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In the mammalian brain, epigenetic mechanisms are clearly involved in the
regulation of self-renewal of neural stem cells and the derivation of their des-
cendants, i.e. neurons, astrocytes and oligodendrocytes, according to the
developmental timing and the microenvironment, the ‘niche’. Interestingly,
local epigenetic changes occur, concomitantly with genome-wide level
changes, at a set of gene promoter regions for either down- or upregulation
of the gene. In addition, intergenic regions also sensitize the availability of
epigenetic modifiers, which affects gene expression through a relatively
long-range chromatinic interaction with the transcription regulatory machi-
neries including non-coding RNA (ncRNA) such as promoter-associated
ncRNA and enhancer ncRNA. We show that such an epigenetic landscape
in a neural cell is statically but flexibly formed together with a variable com-
bination of generally and locally acting nuclear molecules including master
transcription factors and cell-cycle regulators. We also discuss the possibility
that revealing the epigenetic regulation by the local DNA-RNA —protein
assemblies would promote methodological innovations, e.g. neural cell
reprogramming, engineering and transplantation, to manipulate neuronal
and glial cell fates for the purpose of medical use of these cells.

1. Introduction

Mouse neural stem cells (NSCs) can be induced to diverge from embryonic
stem cells (ESCs) by the withdrawal of leukaemia inhibitory factor (LIF) [1].
Then, a single NSC can give rise to neuron, astrocyte or oligodendrocyte
through balancing between symmetric and asymmetric cell divisions according
to a given niche. For example, LIF can strongly stimulate NSCs to take the
differentiation route to become astrocytes through activation of the janus
kinase (JAK)/signal transducer and activator of transcription (STAT) signalling
pathways in vitro [2]. Such a differentiation process can be reversed by the
forced expression of defined factors, so-called ‘master regulators’, as exempli-
fied by OCT4, SOX2, c-MYC and KLF4 in the technology of the efficient
propagation of induced pluripotent stem cells (iPSCs), which are functionally
comparable to ESCs [3]. It should be noted that, not only for iPSC/ESC gener-
ation but also for that of the NSC and its derivatives, a set of master regulators
may influence the dynamic adaptation of core gene networks, by which cell-
state-specific epigenome status is statically set along with gene-locus-level regu-
lation (figure 1). However, considering that genes constituting core networks
for the stabilization of a cell fate are different and sometimes very different
from those functioning in the physiological output characteristic of a given
fate, recapitulation of the cell status with the expression of master regulators
is still an immature science and we must be prudent about using such repro-
grammed cells, especially for therapeutic purposes. Meanwhile, the major
effects of the core networks on their downstream gene expression through epi-
genetic mechanisms are now being analysed by many researchers, and non-
coding RNAs (ncRNAs) are emerging as epigenetic players in embryogenesis
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Figure 1. Core networks and their predominant effects on effector genes in neural cells. Open and filled lollipops denote unmethylated and methylated CpG sites,
respectively. In the central nervous system, TFs such as SOX2, NEUROG1 and ASCL1 direct formation of the robust network of neural cells. The TF network controls the
expression of mediator and effector gene sets, thereby establishing the neural cell functions. Note that fluctuations in the core gene network can be amplified
through these pathways, resulting in the generation of epigenetic variations such as those frequently seen after TF-based reprogramming.

and in developmental processes [4]. So far, most efforts aiming
to understand ncRNA functions in pluripotency and neural
differentiation have focused on the mouse as a model system
[4-8]. Recent studies of human and mouse ESCs and iPSCs
indicate that long ncRNAs (IncRNAs) are integral members
of the ESC self-renewal regulatory circuit [7,8]. Here, we
focus on the in vivo and in vitro epigenomic settings of the
neural cells that are derived from the mouse cerebral cortex
and those from human cell systems and discuss the associa-
ted information important for reconstituting the pattern of
the epigenome that is usually specific to each neural cell.

2. Epigenetic overview of the neural cells
constituting mouse cerebral cortex

Mammalian NSCs divide repeatedly in the ventricular zone
(VZ) of the embryonic brain. After birth, NSCs are located
in restricted areas such as the early postnatal and adult sub-
ventricular zones (SVZs) of the forebrain and subgranular
zone (SGZ) of the hippocampal dentate gyrus. NSCs exhibit
two defining characteristics: the capacities for self-renewal
and for generating specialized cell types, i.e. neurons, astro-
cytes and oligodendrocytes. These capacities are controlled
spatio-temporally to fully organize the morphology and func-
tion of the brain. For example, from embryonic day 11 (E11)
to E18, NSCs preferentially produce neurons in the mouse
developing brain. NSCs gradually acquire the capacity to

generate astrocytes [9]. The majority of oligodendrocytes
are generated after birth in the mouse cerebral cortex. These
sequential steps enable the initial establishment of neuronal
networks followed by integration of glial cells that support
the functioning of the neuronal networks.

Extracellular signals can trigger the proliferation and differ-
entiation of NSCs according to the variable levels of epigenetic
modifiers. For example, in E8—E10 NSCs, histone H3 lysine
27 (H3K27) methyltransferase EZH2 is highly expressed and
prevents Wnt-signal-mediated B-catenin action on neuronal
genes and thus blocks neuronal differentiation. After El1,
a decreasing level of EZH2 expression allows stabilized B-catenin
to act in the nucleus, which causes neuronal differentiation of
NSCs through upregulation of the proneural transcription
factor (TF) neurogeninl gene (NEUROGTI) [10].

