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Abstract

MicroRNAs (miRNAs) are endogenous, ~22 nucleotide, non-coding RNA molecules that function
as post-transcriptional regulators of gene expression. miRNA dysregulation has been observed in
cancer and in neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), Amyotrophic lateral sclerosis (ALS) and the neurological
disorder, epilepsy. Neuronal degradation and death are important hallmarks of neurodegenerative
disorders. Additionally, abnormalities in metabolism, synapsis and axonal transport have been
associated with AD, PD and frontotemporal dementia (FTD). A number of recently published
studies have demonstrated the importance of miRNAs in the nervous system and have contributed
to the growing body of evidence on miRNA dysregulation in neurological disorders. Knowledge of
the expressions and activities of such miRNAs may aid in the development of novel therapeutics.
In this review, we discuss the significance of miRNA dysregulation in the development of
neurodegenerative disorders and the use of miRNAs as targets for therapeutic intervention.
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1. miRNA Biogenesis

miRNAs are one of the most well-studied classes of non-coding RNA molecules. They are

found in animals, plants and DNA viruses that regulate gene expression at the post-
transcriptional level. miRNAs influence gene expression through degradation and

"For correspondence: lan A. Tamargo < ian.tamargo@nih.gov>, Hanuma Kumar Karnati < hanumabio@gmail.com>.

6. Conflict of Interests
Authors declare no conflict of interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karnati et al.

Page 2

translational repression of messenger RNA (mRNA) transcripts. An individual miRNA can
have hundreds of targets, while a single target transcript may be regulated by many different
miRNAs. miRNA biogenesis begins in the nucleus when 1-3 kilobase (kb) precursor
miRNAs (pre-miRNAS) are generated either by microprocessor complex (Drosha and
DGCRS8) RNase Il enzyme processing of primary miRNA (pri-miRNAS) transcripts or by
spliceosome processing of precursor mRNA (pre-mRNA) transcripts followed by Lariat
Debranching Enzyme (DBR1) processing of the resulting introns [1, 2]. pre-miRNASs can be
produced from two separate processes because miRNA-encoding loci are present in both
intragenic and intergenic chromosomal DNA regions [3, 4]. After they are transported from
the nucleus into the cytoplasm by the karyopherin Exportin 5 and Ran-GTP [5-7], the 70—
100 nucleotide pre-miRNAS are processed by the RNase 111 enzyme Dicer [8]. The resulting
20-25 nucleotide mature miRNAs are subsequently incorporated into the RNA-induced
silencing complex (RISC) in order to pair with the 3" untranslated regions (3’-UTR) of
target MRNAs and cleave them using the Argonaute (AGO) family proteins (AGO1-4),
which are the catalytic components of RISC [9]. The active RISC/miRNA complex is called
a miRISC. miRISC induces downregulation of target transcript expression by either
degradation of the mRNA or translational repression (Fig. 1).

2. Neurodegenerative diseases

Neurodegenerative disorders (NDDs) are characterized by the progressive loss of neuronal
function and structure, which eventually leads to neuronal death in the nervous system.
NDDs include Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease
(HD), and amyotrophic lateral sclerosis (ALS). Pathological cellular and molecular events in
neurodegeneration include oxidative stress, protein oligomerization and aggregation, axonal
transport deficiency, calcium deregulation, mitochondrial dysfunction, neuroinflammation,
neuron—glial interactions, aberrant RNA processing and DNA damage. The greatest risk
factor for neurodegeneration is age in combination with mitochondrial DNA mutations and
neuronal damage from oxidative stress. Other possible risk factors include gender, endocrine
conditions, poor education, inflammation, stroke, hypertension and diabetes. Due in part to
the gains in knowledge of the human genome, made possible by next-generation sequencing
and similar techniques, there is increasing evidence of the involvement of miRNAs in the
development of the central nervous system and in neurodegeneration[10]. Recent reports
have shown that aberrant miRNA expression contributes to neurodegeneration, and that
NDDs may be considered as a class of RNA disorders [11, 12]. The failures of a number of
surgical and pharmacological treatments for NDDs highlight the need for novel therapeutic
approaches to regulate several targets and molecular pathways. The inherent ability of
miRNAs to regulate many transcripts makes them ideal candidates for investigation towards
the development of therapeutics for NDDs.

