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Abstract

Over the past decade, since epigenetic mechanisms were first implicated in memory formation and
synaptic plasticity, dynamic DNA methylation reactions have been identified as integral to long-
term memory formation, maintenance, and recall. This review incorporates various new findings
that DNA methylation mechanisms are important regulators of non-Hebbian plasticity
mechanisms, suggesting that these epigenetic mechanisms are a fundamental link between
synaptic plasticity and metaplasticity. Because the field of Neuroepigenetics is so young and the
biochemical tools necessary to probe gene specific questions are just now being developed and
used, this review also speculates about the direction and potential of therapeutics that target
epigenetic mechanisms in the CNS and the unique pharmacokinetic and pharmacodynamic
properties that epigenetic therapies may possess. Mapping the dynamics of the epigenome in
response to experiential learning, even a single epigenetic mark in isolation, remains a significant
technical and bioinformatic hurdle facing the field, but will be necessary to identify changes to the
methylome that govern memory-associated gene expression and effectively drug the epigenome.
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Introduction

A methyl group is a fairly simple biochemical moiety, yet if bonded to DNA at certain
genomic pressure points, can completely silence a gene in perpetuity. If the relevant methyl
group is removed, genes inactivated through imprinting or differentiation can be unlocked
and rendered fully functional. In the brain, changes in DNA methylation states are necessary
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for neurodevelopment, plasticity, and even the long-term stability of memory, and
accordingly their dysregulation has been linked to neurodevelopmental, neurodegenerative,
and psychiatric disease. Neuroepigenetic tools that target DNA methylation mechanisms or
alter the methylation patterns of specific gene locus are currently being developed and
present a potential paradigm shift in how diseases of the mind can be studied and
approached therapeutically. This review seeks to put into context the seemingly strange rules
that apply to epigenetic therapies, the advances in the area of therapeutic development, and
the neurological disease states that are most likely to benefit from their introduction.

Imagine a drug that could be administered once and, after being cleared from the body,
remain efficacious and fully functional, indefinitely. One would probably be hesitant to take
this kind of drug, especially if they were looking for relief from a temporary illness. But
what if such a drug existed for depression, schizophrenia, or Alzheimer’s disease? In
pharmacology, small molecules that covalently and irreversibly bond to an enzyme’s active
site are known as suicide inhibitors, because they eliminate enzyme activity for the lifetime
of the target protein with stoichiometric efficiency. However, even suicide inhibitors have a
limited effect, as they are metabolized and target proteins resynthesized. Epigenetic
therapies, and specifically those that induce changes in DNA methylation, may function on
an entirely different plane by irreversibly affecting not simply a copy of a protein but the
very gene that encodes the protein.

The field of neuroepigenetics is only just now entering its second decade, and the dynamics
of epigenetic regulation in the functioning adult CNS remains an active area of research.
However, it has become apparent that the epigenome in general and DNA methylation and
histone acetylation states specifically are altered by experiential learning and memory and
can be modulated to tune underlying neuronal plasticity. This review also hopes to frame the
problems facing the field of neuroepigenetics conceptually, experimentally, and
therapeutically, and to remark upon ways to potentially not only address them but also
capitalize upon them.

DNA Methylation as a Mnemogenic Reaction

Learned information, even episodic memory, can persist for a lifetime, as compared to
proteins and MRNA within the activated neurons that subserve plasticity and memory
formation, which are usually degraded within hours (Crick, 1984). This leads to the
necessity of self-perpetuating biochemical mechanisms by which the memory of a neuron’s
activation can be maintained, so-called memory-forming or “mnemogenic” reactions
(Roberson and Sweatt, 2001). On the protein level, mnemogenic reactions are known to
occur at a minimum at the post-synaptic terminal. For example, the auto-phosphorylation of
the calcium-activated protein kinase CaMKII, induced by glutamate signaling at AMPA and
NMDA receptors across the synapse (Figure 1), is a well-studied example of local enzymatic
signal propagation to mediate synaptic plasticity (Lisman, 1985; Roberson and Sweatt,
2001; Sweatt, 2009). According to the synaptic tagging hypothesis, proposed by Frey and
Morris near the end of the 20th century in a landmark publication, these local mnemogenic
reactions might explain how long-term potentiation, dependent on transcription occurring in
the nucleus, could function at a small subset of synapses among the ten thousand or so
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throughout the dendritic tree of a single neuron (Frey and Morris, 1998). Indeed, more
recent work using two-photon microscopy has elucidated that many cortical synaptic
connections can persist on the order of years, despite dynamic synaptic structural changes
occurring at neighboring synapses (Attardo et al., 2015). Fascinatingly, synaptic connections
appear unstable in the hippocampus after only a few weeks, which potentially explains a
great deal about the role of the hippocampus in memory formation and consolidation, but is
perplexingly hard to explain with the synaptic tagging hypothesis in isolation, since many of
the mnemogenic reactions engaged at the synapse are thought to occur in both cortical and
hippocampal neurons.

