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Abstract

The human cerebral cortex is a uniquely complex structure encompassing an unparalleled diversity of neuronal types and
subtypes. These arise during development through a series of evolutionary conserved processes, such as progenitor cell
proliferation, migration and differentiation, incorporating human-associated adaptations including a protracted neurogenesis
and the emergence of novel highly heterogeneous progenitor populations. Disentangling the unique features of human corti-
cal development involves elucidation of the intricate developmental cell transitions orchestrated by progressive molecular
events. Crucially, developmental timing controls the fine balance between cell cycle progression/exit and the neurogenic
competence of precursor cells, which undergo morphological transitions coupled to transcriptome-defined temporal states.
Recent advances in bulk and single-cell transcriptomic technologies suggest that alongside protein-coding genes, non-coding
RNAs exert important regulatory roles in these processes. Interestingly, a considerable number of novel long non-coding
RNAs (IncRNAs) and microRNAs (miRNAs) have appeared in human and non-human primates suggesting an evolutionary
role in shaping cortical development. Here, we present an overview of human cortical development and highlight the marked
diversification and complexity of human neuronal progenitors. We further discuss how IncRNAs and miRNAs constitute
critical components of the extended epigenetic regulatory network defining intermediate states of progenitors and controlling
cell cycle dynamics and fate choices with spatiotemporal precision, during human neurodevelopment.

Keywords Long non-coding RNAs - miRNAs - Neurogenesis - Single-cell RNA sequencing - Epitranscriptomics -
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Introduction

The human cerebral cortex is one of the most complex
structures in the brain responsible for high-order cognitive
functions and social behavior as well as sensory, motor and
emotional control, while its impairment results in neurode-
velopmental, neuropsychiatric and neurodegenerative disor-
ders. The cerebral cortex is a laminated structure organized
into six layers comprising a large number of neurons that are
classically divided into two major types: the glutamatergic
excitatory pyramidal projection neurons and the GABAergic
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inhibitory interneurons. Pyramidal projection neurons
account for approximately 80% of all cortical neurons and
represent the only output system relaying information from
one cortical area to another or to other brain regions, but also
the largest input system receiving information from other
cortical areas or brain regions. Interneurons, on the other
hand, comprise 20% of the cortical neuronal population and
form local synaptic connections that play critical roles in
shaping network activity. Cortical neurons are further subdi-
vided into a multitude of subtypes characterized by different
molecular and electrophysiological properties as well as by
distinct patterns of synaptic connections. Understanding how
this remarkable neuronal diversity is generated and how neu-
ral circuits are formed during cortical development remains
a challenge, particularly in humans.

Cortical development encompasses intricate cell transi-
tions orchestrated by progressive molecular events. These
include evolutionary conserved processes, such as progenitor
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cell proliferation, neuronal birth, migration and differentia-
tion, synapse formation and maturation, synaptic pruning
and cell death. Evolutionary adaptations in humans have led
to protracted neurogenesis and the generation of an unprec-
edented diversity of cell types and subtypes from a uniquely
heterogeneous population of human progenitors [1, 2]. Cor-
tical projection neurons develop through waves of neurogen-
esis from radial glial progenitors residing in the ventricular
zone and from intermediate progenitors of an enlarged sub-
ventricular zone. The six-layered neocortex is thus generated
in an inside-out fashion, with the earliest-born neurons pop-
ulating the deepest layers, and the last-born neurons populat-
ing the most superficial layers. Human-specific mechanisms
include the emergence of novel radial glia populations and
other unique features of human progenitors. Crucially, devel-
opmental timing controls the fine balance between cell cycle
progression/exit and the neurogenic competence of precursor
cells which undergo morphological transitions and related
transcriptome-defined temporal states [3].

A body of research accumulating over the last 15 years
has uncovered a set of key transcriptional regulators that
control mammalian cortical development. However, iden-
tification of the exact changes and the precise molecular
innovations that distinguish the human brain has been elu-
sive. Data from large-scale consortia investigating functional
genomic elements such as ENCODE and FANTOM [4, 5],
revolutionized our understanding of mammalian genomes
in terms of architecture, activity and regulation. It was thus
revealed that the human genome encodes only ~ 20,000
protein-coding genes, which represent less than 2% of the
total genome sequence while the majority is transcribed into
non-coding RNAs. Notably, a large fraction of these (~40%)
are expressed in the brain, with characteristic spatiotemporal
patterns arguing for functional implications. Indeed, long
non-coding RNAs (IncRNAs) and microRNAs (miRNAs),
the most numerous members of the non-coding family, par-
ticipate in regulatory networks during cortical development
[6, 7]. In sharp contrast to the highly conserved repertoire
of protein-coding genes, the extent of non-protein-coding
intronic and intergenic sequences does scale with increased
developmental complexity. Particularly, the emergence of
primate and human-specific non-coding RNAs in combina-
tion with their capacity to modulate large gene-regulatory
networks render them ideal candidates as drivers of human
brain complexity and evolution [8, 9]. Reconstruction of
human gene-regulatory networks uncovered that both IncR-
NAs and miRNAs are involved in acquisition of cell-type
identities while they undergo dynamic transitions even
among closely related cell types during neuronal commit-
ment. It thus seems that non-coding RNAs endow neural
cells with an additional level of control for the precise spa-
tiotemporal deployment of genes, essential for accomplish-
ment of complex neurobiological traits.
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Here, we present an overview of human cortical develop-
ment and highlight exciting new discoveries regarding the
marked diversification and complexity of human neuronal
progenitors and their neuronal progeny. We present gene
expression data and cellular differences underpinning the
divergent evolution of human neuronal circuits and present
emerging evidence supporting a critical role of IncRNAs
and miRNAs in regulating progenitor turnover and cell-fate
choice during human neural development. In particular, we
discuss how non-coding RNAs exert spatiotemporal control
of cell cycle dynamics and fate acquisition through their
association with key molecular networks and signaling
pathways. Finally, we illustrate the evolving expression pat-
terns of IncRNAs and miRNAs in distinct human progenitor
types, including radial glia and intermediate progenitors, and
their relevance to the human neurogenic program.

Species-specific diversity of the brain’s
cellular composition: the evolution
of complexity

A challenging scope of contemporary neuroscience concerns
reconstruction of the unique elements that build the human
brain. Efforts are directed towards elucidation of species-
specific cellular, molecular and biochemical features that
shape neuronal connectivity and dictate high-order cogni-
tive functions and social behavior. The basic principles of
neurogenesis are conserved across species and include pro-
liferation and diversification of neural progenitor cells that
give rise to an extensive array of distinct neuronal and glial
phenotypes [10-12].

Brain evolution has favored expansion of the cortical sur-
face area, along with increase in the radial thickness of the
cortical plate [13]. This structural innovation is instructive
for brain enlargement and involves an expanded primate ger-
minal zone, a region where progenitors reside and prolifer-
ate [14]. Consequent evolutionary adaptations incorporate a
protracted period of human neurogenesis, and accompanying
changes in the morphology and abundance of both excita-
tory and inhibitory neurons, as well as glial cells, resulting
in more complex patterns of synaptogenesis and neuronal
connectivity [13].

