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CHROMATIN REGULATORS OF NEURAL DEVELOPMENT
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Abstract—During all stages of neural development—from
the fate switches of neural precursor/progenitor cells to
activity-dependent synapse maturation—chromatin-level
modifications are important regulators of the gene expres-
sion that control developmental programs. Such modifica-
tions, including both alterations of histone tails and
cytosine residues in the DNA, as well as changes in the
chromatin structure, act dynamically throughout develop-
ment and work together to determine the chromatin state
at each time point. While many studies have shown localized
action of chromatin modifiers at relevant gene loci, recent
reports have also indicated that some chromatin modifica-
tions work on a more global scale, altering many loci
throughout the genome. Here we review recent papers that
describe the roles of chromatin-level regulation, at both
the local and global scale, in the development of the mouse
brain.
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INTRODUCTION

Epigenetic information transmitted through cell divisions
to orchestrate developmental programs is often encoded
by chromatin-level modifications. These modifications
include those on the DNA, including methylation and
hydroxymehtylation of cytosine residues, as well as
alteration of histone tails and chromatin structure. While
there are many types of histone modifications, which
each have differing roles in regulating gene expression,
we will focus here on Histone H3 lysine 27
trimethylation (H3K27me3), a repressive mark that is
added by polycomb group (PcG) of proteins and
removed by demethylases, and histone acetylation, a
transcriptionally permissive mark, which is added by
histone acetyltransferases (HATs) and removed by
histone deacetylases (HDACs). DNA and histone
modifications are recognized by readers, which recruit
transcription factors or other chromatin-modifiers that
can affect chromatin structure. Chromatin structure here
refers to the higher order chromatin conformation,
including chromatin looping and general condensation or
opening of the chromatin. A decondensed chromatin
structure allows transcription factors easier access to
their targets and is generally associated with increased
transcription, while a condensed chromatin structure has
the opposite effect. Importantly, chromatin-modifiers,
including those mediating DNA and histone modification,
and regulators of the chromatin structure ultimately work
together to determine the chromatin state at each point
in development and to control the cell fate.

In the mammalian brain, accumulating evidence has
proven that chromatin-level modifications play pivotal
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Fig. 1. Neuronal development. NPCs first sequentially produce the various types of neurons in the neurogenic phase and then produce astrocytes
in the astrogenic phase. When NPCs produce a neuron, the cell first undergoes neuronal fate commitment and then later acquires its unique
features, such as axons, dendrites, synapses, and polarized membrane potential.

roles in coordinating developmental programs. Neural
precursor/progenitor cells (NPCs) generate the various
neuronal and glial subtypes in a precise order
(Hirabayashi and Gotoh, 2005; Miller and Gauthier,
2007; Molyneaux et al., 2007). In the first steps of
development, NPCs gradually lose their competence to
produce neurons, sequentially making each neuronal
subtype (in the neurogenic phase) and then producing
glia (in the astrogenic phase) (Fig. 1). These sequential
fate switches, as well as the neuronal differentiation/
maturation process, are heavily dependent on chromatin
modifiers. A key issue to be considered is where such
chromatin modifications occur in the genome. One
possibility is localized regulation of the gene loci that are
relevant to a certain developmental process—for
example, specific repression of the neurogenic gene
neurogenin 1 (neurog1) in NPCs upon their transition
from the neurogenic to astrogenic phase (Hirabayashi
et al.,, 2009). While there is a lot of evidence for this
kind of regulation, recent studies have indicated that
during neurodevelopmental processes, various types of
modifications may be acting at many loci throughout the
genome. Furthermore, it is possible that the already
identified local modifications may be part of a genome-
wide change in the chromatin state. Therefore, this field
is now in the process of investigating changes in DNA
and histone modifications and chromatin structure on a
genome-wide scale. Here we review recent studies from
the past 3years that provide insight about the
chromatin-level regulation, at both the local and global
scale, that is important for orchestrating neural
development in mice.

IKAROS

During the neurogenic phase when NPCs generate the
various neuronal subtypes (Fig. 1), each cortical layer is
produced sequentially, from deep layers to superficial
layers (Molyneaux et al., 2007). Although a recent study
showed that as early as embryonic day E10.5, some
NPCs destined to generate Cux2+ superficial layer
neurons are segregated from those generating deep

layer neurons (Franco et al., 2012), clonal analyses
showed that NPC clones labeled at E10-E13 can
produce both deep and superficial layer neurons (Shen
et al, 2006; Yu et al, 2009). No matter how
heterogeneous NPCs are, data from birthdate analysis
of neurons suggests that the timed switch from
producing one cortical layer to the next is roughly
synchronized among NPCs (Takahashi et al., 1999).
Then, what regulates these timed switches of NPC fate?
A recent study on lkaros has hinted at the possibility
that regulation of the chromatin state in NPCs may play
a role in the production of deep layer neurons (Alsi6
et al.,, 2013). In NPCs, lkaros expression is highest at
early stages, when deep layer neurons are produced,
and overexpression of Ikaros increased the number of
deep layer neurons, as identified by expression of deep
layer markers including (COUP-TF)-interacting protein 2
(ctip2), Tbr1 and Foxp2. While lkaros is known to be a
transcription factor, it has also been shown to localize at
peri-centric herterochromatin, and in some contexts,
play a role in condensing the chromatin state at target
loci by facilitating heterochromatin formation and
recruiting nucleosome remodeling and histone
deacetylase (NuRD), a nucleosome remodeling complex
that contains HDAC1 (Kim et al., 1999). On the other
hand, lkaros has also been suggested to activate
transcription at some loci by recruiting the switch/
sucrose nonfermentable (SWI/SNF) chromatin-
remodeling complex (Kim et al.,, 1999). While it is
possible that lkaros’s functions in altering the chromatin
state acts in its role in promoting deep layer neuron
production in NPCs, further studies are needed to clarify
the role of chromatin structure in the neuronal subtype
fate changes of NPCs. Furthermore, where |karos acts
in the genome, whether at a few specific loci or globally,
also remains to be determined. Interestingly, Ikaros in
the mouse retina and its homolog, hunchback, in
drosophila also contribute to early-fate neuronal
production in precursor cells (Isshiki et al., 2001; Elliott
et al., 2008), suggesting that this function may be
conserved in various contexts.
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DNA METHYLATION

