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Modulating Epigenetic
HAT Activity: A Promising
Therapeutic Option for
Neurological Disease?
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The epigenome (epi- derived from Greek for ‘over’ or ‘above’)
with its rich cache of highly regulated structural modifications to
the DNA, histone residues and histone variants, defines the threedimensional structure of chromatin, the genetic material within the
eukaryotic cell nucleus, and serves as the molecular bridge between
transcriptional gene control and our environment [1]. Only a few
years ago, such epigenetic gene control mechanisms were primarily
viewed in the context of cell division and fate specification as they
were thought to function primarily in maintaining “cell memory” as
the cell steers through elaborate pathways during early development
and differentiation, and seemed to bear little relevance to adult
brain function, as the mature brain is primarily composed of postmitotic and already highly differentiated neuronal cells committed
to specialized functions that collectively determine neuronal
responses to external stimuli. However, recent explorations of the
brain epigenome are providing unprecedented insights into the
importance of specific epigenetic modification patterns in controlling
gene expression not only in early brain development, but in adult
brain function as well, calling into place a ‘reprogramming process’
that allows for plasticity at many levels of the neural circuitry in
response to environmental cues [2]. One issue to consider with
reference to the mature brain and cognitive disorders is how the
course of normal maturation as well as aging affects the brain
epigenome. Indeed, an increasing body of evidence indicates that
substantial reorganization of the brain epigenome occurs during
aging and such age related epigenetic drift could further exacerbate
an individual’s vulnerability to neurodegenerative diseases. However,
unlike age related accumulation of somatic mutations and structural
changes to the DNA that are likely irreversible, most if not all of the
epigenetic modification marks studied to date are in fact reversible,
making targeting of the neural epigenome a promising strategy for
neuroprotection and/or neuroregeneration both early in development
as well as during the aging process [1].
Cognitive decline, particularly in memory capacity, is a normal
part of aging and has been associated with aberrant changes in gene
expression in the brain’s hippocampus and frontal lobe [3]. Of the
epigenetic modifications identified so far in the nervous system,
histone acetylation, mediated by the counteractive effects of histone
acetyltransferases (HATs) and histone deacetylases (HDACs) have
been unequivocally associated with the transcriptional control
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of genes that facilitate learning and memory [4,5]. An emerging
hypothesis is that age related accumulation of aberrant epigenetic
marks in chromatin in the adult brain cause gene misregulation
that drives cognitive decline and memory impairment. Over the
past decade, several studies have also reported reduced histone
acetylation in animal models of neurodegeneration that exhibit
cognitive decline, including models for Alzheimer’s disease (AD) [6].
Accordingly, pharmacological treatments using non-selective HDAC
inhibitors like valproic acid, trichostatin A and Sodium Butyrate
have been demonstrated to have promising effects in reversing
such cognitive deficits in some of these models likely by increasing
“global” acetylation levels and potentially HDAC inhibitor dependent
genetic programs [7]. Similarly, restoring acetylation status through
HDAC inhibition has been shown to ameliorate disease progression
in models of Parkinson’s and Huntington’s disease [8-11]. These
studies in turn have ignited enormous interest in the therapeutic
potential of HDAC inhibitors for various neurodegenerative
conditions. However, there is also widespread speculation about the
target specificity of HDAC inhibitors as HDACs function as classes
of proteins with individual members being able to compensate for
each other’s functions [12]. Thus, the current use of pan-HDAC
inhibitors that act by increasing global acetylation levels can also
disrupt cellular acetylation homeostasis with subsequent negative
consequences. Moreover, targeting a particular class of HDACs or
individual members is currently an arduous task as the causative
agents of memory impairing histone acetylation changes and hence,
the best targets for pharmacological strategies, remain unknown [6].
