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Abstract
In recent years, technological advances have enabled a detailed landscaping of the epigenome and the mechanisms of epigenetic
regulation that drive normal cell function, development and cancer. Rather than merely a structural entity to support genome
compaction, we now look at chromatin as a very dynamic and essential constellation that is actively participating in the tight
orchestration of transcriptional regulation as well as DNA replication and repair. The unique feature of chromatin flexibility
enabling fast switches towards more or less restricted epigenetic cellular states is, not surprisingly, intimately connected to cancer
development and treatment resistance, and the central role of epigenetic alterations in cancer is illustrated by the finding that up to
50% of all mutations across cancer entities affect proteins controlling the chromatin status. We summarize recent insights into
epigenetic rewiring underlying neuroblastoma (NB) tumor formation ranging from changes in DNA methylation patterns and
mutations in epigenetic regulators to global effects on transcriptional regulatory circuits that involve key players in NB onco-
genesis. Insights into the disruption of the homeostatic epigenetic balance contributing to developmental arrest of sympathetic
progenitor cells and subsequent NB oncogenesis are rapidly growing and will be exploited towards the development of novel
therapeutic strategies to increase current survival rates of patients with high-risk NB.
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Introduction

The ‘Hallmarks of Cancer’ concept as proposed by Hanahan
andWeinberg has provided a framework to understand the com-
plex principles of cancer biology (Hanahan andWeinberg 2000,
2011). These hallmarks explain how cancer cells breach multi-
ple cellular safeguards driving proliferation and self renewal,
unlimited growth, angiogenesis, invasion and metastasis and
evasion of cell death, maintenance of genomic stability,
sustained energy supply related to the rewired metabolic cancer
cell circuitry and tumor promoting inflammation (Hanahan and
Weinberg 2011). In the past decade, altered epigenetic states,
with a main focus on promotor hypermethylation coupled to

inactivation of tumor suppressor genes, were already recognized
to play a major role in many cancer entities. Recently, a bewil-
dering number of mutations were found that affect the
expression/function of a wide variety of proteins involved in
chromatin modification as well as local and higher-order chro-
matin structure. In addition, there is increasing evidence that
malignant transformation inmany different tumor types depends
on the formation of super-enhancer-driven core regulatory
circuits. Last, a vast majority of transcriptional states is not only
instructed through the action of regulatory proteins but also
relies on protein/non-coding RNA interactions. This has dra-
matically fueled ongoing fundamental and translational epige-
netic cancer research, together with the notion that these
perturbed epigenetic states present a novel target for therapy.

Neuroblastoma (NB) is considered as a developmental dis-
order resulting from the disruption of normal sympathetic
neuronal progenitor maturation. Furthermore, like most other
pediatric cancers, the mutational landscape at diagnosis is rel-
atively silent with an average of only 5–10 mutations.
Therefore, it can be assumed that deviation from the normal
epigenetic homeostasis during this process could play a key
role in malignant transformation. While the basic concepts of
the ‘epigenetic landscape’ explaining the underlying process-
es of normal cell differentiation were proposed more than

The original version of this article was revised: The authorship names of
this paper are incorrect. The name of the first author is Durinck K and the
second author name is Speleman F. The correct presentation is given above.

* Kaat Durinck
kaat.durinck@ugent.be

Frank Speleman
franki.speleman@ugent.be

1 Center for Medical Genetics, Ghent University, Ghent, Belgium

Cell and Tissue Research (2018) 372:309–324
https://doi.org/10.1007/s00441-017-2773-y

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Ghent University Academic Bibliography

https://core.ac.uk/display/158345603?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00441-017-2773-y&domain=pdf
http://orcid.org/0000-0003-1762-5739
mailto:kaat.durinck@ugent.be


50 years ago by Conrad Waddington, we have now learned
that (1) transcription factors are key actors in establishing and
guiding cellular identity (reflecting the developmental
grooves going down the developmental Waddington hill)
while interacting with various DNA regulatory elements em-
bedded in a specific epigenetic constellation, and (2) chroma-
tin ensures the stability of these lineages and cell fates (the
depth of the grooves on the hill). In a recent review, Flavahan
et al. proposed the concept of abnormal epigenetic resistance
and plasticity resulting from altered chromatin regulator activ-
ity and remodeling as well as DNA methylation as important
processes taking part in tumorigenesis (Flavahan et al. 2017).

We propose that a full understanding of the epigenetic con-
trol of normal sympathetic neuron differentiation and
uncovering the key epigenetic perturbations during NB devel-
opment will be instrumental to fully understand the molecular
basis of NB oncogenesis.Moreover, given the limited number
of mutated druggable targets, these insights can also guide us
towards the development of novel therapeutic interventions to
increase survival rates and reduce long-term effects of current
cytotoxic treatment.

Knowledge from different ongoing research efforts may
converge towards this goal, e.g., novel neural crest or sympa-
thetic progenitor cell-derived NB models, as nicely illustrated
with the recently developed model system by Olsen and col-
leagues allowing ex vivo generation of MYCN-driven trans-
formed neural crest stem cells to be transplanted into recipient
mice, leading to tumor formation consistent with our under-
standing of human MYCN-driven NB and thus providing an
excellent toolkit for the discovery of novel driver genes in this
malignancy (Olsen et al. 2017). Among others, transcription
factors that are key in normal neuronal development (e.g.,
SOX11, TWIST1 and TCF3) as well as cell cycle regulators
(FOXM1, E2F3 and MYBL2) were found to be upregulated
in this experimental murine NB model in accordance with
human NB tumors. Future studies should provide further in-
depth profiling of epigenetic landscaping in cellular models
and primary tumors including enhancer mapping, screening
for gene essentiality or cancer dependency, and further in-
depth bioinformatics analyses of developmental and gene reg-
ulatory networks in large transcriptome and proteome datasets.
Ultimately, this should guide us towards exploiting the epige-
netics toolbox to develop more effective and less toxic thera-
pies in combination with other small molecules (e.g., ALK
and/or RAS/MAPK inhibitors) and immunotherapy to reach
the full extent of precision medicine for these patients.

Mapping of neuroblastoma-specific
epigenetic DNA modifications

DNA methylation is a stable epigenetic modification of
which the global pattern can be faithfully inherited through

multiple cell divisions. During development and cell dif-
ferentiation, DNA methylation is dynamic, but some pat-
terns may be retained as a form of epigenetic memory,
while cancer initiation and progression can lead to
genome-wide and gene-specific DNA methylation chang-
es. Methylation states can thus inform both on oncogenic
altered epigenetic states of genes as well as a cell-of-origin
epigenetic profile (Feinberg et al. 2016). For a detailed
overview of the most prominent DNA methylation markers
in neuroblastoma, see the review by Decock et al. (2011).

Methylation and prognostic classification

Like for many other tumor entities, several studies focusing
on methylation have been conducted in NB, using increas-
ingly more powerful and sensitive methods. One of the first
prognostic methylation studies was reported by Alaminos and
co-workers who investigated promoter hypermethylation in
45 candidate genes in 10 NB cell lines and a subsequent
selection of 10 genes in 118 primary NBs by means of
methylation-specific PCR (MSP). This CpG island hyperme-
thylation portrait showed distinct patterns for MYCN-ampli-
fied versus non-amplified tumors, among others for the tumor
suppressor caspase-8 (Alaminos et al. 2004). Hoebeeck et al.
used the same technique to screen the methylation status of
10 selected tumor suppressor genes in 33 NB cell lines and 42
primary NB cases (Hoebeeck et al. 2009). In follow-up of
MSP, novel techniques have been developed allowing
genome-wide analysis of aberrant DNA methylation patterns,
such as various methylation arrays. This also included
methyl-CpG-binding domain (MBD) sequencing of NB cell
lines, a sensitive and cost-effective method for genome-wide
DNA methylation profiling and biomarker identification.
Using this method in combination with MSP on primary
NB tumors, eight candidate biomarkers (Decock et al.
2012) were identified of which the methylation status could
be related to previously known risk factors such as age and
MYCN amplification status, underscoring the prognostic val-
ue of these methylation markers. Later on, we expanded this
work byMBD-sequencing based screening of 87 primary NB
tumors in search for methylation biomarkers relating to event-
free and overall patient survival rates, followed by validation
using MSP assays in independent cohorts of 132 and 177
tumor samples. As such, Decock and co-workers established
a prognostic DNA methylation signature consisting of 58
markers which allowed accurate outcome prediction in the
total NB patient cohort; additionally, we revealed a novel
specific characteristic of 4S NB tumors (Decock et al.
2016a, b, c). In brief, it was shown that specific chromosomal
regions could be identified to be uniquely hyper- or
hypomethylated in stage 4S tumors compared to the other
stages, comprising genes implicated in neuronal differentia-
tion (e.g., targets of MSX1 and GFI1) among others, as well
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as genes located on subtelomeres. Based on these findings, it
was hypothesized that subtelomeric DNA methylation repre-
sents an additional mechanism by which telomere length and
spontaneous regression are controlled in NB. A similar study
by Olsson et al. (2016) compared high- versus low-grade NB
tumors using the Infinium Human Methylation 450 k
(HM450K) BeadChip. Screening of 60 primary neuroblasto-
ma cases revealed, among others, that the TERT gene is one
of the strongest hypermethylated genes in high-risk versus
low-risk tumors and that this change in the epigenetic state
of TERT could be clearly linked to altered expression corre-
lating to poor patient survival.

More recently, novel methods for genome-wide methyla-
tion analysis (e.g., 450 k array) resulted in more comprehen-
sive analyses. The Westermann team applied an integrative
approach to analyze the methylomes, transcriptomes, and
copy number variations of 105 NB cases, complemented by
primary tumor- and cell line-derived global histone modifica-
tion analyses and epigenetic drug treatment in vitro (Henrich
et al. 2016). This investigation further supported the presence
of distinct DNA methylation patterns identifying divergent
patient subgroups, with respect to survival and clinical/
biological variables, including MYCN amplification. Similar
observations were reported by Gomez et al. based on an
Infinium Human Methylation 450 k (HM450K) BeadChip
analysis of 35 primary NB cases (Gomez et al. 2015). In
addition, non-CpG methylation was also observed and mostly
associated with tumors characterized by favorable clinical-
biological features.

CpG island hypermethylation

Henrich et al. (2016) also investigated and confirmed the
previously proposed CpG island methylator phenotype
(CIMP) association with gene body methylation of
protocadherin beta family (PCDHB) members in high-risk
associated NB (Abe et al. 2005, 2007). Transcriptome inte-
gration and histone modification-based definition of enhanc-
er elements revealed intragenic enhancer methylation as a
mechanism for high-risk associated transcriptional deregula-
tion. In this same study, the most prominent high-risk asso-
ciated phenomenon was hypermethylation in combination
with transcriptional downregulation of genes enriched for
1p36 genes, including the well-established dosage-dependent
NB suppressor candidates, CAMTA1, CHD5 and KIF1B
(Henrich et al. 2012) (see Fig. 1). This finding suggested that
DNA methylation could further reduce expression levels of
tumor suppressors of which one allele is deleted. Finally,
evidence was also presented for cooperation between the
‘Polycomb Repressive Complex’ (PRC2) (see below) activ-
ity and DNA methylation in blocking tumor-suppressive dif-
ferentiation programs.

Altered methylation profiles underlying
differentiation therapy

The stage 4S NB phenotype has spurred investigations
towards differentiation therapy and led to the integration
of retinoic acid (ATRA) administration in particular thera-
py schemes. The molecular basis of the effects of ATRA in
NB are still poorly understood, but (partial) epigenetic
resetting towards the normal chromatin state and subse-
quent altered expression patterns can be assumed to be
the underlying driving effector. In this perspective, the
Stallings team applied genome-wide DNA methylation
analysis to study epigenetic modifications during ATRA-
induced neuroblastoma differentiation (Stallings et al.
2011) using an ATRA-sensitive neuroblastoma cell line.
In total, 402 and 88 gene promoters were found to be
hypo- and hypermethylated, respectively. Subsequent inte-
gration with mRNA expression data revealed that 82
hypomethylated genes were over-expressed (>2-fold) and
13 hypermethylated genes were under-expressed (>2-
fold), indicating that many of the DNA methylation alter-
ations had functional consequences. Further investigation
towards the underlying mechanism revealed a statistically
significant decrease in expression of both DNMT1 and
DNMT3A upon ATRA treatment, possibly mediated
through altered expression levels of miRNAs targeting
mRNA stability or translation of these important DNA
methylases. Later on, the same research team performed
methylated DNA immunoprecipitation coupled to custom
tiling array hybridization for 18 primary neuroblastoma
tumors and 3 neuroblastoma cell lines to screen the meth-
ylation status of 528 miRNA loci (Das et al. 2013). In
total, 67 miRNAs were found to be lower expressed
(hypermethylated) in neuroblastomas compared to con-
trols, several of which are involved in regulation of cellu-
lar differentiation.

