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Neuroblastoma is a pediatric tumor of the sympathetic nervous
system. MYCN (V-myc myelocytomatosis viral-related oncogene,
neuroblastoma derived [avian]) is amplified in 20% of neuroblas-
tomas, and these tumors carry a poor prognosis. However, tumors
without MYCN amplification also may have a poor outcome. Here,
we identified downstream targets of MYCN by shRNA-mediated
silencing MYCN in neuroblastoma cells. From these targets, 157
genes showed an expression profile correlating with MYCN mRNA
levels in NB88, a series of 88 neuroblastoma tumors, and therefore
represent in vivo relevant MYCN pathway genes. This 157-gene
signature identified very poor prognosis tumors in NB88 and in-
dependent neuroblastoma cohorts and was more powerful than
MYCN amplification or MYCN expression alone. Remarkably, this
signature also identified poor outcome of a group of tumors with-
out MYCN amplification. Most of these tumors have low MYCN
mRNA levels but high nuclear MYCN protein levels, suggesting
stabilization of MYCN at the protein level. One tumor has an
MYC amplification and high MYC expression. Chip-on-chip analy-
ses showed that most genes in this signature are directly regulated
by MYCN. MYCN induces genes functioning in cell cycle and DNA
repair while repressing neuronal differentiation genes. The func-
tional MYCN-157 signature recognizes classical neuroblastoma
with MYCN amplification, as well as a newly identified group
marked by MYCN protein stabilization.

Neuroblastoma is a pediatric solid tumor derived from the
sympathetic nervous system. The prognosis is highly variable
and is associated with parameters such as age at diagnosis, dis-
semination at time of diagnosis, tumor stage, and grade of dif-
ferentiation of the primary tumor (1). Neuroblastoma stages 1 and
2 have a very good prognosis, but survival in stage 4 neuroblastoma
is below 30%. Amplification of MYCN (V-myc myelocytomatosis
viral-related oncogene, neuroblastoma derived [avian]) is associ-
ated with poor outcome. It occurs in about 20% of the tumors but
is confined to high-stage neuroblastoma.

Together with MYC and MYCL, MYCN belongs to the MYC
transcription factor family, whose role in cancer has been studied
extensively. A series of investigators have manipulated MYCN
expression in neuroblastoma cell lines by overexpression or si-
lencing. High expression of MYCN is associated with fast pro-
liferation and induction of cell cycle genes [(2-5) and reviewed
by Bell (5)]. Although cell cycle genes were identified, the actual
number of MYC-regulated genes is a small minority compared
with all other genes claimed to be regulated in such experiments.
In fact, thousands of candidate target genes of MYC and/or
MYCN currently are known, which has complicated pinpointing
of the relevant set of genes regulated by MYC genes and re-
sponsible for the aggressive phenotype.

In a very early study, MYCN protein expression was found to be a
poor prognostic factor (6). Recent experiments in cell lines showed
that MYCN protein stability is decreased after phosphorylation by
glycogen synthase kinase-3f (GSK3), which itself is inactivated by
AKT. Accordingly, activation of the PI3K/AKT pathway in neuro-
blastoma cell lines resulted in stabilization of MYCN protein (7, 8).
Inactivation of the pathway using a PI3K inhibitor resulted in re-
duced levels of MYCN (9). At another level, FBXW?7 (F-box/WD
repeat-containing protein 7) and AURKA (aurora kinase A) are
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involved in MYCN protein stability (10). However, the relevance of
MYCN protein stability and its consequence on MYCN target gene
expression are ill defined in neuroblastoma.

In this study, we integrated in vitro regulation by MYCN and in
vivo correlation to identify relevant genes in neuroblastoma. The
unique MYCN-157 gene signature predicts outcome in neuro-
blastoma. The signature recognizes all tumors with MYCN am-
plification, but surprisingly also an equally large group of tumors
without MYCN amplification. These tumors have low MYCN
mRNA levels but high nuclear MYCN protein levels, suggesting
stabilization of MYCN at the protein level.

