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Characterizing the diverse cell types that make up the nervous system is essential for
understanding how the nervous system is structured and ultimately how it functions. The
astonishing range of cellular diversity found in the nervous system emerges from a small
pool of neural progenitor cells. These progenitors and their neuronal progeny proceed
through sequential gene expression programs to produce different cell lineages and
acquire distinct cell fates. These gene expression programs must be tightly regulated
in order for the cells to achieve and maintain the proper differentiated state, remain
functional throughout life, and avoid cell death. Disruption of developmental programs
is associated with a wide range of abnormalities in brain structure and function,
further indicating that elucidating their contribution to cellular diversity will be key to
understanding brain health. A growing body of evidence suggests that tight regulation
of developmental genes requires post-transcriptional regulation of the transcriptome by
microRNAs (miRNAs). miRNAs are small non-coding RNAs that function by binding to
mMRNA targets containing complementary sequences and repressing their translation
into protein, thereby providing a layer of precise spatial and temporal control over
gene expression. Moreover, the expression profiles and targets of miBRNAs show great
specificity for distinct cell types, brain regions and developmental stages, suggesting
that they are an important parameter of cell type identity. Here, we provide an overview of
miRNAs that are critically involved in establishing neural cell identities, focusing on how
miRNA-mediated regulation of gene expression modulates neural progenitor expansion,
cell fate determination, cell migration, neuronal and glial subtype specification, and finally
cell maintenance and survival.

Keywords: microRNA, cell type, CNS - central nervous system, neural progenitor, cell fate, neuron, glia, cell
diversity

INTRODUCTION

Understanding the biological basis of the vast cellular diversity found in the nervous system
remains a high priority for neuroscience research. Recent advances in single-cell transcriptomics
have enabled the exploration of neural cell diversity with increasing spatial and temporal
resolution, generating unprecedented quantitative and comprehensive datasets characterizing the
transcriptomes, morphology and electrophysiology of neuronal subtypes (Zeisel et al., 2015, 2018;
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Shekhar et al.,, 2016; Tasic et al, 2016, 2018; Saunders et al,,
2018; Gouwens et al., 2019). Moreover, combining single-cell
RNA sequencing with techniques such as patch-clamp has
allowed scientists to establish direct correspondence between
transcriptomic, morphological and physiological datasets leading
to a more integrative and multimodal approach of classifying
cell types (Cadwell et al, 2016; Fuzik et al, 2016; Foldy
et al., 2016; Scala et al., 2019; Gouwens et al., 2020). However,
the molecular mechanisms that instruct the emergence of cell
diversity remain elusive.

There is increasing evidence that microRNAs (miRNAs) can
act as key regulators of cellular identity. miRNAs are non-coding
RNAs that function as post-transcriptional repressors of mRNA
expression. A distinctive feature of miRNAs is that evolution
has favored a continual expansion in the miRNA repertoire with
increasing number of distinct cell types in an organism (i.e.,
biological complexity) across metazoans. This is in clear contrast
to protein-coding genes, whose number show no correlation
to biological complexity. Once miRNAs are added to metazoan
genomes and integrated into gene regulatory networks, they are
strongly conserved in primary sequence and rarely secondarily
lost (Heimberg et al., 2008; Kosik, 2009; Liu et al., 2013). These
features strongly suggest that cellular diversity might arise from
increasingly sophisticated regulation of gene expression by non-
coding RNAs, and in particular by miRNAs.

The expression patterns of miRNAs in the brain show
an impressive specificity for distinct developmental stages,
brain regions and cell types. A single miRNA is capable of
regulating hundreds of different targets and these targets can
also vary according to specific cell types and developmental
stages (He et al., 2012; Jovici¢ et al., 2013; Nowakowski et al,,
2018). This suggests that the brain utilizes differential miRNA
expression and target regulation to establish and maintain
cellular diversity. Indeed, during the development of a cell type,
miRNAs are known to sharpen developmental stage transitions
by repressing residual transcripts specific to the previous stage.
Once the cells have achieved a mature differentiation state,
miRNAs confer robustness to the developmental decision by
reducing fluctuations in gene expression and restricting protein
levels within a range of values that maintain cell identity
(Ebert and Sharp, 2012).

The dynamic expression patterns of miRNAs, their ability to
facilitate developmental transitions and fine-tune protein levels,
their conservation as well as their evolutionary expansion with
increasing biological complexity all make miRNAs well-suited to
instruct and maintain the astonishing cellular diversity found in
the nervous system. In this review, we discuss current evidence
supporting critical roles for miRNAs in determining cell identity
across their developmental trajectory. We describe miRNAs and
their targets that are critical throughout neural development from
neurulation to neural progenitor expansion, fate determination,
neuronal and glial subtype specification, and finally maintenance
and survival of these cell types. Furthermore, we also discuss
how miRNAs regulate migration, lamination, morphology, and
functional connectivity of neurons and glia, all aspects that are
integral to cellular identity. A summary of the miRNAs and
targets involved in all of these processes are listed in Table 1.

NEUROGENESIS AND NEURONAL FATE

Developmental programs generate distinct cell types as opposed
to continuous diversity by making distinct lineage decisions,
which sequentially narrow the range of possible forms and
functions. Early lineage decisions, including those that affect
progenitor cells, have enormous power over the developmental
trajectories a newly born cell can follow. Progenitor state, which
is known to change over developmental time and in response
to signaling, sets daughter cells along the path to a neuronal
fate or glial fate, biases them to specify into early-born or late-
born cell types, and determines their responsiveness to extrinsic
maturation cues (Telley and Jabaudon, 2018). In this section,
we review how miRNAs affect early stages of cell identity by
controlling multiple aspects of progenitor development, from
expansion and maintenance of the stem cell population to the
production of a range of neuronal subtypes in several different
progenitor niches.

Proliferative Progenitors

It is common to interrogate the overall function of miRNAs
by examining phenotypes induced by removal of all miRNAs.
Mature, functional miRNAs are processed from precursor
miRNAs by the endonuclease activity of the enzyme DICER.
Thus, DICER knockout prevents miRNA biogenesis and
eventually results in functional ablation of the vast majority
of miRNAs (Davis and Hata, 2009). While global miRNA
ablation is embryonic lethal (Bernstein et al., 2003), conditional
and inducible DICER knockouts have provided much insight
on the roles miRNAs play in different cell types at each
stage of development. Recent reports suggest that well-
known miRNA biogenesis enzymes participate in regulatory
mechanisms independent of miRNA function, for example by
cleaving other classes of RNAs or even regulating DNA repair
(Pong and Gullerova, 2018). Thus, DICER knockout studies
reflect a ceiling effect, including the effects of removing almost
all miRNAs as well as miRNA-independent functions of DICER.
Probing the mechanisms of developmental gene regulation at
finer resolution will necessarily require disentangling phenotypes
and consideration of non-canonical functions of miRNA
biogenesis enzymes, but these experiments serve as a starting
point for investigating specific miRNA functions, as illustrated by
the next few examples.

A study examining miRNA ablation via DICER knockout
in EmxI-expressing cortical cells and progenitors found no
defect in proliferation or neurogenesis, only defects in later
differentiation and survival (de Pietri Tonelli et al., 2008).
However, miRNAs may persist long after DICER knockout
begins, meaning that this manipulation may not effectively
probe miRNA function in early progenitors. miRNA ablation
at an earlier timepoint—using Rx-Cre-driven conditional
knockout of DICER, which starts at E7.5—caused overt
structural defects in the neuroepithelium by disrupting
adherens junctions and inducing hyperproliferation of
radial glial cells (Ferndndez et al., 2020). Part of the above
phenotype seem to be mediated by miR-302a-d, a member of
a miRNA family highly implicated in regulating cell cycle in
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TABLE 1 | Summary of the most important miRNAs that instruct the identity of multiple cell types in the nervous system.

CELL type

Developmental processes

miRNA

Known targets

References

Neural progenitors

Proliferation

Proliferation, cell cycle

Proliferation, differentiation

let-7, miR-125, miR-9, miR-137
let-7, miR-9, miR-137
miR-2115

miR-302a-d

miR-20a, miR-20b, miR-23a
miR-934

lin-28
Nr2e1
Orc4

CyclinD1

Rybak et al., 2008

Zhao et al., 2009
Nowakowski et al., 2018
Parchem et al., 2015
Ghosh et al., 2014
Prodromidou et al., 2020

miR-486a/b-5p Dori et al., 2020
Neuronal differentiation miR-124, miR-9 REST, BAF complexes Yoo et al., 2011; Lee et al., 2018
miR-124 Ptbp1 Makeyev et al., 2007
Intermediate progenitors Differentiation miR-92b Tbr2 Nowakowski et al., 2013
Retinal progenitors Neurogenesis, differentiation let-7, miR-125, miR-9 Prtg, Lin28b La Torre et al., 2013
Olfactory progenitor cells Neurogenesis, survival miR-200a-c, miR-429, miR-141 Mash1 Choi et al., 2008
Adult neurogenic progenitors Proliferation, progenitor identity ~ miR-184, miR-34a Numbl Shen et al., 2002;
Fineberg et al., 2012
Neuronal differentiation miR-124 Sox9 Cheng et al., 2009
Cortical pyramidal neurons Laminar identity miR-128, let-7b, miR-9 Shu et al., 2019
Migration mi-129-3p/5p Fmr1 Wu et al., 2019
miR-396-3p, miR-496, miR-543  Cdh2 Rago et al., 2014

Dendritic outgrowth

miR-101

Slc12a2, Ank2, Kifla

Lippi et al., 2016

miR-9 Giusti et al., 2014

Adult-born hippocampal neurons Migration miR-19 Rapgef2 Han et al., 2016
Dendritic outgrowth miR-132, miR-212 Vo et al., 2005; Magill et al., 2010

miR-19 Han et al., 2016
Cajal-Retzius cell Differentiation miR-9 Foxg1 Shibata et al., 2011
Corticospinal motor neurons Differentiation, axon growth miR-409-3p LMO4 Diaz et al., 2020
Dopamine neurons Differentiation, survival miR-133b Pitx3 Kim et al., 2007

miR-200c Zeb2 Yang et al., 2018
Spinal motor neurons Differentiation, survival miR-218 Kenh1 Thiebes et al., 2015;

Reichenstein et al., 2019

Dorsal root ganglion neurons Axon growth miR-132 Ras1 Hancock et al., 2014
Retinal ganglion cells Axon growth miR-182 Cfl1 Bellon et al., 2017
Retinal photoreceptors Differentiation, morphology miR-183/96/182 cluster Busskamp et al., 2014
Olfactory interneurons Migration, dendritic outgrowth miR-125 Akerblom et al., 2014
Olfactory dopamine neurons Differentiation miR-7a Pax6 de Chevigny et al., 2012
Mechanosensory neurons Subtype specification miR-183/96/182 cluster Shox2, Cacna2d1/2 Peng et al., 2018
Microglia Activation state miR-128, miR-124 Cebpa Yang et al., 2017

Oligodendrocytes Differentiation miR-219, miR-338 Sox6, Hes5, Zfp238 Dugas et al., 2010;
Zhao et al., 2010
miR-7a Pax6, NeuroD4 Zhao et al., 2012
miR-23 LmnB1 Lin and Fu, 2009
Survival miR-17/92 cluster Pten Budde et al., 2010
Schwann cells Differentiation, proliferation miR-34a Notch1, Cend1 Viader et al., 2011
miR-140 Egr2 Viader et al., 2011
Astrocytes Differentiation, proliferation miR-31 lin-28 Meares et al., 2018
miR-125b Pogue et al., 2010

For each cell type, the developmental processes and the relevant miRNAs are listed. In addition, known targets of those miRNAs and the main references are indicated
(e.g., in human neural progenitors, the timing and duration of the cell cycle is regulated by the great ape-specific miR-2115 through the repression of the DNA replication

regulator ORC4).

embryonic stem cells. miR-302a-d is essential to successful brain
development in mammals. Knockout of this single miRNA
caused profound dysregulation of early neural progenitors:
increased proliferation, decreased apoptosis, and premature
differentiation of progeny neurons

(Figure 1,

top-left).

Ultimately, over-expansion of neural progenitors thickened
the neuroepithelium, preventing closure of the neural tube and
leading to embryonic lethality (Parchem et al., 2015). Recently,
an intriguing hypothesis has been put forward, suggesting
that primate-specific miRNAs selectively affect this process.
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FIGURE 1 | miRNA functions in neural cell lineage. miRNAs are involved in the generation of progenitors from neuroepithelial cells, the differentiation of progenitor
cells into neuronal or glial cells, the further specialization of neuronal cells and glial cells into specific subtypes and neuronal survival. Specific examples of miRNAs
involved in these processes (e.g., miR-9 and miR-124 for neuronal differentiation, miR-31 for astrocyte differentiation, miR-218 for the specification and survival of
motor neurons and miR-34a for Schwann cell dedifferentiation) are shown here.

Timing and duration of the cell cycle in radial glia progenitors is
regulated by the great ape-specific miR-2115 through repression
of the DNA replication regulator ORC4 (Figure 1, top-left).
This interaction could provide insight on the evolution of
progenitor expansion mechanisms in human brain development
(Nowakowski et al., 2018).

