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Abstract: Neuroblastoma (NB) is the most common occurring solid paediatric cancer in children
under the age of five years. Whether of familial or sporadic origin, chromosome abnormalities
contribute to the development of NB and cause dysregulation of microRNAs (miRNAs). MiRNAs are
small non-coding, single stranded RNAs that target messenger RNAs at the post-transcriptional levels
by repressing translation within all facets of human physiology. Such gene ‘silencing’ activities by
miRNAs allows the development of regulatory feedback loops affecting multiple functions within the
cell, including the possible differentiation of neural stem cell (NSC) lineage selection. Neurogenesis
includes stages of self-renewal and fate specification of NSCs, migration and maturation of young
neurones, and functional integration of new neurones into the neural circuitry, all of which are
regulated by miRNAs. The role of miRNAs and their interaction in cellular processes are recognised
aspects of cancer genetics, and miRNAs are currently employed as biomarkers for prognosis and
tumour characterisation in multiple cancer models. Consequently, thorough understanding of the
mechanisms of how these miRNAs interplay at the transcriptomic level will definitely lead to the
development of novel, bespoke and efficient therapeutic measures, with this review focusing on the
influences of miRNAs on neuroblast modulations leading to neuroblastoma.
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1. Introduction

Neuroblastoma (NB) is a paediatric cancer derived from neural-crest cells [1]. NB tumourigenesis
commences from precursor cells of the sympathetic nervous system and typically occurs in the adrenal
gland, sympathetic ganglia and paraganglia, or along the spinal cord [2]. However, the majority of NB
tumours can be found in the abdomen, adrenal medulla, and other organs of the body involving the
sympathetic nervous system [3].

NB Manifestation and Prognosis

The majority of NB incidences are of sporadic origin and can be caused by multiple aetiologies,
including chromosomal loss [4]. Prognostics of NB tumours are associated with major deletions on
chromosome 11q [5,6], which in turn are associated with loss of 3p [7,8]. Other additional large-scale
chromosome abnormalities include the loss of 4p, 9p, and 14q, and gain of 1q, 7q, 2p, and 11p,
and all can contribute to the development of NB [9]. Furthermore, this inequity also contributes to
miRNAs dysregulations [10].
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Alternatively, albeit in the vast minority of NB cases, NB can occur due to familial origin and can
be consequently traced at the genetic level along family trees [11]. Familial NB is typically linked with
specific gene mutations such as anaplastic lymphoma kinase (ALK) [11] and, in the minority of such
cases, mutations in the Paired-like homeobox 2b (PHOX2B) gene [12].

Classification of NB tumours is performed through globally recognised NB classification protocols
such as the constantly updated guidelines presented by the International Neuroblastoma Risk Group
(INRG) [13]. Classification of each individual NB clinical case is based according to the localisation
and extent of the primary tumour, the absence or presence of metastasis, the extent of the disease at
diagnosis, and other risk factors defined through imaging [14,15]. Biological and genetic heterogeneity
play an important role in the clinical manifestation of NB. Consequently, genetic and molecular findings
play major roles in NB treatment selection [16–21].

2. Biological Function of miRNAs

MicroRNAs (miRNAs), are a family of small, non-coding single stranded RNAs (ncRNAs)
approximately 22nt in length, and miRNA-coding regions are located in introns or intergenic
chromosomal loci [22].

In humans, miRNAs perform their gene regulatory functions, not though target transcript
degradation, but through inducing a steric hindrance obstruction (following miRNA attachment on
target transcript) for ribosomal machinery function in the process of mRNA translation [23]. Another
mechanism for how miRNAs interact with the transcription/translation mechanism is through miRNA
processing mechanisms of longer transcripts that are consequently integrated into the RISC complex.
The absorbed miRNAs will regulate gene expression by directing the RISC complex towards the target
transcript. However, further elucidation is required in order to understand the actual mechanism of
how the RISC complex is guided [24].

MiRNAs regulate gene expression at the post-transcriptional level by targeting messenger RNAs
(mRNAs), typically at the 3′ untranslated regions (UTRs) of their mRNA targets [25–29]. This regulation
is executed by repressing translation [23] or decreasing transcript stability [30,31] and alternatively
causing mRNA degradation, with a consequent inhibiting effect on downstream protein expression,
therefore affecting cell proliferation, differentiation, apoptosis or other biological processes [27].

Most human genome component genes are regulated by miRNAs [32,33], and it is advocated
that small ncRNAs have the potential to regulate all human genes [34]. Dysregulation of ncRNAs is
a fulcrum of several diseases [35,36].

MiRNAs are crucial elements involved in the mechanisms of cell cycle, proliferation, differentiation,
apoptosis, and metabolism. Dysregulated miRNAs can lead to cancer development, cancer stem cell
formation, autophagy, multidrug resistance, epithelial-mesenchymal transition (EMT), migration, invasion,
and metastasis [37–39]. MiRNAs can also have important tumour suppressor properties. Epigenetically
inactivated tumour suppressor miRNAs can contribute to NB pathogenesis [40]. These miRNAs
are downregulated by MYCN amplification. The LIN28B situated on the LIN28B-let-7-MYCN axis,
can downregulate let-7, a tumour suppressor miRNA family that causes an up-regulation of MYCN,
resulting in NB growth stimulation [41]. MYCN can down-regulate the epigenetically controlled miR-335,
a tumour suppressor miRNA, leading to over-expression in target genes of the Transforming Growth Factor
beta (TGF-β) non-canonical pathway, inhibiting both the migration and invasion of NB cells [42].

3. The Role of miRNAs in Neural Lineage Differentiation

3.1. Development of the Neural Lineage

The neural lineage may evolve from stem cells and progenitor cells derived from the
neuroepithelium, and both eventually differentiate into one of the three cell types that make up
the nervous system, namely neurones, astrocytes, and oligodendrocytes. Neural progenitors undergo
a further differential step and develop into neurones and glia [43]. MiRNAs interact with different
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signalling pathways, influencing expression of various transcripts that, in turn, interact with their
targets to create regulatory feedback loops affecting multiple functions within the cell, thus modulating
the differentiation and lineage of neural stem cells (NSCs) and their progeny [44].

Neurogenesis is a well-maintained process [45] that includes stages of self-renewal and fate
specification of NSCs, migration and maturation of young neurones, and functional integration of new
neurones into the neural circuitry. MiRNAs regulate these stages by base-pairing with target mRNAs
and therefore control target gene expression [46]. Furthermore, miRNAs modulate post-mitotic
neural cell production during the development of the central nervous system (CNS), where a balance
between proliferation and differentiation of neural progenitors is achieved [47]. Although miRNAs
are involved in a variety of neurogenesis processes and neural identities, specific subsets of these
miRNAs have different mechanisms for regulating neural stem cell proliferation and differentiation
(neurogenesis-related miRNAs) and neuronal identity (neuronal-specification-related miRNAs) [48].

3.2. miRNA Regulation

Furthermore, various studies have elucidated the role played by mature miRNAs in
manipulating the expression of stem cell regulators responsible for stem cell fate determination
and self-renewal [49–52]. The CNS expresses large amounts of miRNAs, which makes current
knowledge on miRNA regulation during neurogenesis very limited. However, a deeper insight
is now possible due to an increase in neural cell types derived from human pluripotent stems cells
and the possibility of generating specific neural subtypes [53]. NSCs are described as undifferentiated
precursors with self-renewing properties that retain the ability to differentiate into glial (astrocytes
and oligodendrocytes) and neuronal lineages [49,54–57] and can be found in both adult and the
developing CNS [58,59]. Brain development and neural differentiation of stem cells are both regulated
by the miRNAs expressed in the CNS, which indicates the important role miRNAs play in neural
development and function [60–65]. MiRNAs are involved in neural induction, progenitor expansion,
differentiation and neuronal subtype specification [66,67], regulate neuronal migration [68,69], and are
associated to neuronal function, neurite outgrowth and synaptic plasticity [70,71]. Described below is
a selection of miRNAs that are recognised to influence in such manners.

3.3. Hsa-miR-765

miR-765 regulates expression of the hairy and enhancer of split-1 (Hes1) gene, and stimulates
NSC proliferation, and when this is overexpressed the expression of ki-67 and β-tubulin-III are
increased while Glial fibrillary acidic protein (GFAP) expression is inhibited [72]. The Hes gene
encodes basic helix-loop-helix (bHLH) transcriptional modulators [73,74] and is highly expressed
in the CNS. In addition, it acts as a downstream modulator of the Notch pathway [75,76]. MiR-765
plays a major role in the development of the CNS and also regulates both the differentiation and
proliferation of NSCs [77–79]. NSCs will differentiate into neurones when modulation of Hes1 occurs
via miR-9 [57]. Inhibiting Hes1 with miR-381 will also affect the differentiation and proliferation
mechanism of NSCs [80]. MiR-765 is involved in various diseases [81–84], can act as a tumour
suppressor miRNA [82], and can also regulate arterial stiffness [83]. MiR-765 furthermore targets
the 3′-UTR of Hes1 and decreases its expression in NSC, and an overexpression of Hes1 decreases
miR-765-induced proliferation of NSCs and inhibits neuronal differentiation [72].

3.4. Hsa-miR-146

MiR-146 miRNA regulates inflammation and other mechanisms related to the innate immune
system [85]. Up-regulation of miR-146 is executed via inflammatory factors such as interleukin 1
and tumour necrosis factor-α. This consequently dysregulates target receptors of the innate immune
system cytokine response [86], thus activating a feedback system which regulates the inflammatory
response [87]. The Notch signalling pathway is extensively used in mammals during embryonic
development and homoeostasis in adults [88]. Furthermore, Notch signalling is also necessary for the
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upkeep of neural stem cells and their progenitors, together with glial cell formation [89,90]. A family
member of miR-146, miR-146a directly regulates the expression of Notch 1, limiting the formation of
glioma stem cells and growth [91].

4. Role of miRNA in Neuroblastoma

NB development depends on both gene expression and the major role played by miRNAs as key
effectors. Cancer epidemiology has shown that miRNAs can be found on both genomic regions and
fragile sites involved in characterisation of the disease [92]. In addition to this, both loss-of-function
and gain-of-function experiments in human cancer cells have confirmed that miRNAs are key players
in all cancer stages, i.e. initiation, progression and metastasis [93,94].

Tumour cell behaviour varies according to the cancer model involved. In the presence of cancer,
miRNAs function depends deeply on the mRNA targets and subsequently causes them to act as
tumour suppressors or as oncogenes [95]. Conversely, other studies indicate that when compared
to normal cells, miRNA expression in tumour cells is suppressed, which leads to the thought that
miRNA biogenesis might be impaired in cancer [96,97]. Dysregulated miRNA expression can be
induced by various mechanisms such as translocation, deletion, point mutations, and rearrangements.
This therefore plays an important role in miRNA tumorigenic roles [98]. As in the case with other
cancers, the aberrant expression of oncogenic miRNAs has a decisive role in the maintenance of
neuroblastoma stem cells and tumorigenesis [99–101].

Regulated gene patterns are the fulcrum of neurogenesis [102,103] and it has been widely proven that
miRNAs play an important role in the regulation of neural development and function [103]. Neuro-specific
transcription activates cell cycle exit during differentiation, where miRNAs influence the functional
and morphological specialisation of the cells by targeting both epigenetic factors and transcriptional
repressors [43]. During neuronal differentiation, miR-124 also regulates alternative splicing by targeting
polypyrimidine tract-binding protein 1 (PTBP1) mRNA, a repressor of neuron-specific pre-mRNA splicing,
leading to the activation of neuronal gene expression [104]. MYC is another transcription factor that regulates
miRNA [105,106] transcription, as does the tumour suppressor gene Tumour Protein P53 (TP53) [107].

The role of miRNAs and their interaction in cellular processes is a new and developing field of
cancer genetics. Experimentation with expression variation and selective inhibition of miRNAs has
helped elucidate the functional roles of these regulators which, in turn, has helped in establishing
protocols for deterring cancer progression and improve patient prognosis. The clinical picture of NB is
usually characterised based on the type of genetic abnormality [3] and progression of the epigenetic
changes [108]. Conversely, deregulation of miRNA has helped classify both the pathogenesis and
heterogeneity of NBs [109,110]. Subtypes of NB tumours exhibit heterogeneity, according to the genetic
abnormality present, subsequently determining the clinical outcome in the individual NB patient [3].
What underlying mechanisms contribute to NB pathogenesis, metastasis and apoptosis is not yet fully
understood, which leads to multiple difficulties in the identification of novel biomarkers or therapeutic
targets for early detection or treatment [111].

4.1. MicroRNA Let-7 Family

The miRNA let-7 family (let-7), consisting of 12 members [112], is present in multiple genomic
locations [113]. Let-7 targets cyclin D1, causing overexpression and leading to the promotion
of cell cycle exit and differentiation [114]. Let-7 also suppresses the differentiation of human
embryonic cell neural progenitor cells [115], regulates NSC self-renewal mechanisms [116] and
determines cell fate [117,118]. Overexpression of let-7a directly affects both proliferation and
differentiation of NSCs, though further elucidation is required to understand the mechanism of
action [119,120]. Agmatine, an endogenous amine produced by decarboxylation of L-arginine by
arginine decarboxylase [121], can enhance NSC differentiation into neurones by modulating expression
of let-7a [122]. It also regulates neuroprotection and increases neuronal differentiation in NSCs
by activating extracellular signal-regulated protein kinases 1 and 2 (ERK1/2)—members of the
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mitogen-activated protein kinase super family—and can mediate cell proliferation [123]. Agmatine
promotes ERK activation by negatively regulating let-7a such that, if it is overexpressed, leads to
decreased ERK phosphorylation [122].

Lin28B has been associated with various tumours, including paediatric cancers [124–126].
Small nucleotide polymorphisms (SNPs) in the Lin28B gene predispose the development of NB and
elevated Lin28B expression levels are associated with a poor prognosis [127]. Lin28B mechanistic function
during development of the sympathetic nervous system is still not clear [128]. However, overexpression
of Lin28B promotes NB tumorigenic characteristics in postnatal sympathetic ganglia and adrenals [41].
Lin28 and Let-7 expressions are regulated by each other [125,129], which consequently indicate that these
can have similar functions in relation to the development of the nervous system [130,131].

4.2. MicroRNA-124

MicroRNA-124 (miR-124) is a highly expressed tissue-specific [132–136] miRNA of the nervous
system. In order to maintain the neural state, miR-124 downregulates the expression of non-neural
mRNAs by repressing the expression of non-neural transcripts and thus directing the gene expression
profile towards the neural state [60,104,137]. Upon cell lineage commitment, gene expression alteration
is initiated by activating the expression of neuron-specific genes and repression of other genes that
are not of the neuronal state. This alteration further enhances the important role that miRNAs
play in regulating the gene expression in neuronal differentiation. High levels of miR-124 found in
differentiated neural cells are associated with the absence of the transcription factor human specificity
protein 1 (Sp1), indicating that Sp1 is a direct target of miR-124 [138]. Sp1 is essential in many
cellular processes such as cell cycle progression, angiogenesis, and cell migration and invasion [139].
Sp1 is responsible for the regulation of multiple genes including vascular endothelial growth factor,
Cyclin A2, Cyclin D1, E-cadherin, Phosphatase 2 A, and Matrix metalloproteinase [140]. A reduction
in Sp1 expression inhibits mitosis [141] and is nearly absent in differentiated neurones [142], indicating
that Sp1 expression is inhibited post- neuronal differentiation [143].

4.3. MYCN

MYCN is a helix-loop-helix leucine zipper transcription factor found in the peripheral and
central nervous system [144]. This is encoded by the MYCN gene and affects the expression of
long ncRNAs, which may contribute to oncogenic transformation and metastatic aggressiveness
in NB [145]. MYCN amplification and cell heterogeneity are two factors that contribute to patient
survival. MiRNA dysregulation in malignant NB is caused by MYCN amplification, chromosomal
deletion, or abnormal epigenetic regulation [110,145]. In fact, various studies have focused on the
role of miRNAs in association with MYCN amplification, chromosomal imbalances, prognosis and
retinoic acid (RA)-induced differentiation [110,146–148] and have shown that chromosomal imbalances
dysregulate miRNAs, which contribute to NB pathogenesis and tumourigenicity. MYCN binds to the
promoter region of the genes responsible for the regulation of miRNA expression [149]. MiR-17-92
cluster members that are associated with NB tumourigenicity are also related to MYCN amplification.
MiRNAs are also involved in RA-induced differentiation, and since RA is used in the treatment
of NB, miRNA modulation can regulate the key genes involved in differentiation survival and the
tumourigenic properties of NB [147].

MYCN amplification can be observed in approximately 25% of NB cases [150]. It is the most
important oncogene [1] when dealing with NB, and the related sub-types presenting this oncogene
have a high prediction of poor clinical outcome and metastatic disease [151]. MYCN interacts
with various promoter regions of both genes and non-coding RNA sequences, and as a result
of this, modifies their transcriptional activation [152–155], thus promoting tumour growth [156].
It functions by dysregulating the genes involved in the key pathways that affect NB [157]. The gene
encoding the MYCN transcription factor is aberrantly repeated at chromosome 2p24, resulting in
the amplification of the gene which, together with other chromosomal abnormalities, including
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1p36 deletion, 11q deletion, and 17q gain [151,155,158], causes progression to advanced stages,
aggressive metastasis, and consequently poor prognosis [159–161]. NB subtypes presenting MCYN
amplification together with abnormalities at chromosome 1p and gain of 17q have the worst prognosis
and are the major genetic subtype of metastatic NB [6,151,162].