In the last decade, the characterization of neural and
glial diversity has become possible on a global scale thanks
to revolutionary methodological advances. In particular,
single-cell RNA-sequencing technologies provide a plat-
form to track transcriptional changes and identify molec-
ular cell-type specifications along neurodevelopmental
processes as well as among species. A number of studies
have exploited these technologies to highlight the extent of
cell-type diversity in the nervous system of different spe-
cies including drosophila, zebrafish mouse, non-human and
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human primates [15-22]. Transcriptional heterogeneity of
neuronal and non-neuronal cells, including astrocytes and
oligodendrocytes, has thus been ascribed with molecularly
distinct and regionally restricted populations linked to spe-
cific neural circuits [23, 24]. Similarly, analysis of the adult
human brain allowed an unprecedented transcriptome-level
resolution of cell types and subtypes. One study remarkably
revealed 35 distinct cellular clusters, including excitatory
and inhibitory neuronal subtypes in the cortex and cerebel-
lum, as well as non-neuronal cells such as astrocytes and
oligodendrocytes, while it illustrated substantial regional
heterogeneity among particular excitatory neuronal classes
[25]. Further investigations in the mouse and human brain
demonstrated that the adult cortex consists of at least 8 to 19
distinct excitatory neuronal subtypes distributed across six
layers [10, 18, 26, 27]. Recently, a more elaborate analysis
in two areas of the mouse neocortex, the primary visual cor-
tex and the lateral motor cortex, uncovered 133 functionally
distinct transcriptomic cell types [20]. Interestingly, it was
shown that most glutamatergic types are area-specific while
most GABAergic types are shared across cortical areas, a
dichotomy that correlates well with their developmental
origins and connectivity patterns. Most glutamatergic types
are born locally from the ventricular and subventricular
zones of the developing cortex and project to other regions,
whereas nearly all GABAergic interneurons migrate from
the ganglionic eminences to reach the cortex and form local
connections [20].

As expected, comparison of single-cell transcriptomic
data across species revealed divergent features of the human
brain at cellular resolution. Assessment of mouse and human
datasets demonstrated a surprisingly well-conserved cellu-
lar architecture that enables matching of homologous types
and allows predictions of the properties of human cortical
types. Beyond fundamental similarities, extensive differ-
ences between homologous human and mouse cell types
were identified, including marked alterations in proportions,
laminar distribution and morphology. In addition, divergent
genes appear functionally relevant as they are associated
with connectivity and signaling [21]. Human-specific neu-
ronal signatures were also detected in relation to non-human
apes, and specifically in 7 out of the 33 brain regions investi-
gated, including the primary somatosensory cortex, internal
capsule, and cerebellar white matter [22].

Origins of diversity: evolutionary
adaptations of neuronal progenitors

Elucidation of the human-specific mechanisms through
which neuronal complexity arises involves interrogation
of the molecular specifications that regulate developmental
transitions and commitment of progenitor cells. The human

cortex not only presents the greatest expansion across evo-
lution, but also associates with high-order cognitive func-
tions and serious neurodevelopmental, psychiatric and neu-
rodegenerative disorders. Cortical neurogenesis integrates
a sequence of proliferation-differentiation events which are
reproduced in a timely fashion and with remarkable fidel-
ity to yield a six-layered structure in an inside—out mode,
whereby early-born neurons occupy the deeper layers and
later-born neurons are sequentially positioned in upper lay-
ers [28-34]. The principles and mechanisms that underlie
the timely production of adequate classes of cells remain
only partially understood and are still under intense inves-
tigation [35]. In fact, we are only at the beginning of defin-
ing aspects of cortical development that are shared across
mammals and those that are human specific. The ultimate
goal is to reveal differences that distinguish humans from
other species and understand how these features translate
into human behavior and disease.

Unique features and competence of human neural
progenitors

In general terms during development, neural stem cells or
neural progenitors initially undergo a phase of exponential
amplification via symmetric divisions, and then switch to
a neurogenic phase via asymmetric divisions producing a
self-renewed progenitor and a sister cell committed to dif-
ferentiation. Later on, terminal symmetric divisions yield
two post-mitotic neuronal cells exhausting the pool of pro-
liferating progenitors. The prevailing hypothesis for cortical
neurogenesis is that of a progressive restriction of progeni-
tor potential over time [36] (Fig. 1), against the alternative
view which presumes the existence of distinct, fate-restricted
progenitors already present before the onset of neurogenesis
[37, 38].

Human cortical neurogenesis starts around the seventh
postconceptional week [39], when neuroepithelial (NE)
cells lining the ventricles gradually transform into radial
glia (ventricular radial glia; vRG) to compose the prolifera-
tive ventricular zone (VZ). NE cells display a symmetric
dynamic pattern of cell division that serves to expand the
progenitor cell pool, while Unlike RG cells, they retract
their basal fibers before division [40]. Characterization of
RG cells at cellular, molecular and physiological levels
has revealed considerable species-specific differences [18,
41, 42]. Although rodent RGs are an excellent model for
the study of basic aspects of cortical development, their
counterparts in primates, including humans, are consider-
ably different with respect to their location, developmental
potential and molecular signature. For example, outer radial
glia (oRGs), also called basal radial glia, are a novel type
of glial progenitors which constitute an evolutionary adap-
tation observed in mammals with a large brain, including
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Fig.1 Schematic illustration of the laminar and cellular organiza-
tion of the developing cortex, including the location and morphology
of different progenitor cell populations. The two main proliferative
regions, the ventricular (VZ) and subventricular (SVZ) zones, are
depicted. VRG apical progenitors residing in the VZ give rise to inter-
mediate progenitors (IPs) and outer radial glial cells (0RGs) that pop-
ulate a secondary proliferative region, the subventricular zone (SVZ).
Pia-contacting oRGs, delaminate from the ventricular zone (VZ)
and translocate to the enlarged outer subventricular zone (0SVZ),
thus subdividing the SVZ into inner (iSVZ) and outer (0SVZ) zones.

human and non-human primates [14, 43—45]. Thus in pri-
mates including humans, vRG cells produce two types of
basal progenitors, the intermediate progenitors (IP) and the
outer radial glia (0RG) both of which move out of the ven-
tricular zone to populate a secondary proliferative region,
the subventricular (SVZ). oRGs, in particular, delaminate
from the ventricular zone (VZ) and translocate to the outer
subventricular zone (0SVZ), thus subdividing the SVZ into
inner and outer zones [14, 43—45]. Therefore, the inner SVZ
(iSVZ) is populated mostly by IPs and the outer SVZ is
composed mainly of oRG cells [46].