Many studies have shown that cytokine signalling path-
ways contribute to the regulation of astrocytic differentiation
from NSCs. The interleukin-6 family members, including cili-
ary neurotrophic factor, cardiotrophin-1 and LIF, activate the
JAK-STAT pathway through their interaction with a heterodi-
meric receptor complex of LIF receptor B and glycoprotein
130 (gp130), triggering the differentiation of NSCs into astro-
cytes [2]. Bone morphogenetic proteins (BMPs) also activate
the expression of astrocytic genes via formation of a complex
between BMP-downstream TF SMAD1 and STAT bridged by
a transcriptional coactivator, cAMP response element-binding
protein (CREB)-binding protein/p300 (CBP/p300), which has
acetyltransferase activity [2]. In support of the notion of the
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common usage of JAK-STAT signalling for triggering the
astrocytic fate determination of NSCs, knockout of either
gp130 or Stat3 impairs astrocyte differentiation [11]. Acqui-
sition of astrocyte differentiation potential of NSCs seems to
be accomplished by cell-intrinsic DNA demethylation at astro-
cytic gene promoters, which is supported by the fact that NSCs
exhibit extreme neurogenic characters before this DNA
demethylation occurs both in vivo and in vitro [12,13]. There-
fore, neuronal and astrocytic cell fate as well are clearly
regulated by the niche and epigenetic mechanisms.

Although NSCs are characterized by their multipotency to
become not only neurons and astrocytes but also oligodendro-
cytes, we do not yet know whether all NSCs can function as
ancestors of oligodendrocyte precursors (OPCs) in the early
postnatal cerebral cortex. OPC markers were first detected at
E9 in the ventricular germinal layer of the laterobasal plate of
the diencephalon during mouse brain development. By E14,
OPC marker-positive cells had largely disappeared from the
original location and had colonized at the ventral mantle
layer in the posterior part of the basal diencephalon [14]. In par-
allel, the activation of sonic hedgehog signalling promotes
derivation of OPCs from NSCs after birth [15]. An appropriate
level of histone acetylation is important for maintaining the
NSC capacity to commit to OPCs [16,17]. Histone deacetylase
(HDAC) inhibition in OPCs by treatment with pharmacologi-
cal inhibitors caused these committed progenitors to revert to
multipotent cells characterized by expression of an important
TF in NSCs, SRY-box containing gene 2 (SOX2) [17]. After
cells are committed to OPCs, mitogen withdrawal can induce
oligodendrocytic differentiation and myelination in vitro [18].
It should be noted that, during oligodendrocytic differentiation
of OPCs, histone acetylation levels are globally decreased [18],
suggesting that histone deacetylation is important not only for
NSC commitment to OPCs but also for OPC differentiation
into mature oligodendrocytes. HDAC1 and 2 contribute to
this genome-wide histone deacetylation and compete with
the Wnt signalling pathway at the promoters of the inhibitor
of differentiation 2 and 4 genes which inhibit myelin gene
expression [17,19]. In parallel, increasing the expression level
of HDACI1 results in its recruitment to the myelin basic
protein and proteolipid protein genes, both of which are
important for oligodendrocyte maturation.

In adult mice, multipotent NSCs exist persistently in
restricted brain areas such as the SVZ and SGZ. Maintenance
and differentiation of these particular NSCs also seems to be
regulated physiologically by epigenetic factors. For example,
Methyl-CpG-binding domain protein 1 (MBD1) is relatively
highly expressed in adult brain neurons and downregulates
the expression of basic fibroblast growth factor 2 (FGF2),
which usually functions to expand NSCs. Conversely, NSCs
from adult Mbd1 knockout mice showed hypomethylation
of the promoter region of Fgf2, leading to its increased
expression and a great reduction of neuronal differentiation
capacity [20]. DNA methylation inhibitor treatment of NSCs
also caused similar effects.

3. Gene-specific effects of epigenetic modifiers
with local chromatin regulators

In ESCs, many gene promoters are in a poised state. Sub-
sequently, epigenetic changes that facilitate closed chromatin
formation at a global level are usually associated with the

