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Abstract

Neurons are dynamic cells that respond and adapt to stimuli throughout their long postmitotic
lives. The structural and functional plasticity of neurons requires the regulated transcription of new
gene products, and dysregulation of transcription in either developing or adult brains impairs
cognition. We discuss how mechanisms of chromatin regulation help to orchestrate the
transcriptional programs that underlie maturation of developing neurons and plasticity of adult
neurons. We review how chromatin regulation acts locally to modulate the expression of specific
genes, and more broadly to coordinate gene expression programs during transitions between
cellular states. These data highlight the importance of epigenetic transcriptional mechanisms in
postmitotic neurons. We suggest areas where emerging methods may advance understanding in the
future.
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Why study chromatin regulation in the brain?

Over the course of vertebrate development, a single fertilized egg with a single genome
gives rise to multiple different types of cells that have specialized functions and distinct gene
expression programs. It has been well established that the differentiation of cell types is
achieved through epigenetic (see Glossary) mechanisms of chromatin regulation, which
allow some genes to become transcribed whereas other are permanently silenced. The
biochemical mechanisms of gene regulation that underlie the development and maintenance
of cellular identity include direct modifications to the DNA itself (e.g. DNA methylation),
functional changes in the state of gene regulatory elements, as well as global conformational
changes of chromosome structure within the nucleus.

Within the past decade, technological advances in methods for genome-wide sequencing
have revolutionized our ability to characterize the epigenome in a wide variety of biological
contexts, and these data have brought some significant surprises. Foremost among these is

Correspondence: west@neuro.duke.edu (A.E. West).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gallegos et al.

Page 2

the observation that many of the epigenetic mechanisms once presumed to be highly stable,
because they mediate persistent effects on gene regulation, are actually subject to dynamic
modulation in specific cellular contexts [1-3]. This paradigm shift has prompted spirited
commentary on what does and does not qualify as “epigenetics”, and also generated huge
enthusiasm for the idea that the epigenome could serve as a target to improve human health.

Neurons are extremely long-lived cells that, as part of their fundamental function in
information processing, undergo robust and dynamic changes in their gene expression
repertoires long after they have left the cell cycle and committed to a postmitotic identity.
Thus neurons serve as an ideal substrate for studying the biological functions of the dynamic
epigenome beyond its role in establishing cellular identity. In this Review, to explore the
advances that are emerging from the field of neuroepigenetics, we focus on two different
temporal contexts. First we explore the period of postmitotic neuronal maturation in the
developing brain, and second, we discuss the induction of stimulus-dependent neuronal
plasticity in the adult brain. In each case we consider three different spatial scales at which
chromatin regulation can act - from direct methylation of single cytosines in genomic DNA,
through functional regulation of histones at promoters and enhancers, to global changes in
chromosome structure within the nucleus (Fig. 1). We highlight important insights that have
emerged from chromatin profiling studies, and — because many of the advances in this field
are driven by the development of new technologies — we close with a discussion of emerging
methodologies that will likely push back the boundaries of our knowledge in the near future.

Chromatin regulation and the temporal coordination of neuronal maturation

Fate commitment and cell-cycle exit are key stages of neurogenesis. However they are far
from the final steps in the production of a functional nervous system. Newborn postmitotic
neurons must still migrate to their final position in the brain, send axons to their appropriate
targets, and receive and refine their synaptic connections with other neurons. Gene
expression programs change as the cell transitions through these stages of neuronal
differentiation, allowing the neuron to exhibit distinct phenotypes without changing its core
identity. Furthermore, although fundamental aspects of brain development are hardwired
into the genome of neurons, refinement of the functional connectome is highly sensitive to
sensory input during critical periods of postnatal life [4]. During the prolonged period of
postnatal maturation that is characteristic of vertebrate brain development, neurons need to
coordinate both intrinsic and extrinsic mechanisms of gene regulation to achieve optimal
levels of brain function, whereas failure to properly regulate these mechanisms can impair
brain development and lead to cognitive impairments [5, 6]. Chromatin regulation offers a
compelling mechanism to orchestrate these transcriptional programs, and in this section, we
review evidence that chromatin regulation coordinates the timing of functional maturation in
postmitotic neurons of the developing brain.

A neural-selective form of DNA methylation that tunes gene expression in postnatal

neurons

The methylation of genomic DNA at cytosines (C), primarily in the context of CpG
dinucleotides (MCpG), is a fundamental epigenetic mechanism that regulates genes in
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mammalian cells. DNA methylation is essential for the irreversible silencing of specific
subsets of genes, including imprinted genes, transposons, and genes on the inactivated X
chromosome of female cells [7]. Additionally, DNA methylation also regulates the
transcription of expressed genes [8-10]. There are three DNA methyltransferases (Dnmtl,
Dnmt3a, and Dnmt3b), all of which are expressed in the developing brain.