Additionally, class-specific modulation of HDAC activity may lead
to very different and potentially opposing clinical implications. For
example, activation and/or overexpression of class I HDACs 2 and
3 is associated with neurodegenerative diseases such as amyotrophic
lateral sclerosis (ALS) and neural cell toxicity [13,14], while
inhibition of another member of this class, HDAC 1 has been found
to lead to neurodegeneration [15,16]. Another issue to consider in
terms of HDAC based therapeutic efficacy is that although HDAC
inhibitors are generally considered to promote neuronal growth
and differentiation, they also exhibit toxicity in various cell types of
the central nervous system. For instance, there is evidence that they
could have potentially detrimental effects on the orderly maturation
of astrocytes and oligodendrocytes [17-19]. Moreover, like their
counterparts, the HATs–class I, II and III of HDACs also regulate lysine
acetylation of non-histone proteins that exert neuroprotective effects
[20,21] adding a further layer of complexity to the interpretation of
therapeutic potentials of currently available broad spectrum or even
class specific HDAC inhibitors for neurodegenerative diseases. Thus,
the specificity and side-effect profiles of inhibitors of HDACs require
additional investigation to fully gauge their neuroprotective abilities.
Further exploration of isoform-selective HDAC inhibitors that are
also region-specific may provide a therapeutic advantage in targeting
specific cell and tissue functions under pathological conditions.
Rapidly emerging literature on specific HATs and their respective
roles in memory formation and neuronal function and survival are
beginning to open new doors in terms of exploring the efficacy of
directly activating specific HAT function as a new and more selective
epigenetic based therapy for cognitive disorders [12]. Indeed, it has
become increasingly clear that chromatin acetylation status can be
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impaired during the lifetime of neurons through loss of function of
specific HATs with negative consequences on neuronal function [12].
Once the acetylation balance is disturbed by the loss of HAT dose, the
HAT:HDAC ratio tilts in favor of HDAC in terms of availability and
enzymatic functionality, a fact highlighted by amelioration of several
neurodegenerative conditions by various HDAC inhibitors [22].
In fact, a clue to explaining the net deacetylation observed during
neurodegeneration came with the finding that dying neurons exhibit
progressive loss of HAT activity and/or expression, particularly
that of the HAT CREB binding protein (CBP) and to a lesser extent
the HAT p300. Notably, overexpression of CBP under apoptotic
conditions delays neuronal cell death, an event that was dependent
on the HAT function of CBP [23,24]. CBP overexpression has also
been shown to protect neurons from polyglutamine induced toxicity
in Huntington’s disease [25-27]. We have also reported a similar
effect for Tip60, a multifunctional HAT that forms a transcriptionally
active complex with the AD associated amyloid precursor protein
(APP) intracellular domain (AICD). Neuronal specific loss of Tip60
HAT activity under APP induced neurodegenerative conditions
enhances apoptotic neuronal cell death in a Drosophila AD model, an
effect predominantly mediated through transcriptional dysregulation
of pro-apoptotic and essential genes. Remarkably, overexpression
of the HAT competent Tip60 leads to a marked decrease in APP
induced apoptosis highlighting a neuroprotective role for Tip60 HAT
function in AD associated pathogenesis [28].
Specific HATs are emerging as regulators that gate access to
genes regulating specific neuronal processes that are essential for
maintaining neuronal health and for mediating higher order brain
functions. Expression of such gene profiles are negatively affected
in neurodegenerative conditions with detrimental consequences,
which likely explains at least in part, the neuroprotective function
of certain HATs such as CBP and Tip60 under neurodegenerative
conditions. For instance, CBP has been shown to mediate genes
involved in specific forms of hippocampal long term potentiation, a
form of synaptic plasticity thought to underlie memory storage [29].
In contrast, the HAT p300 has been shown to constrain synaptic
plasticity in the prefrontal cortex and reduced function of this HAT is
required for formation of fear extinction memory [30]. Importantly,
overexpression of p300 but not HDAC inhibition has been shown
to promote axonal regeneration in mature retinal ganglion cells
following optic nerve injury, an effect mediated by p300 induced
hyperacetylation of histone H3 and p53 that consequently leads to
increased expression of selected pro-axonal outgrowth genes [31].
