found in our cohort of 82 primary neuroblastoma tumors. Analysis 
of Affymetrix gene expression data showed that CDKN2A expression is equal or lower 
compared to normal tissue. A striking exception was formed by the high CDKN2A 
expression in a neuroblastoma tumor with CDK4 amplification (fig S12). The increase in 
CDKN2A expression in CDK4 amplified tumors is also seen in malignancies with a high 
frequency of CDK4 genetic aberrations like glioblastoma, suggesting that CDK4 can up-
regulate CDKN2A expression. The CDKN2B (INK4B/p15) gene is located on 9p21 next to 
CDKN2A and is included in the deletions of CDKN2A. The CDKN2C (INK4C/p18) gene is 
located at chromosome 1p32, which is outside the SRO for 1p deletions in neuroblas-
toma. Still this region is frequently deleted in neuroblastoma and the 1p32 region has 
been suggested to play a role in neuroblastoma development as well(21). In our cohort 
of neuroblastoma the 1p32 loss correlates with decreased CDKN2C expression (p value 
0.03, t-test), suggesting that the genetic aberration adds to the decreased expression of 
CDKN2C. Finally the CDKN2D (INK4D/p19) gene is located on the 19p13 region which is 
not showing genetic aberrations in neuroblastoma. Interestingly the mRNA expression 
analysis shows a strong inverse correlation with MYCN expression (p value 1.2x10-6)(fig 
S13) suggesting an inhibitory effect of MYCN on this CDKI. 
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We conclude that in neuroblastoma the G1 checkpoint regulating genes CCND1 and 
CDK4 show occasional high level amplification. Moreover the CCND1, CDK4 and 
CDKN2A,B and C are located in regions that frequently show mild genomic aberrations 
as gain or LOH. The over-all frequency of genomic aberrations of G1 regulating genes in 
neuroblastoma is 30% (fig 2A). In addition to the genetic aberrations we identified very 
high expression of the G1 regulating genes on mRNA level, which is most abundant for 
CCND1, CDK4 and CDK6. 

Over expression of E2F target genes in S phase and G2M checkpoint

S phase progression is controlled by CDK2 which is activated by Cyclin A/E. Activated 
CDK2 causes a further phosphorylation of pRb to maintain E2F transcriptional activity. 
Active CDK2 also phosphorylates Nucleophosmin and components of the pre-replica-
tion complex to regulate initiation of DNA replication(22-24). The activated CDK2 ki-
nase complex is inhibited by the CDKN1 family of CDKI’s: CDKN1A (Cip1/p21), CDKN1B 
(Kip1/p27) and CDKN1C (Cip2/p57)(25). 

CDK2, Cyclin A/E and CDKN1A/B/C do not show gain, amplification or deletions in our 
82 neuroblastoma cohort that was analyzed using CGH. The CDK2 mRNA expression 
levels show a strong correlation with poor prognosis and this might be in line with the 
synthetic lethal relation with MYCN, that we have reported previously (fig S14). From 
the S phase regulating Cyclins the CCNA2 gene does show increased mRNA expression 
compared to normal tissue (fig S15). CCNA2 is a direct transcriptional target of E2F 
and we previously showed that CCNA2 expression strongly decreases after silencing of 
CCND1 or CDK4 in neuroblastoma(26). Therefore the high CCNA2 expression in neuro-
blastoma is most likely an indicator of high E2F activity.

The CDK inhibitors CDKN1A (Cip1/p21) and CDKN1B (Kip1/p27) are extensively studied 
in neuroblastoma (27-31). In our tumor panel the mRNA expression levels of CDKN1A 
are not up or down-regulated compared to other tumors and there is no correlation 
with clinical or genetic characteristics. Low CDKN1B mRNA expression levels are cor-
related with bad prognosis which is in line with previous findings (fig S16)(28). CDKN1B 
was previously found to be strongly up-regulated during induction of neuronal differen-
tiation and down-regulated by MYCN in a cell line model(29). These findings could not 
be confirmed by our current mRNA analysis in primary tumors. CDKN1B mRNA expres-
sion does not correlate with differentiation or with MYCN expression. Also the CDKN1C 
(Kip2/p57) gene has been reported to be repressed by MYCN over-expression(32). 
However, these regulatory relations were not reflected by a significant correlation 
between MYCN amplification and CDKN1C expression in our series.

Progression from G2 to M phase is driven by CDC2 (CDK1) in complex with Cyclin B, 
which activation must be sustained until the metaphase. Active CDC2 causes phos-
phorylation of a group of key proteins involved in chromatin condensation, nuclear 
membrane breakdown and microtubule and actin reorganization(33;34). CDC2 and the 
regulating B type Cyclins do not show aberrations on CGH analysis of the neuroblas-
toma panel. The mRNA expression levels of these G2M regulating genes are increased 
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Figure2. (A) Heat map of two-way hierarchically clustered z-scores of the core cell cycle regulating genes in 
neuroblastoma, based on Affymetrix microarray expression data. In the tracks indicated on top of the heat 
map the clinical and genetic data of the tumors are presented. The legend for clinical data is: Survival: red 
indicates death, light green means alive with follow-up less than 5 years and dark green alive with follow up 
more than five years. INSS: red means stage 4, green stage 1,2 or 3 and orange stage 4S. Histology: red is 
undifferentiated neuroblastoma, dark green is poorly differentiated neuroblastoma, light green is differenti-
ated neuroblastoma. The legend for the DNA data is: Red: mutations in the ALK gene, Amplification of MYCN, 
CCND1 or CDK4. Orange is gain of CCND1 or CDK4 or LOH of CDKN2A/B or C. Green is no mutations. Grey is 
information absent. (B) Kaplan Meier curve of patients in the high E2F cluster and the low E2F cluster. The 
number between brackets indicates the number of patients in each group. The significance of the Kaplan 
Meier curve is shown in the figure and was calculated using a logrank test. The two patients that died in the 
low E2F group (fig1A, tumors ITCC0057 and ITCC0027) both died of toxicity during treatment and were not 
included as tumor deaths in this survival analysis. 
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compared to normal tissues and comparable to other tumor types (fig S17,18 and 19). 
The expression pattern in the 88 neuroblastoma panel for both CDC2 and the B type 
Cyclins strongly correlates with the expression of CCNA2 (fig 2A) which suggests a com-
mon regulatory mechanism. We conclude that CCNA2 and the G2 regulating CDC2 and 
B type Cyclins all show increased expression and these genes have strong overlap in 
expression patterns.

Integration of G1, S and G2 phase regulating processes in neuroblastoma.

Next we correlated the expression data of the core cell cycle regulating genes to 
genetic aberrations and clinical characteristics in neuroblastoma. We first performed 
two way hierarchical clustering of z scores, based on Affymetrix mRNA expression of 
the core cell cycle regulating genes in 82 neuroblastoma. CDC2, CCNA2/B1/B2 and 
E2F1/2/3 showed a striking similarity in expression (fig 2a). These genes are all es-
tablished E2F target genes, suggesting that their high expression in neuroblastoma 
is a direct result of E2F activation. The clustering of tumors divides the samples in a 
group with high and a group with low expression of these E2F target genes (fig 2a). To 
compare these data to the genetic aberrations in G1 regulating genes, we added tracks 
summarizing the genetic defects described in this paper. They mark the samples with 
amplification, gain or deletions of CCND1, CDK4, CDKN2A/B and CDKN2C (Fig. 1). Tu-
mors in the group with high E2F activity show a higher frequency of genetic aberrations 
in G1 regulating genes (fig 2A): 22 out of 45 tumors in the group with high expression 
of E2F target genes have genetic aberrations, compared to 3 out of 37 tumors in the 
group with low expression of E2F target genes (p value 7.4 x 10-5). 
 
To relate this to known genetic characteristics we added tracks on MYCN amplification 
and ALK mutations. All MYCN amplifications occur in the cluster containing tumors 
with high expression of E2F target genes. Finally, clinical characteristics are shown as 
tracks as well. There is a clear tendency for higher tumor stages and lower differentia-
tion grades in the cluster with high expression of E2F target genes. Most striking is the 
high frequency of patients with a bad outcome in the group with high E2F activity. This 
is visualized in figure 2B, showing Kaplan Meier curves of patients with tumors with 
high expression of E2F target genes, compared to tumors with low expression of E2F 
target genes. Strikingly, weak expression of E2F target genes goes along with a perfect 
prognosis. 

Discussion
In this paper we show that genetic aberrations in cell cycle genes in neuroblastoma 
mainly occur in the group of G1 regulating genes. The tumor driving genes CCND1 and 
CDK4 show genomic aberrations as amplification or gain. Three out of four INK4 classes 
of G1 cell cycle inhibitors are located in genomic regions that frequently show LOH in 
neuroblastoma. Several of these events have been reported before. We and others 
have reported sporadic cases of CCND1 amplifications(14;35). CDK4 amplifications in 
neuroblastoma were identified before, but only in cell lines(13;15). A recent paper 
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described heterozygous and sporadically homozygous deletions of CDKN2A(12). We did 
not identify any homozygous deletions in CDKN2A in our series. The hemizygous dele-
tions of the other CDKN2 genes and the gain of small regions surrounding CCND1 and 
CDK4 are newly reported findings. Most surprising is the high overall frequency of 30% 
genetic aberrations in G1 regulating genes. As others have shown, integrated analysis 
of high throughput methods can reveal a high frequency of oncogenetic pathways in 
certain tumor types(36;37). In neuroblastoma, the G1 cell cycle signal transduction 
route seems to be involved in a significant subset of the tumors. The frequency of 
genomic defects could even be an underestimation, since we did not include genetic 
aberrations as single nucleotide mutations or translocations. Moreover, mRNA expres-
sion analysis reveals an even higher frequency of over-expression of the cell cycle regu-
lating genes CCND1, CDK4 and CDK6. This suggests that oncogenetic events in Micro 
RNA’s (MIR’s) or epigenetic events as methylation, could also be involved in deregula-
tion of the expression of these genes. The 1p36 located MIR-34A for instance, is known 
to have binding sites in the 3’ UTR of CCND1 and CDK6 mRNA and this is a candidate 
tumor suppressor miRNA in neuroblastoma(38).