Memory biochemists, aware of the limitations presented by bi-stable self-regenerating
mnemogenic biochemical reactions occurring at the synapse, then turned their attention to
the nucleus, specifically gene transcription, to explain how the plasticity of a neuron could
be altered for the long-term. The synthesis of new proteins had been known to be necessary
for the formation of memory for several decades. Indeed, the finding by Flexner, Flexner,
and Stellar in 1963 in many ways initiated the field of biochemistry of learning and memory
because for the first time memory was shown to be dependent on biochemical processes
(Flexner et al., 1963). In the many years since, active transcription and translation have been
shown to be necessary for the maintenance of long-term potentiation, memory consolidation,
memory reconsolidation after recall, and metaplasticity, such as homeostatic plasticity and
intrinsic excitability (Alberini, 2009; Alberini and Kandel, 2015; Guzman-Karlsson et al.,
2014; Kozyrev and Nikitin, 2013; Nader et al., 2000). Today it is hypothesized that
epigenetic mechanisms, known to integrate environmental influences into the functional
genome of a cell, can help explain long-term changes in transcriptional tone orchestrated by
the nucleus of a neuron long after learning.

DNA methylation is an important inhibitory epigenetic mark utilized during differentiation
to silence genes deemed unnecessary for the future of the cell and its progeny (Smith and
Meissner, 2013; Suzuki and Bird, 2008). In the nucleus, DNA is wound tightly around
histone proteins forming a nucleosome, the smallest subunit of chromatin. Epigenetic
modifications can occur on the histone tails or directly on the DNA at the 5 position of
cytosine (Figure 2). DNA methylation is mediated by de novo DNA methyltransferases
(DMNTSs) that catalyze the methyl transfer from S-adenosyl methionine (SAM) to the
cytosine of a cytidine — guanosine (CpG) dinucleoside site. This epigenetic mark can then
self-perpetuate through the activity of maintenance DNMTS, which recognize
monomethylation and methylate the complementary strand of the CpG site, producing a
dimethylated mark (Feng et al., 2010). The persistence of the CpG dimethylated mark is
self-evident: mature neurons do not divide, and if a 5-methylcytosine is damaged and needs
replacement, the new cytosine can be methylated through maintenance to reconstitute the
epigenetic mark. Thus, one current view is that epigenetic molecular mechanisms such as
DNA methylation can be both dynamic but also self-perpetuating, by virtue of being a
manifestation of a bi-stable biochemical positive feedback system involving self-reinforcing
DNMT activity.

That is not to say de-methylation cannot occur. Active CpG de-methylation mechanisms
have been an active area of research over the last several years (lto et al., 2011). The
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growing consensus is that Tet proteins, which are a family of dioxygenases, bind double-
stranded DNA, detect 5-methylcytosine nucleotides, and oxidize the methyl group by an Fe
(1) / alpha-ketoglutarate-dependent mechanism to produce 5-hydroxymethylcytosine
(Tahiliani et al., 2009). The hydroxymethyl mark itself is stable and exists in elevated levels
in the brain; however, it can be deaminated to 5-hydroxymethyluracil and repaired by base
or nucleotide excision mechanisms, erasing cytosine substitution (Williams et al., 2011).
Thus the cytosine methylation cycle and regulation of the methylome, insulated from DNA
damage by duplicity, is perpetuated by maintenance mechanisms, yet dynamic and
potentially plastic when desired.

Over the past decade, since the first discoveries that active DNA methylation was involved in
hippocampal LTP and memory formation (Miller and Sweatt, 2007; Lubin et al., 2008;
Levenson et al., 2006; Miller et al., 2008), the field of Neuroepigenetics, including DNA
methylation in long-term memory, has grown considerably. A host of experiments has been
published that catalog the negative effects small molecule inhibitors of the DNMT family
have on plasticity and memory. Neuronal activation is sufficient to induce changes in DNA
methylation (Day et al., 2013; Guo et al., 2011). Within memory circuits, experiential
learning initiates changes in DNA methylation at memory-associated genes (Figure 1) (Day
et al., 2013; Malleret et al., 2001; Miller et al., 2010; Miller and Sweatt, 2007; Roth et al.,
2009; Tognini et al., 2015). Altering DNA methylation within these circuits is necessary for
memory formation (Day et al., 2013; Feng et al., 2010; Kaas et al., 2013; Maddox and
Schafe, 2011; Miller et al., 2010; Miller and Sweatt, 2007; Monsey et al., 2011; Rudenko et
al., 2013).