stemness of somatic stem cells with restricted potential, includ-
ing that of NSCs. Conversely, global level epigenetic changes
that facilitate open chromatin formation are frequently associ-
ated with NSC differentiation to the neuronal cell fate. For
example, H3K27 methyltransferase EZH2, H3K9 methyltrans-
ferase ESET (also called SETDB1), H3K4 demethylase LSH1
and HDACs (HDACI1 and 2), all of which are involved in the
formation of closed chromatin structures, are significantly
expressed in NSCs, and their inhibition by gene targeting or
pharmacological drugs attenuates the cell-cycle progression.
Conversely, decreasing the level of closed chromatin-associated
epigenetic modifiers allows neuronal differentiation at the mid-
gestational stage in the mouse [21]. In addition to these general
effects of epigenetic alterations, we need to consider the local
effect that enables the epigenetic changes on a particular set
of genes. For example, treatment of mouse E14 NSCs with val-
proic acid, an HDAC inhibitor, enhances the LIF-mediated
astrocytic differentiation partly via the facilitation of histone
acetylation around the STAT3 binding site of the glial fibrillary
acidic protein gene promoter [2], suggesting that histone hypo-
acetylation has a role in preventing NSCs from astrocytic
differentiation to produce more neurons. Paradoxically, the
global level of histone acetylation was found to be higher in
neurons than in astrocytes, when these cells were generated
from adult rat hippocampus-derived NSCs in vitro [16]. There-
fore, global level changes are most likely different from the
changes at the gene level. Regarding the DNA methylation
pattern in neurons, differential DNA methylation is overrepre-
sented in CpG island shores and enriched within gene bodies
but not in intergenic regions, indicating that DNA methylation
is unevenly distributed across a cell’s genome. Furthermore,
non-CpG methylation is also unevenly distributed and substan-
tially more prevalent in neurons than in non-neuronal cells,
reinforcing the idea that DNA methylation machineries act in
cell- and gene-dependent manners [22,23]. Currently, one key
issue is identification of the molecules that establish/maintain
the epigenetic modification in a sequence-specific manner. In
this context, ncRNAs are emerging as an additional layer of epi-
genetic regulation to attain the long-lasting stabilization of cell
identity exhibited especially by neurons, which usually exhibit
an extremely low capacity for regeneration if damaged. We
describe below the recent understandings of ncRNA-mediated
mechanisms in neural cells. As little is known about the exact
epigenetic mechanisms that are mediated by ncRNAs in
neural cells, we also refer to the findings in non-neural cells
that can be extrapolated to neural cells.

(a) Long non-coding RNAs

Thousands of ncRNAs have been found, and more than 60% of
the genomic DNA contributes to the transcriptome [24]. For a
fraction of the transcriptionally competent genomic regions,
both DNA strands are used for RNA generation [25]. These
facts imply that the total number of functional ncRNAs will
not be negligible. Indeed, ncRNAs have been shown to act to
regulate gene expression negatively at the post-transcriptional
level in animals via processes such as RNA editing, RNA
degradation, RNA interference, splicing and translation, by
forming RNA duplexes [26]. However, as only 1-2% of the
genome provides templates for protein-coding gene expression
[27,28], bulk RNA from most of the genome theoretically
would not form perfectly matched duplexes with mRNA.
Rather, extensive RNA-mediated gene regulation would be
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possible if double-stranded structures were formed between
RNA and DNA [29-32]. In addition to regulation at the
post-transcriptional level, double-stranded RNAs (dsRNAs),
including siRNA, microRNA and Piwi-interacting RNA, also
seem to be essential for chromatin-level regulation, especially
for achieving a transcriptionally inert status [32,33]. For
example, dsRNA derived from transposon-like inverted
repeats stabilizes the heterochromatin structure by inducing
histone H3K9 methylation [34,35].

Increasing evidence has shown that single-stranded RNA
(ssRNA) functions in a chromatin context. Examples include
thousands of large intergenic ncRNAs, named lincRNAs,
about 20% of which are physically associated with polycomb
repressive complex 2 (PRC2) [36-38]. However, we do not
yet know if ssSRNA functions only to set up a closed chromatin
structure. Previous reports have shown that DNA demethyla-
tion is directed by antisense promoter-associated ncRNAs
(pancRNAs) in the Sphkl/Khpsl locus [39,40]. Therefore,
additional information about the functional properties of
ssRNAs will be necessary to understand how such RNAs
direct gene activation as well as gene repression. As many
more IncRNAs have been found thus far, lincRNAs have
been now integrated into a category of long ssRNA, i.e.
IncRNAs, which is now widely accepted as a generic category.

Ng et al. [41] screened the expression of IncRNAs before
and after induction of human ESC differentiation into
dopaminergic neurons and found that IncRNA_N1, _N2
and _N3 were weakly but significantly expressed after induc-
tion of neuronal differentiation. IncRNA_N1 and IncRNA_N3
might function as scaffolds for the interaction with transcrip-
tion repressors, repressor element 1 (RE1; also called NRSE)
silencing TF (REST; also called NRSF) and a PRC2 protein,
suppressor of zeste 12 homologue (SUZ12), respectively,
resulting in inhibition of their suppressor activity [41]. On
the other hand, small modulatory dsRNAs encoding the
RE1 sequence were found in the nucleus, where they inter-
acted with the REST complex to promote transcription of
RE1-associated genes [42]. These observations of the modu-
lation of REST activity by ncRNA highlight the intricate
relationships that link REST function with the expression of
small dsRNA and IncRNA in the nervous system.

As noted above, a growing body of evidence suggests that
IncRNA is frequently associated with upregulation of the
associated genes. Rhabdomyosarcoma 2-associated transcript
(RMST) is an activation-related RNA component in the
SOX2-triggered neural regulatory network. In human NSCs,
where RMST is not expressed, SOX2 binds to and activates
its target genes in order to maintain NSC identity. During
neuronal differentiation, the downregulation of REST leads
to increased expression of RMST, which binds to SOX2 as
well as chromatin with the help of an RNA-binding protein,
hnRNPA2/B1. In this way, RMST activates the transcription
of neurogenic genes such as ASCL1 and DLXI1, which
drives the neuronal differentiation pathway [43].

