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Epigenetic processes in the brain involve the transfer of information arising from short-lived
cellular signals and changes in neuronal activity into lasting effects on gene expression. Key
molecular mediators of epigenetics include methylation of DNA, histone modifications, and
noncoding RNAs. Emerging findings in animal models and human brain tissue reveal that
epilepsy and epileptogenesis are associated with changes to each of these contributors to the
epigenome. Understanding and influencing the molecular mechanisms controlling epige-
netic change could open new avenues for treatment. DNA methylation, particularly hyper-
methylation, has been found to increase within gene body regions and interference with
DNA methylation in epilepsy can change gene expression profiles and influence epilepto-
genesis. Posttranscriptional modification of histones, including transient as well as sustained
changes to phosphorylation and acetylation, have been reported, which appear to influence
gene expression. Finally, roles have emerged for noncoding RNAs in brain excitability and
seizure thresholds, including microRNA and long noncoding RNA. Together, research sup-
ports strong effects of epigenetics influencing gene expression in epilepsy, suggesting future
therapeutic approaches to manipulate epigenetic processes to treat or prevent epilepsy.

he process of epileptogenesis is character-
Tized by widespread changes to gene expres-
sion—both turn-on and turn-off—many of
which are thought to underlie causal pathogenic
processes, such as neuronal death, gliosis, neu-
roinflammation, changes to ion channel and
neurotransmitter receptors, axonal and den-
dritic plasticity, and network-level remodeling
(Pitkanen and Lukasiuk 2011; Sharma 2012).
Maintenance of the epileptic state also features
lasting changes to the expression of genes in-
volved in many of the same processes. Transcrip-
tion is driven by transcription factors and their
associated protein complexes, but the ability to
access and transcribe is strongly influenced by

the state of the nucleosome, the histone—DNA
assembly that is the basic unit of chromatin.
Epigenetics is the umbrella term for processes
that influence gene transcription by altering
the chromatin state and that persist long after
the initial stimulus has ceased. This includes
chemical modifications to DNA bases and sur-
rounding protein structures, thereby influenc-
ing chromatin compaction and the readability
of the DNA code.

Epigenetic processes are required for the
gene silencing that is essential for organism de-
velopment, for example, X-chromosome inac-
tivation in females and tissue-specific gene ex-
pression. Epigenetic control of gene expression
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is of major importance in normal brain devel-
opment and function where transient stimuli,
such as changes in patterns of neuronal activity,
may need to be converted to long-lasting chang-
es in gene expression (Graff et al. 2011). Epige-
netics is increasingly recognized to play major
roles in neurological diseases, including epi-
lepsy. Indeed, a number of neurologic disorders
(e.g., Rett syndrome) are caused by errors in
genes that encode components of the epigenetic
machinery, serving to highlight the relationship
between epigenetics and epilepsy (Jakovcevski
and Akbarian 2012).

The processes that contribute to establish-
ing the epigenome of the epileptic brain in-
clude covalent modifications of DNA, such as
cytosine methylation, posttranslational histone
modifications, and noncoding RNA (ncRNA)
expression (Graff et al. 2011; Sweatt 2013).
This article attempts to provide an overview of
the main epigenetic changes in experimental
and human epilepsy and reflect on what func-
tional interventions targeting these processes
tell us about the role of epigenetics in disease
pathogenesis, maintenance of the chronic epi-
leptic state, and as targets for therapeutics. The
reader is referred to excellent reviews for more
in-depth analysis of specific epigenetic process-
es (Jaenisch and Bird 2003; Allis et al. 2008;
Graff et al. 2011; Sweatt et al. 2013).

EPIGENETICS: MECHANISMS AND
FUNCTIONS

Epigenetics (“epi” derived from the Greek for
above or over) refers to changes to the physical
structure that supports genes (Graff et al. 2011).
Originally used to describe heritable changes
independent of changes to the DNA code, epi-
genetics is now broadly applied to describe the
regulation and structure of chromatin. Because
epigenetic changes in nondividing neurons
cannot be inherited, the term “neuroepige-
netics” has been proposed to encompass those
epigenetic processes in the brain (Sweatt 2013).
The epigenome refers to the various structural
modifications to DNA and histones that influ-
ence the three-dimensional shape of DNA and
thereby support or oppose transcription. Epige-

netic processes are important determinants of
gene expression. This is perhaps most clear from
the discordance between monozygotic twins,
which increases with aging and environmental
factors (Urdinguio et al. 2009). In the adult
brain, the epigenome remains plastic where it
plays a key role in memory formation and other
processes. Most, and perhaps all, epigenetic
marks appear to be reversible (Jakovcevski and
Akbarian 2012).

Among the key epigenetic processes for
which there are data in the field of epilepsy are
(1) covalent modification of DNA, (2) post-
translational modification (PTM) of histones,
and (3) ncRNA (Fig. 1).

Data on other epigenetic processes, for ex-
ample, nucleosome remodeling (Becker and
Horz 2002), will not be discussed as data in ep-
ilepsy remain limited or absent. Control of the
epigenome is vastly complex and still poorly
understood. The epigenetic markings of DNA
methylation and histone modifications are writ-
ten and erased by large families of enzymes,
whereas the reading of the epigenome further
involves large numbers of proteins. Different cell
types appear to express varying amounts of spe-
cific epigenetic factors. For example, MeCP2 is
much more abundant in neurons than glia (Ak-
barian et al. 2001). Here follows a short overview
of these three epigenetic processes.