While studying the roles of these miRNAs, it is important
to remember that miRNAs function in complex networks with
their targets, other miRNAs, and other non-coding RNAs.
For example, one or multiple miRNAs may target multiple
aspects of a cellular pathway or biological process in order to
cooperatively regulate neuronal progenitors. This allows miRNAs
to substantially boost the magnitude of repression and fine tune
the timing of regulation in response to several intersecting cues.
In addition, miRNAs and their targets may form regulatory loops
for controlling the timing of critical transitions and strongly
reinforcing fate decisions. The lin-28 gene supports pluripotency
in proliferating stem cells, where it is highly expressed, and
simultaneously suppresses the production of mature let-7 and
miR-125 (Rybak et al., 2008). When lin-28 expression begins to
fall as the cells differentiate, let-7 and miR-125 escape repression
and further repress lin-28 translation, forming an auto-regulatory
loop that quickly changes gene expression to reinforce the fate
decision. Let-7 has also been shown in cancer cell lines to
repress multiple other factors involved in proliferation (Johnson
et al., 2007; Dong et al., 2010), and in neurons cooperates with
miR-9 and miR-137 to repress TLX, again inhibiting progenitor
proliferation by downregulating Wnt signaling (Zhao et al,
2009; Sun et al, 2011). Biogenesis of miR-9 and miR-137 is

repressed by TLX in unique positive feedback loops. Thus,
miRNAs such as let-7 illustrate the complex molecular circuitry
required to regulate progenitor proliferation and fate decisions
with temporal precision.

MicroRNA  regulation of the progenitor pool is
the first step required for proper development of the
brain architecture and thus foundational to maintaining
proper developmental trajectories. Below, we discuss the
following stages that are necessary to setting up the cell
diversity in the brain.

Cortical and Subcortical Neurogenesis

Neuronal fate appears as progenitors switch from expanding
the progenitor pool to producing terminally differentiated
neurons or neurogenic progenitors with restricted potency.
miRNAs are crucial regulators of these processes. For example,
cyclin D1, a key component of cell cycle regulation that
affects the balance between progenitor proliferation and
neuronal differentiation, both regulates and is regulated by
miR-20a, miR-20b, and miR-23a, forming a regulatory loop
controlling the transition to neurogenesis and differentiation
(Ghosh et al, 2014). Other miRNAs are necessary for
progenitor proliferation. miR-486a/b-5p is downregulated
as progenitors transition from self-replenishing proliferation
to neurogenesis; ectopic expression in radial glia prolongs
the proliferative stage, leading to over-expansion of the
progenitor pool at the expense of neuron number (Dori
et al., 2020). Experiments in human induced pluripotent stem
cells (iPSCs) have identified the primate-specific miR-934 as
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another potential regulator of this transition, with miR-934
activity during neural induction of stem cells correlating to
neurogenesis and decreased numbers of proliferative progenitors
(Prodromidou et al., 2020).

Adult neurogenesis requires miRNAs to do the opposite:
stably maintain progenitor fate to allow proliferation throughout
life. Adult stem cells undergo asymmetric divisions to repopulate
the stem cell pool while producing more differentiated
progenitors, fated to produce differentiated neurons. miR-
184 and miR-34a upregulate Notch signaling in the daughter
cell fated for neuronal differentiation by targeting the Notch
repressor Numbl (Shen et al, 2002; Fineberg et al., 2012).
Meanwhile, this pathway is not active in the other daughter cell,
which maintains its stem cell identity and tightly controls further
proliferation. Thus, miRNAs play critical roles in controlling
progenitor fate, whether that means transitioning to terminal
differentiation during development or maintaining stem cell
identity in adulthood.

The function of a miRNA can vary depending on the
progenitor population, co-expressed factors, and developmental
timepoint. miR-9 provides an illustrating example of this
complexity. miR-9 overexpression at E11.5, at the start of
neurogenesis, increased differentiation of progenitors and caused
overproduction of Cajal-Retzius cells, one of the earliest cortical
cell types produced and a key director of cortical lamination
(Shibata et al., 2008). This stems from dysregulation of Foxgl,
a transcription factor thought to promote proliferation and
suppress early differentiation, in the cortical hem. However,
by E16.5 Foxgl seems to escape the repressive influence of
miR-9; in vitro experiments suggest that this is mediated
by co-expression of Foxgl and Elavl2, an RNA binding
protein that may block miR-9 from targeting Foxgl’s 3'UTR.
At these ages, miR-9 seems to decrease cortical progenitor
proliferation by repressing other transcription factors such as
Pax6, Meis2, and Nr2el (Shibata et al., 2011). At the midbrain-
hindbrain boundary (MHB), miR-9 expression is repressed
in progenitors of since these cells must resist differentiation
in order to signal in cell fate decisions in surrounding
areas. Ectopic miR-9 expression caused these progenitors to
become neurogenic and lose MHB markers (Leucht et al,
2008). miRNA function is modified by changes in the cell
type-specific and developmentally regulated network of co-
expressed factors, allowing more nuanced control of progenitor
and neuronal fate.

During these progenitor transitions, miRNAs may also be
regulated by other non-coding RNAs, which can sequester
miRNAs at repeated miRNA binding sites—so-called ‘miRNA
sponges —thus blocking their function on target mRNAs.
miR-7 and the stem cell-expressed IncRNA Cyrano form an
autoregulatory loop, with miR-7 overexpression in zebrafish
zygotes causing defects in early brain development that are
rescued by expression of a miR-7-insensitive mutant Cyrano
(Smith et al, 2017; Sarangdhar et al, 2018). Meanwhile
Cyrano represses miR-7 by triggering target-directed miRNA
degradation, which occurs when miRNAs bind sites with high
complementarity extending beyond the seed region into the
3’ region (Han et al, 2020). The primate long non-coding

RNA (IncRNA) LncND binds miR-143-3p to prevent repression
of Notch signaling and promote proliferation (Rani et al,
2016). Ectopic expression of LncND in mouse embryos during
early cortical development significantly increased the population
of radial glia and decreased numbers of more differentiated
intermediate progenitors (IPs). The human circRNA CDRlas
sequesters miR-7; both miR-7 knockdown and exogenous
CDRlas expression lead zebrafish to exhibit underdeveloped
midbrains (Memczak et al, 2013). The complex loops and
network relationships miRNAs form with other classes of
ncRNAs contributes to finely tuned control of neurogenesis and
potential species-specific mechanisms of brain development.

Neurogenic progenitors can also transition through
progenitor subtypes and gradually undergo multipotency
restriction. Cortical progenitors—radial glia—divide to generate
IPs, which increase the neurogenic capacity of the progenitor
pool. miRNAs seem to negatively regulate IP production, in
particular through repression of the IP marker Tbr2 by miR-92b
(Nowakowski et al., 2013; Figure 1, top-left). And when miRNAs
are ablated in Emx1-expressing differentiated progenitors, these
cells fail to switch from producing deep layer neurons to upper
layer neurons (Saurat et al., 2013). By controlling subtypes within
the progenitor pool, miRNAs help fine-tune their potencies so
that multiple neuron types are produced sequentially and in the
correct proportions.

During cortical neurogenesis, progenitors transition from
a proliferative state—required for expanding and maintaining
the progenitor pool—to a neurogenic state, where they
must produce the correct numbers of neurons and lay
the foundation for neuronal diversity. The principles of
progenitor regulation by miRNAs may also be illustrated

in systems outside the cortex, as described briefly in the
following section.

Neurogenesis in the Retina and Olfactory
Bulb

Lineage relationships and neuronal diversity are relatively
well-characterized in the retina and olfactory bulb. These
systems provide additional examples of how miRNAs regulate
progenitors to ensure that precise numbers and types of neurons
are produced. miRNA ablation in retinal progenitors starting at
E10.5 caused overproduction of early-born cell types (ganglion
and horizontal cells) and failure to produce late-born cell types.
These progenitors did not express late progenitor markers,
reflecting a defect in progenitor developmental trajectory that
ultimately disrupted neurogenesis (Georgi and Reh, 2010).
This effect seems to be largely mediated by let-7, miR-
125, and miR-9 repression of Prtg and Lin28b (La Torre
et al, 2013). In the olfactory system, olfactory progenitor
cells (OPCs) rely on a network of several basic helix-loop-
helix (bHLH) transcription factors to generate olfactory sensory
neurons representing a huge repertoire of olfactory receptors.
miRNA ablation in OPCs downregulated key players such
as Mashl, inhibited neurogenesis, and induced apoptosis of
progenitors, all of which decreased the pool of sensory
neurons. These defects were recapitulated by blocking the
miR-200 family of five miRNAs (Choi et al, 2008). These
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examples show that miRNAs also play key roles regulating
neurogenesis in the central nervous system beyond the
cortex, sometimes utilizing common mechanisms observed in
cortical neurogenesis.

After neurogenesis creates populations of immature neurons,
more mechanisms involving miRNAs activate to reinforce
neuronal fate and set up the molecular machinery underlying
neuronal function.

Determination of Neuronal Fate

As neurogenesis is underway, newly born neurons undergo
further changes to embrace their neuronal fate, becoming post-
mitotic and activating neuronal global gene expression programs.
Neuronal fate determination relies heavily on the expression
of miR-9 and miR-124, two of the most abundant and highly
enriched miRNAs in neurons (Figure 1, top-left). Experiments in
differentiating stem cells in vitro showed that manipulating these
miRNAs changes the proportions of cells differentiating into
neurons versus glia (Krichevsky et al., 2006). Ectopic expression
of these miRNAs supports conversion of cultured fibroblasts into
neurons, including development of neuron-like morphology,
marker expression, and electrophysiological responses (Yoo
et al, 2011). Neuronal fate determination involves global gene
expression programs, so miR-9 and miR-124 must exert huge
control over the transcriptional and regulatory landscape of cells.
Both miRNAs repress specific subunits of the BAF chromatin-
remodeling complex to induce epigenetic changes as part of
a previously characterized, evolutionarily conserved neuronal
development program (Yoo et al, 2011). They have also
been suggested to cooperatively repress the REST transcription
repressor complex to promote neuronal transcription programs
and suppress the transition to gliogenesis (Krichevsky et al., 2006;
Lee et al., 2018). Neurons use alternative splicing extensively to
generate essential neuron-specific proteins and to target proteins
to unique cellular compartments. PTBP1, a protein known to
hinder neuron-specific alternative splicing, is repressed by miR-
124 during early development to switch from general to neuron-
specific alternative splicing programs, thus promoting neuronal
differentiation (Makeyev et al., 2007). Adult neurogenesis in the
subventricular zone (SVZ) produces olfactory bulb interneurons;
differentiation of these cells from progenitors into neurons is
also dependent on miR-124, which may target the stem cell
maintenance gene Sox9 (Cheng et al., 2009).

Newly born neurons engage dramatic changes in gene
expression and gene regulation to transform themselves from
the progeny of stem-like progenitor cells into terminally
differentiated neurons. miR-9 and miR-124 are key players
in this process, working cooperatively to regulate influential
transcriptional and post-transcriptional modifiers. Specification
of neuronal fate then sets the stage for further differentiation into
finer neuronal subtypes.

Specification of Neuronal Subtypes

MicroRNAs reinforce additional fate decisions that allow
neurons to differentiate into subtypes with distinct molecular
characteristics. Among cortical PNs, corticospinal motor neurons
(CSMNs) of layer V and callosal projection neurons (CPNs)

of layers II/III and V form the corticospinal tract and
corpus callosum, two main white matter tracts that are
unique to placental mammals and that contribute to the
functional and cell type complexity of these brains. miR-
409-3p suppresses CPN fate in favor of CSMN development
by downregulating LMO4, a transcription factor known to
promote CPN areal identity. Layer V CSMN and CPN are
born from the same progenitors and initially all express
LMO4, so miR-409-3p is thought to mediate divergence of
these two cell types (Diaz et al, 2020). Meanwhile, cortical
inhibitory interneurons are born in several progenitor zones
distant from the cortex and specify into different subtypes
depending on which progenitor population they derived from.
The medial ganglionic eminence (MGE) produces the cortical
interneuron subtypes marked by expression of somatostatin
(SST) or parvalbumin (PV). After miRNA ablation in all
MGE cells, these interneurons failed to express SST or PV,
indicating that miRNAs are necessary for interneuron subtype
fate determination (Tuncdemir et al., 2015). While many of the
miRNA-regulated molecular pathways regulating interneuron
specification must still be characterized, it is clear that miRNAs
are crucial for proper subtype specification.

There is also evidence that miRNAs help specify neuronal
subtypes outside of the cortex. Olfactory sensory neurons
produced by progenitors lacking DICER failed to express
mature marker genes and olfactory receptors, indicating a
differentiation defect in addition to decreased neurogenesis
(Choi et al., 2008). The fate determination of spinal motor
neurons (MNs) is also regulated by miRNAs. Generic spinal
MN identity is established by cooperative binding of the LIM
complex comprising ISL1 and LHX3 to MN-specific enhancers,
thereby inducing the expression of a battery of MN genes
that induce functional hallmarks of MNs, while suppressing
key interneuron genes. The LIM complex highly and directly
upregulates miR-218 at the onset of MN differentiation. miR-
218 is specifically expressed in MNs throughout spinal cord
development and is necessary for establishing MN fate while
suppressing interneuron fate both in vitro and in vivo (Thiebes
et al., 2015; Figure 1, bottom-right). miR-218 is also critical for
mature MN maintenance and function, which we will discuss
below. For a more detailed discussion on the role of miRNAs in
the neurogenesis of spinal MNs we refer the readers to this review
(Chen and Chen, 2019).