Clustering analysis showed that the genomic aberrations affecting G1 genes correlate 
to over-expression of E2F target genes involved in S and G2/M phase progression. This 
suggests that the genetic aberrations in G1 regulating genes result in an increase in 
pRb phosphorylation and a release of pRb from the E2F transcription factor. As a result, 
E2F target genes become over-expressed (fig 3). We have recently confirmed that this 
chain of events actually occurs in neuroblastoma cell lines. Silencing of CCND1 and/or 
CDK4 resulted in decreased expression of the E2F target gene CCNA2(26). The other 
E2F target genes are probably regulated in a similar way, since their expression patterns 
strongly correlate.

The cluster of tumors with high E2F activity includes all tumors with MYCN amplifica-
tion, which could indicate a direct involvement of MYCN in cell cycle regulation in 
neuroblastoma. Most studies on cell cycle regulation by MYC family members have 
focussed on MYC (c-Myc). MYC directly regulates CDK4 and CCND2 (Cyclin D2) on a 
transcriptional level and inhibits CDKN1A (p21) and CDKN2B (p15) by direct transcrip-
tional repression(39-41). For MYCN these direct transcriptional interactions have not 
been proven. We found no correlation between MYCN amplification and expression of 
CDK4, CCND2, CDKN2B or CDKN1A in our cohort. Other studies have indirectly shown a 
relation of MYCN with cell cycle regulation. Over-expression of MYCN in quiescent cells 
accelerates S-phase progression after mitogenic stimulation and silencing of MYCN us-
ing RNAi causes a decrease of cells in S-phase(42;43). Direct MYCN transcriptional tar-
get genes in cell cycle regulation however have not been shown. As already described 
above we could show inverse correlations between MYCN expression and CDKN1C 
and CDKN2D. Whether these correlations are caused by direct MYCN transcriptional 
inhibition or instead MYCN over-expression is related to cell growth and up-regulation 
of metabolic pathways that sensitize a cell for further growth and replication, remains 
to be studied.

A most striking result of our analyses is the extreme poor prognosis for tumors in the 



83

5

Genetic aberrations of G1-cell cycle genes in neuroblastoma

cluster with high E2F activity and frequent G1 deregulating events (Fig. 2B). Strong 
deregulation of G1 cell cycle genes in high risk tumors opens opportunities for targeted 
drug development. Preclinical and clinical studies with small molecule inhibitors target-
ing G1 regulating genes though, have been disappointing. Also targeted inhibition of 
G1 regulating genes in neuroblastoma did not cause tumor death but rather resulted 
in a cell cycle arrest and neuronal differentiation. Since the G1 aberrations lead to high 
activity of S and G2M phase regulating genes, these might be better drug targets. Our 
data suggest that CDK2 and CDC2 inhibitors should be evaluated for efficacy in neuro-
blastoma models.

Materials and methods

Patients and cell samples

The neuroblastic tumor panel used for Affymetrix Microarray analysis contains 88 neu-
roblastoma samples. For CGH analysis 82 neuroblastoma tumor samples were used. All 
tumors analyzed by CGH were also included in the mRNA analysis. All samples were de-
rived from primary tumors of untreated patients. Material was obtained during surgery 
and immediately frozen in liquid nitrogen. The Affymetrix data from adult tumors and 
normal tissues was derived from the Expression Project for Oncology (expO) database 
from the International Genomics Consortium (IGC) (http://www.intgen.org/expo.cfm). 

Figure3. An overview of aberrations in cell cycle regulating genes in neuroblastoma. The genes indicated in 
red are activators of proliferation and those indicated in green are inhibiting cell cycle progression. The red 
lightnings indicate that the genes can be mutated or have copy number abnormalities in neuroblastoma. 
↑ Indicates over expression of that gene compared to normal tissue. † Indicates a significant correlation of 
the mRNA expression of this gene (measured by Affymetrix micro arrays) with bad prognosis in the panel of 
88 neuroblastoma.



84

The Cell Cycle in Neuroblastoma

5

CGH analysis

High molecular weight DNA was extracted from tumor tissue using standard proce-
dures (see Caron et al 1993). Labeling and hybridisation were performed as described 
previously by Michels et al 2007(35). We used a custom 44K Agilent aCGH chip, en-
riched for critical regions of loss/gain for neuroblastoma (10 kb resolution), miRNAs/T-
UCRs (5 oligos/gene) and cancer gene census genes (5 oligos/gene). Data were ana-
lyzed using the R2 web application (http://R2.humangenetics-amc.nl/). Circular binary 
segmentation was used for scoring the regions of gain, amplification and deletion. The 
coordinates of the first probe sets outside of the gained, amplified or deleted regions 
are given to indicate the borders of the genetic aberrations.

Affymetrix analysis

Total RNA of neuroblastoma tumors was extracted using Trizol reagent (Invitrogen, 
Carlsbad, ca) according to the manufacturer’s protocol. RNA concentration and quality 
were determined using the RNA 6000 nano assay on the Agilent 2100 Bioanalyzer (Agi-
lent Technologies). Fragmentation of cRNA, hybridization to hg-u133 plus 2.0 microar-
rays and scanning were carried out according to the manufacturers protocol (Affyme-
trix inc. Santa Barbara, USA). The expression data were normalized with the MAS5.0 
algorithm within the gcos program of Affymetrix. Target intensity was set to 100. All 
data were analyzed using the R2 web application, which is freely available at (http://
R2.humangenetics-amc.nl/).
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Supplementary figures

Figure S1 and S2. Array CGH analysis of chromosome 11 for a tumor with gain (S1) and amplification (S2) 
of the 11q13 region. The log fold values for the probe sets are shown. Red lines indicate the circular binary 
segmentation.

Figure S3. Boxplots of the Affymetrix expression of indicated genes in 3 neuroblastoma datasets (red), 14 
other cancer types datasets (blue) and 3 normal tissue type datasets (green). The boxes indicate where 
50% of the data points are located with the top border at 75% and the lowest border at 25%. The error bars 
indicate the range of expression with a maximum of 2 times the box size. If there are data points outside the 
error bars this is indicated by a small round above the error bar.
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Figure S4. Array CGH analysis of the region surrounding CDK4 at chromosome 12. The log fold values for the 
probe sets are shown. The NCBI reference sequences for genes are shown in green and red (green is sense 
and red anti sense orientation).

Figure S5. Boxplots of the Affymetrix expression of indicated genes in 3 neuroblastoma datasets (red), 14 
other cancer types datasets (blue) and 3 normal tissue type datasets (green). The boxes indicate where 
50% of the data points are located with the top border at 75% and the lowest border at 25%. The error bars 
indicate the range of expression with a maximum of 2 times the box size. If there are data points outside the 
error bars this is indicated by a small round above the error bar.
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Figure S6. Kaplan Meier curves. For each gene the tool calculates the optimal cut-off expression level, divid-
ing the patients in a good and bad prognosis cohort. Samples are sorted according to the expression of the 
investigated gene and divided into 2 groups based on a cut-off expression value. All cut-off expression levels 
and their resulting groups are analyzed for survival, with the provision that minimal group number is 8 sam-
ples. For each cut-off level and grouping, the logrank significance of the projected survival is calculated. The 
best p-value and corresponding cut-off value is selected. This cut-off level is reported and used to generate 
a Kaplan Meier graph. The graph depicts the the logrank significance (‘raw p’), as well as a p-value corrected 
for the multiple testing (Bonferoni correction) of cut-off levels for each gene (‘bonf p’). The number between 
brackets indicates the number of patients in each group.

Figure S7. Boxplots of the Affymetrix expression of indicated genes in 3 neuroblastoma datasets (red), 14 
other cancer types datasets (blue) and 3 normal tissue type datasets (green). The boxes indicate where 
50% of the data points are located with the top border at 75% and the lowest border at 25%. The error bars 
indicate the range of expression with a maximum of 2 times the box size. If there are data points outside the 
error bars this is indicated by a small round above the error bar.
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Figure S8. Circle plot showing the Affymetrix mRNA expression level of CDK6 in 3 histological subtypes of 
neuroblastoma

Figure S9, S10. Kaplan 
Meier curves. For each 
gene the tool calculates 
the optimal cut-off expres-
sion level, dividing the 
patients in a good and bad 
prognosis cohort. Samples 
are sorted according to the 
expression of the inves-
tigated gene and divided 
into 2 groups based on a 
cut-off expression value. 
All cut-off expression levels 
and their resulting groups 
are analyzed for survival, 
with the provision that 
minimal group number is 
8 samples. For each cut-off 
level and grouping, the 
logrank significance of the 
projected survival is cal-
culated. The best p-value 
and corresponding cut-off 
value is selected. This cut-
off level is reported and 
used to generate a Kaplan 
Meier graph. The graph 
depicts the the logrank 
significance (‘raw p’), as 
well as a p-value corrected 
for the multiple testing 
(Bonferoni correction) of 
cut-off levels for each gene 
(‘bonf p’). The number 
between brackets indicates 
the number of patients in 
each group.
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Figure S11. Log fold values of array CGH data and B allele frequency of SNP array data from the area sur-
rounding the CDKN2A gene at chromosome 9. The NCBI reference sequences for genes are shown in green 
and red (green is sense and red anti sense orientation).

Figure S12. Circle plot showing the Affymetrix mRNA expression level of CDKN2A in neuroblastoma and vari-
ous types of normal tissues.
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Figure S13. Circle plot showing the Affymetrix mRNA expression level of CDKN2D in MYCN amplified and 
MYCN single copy neuroblastoma

Figure S14. Kaplan Meier curves. For each gene the tool calculates the optimal cut-off expression level, 
dividing the patients in a good and bad prognosis cohort. Samples are sorted according to the expression of 
the investigated gene and divided into 2 groups based on a cut-off expression value. All cut-off expression 
levels and their resulting groups are analyzed for survival, with the provision that minimal group number is 
8 samples. For each cut-off level and grouping, the logrank significance of the projected survival is calcu-
lated. The best p-value and corresponding cut-off value is selected. This cut-off level is reported and used to 
generate a Kaplan Meier graph. The graph depicts the the logrank significance (‘raw p’), as well as a p-value 
corrected for the multiple testing (Bonferoni correction) of cut-off levels for each gene (‘bonf p’). The number 
between brackets indicates the number of patients in each group.
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Figure S16. Kaplan Meier curves. For each gene the tool calculates the optimal cut-off expression level, 
dividing the patients in a good and bad prognosis cohort. Samples are sorted according to the expression of 
the investigated gene and divided into 2 groups based on a cut-off expression value. All cut-off expression 
levels and their resulting groups are analyzed for survival, with the provision that minimal group number is 
8 samples. For each cut-off level and grouping, the logrank significance of the projected survival is calcu-
lated. The best p-value and corresponding cut-off value is selected. This cut-off level is reported and used to 
generate a Kaplan Meier graph. The graph depicts the the logrank significance (‘raw p’), as well as a p-value 
corrected for the multiple testing (Bonferoni correction) of cut-off levels for each gene (‘bonf p’). The number 
between brackets indicates the number of patients in each group.