Another example of gene activation-related IncRNA is
mouse utNgnl, whose expression seems to be regulated by
EZH2. This IncRNA is transcribed upstream of mouse
Neurogl in the E11 cortex. The expression of utNgnl is highly
correlated with that of Neurogl during neuronal differentiation
of NSCs. Knockdown of utNgn1 caused repression of Neurogl.
Furthermore, the amounts of utNgn1 and Neurogl transcription
were concomitantly increased upon B-catenin activation and
were downregulated by binding of EZH2-containing PRC2 to

H3K27 at the genomic utNgn1 region [44]. These results suggest [ 4 |

that decreasing EZH2 converts the epigenetic ability of the
Neurogl locus in NSCs towards neuronal differentiation
through utNgnl upregulation. Neurogl is not the sole target
of EZH2, because chromatin immunoprecipitation sequencing
analysis showed that, in E14 proliferating NSCs, EZH2 prefer-
entially binds to not only the genomic utNgn1 region but also
the promoters of a set of neural differentiation-associated
genes, such as a neurogenic differentiation factor Neurod2 and
a T-cell leukaemia homeobox protein gene [45].

IncRNAs are also dynamically expressed during neur-
onal-glial fate specification and appear to regulate the
expression of protein-coding genes within the same genomic
locus, further suggesting locus-specific functions of IncRNAs
[46]. Although little information is available regarding
IncRNAs in the regulation of astrocyte differentiation,
forced expression of either NKX2.2 or Nkx2.2AS, an antisense
ncRNA to Nkx2.2, can enhance induction of differentiation
along the oligodendrocytic lineage [5]. NKX2.2 is known to
be one of the TFs that direct NSCs into the oligodendrocytic
lineage. Further analyses showed that overexpression of
Nkx2.2AS induced a modest increase in Nkx2.2 level,
suggesting that the upregulation of Nkx2.2 level can be a
minor cause of enhanced induction of oligodendrocytic
differentiation as a result of increasing Nkx2.2AS expression.
A set of IncRNAs is located in a different layer that is still
related to a nuclear function. For instance, MALAT1 was
reported to function as a nuclear structural component to
specify neuronal or glial cell fate and function [47].

A recent study indicated that pancRNAs shows concordant
expression with that of the associated mRNAs at about 80% of
protein-coding gene promoters [48]. Although many panc-
RNAs are cleaved and polyadenylated at polyA sites shortly
after initiation, such rapid decay of IncRNA may be modulated
by depletion of such sites during evolutionary processes.
In contrast to a large fraction of pancRNA, mRNA shows
biased existence of Ul small nuclear ribonucleoprotein
(snRNP) recognition sites, and mRNA-U1 snRNP interaction
is probably involved in efficient RNA splicing and maturation
followed by RNA stabilization. Nonetheless, a certain set of
pancRNAs seem to have gained functionality in neuronal
genes. We previously investigated neuronal cytoskeletal
genes for microtubule-associated protein 2B (MAP2B) and
a neurofilament protein, NEFL [49]. MAP2B is a neuron-
specific protein that is relatively abundant in the central ner-
vous system and is localized mainly in dendrites of mature
neurons. NEFL is an abundant cytoskeletal component in
mature neurons. More than 200-nt polyA+ pancRNAs were
endogenously generated from the sense strand at Map2b and
antisense strand at Nefl. Forced expression of the fragments
expressing the antisense pancRNA caused sequence-specific
DNA demethylation, whereas a decrease of the expression
induced methylation of the same sequences. By contrast,
perturbing the expression of the sense pancRNA did
not change the DNA methylation status, indicating that
pancRNA for Nefl is functional, but the pancRNA for Map2b
is not. Therefore, a fraction of naturally occurring ncRNAs act
in cis as a single-stranded form and the transcriptional orien-
tation of pancRNA is important for the establishment of
sequence-specific epigenetic modifications consistent with
open chromatin structure [49].

Notably, RNA polymerase II (RNAPII) transcribes a novel
class of enhancer RNAs (eRNAs) within enhancer domains
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defined by the presence of H3K4 monomethylation. The level
of eRNA expression at neuronal enhancers positively corre-
lates with the level of mRNA synthesis at nearby genes,
suggesting that eRNA synthesis occurs specifically at enhan-
cers that are actively engaged in promoting mRNA synthesis
[50]. For example, genetic deletion of DLX genes in mice
demonstrated their critical role in neuronal differentiation
and migration, as well as craniofacial and limb patterning
during development. The Evf-2 ncRNA, an alternatively
spliced form of Evf-1, is expressed in immature neurons. It
is transcribed from the ultraconserved region located between
DIx5 and DIx6 and functions as an enhancer for production of
these transcripts [51]. It has been proposed that Evf-2 ncRNA
prevents the inhibitory actions or binding of MSX, which is
also known to inhibit activation of the Wntl enhancer and
allows DLX2 to target the DIx5/6 enhancer region.