2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by neuronal inflammation and death in areas of
the brain that affect memory, behavior, language, and cognition. AD brain contains several
pathological structures: intracellular Hirano bodies [13] and neurofibrillary tangles (NFTSs),
as well as extracellular amyloid-p (AB) plagues. These irregular structures are believed to be
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the cause of the extensive neuronal degeneration observed in AD. Hirano bodies are rod-
shaped actin aggregates that contain cofilin, a protein that negatively affects the cytoskeleton
in AD and plays a dynamic role in the pathogenesis of the disease [14, 15]. NFTs are
intracellular, insoluble aggregates of hyperphosphorylated microtubule-binding protein tau.
Amyloid-B (Ap) deposition is also one of the hallmarks of neuronal degeneration in AD
brain. Ap is generated from the sequential cleavage of amyloid precursor protein (APP) by
beta-site APP cleaving enzyme 1 (BACEL) and -y-secretase.

Many miRNAs have been found to be dysregulated in the brains of AD patients [16, 17].
Decreased brain levels of miR-29a, miR-29b-1, and miR-9 are associated with AD [16]. One
review by Maes et al. demonstrated the potential diagnostic role of the AD-specific let-7
miRNAs (let-7f, let-7b, and let-7i), as well as miR-9, miR-181, and miR-29 [18]. miR-26b
expression was found to be elevated in the substantia nigra of AD brain during disease
progression [19]. Dysregulation of miR-146 is also observed in AD brains. Small-scale
studies in the hippocampus of fetal, adult, and AD brains [20], as well as large-scale
analyses profiling AD brain, peripheral blood, and CSF [16, 17, 21-24] have demonstrated
the use of miRNAs as potential biomarkers of disease. Decreased expressions of miR-298,
miR-328 and miR-195 have been observed in AD model mouse brain [25, 26].

miRNA dysregulation is also observed in the blood and cerebrospinal fluid (CSF) of AD
patients. The levels of 60 miRNAs were found to be significantly altered in the CSF of AD
patients as compared to normal volunteers in a recent large-scale miRNA expression profile
study [22]. Quantitative real-time PCR (QRT-PCR) showed significant alterations in the
expressions of miR-34a, miR-181b and let-7f in blood from late-onset AD patients when
compared to age-matched controls (n =17 per group) [21]. The same study used a miRNA
microarray in blood mononuclear cells (BMC) from patients with sporadic AD to show
significant upregulation of miR-34a and miR-181h. A fluorescent miRNA array study in AD
CSF and short post-mortem interval, brain tissue-derived extracellular fluid (ECF) showed
significant increases in the expression levels of miR-9, miR-146a, miR-125b, and miR-155
[20].

Recent laboratory and clinical research studies have used a standard workflow of assays [27]
to provide evidence of causal relationships between brain miRNA dysregulation and Ap
production leading to neurodegeneration [16, 23, 28]. Many of these studies have identified
miRNAs that influence the expression of APP, and thus effect AB production [29]. One such
study indicated that the downregulation of miR-29b in peripheral blood mononuclear cells
(PBMC) might be involved in the pathogenesis of AD [30] due to the fact that miR-29b
targets transcription factor Sp1, which in turn promotes the transcription of APP [31] and tau
[32]. miR-375 has also been shown to target Sp1, though it’s downregulation did not
influence Sp1 expression in the PBMC study [33]. miR-106a and miR-520c, both members
of the miR-20a family that includes miR-20a, miR-106a/b, miR-17, have been found to
inhibit the expression of APP jn vitro[34]. miR-17 and miR-20a, along with miR-147, -153,
-323-3p, -644 and -655 were subsequently found to directly target APP [35], as was miR-16
in 2012 [36]. Finally, Long and colleagues released two studies in 2011 and 2012 showing
that miR-101 and miR-153 both inhibit APP expression, and that miR-153 is downregulated
in the brains of advanced AD patients [37, 38].
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A number of studies have also identified dysregulated miRNAs that influence Ap production
through their regulation of BACEL, the APP-cleaving enzyme that initiates the generation of
AB. BACEL appears to be one of the many miRNA target transcripts that are targeted by
multiple miRNAs, a number of which are dysregulated in AD. For example, downregulation
of miR-107 was associated with increased expression of BACE1 [39]. miR-107, however,
has not been shown to directly target BACEL. Studies of miR-29c over-expression in
HEK-293T and SH-SY5Y cells, as well as in transgenic mouse models of AD, have shown
decreases in BACEL proteins levels [40]. BACEL expression was also shown to increase in
response to inhibition of miR-124 in cultured rat PC12 cell lines and primary cultured
hippocampal neurons [41]. This result is particularly significant, considering that the
expression of miR-124 was observed to be downregulated in the brains of AD patients [42].
miR-124 has also been shown to regulate polypyrimidine tract binding protein 1 (PTBP1),
an RNA-binding protein that inhibits neuronal splice variants and increases AD-related
splice variants of APP [43]. Another study found that miR-339-5p downregulates BACE1
expression in human primary cortical neurons and that it is expressed at significantly lower
levels in brain tissues of AD patients as compared to age-matched controls [44].
Additionally, miR-195, -298 and -328 have all been shown to regulate BACE1 in mouse
models of AD [25, 26].

