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Abstract

The last two decades have witnessed explosive advances in our understanding as to how the
organization of chromatin, the association of DNA with histones and vast numbers of non-histone
regulatory proteins, controls the expression of specific genes in brain. Prominent among such
regulatory mechanisms are modifications of histones, along with the “writers,” “erasers,” and
“readers” of these modifications. Much of the work delineating these mechanisms has contributed
to the idea that a ‘histone code’ may be a central determinant of a gene’s activity and its potential
to be activated or repressed in response to environmental perturbations (both beneficial and
aberrant). Indeed, increasing evidence has demonstrated the significance of histone regulation in
neurological plasticity and disease, although we are still at the earliest stages of examining all of
the many potential chromatin changes involved. In this short review, we provide an emerging
perspective on putative roles for histones, and their combinatorial readouts, in the context of neural
plasticity, and we provide a conceptual framework for future mechanistic studies aimed at
uncovering causal links between the neural ‘histone code’ and brain function/disease.

Introduction

While DNA provides a blueprint for our growth, development and survival, our DNA alone
cannot fully account for the broad spectrum of phenotypic variance observed. In all
eukaryotic organisms, DNA is tightly packaged into chromatin, where it is wrapped around a
core octamer of histone proteins, containing two copies each of H3, H4, H2A and H2B, or
variants thereof (e.g., H3.3, H2A.Z, etc.). Chromatin serves as a signal integration platform,
where it provides cells with appropriate instructions for RNA transcription and protein
synthesis. Within each cell, the readout of our DNA is finely tuned so that specific genetic
loci can be temporally and/or spatially regulated in response to environmental cues to
promote phenotypic outcomes. This level of control is dictated by a vast array of molecular
processes, collectively referred to as “epigenetics.” Transitions toward different activity
states of DNA are modulated by the accessibility of chromatin to various general and non-
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general transcription factors, with heterochromatic organization linked to gene repression,
and euchromatic conformations associated with permissive gene expressionl2. The
transition between these different states is mediated by numerous factors that impact DNA
interactions with histones themselves. These factors are comprised of a large number of
enzymes (e.g., “writers” and “erasers™) and associated protein effector complexes (i.e.,
“readers”), which are responsible for depositing/removing/interacting with particular
chemical modifications to influence the structure of chromatin and, in turn, regulate gene
transcription3. Accurate deposition and removal of these modifications is critical for both
normal neural development and adulthood brain plasticity. Given that neurons are generally
post-mitotic, thereby remaining in a mature state for the entirety of an organism’s life, it is
not surprising that histone regulation (which additionally includes nucleosome remodeling,
histone variant exchange, histone turnover, etc.) in the central nervous system (CNS) plays a
governing role in neuronal plasticity. While a multitude of data exists highlighting the
importance of histones in these processes, we will attempt to illuminate their involvement
using select examples associated with brain homeostasis and their regulation in the context
of neurodevelopmental disease. Furthermore, we will discuss a critical need for the field to
begin moving towards a more mechanistic/causal investigatory framework in order to begin
understanding potential contributions of chromatin regulation to neural plasticity.

