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HIGHLIGHTS

® MicroRNAs are small noncoding RNAs that regulate gene expression in epilepsy.
® Recent examples include miRNAs linked to control of neuroinflammation and function of dendritic potassium channels.
® MicroRNAs may be a novel class of target for the treatment and prevention of epilepsy.
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Temporal lobe epilepsy is a common and often drug-resistant seizure disorder. The underlying patholog-
ical processes which give rise to the development of spontaneous seizures include neuroinflammation,
cell loss, neurogenesis and dendritic abnormalities and many of these are driven by insult-induced
changes in gene expression and gene expression regulation. MicroRNAs are powerful modulators of post-

transcriptional gene expression which are dysregulated during epileptogenesis. The advent of locked

nucleic acid (LNA) based inhibitory methods and mimic technology has facilitated in vivo functional

g;}i}gvgirisi:cs assessment of these molecules in epilepsy. Here we review recent advances in our understanding of the
Hippocampal sclerosis role of these short non-coding RNAs in the pathophysiology of epilepsy.

Noncoding RNA © 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Epilepsy is a chronic neurological disorder characterised by
spontaneous recurrent seizures which affects up to 65 million peo-
ple worldwide. It is an extremely heterogeneous disorder with
many causes and resulting phenotypes. While genetic epilepsies
usually involve an identifiable mutation or mutations within cru-
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cial neuronal genes [1-6], acquired epilepsies including temporal
lobe epilepsy (TLE) usually involve numerous hallmark patholo-
gies which are thought to give rise to the development of recurrent
spontaneous seizures including neuronal loss, chronic inflamma-
tion, synaptic reorganisation and altered neuronal metabolism.
Changes in the properties of neurons and other CNS cell types
including microglia which compose and support brain networks
govern the development of hyperexcitability and subsequent
seizure activity [7-11]. As genetic mutations in crucial neuronal
genes including KCC2 and HCN1 can alter neuronal activity, so
too can large scale changes in gene expression and gene expres-
sion regulation. Indeed, many epilepsy-inciting events including
traumatic brain injury and status epilepticus have been shown
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to disrupt global transcriptional and post-transcriptional regula-
tory function [12-15]. Almost all aspects of transcriptional and
post-transcriptional regulatory mechanisms have been shown to
function aberrantly during epileptogenesis (the process by which
a normal brain becomes epileptic) including at the level of classi-
cal transcription factors [16,17], epigenetic modifiers [12,13,18,19]
and most recently at the post-transcriptional level [20-22]. Here
we discuss the role of post-transcriptional regulators in some of
the pathological hallmarks of acquired epilepsy development, with
a focus on microRNAs (miRNA).

2. miRNAs; expression, production and mechanisms

miRNAs are a class of short, non-coding regulatory RNA (~22
nucleotides) which negatively regulate gene expression [23]. They
elicit their functions by binding primarily to the 3’untranslated
region (UTR) of target mRNAs through complementary base-
pairing mechanisms and subsequently preventing the translation
of the bound mRNA transcript. Individual miRNA families can target
many different mRNAs and in this way fine-tune gene expression
post-transcriptionally to modulate cellular activity in response to
external and internal stimuli. Expressed in all cell types, miRNAs are
essential master regulators of many processes including develop-
ment [24,25], immune responses [26], circadian rhythms [27-29]
and apoptosis [30,31] highlighting the conserved, critical role they
play in organismes.

The majority of miRNA genes are located in intergenic regions
or in antisense orientation to protein-coding genes [23,32]. Other
miRNA genes are found within intronic regions and are transcribed
with their host genes. Expressed initially as long hairpin struc-
tures, pri-miRNAs undergo numerous steps of processing within
the nucleus and cytoplasm resulting in a mature, double-stranded
molecule [33]. One strand of the miRNA duplex termed the “guide”
(or mature strand) is incorporated into the RNA-induced silencing
complex (RISC), whilst the other strand (passenger or star strand)
is degraded. It has been shown, however, that either arm can be
effectively incorporated into RISC and elicit gene silencing effects.
As such, the current nomenclature assigns each strand 3p or 5p
depending on the arm of the precursor hairpin from which they
are cleaved. Generally, a -7 base pair match between the miRNA
and 3’ UTR target mRNA is required for effective inhibition. Recent
studies have revealed miRNAs are susceptible to various forms of
RNA editing including A-to-I editing [34]. Editing of miRNAs can
have profound effects on the set of target mRNAs it can regulate.
This type of modification can greatly expand the potential num-
ber of targets an individual miRNA family could regulate, increase
exponentially the number of miRNA target sites and change our
understanding of the role of miRNAs in homeostatic and disease
contexts.