Overexpression of Tip60 under APP induced neurodegenerative
conditions also induces intrinsic axonal arborization of the
Drosophila small ventrolateral neurons, a well characterized model
system for studying axonal growth [32]. It is important to note that
modulation of specific HAT levels and/or activity may alter the
expression of many genes or “cassettes” of specific genes that act
together produce a neuroprotective effect. In fact, in the case of the
HAT to Tip60, overexpression of wild type Tip60 but not the HAT
defective mutant increases survival in a Drosophila AD model, an
effect that is mediated via enhanced repression of a “cassette” of proapoptotic genes and induction of pro-survival factors like Bcl-2. These
results indicate that Tip60 HAT activity exerts a neuroprotective
effect by tipping the cell fate control balance in favor of cell survival
[28]. Similar mechanisms may underlie the neuroprotective effects
observed with other HATs like CBP and p300. In addition to
regulation of gene expression, the HAT Elp3, known to acetylate
microtubules, has been shown to be involved in the regulation of
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synaptic bouton expansion during neurogenesis [33] and recent
studies suggest that regulation of microtubule acetylation by the
ELP3 might be commonly affected in neurological diseases making it
a potential target for acetylation modulator based therapies (reviewed
in [34]). Tip60 has also been recently shown to play a causative
role in synaptic growth partly through acetylation of microtubules
[35]. Together, these studies support the concept that modulation
of expression levels and/or activity of specific HATs such as Tip60
could be an alternative therapeutic option for neurological conditions
not only by reprogramming neuroprotective gene programs suited
for cell survival, but also by directly modulating the function of
downstream proteins involved in promoting neuronal growth and/
or regeneration.
Importantly, targeting HATs can also be beneficial because unlike
HDACs, HATs have non-redundant functions under physiological
conditions and thus the presence of specific modulators can have
more direct effects. In a study by [36], it was reported that the
total protein amount and activity of various HDACs is not altered
by mutant huntington protein expression in primary cortical
neurons, while the HAT activity of CBP is in fact reduced. Thus, the
neurodegeneration associated tilt in HAT:HDAC does not appear to
include augmentation of HDAC protein level. Therefore, activation
of specific HATs may not only restore general acetylation balance
but in addition, also activate specific gene expression programs that
consequently have neuroprotective effects. In support of this concept,
a number of recent studies conclude that HDAC inhibitor induced
hyperacetylation alone may not be sufficient to produce beneficial
effects. In a study by [37], it was reported that HDAC inhibition
mediated enhancement of synaptic plasticity and hippocampus
dependent memory formation requires the presence of at least one
wild type allele of cbp highlighting the requirement of HATs like CBP
for site specific histone acetylation and the recruitment of the basal
transcriptional machinery. Of note, increasing neuronal dosage of
specific HATs to reinstate acetylation homeostasis calls for the same
concern as does the utilization of HDAC inhibitors. Non-specific
enhancement of HAT levels and/or activity may lead to further
complications by skewing the acetylation balance in the neighboring
cell population towards hyperacetylation. Therefore, in order to
reap the full potential of specific HAT activators, it is essential to
characterize specific HAT function in particular cellular processes as
well as quantify HAT-HDAC dose in specific cell populations that are
vulnerable to different degenerative etiology [22].
A major challenge with utilization of modifiers of cellular
acetylation levels is the identification of bona fide targets of HATs
and HDACs and the integration of histone and transcription factor
acetylation into a broader context of neuronal, and importantly,
cellular homeostasis [38]. Although still in its infancy, the
neuroprotective effects displayed by HATs like CBP, p300 and Tip60
and specificity of these effects for particular neuronal processes
appears more promising than currently available non-selective
HDAC inhibitors. However, determining the genes or “cassettes” of
genes that are regulated by such HATs and characterizing the survival
or degenerative effects such genes have would subsequently facilitate
the development of novel drugs and specific therapeutic strategies
with lower adverse side effects than those currently available.
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