Global hypomethylation

Besides the phenomenon of localized hypermethylation at
CpG sites, Feinberg and Vogelstein discovered that also a
genome-wide loss of DNA methylation (Feinberg and
Vogelstein 1983) (see Fig. 1) at non-CpG sites contributes
to the process of malignant transformation, mainly through
aberrant oncogene activation and genomic instability, the
latter inferred by the fact that these sites often serve as
hotspots of chromosomal breaks. Mayol et al. (2012) used
the ‘Infinium Human Methylation27 BeadChip’ platform
to generate genome-wide DNA methylation profiles from
22 primary NB cases and bisulfite sequencing for an inde-
pendent cohort of 13 cases, to show that in primary NBs
promoter hypermethylation is a more restricted phenome-
non compared to gene-specific DNA hypomethylation.
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The latter was found not only to occur at promoter regions
but also at more distal regulatory sites, in agreement with

the later finding by the same research team that DNA
methylation depletion at distal sites of the CCND1 NB

Fig. 1 Overview of the epigenetic rewiring events that underlie NB tumor formation. Proteins in green: epigenetic modifiers that are overexpressed in
NB cells; proteins in pink: epigenetic modifiers that are downregulated in NB cells through genetic aberrations
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oncogene are key to drive its overexpression in NB
(Gomez et al. 2015).

Active DNA demethylation – 5-hydroxymethylation

Initially, cytosinemethylation was considered as a stable mod-
ification. It is now known that also DNA demethylation can
take place and also plays an important role in normal devel-
opment and cancer, underlying genomic instability (Jeschke
et al. 2016). Demethylation of the DNA template can occur
either actively or passively. Passive DNA demethylation can
occur during DNA replication. Instead, active DNA demeth-
ylation is a consequence of the catalytic activity of the ‘Ten
Eleven Translocation’ (TET) protein family (TET1, TET2,
TET3). These TET enzymes convert 5-methylcytosine
(5mC) to the intermediate 5-hydroxymethylcytosine
(5hmC), which can be further oxidized to 5-formylcytosine
and 5-carboxylcytosine (Delatte et al. 2014). These oxidation
products can then be efficiently removed from the DNA tem-
plate by the activity of the ‘thymine DNA glycosylase’ en-
zyme and replaced by an unmethylated cytosine residue dur-
ing DNA repair (base excision repair). The role of 5hmC is
also firmly established in the context of differentiation of var-
ious tissues, for example, with strong enrichment of this mod-
ification in neuronal tissue (Hahn et al. 2013) and high levels
in pluripotent cells (Choi et al. 2014). Mariani et al. (2014)
related global increases in 5hmC in NB to the response on
hypoxia. Taking into account that neuronal tissue harbors
high levels of 5hmC and that neuroblastoma cells undergo
dedifferentiation in hypoxic conditions, 5hmC levels could
be involved in regulation of differentiation stage transi-
tions of NB tumor cells.

Histone modifier enzymes as novel players
in NB tumor development

In addition to DNA methylation, a second major layer of epi-
genetic information is dictated by a series of post-translational
modifications (PTMs) at the N-terminal tails of the core his-
tone proteins (H2A, H2B, H3, H4 and linker histone H1) to
form the so-called ‘histone code (Strahl and Allis 2000). In
addition, a variety of histone variants can replace the canoni-
cal ones, such as the H2Avariant H2AX, which is incorporat-
ed into the nucleosomes at sites where DNA double-strand
breaks occur (van Attikum and Gasser 2009) or the histone
H3 variant H3.3, that specifically associates with sites of ac-
tive transcription and affecting transcriptional plasticity as
well as playing a key role in the process of tumorigenesis
(Yuen and Knoepfler 2013). There are at least eight different
types of PTMs possible on histone tails, such as lysine acety-
lation, lysine and arginine methylation, serine and threonine
phosphorylation among others, that can be of different forms

(e.g., di- or tri-methylation) (Kouzarides 2007). Particular
modifications can mark regions of active or inactive transcrip-
tion. Importantly, histone modifications are also specific in
demarcating various functional elements in the genome such
as enhancers or transcribed regions (Zhou et al. 2011). Histone
modifications are dynamic in nature, and a plethora of histone
modifier enzymes has been identified in the last decades that
are involved in the deposition (‘writers’) or removal of the
histone PTMs (‘erasers’). A third class of proteins can dock
to certain histone modifications through a specific binding
domain, but have no intrinsic enzymatic activity (‘readers’)
and act to recruit writers and erasers for control of the expres-
sion of target genes. For example, the plant homeodomain
pocket is one of the most commonly found domains enabling
histone methyl-lysine binding.

Histone acetyltransferases/deacetylases
(HATs/HDACs)

One of the most prominent members of the ‘writer/eraser’
class of histone modifier enzymes are the histone acetyltrans-
ferases (HATs)/deacetylases (HDACs), serving as an impor-
tant switch between repressive and permissive chromatin
states. Both HATs and HDACs serve as co-factors, implying
that they are recruited by other DNA-binding factors to the
site-of-action rather than associating themselves with the
DNA template. Three main types of HATs (the GNAT5,
CBP/p300 and MYST subfamilies) (Gajer et al. 2015) and
18 different HDAC proteins (Ropero and Esteller 2007) can
be distinguished in mammalian cells. One of the most prom-
inent HATs is CBP/p300 (see Fig. 1), expressed in many
different tissue types and implicated in the regulation of var-
ious normal cellular processes such as cell cycle regulation
and differentiation (Sterner and Berger 2000), but also a
known player in malignant transformation either as a tumor
suppressor or supporting the action of specific oncogenes
(Goodman and Smolik 2000). Altered HDAC expression
has been reported in NB (West and Johnstone 2014).
Oehme et al. (2009a, b) screened the expression of human
the HDAC family in a primary NB cohort of 251 patients by
micro-array based profiling and an independent cohort of 118
samples by real-time RT-PCR and found that HDAC8 over-
expression significantly correlated to poor patient prognosis.
In keeping with this finding, Rettig and colleagues demon-
strated in vitro and in vivo potency of selective HDAC8
inhibitors for NB treatment (Rettig et al. 2015) (see Fig. 1).
In addition, the key neuroblastoma driver oncogene MYCN
has been shown to cooperate with HDAC proteins during
malignant transformation to repress its target genes, e.g., with
HDAC5 in the silencing of CD9 (Fabian et al. 2016), with
HDAC2 to downregulate the expression of the tumor sup-
pressor miRNA-183 (Lodrini et al. 2013) and with HDAC3
in silencing of GRHL1 (Fabian et al. 2014).
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Histone methyltransferases/demethylases
(HMTs/HDMs)

The second type of enzymes that can influence the histone
code are the histone methyltransferases (HMTs) and his-
tone demethylases (HDMs). Histone methylation can either
be placed on lysine or arginine residues and is executed by
proteins (total of 48 in mammalian cells) containing a ‘sup-
pressor of variegation’ (SET) domain (Albert and Helin
2010), with DOT1L being the only member not containing a
SET pocket. For the latter, Wong et al. (2017) very recently
described a role in NB tumorigenesis together with MYCN in
downstream target activation, due to its unique capacity of all
HMTs to catalyze methylation of H3K79 (see Fig. 1). In ad-
dition, the expression of DOT1L itself was also driven by
MYCN and its high levels in neuroblastoma tumors were
shown to correlate with poor survival. Application of a
DOT1L inhibitor proved antitumorigenic potential both
in vitro and in neuroblastoma xenografts, indicating the ther-
apeutic potential for treatment of MYCN-driven NB tumors.
Besides H3K79 methylation, H3K4me3 is also an established
epigenetic mark for permissive gene expression. Among
others, WDR5 is a core component of the H3K4me3 writer
complex MLL–SET1 (see Fig. 1) and is known to function as
a key co-factor of the MYC oncoprotein in cancer (Thomas
et al. 2015). In NB, similar to DOT1L, WDR5 expression
levels are upregulated by MYCN and indicate poor survival
changes in primary cases. The formation of a transcriptional
complex between MYCN and WDR5 leads to downstream
target activation, such as the anti-apoptotic factor MDM2
(Sun et al. 2015). Very recently, Veschi and co-workers per-
formed a high-throughput screening strategy combining
RNAi (siRNAs) for 400 genes and 21 epigenetic chemical
probes (Veschi et al. 2017) to identify epigenetic modulators
that suppress NB cell differentiation. From this screen, the
H4K20 methyltransferase SETD8 was identified as a top can-
didate (see Fig. 1), with high SETD8 levels in primary NB
tumors correlating to poor patient prognosis. Genetic and
pharmacological perturbation of SETD8 resulted in a signifi-
cant reactivation of p53 signaling, inducing a pro-apoptotic
and antiproliferative response both in vitro and in vivo, the
latter underscored by a significant reduction of murine xeno-
graft tumor growth.

In contrast to H3K79 and H3K4 methylation which are
associated with gene activation, methylation of other lysine
residues of histone H3/4 such as K9 or K27 induces tran-
scriptional silencing. The G9a H3K9 methyltransfersase
was shown by Ke and colleagues to fulfill an oncogenic
role in NB development by epigenetic regulation of
autophagosome formation and pinpoint G9a as a novel
potent NB therapeutic target (Ke et al. 2014). The forma-
tion of H3K27me3 is catalyzed by PRC2, a multi-subunit
assembly that is essential during normal embryonic

development (Hock 2012). The catalytic component of
PRC2 is the ‘Enhancer of Zeste’ (EZH2) protein (see Fig.
1) and its efficiency requires the action of the co-factors
EED and SUZ12. In cancer, PRC2 may act either as an
oncogene or tumor suppressor, depending on the cellular
context and tumor type. In its association with the co-factor
MAX and the aforementioned histone methyltransferase
WDR5, MYCN is acting as a transcriptional activator. Its
role as a transcriptional regulator has now proven to be
dual, and MYCN is equally capable of repressing a subset
of its downstream target genes, predominantly involved in
neuronal differentiation (Gherardi et al. 2013). In this con-
text, MYCN has been shown to physically interact with
PRC2 (Corvetta et al. 2013; He et al. 2013), although fur-
ther research will be required to show what the functional
importance of this interaction is in the context of MYCN
regulated gene expression programs. In NB, MYCN-
amplified tumors show a ‘PRC2 hyperactivation’ profile,
exhibiting very strong expression levels of the PRC2 com-
ponents, EZH2, EED and RBBP7, versus non-amplified
NB tumors (Henrich et al. 2016). This leads to a significant
enrichment of H3K27me3 signal for a set of genes of
which hypermethylation and concomitant downregulated
expression is associated with high-risk NB. In addition,
Wang and colleagues have previously shown that EZH2
overexpression in NB is related to poor patient prognosis
and that PRC2 suppresses differentiation through epigenet-
ic silencing of tumorsuppressor genes like CASZ1 (Wang
et al. 2012). It was previously shown that MYC is respon-
sible for direct upregulation of EZH2 expression and that
MYCN could act likewise in the context of NB (Neri et al.
2012; Tsubota et al. 2017). Recently, Bate-Eya et al. (2017)
suggested that the recurrent gain of the EZH2 locus could
contribute to its overexpression. Notably, the survival ad-
vantage hereby conferred to NB cells was shown to be
independent of its catalytic activity but rather caused by a
so far uncharacterized non-canonical EZH2 function.
Therefore, in NB, the application of drugs inhibiting
EZH2 activity might be required to be directed to the com-
plete protein functionality rather than a moiety targeting
only its catalytic pocket, which will require further
investigation.