DNA Methylation

Methylation of DNA, which typically has a si-
lencing effect on transcriptional activity, is con-
sidered the most long lasting of the epigenetic
changes (Dulac 2010). The process involves
covalent addition of a methyl group from S-
adenosylmethionine (SAM), the cell’s primary
methyl donor, to a cytosine base to form 5-
methylcytosine (5-mC). In somatic cells, 5-mC
is primarily restricted to palindromic CpG di-
nucleotides (cytosines that are followed by a
guanine), which are typically methylated in a
symmetric manner. Methylation of cytosine in
anon-CpG context (CpH, H = A, T, C) is prev-
alent in plants, but has also been reported in
mammals for embryonic stem cells, induced
pluripotent stem cells, oocytes, and mature
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Figure 1. Basic epigenetics processes. Cartoon shows the basic structure of the nucleosome, comprising DNA
(black line) wrapped around a core of histone proteins (green) and three of the major epigenetic processes
including (1) methylation (Me) of DNA, (2) histone posttranslational modifications (PTMs) including Me,
phosphorylation (P) and acetylation (Ac), and (3) noncoding RNAs (depicted as long hairpins and short
double-stranded microRNAs) (based on data in Dulac 2010).

neurons (Clark et al. 1995; Grandjean et al.
2007; Barres et al. 2009; Ziller et al. 2011; Ichiya-
nagi et al. 2013; Lister et al. 2013; Varley et al.
2013). Although CpG methylation is thought to
lock and protect the genome providing a basal
repressive mark, the biological impact of non-
CpG methylation remains unsolved. Given that
this mark is highly present in the mammalian
brain, but rare or absent in other differentiated
cell types, a unique role in brain development
and function can be assumed (Lister et al. 2013).

Maintenance of DNA methylation patterns
during cell division is crucial to animal develop-
ment. DNA methyltransferase (DNMT)1 pri-
marily recognizes and methylates hemimethyl-
ated CpG sites, and is, therefore, the major
player in maintaining DNA methylation pat-
terns during replication. Genomic methylation
patterns in somatic differentiated cells are gen-
erally stable and heritable but, during game-
togenesis and early embryonic development,
methylation patterns are extensively repro-
grammed (Reik et al. 2001). Thereby, a substan-
tial part of the genome is actively demethylated,
and subsequently remethylated, in a cell- and /or
tissue-specific manner. De novo methylation is
mediated by DNMT3A and B, but it remains
unknown how specific patterns of methylation
are established in the genome (Jaenisch and Bird
2003). DNMTs show dynamic expression dur-

ing all stages of central nervous system (CNS)
development. Homozygous deletion of DNMT
genes in mice has been associated with embry-
onic lethality supporting the overall physiolog-
ical importance of DNA methylation (Li et al.
1992; Okano et al. 1999). Conditional knockout
of DNMTs in neural precursor cells of mice af-
fected viability, whereas ablation of DNMT1,
3A, or both in postmitotic neurons altered cell
survival, morphology, synaptic plasticity, learn-
ing, and memory (Fan et al. 2001; Feng et al.
2010). DNA methylation is, therefore, a require-
ment for normal CNS function, and altered
DNMT expression and enzymatic activity have
been identified in many neurological disorders
including autism spectrum disorders (James
etal. 2004; Feinberg 2007), schizophrenia (Gray-
son et al. 2005), Alzheimer’s disease (Scarpa
et al. 2003; Graff et al. 2012), brain tumors
(Hegi et al. 2005), spinal muscular atrophy
(Hauke et al. 2009), and epilepsy.

The process of active DNA demethylation
involves a set of less-well-understood processes
and proteins that include TET1 and GADD453
(Bhutani et al. 2011). TET proteins are Fe*'-
and 2-oxoglutarate-dependent dioxygenases
that successively oxidize 5-mC to 5-hydroxy-
methylcytosine (5-hmC). The function of 5-
hmC is still matter of debate, but there is some
evidence for 5-hmC-mediated epigenetic dy-
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namics during postnatal development and ag-
ing in the rodent and human brain (Szulwach
etal.2011; Wang et al. 2012; Hahn etal. 2013). It
could be shown that transcriptional activity is
associated with intragenic enrichment of hy-
droxymethylation. Although cell-type-specific
genes show conserved 5-hmC patterns in the
fetal and adult brain, loss of 5-hmC is associated
with transcriptional down-regulation during
development (Lister et al. 2013). 5-hmC is in-
volved in higher-order brain function, given
that Tetl knockout animals show significant
reduction in 5-hmC levels in the cortex and
hippocampus accompanied by abnormal hip-
pocampal long-term depression and impaired
memory extinction (Rudenko et al. 2013). Con-
sistent with this, postmortem brains of Alz-
heimer patients displayed broad alterations in
5-hmC patterns (Chouliaras et al. 2013).
Methyl-CpG-binding domain proteins,
such as MBDI1-4, MeCP2, or KAISO, are
the established “readers” of DNA methylation.
Hence, the current consensus for their function
is 5-mC-dependent binding and repression.
MeCP2 is preferentially expressed in the brain
promoting a specific role in brain development
and function. Despite its role in 5-mC binding
and associated gene repression, MeCP2 has also
been identified as the major 5-hmC-binding
protein in the brain. Both marks, 5-hmC and
MeCP2, were highly enriched in active genes
in differentiated CNS cell types in vivo sup-
porting a new role in neuronal gene activation
(Mellen et al. 2012). There is also evidence for a
yet-unappreciated interaction between long
noncoding (Inc)RNA and MeCP2 facilitating
MeCP2 target recognition and mediated gene
regulation (Maxwell et al. 2013). Mutations of
MeCP2 are the primary cause of classic Rett
syndrome (Amir et al. 1999). Clinical mani-
festations of Rett syndrome, such as mental re-
tardation, seizures, muscular hypotonia, and
acquired microcephaly, may result from aber-
rant expression of target genes that escape prop-
er regulation on the loss-of-function of MeCP2.
Although most DNA methylation is stable
in the brain, a fraction is dynamically regulated
by neuronal activity (Martinowich et al. 2003;
Guo et al. 2011), which may well have implica-