Figure S15. Boxplots of the Affymetrix expression of indicated genes in 3 neuroblastoma datasets (red), 
14 other cancer types datasets (blue) and 3 normal tissue type datasets (green). The boxes indicate where 
50% of the data points are located with the top border at 75% and the lowest border at 25%. The error bars 
indicate the range of expression with a maximum of 2 times the box size. If there are data points outside the 
error bars this is indicated by a small round above the error bar.
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Figure S17, S18, S19. Boxplots of the Affymetrix expression of indicated genes in 3 neuroblastoma datasets 
(red), 14 other cancer types datasets (blue) and 3 normal tissue type datasets (green). The boxes indicate 
where 50% of the data points are located with the top border at 75% and the lowest border at 25%. The 
error bars indicate the range of expression with a maximum of 2 times the box size. If there are data points 
outside the error bars this is indicated by a small round above the error bar.
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Abstract
Two genes have a synthetically lethal relationship, when silencing or inhibition of one 
gene is only lethal in the context of a mutation or activation of the second gene. This 
situation offers an attractive therapeutic strategy, as inhibition of such a gene will only 
trigger cell death in tumor cells with an activated second oncogene but spare normal 
cells without activation of the second oncogene. Here we present evidence that CDK2 
is synthetically lethal to neuroblastoma cells with MYCN amplification and over-ex-
pression. Neuroblastomas are childhood tumors with an often lethal outcome. Twenty 
percent of the tumors have MYCN amplification and these tumors are ultimately refrac-
tory to any therapy. Targeted silencing of CDK2 by three RNA interference techniques 
induced apoptosis in MYCN-amplified neuroblastoma cell lines, but not in MYCN single 
copy cells. Silencing of MYCN abrogated this apoptotic response in MYCN-amplified 
cells. Inversely, silencing of CDK2 in MYCN single copy cells did not trigger apoptosis, 
unless a MYCN transgene was activated. The MYCN induced apoptosis after CDK2 
silencing was accompanied by nuclear stabilization of P53 and mRNA profiling showed 
up-regulation of P53 target genes. Silencing of P53 rescued the cells from MYCN-driven 
apoptosis. The synthetic lethality of CDK2 silencing in MYCN activated neuroblastoma 
cells can also be triggered by inhibition of CDK2 with a small molecule drug. Treat-
ment of neuroblastoma cells with Roscovitine, a CDK inhibitor, at clinically achievable 
concentrations induced MYCN-dependent apoptosis. The synthetically lethal relation 
between CDK2 and MYCN indicates CDK2 inhibitors as potential MYCN-selective cancer 
therapeutics.

 

Introduction
Two genes are considered to be ‘synthetically lethal’ if mutation of either gene alone is 
compatible with viability but simultaneous mutation of both genes causes death. This 
mechanism is best described for loss of function genes but also exits for gain of func-
tion genes. For example gene A can become essential for survival if gene B is over-ex-
pressed. This mechanism is potentially very attractive for the development of targeted 
anti cancer compounds that could specifically kill tumor cells while leaving normal 
cells alive(1-3). However, examples of synthetic lethal oncogenes in human tumors are 
hardly documented. 
Neuroblastomas are embryonal tumors that originate from the developing sympathetic 
nervous system and though neuroblastomas have a low incidence, they are the second 
cause of cancer related deaths in children(4;5). The MYCN gene is amplified in 20-30% 
of neuroblastoma tumors and amplification strongly correlates with a bad prognosis. 
MYC genes are potent oncogenes that drive unrestrained cell growth and proliferation. 
They function as transcription factors that cause upregulation or repression of genes 
involved in a variety of oncogenetic pathways. Recently MYC genes were also shown 
to control protein expression through mRNA translation and to directly regulate DNA 
replication(6-9).  Apart from the function in oncogenesis, MYC genes have also been 
described to induce apoptosis if over-expressed in non MYC-amplified cells(10). This 
could indicate that the amplification of the MYC oncogenes requires a specific genetic 
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background and that there could be synthetic lethal relations with other (onco)genes.
Cell cycle aberrations occur in all tumors and many targeted compounds inhibiting 
specific cell cycle kinases have been developed(11;12). These efforts were based on the 
idea that the targeting of aberrant cell cycle checkpoints in cancer cells could lead to 
tumor growth inhibition and cell death(13). Several studies have recently shown that 
most cell cycle kinases are not essential for cell survival in vitro and in vivo(14). Cyclin 
Dependent Kinase 2 (CDK2) was thought to be a crucial regulator of S phase progres-
sion and was therefore evaluated as an anticancer drug target. Tetsu et al. however 
showed that CDK2 inhibition in several cancer cell types did not result in cell death and 
Santamaria et al. showed that genetic ablation of CDK2 in mice could be compensated 
for by CDK1(15;16). These findings severely reduced optimism about CDK2 as thera-
peutic target.
Several cell cycle aberrations involving G1-regulating genes have been identified in 
neuroblastomas. Cyclin D1 and CDK4 gene amplifications occur at a low frequency and 
a CDK6 mutation which inactivates p16-binding has been found(17-19). Cyclin D1 was 
found to be extremely over-expressed in about 75% of neuroblastoma tumors. Inhibi-
tion of the G1 regulating genes CDK4 or Cyclin D1 in neuroblastoma cell lines resulted 
in restoration of the G1 checkpoint and subsequent neuronal differentiation(20). The 
absence of an apoptotic response made these G1 regulating genes less attractive as a 
therapeutic target.
In this paper we show that inhibition of the next step of the cell cycle which is con-
trolled by CDK2 results in massive cell death. This is in clear contrast with the previous 
findings of redundancy of CDK2. Inhibiting CDK2 using various siRNA based techniques 
showed an apoptotic response in MYCN-amplified neuroblastoma cell lines and not in 
MYCN single copy cells. We could show a synthetic lethal relation in which CDK2 silenc-
ing only results in cell death in the presence of MYCN. This lethal response is depend-
ing on functional p53. We show that this MYCN dependent P53 mediated apoptotis can 
also be induced by a CDK2 inhibiting small molecule. 
 

Results

Silencing of CDK2 is lethal to MYCN amplified Neuroblastoma cells. 

To identify new drug targets in the cell cycle, we analyzed the mRNA expression pattern 
of cell cycle regulating genes in 88 neuroblastoma tumors. High CDK2 expression was 
strongly correlated with a bad prognosis (Fig. S1A). To evaluate CDK2 as a potential 
drug target, we silenced CDK2 expression in human neuroblastoma cell lines by tran-
sient siRNA. Surprisingly, CDK2 knock-down resulted in a strong induction of apoptosis 
in three MYCN-amplified neuroblastoma cell lines, while leaving one MYCN single copy 
neuroblastoma cell line and exponentially growing fibroblasts unaffected (Fig. 1A). To 
further analyze the effects of CDK2 knock-down, we introduced an inducible shRNA 
construct into the neuroblastoma cell line IMR32 (targeting another sequence in the 
CDK2 coding region) and performed time course analysis. Induction of CDK2 shRNA 
resulted in a decrease in CDK2-specific pRb phosphorylation, followed by PARP and 
Caspase 3 cleavage (Fig. 1B). An E2F reporter construct revealed a strong reduction 
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of E2F activity (Fig. 1C). FACS analysis showed a G1 arrest after 48 hours followed by 
an increase in sub-G1 fraction, indicative of apoptosis (Fig. S1B). Cell counting after 
induction of CDK2 shRNA confirmed progressive cell death at 48, 72 and 96 hours after 
CDK2 silencing (Fig. 1D), eventually leading to 100% cell death after 6 days. We used a 
lentiviral-mediated shRNA targeting a third CDK2 mRNA sequence, but now located in 
the non-coding 3’UTR. Again CDK2 silencing in IMR32 resulted in PARP and Caspase 3 

Fig. 1. CDK2 inhibition causes apoptosis in MYCN-amplified neuroblastoma cells 
(A) Three MYCN amplified neuroblastoma cell lines, one MYCN single copy cell line (s.c.) and exponen-
tially growing fibroblasts were transfected with 21 bp double strand siRNA against CDK2 or GFP as control. 
Samples were harvested at 48 hours and immunoblotted for CDK2, PARP and β-Actin. The PARP antibody rec-
ognizes total and cleaved PARP (lower band). Cleavage of PARP indicates activation of the apoptotic pathway. 
Light microscopy pictures were taken just before harvesting the cells. 
(B) The neuroblastoma cell line IMR32 was transfected with a pcDNA6/TR vector and a vector containing 
CDK2 shRNA under a Tet Operator controlled CMV promoter generating the inducible cell line IMR32-pcD-
NA6-CDK2sh. Doxycycline was added at time-point 0 to induce CDK2 shRNA expression and silence CDK2. 
Cells were harvested at various time-points and immunoblotted for CDK2, Threonine 821-phosphorylated 
pRb, PARP, Cleaved Caspase 3 and β-Actin. Cleavage of PARP and Caspase 3 indicates activation of the apop-
totic pathway. 
(C) A firefly luciferase vector containing 6 E2F-binding sites was transfected together with a renilla luciferase 
vector in IMR32-pcDNA6-CDK2sh. After transfection, doxycycline was added. Control samples were not 
treated. Dual-luciferase assays were performed after 48 and 72 hours to measure the relative E2F activity. 
(D) IMR32-pcDNA6-CDK2sh and the IMR32-pcDNA6 from which this cell line was derived were grown in the 
presence or absence of doxycycline. Cells were harvested at various time points and counted using a Coulter 
counter. 
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cleavage indicating apoptosis (Fig. 1E). To rescue this phenotype, we ectopically over-
expressed the coding region of CDK2 in the neuroblastoma cell line IMR32. CDK2 si-
lencing in this cell line using the lentiviral encoded shRNA targeting the 3’UTR, silenced 
the endogenous CDK2 but not the ectopic CDK2 (Fig. S1C and S1D). These cells did 
not show an apoptotic response, thus excluding off-target effects of the CDK2 shRNA 
(Fig. 1F and S1E). Our findings are in clear contrast with previous reports on the lack of 
apoptosis after CDK2 inhibition(16). We hypothesized that the apoptotic response after 
CDK2 silencing depends on the genetic background of the cell system as we observed 
apoptosis only in MYCN-amplified neuroblastoma cells and not in a MYCN single copy 
neuroblastoma cell line and exponentially growing fibroblasts (Fig. 1A).