Together, these studies show that miRNAs coordinate
progenitor proliferation and identity, neurogenesis, and adoption
of neuronal fate. In doing so, they play critical roles in laying the
groundwork for functional differentiation into neuronal subtypes
and development of brain regions. We will now explore how
miRNAs continue to guide cell type specification in postmitotic
neurons by regulating migration and lamination, development of
morphology and connectivity, and molecular identity.

MIGRATION AND LAMINATION

Neuronal progenitors reside in bounded niches of the developing
brain; to build other brain regions, they come in contact with
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neurons from other lineages, and form functional circuits,
neurons must move out of progenitor zones after neurogenesis.
Migration of newly born neurons must be precisely coordinated
with other developmental processes, since migratory routes
vary depending on cell identity and have been shown to
influence morphological and functional development (Lim
et al., 2018). For populations such as neural crest cells, it is
known that migration along stereotyped routes helps resolve
subtype identity, perhaps by bringing cells in contact with
sequences of environmental signals (Soldatov et al, 2019).
Lamination, the process of arranging cells in layers such
as the six layers of cortex, relies on migration routes that
specify final laminar positions. Cells in different layers may
come from different lineages or birthdates, express distinct
markers, form different connections and projections, and take
on different microcircuit roles, meaning that lamination is
closely tied up with cell identity. Defects in migration and
lamination, as in the case of Type I lissencephaly, can induce
additional phenotypes in morphology and firing properties
(Ekins et al., 2020). Thus, migration, though a transient part
of a neuron’s development, is a lasting influence on neuronal
subtype diversity.

MicroRNA-mediated control of neuronal development
includes migration and decisions made along the migratory
path. In the cortex, DICER ablation in MGE-derived GABAergic
interneurons induces a migration defect in addition to defects
in mature marker expression. Interneurons must migrate
tangentially from progenitor zones to reach and disperse
throughout the cortex, after which they switch to radial
migration and enter the cortical layers. Without miRNAs, many
of these cells fail to enter the superficial migratory streams,
causing a reduction in the number of interneurons reaching
the cortex. These interneurons also show a defect in radially
migrating into the cortical plate, contributing to reduced
interneurons number across the cortical layers (Tuncdemir et al,,
2015). However, the roles of specific miRNAs in this phenotype
is still under investigation.

Meanwhile, excitatory pyramidal neurons (PNs) migrate
radially from the ventricular progenitor zones. The combinatorial
expression levels of miR-128, miR-9, and let-7b in radial
glia modulate the lamination of the PNs they produce,
including the proportions of cells that migrate into each
layer. While miR-128 and let-7b seem to encode deep-
and upper-layer identity in a dose-dependent manner, miR-
9 specifically promotes development of layer V identity (Shu
et al, 2019). Since the position of these cells in specific
cortical layers is key to their function in stereotyped cortical
microcircuits, this manipulation affects development of cortical
cell types. Expression of miR-129-3p and miR-129-5p also
controls migration across different PN identities. Upregulating
or suppressing expression of these miRNAs causes PNs to
fail to reach or overshoot their target layers, respectively,
without affecting the expression of layer-specific marker genes.
This effect is mediated by miR-129 repression of Fmrl,
a gene associated with neurodevelopmental disorders. Cells
overexpressing miR-129 were less likely to adopt a bipolar
morphology, a key step preceding radial migration (Wu

et al, 2019). Thus, miRNAs are able to control neuronal
migration in coordination with layer identity, a key aspect of
cortical cell type.

In some cases, we know that miRNAs directly regulate
the molecular mechanisms of migration. Neurons follow fibers
extended by radial glia across the cortical plate to climb into the
cortical layers; they interact with these fibers through N-cadherin
on the cell membrane. The miR-379/410 cluster regulates the
expression of N-cadherin in both cortical progenitors and
neurons. Simultaneously manipulating the expression of three
miRNAs in this cluster—miR-396-3p, miR-496, and miR-543—
reversibly controls the rate of migration out of the ventricular
zone. Interestingly, overexpression of these miRNAs individually
did not affect N-cadherin expression or induce a migration
phenotype, but overexpressing pairs of miRNAs can bias neurons
to migrate into the deep or upper layers (Rago et al, 2014).
Elucidating the cooperative relationships between these miRNAs
may further illustrate the complexity of miRNA network function
in developing neurons. Meanwhile, altered miR-19 expression is
associated with neurodevelopmental defects (Celli et al., 2003;
Hemmat et al., 2014), suggesting that this miRNA plays an
important role in neuronal development. While the mechanisms
underlying the function of miR-19 in early development remain
unclear, one study has found that miR-19 promotes migration
of adult-born neurons born in the dentate gyrus, thus affecting
their final position within the granule cell layer. miR-19 represses
Rapgef2, a Rapl and Rap2 activator known to influence cell
adhesion and migration (Han et al., 2016).

MicroRNA control of migration, whether through affecting
large programs coordinating layer identity or by directly affecting
the molecular migration machinery, is an important contributor
to the developmental trajectory of a cell. Laminar positioning
then contributes to how a neuron integrates into circuits
and takes on mature functions. Next, we continue along this
developmental trajectory by examining miRNA functions in
morphological and functional development.

MORPHOLOGY AND FUNCTIONAL
CONNECTIVITY

Neuronal morphology was historically the main way of
categorizing cells and remains a key indicator of cell
type and function. For example, parvalbumin (PV)-
expressing interneurons share fast-spiking electrophysiological
characteristics and of course expression of PV, but can be
categorized further into basket cells, chandelier cells, and
translaminar cells by their morphologies, which reflect diverging
connectivity and circuit functions. By regulating the growth and
elaboration of neuronal compartments, miRNAs control the
development of cell type-specific characteristics.

Cell and Neurite Morphology

MicroRNA function can have drastic effects on neurite
outgrowth, and hence affect the function of individual cell
types. This is evidenced by experiments where DICER was
knocked out in postmitotic cortical pyramidal neurons. Loss of
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miRNAs caused dramatic reductions in soma size and neurite
growth, which compounded into decreased brain size (Hong
et al., 2013). miRNA ablation via knockout of Dgcr8, another
component of the canonical miRNA biogenesis pathway, also in
postmitotic pyramidal neurons revealed additional phenotypes
in inhibitory synapse development: reduced PV interneuron
abundance, reduced inhibitory synapse formation, and reduced
IPSC amplitude and frequency (Hsu et al, 2012). DICER
knockout in D1R-expressing striatal neurons also reduced cell
size, leading to smaller brain size and profound defects in
movement and behavior (Cuellar et al., 2008). Postnatal DICER
knockout in cerebellar Purkinje cells caused gradual dendritic
degeneration and spine loss, with eventual cell death and
tissue degeneration (Schaefer et al., 2007). These dramatic
phenotypes—from the neuronal level all the way to gross brain
structure—suggest that miRNAs are crucial for multiple aspects
of morphological development in neurons.

In addition, specific mechanisms mediated by individual
miRNAs have been shown to regulate specific morphological
characteristics such as dendritic outgrowth and maturation.
miR-101 regulates dendrite development and scales overall
network excitability through multiple parallel mechanisms.
NKCC1 is a chloride channel that is downregulated as part
of the GABA switch, when neuronal responses to GABA
switch from excitation to inhibition. In this study blocking
miR-101 repression of NKCC1 impaired neuronal functional
maturation and increased spontaneous activity, which in turn
increased dendritic growth and excitatory synapses. Derepression
of other miR-101 targets, namely Ank2 and Kifla, caused
further hyperexcitability by producing and stabilizing more
excitatory synapses (Lippi et al.,, 2016). miR-9 has key roles in
neuronal fate determination; later in development, its repression
of the REST complex also acts to increase dendritic length
and complexity (Giusti et al, 2014). miR-132 and miR-212,
contained in the same locus, have been shown to promote
dendrite growth in vitro and in adult-born hippocampal neurons
(Vo et al, 2005; Magill et al, 2010). In conjunction to its
role in migration, miR-19 also regulates the development
of mature morphology in adult-born hippocampal neurons.
miR-19 overexpression led to decreased dendritic length and
dendritic branching and prevented spines from becoming mature
mushroom spines. Since miR-19 expression is high only in
progenitor cells and turns off as neurons differentiate, it may
control neuronal specification programs such as morphological
maturation (Han et al., 2016).

Morphological development, including aspects of cell size,
neurite growth, and spine formation, requires miRNA function.
Elaboration of axons and dendrites must be coordinated with
processes such as axon pathfinding, formation of specific synaptic
connections, and circuit wiring, which will be explored in the
following section.

Functional Connectivity and Circuit

Integration
Developing synaptic connections and integrating into circuits is
fundamental to the functional maturation of any neuron. The

arborization and targeting of dendrites and axons is specific to
each cell type and carefully regulated during brain development.
DICER knockout in dorsal root ganglion (DRG) neurons reduced
axon growth in vivo and thus significantly reduced innervation
of peripheral tissues. Inhibition of miR-132 phenocopies miRNA
ablation in vitro. This effect has been suggested to be mediated
by miR-132 repression of Rasal, a Ras GTPase-activating protein
known to respond to guidance cues, locally in axons (Hancock
et al,, 2014). Axon extension and targeting is critical to the
functional development of retinal ganglion cells (RGCs), which
must, in zebrafish, extend axons to the correct regions of
the optic tectum. miR-182 regulates this process by repressing
translation of Cfll, part of the signaling cascade that responds
to axon guidance cue Slit2 (Bellon et al, 2017). miR-409-3p
promotes specification of CSMN fate over other projection
neuron fates, and this includes the specific axon targeting of
CSMNs. Overexpression of miR-409-3p caused more cells to
not only express CSMN markers, but also to extend axons to
the internal capsule, functionally joining the corticospinal tract
(Diaz et al., 2020).

Olfactory interneurons provide a case where a specific miRNA
has been shown to control the trajectory of a cell’s functional
development, in a way that specifies distinct trajectories
for developmentally- and adult-born neurons. The olfactory
bulb contains interneurons born during early development in
the olfactory bulb, and interneurons born during adulthood
from subventricular adult progenitors. Early-born interneurons
mature and integrate into circuits rapidly, while adult-born
interneurons first migrate to the olfactory bulb and then slowly
integrate into existing olfactory circuitry over several weeks. They
form two distinct cell types, with different lineages, physiological
characteristics, morphology, and roles in odor discrimination.
miR-125 is expressed in only in the adult-born population, and
inhibition of miR-125 leads to increased dendritic arborization in
the olfactory bulb and abnormally early functional integration.
This was assayed by quantifying Fos expression in 1-week-
old interneurons following exposure to various odor stimuli.
Thus miR-125 seems to control the timing of functional
development in adult-born interneurons (Akerblom et al., 2014;
Figure 1, top-right).

In the cortex, perturbations in specification of one cell type
can disrupt circuit formation, leading to additional abnormalities
in other cell types and network-level defects. Cortical VIP-
expressing interneurons disinhibit PNs by axonal targeting of
other cortical interneurons. They play a key role in regulating
network activity of cortical circuits, so disruption of VIP
interneurons can negatively affect proper cortical function
and development. VIP interneurons with postmitotic DICER
ablation initially followed a normal developmental trajectory
but exhibited progressive cell death in adulthood. Mature
VIP interneurons also showed altered electrophysiological
characteristics and deficits in synaptic inputs, leading to increased
PN excitability and overall cortical activity (Qiu et al., 2020).
These findings suggest that miRNAs are indispensable for
maintaining the normal function of VIP interneurons, which
have far-reaching effects on cortical circuit development and
overall network function.
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We have now seen that miRNAs guide newly born neurons
through a complex series of developmental processes, including
migration, morphological elaboration, and circuit integration.
Next, we will examine how miRNAs interact with the
transcriptomic environment of cells on unique developmental
trajectories to resolve them into distinct cell types.

NEURONAL SUBTYPE DETERMINATION
AND FUNCTION

In addition to their role in neural progenitor identity, cell fate
determination and various developmental processes, miRNAs
contribute to the diversity of cell types found in the nervous
system. Not only do miRNAs exhibit developmental stage-
specific expression patterns, but they also have distinct cell-
type specific expression patterns. Indeed, miRNA expression
profiles vary greatly across neurons and glial cell types including
astrocytes, oligodendrocytes and microglia (Jovici¢ et al., 2013).
Furthermore, from an unbiased screen in mouse, He et al.
(2012) discovered that hundreds of miRNAs are enriched in
different neuronal subtypes, such as cerebellar Purkinje neurons,
cortical glutamatergic neurons, GABAergic INs, and even in
different subtypes of INs. These findings strongly suggest an
important role for miRNAs in neural cell type specification and
maintenance. The identity of different neuronal and glial cell
types is determined by combinatorial expression of transcription
factors. Post-transcriptional regulation of their expression by
miRNAs acts a network-level control mechanism that serves
as a critical tuner of precise and robust identities. Below, we
describe the specific miRNAs and their transcription factor
targets involved in the determination of different neuronal
subtypes such as dopaminergic (DA) neurons, spinal MNs and
various sensory neurons.