tions in the pathogenesis epilepsy. Although hy-
permethylation of DNA in promoter regions
is invariably associated with transcriptional
silencing, methylation of DNA within the gene
body can promote transcription, for example,
from alternative promoters, or affect splicing
(Ball et al. 2009; Laurent et al. 2010). The per-
sistence of DNA methylation marks is context
specific and can be either transient or lifelong.

Histone Modification

Histones are a family of conserved basic pro-
teins, which are core components of the nucle-
osome. DNA is wrapped around an octamer of
histones, normally comprising two subunits of
core histones H2A, H2B, H3, and H4 (Graff
et al. 2011). The amino terminal of these his-
tones contains sites that are amenable to PTMs
that affect the affinity for DNA and other bind-
ing proteins. Histone PTMs include acetylation,
methylation, phosphorylation, and ubiquitina-
tion. The number of possible different combi-
nations of histone PTMs is estimated to be
>100 (Jakovcevski and Akbarian 2012). PTMs
affect the compaction of chromatin and, there-
fore, change their accessibility to the transcrip-
tional machinery. Combinations of these his-
tone marks form a code that influences the
transcriptional activation state of a particular
gene locus (Graff et al. 2011). Expression of
noncore (so-called variant) histones is also as-
sociated with transcriptional effects (Jakovcev-
ski and Akbarian 2012).

The influence of histone PTMs on gene tran-
scription is not as well understood as that of
DNA methylation. Single or combined histone
PTM:s are not uniquely predictive of transcrip-
tional silencing or activation and are thought to
influence the capacity for changes in transcrip-
tion to ensue, rather than directly contributing
to silencing per se (Dulac 2010). Moreover, his-
tone PTMs are not thought to be as persistent
as DNA methylation, ranging from minutes to
hours.

Acetylation of histones on lysine residues is
invariably associated with transcriptional activ-
ity at the associated gene locus. This is thought
to be because the addition of the acetyl group
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reduces the affinity of the protein for DNA
(Graff et al. 2011). The process is catalyzed by
histone acetyltransferases (HATs). Removal of
an acetyl group is performed by histone deace-
tylases (HDAC:s), and the degree of acetylation is
dependent on the balance of HAT and HDAC
activity (Hwang et al. 2013). Methylation of his-
tones also influences transcription by attract-
ing chromatin-modifying enzymes but, unlike
acetylation, can either promote or repress tran-
scription depending on the site and number
of histone methylations. For example, H3K27/
9me3 is a repressive mark, whereas H3K4me
and H4K12ac promote a transcriptionally active
state (Jakovcevski and Akbarian 2012). Histones
can also be phosphorylated on a number of res-
idues, and this is usually associated with tran-
scriptional activity (Graff et al. 2011).

ncRNA

ncRNA is usually included as a subgroup of the
epigenetic process (Hwang et al. 2013; Qureshi
and Mehler 2013; Sweatt 2013). ncRNA refers to
any transcribed RNA, which does not code or
cannot be translated into protein and is usually
divided according to size into short (<200 nt)
and long (>200 nt) forms. Molecules in both
classes of ncRNA have been implicated in regu-
lating epigenetic effects and direct roles in rela-
tion to epilepsy have been suggested in recent
studies (Qureshi and Mehler 2012; Henshall
2014).