Results

Gene Regulation by MYCN in MYCN-Amplified Neuroblastoma: MYCN-
157 Signature. Many cell line experiments have suggested that
MYC oncogenes control expression of thousands of genes func-
tioning in multiple pathways. We attempted to identify MYCN-
regulated genes relevant for in vivo functioning of MYCN in
neuroblastoma. We began by establishing downstream genes of the
MYCN pathway in MYCN-amplified neuroblastoma cell line
IMR32, which expressed high levels of MYCN. MYCN was si-
lenced in IMR32 by the use of a lentiviral shRNA construct. A time
series experiment was performed in duplo using sAtMYCN and
a control shRNA virus without a target. RNAs isolated from t =
0 to t =72 h were analyzed on Affymetrix HG U133 Plus 2.0 arrays.
For the analysis of such time series data and integration with
expression profiles of tumor series, we developed the bioinformatics
program R2 (http://r2.amc.nl). Fig. 14 summarizes the steps in R2
that we used in this study to analyze MYCN-regulated genes in
neuroblastoma. The “Time Series” tool was used to select the genes
regulated after silencing of MYCN. A total of 905 genes were
regulated with “logfold >1 and a minimal expression of 50 units.
This group consisted of 442 up- and 463 down-regulated genes.
To select genes relevant in neuroblastoma tumors, we com-
bined the cell line experiment with gene expression profiles of
neuroblastoma. The NB88 tumor series consists of 88 primary
neuroblastoma tumors of all stages that we have profiled on the
Affymetrix U133 Plus 2.0 microarrays. We analyzed which of the
905 genes regulated by MYCN in the cell line experiment had an
expression pattern that correlated with MYCN (P < 0.01) ex-
pression in the tumor series. There were 87 genes up-regulated
by MYCN in vitro that showed a positive correlation with
MYCN in the NBS88 series (Dataset S1). Of the in vitro down-
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Fig. 1. Gene regulation by MYCN. (A) Overview of R2 bioinformatics tools used to identify MYCN-regulated genes relevant to neuroblastoma. In the Time
Series module, genes are selected for regulation by MYCN. Correlation with MYCN in neuroblastoma tumors (NB88) reduces the group to 157 regulated genes
relevant to tumors. These genes are analyzed individually or as a group (gene category: MYCN-157) with the different tools indicated on the right. R2
programs are indicated with boxes, and tool names are in italics. (B-E) PRMT1 is regulated by MYCN. (B) IMR32 was transduced with shMYCN (blue lines) or
control virus (gray line). The expression graph shows the PRMT1 mRNA expression of the Affymetrix profiling. (C) ChIP-on-chip analysis in IMR32 with anti-
MYCN or control antibody. Signal: raw data of binding ratios (?logfold) in red bars. Score: the significant binding region (*logfold) (FDR: < 0.05). The three
reference PRMT1 transcripts (exon dark, intron light green) are aligned to their chromosomal position, and MYCN consensus sites are indicated below
(CACGTG in red and the alternative site in green; Dataset S1). (D) YY plot showing the correlation of MYCN (red) and PRMTT1 (blue) in neuroblastoma tumor
series NB88. Below the graph tracks for survival, MYCN amplification and International Neuroblastoma Staging System stages are shown. (E) Overall survival

for PRMT1 expression in the NB88 set.

regulated genes, 70 genes correlated negatively with MYCN ex-
pression in the NB88 series (Dataset S1). For only 157 of the 905
genes (17%) regulated by MYCN in vitro, we have evidence for
regulation by MYCN in vivo.