Dopaminergic Neurons

During development, transcription factors are known to operate
in feedforward and feedback loops with miRNAs to reinforce
lineage commitment. These are often negative feedback loops
involving a cell type-specific miRNA, where the miRNA represses
the transcription factor that induced its expression to prevent
reverting to the previous developmental stage (Ebert and Sharp,
2012). For instance, miR-133b is specifically expressed in and
regulates the maturation and function of midbrain DA neurons
within a negative feedback loop that includes the transcription
factor PITX3 (Figure 1, bottom-right). In this feedback loop,
PITX3 specifically induces transcription of miR-133b, and miR-
133b positively regulates dopaminergic neuron numbers in
mouse primary midbrain cultures by downregulating PITX3
(Kim et al., 2007). In another example, a negative feedback loop
involving the transcription factor ZEB2 and miR-200c was shown
to control the expression and function of several key genes of
midbrain DA neuron development (Yang et al., 2018; Figure 1,
bottom-right). Among these genes was Nr4a2, which encodes for
a transcription factor required for the generation of midbrain
DA neurons. NR4A2 is also a known target of miR-132 (Yang
etal., 2012; Figure 1, bottom-right). These examples highlight the

specific miRNA/transcription factor loops involved in midbrain
DA neuron differentiation.

The differentiation of olfactory bulb DA neurons is also under
the regulation of a miRNA/transcription factor interaction. The
transcription factor PAX6 is an important determinant of DA
neurons in the olfactory bulb. In the postnatal and adult mouse
forebrain, several olfactory bulb neuron subtypes are generated
from a mosaic of neural stem cells that are spatially organized
along the lateral ventricle. Olfactory bulb DA neurons are mainly
generated from progenitors localized to the dorsal region of the
ventricle. The mRNA of PAX6 is transcribed widely along the
ventricular walls, but PAX6 protein expression is restricted to the
dorsal region. This dorsal restriction was found to be a result of
inhibition of PAX6 protein expression by miR-7a. Furthermore,
in vivo inhibition of miR-7a in PAX6-negative regions of the
lateral wall induces PAX6 protein expression and increased
DA neuron number in the olfactory bulb (de Chevigny et al.,
2012). Regulation of PAX6 by miRNAs has also been implicated
in activity-dependent neurotransmitter switching between DA
and GABA in developing Xenopus olfactory bulb interneurons
in response to kinship odorants (Dulcis et al, 2017). This
study found that miR-375 and miR-200b facilitate the switch
between dopaminergic and GABAergic interneurons by targeting
PAX6 and BCLI11B, respectively. These findings highlight how
regulation by miRNAs can alter neuronal identity.

Motor Neurons

In addition to the differentiation of DA neurons in the midbrain
and olfactory bulb, miRNAs have also been proven indispensable
for the proper function of postnatal spinal MNs. In particular,
a miRNA that is necessary to establish MN fate, miR-218,
is also necessary for mature MNs (Figure 1, bottom-right).
Mutant mice lacking miR-218 exhibit neuromuscular junction
defects, MN hyperexcitability, and progressive MN cell loss
(Amin et al., 2015). The relevance of miR-218 in proper function
of MNs was further established with the discovery that miR-
218 is downregulated in human amyotrophic lateral sclerosis
(ALS). In this study the authors identified the potassium channel
KV10.1 as a novel miR-218 target that regulates neuronal
activity. From sequencing thousands of ALS genomes, they
also identified six rare miR-218-2 gene variants that failed
to regulate neuronal activity due to reduced processing by
DICER, further highlighting the importance of miR-218 in MNs
(Reichenstein et al., 2019).

Sensory Neurons

Sensory neurons provide another set of examples, where cell
type-specific miRNAs and their transcription factor targets
interact to regulate neuronal subtype determination. The miR-
183/96/182 cluster is highly expressed in sensory neurons and
plays a role in regulating the molecular and functional identities
of multiple different subtypes. Myelinated (A-fiber type) low-
threshold mechanoreceptors (LTMRs) terminate peripherally in
the skin and participate in touch sensation. There are three
types of myelinated LTMRs: A8 LTMRs, AP rapidly adapting
LTMRs and AP slowly adapting (AP SA) LTMRs. Conditional
loss of the miR-183/96/182 cluster in mice leads to a failure to
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extinguish expression of the transcription factor SHOX2 during
development and an increase in the proportion of A3 LTMRs
at the expense of AP SA-LTMRs. Conversely, overexpression of
the miR-183/96/182 cluster that represses SHOX2 expression,
or loss of SHOX2, both increase the Ap SA-LTMR population
at the expense of A3 LTMRs (Peng et al, 2018; Figure 1,
bottom-right). Furthermore, the miR-183/96/182 cluster was
shown to regulate the function of A§ LTMRs by scaling acute
noxious mechanical sensitivity by regulating CACNA2D1 and
2 and modulating neuronal excitability (Peng et al,, 2017).
The miR-183/96/182 cluster is also particularly important in
photoreceptors, where it is highly expressed with peak levels in
the adult retina. Cone-specific loss of miRNAs led to reduced
expression of cone-specific genes and gradual degeneration of
the outer segments, resulting in photoreceptors with reduced
light responses (Figure 1, bottom-right). Re-expression of
miR-183 and miR-182 prevented these phenotypes. The miR-
183/96/182 cluster was also necessary and sufficient for the
formation of inner segments, connecting cilia and short outer
segments, as well as light responses in stem-cell-derived retinal
cultures (Busskamp et al., 2014). The studies discussed above
demonstrate the critical role of the miR-183/96/182 cluster
in not only sensory neuron subtype determination but for
their proper function. In addition, miRNAs were also found
necessary for the retinal pigmented epithelium (RPE), which
plays key supportive roles in photoreceptor development and
function. Without miRNAs, RPE cells developed abnormal
cellular morphology, underwent de-pigmentation, and showed
defects in enzyme production, all of which contributed to
non-cell-autonomous defects in photoreceptor differentiation
(Ohana et al, 2015). In summary, in this section we have
described how specific miRNAs can determine and maintain
the identity of a wide variety of neuronal subtypes, through
mechanisms that target a lineage’s unique transcriptome.
Next, we discuss how miRNAs regulate various aspects of
glial cell identity.

GLIAL SUBTYPE DETERMINATION,
MORPHOLOGY AND FUNCTION

In recent years, numerous studies have demonstrated the
importance of miRNAs in the development of various glial cell
lineages such as Schwann cells (SCs) in the peripheral nervous
system (PNS) and astrocytes, oligodendrocytes and microglia
in the CNS. Below we summarize the critical miRNAs and
their targets that regulate the differentiation, morphology, and
function of these four glial subtypes.

Microglia

Microglia are the resident macrophages of the CNS that represent
the first line of immune defense in the brain and spinal
cord. They originate from early yolk sac myeloid progenitors
and infiltrate the brain during early development. In their
steady state, microglia mainly function to maintain brain
homeostasis and upon injury or infection microglia transform
to an activated state. Emerging evidence continue to show

that microglia are in fact a multifunctional housekeeping cell
type that contributes to many aspects of brain development
such as neural circuit wiring, neuronal survival, synaptogenesis,
synaptic transmission and myelination (Thion and Garel,
20205 Cserép et al., 2021). Microglia-specific DICER ablation
during embryonic development results in spontaneous microglial
activation and accumulation of DNA damage (Varol et al,
2017). Consistent with this finding, there are numerous miRNAs
known to inhibit microglia activation, which are described in
detail here (Guo et al, 2019). Microglia are usually activated
into two polarized states, termed the classical “M1” phenotype
that releases destructive pro-inflammatory mediators and the
alternative “M2” phenotype, which produces protective factors.
Two neuronal enriched miRNAs, miR-128 and miR-124 is known
to regulate microglia polarization. In a spinal cord injury (SCI)
mouse model, miR-128 was downregulated in microglial cells
and overexpression of miR-128 promoted viability of microglia
and increased the expression levels of M2 phenotypic markers
(Yang et al., 2017). miR-124 was also found to promote M2-
like polarization by increasing the expression levels of M2
markers and decreasing M1 markers expression after injury
(Hamzei Taj et al., 2016). It was further demonstrated that
in a steady state, miR-124 can directly target C/EBP-a, a
master transcription factor involved in differentiation of myeloid
cells and its downstream target PU.1 and promote microglia
quiescence (Ponomarev et al., 2011). Thus, miRNAs are critical
for mediating microglial activation and polarization.

Oligodendrocytes

Oligodendrocytes are a unique glial cell type in the CNS that
synthesizes multilamellar myelin membranes which ensheath
axons. Myelination electrically insulates axons to promote
rapid, energy-efficient action potential propagation and is thus
crucial for the development and function of the CNS. Two
independent studies demonstrated that DICER ablation in
oligodendrocyte precursor cells (OPCs) disrupts proper CNS
myelination and delays oligodendrocyte differentiation (Dugas
et al., 2010; Zhao et al., 2010). These studies identified miR-
219 and miR-338 as oligodendrocyte-specific miRNAs and
showed that overexpression of these miRNAs is sufficient to
promote oligodendrocyte differentiation. miR-219 and miR-
338 function in part by directly repressing negative regulators
of oligodendrocyte differentiation SOX6, HES5, and ZFP238
(Figure 1, bottom-left). miR-7a is also highly enriched in OPCs,
overexpression of which in NPCs or embryonic mouse cortex
promoted oligodendrocyte generation. Blocking miR-7a function
instead resulted reduction in oligodendrocyte number and an
expansion of neuronal populations. miR-7a may exert these
functions by directly targeting proneuronal transcription factors
including PAX6 and NEUROD4 (Zhao et al., 2012; Figure 1,
bottom-left). Finally, miR-23 has been shown to promote
oligodendrocyte differentiation by downregulating Lamin 1B,
a crucial determinant of oligodendrocyte maturation and
myelin formation, whose overexpression was shown to suppress
oligodendrocyte-specific genes (Lin and Fu, 2009; Figure 1,
bottom-left). These studies together demonstrate the crucial role
of miRNAs in promoting oligodendrocyte differentiation.
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Schwann Cells

Schwann cells are the principal glial cells in the PNS, where they
play essential roles in the development, maintenance, function
and regeneration of peripheral nerves. SCs can be categorized
into two major classes - myelinating and nonmyelinating SCs.
Myelinating SCs provide the myelin ensheathment of all large-
diameter peripheral axons, while nonmyelinating SCs typically
associate with smaller axons. Several studies have shown that
DICER ablation in SCs fully arrests their differentiation and
ability to myelinate. Gene expression analyses from these studies
revealed drastic downregulation of promyelinating transcription
factors KROX20 (Pereira et al., 2010) and EGR2 (Yun et al., 2010)
and upregulation of myelination inhibitors NOTCH1 and HES1
(Pereira et al., 2010). Yun et al. (2010) also showed that DICER-
ablated SCs maintained expression of genes characterizing the
undifferentiated SC state, such as Sox2, Jun, and Ccndl, providing
some basis for the arrested differentiation of SCs. Further
experiments will be required to determine the specific miRNAs
and their targets that regulate SC differentiation and function
(Bremer et al., 2010). Following axonal loss, SCs have the striking
ability to dedifferentiate to an immature-like state, proliferate
transiently, and help support axonal regeneration. As peripheral
axons regenerate, SCs re-differentiate to form new myelin
sheaths, helping to restore peripheral nerve function (Jessen
and Mirsky, 2016). A miRNA profiling study in SCs following
nerve injury found that most SC miRNAs were downregulated
in response to injury, facilitating the de-differentiation process,
which involves large-scale changes in gene expression. Shortly
after axonal regrowth these expression levels of these SC miRNAs
were restored. Most of these injury-regulated miRNAs were
computationally predicted to target positive regulators of SC
dedifferentiation and proliferation that must be repressed for
proper SC re-differentiation to occur. In particular, the authors
found that miR-34a targets NOTCHI1 and CCND1, and miR-
140 targets EGR2 to modulate dedifferentiation/proliferation and
remyelination, respectively (Viader et al., 2011; Figure 1, bottom-
left). Altogether these studies indicate that miRNAs are critical for
facilitating SC differentiation and maintaining the differentiated
state of mature SCs.