MicroRNAs (miRNAs) are the best under-
stood class of short ncRNAs. Their mature
sequence is 19 to 24 nt in length and their prin-
cipal mechanism of action is posttranscrip-
tional gene silencing in the cytoplasm. miRNAs
achieve this by sequence-specific binding to
complementary bases in a region of the target
messenger RNA (mRNA), usually the 3’ un-
translated region. To function, miRNAs are
uploaded to the RNA-induced silencing com-
plex (RISC) that contains argonaute-2 (AGO2),
which brings together the miRNA and target
mRNA resulting in either degradation of the
mRNA or translational repression. Although
only ~2500 miRNAs have been identified in
the human genome, targeting requires just a

Epigenetics and Epilepsy

7—-8 nt “seed” match. As a result, an individual
miRNA can influence expression of perhaps
hundreds of mRNAs. Evidence for this multi-
targeting mechanism of action in the brain
was recently provided for a single miRNA
(miR-128). The mouse brain RISC contained
~1000 predicted mRNA targets, whereas dele-
tion of miR-128 produced changes to the ex-
pression levels of a similar number of mRNAs
(Tanetal. 2013). This supports miRNA as meta-
controllers of gene expression. In addition to
these posttranscriptional functions, nuclear
roles for miRNAs in regulating gene expression
at the level of transcription have been shown.
The brain-enriched miR-320 directs transcrip-
tional silencing of POLR3D, a cell-cycle gene,
directly at the promoter region by promoting
association of AGO1, EZH2, a histone methyl-
transferase polycomb protein, and the histone
repressor mark H3K27me3 (Kim et al. 2008).
Gene-silencing effects at the transcriptional
level have also been reported recently for other
miRNAs (Benhamed et al. 2012).

IncRNA represents the other major catego-
ry of ncRNA. They are a highly heterogeneous
family of molecules that include enhancer
RNAs (eRNAs), natural antisense transcripts
(NATs), and intergenic RNA (Qureshi and
Mehler 2012). IncRNAs are predominantly lo-
calized to the nucleus and enriched in the chro-
matin fraction of the cell consistent with po-
tential epigenetic roles. Functional roles for
most IncRNAs remain to be determined, and
the reader is referred elsewhere for recent re-
views on the topic (Ng et al. 2013; Schauko-
witch and Kim 2014). Although IncRNAs can
alter transcription in either direction, most
functional work to date suggests that IncRNAs
promote transcriptional silencing, although
eRNA is thought to promote an open chroma-
tin state amenable to transcription. More than
100,000 IncRNAs have been identified, al-
though the number is likely to increase. Func-
tional data on these remain scarce. Several
IncRNAs display unique patterns of subfield
expression and intracellular localization in the
hippocampus (Mercer et al. 2008), and such
precise spatiotemporal patterns of expression
imply biological function.
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MODULATION OF EPIGENETIC PATHWAYS
IN EPILEPSY

Given the exquisite and elaborate complexity of
the regulatory mechanisms governing the epi-
genome, it is unsurprising that insults to the
brain severe enough to precipitate epilepsy pro-
duce major changes. Aberrant patterns of epi-
genetic modification could erroneously affect
gene expression and contribute to disease path-
ogenesis or maintenance of the chronic epileptic
state. Affected genes are likely to be involved
in normal neuronal homeostasis, excitability,
cell survival, and inflammatory processes (Lu-
bin 2012; Roopra et al. 2012). Evidence has now
emerged to support each of the major epigenetic
processes as being altered in epilepsy. Research
has also shown that these are causally important
in some cases, contributing to both beneficial
adaptive changes to reduce excitability as well as
maladaptive pathogenic changes. It is notable
that a number of genetic disorders that arise
because of mutations in genes encoding epige-
netic proteins have clinical phenotypes that
include epilepsy. This includes Rett syndrome
(mutations in MeCP2, a methylated DNA-bind-
ing protein), other methylated DNA-binding
proteins (Williams et al. 2010), and a neuron-
restrictive silencer factor (NRSF)-interacting
protein PRICKLE1 (Bassuk et al. 2008).

DNA METHYLATION AND EPILEPSY

Evidence for a role of DNA methylation in the
pathogenesis of seizures first came from in vitro
studies demonstrating a decrease of spontane-
ous excitatory neurotransmission and network
activity following 5-aza-cytidine or zebularine-
mediated inhibition of DNMTs in hippocampal
slices (Levenson et al. 2006) and hippocampal
primary neurons (Nelson et al. 2008). A number
of genes previously associated with neuronal
hyperactivity and seizures in vitro and in vivo
have been described with altered DNA methyl-
ation profiles in their promoters including Bdnf,
Gria2, and Grin2b (Martinowich et al. 2003;
Machnes et al. 2013; Ryley Parrish et al. 2013).
There is further evidence for aberrant DNA
methylation of the Reelin (RELN) promoter as-

