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Abstract

With the aging of the population, Alzheimer’s disease and
other forms of dementia represent major challenges for health
care systems globally. To date, the molecular mechanisms
underlying the pathophysiology of dementia remain elusive,
with a consequent negative impact in developing efficient dis-
ease modifiers. New exciting findings suggest that modulation
of the histone code may influence transcriptional networks at
the root of neuronal plasticity and cognitive performance.
Although most of the current conclusions require further
mechanistic evidence, it appears that chromatin perturbations
actually correlate with Alzheimer’s disease onset and pro-
gression. Thus, a better understanding of the epigenetic
contribution to normal brain function and dementia pathogen-
esis may help to identify new epigenetic targets for the inhi-
bition of disease trajectories associated with cognitive decline.
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Introduction

Dementia is an umbrella term describing neuro-
pathologically distinct chronic brain disorders having in
common a progressive decline of acquired cognitive
functions that inevitably lead to memory loss, problem-
solving difficulties, disorientation, mood swings, and
language and communication deterioration [1,2]. Based
on the current World Health Organization projections,
approximately 50 million people have dementia

worldwide, with a prevalence of 5—8% in the population
aged 60—69 and of more than 33% in individuals aged 85
and older [2,3]. Because aging is one of the major risk
factors [4,5], it is expected that dementia prevalence
will further increase in the next decades because of the
growing life expectancy in high-income as well as low- to
middle-income countries around the globe. In affected
people, the gradual progression of neurodegeneration
and consequent brain atrophy are two common hall-
marks associated with the onset of clinical symptoms
that include the progressive loss of cognitive functions
as well as other neurological impairments [6,7].
Alzheimer’s disease (AD) is the most common form of
dementia and accounts for almost 60—70% of all de-
mentia cases [8,9]. Among the most prominent sub-
clinical symptoms, patients often exhibit mild cognitive
impairment and memory loss. Despite the enormous
investment in preclinical and clinical investigations,
molecular and cellular events underlying AD patho-
genesis remain elusive. Postmortem evidence indicates
tissue-specific spreading of neuropathological hallmarks
across functionally connected brain areas [10—12]. In
this regard, vast literature has reported deposition of
parenchymal amyloid [ (AP) peptide—containing
plaques that anticipate the formation of intracellular
neurofibrillary tangles primarily consisting of microtu-
bule-associated protein tau [13—15]. Besides AD, there
are other forms of dementia affecting millions of people
globally. Vascular dementia, for instance, accounts for
10% of cases and is caused by cerebrovascular diseases
associated with ischemic or hemorrhagic infarcts
[16,17]. Frontotemporal dementia (e.g. Pick’s disease)
features neurological symptoms predominantly caused
by the degeneration of the frontal and temporal lobes
and is accompanied by intracellular aggregates of
different protein species. Dementia with Lewy bodies is
a less common form and may be considered a mixed
condition since it shares many clinical features with
Parkinson’s disease. Other less common causes of de-
mentia include inherited genetic disorders, head in-
juries, and infections (e.g. HIV). Despite the growing
number of cases and urgently needed drug therapeutics,
disease-modifying interventions are not available.
Currently available treatments provide limited symp-
tomatic effects but do not slow disease progression
[9,18,19]. The complex etiology of the different forms
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of dementia represents an obvious limiting factor in
developing effective clinical approaches that may help
to delay and ameliorate cognitive dysfunction linked to
brain disorders. While several disease-causing mutations
have been described in familial AD and frontotemporal
dementia [13,20,21], less is known about the molecular
mechanisms underlying idiopathic cases. Because ge-
netic factors cannot fully explain the vast majority of
dementia cases, it has been postulated that progressive
alterations of the epigenome may contribute to dimin-
ishing cognitive abilities with advancing age, thereby
contributing to the transition from a healthy state to
advanced disease (see Figure 1). Under such a scenario,
comorbidities as well as environmental conditions, life-
style and genetic risk factors may interactively exceed a
critical threshold beyond which a compensation of age-
related decline in neural functions is no longer
possible, ultimately resulting in the development of
sporadic forms of dementia [22—24].

In this review, we will give a snapshot of recent reports
that have been conducted primarily using human post-
mortem samples, whereas we will omit the large number
of studies obtained in experimental models. Because of
text limitations, we will focus on the most recent evi-
dence linking modulations of chromatin structure and
function to cognitive decline associated with neurode-
generative diseases. Although the currently available
experimental findings remain still limited and almost
exclusively focused on AD, we envision a scenario

Figure 1

whereby future investigations on epigenetic-dependent
chromatin remodeling may help to elucidate mecha-
nistic aspects involved in sporadic dementia and,
eventually, other age-related idiopathic neurodegenera-
tive diseases.

