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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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