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Translational control in cortical
development
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Differentiation of specific neuronal types in the nervous system is worked out

through a complex series of gene regulation events. Within the mammalian

neocortex, the appropriate expression of key transcription factors allocates

neurons to different cortical layers according to an inside-out model and

endows them with specific properties. Precise timing is required to ensure

the proper sequential appearance of key transcription factors that dictate

the identity of neurons within the different cortical layers. Recent evidence

suggests that aspects of this time-controlled regulation of gene products

rely on post-transcriptional control, and point at micro-RNAs (miRs) and

RNA-binding proteins as important players in cortical development. Being

able to simultaneously target many different mRNAs, these players may be

involved in controlling the global expression of gene products in progenitors

and post-mitotic cells, in a gene expression framework where parallel to

transcriptional gene regulation, a further level of control is provided to

refine and coordinate the appearance of the final protein products. miRs

and RNA-binding proteins (RBPs), by delaying protein appearance, may play

heterochronic effects that have recently been shown to be relevant for the

full differentiation of cortical neurons and for their projection abilities. Such

heterochronies may be the base for evolutionary novelties that have enriched

the spectrum of cortical cell types within the mammalian clade.
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Introduction

The mammalian isocortex is a complex telencephalic structure made of six
cell layers, each harboring precise types of neurons with appropriate identities and
connectivity. This structure is progressively built during development, from a set of
neural progenitor cells (NPCs) within the pallium that generate, directly or indirectly,
the six layers, following an inside-outside model. Layer I is the most external layer and
the first to be generated, followed by deep (infra-granular) layer VI-V neurons projecting
extra-cortically, then by granular layer IV neurons receiving thalamic afferents, and
eventually by superficial (supra-granular) layer III-II neurons projecting intracortically
(Cadwell et al., 2019). GABAergic inhibitory neurons are instead mostly generated by
sub-pallial embryonic NPCs migrating dorsally (Jones, 2009).

Pallium and sub-pallium are shared by all vertebrates, with the sub-pallium much
more conserved than the pallium also at the gene expression level (Woych et al., 2022).
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Single cell RNA sequencing allows to monitor the changing
repertoire of transcripts expressed in cohorts of developing
cortical cells as they transit from their initial state of
neuroepithelial cells (NECs) to NPCs, with progressively more
restricted differentiation potential as radial glial cells (RGs),
basal/outer radial glial cells (bRG/oRGs) and intermediate
progenitor cells (IPCs), to eventually become the post-mitotic
neurons (PMNs) of the different layers (Cadwell et al., 2019;
Figure 1). The final identity of a cortical neuron is achieved
by the coordinated activation of a combination of master genes
encoding key cortical transcription factors (CTFs), such as
Satb2, Bcl11b/Ctip2, Fezf2, Tbr1 (Kast and Levitt, 2019). The
activation of distinct master genes occurs at specific times during
the progressive restriction of the cell differentiative potential,
which takes place during cortical layering. The combination
of CTFs active in an NPC when it stops dividing accounts
for the type of neuron it will become (e.g., granular, infra- or
supra-granular neuron) and for its anterior-posterior or medial-
lateral positional identity (Lodato and Arlotta, 2015). How such
a genetic program evolved remains an open question, but a
common repertoire of CTFs controlling pallial development has
been amazingly conserved during vertebrate evolution (Woych
et al., 2022).

Cortical evolution

Few new master genes have been recruited during evolution
for building the pallium. One example is Satb2, expressed
in the dorsal pallium of sauropsids and mammals, but not
of amphibians (Woych et al., 2022). Nonetheless, it seems
that the interaction between master genes, rather than the
enrollment of other genes, is pivotal for pallial evolution.
For example, the sole interaction of Satb2 with other pallial
master genes seems crucial for establishing different neuronal
types. SATB2 mostly works as a transcriptional repressor and
Bcl11b/Ctip2 is one of its crucial targets (Alcamo et al., 2008).
In the mammalian cortex, the two genes are never co-expressed,
except for two distinct neuronal subclasses projecting either to
the contralateral cortex or to the brainstem, that accommodate
their co-expression thanks to the action of LMO4 transcription
factor (Harb et al., 2016). In fact, pallial neurons expressing
only Satb2 are exclusively present in mammals and differentiate
as supra-granular pyramidal neurons. Such peculiarity seems
achieved very recently in pallial evolution, as in the dorsal
pallium of sauropsids Satb2+ neurons always co-express Bcl11b,
probably because of the lack of an efficient SATB2 binding
region in the Bcl11b promoter (Nomura et al., 2018). Whether
and how the existence of proper supra-granular neurons and
associative pallial areas in mammals results from the differential
expression of Satb2 and Bcl11b, and of their target genes, in
single NPCs and neurons, is still to be investigated. Not only
the expression pattern of CTF genes in NPCs, but also their

timing of activation seems crucial in establishing dramatic
evolutionary-developmental (evo-devo) changes. Once again,
the SATB2 protein played a major change in the evolution
of the mammalian cortex, because its delayed heterochronic
appearance in eutherians compared to metatherians may have
allowed generating a novel inter-hemispheric connection, the
corpus callosum (CC; Paolino et al., 2020). In any instances
these and other recent observations strongly suggest that novel
regulatory interactions among pallial master genes have allowed
key steps in pallial evolution.