To add to the diversification of primate progenitor popu-
lations, at later stages of neurodevelopment during a period
coinciding with the transition from neurogenesis to gliogen-
esis, VRGs in humans give rise to a morphologically distinct
type called truncated radial glial cell that remains in the VZ
[43]. Although topologically divergent, the mouse neocor-
tex presents an oSVZ-like germinal zone [44, 47, 48]. Still,
the volume of the 0SVZ in the macaque and human brain
far exceeds that of the iSVZ, underlining its importance in
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oRGs form contact with the basal lamina and are highly proliferative
cells with diverse morphologies. IP cells also exhibit variable pheno-
types. Divergent gene expression of human-associated cortical pro-
genitor types is highlighted in the boxes on the right. The black arrow
below the ventricle denotes the progress of neurogenesis, which starts
during the 6-7th postconceptional week. Multipotential proliferating
progenitors progressively become more fate-restricted, as indicated
by the thick gray arrow, to generate the diversity of neurons occupy-
ing the deep (DL) and upper layers (UL) of the cortical pate. Neurons
(N); Intermediate Zone/Subplate (IZ/SP)

evolution as a whole, and particularly in brain expansion
[14]. Therefore, the generation of a greater number of neu-
rons in the human brain appears in part due to the estab-
lishment of an enlarged proliferative zone and to the vast
increase in the number of highly proliferative oRG cells
[3, 45, 46]. In particular the oSVZ, which is the principal
proliferative region in the dorsal cortex during upper layer
neurogenesis, is directly linked to the increased neuronal
number and complexity associated with the upper cortical
layer in primates [49]. It is recognized that the temporally
restricted expression of specific transcription factors in the
VZ matches with the timely generation of different classes
of neurons, suggesting a temporal orchestration of progeni-
tor competence [29, 50]. For example, Ngn1 is required for
specifying the fates of lower layer excitatory neurons, but not
later during upper layer formation [51]. Consistently, genes
that are restricted to either upper or deep-layer neurons are
also enriched in subsets of progenitors during development.
Moreover, early cortical RGCs express markers of lower
layer neurons, including Emx2, Fezf2, and Sox2 [52-55],
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while genes specific for upper layer neurons, such as Satb2,
are expressed at high levels in IPCs in the SVZ during mid-
dle and late stages of neocortical development [56]. These
studies suggest that the mechanisms governing the pro-
duction of early-born versus late-born neurons involve the
timely expression of specific transcription factors. However,
other studies have challenged this idea reporting upper layer
Cux2 progenitors to be present in the VZ during deep-layer
neuron generation [38]. Therefore, although the correlation
between sequential transcription factor expression in progen-
itor cells and neuron generation is generally accepted, a con-
crete elucidation of this mechanism at work is still lacking.

In the absence of distinct types of pre-committed pro-
genitors in proliferating germinal zones, the question arises
if fate restriction in single progenitor types is temporally
regulated in an irreversible manner. In this respect, hetero-
chronic transplantation studies demonstrated that early pro-
genitors, like radial glial cells, are temporally plastic and can
re-enter past neurogenic states when exposed to an earlier-
stage environment, while more progressed intermediate
progenitors lose this fate plasticity, suggesting a dual effect
of timing and environmental influence [57, 58]. Moreover,
the reproducible pattern of cortical neurogenesis argues that
the precise timing of differentiation may be somehow inher-
ently encoded within lineages of individual progenitor cells
[59, 60]. New single-cell RNA-sequencing data generated at
high temporal resolution to trace the molecular identities of
successive generations of apical progenitors, indicated that
dynamically expressed genes drive apical progenitors from
being internally directed to more exteroceptive states [50]
(Fig. 1). Notably, while at early stages, cell cycle-related and
nucleus/chromatin-related processes are prominent, later in
development the susceptibility of apical progenitors to envi-
ronmental signals increases, as highlighted by higher expres-
sion of membrane receptors, cell-cell signaling-related pro-
teins, and excitability-related proteins [50].

The fact that a given neuronal cell type can be specified
during a very limited time window and that multipotential
progenitors progressively become more fate-restricted, dic-
tates that characterization of the spectrum of temporal pro-
genitor states is essential for constructing specific lineage
trees that predict developmental timing of fate acquisition.
The concept of cell identity, therefore, has been suggested
to integrate three major aspects: phenotypic characteriza-
tion including functionality, allocation to a lineage through
knowledge of developmental history, and description of cell
state in response to diverse stimuli [61].

Molecular profile, morphological characteristics
and cell cycle regulation of human progenitors

Pioneering studies have laid the ground for defining broad
categories of neural progenitors according to their molecular

profile. However, more recent single-cell transcriptomic
approaches produced data that add to the diversity of neural
progenitor states but also highlight species-specific devia-
tions of restricted identities. For example, VRG and oRG
cells share expression of characteristic markers of radial glia
including nestin, vimentin, and PAX6 [3, 62]. However, their
molecular profiles are highly distinct as oRG preferentially
express genes related to extracellular matrix formation,
migration, and stemness [63]. Moreover, oRG cells express
several newly discovered markers, including HOPX, TNC
and ITGBS, giving them a unique transcriptional signature
[63, 64] (Fig. 1). With similar approaches, it was identi-
fied that human Neurog?2 is a critical factor in delamina-
tion and expansion of oRGs as well as in regulation of their
neurogenic potential [65] (Fig. 1). Unbiased single-cell
transcriptome analysis revealed two mouse subtypes of IP
cells, expressing general IP markers such as Tbr2 and Afapl,
with one subtype enriched in more mature neuronal differ-
entiation markers, such as Neurodl and Mgat5b (Fig. 1).
In human, a distinct species-specific IP cell population was
identified with oRG-like morphology and characteristic
expression of a novel cytoplasmic marker, PPP1R17 [63,
66] (Fig. 1). Taken together, single-cell transcriptomics illu-
minated an array of specific and comparative aspects shap-
ing human and mouse cortical development and shed light
at the diversity of progenitor cell types and their individual
differentiation paths. The vast dataset produced was system-
atically organized into Shiny Cortex, a publicly available
resource [67].

It is noteworthy, that while developmental atlases and cell
trajectories have revealed a wealth of information on molec-
ular profiles and can help identify cellular differentiation
paths, a full understanding of cell-type specification requires
further lineage tracing experiments and correlations with
specific morphotypes. Morphology is an important com-
ponent characterizing the phenotype and state of progeni-
tor cells, further relating to their proliferation or migration
status. This notion is enhanced by recent findings showing
that cell shape changes early in development during the neu-
roepithelial (NE) to radial glia (RG) transition are delayed
in humans, extending the proliferative NE stage and thus
contributing to human-specific neocortical expansion [68].

Regarding later stages, rodent intermediate progenitors
have distinct multipolar morphology [69, 70], whereas
human and non-human primate neural progenitors have
diverse morphologies suggesting an expanded potential for
transitional states [71] (Fig. 1). Currently, the defining mor-
phology of oRG cells is controversial [71-73]. Studies in the
macaque showed that oSVZ progenitor cells may display a
mixture of bipolar, unipolar, and multipolar morphologies,
and may alternate between morphologies during a given
cell cycle [71]. More complex phenotypes exist also for
human IPs. For example, IPs within the human oSVZ may
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be multipolar, unipolar, or bipolar, with radially or tangen-
tially oriented processes [63]. Diversification between spe-
cies was reported on the basis of morphology, localization
and the expression of the IP-specific marker TBR2, dem-
onstrating that there may be a greater proportion of IP-like
0oSVZ progenitors compared to radial glia-like progenitors
in the macaque as compared to human [71].