As shown in previous studies, expression levels of the MYCN gene are closely interlinked with
an abnormality in miRNA regulation patterns [163–166] (Figure 1). In the presence of MYCN amplification
several miRNAs, including miR-17-5p, miR-92, miR-93, miR-99, miR-106a, and miR-221, are upregulated.
Malignant NB growth in the presence of MYCN amplification is correlated to the transactivation of
the miR-17-5p-92 cluster [167–169]. This cluster inhibits translation of the cell cycle negative regulator
cyclin-dependent kinase inhibitor 1 (p21) and Bcl-2-like protein 11 (Bim), a Bcl-2 interacting mediator of cell
death [170]. By targeting this miRNA cluster using antago-miR-17-5p, p21, and Bim can be de-regulated,
therefore inhibiting cell cycle processes and favouring apoptosis respectively, ultimately developing
a treatment for counter growth of therapy-resistant malignant NB [170].
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MYCN amplification is also responsible for the loss of chromosomal 1p36 heterozygosity, which
downregulates the expression of miR-340, a miRNA that possesses tumour suppressant properties,
and is upregulated by demethylation of an upstream genomic region [40]. This occurs during the
process of neuroblastoma cell differentiation, and is induced by all-trans retinoic acid (ATRA) [40].
This deviant DNA methylation causes damping of miRNA tumour suppressors such as let-7, miR-101,
and miR-202 that target MYCN; miR-9 that targets tyrosine kinase (Trk) C, RE-1 silencing transcription
factor (REST), DNA-binding protein inhibitor (ID2), and Matrix metalloproteinase-14 (MMP-14);
miR-34a that targets E2F transcription factor 3 (E2F3), B-cell lymphoma 2 (Bcl-2) and MYCN; miR-340
that targets SRY (sex determining region Y)-box 2 (SOX2); miR-184 that targets v-akt murine thymoma
viral oncogene homolog 2 (Akt2); and miR-335 that targets Mitogen-Activated Protein Kinase 1
(MAPK1), leucine-rich repeat 1 (LRG1), and Ser/Thr Rho kinase 1 (ROCK1) [101] (Figure 1).

4.4. Tyrosine Kinase

Studies have shown that the Trk receptor family, consisting of TrkA, TrkB and TrkC, plays
a relevant role in NB prognosis [171]. NB tumours expressing TrkA have a positive prognosis
due to a higher chance of spontaneous regression or differentiation of the tumour as a result of
the interaction of TrkA and nerve growth factor (NGF) [172]. Conversely, NB cells with low TrkA
expression levels tend to become more invasive [156]. MiR-17-92a is associated with regulation
of TrkA in view that both proliferation and migration of NB cells are affected in the presence of
miR-17-92a [173]. However, the actual regulatory mechanism and signalling pathway for miR-17-92a
and TrKA interaction require further elucidation in order to be able to implement NB treatment
via miR-17-92a [173]. NB tumours expressing TrkB have a less favourable prognosis as the MYCN gene
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is amplified in this type of NB and also because TrkB ligands enhance viability, drug resistance and
angiogenesis [172]. The mechanisms responsible for inducing drug resistance in NB are related to the
presence of high levels of anti-apoptotic protein Bcl-2 and TrkB receptors that activate the PI3k/Akt
pro-survival pathway. The tumour suppressor miR-204 is capable of targeting the 3′UTR of Bcl-2
and TrkB mRNAs, which means that transfecting malignant cells with these mimics will intensify
sensitivity to cisplastin and etoposide, promoting apoptosis [174].

5. MiRNA Modulation of Stem Cells

Over the years, the important role played by miRNAs in stem cell fate determination and
differentiation has become more pervasive. With ongoing research, novel miRNA/stem cell-related
functions are being discovered, leading to the development of miRNA-based techniques applicable
to therapies in regenerative medicine. It is well understood that cells can be reprogrammed using
miRNAs, however further elucidation is required on whether miRNAs alone can actually induce
reprogramming or whether they are improving the efficiency of reprogramming factors [175].

Another key aspect of miRNA modulation is in identifying the roles of circulating miRNAs
and how these may be made to good use as part of miRNA therapeutic applications. This would be
made possible by means of developing techniques which mimic stable exosomal miRNAs capable
of efficiently delivering therapeutic miRNAs, effectively providing control on the proliferation and
differentiation of stem cells used as the basis for tissue regeneration [176].

MiRNAs are involved in the simultaneous regulation of cell cycle exit and cell fate. This is exemplified
by the cell cycle exit and differentiation promoted by overexpression of let-7 [114] or cell proliferation
stimulated by the loss of miR-9 via an increase in expression of its target HES1 and consequently
downregulation of its target p27, a cell cycle inhibitor [177]. Cell fate determination is clearly illustrated by
the inhibition of transcription factor SOX9 by miR-124, encouraging the neurogenic precursor transition
to neuroblasts [178] and the targeting by miR-219 and miR-338 of the transcription factors SRY-Box 6
(SOX6) and Hes family bHLH transcription factor 5 (Hes5), both involved with progenitor proliferation and
stemness during oligodendrocyte differentiation [179,180].

5.1. Modulation of Stem Cells into Neuroblasts

Neuroblasts normally mature well before birth. However, occasionally not all cells mature
completely and these gather to form small clusters in the adrenal glands. These neuroblasts eventually
either die or mature into nerve cells, but in some instances, these continue to grow and develop into
tumours that propagate to NB clinical conditions [181]. NB is generated from the sympathoadrenal
lineage of the neural crest during development [182]. MiRNAs are major players in the development
of the nervous system as these control differentiation, proliferation, self-renewal and regulate
neurogenesis as summarized in Table 1.

Table 1. miRNA involvement in neuronal development.

miRNA Target Expression Role Source

miR-9
Hes1

+ Down-regulates neural stem cell differentiation [57]
Stathmin REST [183,184]

miR-29a REST + Promotes neural differentiation [185]

miR-124 PTBP1 + Promotes neural differentiation [186]

miR-124

SCP1

+ Promotes proliferation of neuronal precursors [178]
DLX-2

Jagged-1
SOX9

miR-125

SCNBA EPHB2

+ Promotes neural differentiation [187]
KCNQ2
FLNA
SYN2
NEFM
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Table 1. Cont.

miRNA Target Expression Role Source

miR-200 family SOX2 − Promotes differentiation into neurons [188]E2F3

miR-107 Dicer − Promotes neurogenesis [189]

miR-381 Hes1 + Promotes neural stem cell proliferation and differentiation [80]

miR-765 Hes1 + Promotes neural stem cell proliferation and differentiation [72]

miR-106b~25 cluster TGFβ insulin/IGF-FoxO + Promotes neural stem/progenitor cell proliferation and
neuronal differentiation [190]

Let-7 family HNF4A − Promotes neuroblast proliferation [128]
Self-renewal [191]

miR-34a MYCN + Promotes proliferation [192]

miR-184 AKT2 − Inhibits neuroblastoma cell survival [193]

miR-302/367 Unknown + Reprogram cells into neurons [194]

miR-181a Unknown + Promotion of the generation of TH-positive neuron [195]

miR-125b Unknown + Promotion of the generation of TH-positive neuron [195]

Legend: + increased expression; − decreased expression; TH Tyrosine Hydroxylase.

Neuroblasts are essentially neural precursors that differentiate from neural stem cells and are
committed to develop into neurons. These precursors may undergo three distinct dividing stages.
The first stage is that of symmetric proliferation, which is encountered during early neural development.
In this stage, the neuroblast divides yielding two identical cells. Midway through neural development,
the cell divides to produce one precursor cell and another that is a transit-amplifying cell [196].
This phase allows the formation of neurons while still having precursors available to produce neurons
and glia at a later stage. The self-renewal of neuronal precursors is promoted by Partitioning defective
(Par) proteins [197], and downregulation of these proteins stops neurogenesis. Such regulation is under
the control of a balance between mRNA translation and degradation by miRNAs [26]. The absence of
miR-219 will keep precursors in their proliferation stage, which indicates that this miRNA promotes
cell cycle exit and differentiation [198]. Finally, precursors will differentiate into either neurons or
glia, ending neurogenesis and gliogenesis respectively [198]. These three stages are the primary key
regulators of brain development.

The major signalling pathways of interest with respect to miRNA control, involved in the
development of the nervous system are Wnt [199–201], Notch [202–204] and Sonic hedgehog
(Shh) [205–207]. The Wnt signalling pathway facilitates the transition between neuroblast proliferation
and neuronal differentiation via the beta-catenin pathways [208]. Notch signalling has an impact
on several cellular processes including cell proliferation, differentiation and apoptosis [202–204].
Notch plays an important role in the maintenance and differentiation of NSCs. It promotes cell cycle
exit, subsequently decreasing the number of neural progenitors [209]. Shh regulates the development
of the nervous system in terms of ventral forebrain neuronal differentiation, midbrain dopaminergic
differentiation, and cerebellar neuronal precursor proliferation [205–207]. In addition to these functions,
it promotes self-renewal and proliferation of adult NSCs and regulates cellular migration.

Growth factors have also been implicated in the regulation of neurogenesis. Genes of interest are
fibroblast growth factor-2 (FGF-2), insulin-like growth factor-1 (IGF-1), and vascular endothelial growth
factor (VEGF), with all three binding to a ligand-specific receptor belonging to the Trk family [210].
FGF-2 encourages neural progenitor proliferation [211], IGF-1 signals neuronal differentiation of
progenitor cells [212] and VEGF, a multifunctional growth factor, inducing mitosis in neural progenitor
cells [213]. Bone Morphogenetic Proteins (BMPs), multifunctional extracellular signalling molecules
forming part of the TGF-beta superfamily [214], are responsible for cell survival, proliferation and fate
specification [215,216]. This signalling mechanism promotes glial differentiation and inhibits neuronal
fate specification [217,218], prevents neuronal differentiation of Type B and C cells, supports neuroblast
survival during migration [218] and increases NSCs proliferation, hence supporting neurogenesis [219].
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Once stem cells are directed towards the neural lineage, a complex network regulates the
self-renewal, proliferation, differentiation and spatial distribution of neuronal progenitors. In this
regard, miR-134 and miR-184 have both been associated with neural progenitor maintenance and
proliferation [66]. Neural induction is repressed through action on the BMP/TGFβ signalling pathway,
blocking the transition of stem cells towards the neural lineage, via targeting by miR-302/367,
increasing BMP signalling [220]. Similar effects result from the targeting of BMP repressors by
miR-371 [221], transcription factor ZEB (a negative regulator of BMP/TGFβ signalling) by miR-200,
or the transcription factor PAX6 by miR-96 [222]. Conversely, neuronal differentiation can be brought
about by miR-125a/b and miR-135b blocking BMP signalling [223], miR-124, and miR-9 via the
targeting of several components of the Notch signalling pathway, which in turn regulates neuronal
development and expansion of neural progenitors [195,224,225], or the activation of PAX6 by miR-135b,
promoting neural lineage entry [226].

5.2. Modulation from Neuroblasts into Neurones

During the stages of neural development, neural progenitors form different subtypes that differ
in terms of neurotransmitter phenotypes, functions and innervation targets, and miRNAs contribute to
the formation of such diversity [195]. According to their position in the neural tube, NSCs are subject to
morphogens such as Shh, FGFs, Wnts and BMPs [227] which, when combined, initiate transcriptional
programming of the neural subtypes [228,229]. MiRNAs also play a role as they modulate these
morphogens by targeting their respective signalling cascades [44,230].

The subventricular zone (SVZ), the largest germinal region of the mammalian brain, acts
as a neurogenic niche for stem cells from which neuroblasts will be produced [231]. MiRNAs
are expressed at various stages of the SVZ stem cell lineage, including miRNA-124 that ends up
highly expressed in the adult brain [232]. Over-expression of miRNA-124 in Hela cells promotes
neurogenesis [137] Conversely, inhibiting miRNA-124 expression in cultured neurons induces
non-neuronal transcript expression [233]. This miRNA targets PTBP, a repressor of neuron-specific
splicing 11 and SCP1, a component of the REST transcription repressor complex [186]. However,
contradicting studies [102,186] have shown that the actual role played by miRNA-124 during
neurogenesis in vivo needs further elucidation.

Amongst the primary functions of the Forkhead transcription factor family O (FoxO) are the
maintenance of adult stem cells and long-term regeneration process implemented during organismal
aging [234]. These two functions of FoxO are applied in the nervous system in relation to maintenance
of adult neural stem cell reserves and neurogenesis [234,235]. MiRNAs that affect the mechanisms
of FoxO will in turn determine the fate of neural stem/progenitor cells (NSPC) responsible for the
evolvement of new neurons. There are several miRNAs involved in mechanisms that contribute
to NSPC differentiation [103,236–238]. Amongst these miRNAs, Let-7b suppresses Hmga2, which
promotes self-renewal, resulting in the inhibition of NSPC proliferation and an increase in neural
differentiation [239]. Conversely, miRNA-9 encourages the proliferation and migration of NSPCs [183],
and is also responsible for the regulation of the FoxO1 expression generated during neurogenesis of
NSPCs that per se is downregulated during these early stages. Gain or loss of function of the FoxO1
expression ultimately leads to the inhibition or enhancement of NSPC differentiation [234]. MiRNA-25
promotes both NSPC proliferation and neuronal differentiation by regulating FoxO3 [190].

The miRNA-8/miRNA-200 family is another important regulator of neurogenesis [240] directed
towards neural cells within neurogenic niches, and specifically direct the differentiated glial cells or
neural stem/progenitor cells respectively [188,241–243]. The miRNA-8/miRNA-200 miRNA family
members are considered to be tuning miRNAs, as they are co-expressed with their mRNA target [240],
and their primary role is to control survival, proliferation, and cell cycle exit, and direct precursor
cells to neuroblast cells and their subsequent differentiation into mature neurons [188,242,243]. Targets
of these miRNAs include Sox2, E2F3 and TGFa which, when downregulated, initiate cell cycle exit
and commitment of neural precursor cells to neuroblastic cells [188,243]. Premature differentiation
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is negatively regulated by miRNA-200, which suppresses LFNG, ZEB1 and SRF expression in the
cells [241,242], and miRNA-8 regulation atrophin/RERE, and/or E2F3 protein levels ensure survival
of neural stem/progenitor cells [188,244].

6. Application of miRNAs to Treatment and Management

Researchers in the field of diagnostic and prognostic biomarker discovery have been keenly
searching for any biomolecule, be it RNA, DNA, protein, or modification thereof, which could hint
towards any changes early in the development of neurological diseases or malignancies. Currently,
brain tumours are diagnosed based on symptoms and neuro-imaging abnormalities, both of which
appear during late stages in the pathogenesis [245]. This makes it extremely difficult to successfully
treat aggressive malignancies which have spread throughout the brain (making the tumour inoperable)
or have metastasised to other parts of the body. Changes to the cellular regulatory mechanisms
involved in neural development and maintenance (as exemplified by Wnt, Notch and Shh) [246] begin
much earlier and possessing the ability to detect some of these changes with confidence would lead
to pre-symptomatic disease detection and diagnosis [247]. This in turn would allow for much more
effective treatment, at a stage where tumours would have not yet accumulated so many mutations or
produced a wide variety of sub-populations, improving the overall prognosis.

In NB, miRNAs have been widely studied as potential biomarkers for diagnosis and prognostic
prediction, by looking both at the changes in the miRNA levels themselves and their downstream
targets [109,248]. In order to apply these findings to patient screening and making the procedure
less invasive, closer to routine testing and cost-effective, circulating miRNAs in body fluids such
as plasma, serum and urine have been the preferred biomolecule cohort, which have also provided
great advances in NB studies [249]. Serum miRNAs were shown to be much more stable than other
biomolecules, being extremely tolerant to repeated freeze-thawing cycles and extremes of pH [250].
This is a great advantage for increasing the robustness and reliability of miRNA tests for patient
screening, particularly if such testing cannot be performed immediately after sample collection.

The identification of potential prognostic biomarkers would help to distinguish or possibly even
predict the point of transition from favourable to high-risk metastatic NB, which in turn further
enhances the role of miRNAs in the monitoring of tumour progression [251], since levels of miRNA
expression are altered by tumour cell engraftment and treatment—including drug-specific treatment.
Consequently, decision-making and treatment selection would greatly benefit from such prognostic
markers. The first miRNA to be identified as a putative tumour suppressor in NB was miR-34a which
targets transcription factors and other genes responsible for cell proliferation [25]. Despite not being
specific to NB, it provides an excellent indication of the pathways that are aberrantly activated.

Following from miRNA patient screenings and the mechanistic knowledge of their involvement
in NB, a substantial amount of miRNA research has focused on their use as genetic modulators for
the regulation of cancer development. One approach aimed at controlling the growth of malignant
NB is that of stimulating tumour suppressor miRNAs through the design and administration of
synthetic miRNA mimics or miRNA vectors with either a pre-miRNA sequence or an artificial
miRNA hairpin sequence, which modulate the overall level of mature miRNA in malignant cells,
producing a better prognostic outcome, either by promoting differentiation or apoptosis. A study has
shown that in NB cell lines expressing the 1p36 hemizygous deletion, which have been transfected
with miR-34a mimics showed degradation in the mRNA of Bcl-2 and MYCN, causing cell cycle
arrest and apoptosis [252]. Another study indicated that when miR-184 was overexpressed using
pre-miR-184, it inhibited the mRNA of Akt2, thus affecting the phosphatidylinositol 3-kinase (PI3K)
pro-survival pathway and reducing tumour growth [253]. In addition, it has been demonstrated that
miR-128, a tumour suppressor miRNA which is upregulated during RA-mediated differentiation
of NB SH-SY5Y cells, will inhibit the expression levels of Reelin, a glycoprotein that acts as a guide
during migration, and DCX—doublecortin located on chromosome X—a microtubule-associated
protein essential for neuroblastic migration - limiting cell motility and invasiveness [254]. All these
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are potentially applicable therapies with required improvements in micro-delivery and targeted
expression technologies.