Recent evidence shows that multipotent NPCs are
transcriptionally primed and already express mRNAs of
genes promoting a general neuronal fate (e.g., proneural genes)
or dictating a more restricted cell state, while proteins are
made successively (Yang et al., 2014; Zahr et al., 2018; Telley
et al., 2019); this suggests that transcriptomic studies may tell
only part of the story. Therefore, for a full comprehension
of how distinct cortical neuronal phenotypes are determined
during development, analyses at the mRNA level should be
complemented with a deeper knowledge of when and where
the corresponding key proteins (and their isoforms) are made.
In fact, time dependent post-transcriptional mechanisms
are involved in regulating the state and potency of neuronal
precursors, in addressing PMNs to the appropriate cortical
layers, and in regulating several aspects of their differentiation
(e.g., projection abilities, dendrite morphogenesis). This level of
control relies upon several processes like: (1) mRNA alternative
splicing; (2) mRNA editing; (3) mRNA stability; (4) mRNA
localization; and (5) mRNA translation. The significance of
these processes has been extensively reviewed elsewhere (Park
et al., 2022).

In this perspective, we will provide a few key examples
that underline the relevance of post-transcriptional/translational
mechanisms in cortical development, focusing on RBPs,
ribosomal proteins (RPs), and miRs.

Control of cortical gene expression by
RBPs and RPs

Several RBPs modulate cortical development as translational
repressors. A typical example of how RBPs control the
translation of specific cortical mRNAs is illustrated in the mouse
by eIF4E, 4E-T, and Pum2. 4E-T and eIF4E are involved in
repressing the translation of key bHLH proneural mRNAs,
thus initially preventing neurogenesis in NPCs that are already
primed for the process (Yang et al., 2014). In addition, a complex
comprising 4E-T and Pum2 initially inhibits the translation
of Tle4 and Brn1 mRNAs. These mRNAs are substantially
co-expressed in cortical NPCs at E12 and E13, and to a lower
extent at E17, but their proteins are detected only later in a
mutually exclusive manner in deep or superficial cell layers
respectively, in spite of the persistence of their mRNAs in these
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FIGURE 1

miRs, RBP, and RP action in mammalian neocortex. Neocorticogenesis is depicted from NECs to early and late corticogenesis, during the
generation of cortical cell layers (L1–L6). The different symbols represent the inhibitory action, exerted by miRs or RBPs, on mRNAs of the
indicated genes (or the release of this inhibition), that allow cell state transitions, for some examples detailed in the text. At the bottom, the
dynamic ”ribosome signature” is also illustrated, with different colors symbolizing the changing repertoire of RPs and mRNAs recruited on
polysomes. SOX2+: apical radial glia. TBR2+: basal/outer radial glia. CR, Cajal-Retzius cell; GC, granule cell; PN, pyramidal neuron; SP, subplate;
SVZ, subventricular zone; VZ, ventricular zone.

regions. Both Pum2 and 4E-T proteins can bind (directly or
indirectly) the 3’UTRs of these mRNAs; while Tle4 protein
appears earlier (during deep layer neurogenesis), the released
translation of Brn1 protein at later stages (E16) is coincident
with a declined association between Brn1 mRNA and 4E-T
in E16 RPs (during superficial layer neurogenesis; Figure 1).
shRNA interference with either Pum2 or 4E-T in E13-E14 RPCs,
removes the inhibition and enhances translation of the Brn1 and
Tle4 proteins, causing their co-expression in both precursors and
superficial neurons, and producing a deep layer Tle4-positive
phenotype in superficial neurons (Zahr et al., 2018). Therefore,
NPCs and derived PMNs would be primed for cell commitment
and differentiation, which they fully undertake upon progressive
removal of translational inhibition of key mRNAs.

Two other key RBPs involved in corticogenesis are
Elavl1/HuR and Elavl4/HuD. Elavl1 plays a crucial role in
the action of the translational machinery by orchestrating the
repertoire of ribosomal proteins and other factors recruited

in the polysomes. Interestingly, in mouse, this repertoire
(“ribosome signature”) is spatio-temporally regulated and in
turn influences the sets of mRNAs loaded for translation on the
polysomes (Figure 1). The dynamically changing populations
of mRNAs recruited for intensive translation are functionally
related; these sets of mRNAs are enriched for factors involved
in transcriptional and translational regulation that are different
at distinct time points of neurogenesis. The dynamic “ribosome
signature” is influenced by WNT3 signals, released from
incoming thalamic axons, which promote Foxp2 translation
through its 3’UTR (Kraushar et al., 2014, 2015; Popovitchenko
et al., 2016; Park et al., 2021).

Not only mRNAs are differentially recruited onto polysomes
in a spatio-temporally dependent way, but also distinct mRNA
isoforms for translational regulators are differentially engaged on
polysomes from E13 to E16 in the mouse cortex. Translation of
the different Elavl4 mRNA isoforms depends upon their 5’UTR.
Celf1 binds, in a time dependent fashion, these different 5’UTRs
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and initially prevents translation of Elavl4 isoforms (Figure 1),
which subsequently dictate differentiation of glutamatergic
neurons (Popovitchenko et al., 2020).

In this way, dynamic changes in the basic translational
machinery are coupled to neurogenic timing and acquire an
active and hitherto under-valued relevance in this process.
This changing machinery influences the state of primed NPCs
and PMNs so that selective translation of functionally related
mRNA subsets contributes to cortical neural cell commitment
and differentiation. Although it is clear that RBPs and RPs
dramatically impact the developmental plan of the mammalian
neocortex, little is known of their contribution to pallial
evolution.

Control of cortical gene expression by
miRs

miRs inhibit the translation of target mRNAs by an imperfect
pairing of their mature sequence (21–25 nt) to 3’UTR via
interaction with the RNA interference silencing complex (RISC).
Because of their nature, few miRs acting in a combinatorial way
are suited for establishing robust nets of gene cross-regulation,
often associated with distinct biological processes. Notably, the
first 7–8 nt at the miR 5’ end—the pairing “seed” region—are
crucial for the interaction with target mRNAs, thus making
any single mutation critical for the repertoire of regulated
mRNAs (Bartel, 2018). This peculiarity seems fundamental
for the capability of miRs to rapidly co-evolve with their
targets. Moreover, the structural simplicity of the hairpin-loop
domain within the pre-miR precursor apparently facilitated the
generation of new miR species, which arose in bursts in good
correlation with key evolutionary transitions (Hertel et al., 2006;
Heimberg et al., 2008; Berezikov, 2011; Londin et al., 2015;
Moran et al., 2017).