After the discovery that DNMT inhibitors could block memory formation and stabilization
(Miller and Sweatt, 2007; Lubin et al. 2008) it was not clear which, if any, specific roles the
various DNMT isoforms might play in memory formation. This was not a trivial issue,
because the canonical role of the DNMT1 “maintenance” isoform was to recognize hemi-
methylated DNA and methylate the second strand, whereas the DNMT3a and 3b “de novo”
isoforms were assumed to uniquely methylate previously unmethylated sites in the genome.
Thus one of the original hypotheses, proposed early on after the first indications that active
DNA methylation was critical to memory formation, was that de novo methylation was
responsible for encoding new information, while maintenance methylation contributed to
maintenance of the memory (reviewed in (Day and Sweatt, 2010). The basic experimental
observations were consistent with this view: broad non-isoform-selective small molecule
DNMT inhibitors functioned to inhibit memory formation (Day et al., 2015). These broad
inhibitors were administered into the hippocampus during the consolidation window shortly
after learning and in addition were able to effectively wipe long-term memory recall months
after training when infused into the anterior cingulate cortex (Lubin et al. 2008; Miller et al.,
2010; Miller and Sweatt, 2007). Therefore, these early studies using small molecule DNMT
inhibitors seems at odds with prior results showing that gene knockouts for either DNMT1
or DNMT3a yielded no such observable memory or plasticity phenotypes (Feng et al.,
2010). Subsequent work has clarified this apparent discrepancy (Feng et al., 2010; Arand et
al.,, 2012). It is now known that altogether there are three DNMTs (DNMT1, DNMT3a, and
DNMT3b), and each can function in some capacity as both a de novo and a maintenance
enzyme (Arand et al., 2012). There also exists the homologous DNMTS3L that is not truly a
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methyltransferase, since it is incapable of performing that chemistry due to an active site
mutation, but does dimerize with DNMT3a to dramatically increase its activity (Suetake et
al., 2004). Therefore, due to this functional redundancy, double knockout of both DNMT1
and DNMT3a in excitatory hippocampal and forebrain neurons was necessary block L-LTP
and cause long-term memory deficits, validating the original experiments performed with
broad small molecule inhibitors (Feng et al., 2010).

It is important to also note that this early debate was ongoing before the mechanistic
discovery that Tet enzymes metabolize methylated cytosine, enabling active demethylation
(Tahiliani et al., 2009). The early findings of effects of DNMT inhibitors on cognitive
function led to considerable debate concerning whether DNMT inhibition could have any
effect at all in a non-dividing cell such as a neuron. Central epigenetics dogma at the time
was that DNA cytosine methylation was irreversible once established. (Ooi and Bestor,
2008; Klose and Bird, 2006; Suzuki and Bird, 2008; Pastor et al., 2013). Indeed, for some
time the idea that active cytosine de-methylation occurred in fully differentiated neurons was
thought to be unlikely. However, recent work has clarified this issue, revealing that Tet
enzymes mediate active demethylation (Tahiliaini et al., 2009; Ito et al., 2011; Guo et al.,
2011; Pastor et all, 2013) and that altering Tet enzyme activity has pronounced effects on
memory formation and stabilization. Thus, oxidation of methylated cytosine to the
hydroxymethyl mark followed by over oxidation to formyl- and carboxy- cytosine, leads to
erasure of the covalent mark through base excision repair, and it is now clear that this
reaction occurs extensively in neurons and responds to neuronal activation (Kangaspeska et
al., 2008; Métivier et al., 2008). Moreover, Tetl knockout mice exhibit impaired memory
extinction (reviewed in Tsai, 2013), and viral overexpression of Tetl in the CA1 region of
the hippocampus induces deficits in contextual fear conditioning (Kaas et al., 2013;
Rudenko et al., 2013). Gadd45b, a gene involved in aiding de-methylation via base excision
repair, when knockout produced an enhanced memory phenotype (Sultan and Sweatt, 2013;
Sultan et al., 2012). Taken together, these data suggest a negative regulatory role for de-
methylation mechanisms, and that inhibiting the removal of DNA methylation marks laid
down after learning enhances memory maintenance.

We also note that the discovery of the dynamic, activity-regulated neuronal methylome also
raises another apparent conundrum that has not yet been resolved. These discoveries imply
that there must exist some as-yet-unidentified mechanism that serves to compartmentalize
the plasticity-associated malleable methylome from the stable methylome associated with
perpetuation of cell fate and cellular phenotype. The nature of and mechanism underlying
this implied compartmentalization, or indeed even the existence of such a mechanism,
remains an important area for future resolution (Sweatt, 2013a).

