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MicroRNAs in Neurocognitive Dysfunctions: New Molecular Targets for
Pharmacological Treatments?
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Abstract: Background: Neurodegenerative and cognitive disorders are multifactorial diseases (i.e.,
involving neurodevelopmental, genetic, age or environmental factors) characterized by an abnormal
development that affects neuronal function and integrity. Recently, an increasing number of studies revealed
that the dysregulation of microRNAs (miRNAs) may be involved in the etiology of cognitive disorders as
Alzheimer, Parkinson, and Huntington‘s diseases, Schizophrenia and Autism spectrum disorders.

Methods: From an extensive search in bibliographic databases of peer-reviewed research literature,
we identified relevant published studies related to specific key words such as memory, cognition,
neurodegenerative disorders, neurogenesis and miRNA. We then analysed, evaluated and summerized
scientific evidences derived from these studies.
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Results: We first briefly summarize the basic molecular events involved in memory, a process inherent to
cognitive disease, and then describe the role of miRNAs in neurodevelopment, synaptic plasticity and
memory. Secondly, we provide an overview of the impact of miRNA dysregulation in the pathogenesis of
different neurocognitive disorders, and lastly discuss the feasibility of miRNA-based therapeutics in the
treatment of these disorders.
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Conclusion: This review highlights the molecular basis of neurodegenerative and cognitive disorders by
focusing on the impact of miRNAs dysregulation in these pathological phenotypes. Altogether, the
published reports suggest that miRNAs-based therapy could be a viable therapeutic alternative to current
treatment options in the future.
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1. INTRODUCTION treatment of these disorders. Since mRNA acts through the
regulation of gene expression, a description of the main
molecular events involved in memory is required to better
understand how their modulation could be proposed as
therapeutic approaches to restore cognitive functions. This
review first recaps the molecular basis underlying synaptic
plasticity and measured as long-term potentiation (LTP) and
long-term depression (LTD), together with the molecular

The term cognition describes the human brain’s ability to
think, learn, remember and process information. Dysregulation
of learning and memory mechanisms contributes to cognitive
disorders in various neuropsychiatric diseases such as
schizophrenia, genetic disorders such as ASD (Autism
spectrum disorders) and Huntington’s disease or in neuro-
degenerative diseases such as Alzheimer and Parkinson

diseases. The causes of these disorders are often multiple,
arising through a complex interplay between neurodevelop-
ment, genetics and environmental factors or through
degeneration of the aging brain. Among the molecular
mechanisms involved in the regulation of cognitive
processes, miRNAs have been recently proposed as
interesting biomarkers and/or therapeutic targets for the
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events regulating dendritic morphogenesis (number, size and
shape of spines). We then review the literature to explore
the role of the main miRNAs in the regulation of
neurodevelopmental processes, synaptic plasticity and
dendritic spine morphology, key processes involved in
cognitive functions. Finally, we describe the changes in
miRNA expression observed in neurological and neuro-
degenerative diseases associated with cognitive deficits such
as Alzheimer’s, Parkinson’s, and Huntington’s diseases,
Autism spectrum disorders and Schizophrenia. We then
finally discuss the perspectives and the feasibility of
miRNA-based therapeutics in the treatment of these
cognitive disorders.

©2017 Bentham Science Publishers
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2. MOLECULAR BASES FOR LEARNING AND
MEMORY

2.1. Long Term Potentiation: Properties and Role in
Mechanisms of Synaptic Plasticity

Amongst the phenomena involved in learning and
memory, long term potentiation (LTP) is considered as one
of the main cellular events that underlie synaptic plasticity
[1]. Originally discovered in the hippocampus [2], LTP has
been observed in many brain areas, such as the cerebral
cortex, cerebellum or amygdala [3]. The molecular
mechanisms involved in LTP depend on various factors such
as the anatomical location where LTP is observed and the
age of the organism studied. LTP is divided into a transient
early phase (E-LTP) and a late phase (L-LTP) which are
independent of and dependent on protein synthesis,
respectively. E-LTP is characterized by post-translational
events that modulate synaptic function whilst L-LTP
requires regulated mMmRNA translation and new gene
transcription [4, 5].

A variety of signaling pathways contribute to LTP. They
include the activation of N-methyl-D-aspartate receptor
(NMDAR) by glutamate released from presynaptic densities
during E-LTP. It has been demonstrated that calcium
influx through the NMDA channel activates the calcium/
calmodulin (Ca2+/CaM)-dependent kinase II (CaMKII)
which in turn is autophosphorylated [6, 7]. By using
pharmacological tools and genetic approaches, it has been
demonstrated that CaMKII is responsible for two major
mechanisms in early-phase LTP. It modulates synaptic
function by phosphorylating AMPA receptors (amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor, non-
NMDA-type receptors for glutamate) and increases the
density of AMPA receptors in the postsynaptic membrane
by regulating the reorganization of receptors and their
trafficking in the synaptic scaffolding [8, 9]. These events
play a crucial role in both LTP induction and maintenance.

The late phase of LTP (L-LTP) is first regulated by the
activation of constitutively expressed transcription factors
and also by the synthesis of de novo transcription factors. L-
LTP is induced by the lasting activation of protein kinases
during E-LTP. The extracellular signal-regulated kinase
(ERK) is certainly the molecular connection between E-LTP
and L-LTP and ERK is activated by many proteins during E-
LTP. For example, CaMKII, PKA, and PKC induce ERK
activation. Therefore, the phosphorylation of this kinase has
been proposed to serve as a molecular memory which
underlies the maintenance of L-LTP. Upon activation, ERK
phosphorylates various cytoplasmic or nuclear proteins such
as the transcription factor CREB which in turn results in the
expression of specific proteins such as the protein kinase M(
(PKMY), the brain-specific protein kinase C (PKC) isoform.
This kinase plays an important role in the maintenance of
long-term memory [10]. However, recent studies support a
model in which the molecular mechanisms underlying
memory maintenance are more complicated than the simple
PKMC-centric model as initially described [11, 12].

Recently some studies have suggested the role of
miRNAs in LTP induction and also in the amplification and
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the diversification of late LTP events [13]. For example, the
differential expression of miR-132-3p after LTP induction
has been reported and has been associated with the
transcriptional modification of key LTP-regulated genes [5].
This observation supports the functional significance of
miRNA regulation in response to LTP induction.