Another important attribute of progenitor state is cell
cycle properties. In general, neural progenitors undergo
several modes of cell division. As already discussed, these
include symmetrical proliferative divisions that expand the
pool of neuronal precursor cells, followed by asymmetri-
cal neurogenic divisions and, finally, terminal symmetrical
divisions that produce two neurons and deplete the pool of
proliferative cells [72, 74]. The mode of division was shown
to be characteristic of distinct species-specific progenitor
populations providing some explanation for the increase
of brain size across evolutionary time. Particularly in the
mouse, VRG cell divisions result in vRG self-renewal, direct
neurogenesis, or production of intermediate progenitor cells
that divide once to produce two neurons [28, 46, 69]. In
contrast, only a small proportion of human oRG cell divi-
sions produce IP cells, while the vast majority of divisions
appear to lead to oRG self-renewal [75]. IP cells similarly
self-renew many times before producing neurons [3], while
oRG cells appear less restricted than multipolar IPs in
their lineage potential [63]. These observations illustrate
the increased proliferative capacity of human progenitors,
underlying brain enlargement.

Human progenitors, including oRG cells, exhibit spe-
cies distinct gene expression patterns while cell cycle genes
among those are characteristic of their divergent proper-
ties. For example, PDGFD gene encodes a platelet-derived
growth factor acting through the PDGFRB receptor, which
is expressed in RG cells and regulates cell cycle progression
and cell expansion in human but not mouse progenitors [76]
(Fig. 1). In addition, the human-specific gene ARHGAPI11B,
which is highly enriched in human RG cells, favors oRG
generation and amplification [77, 78], while Notch signaling
in particular has been linked to the proliferative capacity of
human cortical progenitors [79] as it has been implicated in
the clonal expansion of human RGs [80-82] (Fig. 1).

The plane of divisions as well as cell cycle length also
appears to play a role in progenitor proliferative aptitude and
neurogenic competency, baring multiple evolutionary impli-
cations. It has been proposed that, an evolutionary shift from
a vertical cleavage plane angle to a mix of vertical and hori-
zontal divisions favored self-renewal of progenitors and gen-
eration of oRGs, and may have contributed to an increased
oRG cell population and the development of an 0SVZ in
humans [83, 84]. The “cell cycle length” hypothesis sug-
gests that the length of the cell cycle, particularly G1 phase,
is a critical determinant for the onset of neurogenesis, by
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allowing the accumulation of differentiation-driving factors.
Indeed, it has been shown that during mouse corticogenesis,
G1 lengthening is both necessary and sufficient to switch
neural progenitors to neurogenesis [11, 85-88]. The length
of G1 phase changes dramatically in both VZ and oSVZ dur-
ing primate development, which may be associated with a
decreased rate of cell cycle exit and an increase in prolifera-
tive divisions in the oSVZ [71]. In line, comparison between
human and chimpanzee cerebral organoids, revealed that
human RG cells display a longer mitotic phase [41], which
has been linked to proliferative divisions rather than asym-
metric neurogenic divisions. This again suggests that human
RGs may favor proliferative over neurogenic divisions for a
longer period, which is consistent with a larger brain [89]
(Fig. 1). Recent studies provided a breakthrough in explain-
ing the slower tempo of human neurogenesis by attributing
temporal differences during development between species,
a phenomenon termed allochrony, to cell-autonomous dif-
ferences in biochemical reaction speeds within neural pro-
genitors [90].

Dynamic gene expression profiles underscore
the heterogeneity of human neuronal progenitors

In an effort to distinguish intermediate progenitor cell states,
recent transcriptomic data revealed the remarkable hetero-
geneity of these populations [71]. Single-cell sequencing
demonstrated the previously unappreciated diversity of
transcriptional states within both human apical RG and
oRG cells, which by contrast appears markedly simplified
in mouse [65, 91]. A number of studies attest the enhanced
diversity of the human progenitor populations, including
previously unidentified transient NPC populations [92, 93]
(Fig. 1). Of note, single-cell resolution of the human fore-
brain during development revealed new intermediate pro-
genitor markers that enabled identification of diverse neuron
subtypes [19]. In addition, single-cell RNA sequencing of
human, chimpanzee and macaque cerebral organoids com-
plemented by previous data from fetal brain tissue, revealed
gain of human-specific gene expression which associates
with proliferation of radial glia [89]. Indeed, human progeni-
tor diversity is characterized by unique expression profiles
compared to mouse [1], but also, importantly, human radial
glial progenitors differ most strikingly from mouse in their
graded transition from neuroepithelial radial glia to delami-
nated, multipolar, neuronal lineage-committed intermediate
progenitors [65]. This diversity of neural precursors includes
multiple cell types with transcriptional profiles of mixed
identity displaying co-expression of genes which are typi-
cally thought to define separate types of stem, progenitor or
differentiated cells [1]. For example, the mRNAs of neuronal
markers, such as Cux1 and Tle4, are expressed in early api-
cal progenitors, while the mRNAs of Ctip2 and Neurod2 are



Evolving features of human cortical development and the emerging roles of non-coding RNAs in...

Page70of 19 56

readily detectable in newborn IPs [50]. This phenomenon,
whereby the mRINAs for proteins that will be expressed in
progeny are already present but not translated in the parent
cell, is called transcriptional priming or pre-patterning, and
has been linked to precursor competence. According to this
mechanism, progenitors express a broad profile of mRNAs
important for both pluripotency and differentiation, allowing
for post-transcriptional control in progenitors and newborn
progeny alike, through rapid expression of the appropriate
proteins. In line, transcriptional priming of the transcrip-
tion factor Eomes (Tbr2) was suggested to be a driver of
precursor lineage diversity [1]. Transcriptional priming is
logical from a kinetic standpoint to ensure rapid changes in
protein expression, as transcription can persist over 10 min,
whereas post-transcriptional regulation is faster, with an
average translation rate of about 1 min.

It is now being recognized that the dynamic transcrip-
tomic states of progenitors are most probably instructive of
their competence, which is gradually restricted over time.
It becomes clear that to accomplish a precise and predict-
able differentiation program, precursor cells require rapid,
tightly controlled changes in gene expression. Small regula-
tory RNAs, including increasing numbers of miRNAs are
widely acknowledged as fine regulators of spatiotemporal
gene expression via control of mRNA translation and deg-
radation [7]. High developmental complexity, on the other
hand, requires an expansion of regulatory information which
has been proposed to reside mainly in the non-protein-cod-
ing portion of the genome [94]. Indeed, multiple epigenetic
regulatory systems, including DNA methylation, histone
modifications and non-coding RNAs work in harmony to
guide sequential lineage specification of neural progenitors
[95]. Next, we focus on the effects of long non-coding RNAs
and miRNAs in human progenitor diversity and function.
We will examine and discuss recent evidence that link the
functional precision of non-coding RNAs to intricate tran-
sitions specific of the human neurogenic program. We will
highlight the implication of IncRNAs and miRNAs in estab-
lishing distinct molecular signatures, in regulation of the
proliferative capacity and neurogenic potential, as well as
the transcriptional heterogeneity exhibited by human corti-
cal progenitors.

Non-coding RNAs in human neurogenesis

While only a very small fraction of the human genome codes
for proteins, corresponding to approximately 20,000 protein-
coding genes, non-coding RNAs (ncRNAs) make up roughly
80% of the human transcriptome [96]. The most numerous
classes of ncRNAs include IncRNAs and miRNAs which
both have been linked to brain development.