In NPCs’ neurogenic phase (Fig. 1), the expression of
astrocytic genes must be repressed. DNA methylation of
cytosine residues (5-methylcytosine (5mC)) is well
studied as a mechanism for the suppression of
astrocytic genes such as glial fibrillary acidic protein
(gfap) (Takizawa et al., 2001; Fan et al., 2005; Namihira
and Nakashima, 2013), but how DNA methylation itself
is regulated is still a topic of investigation. In astrogenic
NPCs, signal transducer and activator of transcription 3
(STAT3) of the Janus kinase—STAT (JAK-STAT)
pathway activates gfap expression by binding to its
promoter, but in neurogenic NPCs, methylation of the
STAT-binding site blocks STAT3 binding (Bonni et al.,
1997; Takizawa et al., 2001; He et al., 2005; Namihira
and Nakashima, 2013). Furthermore, DNA
methyltransferase 1 (DNMT1), seems to be at least
partially responsible for maintaining this methylation
during the neurogenic phase, suggesting that preventing
DNMT1 from accessing the gfap promoter may result in
the transition from the neurogenic to astrogenic phase
(Fan et al., 2005). Interestingly, a recent study showed
that nuclear factor 1 A-type (NF1A), a Notch-signaling-
induced transcription factor that has previously been
shown to potentiate NPC differentiation into astrocytes
(Deneen et al., 2006), may sequester DNMT1 away
from the gfap promoter (Namihira et al., 2009).
Overexpression of NF1A reduced the binding of DNMT1
and the methylation at the gfap promoter, while it
induced premature astrogenesis. Furthermore, since the
amount of DNA methylation at other astrocytic gene loci
is also reduced during the transition from the neurogenic
to astrocytic phase (Hatada et al., 2008), it is possible
that NF1A acts on more than one locus to coordinate
the timing of the expression of astrocytic genes, though
further studies are needed to address this idea.

POLYCOMB COMPLEX

PcG proteins, which are generally mediators of gene
repression, are important for both maintaining the
undifferentiated state of NPCs and also for regulating
their differentiation potential. The PcG proteins consist
of two protein complexes, polycomb repressive complex
2 (PRC2), which contains the methyltransferase Ezh2
that is responsible for depositing the repressive
H3K27me3 mark, and PRC1, which recognizes H3K27-
me3 and contains a ubiquitin ligase, Ring1A or Ring1B,
that is important for gene repression (Cao and Zhang,
2004; de Napoles et al., 2004; Schwartz and Pirrotta,
2007). Knockout of Ezh2 in the mouse neocortex at the
onset of neurogenesis (E9.5) induces premature
neurogenesis in place of self-renewal, resulting in
exhaustion of NPCs by the late neurogenic phase and
finally a thinner cortex compared to controls (Pereira
et al., 2010). This is in accord with an earlier paper
showing that acute knockdown of Bmi1, an essential
component of PRC1, also results in defects in self-
renewal as well as an increase in apoptosis in NPCs
in vitro and in vivo (Fasano et al., 2007). These
phenotypes are due to impaired repression of a cyclin-
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Fig. 2. HMGA proteins contribute to neurogenic potential in early-
stage NPCs. (A) In the early stages, positive feedback between
HMGA and Myc regulates the neurogenic potential of NPCs. At the
transition from the neurongenic to astrogenic phase, repression of
HMGA by the PcG complex may play a role in suppressing the
neurogenic potential. (B) Early-stage NPCs have a globally open
chromatin state, and it becomes condensed during neocortical
development. Establishing such an open chromatin state is one
way that HMGA proteins regulate the neurogenic potential. A similar
correlation between open chromatin and differentiation potential is
seen in ES cells.

dependent kinase inhibitor, p27, in the Bmi1 knockdown
cells. Interestingly, constitutive knockout of Bmi1 does
not affect the proliferative activity of embryonic NPCs
(Molofsky et al., 2003), suggesting that complete loss of
Bmi1 from the beginning of development may be
compensated for by other mechanisms to allow for
normal cortical development. In short, it appears that
various PcG proteins are important for maintaining NPC
self-renewal in the neurogenic phase.

After the neurogenic phase, NPCs transition to the
astrogenic phase (Fig. 1), at which point neurogenic
genes must be repressed. Interestingly, PcG proteins
are also important in this later stage of development, as
they play a role in regulating the transition to the
astrogenic phase by repressing neurogenic genes in
non-neurogenic NPCs (Fig. 2A). An earlier study
showed that PcG proteins repress neurog? and
neurog2, key determinants of neuronal fate in the
neocortex, as NPCs switch from the neurogenic to
astrogenic phase (Hirabayashi et al., 2009). Therefore,
PcG proteins appear to have distinct roles at multiple
developmental stages during corticogenesis.

However, how PcG proteins are regulated is less well
understood. Recently, ncRNA has been implicated in
recruiting PcG complexes to target loci in embryonic
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stem cells (ESCs) (Brockdorff, 2013). In NPCs, neurog1
expression is activated by the ncRNA utngn1, which is
transcribed from an enhancer element of the neurog1
locus (Onoguchi et al., 2012), raising the possibility that
utngn1 might negatively regulate PcG activity at this
locus. Further studies are needed to determine the role
of ncRNA in PcG targeting to other neurogenic gene loci
in NPCs.