2.2. Dendritic Spine Structure and Memory

Changes in dendritic spines underlie complex cognitive
processes associated with learning and memory. They are
closely related to synaptic function and plasticity, thereby
allowing LTP consolidation, and long-term storage of
memories. Spines are small, shaped membranous extensions
located primarily on the dendrites of neurons [14]. Spines
constantly adapt during both development and in adulthood,
and are rapidly modulated by experience. Abnormal
dendritic spine morphology has been observed in a number
of diseases, in Schizophrenia [15], Alzheimer’s disease [16-
18] or Parkinson’s disease [19] and in autism spectrum
disorders [20].

These changes in the structure and/or the number of
dendritic spines involve the impairment of cytoskeleton
remodeling which contributes to synaptic dysfunction. Rho
GTPases, a subgroup of the Ras superfamily of GTPases that
are important for intracellular signaling, are considered
as key proteins in membranes to regulate cytoskeletal
organization, neuronal development and synaptic functions
[21, 22]. These small GTPases bind GTP and hydrolyse it to
GDP, and the switching between these two states, the
inactive GDP bound form and the active GTP bound form,
regulates downstream signaling [22]. RhoA, Rac and Cdc42
GTPases have been reported to play distinct functions in
regulating dendritic spine formation and morphology [23].
Indeed, constitutively active Racl was shown to increase the
formation of the small spines of neurons [24], whereas the
expression of the dominant negative Racl resulted in a
progressive reduction of dendritic spines in rat and mouse
hippocampal slices [24, 25]. In contrast, constitutively active
RhoA caused a strong simplification of dendritic branch
patterns, whilst its inhibition increased the density and the
length of dendritic spines [23, 25-27].

Alternatively, the Cdc42 signaling pathway is activated
through the stimulation of GPCRs (G-protein coupled
receptors), RTKs (receptor tyrosine kinases) and integrins
[28]. Recently, it has been shown that the postnatal
disruption of Cdc42 in excitatory neurons impaired synaptic
plasticity and induced a reduction in the density of dendritic
spines in the hippocampus, together with a pronounced deficit
in remote memory performances [29]. In schizophrenia,
Cdc42 mRNA levels are low and correlated with layer
spine deficits in the prefrontal cortex [30, 31]. Changes in
dendritic spines by modifying synaptic morphogenesis and
therefore synaptic plasticity can thus dramatically impact
brain function and result in cognitive deficits. Understanding
how miRNAs contribute to morphological changes in
neurons may provide insight into the etiology of cognitive
disorders and may reveal new potential therapeutic targets
[32].
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2.3. The Importance of CREB Signaling in Memory

The nuclear cAMP responsive element binding protein
(CREB) signaling appears to play a key role in the molecular
mechanisms underlying the conversion of short-term
memory to long-term memory. CREB signaling is essential
in cognitive dysfunction as it is altered in Huntington’s
disease, Rubinstein-Taybi and Coffin-Lowry syndromes and
Alzheimer*s disease [33]. One effector of CREB signaling is
the modulation of the transcription of genes bearing cAMP
responsive elements in their promoters [33]. Interestingly, by
elevating cAMP and/or ¢cGMP levels, phosphodiesterase
(PDE) inhibitors have been demonstrated to improve
learning and memory in a number of rodent models of
impaired cognition [34]. Increases in the concentration of
either calcium or cAMP can trigger the phosphorylation
and activation of CREB through activation of various
kinases such as the CaMKs, PKA, the Ras/ERK-dependent
ribosomal S6 kinases (RSKs) and mitogen- and stress-
activated protein kinases (MSKs) and ultimately induce
changes in gene expression [35]. Once phosphorylated,
CREB initiates the transcription of CREB’s target genes
including those involved in synaptic plasticity and memory
consolidation in the hippocampus such as c-FOS and BDNF
[35]. Since a dysregulation of CREB signaling has been
involved in the pathogenesis of human cognitive disorders
[36], it could be considered as a molecular target for the
treatment of these diseases.

Interestingly CREB has been linked to miRNA
expression. An upregulation of miRNA-134 related to a
downregulation of CREB expression has been associated
with a decreased memory performance and impairment of
LTP in transgenic mice. Moreover, inhibition of miR-134
restored CREB levels and rescued the plasticity impairments.
Altogether, this suggests that the modulation of miRNA-134
might control synaptic plasticity and/or memory, either
directly or to a certain extent [37].

2.4. Role of mTOR Signaling in Memory

Among other signaling molecules which contribute to
cognitive processes, the mammalian target of rapamycin
(mTOR) appears as a crucial component for many forms of
synaptic plasticity such as LTP and might also play a role in
the process of learning and memory [37].

mTOR is an evolutionarily conserved kinase that has
emerged as one of the critical checkpoints of protein
synthesis [38]. In neurons, mTOR is implicated in neuronal
cytoskeletal organization (neuronal soma size, number and
size of dendritic spines), axonal regeneration, and synaptic
plasticity [39-41]. mTOR activity is furthermore modulated
by a wide variety of signals, ranging from neurotransmitters
to changes in energy metabolism status. Alteration of the
gene expression of mTOR pathway components (Tscl, Tsc2,
Fkbpla, S6kl1/2, Eif4e-bp2) appears to be a common
pathophysiological feature of neurodevelopmental and
cognitive disorders. For example, increased levels of mTOR
pathway activity have been reported in Tuberous sclerosis
[42], in Alzheimer’s disease (AD) patients [43-46] and
Fragile X Syndrome [47, 48]. The consequences of mTOR
pathway activation include abnormally rapid cell growth and
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hyperactivation of mRNA translation, thereby impairing
synaptic plasticity and long term memory formation. In
contrast, loss of mTOR signaling has also been proposed to
impair LTP and synaptic plasticity in models of Rett
syndrome [49], suggesting that a slight activation of the
mTOR pathway may be at least necessary to prevent the
progression of these diseases.