Biogenesis and mode of function of IncRNAs
and miRNAs

LncRNAs can range from 200 nucleotides up to several kilo-
bases in length and can be categorized according to their
genomic location and function. As with protein-coding
genes, IncRNAs undergo 5’ capping, 3’ polyadenylation and
splicing modifications [97] and are transcribed by RNA pol-
ymerase II. Regarding their genomic location, this may vary
and includes intergenic regions, introns of protein-coding
genes, and also gene-regulatory regions such as UTRs [98],
promoters [99] and enhancers [100]. Presenting an amazing
diversity, IncRNAs fall into several mechanistic categories
[101-103]. Globally, they act as scaffolds, providing a site
for other interactions, thus recruiting protein complexes
based on their sequence specificity. LncRNAs have been
implicated in transcriptional modulation, post-transcrip-
tional control (alternative splicing), nuclear-cytoplasmic
shuttling, translational inhibition, mRNA degradation, for-
mation of RNA decoys preventing proteins accessing other
RNAs (RBP decoy) and regulation of protein activity [101]
(Fig. 2). LncRNA-mRNA interactions can regulate mRNA
levels by increasing or decreasing their stability. They can
also act as precursors for small ncRNAs, such as miR-
NAs and small nucleolar RNAs (snoRNAs) [102] (Fig. 2).
Alternatively, IncRNAs can, through specific base-pairing,
sponge miRNAs from other binding events (Fig. 2). Their
functional diversity relies on the inherent properties of RNA
molecules, like their modular organization and the ability to
fold into different structures. Of note, IncRNAs can modu-
late transcription of protein-coding genes at either their own
locus (cis-regulation) or distant loci (trans-regulation) by
altering the chromatin state, possibly by providing a scaffold
for chromatin-modifying complexes or by guiding ribonu-
cleoprotein complexes to target loci [103]. The majority of
research over the last 10 years has focused on those IncR-
NAs that remain in the nucleus, but sequencing RNAs in the
cytoplasm has revealed that many IncRNAs are also present
in the cytoplasm.

Contrary to the highly conserved protein-coding genes,
thousands of new IncRNAs have emerged during primate
nervous system evolution. About a third of the IncRNAs
are unique to the primate lineage [104], and only ~ 12% of
human IncRNAs appear to be conserved in other vertebrate
species [105, 106]. Interestingly, only 72% of human IncR-
NAs are also expressed in macaque, compared to 98% of
human protein-coding genes in all primates [107].

microRNAs (miRNAs) are another class of non-coding
RNAs of smaller size, approximately ~22 nucleotides in
length, that function as post-transcriptional regulators.
Mature miRNAs silence their mRNA targets either by direct
degradation and/or by suppression of translation (Fig. 2).
The miRNA-mRNA interaction assumes partial sequence
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Fig.2 Schematic representation
of IncRNA and miRNA bio-
synthesis and function. Briefly,
IncRNAs are transcribed by

RNA polymerase II, while they intergenic, intronic, antisense, miRNA genes

fall into several mechanistic UTR, enhancer IncRNAs

categories: they act as scaffolds, ¢ RNA Pol Il
as miRNA sponges, and precur-

sors for miRNAs. They are also ¢ RNA Pol Il

involved in alternative splicing,
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ing a series of cleavages, the nuclear-cytoplasmic shuttling pre-miRNA

mature ‘‘guide’” miRNA strand
remains which is loaded into a
pre-miRNA-induced silencing
complex (pre-RISC) containing
Argonaute (Ago) and other pro-
teins. Mature miRNAs silence

their mRNA targets either by ¢
direct degradation and/or by

suppression of translation
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¢ Exportin 5
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translational inhibition
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complementarity and occurs between the mRNA’s 3°’UTR
and a 6-8 nucleotides long ‘‘seed’’ sequence at the 5° end
of the microRNA. The production of mature miRNA begins
with the transcription of double-stranded primary miRNA
(pri-miRNA) by RNA polymerase II. The pri-miRNA is
then cleaved by the RNase-III enzyme, Drosha, producing
~70-bp pre-miRNAs that are exported from the nucleus
into the cytoplasm by Exportin 5 (Exp5). miRNA double-
stranded duplexes of 21-23 nucleotides are the product of
cleavage of pre-miRNA sequences by the Dicer enzyme.
These duplexes are loaded into a pre-miRNA-induced
silencing complex (pre-RISC) containing Argonaute (Ago)
and other proteins, where the complementary ‘‘passenger’’
strand is removed so that just the mature ‘‘guide’” miRNA
strand remains (Fig. 2). Association with mRNA targets may
enhance miRNA stability, a phenomenon known as target-
mediated miRNA protection, while the introduction of addi-
tional target sites can also promote miRNA accumulation
[108]. On the other hand, miRNA-mRNA interactions can
also destabilize the miRNA and promote its degradation
through a process known as target RNA directed miRNA
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translation inhibition or
mRNA target degradation

AGO

degradation [109]. The degree of sequence complementarity
infers the outcome of the miRNA-mRNA interaction, with
higher complementarity favoring miRNA degradation and
lower complementarity favoring miRNA stabilization [110].
A single microRNA can target multiple mRNAs simultane-
ously, while a single mRNA may be regulated by different
microRNAs [111] underlining the vast regulatory potential
of the miRNA network.

As an estimated 70% is expressed in the nervous system
[112], miRNAs have emerged as important post-transcrip-
tional regulators of gene expression involved in neurogenesis
and neural function in mammalian species [113, 114].

The evolving role of IncRNAs in the proliferation
and differentiation of neuronal progenitors

Implying widespread functional implications, about 40%
of the identified human IncRNAs are specifically expressed
in the brain [104, 115], corresponding to 4000-20,000
IncRNA genes, a remarkably high number compared to the
approximately 20,000-25,000 protein-coding genes [116].
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Generally, IncRNAs exhibit tissue-specific expression,
including the brain where they show regionally segregated
expression patterns [9]. They are dynamically expressed
during neuronal development demonstrating higher spati-
otemporal, cell type and tissue specificity, compared to cod-
ing genes [6, 98, 117, 118]. Therefore, many IncRNAs are
enriched in specific sub-populations of the mouse [118] and
human [65] cortex. This property along with their functional
diversity and the emergence of a significant number of pri-
mate and human-specific IncRNAs, renders them attractive
candidates as drivers of human brain complexity and evolu-
tion [119].

Studies in rodents identified conserved IncRNAs as key
regulators of neural lineage entry [120] which act by direct-
ing transcription factors or chromatin remodeling machin-
eries to specific lineage-specifying genes. For example, the
transcription factor REST that acts as a neuronal gene repres-
sor, induces the expression of the IncRNA Rmst, which in
turn drives neural differentiation by recruiting the neural
transcription factor Sox2 to key neurogenesis-promoting

genes, such as DIx1, Ascll, and Hey2 [121], thereby act-
ing in trans (Table 1). Sox2 expression is also regulated by
another IncRNA called TUNA (Tcl1 upstream neuron-asso-
ciated IncRNA), which forms a complex with three RNA-
binding proteins (RBPs): PTBP1, hnRNP-K, and NCL.
The TUNA-RBP complex was detected at the promoters of
Nanog, Sox2, and Fgf4, and knockdown of TUNA or the
individual RBPs inhibited neural differentiation of mouse
embryonic stem cells [122]. In addition, the IncRNA Paupar
regulates in cis the expression of the transcription factor
Pax6 [123], a critical factor for neural progenitor generation,
while the IncRNAs Riken-201 and Riken-203 were shown
to modulate the expression of Sox6 and regulate neural dif-
ferentiation by repressing the function of miR-96 and miR-
467a-3p [124].