Besides EZH2 as part of the PRC2 complex, the PRC1
component BMI1 also has an established role in NB develop-
ment. The PRC1 complex can either be recruited to its target
genes by K27me3 modifications imposed on the chromatin
template by PRC2, or can also bind independently of PRC2
(Hock 2012). The PRC1 core component BMI1 (see Fig. 1)
is overexpressed in as much as 90% of neuroblastoma cases
(Huang et al. 2011), and has been shown by Cui et al. (2007)
to be a cooperative oncogene in MYCN-driven NB. Its over-
expression (together with MYCN) can be driven by E2F1
(Nowak et al. 2006), but in addition MYCN itself can also
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induce high BMI1 expression levels in NB cells (Ochiai et al.
2010), with concomitant inhibition of cell death and differen-
tiation through inhibition of tumor suppressor gene expression
(e.g., KIF1ß).

A key lysine demethylase implicated in NB is LSD1
(KDM1A). The LSD1 protein specifically catalyzes demeth-
ylation of H3K9me1/2 and H3K4me1/2 (Hosseini and
Minucci 2017) (see Fig. 1) and plays essential functions dur-
ing normal development (e.g., embryogenesis) as well as ma-
lignant transformation, with high LSD1 levels being observed
in many different cancer types (Zheng et al. 2015). In NB,
elevated LSD1 expression was shown to be correlated with
adverse outcome and inversely correlated with differentiation
in neuroblastic tumors. LSD1 depletion decreased cellular
growth, induced expression of differentiation-associated
genes, and increased target gene-specific H3K4 methylation
and reduced neuroblastoma xenograft growth in vivo.
Subsequently, miRNA-137 was identified as a LSD1 negative
upstream regulator and a novel tumor suppressor in NB de-
velopment, with downregulation of LSD1 mimicking
miRNA-137 re-expression in neuroblastoma cells (Althoff
et al. 2013). More recently, Amente et al. (2015) revealed a
functional cooperation of LSD1with the central NB oncogene
MYCN through a physical interaction, supporting a tran-
scriptional repressor role of MYCN, among others, facili-
tating silencing of NDRG1, a tumor suppressor gene normally
suppressing NB cell motility and invasion capacity (Ambrosio
et al. 2017). Also, the H3K9me2/3 demethylase KDM4B was
recently identified as another novel MYCN interaction partner
in NB, assisting in sustaining tumorigenesis (Yang et al.
2015). These results thus indicate the therapeutic value of
combined MYCN–KDM pharmacological inhibition.

Chromatin remodeling complexes

Chromatin remodeling complexes are a specific type of regu-
lators catalyzing the eviction or deposition of nucleosomes
coupled to ATP hydrolysis, consisting of: the ‘Switching
defective/Sucrose Non-Fermenting’ (SWI/SNF) family,
‘Inositol requiring 80’ (INO80), ‘Imitation Switch’ (ISWI)
and the ‘Chromodomain Helicase DNA binding’ (CHD) fam-
ily (Clapier and Cairns 2009).

From the latter class, the ATP-dependent helicase CHD5
(see Fig. 1) has been proposed as a key tumor suppressor gene
(Bagchi et al. 2007) targeted by deletion of 1p36 in high-risk
(often MYCN-amplified) neuroblastomas. Low CHD5 levels
are associated with poor patient prognosis. Alternatively,
high-risk NB patients can also present with CHD5 distal pro-
moter methylation (Koyama et al. 2012; Fujita et al. 2008),
further supporting a tumor suppressor role of CHD5 in NB
tumor development. High CHD5 levels can be found in the
brain and to a lesser extent in the adrenal glands (Thompson
et al. 2003), underscoring its importance in normal neuronal

development and neuronal differentiation downstream of
TRKA (Higashi et al. 2015) as part of a ‘nucleosome remod-
eling and deacetylation’ (NurD) protein complex (Potts et al.
2011). To execute its function, CHD5 associates with the
NurD complex, leading to the formation of a transcriptional
repressor complex dampening the expression of the G2/M
checkpoint kinase WEE1 (Quan et al. 2014). Additionally,
several oncogenic miRNAs downstream (e.g., miRNA-204)
of MYCN have been identified to reduce CHD5 expression
in NB tumors (Naraparaju et al. 2016). Furthermore, the role
of CHD5 as a tumor suppressor is also well established in
other tumor entities, such as glioma, breast and colon cancer
(Kolla et al. 2014).

The SWI–SNF complex fulfills key tasks during normal
mammalian development, with evidence for a role in heart
and muscle development, neuronal development and hemato-
poiesis (Cedar and Bergman 2011). Mechanistically, the
SWI–SNF remodeler subunits have an important role in nu-
cleosome eviction to allow for transcriptional activation and
elongation by POLII (Subtil-Rodriguez and Reyes 2010;
Schwabish and Struhl 2007). The complex is structurally con-
served and the components that drive its remodeler activity are
part of the core, whereas other constituents are rather tissue-/
context-specific (Tang et al. 2010). In total, this combinatorial
complexity leads to over 100 different possible assemblies
(Ho and Crabtree 2010). This diversification in composition
also occurs during neuronal development (Lessard et al.
2007), with stage-specific changes, e.g., from embryonic stem
cells to neuronal progenitor cells (Son and Crabtree 2014).
From the subunits conferring functional specificity, ARID1A
is known, together with ARID1B, as a subunit specific to the
‘BAF’-type SWI–SNF complex and is one of the most com-
monly mutated subunits in cancer (Shain and Pollack 2013).
Overall, one-fifth of all human tumors exhibit mutations in
SWI–SNF complex components, demarcating it as the most
frequently mutated epigenetic regulator complex and
underscoring a critical tumor suppressor role for its constitu-
ents in various human cancer types (Kadoch et al. 2013). In
pediatric cancer entities, the crucial role of the complex is
underscored by the fact that atypical teratoid/rhabdoid tumors
(ATRT) can be divided into three molecular epigenetic
subytpes, but with no other recurrent mutations found by ex-
ome sequencing besides those found in the SMARCB1 gene
(Johann et al. 2016). Awhole genome and exome sequencing
effort by Sausen and colleagues revealed ARID1A/B
mutations (see Fig. 1) and deletions in 11% of neuroblastoma
cases (Sausen et al. 2013), and targeted sequencing performed
by Lee et al. confirmed that cases with ARID1B mutations
present with high-risk NB (Lee et al. 2017). The importance
of ARID1B function in normal neural development is
underscored by the causal role of de novo ARID1B mutations
in the congenital syndrome Coffin–Siris, as these patients dis-
play neurodevelopmental deficits (Santen et al. 2012).
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From the core constituents of the mammalian SWI–
SNF complex, the central ATPase, either represented by
BRG1 (SMARCA4) or BRM (SMARCA2), is the critical
driving force to alter nucleosome positioning using energy
derived from ATP hydrolysis. While, in many tumor en-
tities, BRG1 is known as a tumor suppressor, it may also
serve as key driver of an oncogenic expression program,
as illustrated by the study of Shi et al. showing that BRG1
in acute myeloid leukemia is required to sustain MYC
expression (Shi et al. 2013). In NB, high BRG1 levels
are associated with poor patient prognosis, pointing to-
wards its potential as a novel therapeutic target (Jubierre
et al. 2016).

Core regulatory circuits in neuroblastoma
development

Recently, super-enhancer-driven core regulatory circuits
have been defined that underlie NB development, further
illuminating the complex biology of this disease. One of
the fundamental driving forces in epigenetic reprogramming
has been linked to the activity of so-called super-enhancers
(SEs) or clustered enhancers (see Fig. 1). These are the main
control elements coupled to genes encoding master tran-
scription factors defining cellular identity, and are typically
characterized by binding of a multi-factorial regulatory com-
plex (Pott and Lieb 2015; Heinz et al. 2015) and a very high
density of the enhancer-associated histone modifications,
H3K27ac and H3K4me1, that mark high chromatin accessi-
bility of these regions. Key players at SE sites include
Mediator, RNA Pol II, CBP-p300 and a plethora of chroma-
tin modifiers, with a prominent role for SWI–SNF complex
components and the ‘bromodomain and extra-terminal mo-
tif’ (BET) protein family member BRD4 (see Fig. 1) (Hnisz
et al. 2013). The recruitment of BRD4 occurs through its
capability of recognizing and binding of acetylated histones
and its direct interaction with the Mediator complex (Pott
and Lieb 2015), ultimately facilitating both transcriptional
activation and elongation (Li 2002). Tumor cells typically
exploit the power of this specific class of regulatory ele-
ments to aberrantly boost the expression of oncogenes driv-
ing the major cancer hallmark dependencies (Hnisz et al.
2013; Whyte et al. 2013).

A first example of a SE-driven transcription factor in
NB is LMO1 (Oldridge et al. 2015), with oncogene addic-
tion driven by a single nucleotide polymorphism (SNP),
previously found as a germline SNP in a neuroblastoma
GWAS study, residing in a super-enhancer identified in
the first exon of LMO1 and serving as a critical determi-
nant for GATA3 binding to the SE site. Besides polymor-
phisms, chromosomal rearrangements involving super-
enhancer sites form another mechanism for aberrant gene

activation. Through whole-genome sequencing of 75 high-
risk neuroblastoma cases, Valentijn and co-workers recent-
ly identified that rearrangements involving the TERT gene
(Peifer et al. 2015) comprise about 23% of high-risk NB
cases, with half of those cases bearing a translocation lead-
ing to SE hijacking (Valentijn et al. 2015).

Although the majority of gene expression programs in-
volves many different transcriptional regulators, it has
been shown that only a handful of them, denominated as
core transcription factors, define the framework of cell-
specific networks (Saint-Andre et al. 2016), with their tar-
get genes marked by SE sites. These core regulators, of
which the expression is also SE-driven, work within a con-
stellation of a ‘core regulatory circuitry’, in which they
also regulate one another expression (formation of an
auto-regulatory loop). These circuitries are also key in the
process of malignant transformation, involving essential
oncogenic factors. This concept was previously illustrated
by Sanda and colleagues in the context of acute T-cell
leukemia (Sanda et al. 2012), where TAL1 together with
GATA3 and RUNX1 forms a positive feed-forward loop
converging to drive MYB expression, in its turn activating
TAL1 complex target genes. More recently, Van Groningen
et al. (2017) identified super-enhancer-associated tran-
scription factor regulatory circuits underlying interconvert-
ible neuroblastoma cell states of the adrenergic versus mes-
enchymal type, with neuroblastoma tumors consisting of a
heterogeneous mixture of both cell types. Whereas
MEOX1/2 and SOX9 among others were identified as
master regulators driving the mesenchymal cell state,
GATA3 and HAND1 were found to support the adrenergic
state. Binding of these transcriptional regulators to their
own enhancer, as well as with the enhancers driving the
expression of the other core regulators driving that cell
state, enforces regulatory loops that sustain the required
identity program. In addition, switching between these
identities was shown to be supported by the plasticity of
the super-enhancer profi le underlying the actual
reprogramming from one state to the other. In a parallel
paper, Boeva et al. (2017) defined mainly PHOX2B as well
as HAND2 and GATA3 as the main module controlling the
sympathetic noradrenergic cell type in NB tumors, and
defined a second population of a neural crest cell-like pop-
ulation sustained by the FOS/JUN transcription factor fam-
ily of which the expression anticorrelates to the noradren-
ergic transcription factor module, with PHOX2B and AP-1
found to regulate the super-enhancer landscape of the two
respective cell types. In MYCN-amplified NB tumors, the
neural crest cell module was found to be repressed. Based
on an integrated landscaping of NB transcriptome and epi-
genome landscapes, these studies reveal tumor heterogene-
ity as a novel aspect to be taken into account in the ratio-
nalization of novel therapeutic strategies for NB patients.
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Long non-coding RNAs and chromatin
architecture dynamics in gene expression
regulation

The study on functional annotation of the non-coding genome
has yielded further insights into the complex epigenetic regu-
lation of gene transcription. In addition to miRNAs, implicat-
ed in negative regulation of mRNA stability or translation of
its target transcripts, long non-coding RNAs (lncRNAs) are a
newly emerging important class of non-coding RNAs (Goff
and Rinn 2015; Rinn and Chang 2012). While the function of
most lncRNAs is still unknown, organism complexity is
strongly correlated to the proportion of the genome that is
non-coding (Liu et al. 2013a, b). Of further notice, in contrast
to miRNAs, lncRNAs have been shown to display a wide
variety of mode-of-actions (Bartonicek et al. 2016). The di-
versity of their folding or structure is crucial to support the
interaction with protein complexes and the specific functions
that lncRNAs are able to execute (Yan et al. 2016). In addition,
recent discoveries have proven their cell-type-specific expres-
sion, with important implications both in normal development
and during malignant transformation (Haemmerle and
Gutschner 2015) and thereby influencing various processes
such as genomic stability, cell proliferation and survival
(Huarte 2015).

