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The adult neocortex is composed of several types of glutamatergic neurons,

which are sequentially born from progenitors during development. The extent

and nature of progenitor diversity, and how it relates to neuronal diversity, is

still poorly understood. In this review, we discuss key features of neocortical

progenitors across several species, including their morphological properties,

cell cycling behaviour and molecular signatures, and how these features relate

to the competence of these cells to generate distinct types of progenies.

Keywords: neocortical development; neurogenesis; progenitor diversity

The adult neocortex is composed of several types of

glutamatergic neurons, which assemble during develop-

ment to form the circuits underlying many of our con-

scious perceptions and motor actions. These distinct

neuronal subtypes are sequentially born from progeni-

tors, but the extent and nature of progenitor diversity,

and how it relates to neuronal diversity, is still poorly

understood.

Neocortical neurons are generated by progenitors

located in the ventricular zone (VZ), which is located

below the cortical plate (i.e. developing cortex) and

lines the walls of the ventricles [1]. In mice, neurogene-

sis starts on the tenth embryonic day (E10.5) and pro-

ceeds for about a week, until E18.5, after which

astrogliogenesis occurs (see Ref. [2] for a recent

review). Early born neurons migrate to form the deep-

est cortical layers (layers 6 and 5) while later born neu-

rons migrate past them to reside more superficially

and form upper layers (layer 2, 3 and 4). Deep layer

neurons mostly send their axons to subcortical targets

such as the thalamus, hindbrain or spinal cord, while

superficial layer neurons mostly project intracortically,

either locally (layer 4 neurons), or by forming long-

range intracortical and interhemispheric projections.

Numerous subtypes of neurons exist within each of the

broad classes of subcortically projecting and intracorti-

cally projecting neurons, such that at least several doz-

ens of different excitatory cell types ultimately

compose neocortical circuits [2].

The origin of all neocortical neurons can be traced

back to progenitors lining the inner surface of the neu-

ral tube. Initially, the neural tube consists of a single

layer of progenitors, called neuroepithelial cells

(NECs). NECs undergo self-replicating divisions from

E8 to E9 in mice, creating a pseudostratified neuroep-

ithelium, which will evolve to form the VZ, where all

progenitors are initially located (Fig. 1A,D) [3]. From

E9 on, NECs start to generate apical radial glia (aRG,

also called ventricular radial glia or, simply, radial

glia) and slowly disappear through self-consumption

(Fig. 1C,D) [3]. aRGs, like NECs, have a bipolar mor-

phology, and have radial extensions reaching the pial

(i.e. basal) surface and the ventricular (i.e. apical) sur-

face of the brain. They divide within the VZ to

sequentially generate not only distinct neuronal cell

types but also various types of intermediate progeni-

tors (i.e. transit amplifying cells), which themselves will

divide to give rise to neurons (Fig. 1A,C,D) [3].

Abbreviations

aIP, apical intermediate progenitor; aRG, apical radial glia; bIP, basal intermediate progenitor; bRG, basal radial glia; NEC, neuroepithelial cell;

OSVZ, outer subventricular zone; SVZ, subventricular zone; VZ, ventricular zone.
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In the mouse, intermediate progenitors mostly con-

sist of: (a) basal intermediate progenitors (bIPs), which

lack apical and basal processes, and are located in the

subventricular zone (SVZ), just above the VZ

(Fig. 1A,C) [4,5] and (b) apical intermediate progeni-

tors (aIPs, also called short neuronal precursors, or

SNPs), which are unipolar with a short apical process

and remain in the VZ [6,7].

A third type of progenitor, basal radial glia [(bRG),

also called outer radial glia (oRG)], is mostly found in

primates, including humans, and divides in the outer

subventricular zone (OSVZ, located above the SVZ),

yet these cells have an apical and basal process similar

to aRGs [8,9]. NECs, aRGs and aIPs are all called ‘api-

cal’ progenitors, because their soma remains within the

VZ and they divide exclusively in contact with the ven-

tricular wall. In contrast, mature bRGs and bIPs are

classified as ‘basal’ progenitors as they reside and divide

in the SVZ (Fig. 1A) [3].

As introduced above, and as will be further dis-

cussed in detail in this review, these distinct subtypes

of progenitors are primarily distinguished by their

location and morphology (Table 1). However, they

also have distinct cycling behaviour, and, as is

increasingly understood, distinguishing molecular

properties (Tables 1, 3). Although our knowledge of

these distinct cellular features has become more pre-

cise over the past few years, the functional implica-

tions of these features have remained difficult to

assess. Critically, how individual properties are linked

with the ability of progenitors to generate specific sub-

types of neurons (i.e. with their competence) remains

largely unknown. Also, whether distinct molecular

subtypes of progenitors exist within these broad

classes, and whether these have distinct competences

(e.g. whether some progenitors might be fate

restricted) is unclear.

In this review, we will sequentially highlight some of

the key features of progenitor diversity, and attempt

to link them with known cellular functions when possi-

ble. First, we will discuss the morphological diversity

of these cells, next discuss their cell cycling behaviour,

followed by their molecular diversity. Finally, we will

conclude with more functional aspects relating to the

molecular controls over the progenitor transitions

from self-replicating cells to cells generating other sub-

types of progenitors or neurons.

