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Summary

The importance of the involvement of non-protein coding RNAs in biological processes has
become evident in recent years along with the identification of the transcriptional regulatory
mechanisms that allow them to exert their roles. MicroRNAs (miRNASs) are a novel class of small
non-coding RNA that regulates messenger RNA abundance. The capacity of each miRNA to
target several transcripts suggests an ability to build a complex regulatory network for fine tuning
gene expression; a mechanism by which they are thought to regulate cell fate, proliferation and
identity. The brain expresses more distinct miRNAS than any other tissue in vertebrates and it
presents an impressive variety of cell types, including many different classes of neurons. Here we
review more than 10 years of miRNA research, and discuss the most important findings that have
established miRNAs as key regulators of neuronal development.
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Introduction

A vast majority of the transcripts expressed from the mammalian genome do not code for
any protein product; these RNA molecules are referred to as non-coding RNAs. Several
classes of non-coding RNA have been identified; one of the most interesting classes
comprises small (18-22 nucleotides) RNA molecules known as microRNAs (miRNAS).
First identified in Caenorhabditis elegans, miRNAs are also expressed in vertebrates and
other organisms, and their sequences are highly conserved.! The actual number of miRNAs
in the most studied organisms has still not been determined, with public databases for
miRNAs constantly being updated.? The latest release of miRbase reported the presence of
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1527 miRNAs in the human genome, 741 in the mouse genome and 408 in the rat genome.
It is thought that more than 1% of eukaryotic genes encode miRNAs.3

Even if most miRNAs are expressed as individual transcripts, loci are often organized as
clusters of miRNAs expressed as one unique, long transcript, then processed into individual
molecules.* Transcription is usually mediated by RNA polymerase 11, and transcripts are
normally processed with the addition of a cap at the 5" end and polyadenylation at the 3
end. These primary transcripts (pri-miRNA) include a hairpin structure formed by the actual
miRNA. The RNAse enzyme Drosha processes the transcripts, releasing the hairpin that
constitutes the pre-miRNA that is then transported out of the nucleus by exportin-5. In the
cytoplasm, pre-miRNAS are processed by the main actor in miRNA biogenesis: Dicer. Dicer
is an RNA nuclease that cleaves double-stranded RNA. It recognizes the secondary structure
of pre-miRNAs, and cleaves the loop at the extremity of the hairpin, releasing an RNA
duplex containing the mature miRNA. One or both of the strands are then included in a
protein complex called the RNA-induced silencing complex (RISC), whose main
components are Argonaut 1 (AGO1) and 2 (AGO2) (Fig. 1).1

After incorporation in the RISC complex, the miRNAS act in a peculiar way that
differentiates them from other small non-coding RNAS, such as siRNAs (short interfering
RNAS) or piRNAs (Piwi-interacting RNAS); the recognition of targets is mediated by a non-
perfect matching of the sequence.® Targeting is mainly determined by a core region of six to
eight nucleotides, while the remaining portion modulates affinity to targets according to
different properties.® This complicated mechanism allows individual miRNAs to recognize
multiple targets,® just as individual transcripts can be targeted by several miRNAs. Sites
recognized by miRNAs are referred to as MicroRNA responsive elements (MRE), which
were initially thought to be in the 3"UTR region of mMRNAs.1 More recently, it has been
demonstrated that MRES can be located in the ORF and also the 5" UTR regions.’ Target
recognition might result in inhibition of protein synthesis, but more often it mediates
degradation of the transcript.8 The combinatorial possibilities among different miRNAs and
their targets are vast, and generate complex regulatory networks involved in all biological
processes that are only beginning to be appreciated.

MicroRNAs are essential for neuronal development

MiRNAs have been identified in all tissues in mammals, with their roles only recently being
uncovered in various biological processes. In particular, miRNASs have been associated with
processes of growth and development, with several of them having shown altered expression
in situations of aberrant growth and in the de-differentiation that occurs during cancer.?
Neuronal development is no exception to this.