Further, given the tissue-specific expression pattern of
many lncRNAs, they may represent important and powerful
biomarkers in diagnosis and monitoring of disease and are
currently being scrutinized to that end. This has been illustrat-
ed in prostate cancer where researchers identified lncRNA
PCA3 as being highly prostate-specific (Ronnau et al. 2014).
As a further consequence, lncRNAs can act as suitable thera-
peutic targets as their specific expression will avoid unwanted
toxic side effects in normal tissues (Gloss and Dinger 2016),
as illustrated by the identification of the melanoma-specific
lncRNA SAMMSON (Leucci et al. 2016). Taken together, it
can be expected that a better understanding of the previously
so-called ‘dark matter’ of the genome will have a profound
impact on our understanding of the complex regulation of
various cellular processes, including replication, transcription,
splicing, DNA repair and chromatin conformation. Together
with steadily evolving opportunities for genome editing and
RNA therapeutics, a new era of revolutionized targeted thera-
py is now emerging.

Just like protein-coding genes, lncRNAs can serve as bio-
markers for prognosis as well as diagnosis. Pandey et al.
(2014) identified a signature of 24 unannotated lncRNAs that
allows the discrimination between low- and high-risk NB
cases, with NBAT-1 as a top-candidate novel biomarker for
patient survival. In high-risk NB tumors, the NBAT-1 locus
is silenced by DNA methylation. In addition, a single nucle-
otide polymorphism (SNP) on 6p22 was shown to also signif-
icantly affect NBAT-1 expression. Functionally, NBAT-1 is

acting as a tumor suppressor through its interaction with the
PRC2 component EZH2 (see Fig. 1), silencing the expres-
sion of, e.g., SOX9. Similar to NBAT-1, another risk-
associated SNP mapping on 6p was associated with the locus
encoding the lncRNACASC15-S (Russell et al. 2015), with its
low expression also linked to poor patient prognosis.
Similarly, loss of GAS5 lncRNA expression is also a poor
prognostic marker in NB, as recently reported, in line with
previously observed marked reduction of GAS5 levels in ag-
gressive breast and gastric cancer. Loss of this tumor suppres-
sor lncRNA is mainly contributing to malignant transforma-
tion through the induction of p53 signaling leading to a cell
cycle arrest (Mazar et al. 2017). Although no differential
GAS5 expression could be observed between MYCN-
amplified versus non-amplified NB cases, GAS5 splice vari-
ants may be different between the two groups.

One of the best characterized lncRNAs so far implicated in
cancer is MALAT1, involved in many tumor types such as
prostate, ovarian and colorectal cancer. Very recently, Bi
et al. (2017) described the functional implication of
MALAT1 as a novel oncogene in NB development through
its positive regulation of AXL expression, thereby promoting
the invasive and migration potential of NB cells. Poor
prognosis of NB patients is often linked to MYCN
amplification, but in this same region Liu et al. (2014) also
identified lncUSMycN and the MYCN antisense transcript
NCYM to be co-amplified. Mechanistically, the lncRNA
lncUSMycN upregulates NCYM expression followed by its
binding to the RNA-interacting protein NonO, thereby upreg-
ulating MYCN expression (Liu et al. 2016). Another MYCN
upstream regulatory lncRNA is MYCNOS (chr2p24). To this
end, the MYCNOS transcript binds to CTCF (see Fig. 1), fa-
cilitating its association to the MYCN promotor region,
resulting in its transcriptional upregulation. Sahu et al. applied
an integrative analysis of lncRNA expression data determined
by either micro-array or RNA-sequencing of primary NB
cases. From the 51 lncRNA candidates derived from the
RNA-seq dataset, only 6 were overlapping with those deter-
mined as differentially expressed between the two groups,
among others the lncRNA SNHG1 (Sahu et al. 2016). This
study revealed a positive correlation between SNHG1 and
MYCN expression levels, with high SNHG1 levels corre-
sponding with poor disease outcome, and, if co-expressed
with the protein-coding gene TAF1D, a potential interaction
effect may be observed on patient outcome.

Deregulated 3D nuclear architecture in NB

The chromatin landscape is physically distributed yet func-
tionally connected in the three-dimensional nuclear space.
To this end, a modular organization takes place into three-
dimensional folds of so-called ‘topologically associating
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domains’ (TADs) that form in a cell-type specific manner
(Ciabrelli and Cavalli 2015). The TAD borders form an insu-
lated neighborhood and are evolutionary conserved. This or-
ganization involves several architectural proteins, with the
‘CCCTC binding factor’ (CTCF) as the well-known insulator
protein that recruits cohesins to stabilize the TAD borders. The
occurrence of CTCF at TAD borders comprises only 15% of
genome-wide CTCF binding, and the majority is comprised
within TADs where CTCF instructs proper enhancer–promot-
er interactions (Symmons et al. 2014). Disruption of these
insulated neighborhoods can lead to aberrant activation of
proto-oncogenes within a certain TAD, through interaction
with previously inaccessible enhancer regions outside the
TAD region and can be a consequence of several genomic
insults. In gliomas, hypermethylation of the CTCF binding
sites are shown to disrupt the insulation of the PDGFRA
proto-oncogene from an enhancer region, leading to its aber-
rant activation (Flavahan et al. 2016). Besides DNA methyla-
tion, insulated neighborhoods can also be distorted as a con-
sequence of genetic aberrations. A prototypical example is the
identification of microdeletions in acute T-cell leukemia,
perturbing the CTCF borders of a TAD and thus presenting
a novel mechanism to drive TAL1 or LMO2 overexpression
(Hnisz et al. 2016). In NB, the studies of Peifer et al. (2015)
and Valentijn et al. (2015), as previously discussed, link chro-
mosomal rearrangements to TAD distortions, ultimately
resulting in increased TERT expression associated with high-
risk NB tumor development.

CTCF plays a key role in normal neuronal development
(Hirayama et al. 2012) and has been previously described in
NB as one of the main targets of the tumor suppressormiRNA-
34a (itself a known MYCN target gene in NB development)
(De Antonellis et al. 2014). Zhao et al. (2016) identified CTCF
through an integrative data-mining approach of transcriptome
and ChIP-sequencing as a novel driver ofMYCN expression in
NB cells (as stated previously to be facilitated by its interac-
tion with the previously discussed non-coding RNA
MYCNOS), thereby serving as a driving force for neuroblas-
toma progression.

Towards drugging of the NB epigenome

Targeting DNA methylation

The dynamic and reversible character of the epigenome, as
well as its cancer- and cell-type-specific signature, make it a
very attractive target for therapy. Agents that modulate DNA
methylation, like the DNA methyltransferase inhibitor 5-aza-
2-deoxycytidine, have been previously shown to be effective
in the context of NB, both in vitro and in vivo, for reactivation
of tumor suppressor genes like ‘thrombospondin-1 (THBS1)’
and ‘heat-shock protein 47’ (HSP47) (Yang et al. 2003, 2004).

HDAC inhibition - tumor suppressor re-activation

Although it was initially anticipated that pharmacological in-
hibition of HDAC enzymes for cancer treatment would evoke
toxicity towards normal cells (and thus elicit strong side-ef-
fects), the rationale for the introduction of HDAC inhibitors in
cancer therapy regimens has been proven successful with
promising antitumor effects in clinical trials due to their very
high levels in tumors compared to normal cells, thereby cre-
ating a therapeutic window. In NB, as in several other cancers,
HDAC inhibition leads to p21 upregulation, thereby inducing
antiproliferative effects (Oehme et al. 2009a, b). Broad-
spectrum HDAC inhibitors (see Fig. 1) like vorinostat and
trichostatin A (TSA) have been shown to be effective in the
context of NB, but evoke unwanted side-effects. However, in
combination with other existing therapeutic strategies or
small-molecules, their potency can be increased. Mueller
and co-workers proposed the use of vorinostat to potentiate
the response of metastatic NB tumor cells to radiation therapy,
given that vorinostat interferes with the expression of key
DNA damage repair enzymes like RAD51 (Mueller et al.
2011). The potency of this combinatorial therapeutic strategy
is now being tested in clinical trials for various solid tumors.
Following a similar reasoning, Wang et al. showed synergistic
effects of combining the pan-HDAC inhibitor panobinostat
with DNA damage-inducing agents like cisplatin or etoposide,
partially related to repressive effects of panobinostat to CHK1
signaling (Wang et al. 2013). Waldeck and colleagues evalu-
ated the in vivo potential of panobinostat treatment against NB
tumors using the well-established TH-MYCN mouse model.
Long-term (9 weeks) exposure to panobinostat resulted in
strong antitumor regression without regrowth as a conse-
quence of induced tumor cell differentiation (Waldeck et al.
2016). In the course of potent combination strategies with
broad-spectrum HDAC inhibitors, the study of Kroesen
et al. (2016) provided a basis for clinical testing of combined
anti-GD2 antibody and vorinostat NB treatment, given that
vorinostat treatment leads to upregulation of surface GD2 ex-
pression on NB tumor cells and its modulation of the tumor
microenvironment to be more permissive for tumor-targeting
antibody therapy. Another example of this strategy was illus-
trated by Sholler et al. (2013) showing in vitro synergism
between the HDAC inhibitor abexinostat and the proteasome
inhibitor bortezomib, through upregulation of NOTCH signal-
ing and repression of MYCN expression, but mainly effective
through induction of reactive oxygen species induced apopto-
sis, an effect previously shown to underlie the potency of this
drug combination to combat Hodgkin lymphomas (Bhalla
et al. 2009). Now, more selective HDAC inhibitors are being
developed, such as HDAC8 specific inhibitors (see Fig. 1) that
have been shown to induce neurite formation and differentia-
tion in NB cells (Oehme et al. 2009a). In the same line,
HDAC5 would be an interesting therapeutic target given its
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capability to promote invasion/metastasis and suppress differ-
entiation (Fabian et al. 2016; Sun et al. 2014). Shahbazi and
co-workers identified that MYCN cooperates with HDAC2,
itself a target of MYCN (Marshall et al. 2010), to silence
TP53INP1 expression in NB leading to reduced p53 activa-
tion (Shahbazi et al. 2014). Frumm and co-workers discov-
ered, through a chemical probing approach for compounds
that can induce NB cell differentiation, the selective
HDAC1/2 inhibitor BRD8430 (Frumm et al. 2013).
Furthermore, this study provided evidence for synergism of
BRD8430 with cis retinoic acid as a pro-differentiation agent
by non-dependent mechanisms. In addition, ‘Sirtuin 2’
(SIRT2) inhibitors are also indicated for MYC(N) driven can-
cer entities like NB, given the role of SIRT2 inMYCN protein
stabilization and through repression of NEDD4 ubiquitin li-
gase expression (Liu et al. 2013a, b). Ling et al. showed that
the potency of HDAC inhibitors such as vorinostat can be
increased by a combined treatment with transamidation acti-
vators, based on the rationale that HDAC inhibitors like
SAHA lead to increased express ion of speci f ic
transglutaminase enzymes, rendering tumor cells less sensi-
tive to their cytotoxic effects (Ling et al. 2012).