Apoptosis after CDK2 inhibition is depending on MYCN over expression. 

To test whether apoptosis induced by CDK2 inhibition is MYCN dependent, we used 
SHEP-21N, a MYCN single copy neuroblastoma cell line with a MYCN transgene that can 
be repressed by the addition of tetracyclin (Tet-off system). CDK2 silencing by transient 
CDK2 siRNA induced apoptosis when MYCN was expressed but not when MYCN was 
silent (Fig. 2A and 2B). To further validate the MYCN-dependency, we tested this in 
MYCN-amplified neuroblastoma cells (IMR32). Silencing of CDK2 using transient siRNA 
in IMR32 resulted in massive apoptosis which could be rescued by silencing of MYCN 
with transient siRNA (Fig. 2C and 2D). These findings show that apoptosis after CDK2 
silencing is indeed depending on MYCN over-expression.

The apoptotic induction after CDK2 silencing is mediated by the P53 pathway. 

To identify genes involved in this apoptotic response we generated Affymetrix mRNA 
expression profiles of IMR32 at various time-points after inducible silencing of CDK2. 
In addition, we generated Affymetrix profiles of IMR32 after treatment with transient 
CDK2 siRNA alone, MYCN siRNA alone or the combination of CDK2 and MYCN siRNA. 
We selected for genes that were up-regulated after CDK2 silencing but not after com-

Fig. 1. CDK2 inhibition causes apoptosis in MYCN-amplified neuroblastoma cells
(E) IMR32 cells were infected with the lentiviral vector encoding either CDK2 shRNA or the control shRNA 
and harvested at various time-points after infection. Samples were immunoblotted for CDK2, PARP, Cleaved 
Caspase 3 and β-Actin. 
(F) A CDK2 cDNA expression vector and an empty vector were transfected in IMR32. Clones were isolated 
using Neomycin selection and one empty vector control clone and two clones expressing ectopic CDK2 were 
selected for further analysis. Cells were treated with increasing concentrations of lentiviral CDK2 shRNA. Non 
treated (NT) samples were also included. Samples were immunoblotted for CDK2, PARP and β-Actin.
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bined CDK2 and MYCN silencing (see materials and methods for selection procedure). 
These stringent criteria identified genes involved in Rac GTPase signaling (CYFIP2), per-
oxide signaling (SESN2), autophagy (DRAM), apoptotic signaling (TRAIL-R2, FDXR) and 
one a member of the histone H2B family (HIST1H2B). Strikingly, five out of six of the 
most strongly regulated genes are established direct transcriptional target genes of P53 
(Fig. 3A). This suggests an involvement of P53 in the apoptotic response(21-25). P53 

Fig. 2. Apoptosis after CDK2 inhibition in neuroblastoma is depending on MYCN over-expression. 
(A) SHEP-21N, a neuroblastoma cell line containing MYCN under a Tet-repressor, was cultured with and with-
out tetracycline for 3 days and then re-plated on 6 well plates at a density of 6x104 cells per well and treated 
with CDK2 siRNA or a control siRNA. Cells were harvested 48 hours after siRNA treatment and immunoblot-
ted for CDK2, MYCN, PARP, cleaved caspase3 and β-Actin. 
(B) Light microscopy pictures were taken just before harvesting the cells. Samples with MYCN on and CDK2 
off settings showed a >94% reduction in cell density compared to all control samples.
(C) IMR32, a neuroblastoma cell line with MYCN amplification, was seeded on 6 cm plates at a density of 
2.5X105 cells per plate and treated with control siRNA, CDK2 siRNA, MYCN siRNA or combination of MYCN 
and CDK2 siRNA. Cells were harvested after 48 hours and immunoblotted for CDK2, MYCN, PARP, cleaved 
caspase3 and β-Actin. 
(D) Light microscopy pictures were taken just before harvesting the cells. Samples with MYCN on and CDK2 
off settings sowed a >85% reduction in cell density compared to all control samples. 
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Fig. 3. Apoptosis after CDK2 silencing in MYCN-amplified cell is P53 mediated. 
(A) IMR32-pcDNA6-CDK2sh with doxycycline and IMR32-pcDNA6 were harvested for RNA isolation at various 
time-points after the addition of doxycycline. Also, transient siRNA experiments were performed in IMR32 
using GFP siRNA, CDK2 siRNA, MYCN siRNA or CDK2 and MYCN siRNA. RNA was isolated at 24 and 48 hours 
after transfection. Affymetrix microarray profiling was performed for both the inducible shRNA time-course 
experiments and the transient siRNA experiments. Affymetrix expression levels are shown for the six most 
strongly regulated genes. (See materials and methods for the selection procedure.) 
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Fig. 3. Apoptosis after CDK2 silencing in MYCN-amplified cell is P53 mediated. 
(B) IMR32-pcDNA6-CDK2sh was seeded on 6cm plates at a density of 2.5x105 cells per plate and treated with 
doxycycline to induce CDK2 shRNA. Cells were harvested at various time points. Samples were immunoblot-
ted for CDK2, P53 and β-Actin. 
(C) IMR32 was seeded on 6cm plates at a density of 2.5x105 cells per plate and treated with control siRNA, 
CDK2 siRNA, MYCN siRNA or combination of MYCN and CDK2 siRNA. Cells were harvested after 48 hours and 
immunoblotted for CDK2, MYCN, P53 and β-Actin. 
(D) IMR32 was seeded as described under fig 3c and treated with CDK2 siRNA or GFP siRNA and harvested 48 
hours after transfection. Total lysates and nuclear lysates were isolated. Total lysates were stained with CDK2 
and P53 and the nuclear lysates with P53 and Histone H3 for loading control. 
(E) IMR32 was seeded on 6 well plates at a density of 1x105 cells per well and infected with a lentiviral vec-
tor encoding either CDK2 shRNA or a P53 shRNA or with both shRNAs. Non coding SHC002 control shRNA 
was added to experiments with CDK2 or P53 shRNA only and in the control samples to equal the amount of 
shRNA in each sample. Also a non-transfected control was included (o). Protein was harvested after 48 hours 
and immunoblotted for CDK2, P53, PARP and β-Actin.  
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mRNA levels are constant (Affymetrix expression data not shown) but the P53 protein 
levels increase after inducible and transient CDK2 silencing in MYCN over-expressing 
cells (Fig. 3B and 3C). This indicates that P53 protein levels are up-regulated by stabi-
lization. In addition, P53 showed nuclear translocation after CDK2 silencing (Fig. 3D). 
Finally, to analyze the P53-dependency in the apoptotic response, we used lentiviral 
silencing of P53 and CDK2. Silencing of P53 indeed prevents PARP cleavage in cells with 
CDK2 silencing (Fig. 3E).

The CDK2-targeting drug roscovitine induces P53 dependent apoptosis in MYCN am-
plified cells. 

To extend these findings to clinically applicable compounds, we used a CDK2-inhibiting 
small molecule. Roscovitine is a CDK inhibitor with a relatively high affinity for the CDK2 

ATP-binding pocket and IC50 levels in micro-molar range(26;27). In the MYCN-amplified 
neuroblastoma cell line IMR32, Roscovitine causes an inhibition of CDK2-specific pRb 
phosphorylation and a strong apoptotic response followed by P53 stabilization and 
PARP and Caspase 3 cleavage (Fig. 4A). The fast response (6 hours after exposure to 
the compounds) probably reflects the direct effect of the small molecules on the CDK2 
kinase activity compared to the slower decrease of CDK2 protein levels after siRNA 
mediated silencing. We determined Roscovitine LC50 levels for IMR32 and SHEP-21N 
(respectively 3.0 μM and 7.5 μM) and used those concentrations to compare the sensi-
tivity in MYCN on and off setting. In both cell lines Roscovitine induced cell death when 
MYCN was expressed but not when MYCN was silenced (Fig. 4D, 4C, S4A and S4B).