Tuning Plasticity

Mnemogenic reactions at the synapse are thought to tag that synapse after stimulation and
self-propagate biochemically utilizing local resources, to in effect maintain an acquired
modification sustained over time by the arrival of gene products originating from the nucleus
and the attendant transcriptional machinery. In this model mnemogenic reactions in the
nucleus should impact and regulate the entire neuronal system of synapses (on the order of
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tens of thousands per neuron), or at least those that are tagged and waiting for mRNA to
arrive. But as noted previously, synaptic tagging only lasts on the timescale of hours, while
nuclear changes to the methylome and transcriptome persist much longer, maybe
indefinitely. Conceptually speaking, the long-term consequences of altered epigenetic
mechanisms of memory should therefore be systemic, and biochemical processes that
regulate long-term changes in electrophysiology ought to be primary targets for changes in
DNA methylation.

Homeostatic plasticity is a type of non-Hebbian plasticity that functions to modulate
synaptic sensitivity up or down across all synapses in a concerted manner (Nelson and
Turrigiano, 2008). The easiest way to think about homeostatic plasticity is to imagine a
room with many light bulbs of varying intensity all controlled by the same dimmer switch.
Adjusting the dimmer switch regulates the relative brightness of each of the light bulbs in
concert, but in the homeostatic model, the brighter light bulbs become brighter or dimmer at
a steeper slope than bulbs of a lower wattage. In this metaphor the light bulbs are synapses
and the dimmer switch is the nucleus, which controls the weight of each synapse in unison
and multiplicatively. The synaptic mechanism underlying homeostatic plasticity is synaptic
scaling, where there is an increase in postsynaptic AMPA receptor density in response to
reduced neuronal firing (upscaling) and a decrease in AMPA receptor density after
heightened periods of neuronal activity (downscaling) (Kilman et al., 2002; Rannals and
Kapur, 2011; Shin et al., 2012; Turrigiano et al., 1998; Wierenga et al., 2005). Notably, the
direction of AMPA receptor trafficking in response to activity is opposite to that of
traditional mechanisms of Hebbian plasticity, in which the strength of individual synapses
can be altered to encode the memory trace. Thus, via scaling, the excitability of all synapses
in aggregate can be tuned without compromising the relative synaptic weights established
during learning, allowing neurons a mechanism to maintain relatively stable overall firing
rates (Turrigiano, 2008).

Understanding how synaptic scaling is mediated at the synapse can tell us quite a lot about
how neurons control their long-term excitability, but very little about how the nucleus
orchestrates the change. It seems at least likely that epigenetic mechanisms play a part is
steadying the transcriptional output of the nucleus, and very recently two simultaneous
studies probed the question of whether changes in DNA methylation might be behind
homeostatic plasticity. Applying the sodium channel blocker tetrodotoxin (TTX), the
neurotoxin found in pufferfish, to primary cultured neurons decreased global synaptic
activity resulting in upscaling, an effect that was blocked by silencing Tetl expression (Yu et
al., 2015). Conversely, silencing Tet3 expression blocked downscaling induced by the
GABA receptor antagonist bicuculline, which increased global synaptic activity. Moreover,
inhibiting DNMT activity with the competitive inhibitor RG-108 blocked TTX-induced
scaling, suggesting that active DNA methylation was necessary for upscaling to occur
(Meadows et al., 2015). This effect was also observed by knocking down both DNMT1 and
DNMT3a with targeted antisense oligonucleotides. All of these data taken together suggest
that the dynamic regulation of DNA methylation states is required to alter synaptic scaling, a
nice concept convoluted by the fact that each of these treatments that block DNMT or Tet
activity themselves cause changes in synaptic scaling. For example, RG108 blocks TTX-
induced upscaling, suggesting active DNA methylation is required for upscaling, but if TTX
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is removed and just RG108 applied, the neuron scales up. We therefore can only conclude
that DNA methylation is important for tuning homeostatic plasticity and that new methods
of altering local DNA methylation states at particular genes of interest rather than global
blocking DNMT or Tet activity will be necessary to resolve these findings.

Another form of non-Hebbian plasticity that is functionally distinct from synaptic scaling,
yet modifies global excitability, is intrinsic plasticity (reviewed in (Guzman-Karlsson et al.,
2014). Intrinsic plasticity involves the regulation of the population of sodium and potassium
ion channels that determine the biophysical properties of neuronal firing. Shortly after
training with classical conditioning, pyramidal cells become hyperexcitable, eliciting a
larger number of spikes for a given depolarizing applied voltage (Coulter et al., 1989;
Disterhoft and Oh, 2006; Thompson et al., 1996). The effects of intrinsic plasticity
associated with learning tend to be short-lived relative to the behavioral memory, especially
in the case of hippocampus-dependent tasks (Kaczorowski and Disterhoft, 2009; McKay et
al., 2009; Ohno et al., 2006). Therefore, it is possible that these alterations in the expression
of voltage-gated sodium and potassium channels do not require a long-lived mnemogenic
reaction in the nucleus and instead rely on second messengers (CAMP) and their
transcriptional targets (CREB-mediated) to elicit short-term changes in membrane
machinery (McClung and Nestler, 2003). However, outside the hippocampus there are
examples of truly extended changes in channel expression, such as the downregulation of
sodium channel Na, 1.8 and potassium channel K4.3 in the case of animal modes of
neuropathic pain following nerve injury (Uchida et al., 2010a; Uchida et al., 2010b). This
decrease in expression is correlated with decreased histone acetylation at the respective gene
promoters, so it is entirely possible that epigenetic mechanisms, and even DNA methylation,
may serve to regulate changes in intrinsic plasticity.