The importance of miRNAs in specific processes can be uncovered by disruption of the
machinery responsible for their synthesis. Early studies in the nervous system evaluated the
consequences of the depletion of the Dicer gene (which results in the absence of mature
miRNAS) on neurogenesis. In Zebrafish, the complete absence of Dicer leads to critical
defects in the general morphology of both the central nervous system (CNS) and peripheral
nervous system (PNS), and impairment of neuronal differentiation.10

More information on the role of Dicer in development of specific areas of the CNS was
gathered by more targeted deletions. Pioneering work by De Pietri Tonelli et al. selectively
knocked out Dicer from the murine neocortex during development.1 The postnatal cortex
decreased in size due to increased neuronal apoptosis and a deficit in cortical layering
associated with an impairment in neuronal differentiation, even though no influence was
observed in early differentiation, proliferation or cell cycle progression. Interestingly, when
Dicerwas depleted using a Wnt1-Cre strategy,12 malformations in the midbrain, cerebellum
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and PNS were observed, in addition to failure of differentiation in specific cell types such as
dopaminergic neurons.

Selective depletion of Dicerfrom specific cell populations during differentiation has also
been informative. Cuellar et al.13 analyzed the effects of Dicer deletion in dopaminergic
cells. They found brain shrinkage and decreased cell size, but no neuronal degeneration.
Interestingly, the authors observed an increased life span in these cells, in contrast to
observations of Dicer knockout in other neuronal cell types, such as Purkinje cells'4 or
excitatory neurons of the cortex and hippocampus.1® Dicer depletion has been reported as
negatively influencing survival of mouse cortical neural stem cells in very early stages of
development, in addition to impairment of their differentiation process.16

Other enzymes are involved in the synthesis and function of miRNA. Two genes, FMRI and
FXRI, that interact with both Dicer and components of the RISC complex have been
targeted. Pathological mutations in the FMRI gene result in a form of mental retardation;
mouse and Drosophila melanogaster knockout models of either of these proteins show
aberrant development of the nervous system at the synaptic level.1” A third protein, Dgcr8,
forms a complex with the Drosha enzyme and is fundamental for Drosha’s activity in pri-
miRNA processing. When Dgcr08is knocked out!® there are morphological abnormalities
in the CNS and cognitive deficits, such as impaired spatial memory-dependent learning. At
the cellular level, they observed alteration of dendritic development with a deficiency in the
final complexity of the arborization.

Dicer, FMR1, FXR1 and Dgcr8 are not only involved in the biosynthesis of miRNAs, but
are key players in the maturation of other classes of small RNAs such as siRNAs. Depleting
the Dicergene impairs not only miRNA biosynthesis, but other pathways that may be
crucial for neuronal development. It is important to take this into consideration when
interpreting the results of these experiments.

MicroRNAs exert specific roles in neuronal development

Disrupting the miRNA synthesis machinery does not reveal insights into the role of
individual miRNAs in neuronal development. Evaluating the general role of miRNAs in the
process of neuronal development has been a fundamental step in both miRNA research and
developmental neuroscience. However, the need to understand the function of specific
miRNAs has become increasingly evident. Therefore researchers have focused on evaluating
the functional role of individual miRNAs and identifying regulators of nervous system
development and various neuronal types.

Some studies approached this problem by rescuing phenotypes through overexpression of
individual miRNAs. For example, injection of miR-430 into Zebrafish was enough to
recover some of the brain defects caused by Dicer depletion.10 In other cases, phenotypes
deriving from Dicer depletion were compared to phenotypes after knockdown of single
mMiRNAs.