7. Conclusions

Research conducted thus far has shown the importance of understanding the mechanisms
controlling miRNA biogenesis as well as the conditions that disrupt these mechanisms, besides
the search for and identification of potential miRNA biomarkers. This knowledge would also
be key in restoring dysregulated miRNA expression profiles by means of small pharmacological
agents, bypassing the challenges mentioned above of how to administer synthetic miRNA mimics
or antagomiRs [255]. Furthermore, anti-tumour properties may be enhanced by suppressing the
expression of oncogenic miRNAs and increasing the expression of tumour suppressor miRNA [256].
The NB-specific link of miRNA expression and the ability of miRNAs to possess both an oncogenic
and suppressive nature enhances their importance among other putative biomarkers as potential
therapeutic targets [257].

It is widely agreed that miRNAs are responsible for neural induction, neuronal differentiation
and fate specification and so have thus have begun to develop into a translational medicine-based
therapeutic approach for many conditions, including NB. The identification of additional putative
miRNAs responsible for the neural development will further elucidate the mechanisms of action
involved in both the physiological and pathological processes of the CNS.

Author Contributions: V.Z. contributed most to the writing of this review. B.B. and D.A. contributed equally to
the writing of this review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gherardi, S.; Valli, E.; Erriquez, D.; Perini, G. MYCN-mediated transcriptional repression in neuroblastoma:
The other side of the coin. Front. Oncol. 2013, 3, 42. [CrossRef] [PubMed]

2. Castleberry, R.P. Neuroblastoma. Eur. J. Cancer 1997, 33, 1430–1437. [CrossRef]
3. Brodeur, G.M. Neuroblastoma: Biological insights into a clinical enigma. Nat. Rev. Cancer 2003, 3, 203–216.

[CrossRef] [PubMed]
4. Maris, J.M.; Matthay, K.K. Molecular biology of neuroblastoma. J. Clin. Oncol. 1999, 17, 2264–2279. [CrossRef]

[PubMed]
5. Guo, C.; White, P.S.; Weiss, M.J.; Hogarty, M.D.; Thompson, P.M.; Stram, D.O.; Gerbing, R.; Matthay, K.K.;

Seeger, R.C.; Brodeur, G.M.; et al. Allelic deletion at 11q23 is common in MYCN single copy neuroblastomas.
Oncogene 1999, 18, 4948–4957. [CrossRef] [PubMed]

6. Plantaz, D.; Vandesompele, J.; Van Roy, N.; Lastowska, M.; Bown, N.; Combaret, V.; Favrot, M.C.; Delattre, O.;
Michon, J.; Bénard, J.; et al. Comparative genomic hybridization (CGH) analysis of stage 4 neuroblastoma
reveals high frequency of 11q deletion in tumors lacking MYCN amplification. Int. J. Cancer 2001, 91, 680–686.
[CrossRef]

7. Breen, C.J.; O’Meara, A.; McDermott, M.; Mullarkey, M.; Stallings, R.L. Coordinate deletion of chromosome
3p and 11q in neuroblastoma detected by comparative genomic hybridization. Cancer Genet. Cytogenet. 2000,
120, 44–49. [CrossRef]

8. Vandesompele, J.; Van Roy, N.; Van Gele, M.; Laureys, G.; Ambros, P.; Heimann, P.; Devalck, C.; Schuuring, E.;
Brock, P.; Otten, J.; et al. Genetic heterogeneity of neuroblastoma studied by comparative genomic
hybridization. Genes. Chromosom. Cancer 1998, 23, 141–152. [CrossRef]

9. Vandesompele, J.; Baudis, M.; De Preter, K.; Van Roy, N.; Ambros, P.; Bown, N.; Brinkschmidt, C.;
Christiansen, H.; Combaret, V.; Lastowska, M.; et al. Unequivocal delineation of clinicogenetic subgroups
and development of a new model for improved outcome prediction in neuroblastoma. J. Clin. Oncol. 2005,
23, 2280–2299. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fonc.2013.00042
http://www.ncbi.nlm.nih.gov/pubmed/23482921
http://dx.doi.org/10.1016/S0959-8049(97)00308-0
http://dx.doi.org/10.1038/nrc1014
http://www.ncbi.nlm.nih.gov/pubmed/12612655
http://dx.doi.org/10.1200/JCO.1999.17.7.2264
http://www.ncbi.nlm.nih.gov/pubmed/10561284
http://dx.doi.org/10.1038/sj.onc.1202887
http://www.ncbi.nlm.nih.gov/pubmed/10490829
http://dx.doi.org/10.1002/1097-0215(200002)9999:9999&lt;::AID-IJC1114&gt;3.0.CO;2-R
http://dx.doi.org/10.1016/S0165-4608(99)00252-6
http://dx.doi.org/10.1002/(SICI)1098-2264(199810)23:2&lt;141::AID-GCC7&gt;3.0.CO;2-2
http://dx.doi.org/10.1200/JCO.2005.06.104
http://www.ncbi.nlm.nih.gov/pubmed/15800319


Genes 2018, 9, 26 12 of 23

10. Zhang, L.; Huang, J.; Yang, N.; Greshock, J.; Megraw, M.S.; Giannakakis, A.; Liang, S.; Naylor, T.L.;
Barchetti, A.; Ward, M.R.; et al. microRNAs exhibit high frequency genomic alterations in human cancer.
Proc. Natl. Acad. Sci. USA 2006, 103, 9136–9141. [CrossRef] [PubMed]

11. Mossé, Y.P.; Laudenslager, M.; Longo, L.; Cole, K.A.; Wood, A.; Attiyeh, E.F.; Laquaglia, M.J.; Sennett, R.;
Lynch, J.E.; Perri, P.; et al. Identification of ALK as a major familial neuroblastoma predisposition gene.
Nature 2008, 455, 930–935. [CrossRef] [PubMed]

12. Trochet, D.; Bourdeaut, F.; Janoueix-Lerosey, I.; Deville, A.; de Pontual, L.; Schleiermacher, G.; Coze, C.;
Philip, N.; Frébourg, T.; Munnich, A.; et al. Germline Mutations of the Paired-Like Homeobox 2B (PHOX2B)
Gene in Neuroblastoma. Am. J. Hum. Genet. 2004, 74, 761–764. [CrossRef] [PubMed]

13. Thompson, D.; Vo, K.T.; London, W.B.; Fischer, M.; Ambros, P.F.; Nakagawara, A.; Brodeur, G.M.;
Matthay, K.K.; DuBois, S.G. Identification of patient subgroups with markedly disparate rates of MYCN
amplification in neuroblastoma: A report from the International Neuroblastoma Risk Group project. Cancer
2016, 122, 935–945. [CrossRef] [PubMed]

14. Cohn, S.L.; Pearson, A.D.J.; London, W.B.; Monclair, T.; Ambros, P.F.; Brodeur, G.M.; Faldum, A.; Hero, B.;
Iehara, T.; Machin, D.; et al. INRG Task Force The International Neuroblastoma Risk Group (INRG)
classification system: An INRG Task Force report. J. Clin. Oncol. 2009, 27, 289–297. [CrossRef] [PubMed]

15. Monclair, T.; Brodeur, G.M.; Ambros, P.F.; Brisse, H.J.; Cecchetto, G.; Holmes, K.; Kaneko, M.; London, W.B.;
Matthay, K.K.; Nuchtern, J.G.; et al. INRG Task Force The International Neuroblastoma Risk Group (INRG)
staging system: An INRG Task Force report. J. Clin. Oncol. 2009, 27, 298–303. [CrossRef] [PubMed]

16. Ambros, P.F.; Ambros, I.M.; Brodeur, G.M.; Haber, M.; Khan, J.; Nakagawara, A.; Schleiermacher, G.;
Speleman, F.; Spitz, R.; London, W.B.; et al. International consensus for neuroblastoma molecular diagnostics:
Report from the International Neuroblastoma Risk Group (INRG) Biology Committee. Br. J. Cancer 2009,
100, 1471–1482. [CrossRef] [PubMed]

17. Bagatell, R.; Rumcheva, P.; London, W.B.; Cohn, S.L.; Look, A.T.; Brodeur, G.M.; Frantz, C.; Joshi, V.;
Thorner, P.; Rao, P.V.; et al. Outcomes of children with intermediate-risk neuroblastoma after treatment
stratified by MYCN status and tumor cell ploidy. J. Clin. Oncol. 2005, 23, 8819–8827. [CrossRef] [PubMed]

18. George, R.E.; London, W.B.; Cohn, S.L.; Maris, J.M.; Kretschmar, C.; Diller, L.; Brodeur, G.M.; Castleberry, R.P.;
Look, A.T. Hyperdiploidy plus nonamplified MYCN confers a favorable prognosis in children 12 to 18
months old with disseminated neuroblastoma: A Pediatric Oncology Group study. J. Clin. Oncol. 2005, 23,
6466–6473. [CrossRef] [PubMed]

19. Look, A.T.; Hayes, F.A.; Shuster, J.J.; Douglass, E.C.; Castleberry, R.P.; Bowman, L.C.; Smith, E.I.; Brodeur, G.M.
Clinical relevance of tumor cell ploidy and N-myc gene amplification in childhood neuroblastoma: A Pediatric
Oncology Group study. J. Clin. Oncol. 1991, 9, 581–591. [CrossRef] [PubMed]

20. Weiss, W.A.; Aldape, K.; Mohapatra, G.; Feuerstein, B.G.; Bishop, J.M. Targeted expression of MYCN causes
neuroblastoma in transgenic mice. EMBO J. 1997, 16, 2985–2995. [CrossRef] [PubMed]

21. Ahmed, A.A.; Zhang, L.; Reddivalla, N.; Hetherington, M. Neuroblastoma in children: Update on clinicopathologic
and genetic prognostic factors. Pediatr. Hematol. Oncol. 2017, 34, 165–185. [CrossRef] [PubMed]

22. Bouvy-Liivrand, M.; Hernández de Sande, A.; Pölönen, P.; Mehtonen, J.; Vuorenmaa, T.; Niskanen, H.;
Sinkkonen, L.; Kaikkonen, M.U.; Heinäniemi, M. Analysis of primary microRNA loci from nascent
transcriptomes reveals regulatory domains governed by chromatin architecture. Nucleic Acids Res. 2017, 45,
9837–9849. [CrossRef] [PubMed]

23. Engels, B.M.; Hutvagner, G. Principles and effects of microRNA-mediated post-transcriptional gene
regulation. Oncogene 2006, 25, 6163–6169. [CrossRef] [PubMed]

24. Morozova, N.; Zinovyev, A.; Nonne, N.; Pritchard, L.-L.; Gorban, A.N.; Harel-Bellan, A. Kinetic signatures of
microRNA modes of action. RNA 2012, 18, 1635–1655. [CrossRef] [PubMed]

25. De Antonellis, P.; Carotenuto, M.; Vandenbussche, J.; De Vita, G.; Ferrucci, V.; Medaglia, C.; Boffa, I.; Galiero, A.;
Di Somma, S.; Magliulo, D.; et al. Early targets of miR-34a in neuroblastoma. Mol. Cell. Proteom. MCP 2014, 13,
2114–2131. [CrossRef] [PubMed]

26. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
[PubMed]

http://dx.doi.org/10.1073/pnas.0508889103
http://www.ncbi.nlm.nih.gov/pubmed/16754881
http://dx.doi.org/10.1038/nature07261
http://www.ncbi.nlm.nih.gov/pubmed/18724359
http://dx.doi.org/10.1086/383253
http://www.ncbi.nlm.nih.gov/pubmed/15024693
http://dx.doi.org/10.1002/cncr.29848
http://www.ncbi.nlm.nih.gov/pubmed/26709890
http://dx.doi.org/10.1200/JCO.2008.16.6785
http://www.ncbi.nlm.nih.gov/pubmed/19047291
http://dx.doi.org/10.1200/JCO.2008.16.6876
http://www.ncbi.nlm.nih.gov/pubmed/19047290
http://dx.doi.org/10.1038/sj.bjc.6605014
http://www.ncbi.nlm.nih.gov/pubmed/19401703
http://dx.doi.org/10.1200/JCO.2004.00.2931
http://www.ncbi.nlm.nih.gov/pubmed/16314642
http://dx.doi.org/10.1200/JCO.2005.05.582
http://www.ncbi.nlm.nih.gov/pubmed/16116152
http://dx.doi.org/10.1200/JCO.1991.9.4.581
http://www.ncbi.nlm.nih.gov/pubmed/2066755
http://dx.doi.org/10.1093/emboj/16.11.2985
http://www.ncbi.nlm.nih.gov/pubmed/9214616
http://dx.doi.org/10.1080/08880018.2017.1330375
http://www.ncbi.nlm.nih.gov/pubmed/28662353
http://dx.doi.org/10.1093/nar/gkx680
http://www.ncbi.nlm.nih.gov/pubmed/28973462
http://dx.doi.org/10.1038/sj.onc.1209909
http://www.ncbi.nlm.nih.gov/pubmed/17028595
http://dx.doi.org/10.1261/rna.032284.112
http://www.ncbi.nlm.nih.gov/pubmed/22850425
http://dx.doi.org/10.1074/mcp.M113.035808
http://www.ncbi.nlm.nih.gov/pubmed/24912852
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326


Genes 2018, 9, 26 13 of 23

27. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
28. Schulte, J.H.; Schowe, B.; Mestdagh, P.; Kaderali, L.; Kalaghatgi, P.; Schlierf, S.; Vermeulen, J.; Brockmeyer, B.;

Pajtler, K.; Thor, T.; et al. Accurate prediction of neuroblastoma outcome based on miRNA expression
profiles. Int. J. Cancer 2010, 127, 2374–2385. [CrossRef] [PubMed]

29. Woo, C.-W.; Tan, F.; Cassano, H.; Lee, J.; Lee, K.C.; Thiele, C.J. Use of RNA interference to elucidate the effect
of MYCN on cell cycle in neuroblastoma. Pediatr. Blood Cancer 2008, 50, 208–212. [CrossRef] [PubMed]

30. Bazzini, A.A.; Lee, M.T.; Giraldez, A.J. Ribosome profiling shows that miR-430 reduces translation before
causing mRNA decay in zebrafish. Science 2012, 336, 233–237. [CrossRef] [PubMed]

31. Guo, H.; Ingolia, N.T.; Weissman, J.S.; Bartel, D.P. Mammalian microRNAs predominantly act to decrease
target mRNA levels. Nature 2010, 466, 835–840. [CrossRef] [PubMed]

32. Friedman, R.C.; Farh, K.K.-H.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets of
microRNAs. Genome Res. 2009, 19, 92–105. [CrossRef] [PubMed]

33. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell 2005, 120, 15–20. [CrossRef] [PubMed]

34. Siomi, H.; Siomi, M.C. On the road to reading the RNA-interference code. Nature 2009, 457, 396–404.
[CrossRef] [PubMed]

35. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef] [PubMed]
36. Taft, R.J.; Pang, K.C.; Mercer, T.R.; Dinger, M.; Mattick, J.S. Non-coding RNAs: Regulators of disease. J. Pathol.

2010, 220, 126–139. [CrossRef] [PubMed]
37. Frankel, L.B.; Lund, A.H. MicroRNA regulation of autophagy. Carcinogenesis 2012, 33, 2018–2025. [CrossRef]

[PubMed]
38. Sarkar, F.H.; Li, Y.; Wang, Z.; Kong, D.; Ali, S. Implication of microRNAs in drug resistance for designing

novel cancer therapy. Drug Resist. Updat. 2010, 13, 57–66. [CrossRef] [PubMed]
39. Xia, H.; Hui, K.M. MicroRNAs involved in regulating epithelial-mesenchymal transition and cancer stem

cells as molecular targets for cancer therapeutics. Cancer Gene Ther. 2012, 19, 723–730. [CrossRef] [PubMed]
40. Das, S.; Bryan, K.; Buckley, P.G.; Piskareva, O.; Bray, I.M.; Foley, N.; Ryan, J.; Lynch, J.; Creevey, L.; Fay, J.; et al.