The combinatorial nature of the ‘histone code’ and its relevance to brain

plasticity

Histone madifications, along with their respective contributions to the regulation of
chromatin structure, induce long-lasting influences on the development and plasticity of
post-mitotic neurons and have been demonstrated to function in a combinatorial manner.
Just as histone modifications can be described as the “alphabet’ of the so-called “histone
code,” varied combinations of these ‘letters’ can result in a phenotypic syntax. As such, pre-
existing modifications on a given histone/nucleosome may directly or indirectly impede/
enhance the ability of specific “reader” protein complexes and/or chromatin modifiers to
recognize, and thereby influence additional substrate sites on the same or adjacent
transcriptional unit. Such pattern recognition is ultimately critical for transcriptional
homeostasis. Following groundbreaking work in 1999, which identified the first histone
modification “reader” complexes (e.g., histone lysine acetylation recognition by
bromodomain containing proteins?), the “histone code’ hypothesis® was articulated,
proposing that different combinations of histone modifications will result in distinct
influences on gene expression. This is mediated in part, by the manner in which downstream
effector proteins decipher these combinations (/n7 trans) in conjunction with alterations in
electrostatic interactions between histones and DNA (/n cis). Since that time, a plethora of
additional histone modification binding proteins/domains and their structures have been
resolved—including chromodomains, Tudor domains, plant homeodomains (PHD) and
others—further extending the breadth of combinatorial readout possibilities. While
discussions of the ‘histone code’ as a discrete form of molecular language has led to a
healthy debate in the scientific community regarding what actually constitutes a ‘code,” most
researchers remain in agreement that such chromatin related processes serve a crucial role in
the mediation of cellular phenotypes.
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Disruptions in histone regulatory proteins contribute to neurodevelopmental dysplasticity

Neurodevelopmental plasticity is a complex and dynamic process that is heavily influenced
by gene xenvironment interactions, whereby alterations in gene expression influence critical
processes, such as axon guidance and synaptic connectivity. It is well understood that
‘peaks’ of plasticity landmark critical stages of neurodevelopment (both embryonic and
early postnatal), allowing the brain to adapt in size as diverse neuronal circuits are formed.
These circuits, which are constantly fine-tuned during ‘peak’ periods, remain highly
malleable in order to encompass the capacity to be altered in their relative strengths during
times of activity-/experience-dependent plasticity. Such flexibility remains critical into
adulthood, as constant integration of cues and exposures from the environment is required to
promote positive physiological and behavioral adaptations (e.g., the development of new
memories, proper stress responsivity, etc.). Therefore it is not surprising that experiences of
aberrant environmental stimuli during critical periods can exert negative consequences on
gene expression, leading to deleterious phenotypes (Fig 1). Tight regulation of gene
expression is controlled in an activity-dependent manner, a process that is ultimately
orchestrated by the localization and/or expression of chromatin regulatory machinery®. Thus,
distinct patterns of histone modifications, which act in unison with DNA methylation,
expression of non-coding RNAs (ncRNAs) and recruitment of transcription factors, need to
be properly maintained and appropriately responsive to environmental cues to achieve
normal levels of plasticity3:.7:8,

Several neurological disorders involve mutations in genes that encode proteins associated
with chromatin remodeling complexes, as well as histone PTM “writers,” “erasers” and
“readers”29, For example, X-linked mental retardation syndrome and a-thalassaemia result
from mutations in the gene encoding ATRX, a chromatin-remodeling factor. In addition,
mutations in the CREB binding protein (CBP), the histone H3K4me3-demethylase,
JARID1C, and the histone H3K9me1/2-methyltransferase complex, G9a/GLP (EHMT2/1),
result in Rubinstein-Taybi syndrome, epilepsy X-linked mental retardation and Kleefstra
syndrome, respectivelyl0-12, More recent studies have also identified de novo mutations in
genes encoding chromatin modifiers, such as KMT2D, SMARCAZ2, SIRT1 and KAT6A in
neonatal brain arterio-venous malformations'3. Additional data now exist demonstrating that
mutations in histones themselves can result in human disease. Independent mutations in
genes encoding H4 (K9fs) and H3 (R130C) have been reported!4, providing direct links
between histone mutations and mental retardation/intellectual disabilities. Additionally,
following a mutational screen in zebrafish, the H3.3 variant protein was directly implicated
in processes associated with neuronal differentiation, whereby a missense mutation (D123N)
was demonstrated to result in abnormal development of the cranial neural crest.