Transcription

The question that resides at the heart of designing therapeutics to target DNA methylation
mechanisms is: how does DNA methylation regulate transcription? And for that matter, how
does DNA methylation communicate with or even dictate other epigenetic marks that
regulate chromatin structure? The simplest mechanism by which DNA methylation regulates
transcription is through the direct steric inhibition of transcription factor binding. A pair of
methyl groups tucked into the major groove of DNA hardly seems like a major steric force
to be reckoned with, yet that is precisely where many transcription factors scan to recognize
their preferred binding sequences (Miranda and Jones, 2007). Methylation of a CTCF
binding site within the H19 imprinting control region proximal to insulin-like growth factor
2 (1gf2) blocks CTCF binding on the paternal allele (Felsenfeld and Bell, 2000). Since
CTCF binding inhibits transcription, the paternal allele is freely transcribed. The maternal
allele, which lacks methylation through this region, binds CTCF and is silenced. 1gf2 is an
important growth factor in neuronal plasticity, and targeting insulin-like growth factors is
currently being investigated as therapies applicable for a range of learning and memory
disorders and diseases, such as Rett Syndrome to Alzheimer’s disease (Pascual-Lucas et al.,
2014; Pini et al., 2012). One can therefore imagine a therapeutic tool that selectively
methylates this insulator region, freeing the maternal copy of 1gf2, and boosting growth
factor production /n vivo utilizing naturally occurring mechanisms.
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DNA methylation also increases nucleosome compaction by inhibiting or attracting histone-
remodeling enzymes (Figure 3) (Cedar and Bergman, 2009). Proteins that contain CXXC
domains detect unmethylated CpG sites and recruit modifiers of histone methylation (Allen
et al., 2006; Blackledge et al., 2010; Lee and Skalnik, 2005), an interaction blocked by DNA
methylation (Lee et al., 2001). However, it appears most histone-remolding proteins are
actually attracted to methylated DNA by methyl CpG-binding domain (MBD) containing
proteins. MBD proteins are relatively small factors that scan the major groove of DNA and
preferentially detect dimethylated or hemi-methylated CpG sites. Once bound, MBD
proteins can recruit histone deacetylases (HDACS), which increase the cationic nature of the
associated nucleosomes and inhibit transcription by compacting local chromatic structure,
and can attract repressive H3K9 methyltransferases (Fujita et al., 2003; Kass et al., 1997; Ng
et al., 1999). MBD proteins bind methylated CpG sites with high fidelity, but only weakly
bind hemi-methylated sites (Hashimoto et al., 2012). Notably, mutations in the MBD genes
MeCP2 and MBD?5 are the genetic causes for the developmental disabilities Rett Syndrome
and 2g23.1 microdeletion syndrome, also known as Pseudo-Angelman Syndrome (Lyst and
Bird, 2015; Williams et al., 2010). Hemi-methylated CpG sites are recognized by the
ubiquitin ligase UHRF1, which recruits DNMT1 to facilitate maintenance activity and
further recruitment of HDACs (Klose and Bird, 2006; Liu et al., 2013). Interestingly,
hydroxymethylation through Tet activity of the CpG site inhibits both MBD and UHRF1
binding. This suggests that the stable hydroxymethyl epigenetic mark may have selective
inhibitory functions, where it continues to inhibit transcription factor binding sterically
without recruiting repressive histone-modifiers to contract local chromatin structure (Pastor
etal., 2013).

