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N
euroblastoma, an aggressive
neural crest-derived malig-
nancy of infants and young
children, accounts for a large

proportion of all pediatric cancer mortal-
ity, with overall survival less than 50% for
high-risk disease. Current chemotherapy
regimens are administered according to
a risk stratification incorporating age,
stage, histology, and amplification of the
MYCN oncogene as primary factors for
outcome (1). However, within the highest-
risk group outcome is highly variable, and
additional approaches are needed to
identify those patients who would benefit
from alternative therapies. In an article
in PNAS entitled “A functional MYCN
signature predicts outcome in neuroblas-
toma irrespective of MYCN amplification”
(2), Valentijn et al. present an analysis
distinguishing a subset of patients with
high MYC protein levels but lacking
MYCN gene amplification or high mRNA
levels. They identify a set of MYCN-reg-
ulated genes in these patients regulating
cell cycle, DNA repair, and apoptotic
pathways and that are predictive of
poor outcome.
The MYCN transcription factor was

confirmed as an amplified oncogene more
than two decades ago, and its function and
role in neuroblastoma tumorigenesis has
been intensely studied since then (3).
Amplification of MYCN has proven to be
a major negative prognostic factor dis-
tinguishing cases with very poor overall
survival. However, neuroblastoma is
a highly heterogeneous disease, and only
approximately half of children with clini-
cally high-risk disease and poor outcome
display MYCN amplification (1). In addi-
tion, transgenic animal models of neuro-
blastoma suggest that amplification is not
required for tumorigenesis. Rather, aber-
rant MYCN expression during neural crest
development blocks differentiation of
neural crest precursors favoring subse-
quent transformation and tumorigenesis
(4). Valentijn et al. now define an MYCN-
dependent transcriptional signature that
identifies a subset of patients with high-
risk disease whose tumors have elevated
MYCN protein without MYCN amplifica-
tion or elevated mRNA expression levels.
By linking protein levels and direct tran-
scriptional targets with clinical outcomes,
this work further elucidates MYCN func-
tion in neuroblastoma. This also helps to
explain some of the discrepancies between

previous mRNA expression-based MYCN
signatures studies that have yielded
“nonoverlapping” prognostic signatures
(5–7) and did not account for MYCN
protein levels.
Despite decades of effort, the direct

MYCN targets that account for its onco-
genic functions remain enigmatic. Nor-
mally, MYCN is transiently expressed
during embryogenesis and has essential
roles in development (8). It typically reg-
ulates transcription through binding to
E-box motifs in target gene promoters as
an MYCN/myc-associated factor X
(MAX) heterodimer. Aberrant expression
of MYCN induces a plethora of pheno-
typic changes in neuroblastoma cell lines
that are protumorigenic. These include
increased proliferation and DNA repair,
as well as inhibition of differentiation.
However, MYCN also sensitizes neuro-
blastoma to genotoxic damage and lowers
the apoptotic threshold of NB cells in
culture (9). These conflicting phenotypes
are highlighted at the molecular level by
the findings that transcription of both
p53 and its primary inhibitor, murine
double minute (MDM2), is directly acti-
vated by MYCN (10, 11). Furthermore, it
is clear that MYCN/DNA interactions can
repress transcription of antioncogenic
genes through both direct and indirect
mechanisms, as recently demonstrated for
high affinity nerve growth factor receptor
TRKA and p75 neurotrophin receptor
(p75NTR) (12) as well as MAP Kinase

phosphatase 3 (MKP3) (13). Thus, the
oncogenic influence of MYCN is an in-
tegration of direct and indirect transcrip-
tional effects with diverse molecular
functions (Fig. 1).
The incorporation of microRNA and

other noncoding RNAs into the scheme of
MYCN-mediated oncogenesis adds an
additional layer of complexity to the con-
cept of an MYCN-prognostic signature.
MYCN directly activates microRNAs that
promote tumorigenesis and an aggressive
phenotype (reviewed in ref. 14). These
include miR-17-92 and miR-9, which pro-
mote survival and metastasis of neuro-
blastoma. It also likely inhibits expression
of microRNAs such as miR-34a, which
acts as a tumor suppressor by directly
targeting MYCN and antiapoptotic factors
such as B-cell lymphoma 2 (BCL2) (15).
Because a single microRNA may target
hundreds of downstream genes and can
inhibit translation as well as transcription,
and because MYCN regulates a large
number of microRNAs, deciphering the
oncogenic influence of MYCN on both the
overall transcriptome and proteome of
a cell becomes highly complex. This un-
derscores the need to combine clinical
outcome data and gene expression studies
with protein data to uncover key critical
molecular targets and pathways for thera-
peutic intervention. In addition, current
high-throughput DNA and RNA se-
quencing methods and improved chro-
matin immunoprecipitation protocols now
permit the comprehensive analysis of the
MYCN transcriptome in cancer. Such
studies are revealing interactions with
recently discovered classes of noncoding
RNAs, such as lncRNAs (long intergenic
noncoding RNAs), with important func-
tions in normal development and cancer
(16, 17). Thus, we must constantly re-
define and expand the components of an
“MYCN-dependent prognostic signature”
as our understanding of transcription reg-
ulation in normal and malignant cells
progresses.
A consistent observation is that prog-

nostic gene expression signatures for neu-
roblastoma, generated with diverse

Fig. 1. The MYCN oncogenic functions include al-
tering DNA repair, p53 activities, and cell cycle reg-
ulation to drive neuroblastoma tumorigenesis. (A)
Through interaction with gene promoters, MYCN
directly regulates the transcription of oncogenic
activators and tumor suppressors. (B) The addition
of microRNA (miRs) and lncRNAs transcripts now
place MYCN at the center of a complex regulatory
network of direct and indirect effects complicating
interpretation of transcriptional profiles.
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methodologies in different clinical cohorts,
often identify noncoincident gene sets
(5–7). The work by Valetijn et al. (2)
highlights several issues with these data.
First, gene and protein expression are not
equivalent. Posttranscriptional mecha-
nisms are well described that dramatically
alter mRNA and protein stability. MYCN
stabilization through LIN28b-mediated
repression of Let-7 microRNAs was re-
cently shown to contribute to neuroblas-
toma development (18). Second, oncogenes
often act through both transcriptional acti-
vation and repression, which may be par-
ticularly important regarding inhibition of

tumor suppressor microRNAs driving dif-
ferentiation (19). Third, although the
157 gene signatures they delineate and
several previous neuroblastoma gene sig-
natures share few common genes, gene
ontology analysis reveals that these sig-
natures do converge on the common
themes of altered cell cycle, DNA repair,
and differentiation pathways.
Major intensification of chemotherapy

for neuroblastoma over the past decade
has only modestly improved survival yet
markedly increased short- and long-term
side toxicities (20). Our current ability to
rapidly obtain comprehensive genome-

wide data sets defining gene expression
has generated a plethora of data regarding
the oncogenic functions of MYCN and
transcriptional targets. However, as dem-
onstrated by Valentijn et al. (2), protein
levels often do not correlate with gene
expression. Furthermore, noncoding RNA
functions have added multiple new layers
to the complexity of both transcriptional
and translational regulation. Going for-
ward, analyzing, interpreting, and trans-
lating this wealth of information into
effective molecularly targeted therapy re-
mains an urgent challenge for molecular
biologists and pediatric oncologists.
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