During the process of neuronal fate determination, mCpG acts to repress genes that would
have been expressed in alternate lineages. Specifically, when embryonic stem (ES) cells are
differentiated in culture first to NPCs and then to neurons, a significant number of gene
promoters gain mCpG [11, 12]. Many of these promoters are also targets of the polycomb
repressive complex (PRC2) and are marked by trimethylation of lysine 27 on histone H3
(H3K27me3) in ES cells. When NPCs are differentiated to neurons, non-neuronal PRC2
target genes gain CpG methylation and become permanently silenced, whereas neuronal
PRC2 targets lose this repressive mark and become actively expressed [12], through a
recently elucidated mechanism that we discuss in the section on enhancers below. Thus,
there exists coordination between different chromatin mechanisms to temporally control
aspects of neuronal development such as neuronal fate determination during neurogenesis.
More specifically, PRC2 mediates a form of repression that can be reversed during the
course of development, whereas CpG methylation is associated with forms of gene
repression that persist on a longer time scale.

In contrast to the marked accumulation of mCpG over the course of neuronal lineage
commitment, the total level of mCpG in postmitotic neurons remains remarkably constant
across postnatal development and adult life [13]. Surprisingly however, this postnatal period
of neuronal maturation in both rodents and humans is marked by a rapid accumulation of
methylation at CpH dinucleotides (H represents any base other than G), mainly in the form
of mCpA [13, 14]. These developmental increases in neuronal mCpA coincide with the peak
expression of Dnmt3a, and ablation of Dnmt3a results in loss of mMCpA, suggesting that
Dnmt3a is the primary methyltransferase responsible for mCpA sites across the genome
during development [14, 15]. Surprisingly, this postnatal increase in mCpA is so substantial
that adult neurons contain nearly as many mCpA sites as mCpG sites [13]. This distribution
is very different from other cell types that have been profiled to date, and it is specifically
distinct from the mCpG-predominant profile found in non-neuronal cells in the brain. The
evidence that neurons have a unique epigenomic landscape relative to other cell types in the
CNS raises the possibility that mCpA could contribute to neural-specific aspects of gene
regulation both in development and disease.

Consistent with this idea, mCpA has been suggested to play an experience-dependent role in
modulation of a subset of neural-selective genes in postmitotic neurons, and disruption of
this regulation has been implicated in neurological disease [15-17]. At 2 weeks after birth in
the mouse brain, even though Dnmt3a is maximally expressed and distributed broadly across
the genome, it is largely excluded from both highly transcribed and actively silenced,
heterochromatic genes [15]. Nonetheless, Dnmt3a is bound across the transcribed regions of
neuronal genes that are expressed at relatively low levels, and this binding correlates with
the deposition of mCpA across these genes. Most interestingly, increasing the transcription
of activity-inducible genes in young neurons by neurochemical or sensory stimulation
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immediately decreases Dnmt3a binding following stimulation and persistently decreases the
levels of mCpA found on these genes in the adult brain [15]. These data raise the possibility
that early life experience could impact later neuronal function by fine-tuning the levels of
mCpA deposited across a subset of genes.

In addition to being found associated with genes that are expressed at low levels, mCpA is
also concentrated in the gene bodies of genes that are particularly long. These long genes are
enriched for gene products that are neural-selective and that mediate aspects of synaptic
function and/or cell adhesion [14, 16, 18]. At these sites, mCpA selectively recruits binding
of the methyl-DNA binding protein MeCP2 [16, 17]. This is important because loss of
function mutations in MECPZ2 causes the human neurodevelopmental disorder Rett
Syndrome (RTT). RTT is characterized by defects in synapse formation and neuronal
function that manifest as neurological symptoms in the postnatal period of brain
development [19, 20]. The neurological specificity of RTT has long been a conundrum
because MeCP2 and mCpG are found in most cell types. However, this specificity could be
explained by the selective accumulation of mMCpA in maturing postmitotic neurons, which
would then recruit MeCP?2 to tune the expression of long genes to modulate synaptic
function. Indeed, mutations in MecpZ2 cause aberrant upregulation of mCpA-rich long genes
in neurons, and overexpression of this gene as well as some MeCP2-dependent cellular
phenotypes, can be partially rescued with pharmacological inhibitors of topoisomerases, an
enzyme selectively required for long gene expression [16, 21, 22]. Whether manipulating
long gene expression can improve brain function in RTT animal models and eventually
patients still remains to be determined.

Developmental stage-specific regulation of enhancer activity

Chromatin is the macromolecular structural complex composed of genomic DNA and its
tightly associated histone proteins. Just as DNA can be covalently modified, histones are
also subject to extensive post-translational modifications that impact gene transcription by
modulating the accessibility and activation state of gene regulatory elements such as distal
enhancers [23]. Recent studies show how dynamic modification of chromatin at enhancers
during periods of neurogenesis and postmitotic maturation of fate-committed neurons
contributes to developmental stage-specific expression of genes in the developing brain [24].