3. Pathophysiology of acquired epilepsy

Epileptogenesis is most commonly defined as the asymptomatic
period between the precipitating insult such as traumatic brain
injury, stroke or status epilepticus, and the first spontaneous
seizure. The boundaries of this time period are the cause of much
debate as studies have shown that the first detectable convulsive
seizure (and therefore end of epileptogenesis) is almost always
preceded by numerous non-convulsive seizures [35,36]. Addition-
ally, TLE can be progressive and therefore the epileptogenic period
may not end at the time of first seizure but instead the pheno-
type (severity or frequency of seizures) continues to progress after
establishment of the epileptic state (Fig.1).

Studies using animal models have delineated the epilepto-
genic process at the molecular and cellular/circuit level. They often

involve the use of electrical stimulation and chemo-convulsants to
induce status epilepticus [37]; this is the epilepsy inciting event
and induces the epileptogenic period followed by the emergence
of spontaneous recurrent seizures. Like the human condition, the
latency to onset of the first spontaneous seizure differs between
models although pathological features of epileptogenesis are often
shared. These include chronic neuroinflammation [7,9], neuronal
death/apoptosis [38], epigenomics [39,40], altered neurogenesis
[41] and others. Here we will discuss recent findings on miRNAs
in these pathogenic processes and their potential as targets for
disease-modifying therapies (see summary in Table 1).

3.1. Neuroinflammation

Proinflammatory cytokines and related molecules are elevated
in the brain following epilepsy inciting events such as status
epilepticus and are believed to contribute to the generation of
hyperexcitable networks [42-44]. The very first report of miRNA
association with epilepsy identified miR-146a as being persistently
and robustly upregulated in astrocytes of epileptic rats and in adult
TLE patient brain samples [45]. Astrocytes overexpressing miR-
146a were found to be associated with regions of hippocampal
sclerosis and an activated astrogliosis-like phenotype. Since then,
miR-146a has been shown to be a key mediator of the neuroin-
flammatory response in epileptogenesis via regulation of IL-1(3
pathway components [46], which itself has been shown to have
pro-excitatory activities. These changes were also detected in an
immature rat model and in children with mesial TLE [47].

Along with miR-146a; miR-155 and miR-21 have been shown
to be critical for immune response and Toll-like receptor (TLR)
modulation, although much of this work has been performed in
non-neuronal tissue [26]. Nevertheless, both these miRNAs are
enriched in glial derived cells including astrocytes and likely play a
role in neuroinflammatory signalling pathways. Ashhab et al., [48]
found altered miR-155 expression following pilocarpine-evoked
status epilepticus and in human brain samples from children with
refractory TLE. The effect of altered miR-155 on neuroinflammation
in the context of epilepsy remains to be fully explored.

Recent studies have identified important context-dependent
effects of miRNAs regulating neuroinflammation. miR-124, orig-
inally dubbed a “neurimmiR” [49], was thought to have anti-
inflammatory properties and was shown to be highly expressed
in microglia and required for microglial quiescence [50]. Recent
reports, however, conflict with this idea particularly regarding
the expression profile of miR-124 in the brain [24]. In an ani-
mal model of multiple sclerosis, overexpression of miR-124 had
anti-inflammatory effects [50]; however when miR-124 mimics
were administered to rats during epileptogenesis it elicited a pro-
inflammatory response which was also seen even in control rats
[51]. Thus it appears that miR-124 in the context of epilepsy may
even activate inflammation.

3.2. Neurodegeneration

Progressive loss of neurons within vulnerable zones of the
hippocampus is a pathological hallmark of epileptogenesis. It is
thought to contribute to hyperexcitable network generation by
unbalancing excitation-inhibition and effects on synaptic reor-
ganisation amongst remaining neurons. Furthermore, recurrent
seizure activity in intractable epilepsy may lead to progressive
loss of neurons, predominantly in the CA1 and CA3 regions of
the hippocampus with further loss of dentate granule and hilar
neurons with relative sparing of the CA2 region. A number of miR-
NAs have been shown to regulate apoptotic cell death and some
are dysregulated following epilepsy-inciting events. This includes
miRNAs —132[20], —34a[52],-184[53],and —124 [22], with func-
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Fig. 1. miRNAs and their targets in epileptogenesis.
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Cartoon summarising examples of miRNAs and their mRNA targets and pathways linked to key processes in epileptogenesis.