sociated with granule cell dispersion, a frequent
migration defect targeting the hippocampal
granule cell layer, in temporal lobe epilepsy
(TLE) patients with hippocampal sclerosis (Ko-
bow et al. 2009). Most recently, increased
carboxypeptidase A6 (CPA6) promoter methyl-
ation was observed in TLE patients with hippo-
campal sclerosis and a known history of febrile
seizures (Belhedi et al. 2014). CPA6 is involved
in the selective biosynthesis of neuroendocrine
peptides, and loss-of-function mutations have
been related to seizures and epilepsy (Sapio
et al. 2012). Furthermore, increased DNMT1I
and DNMT3A expression have been described
in temporal neocortex samples obtained from
TLE patients, which is in line with the localized
DNA methylation changes described above, but
could also point to even broader changes of
DNA methylation in the pathogenesis of focal
epilepsies (Kobow and Blumcke 2012; Zhu et al.
2012). In fact, methyl-CpG-capture-associated
massive parallel sequencing (methyl-seq) as
well as array-based analyses of genomic DNA
methylation patterns in two different rodent
seizure models identified genome-wide changes
in DNA methylation following status epilepti-
cus (SE) as well as epileptic tolerance (Miller-
Delaney et al. 2012), and identified a methyla-
tion signature distinguishing chronic epileptic
animals from healthy controls (Kobow et al.
2013). Although most genes in response to SE
were characterized by hypomethylation events,
more acquisition than loss of DNA methylation
was reported in the pilocarpine-induced chron-
ic rat epilepsy model. Here, >2500 individual
loci showed differential DNA methylation tar-
geting mainly CpG islands within genic and
nongenic regions. About 250 gene loci (~1%
of all genes) showed a strong indirect correlation
between DNA methylation and gene expression.
This was particularly true when DNA methyla-
tion targeted the gene body, but not the pro-
moter. Gene ontology and functional analysis
revealed enrichment of genes implicated in cy-
toskeleton organization, immune response and
inflammation, neuronal development and dif-
ferentiation, cell adhesion, as well as cell projec-
tion. Furthermore, the observed changes affect-
ed genes involved in calcium signaling, DNA
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binding and transcription, programmed cell
death, and synaptic transmission (Fig. 2) (Ko-
bow et al. 2013).

In another study, a global increase in hip-
pocampal DNA methylation was correlated
with an increase in DNMT activity, disruption
of adenosine homeostasis, and spontaneous re-
current seizures in mice. Adenosine augmenta-
tion > 10 days reversed DNA hypermethylation
seen in the epileptic brain, inhibited hippocam-
pal sprouting of mossy fibers, and prevented
the progression of epilepsy for at least 3 months
(Williams-Karnesky et al. 2013). However,
pharmacological inhibition of DNA methyla-
tion was not found to alter epilepsy in another

Epigenetics and Epilepsy

recent study (Ryley Parrish et al. 2013). Never-
theless, these data suggest that DNA methyla-
tion is involved in epileptogenesis and propaga-
tion of the chronic disease state, accounting for
the synergistic misregulation of multiple genes.
It needs to be noted that the number of genes
targeted by DNA methylation seems to be re-
stricted in all of these studies, but the specificity
of the finding remains unresolved. The limited
overlap in methylation patterns among models
is a potential concern. It could be related to
physiological differences with respect to species,
strain, and method of seizure induction, or de-
pend on the time point and tissue analyzed, as
well as the platform technology used to screen
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Figure 2. DNA methylation in epilepsy. (A) Biochemical pathway responsible for methylation and demethylation
of DNA. (B) Heat map depicting hierarchical clustering of control and epileptic samples and genomic regions
according to differential methylation profiles (yellow, methylation-up; red, methylation-down). (C) Bisulfite
sequencing results showing differential methylation for two different genes. Open circles, Unmethylated CpGs;
closed circles, methylated CpGs. (From Kobow et al. 2013, modified, with permission, from the authors.)
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for genomic DNA methylation. Future studies
will need to prove whether specific DNA meth-
ylation events can serve as potential biomarkers
for early detection of disease onset, prognosis,
or monitoring of disease after therapy.

HISTONE MODIFICATIONS AND EPILEPSY

To date, only a small number of studies have
investigated histone modifications in epilepsy.
In one early study, increased histone H4 acetyla-
tion was reported at the BDNF gene locus after
pilocarpine-induced seizures in rats (Huang
etal. 2002). Increased H4 acetylation also occurs
after electroconvulsive seizures (Tsankova et al.
2004). In other early work, a rapid increase in
phosphorylation of histone H3 was reported
after pilocarpine- and kainate-induced seizures
in mice (Crosio et al. 2003). This may pro-
mote acetylation of nearby lysine residues and
transcription of the immediate early gene (IEG)
c-fos (Crosio et al. 2003). Sng and coworkers
(2006) reported acetylation and phosphoryla-
tion changes to two core histone proteins after
SE in rats (Fig. 3).

In agreement with earlier work, H3 phos-
phorylation rapidly increased after kainate treat-

Ac-H4

P-H3-S10

Time after kainate injection (h)

Figure 3. Histone modifications after seizures. Im-
munostaining showing the spatiotemporal profile
of histone modifications Ac-H4 and phosphor (P)-
H3-S10 after kainic acid—induced seizures in mice.
Scale bar, 500 pm. (From Sng et al. 2006; adapted,
with permission, from Wiley © 2006.)

ment and then decreased. This was restricted to
dentate granule neurons, whereas acetylation
of H4 appeared later and spread throughout
the major hippocampal subfields. Further stud-
ies supported H4 acetylation associated with
induction of the c-fos, but not c-jun (Sng et al.
2006). Other studies have reported PTM of his-
tone variants following seizures in relation to
DNA damage (Crowe et al. 2011). Expression
of HDAC2 is up-regulated in experimental and
human epilepsy (Huang et al. 2002, 2012), and
predicted effects of changes in HDAC activity
include transcriptional responses for several
genes implicated in synaptic function, including
ionotropic and metabotropic glutamate recep-
tors (Huang et al. 1999; Kurita et al. 2012; Park
etal. 2014).