Although we do not yet know the details of the association
among eRNA, pancRNA and mRNA, long-range chromatin
conformations can facilitate the RNA-based epigenetic setting
that locally memorizes the gene expression status, potentially
leading to establishment of an ideal situation for the phenoty-
pic output. Figure 2 shows three possible steps triggered by the
association between IncRNAs (eRNA and pancRNA) and
mRNAs. This model may be of interest to not only neuroscien-
tists but also evolutionary scientists because ncRNA genes can
be expanded more easily in the genome and diverged much
more during the evolutionary process than protein-coding
genes due to the way that ncRNA functions, which is not
restricted by the necessity for protein-coding potential. Evol-
utionary expansion of functional ncRNAs may explain in
part why brain structures are different among species, and
even among mammals, in spite of the fact that their protein-
coding genes are well conserved. Thus, further expansion of
the array of known ncRNA functions should definitely help
to understand the complexity of neural cell networks.

(b) Chromatin-associated proteins that target local
components in the neural cell genome

There is increasing evidence that RNA plays a role in
directing DNA methylation-related machineries to specific
genomic loci within mammalian cells. It is also possible
that DNA methyltransferase (DNMT) and MBD proteins
enable RNA molecules to participate in DNA methylation-
mediated chromatin control. For example, a subset of the
DNMT and MBD proteins can form RNA-protein com-
plexes. The RNA-binding activity of MBD proteins is
encoded distinctly from the MBD domain and mediates a
high-affinity interaction with RNA [55]. DNMT3A, one of
the two de novo DNMTs, is essential for transcriptional regu-
lation during cellular development and differentiation [56].
Two modes of RNA regulation of DNMT3A have been dis-
covered in vitro: ssRNA that is antisense to the E-cadherin
promoter binds tightly to the catalytic domain, resulting in
the inhibition of DNMT3A activity, whereas two other
RNA molecules bind to DNMT3A at an allosteric site outside
the catalytic domain [57]. More recently, it has been found
that not only DNMT3A but also the maintenance DNMT1
activity is modulated by IncRNAs to set the DNA methyl-
ation patterns at specific gene loci. One such novel RNA is
produced relatively far from the transcription start site of
the CEBPA mRNA and completely encompasses the corre-
sponding protein-coding gene body for regulating its own

DNA methylation profile. Indeed, this IncRNA binds to [ 5 |

DNMT1 to prevent methylation at the CEBPA locus. Deep
sequencing of transcripts associated with DNMT1 combined
with genome scale methylation and expression profiling
has extended the generality of this phenomenon of main-
taining a hypomethylated status at a specific locus via
DNMT1-ncRNA interaction to numerous gene loci [58].
DNA methylation-related machineries including ncRNAs
also involved RNA-binding proteins to counteract the epige-
netic stability. A molecular complex including p68/p72, also
known as DEAD-box RNA helicase 5/17, and DNMT1, 3A
and 3B are implicated in the rapid DNA demethylation of
the TFF1 promoter [59], suggesting the involvement of var-
ious RNA-binding proteins in DNA demethylation in
genomic context-dependent manners.

A recently discovered form of modified base in DNA,
5'-hydroxymethylcytosine (5hmC), which can be a target of
base excision repair, is associated with an active DNA
demethylation process. Ten-eleven translocation (TET) 1, 2
and 3 convert 5'-methylcytosine (5mC) to 5ShmC in an Fe (II)-
and o-ketoglutarate-dependent manner [60]. During embryo-
nic brain development, high levels of 5ShmC are detected in
the genome. Tet1 or 2 single knockout mice appear to undergo
normal embryonic and early postnatal development, although
Tet1 and 2 are normally highly expressed in adult brain and in
neuronal layers of the embryonic cortex, respectively [60].
Recently, more detailed analysis has revealed that TET1-
deficiency impairs self-renewal of NSCs and causes aberrant
DNA methylation, resulting in a significant decrease of adult
neurogenesis [61]. In the adult mouse dentate gyrus, TET1
was shown to be involved in neuronal activity-induced DNA
demethylation of the promoter regions of proliferation-related
Fgflb and of the brain-derived neurotrophic factor gene, fol-
lowed by their transcriptional upregulation [60]. However,
little is known about how TET proteins target these specific
gene loci.