HIGH MOBILITY GROUP AT-HOOK (HMGA)

Recently, HMGA proteins have emerged as important
players in regulating the neurogenic potential and self-
renewal capacity of NPCs (Nishino et al., 2008; Kishi
et al.,, 2012). HMGA1 and HMGA2, members of the
HMG subfamily, contain several AT-hook regions that
bind preferentially to AT-rich stretches of B-form DNA
(Reeves, 2001; Fusco and Fedele, 2007). They can be
categorized as modifiers of chromatin structure, as they
usually act to open the chromatin state. HMGA1 and
HMGAZ2 are highly expressed during early development,
and have been shown to play a regulatory role in
various types of stem cells, including ESCs,
hematopoetic stem cells (HSCs) and myoblasts (Li
et al., 2012; Oguro et al., 2012; Shah et al., 2012). In
NPCs, it has been suggested that HMGA proteins
promote NPC self-renewal capacity, suppress astrocyte
differentiation, and promote NPCs’ neurogenic potential,
generally promoting early-stage NPC characteristics
(Nishino et al., 2008; Sanosaka et al., 2008; Kishi et al.,
2012).

Interestingly, a recent report showed that double
knockdown of HMGA1 and HMGAZ2 in NPCs resulted in
the generation of fewer neurons and more astrocytes
during the neurogenic phase (Kishi et al., 2012,
Fig. 2A). Furthermore, NPCs in which HGMA1 and
HMGA2 were overexpressed in early stages could
generate neurons even in the postnatal neocortex,
suggesting that HMGA overexpression can elongate the
neurogenic phase. Interestingly, expression of HMGA
proteins can also revive the neuron production of
postnatal NPCs, returning them to a more early-stage
state. Namely, when HMGA1 and HMGA2 were
overexpressed in the postnatal brain, postnatal NPCs,
which usually do not generate neurons, regained their
neurogenic potential.

This finding raises the question of how HMGA proteins
regulate the neurogenic potential of NPCs. One possible
mechanism is alteration of the global chromatin
structure (Kishi et al., 2012) (Fig. 2B). When HMGA
expression is high (i.e. the neurogenic phase), the
global chromatin structure is less condensed than when
HMGA expression in lower (i.e. the astrogenic phase),
and furthermore, HMGA overexpression in later stages
results in a more open chromatin state similar to that of
early-stage NPCs. Importantly, expression of a mutant
linker histone H1 that has an increased affinity for
chromatin (and thus should condense the chromatin
state) canceled the HMGA overexpression-induced
increase in neurogenesis. Therefore, it seems that the
HMGA-mediated global opening of the chromatin state

in early-stage NPCs plays an important role in their
neurogenic potential.

The possibility that the openness of the chromatin
structure plays a role in the early stage characteristics
and neurogenic potential of NPCs is supported by
recent studies showing that genome-wide regulation of
the chromatin structure also changes over differentiation
during ESC differentiation into the neuronal lineage and
establishment of primordial germ cell pluripotency
(Meshorer et al., 2006; Hajkova et al., 2008, Fig. 2B). In
ESCs, architectural proteins, such as heterochromatin
protein 1 (HP1) and linker histone H1, are more
dynamic than in differentiated NPCs. Furthermore, in
ESCs, knockdown of chromodomain—helicase—DNA-
binding protein 1 (Chd1), which results in limited H1
exchange rate, increases the number of differentiated
cells produced, suggesting that dynamic, open
chromatin may be associated with more stem-like cells
(Gaspar-Maia et al., 2009). Furthermore, transcription
levels in ESCs decrease during their differentiation,
indicating that the open chromatin state may contribute
to pluripotency by allowing a global increase in
transcription of the genome (Efroni et al., 2008). This
supports the model in which a globally open chromatin
state in ESCs, which is regulated in part by Chd1,
allows for the transcription of many genes that are
expressed in ESCs as well as those in lineage-
committed cells. In this model, specific transcription
factors would be responsible for expressing the genes
necessary for ESC maintenance. As the chromatin
condenses when ESCs differentiate, both genes that
maintain ESCs in their undifferentiated state and some
lineage-specific genes can no longer be expressed
(Meshorer and Misteli, 2006). It is possible that a similar
model exists in NPCs. The global opening of the
chromatin state by HMGA proteins in early stages of
NPC development would open both neurogenic and
gliogenic loci, but transcription factors such as Neurog1
and Neurog2 would promote transcription of only
neuronal genes, giving cells neurogenic potential. Then,
during development, the loss of HMGA proteins might
globally close the chromatin, reducing expression of
neurogenic genes so that the cells lose their neurogenic
potential. Further studies that clarify the specific regions
opened by HMGA in the early stages and closed in the
late stages might provide some insight into the
significance of global chromatin condensation during
NPC development.

In addition to its roles in global chromatin regulation,
recent reports have also identified localized actions of
HMGA proteins that are involved in its role in regulating
the neurogenic potential. HMGA proteins can act as
transcription factors by altering the chromatin state of
specific loci and can also regulate the activity of other
transcription factors (Fusco and Fedele, 2007). One of
the genes known to be regulated by HMGA proteins is
insulin-like growth factor binding protein 2 (imp2/
igf2bp2), which codes for an RNA-binding protein that
regulates the subcellular localization, translation, and
stability of mRNA (Christiansen et al., 2009). Imp2 is
upregulated upon HMGA overexpression, and, as with
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HMGA, overexpression of Imp2 increases the neurogenic
potential of NPCs, while knockdown has the opposite
effect (Fujii et al., 2013). While Imp2 has been
implicated in the growth of glioblastomas, its role in the
normal central nervous system is relatively unknown
(Janiszewska et al., 2012). Interestingly, overexpression
of Imp2 can partially rescue the reduction of NPCs’
neurogenic potential caused by HMGA knockdown
(Fujii, Y. and YG, unpublished observation), suggesting
that HMGA might act through Imp2 to regulate
neurogenic potential. The HMGA-Imp2 pathway has
also recently been shown to contribute to the
undifferentiated state of myoblasts and cancer cells (Li
et al., 2012, 2013), raising the possibility that this
pathway might be generally important for stemness in
various systems.