Most studies have approached the issue by identifying miRNAs that are highly expressed in
the nervous system, and then disrupting them in the hope of illuminating their roles in
development. A prime example of this is the study of miRNA-124. Mir-124 is the most
highly expressed miRNA in the murine brain, found in differentiating and mature neurons,
accounting for 25-48% of all brain miRNAs.1® Human, mouse and rat present three
homologs of the mir-124 gene in the genome: mir-124-1, mir-124-2 and mir-124-3.
Mir-124-1 is completely conserved from C. elegansto the human.
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MiRNA 124-1 expression in developing neurons has been tested in many different systems
and organisms. This miRNA exhibits increased expression during differentiation, under the
control of the transcription factor REST.20 Microarrays of HeLa cells revealed that
overexpression of mir-124 induced a gene expression profile similar to that of neurons, with
several non-neuronal transcripts downregulated.2! In P19 cells mir-124 overexpression
induced differentiation into a neuronal phenotype with axonal outgrowth.22

A role for miRNA-124 in neurogenesis in the adult murine nervous system has recently been
demonstrated in vivo. MiR124 is found in progenitor cells in the subventricular zone (SVZ)
and influences maturation of neuronal precursors towards specific neuronal phenotypes.23
Overexpression of mir-124 in the developing cerebral cortex induces an increased
neuronogenesis in vivo.24 In the sea-squirt, Ciona intestinalis, mir-124 was shown to
function in the development of PNS neurons by acting on unique targets, such as the
transcription factor Notch, in addition to some that are conserved across species, including
scp1.%

Another miRNA found to be highly expressed in the nervous system and highly conserved
among species, exhibiting 100% similarity between D. Melanogaster and vertebrates, is
miRNA-9.19 Flies deficient for miR-9a have ectopic and supernumerary sensory neurons in
these organisms, suggesting that mir-9a inhibits neuronal fate by downregulating Sens gene
expression.26

MiR-9 overexpression in the developing murine brain alters migration and proliferation of
neural precursors, inducing premature differentiation.2” A similar gain-of-function approach
revealed that miR-9 negatively controls the generation of Cajal-Retzius neurons in the
medial pallidum.28 It is known that there are three different isoforms of mir-9 (1, 2 and 3) in
different brain regions during development. Overexpression of mir-9-2 in the cerebral cortex
induced premature neural differentiation. At the same time, the number of Reelin- and p73-
positive cells, markers that identify Cajal-Retzius cells, is reduced. The researchers
suggested that transcriptional regulation mediated by mir-9-2 and 9-3 involves
downregulation of several transcription factors, such as FoxG1, Elavl2, Gsh2, Nr2el and
Pax6, and the utilization of various mechanisms.

Another important role of mMiRNA-9 is seen in its involvement in neuronal subtype
development in spinal cord motor neurons.2? Mir-9 is expressed transiently in the chick
spinal cord; in particular, it is expressed in the motor neurons that form the lateral motor
columns (LCM). Overexpression of miRNA-9 decreased the number of LCM. It also altered
axonal projections with reduced targeting to the wing muscles and increasing fibers
innervating axial muscles. This was mediated by mir-9 altering expression of the
transcription factor Foxpl. In human embryonic stem cells, mir-9 is strongly expressed
when the cells commit to a specific neuronal phenotype, with its absence leading to the
suppression of neural progenitor cell proliferation, even as migration was enhanced.39 These
data demonstrate that mir-9 is involved in the development and organization of the nervous
system but also promotes differentiation and targeting of specific subtypes of neuronal cells.