Altogether, these data suggest that a fine tuning in the
levels of mTOR activity may be crucial to maintain both
neuronal homeostasis and normal synaptic plasticity. Again
there is some evidence, mainly from studies on the biology
of cancer, that the link between the miRNAs and the mTOR
pathway may control cell proliferation, migration and
invasiveness. MiRNA-99 family members (miRNA-99a, 99b
and -100) and miR634 were shown to regulate expression of
mTOR and cancer cell proliferation [50-53]. However,
considering the importance of mTOR signaling in the
processes of learning and memory, it is surprising that, to our
knowledge, only one study explored the involvement of
miRNAs to regulate the mTOR pathway in the pathogenesis
of Rett syndrome, which is caused by mutation of the gene
encoding methyl-CpG binding protein 2 (MeCP2) [54].
The authors observed a downregulation of miR-199 in the
frontal cortex of RTT patients. This dysregulation was also
observed in MeCP2-KO neurons and is associated with an
attenuation of mTOR signaling and RTT neuronal
phenotype. The expression of the precursor form of miR-
199a or inhibition of its downstream targets (Pde4d, sirtl and
Hiflot) completely restored a normal neuronal phenotype.
This study demonstrated a positive regulation of MiR-199 on
mTOR signaling by targeting inhibitors for mTOR signaling
in neurons.

3. MiRNAs IN NEURODEVELOPMENT, SYNAPTIC
PLASTICITY AND MEMORY

Cognitive impairment is a frequent clinical feature
observed in both neurodegenerative and neuropsychiatric
diseases which affect millions of people worldwide.
Therefore the management of cognitive disorders has
attracted great interest because of their high impact on
society. Currently, therapeutic approaches remain focused on
the symptomatic treatment of these diseases and include
cholinesterase inhibitors to increase cholinergic functions,
neuroprotective agents such as N-methyl-D-aspartate receptor
antagonist or antioxidants. However these treatments show
limited to marginal efficacy with regard to improvements in
cognition and memory, highlighting the importance of
developing alternative therapeutic options. In this specific
context, antisense oligonucleotides show some promise. For
instance in Huntington’s disease, the use of antisense
oligonucleotide (siRNA) directly against the mutant
Huntington protein is currently being evaluated in a clinical
setting [55]. However, there are several drawbacks to using an
siRNA-based approach in therapeutic applications, including
elicitation of the interferon response, off-target effects and
interference with the endogenous miRNAs biogenesis [56-
58]. In view of the ability of miRNA to tightly regulate
several endogenous genes, it might be considered that a
miRNA-based pharmacological therapy could open up new
and largely unexplored strategies for the treatment of a wide
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variety of cognitive disorders. This is supported by the
observation that miRNAs are highly expressed in the
nervous system where they regulate important molecular
events. Interestingly, changes in miRNAs have been detected
in various cognitive disorders observed in neurodegenerative
diseases (e.g. Huntington’s, Parkinson’s and Alzheimer’s
diseases) or neurodevelopmental disorders (e.g. Schizophrenia,
autism spectrum disorders) and the expression of proteins
involved in these diseases (e.g., o-synuclein, sAPP,
huntingtin; LRKK?2) or involved in the pathways regulating
the functions of neurons (neuronal morphology, synaptic
plasticity, LTP) is fine-tune regulated by miRNAs [13, 59].

In the next part of this review, after a brief introduction
on the biogenesis of miRNAs, we will illustrate the complex
regulatory roles of miRNAs during neuronal development by
describing their involvement in the control of synaptic
functions, from neurotransmission to morphology.

3.1. MiRNAs: Biogenesis and Target Recognition

Mature miRNAs are a family of short, single-strand 21-
22 nucleotides-long non-coding RNAs. Transcription of
miRNAs is performed by either RNA polymerase II or RNA
polymerase III to produce a long primary transcript miRNA
(pri-miRNA). Then, the pri-miRNAs are recognized and
processed by the Drosha/DGCRS8 microprocessor machinery
to generate a small precursor miRNA transcript (pre-
miRNA) about 70 nucleotides long [60, 61]. These pre-
miRNAs are exported to the nucleus by the exportin-5 where
they are cleaved by Dicer, a type-IIl ribonuclease, to
generate 20-22 nucleotides-long miRNA duplexes. At this
stage, the Argonaute 2 protein (Ago2) unwinds the miRNA
duplex, freeing the guide-strand (mature miRNA) which can
then be incorporated into the miRNA-induced Silencing
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Complex (miRISC) while the passenger strand is degraded
(Fig. 1). In the miRISC two mechanisms for miRNA silencing
are currently known: translational inhibition and/or target
mRNA degradation. Both processes are dependent on the
degree of complementary sequence between the miRNA and
often with the 5-UTR part of mRNA. If there is a perfect
sequence match (100% homology), Ago2 can cleave the mRNA,
leading to mRNA degradation whilst if complementation is
not complete (less than 100% homology), the silencing is
achieved by preventing translation and inducing later mRNA
degradation by deadenylation and decapping [61].

3.2. MiRNAs in Neurodevelopment

Although the etiology of cognitive dysfunctions in
schizophrenia and autism spectrum disorders is complex and
largely unclear, the neurodevelopment hypothesis is one of
the most widely acknowledged and is based on neuro-
anatomical and neuroimaging experiments. The development
of the human brain includes an initial period of neurogenesis,
followed by the migration of immature neurons, neuronal
differentiation and generation of the synapses to finally form
a neuronal network [62]. These neurodevelopmental processes
are very malleable and are believed to be dependent on
environmental and experiential events. As a result, any
deviation from this program early in life can result in
aberrations in normal processes of neurogenesis and may
lead to cognitive dysfunction later in life. In the next part
of this review, we will describe recent progress on
understanding the roles of miRNAs in the regulation of
normal brain development and neurogenesis and may lead to
cognitive dysfunction later in life. Then we will describe
recent progress on understanding the roles of miRNAs in the
regulation of normal brain development and neurogenesis.