We validated the regulation of three genes in detail. The
mRNA expression of PRMT1 decreased after shRNA-mediated
silencing of MYCN in cell line IMR32 (Fig. 1B) and correlated
positive (R = 0.465) with MYCN in tumor series NB88 (Fig. 1D).
Protein analysis confirmed the up-regulation of PRMT1 by
MYCN in neuroblastoma cell lines IMR32 and SKNBE (Fig.
S1A). Similar results were obtained for MYCN-up-regulated
gene MTAP (Fig. S2 A and C). CLU is an example of a gene
down-regulated by MYCN in vitro and negatively correlating
with MYCN in the NB88 series (Fig. S2 4 and C). These results
also were confirmed at the protein level (Fig. S14). The R2
program also can generate Kaplan-Meier curves to establish
prognostic value of gene expression levels in tumor series. High
expression of PRMTI and MTAP and low expression of CLU are
significantly associated with a poor prognosis, which is in line
with their relationship to MYCN (Fig. 1E and Fig. S2D). Data on
all 157 genes are summarized in Dataset S1 and correlation and
Kaplan-Meier plots themselves can be generated at http:/r2.
amc.nl. The combination of in vitro regulation by MYCN and in
vivo correlation in a neuroblastoma tumor series identified a
potentially interesting dataset of 157 genes (MYCN-157).

Prognostic Value of MYCN-157 Gene Signature. We postulated that
the MYCN-157 gene set forms a signature reflecting the activity
of the MYCN pathway in neuroblastoma. As a first analysis of
this signature, we investigated the prognostic value of the
MYCN-157 gene set. We used K-means clustering to subdivide
the NBS88 series in two groups with high or low activity of the
MYCN-157 signature (Fig. S3). One cluster of 33 tumors in-
cluded all the MYCN-amplified samples, showed high expression
of up-regulated genes and low expression of down-regulated
genes, and therefore was assigned MYCN-157-POS. A cluster of
55 neuroblastomas with low expression of up-regulated genes
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and high expression of down-regulated genes was designated
MYCN-157-NEG. Kaplan-Meier analysis of the two clusters
showed that tumors with a MYCN-157-POS signature conferred
an extremely poor prognosis (log-rank test P = 2.0 x 10"}, Fig.
2A). Surprisingly, this cluster also included 17 MYCN single-copy
tumors. When the tumors with MYCN amplification were left out
of the Kaplan-Meier analysis, the poor prognosis of the
remaining tumors with a MYCN-157-POS signature was still
highly significant (P = 1.6 x 1077, Fig. 2B). Amplification of
MYCN is an established marker for poor prognosis, but it was
less significant than the MYCN-157 signature (P = 2.0 x 1075,
Fig. S44). Also, high MYCN mRNA expression is associated
with poor prognosis but is less significant (P = 7.7 x 1077, Fig.
S4B). In contrast to the MYCN-157 signature, MYCN mRNA
expression is no longer significant when tumors with MYCN
amplification are excluded (Fig. S4C). The prognostic value of
the MYCN-157 signature therefore is superior to MYCN am-
plification or expression. This was confirmed in a regression
analysis showing a hazard ratio for survival of 14.87 for the
MYCN-157 signature versus 6.25 for MYCN amplification
(Table S1). In addition, using clinical markers as stratus, the
MYCN-157 signature adds to the predictive power of MYCN
amplification, LOH1p, and clinical stages (Table S1).

We could validate these observations in an independent
dataset of 251 neuroblastoma tumors (11), the expression profile
of which was determined on custom-made two-color arrays,
which included probes for 79 of the MYCN-157 genes. Expres-
sion data of these genes were used for K-means clustering in two
groups. The MYCN-157-POS cluster consisted of 77 patients,
including 30 patients with a MYCN amplification. The MYCN-
157-NEG cluster consisted of 174 patients, including one MYCN-
amplified tumor. The MYCN-157-POS cluster had an extremely
poor prognosis (P = 1.6 x 107%°, Fig. 2C). Importantly, after
removal of the tumors with MYCN amplification in this series,
Kaplan-Meier analysis of the remaining tumors still showed
a poor prognosis for tumors classified with a MYCN-157-POS
signature (P = 5.5 x 107, Fig. 2D). Also in this independent
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series of 251 tumors, amplification or expression of MYCN was
less significant than MYCN-157 (Fig. S4 D-F). Interestingly, the
single tumor with a MYCN amplification in the MYCN-157-NEG
cluster was from a patient who survived.