A considerable number of observations indicated the pivotal
role of miRs in regulating corticogenesis. In mice, pioneering
studies of general inhibition of miR function by the conditional
KO of DICER and RISC, responsible for miR maturation and
action, demonstrated that miR-mediated RNA interference is
mandatory for proper survival, expansion, and differentiation
of NPCs in the neurons of the six layers (reviewed in Cremisi,
2013). Many examples of several miRs regulating cortical
NPC division, identity, differentiation of cortical neurons, and
neuronal activity have since been reported (reviewed in Kosik
and Nowakowski, 2018). For example, miRs with pan-neuronal
gene expression, such as miR-124, miR-132, and miR-9, have
specific roles in mouse cortical development and function.
miR-124 regulates dopaminergic modulation in the prefrontal
cortex (Kozuka et al., 2019), miR-132 affects visual plasticity
(Mellios et al., 2011), miR-9 controls neuronal migration and
cortical layering (Clovis et al., 2012; Shu et al., 2019). Moreover,
in rodent cortices, non tissue-specific miRs such as miR-128,

let-7, and miR-92a can play important roles, including neuronal
proliferation and differentiation (Franzoni et al., 2015; Zhang
et al., 2016), layering (Shu et al., 2019), or plasticity (Letellier
et al., 2014).

miRs affecting NPC identity and proliferation are
particularly interesting, as the size and type of their progeny
are crucial, for instance, to establish the extension of cortical
areas and the proportion of supra-and infra-granular cell layers,
two features profoundly discriminating pallial diversity in
mammals. The extent of proliferation and pattern of division of
NPCs are controlled by the miR-17-92 cluster (Bian et al., 2013;
Nowakowski et al., 2013), by miR-30e and miR-181d (Nigro
et al., 2012), miR-7 (Pollock et al., 2014), miR-153 (Tsuyama
et al., 2015), miR-34/449 (Fededa et al., 2016), miR-214 (Shu
et al., 2017), miR-15b (Lv et al., 2014), miR-20a/b and miR-23a
(Ghosh et al., 2014). More recently, the role of miR-137 and miR-
122, both expressed in ferret and human outer subventricular
zone (OSVZ), has been tackled (Tomasello et al., 2022). mir-137
sustains prolonged proliferation of basal progenitors in the
neurogenic period generating layer III-II, by maintaining
cell cycle genes active, by repressing neuronal genes, and
by implementing the response to proliferative extracellular
factors; mir-122 acts on post-mitotic cells by slowing both
differentiation and migration pace and by promoting layer
III-II neuron gene expression profile. Interestingly, these two
miRs are not expressed in the lissencephalic mouse cortex.
Likewise, mir-3607 is expressed in the germinal zone of the
gyrencephalic cortices of the ferret and several primate species,
including humans, but not in the mouse cortex. By blocking
APC expression, miR-3607 enhances WNT signaling, leading
to an increase of progenitors that may contribute to cortical
expansion in gyrencephalic species; interestingly, expression of
miR-3607 in the mouse cortex at E14.5 promotes initial aRGCs
and outer VZ expansion, subsequently enhanced neurogenesis,
and accelerated migration of CUX1+ neurons, that curiously fail
to end migration and enter the marginal zone (Chinnappa et al.,
2022).

The 379/410 miR cluster (Mirg) and
mammalian brain evolution

A crucial question is whether newly generated miRNAs
really contributed to pallium evolution. The recent findings on
two evolutionarily novel miRs, miR-541, and miR-409, indicate
that both may be crucial for the development of eutherian-
specific pallial features (Figure 1). The two miRs reside in Mirg
(miR-containing gene), inside the Dlk1-Dio3 locus. Following
an initial retroposition of a miR-free sequence (Rtl1) within this
locus, which happened in early therians, divergent evolution led,
only in eutherians, to the rapid generation of the 379/410 miR
cluster (Mirg), comprising about 40 miRNA genes (da Rocha
et al., 2008; Edwards et al., 2008; Marty and Cavaillé, 2019).
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At P2, miR-409 expression levels are six-fold enriched
in mouse corticospinal neurons compared to callosal
projection neurons. In gain-of-function experiments in the
developing mouse neocortex, miR-409 targets the 3’UTR of
LMO4 transcription factor mRNA, favoring corticospinal motor
neuron vs. callosal neuron identity, both in cultured cortical
cells (from E14.5 embryos) and in-utero electroporated cortices
(at E13.5), as assessed by BCL11B and SATB2 expression. On
the other hand, loss-of-function experiments, performed in
cultured cortical cells, did not sort significant effects, suggesting
that, besides miR-409, other players may still inhibit Lmo4 (Diaz
et al., 2020).

miR-541 was characterized in an in vitro stem cell model
of cortical development and shown to regulate the translation
of the key Satb2 mRNA (Martins et al., 2021). It is expressed
in early NPCs and PMNs, then its expression declines. The
binding of AGO2 to Satb2 mRNA (demonstrated by AGO-
RIP) is stronger during early in vitro corticogenesis than at
later stages. Consistent with this, Satb2 mRNA translation is
released in vitro when miR-541 expression and AGO2 binding
decline. miR-catch analysis also confirmed that miR-541 binds
Satb2 3’UTR. The inactivation of miR-541 triggers robust and
anticipated SATB2 translation in mouse and human cortical cells
(Martins et al., 2021). These observations may be of paramount
interest for mammalian cortical evolution. In fact, the recent
demonstration that SATB2 protein expression is delayed in the
mouse compared to the dunnart marsupial cortex and that its
anticipation in mouse leads upper neurons to project through
the anterior commissure instead of the corpus callosum (CC;
Paolino et al., 2020) suggests that miR-541 may be a crucial
component of the molecular mechanism handling this brake.