Modulation of neuroblastoma disease pathogenesis by an extensive network of epigenetically regulated
microRNAs. Oncogene 2013, 32, 2927–2936. [CrossRef] [PubMed]

41. Molenaar, J.J.; Domingo-Fernández, R.; Ebus, M.E.; Lindner, S.; Koster, J.; Drabek, K.; Mestdagh, P.;
van Sluis, P.; Valentijn, L.J.; van Nes, J.; et al. LIN28B induces neuroblastoma and enhances MYCN levels
via let-7 suppression. Nat. Genet. 2012, 44, 1199–1206. [CrossRef] [PubMed]

42. Lynch, J.; Fay, J.; Meehan, M.; Bryan, K.; Watters, K.M.; Murphy, D.M.; Stallings, R.L. MiRNA-335 suppresses
neuroblastoma cell invasiveness by direct targeting of multiple genes from the non-canonical TGF-β
signalling pathway. Carcinogenesis 2012, 33, 976–985. [CrossRef] [PubMed]

43. Shenoy, A.; Blelloch, R.H. Regulation of microRNA function in somatic stem cell proliferation and
differentiation. Nat. Rev. Mol. Cell Biol. 2014, 15, 565–576. [CrossRef] [PubMed]

44. Inui, M.; Martello, G.; Piccolo, S. MicroRNA control of signal transduction. Nat. Rev. Mol. Cell Biol. 2010, 11,
252–263. [CrossRef] [PubMed]

45. Gage, F.H.; Temple, S. Neural stem cells: Generating and regenerating the brain. Neuron 2013, 80, 588–601.
[CrossRef] [PubMed]

46. Shi, Y.; Zhao, X.; Hsieh, J.; Wichterle, H.; Impey, S.; Banerjee, S.; Neveu, P.; Kosik, K.S. MicroRNA regulation
of neural stem cells and neurogenesis. J. Neurosci. 2010, 30, 14931–14936. [CrossRef] [PubMed]

47. Gangaraju, V.K.; Lin, H. MicroRNAs: Key regulators of stem cells. Nat. Rev. Mol. Cell Biol. 2009, 10, 116–125.
[CrossRef] [PubMed]

48. Li, X.; Jin, P. Roles of small regulatory RNAs in determining neuronal identity. Nat. Rev. Neurosci. 2010, 11,
329–338. [CrossRef] [PubMed]

49. Garg, N.; Po, A.; Miele, E.; Campese, A.F.; Begalli, F.; Silvano, M.; Infante, P.; Capalbo, C.; de Smaele, E.;
Canettieri, G.; et al. microRNA-17-92 cluster is a direct Nanog target and controls neural stem cell through
Trp53inp1. EMBO J. 2013, 32, 2819–2832. [CrossRef] [PubMed]

50. Li, X.; Feng, R.; Huang, C.; Wang, H.; Wang, J.; Zhang, Z.; Yan, H.; Wen, T. MicroRNA-351 regulates TMEM 59
(DCF1) expression and mediates neural stem cell morphogenesis. RNA Biol. 2012, 9, 292–301. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1002/ijc.25436
http://www.ncbi.nlm.nih.gov/pubmed/20473924
http://dx.doi.org/10.1002/pbc.21195
http://www.ncbi.nlm.nih.gov/pubmed/17420990
http://dx.doi.org/10.1126/science.1215704
http://www.ncbi.nlm.nih.gov/pubmed/22422859
http://dx.doi.org/10.1038/nature09267
http://www.ncbi.nlm.nih.gov/pubmed/20703300
http://dx.doi.org/10.1101/gr.082701.108
http://www.ncbi.nlm.nih.gov/pubmed/18955434
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://www.ncbi.nlm.nih.gov/pubmed/15652477
http://dx.doi.org/10.1038/nature07754
http://www.ncbi.nlm.nih.gov/pubmed/19158785
http://dx.doi.org/10.1038/nrg3074
http://www.ncbi.nlm.nih.gov/pubmed/22094949
http://dx.doi.org/10.1002/path.2638
http://www.ncbi.nlm.nih.gov/pubmed/19882673
http://dx.doi.org/10.1093/carcin/bgs266
http://www.ncbi.nlm.nih.gov/pubmed/22902544
http://dx.doi.org/10.1016/j.drup.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20236855
http://dx.doi.org/10.1038/cgt.2012.58
http://www.ncbi.nlm.nih.gov/pubmed/22975591
http://dx.doi.org/10.1038/onc.2012.311
http://www.ncbi.nlm.nih.gov/pubmed/22797059
http://dx.doi.org/10.1038/ng.2436
http://www.ncbi.nlm.nih.gov/pubmed/23042116
http://dx.doi.org/10.1093/carcin/bgs114
http://www.ncbi.nlm.nih.gov/pubmed/22382496
http://dx.doi.org/10.1038/nrm3854
http://www.ncbi.nlm.nih.gov/pubmed/25118717
http://dx.doi.org/10.1038/nrm2868
http://www.ncbi.nlm.nih.gov/pubmed/20216554
http://dx.doi.org/10.1016/j.neuron.2013.10.037
http://www.ncbi.nlm.nih.gov/pubmed/24183012
http://dx.doi.org/10.1523/JNEUROSCI.4280-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21068294
http://dx.doi.org/10.1038/nrm2621
http://www.ncbi.nlm.nih.gov/pubmed/19165214
http://dx.doi.org/10.1038/nrn2739
http://www.ncbi.nlm.nih.gov/pubmed/20354535
http://dx.doi.org/10.1038/emboj.2013.214
http://www.ncbi.nlm.nih.gov/pubmed/24076654
http://dx.doi.org/10.4161/rna.19100
http://www.ncbi.nlm.nih.gov/pubmed/22336716


Genes 2018, 9, 26 14 of 23

51. Morgado, A.L.; Xavier, J.M.; Dionísio, P.A.; Ribeiro, M.F.C.; Dias, R.B.; Sebastião, A.M.; Solá, S.;
Rodrigues, C.M.P. MicroRNA-34a Modulates Neural Stem Cell Differentiation by Regulating Expression of
Synaptic and Autophagic Proteins. Mol. Neurobiol. 2015, 51, 1168–1183. [CrossRef] [PubMed]

52. Zhou, Y.; Jiang, H.; Gu, J.; Tang, Y.; Shen, N.; Jin, Y. MicroRNA-195 targets ADP-ribosylation factor-like
protein 2 to induce apoptosis in human embryonic stem cell-derived neural progenitor cells. Cell Death Dis.
2013, 4, e695. [CrossRef] [PubMed]

53. Benchoua, A.; Peschanski, M. Pluripotent stem cells as a model to study non-coding RNAs function in
human neurogenesis. Front. Cell. Neurosci. 2013, 7, 140. [CrossRef] [PubMed]

54. Liu, J.; Carmell, M.A.; Rivas, F.V.; Marsden, C.G.; Thomson, J.M.; Song, J.-J.; Hammond, S.M.; Joshua-Tor, L.;
Hannon, G.J. Argonaute2 is the catalytic engine of mammalian RNAi. Science 2004, 305, 1437–1441. [CrossRef]
[PubMed]

55. Pham, J.T.; Gallicano, G.I. Specification of neural cell fate and regulation of neural stem cell proliferation by
microRNAs. Am. J. Stem Cells 2012, 1, 182–195. [PubMed]

56. Saurat, N.; Andersson, T.; Vasistha, N.A.; Molnár, Z.; Livesey, F.J. Dicer is required for neural stem cell
multipotency and lineage progression during cerebral cortex development. Neural Dev. 2013, 8, 14. [CrossRef]
[PubMed]

57. Tan, S.-L.; Ohtsuka, T.; González, A.; Kageyama, R. MicroRNA9 regulates neural stem cell differentiation
by controlling Hes1 expression dynamics in the developing brain. Genes Cells 2012, 17, 952–961. [CrossRef]
[PubMed]

58. Aranha, M.M.; Santos, D.M.; Solá, S.; Steer, C.J.; Rodrigues, C.M.P. miR-34a regulates mouse neural stem cell
differentiation. PLoS ONE 2011, 6, e21396. [CrossRef] [PubMed]

59. Shi, Y.; Sun, G.; Zhao, C.; Stewart, R. Neural stem cell self-renewal. Crit. Rev. Oncol. Hematol. 2008, 65, 43–53.
[CrossRef] [PubMed]

60. Krichevsky, A.M.; Sonntag, K.-C.; Isacson, O.; Kosik, K.S. Specific microRNAs modulate embryonic stem
cell-derived neurogenesis. Stem Cells 2006, 24, 857–864. [CrossRef] [PubMed]

61. Krichevsky, A.M.; King, K.S.; Donahue, C.P.; Khrapko, K.; Kosik, K.S. A microRNA array reveals extensive
regulation of microRNAs during brain development. RNA 2003, 9, 1274–1281. [CrossRef] [PubMed]

62. Liu, J.; Githinji, J.; Mclaughlin, B.; Wilczek, K.; Nolta, J. Role of miRNAs in neuronal differentiation from
human embryonic stem cell-derived neural stem cells. Stem Cell Rev. 2012, 8, 1129–1137. [CrossRef] [PubMed]

63. Miska, E.A.; Alvarez-Saavedra, E.; Townsend, M.; Yoshii, A.; Sestan, N.; Rakic, P.; Constantine-Paton, M.;
Horvitz, H.R. Microarray analysis of microRNA expression in the developing mammalian brain. Genome Biol.
2004, 5, R68. [CrossRef] [PubMed]

64. Sempere, L.F.; Freemantle, S.; Pitha-Rowe, I.; Moss, E.; Dmitrovsky, E.; Ambros, V. Expression profiling of
mammalian microRNAs uncovers a subset of brain-expressed microRNAs with possible roles in murine and
human neuronal differentiation. Genome Biol. 2004, 5, R13. [CrossRef] [PubMed]

65. Smith, B.; Treadwell, J.; Zhang, D.; Ly, D.; McKinnell, I.; Walker, P.R.; Sikorska, M. Large-scale expression
analysis reveals distinct microRNA profiles at different stages of human neurodevelopment. PLoS ONE 2010,
5, e11109. [CrossRef] [PubMed]

66. Bian, S.; Xu, T.; Sun, T. Tuning the cell fate of neurons and glia by microRNAs. Curr. Opin. Neurobiol. 2013,
23, 928–934. [CrossRef] [PubMed]

67. Sun, A.X.; Crabtree, G.R.; Yoo, A.S. MicroRNAs: Regulators of neuronal fate. Curr. Opin. Cell Biol. 2013, 25,
215–221. [CrossRef] [PubMed]

68. Gaughwin, P.; Ciesla, M.; Yang, H.; Lim, B.; Brundin, P. Stage-specific modulation of cortical neuronal
development by Mmu-miR-134. Cereb. Cortex 2011, 21, 1857–1869. [CrossRef] [PubMed]

69. Rago, L.; Beattie, R.; Taylor, V.; Winter, J. miR379-410 cluster miRNAs regulate neurogenesis and neuronal
migration by fine-tuning N-cadherin. EMBO J. 2014, 33, 906–920. [CrossRef] [PubMed]

70. McNeill, E.; Van Vactor, D. MicroRNAs shape the neuronal landscape. Neuron 2012, 75, 363–379. [CrossRef]
[PubMed]

71. Siegel, G.; Saba, R.; Schratt, G. microRNAs in neurons: Manifold regulatory roles at the synapse.
Curr. Opin. Genet. Dev. 2011, 21, 491–497. [CrossRef] [PubMed]

72. Li, S.; Zhao, W.; Xu, Q.; Yu, Y.; Yin, C. MicroRNA-765 regulates neural stem cell proliferation and
differentiation by modulating Hes1 expression. Am. J. Transl. Res. 2016, 8, 3115–3123. [PubMed]

http://dx.doi.org/10.1007/s12035-014-8794-6
http://www.ncbi.nlm.nih.gov/pubmed/24973144
http://dx.doi.org/10.1038/cddis.2013.195
http://www.ncbi.nlm.nih.gov/pubmed/23807224
http://dx.doi.org/10.3389/fncel.2013.00140
http://www.ncbi.nlm.nih.gov/pubmed/23986659
http://dx.doi.org/10.1126/science.1102513
http://www.ncbi.nlm.nih.gov/pubmed/15284456
http://www.ncbi.nlm.nih.gov/pubmed/23671807
http://dx.doi.org/10.1186/1749-8104-8-14
http://www.ncbi.nlm.nih.gov/pubmed/23895693
http://dx.doi.org/10.1111/gtc.12009
http://www.ncbi.nlm.nih.gov/pubmed/23134481
http://dx.doi.org/10.1371/journal.pone.0021396
http://www.ncbi.nlm.nih.gov/pubmed/21857907
http://dx.doi.org/10.1016/j.critrevonc.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17644000
http://dx.doi.org/10.1634/stemcells.2005-0441
http://www.ncbi.nlm.nih.gov/pubmed/16357340
http://dx.doi.org/10.1261/rna.5980303
http://www.ncbi.nlm.nih.gov/pubmed/13130141
http://dx.doi.org/10.1007/s12015-012-9411-6
http://www.ncbi.nlm.nih.gov/pubmed/23054963
http://dx.doi.org/10.1186/gb-2004-5-9-r68
http://www.ncbi.nlm.nih.gov/pubmed/15345052
http://dx.doi.org/10.1186/gb-2004-5-3-r13
http://www.ncbi.nlm.nih.gov/pubmed/15003116
http://dx.doi.org/10.1371/journal.pone.0011109
http://www.ncbi.nlm.nih.gov/pubmed/20559549
http://dx.doi.org/10.1016/j.conb.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23978589
http://dx.doi.org/10.1016/j.ceb.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23374323
http://dx.doi.org/10.1093/cercor/bhq262
http://www.ncbi.nlm.nih.gov/pubmed/21228099
http://dx.doi.org/10.1002/embj.201386591
http://www.ncbi.nlm.nih.gov/pubmed/24614228
http://dx.doi.org/10.1016/j.neuron.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22884321
http://dx.doi.org/10.1016/j.gde.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21561760
http://www.ncbi.nlm.nih.gov/pubmed/27508032


Genes 2018, 9, 26 15 of 23

73. Kageyama, R.; Ohtsuka, T.; Kobayashi, T. The Hes gene family: Repressors and oscillators that orchestrate
embryogenesis. Development 2007, 134, 1243–1251. [CrossRef] [PubMed]

74. Monastirioti, M.; Giagtzoglou, N.; Koumbanakis, K.A.; Zacharioudaki, E.; Deligiannaki, M.; Wech, I.;
Almeida, M.; Preiss, A.; Bray, S.; Delidakis, C. Drosophila Hey is a target of Notch in asymmetric divisions
during embryonic and larval neurogenesis. Development 2010, 137, 191–201. [CrossRef] [PubMed]

75. Hughes, D.P.M. How the NOTCH pathway contributes to the ability of osteosarcoma cells to metastasize.
Cancer Treat. Res. 2009, 152, 479–496. [CrossRef] [PubMed]

76. Kageyama, R.; Ohtsuka, T.; Kobayashi, T. Roles of Hes genes in neural development. Dev. Growth Differ.
2008, 50, S97–S103. [CrossRef] [PubMed]

77. Goto, M.; Hojo, M.; Ando, M.; Kita, A.; Kitagawa, M.; Ohtsuka, T.; Kageyama, R.; Miyamoto, S. Hes1
and Hes5 are required for differentiation of pituicytes and formation of the neurohypophysis in pituitary
development. Brain Res. 2015, 1625, 206–217. [CrossRef] [PubMed]

78. Keohane, A.; Ryan, S.; Maloney, E.; Sullivan, A.M.; Nolan, Y.M. Tumour necrosis factor-alpha impairs
neuronal differentiation but not proliferation of hippocampal neural precursor cells: Role of Hes1.
Mol. Cell. Neurosci. 2010, 43, 127–135. [CrossRef] [PubMed]

79. Pfeuty, B. A computational model for the coordination of neural progenitor self-renewal and differentiation
through Hes1 dynamics. Development 2015, 142, 477–485. [CrossRef] [PubMed]

80. Shi, X.; Yan, C.; Liu, B.; Yang, C.; Nie, X.; Wang, X.; Zheng, J.; Wang, Y.; Zhu, Y. miR-381 Regulates Neural
Stem Cell Proliferation and Differentiation via Regulating Hes1 Expression. PLoS ONE 2015, 10, e0138973.
[CrossRef] [PubMed]

81. Ali Sheikh, M.S.; Xia, K.; Li, F.; Deng, X.; Salma, U.; Deng, H.; Wei Wei, L.; Yang, T.-L.; Peng, J. Circulating
miR-765 and miR-149: Potential noninvasive diagnostic biomarkers for geriatric coronary artery disease
patients. BioMed Res. Int. 2015, 2015, 740301. [CrossRef] [PubMed]

82. Leung, Y.-K.; Chan, Q.K.-Y.; Ng, C.-F.; Ma, F.M.-T.; Tse, H.-M.; To, K.-F.; Maranchie, J.; Ho, S.-M.; Lau, K.-M.
Hsa-miRNA-765 as a key mediator for inhibiting growth, migration and invasion in fulvestrant-treated
prostate cancer. PLoS ONE 2014, 9, e98037. [CrossRef] [PubMed]

83. Liao, Y.-C.; Wang, Y.-S.; Hsi, E.; Chang, M.-H.; You, Y.-Z.; Juo, S.-H.H. MicroRNA-765 influences arterial
stiffness through modulating apelin expression. Mol. Cell. Endocrinol. 2015, 411, 11–19. [CrossRef] [PubMed]

84. Song, R.; Liu, Q.; Liu, T.; Li, J. Connecting rules from paired miRNA and mRNA expression data sets of HCV
patients to detect both inverse and positive regulatory relationships. BMC Genom. 2015, 16, S11. [CrossRef]
[PubMed]

85. Sonkoly, E.; Ståhle, M.; Pivarcsi, A. MicroRNAs and immunity: Novel players in the regulation of normal
immune function and inflammation. Semin. Cancer Biol. 2008, 18, 131–140. [CrossRef] [PubMed]

86. Sheedy, F.J.; O’Neill, L.A. Adding fuel to fire: MicroRNAs as a new class of mediators of inflammation.
Ann. Rheum. Dis. 2008, 67, iii50–iii55. [CrossRef] [PubMed]

87. Quinn, S.R.; O’Neill, L.A. A trio of microRNAs that control Toll-like receptor signalling. Int. Immunol. 2011,
23, 421–425. [CrossRef] [PubMed]

88. Xiao, W.-Z.; Lu, A.-Q.; Liu, X.-W.; Li, Z.; Zi, Y.; Wang, Z.-W. Role of miRNA-146 in proliferation and
differentiation of mouse neural stem cells. Biosci. Rep. 2015, 35, e00245. [CrossRef] [PubMed]

89. Gao, F.; Zhang, Q.; Zheng, M.-H.; Liu, H.-L.; Hu, Y.-Y.; Zhang, P.; Zhang, Z.-P.; Qin, H.-Y.; Feng, L.; Wang, L.;
et al. Transcription factor RBP-J-mediated signaling represses the differentiation of neural stem cells into
intermediate neural progenitors. Mol. Cell. Neurosci. 2009, 40, 442–450. [CrossRef] [PubMed]