Astrocytes

Astrocytes are the most abundant cell type in the CNS and
are crucial regulators of neuronal development, function and
connectivity. Thus, it is not surprising that astrocyte-specific
DICER ablation results in drastic phenotypes across multiple
regions in the brain. These phenotypes range from deficits
in dendritic spine development in cortical and hippocampal
neurons (Sun et al., 2019) to major behavioral phenotypes such as
ataxia, seizures and ultimately premature death (Tao et al., 2011).
The cerebellum was found to be particularly susceptible to insults
caused by astrocytic DICER ablation, largely due to dysfunction
of Bergmann glia (BG), specialized astrocytes that serve as
scaffolds during early postnatal cerebellar development. DICER-
ablated BG exhibited thickened, swollen processes preceding
cerebellar degeneration and ataxia, suggesting that miRNAs have
a direct role in the morphology and function of BG (Tao
et al, 2011). A different study showed that, in addition to

morphological defects, embryonic DICER ablation in astrocytes
results in decreased expression of BG markers and an intrinsic
blockage of Notch signaling. Notch signaling is crucial for the
maintenance of BG during postnatal cerebellar development.
Furthermore, the authors found that miR-9 is required for
proper Notchl signaling in early postnatal BG (Kuang et al.,
2012). Recent studies have implicated more miRNAs in astrocyte
development and function. miR-31, a miRNA enriched in
differentiated astrocytes, is required for terminal astrocyte
differentiation as the loss of miR—31 impairs differentiation
and prevents astrocyte maturation in vitro (Figure 1, bottom-
left). This function is mediated in part by miR-31 targeting
of LIN28, a stem cell factor implicated in neural progenitor
cells (Meares et al., 2018). Another in vitro study showed that
miR-125b positively regulates astrogliogenesis and promotes
astrocyte proliferation (Pogue et al., 2010; Figure 1, bottom-left).
Finally, a FMRP-dependent miRNA-mediated mechanism has
been shown to alter developmental astroglial mGluR5 signaling,
which is important for mediating developmental astroglia to
neuron communication. Selective loss of FMRP in mouse and
human astroglia in vivo was shown to upregulate a brain-enriched
miRNA, miR-128-3p, which in turn suppressed developmental
expression of astroglial mGIluR5. mGluR5 expression was not
altered in FMRP-deficient neurons, highlighting an astroglia-
specific mechanism (Men et al., 2020). These studies demonstrate
the crucial role of miRNAs in of astrocyte differentiation,
morphology and function. Overall, we have outlined how
miRNAs are critically involved in various developmental
processes of distinct glial subtypes found in the nervous system.

CELL MAINTENANCE AND SURVIVAL

Seeing as miRNAs are necessary for developing the characteristics
of cell type—including laminar position, morphology,
connectivity, and molecular markers—it is not surprising
that they also play key roles in maintaining these cell types.
Differentiated neurons must tightly regulate gene expression
to remain functional throughout life and avoid cell death.
Continual miRNA regulation buffers potentially harmful changes
in gene expression and stabilizes a cell’s identity over its lifetime.
Decreased miRNA function, by allowing harmful changes
in identity and gene expression networks, may contribute to
neurodegeneration. Recent studies have also suggested that
many miRNAs repress pro-apoptotic genes, such that miRNA
misexpression or gain-of-function mutations may provide
cancerous cells with a mechanism of escaping apoptosis, making
miRNA dysfunction a potential “second hit” during oncogenesis
(Bejarano et al., 2021). The following examples will highlight
degenerative phenotypes caused by miRNA dysfunction in the
brain, in glial cells, and in other CNS neurons, such as those of
the spinal cord.

Reduced miRNA function caused by hemizygous DICER
knockout in adult DA neurons reduced levels of DA and
other molecules in DA metabolic pathways, while complete
DICER knockout led to severe DA neuron death, especially
in the substantia nigra (Chmielarz et al,, 2017). Dysfunction
and progressive loss of DA neurons underlies Parkinson’s
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disease (PD), leading some to hypothesize that age-related
decline in miRNA function may contribute to PD pathology.
miRNA biogenesis has been observed to decline with age, and
pharmacological stimulation of miRNA biogenesis improved
DA neuron survival after cellular stress. Downregulation of
midbrain-enriched miRNAs, such as miR-133b, may contribute
to the selective vulnerability of DA neurons (Kim et al., 2007;
Figure 1, top-right). miRNA ablation in cerebellar Purkinje
cells eventually leads to cell death following morphological
degeneration (Schaefer et al, 2007), and MGE-derived
GABAergic interneurons also show increased apoptosis after
DICER knockout (Tuncdemir et al., 2015). A specific subtype
of interneurons, VIP interneurons were also found to exhibit
progressive cell death with postmitotic DICER knockout
(Qiu et al., 2020).

During development, oligodendrocytes are greatly
overproduced and only by competing for limiting amounts of
target-derived growth factors is their number adjusted according
to the number and length of the axons requiring myelination.
The miR-17/92 cluster was shown to regulate this culling
process of oligodendrocytes by promoting their proliferation
through activation of the Akt signaling pathway (Budde et al,,
2010). Postnatal ablation of DICER in microglia found that
absence of miRNAs does not induce spontaneous activation or
morphological abnormalities but results in reduced microglia
number, highlighting a role for miRNAs in microglia survival
during adulthood (Varol et al., 2017).

Without miR-218-1 and miR-218-2, spinal MNs are born
in normal numbers but fail to innervate muscles and die off
in large numbers before birth (Amin et al, 2015; Figure 1,
top-right). Proprioceptive DRG neurons express PV late in
development, meaning that conditional DICER knockout driven
PV expression ablates miRNAs in only more mature cells.
These mutant mice initially develop normally, with normal
proprioceptive DRG neuron number and function, but show
progressive proprioceptive DRG neuron loss and locomotor
defects by P30. Cell death is preceded by disruption of cell
identity, as evidenced by downregulation of proprioceptor-
enriched genes, upregulation of markers for other cell types,
and decreased responsiveness to vibration (O’ Toole et al., 2017).
DICER knockout in mature, postmitotic rod photoreceptors lead
to outer segment disorganization in adult mice, followed by
robust retinal degeneration and eventual loss of visual function.
Interestingly, these mice did not exhibit significant defects in
either phototransduction or the visual cycle prior to retinal
degeneration, suggesting that miRNAs in rods primarily function
to support their survival (Sundermeier et al., 2014).

In addition to developmental establishment of cellular
diversity, miRNA function throughout life is necessary to
maintenance of cell identity and health. Dysfunction of

REFERENCES

Akerblom, M., Petri, R, Sachdeva, R., Klussendorf, T., Mattsson, B., Gentner,
B., et al. (2014). microRna-125 distinguishes developmentally generated and
adult-born olfactory bulb interneurons. Development 141, 1580-1588. doi:
10.1242/dev.101659

miRNA networks can induce degenerative phenotypes and may
contribute to the mechanisms or the cell type-specificity of some
neurodegenerative diseases.

DISCUSSION

Numerous reports over the last two decades have shown that
miRNA-mediated posttranscriptional regulation is indispensable
at basically all stages of brain assembly. Although the majority
of these studies are focused on developmental transitions, here
we argue that the same mechanisms also demonstrate that
miRNAs are key determinant of cell identity. By reinforcing the
transcriptional programs underlying lineage decisions, miRNAs
instruct the emergence and maintenance of many cell types of
the brain. Further, miRNAs are necessary building blocks in
the molecular pathways controlling lamination, differentiation
and proper connectivity, processes through which neurons take
on the characteristics essential to their cell type. Despite this
wealth of data, we believe that the field is still in its infancy. In
fact, miRNA roles have only been tested in a small percentage
of brain cell types. Even for the ones tested, detailed miRNA
mechanisms are for the most part still missing. Finally, owing
to advances in sequencing technologies, the field is rapidly
progressing from studying a single miRNA and a few of its targets
to identifying miRNA-target networks associated with distinct
cell types and developmental stages (Nowakowski et al., 2018).
This effort is complemented by new technologies that allow
precise mapping of miRNA-target interactions (mTI) in specific
cell types (Tan et al.,, 2013; Li et al,, 2020). Integrating miRNA
and target expression profile with mTT mapping will deliver, for
the first time, the landscape of miRNA repression in specific
cell types. The necessary next step will be to develop scalable
tools that effectively manipulate mTT so that their functional roles
in instructing cell identity can be tested. The combination of
these technologies will reveal novel mechanisms driving cellular
diversity in the brain and spawn a new era of miRNA research.

AUTHOR CONTRIBUTIONS

NZ and JD wrote the review with help from FZ and GL.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by a grant from the Whitehall
Foundation (2018-12-55) and by start-up money from The
Scripps Research Institute (NIH NINDS 5R01NS121223).

Amin, N. D,, Bai, G, Klug, J. R,, Bonanomi, D., Pankratz, M. T., Gifford, W. D.,
et al. (2015). Loss of motoneuron-specific microRNA-218 causes systemic
neuromuscular failure. Science 350, 1525-1529. doi: 10.1126/science.aad
2509

Bejarano, F., Chang, C. H., Sun, K., Hagen, J. W., Deng, W. M., and Lai, E. C.
(2021). A comprehensive in vivo screen for anti-apoptotic miRNAs indicates

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2021 | Volume 14 | Article 646072


https://doi.org/10.1242/dev.101659
https://doi.org/10.1242/dev.101659
https://doi.org/10.1126/science.aad2509
https://doi.org/10.1126/science.aad2509
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Zolboot et al.

MicroRNAs Instruct Cell Diversity

broad capacities for oncogenic synergy. Dev. Biol. 475, 10-20. doi: 10.1016/j.
ydbio.2021.02.010

Bellon, A, Iyer, A., Bridi, S., Lee, F. C. Y., Ovando-Vézquez, C., Corradi, E., et al.
(2017). miR-182 regulates Slit2-mediated axon guidance by modulating the
local translation of a specific mRNA. Cell Rep. 18, 1171-1186. doi: 10.1016/].
celrep.2016.12.093

Bernstein, E., Kim, S. Y., Carmell, M. A., Murchison, E. P., Alcorn, H., Li, M. Z.,
etal. (2003). Dicer is essential for mouse development. Nat. Genet. 35, 215-217.
doi: 10.1038/ng1253

Bremer, J., O’Connor, T., Tiberi, C., Rehrauer, H., Weis, J., and Aguzzi, A. (2010).
Ablation of Dicer from murine Schwann cells increases their proliferation while
blocking myelination. PLoS One 5:e12450. doi: 10.1371/journal.pone.0012450

Budde, H., Schmitt, S., Fitzner, D., Opitz, L., Salinas-Riester, G., and Simons,
M. (2010). Control of oligodendroglial cell number by the miR-17-92 cluster.
Development 137, 2127-2132. doi: 10.1242/dev.050633

Busskamp, V., Krol, J., Nelidova, D., Daum, J., Szikra, T., Tsuda, B., et al. (2014).
MiRNAs 182 and 183 are necessary to maintain adult cone photoreceptor outer
segments and visual function. Neuron 83, 586-600. doi: 10.1016/j.neuron.2014.
06.020

Cadwell, C. R, Palasantza, A., Jiang, X., Berens, P., Deng, Q., Yilmaz, M.,
et al. (2016). Electrophysiological, transcriptomic and morphologic profiling of
single neurons using Patch-seq. Nat. Biotechnol. 34, 199-203. doi: 10.1038/nbt.
3445

Celli, J., Van Bokhoven, H., and Brunner, H. G. (2003). Feingold syndrome: clinical
review and genetic mapping. Am. J. Med. Genet. 122A, 294-300. doi: 10.1002/
ajmg.a.20471

Chen, T. H., and Chen, J. A. (2019). Multifaceted roles of microRNAs: from motor
neuron generation in embryos to degeneration in spinal muscular atrophy. Elife
8:€50848. doi: 10.7554/eLife.50848

Cheng, L. C., Pastrana, E., Tavazoie, M., and Doetsch, F. (2009). miR-124 regulates
adult neurogenesis in the subventricular zone stem cell niche. Nat. Neurosci. 12,
399-408. doi: 10.1038/nn.2294

Chmielarz, P., Konovalova, J., Najam, S. S., Alter, H., Piepponen, T. P., Erfle, H.,
etal. (2017). Dicer and microRNAs protect adult dopamine neurons. Cell Death
Dis. 8:€2813. doi: 10.1038/cddis.2017.214

Choi, P. S., Zakhary, L., Choi, W. Y., Caron, S., Alvarez-Saavedra, E., Miska,
E. A, et al. (2008). Members of the miRNA-200 family regulate olfactory
neurogenesis. Neuron 57, 41-55. doi: 10.1016/j.neuron.2007.11.018

Cserép, C., Pésfai, B., and Dénes, A (2021). Shaping neuronal fate: functional
heterogeneity of direct microglia-neuron interactions. Neuron 109, 222-240.
doi: 10.1016/j.neuron.2020.11.007

Cuellar, T. L., Davis, T. H., Nelson, P. T., Loeb, G. B., Harfe, B. D., Ullian, E., et al.
(2008). Dicer loss in striatal neurons produces behavioral and neuroanatomical
phenotypes in the absence of neurodegeneration. Proc. Natl. Acad. Sci. U.S.A.
105, 5614-5619. doi: 10.1073/pnas.0801689105

Davis, B. N., and Hata, A. (2009). Regulation of microRNA biogenesis: a
miRiad of mechanisms. Cell Commun. Signal. 7:18. doi: 10.1186/1478-811X-
7-18

de Chevigny, A., Coré, N., Follert, P., Gaudin, M., Barbry, P., Béclin, C,
et al. (2012). MiR-7a regulation of Pax6 controls spatial origin of forebrain
dopaminergic neurons. Nat. Neurosci. 15, 1120-1126. doi: 10.1038/nn.3142

de Pietri Tonelli, D., Pulvers, J. N., Haffner, C., Murchison, E. P., Hannon, G. J.,
and Huttner, W. B. (2008). miRNAs are essential for survival and differentiation
of newborn neurons but not for expansion of neural progenitors during early
neurogenesis in the mouse embryonic neocortex. Development 135, 3911-3921.
doi: 10.1242/dev.025080