We conclude that the MYCN-157 signature predicts clinical
outcome in two independent neuroblastoma series. Surprisingly,
although the signature is based on regulation by MYCN, it also
predicts outcome in neuroblastoma without MYCN amplification.

Neuroblastomas Without MYCN Amplification but With a MYCN-157-
POS Signature Have High MYCN Protein Expression. The MYCN-157-
POS group identified in the K-means clustering of the NB88 series
included 16 tumors with MYCN amplification, but also 17 tumors
without MYCN amplification. We investigated why tumors without
MYCN amplification can have a MYCN-157-POS signature. One
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MYCN-amplified (MNA) tumors.

tumor showed very high MYC expression, as well as amplification
of the MYC gene (Fig. 3 A4 and B). This suggests that the positive
MYCN signature in this tumor is the result of MYC amplification.
The remaining 16 tumors had no elevated MYCN or MYC mRNA
expression, compared with the MYCN-157-NEG group in the K-
means clustering.

We therefore asked whether tumors with low MYCN mRNA
levels might nevertheless have high MYCN protein levels, result-
ing in a positive MYCN signature. Destabilization of MYCN pro-
tein levels by inactivation of PI3K has been observed in neuro-
blastoma cell lines (8, 9). However, to our knowledge this has not
been investigated in human neuroblastoma series. We analyzed
the levels of MYCN protein expression by immunohistochemical
analysis of a tissue array with 29 neuroblastoma tumors from the
NB8S8 series (Fig. S5). Staining intensities were scored as absent
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Fig. 3. MYC amplification and high MYCN protein expression in neuroblastoma tumors clustering together with MYCN-amplified tumors. (A) MYCN and
MYC mRNA expression detected by Affymetrix profiling in MYCN-157-NEG and MYCN-157-POS tumors. The MYCN-157-POS group was divided by absence or
presence of MYCN amplification (MNA). (B) Southern blot of tumor (T) and normal (N) DNA of patient itcc0184 showing MYC amplification. The control probe
is L.2.3 (29). (C) MYCN protein expression analysis on tissue array compared with MYCN mRNA expression. Tumors were scored for expression of nuclear
MYCN according to the following categories of expression: none (0), weak (1), moderate (2), or strong (3). The y axis shows the expression of MYCN mRNA.

MYCN-amplified tumors are indicated in red and nonamplified tumors in blue.
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(0), low (1), moderate (2), or strong (3). Of the 18 tumors with
a MYCN-157-NEG signature, 4 had no MYCN staining, 13 had
low staining, and only 1 had moderate staining (Fig. 3C). Of the 11
tumors with a MYCN-157-POS signature, 6 had MYCN amplifi-
cation, 4 of which scored as strong and 2 as moderate on MYCN
protein staining. Interestingly, all five tumors with a MYCN-157-
POS signature but without MYCN amplification also showed
moderate staining (Fig. 3C). Their MYCN mRNA level was
similar to that of tumors of the MYCN-157-NEG group, but they
nevertheless had much higher MYCN protein staining and
a MYCN-157-POS signature. This analysis shows that a group of
neuroblastoma tumors exists without MYCN amplification but
with a high MYCN protein expression, which is not explained by
an increased MYCN mRNA level. This suggests that these tumors
have an increased MYCN protein expression due to increased
protein stabilization. In the K-means clustering, they have a
MYCN-157-POS signature and a poor prognosis.