Then, what regulates HMGA proteins? Interestingly, in
various cell types both HMGA1 and HMGAZ2 have been
shown to be regulated by Myc, one of the four factors
originally found to trigger the reprogramming of somatic
cells into pluripotent cells (Takahashi and Yamanaka,
2006; Takahashi et al., 2007). It was shown in a mouse
fibroblast cell line that Myc induces the transcription of
hmgat by directly binding to the E-box element in the
promoter region (Wood et al., 2000). As for HMGAZ2,
Myc acts through Lin28, another reprogramming factor,
to stabilize hmga2 mRNA. In a human B-cell line, Myc
was shown to upregulate the expression of [lin28b
(Chang et al., 2009). Importantly, in several cell lines,
including P19 and 293T, and in endogenous
hematopoietic stem cells, 1in28b has been shown to
represses let-7, a microRNA that degrades hmga2
mRNA (Heo et al., 2008; Newman et al., 2008;
Piskounova et al., 2008; Rybak et al, 2008;
Viswanathan et al., 2008; Copley et al., 2013). Since
Lin28b and Myc are regulators of the neurogenic
potential in NPCs (Nagao et al., 2008; Balzer et al.,
2010), it is possible that the Myc—-HMGA pathway is
also active during central nervous system development
(Fig. 2A). Furthermore, both HMGA1 and HMGA2 have
been shown to promote the expression of Myc (Li et al.,
2012; Shah et al.,, 2012), suggesting that there is
positive feedback between HMGA and Myc. Since
HMGA proteins contribute to the pluripotent state of ES
cells (Shah et al., 2012), Myc—HMGA positive feedback
could be a general “reprogramming feedback” in many
cell types, inducing differentiation in ESCs and reduction
of the neurogenic potential in NPCs. The finding that
HMGA proteins can reprogram astrogenic NPCs to
neurogenic NPCs in vivo is consistent with this idea.

The PcG complex has also been suggested to
negatively regulate HMGA proteins (Fig. 2A). In HSCs,
HMGA is important for regulating the differentiation
potential (Oguro et al., 2012). Interestingly, knockout of
Bmi1, a component of PRC1 that regulates self-renewal
in NPCs, induces upregulation of hmga2 gene
expression. This suggests that hmga2 repression by
PcG might be important in the regulation of self-renewal
and differentiation in HSCs. In our preliminary results,
we also found that PcG represses HMGA in NPCs:
H3K27me3 can be found, and increases during

development, at the HGMA2 gene locus, and Ring1B
knockout activates HMGA2 gene  expression
(Hirabayashi, Y. and YG, unpublished observation).
Therefore, the PcG-HMGA pathway may regulate the
differentiation and self-renewal potentials of many cell
types through regulation of the chromatin state.

DNA 5-HYDROXYMETHYLCYTOSINE (5HMC)

The DNA modification 5ShmC, which is found throughout
the genome, is more abundant in the brain than in other
tissues and has been suggested to play a role in
neurodevelopmental processes. Unlike 5mC, which is
usually found in heterochromatin, 5hmC is associated
with  euochromatin and regions permissive of
transcription in both neurons and ESCs (Ficz et al.,
2011; Mellén et al., 2012; Hahn et al., 2013).

A recent study found that in neurons and NPCs, 5hmC
is enriched in genes expressed in the brain, and
furthermore, that 5hmC levels at such genes increase
during early differentiation (Hahn et al., 2013). Whole
nucleus 5hmC levels, as revealed by immunostaining,
are low in the ventricular zone and the intermediate
zone, which mostly consist of NPCs and intermediate
progenitors, but comparatively higher in the cortical
plate (at E15.5) and the mantle zone of ganglionic
eminences (at E13.5), where differentiated neurons
reside (Fig. 3A). This trend was confirmed by
comparison of NPCs to neurons using 5hmC DNA
immunoprecipitation (DIP) and liquid chromatography
tandem mass spectrometry (LC-MS/MS) quantification
of cytosine modifications. Interestingly, unlike 5hmC
found in ESCs, which is enriched in promoter regions
(Ficz et al., 2011), throughout neural development, brain
5hmC is enriched in intragenic regions and not found at
the transcription start site (TSS), but rather at the
promoter region in early stages and just before the TSS
in later stages (Szulwach et al., 2011; Mellén et al.,
2012; Hahn et al., 2013). Comparing NPCs to neurons,
it appears that the increase of 5hmC during early
differentiation occurs in intragenic regions and that such
intragenic accumulation is associated with higher
transcriptional activity and is more common in genes
important for functions including neuronal differentiation,
migration, and axon guidance compared to other gene
functions (Hahn et al., 2013).

Then, do 5hmC levels actually affect differentiation
programs? 5hmC is added by ten—eleven translocation
(TET) protein-mediated conversion of existing 5mC to
5hmC (Cimmino et al., 2011). TET2/3 are the most
highly expressed TET proteins in the cortex, and their
expression increases during development, suggesting
that they may mediate the observed increase in 5hmC
(Hahn et al., 2013). Interestingly, overexpression of
TET2 and TET3 in NPCs lead to fewer cells in the
ventricular zone in exchange for a greater number of
cells in the intermediate zone, which suggests an
increase in differentiation and/or migration. Furthermore,
brains in which both TET2 and TET3 were knocked
down showed cell clusters along the radial axis,
suggesting that the cells could not complete the
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differentiation program and migrate to the correct location
(Hahn et al., 2013). Although it was not confirmed that
TET2/3 overexpression and knockdown altered 5hmC
levels, it appears that the conversion of 5mC to 5hmC is
important for the completion of neuronal fate
commitment and migration out of the ventricular zone.