Enhancers are a class of DNA regulatory elements whose chromatin is accessible to
transcription factor binding. Enhancers share many genomic, biochemical, and functional
similarity with promoters but can be found at long distances from genes and are frequent
substrates for cell-type specific and developmental regulation [25, 26]. Although enhancers
are functionally defined by their ability to promote gene transcription, these elements can be
predicted biochemically by a combination of chromatin features and classified into three
main types: active, primed, or poised [27]. Specifically, accessible regions that are enriched
for histone H3K27 acetylation (H3K27ac), histone H3K4 monomethylation (H3K4mel),
and bound by the histone acetyltransferases p300/CBP are highly likely to function as active
enhancers when tested in reporter gene assays [23, 28, 29]. Regulatory elements marked by
H3K4mel but not H3K27ac are considered “primed” and are associated with lower levels of
transcription [30]. Whether these histone modifications themselves are functionally
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important for the activity of enhancers or simply an indication of enzyme recruitment to
these elements remains to be fully established [31]. However modified histones can provide
docking sites for transcriptional regulatory complexes and in this way have the potential to
modulate their target promoters. For example, H3K4mel facilitates recruitment of the
cohesion complex, which plays a major role in promoting chromatin looping between
promoters and enhancers [32], whereas acetylated lysines at enhancers recruit the
bromodomain protein Brd4, which promotes transcriptional elongation [33]. CRISPR-based
epigenome editing offers the potential to directly test the function of enhancer histone
marks, as we discuss in the Concluding Remarks and Future Perspectives section below.

Regardless of what role enhancer chromatin plays in transcription, the strong correlation
between histone marks and enhancer activity provides a convenient means for discovering
gene regulatory elements via comparative epigenomic profiling between cell types and
developmental stages. To discover enhancers that function in neuronal development, several
groups have profiled enhancer chromatin marks (e.g., accessibility, H3K4mel, H3K27ac,
p300) across different stages of brain development, from the beginning of neurogenesis,
through regional specification, to neuronal maturation [26, 34-36]. Regions that show
differential chromatin regulation between stages comprise only a small fraction of the total
genome, permitting bioinformatic analyses that offer insight into the molecular mechanisms
of brain development.

For example, because enhancers are transcription factor binding sites, the sequence data
derived from a genome-wide survey can be mined to discover transcription factor codes that
mediate neuronal differentiation. Nord et a/. [34] profiled H3K27ac in forebrain samples
from embryonic day 11.5 (E11.5) though adulthood and then conducted /n vivo validation
with LacZ reporter transgenics to demonstrate that these elements promote gene expression
at specific times and in specific regions of the developing brain. Of more than 40 enhancers
that showed distinct regional patterns of reporter gene expression in the developing cortex at
E11.5, fate mapping with a subset showed that these enhancers define subregions of the
developing pallium that are fated to develop into distinct subdivisions of the frontal cortex
[37]. Computational comparisons between the enhancers that were active in different pallial
subdivisions revealed common transcription factor binding motifs among enhancers that
were functionally regulated, suggesting new clues to the transcription factor code that
specifies cortical patterning [37].

These data show that different enhancers are used in different kinds of neurons across the
developing forebrain, but the question arises — do changes in chromatin regulation also
control programs of gene expression in single neuronal subtypes over time? To address this
question, Frank ef al. [26] took advantage of the relative cellular homogeneity of the rodent
cerebellum as a model system to study the role of enhancer activity in the temporal
development of cerebellar granule neurons (CGNs). Genome-wide comparisons of enhancer
accessibility and H3K27ac correlated with gene expression changes again identified a large
set of developmentally regulated enhancers. Computational analysis of transcription factor
binding sites in these enhancers led to the surprising finding that the Zic family of
transcription factors both inhibit maturation of CGN progenitors and promote maturation of
postmitotic CGNs. The distinct functions of the Zic family are mediated via their differential
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recruitment to distinct groups of enhancers within progenitors and CGNs that have
developmentally-regulated changes in enhancer accessibility. These data show how
interactions between chromatin landscapes and transcription factor expression patterns work
together to determine gene expression programs in developing neurons.

Enhancer identification through comparative epigenomics also has the potential to advance
understanding of neurodevelopmental disorders. Genetic variants associated with a number
of complex diseases are found primarily within non-coding regions of the genome. To
determine whether these variants might alter enhancer function, de la Torre-Ubieta et a/[35]
asked whether genetic variants that are associated with a variety of disorders were found
within a set of enhancers that show differential accessibility when comparing germinal zone
progenitors with cortical plate neurons in fetal human brains. These analyses revealed
significant enrichment of variants associated with both cognitive function and psychiatric
disorders within the set of enhancers that are active during neurogenesis, raising the
possibility that impairments in gene regulation during early stages of neural development
could contribute to disorders of the adult brain.

The examples we have highlighted above rely on analysis of enhancers that are differentially
active between developmental stages, and this raises the question of what mechanisms
control the timing of enhancer activation. New clues to these mechanisms have been found
in the study of a distinct biochemically defined class of enhancers called poised (or bivalent)
enhancers, which are marked by H3K4me1l as well as the repressive histone modification
H3K27me3. Poised enhancers were first defined in ES cells, where they are preferentially
associated with genes that become active upon differentiation [38]. The loss of H3K27me3
at these enhancers is correlated with transcriptional activation of their target genes, thus it
was presumed that the presence of the repressive mark at the enhancers helped to keep these
genes inactive during earlier stages of cellular differentiation. However, emerging evidence
suggests that poised enhancers also play a direct role in preparing genes for active
transcription. In cultured mouse ES cells, poised enhancers of anterior neural progenitor
genes physically interact through looping with their target gene promoters prior to
differentiation [39]. Surprisingly, CRISPR-mediated disruption of poised enhancers did not
lead to premature expression of neural genes in ES cells, but did impair their induction upon
neuronal differentiation. These data suggest that poised enhancers act in ES cells to create a
permissive regulatory structure for the induction of neuronal genes, showing how enhancer
elements interact with higher-level chromatin structure to integrate regulatory information
that coordinates gene expression in differentiating cells.