MYCN Binds Preferentially to the Promoters of Induced Genes. As the
MYCN-157 signature appeared to be a clinically more relevant
parameter for outcome than MYCN amplification status or
MYCN mRNA expression, we further analyzed the function and
regulation of these 157 genes by MYCN. We first searched for
the genes regulated by the MYCN transcription factor. We
performed ChIP-on-chip assays in IMR32. MYCN-bound DNA
was isolated, amplified, and hybridized to NimbleGen promoter
arrays, covering the —5 to +3 kb genomic regions relative to the
transcription start site (TSS) of genes. As a control, we used
a FLAG antibody, which has no target in these cells. Examples of
the binding data are shown for the promoters of PRMT1, MTAP,
and CLU (Fig. 1C and Fig. S2B). The MYCN binding extends
over a large region both up- and downstream of the TSS, but is
scored significantly stronger than the control values only in the
regions marked red (PRMT! and MTAP, high confidence bind-
ing) and orange (CLU, indicative of binding).

The areas with the highest confidence of binding (false dis-
covery rate [FDR] < 0.05) were used for genome-wide analyses.
Of the MYCN-157 signature, 154 genes were represented on the
promoter array. MYCN showed significant binding around the
TSS of all genes in the genome, MYCN-157 signature genes, and
up-regulated genes of the signature and scattered over a larger
region for the down-regulated genes (Fig. S6). Because the most
prominent binding appears around the TSS, we analyzed binding
at the TSS (TSS1, Fig. 44) and the presence of MYCN binding
sites in the —100 to +100 bp range (Fig. 4B; TSS-100, a region
covering two NimbleGen probes, determines binding at TSS1).
At the TSS, 18% of all genes bind MYCN (Fig. 44). This in-
creased significantly to 36% in the up-regulated genes. Although
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Fig. 4. MYCN binds preferentially to up-regulated genes. (A) ChlIP-on-chip
analysis of MYCN and control in IMR32. The percentage of significant (FDR <
0.05) bound promoters at the TSS (TSS-1) and + 2,000 bp (TSS-2000) is shown.
(B) The percentage of genes with a CACGTG + 100 bp (TSS-100) or + 2,000
bp (TSS-2000) is shown. The analysis was performed for MYCN-157 (regulated:
yes), the up-and down-regulated subsets, and all other genes (regulated: no).
*Significant association (P < 0.01) between bound/unbound genes or pres-
ence/absence of CACGTG and regulation in the MYCN-157 sets (two-sided
Fisher’s exact test).
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36% of up-regulated genes bind at the TSS, only 14% have
a canonical (CACGTG) consensus site within 100 bp (TSS-100,
Fig. 4B). For overall binding, we analyzed the 2-kb region up- or
downsteam of the TSS. Fifty-five percent of MYCN-157 genes
bind MYCN to the promoter (TSS-2000, Fig. 44). This per-
centage increases to 63% when only up-regulated genes are
considered. Canonical sites are present in the TSS-2000 region of
60% of up-regulated genes, explaining most up-regulated and
MYCN-bound genes (Fig. 4B and Dataset S1). We also scanned
the regions for alternative MYCN consensus sequences. Alter-
native sites are present in promoter regions of genes such as
E2F5 and MCMS3 but are absent in others, such as MCM5 and
ATAD?2 (Dataset S1). No significant enrichment was observed
among down-regulated genes; thus, down-regulation of MYCN-
157 genes occurs mainly via alternative ways. Several mechanisms
have been described, including interference with transcription
factors MIZ1 and Spl (12, 13) and induction of microRNA ex-
pression (14, 15).

Overall, 84 of the 154 genes analyzed for MYCN binding
showed significant binding. K-means clustering with only MYCN-
bound genes and with only unbound genes resulted in strong
prognostic clustering in both groups (Fig. S4 G and H). We con-
clude that genes indirectly regulated by MYCN also form an im-
portant part of the MYCN-157 signature.