Down syndrome (DS): an example of a classic ‘genetic’ disorder likely influenced by
“epigenetic” phenomena

It is becoming increasingly clear that numerous additional disorders that have long been
thought to be purely genetic in nature, may also have epigenetic components. DS is one such
likely example. DS is the most common genetic cause of intellectual disability worldwide
resulting from triplication of chromosome 21 (HSAZ21) in humans. Despite much progress in
understanding the genetics of DS, the genes encoded on HSA21 that directly contribute to
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intellectual disability and their associated molecular mechanisms, are not fully understood.
Since the completion of the Human Genome Project in 2000, which provided a complete
DNA sequence for chromosome 21 (HSA21)1°, many labs throughout the world have
focused their attention toward gaining a better understanding of the contributions of HSA21
protein-coding genes, some of which are overexpressed in DS, to processes associated with
learning and memory. However, variability in cognitive deficits (ranging from mild to
moderate) remains difficult to explain1®:17. For example, if one were to reductionistically
assume a 1:1 relationship between gene abundance and transcription, trisomy 21 would
theoretically be expected to result in a 1.5 fold increase in the expression of genes being
triplicated; however, numerous gene expression studies in both human brain/cells!®19 and in
rodent models of DS20-22 have shown this to be incorrect. For example, one recent study in
human cells from DS cases demonstrated that > 50% of analyzed genes on HSA21 displayed
expression levels significantly higher or lower than expected?3. Furthermore, RNA-seq
analyses of postmortem brain tissues have demonstrated that many genes across all
chromosomes are altered in their expression in DS (both up- and downregulated), and that
progressive increases in differential gene expression can be observed across development in
trisomy 2119,

Such incongruous findings between genotype and gene expression in DS heavily suggest
that epigenetic mechanisms may play an important role in the disease. Limited studies of
epigenetic mechanisms in DS are further surprising given that numerous putative chromatin
regulators (e.g., DNMT3L, BRWD1, CHAF1B, etc.) are themselves encoded within Down
Syndrome Critical Regions (DSCRs) on HSA21 and have been found to be dysregulated in
DS tissues?4. While definitive links between epigenetic dysregulation and DS have not yet
been fully substantiated, findings such as those described above are certainly worth
consideration in future investigations, as well as in studies of additional disorders currently
thought to be purely genetic in cause.

Towards a conceptual framework for future mechanistic studies of

neuroepigenetic phenomena

Until recently, little attention has been paid to exploring chromatin related mechanistic
differences that may exist between brain/neurons vs. proliferating cells and tissues. This is to
say that neuroepigenetics researchers have oftentimes relied heavily on mechanistic and
biochemical information about chromatin related phenomena gleaned from mitotic cellular
systems to inform their hypotheses as to how such events in brain may relate to observed
phenotypic responses. On the one hand, it is reasonable to assume that some, if not many, of
these basic mechanisms may be shared between brain and non-neural tissues (e.g., the
euchromatic histone PTM, H3K4me3, is most certainly a permissive mark in both dividing
and non-dividing cells). However, some of these previously defined mechanisms may not
hold weight when examined in the context of the CNS. As such, it will likely be necessary to
begin shifting away from the more descriptive and phenomenological examinations of
histone PTMs, and their associated proteomic machinery, that have dominated the
neuroepigenetics field over the last 15 years. For example, while it is tempting to attribute
‘established’ chromatin mechanisms to brain specific phenomena, it is important to consider
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that numerous brain specific and/or enriched epigenetic processes may also exist (e.g. brain
enriched histone PTMs, etc.). Exploring such mechanisms will require better integration of
basic techniques and approaches that can be borrowed from the field of chromatin
biochemistry. Below, we discuss two examples that highlight how moving the field towards a
more mechanistic investigatory framework may help to yield greater insights into the many
potentially unexplored aspects of chromatin biology that govern brain development and
plasticity.