In addition to DNA methylation-related machineries,
other chromosomal proteins also modulate the epigenetic
status in instructive and context-dependent manners by
acting in concert with many different components for neural
cell development. As described above, REST is an important
repressor that limits neuronal differentiation. At its N-termi-
nus, REST recruits mSin3, a scaffold for HDACs 1, 2, 4 and 5.
The C-terminal repression domain of REST interacts with
CoREST [62], which additionally recruits HDACs (HDAC1
and HDAC2), methyl-CpG-binding protein 2, histone H3K4
lysine demethylase, LSD1, histone H3K9 methyltransferases,
G9a and SUV39H]1, and a component of the SWI/SNF chroma-
tin remodelling complex, BRG1. In addition, REST also
associates with a number of other epigenetic and regulatory
cofactors that include DNMTs, MBDs and chromatin remodel-
ling enzymes [63]. In this way, REST acts as an adaptable
molecular platform to which these factors may all be recruited
and promotes dynamic modifications of DNA, histones,
nucleosomes and higher order chromatin codes and helps
maintain genomic stability. These locus-specific epigenetic
changes promote context-dependent gene repression and
long-term gene silencing. Also, REST potentially modulates
genes critical for microRNA biogenesis and function, such as
Dicerl, Agol, Ago3, Ago4 and Xpo5, which are all RE1-
associated [64]. REST also regulates the expression of
certain microRNAs, including the nervous system-specific
miR-124, which suppresses hundreds of non-neuronal genes.
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Figure 2. Possible steps of local chromatin formation triggered by associations with IncRNAs. Step 1: basal transcription of mRNA and cis-acting IncRNA. Cryptic RNA
transcription occurs in conjunction with mRNA expression [48]. Many CpG island-bearing genes show bidirectional transcription. It has been reported that G-skew in
a (pG island leads to a directionality of the transcription, generating mRNAs that start from G-rich sequences. Associated cryptic transcripts with G-rich structures are
involved in cis in a local chromatin set-up that is reminiscent of the transcriptionally competent structure, called the R-loop [52]. The R-loop structure is favoured by
H3K4 methylation, but not by DNMT activity, which may explain the unmethylated characteristics of CpG island type promoters. However, it should be noted that R-
loop structure constitutes a repressed state in a different context in plants [53]. The mechanisms of switching between opening and closing of chromatin structure
via IncRNA might be coupled with association with different components in steps 2 and 3. Step 2: upregulation of epigenetic modifiers to strengthen transcription
through ternary structure formation. Transcriptionally competent structure can spread beyond the promoter regions. Such expanded open chromatin status can be
recognized by a set of distally located enhancer-associated proteins to form a ternary structure for effective transcription of the target genes. Recent studies have
suggested that, for example, SOX2 can be located not only on the target gene promoter regions but also on a fraction of enhancers together with BRN2 [54].
Although we do not yet know how polyA+ eRNA is generated, association of eRNA transcription may be coupled with such a structure involving RNAPII that is
originally associated with the promoter sequences. Step 3: stabilization or antagonization of gene activation by trans-acting IncRNA and dsRNA. In addition, if
interaction of chromatinic IncRNA with small dsRNA occurs, it would add further complexity to the transcription requlatory dimensions. In fact, association between
IncRNAs (eRNA and pancRNA) and mRNAs have been reported to be modulated further by the association of small dsRNAs with the IncRNAs and/or genomic DNA,
as described above. In addition, small dsRNA can associate with trans-acting proteins including DNMT and MBD proteins, to allosterically modulate their functions or
to mask their catalytic domains, as described in the text.

In non-neuronal cells and in neural progenitors, REST potential members of the REST complex are also targets of mul-
represses miR-124 [65]. However, when progenitors differen- tiple microRNAs, including miR-124, miR-9 and miR-132 [65].
tiate into mature neurons, REST is downregulated and Many of these microRNA genes also contain cAMP response
consequently miR-124 is de-repressed, leading to the degra- elements in their regulatory regions, suggesting that the

dation of non-neuronal transcripts. Furthermore, REST and transcriptional regulators CREB and CBP/p300 are also
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integrated into REST-microRNA regulatory networks that
mediate neural gene expression programmes [65].

PRC2 is also a famous platform that uses IncRNAs as
chromosomal scaffolds in neurons [66]. Recent studies of
HOX genes and X inactivation have provided evidence for
RNA cofactors in PRC2. PRC2 is the Ezh2 histone methyl-
transferase-containing required for epigenetic
silencing during neural development. A fraction of IncRNAs
recruit PRC2 to chromatin, but the general role of RNA in

complex

maintaining repressed chromatin is yet to be determined.
PRC2-binding affinity for IncRNAs is size dependent, with
lower affinity for shorter RNAs. In vivo, PRC2 predominantly
occupies repressed genes, and RNA binding leads to main-
tenance of the repressed state in some cases. Importantly,
PRC2 is also associated with active genes, but most of them
are not regulated by PRC2. Rather, RNAs may also act as
decoys for PRC2 [67]. A genome-wide capture of the PRC2
transcriptome identified a pool of more than 9000 PRC2-
interacting RNAs in ESCs [68]. This transcriptome includes
antisense, intergenic and promoter-associated transcripts, as
well as many unannotated RNAs. In this case, direct RNA-
protein interactions most likely occur via the EZH2 subunit.
Although repressed, PRC2 targets are also generally associ-
ated with the transcriptional initiation marker H3K4
trimethylation. A class of short RNAs, 50-200 nt in length,
are transcribed from the 5 end of PRC2 target genes in
ESCs [69]. Transcription of such short RNA is associated
with RNAPII and H3K4 trimethylation and is independent
of PRC activity. Although it has not been demonstrated
during neural cell development, such short RNAs may play
a role in the association of PRC2 to keep the NSC identity
by repressing differentiation-associated genes.

Recent studies have indicated the importance of unique
epigenetic profiles that keep key developmental genes
‘poised” in a repressed but activatable state. In this context,
in addition to PRC1 and 2, TrxG members are required for
neurogenesis in the mouse postnatal brain. Mixed-lineage
leukaemia 1 (MLL1) gene-deficient SVZ NSCs survive, pro-
liferate and efficiently differentiate into glial lineages;
however, neuronal differentiation is severely impaired. In
Mll1-deficient cells, DIx2, a key downstream regulator gene
of neurogenesis in the SVZ, is not expressed. DIx2 is a
direct target of MLL1 in the SVZ, and overexpression of
DLX2 can rescue neurogenesis in MII1-deficient cells. In
Mll1-deficient NSCs, chromatin at DIx2 is bivalently
marked by both H3K4 and H3K27 trimethylation, and DIx2
fails to be properly expressed [70]. The MLL1 system might
be a trigger of the coordinated expression of DLX family
genes in neurons as described above.

