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Abstract
Many lineage-specific genes are poised and silenced in stem cells. Upon differentiation, genes that
are related to self-renewal and alternative lineages are stably silenced. CpG methylation at
proximal promoters and PRC2-mediated H3K27me3 play a role in silencing genes temporarily or
permanently, with or without coexistence of active epigenetic marks, respectively. Interestingly,
DNA methylation on neuronal genes that is distal to transcription start site enable transcription
activation owing to its ability to repel PRC2-mediated inhibition. In addition, DNA demethylase
Tet proteins play a role in regulation of changes in DNA methylation and related H3K27me3
during differentiation. Collectively, a complex epigenetic network formed by H3K4me3, histone
acetylation/deacetylation, H3K27me3 and DNA methylation/demethylation act together to
regulate stem cell self-renewal and differentiation.

Introduction
The process of differentiation involves intricate relationships between programs that activate
and inhibit gene expression. Through a long cascade of events from embryonic stem cells
(ESCs) all the way to differentiated neural cells, significant amount of gene silencing and
activation takes place to regulate the potential of each cell. The silencing of developmental
genes is achieved by two different mechanisms. Initially, genes are silenced via a temporary
process that creates bivalent domains that are poised for activation. Subsequently, a more
permanent mechanism ensures long-term silencing of genes during development.
Collectively, these mechanisms ensure proper development of the central nervous system
(CNS). The poised nature of early gene silencing events prepares a cell for imminent gene
activation and differentiation, while preventing precocious differentiation. In ESCs,
repression of key regulatory genes, as well as maintenance of ESCs, are regulated by a class
of histone modification enzymes, plycomb group (PcG) proteins. Through the action of PcG
proteins, differentiation of ESCs is inhibited with no effects on their self-renewing capacity.
For instance, factors that are important for differentiation of ESCs are trimethylated at
histone H3 lysine 27 (H3K27me3) by polycomb repressive complexes (PRCs) and
elimination of PcG results in derepression of their target genes and differentiation of ESCs
[1–3]. Despite the fact that most PcG target sites show the H3K27me3 inhibitory epigenetic
mark, they also carry marks associated with gene activation, such as H3K4 trimethylation
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(H3K4me3) [4,5••]. The combination of inhibition and activation marks sets up a `biva-lent'
chromatin mark, and collectively, they maintain genes in a poised state for activation (Figure
1). Such bivalent domains are resolved during differentiation, and as a result, most genes
end up with either of the two opposing histone marks that correspond to their expression
states. Here, we discuss the involvement of epigenetic regulation during neural
development.

DNA methylation and neural development
DNA methylation plays important roles in genomic imprinting, X-chromosome inactivation,
regulation of gene expression and maintenance of epigenetic memory. Two catalytically
active de novo DNA methyltransferases, Dnmt3a and Dnmt3b, establish DNA methylation
patterns by adding methyl groups onto unmethylated DNA. Dnmt3l, a close homolog of
Dnmt3a and Dnm3b, lacks the catalytic domain but interacts with unmethylated H3K4. This
interaction recruits and activates methylation activity of Dnmt3a/b [6]. When cells divide,
another DNA methyltransferase, Dnmt1, maintains the pattern of DNA methylation by
converting the hemimethylated DNA synthesized during replication to fully methylated state
[7–10]. Deletion of Dnmt1 or Dnmt3b results in embryonic lethality, whereas Dnmt3a
knockout animal die around postnatal day 30 (P30), collectively indicating the essential role
of DNA methyltransferases during development [11•,12]. In the classical view of DNA
methylation, gene silencing is achieved through inhibiting transcription factor binding to
DNA by methylation at the promoter CpG sites and recruitment of methyl-CpG binding
proteins (MBDs), which further recruit HDAC repressor complexes, collectively resulting in
a repressive state of the chromatin. Even though, most CpG islands overlap with proximal
promoters and mediate gene silencing, DNA methylation in intergenic regions and gene
bodies is widespread, indicating the importance of distal-promoter methylation and its role
in tissue-specific gene expression [13–16]. During early embryogenesis, DNA methylation
pattern is established gradually upon fertilization and development of the zygote. At first,
methylation patterns of both paternal and maternal genomes are largely removed, owing to
Dnmt1 being excluded from the nucleus [17]. Subsequently, de novo DNA
methyltransferases begin to re-establish DNA methylation patterns during implantation and
subsequent germ layer and cell type differentiation [11•]. The genome-wide eradication of
DNA methylation in pre-implantation embryos, followed by re-methylation to establish
DNA methylation patterns, is an important process for setting up the pluripotency in early
embryonic stem cells [18,19•]. In continuously self-renewing stem cells, genes that regulate
differentiation need to be repressed in a stable manner, and this repression needs to be
heritable once cells undergo division. Therefore, DNA methylation as well as histone
modifications, work in combination to regulate stem cell self-renewal, differentiation, as
well as reprogramming, including de-differentiation and trans-differentiation.

