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Genetic aberrations of G1-cell cycle genes in neuroblastoma

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 
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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.
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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.