Table 1
Summary of functional studies interrogating miRNAs in epilepsy models.
miRNA Expression Effects/targets Reference
miR-128 Downregulated Governs neuronal excitability [70,71]
Regulates neuronal migration via Phf6é [72]
miR-134 Upregulated Reduces spine density and alters epileptogenesis [74,75]
miR-124 Downregulated in whole Regulates pro-epileptogenic NRSF and modulates [51]
hippocampus inflammatory responses. [22]
Upregulated in dentate gyrus Functions co-ordinately with miR-137 to regulate early
neurogenic response following seizures through regulation
of BCL2L13
miR-146a Upregulated Regulates astrocytic inflammatory response [45,46,77]
miR-137 Upregulated Regulates early neurogenic response with miR-124 [22]
miR-139-5p Upregulated Regulates NR2A [78]
miR-23b-3p Downregulated Neuroprotective in the mouse KA model [79]
miR-203 Upregulated Regulates GLRB, inhibition reduced spontaneous seizures [80]
in pilocarpine model
miR-199a-5p Upregulated Regulates SIRT1-p53 axis and protects against seizures in [81]
rat pilocarpine model
miR-22 Upregulated in contralateral Regulates P2 x 7 receptor expression, inhibition of miR-22 [82]
hippocampus in increased seizures
intra-amygdala KA model
miR-132 Upregulated Regulates CREB following SE [83]
Inhibition is neuroprotective in intra-amygdala KA model [20]
miR-324-5p Increased association with Regulates Kv4.2 and contributes to seizure onset [76]
RISC following SE
miR-34a Upregulated Activated by status epilepticus, role unknown [52]
miR-184 Upregulated in an epilepsy Modulator of seizure-induced neuronal death [53]

preconditioning

tional studies demonstrating manipulation can lead to increased or
decreased neuronal loss after status epilepticus.

Interestingly, many infantile models of epileptogenesis includ-
ing prolonged febrile status epilepticus, whilst causing discrete
neuronal injury do not cause overt neuronal loss, yet up to 30%
of animals still develop a seizure phenotype [54,55]. Furthermore,
recent developments have enabled the stratification of experimen-
tal animals which will become epileptic as compared to those which
do not [56]. This provides an opportunity to identify unique miRNA
signatures and individual miRNAs which may be essential for devel-
opment of epilepsy following status epilepticus independently of
neuronal death.

3.3. Neurogenesis

Several factors including status epilepticus and other epilepsy-
inciting events can increase neurogenesis within the subgranular
zone of the hippocampus by activating a subpopulation of quies-
cent neural stem cells [57]. The functional importance of increased
neurogenesis for development of epilepsy is unclear with some

groups reporting a protective role [58] which contrasts with oth-
ers who report a pathogenic role [59-61]. It is becoming clear that
miRNAs contribute to the activation of neural stem cells follow-
ing status epilepticus, the migration of cells from the stem cell
niche, and the integration of these new-born cells into existing
circuits. MiR-19 [62], miR-9, miR-124 [24,63] and miR-132 [64]
have all been shown to be crucial for neuronal fate determina-
tion, neuronal migration and integration. Two of the most studied
miRNAs in adult neurogenesis are miR-9 and miR-124, two CNS-
enriched miRNAs that have been shown to be critical in neuronal
fate determination and proliferation respectively, via targeting fac-
tors including NRSF, SIRT1, PTBP1 and BAF53a. Notably, ectopic
expression of miR-124 in HeLa cells shifts the transcriptome of
these cells towards that of neurons, pointing to the pro-neuronal
activity of miR-124 [65]. Permanent loss of miR-124 function in
neural stem cells causes decreased neurogenesis and increased
gliogenesis [24]. Indeed, miR-124 has been shown to play a cru-
cial role in status epilepticus-induced neurogenesis by functioning
cooperatively with miR-137 (which itself also targets EZH2 and
other polycomb repressive complex components which are critical
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for neural stem cell maturation [66]) to control caspase-3 activity,
which in turn regulates mitochondria-dependent apoptotic path-
ways in neural progenitor cells [22]. MiR-124 has also been shown
to regulate NRSF [51], a transcriptional repressor which represses
critical neuronal genes in epileptogenesis including HCN1 and KCC2
[12,16,67]. NRSF is important for the maintenance of the adult neu-
ral stem cell pool and coordinates stage specific differentiation [68],
which is likely achieved through regulation of miR-9 and miR-124
in a cyclic feedback loop [25,69]. Recently, miR-128 which had pre-
viously been identified as a key regulator of neuronal excitability
[70,71] was shown to play a key role in neuronal migration and
intrinsic excitability [72].