Cytoplasm

mRNA
degradation

Translational
repression

Mature miRNA + RISC complex
(miRISC)

Fig. (1). Schematic overview of microRNA biogenesis. RNA polymerase II transcribes the primary microRNA transcript in the nucleus
which is processed by Drosha and the microprocessor complex into the pre-miRNA (70 nucleotide stem loop structure) and exported to the
cytoplasm by Exportin-5. This pre-miRNA is cleaved by Dicer, leaving a 20-23 nucleotides long, imperfectly base-paired RNA duplex. One
of these strands is the mature miRNA, which is integrated into the miRNA-Induced Silencing Complex (miRISC), a complex of proteins that
silences gene expression by translational inhibition or target RNA degradation.
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In order to identify possible functions of miRNAs in the
brain, initial studies focused on targeting critical components
of miRNA biogenesis such as DGCRS, Drosha or Dicer. The
first evidence of the importance of miRNAs in neuronal
development came from Dicer loss in zebrafish which
resulted in abnormal brain morphogenesis and neural
differentiation [63]. Dicer plays an important role during
mammalian development as shown by the lethality of a
global genetic depletion of Dicer in mice [64]. In the mouse
central nervous system, conditional deletion of Dicer results
in the apoptosis of neural progenitors and abnormal
differentiation in the cortex and striatum [65]. Dicer function
is crucial for the proper development of neurons and glia
during early and late embryonic stages of CNS development
[65]. In addition, conditional inactivation of Dicer in
postmitotic Purkinje neurons in the cerebellum using
Purkinje cell-specific Pcp2 promotor—driven Cre recombinase
resulted in the rapid disappearance of miRNA expression
and a slow neurodegeneration of Purkinje cells [66]. In mice,
Dicer loss in postmitotic midbrain dopaminergic neurons
induced a progressive loss of dopaminergic neurons due to
apoptosis and induction of Parkinson-like symptoms as
measured by a decrease in locomotion [67, 68]. Davis et al.
demonstrated that loss of Dicer function in the cortex and
hippocampus of mice resulted in dramatic effects on cell
number and function, increased apoptosis and led to changes
in dendritic branch patterns, underlying the role of Dicer in
neuronal development [69]. Altogether, these studies illustrate
the role of Dicer on neuronal differentiation and survival and
support the hypothesis that dysregulation of Dicer and
miRNA synthesis may contribute to neurodevelopmental
disorders and neurodegenerative diseases.

Many miRNAs are enriched in mouse and human brain
and significant progress has been made in identifying and
characterizing their specific functions in brain development
and homeostasis. Three of the best-studied miRNAs
with developmental roles are miRNA-9, miRNA-124 and
miRNA-137.

miRNA-9 is one of the most abundant miRNAs in the
brain and has been extensively studied in neurogenesis. In
the embryo, miRNA-9 is preferentially expressed by neural
progenitor cells located in active neurogenesis areas [70-73].
In double-mutant mice in which two of the miRNA-9
genomic loci (miRNA-9-2/3) were mutated, Shibata et al.
demonstrated that miRNA-9 controls both neural progenitor
proliferation and differentiation by targeting multiple
transcription factors [74]. Interestingly, miRNA-9 targets the
transcriptional repressor REl-silencing transcription factor
(REST, also known as neuron restrictive silencer factor,
NRSF) whereas miRNA-9* targets its partner CoREST
(corepressor protein). The authors also demonstrated that
there is a regulatory loop between miRNA-9 and REST
during neural differentiation [75]. REST and coREST are
essential during brain development. They orchestrate different
epigenetic mechanisms to inactivate neuronal genes in non-
neuronal cells [76]. Loss of REST is critical to the acquisition
of neuronal phenotype, thereby underlining the importance
of miRNA-9 which controls its expression.
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Unlike miRNA-9 which is mainly expressed by neural
progenitor cells, miRNA-124 increases during neuronal
differentiation [77]. This miRNA regulates neuronal develop-
ment by controlling key factors of neuronal differentiation
such as REST and the Polypyrimidine Tract-binding Protein
(PTBP1) which encodes a global repressor of alternative pre-
mRNA splicing in non-neuronal cells [78, 79]. Thus, miRNA-
124 promotes neuronal progenitor differentiation but also
maturation by targeting the expression of cAMP response
element-binding protein (CREB), Rho-associated coiled-
coil-containing protein kinase 1 (ROCK1) and the small
GTPase Ras homolog growth-related (RhoG) [78, 79]. In
addition, miRNA-124, by targeting the expression of the
transcription factor Sox9, increases adult neurogenesis in the
subventricular zone stem cell niche [80]. In another study,
miRNA-124 was shown to regulate hippocampal neuro-
genesis in juvenile rats, by increasing cell proliferation and
survival [81]. An upregulation of miRNA-124 was observed in
rats exposed to environmental enrichment and was associated
to an improvement in learning and memory, as assessed
by habituation learning and place object recognition [81],
highlighting the importance of miRNA-124 on brain plasticity.

MiRNA-137 is another extensively studied neuronal
microRNA which is highly expressed in the dentate gyrus,
an area that is highly active in adult neurogenesis [82].
Overexpression of miRNA-137 decreases neural stem cell
proliferation and promotes neuronal differentiation by
inhibiting the expression of lysine-specific histone
demethylase 1 (LSD1), and by forming a regulatory loop
with TLX, an essential regulator of adult neural stem cell
self-renewal [83]. By targeting the mindbomb homolog 1
(Mib1), a ubiquitin ligase that is important for neurogenesis
and neurodevelopment, miRNA-137 also exerts a specific
role in neuronal maturation [82]. In addition, Szulwach et al.
demonstrated the role of miRNA-137 in adult hippocampal
neurogenesis by post-transcriptionally —repressing the
expression of the enhancer of zeste homolog 2 (Ezh2), a
histone methyltransferase that regulates neuroprogenitor cell
maintenance and differentiation [84]. Given the important
role that neurogenesis plays in learning and memory,
together with the role of miRNA-137 in neurogenesis, it is
not surprising that several links between this miRNA and
neurodevelopmental disorders have been reported. The
largest Genome-Wide Association Study (GWAS), a genetic
study of a large cohort of schizophrenic subjects, allowed the
identification of a single nucleotide polymorphism (SNP)
151625579 close to miR137 thereby supporting a strong
association of this polymorphism with Schizophrenia [85].
Further, it has been suggested that the SNP identified was
associated with miRNA-137 expression levels in post-
mortem patients’ samples [86]. Two other studies established
a significant association of the risk allele with cognitive
deficits in patients with schizophrenia [87, 88].