Diaz, J. L., Siththanandan, V. B., Lu, V., Gonzalez-Nava, N., Pasquina, L.,
MacDonald, J. L., et al. (2020). An evolutionarily acquired microRNA shapes
development of mammalian cortical projections. Proc. Natl. Acad. Sci. U.S.A.
117, 29113-29122. doi: 10.1073/pnas.2006700117

Dong, Q., Meng, P., Wang, T., Qin, W., Qin, W., Wang, F., et al. (2010). MicroRNA
let-7a inhibits proliferation of human prostate cancer cells in vitro and in vivo
by targeting E2F2 and CCND2. PLoS One 5:e10147. doi: 10.1371/journal.pone.
0010147

Dori, M., Cavalli, D., Lesche, M., Massalini, S., Alieh, L. H. A., De Toledo, B. C.,
et al. (2020). MicroRNA profiling of mouse cortical progenitors and neurons
reveals miR-486-5p as a regulator of neurogenesis. Development 147:dev190520.
doi: 10.1242/dev.190520

Dugas, J. C., Cuellar, T. L., Scholze, A., Ason, B., Ibrahim, A., Emery, B,
et al. (2010). Dicerl and miR-219 are required for normal oligodendrocyte

differentiation and myelination. Neuron 65, 597-611. doi: 10.1016/j.neuron.
2010.01.027

Dulcis, D., Lippi, G., Stark, C. J., Do, L. H,, Berg, D. K,, and Spitzer, N. C. (2017).
Neurotransmitter switching regulated by miRNAs controls changes in social
preference. Neuron 95, 1319-1333.e5. doi: 10.1016/j.neuron.2017.08.023

Ebert, M. S., and Sharp, P. A. (2012). Leading edge review roles for MicroRNAs in
conferring robustness to biological processes. Cell 149, 515-524. doi: 10.1016/j.
cell.2012.04.005

Ekins, T. G., Mahadevan, V., Zhang, Y., D’Amour, J. A., Akgiil, G., Petros, T, et al.
(2020). Emergence of non-canonical parvalbumin-containing interneurons in
hippocampus of a murine model of type I lissencephaly. Elife 9:262373. doi:
10.7554/eLife.62373

Fernandez, V., Martinez—Martinez, M. A, Prieto—Colomina, A., Cérdenas, A.,
Soler, R., Dori, M., et al. (2020). Repression of Irs2 by let—7 miRNAs is essential
for homeostasis of the telencephalic neuroepithelium. EMBO ]. 39:105479.
doi: 10.15252/embj.2020105479

Fineberg, S. K., Datta, P., Stein, C. S., and Davidson, B. L. (2012). MiR-34a
represses Numbl in murine neural progenitor cells and antagonizes neuronal
differentiation. PLoS One 7:€38562. doi: 10.1371/journal.pone.0038562

Foldy, C., Darmanis, S., Aoto, J., Malenka, R. C., Quake, S. R., and Siidhof,
T. C. (2016). Single-cell RNAseq reveals cell adhesion molecule profiles in
electrophysiologically defined neurons. Proc. Natl. Acad. Sci. U.S.A. 113, E5222-
E5231. doi: 10.1073/pnas.1610155113

Fuzik, J., Zeisel, A., Mate, Z., Calvigioni, D., Yanagawa, Y., Szabo, G., et al. (2016).
Integration of electrophysiological recordings with single-cell RNA-seq data
identifies neuronal subtypes. Nat. Biotechnol. 34, 175-183. doi: 10.1038/nbt.
3443

Georgi, S. A.,and Reh, T. A. (2010). Dicer is required for the transition from early to
late progenitor state in the developing mouse retina. J. Neurosci. 30, 4048-4061.
doi: 10.1523/JNEUROSCI.4982-09.2010

Ghosh, T., Aprea, J., Nardelli, J., Engel, H., Selinger, C., Mombereau, C., et al.
(2014). MicroRNAs establish robustness and adaptability of a critical gene
network to regulate progenitor fate decisions during cortical neurogenesis. Cell
Rep. 7,1779-1788. doi: 10.1016/j.celrep.2014.05.029

Giusti, S. A., Vogl, A. M., Brockmann, M. M., Vercelli, C. A., Rein, M. L,
Triimbach, D., et al. (2014). MicroRNA-9 controls dendritic development by
targeting REST. Elife 3:¢02755. doi: 10.7554/eLife.02755

Gouwens, N. W,, Sorensen, S. A., Baftizadeh, F., Budzillo, A., Lee, B. R,, Jarsky,
T., et al. (2020). Toward an integrated classification of neuronal cell types:
morphoelectric and transcriptomic characterization of individual GABAergic
cortical neurons. bioRxiv [Preprint]. doi: 10.1101/2020.02.03.932244

Gouwens, N. W, Sorensen, S. A., Berg, J., Lee, C,, Jarsky, T., Ting, J., et al. (2019).
Classification of electrophysiological and morphological neuron types in the
mouse visual cortex. Nat. Neurosci. 22, 1182-1195. doi: 10.1038/s41593-019-
0417-0

Guo, Y., Hong, W., Wang, X., Zhang, P., Kérner, H., Tu, J., et al. (2019).
MicroRNAs in microglia: how do MicroRNAs affect activation, inflammation,
polarization of microglia and mediate the interaction between microglia and
glioma? Front. Mol. Neurosci. 12:125. doi: 10.3389/fnmol.2019.00125

Hamzei Taj, S., Kho, W., Riou, A., Wiedermann, D., and Hoehn, M. (2016).
MiRNA-124 induces neuroprotection and functional improvement after focal
cerebral ischemia. Biomaterials 91, 151-165. doi: 10.1016/j.biomaterials.2016.
03.025

Han, J., Kim, H. J., Schafer, S. T., Paquola, A., Clemenson, G. D., Toda, T, et al.
(2016). Functional implications of miR-19 in the migration of newborn neurons
in the adult brain. Neuron 91, 79-89. doi: 10.1016/j.neuron.2016.05.034

Han, J., Lavigne, C. A., Jones, B. T., Zhang, H., Gillett, F., and Mendell, J. T. (2020).
A ubiquitin ligase mediates target-directed microRNA decay independently of
tailing and trimming. Science 370:eabc9546. doi: 10.1126/science.abc9546

Hancock, M. L., Preitner, N., Quan, J., and Flanagan, J. G. (2014). MicroRNA-132
is enriched in developing axons, locally regulates Rasal mRNA, and promotes
axon extension. J. Neurosci. 34, 66-78. doi: 10.1523/JNEUROSCI.3371-13.2014

He, M,, Liu, Y., Wang, X., Zhang, M. Q., Hannon, G. J., and Huang, Z. J. (2012).
Cell-type-based analysis of microRNA profiles in the mouse brain. Neuron 73,
35-48. doi: 10.1016/j.neuron.2011.11.010

Heimberg, A. M., Sempere, L. F., Moy, V. N., Donoghue, P. C.J., and Peterson, K. J.
(2008). MicroRNAs and the advent of vertebrate morphological complexity.
Proc. Natl. Acad. Sci. U.S.A. 105, 2946-2950. doi: 10.1073/pnas.0712259105

Hemmat, M., Rumple, M. J., Mahon, L. W., Strom, C. M., Anguiano, A., Talai, M.,
et al. (2014). Short stature, digit anomalies and dysmorphic facial features are

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2021 | Volume 14 | Article 646072


https://doi.org/10.1016/j.ydbio.2021.02.010
https://doi.org/10.1016/j.ydbio.2021.02.010
https://doi.org/10.1016/j.celrep.2016.12.093
https://doi.org/10.1016/j.celrep.2016.12.093
https://doi.org/10.1038/ng1253
https://doi.org/10.1371/journal.pone.0012450
https://doi.org/10.1242/dev.050633
https://doi.org/10.1016/j.neuron.2014.06.020
https://doi.org/10.1016/j.neuron.2014.06.020
https://doi.org/10.1038/nbt.3445
https://doi.org/10.1038/nbt.3445
https://doi.org/10.1002/ajmg.a.20471
https://doi.org/10.1002/ajmg.a.20471
https://doi.org/10.7554/eLife.50848
https://doi.org/10.1038/nn.2294
https://doi.org/10.1038/cddis.2017.214
https://doi.org/10.1016/j.neuron.2007.11.018
https://doi.org/10.1016/j.neuron.2020.11.007
https://doi.org/10.1073/pnas.0801689105
https://doi.org/10.1186/1478-811X-7-18
https://doi.org/10.1186/1478-811X-7-18
https://doi.org/10.1038/nn.3142
https://doi.org/10.1242/dev.025080
https://doi.org/10.1073/pnas.2006700117
https://doi.org/10.1371/journal.pone.0010147
https://doi.org/10.1371/journal.pone.0010147
https://doi.org/10.1242/dev.190520
https://doi.org/10.1016/j.neuron.2010.01.027
https://doi.org/10.1016/j.neuron.2010.01.027
https://doi.org/10.1016/j.neuron.2017.08.023
https://doi.org/10.1016/j.cell.2012.04.005
https://doi.org/10.1016/j.cell.2012.04.005
https://doi.org/10.7554/eLife.62373
https://doi.org/10.7554/eLife.62373
https://doi.org/10.15252/embj.2020105479
https://doi.org/10.1371/journal.pone.0038562
https://doi.org/10.1073/pnas.1610155113
https://doi.org/10.1038/nbt.3443
https://doi.org/10.1038/nbt.3443
https://doi.org/10.1523/JNEUROSCI.4982-09.2010
https://doi.org/10.1016/j.celrep.2014.05.029
https://doi.org/10.7554/eLife.02755
https://doi.org/10.1101/2020.02.03.932244
https://doi.org/10.1038/s41593-019-0417-0
https://doi.org/10.1038/s41593-019-0417-0
https://doi.org/10.3389/fnmol.2019.00125
https://doi.org/10.1016/j.biomaterials.2016.03.025
https://doi.org/10.1016/j.biomaterials.2016.03.025
https://doi.org/10.1016/j.neuron.2016.05.034
https://doi.org/10.1126/science.abc9546
https://doi.org/10.1523/JNEUROSCI.3371-13.2014
https://doi.org/10.1016/j.neuron.2011.11.010
https://doi.org/10.1073/pnas.0712259105
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Zolboot et al.

MicroRNAs Instruct Cell Diversity

associated with the duplication of miR-17 ~ 92 cluster. Mol. Cytogenet. 7:27.
doi: 10.1186/1755-8166-7-27

Hong, J., Zhang, H., Kawase-Koga, Y., and Sun, T. (2013). MicroRNA function
is required for neurite outgrowth of mature neurons in the mouse postnatal
cerebral cortex. Front. Cell. Neurosci. 7:151. doi: 10.3389/fncel.2013.00151

Hsu, R., Schofield, C. M., Dela Cruz, C. G., Jones-Davis, D. M., Blelloch, R., and
Ullian, E. M. (2012). Loss of microRNAs in pyramidal neurons leads to specific
changes in inhibitory synaptic transmission in the prefrontal cortex. Mol. Cell.
Neurosci. 50, 283-292. doi: 10.1016/j.mcn.2012.06.002

Jessen, K. R., and Mirsky, R. (2016). The repair Schwann cell and its function in
regenerating nerves. J. Physiol. 594, 3521-3531. doi: 10.1113/JP270874

Johnson, C. D., Esquela-Kerscher, A., Stefani, G., Byrom, M., Kelnar, K,
Ovcharenko, D., et al. (2007). The let-7 microRNA represses cell proliferation
pathways in human cells. Cancer Res. 67, 7713-7722. doi: 10.1158/0008-5472.
CAN-07-1083

Jovicié, A., Roshan, R., Moisoi, N., Pradervand, S., Moser, R., Pillai, B., et al.
(2013). Comprehensive expression analyses of neural cell-type-specific miRNAs
identify new determinants of the specification and maintenance of neuronal
phenotypes. Ann. Intern. Med. 158, 5127-5137. doi: 10.1523/JNEUROSCIL.
0600-12.2013

Kim, J., Inoue, K., Ishii, J., Vanti, W. B., Voronov, S. V., Murchison, E., et al.
(2007). A microRNA feedback circuit in midbrain dopamine neurons. Science
317, 1220-1224. doi: 10.1126/science.1140481

Kosik, K. S. (2009). MicroRNAs tell an evo-devo story. Nat. Rev. Neurosci. 10,
754-759. doi: 10.1038/nrn2713

Krichevsky, A. M., Sonntag, K.-C., Isacson, O., and Kosik, K. S. (2006). Specific
microRNAs modulate embryonic stem cell-derived neurogenesis. Stem Cells 24,
857-864. doi: 10.1634/stemcells.2005-0441