Accumulation of 5hmC at the intragenic regions of
neuronal genes was also found in later stages of
development (Fig. 3A): between postnatal day 7 (P7)
and 1year. Immunostaining of 5hmC in the
hippocampus and cerebellum revealed that 5hmC
increases between P7 and 6 weeks in both regions, and
also between 6 weeks and 1year in the cerebellum
(Szulwach et al., 2011). However, no changes in the
levels of TET proteins were found during this stage,
suggesting other factors, such as alteration of the
activity of TET proteins, regulate 5hm levels at this
stage. Similar to the findings in earlier development,
intragenic accumulation of 5ShmC at these later stages
was associated with genes that became actively
transcribed between 6 weeks and P7 and was enriched
in genes involved in neural development and neuronal
functions, such as synaptic transmission. Furthermore,
5hmC profiles were found to vary between different
cerebellar cell types (Mellén et al., 2012), as well as
between adult neurons in different brain areas, with
5hmC specifically enriched in genes important for the
areal functions (e.g. En2 in the cerebellum) (Szulwach
et al., 2011). Thus, it is possible that 5hmC is
responsible for the development of some cell type-
specific characteristics. With the previously described
study about 5hmC accumulation at earlier stages (Hahn
et al.,, 2013), this hints at a model in which intragenic
5hmC is accumulated in a stage-dependent manner: in
early stages at genes important for differentiation and
migration, in later stages at those important for later-
developed neuronal characteristics (e.g. synaptic
transmission), and at the stage of subtype specification,
which is dependent on the subtype, at subtype-specific
loci. It is possible that such 5hmC accumulation is
important for opening the chromatin state at these
regions to allow for gene expression. However, it is
important to note that 5hmC accumulation has not yet
been causally linked to open chromatin or increased
transcription and thus could be an effect rather than a
cause of increased gene expression.

As previously mentioned, in addition to intragenic
regions, 5hmC is also enriched in or around the promoter/
TSS regions in the brain at both developmental time
points investigated. While 5hmC in intragenic regions is
associated with  increased transcription, 5hmC
accumulation at the promoter or TSS is found in early
stages at genes that are not transcribed (Szulwach et al.,
2011; Hahn et al.,, 2013). Because 5hmC is usually
associated with transcribed genes and since this
correlation between promoter/TSS 5hmC accumulation
and low expression is seen only in early stages and, it is
possible that 5hmC marks genes that are transcriptionally
inactive but poised for activation (Szulwach et al., 2011),
as is seen in ESCs (Cimmino et al., 2011). There is also
evidence that at least some promoter 5hmC might play a

role in activating genes in response to neuronal activity
(Guo et al.,, 2011; Kaas et al., 2013; Rudenko et al.,
2013). Recent studies using adult mice suggest that in
response to neuronal activity, TET1 mediates the loss of
5mC, and increase of 5hmC, at the promoters of activity-
induced genes, as well as the increased expression of
such genes. However, further work is needed to
determine the role of 5hmC in this process (whether it is
an intermediate of cytosine demethylation or if it has its
own function) and if similar mechanisms are at work in
neurodevelopmental programs. In  short, 5hmC
accumulation at both intragenic regions and the promoter/
TSS may be important for expression of developmentally-
relevant genes during both early and late-stage neural
development.

A question that remains to be addressed is how 5hmC
might affect gene expression and developmental
programs. One possibility is through 5hmC readers. A
recent study used mass spectrometry to identify several
potential 5hmC readers found in NPCs differentiated
from mouse ESCs and in the adult mouse brain (Spruijt
et al., 2013). To this end, they incubated nuclear
extracts from each cell type with DNA probes containing
the 5hmC modification. Thus, further studies will be
needed to confirm the function of these readers in vivo.
That being said, in NPCs, the 5hmC readers identified
include the E3 ubiquitin ligase, ubiquitin-like with PHD
and ring finger domains 2 (Uhrf2), which was found to
promote TET1-mediated 5mC hydroxylation, and
transcriptional repressors zinc fingers and homeoboxes
1/2 (Zhx1/2). In the adult brain, 5hmC readers include
Ronin, which binds to transcriptional regulator host cell
factor 1(HCF-1) (Dejosez et al., 2008), and HMG family
members HMG1/2 (or HMGB1/2), which, like HMGA1/2,
are suggested to regulate chromatin structure (Reeves,
2010). Another recently identified 5hmC reader is
methyl CpG-binding protein 2 (MeCP2), which we will
discuss later (Mellén et al., 2012). The idea that there is
a different subset of 5hmC readers in NPCs compared
to neurons suggests that 5hmC may have different roles
in these tissues. Furthermore, the finding that some
readers bind 5mC but not 5hmC, with the fact that that
5mC is converted into 5hmC, suggests that part of
5hmC’s influence on gene expression might be due to a
reduction in binding of 5mC readers. It has also been
suggested that 5hmC and/or TET proteins may interact
with PcG proteins (Wu et al., 2011; Hahn et al., 2013),
though the mechanisms and causality of this interaction
remain unclear.

SPECIAL AT-RICH SEQUENCE BINDING (SATB)
PROTEINS

While some evidence (see lkaros section) suggests that
at least some neuronal subtype specification occurs
within NPCs, there is also evidence that chromatin
regulation can play a role in specifying neuronal subtype
in differentiated neurons. SATB proteins, regulators of
higher order chromatin structure, act in postmitotic
neurons to influence subtype specification. In Th2 cells
and tumorgenesis, SATB1 has been shown to mediate
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higher order chromatin structure by looping the chromatin
(Cai et al., 2006; Kohwi-Shigematsu et al., 2013). Such
looping is proposed to aid in the recruitment of other
chromatin-remodeling factors, such as SWI/SNF and
NuRD, and to be necessary for parallel activation of
genes contained in the looped chromatin. Another SATB
family protein, SATB2, has 98% amino acid homology
to SATB1 and has also been shown to recruit
chromatin-remodeling factors, including HDACs, though
its role in chromatin looping has not been determined. In
post-mitotic neurons, the chromatin looping mediated by
SATB proteins has not been explicitly examined, but
there is some evidence that SATB proteins regulate
neuronal subtype specification by altering gene
expression and/or the chromatin state.