Most of the work on miRNAs involved in neuronal development has focused on these two
miRNAs, miRNA-124 and miRNA-9, which are highly expressed in the nervous system.
Current evidence suggests that they are critical actors in the differentiation of pluripotent
cells towards a neuronal phenotype. Yoo et al.3132 have shown they both target the BAF53a
gene. BAF53a and BAF45a are substituted by two homologs, BAF53b and BAF45, in the
neural-progenitor-specific BAF complex (npBAF), which is involved in ATP-dependent
chromatin remodeling. This switch is critical in allowing for stem cells to exit their
multipotency and differentiate towards a neuronal phenotype, for regulating proliferation of
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progenitor cells, and for the correct formation of the morphology of the nervous system.
Expression of BAF53arepresses the expression levels of BAF53b. In order to differentiate
into neuronal types, the level of BAF53ain progenitor cells has to decrease. Downregulation
of BAF53ais mediated by the two miRNAs, thereby regulating the neuronal fate of
embryonic progenitor cells, and thus triggering dendritic outgrowth in neuronal cells. In the
pluripotent state the REST transcription inhibitor keeps the levels of the two miRNAs low,
allowing BAF53atranscripts to be present in the cells, thus inhibiting transcription of the
neuronal-specific BAF53b.32 Overexpression of miRNA-9 and -124 in human fibroblasts
resulted in a transformation into a neuronal phenotype. Addition of neurogenic transcription
factors, such as NeuroD2, ASCL1 or MYTLL, enhanced the transformation, but
overexpression of the transcription factors alone did not induce a neuronal phenotype.3!

Although mir-9 and -124 may be sufficient for neuronal fate determination, other miRNAs
have been identified as either sharing this role in the early development of the nervous
system, or in the differentiation of individual cell types. A perfect example is the
determination of the left (ASEL) and right (ASER) asymmetric ASE chemosensory neurons
in C. elegans.3334 These neurons are identified by different expression of chemoreceptors:
Gcey-7 in ASEL and Gey-5 in ASER. Specific expression is regulated by a network
orchestrated by miRNA Lsy-6 in the ASEL, which targets the CogZ transcription factor,33
and by miR-273 in the ASER hypothetically through the regulation of Dje-1.34 MiR-128 has
been shown to be involved in neuronal differentiation in amphibians, chickens and
mammals. The mature form of the miRNA is strongly induced during CNS development in
vivo. It promotes neural differentiation in vitro of murine neural stem cells by targeting
genes involved in the ‘non-sense mediated decay’ pathway, including UPFI and MLN51.3°

It is clear that neuronal differentiation and nervous system formation are complex processes
that require the regulation of proliferation, cell death, differentiation and maturation. The
miRNAs mentioned above exert major and minor roles in the network of regulating events,
together with others that have been identified, including mir-134,3¢ mir-29b,37 mir-137,38
miR-200b3° and mir-34a.40 We still lack a complete understanding of the mechanisms and
network of regulation that lie behind them. Considering that it has been calculated that
almost 1% of the genes code for miRNAs,3 it is reasonable to hypothesize that other
miRNAs play roles in the developing nervous system. It is thus important to identify them
and characterize the mechanisms through which they regulate development.

MicroRNAs and neuronal morphology

MiRNAs are not involved only in early stages of development or neuronal differentiation. In
order to be functional neurons need to extend their axons and dendrites and reach their
targets. Regulation of mMRNA abundance and translation is fundamental for controlling
neurite genesis, outgrowth and synapse formation. In many cases this regulation happens at
a local level at distal domains of the neurons.#! Considering the nature of miRNA activity
it’s easy to imagine a role for them in rapid regulation of local translation by targeting
transcripts that are present at dendritic termini. Data from a differential expression profile of
small RNAs between somas and dendrites reinforce this hypothesis*2 revealing that most of
the miRNAs in neurons are located in the dendritic compartment. Moreover they showed
gradients of expression between the soma and the dendrite.

The two miRNAs that have been studied most extensively for their roles in neurite extension
and synapse formation are mir-134 and mir-132.