Additional studies have identified dysregulated miRNAs that contribute to AD pathogenesis
through aberrant regulation of various proteins involved in the progression of the disease.
Downregulated expression of miR-103 or miR-107 can lead to increased cofilin 1 (CFL1)
levels in AD brains, which may contribute to the formation of intracellular Hirano bodies
[45]. Another study showed that changes in neuronal miR-802 expression in the CSF of AD
patients (n=14) were correlated with decreased caveolin-1 expression as compared to that of
normal controls (n =8) [46]. Increased expression of miR-98 is known to be involved in the
negative regulation of insulin-like growth factor 1 (IGF-1), which results in increases in A
expression, and in tau phosphorylation [47]. Decreased expressions of miR-137, miR-181c,
miR-9, miR-29a and miR-29b-1 in AD brain lead to upregulation of serine
palmitoyltransferase (SPT) long chain subunit 1 (SPTLC1) and 2 (SPTLC2). These proteins
are the essential components of SPT, the rate-limiting enzyme in the synthesis of ceramides,
which are known to be upregulated in AD [48, 49]. miR-34a-mediated inhibition of tau
protein was identified using multiple prediction algorithms [50]. One recent study showed
that miR-15a regulates extracellular signal-regulated kinase 1 (ERK1), which is involved in
tau hyperphosphorylation [51], while another found that miR-15a was correlated with
neuritic plaque score in AD patients [52]. Increased expression of miR-26b, in addition to
decreased expression of retinoblastoma Rb, causes enhanced tau phosphorylation and leads
to apoptosis and neurodegeneration in primary cortical neurons [19]. One study has shown
that PSEN2 may regulate microglia activity via miR-146 [53]. Finally, a number of proteins
and pathways involved in both AD and cancer have been found to be modulated by
dysregulated miRNAs [54].

2.2 Parkinson’s Disease

Parkinson’s disease (PD) is an age-associated neurodegenerative disorder. This disease is
quite heterogeneous [55] and characterized by the loss of dopaminergic neurons and/or

J Alzheimers Dis. Author manuscript; available in PMC 2016 December 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karnati et al.

Page 5

presence of Lewy bodies in the midbrain. Clinical symptoms associated with the disease
include rigidity, bradykinesia and tremors [56]. This disease can also spread to other regions
of brain, such as the cingulate gyrus, amygdala and higher cortical regions, thus leading to
dementia and psychosis. Although there is a substantial body of research on PD, the
currently available methods for diagnosis and treatment are at preliminary stages,
particularly in relation to early disease. The emerging field of miRNA research in relation to
PD has the potential to generate novel diagnostic and therapeutic strategies.

Comparative studies of miRNA profiles in postmortem brain tissue from PD patients and
healthy controls show that aberrant miRNA levels are an important component of this
neurodegenerative disease. For example, the expression of the PD-associated protein a.-
synuclein is targeted by miR-7 and miR-153. Single-nucleotide polymorphisms in fibroblast
growth factor 20 (FGF20), a protein whose overexpression is considered a risk factor for PD,
prevented its translational repression by miR-433 and led to increased levels of a-synuclein
in Neuro2A cells[57, 58] (Fig. 2a). Mitochondrial dysfunction has also been reported to be a
result of miRNA dysregulation in PD [59].

Several miRNAs found to be dysregulated in PD brain have been studied in depth,
particularly miR-133 and miR-34. miR-133b was abnormally expressed in an analysis of
224 different miRNAs isolated from the midbrain of PD and control subjects [60]. miR-133b
expression was also found to be decreased in PD patients and to be mainly involved in the
regulation of dopaminergic neuron development. The exact role of miR-133b in
dopaminergic neuron maturation, however, has yet to be thoroughly evaluated. One of the
physiological targets of miR-133b is Pitx3, a transcription factor that plays a key role in
dopaminergic neuron differentiation [61-63] (Fig. 2c). Interestingly, Pitx3 promotes the
transcription of miR-133b, which in turn decreases Pitx3 expression in a negative-feedback
loop mechanism.

A considerable amount of research has been devoted to miR-34 dysregulation in PD, as well.
Decreased levels of miR-34b and c were observed in the frontal cortex, cerebellum, and
amygdala of Area 17 brain. Downregulation of miR-34b and ¢ was also observed in the
substantia nigra of PD brains. miR-133b expression was not found to be altered in any of the
areas in which miR-34b and ¢ downregulation was observed [64]. miR-34b and c were also
suggested to indirectly reduce the expressions of both Parkin and Parkinson protein 7 (DJ1),
as well as increase the rate of cell death. For example, cell death, altered mitochondrial
activity and oxidative stress were observed in differentiated SH-SY5Y neuroblastoma cells
in which miR-34b and c were silenced. Further investigation is required into the roles of the
aforementioned miRNAs in PD-relevant regulatory cellular pathways, as well as the
potential physiological targets of these miRNAs.