DNA methylation and histone modifications play important roles in stem cell differentiation
along the neural lineage. During neural development, neurogenesis always precedes
gliogenesis, and this correlates with tight spatiotemporal changes in the epigenetic landscape
within the genome. Specifically, numerous neuronal genes, in addition to being inhibited by
PRC2, are also inhibited by the action of REST (RE1 silencing transcription factor) in
undifferentiated stem cells and in nonneuronal cells in the developing embryo. REST exerts
its effects through RE1 binding site on promoters of target genes, and by recruiting histone
modifiers and chromatin-binding proteins [20]. Highly expressed REST in ESCs and NPCs
preferably binds to neuronal genes to prevent premature neuronal differentiation by
maintaining neuronal lineage genes in a poised state. The dissociation of REST from its
target genes is also concomitant with REST repression as NPCs differentiate into neurons
[21]. However, the action of REST on NPCs and non-neuroectodermal lineages differ
fundamentally. In ESCs and NPCs, REST recruits corepressor complex that consists of
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CoREST, HDAC, mSin3A and MeCP2 to the RE1 site. The HDAC within the complex
plays a crucial role of maintaining the reversible repression of neuronal genes in ESCs and
NPCs. Although the REST complex found in non-neuroectodermal cells is composed of
similar core regulators, the chromatin state of neuronal genes is strikingly different
compared to that of ESCs and NPCs. The REST complex in non-neuroectodermal cells has a
higher association with H3K9 methyltransferase (G9A), SUV39H1 and the H3K4
demethylase, JARID1C. This REST-associated complex found in non-neuroectodermal cells
induces permanent silencing of neuronal genes via H3K9 methylation, DNA methylation
and H3K4 demethylation [20–22]. On the contrary, the inactive – but, poised – neuronal
promoters in stem cells are not associated with DNA methylation or histone H3K9
methylation. The transcription of neuronal genes takes place once NPCs commit to a
neuronal lineage and the expression of REST is turned off, followed by the removal of the
REST repressor complex from neuronal gene promoters.