Dynamic reorganization of chromatin in the nucleus

In addition to local changes in chromatin state, the way that chromatin is folded and looped
in the nucleus into complex secondary and tertiary structures also influences gene expression
[40]. Differential looping between promoters and enhancers is a well-established mechanism
of developmental gene expression that, for example, controls the switch in globin gene
expression during erythropoiesis [41]. Similarly, large scale changes in chromatin
architecture, such as the regulated associations of chromatin with the nuclear lamina and
chromatin looping mediated by chromatin binding of architectural proteins like CCCTC-
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binding factor (CTCF) and cohesion, has the potential to offer a mechanism that could
coordinate the regulation of large groups of genes simultaneously in developing neurons
[42].

Yet given the huge difference in spatial scale between any single gene and the volume of the
nucleus, it remains challenging at the experimental level to delve into the mechanisms by
which conformational changes in chromosome structure contribute to functional differences
in gene regulation during neural differentiation. Fortunately this is an area of research in
which methods are rapidly evolving (see Future Perspectives below) and current data offer
broad strokes of the types of regulatory processes that are likely to be regulated by global
chromatin structure. For example, the physical localization of chromatin domains next to the
nuclear lamina that lines the inside of the nuclear envelope is usually associated with gene
repression, whereas relocalization away from the lamina can permit gene activation [43].
Biochemical identification of lamina-associated domains (LADS) has revealed that the
specific DNA sequences localized to the lamina change globally as ES cells differentiate
sequentially into NPCs and then astrocytes [44]. Though only about two-thirds of the genes
that lose their laminar association during the ESC to NPC transition show upregulated
expression in NPCs, many of the others become expressed at later stages of differentiation.
These data suggest that release from the nuclear lamina is permissive and primes specific
genes for regulation by additional mechanisms.

Rather than focusing on interactions between genomic DNA and the nuclear envelope, the
HiC sequencing method is designed to detect all physical interactions that occur between
different DNA sequences in the genome. HiC data have revealed that genomic DNA is
divided structurally at intermediate scales (up to 1Mb) into topologically associating
domains (TADs) that show stage- and cell-type specific organization. By comparing high
resolution HiC interaction maps of ES cells, NPCs, and cortical neurons, Bonev ét al. [45]
reaffirmed core principles of chromatin organization elucidated previously, such as TAD
structure and the role of CTCF in domain insulation, but they also discovered dynamic
aspects of chromatin organization that change over neurogenesis, such as the dynamic
emergence of chromatin interactions between loci bound by the neuronal cell-type specific
transcription factors Pax6, Neurod2, and Thr1l.

One striking example of how global chromatin reorganization can coordinate gene
regulation in neurons has emerged from study of the rodent olfactory system. Olfactory
receptor choice is one of the most extreme examples of gene regulation, in which each
individual sensory neuron stochastically comes to express only one of the thousands of
olfactory receptors (ORs) that are encoded within the genome. Soft X-ray tomography
showed that across the olfactory epithelium, as stem cells develop into mature neurons, there
is a gradual relocation of heterochromatin away from the nuclear periphery and toward to
the nuclear core [46]. This global reconfiguration of chromatin architecture is associated
with a clustering of silenced ORs into heterochromatic foci, and is regulated by decreased
expression of the lamin B receptor and the heterochromatin protein HP1beta, both of which
are involved in tethering chromatin domains to the nuclear lamina [46, 47]. It is
hypothesized that this chromatin reorganization allows multiple OR enhancers to engage in
extensive interchromosomal interactions with one specific OR locus in order to derepress
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local chromatin and drive robust, singular OR expression. The downregulation of lamin B
receptor during differentiation is common to retinal cells [42] and cortical neurons [45],
suggesting a potential conserved mechanism of global chromatin reorganization. Future
studies that apply these and other methods to additional neuronal cell types, developmental
stages, and neurological disease models [48] will advance understanding of how spatial
information in the nucleus contributes to the temporal regulation of gene expression during
neuronal differentiation.