Two additional studies demonstrated the involvement of dysregulated miRNAs in the
modulations of systems relevant to PD pathology. Gehrke and colleagues showed that
leucine-rich repeat kinase 2 (LRRK2), a protein to which gain-of-function mutations induce
familial and sporadic PD, reduces the levels of let-7 and miR-184*, two microRNAS that
normally repress the translation of the transcription factors E2F1 and DP [65].
Overexpression of E2F1 and DP in multiple models of let-7 and miR-184* downregulation
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led to increased cell death and pathogenicity similar to that observed in LRRK2 gain-of-
function models (Fig. 2b). This study suggests that the pathogenicity of LRRK2 mutation in
PD may be mediated by the subsequent downregulation of let-7 and miR-184* and resulting
upregulation of the toxic transcription factors E2F1 and DP.

2.3 Huntington’s disease

Huntington’s disease (HD) is an incapacitating, hereditary neurodegenerative disorder
distinguished by progressive impairment of motor and cognitive functions, and is induced by
a mutation in exon 1 of the huntingtin (Htt) gene. Present on chromosome 4 in humans, this
mutation takes the form of a polyglutamine tract CAG trinucleotide repeat expansion in the
N-terminus of ubiquitously expressed Htt protein [66]. Whereas Htt polyglutamine tracts
within the normal population have up to 35 CAG repeats, those of HD patients are expanded
to 36 or more CAG repeats [67]. Although the exact molecular function of endogenous
normal (wild type) Htt has yet to be fully characterized, genetic data in both transgenic
animal HD models and humans imply that excess polyglutamine expansions confer a
deleterious gain-of-function on target proteins [68], although loss-of-function effects also
have been described [69]. Htt is present within the nucleus and appears to impact the
transcription of the numerous genes that are dysregulated in HD; in particular those
mediated via the CAMP response element binding (CREB) protein, retinoic acid receptor
(RAR), and specificity protein-1 (Sp1) [70-72]. Of key relevance, Htt appears to be involved
with modulation of brain-derived neurotrophic factor (BDNF) expression, vesicle
trafficking, clathrin associated endocytic pathways and cytoskeletal configuration [69, 73—
75]. The mutated Htt form, consequent to its polyglutamine expansion, possesses an aberrant
protein structure that leads to its aggregation in brain that, in addition to its transcription-
induced actions, invariably results in neuronal degeneration [76].

A next-generation sequence analysis in 26 HD and 36 control subjects suggests that among
the 938 miRNAs present in quantifiable amounts in both HD and control brain, 75 are
differentially regulated [77]. Across a number of studies, miR-129a, miR-132, miR-29a,
miR-29b, miR-330, miR-17, miR-196, miR-222, miR-485, and miR-486 have been reported
to be dysregulated in HD due, in large part, to the disrupted miRNA transcriptome [78, 79].
Downregulation of miR-22, miR-29c and miR-128 has been reported in mice, while
miR-29b, and miR-124a have been found to be downregulated in humans [80, 81].

A number of miRNASs have been observed to be upregulated in HD brain. One study
detected increases in the expressions of miR-30b, miR-30c and miR-30e in HD-FC (frontal
cortex) and HD-ST (striatum). The same study found decreased expressions of let-7a, let-7c,
let-7d, let-7e, miR-221 and miR-222 in HD [78]. Another study demonstrated upregulation
of five miRNAs in human HD brain: miR-10b-5p, miR-196a-5p, miR-196b-5p, miR-615-3p
and miR-1247-5p, all of which are located intergenica to Hox gene clusters except for
miR-1247-5p [82]. An additional study suggested that miR-34b could be used as a potential
diagnostic biomarker for HD since its expression was increased in HD before the onset of
symptoms [83, 84].

Several miRNAs that target transcripts relevant to HD pathology have been investigated.
Downregulation of miR-132 and increased expression of p250GAP have been observed in
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the brains of mouse models of HD and in the postmortem brains of HD patients [79]. The
p250GAP gene encodes a protein that is a member of the Rac/Rho family of GTPase-
activating proteins and that is involved in the inhibition of neurite growth [85]. Exogenous
expression of miR-214, miR-150, miR-146a and miR-125b reduced HTT aggregate
formation in mouse cells [86]. A comparative analysis of networks has identified two
upregulated miRNAs: miR-200a and miR-200c, which regulate genes involved in mutant
HTT-induced neuronal dysfunction, including abnormal synaptic transmission and perturbed
neurogenesis [87].