The dangers in evaluating neuroepigenetic phenomena in the context of mechanistic
studies in proliferating cells: the case of the variant histone H3.3

Histone variants, which contain amino acid sequence substitutions that distinguish them
from their canonical counterparts (e.g., canonical H2A vs. variant H2A.Z), are proteins that
can replace canonical histones in a locus specific manner, oftentimes resulting in differential
structural and transcriptional responses. Disruptions in histone variant biology can result in
deleterious phenotypes resulting in human disease. Of particular importance is the question
as to whether histone variants, which are typically expressed and deposited into chromatin in
a cell cycle dependent manner, might function differently in post-mitotic cells. Since many
canonical histones cannot be actively incorporated into chromatin in post-replicative
systems, it was hypothesized that neuronal differentiation may result in an imbalance
between variant and non-variant histones.

The histone variant H3.3 is one such example that had been observed to progressively
accumulate over the course of development in rodent brain, with concomitant reductions in
canonical H3.1 and H3.2 observed?>. Such a phenomenon begs the question as to what, if
any, specific roles H3.3 may play in the developing and adult brain. Previous assessments in
dividing cells suggested that H3.3 may preferentially be marked throughout the genome by
specific modification ‘signatures’ that are typically associated with active gene expression28.
This work contributed to the so-called genomic “barcode” hypothesis?728, which posited that
specific histone variants may then function to influence chromatin states during cellular
differentiation. Such mechanisms of modification enrichment, however, have been poorly
described in post-mitotic systems, such as neurons, which rely exclusively on a single
histone H3 protein (i.e., the variant H3.3) for global replacement during cellular
development. If true, such phenomena might directly challenge the notion of histone
“barcoding” in brain. Consistent with this hypothesis, one study recently demonstrated a
direct role for calcium dependent Daxx (an H3.3 chaperone) phosphorylation in the
regulation of H3.3 deposition in response to neural activity, specifically at regulatory
elements known to mediate immediate early gene (IEG) expression?®. While these data
indicated H3.3 as a potentially dynamic protein in neurons during periods of cellular
plasticity, it stopped short of addressing more global roles for H3.3 variant exchange and
accumulation in brain during neurodevelopment and into adulthood.

Extending upon this work, we and others uncovered additional roles for histone variant
dynamics (e.g., histone incorporation/eviction, nucleosome sliding and disassembly) during
activity-dependent transcription in brain2%-32, Specifically, we found that nucleosome
turnover, which requires active incorporation of replication-independent H3.3 is required for
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neural (both neuronal and glial) specific gene expression patterns, synaptic development and
connectivity, dendritic spinogenesis and cognition3. More recently, it was also found that
these phenomena are disrupted in specific pathophysiological states (e.g., major depressive
disorder) associated with abnormal brain plasticity. Taken together, these data suggest that
histone turnover itself may serve as a fundamental mediator of transcriptional plasticity
within brain; more work, however, is needed to fully delineate the contributions of these
phenomena to neurological function and disease.

Novel chromatin phenomena in brain: the case of histone serotonylation

Since its earliest days, the chromatin field has continually recognized that our understanding
of the “histone code’ remains incomplete, owing primarily to the fact that new histone PTMs
are constantly being discovered across a large variety of cellular systems. Few attempts to
investigate whether neural cells may also exhibit previously unexplored modifications have
been undertaken.

Monoaminergic systems in brain play critical roles in the regulation of a wide variety of
neurodevelopmental and adult cognitive/reward processes. Furthermore, many drugs used to
treat individuals with neurodegenerative disease (e.g., Parkinson’s, Huntington’s), as well as
psychiatric syndromes ranging from major depressive disorder (MDD) to drug addiction and
schizophrenia target monoaminergic systems33. In addition to its presence in vesicles, past
and recent data have demonstrated the presence of extravesicular monoamines in the nucleus
and soma of monoamine producing neurons34:3%, The presence of extravesicular
monoamines has been suggested to be critically important during periods of activity-
dependent neurotransmission due their ability to rapidly replace depleted vesicularized
monoaminergic pools at the synapse following somatic release3#; it had remained unclear,
however, whether these monoamines might play additional roles independent of
neurotransmisson.