3.3. MiRNAs in Synaptic Plasticity and Memory

Recently, specific miRNAs involved in the regulation of
dendritic arborization and synaptogenesis in the adult brain
have also been identified as key players of synaptic plasticity
and therefore learning and memory.
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MiRNA-132 is enriched in neurons and was identified as
a target of CREB [89], a key regulator of developmental
plasticity which stabilizes the structural and functional
changes in synapses necessary for memory processes [90].
The effect of miRNA-132 on spine plasticity is mediated in
part by targeting, the Rho GTPase-activating protein 32,
p250GAP, leading to an activation of the RAC1-PAK actin-
cytoskeleton pathway [91, 92]. In addition, miRNA-132 was
reported to target methyl CpG-binding protein 2 (MeCP2), a
known regulator of synaptic formation and neuronal
morphogenesis [93-95]. Numakawa et al. found an induction
of miRNA-132 by basic Fibroblast Growth Factor which is
mediated through activation of the ERK/MAPK cascade, a
key signaling pathway in synaptic plasticity and memory
[96]. Transfection of exogenous miRNA-132 induced a
strong increase in the expression of glutamate receptors
(NR2A, NR2B, and GluR1), providing additional evidence
that miRNA-132 has a positive effect by enhancing
postsynaptic protein levels [97]. The positive role of
miRNA-132 in neuronal morphogenesis and connectivity
was further confirmed in vivo in mice. The deletion of the
miRNA-132 locus in mice decreased dendritic elongation
and branching of newborn neurons in the adult hippocampus
[98]. Accordingly, in vivo inhibition of miRNA-132 affected
the maturation of dendritic spines and disrupted ocular
dominance plasticity [99]. Conversely, while transgenic
overexpression of miRNA-132 in mice induced an increase
in spine density, it impaired the ability of mice to perform in
novel object recognition [95]. Altogether these data
demonstrate the critical role of miRNA-132 expression in
neuronal development and plasticity.

As highlighted above, MiRNA-134 is a brain-specific
microRNA which is expressed in neuronal dendrites. It was
shown to negatively regulate the size of dendritic spines of
rat hippocampal neurons by inhibiting the expression of
Lim-domain-containing protein kinase 1 (LIMKI1) which
reorganizes the actin cytoskeleton dynamics through
phosphorylation and thereby inactivation of the actin
depolymerizing factor cofilin [100]. Furthermore, it was
shown that inhibition of miRNA-134 with antisense
oligonucleotide restores CREB and BDNF levels, two
proteins involved in synaptic plasticity, and rescues the
impairment of long-term potentiation and plasticity observed
in a knockout mice model [37].

It was also shown that the brain-enriched miRNA-138,
which is located in the dendritic compartment on rat
hippocampal neurons, negatively regulates the size of
dendritic spines. Indeed, miRNA-138 targets the expression
of acyl protein thioesterase 1 (APT1), an enzyme known to
depalmitoylate a number of substrates implicated in synaptic
plasticity, including the Gol3 subunits of G proteins [101].
More specifically, miRNA-138 increases their membrane-
bound state by reducing depalmitoylation of Go13 subunits.
This results in a prolonged activation of the downstream
RhoA pathway and subsequent spine growth inhibition
through the actin cytoskeleton reorganization.

Along the same lines, recent studies have shown that
miRNA-128 [102], another brain-enriched miRNA was
implicated in the control of synaptic plasticity and memory.
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Its upregulation in the infralimbic prefrontal cortex is
required to regulate plasticity in adult post-mitotic neurons
and is involved in the formation of fear-extinction memory.
This effect of miRNA128b on memory is mediated through
negative regulation of the expression of plasticity-related
genes such as the regulator of calmodulin signaling, Rcs and
CREBI [102]. More recently, it has been shown that its
expression reduces dendritic growth and arborization of
neurons, and changes their intrinsic excitability by targeting
PHF6, a gene mutated in the cognitive disorder Borjeson-
Forssman-Lehmann syndrome [103].

Thanks to genetic approaches performed in Drosophila,
other studies have provided direct evidence that miRNA
pathways regulate learning and memory. A genetic screen
identified four microRNAs, miRNA-9¢c, miRNA-31la,
miRNA-974, mirNA-305 that reduced olfactory learning and
memory formation and one microRNA, MiRNA-980 that,
when inhibited, enhances memory formation [104]. More
recently, it was shown that miR-980 overexpression
impaired olfactory memory in Drosophila by targeting
expression of the autism-susceptibility gene, A2bpl, a
known RNA binding protein involved in alternative splicing
[105].

Given the important role of miRNAs in the development
and functions of the brain (Table 1) as detailed here, it is not
surprising that there is increasing evidence suggesting that
the dysregulation or altered expression of these miRNAs
may be associated to cognitive disorders. Some of these
examples will be discussed in the following section.

4. MiRNA DYSREGULATION IN NEURO-COGNITIVE
DISORDERS

4.1. Alzheimer’s Disease

Alzheimer’s disease (AD), the most common form of
dementia, is a progressive degenerative brain disease that
leads to neuron death, particularly in the hippocampus,
restricting the patient’s ability to form new memories [106].
From a histopathologic perspective, AD is characterized by
the production and deposition of amyloid-B peptide (AP)
plaques and the accumulation of tau-containing intraneuronal
neurofibrillary tangles [107, 108]. Recently, expression
profiles of miRNAs in AD brain revealed alterations in many
miRNAs, suggesting that a dysregulation could contribute to
AD. Hébert ef al. identified the miRNA-29a/b-1 cluster as a
potential major suppressor of beta-site amyloid precursor
protein cleaving enzyme 1 (BACEL), which is involved in
the production of AP [109]. They found a significant
reduction of miRNA-29a/b-1 expression associated with an
increase of BACEL1 levels in the subgroup of sporadic AD
patients when compared to controls. This loss of miRNA-29
may also contribute to the increase of AP generation by
decreasing suppression of BACEI expression in the aging
neurons.