Main text

Neuro-epigenetics: histone code and cognitive
function

Epigenetics refers to the reversible changes of tran-
scriptional profiles resulting from biochemical modifi-
cations at the chromatin level that do not permanently
mutate the DNA nucleotide sequence, but rather they
transiently influence the chromatin state and the
consequent accessibility to the genomic information
within the nucleus. While many epigenetic traits can be
transmitted across divisions in replicating cells, epige-
netic changes can be both transient or long-lasting in
postmitotic cells (e.g. neurons), thereby serving as
memory barcodes of previous transcriptional events
[25]. A large array of molecular factors and evolutionarily
conserved multisubunit assemblies integrate environ-
mental and internal cues into signals that influence the
binding between DNA molecules, nucleosomal and
linker histones, and scaffolding molecules involved in
higher-order chromatin organization. In eukaryotic cells,
the two most notable and studied epigenetic mecha-
nisms are DNA methylation and histone post-trans-
lational modifications (PTMs). DNA methylation
consists in the transfer of a methyl group from S-
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The histone code underlies the transcriptional plasticity of cells. Nucleosomal and linker histones undergo post-translational modifications, resulting
in patterns that define the accessibility of the genomic DNA. In normal physiological conditions (i.e. healthy state), intrinsic and environmental information
is translated into a histone code that orchestrates the transcriptional profile of the cell. In contrast, aberrant chromatin remodeling can elicit a disease state
that correlates with a histone code associated with diminished transcriptional plasticity.
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adenosyl methionine to a cytosine pyrimidine ring
preferentially at cytosine—guanine—enriched regions.
Because of space limitations, we would recommend
review articles that have extensively covered the
importance of DNA methylation in human pathophysi-
ology [26—28]. Instead, we will restrict our attention to
nucleosomal histones and their PTMs [27,29,30] in
their contribution to cognitive function and AD
pathogenesis.

Histone H3 and its PTMs associated with AD

Histone H3 is one of the four core histones forming the
nucleosome. As a fundamental unit of the chromatin,
the nucleosome consists of 147 bp of DNA wrapped
around two copies of each histone H2A, H2B, H3, and
H4. The histone H3 family includes three main mem-
bers, plus additional tissue-specific and species-specific
variants [31,32]. The two canonical histones H3.1 and
H3.2 are highly expressed during the S phase, and their
deposition is primarily coupled to DNA replication.
Conversely, histone H3.3 is a replication-independent
variant that is expressed and deposited throughout the
cell cycle. Canonical and replication-independent H3
variants differ by a few amino acids that critically
contribute to the specific binding to dedicated histone
chaperones [31,32]. Furthermore, serine 31 is only
found in H3.3 and is target of phosphorylation in the
context of stimulus-dependent transcription, with im-
plications for H3.3-specific binding of the H3K36me3
reader ZMYND11 [33,34]. Over time, histone H3.3
replaces canonical histones and accumulates almost at
saturation in postmitotic cells [35,36]. In this context,
histone H3.3 plays a critical role in cellular plasticity on
stimulation, as shown by mechanistic studies that
clearly defined the link between H3.3 turnover/depo-
sition and altered gene transcription [36,37]. Because of
this unique biological aspect, the histone H3.3 variant
contributes to cognitive performance and other higher
brain functions [36,38—42], with potential implications
for the development of age-related cognitive decline
associated with dementia. Analogous to other histones,
H3 can undergo PTMs on residues at the N- and C-
terminal tails, although accumulating lines of evidence
suggest that some amino acid side chains within the
globular domain (i.e. proline 38 to glycine 132) can also
be covalently modified [43,44]. Within certain chro-
matin territories, these PTMs may represent a code that
defines the deposition or removal of other epigenetic
marks by distinct histone-modifying machineries
[27,29]. In accordance with the composition and com-
bination of each alphabet letter of this unique language,
PTMs may influence histone binding to the DNA and to
other chromatin factors, thereby creating liquid
droplet—like compartments through phase separation
that orchestrate chromatin structure transitions and
DNA accessibility [45—47]. Thus, histone PTMs can
promote chromatin relaxation and consequent gene
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transcription or can induce chromatin condensation
usually associated with transcriptional inhibition. In the
context of AD and cognition, the most described PTMs
are the acetylation (ac) and methylation (met) at various
lysine (K) residues in H3 tails. As recently shown in a
longitudinal study followed by postmortem neuropath-
ological analysis of prefrontal cortices of cognitively
healthy individuals and subjects affected by AD [48],
increasing tau-containing neurofibrillary tangle burden,
but not A load, is associated with a larger number of
genomic regions featuring H3K9ac enrichment. These
H3K9ac domains include active transcription start sites
as well as enhancers, suggesting a positive correlation
between H3K9ac deposition and transcriptional activity
of targeted genes. Conceivably, tau could mediate al-
terations in chromatin structure with consequent tran-
scriptional activation of regions that are normally
epigenetically silenced, which may affect neuronal ho-
meostasis and function. In line with this scenario, it was
shown that AD samples with widespread neocortical
pathology (i.e. Braak stage V—VI) exhibit higher
H3K27ac and H3K9ac levels than controls (i.e. Braak
stage I, with tau neurofibrillary tangles in the entorhinal
cortex) [49]. Using postmortem human brain tissues
from lateral temporal lobes, genome-wide chromatin
immunoprecipitation analyses showed a considerable
loss of H3K122ac and H3K4mel marks in AD tissues.
These epigenetic changes correlate with an enrichment
of transcriptional patterns associated with pro-disease
pathways, including inflammation and cell death, that
are potentially dependent on the histone acetyl trans-
ferases CBP/p300 and SAGA complex [49]. Although
acetylation changes have been recently described, it is
important to emphasize that other epigenetic aspects
have not been rigorously investigated, and these may
also be relevant in AD pathogenesis. In this regard, a
small study in postmortem temporal cortices showed an
association between H3K9me3 and abnormal hetero-
chromatin structure in patients with sporadic AD
compared with controls [50]. Interestingly, H3K9me3
occupancy of genomic regions inversely correlates with
gene expression levels in patients with AD [50]. Of
note, H3K9me3 is enriched at promoters of genes that
are involved in synaptic function, neuronal differentia-
tion, and cytoskeletal organization. Thus, this line of
evidence suggests that H3K9me3 deposition may be
part of a regulatory circuit that negatively affects
neuronal plasticity and tissue maintenance, thereby
contributing to age-related cognitive decline linked to
AD.