The recruitment of HDACs by MDB proteins to sites of DNA methylation serves as a strong
functional link between active DNA methylation post-experiential learning and chromatin
reorganization during the formation of long-term memory (Cedar and Bergman, 2009;
Miller et al., 2008). Histone acetylation is a powerful epigenetic mark that is strongly
associated with increased gene expression, and HDACs are seductive targets for cognitive
enhancement (Graff and Tsai, 2013) and for treatment of neurodegenerative and psychiatric
disorders (Abel and Zukin, 2008). Indeed, HDAC inhibition acts like a general cognitive
boost across a diverse set of memory disease and disorder models. This is rather curious
since DNMT inhibitors ablate memory so thoroughly, and HDACs and DNMTs co-localize
to negatively regulate transcription in general. This phenomenon remains mostly
unexplained and highlights the limitations of the tools at our disposal to probe
neuroepigenetic mechanisms at present. Even if isoform-selective DNMT and HDAC
inhibitors existed, their effects would be felt globally at both memory suppressing and
enhancing genes. Knocking out or knocking down specific epigenetic modifiers is
experimentally useful, but again act globally and almost certainly affect epigenetic
modifying protein complexes, not just enzymatic activity. A new class of neuroepigenetic
therapies is under development that holds the potential to selectively target individual
epigenetic marks and harness their innate mnemogenic biochemistry to perpetually unlock
genetic therapies already present in the genome.
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Neuroepigenetic Therapies

Epigenetic marks by their nature are long-lived and function to determine the long-term
individuality of a cell compared to other cells across the organism that carry the same
genome. Therapeutics that add or remove methyl groups from DNA, therefore, have specific
attributes that can in some instances apply to their pharmaco-kinetics and -dynamics that are
unique relative to other classes of drugs, and that warrant the attention of medicinal
chemists.

Attribute 1

The fidelity of DNA methylation patterns is clearly a high priority for the cell, since they are
integral to maintaining cell-type identity. Any therapy that altered the methylation status of
even a single CpG site, could be propagated by maintenance DNMT mechanisms
perpetually over time or even trans-generationally. Traditional small molecule drugs are
generally metabolized and have a limited half-life. Even suicide inhibitors are only effective
on the timescale of protein turnover, but a change in methylation status at a CpG site could
be perpetuated through maintenance DNMT activity and have transcriptional effects that last
the lifetime of the cell. Therefore targeting cytosine methylation mechanisms in post-mitotic
neurons could conceivably trigger lifelong effects — a potentially unique pharmacokinetic
characteristic.

Attribute 2

We know from gene imprinting that, at least in a few dozen cases, the imprinting of genes
can be canonical, where the expression of a gene is completely silenced through epigenetic
mechanisms (Gregg et al., 2010a; Gregg et al., 2010b). Conceptually, the methylation of a
single CpG site could completely silence a gene or selectively silence a single isoform or
exon of that gene. Conversely, removing a methyl mark could render a gene previously
silenced by imprinting fully functional, or cause an increase in the rate of transcription for a
gene already being expressed. All-or-none pharmacodynamics of this sort is a rarity in
traditional pharmacology. In principle, this holds the possibility of epigenetically targeted
drugs being transformative for certain monogenic intellectual disabilities, such as Angelman
Syndrome and Pitt-Hopkins Syndrome.

Angelman Syndrome is a rare developmental disorder on the autism spectrum that is caused
by a loss of function mutation or deletion in the maternal copy of the ubiquitin ligase
UBE3A, an imprinted gene in the CNS (Clayton-Smith and Laan, 2003). Methylation of the
maternal allele silences a nuclear-localized long non-coding RNA, UBE3A antisense
transcript (UBE3A-ATS), allowing for UBE3A expression. The paternal allele is
hypomethylated, which leads to the expression of UBE3A-ATS and the subsequent silencing
of UBE3A expression. Remarkably, the function of the inhibitory UBE3A-ATS transcript
occurs in a very localized fashion without affecting the expression of the maternal allele, and
anti-sense oligonucleotides that target UBE3A-ATS increase the expression of paternal
UBES3A and rescue the memory phenotypes of Angelman Syndrome mouse model (Meng et
al., 2015). Hypermethyalation of the UBE3A-ATS locus on the paternal allele is therefore a
viable therapeutic strategy. If DNA methylation of the UBE3A-ATS is the underlying
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Attribute 3

mechanism that perpetuates the imprinting of the UBE3A gene, then such an intervention
would “turn on” the paternal allele and essentially take advantage of a gene therapy already
present within Angelman Syndrome patients.

Pitt-Hopkins Syndrome (PTHS) presents very similarly to Angelman Syndrome. So much so
in fact that until the genetic cause of PTHS was discovered to be the haploinsufficiency of
transcription factor 4 (Tcf4), many PTHS patients were diagnosed with Angelman
Syndrome (Sweatt, 2013). The role of Tcf4 in the CNS is poorly understood, but PTHS
patients have profound learning and memory deficits, the most prominent of which is often a
complete lack of language acquisition. PTHS patients have a loss of function mutation or
deletion of the basic helix-loop-helix DNA binding domain common to E-protein
transcription factors. Tcf4 does not appear to be an imprinted gene, but PTHS patients do
have one functioning and one non-functioning Tcf4 copy. Theoretically, a neuroepigenetic
therapy could be designed that de-methylates the Tcf4 gene causing an increase in
expression to “normalize” the protein levels of functional Tcf4 protein (Figure 3). Beyond
functioning solely as an inhibitory mark, DNA methylation can also facilitate an increase in
gene expression; therefore, directed methylation at regions within the Tcf4 locus may also
act to generally increase expression or to selectively increase the expression of select Tcf4
isoforms that may be more beneficial to treating PTHS.