Mir-134 is a brain-specific miRNA enriched in dendrites, and more specifically in synapses.
Its expression level increases during development in the hippocampus, and peaks 13 days
after birth, both in vivo and in vitro, and it is induced by neuronal activity.43 At the central
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level, neuronal stimulation through BDNF or through depolarization induces the expression
of the mir-379-410 cluster that includes mir-134.44 This induction is mediated by the Mef2
transcription factor. Mir-134 targets Pumilio 2, an RNA-binding protein that suppresses
protein translation and has been implicated in dendrite morphogenesis.*® In dendritic spines
local translation of LimkZ is important to determine the size of the synaptic spines.
MiRNA-134 targets transcripts encoding Limk1 to repress spine growth during
development. However, BDNF stimulation is able to overcome this inhibition repristinating
LimkI local translation.*3 These mechanisms occur in different compartments and act in
opposite directions: this could permit an individually stimulated spine to grow, keeping
constant the general excitability of the cell.#4

Expression of miRNA-132 in neuronal cells in culture happens under the control of the
CcAMP responsive element binding protein (CREB). This transcription factor is a key
regulator of neuronal plasticity, maturation and development and its activation in neurons
has been shown to be rapidly induced by stimuli associated with neuronal potentiation.46
Activity-induced CREB induction of mir-132 promotes neurite outgrowth by targeting the
GTPase activating protein p250.4” The mechanism demonstrated in vitro also operates in
vivo, where it acts to mediate the integration of the newborn neurons into the synaptic
circuitry by downregulating many targets associated with the inflammatory response.*8

New miRNAs involved in synaptic development, spine formation and potentiation are
constantly emerging. A good example are the two miRNAs 29a and 29b that reduce spine
formation, inducing dendritic growth by remodeling the actin cytoskeleton targeting the
Arpc3 protein.#9 Given the nascent state of this field, many more are certain to be
discovered.

Conclusions and future perspectives

The studies surveyed here make it clear that miRNASs exert an important influence in the
molecular networks that regulate the formation of the nervous system. MiRNAs modulate
gene expression at each step in the development of neuronal and glial cells, from early
differentiation to synaptogenesis and myelination. Whereas a small number of miRNAs are
critical regulators of proliferation and cell fate determination, many miRNAS appear to have
subtler functions. This might be due to targeting of different gene sets, and/or to different
effects on similar groups of targets. Although miRNAs may be predicted to target hundreds
of transcripts, typically they exert strong control only over a few primary targets, whereas
the degree of control of other targets is less strict.>°

At present, our understanding of the identities of miRNA targets in the developing nervous
system is still in its infancy. Most work has focused on the identification of MREs in the
3’UTR of mRNAs, but it is known that targeting can also happen in the coding region or in
the 5"UTR.” Moreover, most studies have focused on single isoforms of genes, whereas it is
now evident that many (or even most) genes have multiple isoforms, likely with distinct
functions. Alternative start sites or splicing can produce different transcripts that could be
targeted by distinct miRNAs. New sequencing technologies allow identification of the
complete pool of isoforms expressed in a cell type or tissue. This opens up a whole new
territory for identifying regulatory interactions between miRNAs and individual transcripts.

Finally, other non-coding RNAs can interact with miRNAs, either as targets to be regulated
or as regulators of mMiRNA activity. New theories suggest that different kinds of transcripts —
short and long, coding and non-coding — act in a complex synergistic way to ensure a
delicate balance of gene expression.>1 How this ‘non-coding revolution” will change our
approach to studying the process of neuronal development and developmental disorders is
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Il not clear, but it will challenge genomic and development biology research for many

years to come.
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Figure 1.

The main MicroRNA biosynthetic pathway. MicroRNAS are often transcribed in multi-unit
clusters known as pri-miRNAs. These long transcripts include several pre-miRNAS that
become separated by the RNAse enzyme Drosha. Individual pre-miRNAs are actively
transported to the cytoplasm by Exportin5. In the cytoplasm a second RNAse enzyme,
Dicer, digests the loop between the two strands of the miRNA hairpin, releasing the miRNA
duplex. Argonaut 2 recognizes one or both of the strands of the duplex and with the
participation of Argonaut 1 mediates the inclusion in the RNA-induced silencing complex
(RISC). [Fig. 1. Double column width, colour.]
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S in development of the nervous system and differentiation of different neuronal cells. Next
to each panel representing the different steps are listed individual microRNAs that have been

demonstrated to play a role in the process. [Fig. 2. Single column width, colour.]
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