A number of studies have explored the
effects of HDAC inhibitors in epilepsy. The
HDAC inhibitor trichostatin A (TSA) was found
to prevent deacetylation of the Gria2 gene locus
that encodes GluA2, a subunit of the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor that restricts calcium per-
meability and has postulated neuroprotective
effects (Huang et al. 2002) and TSA increased
basal acetylation and IEG expression (Sng et al.
2005). Pretreatment of mice with curcumin,
which blocks acetylation, reduced the histone
modifications and blocked c-fos induction in-
dicating that histone PTMs directly influence
gene expression after seizures (Sng et al. 2006).
However, the drug also had an anticonvulsant
effect, which, although potentially interesting,
complicates interpretation of the curcumin ef-
fect on acetylation and gene expression. Sodium
valproate (VPA) is a well-established antiepilep-
tic drug (AED), which was also found to have
HDAC inhibitory activity in addition to effects
on ion channels and neurotransmission (Gott-
licher et al. 2001). Interestingly, the anticonvul-
sant effects of VPA increase over time, which
could be consistent with an epigenetic effect
on gene transcription. However, unlike VPA,
the more potent HDAC inhibitor TSA was not
found to have anticonvulsant effects in the PTZ
test suggesting that HDAC inhibition is unlike-
ly to explain the antiseizure properties of VPA
(Hoffmann et al. 2008). A lack of anticonvulsant
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effects of TSA has been reported by others (Ta-
niura et al. 2006) and since has been confirmed
for suberoylanilide hydroxamic acid (SAHA)
(Rossetti et al. 2012). HDAC inhibitors may
have other beneficial effects in epilepsy. HDAC
inhibition reduces the aberrant neurogenesis,
which may contribute to cognitive deficits in
epilepsy (Jessberger et al. 2007) and neuropro-
tective effects of SAHA treatment were reported
after SE (Rossetti et al. 2012). Taken together,
histone modifications are seen as an important
component of the epigenome changes associat-
ed with epilepsy and may represent potential
therapeutic targets.

ncRNA
Short ncRNA

Several studies have now profiled miRNA ex-
pression in experimental models and human
epileptic tissue (for a recent review, see Henshall
2014). These studies have identified changes to
>100 different miRNAs in the epileptic rodent
and human hippocampus. A similar number
of miRNAs are altered in the acute wake of SE
(Henshall 2013b). Cross-comparing these vari-
ous studies reveal a number to be regulated in
multiple models suggesting there are conserved

Epigenetics and Epilepsy

“epilepsy miRNAs.” Experiments using small
molecule miRNA inhibitors (chemically modi-
fied oligonucleotides called antagomirs) have
shown functional roles for miR-34a, miR-132,
and miR-184 in neuronal death after SE (Jime-
nez-Mateos et al. 2011; Hu et al. 2012; Mc-
Kiernan et al. 2012b; Sano et al. 2012). Two
additional miRNAs have been identified with
effects on seizure thresholds and epilepsy.
miRNA-134 is a brain-specific miRNA that tar-
gets the dendritic spine protein LIM kinase
(Schratt et al. 2006) as well as cCAMP response
element-binding protein (CREB) (Gao et al.
2010), and miR-134 can also promote apoptosis
(Zhang et al. 2014b). Expression of miR-134 is
increased after SE and in experimental epilepsy
(Jimenez-Mateos et al. 2012, 2014; Peng et al.
2013) and injection of antagomirs targeting
miR-134 potently reduced seizures in mouse
models of SE (Jimenez-Mateos et al. 2012,
2014). Injecting miR-134 antagomirs after SE
also reduced the later development of epilepsy
(Fig. 4) (Jimenez-Mateos et al. 2012).

The mechanism of this effect is uncertain
but spine density was altered in the mice and
the antagomirs protected against excitotoxicity
in vitro, which was LIM kinase-dependent (Ji-
menez-Mateos et al. 2012). More recently, an-
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Figure 4. MicroRNA-134 as a target in epileptogenesis. (A) Neuronal localization of miR-134 in the mouse brain.
(B) Status epilepticus (SE) in mice results in increased binding of miR-134 to Ago2, a component of the RNA-
induced silencing complex. (C) Summary data on an electroencephalogram (EEG) and video monitoring of
mice treated with antagomirs targeting miR-134 (Ant-134) or a nontargeting scrambled sequence (Scr). (Data
from Jimenez-Mateos et al. 2012 and Henshall 2013a; modified, with permission.)
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other brain-enriched miRNA, miR-128, was
identified to regulate seizures in mice (Tan
et al. 2013). Loss of miR-128 led to fatal epi-
lepsy, whereas ectopic expression of miR-128
reduced seizures triggered by kainic acid or pic-
rotoxin (Tan et al. 2013). In a complementary
finding to the miR-134 work, loss of miR-128
increased spine density (Tan et al. 2013), and
miR-128 was linked to dysfunction of dopa-
minergic motor pathways rather than limbic/
hippocampal circuitry. Together, these data in-
dicate important roles for individual miRNAs
in epilepsy.