Another two IncRNAs, namely linc-Brnlb and Pnky are
located in proximity and co-expressed with Brnl or Brn2,
which are implicated in the proliferation and neuronal com-
mitment of progenitors. Linc-Brnlb mutants were found
to display distinct abnormalities in the generation of upper

Table 1 Specification of the role of IncRNAs and miRNASs in progenitor function as identified in human experimental setups

IncRNA/
miRNA

Target/function

Species-specificity Ref

Cell cycle/proliferation

LncND Maintains the neural progenitor pool; acts as a miRNA sponge for miR-143-3p to regulate the =~ Primate [112]
Notch signaling pathway

FMR4 Promotes proliferation of human neural precursor cells Primate [113]

miR-2115 Enriched in radial glia; regulates their proliferation by fine-tuning the expression of ORC4, a Primate [97]
known regulator of DNA replication

miR4673 Involved through the NOTCH pathway in amplification of the proliferative capacity of human  Hominin specific ~ [142]
neural progenitors and the delay of their differentiation

miR-9 One of its key targets is Stathmin, a protein that increases microtubule instability; miR-9 coor-  Conserved [136-138]
dinates the proliferation and migration of human neural progenitor cells

let-7 Link between Sox2 and LIN28/let-7 pathway in maintaining NPC proliferation and their neu-  Conserved [136-138]
rogenic potential

miR-1301-3p Targets the mRNA for the histone-lysine N-methyltransferases mll1 and mll2 that function Primate [97]
towards induction of neurogenesis

Differentiation

Rmst Drives neural differentiation by recruiting the neural transcription factor Sox2 Conserved [104]

IncRNA_N1 Associates with the REST/coREST complex to regulate gene expression and neural cell-fate Conserved [104]
specification

IncRNA_N2 Promotes neurogenesis by maintaining MIR-125B and LET7A levels in neural progenitors Conserved [104]

Pnky Controls the balance between self-renewal and neuronal differentiation in dividing neural stem Conserved [108]
cells by interacting with the mRNA splicing regulator PTBP1

miR-125 Promotes exit form pluripotency and potentiation of neural specification by targeting SMAD4  Conserved [136-138]

miR-1290 Targets crucial cell cycle genes and acts as an upstream regulator during neuronal differentia-  Primate [143, 144]
tion

miR-197 Forms together with MeCP2, ADAM10 and NOTCH a regulatory axis for human progenitor ~ Conserved [141]
differentiation

miR-934 Controls progenitor to neuroblast transition and impacts on differentiation of newborn neurons, Primate [145]

including neurite growth
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layer II-IV neurons in the neocortex [125]. The neural-spe-
cific IncRNA Pnky, on the other hand, is expressed in the
nucleus of dividing neural stem cells (NSCs) in the devel-
oping mouse brain and detected in human VZ area (Fig. 3).
It controls the balance of self-renewal and neuronal differ-
entiation in dividing NSCs by interacting with the mRNA
splicing regulator PTBP1, which is expressed in NSCs and
represses the inclusion of neural exons in non-neural cells
[126].

Considering the emergence of a significant number
of human-specific IncRNAs across evolution, subse-
quent research in human models added substantially to
our knowledge on the impact of IncRNAs in fundamental
functions of human neural progenitors. For this purpose,
different systems were examined, including human fetal
brain tissue, human embryonic stem or precursor cell lines
and induced pluripotent stem cells along with brain orga-
noids. These endeavors were accompanied by appropri-
ate differentiation protocols and some also incorporated
state-of-the-art sequencing methodologies at single-cell

Fig.3 A series of sequencing
studies, the majority at single-
cell resolution, have reported
non-coding RNA expression
characterizing the consecutive
states of progenitor cells during .
human cortical neurogenesis.

The schematic diagram depicts
the different zones of the devel-
oping human cortex indicat-

ing the main regions of cell
proliferation or differentiation.
A number of IncRNAs (black
fonts) and miRNAs (red fonts)
that associate with progeni-

tor populations within distinct
regions of the developing cortex
are shown on the left. Non-cod-
ing RNAs that associate with
progenitor cell proliferation or
differentiation are shown on

the right. Ventricular radial glia
(VRG); intermediate progenitors
(IP); outer radial glia (0RGs);
neurons (N); ventricular zone
(VZ); inner subventricular zone
(iSVZ); outer subventricular
zone (0SVZ); deep layer (DL);
upper layer (UL), Intermediate
Zone/Subplate (IZ/SP)

VRG

MIAT
RMST

PNKY
TREX4039
TREXS5008

miR-2115
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resolution. Initial studies showed IncRNAs to be neces-
sary components of human neural developmental gene net-
works, and it was next demonstrated that certain IncRNAs
were linked to radial glia proliferation or were found to be
enriched in oRG cells [65]. Moreover, specific IncRNAs
have been associated with distinct cellular identities or
transient neurodevelopmental cell states in the fetal human
cortex, inferring their participation in the intricate transi-
tions of early developmental events [6]. Importantly, it was
recently shown that human-specific IncRNAs contribute to
the phylogenetic divergence of the striatum [127].

The first direct demonstration that IncRNAs are indis-
pensable for human neurogenesis was based on microarray
expression profiling of differentially expressed IncRNAs
during differentiation of human embryonic stem cells.
This work further identified 36 novel IncRNAs that play a
role in progenitor function, including IncRNA_N1 which
associates with the REST/coREST complex to regulate
gene expression and neural cell-fate specification, and the
IncRNA_N2 which promotes neurogenesis by maintaining

Pia

oRG uL

miR-9
miR-197
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MIR-125B and LET7A levels in neural progenitors [121]
(Table 1) (Fig. 3).

Adding to previous data, a recent study used an optimized
protocol to generate human progenitors and identify several
IncRNAs with dynamic expression during neurogenesis
[128], while others explored publicly available sequencing
datasets towards examination of novel IncRNAs affecting
progenitor differentiation [129]. In agreement, combination
of epigenetics, network and GO analysis complemented by
experimental validation showed that divergent IncRNAs are
more specifically associated with neuronal but not astrocytic
differentiation [129].

A series of publications reported the involvement of
IncRNAs in human progenitor proliferation. LncND (long
non-coding neuro-development), which appeared in the
Catarrhini branch of primates, is enriched in radial glia
cells in the VZ and SVZ of the developing human brain
and declines in neurons (Fig. 3). LncND acts as a miRNA
sponge for miR-143-3p to regulate the Notch signaling path-
way. Inhibition of IncND released miR-143-3p resulting in
downregulation of Notch, which reduced cell proliferation
and induced neuronal differentiation. Remarkably, gain-of-
function of IncND in the developing mouse cortex led to an
expansion of the PAX6 + radial glia cell population, sup-
porting its role in maintaining the neural progenitor pool
by regulating the Notch signaling pathway (Table 1) [130].
FMR4, an antisense IncRNA was shown to promote pro-
liferation of progenitors isolated from human fetal brains,
possibly through interaction with chromatin and forward
affecting global histone methylation and mRNA expression
[131] (Table 1). Single-cell transcriptome analyses of fetal
brain from gestational weeks 13 to 23 detected known while
uncovering many novel IncRNAs that are specific to distinct
cell types and are abundantly expressed in individual cells.
Among those, LOC646329 demonstrated high expression in
the radial glia subpopulation and was shown to regulate their
proliferation [132] (Fig. 3), while LINC00943 was found to
be specifically expressed in oRG cells [92] (Fig. 3).