One particularly well-characterized system of miRNA dysregulation in HD is that of
miR-9/9*, and its regulation of REST/CoREST. Decreased expressions of miR-9 and 9*
were observed in the cerebral cortex of HD-affected subjects and correlated with disease
progression [84]. miR-9 regulates REST, while miR-9* regulates COREST. REST and
CoREST are both components of the repressor element 1 (RE1) silencing transcription
factor (REST) complex, which is known to suppress the expression of neuronal genes in
non-neuronal cells. Overexpression of REST in neurons is pathological. In healthy neurons,
REST is bound to Htt and partly sequestered in the cytoplasm [88]. In diseased neurons, due
to pathogenic polyglutamine expansions in Htt, REST disassociates from Htt and
translocates to the nucleus, where it decreases neuronal gene expression and eventually
causes neuronal death. Decreased levels of miR-9/miR-9* in HD brain lead to increased
expression of REST/CoREST and facilitate translocation of REST from the cytoplasm to the
nucleus. Due to the fact that miR-9 and 9* are regulated by REST, their dysregulation leads
to a pathogenic positive feedback loop that continually downregulates their own
transcription, which, in turn, upregulates REST.

Another consequence of REST overexpression is downregulation of BDNF. BDNF is a
REST-modulated neuronal gene. Decreased expression of BDNF leads to loss of medium
spiny neurons [69]. BDNF is also related to miRNA dysregulation due to the fact that BDNF
protein levels in HD-FC and HD-ST appear to be downregulated in response to increased
expression of members of the miR-30 family of miRNAs, particularly miR-30a-5p [89].

2.4 Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is an NDD
characterized by abnormal function in muscle tissue, such as atrophy and paralysis. The
disease leads to death within a span of 3 to 5 years from symptom onset. ALS affects nerve
cells within the spinal cord brainstem and cortex, causing gradual degeneration and death of
motor neurons [90, 91]. A genetic etiology has been recognized in up to 20% of seemingly
sporadic and 60% of familial ALS cases, with the involvement of at least 16 genes and
genetic loci being associated with pathogenesis [92]. Key amongst these are mutations
within the superoxide dismutase 1 (SOD1), TARDBP, which encodes the transcriptional
repressor TAR DNA-binding protein 43 (TDP-43), and FUS genes. The most common
genetic cause of ALS relates to the C9orf72 gene, identified from expanded repeats in a
noncoding region of chromosome 9 open reading frame 72 [93]. Rare mutations in
additional genes, including, ANG, VAPB, DAO, OPTN, VCP, and UBQLNZ2, have also been
reported [91]. Defective RNA metabolism and neuronal cytoplasmic protein aggregation are
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common pathogenic mechanism for ALS. Mitochondrial dysfunction, excitotoxicity, and
oxidative stress are evident and ultimately lead to a loss of neuromuscular junction integrity,
retrograde axonal degeneration, and motor neuronal cell dysfunction and death [92]. The
currently available drug Riluzole, that blocks tetrodotoxin-sensitive sodium channels,
modestly slows the progression of ALS but does not prevent the life-ending consequences of
the disease. A significant portion of recent ALS research has investigated the involvement of
miRNAs in the pathogenesis of the disease.

Involvement of miRNAs in ALS was suggested by a Dicer deletion study performed in a
mouse model of ALS. Deletion of Dicer (the RNase responsible for converting pre-miRNAs
into mature miRNAs [94]) in post-mitotic motor neurons led to motor neuron degeneration,
which is similar to the neuromuscular phenotype observed in mouse models of spinal
muscular atrophy (SMA) [95]. A number of studies have since demonstrated miRNA
dysregulation in ALS. For example, increased expression of the skeletal-muscle-specific
miR-206 was observed in the muscle of a mouse model of ALS, which carries a mutation for
SOD1 [96]. Increased expression of miR-338-3p, as well as down-regulation of several other
miRNAs was observed in the leukocytes of ALS patients in a miRNA profiling study of 14
ALS patients and 14 controls [97]. One study by Haramati et al. in 2010 identified miR-9
and 9* dysregulation in mutant embryonic-stem-cell-derived motor neurons.

A number of other studies have identified ALS-relevant transcripts and pathways that are
targeted by dysregulated miRNAs. Recent findings have shown that increased expressions of
miR-23a, miR-29b, and miR-455 in skeletal muscle of ALS patients leads to mitochondrial
gene expression [98]. MiR-132, miR-134, and miR-9 are known to be involved in synaptic
plasticity and neuronal development [99]. miR-132 regulates genes such as acetyl
cholinesterase and polypyrimidine tract binding protein 2 (PTBP2), which influences
alternative splicing of tau [100-104], while miR-134 is involved in the regulation of
neuronal development and dendritogenesis [105].