Fig. 4. The CDK2-inhibiting small molecule Roscovitine induces P53-mediated apoptosis in cells over-express-
ing MYCN. 
(A) IMR32 was seeded in on 6cm plates at a density of 5x105 cells per plate and treated with increasing con-
centrations of Roscovitine. Cells were harvested 6 hours after treatment. Samples were immunoblotted for 
threonine 821 phosphorylated pRb, P53, PARP, Cleaved Caspase 3 and β-Actin. 
(B) SHEP-21-N, a neuroblastoma cell line containing MYCN under a Tet-repressor, was cultured with or with-
out tetracycline for 3 days and then re-plated on 6cm plates at a density of 2.5x105 cells per plate. After 24 
hours Roscovitine was added to an end concentration of 7.5 µM. 24 hours after start of treatment cells were 
harvested and immunoblotted for MYCN, PARP and β-Actin. 
(C) Light microscopy pictures were taken just before harvesting the cells. The sample with MYCN expression 
and Roscovitine treatment showed a decrease of >91% in cell density compared to all control samples.
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Discussion
Despite previous reports of redundancy of CDK2 in various tumor and non-malignant 
cell systems, we show a strong dependency on CDK2 in the subset of MYCN over-
expressing neuroblastoma. Off-target RNA interference effects can not explain these 
findings as we have used three different RNAi techniques with different target sequenc-
es that gave the same results and we could rescue the phenotype by over-expressing 
CDK2. Moreover, Affymetrix profiling of the time course of IMR32 cells with inducible 
CDK2 shRNA showed no up-regulation of genes involved in the interferon response(28). 
Finally, a CDK2-inhibiting small molecule gives similar phenotypic effects. We show 
that these findings are the result of a synthetic lethal relation between CDK2 and 
over-expressed MYCN. A search for the etiology of the apoptotic response revealed a 
strong induction of P53 at various levels but we do not exclude involvement of other 
signal transduction routes. It seems unlikely that this apoptotic response involves E2F, 
as down-regulation of E2F transcriptional activity after CDK4 or Cyclin D1 silencing in 
neuroblastoma cell line does not result in apoptosis but leads to neuronal differentia-
tion(20). We did not test whether cells with over-expression of the MYC (c-Myc) onco-
gene show comparable sensitivity for CDK2 inhibition, but Goga et al. showed that MYC 
over-expressing cells are more sensitive to CDK1/2 inhibitors(29). This suggests that 
the synthetic lethal relation between CDK2 and MYCN described here could also exist 
between CDK2 and MYC.
Our results suggest that CDK2 inhibitors might be potential MYCN-selective cancer 
therapeutics in a p53 wild type background. Most neuroblastoma primary tumors have 
intact and functional P53(30;31). The MYCN gene is amplified in 20-25% of the tumors 
and relates to an extremely poor prognosis. These two characteristics make neuroblas-
toma tumors good candidates for in vivo validation and subsequent clinical trials with 
small molecule CDK2 inhibitors. 

Materials and methods

Patient material and cell lines. 

The neuroblastoma tumor panel used for Affymetrix Microarray analysis contains 88 
neuroblastoma samples. All samples were derived from primary tumors of untreated 
patients. Material was obtained during surgery and immediately frozen in liquid ni-
trogen. Cell lines were cultured in Dulbecco Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum, 20mM L-glutamine, 10 U/ml penicillin and 10 µg/
ml streptomycin. Cells were maintained at 37˚C under 5% CO2. For primary references 
of these cell lines, see Cheng et al(32).  The IMR32 sub-clones with over-expression 
of CDK2 and the empty vector controls were generated by transfecting 4μg of pCMV-
neo-Bam or pCMV-neo-Bam CDK2 expression vector (Addgene)(33) using Lipofectamin 
2000® according to manufacturers’ protocol. Clones were selected using 300μg/ml 
Neomycine.
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RNA interference. 

The synthetic siRNA oligonucleotides were synthesized by Eurogentec. siRNAs were 
targeting CDK2 on nucleotide 401-419 in NM_001798.2 and MYCN on nucleotide 348-
366 at NM_005378 (NCBI Genebank) Previously designed siRNA directed against GFP 
was used as negative control (sense sequence: GACCCGCGCCGAGGUGAAGTT). Neu-
roblastoma cell lines were cultured for 24 hours in 6 cm plates and transfected with 
5.5μg siRNA using lipofectamin® according to manufacturers’ protocol. The lentiviral 
shRNAs were obtained from Sigma (MISSION® shRNA Lentiviral Transduction Par-
ticles). IMR32 cells were counted and 100,000 cells were plated in 6cm wells in 2ml of 
culture medium. The culture medium was changed after 16 hours and the cells were 
infected with either the shCDK2-lentivirus (MISSION® shRNA TRCN0000000587) the 
P53 shRNA (MISSION® shRNA TRCN0000003755) or the control lentivirus (MISSION® 
Non-Target shRNA Control SHC002 ). Virus concentrations were determined using a p24 
ELISA. The IMR32 clone capable of inducible CDK2 shRNA expression was generated 
in a step-wise process. First, IMR32 cells were transfected with the pcDNA6/TR vector 
(Invitrogen) encoding the tetracycline/doxycycline repressor behind a constitutive CMV 
promoter, using Lipofectamine 2000®. Clones were selected using 5µg/ml Blasticidin-S 
(Invitrogen), resulting in the isolation of IMR32-pcDNA6. The CDK2 shRNA expression 
constructs were prepared as follows: Oligonucleotides targeting CDK2 on nucleotide 
546-566 in NM_001798.2 (genebank) were annealed and ligated into pTER restricted 
with BglII and HindIII as described (34;35), creating pTER/CDK2. This construct was 
used for transfection of IMR32-pcDNA6 using Lipofectamin 2000®. Clones were again 
selected using 5µg/ml Blasticidin-S and 10µg/ml Zeocine resulting in the isolation of 
IMR32-pcDNA6-CDK2sh. For induction of the shRNA expression vector, doxycycline was 
added to the culture medium to a concentration of 100ng/ml.

Compounds. 

Roscovitine was obtained from Sigma and diluted to a concentration of 30mM in 
DMSO. Cells were treated with various concentrations of Roscovitine with a constant 
DMSO concentration of 0.5%.

Western Blotting. 

The neuroblastoma cell lines were harvested on ice and washed twice with PBS. Cells 
were lysed in a 20% glycerol, 4% SDS, 100 mM TrisHCl pH6.8 buffer. Protein was quanti-
fied with RC-DC protein assay (Bio-Rad).  Loading was controlled by Bio-Rad Coomassie 
staining of a reference SDS-PAGE gel. Lysates were separated on a 10% SDS-PAGE gel 
and electro-blotted on a transfer membrane (Millipore). Blocking and incubation were 
performed using standard procedures. The following antibodies were used as primary 
antibodies: CDK2 clone 55 mouse monoclonal (BD Bioscience), PARP clone 4C10-5 
mouse monoclonal (BD Pharmingen), pRb (pT821) (Biosource), P53 clone DO-7 mouse 
monoclonal (Labvision), Cleaved caspase 3 (Asp175) rabbit polyclonal (Cell Signaling 
Technology), MYCN Mouse monoclonal (Pharmingen), Histone H3 mouse monoclo-
nal (Upstate) and Actin C2 mouse monoclonal (Santa Cruz). After incubation with a 
secondary sheep anti-mouse or anti-rabbit horseradish peroxidase linked antibody 
(Amersham), proteins were visualized using an ECL detection kit (Amersham). Antibod-



109

6

Inactivation of CDK2 is synthetically lethal to MYCN over-expressing cancer cells

ies were stripped from the membrane using a 2% SDS, 100 mM β-mercapto-ethanol, 
62.5mM Tris-HCl pH6.7 buffer. 

Cell counting and FACS analysis. 

All cell counting experiments were performed twice. Cells were collected by trypsiniza-
tion and diluted in 2ml of medium. Two samples of 100μl of this medium were diluted 
in 100µl TritonX-100/saponine and 10ml isotone II was added. Duplicate counting of 
each sample was performed using a coulter counter (Beckman Coulter™). For FACS 
(fluorescence-activated cell sorter) analysis cells were grown for 24 hours in 6 well 
plates and then transfected with siRNA as described before. At the indicated time-point 
after transfection, cells were lysed with a 3.4mM Tri-sodiumcitrate, 0.1% Triton X-100 
solution containing 50μg/μl of propidium iodide. After 1 hour incubation, the DNA 
content of the nuclei was analyzed using a FACS. A total of 30,000 nuclei per sample 
were counted. The cell cycle distribution and apoptotic sub G1 fraction was determined 
using WinMDI version 2.8.

Transactivation assays. 

The following luciferase constructs were used in the transactivation assays:  pGL3 
TATAbasic-6xE2F (pGL3 containing a TATA box and 6 E2F-binding sites was previous 
tested for E2F selectivity and was a kind gift of Prof. R. Bernards, The Dutch Cancer 
Institute(36)) and pRL-CMV (Renilla luciferase vector under CMV promoter). Cells were 
cultured for 24 hours in 6 well plates and transfections were conducted using lipo-
fectamin® according to manufacturers’ protocol. 1μg of the pGL3TATAbasic-6xE2F vec-
tor was transfected together with 0.8μg pRL-CMV vector. Dual luciferase assays were 
performed after 48 and 72 hours using the Promega dual-luciferase reporter assay 
system. For each assay three separate experiments were performed.

RNA isolation and Affymetrix Microarray analysis. 

Total RNA of neuroblastoma cell lines and tumors was extracted using Trizol reagent 
(Invitrogen) according to the manufacturer’s protocol. RNA concentration was deter-
mined using the NanoDrop ND-1000 and quality was determined using the RNA 6000 
Nano assay on the Agilent 2100 Bioanalyzer (Agilent Technologies). For Affymetrix 
Microarray analysis, fragmentation of RNA, labeling, hybridization to HG-U133 Plus 2.0 
microarrays and scanning was carried out according to the manufacturer’s protocol 
(Affymetrix Inc.). The expression data were normalized with the MAS5.0 algorithm 
within the GCOS program of Affymetrix. Target intensity was set to 100 (α1=0.04 and 
α2 0.06). If more than one probe set was available for one gene the probe set with the 
highest expression was selected, considered that the probe set was correctly located 
on the gene of interest. For the selection of genes involved in apoptosis after CDK2 
silencing, we used the following procedure. First, genes were selected that showed a 
minimal expression of 100 (MASS 5.0) in at least one time-point in all time-courses and 
in the transient experiments. Next, genes were selected that were up-regulated at least 
1 2log fold at time-point 48 compared to time-point 0 in the biological triplicate of the 
inducible CDK2 shRNA experiments. Genes that were regulated more than 0.5 2log fold 
in the control time courses were excluded. These genes were further analyzed using 
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the transient siRNA experiments. Genes were only included if they were up-regulated 
more than 1 2log fold at time-point 24 in the CDK2 siRNA samples compared to the 
GFP control sample. Finally, genes were excluded if they were up-regulated more than 
0.5 2log fold in the CDK2 and MYCN siRNA experiment. 

Q-PCR. 