SATB2 is involved in specifying the upper layer
callosal projection neuron (CPN) fate over the
subcerebral projection neuron (SCPN) fate by
repressing the expression of ctip2 (Alcamo et al., 2008;
Britanova et al., 2008), a gene important for SCPN
specification (Shoemaker and Arlotta, 2010). This
repression results from direct binding of SATB2 to the
ctip2 locus, recruitment of the HDAC1-containing NuRD
complex, and subsequent deacetylation of histone H3
and H4. Importantly, SATB2 knockout neurons in vivo
show axons that extend along the corticospinal tract,
characteristic of SCPNs, instead of across the corpus
callosum, as is characteristic of CPNs (Alcamo et al.,
2008; Britanova et al.,, 2008). Furthermore, Ski, a
protein previously shown to interact with HDAC1, was
shown to recruit HDAC1 to the ctip2 locus and to be
required for repression of ctip2 (Baranek et al., 2012).
SATB2-positive neurons in Ski knockout mice showed
failed axon projection across the corpus callosum similar
to that observed in SATB2 knockouts, suggesting that
without Ski, SATB2-positive neurons lose their CPN
identity. Interestingly, Ski is recruited to the ctip2 locus
by interacting directly with SATB2, and Ski is required
for the formation of SATB2-HDAC1 complexes as well
as the recruitment of HDAC1 to the ctip2 locus. These
data suggest that the interaction between SATB2, Ski
and HDAC1 decreases the transcriptional permissivity of
the chromatin state at the ctip2 locus through histone
deacetylation and leads to the subsequent ctip2 gene
repression. Furthermore, as SATB2 is expressed in
deep layer neurons in addition to CPNs, but Ski is
expressed only in CPNs, it is possible that SATB2 may
have a role in a variety of neuronal contexts and that
Ski serves as an adaptor for the SATB2-mediated
promotion of the CPN fate.

Furthermore, SATB1 was recently found to play a role
in specifying a specific interneuron subtype, the
somatostatin (SST)-expressing subtype, in post-mitotic
MGE-derived interneurons (Denaxa et al.,, 2012). A
recent study showed that SATB1 expression is activated
by neuronal activity in migrating, immature, LIM/
homeobox protein 6 (Lhx6)-expressing interneurons.
Evidence from overexpression and knockout studies
suggests that SATB1 acts downstream of interneuron-
marker Lhx6 to alter the gene expression profile,
migration, and differentiation of immature interneurons,

thus committing them the SST-expressing interneuron
fate. It is unclear what the direct downstream targets of
SATB1 are in this case, but it will be interesting to
investigate their identity and how SATB1’s chromatin
looping function and recruitment of chromatin-remodeling
factors play a role in their expression.

MECP2

MeCP2 is traditionally thought of as a protein that binds
methylated DNA in order to repress gene expression,
but recent studies have shown it has a much more
global, and less defined, role in repression, activation,
and fine-tuning of gene expression. MeCP2 is much
more abundant in the brain compared to other tissues
and has been shown regulate the expression of specific
genes involved in neural development, including brain-
derived neurotrophic factor (bdnf). Mutation of MeCP2 in
humans causes a neurodevelopmental disease known
as Rett syndrome (RTT), where children mature
normally until 6-18 months of age, at which point
symptoms appear (Guy et al., 2011). Furthermore,
MeCP2 has been shown to play a role in shaping
dendrite morphology and synapse formation (Na and
Monteggia, 2011). Consistent with this idea, MeCP2
expression in mice is low before 5 weeks of age (Skene
et al., 2010). This evidence supports the idea that
MeCP2 acts in the late stages of post-mitotic neuronal
development. However, it is also possible that MeCP2 is
important for the maintenance, rather than the
development of synapses, and it is difficult to
distinguish between these possibilities. Furthermore, the
roles of MeCP2 in other cell types, such as astrocytes
and microglia, have also been implicated in RTT
pathogenesis, although we will not discuss the cell
type-specific functions of MeCP2 in this review. While
RTT and MeCP2 knockout studies make it clear that
MeCP2 is important for the formation and/or maintenance
of neuronal connections during development, how
MeCP2 influences such structure on a molecular
and gene-expression level is still a topic of much
investigation. Recent studies have shown that MeCP2
does not merely regulate the expression of specific genes
important for neural development, but rather alters the
global chromatin state of post-mitotic neurons.

Recent chromatin immunoprecipitation-sequencing
(ChlP-seq) studies showed that MeCP2 binds globally in
6—8 week-old neurons: it tracks methylated DNA
uniformly throughout the genome without any obvious
peaks of increased binding (Skene et al., 2010; Cohen
et al., 2011). In fact, analysis of the levels of MeCP2 in
neurons shows that it is about half as abundant as
nucleosomes and that this abundance is specific to
neurons and not seen in glia or other cell types (Skene
et al.,, 2010; Cohen et al., 2011). Because MeCP2 has
been shown to compete with histone H1 in binding to
methylated DNA in vitro (Nan et al., 1997) and in cell
culture (Ghosh et al., 2010), and since MeCP2 knockout
neurons show 2x as much histone H1 compared to
wild-type neurons (Skene et al., 2010), it is possible that
in neurons, one of two histone H1 molecules is replaced
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with MeCP2 (Fig. 3B). This is consistent with the finding
that neurons also have half as many H1 molecules as
other cells (Pearson et al.,, 1984), but the functional
implications of this potential replacement are unclear.

Then, how might such global binding affect the global
chromatin state? Previous studies have suggested that
MeCP2 recruits HDACs to specific gene loci (Fig. 3B),
thus proposing histone deacytelation as a mechanism
for target gene repression (Na and Monteggia, 2011).
Indeed, the repression of a reporter gene by MeCP2’'s
N-terminal domain can be blocked by HDAC inhibitors
(Lyst et al., 2013). Taking this idea to a global level, a
recent study showed that MeCP2 knockout caused a
global increase in histone H3 acetylation when
measured at 6 weeks (Skene et al., 2010), a time point
in mouse development relevant to RTT syndrome onset
in humans. This suggests that MeCP2 globally reduces
permissive histone marks during late development.
MeCP2 has also been shown to interact with the HDAC-
containing nuclear receptor co-repressor (NCoR)
complex (Ebert et al., 2013; Lyst et al., 2013). Thus,
MeCP2’s recruitment of NCoR could play a role in its
reduction of histone acetylation. Importantly, one
common RTT mutant inhibits the interaction between
MeCP2 and NCoR (Lyst et al., 2013), suggesting that
the interaction with this co-repressor is important for
MeCP2’s developmental functions.