The results on miR-409 and miR-541 suggest that the Dlk1-
Dio3 locus may harbor new surprises. Mirg transcripts are
detected in the developing early nervous system and other
body districts (Tierling et al., 2006; Han et al., 2012), but its
overall function in the brain has not been conclusively assessed,
though several of its miRs are involved in neural disorders (Rago
et al., 2014; Shi et al., 2015; Winter, 2015; Gallego et al., 2016;
Tsan et al., 2016; Marty and Cavaillé, 2019). Interestingly, an
initial GO analysis suggested that Mirg could be involved in the
developmental regulation of the placenta and brain, including
key factors for CC formation (Glazov et al., 2008). This seems
particularly interesting considering that both Mirg and CC,
together with the corticospinal tract, appear only in eutherians.

Cortical NPCs allow to investigate the dynamics of miR
expression during in vitro corticogenesis (Martins et al.,
2021). A new analysis indicates that the miRs of Mirg are
highly expressed in both ESCs and cortical NPCs, as only
3 out of 47 of them are expressed less than the median
level of total miRs (Figure 2A). miR-541 and miR-409
are among the most expressed in the cluster, showing a
decreasing expression between day in vitro (DIV) 10 (roughly
equivalent to mouse E10) and DIV16 (roughly equivalent to

mouse E16; Figure 2B) that fits with the translational onsets
of their targets Satb2 and Lmo4, respectively (Diaz et al.,
2020; Paolino et al., 2020). In fact, the 10 most expressed
miRs of the cluster show interesting dynamics of expression
during the time of in vitro culture (corresponding to cortical
layering), suggesting their possible roles in neocorticogenesis
(Figure 2B). The analysis of their in-silico targets allows to
infer whether some of the miRs acquired a specific function
(Figures 2C–F). Only miR-541, the most abundant in NPCs,
shows targets significantly enriched in GO terms associated
with neuronal features (axonogenesis and cortical synaptic
activity, asterisks in Figure 2C), while the others (miR-
300, miR-134, miR-487b) show enrichment in different GO
terms (Figures 2D–F), or no enrichment. This observation
suggests that miR-541, more than other miRs of the cluster,
co-evolved with many target mRNAs involved in neural
development.

Primate specific miRs

Other novel mammalian miRs may contribute to primate
pallium evolution (Kosik and Nowakowski, 2018). A key
feature is the extensive self-renewal and proliferative abilities
of primate oSVZ. Outer and inner sub-compartments of the
macaque oSVZ show unique miR profiles, including primate-
specific miRs that bind the 3’UTR of mRNAs controlling
progenitor cell cycle and neurogenesis (Arcila et al., 2014).
High-throughput sequencing of human NPC RNA isolated
by cross-linking immunoprecipitation with AGO2 (AGO2-
HITS-CLIP) allowed to define functional miRNA–mRNA
modules undergoing dynamic transitions during cortical NPC
maturation (Nowakowski et al., 2018). Within one of these
modules, the hominid-specific miR-2115 is upregulated
at the beginning of supragranular layer neurogenesis.
miR-2115 resulted involved in the regulation of radial glia
cell cycle by targeting ORC4, that promotes DNA replication;
functional assays in both mouse developing cortex (targeting
the imperfectly conserved miR-2115 site on ORC4 with a
modified miR-2115) and in vitro cultured human radial
glia (with miR-2115) lead to a lower proportion of mitotic
cells and a diminution of SOX2+ cells (Nowakowski et al.,
2018); this may favor, together with declining miR-92b
action (Nowakowski et al., 2013), the transition of SOX2+

progenitors to TBR2+ cells for subsequent supragranular layer
construction.

Discussion

RBPs, RPs, and miRs play a major role in mRNA translation
during corticogenesis (Figure 1).
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FIGURE 2

miR 397/410 cluster expression in mouse cortical NPCs. (A) Average expression of Mirg miRs in mouse NPCs (calculated from DIV10 to DIV26) as
compared to expression in embryonic stem cells (mESCs). In light blue, the Mirg miRs. The two dotted red lines indicate the median expression
levels in NPCs and mESCs; Only three out of 47 miRNAs (mmu-miR-544-3p, mmu-miR-496a-5p, and mmu-miR-299b-3p) are expressed at
a lower level in both NPCs and mESCs. The dotted blue rectangle indicates the 10 more expressed miRs of Mirg. RPM, reads per million. (B)
Heatmap shows the expression of the miRs from the blue dotted rectangle in (A). Day in vitro (DIV) is the time in culture; DIV0 is the onset of the
neuralization protocol. DIV10-DIV16 roughly correspond to mouse E10-E16 (Martins et al., 2021). (C–F) KEGG Gene Ontology (GO) enrichment
of mRNAs targeted in silico by selected miRs. In silico miR-mRNA interaction was achieved by the TarPmiR tool (Ding et al., 2016) using the
miRwalk online resource (http://mirwalk.umm.uni-heidelberg.de). RPM, reads per million. Pop.Hits, number of genes of the GO term. Count, the
number of genes enriched in the GO term. FDR, false discovery rate. Data were obtained from Martins et al. (2021).

The discovery of mammalian novel miRs targeting
genes involved in the control of cell cycle, NPC identity,
neuronal differentiation, and activity suggest that the rapid
evolution of the neocortex might have been dramatically
accelerated by novel miR/mRNA interactions. However, a
better understanding of miR contribution to pallial evo-devo
requires the implementation of new models of cortical
development in different species, for direct analysis of
miR expression and miR/mRNA interaction in the NPC
progeny.