Using integrative genetics, Zovoilis ef al. found an
increase in miRNA-34c expression in the hippocampus of
both AD patients and AD mouse models [110]. In contrast,
miRNA-132 is downregulated in the human hippocampus of
late onset AD which contributes to the disease progression
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Table 1. Experimental validated miRNA-target interaction for miRNA involved in synaptic plasticity and function.
miRNA Identified Target Symbol Identified Target Gene Name Functions Refs.
miRNA-9 Foxgl forkhead box protein G1 Cell differentiation [73,74]
REST RE-1 silencing transcription factor Neurogenesis [75]
miRNA-29 BACELl beta-site amyloid precursor protein cleaving enzyme 1 Neurodevelopment [109]
miRNA-124 CREB cAMP response element-binding protein Synaptic plasticity [123]
Sox9 SRY-box transcription factor Sox9 Adult neurogenesis [80]
RhoG Ras homology Growth-related GTP-binding protein Axonal and dendritic branching [124]
ROCK-1 Serine/threonine Rho kinase 1 Neurite outgrowth [125]
PTBPI polypyrimidine tract binding protein Neuronal differentiation [78]
REST RE-1-silencing transcription factor Neurodevelopment [79]
miRNA-128 PHF6 plant homeodomain finger 6 Neurogenesis, synaptogenesis [103]
NMD Nonsense-mediated decay Neuronal differentiation [126]
miRNA-132 p250GAP Rho GTPase activating protein 32 Synaptic plasticity [92]
MeCP2 Methyl CpG binding protein 2 (Rett syndrome) Synaptogenesis [93-95]
CREB cAMP response element-binding protein Synaptic plasticity [93]
BDNF brain-derived neurotrophic factor Synaptic plasticity [93]
NR2A Subunit 2A NMDA receptor Synaptic plasticity [97]
NR3B Subunit 2A NMDA receptor Synaptic plasticity [97]
GluR1 Glutamate receptor AMPA Synaptic plasticity [97]
miRNA-134 LIMK1 LIM domain kinase 1 Dendritic spine morphogenesis [37, 100]
miRNA-137 Mibl ubiquitin ligase mind bomb-1 Neurogenesis [82]
Ezh2 the enhancer of zeste homolog 2 neurogenesis [84]
LSD1 lysine-specific demethylase 1 Neuronal differentiation [83]
miRNA-138 APTI1 Depalmitoylation enzyme acyl-protein-thioesterase 1 Dendritic spine morphogenesis [101]

by targeting the transcription factor Forkhead box protein O1
(FOXO1) in neurons displaying tau hyper-phosphorylation
[111]. Moreover, miRNA-132 directly targets the neuronal
splicing factor polypyrimidine tract-binding protein 2
(PTBP2) which could lead to the abnormal splicing of tau
exon 10 in the brain [112]. miRNA-132 and miRNA-212
were also reported to directly regulate Phosphatase and
tensin homolog (PTEN), FOXO3a and E1A binding protein
p300, which are known to be involved in the AKT signaling
pathway, and to contribute to AD neurodegeneration [113].

Over the last few years, a growing number of studies
reported dysregulation of miRNA expression in biofluids,
such as blood, plasma, serum or cerebrospinal fluid (CSF)
[114]. Recently, the analysis of the expression profile of
1178 miRNAs in the cerebrospinal fluid (CSF) samples of
AD patients identified three miRNAs, miRNA-100, miRNA-
1274a and miRNA-146a, as the best candidates for potential
AD biomarkers [115]. Interestingly, beside its biomarker
potential miRNA-100 could also be an interesting target for
therapeutic interventions as its predicted targets include
mTOR [116].

4.2. Parkinson’s Disease

Parkinson’s disease (PD) is a progressive disorder of the
nervous system characterized by degeneration of the
dopamine neurons (DN) in the substantia nigra pars

compacta of the midbrain and the presence of o-synuclein
intraneuronal inclusions aggregates [117]. A progressive loss
of midbrain DN has been shown in Dicer conditional
knockout mice, suggesting that miRNAs may be involved in
PD pathogenesis [68].

Amongst a panel of 224 miRNA precursors, miRNA-
133b is specifically enriched in midbrain DNs and is
downregulated in the midbrain of Parkinson’s disease
patients. Overexpression of miRNA-133b in primary
midbrain cultures suppresses DN maturation and reduces the
depolarization-induced dopamine release by targeting the
paired-like homeodomain transcription factor Pitx3 [68].
Two studies described miRNA-7 as a regulator of o-
synuclein expression, a major component of Lewy bodies,
and a pathologic hallmark of PD [118, 119]. Junn ef al. also
found that miRNA-7, mainly expressed in neurons, represses
a-synuclein expression and protects cells against oxidative
stress. It was also shown that in a MPTP-induced neurotoxin
model of PD, miRNA-7 was down-regulated, which may
contribute to an increased expression level of o-synuclein
[119]. Unlike miRNA-7 and miRNA-153, miRNA-16
promotes the aberrant o-synuclein accumulation in PD via
targeting heat shock protein 70 in a human neuroblastoma
cell line [120]. Given that the expression level of on-
synuclein is elevated in PD patients and that o-synuclein
expression may contribute to DA neuron degeneration,
miRNA-based strategies may be an alternative exploitable
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therapeutic approach to modulate this abnormal upregulation
in PD.

Besides o-synuclein, the leucine-rich repeat kinase 2
(LRRK2), an enzyme involved in the early development of
neuronal processes [121], is another key protein involved in
the etiology of PD. Mutations in LRKK2 are the most
common genetic lesions associated with familial and
sporadic PD cases [122]. Interestingly, it was shown that
miRNA-205, which is highly expressed in wild type mouse
midbrain DN, directly inhibits the expression of LRRK2
protein. Furthermore, miRNA-205 expression is decreased in
the frontal cortex of sporadic PD patients, who exhibited
enhanced LRKK2 protein levels compared to age-matched
non pathological controls. In vitro experiments on neurons
from transgenic mutant mice for LRRK2 showed that the
overexpression of miRNA-205 rescues the impaired neurite
outgrowth in these neurons [127]. Altogether, these data
suggest that miRNA-205 may be considered as another
interesting therapeutic target to restore normal levels of
LRKK?2 protein in PD.

Finally, in another recent study, Alvarez-Erviti ef al.
demonstrated that in two brain regions (substantia nigra pars
compacta and amygdala) associated with PD, there were
significant increases in specific miRNAs (miRNA-106a,
miRNA-224) that target Lysosome-associated membrane
protein 2 and heat shock cognate protein 70, two autophagic
mediators [128].