Chromatin Regulation of Neuronal Activity-Dependent Transcription

Epigenetic modifications to chromatin are instrumental in regulating the transcription of
cell-type specific and developmentally-governed gene programs in cells across the body.
However, differentiated, post-mitotic neurons represent a unique class of “stable” cells
wherein existing gene programs are dynamically regulated to allow these developmentally-
static cells to change themselves in response to varied environmental stimuli. This begs the
question: how can ostensibly stable epigenetic modifications to chromatin mediate this
activity-dependent dynamic regulation in a way that tunes changes to gene expression and
cellular physiology in response to experiential stimuli? Animals interact with their
environments and learn from them by virtue of their ability to convert patterns of sensory-
driven neuronal activity into long-lasting changes in brain structure and function, The
cellular foundations of these long-term changes in the brain are known to depend, at least in
part, on the neuronal activity-regulated transcription of new gene products [4]. The first hint
that chromatin regulation might contribute to neuronal activity-dependent transcriptional
plasticity came from the discovery that phosphorylation of the canonical activity-regulated
transcription factor CREB functions to recruit the histone acetyltransferase CBP to CREB
target genes [49]. Subsequently, numerous chromatin regulatory processes have been shown
to undergo activity-dependent regulation, and the importance of these processes in learning
and memory [50-52] as well as their dysregulation in the cognitive impairment that
accompanies aging [53] is an explosive area of research.

Connecting the dots from DNA methylation to genes involved in learning

Because DNA methylation can mediate very long-lasting processes like X-chromosome
inactivation and genomic imprinting, it was a natural favorite to be considered as a possible
persistent biochemical mechanism for memory. However if DNA methylation is to
contribute to neuronal plasticity, the canonical perspective of its lasting stability needs to be
challenged by data showing that the process can be dynamically induced or repressed by
neuronal activity. Genome-wide sampling of DNA methylation confirmed that the
distribution of mCpG can be dynamically modified by neuronal activity /n vivo[54]. In fact,
these data revealed a surprisingly large number of both gains and losses of DNA methylation
broadly across the genome following neuronal firing, revealing the dynamism of this mark in
contrast to the common conception that it is highly persistent. Nonetheless, at least a subset
of the activity-dependent changes in DNA methylation state persisted 24 hours post-
stimulation, at which time they would have the potential to underlie long-lasting changes in
gene expression [54].
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At the cellular level, activity-dependent changes in DNA methylation have been linked to the
transcriptional regulation of gene products that have functions in neuronal plasticity. For
example, associative memory is correlated with significant changes in DNA methylation
state at sets of genes encoding transcription factors and ion-gated transmembrane channels,
both of which can modulate synaptic plasticity [50]. Pharmacological and genetic inhibition
of DNA methyltransferase activity has also been shown to significantly increase the
amplitude of miniature excitatory post-synaptic currents, which is a major cellular
mechanism of learning and memory [55]. These changes in synaptic strength are dependent
on gene transcription, consistent with a cause arising from methylation-dependent
transcriptional regulation. Nonetheless, drawing clear lines from DNA methylation to
behavior through cellular plasticity remains tenuous at best, and testing this hypothesis will
benefit from the epigenome editing methods we discuss in the Future Perspective section
below.

Histones: modifications, position, and variants influence activity-inducible transcription

As discussed above, the N-terminal tails of histone proteins can incur post-translational
modifications at various amino acid residues. As predicted, given the neuronal activity-
dependent recruitment of the histone acetyltransferase CBP to CREB and other activity-
regulated transcription factors, histone acetylation is acutely induced at promoters and
enhancers of activity-inducible genes in coordination with the induction of their
transcription by neuronal activity (Fig. 2A) [56]. Reporter gene assays demonstrate that this
set of enhancers is highly enriched for sequences that possess the capacity to stimulate
activity-regulated transcription [56]. Furthermore, at least for the Fosand Arc genes,
inhibiting the function of enhancers that show membrane depolarization-inducible
accumulation of H3K27ac is an effective means to block activity-inducible gene expression
[57, 58].

An alternate way to add dynamic range to histone function is through the differentiation
expression and chromatin incorporation of histone variants. Attention has focused in
particular on the H2A.Z and H3.3 variants, both of which show activity-regulated deposition
into genomic DNA but which have opposite effects on activity-inducible transcription (Fig.
2B) [52, 59, 60]. Compared to the H3.1 and H3.2 isoforms, histone H3.3 shows replication-
independent incorporation into DNA, such that it accumulates in long-lived postmitotic
neurons to cover >94% of the genome [59]. Despite its prevalence, histone H3.3 retains its
dynamic nature in mature neurons, cycling in and out of nucleosomes in a manner that is
induced by neuronal activity and regulated by the chaperone proteins HIRA and/or Daxx
[59, 61]. Disruption of H3.3 turnover in cultured neurons impairs the activity-dependent
induction of late primary-response genes suggesting this variant promotes activity-inducible
transcription [59]. By contrast activity-dependent incorporation of histone H2A.Z, which is
mediated by NuURD/ChDA4, is associated with the termination of transcription [62]. In the
CAL region of the hippocampus following the administration of an aversive foot shock /n
vivo, levels of H2A.Z decrease [52]. In this context, H2A.Z depletion significantly enhanced
the expression of plasticity-relevant genes such as Fosand Npas4 [52].
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Finally, histones can be repositioned or evicted by nucleosome remodeling complexes to
regulate the accessibility of gene regulatory elements for transcription factor binding (Fig.
2C). Using ATAC-seq [63] to identify accessible chromatin regions, Su et a/[64] showed
that ECT-induced firing of dentate granule neurons of the hippocampus /n vivo acutely
causes widespread changes in chromatin accessibility. The newly opened or closed regions
correlated with the regulation of gene expression and many newly opened regions
overlapped with known gene enhancers. Interestingly, computational analysis of the opening
sties revealed enrichment for binding sites for AP-1 complex transcription factors such Fos,
and loss of function experiments showed the requirement for Fos in the activity-dependent
opening of these chromatin regions [64]. How does Fos induction drive chromatin
accessibility? Recent studies in fibroblasts show that Fos collaborates with cell-type specific
transcription factors to recruit the SWI/SNF family BAF chromatin-remodeling complex and
establish accessible chromatin at enhancers during cellular differentiation [65]. Whether
similar mechanisms function in neurons is not known, but this model suggests an intriguing
avenue of intersection between activity-dependent Fos induction and the stimulus-dependent
modulation of chromatin accessibility at enhancers of secondary response genes.