Additional single-cell sequencing studies of human
fetal tissue enhanced the observation that IncRNAs display
dynamic patterns of expression during human neurodevelop-
ment while matching their expression profiles with the amaz-
ing transcriptional heterogeneity exhibited by human corti-
cal progenitors. Non-conserved IncRNAs were connected to
critical neural developmental processes such as progenitor
pluripotency, neurogenesis and epithelial-mesenchymal
transition. On the other hand, certain conserved IncRNAs,
including LINC-NT, TUNAR, CRNDE and MIR22HG, that
are absent in mouse RG were found enriched in human api-
cal and outer RG, suggesting potentially distinct functions
in cortical development (Fig. 3). Of the 15 known mouse IP-
enriched IncRNAs [6], only two, MIAT and RMST, showed
considerable expression in human fetal cortex (Fig. 3), and

even these showed cell-type enrichment patterns distinct
from those in mouse, while, the human RG subtype-spe-
cific transcripts that were identified include many IncRNAs
that lack homologous mouse transcripts. Finally, long non-
coding transcripts were especially enriched in human oRG
cells determining their molecular identity and influencing
their function [65].

Work on 3D brain models strengthened the concept that
IncRNAs establish transient developmental cell states. Time-
coupled transcriptomics at single-cell resolution of cerebral
cortex organoids from human, chimpanzee, orangutan, and
rhesus revealed 386 transiently expressed IncRNAs (TrEx
IncRNAs) in human that have a remarkably conserved
expression pattern in other great ape species as well. Dur-
ing early cortical neuron differentiation, TrEx IncRNAs were
found to associate with short-lived cell-type intermediates.
To mention a few, TREX108 and TREX8168 overlapping
with MIR219-2 are highly expressed in neuroepithelial cells
and absent later, TREX4039 is slightly expressed in neu-
roepithelial cells and RGs, and TREX5008 is restricted to
the large RG cluster at only a particular time point [133]
(Fig. 3).

The evolving role of miRNAs in the proliferation
and differentiation of neuronal progenitors

miRNAs have properties that make them particularly suit-
able for driving developmental and evolutionary changes.
These include the apparent ease by which miRNAs arise de
novo in the genome and the fact that small changes in their
sequence or expression levels can have broad consequences
over a network of molecular targets. miRNA expression
during development has been studied in several species,
including rodents [134], non-human primates, and humans
[135]. It has been shown that miRNA profiles change as cells
pass through lineage stages [136], suggesting that miRNAs
are tuning gene expression in a manner that establishes an
identity boundary for a cell. This spatiotemporal mode of
function of miRNAs matches with the requirement for preci-
sion of the molecular mechanisms that couple proliferation
with competence in neural progenitors. Indeed, as shown in
mouse brain development, not only miRNAs mediate devel-
opmental timing by driving cell-type transitions [137, 138],
but their ablation leads to complete disorganization of cell-
fate generation in the cortex [138—140]. This observation
is further strengthened by the requirement for expression
of gradients of certain miRNAs by neural progenitors to
ensure temporal patterning of the embryonic neocortex and
allow for the sequential generation of layer-specific neurons
at precise times [141].

Studies on experimental animals have uncovered a num-
ber of miRNAs that seem to intervene at the margin between
cell cycle exit and fate decision. Let-7 is a miRNA that
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controls cell cycle dynamics to drive neural differentiation
by repressing genes that promote proliferation and cell cycle
progression. Specifically, in the cortex it has been shown to
repress the epigenetic regulator Hmga?2 and the proliferation-
promoting nuclear receptor TLX, which controls neural stem
cell proliferation in the developing brain [142].

MiR-9 together with miR-124, two of the most abundant
miRNAs in the brain, target REST which, as mentioned
above, opposes neuronal differentiation [143, 144], while
REST itself acts as an inhibitor of miR-124 expression.
MiR-9 is also involved in a negative feedback loop with
TLX (Fig. 3). Further, miR-210 was demonstrated to be
required for normal cell cycle progression of mouse neural
progenitors. It has been implicated in radial glia prolifera-
tion during neocortical development through regulation of
the cyclin-dependent kinase CDK7 [145]. Other miRNAs
involved in radial glia proliferation are miR-30e alongside
miR-181d [146], miR-7 [147], and miR-34/449 [148, 149].
miR-92, on the other hand, targets EOMES (TBR2), the
T-box transcription factor that is preferentially expressed in
cortical intermediate progenitors, and regulates cortical neu-
ron production [150] (Fig. 3). Specification of intermediate
progenitor cells engages several more miRNAs, including
miR-214 and miR-15b [151, 152], as well as miR-20a/b and
miR-23a [153].

miRNA research on human embryonic stem cell differ-
entiation models accompanied by miRNA profiling under-
scored the effects of known miRNAs, such as let-7, miR-9,
and miR-125 in human progenitor proliferation, and neu-
ronal commitment [154—156]. Interestingly, similar work
also uncovered new targets and roles for certain miRNAs,
stressing the need to investigate miRNA function in human
experimental setups (Table 1). For example, miR-125 with
a previously reported neuronal function was shown to act at
earlier stages to promote exit from pluripotency and potenti-
ate neural specification by targeting SMAD4.

Access to human tissue in combination with high-
throughput sequencing techniques provided important
insight into the significance of the miRNA-driven transcrip-
tome changes across brain development and evolution [7]. In
a comprehensive study aiming to characterize the landscape
of miRNA-mRNA interactions during human brain devel-
opment, Nowakovski et al. [114] established an innovative
single-cell approach for combined mRNA and miRNA pro-
filing at single-cell resolution using human fetal tissue sam-
ples corresponding to peak neurogenesis [Gestational week
(GW) 15 and 16.5] and early gliogenesis (GW 19-20.5).
The vast majority of miRNAs analyzed were enriched in at
least one cell type, demonstrating significant specificity. For
example, miR-221/222 and miR-92a were found enriched in
cortical IPs, in line with other reports and consistent with
their proposed roles in controlling proliferation (Fig. 3).
Most interestingly, dynamic changes in miRNA abundance

@ Springer

were revealed across closely related cells and in concordance
with neuronal differentiation and maturation, suggesting that
miRNA-mRNA interactions operate as functional modules
in acquisition of cell-type identities and undergo dynamic
transitions during brain development. For instance, targets of
miR-92b-3p, let-7-5p, miR-421, and miR-137 were enriched
alongside radial glial markers but also in excitatory neurons,
but only at early stages.