Targeting oncogenes and tumor dependency genes
through interference with the epigenetic
transcription machinery

As mentioned above, the cancer epigenome landscape dic-
tates a transcriptional regulatory network. This represents a
druggable vulnerability as nicely illustrated by Veschi et al.
(2017). Shahbazi et al. (2016) recently described that
MYCN-amplified tumors are particularly sensitive to
‘BET bromodomain inhibitors (see Fig. 1), given that
BRD4 inhibition leads to a general downregulation of the
MYCN downstream transcriptional network (Puissant
et al. 2013). Moreover, the central role of MYCN in neu-
roblastoma oncogenesis with 25% of all primary cases har-
boring a MYC(N) amplification, but with limited expres-
sion in other mature tissues, makes it a very attractive tar-
get in neuroblastoma treatment. Interestingly, it was shown
that JQ1, besides a consensus gene expression signature,
also evokes a gene signature uniquely regulated in neuro-
blastoma, including genes for neuronal cell identity, e.g.,
PHOX2B. Recently emerging studies have proved that JQ1
is a very potent tool compound for promising synergistic
drug combinations. Shahbazi and co-workers identified
JQ1-panobinostat as a drug combination that could serve
as a very potent approach for treatment of high-risk NB
cases, given their synergistic downregulation of MYCN
and LIN28B expression levels (Shahbazi et al. 2016).
Besides JQ1, other BET inhibitors have also been shown
to be very potent to kill NB cells, such as I-BET726,
through suppression of apoptosis and MYCN downstream

signaling (Wyce et al. 2013). A more pre-clinically potent
BET inhibitor, OTX015, has recently been developed and
proven its efficacy both in murine and human MYCN-
driven in vivo tumor models (Henssen et al. 2016).

A further approach to target this transcriptional network
was published by Chipumuro et al. (2014). This paper started
from the rationale that cycles of transcription initiation and
elongation are particularly dependent on the action of specific
cyclin-dependent kinases (CDKs), with CDK7 as one of the
most prominent members implicated in this process. In this
respect, they reasoned that hampering of MYC(N)-driven
transcriptional amplification could be an interesting feature
to exploit for therapeutic purposes. The expression of
MYC(N) is in large part driven by an associated SE site and
so particularly sensitive to interference to perturbations at the
transcriptional level. In this way, they showed that pharmaco-
logical inhibition of CDK7 activity using the small molecule
THZ1 leads to selective targeting of MYC(N)-amplified NB
linked to its transcriptional interference inflicted to SE-linked
oncogenes like MYCN.

Epilogue

As recently proposed, epigenetic plasticity and resistance are
essential aspects forging the cancer cell phenotype and they
are logically interconnected with the hallmarks of cancer cells
(Hanahan and Weinberg 2011).We have summarized the var-
ious layers of epigenetic (re)wiring during neuroblastoma tu-
mor formation and how those insights can be exploited for the
improvement of patient diagnosis and prognosis, and the de-
velopment of innovative and targeted treatment protocols.
Future efforts should also be focusing on circumvention of
potential resistance mechanisms and prevention of relapse,
given that epigenetic processes also support tumor cell escape
to drugging effects and host immune surveillance (Frumm
et al. 2013). Given that, as for chemotherapy, novel therapies
using single compounds are destined to lead to treatment re-
sistance, new combinatorial approaches including epigenetic
drugs, together with other established treatment protocols like
chemotherapy or immunotherapy, are considered as the future
path towards more successful treatment. Detailed epigenomic
landscaping of NB tumor cells can therefore be expected to
become an essential part of the diagnostic genetic work up,
given that about 20% of mutations in pediatric cancers are
found in genes encoding key epigenetic regulators (Huether
et al. 2014). These genomic changes contribute to major
changes in the epigenetic lands of tumor cells that also play
a significant role during malignant transformation. Integrative
epigenome analysis will therefore be key to better characterize
tumors in a diagnostic setting and will further open novel
opportunities for therapeutic intervention. One could think
of the possibility to perform whole-genome bisulfite
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sequencing on circulating tumor DNA obtained from liquid
biopsies to integrate methylation profiling in a diagnostic set-
ting or ATAC-seq to obtain chromatin accessibility profiles on
primary patient-derived cells.

References

Abe M, Ohira M, Kaneda A, Yagi Y, Yamamoto S, Kitano Y, Takato T,
Nakagawara A, Ushijima T (2005) CpG island methylator pheno-
type is a strong determinant of poor prognosis in neuroblastomas.
Cancer Res 65(3):828–834

AbeM,Westermann F, Nakagawara A, Takato T, SchwabM, Ushijima T
(2007) Marked and independent prognostic significance of the CpG
island methylator phenotype in neuroblastomas. Cancer Lett 247(2):
253–258

Alaminos M, Davalos V, Cheung NK, Gerald WL, Esteller M (2004)
Clustering of gene hypermethylation associated with clinical risk
groups in neuroblastoma. J Natl Cancer Inst 96(16):1208–1219

Albert M, Helin K (2010) Histone methyltransferases in cancer. Semin
Cell Dev Biol 21(2):209–220

Althoff K, Beckers A, Odersky A, Mestdagh P, Koster J, Bray IM, Bryan
K, Vandesompele J, Speleman F, Stallings RL, Schramm A, Eggert
A, Sprüssel A (2013) MiR-137 functions as a tumor suppressor in
neuroblastoma by downregulating KDM1A. Int J Cancer 133(5):
1064–1073

Ambrosio S, Amente S, Sacca CD, Capasso M, Calogero RA, Lania L,
Majello B (2017) LSD1 mediates MYCN control of epithelial-
mesenchymal transition through silencing of metastatic suppressor
NDRG1 gene. Oncotarget 8(3):3854–3869

Amente S, Milazzo G, Sorrentino MC, Ambrosio S, Di Palo G, Lania L,
Perini G, Majello B (2015) Lysine-specific demethylase
(LSD1/KDM1A) and MYCN cooperatively repress tumor suppres-
sor genes in neuroblastoma. Oncotarget 6(16):14572–14583

Bagchi A, Papazoglu C, Wu Y, Capurso D, Brodt M, Francis D, Bredel
M, Vogel H, Mills A (2007) CHD5 is a tumor suppressor at human
1p36. Cell 128(3):459–475

Bartonicek N, Maag JL, Dinger ME (2016) Long noncoding RNAs in
cancer: mechanisms of action and technological advancements. Mol
Cancer 15(1):43

Bate-Eya LT, Gierman HJ, Ebus ME, Koster J, Caron HN, Versteeg R,
Dolman MEM, Molenaar JJ (2017) Enhancer of zeste homologue 2
plays an important role in neuroblastoma cell survival independent
of its histone methyltransferase activity. Eur J Cancer 75:63–72

Bhalla S, Balasubramanian S, David K, Sirisawad M, Buggy J, Mauro L,
Prachand S, Miller R, Gordon LI Evens AM (2009) PCI-24781
induces caspase and reactive oxygen species-dependent apoptosis
through NF-kappaBmechanisms and is synergistic with bortezomib
in lymphoma cells. Clin Cancer Res 15(10):3354–3365

Bi S, Wang C, Li Y, Zhang W, Zhang J, Lv Z, Wang J (2017) LncRNA-
MALAT1-mediated Axl promotes cell invasion and migration in
human neuroblastoma. Tumour Biol 39(5):1010428317699796

Boeva V, Louis-Brennetot C, Peltier A, Durand S, Pierre-Eugene C,
Raynal V, Etchevers HC, Thomas S, Lermine A, Daudigeos-
Dubus E, Geoerger B, Orth MF, Grünewald TPG, Diaz E, Ducos
B, Surdez D, Carcaboso AM, Medvedeva I, Deller T, Combaret V,
Lapouble E, Pierron G, Grossetête-Lalami S, Baulande S,
Schleiermacher G, Barillot E, Rohrer H, Delattre O, Janoueix-
Lerosey I (2017) Heterogeneity of neuroblastoma cell identity de-
fined by transcriptional circuitries. Nat Genet 49(9):1408–1413

Cedar H, Bergman Y (2011) Epigenetics of haematopoietic cell develop-
ment. Nat Rev Immunol 11(7):478–488

Chipumuro E, Marco E, Christensen CL, Kwiatkowski N, Zhang T,
Hatheway CM, Abraham BJ, Sharma B, Yeung C, Altabef A,
Perez-Atayde A, Wong KK, Yuan GC, Gray NS, Young RA,
George RE (2014) CDK7 inhibition suppresses super-enhancer-
linked oncogenic transcription in MYCN-driven cancer. Cell
159(5):1126–1139

Choi I, Kim R, Lim HW, Kaestner KH, Won KJ (2014) 5-
hydroxymethylcytosine represses the activity of enhancers in em-
bryonic stem cells: a new epigenetic signature for gene regulation.
BMC Genomics 15:670

Ciabrelli F, Cavalli G (2015) Chromatin-driven behavior of topologically
associating domains. J Mol Biol 427(3):608–625

Clapier CR, Cairns BR (2009) The biology of chromatin remodeling
complexes. Annu Rev Biochem 78:273–304

Corvetta D, Chayka O, Gherardi S, D'Acunto CW, Cantilena S, Valli E,
Piotrowska I, Perini G, Sala A (2013) Physical interaction between
MYCN oncogene and polycomb repressive complex 2 (PRC2) in
neuroblastoma: functional and therapeutic implications. J Biol
Chem 288(12):8332–8341

Cui H, HuB, Li T,Ma J, AlamG, GunningWT, Ding HF (2007) Bmi-1 is
essential for the tumorigenicity of neuroblastoma cells. Am J Pathol
170(4):1370–1378

Das S, Bryan K, Buckley PG, Piskareva O, Bray IM, Foley N, Ryan J,
Lynch J, Creevey L, Fay J, Prenter S, Koster J, van Sluis P, Versteeg
R, Eggert A, Schulte JH, SchrammA,Mestdagh P, Vandesompele J,
Speleman F, Stallings RL (2013) Modulation of neuroblastoma dis-
ease pathogenesis by an extensive network of epigenetically regu-
lated microRNAs. Oncogene 32(24):2927–2936

De Antonellis P, Carotenuto M, Vandenbussche J, De Vita G, Ferrucci V,
Medaglia C, Boffa I, Galiero A, Di Somma S, Magliulo D, Aiese N,
Alonzi A, Spano D, Liguori L, Chiarolla C, Verrico A, Schulte JH,
Mestdagh P, Vandesompele J, Gevaert K, Zollo M (2014) Early
targets of miR-34a in neuroblastoma. Mol Cell Proteomics 13(8):
2114–2131

Decock A, Ongenaert M, Vandesompele J, Speleman F (2011)
Neuroblastoma epigenetics: from candidate gene approaches to
genome-wide screenings. Epigenetics. 6(8):962–970

Decock A, Ongenaert M, Hoebeeck J, De Preter K, Van Peer G, Van
Criekinge W, Ladenstein R, Schulte JH, Noguera R, Stallings RL,
Van Damme A, Laureys G, Vermeulen J, VanMaerken T, Speleman
F, Vandesompele J (2012) Genome-wide promoter methylation
analysis in neuroblastoma identifies prognostic methylation bio-
markers. Genome Biol 13(10):R95

Decock A, Ongenaert M, Cannoodt R, Verniers K, De Wilde B, Laureys
G, Van Roy N, Berbegall AP, Bienertova-Vasku J, Bown N,
Clément N, Combaret V, Haber M, Hoyoux C, Murray J, Noguera
R, Pierron G, Schleiermacher G, Schulte JH, Stallings RL, Tweddle
DA (2016a) Methyl-CpG-binding domain sequencing reveals a
prognostic methylation signature in neuroblastoma. Oncotarget
7(2):1960–1972

Decock A, Ongenaert M, Van CriekingeW, Speleman F, Vandesompele J
(2016b) DNA methylation profiling of primary neuroblastoma tu-
mors using methyl-CpG-binding domain sequencing. Sci Data 3:
160004

Decock A, Ongenaert M, DeWilde B, Brichard B, Noguera R, Speleman
F, Vandesompele J (2016c) Stage 4S neuroblastoma tumors show a
characteristic DNA methylation portrait. Epigenetics. 6:0

Delatte B, Deplus R, Fuks F (2014) Playing TETris with DNA modifi-
cations. EMBO J 33(11):1198–1211

Fabian J, Lodrini M, Oehme I, SchierMC, Thole TM, Hielscher T, Kopp-
Schneider A, Opitz L, Capper D, von Deimling A,Wiegand I, Milde
T, Mahlknecht U, Westermann F, Popanda O, Roels F, Hero B,
Berthold F, Fischer M, Kulozik AE, Witt O, Deubzer HE (2014)
GRHL1 acts as tumor suppressor in neuroblastoma and is negatively
regulated by MYCN and HDAC3. Cancer Res 74(9):2604–2616