Kuang, Y., Liu, Q., Shu, X., Zhang, C., Huang, N,, Li, J., et al. (2012). Dicerl
and MiR-9 are required for proper Notchl signaling and the Bergmann glial
phenotype in the developing mouse cerebellum. Glia 60, 1734-1746. doi: 10.
1002/glia.22392

La Torre, A., Georgi, S., and Reh, T. A. (2013). Conserved microRNA pathway
regulates developmental timing of retinal neurogenesis. Proc. Natl. Acad. Sci.
U.S.A. 110, E2362-E2370. doi: 10.1073/pnas.1301837110

Lee, S. W., Oh, Y. M., Lu, Y. L., Kim, W. K., and Yoo, A. S. (2018). MicroRNAs
overcome cell fate barrier by reducing EZH2-controlled REST stability during
neuronal conversion of human adult fibroblasts. Dev. Cell 46, 73-84.¢7. doi:
10.1016/j.devcel.2018.06.007

Leucht, C,, Stigloher, C., Wizenmann, A., Klafke, R., Folchert, A., and Bally-Cuif, L.
(2008). MicroRNA-9 directs late organizer activity of the midbrain-hindbrain
boundary. Nat. Neurosci. 11, 641-648. doi: 10.1038/nn.2115

Li, X,, Pritykin, Y., Concepcion, C. P, Lu, Y., La Rocca, G., Zhang, M., et al. (2020).
High-resolution in vivo identification of miRNA Targets by Halo-Enhanced
Ago2 pull-down. Mol. Cell 79, 167-179.e11. doi: 10.1016/j.molcel.2020.05.009

Lim, L., Mi, D., Llorca, A., and Marin, O. (2018). Development and functional
diversification of cortical interneurons. Neuron 100, 294-313. doi: 10.1016/j.
neuron.2018.10.009

Lin, S. T, and Fu, Y. H. (2009). miR-23 regulation of lamin Bl is crucial for
oligodendrocyte development and myelination. DMM Dis. Model. Mech. 2,
178-188. doi: 10.1242/dmm.001065

Lippi, G., Fernandes, C. C., Ewell, L. A, John, D., Romoli, B., Curia, G,
et al. (2016). MicroRNA-101 regulates multiple developmental programs to
constrain excitation in adult neural networks. Neuron 92, 1337-1351. doi: 10.
1016/j.neuron.2016.11.017

Liu, C., Mallick, B., Long, D., Rennie, W. A., Wolenc, A., Carmack, C. S., et al.
(2013). CLIP-based prediction of mammalian microRNA binding sites. Nucleic
Acids Res. 41, e138. doi: 10.1093/nar/gkt435

Magill, S. T., Cambronne, X. A., Luikart, B. W, Lioy, D. T., Leighton, B. H.,
Westbrook, G. L., et al. (2010). MicroRNA-132 regulates dendritic growth and
arborization of newborn neurons in the adult hippocampus. Proc. Natl. Acad.
Sci. U.S.A. 107, 20382-20387. doi: 10.1073/pnas.1015691107

Makeyev, E. V., Zhang, J., Carrasco, M. A., and Maniatis, T. (2007). The
microRNA miR-124 promotes neuronal differentiation by triggering brain-
specific alternative pre-mRNA splicing. Mol. Cell 27, 435-448. doi: 10.1016/j.
molcel.2007.07.015

Meares, G. P., Rajbhandari, R., Gerigk, M., Tien, C.-L., Chang, C., Fehling, S. C.,
et al. (2018). MicroRNA-31 is required for astrocyte specification. Glia 66,
987-998. doi: 10.1002/glia.23296

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013).
Circular RNAs are a large class of animal RNAs with regulatory potency. Nature
495, 333-338. doi: 10.1038/nature11928

Men, Y., Ye, L., Risgaard, R. D., Promes, V., Zhao, X., Paukert, M., et al.
(2020). Astroglial FMRP deficiency cell-autonomously up-regulates miR-128
and disrupts developmental astroglial mGIuR5 signaling. Proc. Natl. Acad. Sci.
U.S.A. 117, 25092-25103. doi: 10.1073/pnas.2014080117

Nowakowski, T. J., Fotaki, V., Pollock, A., Sun, T., Pratt, T., and Price, D. J. (2013).
MicroRNA-92b regulates the development of intermediate cortical progenitors
in embryonic mouse brain. Proc. Natl. Acad. Sci. U.S.A. 110, 7056-7061. doi:
10.1073/pnas.1219385110

Nowakowski, T. J., Rani, N., Golkaram, M., Zhou, H. R., Alvarado, B., Huch,
K., et al. (2018). Regulation of cell-type-specific transcriptomes by microRNA
networks during human brain development. Nat. Neurosci. 21, 1784-1792.
doi: 10.1038/s41593-018-0265-3

Ohana, R,, Weiman-Kelman, B., Raviv, S., Tamm, E. R, Pasmanik-Chor, M., Rinon,
A., et al. (2015). MicroRNAs are essential for differentiation of the retinal
pigmented epithelium and maturation of adjacent photoreceptors. Development
142, 2487-2498. doi: 10.1242/dev.121533

O’Toole, S. M., Ferrer, M. M., Mekonnen, J., Zhang, H., Shima, Y., Ladle, D. R,, et al.
(2017). Dicer maintains the identity and function of proprioceptive sensory
neurons. J. Neurophysiol. 117, 1057-1069. doi: 10.1152/jn.00763.2016

Parchem, R. J., Moore, N., Fish, J. L., Parchem, J. G., Braga, T. T., Shenoy, A., et al.
(2015). miR-302 is required for timing of neural differentiation, neural tube
closure, and embryonic viability. Cell Rep. 12, 760-773. doi: 10.1016/j.celrep.
2015.06.074

Peng, C,, Furlan, A., Zhang, M.-D., Su, J., Liibke, M., Lonnerberg, P., et al. (2018).
Termination of cell-type specification gene programs by the miR-183 cluster
determines the population sizes of low-threshold mechanosensitive neurons.
Development 145:dev165613. doi: 10.1242/dev.165613

Peng, C., Li, L., Zhang, M. D., Gonzales, C. B., Parisien, M., Belfer, I, et al.
(2017). MIR-183 cluster scales mechanical pain sensitivity by regulating basal
and neuropathic pain genes. Science 356, 1168-1172. doi: 10.1126/science.aam
7671

Pereira, J. A., Baumann, R., Norrmén, C., Somandin, C., Miehe, M., Jacob, C., et al.
(2010). Dicer in Schwann cells is required for myelination and axonal integrity.
J. Neurosci. 30, 6763-6775. doi: 10.1523/JNEUROSCI.0801-10.2010

Pogue, A. I, Cui, J. G, Li, Y. Y., Zhao, Y., Culicchia, F., and Lukiw, W. J.
(2010). Micro RNA-125b (miRNA-125b) function in astrogliosis and glial cell
proliferation. Neurosci. Lett. 476, 18-22. doi: 10.1016/j.neulet.2010.03.054

Pong, S. K., and Gullerova, M. (2018). Noncanonical functions of microRNA
pathway enzymes - Drosha, DGCRS, Dicer and Ago proteins. FEBS Lett. 592,
2973-2986. doi: 10.1002/1873-3468.13196

Ponomarev, E. D., Veremeyko, T., Barteneva, N., Krichevsky, A. M., and Weiner,
H. L. (2011). MicroRNA-124 promotes microglia quiescence and suppresses
EAE by deactivating macrophages via the C/EBP-a-PU.1 pathway. Nat. Med.
17, 64-70. doi: 10.1038/nm.2266

Prodromidou, K., Vlachos, I. S., Gaitanou, M., Kouroupi, G., Hatzigeorgiou,
A. G., and Matsas, R. (2020). MicroRNA-934 is a novel primate-specific small
non-coding RNA with neurogenic function during early development. Elife
9:¢50561. doi: 10.7554/eLife.50561

Qiu, F.,, Mao, X,, Liu, P, Wu, J., Zhang, Y., Sun, D., et al. (2020). MicroRNA
deficiency in VIP+ interneurons leads to cortical circuit dysfunction. Cereb.
Cortex 30, 2229-2249. doi: 10.1093/cercor/bhz236

Rago, L., Beattie, R., Taylor, V., and Winter, J. (2014). miR379-410 cluster miRNAs
regulate neurogenesis and neuronal migration by fine-tuning N-cadherin.
EMBO J. 33, 906-920. doi: 10.1002/embj.201386591

Rani, N., Nowakowski, T. J., Zhou, H., Godshalk, S. E., Lisi, V., Kriegstein, A. R.,
et al. (2016). A primate IncRNA mediates Notch signaling during neuronal
development by sequestering miRNA. Neuron 90, 1174-1188. doi: 10.1016/j.
neuron.2016.05.005

Reichenstein, I, Eitan, C., Diaz-Garcia, S., Haim, G., Magen, L, Siany, A,
et al. (2019). Human genetics and neuropathology suggest a link between
miR-218 and amyotrophic lateral sclerosis pathophysiology. Sci. Transl. Med.
11:eaav5264.

Rybak, A., Fuchs, H., Smirnova, L., Brandt, C., Pohl, E. E., Nitsch, R., et al. (2008). A
feedback loop comprising lin-28 and let-7 controls pre-let-7 maturation during
neural stem-cell commitment. Nat. Cell Biol. 10, 987-993. doi: 10.1038/ncb
1759

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2021 | Volume 14 | Article 646072


https://doi.org/10.1186/1755-8166-7-27
https://doi.org/10.3389/fncel.2013.00151
https://doi.org/10.1016/j.mcn.2012.06.002
https://doi.org/10.1113/JP270874
https://doi.org/10.1158/0008-5472.CAN-07-1083
https://doi.org/10.1158/0008-5472.CAN-07-1083
https://doi.org/10.1523/JNEUROSCI.0600-12.2013
https://doi.org/10.1523/JNEUROSCI.0600-12.2013
https://doi.org/10.1126/science.1140481
https://doi.org/10.1038/nrn2713
https://doi.org/10.1634/stemcells.2005-0441
https://doi.org/10.1002/glia.22392
https://doi.org/10.1002/glia.22392
https://doi.org/10.1073/pnas.1301837110
https://doi.org/10.1016/j.devcel.2018.06.007
https://doi.org/10.1016/j.devcel.2018.06.007
https://doi.org/10.1038/nn.2115
https://doi.org/10.1016/j.molcel.2020.05.009
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1016/j.neuron.2018.10.009
https://doi.org/10.1242/dmm.001065
https://doi.org/10.1016/j.neuron.2016.11.017
https://doi.org/10.1016/j.neuron.2016.11.017
https://doi.org/10.1093/nar/gkt435
https://doi.org/10.1073/pnas.1015691107
https://doi.org/10.1016/j.molcel.2007.07.015
https://doi.org/10.1016/j.molcel.2007.07.015
https://doi.org/10.1002/glia.23296
https://doi.org/10.1038/nature11928
https://doi.org/10.1073/pnas.2014080117
https://doi.org/10.1073/pnas.1219385110
https://doi.org/10.1073/pnas.1219385110
https://doi.org/10.1038/s41593-018-0265-3
https://doi.org/10.1242/dev.121533
https://doi.org/10.1152/jn.00763.2016
https://doi.org/10.1016/j.celrep.2015.06.074
https://doi.org/10.1016/j.celrep.2015.06.074
https://doi.org/10.1242/dev.165613
https://doi.org/10.1126/science.aam7671
https://doi.org/10.1126/science.aam7671
https://doi.org/10.1523/JNEUROSCI.0801-10.2010
https://doi.org/10.1016/j.neulet.2010.03.054
https://doi.org/10.1002/1873-3468.13196
https://doi.org/10.1038/nm.2266
https://doi.org/10.7554/eLife.50561
https://doi.org/10.1093/cercor/bhz236
https://doi.org/10.1002/embj.201386591
https://doi.org/10.1016/j.neuron.2016.05.005
https://doi.org/10.1016/j.neuron.2016.05.005
https://doi.org/10.1038/ncb1759
https://doi.org/10.1038/ncb1759
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Zolboot et al.

MicroRNAs Instruct Cell Diversity

Sarangdhar, M. A., Chaubey, D., Srikakulam, N., and Pillai, B. (2018).
Parentally inherited long non-coding RNA Cyrano is involved in zebrafish
neurodevelopment. Nucleic Acids Res. 46, 9726-9735. doi: 10.1093/nar/gky628

Saunders, A., Macosko, E. Z., Wysoker, A., Goldman, M., Krienen, F. M., de Rivera,
H., et al. (2018). Molecular diversity and specializations among the cells of the
adult mouse brain. Cell 174, 1015-1030.e16. doi: 10.1016/j.cell.2018.07.028

Saurat, N., Andersson, T., Vasistha, N. A., Molndr, Z., and Livesey, F. J. (2013).
Dicer is required for neural stem cell multipotency and lineage progression
during cerebral cortex development. Neural Dev. 8:14. doi: 10.1186/1749-8104-
8-14

Scala, F., Kobak, D., Shan, S., Bernaerts, Y., Laturnus, S., Cadwell, C. R., et al.
(2019). Layer 4 of mouse neocortex differs in cell types and circuit organization
between sensory areas. Nat. Commun. 10:4174. doi: 10.1038/s41467-019-
12058-z

Schaefer, A., O’Carroll, D., Chan, L. T., Hillman, D., Sugimori, M., Llinas, R., et al.
(2007). Cerebellar neurodegeneration in the absence of microRNAs. J. Exp.
Med. 204, 1553-1558. doi: 10.1084/jem.20070823

Shekhar, K., Lapan, S. W., Whitney, I. E., Tran, N. M., Macosko, E. Z., Kowalczyk,
M., et al. (2016). Comprehensive classification of retinal bipolar neurons by
single-cell transcriptomics. Cell 166, 1308-1323.€30. doi: 10.1016/j.cell.2016.07.
054

Shen, Q., Zhong, W, Jan, Y. N, and Temple, S. (2002). Asymmetric Numb
distribution is critical for asymmetric cell division of mouse cerebral cortical
stem cells and neuroblasts. Development 129, 4843-4853.