Activity-induced global reconfiguration of nuclear architecture

One might think that global nuclear architecture would be relatively stable in postmitotic,
fate-committed cells. Nonetheless, at the level of single genes, neuronal activity has been
shown to reconfigure loops between distal enhancers and the promoters of stimulus-
regulated genes including Fosand Arc[57, 58]. Furthermore for the Fos gene, which is
flanked by multiple activity-regulated enhancers, the specific nature of the promoter-
enhancer loops induced depends on the nature of the upstream stimulus [57]. This suggests a
novel level of transcriptional specificity mediated by stimulus-specific 3D chromatin
interactions. More broadly, neuronal activity has been shown to have effects on global
chromatin architecture. The general transcription factor TFII1C has been suggested to act as
a gate on the membrane depolarization-driven activation of genes by restricting the
relocation of activity-dependent gene promoters into so-called transcriptional factories (TF),
which are subregions of the nucleus enriched for the transcriptional machinery [66].
Activity-dependent re-localization of genes away from the repressive nuclear lamina has
also been demonstrated in adult neurons. Specifically, re-localization of the locus encoding
the neurotrophic factor Banfhas been observed in adult neurons of the hippocampus
following experimentally induced status epilepticus /n vivo, which promotes robust Banf
transcription [3]. Finally membrane depolarization of hippocampal neurons in culture has
been shown to promote the formation of massive nuclear infoldings, which would be
expected to radically remodel chromosome-laminar interactions [67]. New methods for the
evaluation and disruption of nuclear architecture discussed below [68] will be key to
understanding the functional importance and general relevance of these observations.

Concluding remarks and future perspectives

The widespread availability of cheap, high quality methods for genome-wide sequencing has
driven an explosion of epigenome profiling studies. As a result, we now have a massive
amount of epigenomic data from all sorts of cells under a wide variety of conditions. In
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postmitotic neurons of the postnatal and adult brain, these data have revealed that chromatin
regulatory mechanisms contribute to functionally important changes in neuronal state long
after neuronal fate is fully established. Some of these data have refined hypotheses of the
molecular mechanisms by which specific neuronal proteins function, such as the evidence
that MeCP2 interacts with the neuron-selective methyl-CpA mark, or the elucidation of new
transcription factor codes that mediate frontal cortical development and CGN maturation.
However our ability to either integrate these datasets into a more conceptual understanding
of transcriptional regulation or to evaluate the mechanistic contributions of chromatin
regulation to neuronal function at the circuit and behavioral level remains embryonic (see
Outstanding Questions).

We see five promising areas of methodological progress that will help to overcome these
limitations. First is the development of advanced statistical methods for the analysis of
epigenomic datasets, These improved analyses will permit insights to be drawn from high
dimensional data. For example, ChromHMM is a Bayesian statistical method that integrates
the analysis of multiple histone marks simultaneously across chromosomal space, and this
method allows the characterization of regulatory elements across the genome as active
promoters, poised enhancers, silencers, etc [69]. More complex Bayesian models that add
developmental stage as an orthogonal variable have begun to model how chromatin changes
over time, to analyze how gene regulatory networks mediate neuronal differentiation [70].
Developmental stage can also be computationally reconstructed from single-cell RNA-seq
data, and has been used, for example, to identify intermediate stages of neural stem/
progenitor cell differentiation in the adult hippocampus [71].

A second area of technological change, which we see as one of the most exciting near-term
frontiers for growth in the field, is the development and application of new methods for the
study of global chromatin and nuclear architecture [68]. Genome-wide chromosome
interaction maps using Hi-C, Chia-PET, DamID, and related methods are defining gene
organization in the nucleus in a growing number of contexts [45, 72-74]. Molecular
improvements in the methods have made single-cell HiC [75] and single-cell DamID [76]
possible, revealing cell-to-cell heterogeneity in global chromatin architecture. Perhaps most
exciting is the new development of a ligase-independent, sequencing-based method for
determining 3D genome structure called genome architecture mapping (GAM), which uses
the likelihood that two sequences co-appear in libraries derived from thin cryosections
through the nucleus to calculate the statistical probability of their physical interaction in 3D
[77]. In addition to providing an orthogonal way to confirm results of traditional chromatin
conformation studies, this method has the potential to be used for structural analysis of
highly limited samples, such as sections of human brain tissues, from which genome
structure could be studied in situ without the need for cellular isolation.