The emerging picture of neocorticogenesis figures that
cells undergoing the process are, to a significant extent,
initially primed for the process and already harbor key
mRNAs required for the subsequent steps. The explication
of this developmental pathway, therefore, relies, to a greater
extent than previously assumed, on time controlled usage of
these mRNAs. We here have focused on RBPs, RPs, and
miRs as mere translational regulators, but mRNA usage also
contemplates other intertwined key processes as alternative
splicing, editing, stability, and localization, in all of which RBPs
and miRs may be involved (Park et al., 2022). All these aspects,
when modified, may allow new combinations of gene/protein

expression that propel cortical evolution. Within the focus of
this short survey, modification in RBP and miR expression
certainly can produce heterochronic effects, that is, variation
in the initiation, end, or duration of a process. Heterochrony
may be causative of major evolutionary transitions and has
been described recently for SATB2 cortical expression and
for amplification of cortical progenitors (Otani et al., 2016;
Nomura et al., 2018; Paolino et al., 2020; Benito-Kwiecinski et al.,
2021).

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: GEO: GSE172502 (small RNA-seq) and
GEO: GSE172503 (RNA-seq).

Author contributions

Both authors (FC and RV) equally contributed to the article
and approved the submitted version.

Frontiers in Neuroanatomy 06 frontiersin.org

https://doi.org/10.3389/fnana.2022.1087949
http://mirwalk.umm.uni-heidelberg.de
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org


Cremisi and Vignali 10.3389/fnana.2022.1087949

Funding

This work has been supported by the Open Access
Publishing Fund of the Scuola Normale Superiore.

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.

Publisher’s note

All claims expressed in this article are solely
those of the authors and do not necessarily
represent those of their affiliated organizations,
or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in
this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by
the publisher.

References

Alcamo, E. A., Chirivella, L., Dautzenberg, M., Dobreva, G., Fariñas, I.,
Grosschedl, R., et al. (2008). Satb2 regulates callosal projection neuron identity in
the developing cerebral cortex. Neuron 57, 364–377. doi: 10.1016/j.neuron.2007.
12.012

Arcila, M. L., Betizeau, M., Cambronne, X. A., Guzman, E., Doerflinger, N.,
Bouhallier, F., et al. (2014). Novel primate miRNAs coevolved with ancient
target genes in germinal zone-specific expression patterns. Neuron 81, 1255–1262.
doi: 10.1016/j.neuron.2014.01.017

Bartel, D. P. (2018). Metazoan microRNAs. Cell 173, 20–51.
doi: 10.1016/j.cell.2018.03.006

Benito-Kwiecinski, S., Giandomenico, S. L., Sutcliffe, M., Riis, E. S., Freire-
Pritchett, P., Kelava, I., et al. (2021). An early cell shape transition drives
evolutionary expansion of the human forebrain. Cell 184, 2084–2102.e19.
doi: 10.1016/j.cell.2021.02.050

Berezikov, E. (2011). Evolution of microRNA diversity and regulation in
animals. Nat. Rev. Genet. 12, 846–860. doi: 10.1038/nrg3079

Bian, S., Hong, J., Li, Q., Schebelle, L., Pollock, A., Knauss, J. L., et al. (2013).
MicroRNA cluster miR-17-92 regulates neural stem cell expansion and transition
to intermediate progenitors in the developing mouse neocortex. Cell Rep. 3,
1398–1406. doi: 10.1016/j.celrep.2013.03.037

Cadwell, C. R., Bhaduri, A., Mostajo-Radji, M. A., Keefe, M. G., and
Nowakowski, T. J. (2019). Development and arealization of the cerebral cortex.
Neuron 103, 980–1004. doi: 10.1016/j.neuron.2019.07.009

Chinnappa, K., Cárdenas, A., Prieto-Colomina, A., Villalba, A., Márquez-
Galera, Á., Soler, R., et al. (2022). Secondary loss of miR-3607 reduced
cortical progenitor amplification during rodent evolution. Sci. Adv. 8:eabj4010.
doi: 10.1126/sciadv.abj4010

Clovis, Y. M., Enard, W., Marinaro, F., Huttner, W. B., and De Pietri Tonelli, D.
(2012). Convergent repression of Foxp2 3’UTR by miR-9 and miR-132 in
embryonic mouse neocortex: implications for radial migration of neurons.
Development 139, 3332–3342. doi: 10.1242/dev.078063

Cremisi, F. (2013). MicroRNAs and cell fate in cortical and retinal development.
Front. Cell. Neurosci. 7:141. doi: 10.3389/fncel.2013.00141

da Rocha, S. T., Edwards, C. A., Ito, M., Ogata, T., and Ferguson-Smith, A. C.
(2008). Genomic imprinting at the mammalian Dlk1-Dio3 domain. Trends Genet.
24, 306–316. doi: 10.1016/j.tig.2008.03.011

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

Ding, J., Li, X., and Hu, H. (2016). TarPmiR: a new approach
for microRNA target site prediction. Bioinformatics 32, 2768–2775.
doi: 10.1093/bioinformatics/btw318

Edwards, C. A., Mungall, A. J., Matthews, L., Ryder, E., Gray, D. J., Pask, A. J.,
et al. (2008). The evolution of the DLK1-DIO3 imprinted domain in mammals.
PLoS Biol. 6:e135. doi: 10.1371/journal.pbio.0060135

Fededa, J. P., Esk, C., Mierzwa, B., Stanyte, R., Yuan, S., Zheng, H., et al. (2016).
MicroRNA-34/449 controls mitotic spindle orientation during mammalian cortex
development. EMBO J. 35, 2386–2398. doi: 10.15252/embj.201694056