Two particularly well-studied and ALS-relevant systems that have been connected to
miRNA dysregulation are those of TDP-43 and FUS/TSL. Dominant mutations have been
observed in the trans-activating response region (TAR) DNA-binding protein 43 (TDP-43) in
ALS patients [106—109]. TDP-43 is an important component of ubiquitinated protein
aggregates observed in the motor neurons of sporadic ALS patients. Mutations are also
found in the gene encoding fused in sarcoma/translocated in sarcoma (FUS/TLS) in ALS
patients [110, 111]. The pathological effects of FUS/TLS mutations are similar to those of
TDP-43. Ling et al. showed that TDP-43 associates with the Drosha/Pasha microprocessor
complex, as well as proteins in the heterogeneous nuclear ribonucleoproteins family [112].
Normal, and particularly mutant TDP-43, interact with FUS/TSL [113]. Dysregulation of
miRNA biogenesis was caused by misallocation of TDP-43 and FUS/TLS. The mutation in
TDP-43 led to differential expressions of miR-132, miR-143 and miR-558, all of which are
involved in ALS [114].
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3. Epilepsy

Epilepsy is a chronic neurological disorder that is characterized by seizures, which are
episodes of abnormal, hypersynchronous neuronal activity within the brain. Affecting about
1-2% of the population, it is now recognized that a tally of in excess of 500 genes and
genetic loci are linked to seizures [115], and these possesses a broad biological diversity —
covering almost every facet of neurotransmission.

There is a considerable amount of research on miRNA dysregulation in epilepsy. A recent
study used TagMan low-density arrays (TLDAS) to show that 51% of miRNAs detected in
control hippocampus were downregulated in epileptic hippocampus. An additional 24% of
miRNAs found in control brain were not found in epileptic brain [116]. Several miRNAs
have shown aberrant regulation in a rat model of temporal lobe epilepsy as well. miR-23a,
-27a, -31, -33, -34a, 1463, -152, -203, -210 and -211 were up-regulated, while miR-19a,
-135b, -136, -138*, -144, -153, -190, -296*, -301a, -325-5p, -380, -542-3p, -542-5p and
-543 were down-regulated [117]. A genome-wide miRNA profiling study revealed a number
of miRNAs involved in human mesial temporal lobe epilepsy (MTLE) pathogenesis. This
study also suggested that altered miRNA levels influence the expression of
immunomodulatory proteins in MTLE. One recent study showed that 21 miRNAs were
upregulated, whereas 12 miRNAs were down-regulated in focal-onset status epilepticus
brain [118].

Many of the miRNAs that have been shown to be dysregulated in epileptic brain are
involved in cellular processes relevant to the disease, such as cell proliferation and
migration, neuroinflammation, and neuronal apoptosis. Several dysregulated miRNAS in
epileptic brain appear to have significant effects on cell proliferation and migration. For
example, Dicer depletion studies using the Nestin-Cre system have demonstrated the role of
Dicer, and thus miRNAs, in cortical neuron migration [119]. Dicer depletion increases the
expression of Doublecortin (Dcx), a protein that regulates tangential and radial neuron
migration. Increased Dcx expression leads to premature maturation of neurons in the cortex.
Studies have also shown that miR-134 may be involved in the regulation of cell migration
through an interaction with Dcx [120, 121]. Reduction of cortical layers and disruption of
interneuron tangential migration from basal forebrain were reported in miR-9 knockout mice
[122]. Decreased miR-9 expression is correlated with reduced proliferation, as well as
enhanced migration of human embryonic neural progenitors due to miR-9’s targeting of
stathmin, which causes microtubule instability in migrating neuroblasts [123]. Finally, the
role of miR-137 in the induction of premature differentiation and outward migration via its
regulation of lysine-specific histone demethylase 1A (KDMZ1A) has been demonstrated in
embryonic neural stem cells [124]. Neural stem/progenitor cell migration also increased
upon introduction of exogenous miR-125b [125].