90. Taylor, M.K.; Yeager, K.; Morrison, S.J. Physiological Notch signaling promotes gliogenesis in the developing
peripheral and central nervous systems. Development 2007, 134, 2435–2447. [CrossRef] [PubMed]

91. Mei, J.; Bachoo, R.; Zhang, C.-L. MicroRNA-146a inhibits glioma development by targeting Notch1.
Mol. Cell. Biol. 2011, 31, 3584–3592. [CrossRef] [PubMed]

92. Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.;
Bullrich, F.; Negrini, M.; et al. Human microRNA genes are frequently located at fragile sites and genomic
regions involved in cancers. Proc. Natl. Acad. Sci. USA 2004, 101, 2999–3004. [CrossRef] [PubMed]

93. Di Leva, G.; Croce, C.M. Roles of small RNAs in tumor formation. Trends Mol. Med. 2010, 16, 257–267.
[CrossRef] [PubMed]

94. Mendell, J.T.; Olson, E.N. MicroRNAs in stress signaling and human disease. Cell 2012, 148, 1172–1187.
[CrossRef] [PubMed]

http://dx.doi.org/10.1242/dev.000786
http://www.ncbi.nlm.nih.gov/pubmed/17329370
http://dx.doi.org/10.1242/dev.043604
http://www.ncbi.nlm.nih.gov/pubmed/20040486
http://dx.doi.org/10.1007/978-1-4419-0284-9_28
http://www.ncbi.nlm.nih.gov/pubmed/20213410
http://dx.doi.org/10.1111/j.1440-169X.2008.00993.x
http://www.ncbi.nlm.nih.gov/pubmed/18430159
http://dx.doi.org/10.1016/j.brainres.2015.08.045
http://www.ncbi.nlm.nih.gov/pubmed/26348989
http://dx.doi.org/10.1016/j.mcn.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19840854
http://dx.doi.org/10.1242/dev.112649
http://www.ncbi.nlm.nih.gov/pubmed/25605780
http://dx.doi.org/10.1371/journal.pone.0138973
http://www.ncbi.nlm.nih.gov/pubmed/26431046
http://dx.doi.org/10.1155/2015/740301
http://www.ncbi.nlm.nih.gov/pubmed/25664324
http://dx.doi.org/10.1371/journal.pone.0098037
http://www.ncbi.nlm.nih.gov/pubmed/24837491
http://dx.doi.org/10.1016/j.mce.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25882991
http://dx.doi.org/10.1186/1471-2164-16-S2-S11
http://www.ncbi.nlm.nih.gov/pubmed/25707620
http://dx.doi.org/10.1016/j.semcancer.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18291670
http://dx.doi.org/10.1136/ard.2008.100289
http://www.ncbi.nlm.nih.gov/pubmed/19022814
http://dx.doi.org/10.1093/intimm/dxr034
http://www.ncbi.nlm.nih.gov/pubmed/21652514
http://dx.doi.org/10.1042/BSR20150088
http://www.ncbi.nlm.nih.gov/pubmed/26199426
http://dx.doi.org/10.1016/j.mcn.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19168137
http://dx.doi.org/10.1242/dev.005520
http://www.ncbi.nlm.nih.gov/pubmed/17537790
http://dx.doi.org/10.1128/MCB.05821-11
http://www.ncbi.nlm.nih.gov/pubmed/21730286
http://dx.doi.org/10.1073/pnas.0307323101
http://www.ncbi.nlm.nih.gov/pubmed/14973191
http://dx.doi.org/10.1016/j.molmed.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20493775
http://dx.doi.org/10.1016/j.cell.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22424228


Genes 2018, 9, 26 16 of 23

95. Garzon, R.; Calin, G.A.; Croce, C.M. MicroRNAs in Cancer. Annu. Rev. Med. 2009, 60, 167–179. [CrossRef]
[PubMed]

96. Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.;
Mak, R.H.; Ferrando, A.A.; et al. MicroRNA expression profiles classify human cancers. Nature 2005, 435,
834–838. [CrossRef] [PubMed]

97. Thomson, J.M.; Newman, M.; Parker, J.S.; Morin-Kensicki, E.M.; Wright, T.; Hammond, S.M. Extensive
post-transcriptional regulation of microRNAs and its implications for cancer. Genes Dev. 2006, 20, 2202–2207.
[CrossRef] [PubMed]

98. Kisseljov, F.L. MicroRNAs and cancer. Mol. Biol. 2014, 48, 197–206. [CrossRef]
99. Ikegaki, N.; Shimada, H.; Fox, A.M.; Regan, P.L.; Jacobs, J.R.; Hicks, S.L.; Rappaport, E.F.; Tang, X.X. Transient

treatment with epigenetic modifiers yields stable neuroblastoma stem cells resembling aggressive large-cell
neuroblastomas. Proc. Natl. Acad. Sci. USA 2013, 110, 6097–6102. [CrossRef] [PubMed]

100. Kamijo, T. Role of stemness-related molecules in neuroblastoma. Pediatr. Res. 2012, 71, 511–515. [CrossRef]
[PubMed]

101. Romania, P.; Bertaina, A.; Bracaglia, G.; Locatelli, F.; Fruci, D.; Rota, R. Epigenetic deregulation of microRNAs
in rhabdomyosarcoma and neuroblastoma and translational perspectives. Int. J. Mol. Sci. 2012, 13, 16554–16579.
[CrossRef] [PubMed]

102. Cao, X.; Pfaff, S.L.; Gage, F.H. A functional study of miR-124 in the developing neural tube. Genes Dev. 2007,
21, 531–536. [CrossRef] [PubMed]

103. Gao, F.-B. Context-dependent functions of specific microRNAs in neuronal development. Neural Dev. 2010,
5, 25. [CrossRef] [PubMed]

104. Makeyev, E.V.; Zhang, J.; Carrasco, M.A.; Maniatis, T. The MicroRNA miR-124 promotes neuronal
differentiation by triggering brain-specific alternative pre-mRNA splicing. Mol. Cell 2007, 27, 435–448.
[CrossRef] [PubMed]

105. Chang, T.-C.; Yu, D.; Lee, Y.-S.; Wentzel, E.A.; Arking, D.E.; West, K.M.; Dang, C.V.; Thomas-Tikhonenko, A.;
Mendell, J.T. Widespread microRNA repression by Myc contributes to tumorigenesis. Nat. Genet. 2008, 40,
43–50. [CrossRef] [PubMed]

106. He, L.; Thomson, J.M.; Hemann, M.T.; Hernando-Monge, E.; Mu, D.; Goodson, S.; Powers, S.; Cordon-Cardo, C.;
Lowe, S.W.; Hannon, G.J.; et al. A microRNA polycistron as a potential human oncogene. Nature 2005, 435,
828–833. [CrossRef] [PubMed]

107. Chang, T.-C.; Wentzel, E.A.; Kent, O.A.; Ramachandran, K.; Mullendore, M.; Lee, K.H.; Feldmann, G.;
Yamakuchi, M.; Ferlito, M.; Lowenstein, C.J.; et al. Transactivation of miR-34a by p53 broadly influences
gene expression and promotes apoptosis. Mol. Cell 2007, 26, 745–752. [CrossRef] [PubMed]

108. Tonini, G.P.; Romani, M. Genetic and epigenetic alterations in neuroblastoma. Cancer Lett. 2003, 197, 69–73.
[CrossRef]

109. Schulte, J.H.; Horn, S.; Schlierf, S.; Schramm, A.; Heukamp, L.C.; Christiansen, H.; Buettner, R.; Berwanger, B.;
Eggert, A. MicroRNAs in the pathogenesis of neuroblastoma. Cancer Lett. 2009, 274, 10–15. [CrossRef]
[PubMed]

110. Stallings, R.L. MicroRNA involvement in the pathogenesis of neuroblastoma: Potential for microRNA
mediated therapeutics. Curr. Pharm. Des. 2009, 15, 456–462. [CrossRef] [PubMed]

111. Wang, Z.; Lei, H.; Sun, Q. MicroRNA-141 and its associated gene FUS modulate proliferation, migration and
cisplatin chemosensitivity in neuroblastoma cell lines. Oncol. Rep. 2016, 35, 2943–2951. [CrossRef] [PubMed]

112. Su, J.-L.; Chen, P.-S.; Johansson, G.; Kuo, M.-L. Function and regulation of let-7 family microRNAs. MicroRNA
2012, 1, 34–39. [CrossRef] [PubMed]

113. Roush, S.; Slack, F.J. The let-7 family of microRNAs. Trends Cell Biol. 2008, 18, 505–516. [CrossRef] [PubMed]
114. Zhao, C.; Sun, G.; Li, S.; Lang, M.-F.; Yang, S.; Li, W.; Shi, Y. MicroRNA let-7b regulates neural stem cell

proliferation and differentiation by targeting nuclear receptor TLX signaling. Proc. Natl. Acad. Sci. USA 2010,
107, 1876–1881. [CrossRef] [PubMed]

115. Cimadamore, F.; Amador-Arjona, A.; Chen, C.; Huang, C.-T.; Terskikh, A.V. SOX2-LIN28/let-7 pathway regulates
proliferation and neurogenesis in neural precursors. Proc. Natl. Acad. Sci. USA 2013, 110, E3017–E3026. [CrossRef]
[PubMed]

116. Zhao, C.; Sun, G.; Ye, P.; Li, S.; Shi, Y. MicroRNA let-7d regulates the TLX/microRNA-9 cascade to control
neural cell fate and neurogenesis. Sci. Rep. 2013, 3, 1329. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev.med.59.053006.104707
http://www.ncbi.nlm.nih.gov/pubmed/19630570
http://dx.doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://dx.doi.org/10.1101/gad.1444406
http://www.ncbi.nlm.nih.gov/pubmed/16882971
http://dx.doi.org/10.1134/S0026893314020083
http://dx.doi.org/10.1073/pnas.1118262110
http://www.ncbi.nlm.nih.gov/pubmed/23479628
http://dx.doi.org/10.1038/pr.2011.54
http://www.ncbi.nlm.nih.gov/pubmed/22430387
http://dx.doi.org/10.3390/ijms131216554
http://www.ncbi.nlm.nih.gov/pubmed/23443118
http://dx.doi.org/10.1101/gad.1519207
http://www.ncbi.nlm.nih.gov/pubmed/17344415
http://dx.doi.org/10.1186/1749-8104-5-25
http://www.ncbi.nlm.nih.gov/pubmed/20920300
http://dx.doi.org/10.1016/j.molcel.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17679093
http://dx.doi.org/10.1038/ng.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/18066065
http://dx.doi.org/10.1038/nature03552
http://www.ncbi.nlm.nih.gov/pubmed/15944707
http://dx.doi.org/10.1016/j.molcel.2007.05.010
http://www.ncbi.nlm.nih.gov/pubmed/17540599
http://dx.doi.org/10.1016/S0304-3835(03)00081-8
http://dx.doi.org/10.1016/j.canlet.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18639376
http://dx.doi.org/10.2174/138161209787315837
http://www.ncbi.nlm.nih.gov/pubmed/19199973
http://dx.doi.org/10.3892/or.2016.4640
http://www.ncbi.nlm.nih.gov/pubmed/26936280
http://dx.doi.org/10.2174/2211536611201010034
http://www.ncbi.nlm.nih.gov/pubmed/25048088
http://dx.doi.org/10.1016/j.tcb.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18774294
http://dx.doi.org/10.1073/pnas.0908750107
http://www.ncbi.nlm.nih.gov/pubmed/20133835
http://dx.doi.org/10.1073/pnas.1220176110
http://www.ncbi.nlm.nih.gov/pubmed/23884650
http://dx.doi.org/10.1038/srep01329
http://www.ncbi.nlm.nih.gov/pubmed/23435502


Genes 2018, 9, 26 17 of 23

117. Kucherenko, M.M.; Barth, J.; Fiala, A.; Shcherbata, H.R. Steroid-induced microRNA let-7 acts as a spatio-temporal
code for neuronal cell fate in the developing Drosophila brain. EMBO J. 2012, 31, 4511–4523. [CrossRef] [PubMed]

118. Wu, Y.-C.; Chen, C.-H.; Mercer, A.; Sokol, N.S. Let-7-complex microRNAs regulate the temporal identity of
Drosophila mushroom body neurons via chinmo. Dev. Cell 2012, 23, 202–209. [CrossRef] [PubMed]

119. Loedige, I.; Filipowicz, W. TRIM-NHL proteins take on miRNA regulation. Cell 2009, 136, 818–820. [CrossRef]
[PubMed]

120. Schwamborn, J.C.; Berezikov, E.; Knoblich, J.A. The TRIM-NHL protein TRIM32 activates microRNAs and
prevents self-renewal in mouse neural progenitors. Cell 2009, 136, 913–925. [CrossRef] [PubMed]

121. Bokara, K.K.; Kwon, K.H.; Nho, Y.; Lee, W.T.; Park, K.A.; Lee, J.E. Retroviral expression of arginine decarboxylase
attenuates oxidative burden in mouse cortical neural stem cells. Stem Cells Dev. 2011, 20, 527–537. [CrossRef]
[PubMed]

122. Song, J.; Oh, Y.; Kim, J.Y.; Cho, K.J.; Lee, J.E. Suppression of MicroRNA let-7a Expression by Agmatine
Regulates Neural Stem Cell Differentiation. Yonsei Med. J. 2016, 57, 1461–1467. [CrossRef] [PubMed]

123. Song, H.W.; Kumar, B.K.; Kim, S.H.; Jeon, Y.H.; Lee, Y.A.; Lee, W.T.; Park, K.A.; Lee, J.E. Agmatine enhances
neurogenesis by increasing ERK1/2 expression, and suppresses astrogenesis by decreasing BMP 2,4 and
SMAD 1,5,8 expression in subventricular zone neural stem cells. Life Sci. 2011, 89, 439–449. [CrossRef]
[PubMed]

124. Urbach, A.; Yermalovich, A.; Zhang, J.; Spina, C.S.; Zhu, H.; Perez-Atayde, A.R.; Shukrun, R.; Charlton, J.;
Sebire, N.; Mifsud, W.; et al. Lin28 sustains early renal progenitors and induces Wilms tumor. Genes Dev.
2014, 28, 971–982. [CrossRef] [PubMed]

125. Viswanathan, S.R.; Powers, J.T.; Einhorn, W.; Hoshida, Y.; Ng, T.L.; Toffanin, S.; O’Sullivan, M.; Lu, J.;
Phillips, L.A.; Lockhart, V.L.; et al. Lin28 promotes transformation and is associated with advanced human
malignancies. Nat. Genet. 2009, 41, 843–848. [CrossRef] [PubMed]

126. Zhou, J.; Ng, S.-B.; Chng, W.-J. LIN28/LIN28B: An emerging oncogenic driver in cancer stem cells.
Int. J. Biochem. Cell Biol. 2013, 45, 973–978. [CrossRef] [PubMed]

127. Diskin, S.J.; Capasso, M.; Schnepp, R.W.; Cole, K.A.; Attiyeh, E.F.; Hou, C.; Diamond, M.; Carpenter, E.L.;
Winter, C.; Lee, H.; et al. Common variation at 6q16 within HACE1 and LIN28B influences susceptibility to
neuroblastoma. Nat. Genet. 2012, 44, 1126–1130. [CrossRef] [PubMed]

128. Hennchen, M.; Stubbusch, J.; Abarchan-El Makhfi, I.; Kramer, M.; Deller, T.; Pierre-Eugene, C.;
Janoueix-Lerosey, I.; Delattre, O.; Ernsberger, U.; Schulte, J.B.; et al. Lin28B and Let-7 in the Control of
Sympathetic Neurogenesis and Neuroblastoma Development. J. Neurosci. 2015, 35, 16531–16544. [CrossRef]
[PubMed]

129. Thornton, J.E.; Gregory, R.I. How does Lin28 let-7 control development and disease? Trends Cell Biol. 2012,
22, 474–482. [CrossRef] [PubMed]

130. Balzer, E.; Heine, C.; Jiang, Q.; Lee, V.M.; Moss, E.G. LIN28 alters cell fate succession and acts independently of
the let-7 microRNA during neurogliogenesis in vitro. Development 2010, 137, 891–900. [CrossRef] [PubMed]

131. La Torre, A.; Georgi, S.; Reh, T.A. Conserved microRNA pathway regulates developmental timing of retinal
neurogenesis. Proc. Natl. Acad. Sci. USA 2013, 110, E2362–E2370. [CrossRef] [PubMed]

132. Clark, A.M.; Goldstein, L.D.; Tevlin, M.; Tavaré, S.; Shaham, S.; Miska, E.A. The microRNA miR-124 controls
gene expression in the sensory nervous system of Caenorhabditis elegans. Nucleic Acids Res. 2010, 38, 3780–3793.
[CrossRef] [PubMed]

133. Liu, N.-K.; Xu, X.-M. MicroRNA in central nervous system trauma and degenerative disorders. Physiol. Genom.
2011, 43, 571–580. [CrossRef] [PubMed]

134. Nelson, P.T.; Baldwin, D.A.; Kloosterman, W.P.; Kauppinen, S.; Plasterk, R.H.A.; Mourelatos, Z. RAKE and
LNA-ISH reveal microRNA expression and localization in archival human brain. RNA 2006, 12, 187–191.
[CrossRef] [PubMed]

135. Smirnova, L.; Gräfe, A.; Seiler, A.; Schumacher, S.; Nitsch, R.; Wulczyn, F.G. Regulation of miRNA expression
during neural cell specification. Eur. J. Neurosci. 2005, 21, 1469–1477. [CrossRef] [PubMed]