Biological Function of MYCN in Neuroblastoma Tumors. The func-
tional role of the MYCN-157 signature was investigated by Gene
Ontology (GO) analyses. The most significant overrepresentation
was observed for the GO categories “cell cycle” and “DNA re-
pair,” and these genes are up-regulated by MYCN (Table 1). This
confirms previous reports; genes such as MCM3 and MCMS5 were
directly bound and induced by MYCN (16). A remarkable class of
induced genes is “DNA repair” (Table 1). We used the Mega-
Sampler tool of R2 (http://r2.amc.nl) to compare the expression
in four independent neuroblastoma series and normal tissues.
MSH6 and RAD5IAPI are strongly overexpressed in four in-
dependent neuroblastoma tumor series compared with any nor-
mal tissue (Fig. 54), with RAD51API almost completely absent in
normal tissues. The GO analysis also identified genes of the cat-
egory “small GTPase mediated signal transduction” (Table 1),
which typically are down-regulated. R4AB6B and RND?2 are highly
expressed in all four neuroblastoma series, but also in normal
neuronal tissues (assigned brain and nerve [Fig. 5B]). This sug-
gests that MYCN might down-regulate genes with a neuronal
tissue-specific expression.

We investigated this idea further by comparing the expression
of all genes of the signature. Based on high expression in neu-
ronal tissues, 30% of the genes (21 of 70) down-regulated by
MYCN are neuronal tissue-derived mRNAs (Fig. 5B and Fig.
S7A4), including STMN2 and SNC3A. Of the genes up-regulated
by MYCN, only 2 of 87 (2%) were highly expressed in brain
tissue (Fig. S7B). These data suggest that MYCN suppresses
genes associated with neuronal differentiation. This is in line
with the phenotypes observed after shtMYCN-mediated MYCN
silencing in neuroblastoma cell lines IMR32 and SK-N-BE,
which displayed neuronal differentiation 72 h after MYCN si-
lencing (Fig. S1B). This was even more evident by siRNA-me-
diated MYCN silencing in IMR32 (Fig. S1C).

The genes in the MYCN-157 signature show that activation of
cell cycle and DNA repair genes and silencing of neuronal differ-
entiation genes are essential for MYCN function in neuroblastoma.

Discussion

In this study, we identified a MYCN-157 gene signature by in-
tegration of in vitro regulation by MYCN in MYCN-amplified
neuroblastoma cells and in vivo correlation.

Clustering of tumors based on this signature was highly pre-
dictive for prognosis, even in a large neuroblastoma series ana-
lyzed on a different platform (11) (Fig. 2). The signature identified
a poor-prognosis group including MYCN-amplified tumors as well
as MYCN single-copy tumors. The latter group was shown to have
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Table 1. Gene ontology classes enriched in MYCN-157
Total no. genes No. genes

GO description in set regulated P value Gene symbols*

Cell cycle 807 20 1.50E-05 OIP5, E2F5, SKA3, NCAPH, POLA2, PHGDH, LIG3,
MCM3, MCM5, POLD2, POLE2, TIPIN, HJURP, PKIA,
RAD51, RRM2, ANAPC1, E2F8, RAD54L, KIF23

DNA replication 144 7 1.20E-05 POLA2, LIG3, MCM3, MCM5, POLD2, POLE2, RRM2

Mitotic cell cycle 299 10 8.00E-05 E2F5, NCAPH, POLA2, MCM3, MCM5, POLD2, POLE2,
RRM2, ANAPC1, KIF23

S phase of mitotic cell cycle 105 5 4.90E-04 POLA2, MCM3, MCM5, POLD2, POLE2

G1/S transition of mitotic cell cycle 129 5 3.30E-03 POLA2, MCM3, MCMS5, POLE2, RRM2

DNA repair 250 7 7.80E-03 RAD51AP1, MSH6, LIG3, POLD2, POLE2, RAD51, RAD54L

Small GTPase-mediated signal 277 7 0.02 RUNDC3A, ARL4D, RHOC, ARHGEF3, RAB6B, RND2, DIRAS3

transduction

*Underlined symbols are down-regulated by MYCN; the others are up-regulated by MYCN.

low MYCN mRNA expression but increased MYCN protein ex-
pression. The MYCN-157 signature therefore recognizes a new
type of neuroblastoma marked by stabilization of MYCN at the
protein level.