Dysregulated miRNAs connected to inflammation have been identified in a number of
studies. For example, significant upregulation of miR-146a has been found in MTLE
patients [126, 127]. This miRNA has been implicated in the astrocyte-mediated
inflammatory response in the brain [128]. A follow-up study showed significant
upregulation of miR-146a in astrocytes exposed to interleukin-1 beta (IL-1b) [129].
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Additionally, miR-221 and miR-222 regulate ICAM1 expression and were shown to be
expressed concurrently with ICAML1 in astrocytes of MTLE patients [130]. The involvement
of dysregulated miRNAs in MTLE inflammation has been reported elsewhere [131].
miR-155 has also been implicated in inflammatory pathways related to MTLE. One study
demonstrated upregulation of miR-155 in an immature rat epilepsy model [132]. The same
study showed a positive correlation between miR-155 expression and TNF-a expression in
nervous tissue. Dysreuglated miRNAs have been implicated in the inflammatory response of
focal cortical dysplasia (FCD) a common cause of epilepsy characterized by the presence of
giant/dysmorphic neurons, balloon cells, and cell abnormalities [133-136]. /n situ
hybridization studies have shown that miR-146a is upregulated in reactive astrocytes of
dysplastic cortex in FCD type Ilb, suggesting that miR-146a may play a role in FCD-related
inflammation.

miRNAs have also been implicated in the overexpression of adenosine kinase (ADK)
observed during seizures and in the neuronal apoptosis that occurs in epileptic brain. For
example, lentiviral-mediated miRNA expression targeting ADK transduction in human
mesenchymal stem cells led to an 80% reduction in ADK expression [137, 138]. As for the
effects of miRNASs on neuronal apoptosis, recent evidence suggests that miR-34a has direct
pro-apoptotic effects in cells and plays a role in the regulation of p53 [139]. In non-neuronal
cells, upregulation of miR-34a has been reported to lead to apoptosis [140]. The
aforementioned studies suggest that miR-34a may play an important role in the mechanisms
underlying neuronal death induced by seizures [117, 141]. These studies have shown
miRNAs to be key players in seizure-induced neuronal death and novel therapeutic targets
for epilepsy.

In addition to the many studies on dysregulated miRNAs related to cell proliferation and
migration, inflammation and apoptosis, a number of studies have investigated individual
dysregulated miRNAs that are involved in processes more specific to epileptic pathology.
miR-134, in particular, has been the subject of multiple studies. miR-134 is brain-specific
and known to be actively involved in the regulation of neuronal microstructure. miR-134
regulates LIM domain kinase 1 (Limk1), which inactivates cofilin via phosphorylation [142,
143]. Over-expression of miR-134 in neurons of the postnatal mouse brain was also shown
to reduce dendritic length. One gPCR study investigated the gene expression of brain-
specific, inflammation-related miRNAs in the hippocampal tissues of rats at three different
stages of MTLE, as well as in those of healthy control rats [144]. Whereas miR-132 and
miR-21 have been shown to be upregulated in acute and chronic stages of MTLE, miR-124
and miR-134 were shown to have similar expression patterns in all three stages of disease.
miR-132 was upregulated and miR-21 was down-regulated in the latent stage. The
upregulation of miR-124 and miR-134 in MTLE could provide potential targets for the
treatment of developing epileptic brains.

4. Therapeutic role of miRNAs in Neurodegenerative diseases and Epilepsy

Evidence of the involvement of miRNASs in signaling cascades that regulate cell fate, brain
development and, most importantly, neurodegeneration has been provided by a multitude of
recent studies. miRNA expression profile studies in several neurodegenerative disorders
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have provided important information on the role miRNAs in the progression of
neurodegeneration. These studies have also indicated potential roles for miRNAS as
biomarkers used in the diagnosis and prognostication of NDDs, and as targets for novel
therapeutic strategies. Ectopic expression and silencing studies on targeted miRNAs both /in
vitroand in vivo have been shown to alter miRNA expression during the development of
NDDs.

miRNAs can be classified as tumor-inducing oncogenes or as tumor suppressor genes due to
their diverse regulatory functions. Both suppression of upregulated tumor-inducing miRNAs
and replacement of down-regulated miRNASs by re-introduction of tumor-suppressor
miRNAs have been proven to be functional therapeutic methods for combating cancer. Anti-
miRNAs have been synthesized to silence or block a target miRNA that acts as an oncogene.
Anti-miRNAs include cholesterol-conjugated “antagomirs”, polylysine-conjugated peptide
nucleic acids (PNAs) and locked nucleic acid (LNA) oligonucleotides, all of which have
demonstrated effectiveness /n vivo [145].

Several obstacles are associated with the therapeutic use of both miRNA agonists and
antagonists /n7 vivo. These obstacles include endothelial barriers, glomerular filtration, and
hepatic metabolism. Chemical modifications to miRNAs, as well as non-viral vectors have
been developed to overcome such barriers [146-150]. Delivery of miRNA across the blood-
brain barrier (BBB), however, remains to be the most challenging aspect of the treatment of
NDDs with miRNA-based therapeutics. Potassium channel agonists and minoxidil sulfates
could help facilitate the transport of miRNA molecules across the BBB [151, 152]. Banks
and colleagues have also demonstrated the ability of APP and lipoprotein receptor related
protein-1 (LRP-1) antisense phosphorothioate oligodeoxynucleotides to cross the BBB, and
reduce or enhance AD pathology, respectively [153, 154]. Recent studies have shown that
exosomes can serve as good delivery agents for miRNAS across the BBB because they can
protect miRNAs from RNAase agents in the cell and deliver them to specific targets [155—
158]. One study showed successful knockdown of BACEL expression when exosomes with
siRNAs targeting BACE1 were delivered intravenously [159]. These exosomes were derived
from dendritic cells and bioengineered to express Lamp 2b fused to the acetylcholine
receptor.