320 Cell Tissue Res (2018) 372:309–324



Fabian J, Opitz D, Althoff K, Lodrini M, Hero B, Volland R, Beckers A,
de Preter K, Decock A, Patil N, Abba M, Kopp-Schneider A,
Astrahantseff K, Wünschel J, Pfeil S, Ercu M, Künkele A, Hu J,
Thole T, Schweizer L, Mechtersheimer G, Carter D, Cheung BB,
Popanda O, von Deimling A, Koster J, Versteeg R, Schwab M,
Marshall GM, Speleman F, Erb U, Zoeller M, Allgayer H, Simon
T, Fischer M, Kulozik AE, Eggert A, Witt O, Schulte JH, Deubzer
HE (2016) MYCN and HDAC5 transcriptionally repress CD9 to
trigger invasion and metastasis in neuroblastoma. Oncotarget
7(41):66344–66359

Feinberg AP, Vogelstein B (1983) Hypomethylation distinguishes genes
of some human cancers from their normal counterparts. Nature
301(5895):89–92

Feinberg AP, Koldobskiy MA, Gondor A (2016) Epigenetic modulators,
modifiers and mediators in cancer aetiology and progression. Nat
Rev Genet 17(5):284–299

FlavahanWA, Drier Y, Liau BB, Gillespie SM, Venteicher AS, Stemmer-
Rachamimov AO, Suva ML, Bernstsein BE (2016) Insulator dys-
function and oncogene activation in IDH mutant gliomas. Nature
529(7584):110–114

Flavahan WA, Gaskell E, Bernstein BE (2017) Epigenetic plasticity and
the hallmarks of cancer. Science 357(6348)

Frumm SM, Fan ZP, Ross KN, Duvall JR, Gupta S, VerPlank L, Suh BC,
Holson E,Wagner FF, SmithWB, Paranal RM, Bassil CF, Qi J, Roti
G, Kung AL, Bradner JE, Tolliday N, Stegmaier K (2013) Selective
HDAC1/HDAC2 inhibitors induce neuroblastoma differentiation.
Chem Biol 20(5):713–725

Fujita T, Igarashi J, Okawa ER, Gotoh T, Manne J, Kolla V, Kim J, Zhao
H, Pawel BR, London WB, Maris JM, White PS, Brodeur GM
(2008) CHD5, a tumor suppressor gene deleted from 1p36.31 in
neuroblastomas. J Natl Cancer Inst 100(13):940–949

Gajer JM, Furdas SD, Grunder A, Gothwal M, Heinicke U, Keller K,
Colland F, Fulda S, Pahl HL, Fichtner I, Sippl W, Jung M (2015)
Histone acetyltransferase inhibitors block neuroblastoma cell
growth in vivo. Oncogene 4:e137

Gherardi S, Valli E, Erriquez D, Perini G (2013) MYCN-mediated tran-
scriptional repression in neuroblastoma: the other side of the coin.
Front Oncol 3:42

Gloss BS, Dinger ME (2016) The specificity of long noncoding RNA
expression. Biochim Biophys Acta 1859(1):16–22

Goff LA, Rinn JL (2015) Linking RNA biology to lncRNAs. Genome
Res 25(10):1456–1465

Gomez S, CastellanoG,Mayol G, Queiros A,Martin-Subero JI, Lavarino
C (2015) DNA methylation fingerprint of neuroblastoma reveals
new biological and clinical insights. Genom Data 5:360–363

Goodman RH, Smolik S (2000) CBP/p300 in cell growth, transformation,
and development. Genes Dev 14(13):1553–1577

Haemmerle M, Gutschner T (2015) Long non-coding RNAs in cancer
and development: where do we go from here? Int J Mol Sci 16(1):
1395–1405

Hahn MA, Qiu R, Wu X, Li AX, Zhang H, Wang J, Jui J, Jin SG, Jiang
Y, Pfeifer GP, Lu Q (2013) Dynamics of 5-hydroxymethylcytosine
and chromatin marks in mammalian neurogenesis. Cell Rep 3(2):
291–300

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100(1):
57–70

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next genera-
tion. Cell 144(5):646–674

He S, Liu Z, Oh DY, Thiele CJ (2013) MYCN and the epigenome. Front
Oncol 3:1

Heinz S, Romanoski CE, Benner C, Glass CK (2015) The selection and
function of cell type-specific enhancers. Nat Rev Mol Cell Biol
16(3):144–154

Henrich KO, SchwabM,Westermann F (2012) 1p36 tumor suppression–
a matter of dosage? Cancer Res 72(23):6079–6088

Henrich KO, Bender S, Saadati M, Dreidax D, Gartlgruber M, Shao C,
Hermann C, Wiesenfarth M, Parzonka M, Wehrmann L, Fischer M,
Duffy DJ, Bell E, Torkov A, Schmezer P, Plass C, Höfer T, Benner
A, Pfister SM,Westermann F (2016) Integrative genome-scale anal-
ysis identifies epigenetic mechanisms of transcriptional deregulation
in Unfavorable Neuroblastomas. Cancer Res 76(18):5523–5537

Henssen A, Althoff K, Odersky A, Beckers A, Koche R, Speleman F,
Schäfers S, Bell E, NortmeyerM,Westermann F, De Preter K, Florin
A, Heukamp L, Spruessel A, Astrahanseff K, Lindner S, Sadowski
N, Schramm A, Astorgues-Xerri L, Riveiro ME, Eggert A,
Cvitkovic E, Schulte JH (2016) Targeting MYCN-driven transcrip-
tion by BET-Bromodomain inhibition. Clin Cancer Res 22(10):
2470–2481

Higashi M, Kolla V, Iyer R, Naraparaju K, Zhuang T, Kolla S, Brodeur
GM (2015) Retinoic acid-induced CHD5 upregulation and neuronal
differentiation of neuroblastoma. Mol Cancer 14:150

Hirayama T, Tarusawa E, Yoshimura Y, Galjart N, Yagi T (2012) CTCF is
required for neural development and stochastic expression of clus-
tered Pcdh genes in neurons. Cell Rep 2(2):345–357

Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-Andre V, Sigova AA, Hoke
HA, Young RA (2013) Super-enhancers in the control of cell iden-
tity and disease. Cell 155(4):934–947

Hnisz D,Weintraub AS, Day DS, Valton AL, Bak RO, Li CH, Goldmann
J, Lajoie BR, Fan ZP, Sigova AA, Reddy J, Borges-Rivera D, Lee
TI, Jaenisch R, Porteus MH, Dekker J, Young RA (2016) Activation
of proto-oncogenes by disruption of chromosome neighborhoods.
Science 351(6280):1454–1458

Ho L, Crabtree GR (2010) Chromatin remodelling during development.
Nature 463(7280):474–484

Hock H (2012) A complex Polycomb issue: the two faces of EZH2 in
cancer. Genes Dev 26(8):751–755

Hoebeeck J, Michels E, Pattyn F, Combaret V, Vermeulen J, Yigit N,
Hoyoux C, Laureys G, De Paepe A, Speleman F, Vandesompele J
(2009) Aberrant methylation of candidate tumor suppressor genes in
neuroblastoma. Cancer Lett 273(2):336–346

Hosseini A, Minucci S (2017) A comprehensive review of lysine-specific
demethylase 1 and its roles in cancer. Epigenomics 9(8):1123–1142

Huang R, Cheung NK, Vider J, Cheung IY, Gerald WL, Tickoo SK,
Holland EC, Blasberg RG (2011) MYCN and MYC regulate tumor
proliferation and tumorigenesis directly through BMI1 in human
neuroblastomas. FASEB J 25(12):4138–4149

Huarte M (2015) vThe emerging role of lncRNAs in cancer. Nat Med
21(11):1253–1261

Huether R, Dong L, Chen X, Wu G, Parker M, Wei L, Ma J, Edmonson
M, Hedlund EK, Rusch M, Shurtleff, S, Mulder H, Boggs K,
Vadordaria B, Cheng J, Yergeau D, Song G, Becksfort J, Lemmon
G, Downing JR (2014) The landscape of somatic mutations in epi-
genetic regulators across 1000 pediatric cancer genomes. Nature
Commun 5:3630

Jeschke J, Collignon E, Fuks F (2016) Portraits of TET-mediated DNA
hydroxymethylation in cancer. Curr Opin Genet Dev 36:16–26

Johann PD, Erkek S, Zapatka M, Kerl K, Buchhalter I, Hovestadt V,
Jones DT, Sturm D, Hermann C, Segura Wang M, Korshunov A,
Rhyzova M, Gröbner S, Brabetz S, Chavez L, Bens S, Gröschel S,
Kratochwil F, Wittmann A, Sieber L, Geörg C, Wolf S, Beck K,
Oyen F, Capper D, van Sluis P, Volckmann R, Koster J, Versteeg
R, von Deimling A, Milde T, Witt O, Kulozik AE, Ebinger M,
ShalabyT GM, Sumerauer D, Zamecnik J, Mora J, Jabado N,
Taylor MD, Huang A, Aronica E, Bertoni A, Radlwimmer B,
Pietsch T, Schüller U, Schneppenheim R, Northcott PA, Korbel
JO, Siebert R, Frühwald MC, Lichter P, Eils R, Gajjar R,
Hasselblatt M, Pfister SM, Kool M (2016) Atypical Teratoid/
Rhabdoid Tumors are comprised of three epigenetic subgroups with
distinct enhancer landscapes. Cancer Cell 29(3):379–393

Jubierre L, Soriano A, Planells-Ferrer L, Paris-Coderch L, Tenbaum SP,
Romero OA, Moubarak RS, Almazan-Moga A, Molist C, Roma J,

Cell Tissue Res (2018) 372:309–324 321



Navarro S, Noguera R, Sanchez-Céspedes M, Comella JX, Palmer
HG, Sanchez de Toledo J, Gallego S, Segura MF (2016) BRG1/
SMARCA4 is essential for neuroblastoma cell viability through
modulation of cell death and survival pathways. Oncogene 35(39):
5179–5190

Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J, Crabtree
GR (2013) Proteomic and bioinformatic analysis of mammalian
SWI/SNF complexes identifies extensive roles in human malignan-
cy. Nat Genet 45(6):592–601

Ke XX, Zhang D, Zhu S, Xia Q, Xiang Z, Cui H (2014) Inhibition of
H3K9 methyltransferase G9a repressed cell proliferation and in-
duced autophagy in neuroblastoma cells. PLoS ONE 9(9):e106962

Kolla V, Zhuang T, Higashi M, Naraparaju K, Brodeur GM (2014) Role of
CHD5 in human cancers: 10 years later. Cancer Res 74(3):652–658

Kouzarides T (2007) Chromatin modifications and their function. Cell
128(4):693–705

Koyama H, Zhuang T, Light JE, Kolla V, Higashi M, McGrady PW,
London WB, Brodeur GM (2012) Mechanisms of CHD5 inactiva-
tion in neuroblastomas. Clin Cancer Res 8(6):1588–1597

Kroesen M, Bull C, Gielen PR, Brok IC, Armandari I, Wassink M,
Looman MW, Boon L, den Brok MH, Hoogerbrugge PM, Adema
GJ (2016) Anti-GD2 mAb and Vorinostat synergize in the treatment
of neuroblastoma. Oncoimmunology 5(6):e1164919

Lee SH, Kim JS, Zheng S, Huse JT, Bae JS, Lee JW, Yoo KH, Koo HH,
Kyung S, Park WY, Sung KW (2017) ARID1B alterations identify
aggressive tumors in neuroblastoma. Oncotarget 8(28):45943–
45950

Lessard J, Wu JI, Ranish JA, Wan M, Winslow MM, Staahl BT, Wu H,
Aebersold R, Graef IA, Crabtree GR (2007) An essential switch in
subunit composition of a chromatin remodeling complex during
neural development. Neuron 55(2):201–215

Leucci E, Vendramin R, Spinazzi M, Laurette P, Fiers M, Wouters J,
Radaelli E, Eyckermans S, Leonelli C, Vanderheyden K, Rogiers
A, Hermans E, Baatsen P, Aerts S, Amant F, Van Aelst S, van den
Oord J, de Strooper B, Davidson I, Lafontaine DL, Gevaert K,
Vandesompele J, Mestdagh P, Marine JC (2016) Melanoma addic-
tion to the long non-coding RNA SAMMSON. Nature 531(7595):
518–522

Li E (2002) Chromatin modification and epigenetic reprogramming in
mammalian development. Nat Rev Genet. 3(9):662–673