4. Cell-intrinsic epigenetic mechanisms targeted
by cell-cycle regulators

Epigenetic status can change dramatically at the point of
DNA synthesis during the cell-cycle progression [71,72]. For
example, methylated CpGs are passed on to one of the two
daughter DNAs, allowing a difference between the original
DNA and daughter DNA in terms of DNA methylation
status. In this way, the epigenetic memory derived from the
original cell type is attenuated through continuous passaging
of iPSCs [73], although the epigenetic modification profiles of
the iPSCs retain a fraction of the epigenetic marks of the

original cell [74]. It is thus possible that cell-cycle progression
can induce global epigenetic changes. There are many reports
showing that cell-cycle exit is coupled with neural cell differ-
entiation. From the viewpoint of local epigenetic regulation,
it is also valuable to highlight the molecules that constitute
core networks up- or downregulating the cell cycle for main-
taining NSC properties and for acquiring differentiation
capacities via epigenetic processes (figure 3).

(a) Association between epigenetic and cell-cycle
regulators

To clarify neurological development, a wealth of genetic
studies have been performed and established essential roles
of the RTK-PI3K-PTEN, ARF-MDM2-p53 and p16/INK4A-
RB pathways in gliomagenesis [76]. Inactivation of p53 and
PTEN promotes an undifferentiated state with high renewal
potential and drives increased MYC protein levels and their
associated signatures [77]. These molecular complexes seem
to be associated with epigenetic machineries. For example,
LSD1 inhibition in embryonic mouse NSCs results in reduced
proliferation through upregulation of cell-cycle inhibitors
PTEN and p21/WAF1 [78]. PTEN controls NSCs by nega-
tively regulating their cell-cycle progression rather than
preventing post-mitotic neurons from re-entering the cell
cycle. As HDAC3 and 5 also form repressive complexes
with LSD1, it seems more likely that multiple epigenetic
mechanisms collaborate on the basis of cell-cycle regulators
in normal neural development.

Regarding p53 machineries, the RNA helicase p68 is
involved as an established co-activator that itself has a pivotal
role in orchestrating the cellular response to DNA damage.
Several factors influence the biological outcome of p53
activation. For example, p68 is critical for p53-mediated acti-
vation of p21. p68 depletion results in a striking inhibition of
recruitment of p53 and RNAPII to the p21 promoter but not
to the other promoters related to apoptosis, which highlights
a function of p68 as a modulator of the decision between p53-
mediated growth arrest and apoptosis in vitro and in vivo [79].
As described above, p68 is known to be associated with
DNMTs. Therefore, not only PTEN but also p53 provides
an interface that is accessed by various epigenetic modifiers.
In vitro experiments as models of neuronal maturation, and
in vivo analyses of axonal injury and regeneration suggest
that atypical p53-dependent cellular functions could depend
on specific patterns of p53 modification such as acetylation in
its C-terminus [80]. These modifications directly affect the tran-
scriptional activity of p53 and regulate its affinity for diverse
cofactors, which in turn regulate the occupancy of p53 in
specific promoters [81]. In adult NSCs in the SVZ of p53-
deficient mice, loss of p53 was not sufficient for tumour for-
mation, but led to increased cell proliferation and altered
differentiation under physiological conditions [82]. p53 was
not essential to promote cell death in any of these studies,
which also supports the idea that p53 is required to maintain
the physiological proliferation rate in NSCs.

A p53-CBP/p300 transcription module seems to be
required for axon outgrowth and regeneration. It is possible
that p53 and CBP/p300 function as scaffolds for epigenetic
settings. Studies of neuronal precursor-like PC12 and neuro-
blastoma cells have shown that p53 gene expression is
induced and required during neuronal differentiation and
maturation [83]. p53 was also reported to bind to the nerve
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Figure 3. A model for cell-cycle-dependent epigenetic choice driven by master regulator networks. Pink and blue curved arrows indicate hypothetical cell-cycle
phases at which cellular genomes are affected by stable and fluctuating epigenetic modifiers, respectively. Neural differentiation occurs in a restricted time window at
the transition from G1 to S phase [75]. If the asymmetric division occurs to produce a differentiating cell (pattern A) and a proliferative cell (pattern B), the
respective epigenetic patterns become different from each other. If epigenetic choice occurs after S phase, such cells may produce two daughter cells in which

the epigenetic patterns are similar to each other (patterns C and C').