Third, the scaling down of chromatin methods is essential for permitting characterization of
the epigenome in specific neuronal populations isolated from the heterogeneous and
complex circuits of the brain. Beyond the current highly useful Cre-dependent methods for
cell-type specific nuclear purification [78, 79], the increasing popularity of single cell RNA
sequencing is now being paralleled by the development of improved single cell chromatin
assays. For example, single cell methylomes have been successfully used to identify unique
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neuronal sub-classes in both mouse and human brain [80]. Single-cell chromatin
accessibility profiles have been generated using ATAC-seq either from cells isolated by
microfluidics [81] or via combinatorial cellular indexing and single cell data reconstruction
[82] though the method has not yet been broadly applied. Despite publication of a proof-of-
principle study [83], histone modifications remain challenging to detect in single cells using
standard protocols and will likely benefit from conceptually new methodologies.

A fourth area of methodological progress relates to imaging-based methods, which provide a
means to study chromatin and transcriptional regulation at the single-cell level in situ, rather
than removing cells from their context in the brain. For RNA, highly multiplexed fluorescent
hybridization methods such as merFISH [84] and FISSEQ [85] allow for simultaneous
quantitative in situ sequencing of large numbers of transcripts in single cells. For chromatin,
combining labeling of DNA by multiplexed FISH or labeling of histone marks by
immunostaining, together with super-resolution imaging methods such as 3D-STORM and
array tomography, allows global aspects of chromatin structure to be visualized at the light
level [48, 86]. Light-level imaging also offers the opportunity to visualize chromatin
regulation in real time, as has been done using FAb-based live cell endogenous modification
labeling, which can relate chromatin dynamics to transcriptional kinetics [87].

Finally, the use of CRISPR/Cas9-based methods for genome and epigenome editing are
essential for testing the causative relationship between chromatin and its cellular functions
[88]. The fusion of enzymatically dead Cas9 (dCas9) tethered to transcriptional activators or
repressors is a rapid and efficient way to conduct functional annotation of gene regulatory
elements in their endogenous context [26, 57] and offers the potential to conduct genome-
scale screens for regulatory functions of non-coding regions of the genome [89]. Moreover
dCas9 fusions with chromatin regulatory enzymes (e.g. G9a, p300, Dnmt3a, Ezh2) are
emerging as an explosive new wave of tools that offer the means to directly test the
functional (e.g. transcriptional, cellular, behavioral) consequences of chromatin
modifications in a site-specific manner [90-93]. Biotinylated dCas9 has been used to develop
an alternative to ligase-based methods for capturing cis-DNA regulatory elements and
protein interactions with specific genomic loci in an unbiased manner [94]. dCas9 has also
been employed to force long-distance loops in a site-specific and reversible manner in order
to functionally test the transcriptional consequences of chromatin architecture [95]. Given
the flexibility of the CRISPR platform and the low barrier to entry for deploying the
methodology, we expect to see continued explosive and creative use of this technology
expanding our understanding of the functional relevance of genome regulation.
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Chromatin
The macromolecular complex of genomic DNA and its tightly associated proteins (e.g.
histones) in eukaryaotic cells that confer structure and ultimately function upon DNA
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Chromatin accessibility
The clearing of histones away from a DNA sequence such that it is available for binding by
sequence-specific DNA-binding transcription factors

Chromatin state
The combination of DNA and histone modifications as well as nuclear structure and nuclear
position that occur at a given gene regulatory element

Enhancer

A gene regulatory element that increases transcription of a gene. Enhancers are functionally
defined and may be at any distance from the gene and in any orientation. Enhancers are
presumed to be transcription factor binding sites and they are thought to physically interact
via looping with the promoters that they activate

Epigenetic

The term “epigenetics” was first coined by the developmental biologist Conrad Waddington,
who used the term to refer to causal interactions between genotype and phenotype. However
over time the meaning of the term has evolved. In its strictest definition, epigenetics refers to
inheritable changes in gene expression that do not involve changes in the underlying DNA
sequence. The “heritability” part emerged from the study of mechanisms of gene regulation
such as DNA methylation that could be inherited across cell divisions. However for long-
lived, non-dividing cells, such as neurons, in which heritability is irrelevant, the term has
come to encompass a set of biochemical chromatin mechanisms (e.g. DNA methylation,
chromatin accessibility, nuclear structure) that can be highly persistent over time and
underlie the expression of phenotypic variations from a common genotype

Epigenome engineering
Using artificial protein tethers to site-specifically recruit histone-modifying enzymes to the
genome in order to induce or remove chromatin marks

Gene regulatory element
A genomic DNA sequence bound by DNA binding factors (transcription factors, insulators,
silencers) that confer transcriptional regulatory function on the sequence

Heterochromatin
Highly condensed, nucleosome-rich regions of chromatin that appear dark in micrographs
and are generally transcriptionally inactive