4. Dendrite and synapse structure and function

There is substantial evidence for dendritic spine abnormali-
ties in brain specimens from epilepsy patients. Dendritic spine
abnormalities and changes in spine volume are typically seen
in hippocampal pyramidal neurons and dentate granule cells in
TLE patients. Corroborative evidence was found in animal models
involving both acute seizures and chronic epilepsy in both elec-
tro and chemo convulsive models. Loss of, or reduction in spine
volume likely disrupts the delicate excitatory-inhibitory balance
in the brain. The role of miRNAs in the maintenance of dendritic
integrity in epilepsy is beginning to be revealed. miR-134 is a
constitutively expressed neuronal miRNA which plays a crucial
role in dendritic structure by targeting the LIM domain kinase
[73]. Profiling of miRNA expression in epilepsy models and human
specimens identified consistent upregulation of miR-134[74]. Inhi-
bition of miR-134 using a single injection of locked nucleic acid
(LNA) antagomirs effectively suppressed seizure development in
mice for up to two months following both intra-amygdala kainic
acid, and protected against pilocarpine-induced status epilepti-
cus [74,75]. A more recent study identified a potassium channel
which is localised to dendrites, as under miRNA control. Kv4.2 was
found to be selectively recruited to the RISC complex where it
was targeted by miR-324-5p. Inhibition of miR-324-5p using LNA
antagomirs prevented status epilepticus-mediated repression of
Kv4.2 and delayed onset to seizure development and this effect
was lost in mice lacking Kv4.2. [76].

5. Knowledge gaps and limitations

As our understanding of the involvement of miRNAs in the
pathogenesis of epilepsy increases so too has the recognition of lim-
itations in current approaches and gaps in our knowledge. There
have been limited efforts to date to demonstrate co-localization
of both miRNA and target transcript in specific brain cell types
within epileptic foci in situ, although evidence is mounting that
some miRNAs, although expressed in numerous cell types may
have specific and nuanced roles within individual different cell
types [84,85]. Functional manipulations of miRNA should feature
experiments that evaluate both on- and off-target effects and
prove target engagement, such as displacement of miRNA or tar-
get from the RISC. The optimal chemical design of oligonucleotide
inhibitors (and mimics) is unclear and most focus has been on
use of LNA-based antagomirs but there are alternative formula-
tions and approaches including miRNA sponges and miRNA masks
[86]. The increasing availability of genetic models to study miR-
NAs including miRNA-deficient mice should benefit researchers
exploring miRNA functions in epileptogenesis. It is now clear that
noncoding RNAs such as miRNA undergo significant editing which
can alter their targeting and ability to be detected using conven-
tional PCR-based techniques. RNA editing of miRNAs may result in
erroneous conclusions on the levels of specific miRNAs. miRNA-

based therapies have entered clinical trials. While results have
been promising, the effects of miRNA manipulation in humans
remain largely unknown (reviewed here [87]). There is no doubt
that we need transformative therapies for disease modification and
antiepileptogenesis. Whether a miRNA-based therapy for epilepsy
is possible will require issues of delivery to the brain to be addressed
as well as safety and tolerability. Ultimately, biotechnology or phar-
maceutical companies must be willing to engage in pre-clinical and
later clinical development of a novel class of treatment for epilepsy.
Last, since the first study exploring miRNA function in epilepsy
emerged in 2010, over 150 papers have since been published on
the topic. With this rapid pace of development and the heterogene-
ity inherent in different animal models of epilepsy it is vital that
future studies include comprehensive seizure monitoring as well
as account for any effects experimental manipulations may have
on the initial insult and therefore the subsequent epilepsy devel-
opment. The analysis of miRNAs in available human specimens will
also add value to novel findings in animal models.

6. Conclusion

Epilepsy is a spectrum disorder, however many acquired epilep-
sies possess common pathological features. Understanding the
regulatory mechanisms underlying these pathological processes
may help in the development of anti-epileptogenic therapies and
more effective anti-seizure medications. The pleiotropic functions
of miRNAs make them a challenging class of molecule to study but
one with enormous promise for therapeutic interventions. Indeed,
their potential involvement in the regulation of many pathological
features of epileptogenesis and the success of now several stud-
ies using LNA antagomirs to modulate miRNAs in vivo highlights
this promise and paves the way for future studies in the context of
epilepsy.
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