136. Yu, J.-Y.; Chung, K.-H.; Deo, M.; Thompson, R.C.; Turner, D.L. MicroRNA miR-124 regulates neurite
outgrowth during neuronal differentiation. Exp. Cell Res. 2008, 314, 2618–2633. [CrossRef] [PubMed]

137. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.;
Johnson, J.M. Microarray analysis shows that some microRNAs downregulate large numbers of target
mRNAs. Nature 2005, 433, 769–773. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/emboj.2012.298
http://www.ncbi.nlm.nih.gov/pubmed/23160410
http://dx.doi.org/10.1016/j.devcel.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22814608
http://dx.doi.org/10.1016/j.cell.2009.02.030
http://www.ncbi.nlm.nih.gov/pubmed/19269362
http://dx.doi.org/10.1016/j.cell.2008.12.024
http://www.ncbi.nlm.nih.gov/pubmed/19269368
http://dx.doi.org/10.1089/scd.2010.0312
http://www.ncbi.nlm.nih.gov/pubmed/20735257
http://dx.doi.org/10.3349/ymj.2016.57.6.1461
http://www.ncbi.nlm.nih.gov/pubmed/27593875
http://dx.doi.org/10.1016/j.lfs.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21843531
http://dx.doi.org/10.1101/gad.237149.113
http://www.ncbi.nlm.nih.gov/pubmed/24732380
http://dx.doi.org/10.1038/ng.392
http://www.ncbi.nlm.nih.gov/pubmed/19483683
http://dx.doi.org/10.1016/j.biocel.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23420006
http://dx.doi.org/10.1038/ng.2387
http://www.ncbi.nlm.nih.gov/pubmed/22941191
http://dx.doi.org/10.1523/JNEUROSCI.2560-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26674877
http://dx.doi.org/10.1016/j.tcb.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22784697
http://dx.doi.org/10.1242/dev.042895
http://www.ncbi.nlm.nih.gov/pubmed/20179095
http://dx.doi.org/10.1073/pnas.1301837110
http://www.ncbi.nlm.nih.gov/pubmed/23754433
http://dx.doi.org/10.1093/nar/gkq083
http://www.ncbi.nlm.nih.gov/pubmed/20176573
http://dx.doi.org/10.1152/physiolgenomics.00168.2010
http://www.ncbi.nlm.nih.gov/pubmed/21385946
http://dx.doi.org/10.1261/rna.2258506
http://www.ncbi.nlm.nih.gov/pubmed/16373485
http://dx.doi.org/10.1111/j.1460-9568.2005.03978.x
http://www.ncbi.nlm.nih.gov/pubmed/15845075
http://dx.doi.org/10.1016/j.yexcr.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18619591
http://dx.doi.org/10.1038/nature03315
http://www.ncbi.nlm.nih.gov/pubmed/15685193


Genes 2018, 9, 26 18 of 23

138. Mondanizadeh, M.; Arefian, E.; Mosayebi, G.; Saidijam, M.; Khansarinejad, B.; Hashemi, S.M. MicroRNA-124
regulates neuronal differentiation of mesenchymal stem cells by targeting Sp1 mRNA. J. Cell. Biochem. 2015,
116, 943–953. [CrossRef] [PubMed]

139. Black, A.R.; Jensen, D.; Lin, S.Y.; Azizkhan, J.C. Growth/cell cycle regulation of Sp1 phosphorylation.
J. Biol. Chem. 1999, 274, 1207–1215. [CrossRef] [PubMed]

140. Qiu, T.; Zhou, X.; Wang, J.; Du, Y.; Xu, J.; Huang, Z.; Zhu, W.; Shu, Y.; Liu, P. MiR-145, miR-133a and miR-133b
inhibit proliferation, migration, invasion and cell cycle progression via targeting transcription factor Sp1 in
gastric cancer. FEBS Lett. 2014, 588, 1168–1177. [CrossRef] [PubMed]

141. Abdelrahim, M.; Samudio, I.; Smith, R.; Burghardt, R.; Safe, S. Small inhibitory RNA duplexes for Sp1 mRNA
block basal and estrogen-induced gene expression and cell cycle progression in MCF-7 breast cancer cells.
J. Biol. Chem. 2002, 277, 28815–28822. [CrossRef] [PubMed]

142. Mao, X.; Yang, S.-H.; Simpkins, J.W.; Barger, S.W. Glutamate receptor activation evokes calpain-mediated
degradation of Sp3 and Sp4, the prominent Sp-family transcription factors in neurons. J. Neurochem. 2007,
100, 1300–1314. [CrossRef] [PubMed]

143. Mao, X.R.; Moerman-Herzog, A.M.; Chen, Y.; Barger, S.W. Unique aspects of transcriptional regulation in
neurons–nuances in NFkappaB and Sp1-related factors. J. Neuroinflamm. 2009, 6, 16. [CrossRef] [PubMed]

144. Buechner, J.; Tømte, E.; Haug, B.H.; Henriksen, J.R.; Løkke, C.; Flægstad, T.; Einvik, C. Tumour-suppressor
microRNAs let-7 and mir-101 target the proto-oncogene MYCN and inhibit cell proliferation in
MYCN-amplified neuroblastoma. Br. J. Cancer 2011, 105, 296–303. [CrossRef] [PubMed]

145. Buechner, J.; Einvik, C. N-myc and noncoding RNAs in neuroblastoma. Mol. Cancer Res. MCR 2012, 10,
1243–1253. [CrossRef] [PubMed]

146. Eggert, A.; Schulte, J.H. A small kiss of death for cancer. Nat. Med. 2010, 16, 1079–1081. [CrossRef] [PubMed]
147. Stallings, R.L.; Foley, N.H.; Bray, I.M.; Das, S.; Buckley, P.G. MicroRNA and DNA methylation alterations

mediating retinoic acid induced neuroblastoma cell differentiation. Semin. Cancer Biol. 2011, 21, 283–290.
[CrossRef] [PubMed]

148. Stallings, R.L.; Foley, N.H.; Bryan, K.; Buckley, P.G.; Bray, I. Therapeutic targeting of miRNAs in
neuroblastoma. Expert Opin. Ther. Targets 2010, 14, 951–962. [CrossRef] [PubMed]

149. Bray, I.; Bryan, K.; Prenter, S.; Buckley, P.G.; Foley, N.H.; Murphy, D.M.; Alcock, L.; Mestdagh, P.;
Vandesompele, J.; Speleman, F.; et al. Widespread dysregulation of MiRNAs by MYCN amplification
and chromosomal imbalances in neuroblastoma: Association of miRNA expression with survival. PLoS ONE
2009, 4, e7850. [CrossRef] [PubMed]

150. Huang, M.; Weiss, W.A. Neuroblastoma and MYCN. Cold Spring Harb. Perspect. Med. 2013, 3, a014415.
[CrossRef] [PubMed]

151. Brodeur, G.M.; Seeger, R.C.; Schwab, M.; Varmus, H.E.; Bishop, J.M. Amplification of N-myc in untreated
human neuroblastomas correlates with advanced disease stage. Science 1984, 224, 1121–1124. [CrossRef]
[PubMed]

152. Murphy, D.M.; Buckley, P.G.; Bryan, K.; Watters, K.M.; Koster, J.; van Sluis, P.; Molenaar, J.; Versteeg, R.;
Stallings, R.L. Dissection of the oncogenic MYCN transcriptional network reveals a large set of clinically
relevant cell cycle genes as drivers of neuroblastoma tumorigenesis. Mol. Carcinog. 2011, 50, 403–411.
[CrossRef] [PubMed]

153. Murphy, D.M.; Buckley, P.G.; Das, S.; Watters, K.M.; Bryan, K.; Stallings, R.L. Co-localization of the oncogenic
transcription factor MYCN and the DNA methyl binding protein MeCP2 at genomic sites in neuroblastoma.
PLoS ONE 2011, 6, e21436. [CrossRef] [PubMed]

154. Murphy, D.M.; Buckley, P.G.; Bryan, K.; Das, S.; Alcock, L.; Foley, N.H.; Prenter, S.; Bray, I.; Watters, K.M.;
Higgins, D.; et al. Global MYCN transcription factor binding analysis in neuroblastoma reveals association
with distinct E-box motifs and regions of DNA hypermethylation. PLoS ONE 2009, 4, e8154. [CrossRef]
[PubMed]

155. Westermann, F.; Muth, D.; Benner, A.; Bauer, T.; Henrich, K.-O.; Oberthuer, A.; Brors, B.; Beissbarth, T.;
Vandesompele, J.; Pattyn, F.; et al. Distinct transcriptional MYCN/c-MYC activities are associated with
spontaneous regression or malignant progression in neuroblastomas. Genome Biol. 2008, 9, R150. [CrossRef]
[PubMed]

156. Alaminos, M.; Mora, J.; Cheung, N.-K.V.; Smith, A.; Qin, J.; Chen, L.; Gerald, W.L. Genome-wide analysis of
gene expression associated with MYCN in human neuroblastoma. Cancer Res. 2003, 63, 4538–4546. [PubMed]

http://dx.doi.org/10.1002/jcb.25045
http://www.ncbi.nlm.nih.gov/pubmed/25559917
http://dx.doi.org/10.1074/jbc.274.3.1207
http://www.ncbi.nlm.nih.gov/pubmed/9880488
http://dx.doi.org/10.1016/j.febslet.2014.02.054
http://www.ncbi.nlm.nih.gov/pubmed/24613927
http://dx.doi.org/10.1074/jbc.M203828200
http://www.ncbi.nlm.nih.gov/pubmed/12052832
http://dx.doi.org/10.1111/j.1471-4159.2006.04297.x
http://www.ncbi.nlm.nih.gov/pubmed/17316402
http://dx.doi.org/10.1186/1742-2094-6-16
http://www.ncbi.nlm.nih.gov/pubmed/19450264
http://dx.doi.org/10.1038/bjc.2011.220
http://www.ncbi.nlm.nih.gov/pubmed/21654684
http://dx.doi.org/10.1158/1541-7786.MCR-12-0244
http://www.ncbi.nlm.nih.gov/pubmed/22936790
http://dx.doi.org/10.1038/nm1010-1079
http://www.ncbi.nlm.nih.gov/pubmed/20930746
http://dx.doi.org/10.1016/j.semcancer.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21771658
http://dx.doi.org/10.1517/14728222.2010.510136
http://www.ncbi.nlm.nih.gov/pubmed/20658962
http://dx.doi.org/10.1371/journal.pone.0007850
http://www.ncbi.nlm.nih.gov/pubmed/19924232
http://dx.doi.org/10.1101/cshperspect.a014415
http://www.ncbi.nlm.nih.gov/pubmed/24086065
http://dx.doi.org/10.1126/science.6719137
http://www.ncbi.nlm.nih.gov/pubmed/6719137
http://dx.doi.org/10.1002/mc.20722
http://www.ncbi.nlm.nih.gov/pubmed/21557326
http://dx.doi.org/10.1371/journal.pone.0021436
http://www.ncbi.nlm.nih.gov/pubmed/21731748
http://dx.doi.org/10.1371/journal.pone.0008154
http://www.ncbi.nlm.nih.gov/pubmed/19997598
http://dx.doi.org/10.1186/gb-2008-9-10-r150
http://www.ncbi.nlm.nih.gov/pubmed/18851746
http://www.ncbi.nlm.nih.gov/pubmed/12907629


Genes 2018, 9, 26 19 of 23

157. De Preter, K.; Vandesompele, J.; Heimann, P.; Yigit, N.; Beckman, S.; Schramm, A.; Eggert, A.; Stallings, R.L.;
Benoit, Y.; Renard, M.; et al. Human fetal neuroblast and neuroblastoma transcriptome analysis confirms
neuroblast origin and highlights neuroblastoma candidate genes. Genome Biol. 2006, 7, R84. [CrossRef]
[PubMed]

158. Seeger, R.C.; Brodeur, G.M.; Sather, H.; Dalton, A.; Siegel, S.E.; Wong, K.Y.; Hammond, D. Association of
multiple copies of the N-myc oncogene with rapid progression of neuroblastomas. N. Engl. J. Med. 1985, 313,
1111–1116. [CrossRef] [PubMed]

159. Brodeur, G.M.; Fong, C.T. Molecular biology and genetics of human neuroblastoma. Cancer Genet. Cytogenet.
1989, 41, 153–174. [CrossRef]

160. Corvi, R.; Amler, L.C.; Savelyeva, L.; Gehring, M.; Schwab, M. MYCN is retained in single copy at
chromosome 2 band p23-24 during amplification in human neuroblastoma cells. Proc. Natl. Acad. Sci. USA
1994, 91, 5523–5527. [CrossRef] [PubMed]

161. Tsuda, T.; Obara, M.; Hirano, H.; Gotoh, S.; Kubomura, S.; Higashi, K.; Kuroiwa, A.; Nakagawara, A.;
Nagahara, N.; Shimizu, K. Analysis of N-myc amplification in relation to disease stage and histologic types
in human neuroblastomas. Cancer 1987, 60, 820–826. [CrossRef]

162. Brinkschmidt, C.; Christiansen, H.; Terpe, H.J.; Simon, R.; Lampert, F.; Boecker, W.; Dockhorn-Dworniczak, B.
Distal chromosome 17 gains in neuroblastomas detected by comparative genomic hybridization (CGH) are
associated with a poor clinical outcome. Med. Pediatr. Oncol. 2001, 36, 11–13. [CrossRef]

163. Ma, L.; Young, J.; Prabhala, H.; Pan, E.; Mestdagh, P.; Muth, D.; Teruya-Feldstein, J.; Reinhardt, F.; Onder, T.T.;
Valastyan, S.; et al. miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis.
Nat. Cell Biol. 2010, 12, 247–256. [CrossRef] [PubMed]

164. Mestdagh, P.; Fredlund, E.; Pattyn, F.; Schulte, J.H.; Muth, D.; Vermeulen, J.; Kumps, C.; Schlierf, S.;
de Preter, K.; van Roy, N.; et al. MYCN/c-MYC-induced microRNAs repress coding gene networks associated
with poor outcome in MYCN/c-MYC-activated tumors. Oncogene 2010, 29, 1394–1404. [CrossRef] [PubMed]

165. O’Donnell, K.A.; Wentzel, E.A.; Zeller, K.I.; Dang, C.V.; Mendell, J.T. c-Myc-regulated microRNAs modulate
E2F1 expression. Nature 2005, 435, 839–843. [CrossRef] [PubMed]

166. Welch, C.; Chen, Y.; Stallings, R.L. MicroRNA-34a functions as a potential tumor suppressor by inducing
apoptosis in neuroblastoma cells. Oncogene 2007, 26, 5017–5022. [CrossRef] [PubMed]

167. Lovén, J.; Zinin, N.; Wahlström, T.; Müller, I.; Brodin, P.; Fredlund, E.; Ribacke, U.; Pivarcsi, A.; Påhlman, S.;
Henriksson, M. MYCN-regulated microRNAs repress estrogen receptor-alpha (ESR1) expression and
neuronal differentiation in human neuroblastoma. Proc. Natl. Acad. Sci. USA 2010, 107, 1553–1558.
[CrossRef] [PubMed]

168. Mestdagh, P.; Boström, A.-K.; Impens, F.; Fredlund, E.; Van Peer, G.; De Antonellis, P.; von Stedingk, K.;
Ghesquière, B.; Schulte, S.; Dews, M.; et al. The miR-17-92 microRNA cluster regulates multiple components
of the TGF-β pathway in neuroblastoma. Mol. Cell 2010, 40, 762–773. [CrossRef] [PubMed]

169. Nara, K.; Kusafuka, T.; Yoneda, A.; Oue, T.; Sangkhathat, S.; Fukuzawa, M. Silencing of MYCN by RNA
interference induces growth inhibition, apoptotic activity and cell differentiation in a neuroblastoma cell line
with MYCN amplification. Int. J. Oncol. 2007, 30, 1189–1196. [CrossRef] [PubMed]

170. Fontana, L.; Fiori, M.E.; Albini, S.; Cifaldi, L.; Giovinazzi, S.; Forloni, M.; Boldrini, R.; Donfrancesco, A.;
Federici, V.; Giacomini, P.; et al. Antagomir-17-5p abolishes the growth of therapy-resistant neuroblastoma
through p21 and BIM. PLoS ONE 2008, 3, e2236. [CrossRef] [PubMed]

171. Kogner, P.; Barbany, G.; Dominici, C.; Castello, M.A.; Raschellá, G.; Persson, H. Coexpression of messenger
RNA for TRK protooncogene and low affinity nerve growth factor receptor in neuroblastoma with favorable
prognosis. Cancer Res. 1993, 53, 2044–2050. [PubMed]

172. Brodeur, G.M.; Minturn, J.E.; Ho, R.; Simpson, A.M.; Iyer, R.; Varela, C.R.; Light, J.E.; Kolla, V.; Evans, A.E.
Trk receptor expression and inhibition in neuroblastomas. Clin. Cancer Res. 2009, 15, 3244–3250. [CrossRef]
[PubMed]

173. Liao, W.; Zhang, H.; Feng, C.; Wang, T.; Zhang, Y.; Tang, S. Downregulation of TrkA protein expression by
miRNA-92a promotes the proliferation and migration of human neuroblastoma cells. Mol. Med. Rep. 2014,
10, 778–784. [CrossRef] [PubMed]