Two early studies reported that high MYCN protein levels carry
a poor prognostic value, but MYCN mRNA levels or signatures
were not evaluated in these studies (6, 17). Much later, MYCN
protein stabilization was studied in neuroblastoma cell lines. The
MYCN protein was found to be destabilized by phosphorylation
by GSK3p (7, 8). As GSK3p in turn is inactivated by AKT, acti-
vation of the PI3K/AKT pathway resulted in stabilization of
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Fig. 5. DNA repair and neuronal differentiation genes are highly expressed

in neuroblastoma tumors. MegaSampler analysis in normal and tumor tissues.
The box plots show the expression of DNA repair genes (A) and neuronal
differentiation genes (B) in neuroblastoma and normal tissue. Normal tissues
[green (30)] are divided in the 10 groups indicated below. Four independent
neuroblastoma series [red: NB30 (31), NB51, NB64 (32), and NB88] are named
after the sample number in the group.
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MYCN in cell lines. Also, FBXW7 and AURKA have been shown
to regulate MYCN protein stability (10). Our present study con-
nects these cell line data with neuroblastoma tumor data and
shows that a class of neuroblastoma exists with low MYCN mRNA
levels but stabilization of MYCN at the protein level and active
MYCN signaling, as suggested by a positive MYCN-157 signature.
These tumors have a poor prognosis.

Several gene signatures predict outcome in neuroblastoma.
Large tumor series were profiled, resulting in prognostic signatures
(11, 18-20). Selection based on comparison of favorable and un-
favorable tumors also has resulted in different sets of prognostic
signatures (19-21). A biological profile was derived from the MYC
target database (22). These different neuroblastoma profiling
platforms resulted in mainly nonoverlapping but prognostic pro-
files. Usually, MYCN gene regulation and binding to promoter
regions are performed in the SHEP-21N cell line with ectopic ex-
pression of MYCN (2, 16, 23). Signatures derived from SHEP-21N
are prognostic and can account for survival differences among
stages (22-24). Overlap between different profiles is limited. Also,
MYCN-157 derived from MYCN silencing in IMR32 resulted in
a completely different set of genes. DKCI is the only gene in
multiple prognostic signatures and directly regulated by MYC(N)
in cell lines (Dataset S1 and refs. 22 and 23).

Although the overlap between different signatures is very
limited, the signatures consistently identify the cell cycle as in-
duced by MYCN and correlated with a poor prognosis. The
MYCN-157 signature confirms that MYCN induces cell cycle
genes. Recent silencing of MYCN with siRNA (25) or inducible
shRNA (4) in MYCN-amplified neuroblastoma cell lines shows
that MYCN regulates the cycle via induction of known cell cycle
genes. Here we show that, in addition, DNA repair genes are
induced by MYCN and overexpressed in neuroblastoma tumors
with the MYCN-157-POS signature. The induction of DNA re-
pair genes might add to the aggressive nature of MYCN-ampli-
fied tumors and lack of response to therapy. PRMT1 recently
was shown to direct the recruitment of RAD51 to DNA damage
sites (26). PRMT1-deficient cells were hypersensitive to the
DNA-damaging agent etoposide. DNA repair genes might be
interesting drug targets in poor-prognosis tumors from the
MYCN-157-POS cluster. As pharmacological targeting of MYC
and MYCN thus far has been unsuccessful (27), targeting of
MYC(N) downstream pathway genes might provide an alterna-
tive option. Interestingly, we recently showed that CDK2 is
synthetically lethal to MYCN, as silencing of CDK2 was lethal
only in neuroblastoma cells with MYCN overexpression (28).