Ling D, Marshall GM, Liu PY, Xu N, Nelson CA, Iismaa SE, Liu T
(2012) Enhancing the anticancer effect of the histone deacetylase
inhibitor by activating transglutaminase. Eur J Cancer 48(17):
3278–3287

Liu G, Mattick JS, Taft RJ (2013a) A meta-analysis of the genomic and
transcriptomic composition of complex life. Cell Cycle 12(13):
2061–2072

Liu PY, XuN,Malyukova A, Scarlett CJ, Sun YT, Zhang XD, Ling D, Su
SP, Nelson C, Chang DK, Koach J, Tee AE, Haber M, Norris MD,
Toon C, Rooman I, Xue C, Cheung BB, Kumar S, Marshall GM,
Biankin AV, Liu T (2013b) The histone deacetylase SIRT2 stabilizes
Myc oncoproteins. Cell Death Differ 20(3):503–514

Liu PY, Erriquez D, Marshall GM, Tee AE, Polly P, WongM, Liu B, Bell
JL, Zhang XD, Milazzo G, Cheung BB, Fox A, Swarbrick A,
Hüttelmaier S, Kavallaris M, Perini G, Mattick (2014) Effects of a
novel long noncoding RNA, lncUSMycN, on N-Myc expression
and neuroblastoma progression. J Natl Cancer Inst 106(7)

Liu PY, Atmadibrata B, Mondal S, Tee AE, Liu T (2016) NCYM is
upregulated by lncUSMycN and modulates N-Myc expression. Int
J Oncol 49(6):2464–2470

Lodrini M, Oehme I, Schroeder C, Milde T, Schier MC, Kopp-Schneider
A, Schulte JH, Fischer M, De Preter K, Pattyn F, Castoldi M,
Muckenthaler MU, Kulozik AE, Westermann F, Witt O, Deubzer
HE (2013) MYCN and HDAC2 cooperate to repress miR-183 sig-
naling in neuroblastoma. Nucleic Acids Res 41(12):6018–6033

Mariani CJ, Vasanthakumar A, Madzo J, Yesilkanal A, Bhagat T, Yu Y,
Bhattacharyya S, Wenger RH, Cohn SL, Nanduri J, Verma A,
P rabhaka r NR, God l ey LA (2014 ) TET1-med i a t ed
hydroxymethylation facilitates hypoxic gene induction in neuroblas-
toma. Cell Rep 7(5):1343–1352

Marshall GM, Gherardi S, Xu N, Neiron Z, Trahair T, Scarlett CJ, Chang
DK, Liu PY, Jankowski K, Iraci N, Haber M, Norris D, Keating J,
Sekyere E, Jonquieres G, Stossi F, Katzenellenbogen BS, Biankin
AV, Perini G, Liu T (2010) Transcriptional upregulation of histone
deacetylase 2 promotes Myc-induced oncogenic effects. Oncogene
29(44):5957–5968

Mayol G, Martin-Subero JI, Rios J, Queiros A, Kulis M, Sunol M,
Esteller M, Gomez S, Garcia I, de Torres C, Rodriguez E, Galvan
P, Mora J, Lavarino C (2012) DNA hypomethylation affects cancer-
related biological functions and genes relevant in neuroblastoma
pathogenesis. PLoS ONE 7(11):e48401

Mazar J, Rosado A, Shelley J, Marchica J, Westmoreland TJ (2017) The
long non-coding RNAGAS5 differentially regulates cell cycle arrest
and apoptosis through activation of BRCA1 and p53 in human neu-
roblastoma. Oncotarget 8(4):6589–6607

Mueller S, Yang X, Sottero TL, Gragg A, Prasad G, Polley MY, Weiss
WA, Matthay KK, Davidoff AM, DuBois SG, Haas-Kogan DA
(2011) Cooperation of the HDAC inhibitor vorinostat and radiation
in metastatic neuroblastoma: efficacy and underlying mechanisms.
Cancer Lett 306(2):223–229

Naraparaju K, Kolla V, Zhuang T, HigashiM, Iyer R, Kolla S, Okawa ER,
Blobel GA, Brodeur M (2016) Role of microRNAs in epigenetic
silencing of the CHD5 tumor suppressor gene in neuroblastomas.
Oncotarget 7(13):15977–15985

Neri F, Zippo A, Krepelova A, Cherubini A, Rocchigiani M, Oliviero S
(2012) Myc regulates the transcription of the PRC2 gene to control
the expression of developmental genes in embryonic stem cells. Mol
Cell Biol 32(4):840–851

Nowak K, Kerl K, Fehr D, Kramps C, Gessner C, Killmer K, Samans B,
Berwanger B, Christiansen H, Lutz W (2006) BMI1 is a target gene
of E2F-1 and is strongly expressed in primary neuroblastomas.
Nucleic Acids Res 34(6):1745–1754

Ochiai H, TakenobuH, NakagawaA, Yamaguchi Y, KimuraM, OhiraM,
Okimoto Y, Fujimura Y, Koseki H, Kohno Y, Nakagawara A,
Kamijo T (2010) Bmi1 is a MYCN target gene that regulates tumor-
igenesis through repression of KIF1Bbeta and TSLC1 in neuroblas-
toma. Oncogene 29(18):2681–2690

Oehme I, Deubzer HE, Wegener D, Pickert D, Linke JP, Hero B, Kopp-
Schneider A, Westermann F, Ulrich SM, von Deimling A, Fischer
M, Witt O (2009a) Histone deacetylase 8 in neuroblastoma tumor-
igenesis. Clin Cancer Res 15(1):91–99

Oehme I, Deubzer HE, Lodrini M, Milde T, Witt O (2009b) Targeting of
HDAC8 and investigational inhibitors in neuroblastoma. Expert
Opin Investig Drugs 18(11):1605–1617

Oldridge DA, Wood AC, Weichert-Leahey N, Crimmins I, Sussman R,
Winter C, McDaniel LD, Diamond M, Hart LS, Zhu S, Durbin AD,
Abraham BJ, Anders L, Tian L, Zhang S, Js W, Khan J, Bramlett K,
Rahman N, Capasso M, Iolascon A, Gerhard DS, Guidry Auvil JM,
Young RA, Hakonarson H, Diskin SJ, Look AT, Maris JM (2015)
Genetic predisposition to neuroblastoma mediated by a LMO1
super-enhancer polymorphism. Nature 528(7582):418–421

Olsen RR, Otero JH, Garcia-Lopez J, Wallace K, Finkelstein D, Rehg JE,
Yin Z, Wang YD, Freeman KW (2017) MYCN induces neuroblas-
toma in primary neural crest cells. Oncogene 36(35):5075–5082

Olsson M, Beck S, Kogner P, Martinsson T, Caren H (2016) Genome-
wide methylation profiling identifies novel methylated genes in neu-
roblastoma tumors. Epigenetics 11(1):74–84

Pandey GK, Mitra S, Subhash S, Hertwig F, Kanduri M, Mishra K,
Fransson S, Ganeshram A, Mondal T, Bandaru S, Ostensson M,
Akyürek LM, Abrahamsson J, Pfeifer S, Larsson E, Shi L, Peng
Z, Fischer M, Martinsson T, Hedborg E, Kogner P, Kanduri C

322 Cell Tissue Res (2018) 372:309–324



(2014) The risk-associated long noncoding RNA NBAT-1 controls
neuroblastoma progression by regulating cell proliferation and neu-
ronal differentiation. Cancer Cell 26(5):722–737

Peifer M, Hertwig F, Roels F, Dreidax D, Gartlgruber M, Menon R,
Krämer A, Roncaioli JL, Sand F, Heuckmann JM, Ikram F,
Schmidt R, Ackermann S, Engesser A, Kahlert Y, Vogel W,
Altmüller J, Nürnberg P, Thierry-Mieg J, Thierry-Mieg D,
Mariappan A, Heynck S, Mariotti E, Henrich KO, Gloeckner C,
Bosco G, Leuschner I, Schweiger MR, Savelyeva L, Watkins SC,
Shao C, Bell E, Höfer T, Achter V, Lang U, Theissen J, Volland R,
SaadatiM, Eggert A, deWilde B, Berthold F, Peng Z, Zhao C, Shi L,
Ortmann M, Büttner R, Perner S, Hero B, Schramm A, Schulte JH,
Hermann C, O'Sullivan RJ, Westermann F, Thomas RK, Fischer M
(2015) Telomerase activation by genomic rearrangements in high-
risk neuroblastoma. Nature 526(7575):700–704

Pott S, Lieb JD (2015) What are super-enhancers? Nat Genet 47(1):8–12
Potts RC, Zhang P, Wurster AL, Precht P, Mughal MR, Wood WH 3rd,

ZhangY, Becker KG,MattsonMP, PazinMJ (2011) CHD5, a brain-
specific paralog of Mi2 chromatin remodeling enzymes, regulates
expression of neuronal genes. PLoS ONE 6(9):e24515

Puissant A, Frumm SM, Alexe G, Bassil CF, Qi J, Chanthery YH, Nekritz
EA, Zeid R, Gustafson WC, Greninger P, Garnett MJ, McDermott
U, Benes CH, Kung AL, Weiss WA, Bradner JE, Stegmaier K
(2013) Targeting MYCN in neuroblastoma by BET bromodomain
inhibition. Cancer Discov 3(3):308–323

Quan J, Adelmant G, Marto JA, Look AT, Yusufzai T (2014) The chro-
matin remodeling factor CHD5 is a transcriptional repressor of
WEE1. PLoS ONE 9(9):e108066

Rettig I, Koeneke E, Trippel F, Mueller WC, Burhenne J, Kopp-
Schneider A, Fabian J, Schober A, Fernekorn U, von Deimling A,
Deubzer HE, Milde T, Witt O, Oehme I (2015) Selective inhibition
of HDAC8 decreases neuroblastoma growth in vitro and in vivo and
enhances retinoic acid-mediated differentiation. Cell Death Dis 6:
e1657

Rinn JL, Chang HY (2012) Genome regulation by long noncoding
RNAs. Annu Rev Biochem 81:145–166

Ronnau CG, Verhaegh GW, Luna-Velez MV, Schalken JA (2014)
Noncoding RNAs as novel biomarkers in prostate cancer. Biomed
Res Int 2014:591703

Ropero S, Esteller M (2007) The role of histone deacetylases (HDACs) in
human cancer. Mol Oncol 1:19–25

Russell MR, Penikis A, Oldridge DA, Alvarez-Dominguez JR,McDaniel
L, Diamond M, Padovan O, Raman P, Li Y, Wei JS, Zhang S,
Gnanchandran J, Seeger R, Asgharzadeh S, Khan J, Diskin SJ,
Maris JM, Cole KA (2015) CASC15-S is a tumor suppressor
lncRNA at the 6p22 Neuroblastoma susceptibility locus. Cancer
Res 75(15):3155–3166

Sahu D, Hsu CL, Lin CC, Yang TW, Hsu WM, Ho SY, Juan HF, Huang
HC (2016) Co-expression analysis identifies long noncoding RNA
SNHG1 as a novel predictor for event-free survival in neuroblasto-
ma. Oncotarget 7(36):58022–58037

Saint-Andre V, Federation AJ, Lin CY, Abraham BJ, Reddy J, Lee TI,
Bradner JE, Young RA (2016)Models of human core transcriptional
regulatory circuitries. Genome Res 26(3):385–396

Sanda T, Lawton LN, Barrasa MI, Fan ZP, Kohlhammer H, Gutierrez A,
Ma W, Tatarek J, Ahn Y, Kelliher MA, Jamieson CH, Staudt LM,
Young RA, Look AT (2012) Core transcriptional regulatory circuit
controlled by the TAL1 complex in human T cell acute lymphoblas-
tic leukemia. Cancer Cell 22(2):209–221

Santen GW, Aten E, Sun Y, Almomani R, Gilissen C, Nielsen M, Kant
SG, Snoeck IN, Peeters EA, Hilhorst-Hofstee Y, Wessels MW, den
Hollander NS, Ruivenkamp CA, van Ommen GJ, Breuninger MH,
den Dunnen JT, van Haeringen A, Kriek M (2012) Mutations in
SWI/SNF chromatin remodeling complex gene ARID1B cause
coffin-Siris syndrome. Nat Genet 44(4):379–380