Franzoni, E., Booker, S. A., Parthasarathy, S., Rehfeld, F., Grosser, S.,
Srivatsa, S., et al. (2015). miR-128 regulates neuronal migration, outgrowth and
intrinsic excitability via the intellectual disability gene Phf6. eLife 4:e04263.
doi: 10.7554/eLife.04263

Gallego, A., Melé, M., Balcells, I., García-Ramallo, E., Torruella-Loran, I.,
Fernández-Bellon, H., et al. (2016). Functional implications of human-specific
changes in great ape microRNAs. PLoS One 11:e0154194. doi: 10.1371/journal.
pone.0154194

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

Glazov, E. A., McWilliam, S., Barris, W. C., and Dalrymple, B. P. (2008).
Origin, evolution and biological role of miRNA cluster in DLK-DIO3 genomic
region in placental mammals. Mol. Biol. Evol. 25, 939–948. doi: 10.1093/molbev/m
sn045

Han, Z., He, H., Zhang, F., Huang, Z., Liu, Z., Jiang, H., et al. (2012).
Spatiotemporal expression pattern of Mirg, an imprinted non-coding gene, during
mouse embryogenesis. J. Mol. Histol. 43, 1–8. doi: 10.1007/s10735-011-9367-x

Harb, K., Magrinelli, E., Nicolas, C. S., Lukianets, N., Frangeul, L., Pietri, M.,
et al. (2016). Area-specific development of distinct projection neuron subclasses is
regulated by postnatal epigenetic modifications. eLife 5:e09531. doi: 10.7554/eLife.
09531

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

Hertel, J., Lindemeyer, M., Missal, K., Fried, C., Tanzer, A., Flamm, C., et al.
(2006). The expansion of the metazoan microRNA repertoire. BMCGenomics 7:25.
doi: 10.1186/1471-2164-7-25

Jones, E. G. (2009). The origins of cortical interneurons: mouse versus monkey
and human. Cereb. Cortex 19, 1953–1956. doi: 10.1093/cercor/bhp088

Kast, R. J., and Levitt, P. (2019). Precision in the development of neocortical
architecture: from progenitors to cortical networks. Prog. Neurobiol. 175, 77–95.
doi: 10.1016/j.pneurobio.2019.01.003

Kosik, K. S., and Nowakowski, T. (2018). Evolution of new miRNAs and cerebro-
cortical development. Annu. Rev. Neurosci. 41, 119–137. doi: 10.1146/annurev-
neuro-080317-061822

Kozuka, T., Omori, Y., Watanabe, S., Tarusawa, E., Yamamoto, H., Chaya, T.,
et al. (2019). miR-124 dosage regulates prefrontal cortex function by dopaminergic
modulation. Sci. Rep. 9:3445. doi: 10.1038/s41598-019-38910-2

Kraushar, M. L., Thompson, K., Wijeratne, H. R. S., Viljetic, B., Sakers, K.,
Marson, J. W., et al. (2014). Temporally defined neocortical translation and
polysome assembly are determined by the RNA-binding protein Hu antigen R.
Proc. Natl. Acad. Sci. U S A 111, E3815–E3824. doi: 10.1073/pnas.1408305111

Kraushar, M. L., Viljetic, B., Wijeratne, H. R. S., Thompson, K., Jiao, X.,
Pike, J. W., et al. (2015). Thalamic WNT3 secretion spatiotemporally regulates the
neocortical ribosome signature and mRNA translation to specify neocortical cell
subtypes. J. Neurosci. 35, 10911–10926. doi: 10.1523/JNEUROSCI.0601-15.2015

Frontiers in Neuroanatomy 07 frontiersin.org

https://doi.org/10.3389/fnana.2022.1087949
https://doi.org/10.1016/j.neuron.2007.12.012
https://doi.org/10.1016/j.neuron.2007.12.012
https://doi.org/10.1016/j.neuron.2014.01.017
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2021.02.050
https://doi.org/10.1038/nrg3079
https://doi.org/10.1016/j.celrep.2013.03.037
https://doi.org/10.1016/j.neuron.2019.07.009
https://doi.org/10.1126/sciadv.abj4010
https://doi.org/10.1242/dev.078063
https://doi.org/10.3389/fncel.2013.00141
https://doi.org/10.1016/j.tig.2008.03.011
https://doi.org/10.1073/pnas.2006700117
https://doi.org/10.1093/bioinformatics/btw318
https://doi.org/10.1371/journal.pbio.0060135
https://doi.org/10.15252/embj.201694056
https://doi.org/10.7554/eLife.04263
https://doi.org/10.1371/journal.pone.0154194
https://doi.org/10.1371/journal.pone.0154194
https://doi.org/10.1016/j.celrep.2014.05.029
https://doi.org/10.1093/molbev/msn045
https://doi.org/10.1093/molbev/msn045
https://doi.org/10.1007/s10735-011-9367-x
https://doi.org/10.7554/eLife.09531
https://doi.org/10.7554/eLife.09531
https://doi.org/10.1073/pnas.0712259105
https://doi.org/10.1073/pnas.0712259105
https://doi.org/10.1186/1471-2164-7-25
https://doi.org/10.1093/cercor/bhp088
https://doi.org/10.1016/j.pneurobio.2019.01.003
https://doi.org/10.1146/annurev-neuro-080317-061822
https://doi.org/10.1146/annurev-neuro-080317-061822
https://doi.org/10.1038/s41598-019-38910-2
https://doi.org/10.1073/pnas.1408305111
https://doi.org/10.1523/JNEUROSCI.0601-15.2015
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org


Cremisi and Vignali 10.3389/fnana.2022.1087949

Letellier, M., Elramah, S., Mondin, M., Soula, A., Penn, A., Choquet, D.,
et al. (2014). miR-92a regulates expression of synaptic GluA1-containing
AMPA receptors during homeostatic scaling. Nat. Neurosci. 17, 1040–1042.
doi: 10.1038/nn.3762