Presenting another mechanism by which MeCP2
affects the chromatin state, another study found that
MeCP2 may be able to alter the chromatin structure, as
it contains multiple AT-hook domains (Baker et al,
2013). Interestingly, there are several cases of
truncating RTT mutations that delete one or more of
these AT-hook regions, and deletion of these regions in
mice caused neurodevelopmental symptoms, limited
MeCP2’s ability to oligomerize nucleosomal arrays
(NAs), and disrupted the localization of the chromatin
remodeling protein a-thalassemia/mental retardation
syndrome X linked (ATRX). Thus, it seems that both
MeCP2’s facilitation of histone modification and its
ability to alter chromatin structure are important in its
developmental roles.

This raises the question of how the chromatin changes
orchestrated by MeCP2 are linked to its roles in
development. As many of the proposed developmental
roles of MeCP2, including regulating synapse development
and dendrite arborization, occur in response to neuronal
activity, it would make sense if the depolarization-induced
phosphorylation of MeCP2 were able to alter its role in
chromatin and/or transcriptional regulation.
Phosphorylation of MeCP2 at several sites occurs in
response to environmental cues, including membrane
depolarization (Chen et al., 2003; Zhou et al., 2006; Cohen
et al., 2011; Li et al., 2011; Ebert et al., 2013), BDNF and
forskolin induction of protein kinase A (Ebert et al., 2013).
Furthermore, it seems that MeCP2 might be a
convergence point for various signaling pathways, as each
pathway favors different phosphorylation sites (Ebert et al.,
2013), though it is unclear how such differential
phosphorylation affects MeCP2’s role in the chromatin
state or transcriptional regulation.

In vitro studies found that neuronal-activity-induced
phosphorylation of MeCP2 induces its removal from the
bdnf promoter and subsequent expression of bdnf
(Chen et al., 2003; Zhou et al., 2006). This was recently
partially confirmed in vivo in the adult mouse
hippocampus (Li et al., 2011). Mice with knock-in of a 2-
site phosphorylation-deficient mutant (MeCP2 S421A
S424A) showed increased MeCP2 occupancy at several
genes, including bdnf, compared to wild-type mice, and
while gene expression at the differentially occupied loci
was different between knock-in mice and controls, it was
neither consistently higher nor lower in knock-ins. In
fact, contrary to in vitro studies, bdnf expression was
higher in MeCP2 S421A/S424A than in controls. This
supports a model in which MeCP2 binding to promoters
can either activate or repress gene expression (as
previously suggested: (Chahrour et al., 2008; Ben-
Shachar et al., 2009)), and phosphorylation of MeCP2
reduces such binding. In this model, changes in the
binding patterns of MeCP2 upon neuronal activity-
induced phosphorylation could change the localization of
MeCP2’s partners or alter the chromatin structure of
MeCP2-bound regions (Fig. 3C).

On the other hand, another recent in vivo study
contradicts this model, suggesting that in the 6—-8 week-
old mouse cortex, MeCP2 localization does not change
following membrane depolarization. They also show that,
upon neuronal activity, MeCP2 is phosphorylated at S421
evenly throughout the genome, and that 1-site
phosphorylation-deficient (S421A) knock-in mice show no
significant changes in gene expression both in microarray
data and in reverse transcription-quantitative PCR
(RT-gPCR) analysis of activity-related genes, including
bdnf and c-fos. (Cohen et al., 2011). However, they found
that S421A knock-in mice showed increased dendrite
branching and lower miniature inhibitory postsynaptic
currents  (mIPSCs). Therefore, it seems that
phosphorylation of MeCP2 at S421 is at least partly
responsible for some of MeCP2’'s developmental roles.
Whether these phenotypic differences in MeCP2 S421A
mice are due to a change in gene expression is unclear,
but it is possible that the lack of phosphorylation at S421
caused small changes, or “fine-tuning”, in gene
expression, perhaps through genome-wide alteration of
the chromatin state, that were unable to be detected
by microarray and were at loci not checked by RT-qPCR.
On the other hand, investigation of a different
phosphorylation site, T308A, revealed more robust
phosphorylation-dependent gene expression differences
(Ebert et al., 2013). Cultured cortical neurons from
phosphorylation-deficient T308A knock-in mice
compared to wild-type neurons showed impaired
induction of npas4 and bdnf upon membrane
depolarization, and this difference was also seen in the
visual cortex in vivo when wild-type and T308A knock-in
dark-reared mice were exposed to light. Importantly, such
phosyphorylation appears to be important for MeCP2’s
developmental roles, as MeCP2 T308A mice show mild
RTT-like phenotypes. Furthermore, phosphorylation of
T308A blocks MeCP2’s interaction with NCoR and
inhibits MeCP2-NCoR-mediated gene repression. It is
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Neuronal
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Late neuronal
differentiation

Alteration in gene expression and
in synapse and dendrite development

Fig. 3. Increase of 5ShmC and MeCP2 plays a role in neuronal differentiation. (A) During neuronal differentiation, Tet2 and Tet3 convert 5mC into
5hmC and the total level of 5hmC increases. (B) Upregulation of MeCP2 in late neuronal development results in the replacement of histone H1 by
MeCP2. Because MeCP2 recruits HDACs, this increase in MeCP2 reduces the global acetylation level. (C) Various stimuli, such as membrane
depolarization and BDNF, induce the phosphorylation of MeCP2. It is possible that when MeCP2 is phosphorylated, it is removed from target gene
loci, thus affecting gene expression as well as morphological and functional changes. However, recent studies support a model in which MeCP2
remains bound to the genome even upon phosphorylation. Related to this model, it was recently found that T308 phosphorylation disrupts MeCP2’s
interaction with the NCoR repressor, thus suggesting a mechanism by which phosphorylation of MeCP2 might alter gene expression while MeCP2

remains bound to the genome.

therefore possible that MeCP2 remains bound to the
genome even upon phosphorylation, and
phosyphorylation instead interferes with the interaction
between MeCP2 and NCoR, thereby leading to
phosphorylation-induced activation of gene expression
(Fig. 3C). As previous studies have suggested that
MeCP2 can either activate or repress genes, further work
is needed to determine if and how MeCP2
phosphorylation might lead to gene repression in this

model, though it is possible that it works with other
partners in such regulation.