Most of the in vivo targets of the miRNAs
linked to epilepsy remain poorly defined. Pro-
tein levels of some of the validated targets
of these miRNAs are changed in the predicted
direction including LIM kinase 1, MAP3KO9,
CREB and components of the inflammatory
pathways (Henshall 2013b), along with evi-
dence for the direct loading of the miRNAs
into the RISC after seizures (Jimenez-Mateos
etal. 2011, 2012).

Other Links between miRNA and Epigenetics
in Epilepsy

miRNAs have also been identified that target
proteins with direct roles in epigenetics. NRSF/
RE1-silencing transcription factor (REST) and
its cofactors are targeted by miR-9, miR-124a,
and miR-132 (Wu and Xie 2006), and each
of these miRNAs has been found to be altered
in epilepsy studies (Nudelman et al. 2010; Jime-
nez-Mateos et al. 2011; Pichardo-Casas et al.
2012; Peng et al. 2013; Risbud and Porter 2013).
In turn, a number of cell-specific miRNAs
have NRSF consensus sites in their promoter
regions (Wu and Xie 2006), indicating that
epigenetic silencing of miRNAs could lead to
derepression of protein-coding genes in epilep-
sy. Transcription of several miRNAs is influ-
enced by methylation of the miRNA transcrip-
tional start sites (Bhadra et al. 2013). DNMTs
are also direct targets of miRNAs, in particular
the miR-29 family (Fabbri et al. 2007), which
are also regulated in epilepsy (Hu et al. 2011b;
Risbud and Porter 2013). Among miRNAs for
which direct effects have been identified on

transcription, let-7 family members, although
not miR-320, have been found to be changed in
a number of models/human epileptic tissue
(Kan etal. 2012; McKiernan et al. 2012b; Risbud
and Porter 2013). Also, loss of miR-101 was
reported to result in increased expression of a
histone-modifying enzyme (Varambally et al.
2008). Finally, a number of miRNAs localize
to the nucleus of cells in human epileptic brain
tissue, which are not there in control cells, sug-
gesting a shift toward an increase in epigenetic
functions for miRNAs in epilepsy (Kan et al.
2012). It is likely that examples of miRNA-epi-
genetic cross talk exist and will be of relevance
to epilepsy. What remains unknown at this
time is whether any of the miRNAs with direct
epigenetic functions or which target proteins
involved in epigenetic processes are functioning
in an epigenetic manner in epilepsy.

IncRNA in Epilepsy

We know almost nothing about IncRNA expres-
sion in epilepsy, but research in other areas has
suggested that important roles will emerge.
The IncRNA Malatl promotes dendritic spine
density (Bernard et al. 2010) and loss of the
IncRNA BCl1 reduced convulsive thresholds
(Zhong et al. 2009). Other IncRNAs have been
implicated in the generation of GABAergic neu-
rons (Qureshi and Mehler 2013) and a de novo
mutation in an IncRNA (BX118339) was also
recently implicated in a patient with West syn-
drome (Vandeweyer et al. 2012).

An emerging class of IncRNAs with poten-
tial relevance in epilepsy are NATs. The RNA
transcript originates from the opposite strand
of a sense ( protein-coding) RNA transcript and
remains associated with the transcriptional lo-
cus. The effect is usually to block expression of
the coding gene by recruiting epigenetic gene-
silencing machinery (Wahlestedt 2013). Recent
work identified a NAT for the BDNF gene and
showed that targeting the NAT using a 16-mer
oligonucleotide antisense sequence up-regulat-
ed BDNF protein levels and exerted functional
effects on neurogenesis in vivo (Modarresi et al.
2012). Because large numbers of genes may have
associated NATS, this raises the potential to up-
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Table 1. Examples of epigenetic changes in in vivo experimental models and human epilepsy

Epigenetics and Epilepsy

Epigenetic Model /tissue and Study /epigenetic
process species change Effects/other findings References
DNA Hippocampus from  Increased RELN | Reelin expression Kobow et al.
methylation TLE patients methylation 2009
Rat model of SE Increased Grin2b | Grin2b (NR2B) Ryley Parrish
(KA) methylation mRNA /protein etal. 2013
Decreased BDNF 4 BDNF mRNA /protein
methylation
Hippocampus from  Increased DNMT1/3a Zhu et al.
TLE patients protein 2012
Mouse model of SE ~ Genome-wide DNA Hypomethylation of Miller-
(KA) methylation analysis 275 genes Delaney
Hypermethylation of etal. 2012
13 genes
Rat model of epilepsy Genome-wide DNA Hypomethylation of Kobow et al.
(PILO) methylation and 1121 loci 2013
transcriptome Hypermethylation of
analysis 1452 loci
Rat model of epilepsy Increased methylation — Adenosine augmentation —~ Williams-
(KA) opposed Karnesky
hypermethylation and etal. 2013
prevented epilepsy
progression
Histone Rat model of SE Reduced acetylation of | GluR2/Gria2 expression, Huang et al.
modification (PILO) histone H4 which was prevented by 2002
HDAC inhibitor TCA
Mouse model of SE Increased Possible link to c-Fos Crosio et al.
(KA) phosphorylation of induction 2003
histone H3
Mouse model of SE  Increased acetylation Possible link to c-Fos Sng et al. 2006
(KA) of histone H4 and induction
phosphorylation of  Effects blocked by HAT
H3 inhibitor
Resected Increased HDAC2 Huang et al.
hippocampus from  expression 2012
TLE patients and
rat model of SE
(PILO)
Noncoding Resected neocortex  Increased miR-134 Inhibition of miR-134 Jimenez-
RNA from TLE patients expression reduced post-SE Mateos
and model of SE development of epilepsy et al. 2012
(KA) in mice
Continued
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Table 1. Continued