A low differentiation grade is seen as a histological mark for
aggressive neuroblastoma (1). Phenotypic silencing of MYCN
induces neuronal differentiation [Fig. S1 and (4)]. In addition to
known differentiation markers, we identified 21 genes that were
highly expressed in normal neural tissues (Fig. 5 and Fig. S7) and
down-regulated by MYCN. A biological profile derived from the
literature that predicts outcome has been described before (22).
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Two separate profiles were identified, one based on high MYC
transcription targets, the other on low expression of nine dif-
ferentiation genes. We show that both these processes are under
control of MYCN.

In conclusion, we identified a MYCN-157 signature that pre-
dicts an extremely poor clinical outcome for a group of neuro-
blastoma tumors, only half of which have MYCN amplification.
Tumors clustering with MYCN-amplified tumors, but without
MYCN amplification, have increased nuclear MYCN protein
expression due to MYCN protein stabilization.

Materials and Methods

Patient Samples. The NB88 set contains samples from patients with neuro-
blastoma of all stages (stage 1, n = 8; stage 2, n = 15; stage 3, n = 13, with 1
MYCN amplification; stage 4, n = 40, with 15 MYCN amplifications; and
stage 4s, n = 12). All neuroblastoma samples were derived from primary
tumors of untreated patients. Samples with over 80% tumor content were
used for profiling (28). mRNA was isolated and analyzed using Affymetrix
Human Genome U133 Plus 2.0 arrays and were normalized using MAS5.0
(accession no. GSE16476). Written informed consent was obtained from
patients’ parents in accordance with review board policies and procedures
for research dealing with tumor specimen and clinical information. The medical-
ethics committee of the Academic Medical Center (AMC) in Amsterdam
approved the study.

Cell Lines and Transduction. Neuroblastoma cell lines were cultured in DMEM,
supplemented with 10% (vol/vol) FCS, 1x nonessential amino acids, 2 mM L-
glutamine, 10 units/mL penicillin, and 10 units/mL streptomycin.

Lentiviral particles were made by transfecting HEK293T cells with the
lentiviral packaging vectors pMD2.G, pMDLg/pRRE, pRSV-Rev (Addgene), and
either the MYCN shRNA vector (TRCN0000020696, Sigma) or control shRNA
vector (SHC002, Sigma) with Lipofectamin 2000 (Invitrogen). Lentivirus
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particles were collected on days 2 and 3 after transfection and filtered through
a 0.45-um filter (Millipore). The viral particles were purified and concentrated
by ultracentrifugation. The viral titer was calculated using the p24 ELISA
(Cambridge Biosciences), with viral aliquots stored at —80 °C. Cells were
transduced with a multiplicity of infection ratio of 3. After 24 h, the medium
was replaced for longer time points. The mRNA expression was profiled on
U133 Plus 2.0 arrays and analyzed in R2 (accession no. GSE39218).

R2 Description. A complete description of the bioinformatics tool R2 may be
found at http:/r2.amc.nl. Datasets used in this study are described in S/
Materials and Methods.

Western Blotting. Primary antibodies used were MYCN (clone B8.4.B, BD
Pharmingen), CLU (Santa Cruz Biotechnology), MTAP, PRMT1, and ACTB
(Abcam). Western blotting was done according to the manufacturer’s pro-
tocol with secondary antibodies linked to IRDyes (Odyssey, Li-Cor Biosciences).

Southern Blot. Tumor and normal, leukocyte DNA was analyzed by Southern
blot as previously described (29). The filters were hybridized with MYC and
control probe L.2.3 (29).

ChIP-on-Chip Analysis. ChIP was performed with MYCN antibody; DNA was
purified and amplified (S/ Materials and Methods). The samples were la-
beled, hybridized to the 2.1M Deluxe Promoter Array, and analyzed (Nim-
bleGen). The data were visualized in the R2 program.

Tissue Microarray. Nuclear MYCN expression was scored on tissue microarray
(S Materials and Methods) by two investigators independently.
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