Serotonin, as well as other monoamines, had previously been shown to form covalent bonds
with certain cytoplasmic and/or matrix associated proteins via transamidation by the tissue
Transglutaminase 2 (TGM2) enzyme, a modification that alters the signaling properties of
monoaminylated substrates36-39. We identified histone H3 as a direct substrate for
monoaminylation, and later identified H3 glutamine 5 (H3Q5) as the exclusive reactive
amino acid for this mark (e.g., H3Q5serotonyl)*0. Given H3Q5ser’s proximity to lysine 4 on
H3, we examined the impact of pre-establishing nucleosomal H3K4me3 on TGM2 activity
in vitro. In doing so, we found that TGM2 activity is not perturbed by the presence of
H3K4me3, indicating that these marks can likely co-exist /n7 vivo (e.g., H3K4me3Q5ser).
The existence of this modified histone protein (both in the presence and absence of
H3K4me3) was unambiguously confirmed in serotonergic cells, peripheral organs (e.g.,
colon, blood) and in brain, indicating that the dual mark acts to enhance binding of adjacent
H3K4me3 interacting proteins [e.g., “readers,” such as the general transcription factor
complex TFIID*1], rendering serotonylated nucleosomes transcriptionally permissive. While
much work still needs to be done to fully delineate the entirety of mechanisms guiding H3
serotonylation’s role in promoting active transcription, we believe that this work nicely
highlights the existence of a previously unknown brain enriched modification that seemingly
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acts to fine tune the neural histone code in order to achieve normal patterns of neuronal
transcription during development. In future studies, explorations into whether additional
monoamines (e.g., dopamine, histamine, etc.) may similarly be covalently modified to
histones, as well as what roles such marks may play in neuroplasticity and disease, promise
to shed new light on previously undiscovered epigenetic mechanisms that have eluded
chromatin researchers working in other biological systems.

Emerging methodologies for mechanistically defining causal links between

histone PTMs and brain function

Over the past 15 years, neuroepigeneticists have made great strides in furthering our
understanding as to how histone regulation may contribute to aspects of neurodevelopment,
plasticity and behavior. However, it is our opinion that the field has only begun to scratch the
surface of deciphering how, or if, these complicated patterns of chromatin regulation directly
contribute to disruptions in neural plasticity. Further attempts to describe the precise
transcriptional mechanisms involved in these complex processes will necessitate a more
mechanistic, and unbiased, combination of chromatin biochemical, proteomic and molecular
approaches in order to begin integrating such mechanistic insights with more typical
phenomenological outputs.

For example, it is common in the field for researchers to assign chromatin-associated
functions to alterations in the expression/activity of chromatin regulatory enzymes and
remodeling complexes. This emphasis is logical given that adequate tools do not yet exist to
directly manipulate histone PTMs in brain without altering the enzymatic machinery. While
it is true that numerous chromatin-regulatory proteins (e.g., HATs, HDACs, HMTs, HDMs,
“readers,” etc.) have been shown to display altered patterns of regulation in neurons, it is
becoming apparent that most, if not all, of these proteins are capable of modifying/binding
to additional non-histone substrates (both in the nucleus and cytoplasm). Such processes
complicate current interpretations of most genetic studies examining histone related
proteins. While changes in enzyme activity/”reader” associations may indeed contribute to
the mediation of chromatin landscapes, it remains difficult to assign causality. Many groups
are beginning to address this dilemma through mutational assessments, whereby it is
possible to directly manipulate catalytic activities and/or binding outcomes of chromatin
regulatory proteins (e.g., acetyl bromodomains, methyl PHD fingers, etc.), allowing for
more direct examinations of the epigenetic machinery /n vivo. However, this issue is further
complicated by the fact that, until recently, neuroepigenetics researchers have tended to
study histone marks in isolation, often ignoring their combinational functionality, an issue
that is incredibly challenging to address without the development of novel approaches that
will allow for direct manipulations of histone PTMs themselves in the absence of perturbing
associated modifying enzymes and/or effector complexes.