Of course, the same pharmaco-kinetic and dynamic principles would also apply to off-target
and on-target side effects, potentially conferring unique toxicological properties on
epigenetically targeted compounds. This non-trivial consequence should give the drug
development community pause before advancing such therapies to the clinic. Since these
therapies would target specific genomic locus, and patients vary in their genomes and
epigenomes, the potential for idiosyncratic effects are particularly concerning.

Genomic Approaches

Genome editing is one of the fasting growing fields in the biological sciences, most notably
the development of CRISPR-Cas9 systems, zinc fingers, and transcription activator-like
effectors (TALEs) that can localize to selected DNA sequences (Hilton and Gersbach, 2015).
Similarly, these tools have been adapted for editing the epigenome. In the case of the
CRISPR-Cas9, the nuclease active site is deactivated (dCas9) creating not a genome editing
protein, but a genome localizing protein that can be directed to a gene of interest using a
guide RNA (Shalem et al., 2015). Tethering transcriptional activators, repressors, and
epigenetic modifying enzymes to the dCas9 subunit facilitates highly localized biochemistry.
The Gersbach lab has recently shown that tethering the histone acetyltransferase p300 and
localizing them to promoter and enhancer regions significantly increased histone 3 lysine 17
acetylation and profoundly increased the expression of target genes, even more so than
directly tethering transcriptional activators to the same promoter regions (Hilton et al.,
2015). Tethering p300 to other DNA localizing constructs (both zinc fingers and TALES)
was also successful at upregulating target gene expression.
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Zinc fingers and TALEs, which unlike the dCas9 system that can be used to target different
loci simply by employing a different guide RNA, are multi-subunit proteins that target a
unique nucleotide sequence, generally >12 nucleotides in length. Each has been used to
target histone-modifying proteins including histone methyltransferase, acetyltransferase, and
deacetylases. In a groundbreaking study, the Nestler lab utilized these tools to modify
histone methylation and acetylation states at the known addition-related gene Fosb, which
respectively repressed and enhanced sensitization to cocaine addiction in rats (Heller et al.,
2014). The Zhang lab has introduced an additional layer of control by associating the histone
modifier with the genomic anchoring system using the light-sensitive cryptochrome 2
protein (CRY?2) and its partner CIB1 (Konermann et al., 2013). These epigenetic light-
inducible transcriptional effectors (epiLITES) and other optoepigenetic constructs provide
the temporal control necessary to probe the dynamics of epigenetic regulation in memory
formation at different time points along the formation and consolidation of the memory
trace. An added benefit of using optoepigenetic constructs is the flexibility to created
modular toolsets. A TALE fixed with CRY2 and designed to localize at a target gene that
could be paired with many epigenetic modifying enzymes fused with a CIB1 binding
partner.

Similar locus-selective tools can be designed to affect local DNA methylation, and TALES
tethered with DNMTSs that target a CpG island at cyclin-dependent kinase inhibitor 2A
increase local methylation and inhibition transcription /7 vitro (Bernstein et al., 2015). The
progress in the development of these gene-selective targeted epigenetic modifiers has been
truly remarkable over the past few years, and building on these tools to create temporally
controlled /in vivo DNA methylating and de-methylating systems is an obvious need to
understand how DNA methylation functions to regulate learning and memory (Figure 3). To
date, most of what is known about DNA and memory comes from correlative measures
associated with memory and genome-wide ablation or enhancement of active DNA
methylation mechanisms. The conceptual leap these locus-selective tools can provide in
understanding how individual epigenetic marks interact to govern gene expression over the
long-term cannot be overstated.

There is a set of important questions that currently confront the field of Neuroepigenetics.
Very little is known about what type of changes to the methylome occur in neurons due to
learning, most research to date being focused on methylation changes that occur at single
genes. Evidence suggests that both active DNA methylation and de-methylation mechanisms
occur is response to learning, yet it is mostly unknown what percentage of these overall
changes are functionally relevant. How does the neuron know what genes or regions within
and around genes to actively methylate in response to activation? Or de-methylate? One
promising candidate is the inhibition or activation of epigenetic machinery around a single
gene by locally concentrated RNAs. Extra coding RNAs (ecRNAS) are long non-coding
RNAs that often include and span beyond the bounds of the gene body. These ecRNAs are
potent inhibitors of DNMT1 and DNA methylation locally potentially without measurably
affecting global DNA methylation levels or even nearby genes (Di Ruscio et al., 2013). If the
expression of ecRNAs track with mRNA from the same gene locus, they may be a
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prominent force in altering methylation patterns at genes with the transcriptional changes
underlying memory formation. How these ecRNAs can act as potent DNMT1 inhibitors in
such a localized fashion along the genome is also a bit of a mystery.