Lodato, S., and Arlotta, P. (2015). Generating neuronal diversity in
the mammalian cerebral cortex. Annu. Rev. Cell Dev. Biol. 31, 699–720.
doi: 10.1146/annurev-cellbio-100814-125353

Londin, E., Loher, P., Telonis, A. G., Quann, K., Clark, P., Jing, Y., et al.
(2015). Analysis of 13 cell types reveals evidence for the expression of numerous
novel primate- and tissue-specific microRNAs. Proc. Natl. Acad. Sci. U S A 112,
E1106–E1115. doi: 10.1073/pnas.1420955112

Lv, X., Jiang, H., Liu, Y., Lei, X., and Jiao, J. (2014). Micro RNA-15b promotes
neurogenesis and inhibits neural progenitor proliferation by directly repressing
TET 3 during early neocortical development. EMBO Rep. 15, 1305–1314.
doi: 10.15252/embr.201438923

Martins, M., Galfrè, S., Terrigno, M., Pandolfini, L., Appolloni, I., Dunville, K.,
et al. (2021). A eutherian-specific microRNA controls the translation of Satb2 in
a model of cortical differentiation. Stem Cell Rep. 16, 1496–1509. doi: 10.1016/j.
stemcr.2021.04.020

Marty, V., and Cavaillé, J. (2019). Imprinted small noncoding RNA genes in brain
function and behaviour. Curr. Opin. Behav. Sci. 25, 8–14. doi: 10.1016/j.cobeha.
2018.05.009

Mellios, N., Sugihara, H., Castro, J., Banerjee, A., Le, C., Kumar, A.,
et al. (2011). miR-132, an experience-dependent microRNA, is essential
for visual cortex plasticity. Nat. Neurosci. 14, 1240–1242. doi: 10.1038/n
n.2909

Moran, Y., Agron, M., Praher, D., and Technau, U. (2017). The evolutionary
origin of plant and animal microRNAs. Nat. Ecol. Evol. 1:27. doi: 10.1038/s41559-
016-0027

Nigro, A., Menon, R., Bergamaschi, A., Clovis, Y. M., Baldi, A., Ehrmann, M.,
et al. (2012). MiR-30e and miR-181d control Radial Glia cell proliferation
via HtrA1 modulation. Cell Death Dis. 3:e360. doi: 10.1038/cddis.2
012.98

Nomura, T., Yamashita, W., Gotoh, H., and Ono, K. (2018). Species-specific
mechanisms of neuron subtype specification reveal evolutionary plasticity of
amniote brain development. Cell Rep. 22, 3142–3151. doi: 10.1016/j.celrep.2018.
02.086

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

Otani, T., Marchetto, M. C., Gage, F. H., Simons, B. D., and Livesey, F. J. (2016).
2D and 3D stem cell models of primate cortical development identify species-
specific differences in progenitor behavior contributing to brain size. Cell Stem Cell
18, 467–480. doi: 10.1016/j.stem.2016.03.003

Paolino, A., Fenlon, L. R., Kozulin, P., Haines, E., Lim, J. W. C., Richards, L. J.,
et al. (2020). Differential timing of a conserved transcriptional network
underlies divergent cortical projection routes across mammalian brain evolution.
Proc. Natl. Acad. Sci. U S A 117, 10554–10564. doi: 10.1073/pnas.19224
22117

Park, Y., Lofton, M., Li, D., and Rasin, M.-R. (2021). Extrinsic regulators
of mRNA translation in developing brain: story of WNTs. Cells 10:253.
doi: 10.3390/cells10020253

Park, Y., Page, N., Salamon, I., Li, D., and Rasin, M.-R. (2022). Making sense
of mRNA landscapes: translation control in neurodevelopment. Wiley Interdiscip.
Rev. RNA 13:e1674. doi: 10.1002/wrna.1674

Pollock, A., Bian, S., Zhang, C., Chen, Z., and Sun, T. (2014). Growth of the
developing cerebral cortex is controlled by microRNA-7 through the p53 pathway.
Cell Rep. 7, 1184–1196. doi: 10.1016/j.celrep.2014.04.003

Popovitchenko, T., Park, Y., Page, N. F., Luo, X., Krsnik, Z., Liu, Y., et al.
(2020). Translational derepression of Elavl4 isoforms at their alternative 5′ UTRs
determines neuronal development. Nat. Commun. 11:1674. doi: 10.1038/s41467-
020-15412-8

Popovitchenko, T., Thompson, K., Viljetic, B., Jiao, X., Kontonyiannis, D. L.,
Kiledjian, M., et al. (2016). The RNA binding protein HuR determines the
differential translation of autism-associated FoxP subfamily members in the
developing neocortex. Sci. Rep. 6:28998. doi: 10.1038/srep28998

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

Shi, X., Yan, C., Liu, B., Yang, C., Nie, X., Wang, X., et al. (2015).
miR-381 regulates neural stem cell proliferation and differentiation via
regulating hes1 expression. PLoS One 10:e0138973. doi: 10.1371/journal.pone.013
8973

Shu, P., Fu, H., Zhao, X., Wu, C., Ruan, X., Zeng, Y., et al. (2017). MicroRNA-
214 modulates neural progenitor cell differentiation by targeting Quaking
during cerebral cortex development. Sci. Rep. 7:8014. doi: 10.1038/s41598-017-08
450-8

Shu, P., Wu, 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

Telley, L., Agirman, G., Prados, J., Amberg, N., Fièvre, S., Oberst, P., et al.
(2019). Temporal patterning of apical progenitors and their daughter neurons in
the developing neocortex. Science 364:eaav2522. doi: 10.1126/science.aav2522