Advanced technologies that allow researchers to directly modify the epigenomic landscape,
sometimes even in a locus specific manner, are gaining traction. For example, via the use of
zinc finger proteins (ZFPs) and/or CRISPR/dCas9 fused to DNA sequence recognition
domains®?, it is now possible to deliver conjugated domains of enzymatic activators or
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repressors of gene expression (e.g., VP64, p65, G9a) to targeted loci in order to assess their
impact on gene expression through the artificial establishment of endogenous chromatin
modifications. While these approaches allow for locus-specific establishment/removal of
histone PTMs, which is potentially useful for investigating roles for PTMs on a gene by
gene basis, the ability to alter global levels marks in a cell-type specific manner—in a single
or combinational fashion, is also emerging in the form of a new methodology referred to as
protein trans-splicing. Tom Muir, Yael David and colleagues*3 have recently employed ultra-
fast trans-splicing split inteins to incorporate non-native histone PTMs into chromatin in
living cells. Protein splicing utilizes intervening polypeptides, known as inteins (i.e.,
“protein introns™), which cleave themselves from host proteins (extein) to generate novel
spliced protein products®. In their landmark Nature Chemistry paper, David and colleagues
genetically fused IntN to a truncated histone H2B protein, expressed it by transfection in
293T cells, and then delivered an IntC carrying synthetic cargo (complementary to the
truncated H2B), using a cell-penetrating peptide. With this new method, it was possible to
synthesize H2B (and presumably other histones as well, such as H3) carrying an array of
PTMs /n vivo. Thus, approaches like these carry with them the exciting possibility of being
able to one day directly assess the contributions of specific histone marks in brain to
neuronal patterns of transcription, development and behavior, both in normal and
pathophysiological states.

Conclusion

Dysregulation of histone PTMs and related chromatin structures are believed to result in
aberrant patterns of neurodevelopment and subsequent behavioral abnormalities later in life.
With an ever growing interest into how “epigenetic” landscapes may be perturbed in
neurological disorders, it is now more urgent than ever that neuroepigeneticists begin
approaching related research questions with interpretive caution and mechanistic awareness.
As such, we posit that more faithful examinations of chromatin regulatory phenomena
specifically within the context of the CNS—in part, using more targeted molecular
approaches, such as those described above—promise to improve our basic understanding of
“epigenetic” regulation in brain plasticity and may further aid in the development of future
therapeutics that can more accurately target these processes to alleviate disease.
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Highlights
. Histone regulation in brain is a central determinant of neural development and
plasticity.
. Many neurological diseases are linked to aberrant histone regulation in the
CNS.
. New methods for investigating histones may help to causally link them to

biological function.
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Fig. 1: Histone dysregulation in neurological disease
Aberrant alterations of histone PTMs and chromatin structures are thought to result in

disrupted patterns of neurodevelopment and subsequent synaptic/behavioral abnormalities in
adulthood. These disorders are precipitated by a combination of (/) genetic risk variants (i.e.,
DNA mutations) and (/7) environmental risk factors (e.g., early life stress, exposure to toxins,
infections, etc.), the latter of which can result in (/) profound alterations in gene expression
through aberrant regulation of histones (e.g., 1-PTMs, 2—chromatin remodeling, 3-histone
variant exchange and 4-nucleosome turnover) and other “epigenetic” phenomena. (/v) These
molecular processes may then be responsible for many of the physiological and behavioral
phenotypes observed in neurological disease during adulthood. Much work is still needed,
however, to truly be able to causally link such “epigenetic” mechanisms to neurological
illness, a process that will require both the development of novel methodologies (e.g., /7
vivo protein trans-splicing, etc.) and a concerted effort by the field to assess molecular
outcomes within a brain specific framework.
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