Epigenetic
process

Model/tissue and
species

Study/epigenetic
change

Effects/other findings References

Mouse model of miR- Loss of miR-128

128 deficiency
Mouse model of
IncRNA BC1

deficiency

West syndrome

Loss of BC1 IncRNA

De novo mutation in
IncRNA BX118339

Mice developed fatal Tanetal. 2013

epilepsy

Lowered seizure threshold =~ Zhong et al.
2009

Vandeweyer
etal. 2012

TLE, Temporal lobe epilepsy; KA, kainic acid; mRNA, messenger RNA; PILO, pilocarpine; SE, status epilepticus; IncRNA,

long noncoding RNA.

regulate certain genes in diseases of haplodefi-
ciency, such as Dravet (Wahlestedt 2013).

A selection of the key findings on epigenet-
ics in epilepsy are shown in Table 1.

OTHER EPIGENETIC FACTORS

A number of other epigenetic factors have been
explored in epilepsy. Prominent among these is
NRSF/REST (for a review, see Roopra et al.
2012). NRSF is implicated in silencing multiple
genes via mechanisms that involve recruitment
of MeCP2 and enhancement of DNA methyla-
tion. Protein levels of NRSF are very low in nor-
mal adult brain but increase rapidly after epilep-
togenic insults, such as SE, where it proceeds to
promote silencing of key genes. Indeed, REST
target genes are particularly overrepresented
among down-regulated genes after SE. These
include HCN1, an ion channel responsible for
opposing dendritic excitability. Administra-
tion of an NRSF decoy oligonucleotide prevent-
ed REST-mediated down-regulation of HCN1
and restored electrophysiological properties in
neurons (McClelland et al. 2011). It remains un-
known what processes underlie the direction or
silencing efficacy of REST among its many tar-
gets. Moreover, the assumption that NRSF-me-
diated gene repression promotes epileptogenesis
was recently challenged by evidence that selec-
tive loss of NRSF from forebrain neurons accel-
erates kindling progression in mice (Hu et al.
2011b). Mixed results were reported when
REST was knocked out of all neurons, with no

differences reported for clonic components at
low doses in the PTZ model but protection
against tonic components and death at higher
doses (Liu et al. 2012). Broad targeting of NRSE,
therefore, may not be viable as a disease-modi-
fying treatment in epilepsy.

MeCP2 is a key mediator of gene silencing
through effects on DNA methylation, although
it can also promote gene expression. Recent
work showed that conditional mice lacking
MeCP2 in the forebrain display seizures (Zhang
etal. 2014a). This brings into line animal model
data with the clinical phenotype of Rett syn-
drome, in which seizures are a common comor-
bidity. However, overexpression of MeCP2 may
also disturb neuronal networks and predispose
to seizures, indicating the need for a precise
gene dosage for normal brain function (Bodda
et al. 2013).

PERSPECTIVES, REMAINING CHALLENGES,
AND FUTURE STUDIES ON EPIGENETICS
IN EPILEPSY

Research into epigenetic processes in epilepsy is
still in its infancy. Many enzymes linked to epi-
genetic changes, such as those that cause histone
PTMs, are known to have other roles in cell
physiology. Thus, changes in their expression
and function in epilepsy cannot be always as-
sumed to relate to their role in epigenetic pro-
cesses. Some components of the epigenetic ma-
chinery have been found to localize outside the
nucleus, including in synaptically localized mi-
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tochondria. This raises the possibility of epige-
netic changes to the mitochondrial genome (Ja-
kovcevski and Akbarian 2012). We have few data
in epilepsy for many epigenetic processes. This
includes whether epilepsy is associated with
specific demethylation of DNA, nucleosome
remodeling, IncRNA, or RNA editing. Another
epigenetic process, genetic imprinting, is also
poorly understood. This refers to the epigenetic
process whereby one or other parental gene is
deactivated and is believed to affect a hundred
or more genes. This may be relevant to sex dif-
ferences in epilepsy. Notably, several neurologi-
cal disorders related to errors or failure of ge-
netic imprinting feature high rates of epilepsy,
including Angelman syndrome.

Interesting unanswered questions include
whether conserved patterns of histone PTMs
or DNA methylation exist in epilepsy that are
unique or overlapping depending on etiology,
and whether epigenetic markings changed in
epilepsy overlap with any established in the ag-
ing brain. Unraveling the combinatorial com-
plexity of the altered brain epigenome in epi-
lepsy is a task of enormous complexity. These
challenges are not unique to epilepsy and must
be determined in the field of neuroepigenetics,
along (Sweatt 2013) with the potential to realize
therapeutic manipulation of epigenetics for
brain disorders, such as epilepsy.
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