4.3. Schizophrenia

Schizophrenia (SCZ) is a mental disorder characterized
by chronic psychotic symptoms and abnormal social
behavior. It has a multifactorial mode of inheritance arising
through a complex interplay between several genetic and
non-genetic (epigenetic, environmental) factors acting in
combination to produce the disorder [129, 130]. Anomalies
in the size, number and density of neurons have been
reported in the hippocampus of SCZ patients [131-134]. SCZ
is also associated with deficits in cognitive functions
including processing speed, episodic memory, working
memory, and executive functions [135].

Alterations in the expression of many miRNAs have been
reported in the postmortem brains of SCZ patients [136-
138]. For instance, miRNA-26b, miRNA-29b, miRNA-30b,
miRNA-106b and miRNA-132/132* are downregulated
[139-141] whereas up-regulation of the miRNA-15 family
and miRNA-181b is associated with SCZ pathogenesis [142,
143]. Furthermore, two single-nucleotide polymorphisms in
miRNA-198 and miRNA-206 showed a significant allelic
association to SCZ in the Danish and Norwegian samples
respectively [144]. In silico analysis revealed that these two
miRNAs have a large number of targets in common, eight of
which are also connected by the same transcription factors
such as c-jun which is known to be upregulated in the post-
mortem brains of SCZ patients [145]. Future studies will
help to characterize the molecular mechanisms involved in
the neuronal functions of miRNA-198 and miRNA-206.

More recently, the brain-enriched miRNA-137 has been
identified as a novel candidate gene for SCZ. Carriers of the
miRNA-137 risk allele are more likely to represent a
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subgroup of psychotic patients with lower scores for
psychotic symptoms and more cognitive deficits [87].
Supporting the role of this miRNA in the etiology of the
disease, several schizophrenia-associated genes, such as
transcription factor 4 (TCF4), calcium channel, voltage-
dependent, L type, alpha 1C subunit (CACNAI1C), cub and
sushi multiple domains 1(CSMD1) and chromosome 10
open reading frame 26 (C10orf26) were also validated as
miRNA-137 target genes [146, 147].

Other miRNAs such as miRNA-9, miRNA-124, and
miRNA-219 were also shown to be associated with SCZ
pathogenesis by regulating respectively the dopamine
receptor D2 (DRD2) [148], the regulator of G protein
signaling 4 (RGS4) [149] and the N-methyl-D-aspartate
(NMDA) receptor signaling [150] respectively.

Taken together all these studies suggest that miRNAs, by
targeting genes known to be associated with schizophrenia,
may contribute to this complex neuropsychiatric disorder.

4.4. Austism Spectrum Disorder (ASD)

Autism, also known as autism spectrum disorder (ASD),
is a neurodevelopmental disorder characterized by social
deficits, impaired communication and stereotyped or
repetitive patterns of behavior, activities and interests [151].
The genetic component has a key role in the etiology of
autism, in conjunction with developmentally early
environmental factors [152]. ASD is a disorder of the neuro-
cortical organization characterized by alterations in the
organization of cortical circuits and connectivity and
abnormal dendritic spine morphogenesis and plasticity [153].
As in schizophrenia, the problem of multiple susceptibility
genes of small effect has led to an increased interest in
defining the roles of miRNAs in ASD.

A recent investigation of patients with 22q11.2 deletion
syndrome found a reduced expression in DGCRS, one of the
components of the nuclear miRNA processing complex
[154]. The localization of DGCRS8 within an ASD susceptibility
locus strongly suggests a link between dysregulated miRNA
expression and ASD pathogenesis. Using a series of
computational tools, Vaishnavi et al. pointed out that certain
miRNAs present in autism-associated copy number variants
(CNVs) loci could contribute to the genetic heterogeneity
and phenotypic variability of ASD [155]. Among the 71
CNVs associated with miRNAs, miRNA-7, miRNA-195,
miRNA-211, miRNA-484 and miRNA-598 were previously
reported to be associated with autism [156-158]. Another
study conducted by Willemsen et al. revealed reduced levels
of precursor and mature miRNA-137 forms [159], which are
known to be involved in neurogenesis as described
previously. Additionally, they found an upregulation of
downstream targets of miRNA-137 (MITF, EZH2, Klf4) in
patients with 1p21.3 microdeletions and with intellectual
disability, compared to controls. Molecular analysis of gene
expression linked to ASD has also implicated RORA (retinoic
acid-related orphan receptor alpha), a transcriptional gene
regulator, as a novel autism candidate gene [160]. It was
shown that RORA levels were reduced in the cerebellum and
frontal cortex of autistic brain [160]. Given the role of
miRNA-137 in the regulation of RORA expression [161], it
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can be speculated that dysregulation of miRNA-137 and
subsequent inappropriate RORA expression may contribute
to ASD.

In another study involving a global miRNA expression
profiling in lymphoblastoid cells from severe autistic
patients, Ghahramani Seno er al. identified twelve
dysregulated miRNAs in ASD compared to controls [158],
one of which, miRNA-199b-5p, was the most deregulated.
This miRNA has several potential targets with interesting
neuronal functions. Among them, the Hairy and enhancer of
split (HES1), one of the experimentally validated targets, is a
protein involved in CNS development. Undoubtedly, future
studies aiming at investigating whether the upregulation of
miRNA-199b-5p has an impact on the expression of genes
associated with ASD will increase our knowledge of the
complex molecular mechanisms involved in the etiology of
these cognitive disorders.

4.5. Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant
progressive neurodegenerative disorder affecting the central
nervous system [162]. It is characterized by uncontrolled
movements, behavioral and psychiatric disorders, cognitive
decline and dementia [163, 164]. HD results from an expanded
CAG repeat (36 repeats or more) in the gene encoding the
huntingtin protein. The major neuropathological hallmark is
extensive loss of neurons within the striatum and cerebral
cortex [165-168]. Pharmacological treatments are available
to help relieve the symptoms and maintain the quality of HD
patients' lives [169-171] but there is currently no cure.

The recent discovery of miRNAs and their involvement
in HD pathogenesis could lead to novel approaches for HD
therapy. The first evidence for the involvement of miRNAs
in HD came from a study by Johnson ef al. [172] in which
they demonstrated that the expression of a number of brain-
enriched microRNAs is dysregulated in HD patients,
probably as a result of increased repression by REST [172].
In addition to the well described role of REST as a
transcriptional repressor in neuronal function [76], it
appeared that REST can regulate the expression of multiple
neuron-specific miRNAs involved in neuronal functions.