Tierling, S., Dalbert, S., Schoppenhorst, S., Tsai, C.-E., Oliger, S., Ferguson-
Smith, A. C., et al. (2006). High-resolution map and imprinting analysis of
the Gtl2-Dnchc1 domain on mouse chromosome 12. Genomics 87, 225–235.
doi: 10.1016/j.ygeno.2005.09.018

Tomasello, U., Klingler, E., Niquille, M., Mule, N., Santinha, A. J., de Vevey, L.,
et al. (2022). miR-137 and miR-122, two outer subventricular zone non-coding
RNAs, regulate basal progenitor expansion and neuronal differentiation. Cell Rep.
38:110381. doi: 10.1016/j.celrep.2022.110381

Tsan, Y., Morell, M. H., and O’Shea, K. S. (2016). miR-410 controls adult
SVZ neurogenesis by targeting neurogenic genes. Stem Cell Res. 17, 238–247.
doi: 10.1016/j.scr.2016.07.003

Tsuyama, J., Bunt, J., Richards, L. J., Iwanari, H., Mochizuki, Y., Hamakubo, T.,
et al. (2015). MicroRNA-153 regulates the acquisition of gliogenic competence by
neural stem cells. Stem Cell Rep. 5, 365–377. doi: 10.1016/j.stemcr.2015.06.006

Winter, J. (2015). MicroRNAs of the miR379-410 cluster: new players in
embryonic neurogenesis and regulators of neuronal function. Neurogenesis
(Austin) 2:e1004970. doi: 10.1080/23262133.2015.1004970

Woych, J., Ortega Gurrola, A., Deryckere, A., Jaeger, E. C. B., Gumnit, E.,
Merello, G., et al. (2022). Cell-type profiling in salamanders identifies innovations
in vertebrate forebrain evolution. Science 377:eabp9186. doi: 10.1126/science.
abp9186

Yang, G., Smibert, C. A., Kaplan, D. R., and Miller, F. D. (2014). An
eIF4E1/4E-T complex determines the genesis of neurons from precursors by
translationally repressing a proneurogenic transcription program. Neuron 84,
723–739. doi: 10.1016/j.neuron.2014.10.022

Zahr, S. K., Yang, G., Kazan, H., Borrett, M. J., Yuzwa, S. A., Voronova, A., et al.
(2018). A translational repression complex in developing mammalian neural stem
cells that regulates neuronal specification. Neuron 97, 520–537.e6. doi: 10.1016/j.
neuron.2017.12.045

Zhang, Z., Zheng, F., You, Y., Ma, Y., Lu, T., Yue, W., et al. (2016). Growth arrest
specific gene 7 is associated with schizophrenia and regulates neuronal migration
and morphogenesis. Mol. Brain 9:54. doi: 10.1186/s13041-016-0238-y

Frontiers in Neuroanatomy 08 frontiersin.org

https://doi.org/10.3389/fnana.2022.1087949
https://doi.org/10.1038/nn.3762
https://doi.org/10.1146/annurev-cellbio-100814-125353
https://doi.org/10.1073/pnas.1420955112
https://doi.org/10.15252/embr.201438923
https://doi.org/10.1016/j.stemcr.2021.04.020
https://doi.org/10.1016/j.stemcr.2021.04.020
https://doi.org/10.1016/j.cobeha.2018.05.009
https://doi.org/10.1016/j.cobeha.2018.05.009
https://doi.org/10.1038/nn.2909
https://doi.org/10.1038/nn.2909
https://doi.org/10.1038/s41559-016-0027
https://doi.org/10.1038/s41559-016-0027
https://doi.org/10.1038/cddis.2012.98
https://doi.org/10.1038/cddis.2012.98
https://doi.org/10.1016/j.celrep.2018.02.086
https://doi.org/10.1016/j.celrep.2018.02.086
https://doi.org/10.1073/pnas.1219385110
https://doi.org/10.1038/s41593-018-0265-3
https://doi.org/10.1016/j.stem.2016.03.003
https://doi.org/10.1073/pnas.1922422117
https://doi.org/10.1073/pnas.1922422117
https://doi.org/10.3390/cells10020253
https://doi.org/10.1002/wrna.1674
https://doi.org/10.1016/j.celrep.2014.04.003
https://doi.org/10.1038/s41467-020-15412-8
https://doi.org/10.1038/s41467-020-15412-8
https://doi.org/10.1038/srep28998
https://doi.org/10.1002/embj.201386591
https://doi.org/10.1371/journal.pone.0138973
https://doi.org/10.1371/journal.pone.0138973
https://doi.org/10.1038/s41598-017-08450-8
https://doi.org/10.1038/s41598-017-08450-8
https://doi.org/10.1016/j.devcel.2019.04.017
https://doi.org/10.1126/science.aav2522
https://doi.org/10.1016/j.ygeno.2005.09.018
https://doi.org/10.1016/j.celrep.2022.110381
https://doi.org/10.1016/j.scr.2016.07.003
https://doi.org/10.1016/j.stemcr.2015.06.006
https://doi.org/10.1080/23262133.2015.1004970
https://doi.org/10.1126/science.abp9186
https://doi.org/10.1126/science.abp9186
https://doi.org/10.1016/j.neuron.2014.10.022
https://doi.org/10.1016/j.neuron.2017.12.045
https://doi.org/10.1016/j.neuron.2017.12.045
https://doi.org/10.1186/s13041-016-0238-y
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org/journals/neuroanatomy#articles
https://www.frontiersin.org

	Translational control in cortical development
	Introduction
	Cortical evolution
	Control of cortical gene expression by RBPs and RPs
	Control of cortical gene expression by miRs
	The 379/410 miR cluster (Mirg) and mammalian brain evolution
	Primate specific miRs

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