DNA demethylation and development
DNA methylation has been considered a major epigenetic mechanism for stable, long term
gene silencing in somatic cells, and it sets up a pluripotent state at the early stages of
development [18,19•,23]. Even though, active demethylation of the genome in the zygote
has been documented for more than a decade, it was demonstrated only recently that such
genome-wide dynamic changes in DNA methylation was carried out by a group of enzymes
that efficiently modify methylation patterns during development. Ten-eleven translocation
(Tet) proteins convert 5mC into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) through oxidation reactions [24,25,26••,27]. Even though,
5hmC was detected in mouse ESCs at high levels, once ESCs initiate differentiation, 5hmC
levels decrease significantly [24,28]. Upon completion of the differentiation process, 5hmC
levels increase in terminally differentiated cells [29]. Collectively, these findings indicate a
significant role for the involvement of 5hmC in the dynamic regulation of DNA methylation
during development. The Tet group of proteins in mammals have 3 members: Tet1, Tet2 and
Tet3 [30,31]. Tet1 was identified as a 5mC dioxygenase that catalyzes the conversion of
5mC to 5hmC [24], and genome-wide analysis of Tet1 and 5hmC distribution in ESCs
revealed the function of Tet proteins in regulation of dynamic changes during the
differentiation of pluripotent stem cells [32,33•]. In ESCs, 5hmC and Tet1 are enriched at
bivalently marked genes. Surprisingly, deposition of 5hmC by Tet1 is required for PRC2
binding to these targets. It is possible that the maintenance of hypomethylation induced by
Tet1 in ESCs allows PRC2 binding. Another scenario suggests that the 5hmC mark might
involve RNA polymerase II pausing at the promoter sites of poised genes. The discovery of
Tets indicates a potentially novel mechanism for the regulation of DNA methylation during
development and the establishment and maintenance of the pluripotent epigenetic state
during early embryogenesis.

Regulation of gene expression by non-promoter DNA methylation
Approximately 70% of the human gene promoters are associated with CpG islands. Despite
the methylated status of the most scattered CpG sites in the mammalian genome, CpG
islands generally remain unmethylated with the exception of CpG islands in intragenic
regions [34], collectively setting up a bimodal pattern. As discussed above, the binding of
Dnmt3a and Dnmt3b to the chromatin may play a role in the establishment of this pattern
[35], although the molecular mechanism underlying this phenomenon still remains elusive.
On the contrary, binding of transcription factors may regulate targeting of Dnmt3a and
Dnmt3b to promoter regions [36,37••]. Even though, many studies provided clues regarding
the function of Dnmts, the extrapolation of locus-specific findings to other regions of the
genome required more comprehensive genome-wide analyses. With the recent advances in
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sequencing-based technologies, generation of high-resolution genome-wide Dnmt
occupancy, as well as assessment of DNA methylation state, has been performed using
pluripotent stem cells and their differentiated progeny. In combination with the recent
discovery of Tet group of proteins that act as active DNA demethylases, DNA methylation
is now seen as a dynamic regulatory mechanism rather than only permanently silencing
genes. In addition, accumulating evidence has revealed the distribution and function of DNA
methylation and Dnmts at the proximal promoter and distal promoter regions, further
demonstrating the dynamic nature of DNA methylation in gene regulation.

The context-dependent nature of gene regulation by DNA methylation was recently
demonstrated through genome-wide DNA methylation analyses in stem cells and their
differentiated progeny. For instance, actively transcribed genes were shown to carry high
levels of gene body methylation [13,14,38]. In addition, the classic inhibitory view of DNA
methylation was challenged and expanded with the finding that DNA methylation may play
a role in both gene inhibition and activation using genome-wide mapping of de novo Dnmts
[39•• ,40,41]. By methylating proximal promoters in self-renewing postnatal neural stem
cells (NSCs), Dnmt3a mediates gene repression. More interestingly, through non-proximal
promoter methylation Dnmt3a allows for transcription activation of neurogenic genes in
NSCs by antagonizing Plycomb complex-mediated repression [39•• ]. Specifically, in
postnatal NSCs, using genome-wide Dnmt3a occupancy analysis, Dnmt3a was shown to be
excluded from areas with high CpG content and H3K4me3 marks; however, Dnmt3a was
found to be frequently bound to areas with low CpG content promoters or genomic regions
flanking H3K4me3 marks [39••] (Figure 2). This phenomenon does not seem to be limited to
adult NSCs and may play critical roles during development, since the correlation of non-
promoter DNA methylation and transcription of Dnmt3a target genes was also shown when
neural differentiation is initiated from mouse embryonic stem cells. In addition, analysis of
genome-wide DNA methylation status in human colon cancers also demonstrated that
localization of DNA methylation to regions flanking CpG islands (also referred to as `shore
regions') instead of CpG-reach promoter regions [16]. The possibility of tissue-specific gene
regulation by distal-promoter DNA methylation was supported by the demonstration that
CpG-shore DNA methylation played important roles for the lineage specification of
hematopoietic stem cells [42]. Human ESCs show extensive non-CpG island DNA
methylation, especially in gene bodies of actively transcribed genes, though the function of
this methylation has not been fully understood. In addition to non-CpG island methylation,
many large domains of the genome show differential methylation patterns [14]. Genes that
are part of the partially methylated domains generally show lower levels of expression
activity and higher levels of histone marks that are associated with repression, such as
H3K27me3 [43]. The hypothesis that non-promoter DNA methylation may facilitate
transcription of genes in partially methylated domains was reported in NSCs of the adult
brain, in which Dnmt3a-dependent non-proximal-promoter DNA methylation was shown to
antagonize PRC2 driven H3K27me3 levels and to ultimately relieve inhibition of a number
of neurogenic genes [39]. In this context, non-proximal promoter DNA methylation
established by Dnmt3a may represent an additional layer of epigenetic regulation of
Polycomb repression in somatic cells [44].