174. Ryan, J.; Tivnan, A.; Fay, J.; Bryan, K.; Meehan, M.; Creevey, L.; Lynch, J.; Bray, I.M.; O’Meara, A.; Tracey, L.;
et al. MicroRNA-204 increases sensitivity of neuroblastoma cells to cisplatin and is associated with
a favourable clinical outcome. Br. J. Cancer 2012, 107, 967–976. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/gb-2006-7-9-r84
http://www.ncbi.nlm.nih.gov/pubmed/16989664
http://dx.doi.org/10.1056/NEJM198510313131802
http://www.ncbi.nlm.nih.gov/pubmed/4047115
http://dx.doi.org/10.1016/0165-4608(89)90243-4
http://dx.doi.org/10.1073/pnas.91.12.5523
http://www.ncbi.nlm.nih.gov/pubmed/8202521
http://dx.doi.org/10.1002/1097-0142(19870815)60:4&lt;820::AID-CNCR2820600418&gt;3.0.CO;2-Y
http://dx.doi.org/10.1002/1096-911X(20010101)36:1&lt;11::AID-MPO1004&gt;3.0.CO;2-M
http://dx.doi.org/10.1038/ncb2024
http://www.ncbi.nlm.nih.gov/pubmed/20173740
http://dx.doi.org/10.1038/onc.2009.429
http://www.ncbi.nlm.nih.gov/pubmed/19946337
http://dx.doi.org/10.1038/nature03677
http://www.ncbi.nlm.nih.gov/pubmed/15944709
http://dx.doi.org/10.1038/sj.onc.1210293
http://www.ncbi.nlm.nih.gov/pubmed/17297439
http://dx.doi.org/10.1073/pnas.0913517107
http://www.ncbi.nlm.nih.gov/pubmed/20080637
http://dx.doi.org/10.1016/j.molcel.2010.11.038
http://www.ncbi.nlm.nih.gov/pubmed/21145484
http://dx.doi.org/10.3892/ijo.30.5.1189
http://www.ncbi.nlm.nih.gov/pubmed/17390021
http://dx.doi.org/10.1371/journal.pone.0002236
http://www.ncbi.nlm.nih.gov/pubmed/18493594
http://www.ncbi.nlm.nih.gov/pubmed/8481906
http://dx.doi.org/10.1158/1078-0432.CCR-08-1815
http://www.ncbi.nlm.nih.gov/pubmed/19417027
http://dx.doi.org/10.3892/mmr.2014.2235
http://www.ncbi.nlm.nih.gov/pubmed/24839961
http://dx.doi.org/10.1038/bjc.2012.356
http://www.ncbi.nlm.nih.gov/pubmed/22892391


Genes 2018, 9, 26 20 of 23

175. Lüningschrör, P.; Hauser, S.; Kaltschmidt, B.; Kaltschmidt, C. MicroRNAs in pluripotency, reprogramming
and cell fate induction. Biochim. Biophys. Acta 2013, 1833, 1894–1903. [CrossRef] [PubMed]

176. Yao, S. MicroRNA biogenesis and their functions in regulating stem cell potency and differentiation.
Biol. Proced. Online 2016, 18, 8. [CrossRef] [PubMed]

177. Bonev, B.; Pisco, A.; Papalopulu, N. MicroRNA-9 reveals regional diversity of neural progenitors along the
anterior-posterior axis. Dev. Cell 2011, 20, 19–32. [CrossRef] [PubMed]

178. Cheng, L.-C.; Pastrana, E.; Tavazoie, M.; Doetsch, F. miR-124 regulates adult neurogenesis in the
subventricular zone stem cell niche. Nat. Neurosci. 2009, 12, 399–408. [CrossRef] [PubMed]

179. Dugas, J.C.; Cuellar, T.L.; Scholze, A.; Ason, B.; Ibrahim, A.; Emery, B.; Zamanian, J.L.; Foo, L.C.;
McManus, M.T.; Barres, B.A. Dicer1 and miR-219 Are required for normal oligodendrocyte differentiation
and myelination. Neuron 2010, 65, 597–611. [CrossRef] [PubMed]

180. Zhao, X.; He, X.; Han, X.; Yu, Y.; Ye, F.; Chen, Y.; Hoang, T.; Xu, X.; Mi, Q.-S.; Xin, M.; et al. MicroRNA-mediated
control of oligodendrocyte differentiation. Neuron 2010, 65, 612–626. [CrossRef] [PubMed]

181. Lonergan, G.J.; Schwab, C.M.; Suarez, E.S.; Carlson, C.L. Neuroblastoma, ganglioneuroblastoma,
and ganglioneuroma: Radiologic-pathologic correlation. Radiographics 2002, 22, 911–934. [CrossRef] [PubMed]

182. Anderson, D.J.; Carnahan, J.F.; Michelsohn, A.; Patterson, P.H. Antibody markers identify a common
progenitor to sympathetic neurons and chromaffin cells in vivo and reveal the timing of commitment to
neuronal differentiation in the sympathoadrenal lineage. J. Neurosci. 1991, 11, 3507–3519. [PubMed]

183. Delaloy, C.; Liu, L.; Lee, J.-A.; Su, H.; Shen, F.; Yang, G.-Y.; Young, W.L.; Ivey, K.N.; Gao, F.-B. MicroRNA-9
coordinates proliferation and migration of human embryonic stem cell-derived neural progenitors.
Cell Stem Cell 2010, 6, 323–335. [CrossRef] [PubMed]

184. Packer, A.N.; Xing, Y.; Harper, S.Q.; Jones, L.; Davidson, B.L. The bifunctional microRNA miR-9/miR-9*
regulates REST and CoREST and is downregulated in Huntington’s disease. J. Neurosci. 2008, 28, 14341–14346.
[CrossRef] [PubMed]

185. Duan, P.; Sun, S.; Li, B.; Huang, C.; Xu, Y.; Han, X.; Xing, Y.; Yan, W. miR-29a modulates neuronal
differentiation through targeting REST in mesenchymal stem cells. PLoS ONE 2014, 9, e97684. [CrossRef]
[PubMed]

186. Visvanathan, J.; Lee, S.; Lee, B.; Lee, J.W.; Lee, S.-K. The microRNA miR-124 antagonizes the anti-neural
REST/SCP1 pathway during embryonic CNS development. Genes Dev. 2007, 21, 744–749. [CrossRef]
[PubMed]

187. Le, M.T.N.; Xie, H.; Zhou, B.; Chia, P.H.; Rizk, P.; Um, M.; Udolph, G.; Yang, H.; Lim, B.; Lodish, H.F.
MicroRNA-125b promotes neuronal differentiation in human cells by repressing multiple targets.
Mol. Cell. Biol. 2009, 29, 5290–5305. [CrossRef] [PubMed]

188. Peng, C.; Li, N.; Ng, Y.-K.; Zhang, J.; Meier, F.; Theis, F.J.; Merkenschlager, M.; Chen, W.; Wurst, W.; Prakash, N.
A unilateral negative feedback loop between miR-200 microRNAs and Sox2/E2F3 controls neural progenitor
cell-cycle exit and differentiation. J. Neurosci. 2012, 32, 13292–13308. [CrossRef] [PubMed]

189. Ristori, E.; Lopez-Ramirez, M.A.; Narayanan, A.; Hill-Teran, G.; Moro, A.; Calvo, C.-F.; Thomas, J.-L.;
Nicoli, S. A Dicer-miR-107 Interaction Regulates Biogenesis of Specific miRNAs Crucial for Neurogenesis.
Dev. Cell 2015, 32, 546–560. [CrossRef] [PubMed]

190. Brett, J.O.; Renault, V.M.; Rafalski, V.A.; Webb, A.E.; Brunet, A. The microRNA cluster miR-106b~25
regulates adult neural stem/progenitor cell proliferation and neuronal differentiation. Aging 2011, 3, 108–124.
[CrossRef] [PubMed]

191. Koh, W.; Sheng, C.T.; Tan, B.; Lee, Q.Y.; Kuznetsov, V.; Kiang, L.S.; Tanavde, V. Analysis of deep sequencing
microRNA expression profile from human embryonic stem cells derived mesenchymal stem cells reveals
possible role of let-7 microRNA family in downstream targeting of hepatic nuclear factor 4 alpha. BMC Genom.
2010, 11, S6. [CrossRef] [PubMed]

192. Mollinari, C.; Racaniello, M.; Berry, A.; Pieri, M.; de Stefano, M.C.; Cardinale, A.; Zona, C.; Cirulli, F.;
Garaci, E.; Merlo, D. miR-34a regulates cell proliferation, morphology and function of newborn neurons
resulting in improved behavioural outcomes. Cell Death Dis. 2015, 6, e1622. [CrossRef] [PubMed]

193. Foley, N.H.; Bray, I.M.; Tivnan, A.; Bryan, K.; Murphy, D.M.; Buckley, P.G.; Ryan, J.; O’Meara, A.;
O’Sullivan, M.; Stallings, R.L. MicroRNA-184 inhibits neuroblastoma cell survival through targeting the
serine/threonine kinase AKT2. Mol. Cancer 2010, 9, 83. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbamcr.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23557785
http://dx.doi.org/10.1186/s12575-016-0037-y
http://www.ncbi.nlm.nih.gov/pubmed/26966421
http://dx.doi.org/10.1016/j.devcel.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21238922
http://dx.doi.org/10.1038/nn.2294
http://www.ncbi.nlm.nih.gov/pubmed/19287386
http://dx.doi.org/10.1016/j.neuron.2010.01.027
http://www.ncbi.nlm.nih.gov/pubmed/20223197
http://dx.doi.org/10.1016/j.neuron.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20223198
http://dx.doi.org/10.1148/radiographics.22.4.g02jl15911
http://www.ncbi.nlm.nih.gov/pubmed/12110723
http://www.ncbi.nlm.nih.gov/pubmed/1941094
http://dx.doi.org/10.1016/j.stem.2010.02.015
http://www.ncbi.nlm.nih.gov/pubmed/20362537
http://dx.doi.org/10.1523/JNEUROSCI.2390-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19118166
http://dx.doi.org/10.1371/journal.pone.0097684
http://www.ncbi.nlm.nih.gov/pubmed/24841827
http://dx.doi.org/10.1101/gad.1519107
http://www.ncbi.nlm.nih.gov/pubmed/17403776
http://dx.doi.org/10.1128/MCB.01694-08
http://www.ncbi.nlm.nih.gov/pubmed/19635812
http://dx.doi.org/10.1523/JNEUROSCI.2124-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22993445
http://dx.doi.org/10.1016/j.devcel.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/25662174
http://dx.doi.org/10.18632/aging.100285
http://www.ncbi.nlm.nih.gov/pubmed/21386132
http://dx.doi.org/10.1186/1471-2164-11-S1-S6
http://www.ncbi.nlm.nih.gov/pubmed/20158877
http://dx.doi.org/10.1038/cddis.2014.589
http://www.ncbi.nlm.nih.gov/pubmed/25633291
http://dx.doi.org/10.1186/1476-4598-9-83
http://www.ncbi.nlm.nih.gov/pubmed/20409325


Genes 2018, 9, 26 21 of 23

194. Zhou, C.; Gu, H.; Fan, R.; Wang, B.; Lou, J. MicroRNA 302/367 Cluster Effectively Facilitates Direct
Reprogramming from Human Fibroblasts into Functional Neurons. Stem Cells Dev. 2015, 24, 2746–2755.
[CrossRef] [PubMed]

195. Stappert, L.; Roese-Koerner, B.; Brüstle, O. The role of microRNAs in human neural stem cells, neuronal
differentiation and subtype specification. Cell Tissue Res. 2015, 359, 47–64. [CrossRef] [PubMed]

196. Huttner, W.B.; Kosodo, Y. Symmetric versus asymmetric cell division during neurogenesis in the developing
vertebrate central nervous system. Curr. Opin. Cell Biol. 2005, 17, 648–657. [CrossRef] [PubMed]

197. Bultje, R.S.; Castaneda-Castellanos, D.R.; Jan, L.Y.; Jan, Y.-N.; Kriegstein, A.R.; Shi, S.-H. Mammalian Par3
regulates progenitor cell asymmetric division via notch signaling in the developing neocortex. Neuron 2009,
63, 189–202. [CrossRef] [PubMed]

198. Hudish, L.I.; Appel, B. microRNA regulation of neural precursor self-renewal and differentiation.
Neurogenesis 2014, 1, e976018. [CrossRef] [PubMed]

199. Hari, L.; Brault, V.; Kléber, M.; Lee, H.-Y.; Ille, F.; Leimeroth, R.; Paratore, C.; Suter, U.; Kemler, R.; Sommer, L.
Lineage-specific requirements of beta-catenin in neural crest development. J. Cell Biol. 2002, 159, 867–880.
[CrossRef] [PubMed]

200. McMahon, A.P.; Bradley, A. The Wnt-1 (int-1) proto-oncogene is required for development of a large region
of the mouse brain. Cell 1990, 62, 1073–1085. [CrossRef]

201. Zechner, D.; Fujita, Y.; Hülsken, J.; Müller, T.; Walther, I.; Taketo, M.M.; Crenshaw, E.B.; Birchmeier, W.;
Birchmeier, C. beta-Catenin signals regulate cell growth and the balance between progenitor cell expansion
and differentiation in the nervous system. Dev. Biol. 2003, 258, 406–418. [CrossRef]

202. Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in
development. Science 1999, 284, 770–776. [CrossRef] [PubMed]

203. Louvi, A.; Artavanis-Tsakonas, S. Notch signalling in vertebrate neural development. Nat. Rev. Neurosci.
2006, 7, 93–102. [CrossRef] [PubMed]

204. Yoon, K.; Gaiano, N. Notch signaling in the mammalian central nervous system: Insights from mouse
mutants. Nat. Neurosci. 2005, 8, 709–715. [CrossRef] [PubMed]

205. Ericson, J.; Muhr, J.; Placzek, M.; Lints, T.; Jessell, T.M.; Edlund, T. Sonic hedgehog induces the differentiation
of ventral forebrain neurons: A common signal for ventral patterning within the neural tube. Cell 1995, 81,
747–756. [CrossRef]

206. Hynes, M.; Porter, J.A.; Chiang, C.; Chang, D.; Tessier-Lavigne, M.; Beachy, P.A.; Rosenthal, A. Induction of
midbrain dopaminergic neurons by Sonic hedgehog. Neuron 1995, 15, 35–44. [CrossRef]

207. Wechsler-Reya, R.J.; Scott, M.P. Control of neuronal precursor proliferation in the cerebellum by Sonic
Hedgehog. Neuron 1999, 22, 103–114. [CrossRef]

208. Lie, D.-C.; Colamarino, S.A.; Song, H.-J.; Désiré, L.; Mira, H.; Consiglio, A.; Lein, E.S.; Jessberger, S.;
Lansford, H.; Dearie, A.R.; et al. Wnt signalling regulates adult hippocampal neurogenesis. Nature 2005, 437,
1370–1375. [CrossRef] [PubMed]

209. Hitoshi, S.; Alexson, T.; Tropepe, V.; Donoviel, D.; Elia, A.J.; Nye, J.S.; Conlon, R.A.; Mak, T.W.; Bernstein, A.;
van der Kooy, D. Notch pathway molecules are essential for the maintenance, but not the generation,
of mammalian neural stem cells. Genes Dev. 2002, 16, 846–858. [CrossRef] [PubMed]

210. Faigle, R.; Song, H. Signaling mechanisms regulating adult neural stem cells and neurogenesis.
Biochim. Biophys. Acta 2013, 1830, 2435–2448. [CrossRef] [PubMed]

211. Rai, K.S.; Hattiangady, B.; Shetty, A.K. Enhanced production and dendritic growth of new dentate granule
cells in the middle-aged hippocampus following intracerebroventricular FGF-2 infusions. Eur. J. Neurosci.
2007, 26, 1765–1779. [CrossRef] [PubMed]

212. Brooker, G.J.; Kalloniatis, M.; Russo, V.C.; Murphy, M.; Werther, G.A.; Bartlett, P.F. Endogenous IGF-1
regulates the neuronal differentiation of adult stem cells. J. Neurosci. Res. 2000, 59, 332–341. [CrossRef]

213. Jin, K.; Zhu, Y.; Sun, Y.; Mao, X.O.; Xie, L.; Greenberg, D.A. Vascular endothelial growth factor (VEGF)
stimulates neurogenesis in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2002, 99, 11946–11950. [CrossRef]
[PubMed]

214. Kingsley, D.M. The TGF-beta superfamily: New members, new receptors, and new genetic tests of function
in different organisms. Genes Dev. 1994, 8, 133–146. [CrossRef] [PubMed]