1μg of Trizol isolated RNA was used for cDNA synthesis with 125pM oligodT12 primers, 
0.5mM dNTPs, 2mM MgCl2, RT-buffer (Invitrogen) and 100U Superscript II (Invitrogen) 
in a total volume of 25μl. 1ul of this cDNA was used for Q-PCR. A fluorescence-based 
kinetic real-time PCR was performed using the real-time iCycler PCR platform (Biorad) 
in combination with the intercalating fluorescent dye SYBR Green I. The IQ SYBR Green 
I Supermix (BioRad) was used in accordance with the manufacturer’s instructions. 
The following primers were used: β-actin forward 5’-CCCAGCACAATGAAGATCAA-3’ 
and reverse 5’-ACATCTGCTGGAAGGTGGAC-3’ ; CDK2 Coding sequence forward 5’-AC-
CAGCTCTTCCGGATCTTT-3’ and reverse 5’-CATCCTGGAAGAAAGGGTGA-3’ ; CDK2 3´UTR 
forward 5’-CCCTTTCTTCCAGGATGTGA-3’ and reverse 5’-TGAGTCCAAATAGCCCAAGG-3’.
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Supplementary figures

Supplementary Figure 1. 
(B) FACS analysis of IMR32-pcDNA6-CDK2sh at various time-points after addition of doxycycline, resulting in 
CDK2 shRNA activation and subsequent CDK2 silencing (for the corresponding Western blot see fig 1b). 

Supplementary Figure 1. 
(A) Kaplan-Meier analysis of 88 patients with neuroblastoma with high versus low CDK2 expression. The 
cutoff was put at a CDK2 expression level of 130 (MASS 5 determined) giving an optimal significance of 9.7 
10-5, as determined by a LogRank test.
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Supplementary Figure 1. 
(D) Q-PCR on cDNA of the IMR32-CDK2-C1 with over-expression of CDK2. Analyses are identical to those 
performed with IMR32-EV (see supplementary figure1c)

Supplementary Figure 1. 
(C) Q-PCR on cDNA of the IMR32-EV sub clone harvested 72 hours after lentiviral transfection with CDK2 
shRNA or control shRNA (SHC002). RT-PCR using primers against the coding sequence and the 3´UTR of CDK2 
mRNA and against β-actin mRNA as a control, was performed. The figures show signal intensity on a 10 log 
scale for three separate experiments. 
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Supplementary Figure 1. 
(E) Light microscopy pictures of 
IMR32-EV and IMR32-CDK2-C1 
72 hours after infection with 
control shRNA (SHC002) and CDK 
shRNA.

Supplementary Figure 2. 
(A) The IMR32 cell line was treat-
ed with MYCN siRNA and 24 hours 
after transfection Roscovitine was 
added in an end concentration of 
3µM. Samples were harvested 24 
hours after start of treatment and 
immunoblotted for MYCN, PARP 
and β-Actin. 

Supplementary Figure 2. 
(B) Light microscopy pictures were 
taken just before harvesting the 
cells.
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Summary

The process of targeted drug development is reflected in the past five chapters. First 
we identify Cyclin D1 as a potential driving oncogene in neuroblastoma. The clonal 
events that select for tumor cells with amplification of Cyclin D1, together with the high 
expression levels of this gene in non-amplified tumors warranted further evaluation of 
this signal transduction route. First we tried to identify the mechanism of up-regulation 
of Cyclin D1 by searching for transcriptional regulators. This led to the identifications 
of GATA3 as a driving upstream regulator of Cyclin D1. In concurrence with the idea 
of oncogene addiction we hypothesized that direct inhibition of the driving oncogene 
would lead to possible tumor inhibition. In chapter 3 we describe that Cyclin D1 and its 
kinase partners CDK4 and CDK6 are crucial tumor driving genes in neuroblastoma. The 
targeted inhibition of these genes induced a distinct phenotype of neuronal differentia-
tion. However, we did not detect an apoptotic response which would have been more 
attractive from a therapeutic point of view. In chapter 5 we identify a high rate of ge-
nomic aberrations in G1 regulating genes which results in high expression S and G2/M 
phase regulating E2F target genes. From these findings we conclude that interference 
in the next step in the cell cycle might be efficient. In chapter 6 we show that CDK2 
inhibition indeed results in a lethal phenotype in a synthetic lethal relation with MYCN. 

Cyclin D1 as a driving oncogene at 11q13

The amplifications of Cyclin D1 that are described in chapter 2 are convincing and the 
expression of Cyclin D1 is increased in all neuroblastoma. But the expression of Cyclin 
D1 in amplified tumors is not increased compared to other neuroblastoma. This is 
distinctly different from other amplifications in which the driving oncogene is always 
over-expressed compared to non-amplified tumors (e.g. CDK4 in glioma, MYCN in neu-
roblastoma, ERBB2 in breast cancer). This could be explained by two hypotheses. First, 
the extremely high expression of Cyclin D1 is required in neuroblastoma and therefore 
non-amplified tumors have a very strong up-regulation of Cyclin D1 through alterna-
tive mechanisms. The driving transcriptional activation by the highly expressed GATA3 
which is described in chapter 3 is in concordance with this hypothesis. In contrast, it 
could be that there is another tumor driving gene in the amplified region on chromo-
some 11q13 and that the over-expression of Cyclin D1 is a side effect. Others have hy-
pothesized that there could be alternative tumor drivers in this region(1). Still Cyclin D1 
has proven to be a driving oncogene in several mouse models (2;3) and in chapter 4 we 
show that targeted inhibition of Cyclin D1 has a growth inhibiting effect in neuroblas-
toma. Formally the final proof for oncogenic potential of Cyclin D1 in neuroblastoma 
should come from in vivo over-expression in non malignant tissue.

Over-expression of Cyclin D1 by transcriptional activation

One of the alternative mechanisms for over-expression of Cyclin D1 is transcriptional 
up-regulation. Analyses in chapter 3 show that inhibition of GATA3 only partially 
reduces Cyclin D1 promoter activity. The involvement of other transcription factors in 
Cyclin D1 regulation in neuroblastoma is likely. MEIS1 shows amplification in neuroblas-
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toma cell lines and is strongly over-expressed. In Chapter 3 MEIS1 is also shown to be 
correlated to Cyclin D1 on an expression level and MEIS1 is known to regulate Cyclin 
D1 in zebrafish(4-6). CREB transcription factors are known to be involved in neuronal 
development and are bona fide regulators of Cyclin D1.(7;8) Finally the NF-κB transcrip-
tion factor has recently been shown to be involved in neuroblastoma and has a binding 
site in the Cyclin D1 promoter(9-11).

Alternative mechanisms for over-expression of Cyclin D1

The 3’UTR rearrangement that we describe in chapter 2 suggests that deletion of this 
region is also beneficial for Cyclin D1 over-expression. A possible mechanism has been 
described for Mantle cell lymphoma for which the absence of the 3’UTR results in the 
absence of the MIR-16-1 binding location(12). Hypothetically the inactivation of Micro-
RNA’s (MIR’s) could be an important reason for increased Cyclin D1 mRNA stability 
and lead to increased Cyclin D1 mRNA and protein levels in neuroblastoma. This could 
result from aberrations in the 3’UTR of Cyclin D1 but also from aberrations in Cyclin 
D1 inhibiting MIR’s. The best candidate MIR for neuroblastoma is the MIR-34A which 
has shown to have a binding site in the Cyclin D1 3’UTR and this MIR is located at the 
1p36 region which is frequently deleted in neuroblastoma(13-15). Correlation analysis 
between Cyclin D1 expression and high throughput MIR analysis of neuroblastoma tu-
mors followed by targeted inhibition or over-expression of candidate Cyclin D1 regulat-
ing MIR’s will give more insight. 

More genetic aberrations in G1 regulating genes

The above considerations all focus on the Cyclin D1 gene. Recently, several re-
search groups have used an integrated approach for analysis of signal transduction 
routes(16;17). Surprisingly high frequencies of genomic events were found if all players 
in the signal transduction route were monitored. In chapter 5 we analyzed the core cell 
cycle genes for genomic aberrations. This resulted in identification of a high frequency 
of genomic aberrations in G1 regulating genes. Nevertheless, about 50% of tumors 
with high E2F activity did not show any event in these genes. High throughput sequenc-
ing might reveal more mutations in G1 regulating genes.
 

Hypotheses on the synthetic lethal relation between CDK2 and MYCN

We showed that the genomic events in the G1 phase of the cell cycle lead to high 
E2F activity and over-expression of S and G2/M phase regulating genes. Therefore we 
hypothesized that targeted inhibiting of these E2F target genes might be more efficient. 
Indeed targeted silencing of CDK2, which controls S-phase progression, showed an 
evident p53 mediated apoptotic response. Surprisingly this apoptotic response only oc-
curred in MYCN amplified neuroblastoma cells. The context for this synthetic lethal re-
lation is not yet known. Clues might be found in signaling pathways where CDK2, MYCN 
and P53 interact. Firstly, MYCN might activate P53 via the p14ARF-MDM2 route. The 
MYC gene is known to cause over-expression of p14ARF which subsequently binds and 
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sequesters MDM2 leading to a release of P53 transcriptional activity(18-20). The role 
of CDK2 could be to inhibit one of these steps. However, in neuroblastoma the MDM2 
transcriptional level is very low, implying that this route can not be easily activated 
by decreasing the interaction between p14ARF and MDM2. Moreover, on Affymetrix 
time course expression analysis we do not see any transcriptional regulation of p14ARF 
after MYCN over-expression or knock-down. A second signaling route where CDK2, 
MYCN and P53 interact, involves Nucleophosmin (NPM1). We have shown that MYCN 
transcriptionally up-regulates NPM1(21). NPM1 in turn is known to be phosphorylated 
by CDK2 which activates the centrosome duplication(22). The C terminal domain of 
NPM1 interacts with P53 and NPM1 has been shown to induce P53 activity (23;24). So, 
one could hypothesize that the high protein levels of NPM resulting from MYCN activ-
ity, need to be phosphorylated by CDK2 to inhibit activation of P53. A third interaction 
between MYCN and CDK2 lies in the regulation of the pre-replication complex. CDK2 is 
known to phosphorylate several residues of this complex to allow DNA duplication and 
thus S phase progression(25). MYCN has also recently been shown to directly interact 
and activate the pre-replication complex(26). One could imagine that early activation of 
the complex by MYCN needs progression by subsequent CDK2 phosphorylation. If not, 
this could lead to activation of the DNA damage checkpoint, involving P53. Finally MYC 
is known to induce E2F activity(27). E2F target genes involve cell cycle regulating genes 
as well as apoptotic genes(28). If the cell cycle inducing function of E2F is inhibited 
by CDK2 silencing, this could lead to a shift of pro-cell cycle to pro apoptotic activity. 
Extensive molecular biological research is needed to get insight in the relevance of the 
above described mechanisms.