Histone

A family of proteins that wrap genomic DNA into nucleosomal structures. The four histones
of the canonical nucleosome octamer are H2A, H2B, H3 and H4. H1 is a linker histone
found between nucleosomes

Histone modifications

Posttranslational chemical groups covalently added to the histone proteins by regulatory
enzymes. These modifications change histone structure or alter histone function by
providing docking sites for other regulatory proteins
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Nuclear lamina
The dense protein network on the inside of the nuclear envelope that provides mechanical
structure to the nucleus and exerts regulatory control over gene expression
Nucleosome
The core repeating unit of chromatin, which consists of ~150 base pairs of DNA wrapped
around an octamer of histone proteins
Polycomb repressive complex (PRC)
A complex of proteins first discovered as developmental regulators in Drosophila that
mediate transcriptional repression and the methylation of H3K27
Transcription factories
Subcompartments of the nucleus enriched for the transcriptional machinery. These are
thought to be sites where active genes co-cluster
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Highlights

The widespread availability of low-cost and high-quality methods for
genome-wide sequencing has driven a massive accumulation of data
regarding the state of the epigenome in neurons over a wide variety of
conditions.

Changes in methylation of cytosines in DNA, regulation of chromatin state at
gene regulatory elements, and shifts in global nuclear architecture can all
mediate dynamic gene expression changes.

Chromatin regulation contributes to functional changes in the biology of
postmitotic neurons both during postnatal stages of brain development and in
adult neural plasticity.

Proper gene expression during development is tightly controlled by
mechanisms of chromatin regulation, and abnormalities in these mechanisms
contribute to neurodevelopmental and neuropsychiatric disorders.
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Outstanding Questions Box

Is there coordination between the different types of chromatin mechanisms
that mediate specific gene expression programs during neuronal development
and plasticity? If so, what are the advantages of using chromatin to
coordinately modulate cell state? Do disturbances in chromatin coordination
of gene expression lead to aberrant changes in physiology and disease onset?

Is non-CpG methylation (e.g. mCpA) selectively enriched in neurons, or does
this chromatin mark accumulate in other long-lived, postmitotic cells as well?
Is the interaction between mCpA and MeCP2 critical for the development of
Rett Syndrome phenotypes? Will rescue of long gene expression in MeCP2
mutant cells improve neurological dysfunction in Rett Syndrome?

Do histone modifications (e.g. acetylation, methylation) play a causative role
in the regulation of gene transcription or do they merely reflect the presence
of chromatin regulatory enzymes, which may more directly impact gene
transcription through non-enzymatic mechanisms?

Do global changes in nuclear structure orchestrate programs of gene
expression that underlie neuronal maturation and plasticity? If so, which
proteins mediate these structural changes? Is chromatin architecture cell type
specific, and if so, how are these differences in nuclear architecture
established?

Are there novel or better ways to detect chromatin state and structure at the
single-cell level and in live cells such that the dynamics of chromatin
regulation and its relationship to temporal changes in neuronal function can
be better understood?
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Figure 1.
Multiple levels of chromatin regulation interact to coordinate gene expression in developing

neurons. As neural progenitor cells make the transition to become mature postmitotic
neurons, there is: (A) increased accumulation of DNA methylation (M) mainly in the form
of mCpA with no change in mCpG; (B) dynamic modification of post-translational
modifications on histones (M, methylation; Ac, acetylation) by enzymes such as histone
acetyltransferases (HATS) that allow both increases and decreases in chromatin accessibility
and subsequent changes in transcription factor (TF) binding at specific gene regulatory
elements; and (C) large-scale changes in chromatin configuration and nuclear architecture
that initiate interactions of different DNA sequences with the nuclear lamina (repression,
red) or transcriptional factories (activation, green). These three different scales in chromatin
regulation can result in unique and cell-specific gene expression programs, appropriate for
every stage of neuronal development.

Trends Neurosci. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gallegos et al. Page 22

A.
Activity-Regulated Gene
Promoter
B.
Hira/Daxx +
TN N Y Y J_’
NuRD Complex
o :":"': - [ Ha3 [ H2AZ |
C.
Figure 2.

Histone modifications that modulate neuronal activity-dependent gene transcription. (A)
Membrane depolarization-induced H3K27ac at distal enhancer regions and gene promoters
is associated with the induction of activity-dependent gene transcription and the formation of
stable loops between active enhancer regions and the promoters of their target genes. (B)
Turnover of histone proteins results in regulated deposition of the variant histones H3.3 via
Hira/DaxXX and H2A.Z via the NuRD complex. H3.3 turnover facilitates the transcription of
membrane depolarization-induced late-response genes whereas H2A.Z deposition at gene
promoters represses the transcription of activity-dependent plasticity genes. (C) Neuronal
activity induces changes in chromatin accessibility. Activity-induced opening of chromatin
at distal regulatory elements is mediated via the recruitment of Fos and other AP-1 element
binding proteins. TF, transcription factor; Ac, histone acetylation; CBP, Creb Binding
Protein; CHD4, Chromodomain protein 4.
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