Shibata, M., Kurokawa, D., Nakao, H., Ohmura, T., and Aizawa, S. (2008).
MicroRNA-9 modulates Cajal-Retzius cell differentiation by suppressing Foxgl
expression in mouse medial pallium. J. Neurosci. 28, 10415-10421. doi: 10.1523/
JNEUROSCI.3219-08.2008

Shibata, M., Nakao, H., Kiyonari, H., Abe, T., and Aizawa, S. (2011). MicroRNA-
9 regulates neurogenesis in mouse telencephalon by targeting multiple
transcription factors. J. Neurosci. 31, 3407-3422. doi: 10.1523/JNEUROSCI.
5085-10.2011

Shu, P., Wy, C,, Ruan, X,, Liu, W., Hou, L., Fu, H,, et al. (2019). Opposing gradients
of microRNA expression temporally pattern layer formation in the developing
neocortex. Dev. Cell 49, 764-785.e4. doi: 10.1016/j.devcel.2019.04.017

Smith, K. N., Starmer, J., Miller, S. C., Sethupathy, P., and Magnuson, T. (2017).
Long noncoding RNA moderates microRNA activity to maintain self-renewal
in embryonic stem cells. Stem Cell Rep. 9, 108-121. doi: 10.1016/j.stemcr.2017.
05.005

Soldatov, R., Kaucka, M., Kastriti, M. E., Petersen, J., Chontorotzea, T., Englmaier,
L., etal. (2019). Spatiotemporal structure of cell fate decisions in murine neural
crest. Science 364:eaas9536. doi: 10.1126/science.aas9536

Sun, C,, Zhu, L., Ma, R,, Ren, J., Wang, ], Gao, S., et al. (2019). Astrocytic miR-
324-5p is essential for synaptic formation by suppressing the secretion of CCL5
from astrocytes. Cell Death Dis. 10:141. doi: 10.1038/s41419-019-1329-3

Sun, G, Ye, P., Murai, K., Lang, M. F,, Li, S., Zhang, H., et al. (2011). MiR-137 forms
aregulatory loop with nuclear receptor TLX and LSD1 in neural stem cells. Nat.
Commun. 2:529. doi: 10.1038/ncomms1532

Sundermeier, T. R,, Zhang, N., Vinberg, F., Mustafi, D., Kohno, H., Golczak, M.,
et al. (2014). DICERI is essential for survival of postmitotic rod photoreceptor
cells in mice. FASEB J. 28, 3780-3791. doi: 10.1096/fj.14-254292

Tan, C. L., Plotkin, J. L., Veng, M. T., Von Schimmelmann, M., Feinberg, P.,
Mann, S., et al. (2013). MicroRNA-128 governs neuronal excitability and motor
behavior in mice. Science 342, 1254-1258. doi: 10.1126/science.1244193

Tao, J., Wu, H., Lin, Q., Wei, W., Lu, X. H., Cantle, J. P, et al. (2011). Deletion
of astroglial dicer causes non-cell autonomous neuronal dysfunction and
degeneration. J. Neurosci. 31, 8306-8319. doi: 10.1523/J]NEUROSCIL.0567-11.
2011

Tasic, B., Menon, V., Nguyen, T. N., Kim, T. K,, Jarsky, T., Yao, Z., et al. (2016).
Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nat.
Neurosci. 19, 335-346. doi: 10.1038/nn.4216

Tasic, B., Yao, Z., Graybuck, L. T., Smith, K. A., Nguyen, T. N., Bertagnolli, D., et al.
(2018). Shared and distinct transcriptomic cell types across neocortical areas.
Nature 563, 72-78. doi: 10.1038/s41586-018-0654-5

Telley, L., and Jabaudon, D. (2018). A mixed model of neuronal diversity. Nature
555, 452-454. doi: 10.1038/d41586-018-02539-4

Thiebes, K. P., Nam, H., Cambronne, X. A., Shen, R., Glasgow, S. M., Cho,
H. H., et al. (2015). MiR-218 is essential to establish motor neuron fate

as a downstream effector of Isll-Lhx3. Nat. Commun. 6:7718. doi: 10.1038/
ncomms8718

Thion, M. S., and Garel, S. (2020). Microglial ontogeny, diversity and
neurodevelopmental functions. Curr. Opin. Genet. Dev. 65, 186-194. doi: 10.
1016/j.gde.2020.06.013

Tuncdemir, S. N, Fishell, G., and Batista-Brito, R. (2015). MiRNAs are essential
for the survival and maturation of cortical interneurons. Cereb. Cortex 25,
1842-1857. doi: 10.1093/cercor/bht426

Varol, D., Mildner, A., Blank, T., Shemer, A., Barashi, N., Yona, S., et al. (2017).
Dicer deficiency differentially impacts microglia of the developing and adult
brain. Immunity 46, 1030-1044.e8. doi: 10.1016/j.immuni.2017.05.003

Viader, A., Chang, L. W., Fahrner, T., Nagarajan, R., and Milbrandt, J. (2011).
MicroRNAs modulate Schwann cell response to nerve injury by reinforcing
transcriptional silencing of dedifferentiation-related genes. J. Neurosci. 31,
17358-17369. doi: 10.1523/JNEUROSCI.3931-11.2011

Vo, N, Klein, M. E., Varlamova, O., Keller, D. M., Yamamoto, T., Goodman, R. H.,
et al. (2005). A cAMP-response element binding protein-induced microRNA
regulates neuronal morphogenesis. Proc. Natl. Acad. Sci. U.S.A. 102, 16426
16431. doi: 10.1073/pnas.0508448102

Wu, C., Zhang, X., Chen, P., Ruan, X,, Liu, W, Li, Y., et al. (2019). MicroRNA-
129 modulates neuronal migration by targeting Fmr1 in the developing mouse
cortex. Cell Death Dis. 10:287. doi: 10.1038/s41419-019-1517-1

Yang, D., Li, T., Wang, Y., Tang, Y., Cui, H,, Tang, Y., et al. (2012). miR-132
regulates the differentiation of dopamine neurons by directly targeting Nurrl
expression. J. Cell Sci. 125, 1673-1682. doi: 10.1242/jcs.086421

Yang, S., Toledo, E. M., Rosmaninho, P., Peng, C., Uhlén, P., Castro, D. S,,
et al. (2018). A Zeb2-miR-200c loop controls midbrain dopaminergic neuron
neurogenesis and migration. Commun. Biol. 1:75. doi: 10.1038/s42003-018-
0080-0

Yang, Z., Xu, J., Zhu, R,, and Liu, L. (2017). Down-regulation of miRNA-128
contributes to neuropathic pain following spinal cord injury via activation of
P38. Med. Sci. Monit. 23, 405-411. doi: 10.12659/MSM.898788

Yoo, A. S., Sun, A. X,, Li, L., Shcheglovitov, A., Portmann, T., Li, Y., et al. (2011).
MicroRNA-mediated conversion of human fibroblasts to neurons. Nature 476,
228-231. doi: 10.1038/nature10323

Yun, B., Anderegg, A., Menichella, D., Wrabetz, L. Feltri, M. L, and
Awatramani, R. (2010). MicroRNA-deficient Schwann cells display congenital
hypomyelination. J. Neurosci. 30, 7722-7728. doi: 10.1523/JNEUROSCI.0876-
10.2010

Zeisel, A., Moz-Manchado, A. B., Codeluppi, S., Lénnerberg, P., La Manno, G.,
Juréus, A., et al. (2015). Cell types in the mouse cortex and hippocampus
revealed by single-cell RNA-seq. Science 347, 1138-1142. doi: 10.1126/science.
aaal934

Zeisel, A., Hochgerner, H., Lonnerberg, P., Johnsson, A., Memic, F., van der Zwan,
J., et al. (2018). Molecular architecture of the mouse nervous system resource
molecular architecture of the mouse nervous system. Cell 174, 999-1014. doi:
10.1016/j.cell.2018.06.021

Zhao, C., Sun, G,, Li, S., and Shi, Y. (2009). A feedback regulatory loop involving
microRNA-9 and nuclear receptor TLX in neural stem cell fate determination.
Nat. Struct. Mol. Biol. 16, 365-371. doi: 10.1038/nsmb.1576

Zhao, X., He, X., Han, X., Yu, Y., Ye, F., Chen, Y., et al. (2010). MicroRNA-
mediated control of oligodendrocyte differentiation. Neuron 65, 612-626. doi:
10.1016/j.neuron.2010.02.018

Zhao, X., Wu, J., Zheng, M., Gao, F.,, and Ju, G. (2012). Specification and
maintenance of oligodendrocyte precursor cells from neural progenitor cells:
involvement of microRNA-7a. Mol. Biol. Cell 23, 2867-2877. doi: 10.1091/mbc.
e12-04-0270

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zolboot, Du, Zampa and Lippi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2021 | Volume 14 | Article 646072


https://doi.org/10.1093/nar/gky628
https://doi.org/10.1016/j.cell.2018.07.028
https://doi.org/10.1186/1749-8104-8-14
https://doi.org/10.1186/1749-8104-8-14
https://doi.org/10.1038/s41467-019-12058-z
https://doi.org/10.1038/s41467-019-12058-z
https://doi.org/10.1084/jem.20070823
https://doi.org/10.1016/j.cell.2016.07.054
https://doi.org/10.1016/j.cell.2016.07.054
https://doi.org/10.1523/JNEUROSCI.3219-08.2008
https://doi.org/10.1523/JNEUROSCI.3219-08.2008
https://doi.org/10.1523/JNEUROSCI.5085-10.2011
https://doi.org/10.1523/JNEUROSCI.5085-10.2011
https://doi.org/10.1016/j.devcel.2019.04.017
https://doi.org/10.1016/j.stemcr.2017.05.005
https://doi.org/10.1016/j.stemcr.2017.05.005
https://doi.org/10.1126/science.aas9536
https://doi.org/10.1038/s41419-019-1329-3
https://doi.org/10.1038/ncomms1532
https://doi.org/10.1096/fj.14-254292
https://doi.org/10.1126/science.1244193
https://doi.org/10.1523/JNEUROSCI.0567-11.2011
https://doi.org/10.1523/JNEUROSCI.0567-11.2011
https://doi.org/10.1038/nn.4216
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1038/d41586-018-02539-4
https://doi.org/10.1038/ncomms8718
https://doi.org/10.1038/ncomms8718
https://doi.org/10.1016/j.gde.2020.06.013
https://doi.org/10.1016/j.gde.2020.06.013
https://doi.org/10.1093/cercor/bht426
https://doi.org/10.1016/j.immuni.2017.05.003
https://doi.org/10.1523/JNEUROSCI.3931-11.2011
https://doi.org/10.1073/pnas.0508448102
https://doi.org/10.1038/s41419-019-1517-1
https://doi.org/10.1242/jcs.086421
https://doi.org/10.1038/s42003-018-0080-0
https://doi.org/10.1038/s42003-018-0080-0
https://doi.org/10.12659/MSM.898788
https://doi.org/10.1038/nature10323
https://doi.org/10.1523/JNEUROSCI.0876-10.2010
https://doi.org/10.1523/JNEUROSCI.0876-10.2010
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1126/science.aaa1934
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1038/nsmb.1576
https://doi.org/10.1016/j.neuron.2010.02.018
https://doi.org/10.1016/j.neuron.2010.02.018
https://doi.org/10.1091/mbc.e12-04-0270
https://doi.org/10.1091/mbc.e12-04-0270
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	MicroRNAs Instruct and Maintain Cell Type Diversity in the Nervous System
	Introduction
	Neurogenesis and Neuronal Fate
	Proliferative Progenitors
	Cortical and Subcortical Neurogenesis
	Neurogenesis in the Retina and Olfactory Bulb
	Determination of Neuronal Fate
	Specification of Neuronal Subtypes

	Migration and Lamination
	Morphology and Functional Connectivity
	Cell and Neurite Morphology
	Functional Connectivity and Circuit Integration

	Neuronal Subtype Determination and Function
	Dopaminergic Neurons
	Motor Neurons
	Sensory Neurons

	Glial Subtype Determination, Morphology and Function
	Microglia
	Oligodendrocytes
	Schwann Cells
	Astrocytes

	Cell Maintenance and Survival
	Discussion
	Author Contributions
	Funding
	References