Clearly active DNA methylation performs an important role in establishing threat
recognition memory and addiction behavior. Spatial memory and representation are also
regulated by DNA methylation, such as learning and memory in the Morris water maze and
for the place field stability. Yet it remains unclear if these differing forms of learning require
vastly different patterns of altered DNA methylation. Mapping these networks of genes with
altered methylation statuses across the genome for multiple memory behavioral tasks in
different memory circuits and at different time points after training is an important
informatic set of barriers facing the field. Yet these data will be critical for designing
epigenetic modifying tools to improve cognition or alter behavior across an array of
heterogeneous diseases, disorders, and non-pathological causes of memory impairment, such
as Alzheimer’s disease, addiction, post-traumatic stress disorder, and age-related cognitive
decline to name a few.

If active DNA methylation is responsible for the formation of long-term memory and the
regulation of metaplastic mechanisms that govern neuronal excitability, do DNA methylation
mechanisms primarily function to stabilize the engram via altered excitability? DNMT
inhibitors administered during the consolidation window disrupt memory formation (Miller
and Sweatt, 2007), but they also disrupt long-term memory maintenance when infused into
the anterior cingulate cortex (ACC) a month after fear conditioning (Miller et al., 2010), a
region of the cortex shown to be a storage site for very long-lasting contextual memory
(Frankland, 2004; Restivo et al., 2009; Wang et al., 2009). The erasure of the remote
memory trace in the ACC by DNMT inhibition could be explained by an alteration in
synaptic scaling that renders the trace destabilized, and the dynamics of DNA methylation in
memory circuits may function as a rheostat for Hebbian and non-Hebbian forms of
plasticity.

Understanding how DNA methylation mechanisms facilitate long-term potentiation and
memory formation, function to stabilize circuits by altering homeostatic mechanisms of
plasticity, and actively maintain long-term memory storage in the cortex is fundamental to
the advancement of Neuroepigenetics. Moreover, such information is critical to designing a
new generation of therapies that may potentially harness the unique chemical attributes that
make epigenetic mechanisms so integral to memory function.
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Figurel.
Molecular mechanisms of memory. A. The induction and early-phase stabilization of LTP

(E-LTP) from a glutamatergic presynaptic input requires dual AMPAR and NMDAR
activation, flooding the postsynaptic compartment with calcium and sodium. This burst of
intracellular calcium leads to the phosphorylation of CaMKII, which increases AMPAR
sensitivity and postsynaptic density. CaMKI|I activation causes CaMKII auto-
phosphorylation, a local and short-term mnemogenic reaction that facilitates E-LTP. B. The
late-phase stabilization of LTP (L-LTP) requires active DNA methylation of and gene
expression of plasticity-related genes. C. Small molecule inhibition of DNMT activity
inhibits L-LTP (Miller et al., 2008), in a similar fashion to inhibitors of gene transcription
like Actinomycin D (Frey et al., 1996), without affecting induction and E-LTP.
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DNA methylation and maintenance. Top. Cytosine can be methylated at the 5-position by
DNMTs, using SAM (S-adenosyl methionine) as an activated methyl source, to form 5-

methylcytosine (mC). The methyl group is stable /n7 vivo until oxidized
to generate hydroxymethylcytosine (hmC), which is the first step in the

by Tet dioxygenases
de-methylation

pathway. Bottom. De novo DNMTs methylate unmodified DNA to form a hemi-methylated
CpG. Hemi-methylation recruits maintenance DNMTSs that methylate and encode the mark
on the complementary strand. Maintenance DNMT activity provides the mnemogenic nature
of the DNA methylation epigenetic mark, which are stable until oxidized by Tet enzymes.
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Figure 3.
Structure and Function. A. Despite being on opposite strands, CpG methylation is present in

a c/srelationship within the major groove of DNA. Methyl groups on the CpG site shown in
yellow. B. DNA methylation can blocks transcription factor binding. Hemi-methylation
recruits UHRF1 that localizes DNMT1 and HDACs. CpG methylation recruits MBD
proteins that bind HDACs and histone methyltransferases (HMTSs). These processes lead to
an increasing chromatin compaction and gene silencing. C. dCas9 and TALE epigenetic
modifiers targeted therapies could be utilized to increase the expression of Ube3a and Tcf4
for the treatment of Angelman Syndrome and Pitt-Hopkins Syndrome, respectively. TF,
transcription factor; HMT, histone methyltransferase, gRNA, guide RNA; DNMTcd, DNMT
catalytic domain; TETcd, TET catalytic domain.
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