Sausen M, Leary RJ, Jones S, Wu J, Reynolds CP, Liu X, Blackford A,
Parmigiani G, Diaz LA Jr, Papadopoulos N, Vogelstein B, Kinzler
KW, Velculescu VE, Hogarty MD (2013) integrated genomic anal-
yses identify ARID1A and ARID1B alterations in the childhood
cancer neuroblastoma. Nat Genet 45(1):12–17

Schwabish MA, Struhl K (2007) The Swi/Snf complex is important for
histone eviction during transcriptional activation and RNA polymer-
ase II elongation in vivo. Mol Cell Biol 27(20):6987–6995

Shahbazi J, Scarlett CJ, Norris MD, Liu B, Haber M, Tee AE, Carrier A,
Biankin AV, London WB, Marshall GM, Lock RB, Liu T (2014)
Histone deacetylase 2 and N-Myc reduce p53 protein phosphoryla-
tion at serine 46 by repressing gene transcription of tumor protein
53-induced nuclear protein 1. Oncotarget 5(12):4257–4268

Shahbazi J, Liu PY, Atmadibrata B, Bradner JE, Marshall GM, Lock RB,
Liu T (2016) The Bromodomain inhibitor JQ1 and the Histone
Deacetylase inhibitor Panobinostat synergistically reduce N-Myc
expression and induce anticancer effects. Clin Cancer Res 22(10):
2534–2544

Shain AH, Pollack JR (2013) The spectrum of SWI/SNF mutations,
ubiquitous in human cancers. PLoS ONE 8(1):e55119

Shi J, Whyte WA, Zepeda-Mendoza CJ, Milazzo JP, Shen C, Roe JS,
Minder JL, Mercan F, Wang E, Eckersley-Maslin MA, Campbell
AE, Kawaoka S, Shareef S, Zhu Z, Kendall J, Muhar M, Haslinger
C, YuM, Roeder RG,Wigler MH, Blobel GA, Zuber J, Spector DL,
Young RA, Vakoc CR (2013) Role of SWI/SNF in acute leukemia
maintenance and enhancer-mediated Myc regulation. Genes Dev
27(24):2648–2662

Sholler GS, Currier EA, Dutta A, SlavikMA, Illenye SA,MendoncaMC,
Dragon J, Roberts SS, Bond JP (2013) PCI-24781 (abexinostat), a
novel histone deacetylase inhibitor, induces reactive oxygen
species-dependent apoptosis and is synergistic with bortezomib in
neuroblastoma. J Cancer Ther Res 2:21

Son EY, Crabtree GR (2014) The role of BAF (mSWI/SNF) com-
plexes in mammalian neural development. Am J Med Genet C
166C(3):333–349

Stallings RL, Foley NH, Bray IM, Das S, Buckley PG (2011) MicroRNA
and DNA methylation alterations mediating retinoic acid induced
neuroblastoma cell differentiation. Semin Cancer Biol 21(4):283–
290

Sterner DE, Berger SL (2000) Acetylation of histones and transcription-
related factors. Microbiol Mol Biol Rev 64(2):435–459

Strahl BD, Allis CD (2000) The language of covalent histone modifica-
tions. Nature 403(6765):41–45

Subtil-Rodriguez A, Reyes JC (2010) BRG1 helps RNA polymerase II to
overcome a nucleosomal barrier during elongation, in vivo. EMBO
Rep 11(10):751–757

Sun Y, Liu PY, Scarlett CJ, Malyukova A, Liu B, Marshall GM,
MacKenzie KL, Biankin KV, Liu T (2014) Histone deacetylase 5
blocks neuroblastoma cell differentiation by interacting with N-
Myc. Oncogene 33(23):2987–2994

Sun Y, Bell JL, Carter D, Gherardi S, Poulos RC, Milazzo G, Wong
JW, Al-Awar R, Tee AE, Liu PY, Liu B, Admadibrata B, Wong
M, Trahair T, Zhao Q, Shohet JM, Haupt Y, Schulte JH, Brown
PJ, Arrowsmith CH, Vedadi M, KL MK, Hüttelmaier S, Perini G,
Marshall GM, Braithwaite A, Liu T (2015) WDR5 supports an N-
Myc transcriptional complex that drives a Protumorigenic gene
expression signature in Neuroblastoma. Cancer Res 75(23):
5143–5154

Symmons O, Uslu VV, Tsujimura T, Ruf S, Nassari S, Schwarzer W,
Ettwiller L, Spitz F (2014) Functional and topological characteristics
of mammalian regulatory domains. Genome Res 63(6):1270–1275

Tang L, Nogales E, Ciferri C (2010) Structure and function of SWI/SNF
chromatin remodeling complexes and mechanistic implications for
transcription. Prog Biophys Mol Biol 102(2–3):122–128

Thomas LR, Foshage AM, Weissmiller AM, Tansey WP (2015) The
MYC-WDR5 nexus and cancer. Cancer Res 75(19):4012–4015

Cell Tissue Res (2018) 372:309–324 323



Thompson PM, Gotoh T, KokM,White PS, Brodeur GM (2003) CHD5,
a new member of the chromodomain gene family, is preferentially
expressed in the nervous system. Oncogene 22(7):1002–1011

Tsubota S, Kishida S, Shimamura T, Ohira M, Yamashita S, Cao D,
Kiyonari S, Ushijima T, Kadomatsu K (2017) Cancer Res 77(19):
5259–5271

Valentijn LJ, Koster J, Zwijnenburg DA, Hasselt NE, van Sluis P,
Volckmann R, Van Noesel MM, George RE, Tytgat GA, Molenaar
JJ, Versteeg R (2015) TERT rearrangements are frequent in neuroblas-
toma and identify aggressive tumors. Nat Genet 47(12):1411–1414

van Attikum H, Gasser SM (2009) Crosstalk between histone modifica-
tions during the DNA damage response. Trends Cell Biol 19(5):
207–217

van Groningen T, Koster J, Valentijn LJ, Zwijnenburg DA, Akogul N,
Hasselt NE, Broekmans M, Haneveld F, Nowakowska NE, Bras J,
van Noesel CJM, Jongejan A, Van Kampen AH, Koster L, Baas F,
van Dijk-Kerkhoven L, Huizer-Smit M, Lecca MC, Chan A,
Lakeman A, Molenaar P, Vockmann R, Westerhout EM, Hamdi
M, van Sluis PG, Ebus EM, Molenaar JJ, Tytgat GA, Westerman
BA, van Nes J, Versteeg R (2017) Neuroblastoma is composed of
two super-enhancer-associated differentiation states. Nat Genet
49(8):1261–1266

Veschi V, Liu Z, Voss TC, Ozbun L, Gryder B, Yan C, Hu Y, Ma A, Jin J,
Mazur SJ, Lam N, Souza BK, Giannini G, Hager GL, Arrowsmith
CH, Khan J, Appella E, Thiele CJ (2017) Epigenetic siRNA and
chemical screens identify SETD8 inhibition as a therapeutic strategy
for p53 activation in high-risk Neuroblastoma. Cancer Cell 31(1):
50–63

Waldeck K, Cullinane C, Ardley K, Shortt J, Martin B, Tothill RW, Li J,
Johnstone RW, McArthur GA, Hicks RJ, Wood PJ (2016) Long
term, continuous exposure to panobinostat induces terminal differ-
entiation and long term survival in the TH-MYCN neuroblastoma
mouse model. Int J Cancer 139(1):194–204

Wang C, Liu Z,Woo CW, Li Z, Wang L, Wei JS, Marquez VE, Bates SE,
Jin Q, Khan J, Ge K, Thiele CJ (2012) EZH2 mediates epigenetic
silencing of neuroblastoma suppressor genes CASZ1, CLU,
RUNX3 and NGFR. Cancer Res 72(1):315–324

Wang G, Edwards H, Caldwell JT, Buck SA, Qing WY, Taub JW, Ge Y,
Wang Z (2013) Panobinostat synergistically enhances the cytotoxic
effects of cisplatin, doxorubicin or etoposide on high-risk neuroblas-
toma cells. PLoS ONE 8(9):e76662

West AC, Johnstone RW (2014) New and emerging HDAC inhibitors for
cancer treatment. J Clin Invest 124(1):30–39

Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH,
Rahl PB, Lee TI, Young RA (2013) Master transcription factors and
mediator establish super-enhancers at key cell identity genes. Cell
153(2):307–319

Wong M, Tee AEL, Millazo G, Bell JL, Poulos RC, Atmadibrata B, Sun
Y, Jing D, Ho N, Ling D, Zhang XD, Hüttelmaier S, Wong JWH,
Wang J, Polly P, Perini G, Scarlett CJ, Liu T (2017) The Histone
Methyltransferase DOT1L promotes Neuroblastoma by regulating
gene transcription. Cancer Res 77(9):2522–2533

Wyce A, Ganji G, Smitheman KN, Chung CW, Korenchuk S, Bai Y,
Barbash O, Le B, Craggs PD, McCabe MT, Kennedy-Wilson KM,
Sanchez LV, Gosmini RL, Parr N, McHugh CF, Dhanak D, Prinjiha
RK, Auger KR, Tummino PJ (2013) BET inhibition silences expres-
sion of MYCN and BCL2 and induces cytotoxicity in neuroblasto-
ma tumor models. PLoS NE 8(8):e72967

Yan K, Arfat Y, Li D, Zhao F, Chen Z, Yin C, Sun Y, Hu L, Yang T, Qian
A (2016) Structure prediction: new insights into decrypting long
noncoding RNAs. Int J Mol Sci 17(1)

Yang QW, Liu S, Tian Y, Salwen HR, Chlenski A, Weinstein J, Cohn SL
(2003) Methylation-associated silencing of the thrombospondin-1
gene in human neuroblastoma. Cancer Res 63(19):6299–6310

Yang Q, Liu S, Tian Y, Hasan C, Kersey D, Salwen HR, Chlenski A,
Perlman EJ, Cohn SL (2004) Methylation-associated silencing of
the heat shock protein 47 gene in human neuroblastoma. Cancer
Res 64(13):4531–4538

Yang J, AlTahan AM, Hu D, Wang Y, Cheng PH, Morton CL, Qu C,
Nathwani AC, Shohet JM, Fotsis T, Koster J, Versteeg R (2015) The
role of histone demethylase KDM4B inMyc signaling in neuroblas-
toma. J Natl Cancer Inst 107(6):djv080

Yuen BT, Knoepfler PS (2013) (2014) Histone H3.3 mutations: a variant
path to cancer. Cancer Cell 24(5):567–574

Zhao X, Li D, Pu J, Mei H, Yang D, Xiang X, Qu H, Huang K, Zheng L,
Tong Q (2016) CTCF cooperates with noncoding RNA MYCNOS
to promote neuroblastoma progression through facilitating MYCN
expression. Oncogene 35(27):3565–3576

Zheng YC, Ma J, Wang Z, Li J, Jiang B, Zhou W, Shi X, Wang X, Zhao
W, Liu HM (2015) A systematic review of Histone lysine-specific
Demethylase 1 and its inhibitors. Med Res Rev 35(5):1032–1071

Zhou VW, Goren A, Bernstein BE (2011) Charting histone modifications
and the functional organization of mammalian genomes. Nat Rev
Genet 12(1):7–18

324 Cell Tissue Res (2018) 372:309–324


	Epigenetic regulation of neuroblastoma development
	Abstract
	Introduction
	Mapping of neuroblastoma-specific epigenetic DNA modifications
	Methylation and prognostic classification
	CpG island hypermethylation
	Altered methylation profiles underlying differentiation therapy
	Global hypomethylation
	Active DNA demethylation – 5-hydroxymethylation

	Histone modifier enzymes as novel players in NB tumor development
	Histone acetyltransferases/deacetylases (HATs/�HDACs)
	Histone methyltransferases/demethylases (HMTs/�HDMs)
	Chromatin remodeling complexes

	Core regulatory circuits in neuroblastoma development
	Long non-coding RNAs and chromatin architecture dynamics in gene expression regulation
	Deregulated 3D nuclear architecture in NB
	Towards drugging of the NB epigenome
	Targeting DNA methylation
	HDAC inhibition - tumor suppressor re-activation
	Targeting oncogenes and tumor dependency genes through interference with the epigenetic transcription machinery

	Epilogue
	References