215. Harvey, B.K.; Hoffer, B.J.; Wang, Y. Stroke and TGF-beta proteins: Glial cell line-derived neurotrophic factor
and bone morphogenetic protein. Pharmacol. Ther. 2005, 105, 113–125. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/scd.2015.0123
http://www.ncbi.nlm.nih.gov/pubmed/26414965
http://dx.doi.org/10.1007/s00441-014-1981-y
http://www.ncbi.nlm.nih.gov/pubmed/25172833
http://dx.doi.org/10.1016/j.ceb.2005.10.005
http://www.ncbi.nlm.nih.gov/pubmed/16243506
http://dx.doi.org/10.1016/j.neuron.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19640478
http://dx.doi.org/10.4161/23262133.2014.976018
http://www.ncbi.nlm.nih.gov/pubmed/27502270
http://dx.doi.org/10.1083/jcb.200209039
http://www.ncbi.nlm.nih.gov/pubmed/12473692
http://dx.doi.org/10.1016/0092-8674(90)90385-R
http://dx.doi.org/10.1016/S0012-1606(03)00123-4
http://dx.doi.org/10.1126/science.284.5415.770
http://www.ncbi.nlm.nih.gov/pubmed/10221902
http://dx.doi.org/10.1038/nrn1847
http://www.ncbi.nlm.nih.gov/pubmed/16429119
http://dx.doi.org/10.1038/nn1475
http://www.ncbi.nlm.nih.gov/pubmed/15917835
http://dx.doi.org/10.1016/0092-8674(95)90536-7
http://dx.doi.org/10.1016/0896-6273(95)90062-4
http://dx.doi.org/10.1016/S0896-6273(00)80682-0
http://dx.doi.org/10.1038/nature04108
http://www.ncbi.nlm.nih.gov/pubmed/16251967
http://dx.doi.org/10.1101/gad.975202
http://www.ncbi.nlm.nih.gov/pubmed/11937492
http://dx.doi.org/10.1016/j.bbagen.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22982587
http://dx.doi.org/10.1111/j.1460-9568.2007.05820.x
http://www.ncbi.nlm.nih.gov/pubmed/17883411
http://dx.doi.org/10.1002/(SICI)1097-4547(20000201)59:3&lt;332::AID-JNR6&gt;3.0.CO;2-2
http://dx.doi.org/10.1073/pnas.182296499
http://www.ncbi.nlm.nih.gov/pubmed/12181492
http://dx.doi.org/10.1101/gad.8.2.133
http://www.ncbi.nlm.nih.gov/pubmed/8299934
http://dx.doi.org/10.1016/j.pharmthera.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15670622


Genes 2018, 9, 26 22 of 23

216. Liu, A.; Niswander, L.A. Bone morphogenetic protein signalling and vertebrate nervous system development.
Nat. Rev. Neurosci. 2005, 6, 945–954. [CrossRef] [PubMed]

217. Bonaguidi, M.A.; McGuire, T.; Hu, M.; Kan, L.; Samanta, J.; Kessler, J.A. LIF and BMP signaling generate
separate and discrete types of GFAP-expressing cells. Development 2005, 132, 5503–5514. [CrossRef] [PubMed]

218. Lim, D.A.; Tramontin, A.D.; Trevejo, J.M.; Herrera, D.G.; García-Verdugo, J.M.; Alvarez-Buylla, A. Noggin
antagonizes BMP signaling to create a niche for adult neurogenesis. Neuron 2000, 28, 713–726. [CrossRef]

219. Guo, W.; Zhang, L.; Christopher, D.M.; Teng, Z.-Q.; Fausett, S.R.; Liu, C.; George, O.L.; Klingensmith, J.;
Jin, P.; Zhao, X. RNA-binding protein FXR2 regulates adult hippocampal neurogenesis by reducing Noggin
expression. Neuron 2011, 70, 924–938. [CrossRef] [PubMed]

220. Rosa, A.; Spagnoli, F.M.; Brivanlou, A.H. The miR-430/427/302 family controls mesendodermal fate
specification via species-specific target selection. Dev. Cell 2009, 16, 517–527. [CrossRef] [PubMed]

221. Kim, H.; Lee, G.; Ganat, Y.; Papapetrou, E.P.; Lipchina, I.; Socci, N.D.; Sadelain, M.; Studer, L. miR-371-3
expression predicts neural differentiation propensity in human pluripotent stem cells. Cell Stem Cell 2011, 8,
695–706. [CrossRef] [PubMed]

222. Du, Z.-W.; Ma, L.-X.; Phillips, C.; Zhang, S.-C. miR-200 and miR-96 families repress neural induction from
human embryonic stem cells. Development 2013, 140, 2611–2618. [CrossRef] [PubMed]

223. Lipchina, I.; Elkabetz, Y.; Hafner, M.; Sheridan, R.; Mihailovic, A.; Tuschl, T.; Sander, C.; Studer, L.; Betel, D.
Genome-wide identification of microRNA targets in human ES cells reveals a role for miR-302 in modulating
BMP response. Genes Dev. 2011, 25, 2173–2186. [CrossRef] [PubMed]

224. Åkerblom, M.; Jakobsson, J. MicroRNAs as Neuronal Fate Determinants. Neurosci. Rev. J. Bringing Neurobiol.
Neurol. Psychiatry 2014, 20, 235–242. [CrossRef] [PubMed]

225. Coolen, M.; Katz, S.; Bally-Cuif, L. miR-9: A versatile regulator of neurogenesis. Front. Cell. Neurosci. 2013,
7, 220. [CrossRef] [PubMed]

226. Bhinge, A.; Poschmann, J.; Namboori, S.C.; Tian, X.; Jia Hui Loh, S.; Traczyk, A.; Prabhakar, S.; Stanton, L.W.
MiR-135b is a direct PAX6 target and specifies human neuroectoderm by inhibiting TGF-β/BMP signaling.
EMBO J. 2014, 33, 1271–1283. [CrossRef] [PubMed]

227. Le Dréau, G.; Martí, E. Dorsal-ventral patterning of the neural tube: A tale of three signals. Dev. Neurobiol.
2012, 72, 1471–1481. [CrossRef] [PubMed]

228. Fishell, G.; Heintz, N. The neuron identity problem: Form meets function. Neuron 2013, 80, 602–612.
[CrossRef] [PubMed]

229. Kohwi, M.; Doe, C.Q. Temporal fate specification and neural progenitor competence during development.
Nat. Rev. Neurosci. 2013, 14, 823–838. [CrossRef] [PubMed]

230. Inui, M.; Montagner, M.; Piccolo, S. miRNAs and morphogen gradients. Curr. Opin. Cell Biol. 2012, 24,
194–201. [CrossRef] [PubMed]

231. Doetsch, F.; Caillé, I.; Lim, D.A.; García-Verdugo, J.M.; Alvarez-Buylla, A. Subventricular zone astrocytes are
neural stem cells in the adult mammalian brain. Cell 1999, 97, 703–716. [CrossRef]

232. Lagos-Quintana, M.; Rauhut, R.; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific
microRNAs from mouse. Curr. Biol. CB 2002, 12, 735–739. [CrossRef]

233. Conaco, C.; Otto, S.; Han, J.-J.; Mandel, G. Reciprocal actions of REST and a microRNA promote neuronal
identity. Proc. Natl. Acad. Sci. USA 2006, 103, 2422–2427. [CrossRef] [PubMed]

234. Kim, D.-Y.; Hwang, I.; Muller, F.L.; Paik, J.-H. Functional regulation of FoxO1 in neural stem cell
differentiation. Cell Death Differ. 2015, 22, 2034–2045. [CrossRef] [PubMed]

235. Rafalski, V.A.; Brunet, A. Energy metabolism in adult neural stem cell fate. Prog. Neurobiol. 2011, 93, 182–203.
[CrossRef] [PubMed]

236. Kawahara, H.; Imai, T.; Okano, H. MicroRNAs in Neural Stem Cells and Neurogenesis. Front. Neurosci. 2012,
6, 30. [CrossRef] [PubMed]

237. Liu, C.; Zhao, X. MicroRNAs in adult and embryonic neurogenesis. Neuromol. Med. 2009, 11, 141–152.
[CrossRef] [PubMed]

238. Stefani, G.; Slack, F.J. Small non-coding RNAs in animal development. Nat. Rev. Mol. Cell Biol. 2008, 9,
219–230. [CrossRef] [PubMed]

239. Nishino, J.; Kim, I.; Chada, K.; Morrison, S.J. Hmga2 promotes neural stem cell self-renewal in young but not
old mice by reducing p16Ink4a and p19Arf Expression. Cell 2008, 135, 227–239. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrn1805
http://www.ncbi.nlm.nih.gov/pubmed/16340955
http://dx.doi.org/10.1242/dev.02166
http://www.ncbi.nlm.nih.gov/pubmed/16314487
http://dx.doi.org/10.1016/S0896-6273(00)00148-3
http://dx.doi.org/10.1016/j.neuron.2011.03.027
http://www.ncbi.nlm.nih.gov/pubmed/21658585
http://dx.doi.org/10.1016/j.devcel.2009.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19386261
http://dx.doi.org/10.1016/j.stem.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21624813
http://dx.doi.org/10.1242/dev.092809
http://www.ncbi.nlm.nih.gov/pubmed/23637338
http://dx.doi.org/10.1101/gad.17221311
http://www.ncbi.nlm.nih.gov/pubmed/22012620
http://dx.doi.org/10.1177/1073858413497265
http://www.ncbi.nlm.nih.gov/pubmed/23877999
http://dx.doi.org/10.3389/fncel.2013.00220
http://www.ncbi.nlm.nih.gov/pubmed/24312010
http://dx.doi.org/10.1002/embj.201387215
http://www.ncbi.nlm.nih.gov/pubmed/24802670
http://dx.doi.org/10.1002/dneu.22015
http://www.ncbi.nlm.nih.gov/pubmed/22821665
http://dx.doi.org/10.1016/j.neuron.2013.10.035
http://www.ncbi.nlm.nih.gov/pubmed/24183013
http://dx.doi.org/10.1038/nrn3618
http://www.ncbi.nlm.nih.gov/pubmed/24400340
http://dx.doi.org/10.1016/j.ceb.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22196932
http://dx.doi.org/10.1016/S0092-8674(00)80783-7
http://dx.doi.org/10.1016/S0960-9822(02)00809-6
http://dx.doi.org/10.1073/pnas.0511041103
http://www.ncbi.nlm.nih.gov/pubmed/16461918
http://dx.doi.org/10.1038/cdd.2015.123
http://www.ncbi.nlm.nih.gov/pubmed/26470727
http://dx.doi.org/10.1016/j.pneurobio.2010.10.007
http://www.ncbi.nlm.nih.gov/pubmed/21056618
http://dx.doi.org/10.3389/fnins.2012.00030
http://www.ncbi.nlm.nih.gov/pubmed/22416227
http://dx.doi.org/10.1007/s12017-009-8077-y
http://www.ncbi.nlm.nih.gov/pubmed/19598002
http://dx.doi.org/10.1038/nrm2347
http://www.ncbi.nlm.nih.gov/pubmed/18270516
http://dx.doi.org/10.1016/j.cell.2008.09.017
http://www.ncbi.nlm.nih.gov/pubmed/18957199


Genes 2018, 9, 26 23 of 23

240. Trümbach, D.; Prakash, N. The conserved miR-8/miR-200 microRNA family and their role in invertebrate
and vertebrate neurogenesis. Cell Tissue Res. 2015, 359, 161–177. [CrossRef] [PubMed]

241. Buller, B.; Chopp, M.; Ueno, Y.; Zhang, L.; Zhang, R.L.; Morris, D.; Zhang, Y.; Zhang, Z.G. Regulation of serum
response factor by miRNA-200 and miRNA-9 modulates oligodendrocyte progenitor cell differentiation.
Glia 2012, 60, 1906–1914. [CrossRef] [PubMed]

242. Choi, P.S.; Zakhary, L.; Choi, W.-Y.; Caron, S.; Alvarez-Saavedra, E.; Miska, E.A.; McManus, M.; Harfe, B.;
Giraldez, A.J.; Horvitz, H.R.; et al. Members of the miRNA-200 family regulate olfactory neurogenesis.
Neuron 2008, 57, 41–55. [CrossRef] [PubMed]

243. Morante, J.; Vallejo, D.M.; Desplan, C.; Dominguez, M. Conserved miR-8/miR-200 defines a glial niche
that controls neuroepithelial expansion and neuroblast transition. Dev. Cell 2013, 27, 174–187. [CrossRef]
[PubMed]

244. Karres, J.S.; Hilgers, V.; Carrera, I.; Treisman, J.; Cohen, S.M. The conserved microRNA miR-8 tunes atrophin
levels to prevent neurodegeneration in Drosophila. Cell 2007, 131, 136–145. [CrossRef] [PubMed]

245. Shalaby, T.; Fiaschetti, G.; Baumgartner, M.; Grotzer, M.A. MicroRNA signatures as biomarkers and
therapeutic target for CNS embryonal tumors: The pros and the cons. Int. J. Mol. Sci. 2014, 15, 21554–21586.
[CrossRef] [PubMed]

246. Ferretti, E.; De Smaele, E.; Miele, E.; Laneve, P.; Po, A.; Pelloni, M.; Paganelli, A.; Di Marcotullio, L.;
Caffarelli, E.; Screpanti, I.; et al. Concerted microRNA control of Hedgehog signalling in cerebellar neuronal
progenitor and tumour cells. EMBO J. 2008, 27, 2616–2627. [CrossRef] [PubMed]

247. Rao, P.; Benito, E.; Fischer, A. MicroRNAs as biomarkers for CNS disease. Front. Mol. Neurosci. 2013, 6, 39.
[CrossRef] [PubMed]

248. Kwiatkowski, T.J.; Bosco, D.A.; Leclerc, A.L.; Tamrazian, E.; Vanderburg, C.R.; Russ, C.; Davis, A.; Gilchrist, J.;
Kasarskis, E.J.; Munsat, T.; et al. Mutations in the FUS/TLS gene on chromosome 16 cause familial
amyotrophic lateral sclerosis. Science 2009, 323, 1205–1208. [CrossRef] [PubMed]

249. Mohammadi, M.; Goodarzi, M.; Jaafari, M.R.; Mirzaei, H.R.; Mirzaei, H. Circulating microRNA: A new
candidate for diagnostic biomarker in neuroblastoma. Cancer Gene Ther. 2016, 23, 371–372. [CrossRef]
[PubMed]

250. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization
of microRNAs in serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res.
2008, 18, 997–1006. [CrossRef] [PubMed]

251. Ramraj, S.K.; Aravindan, S.; Somasundaram, D.B.; Herman, T.S.; Natarajan, M.; Aravindan, N.
Serum-circulating miRNAs predict neuroblastoma progression in mouse model of high-risk metastatic
disease. Oncotarget 2016, 7, 18605–18619. [CrossRef] [PubMed]

252. Cole, K.A.; Attiyeh, E.F.; Mosse, Y.P.; Laquaglia, M.J.; Diskin, S.J.; Brodeur, G.M.; Maris, J.M. A functional
screen identifies miR-34a as a candidate neuroblastoma tumor suppressor gene. Mol. Cancer Res. MCR 2008,
6, 735–742. [CrossRef] [PubMed]

253. Tivnan, A.; Foley, N.H.; Tracey, L.; Davidoff, A.M.; Stallings, R.L. MicroRNA-184-mediated inhibition of
tumour growth in an orthotopic murine model of neuroblastoma. Anticancer Res. 2010, 30, 4391–4395.
[PubMed]

254. Evangelisti, C.; Florian, M.C.; Massimi, I.; Dominici, C.; Giannini, G.; Galardi, S.; Buè, M.C.; Massalini, S.;
McDowell, H.P.; Messi, E.; et al. MiR-128 up-regulation inhibits Reelin and DCX expression and reduces
neuroblastoma cell motility and invasiveness. FASEB J. 2009, 23, 4276–4287. [CrossRef] [PubMed]

255. Lin, S.; Gregory, R.I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 2015, 15, 321–333. [CrossRef]
[PubMed]

256. Ray, S.K. Emerging Roles of microRNAs in Malignant Neuroblastoma. Clin. Exp. Pharmacol. 2013, 3.
[CrossRef]

257. Grady, W.M.; Tewari, M. The next thing in prognostic molecular markers: MicroRNA signatures of cancer.
Gut 2010, 59, 706–708. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00441-014-1911-z
http://www.ncbi.nlm.nih.gov/pubmed/24875007
http://dx.doi.org/10.1002/glia.22406
http://www.ncbi.nlm.nih.gov/pubmed/22907787
http://dx.doi.org/10.1016/j.neuron.2007.11.018
http://www.ncbi.nlm.nih.gov/pubmed/18184563
http://dx.doi.org/10.1016/j.devcel.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24139822
http://dx.doi.org/10.1016/j.cell.2007.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17923093
http://dx.doi.org/10.3390/ijms151121554
http://www.ncbi.nlm.nih.gov/pubmed/25421247
http://dx.doi.org/10.1038/emboj.2008.172
http://www.ncbi.nlm.nih.gov/pubmed/18756266
http://dx.doi.org/10.3389/fnmol.2013.00039
http://www.ncbi.nlm.nih.gov/pubmed/24324397
http://dx.doi.org/10.1126/science.1166066
http://www.ncbi.nlm.nih.gov/pubmed/19251627
http://dx.doi.org/10.1038/cgt.2016.45
http://www.ncbi.nlm.nih.gov/pubmed/27740613
http://dx.doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170
http://dx.doi.org/10.18632/oncotarget.7615
http://www.ncbi.nlm.nih.gov/pubmed/26921195
http://dx.doi.org/10.1158/1541-7786.MCR-07-2102
http://www.ncbi.nlm.nih.gov/pubmed/18505919
http://www.ncbi.nlm.nih.gov/pubmed/21115884
http://dx.doi.org/10.1096/fj.09-134965
http://www.ncbi.nlm.nih.gov/pubmed/19713529
http://dx.doi.org/10.1038/nrc3932
http://www.ncbi.nlm.nih.gov/pubmed/25998712
http://dx.doi.org/10.4172/2161-1459.1000126
http://dx.doi.org/10.1136/gut.2009.200022
http://www.ncbi.nlm.nih.gov/pubmed/20551450
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biological Function of miRNAs 
	The Role of miRNAs in Neural Lineage Differentiation 
	Development of the Neural Lineage 
	miRNA Regulation 
	Hsa-miR-765 
	Hsa-miR-146 

	Role of miRNA in Neuroblastoma 
	MicroRNA Let-7 Family 
	MicroRNA-124 
	MYCN 
	Tyrosine Kinase 

	MiRNA Modulation of Stem Cells 
	Modulation of Stem Cells into Neuroblasts 
	Modulation from Neuroblasts into Neurones 

	Application of miRNAs to Treatment and Management 
	Conclusions 
	References