LNA-moadified anti-miRNAs could enhance the specificities and reduce the effective doses
of anti-miRNA molecules [160]. The endonucleolytic DNAzyme motif substation in LNA-
based anti-miRNAs and in siRNA could enhance their silencing ability, in addition to their
stability [161, 162]. Several factors, such as dosage, duration of activity and clearance of
anti-miRNA molecules, need to be evaluated before successful miRNA delivery to target
sites in in vivo models of neurodegeneration is achieved. Synthetic sponge miRNAs have
been developed to inhibit endogenous miRNAS in recent years. These sponge miRNAS have
complementary binding sites to a miRNA of interest and inhibit specific miRNA sequences
rather than non-specific sequences that affect many miRNAs and other genes [163-169].
Expression of the sponge sequences with cytomegalovirus (CMV) promoters can enhance
the efficiency of miRNA sponges. Even though sponge technology has shown high
specificity towards target miRNAs, in addition to having several other advantages, further
studies are required to develop the technology into a clinical strategy.
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5. Conclusion

Increasing knowledge of the roles that miRNASs play in complex diseases such as NDDs and
epilepsy will help to improve our understanding of basic cellular disease mechanisms, and
our ability to modulate miRNA expression for therapeutic ends. miRNAs have been shown
to be involved in the regulation of many signaling pathways that are key to the progression
of NDDs and epilepsy (Table 1). It is important to note that several microRNASs target more
than one protein related to the diseases discussed in this review. The miR-29 family, for
example, targets BACE1, SPTLC2and SP1, all of which encode proteins relevant to AD.
Similarly, miR-124 influences AD pathology by targeting both BACE1 and PTBPL. let-7
and miR-184 both target two transcription factors that are pathologically dysregulated in PD,
while the miR-9 family targets two essential components of a HD-relevant transcription
factor, miR-132 targets two ALS-relevant proteins, and miR-134 targets two protein relevant
to epilepsy.

Interestingly, a number of miRNAs are also involved in more than one the four diseases
discussed: miR-153 targets proteins involved in AD and PD, the miR-9 family targets
proteins involved in AD, HD and epilepsy, miR-137 targets proteins involved in AD and
epilepsy, as does miR-34a, while miR-132 targets proteins involved in HD and ALS. These
multifaceted miRNAs, particularly those that target multiple proteins involved in a single
disease, are particularly intriguing and should be further investigated in order to explore their
ability to regulate multiple pathological systems simultaneously.

Researchers have great interest in understanding the involvement of miRNAs in these
complex disorders. Recent studies have shown that dysregulated miRNAs may function as
useful biomarkers of disease. Studies have shown that individual miRNAs can regulate more
than 100 different mMRNAs, and also that one miRNA could be target of multiple other
miRNAs. This regulatory complexity reflects a significant biological network of functionally
associated molecules in human cells. Comprehensive analysis of miRNA dysregulation in
NDDs could aid in the development of novel therapeutic strategies [170, 171]. Finally,
advances in miRNA-based therapeutics could help in understanding the early causative
factors in NDD and epilepsy pathogenesis and lead to vast improvements in the treatment of
these debilitating diseases.
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pre-miRNA is produced in the nucleus via either transcription of pri-miRNA and Drosha/

DGCRS8 processing, or via DBR1 processing of pre-mRNA introns. pre-miRNA is exported
from the nucleus to the cytoplasm via Exportin 5 and Ran-GTP and processed by Dicer to
produce the miRNA-miRNA* duplex. The two strands comprising the duplex disassociate to

form two mature miRNAs. One mature miRNA is incorporated into RISC to produce

miRISC and enact translational repression of target transcripts.
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(@) miR-7 and -153 suppress translation of a-synuclein (a-SNC). (b) LRRK2 antagonizes

let-7 and miR-184, both of which inhibit translation of DP and E2F1. DP and E2F1

overexpression is toxic to neurons. (c) miR-133 inhibits translation of PITX3. PITX3 is a
transcription factor that induces transcription of miR-133 in addition other genes relevant to

dopaminergic neuron differentiation and maintenance.
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