This dysregulation in the biogenesis of miRNAs in the
pathogenesis of HD was also confirmed in murine models of
the disease. In YAC128 and R6/2 mice transgenic models of
HD, an abnormal miRNAs biogenesis was reported. The
expressions of Dicer, Drosha-DGCRS8, Exportin-5, and
Dcpl, key molecules involved in miRNA biogenesis and
functions, were dysregulated [173]. In addition nine
miRNAs (miRNA-22, miRNA-29¢c, miRNA-128, miRNA-
132, miRNA-138, miRNA-218, miRNA-222, miRNA-344,
and miRNA-674*) were commonly down-regulated in
mouse models of HD. Among them, miRNA-132, described
above, is again also more weakly expressed in the cortex of
human HD patients [172].

Using the N171-82Q HD animal model of HD, Jin et al.
observed an abnormal expression of miRNA-200 family
members, miRNA-200a, and miRNA-200c in the cerebral
cortex and the striatum, at the presymptomatic stage of the
disease process. Interestingly, the predicted target genes of
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miRNA-200a and miRNA-200c are involved in the
regulation of important neuronal functions such as synaptic
plasticity, neurogenesis, and neuronal survival [174]. In
transgenic mice, and human induced pluripotent stem cells
derived from HD patients, Chen et al. showed that miRNA -
196a ameliorates the phenotype of HD [175], underlining the
putative interest of this miRNA as a therapeutic target.
Furthermore, in postmortem brain tissue studies, Hoss et al.
identified 75 miRNAs differentially expressed in HD brain
and among them five miRNAs including miRNA-196a as
having a significant relationship to CAG length-adjusted age
of onset [176].

Recently, it was discovered that extracellular miRNAs
circulate in the bloodstream in a highly stable form [177,
178]. In the plasma from HD patients, prior to symptom
onset, miRNA-34b was shown to be significantly elevated
[179]. Interestingly, downregulation of miRNA-34b is
associated with a decrease in the expression of DJ1 and
Parkin, two proteins associated to familial forms of PD
[180]. These data suggest that miRNAs may be used as
molecular biomarkers to provide an early indication of
symptom onset and progression of HD. However, how these
biomarker miRNAs contribute to HD phenotypes remains to
be elucidated.

5. DISCUSSION

Over the last fifteen years or so, numerous studies have
pointed out the importance of miRNAs in the regulation of
gene expression involved in important physiological
processes such as cellular proliferation or differentiation.
miRNAs are found in high abundance within the central
nervous system. Interestingly, some of them display brain-
specific expression patterns and are usually found to be co-
expressed with their targets.

We have presented here converging lines of evidence
suggesting that miRNAs modulate memory formation
including synaptic plasticity and neurogenesis. The
hypothesis that miRNAs regulate cognitive functions is
emphasized by the studies presented in this paper. Table 1
summarizes some of these studies and highlights the
influence of individual miRNAs on neuronal function and
communication through their action on multiple gene targets.
For example, miRNA-124 has been shown to suppress the
translation of RhoG, ROCK-1 or CREB which are involved
in dendritic morphogenesis and known also to regulate the
expression of transcription factors (Sox9, REST, PTBPI)
involved in neurogenesis. Taking into consideration the fact
that each miRNA can control hundreds of target genes, the
identification of the accurate miRNA targets for cognitive
functions remains a huge challenge. One of the most
important key steps in the future will be to confirm
interactions of miRNAs with their mRNA targets often
described in vitro but less so in vivo, in physiological
conditions. For this purpose, two issues may be considered
as research strategies. The first one will be to improve target
prediction algorithms in order to facilitate the identification
of relevant targets of these miRNAs. This approach would
provide great insight into the functional significance of
miRNA expression in physiological conditions. The second
one will be to improve strategies to modulate miRNA
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expression in vivo by using mimics or antagomirs which will
make it possible to confirm the importance of a specific
miRNA to control the expression of specific genes involved
in cognitive processes. For this purpose, the design and
synthesis of pharmacological miRNA modulators will be
necessary. Strategies developed to obtain such phar-
macological tools are extensively described in the following
review. Thus, recent studies demonstrated that the
manipulation of miRNA brain expression in animal models
by silencing or mimicking them may be a useful strategy to
confirm their importance in brain function. Further, the
importance of miRNA expression levels for the correct
functioning of the nervous system is reflected by an
increasing number of studies demonstrating a link between
miRNA dysregulation and the etiology and/or patho-
physiology of cognitive dysfunction observed in several
neurologic and neuropsychiatric disorders.

In this review we have described the main miRNAs that
are dysregulated in various forms of cognitive dysfunction
including Parkinson’s disease, Alzheimer’s disease,
Schizophrenia, autism spectrum disorders and Huntington's
disease and discussed their possible application as
biomarkers of such diseases. Although the contribution of
some individual miRNAs in regulating neural morphology
and function has been extensively explored in animal
models, available studies in patients have only provided
snapshots of the disease process and have not shown how
miRNAs change with disease progression and contribute to
specific clinical features. It is now necessary to obtain
consistent knowledge about the role of miRNAs in brain for
the maintenance of cognitive functions or the appearance of
cognitive deficits. Frequently, a large range of miRNAs are
found dysregulated in pathological conditions. Increasing the
complexity, individual miRNAs are known to target
hundreds of different mRNAs. Altogether, it means that a
variety of targets and combinatorial effects are likely to be
involved in the etiology of complex neurological disorders.
The obvious challenge will be to choose the most promising
miRNAs for further investigations. For this purpose, one
strategy will be to focus on the most differentially expressed
miRNAs across samples in combination with statistical
testing. However, whether altered expression of miRNAs
plays a part in the etiology of the disease or conversely is the
consequence of the disease to compensate brain dysfunctions
should be further explored before any diagnostic or
therapeutic utilization can be accomplished. In any event, it
appears that miRNA-based pharmacological therapies could
open a new and largely unexplored strategy for the treatment
of a wide variety of cognitive disorders.
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