growth factor (NGF) receptor trkA, which is known to induce
PC12 neuronal differentiation and to activate trkA expression
[84]. p53 associates with histone acetylases CBP/p300, PCAF
and hGCNS5 at three distinct regions, respectively. CBP/p300
acetylates Lys 370, 372, 373 and 382 of p53. On the other
hand, nuclear translocation of PCAF and hGCN5 upon the
phosphorylation of Ser and Thr residues within their histone
acetyltransferase domains is rapidly induced by NGF, and
increases Lys 320 acetylation of p53, leading to the activation
of the p21 promoter, which triggers G1 arrest and promotes
neuronal differentiation in PC12 cells [85]. This observa-
tion clearly shows the presence of crosstalk between the
phosphorylation and acetylation axes. Moreover, Wnt7b was
found to be one of the new putative p53 target genes
during NGF-mediated PC12 neuronal differentiation [86].
Studies in neuronal cells have suggested that the interaction
of p53 with the neuron-specific and pro-differentiation TF
BRN3A facilitates a shift of p53 transcriptional activity from
cell death to neuronal differentiation [87]. As there are
approximately 12 000 neuronal activity-regulated enhancers
that are bound by the general transcriptional co-activator
CBP/p300 in a neuronal activity-dependent manner, the
function of CBP/p300 at enhancers may be to recruit
RNAPII together with p53, as activity-regulated RNAPII
binding to thousands of enhancers has been observed [50].
These facts taken together reinforce the idea that ncRNA is
involved in the formation of ternary structures between
enhancer and promoter sequences as described in figure 2.

Although it has not been found in neural cells, there is an
inverse relation between p15/INK4B antisense (p15AS) and
p15 sense expression in leukaemia. A p15AS expression con-
struct induced p15 silencing in cis and in trans through
heterochromatin formation but not DNA methylation, and
the silencing persisted after p15AS expression was turned
off. The p15AS-induced silencing was DICER-independent.
Expression of exogenous p15AS in mouse ESCs caused p15
silencing and increased growth through closed chromatin for-
mation as well as DNA methylation after differentiation of
the ESCs [88]. Similarly, at steady state, endogenous p21 tran-
scripts consist of comparable levels of both sense and
antisense transcripts in human MCF7 [89]. When a reduc-
tion in p21 antisense transcription occurs, there is a loss of
the low-level antisense-directed H3K27 trimethylation at the
P21 sense promoter and an increase in p21 sense/mRNA
expression. Conversely, a decrease in p21 sense/mRNA
expression results in p21AS-mediated AGOL1 recruitment to
the p21 sense/mRNA promoter, followed shortly thereafter
by an enrichment of H3K27 trimethylation, similar to the
observed mechanism whereby siRNAs direct transcriptional
gene silencing.

NSCs expand their population during mid-to-late embry-
ogenesis by dividing symmetrically, while also increasing
their cell-cycle length [90], raising the possibility that the
timing of the decision for neural differentiation depends not
only on cell-intrinsic epigenetic mechanisms but also on the
phase of the cell cycle. Recently, it has been shown that
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human ESCs in early G1 phase can only initiate differentiation
into endoderm, whereas the ESCs in late G1 are restricted to
neuroectoderm differentiation [75]. This is supported by
cyclin D overexpression experiments showing that, in ESCs,
neuroectoderm differentiation is specifically induced. Func-
tional experiments reveal that the activity of Activin/Nodal
signalling during cell-cycle progression is controlled by cyclin
D proteins that activate CDK4/6 and lead to the phosphoryl-
ation of SMAD2 and SMAD3 in their linker region. This
mechanism blocks SMAD2 /3 translocation into the nucleus in
late G1, thereby preventing endoderm specification and allow-
ing neuroectoderm specification. Together with epigenetic
regulation, intrinsic mechanisms for cell-cycle progression can
thus be used for the stochastic neural cell fate choices directed
by extracellular differentiation signals according to the timing
of their signal input coming from the niche.

(b) Towards reprogramming to or from neurons
Mature neurons, which have exited from the cell cycle, have
low efficiency of reprogramming to iPSCs by simultaneous
expression of OCT4, SOX2, C-MYC and KLF4 [91]. In this
context, it is interesting to note that p53 suppression is crucial
for efficient reprogramming of neurons to iPSCs. Although
neurons and glial cells are generated from common NSCs,
it is much easier to reprogramme glial cells and NSCs into
iPSCs than to similarly reprogramme neurons [92,93]. The
efficiency of transdifferentiation, like that of reprogramming
to iPSCs, also depends on the cell type. These facts would
lead to the expectation that neurons may exhibit lower
potency of transdifferentiation into different lineages com-
pared with the transdifferentiation potency of glial cells,
because neurons are post-mitotic cells.

Transdifferentiation is the conversion of a differentiated cell
to alternative lineage(s), such as conversion from fibroblasts to
neurons [94-97]. Regarding glial cells, we have previously
shown that activation of the JAK/STAT signalling pathway
can induce transdifferentiation from oligodendrocytes into
astrocytes [98]. Pericytes, a cell type implicated in the establish-
ment and maintenance of the blood-brain barrier, isolated
from human cerebral cortex were also reported to be transdif-
ferentiated into neurons by the ectopic coexpression of SOX2
and ASCL1 [99]. In addition, ectopic expression of PAX6 or
NEUROG?2 in astrocytes could induce their conversion to
immature neurons in mice [100]. Moreover, the plasticity of
astrocytes was shown by their transdifferentiation into fully
differentiated glutamatergic and GABAergic neurons by ecto-
pic expression of NEUROG2 or DLX2, respectively [100]. In
contrast to glial cell transdifferentiation, there are few reports
showing the transdifferentiation of neurons into different cell
lineages. However, a recent study showed that overexpression
of the FEZ family zinc finger 2 gene could induce the direct
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