Histone H4 and post-translational acetylation

The histone H4 binds H3 and forms H3—H4 dimers
that are later incorporated in the nucleosomal histone
octamers. Apart from a human truncated C-terminal
variant  (i.e. H4G), all metazoans primarily
express evolutionarily conserved histone H4 molecules.
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In humans, there are 15 genes encoding H4, some of
which are constitutively expressed. Although many
PTMs at the histone H4 tail influence nucleosome
stability and chromatin compaction [51], their epige-
netic contribution to dementia, if any, has been scarcely
documented. Recently, comparative analyses have been
carried out using sections from lateral temporal lobes of
young, as well as elderly, cognitively healthy individuals
and subjects affected by AD [52]. Here, the authors
showed that genome-wide H4Kl6ac profiles are
enriched in aged individuals who are cognitively healthy;,
whereas H4Kl6ac chromatin immunoprecipitation
peaks are significantly reduced in tissues from patients
with AD. H4K16ac accumulation occurs at transcription
start sites and less at intergenic regions (e.g. regulatory
elements), with a strong correlation between H4K16ac
enrichment and gene expression of nearby targeted loci
[52]. Although these findings do not provide mecha-
nistic evidence linking age-related H4K16ac changes
and AD pathogenesis, they highlight epigenetic alter-
ations that may influence the transcriptional regulation
of genes associated with aging and AD. Further studies
will help to dissect the regulatory molecular processes
that are protective or predispose elderly subjects to
progressive cognitive decline.

Histone H2A and yH2A.X

Histone HZA binding to H2B results in dimers that
critically regulate the remodeling of nucleosomal DNA
[32]. Compared with the other core histones, the H2A
family has the largest number of variants, most of which
differ from canonical H2A at their C-terminal tails.
H2A.Z and H2AX are constitutively expressed
throughout the cell cycle, and their turnover has notable
effects on gene expression programs underlying
neuronal plasticity [53—55]. However, while H2A.Z is
rapidly deposited around transcription start sites of
actively transcribed genes in neurons of animals exposed
to stimuli (e.g. behavioral paradigms) that favor memory
consolidation [53,54], phospho-serine 139-HZA.X
(herein referred as YH2A.X) decorates DNA double-
strand breaks, including promoters of early-response
genes involved in experience-driven transcriptional
programs [55]. Given these premises, it is not
surprising that H2A variants have been the subject of
several investigations in the neuro-epigenetic field. In
this regard, postmortem analyses of patients with mild
cognitive impairment or AD showed an increased
neuronal YH2A.X staining compared with cognitively
normal controls [56]. As a plausible explanation, it may
be that chronic network hyperexcitability can increase
double-strand break formation within actively tran-
scribed loci, which are potentially linked to alterations of
chromatin structure [55]. Alternatively, increased
YH2AX levels may simply reflect a progressive accu-
mulation of DNA damage due to the disease state.

Future studies will help to shed light on the biological
relevance of YH2A.X in AD and other forms of cognitive
impairment.

Conclusions

A growing number of studies has implied that aberrant
epigenetic processes may contribute to cognitive
impairment and age-related neurodegenerative dis-
eases. Based on the current knowledge, it is evident that
we have barely scratched the surface of what promises to
be an important area of biomedical investigation. Thus,
more research is needed to dissect those molecular
mechanisms underlying transcriptional and chromatin
plasticity that inevitably fade away during dementia
pathogenesis. Through preventing that these processes
go awry, we may be able to develop novel venues for
urgently needed therapeutics.
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