Along with highly conserved miRNAs, a number of
new brain miRNAs have emerged. Following evolution-
ary adaptations, more than 100 primate (including human)
and 14 human-specific miRNAs have been identified in
the developing brain [157]. Integration of novel miRNAs
into ancient gene circuitry is suggested to exert additional
regulation over proliferation of neural progenitors in corti-
cal germinal areas, a region that demonstrates significant
expansion across brain evolution [158]. Indeed, data so far
emphasize the involvement of primate-specific miRNAs
in the regulation of cell cycle dynamics operating during
progenitor proliferation and neuronal differentiation. The
list of related miRNAs is growing and includes a great ape-
specific miRNA, miR-2115, which is enriched in radial glia
(Fig. 3). It regulates their proliferation by fine-tuning the
expression of ORC4, a known regulator of DNA replication
[114] (Table 1). Another primate-specific miRNA, miR-
1301-3p was detected in the germinal zones of the visual
cortex of the macaque developing brain. miR-1301-3p tar-
gets the mRNA for histone-lysine N-methyltransferases mll1
and mll2 (MixedLineage, Leukemia) that functions towards
induction of neurogenesis (Table 1, Fig. 3). miR-197 and the
hominin-specific miRNA-4673 are involved in the regulation
of NOTCH, a signaling pathway pivotal for proliferation
(Table 1). miR-197 forms together with MeCP2, ADAMI10,
and NOTCH a regulatory axis for human progenitor dif-
ferentiation [159]. miR4673, on the other hand, is encoded
in intron 4 of human Notch-1 (Fig. 3). This miRNA has
a remarkable impact on the regulation of the developmen-
tal clock as it instructs bimodal reprogramming of the cell
cycle, leading to initial synchronization of neural precursors
at the GO phase of the cell cycle followed by accelerated pro-
gression through interphase. The end result is the amplifica-
tion of the proliferative capacity of human neural progenitors
and the delay of their differentiation [160].

miR-934 and miR-1290 are also found only in great apes,
including human, and exert their function during early neu-
rodevelopmental events. miR-1290 targets crucial cell cycle
genes and acts as an upstream regulator during neuronal
differentiation (Table 1), while miR-934 displays a stage-
specific expression pattern during progenitor expansion
and early neuron generation (Fig. 3). Interestingly, we have
shown that miR-934 directly controls progenitor to neuro-
blast transition and impacts on neurite growth of newborn
neurons (Table 1), further affecting the expression of genes
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associated with the subplate zone (Table 1), a transient com-
partment most prominent in primates that emerges during
early corticogenesis [161-163]. Finally, a recent study pro-
vided for the first-time direct evidence for an evolutionary
emerged miRNA that mediates fate specialization in mouse
cortex. The authors demonstrated that miR-409-3p diversi-
fies between generation of corticospinal motor neurons and
callosal projection neurons both of which are born at the
same developmental time and share common progenitors
[164]. miR-409-3p is enriched in corticospinal motor neu-
rons and belongs to the 12qF1 cluster that during evolution
co-appeared with the motor cortex and the corpus callo-
sum. It functions to promote acquisition of the corticospinal
motor neuron fate by repressing the callosal projection neu-
ron transcriptional regulator LMO4, which is required for
identity establishment of callosal neurons [165].

Challenges and future perspectives

A series of observations suggest that both IncRNAs and
miRNAs constitute critical components of the extended
gene-regulatory network controlling cell cycle dynamics
and fate choices during human neurodevelopment. Recent
advances in high-throughput RNA-sequencing technologies,
applied at bulk and at single-cell level, have started to pro-
vide a more comprehensive insight of precursor diversity.
Such methodologies facilitated also profiling non-coding
RNA expression patterns during neurogenesis. Accumulat-
ing evidence highlighted their spatiotemporal expression and
cell-type specificity, and their role in mediating progenitor
transitions emphasizing their involvement in sculpting the
expanded repertoire of cortical neurons.

To evaluate the functional significance of IncRNAs and
miRNAs as drivers of human brain complexity and evolu-
tion, relevant studies need to be complemented by lineage
tracing experiments, while a consensus has to be reached
regarding definition of subtypes and molecular signatures
across developmental time. Clearly the technological
advancements of RNA sequencing along with the formula-
tion of appropriate algorithms that enable the automatic,
high-throughput single-cell capture, and transcriptome
analysis of cortical tissue is invaluable for the resolution of
regional cell type landscapes and reconstruction of devel-
opmental trajectories. Still, to link molecular cell types to
morphological and physiological correlates, the resolution
of transcriptomic data should be combined with positional
information of individual cells in three-dimensional space.
Coming to fill this gap, spatial transcriptomics allow cap-
turing single-cell transcriptomic data from a given loca-
tion while retaining spatial information [166]. However,
improvements of this nascent methodology are required

to assure single-cell resolution and provide increase of the
extent of sequenced mRNAs.

Gaining insight into the mechanisms generating particular
cell types, further requires determining the developmental
history of otherwise seemingly equivalent neuronal sub-
types. Clonal history has traditionally been explored by
microscopic tracing of cells during development, monitor-
ing the heritable expression of genetically encoded chro-
mogenic or fluorescent proteins and, more recently, using
next-generation sequencing. Pseudotemporal analysis algo-
rithms may produce trajectories from a static landscape of
the brain, or when examining different time points. However,
several innovative approaches have recently been formulated
for simultaneous lineage tracing and transcriptome profiling
in thousands of single cells in the zebra fish [167—169]. The
challenge ahead is to apply such strategies in mouse and
human cells.

The functional diversity of IncRNAs and the fact that they
can modulate transcription of protein-coding genes either at
their own locus (cis-regulation) or at distant loci (trans-regu-
lation), adds additional levels of difficulty in delineating the
mode of action of individual IncRNAs. The emergence of a
considerable number of primate and human-specific IncR-
NAs and miRNAs in combination with the complexity of the
human brain poses the necessity to use human-based models
for research purposes. In line, 3D brain organoids appear
to embody human cellular diversity and spatial architecture
and recapitulate the organization of neural progenitor zones
to a considerable degree, reflecting developmental events
during embryonic stages in vivo [170, 171]. Particularly,
the transcriptome of dorsal forebrain organoids grown for
40-100 days correlated best with fetal cortex tissue at ages
8-16 post-conception week, indicating similar pace of devel-
opment, while single-cell analysis of telencephalic organoids
and fetal human cortex showed that they contain very similar
cell types [172-175].

Such systems can be invaluable to understand the criti-
cal input of non-coding RNAs in dictating intricate neuro-
genic decisions. However, these models require systematic
benchmarking against primary tissue to validate their fidelity
[176].

Recently, important advancements in cortical organoid
protocols allow long-term culture with decreased necrosis,
improved nutrient access and attainment of morphological
and functional maturation [177-179]. An important mile-
stone is the long-term maintenance of human cortical orga-
noids reaching developmental progression and maturation
remarkably corresponding to postnatal stages between 250
and 300 days [180]. Finally, the generation and fusion of
region-specific organoids, termed assembloids, offer the
opportunity to study how different brain regions communi-
cate with each other, opening new avenues for understand-
ing inter-regional brain connectivity and function during
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development and disease. Examples are assembloids of
dorsal and ventral forebrain, as well as more complex sys-
tems integrating the components of a cortico-motor circuit
[181-184].

Taken together, combining knowledge of well-resolved
lineage trees coupled to transcriptional coding and non-cod-
ing information and other epigenetic events in association
with morphology, cell positioning and formation of con-
nectivity is a demanding venture that will provide insight
to the central developmental neurobiology question of how
neuronal diversity arises and importantly might explain how
neural circuits are affected in particular disorders.
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