Further development of CDK2 inhibition in neuroblastoma

Despite the fact that the underlying mechanism is not known, there is a clear apop-
totic response after CDK2 inhibition in MYCN amplified cells, warranting further 
testing of targeted inhibition of CDK2. The first step is to prove our in vitro synthetic 
lethal relation in an in vivo setting. Therefore targeted inhibition of CDK2 in an MYCN 
amplified background using inducible shRNA systems is now being tested in a mouse 
xenograft model. If this will give positive results we will progress with in vivo testing of 
targeted compounds. The compound Roscovitine, which was used in chapter 6, is the 
CDK2 inhibitor that has made most progress in clinical testing. It is known however, 
that pharmacokinetics of the compound is not optimal. Alternatively, R547, AT-7519, 
P276-00 and SNS032 are all CDK2 inhibiting small molecules in clinical phase I/II tri-
als(29;30). Moreover Cyclacel (the company that is clinically testing Roscovitine) is now 
using Roscovitine as a lead compound to develop new targeted inhibitors with better 
bioavailability (Abstract 3863, AACR annual meeting, Denver 2009). Also the promising 
compound NU6102 which showed high CDK2 specificity is being further developed for 
in vivo testing. Though practically difficult, the efficacy of these compounds should be 
compared in a panel of neuroblastoma xenografts. If preclinical testing is successful we 
will continue with a clinical phase I/II trial in neuroblastoma patients. Pre-selection for 
tumors with MYCN amplification and intact P53 status needs to be considered. 
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Beste lezer of lezeres, of je het voorgaande gelezen hebt weet ik niet, maar dat doet 
er ook niet toe want ik zal het hier nogmaals kort en bondig proberen op te schrijven. 
En misschien kan je het ook beter zo lezen dan in zeven hoofdstukken stugge stof, 
waar structuur en samenhang in dienst staan van de wetenschappelijke inhoud en niet 
zozeer van de leesbaarheid. 

Dit proefschrift gaat over het neuroblastoom, dat is een soort kanker die voorkomt bij 
kleine kinderen en die ontstaat uit voorloper cellen van het sympathische zenuwstel-
sel.  Bij volgroeide mensen bestaat dat uit zenuwstrengen naast je ruggewervels en je 
bijnieren (twee orgaantjes boven op je nieren, die met name verantwoordelijk zijn voor 
de adrenaline productie). Op die plekken kan deze tumor dus ontstaan. Van daaruit kan 
de tumor uitzaaien naar je beenmerg, je botten en ook naar de lever en de huid. Nu is 
het neuroblastoom vrij onbekend omdat het erg weinig voorkomt. In Nederland wordt 
deze tumor bij ongeveer dertig kinderen per jaar vastgesteld. Toch is het na leukemie 
de tumor waar de meeste kinderen aan overlijden. Dat komt omdat het bijna niet te 
genezen is. En dat terwijl neuroblastoom patiënten een enorm zware behandeling krij-
gen. Bijna alles wat we beschikbaar hebben wordt ingezet. Eerst krijgen deze kinderen 
een radio-actief geladen stof (MIBG) die specifiek door de tumor wordt opgenomen. 
Daardoor wordt de tumor van binnen uit bestraald. Daarna krijgen ze een scala aan 
chemotherapeutica in hoge doses en in diverse cycli. Na deze behandeling wordt de 
resttumor operatief verwijderd. Om de laatste tumorcellen dan nog dood te maken 
wordt een heel hoge dosis chemotherapeutica gegeven. Deze dosis is zo hoog dat 
ook de stamcellen in het beenmerg dood gaan. Daardoor kunnen deze kinderen geen 
witte bloedcellen meer aanmaken en moeten zij na de behandeling  dan ook stamcel-
len van zichzelf of een donor terug krijgen. Tenslotte krijgen deze kinderen dan nog 
een langdurig onderhoudsbehandeling met tumor remmende medicijnen. Ondanks 
deze enorm zware behandeling overleven slechts drie tot vier van de tien kinderen 
met een kwaadaardig neuroblastoom. Nieuwe therapeutische opties zijn dus absoluut 
noodzakelijk. 

Onderzoek naar nieuwe therapeutische opties proberen we systematisch aan te pak-
ken. Kanker ontstaat door beschadigingen en fouten in het DNA van cellen. Door die 
fouten kunnen genen of de functie van genen op dat DNA veranderen. Eerst proberen 
we afwijkingen in kankercellen op genetisch niveau te identificeren. Interessante genen 
worden dan met moleculair-genetische technieken geëvalueerd als potentiële target 
voor nieuwe interventie. Daarna worden medicijnen gezocht die die interventie kun-
nen nabootsen. Wij beschrijven in dit proefschrift in vijf artikelen de ontwikkeling van 
een nieuwe therapeutische optie die ingrijpt in de celcyclus (het celdelingsproces) van 
neuroblastoom kankercellen. In het eerste artikel beschrijven wij hoe we afwijkingen 
in het Cyclin D1 gen hebben geïdentificeerd. Dit gen is cruciaal in de regulatie van de 
celdeling. De start van de celdeling wordt door dit gen ingezet en dat is een onomkeer-
bare stap in de celcyclus. Het Cycline D1 gen bleek geamplificeerd te zijn in een aantal 
neuroblastoom tumoren. Dat houdt in, dat er in sommige neuroblastoom tumoren 
een groot aantal kopieën van dit gen in het DNA van de kankercellen aanwezig is. In 
tumoren zonder amplificatie van dit gen bleek de functie van het gen enorm te zijn 
toegenomen. Dit kan weer door ontregeling van andere genen worden veroorzaakt. 
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In het tweede artikel beschrijven we dat onder andere het GATA3 gen ervoor zorgt, 
dat de functie van dit Cycline D1 gen zo toeneemt. In het derde artikel laten we dan 
zien dat het remmen van Cyclin D1 of van zijn partner-gen CDK4 een differentiatie van 
de tumorcellen veroorzaakt. De cellen stoppen met delen en gaan eruitzien als niet 
kwaadaardige uitgerijpte neurale cellen. Dit vormt dus nog een aanwijzing dat het 
Cycline D1 gen een cruciale speler is in het ontstaan van neuroblastomen. In het vierde 
artikel laten we zien, dat er eigenlijk bij diverse genen uit het Cyclin D1 /CDK4 com-
plex afwijkingen in het DNA gevonden worden. Dat leidt dan weer tot afwijkingen in 
de volgende stap in de celcyclus die onder andere door CDK2 gereguleerd wordt. Dan 
laten we ook zien dat patiënten met tumoren met afwijkingen in genen uit het Cyclin 
D1/CDK4 complex een slechtere prognose hebben. In het vijfde artikel laten we zien 
dat het remmen van CDK2, dat de volgende stap in de celcyclus reguleert, cel-dood 
veroorzaakt. Dit blijkt te berusten op een relatie tussen CDK2 en het neuroblastoom-
specifieke oncogen N-Myc. Remmen van CDK2 geeft alleen celdood in cellen met 
afwijkingen van het N-Myc gen. Remmen van CDK2 in normale cellen veroorzaakt geen 
celdood. Nieuwe CDK2 remmende medicijnen laten deze specificiteit ook zien. 

Wij concluderen dat er in neuroblastomen een sterke ontregeling is van de celcyclus en 
dat CDK2 remmers een nieuwe therapeutisch optie vormen voor deze soort kinder-
kanker. Op het moment zijn we deze CDK2 remmers verder aan het testen in muizen en 
we hopen dit binnen afzienbare tijd in de kliniek te kunnen gaan testen in neuroblas-
toom patiënten.

Als je het hier zo opschrijft lijkt het best te doen maar het was een vreselijke hoop 
werk. En dat heb ik niet in m’n eentje gedaan. Sterker nog, er zijn heel veel mensen 
die daarbij geholpen hebben. Sommigen een beetje, sommigen veel, sommigen door 
er te zijn en anderen louter door broodnodige afleiding. En die mensen wil ik allemaal 
bedanken. Maar wat ik vooral wil is: doorgaan met die mensen om het probleem zo 
snel mogelijk op te lossen. 

En daarvoor wil ik ten eerste Marli vragen want daar kan ik zo fijn mee werken. Dan 
zeg ik heel onduidelijke dingen en toch weet ze precies wat ik bedoel. Of ik bedenk het 
en dan heeft ze het al gedaan. Sterker nog, ik bedenk niet eens want dat doet zij. Nee 
echt, een heel speciaal en ook begaafd persoon die hoeveelheden werk kan verzetten 
waar ik jaloers op ben. Met een plezier dat doorstraalt op de rest en daardoor onmis-
baar is. En dan ook nog sympathiek. Leuke man heeft ze ook trouwens, waar ik nog 
vaak de Slyvovitsj mee hoop te heffen. Dus met dat werk komt het wel goed als we 
samen aan de slag gaan. Maar wat moeten we doen? 

Nou, daar wil ik Huib voor vragen want er is niemand die dat beter en sneller kan 
bedenken. Maar vooral is het heel prettig om met Huib te denken. Zo aangenaam dat 
dit een lust in m’n leven is geworden en Huib meer dan een promotor. En waar denken 
we dan over? Nou; over hoe dat met het neuroblastoom moet maar ook over hoe je 
kinderen moet opvoeden en hoe het met arm Afrika moet en de rest van de wereld en 
of we dan nog wat moeten drinken om dat te bedenken. En als Huib dan gaat denken 
komen er woorden, heel snel, en dan probeer ik dat niet allemaal te begrijpen want dat 
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kunnen normale mensen niet; je moet luisteren naar de lijn. En dan praten we door en 
komen er eerst heel veel plannen. Die gaan we allemaal uitvoeren maar dat lukt niet en 
dan blijft het beste over en dat is goed. En oh ja, dan nog even een lied:
N-K-OC, olé olé
N-K-OC, OK OK

En na het zingen van dit lied wil ik Rogier vragen. Want Rogier is een goeie bioloog met 
een ongelofelijk bevlogen enthousiasme dat aanstekelijk werkt. Maar ook een bioloog 
die heel veel andere goeie biologen heeft verzameld. Zo veel dat ze bijna niet meer 
in het antropo-hol passen. En toch loopt het en dat is heel bijzonder. En na een lange 
investeringsperiode loopt het nu als een dolle en wil ik heel graag op die losgeslagen 
stoomtrein blijven meerijden.