Conclusions
During stem cell self-renewal and differentiation, there are two forms of gene silencing
events. In undifferentiated stem cells, lineage-specific genes are poised and silenced, while
during stem cell differentiation, genes related to stem cell self-renewal and genes related to
alternative cell lineage are stably silenced. Both CpG methylation at proximal promoters and
PRC2-mediated H3K27me3 are heavily used, taking turns to silence genes either
temporarily or permanently. In ESCs, H3K27me3 appears to be the major gene silencing
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mechanism, while poised state is established by addition of the H3K4me3 mark. DNA
methylation is more involved in differentiation. Methylation within proximal promoters can
be involved in permanent gene silencing of pluripotent genes, probably in combination with
H3K9Me2/3, and in temporal inhibition of differentiation genes, such as glial specific genes
during neurogenesis. Interestingly, DNA methylation on neuronal genes that are at distal
regions with regards to transcription start site has been shown to enable transcription
activation owing to its ability to repel PRC2-mediated inhibition. Consistent with the
antagonizing effect between CpG methylation and H3K27me3 modification, it is found that
DNA demethylase, Tet proteins allow for PRC2 binding. Upon terminal glial differentiation,
the proximal promoter CpG methylation is erased in response to glial differentiation signals,
while during neuronal terminal differentiation, CpG methylation globally might also drop,
reinstating PRC2-mediated silencing of alternative lineage genes as well as early
differentiation genes. Therefore, rather complex epigenetic networks formed by H3K4me3,
Histone acetylation/deacetylation, H3K27me3 and DNA methylation/demethylation act
coherently to regulate stem cell self-renewal and differentiation.
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Figure 1.
In ESCs, the key transcription regulators are bivalently marked with both active and
repressive histone markers, H3K4me3 and H3K27me3, respectively. Coexistence of these
two histone markers is critical to maintain a poised state within ESCs. Upon differentiation,
one of the histone markers would eventually be enhanced through interacting with either
PcG or TxrG complex. DNA methylation at the promoter region, induced by de novo
Dnmts, is associated with gene silencing. The oxidation of 5mC to 5hmC by Tet proteins
relieves this repression and also blocks the binding of Dnmts to the promoter site.
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Figure 2.
In postnatal NPCs, DNA methylation, mediated through Dnmt3a, can either repress or
activate gene expression based on the context of the chromatin. Dnmt3a induced distal
promoter methylation usually coincides at the upstream of actively transcribed genes with
CpG island containing promoters. Instead, these CpG island containing promoters are
repressed or maintained in a poised state through PRC2-mediated silencing and often
associated with high levels of H3K27me3. Genes with low CpG density proximal promoters
can be silenced through Dnmt3a-mediated promoter methylation.
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