Another possible mechanism by which MeCP2
regulates neurodevelopmental processes is through the
regulation of long interspersed nucleotide element 1
(LINE1) retrotransposition. MeCP2 knockout NPCs and
NPCs derived from RTT patients showed an increase of
LINE1 retrotransposition (Muotri et al., 2010). Recently,
retrotransposition of LINE1, one of the most abundant
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retrotransposons in the mammalian genome, has been
suggested to occur frequently in neurons and to
contribute to neuronal mosaicism (Muotri et al., 2005;
Muotri and Gage, 2006), though this hypothesis is still
controversial (Evrony et al.,, 2012). Interestingly, at
6-8 weeks of age, MeCP2 knockout neurons
show higher levels of 5hmC at the LINE1 promoter
compared to wild-type neurons, raising the possibility
that MeCP2 knockout results in increased activation
of the LINE1 promoter due to a more open
chromatin state caused by increased 5hmC (Szulwach
et al., 2011).

As briefly mentioned above, recent studies have
investigated the relationship between MeCP2 and 5hmc,
though it is unclear if 5ShmC recruits MeCP2, if MeCP2
regulates 5hmC levels, or if there is feedback between
them. One study in mature brains showed that MeCP2
binds not only 5mC, but also 5hmC (Mellén et al., 2012).
Furthermore, knockout of MeCP2 caused
5hmC-enriched regions to become less accessible to
nuclease, suggesting that MeCP2 binding to 5hmC
results in a more open chromatin structure. This raises
the possibility of a model whereby MeCP2 binding to
5hmC activates gene expression by opening the
chromatin, whereas binding to 5mC downregulates
gene expression by condensing the chromatin. This
model hints at a possible mechanism by which 5hmC
could influence gene expression. Interestingly, there
are RTT mutations of MeCP2 that can bind to 5mC,
but not to 5hmC, suggesting that MeCP2’s 5hmC binding
is important for neural development (Mellén et al., 2012).
It would be interesting to use such mutants to determine
differences in activity-induced phosphorylation, gene
expression regulation and binding patterns between
MeCP2 bound to 5mC and that bound to 5hmC.

On the other hand, there is also evidence that MeCP2
can regulate 5hmC levels, as observed at the LINE1
locus. In the cerebellum, global 5hmC levels at
6-8 weeks were negatively correlated with MeCP2
dosage (Szulwach et al., 2011), though this was not
observed in adult neurons (Mellén et al., 2012).
Interestingly, the methyl-binding domain of MeCP2 was
shown to protect 5mC from TET-mediated conversion to
5hmC in vitro, suggesting that MeCP2 can regulate
5hmC levels by binding to 5mC. In contrast, in
adulthood, MeCP2 knockout resulted in a slight
decrease in 5hmC only at expressed loci (Mellén et al.,
2012), and at 6-8 weeks, 5hmC was lower in MeCP2
knockout neurons compared to controls specifically at
loci that normally lose 5hmC between 6 weeks and
1year (Szulwach et al., 2011). This suggests the
possibility that MeCP2 plays a role in maintaining a
base level of 5hmC in gene regions that lose 5hmC
during late neurodevelopment. In short, it seems that
MeCP2 could either play a role in the regulation of
5hmC levels, be a reader of 5hmC, with its binding
patterns partly determined by 5hmC patterns, or both.
Furthermore, the differences between 5hmC levels in
MeCP2 knockout studies suggest that MeCP2’s
interaction with 5hmC could vary between brain areas or
developmental stages.

CONCLUSIONS

Recent studies have highlighted the role of chromatin
modifiers such as DNMT, TET, HDAC, PcG, HMGA,
MeCP2 and SATB proteins in various processes during
neural development. It is likely that these modifiers do
not act alone, but instead work together in different
combinations to differentially regulate the chromatin
state at various loci and developmental time points.
Furthermore, it is clear that many of these modifiers,
most notably HMGA, TET and MeCP2, act at many loci
throughout the genome, considering that they are highly
abundant. It is important to note that it is difficult to
determine the significance of such “global” effects, since
conventional gain or loss of function studies cannot
distinguish the global effects of a molecule from its local
effects. However, future genome-wide analysis will be
useful for addressing the significance of local effects, as
well as for putting them into a global context. Global
investigation will clarify how chromatin-regulators alter
the chromatin state and gene expression at loci relevant
to each step of development by allowing for the
simultaneous investigation of the groups of specific loci
known to be important for each step. This could
elucidate, for instance, whether the genomic loci
responsible for neuronal fate commitment are regulated
together in a similar way but in a manner different from
the loci responsible for activity-dependent maturation.
Sequence-directed targeting of a specific molecule (by
TALE etc.) will also help to determine whether the
resultant phenotypes of genome-wide changes in
chromatin regulator binding/position are due to local and/
or global actions (Zhang et al., 2011; Joung and Sander,
2013; Konermann et al., 2013). One possibility is that
some genome-wide changes in chromatin regulators are
the result of coordinated local changes at many specific
loci. On the other hand, it is also possible that alteration
of the global chromatin state itself, including changes in
chromatin conformation, looping, clusters etc., is
important in global gene regulation and that changes in
specific gene expression are dependent on the global
changes. Detailed analysis of genome-wide high-
throughput sequencing data, as well as further
investigation of higher order chromatin structure will
provide insight into the significance of global chromatin
changes and their role in coordinating gene expression
patterns to trigger neurodevelopmental programs.
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