De stoomtrein die alleen deze topsnelheid heeft gekregen door de opperbaas en 
directeur-kolenschepper Petrovich. Die mij in het begin op de rails heeft gezet en dat 
sindsdien voor vele anderen heeft gedaan. Hij pakt alles aan en maakt het ook nog af. 
Een spil in het lab, altijd recht voor z’n raap en ongezouten Zeeuws. En daarnaast ook 
nog een van de prettigste mensen om een heerlijk glas euroshopper pils mee te hef-
fen en een dansje mee te doen. En als dat niet meer gaat, drink ik wel verder met zijn 
alleraardigste vrouw P.

Dan moet ik in één adem het subhoofd opperbaas Mireille noemen die misschien nog 
wel rechter voor de raap is en nu aan Petrovich’ zijde strijdt tegen verval en verderf. 
Altijd een genoegen om onder het genot van een stevig plaatje mee te ouwehoeren. 
Alleen jammer dat we met haar hoofdzakelijk schuim drinken. 

Arnauld vraag ik omdat hij mij uiteindelijk op dit spoor heeft gezet, mij er vanaf heeft 
proberen te krijgen, maar me ook weer heeft laten doorrijden in een richting waar wij 
hopelijk gezamenlijk iets naar de kliniek kunnen brengen.  

En dan natuurlijk de groep. Fieke hoef ik eigenlijk niet te vragen want als de pitbull zich 
heeft vastgebeten laat ze pas los als het af is. Zeldzaam doorzettend en groeiend, waar 
ik graag de komende jaren naast wil staan als ik haar bij kan houden. Hetgeen me op de 
fiets in ieder geval niet lukt. En de nieuwe Linda die eigenlijk nooit nieuw is ge-
weest omdat het zo natuurlijk lijkt. Een plezier om erbij te hebben. En Ida doet dan wel 
wat anders maar het is fijn als ze gewoon nog af en toe langs komt. En wie weet in de 
toekomst.

En dan wil ik ook met Janussie door. Niet omdat hij een briljante symbiose tussen 
computeraar en bioloog is. Nee, ook niet vanwege zijn eindeloze hoeveelheid ideeën 
om die symbiose prachtige applicaties te laten produceren. Ook niet omdat hij een hele 
lieve jongen is, werkelijk altijd geduldig en behulpzaam, en niet alleen voor mij maar 
voor alle mensen op de wereld. Nee, ik vraag hem omdat het zo fijn is naast hem te zit-
ten en samen met hem onzin uit te kramen. (En natuurlijk ook omdat hij mij altijd naar 
huis kan brengen als het eens ergens mis loopt.) 
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Linda Pinda wil ik vragen omdat zij de meest integere wetenschapper is die ik ken en 
omdat ik graag nog veel van mijn ideeën door haar gekraakt zie worden. Dat zou ge-
noeg moeten zijn maar daarnaast moet ze misschien nog wel eens een fles champagne 
ontkurken. 

Ellen omdat ik Huib in m’n eentje niet aan kan en het heel fijn is als er af en toe een 
ander licht schijnt. En ook omdat zij de moleculaire biologie in de praktijk zo makkelijk 
doet lijken. 

Marciello vanwege zijn eindeloze inzet voor van alles en nog wat. Zowel voor als achter 
de schermen. En omdat er meer is dan neuroblastomen en we dat ook allemaal  
moeten oplossen. 

Dirk voor alle broodnodige ondersteuningen die met mateloze degelijkheid zijn 
opgezet. En natuurlijk ook omdat ik geen film-encyclopedie heb. 

Johannus omdat hij altijd het onderste uit de kan probeert te krijgen en omdat het zo 
mooi is om een rustig haardvuur af en toe te zien knetteren. 

Ingrid Øra for being yourself and also for all the work on clinical thingies which makes 
our data much more valuable. 

Bart omdat hij in een korte tijd al zo veel leuke dingen heeft weten te bedenken, die 
volgens mij niet alleen leuk maar ook broodnodig zijn. 

Mahmuti vraag ik omdat hij de enige is die biologische processen op een blotje weet 
te vangen, wat essentieel is voor inzicht en begrip over hoe het nou eigenlijk werkt. 
Daarvoor alleen al is hij onmisbaar en ik hoop daarover nog heel veel met hem op te 
zetten. Dit alles graag gelardeerd met goddelijke en goddeloze vraagstukkken en zeer 
gewaardeerde openheid en humor. 

Kees voor hulp bij al het muizenwerk wat niet in dit boekje staat maar zeker in het 
volgende gaat komen.

Ricardo wil ik vragen omdat we wel leuk kunnen neuzelen maar iemand het ook 
allemaal moet invoeren. En ook vanwege zijn aangeboren afwijking om een kleine 
misplaatste sneeuwbal in de kortste keer in een lawine te veranderen. Waarbij hij dan 
zelf bedolven wordt en wij weer uren met de peilstokken in de weer moeten om hem 
boven te krijgen.  

Mister Santo for being the lunatic he is, which is in my opinion essential to have in our 
lab. Jensie pensie voor het enthousiasme en doorvragen. Natalia for new ideas on 
NFKB, en Tim voor als ik lysaten nodig heb.

Ankie, omdat ie zo leuk plaatjes kan/gaat draaien en omdat hij toch eigenlijk had 
moeten blijven om die antropo-band te beginnen. En dat geld ook voor Hinco (behalve 
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die plaatjes dan). En Gerben en Alvin kunnen dan wel niet in die band maar had ik er 
toch ook graag nog bij gehad. Misschien moet ik maar eens iets met stamcellen gaan 
doen dan. 

Gitta, Janine en Saskia wil ik vragen omdat het zo fijn is om tijdens al dat biologi-
sche gedoe af en toe weer kliniek langs te krijgen. Alhoewel ik ze natuurlijk wel moet 
waarschuwen dat onderzoek uiteindelijk veel leuker is. 

Andy wil ik vragen voor buurtadvies en een heel snel diner in Centra. Arjan voor zijn 
geduld en doorzettingsvermogen en dat we samen nog maar veel krenten uit de pap 
mogen halen. Lilith voor de zeldzame Duitse humor en liters shRNA. Rachida omdat 
haar glimlach mij goed doet en ze altijd wel een advies over ChIP’s wil geven. Nancy 
voor haar fantastische dans en voor nog meer ChIP’s advies. Stroekie Poekie voor 
kloonhulp en nog meer Duitse onzin en Franciska voor alle N-Myc hulpmiddelen.  
Nurdan en Marloes omdat het goed is hen erbij te hebben.

Monique en Antoinet vraag ik voor de hulp met alles wat erbij hoort en dat altijd met 
veel plezierig plezier. En Eelco natuurlijk omdat het zonder zijn lay-out niet op tijd 
gelukt was.

And our lab will not succeed in solving the neuroblastoma problem alone. International 
contacts have been and will be essential. I hope to continue these fruitful and open col-
laborations with the groups of Frank Speleman, Angelika Eggert (with Johannes in an 
Amsterdam boathouse), Ray Stallings, David Gisselsson, Steve Clifford, Olivier Delattre,  
and Gilles Vassal (with of course the Birgit Geoerger group). Last but least, I am looking 
forward to cutting edge discussions with Herbie Newell on targeted drug development 
but also on any other subject we can think off in a pub. 

En behalve in internationale samenwerkingen kan je het natuurlijk ook gewoon in Ne-
derland zoeken. Carel van Noesel bijvoorbeeld voor pathologische adviezen en razend-
snel scoren van tissue arrays. André van Kuilenburg voor synergie adviezen en allerlei 
andere zaken waar ik geen verstand van heb. Of voor meer informeel onderzoeks-
geouwehoer met Sjoerd langs de zwembadkant. Huiselijke soft- en hardware hulp van 
Dick, tot aan beneveld wetenschappelijk gelal met Bertus, waaruit hopelijk ooit nog 
een samenwerking voortvloeit. 

En natuurlijk zijn dan nog mensen die ik maar al te hard nodig heb om alles in een 
ander perspectief te plaatsen. Niek en Tijs wil ik vragen omdat het zonder hun niet 
gaat, zonder briesend driespan, zonder drinkebroers, zonder m’n gal te kunnen spuwen 
en zonder dat zij het weer even hard in m’n gezicht terug spugen. Tjeerd voor zijn 
ontnuchterende blik en eindeloze humor, en Steven en Peter omdat ik ze te weinig 
zie. Marc voor z’n mooie inzicht en nog veel etentjes met Saskia samen. En Liesl wil ik 
vragen omdat ze m’n lieve paralymp wil zijn. En omdat ze er altijd anders naar kijkt en 
omdat ze alles al van te voren weet en dat is heel handig. 

Dan hoop ik ook nog op veel buurten met het grut samen met Marja en Rob, Doushka 
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en Peter en de Swingratten. Ook daarvoor en voor nog veel meer hoop ik op het aange-
name gezelschap van Hella, Nienke, Hero, Luka en natuurlijk Cor en Norma. 

M’n familie vraag ik, alhoewel dat eigenlijk niet hoeft. Die blijven gelukkig altijd. Pedro, 
m’n grote broer, vraag ik nog vaak het voortouw te nemen. Siempie vraag ik voor nog 
heel veel etentjes en vakantie en Koekie vraag ik om mee te lachen en omdat dat vaker 
moet. Ook Sophie voor nog veel langdurige diepgang en dat ik Henkie nog maar vaak 
mag pesten. En Ninik vraag ik niet meer maar dank ik voor alles wat ik van haar heb 
geleerd, hoe moeilijk het ook was. En Vakie en Moekie vraag ik omdat zij het leven zo 
makkelijk hebben gemaakt door me positief en vrolijk te boetseren. Het is goed gelukt, 
ik ben tevreden.

En ten slotte Taliet, Saar, Noor en Riet, omdat anders alles voor niets zou zijn.
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