Morphological diversity

Morphology has historically been the first identifying

feature of the distinct progenitor subtypes, along with

the location of their cell soma. While NECs and aRGs

have characteristic and somewhat overlapping features,

basal progenitors appear more diverse, and are more

difficult to characterize on morphological criteria

alone, particularly in primates (Table 1). These fea-

tures will be discussed sequentially below.
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Fig. 1. Diversity of neocortical progenitors. (A) Anatomical distribution and morphological diversity of neocortical progenitors in rodents and

primates. (B) Distribution of progenitors across species. (C) Progenitor-to-neuron relationships. (D) Developmental timeline of progenitor

subtypes in mouse and humans. aIP, apical intermediate progenitor; aRG, apical radial glia; bIP, basal intermediate progenitor; bRG, basal
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zone; NEC, neuroepithelial cell; OSVZ, outer subventricular zone; VZ, ventricular zone.
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NECs and aRGs have a bipolar morphology

Neuroepithelial cells are initially cuboidal but during

neurulation (i.e. formation of the neural tube) they

start to elongate along their apicobasal axis. This

results in an elongated morphology, with a long

basal process contacting the pial surface and a short

apical process contacting the ventricle [10]. A similar

morphology is shared by aRGs (Fig. 2), and in both

cell types, the basal process lengthens with the

expansion of the neocortex during development [10].

The fact that the basal process extends all the way

to the pial surface in aRGs (and in some bRGs, see

below) has been used in several studies to label these

cells by placing carbocyanide dyes such as DiI on

the pial surface of the neocortex [11,12]. Being highly

polarized, these cells also display asymmetric local-

ization of cellular processes, cellular components and

molecules. For example, the Golgi apparatus are

preferentially localised at the apical process, while

the endoplasmic reticulum is localised in both the

apical and basal processes [13].

Apical components of NECs and aRGs consist in an

apical process with endfeet. The apical endfeet of aRGs

and NECs possess several subcellular structures that are

critical to their function, including tight junctions in

NECs and adherens junctions in NECs and aRGs, a

centrosome, and a primary cilium [10]. As NECs differ-

entiate into aRGs, tight junctions are downregulated at

the apical plasma membrane, and an increase in adhe-

rens junction molecules is observed [14]. The anchoring

of the apical process to the ventricular surface is medi-

ated by molecules associated with adherens junction

such as cadherins, nectins and beta-catenins [15,16].

Loss of aRG apical junctional proteins leads to loss of

apical processes, disruption of apicobasal polarity, and

conversion of aRGs to basal progenitors [17]. Both

basal and apical processes are essential for interkinetic

nuclear migration, that is, the loss of apical and basal

end-feet leads to subapical crowding of mitotic cells and

decreased proliferation [18,19].

The primary cilium is a slender extension contacting

the ventricle at the apical endfoot of aRGs, and is

thought to act as a sensor for extracellular cues in the

cerebrospinal fluid (e.g. Shh signalling) [20]. The pri-

mary cilium is crucial for proliferation/neurogenic fate

selection and cell cycle regulation [20], as illustrated by

the effects of disrupting cilia-associated signalling,

which reverses the apicobasal polarity of the aRGs,

causing neurons to migrate towards the ventricle

rather than the pia [21].
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Fig. 2. Morphological and cellular features of select progenitors. aRG, apical radial glia; bRG, basal radial glia; bIP, basal intermediate

progenitors; Dll1, delta-like ligand 1.
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The basal components of aRGs and NECs are the

basal process and endfeet. The basal process of aRGs

contains microtubules and intermediate filaments,

which is not the case for NECs [22] and attaches to

the basal membrane at the pial surface, providing a

scaffold for neurons to migrate radially into and

within the cortical plate [23,24]. Accordingly, disrup-

tion of the basal processes of aRGs and its detachment

to basement membrane leads to impaired neuronal

migration [25–27].
A basal end-feet containing glycogen storage gran-

ules is present at the tip of the basal process [14] . Live

imaging has revealed that this structure is active and

can extend multiple filopodia-like structures to contact

neighbouring aRGs and migrating neurons, although

the functional significance of these interactions remains

unclear [27,28]. Basal end-foot progress from a club-

shaped structure to a highly branched one as cortico-

genesis proceeds, suggesting that aRG interactions

could increase during development [27]. Interestingly,

despite its remote location from the cell body, the

basal end feet may also play a role in controlling cellu-

lar proliferation, through accumulation of CyclinD2

[29]. Indeed, during cell cycle, CyclinD2 mRNA accu-

mulates at the basal endfeet of aRGs, where it is

locally translated. During asymmetric divisions (see

next chapter), the progeny that acquires the basal pro-

cess with cyclin D2 becomes an aRG, while the other

progeny acquires a distinct fate [29,30]. Finally, it is

worth noting that mRNA can be transported along

the basal processes preferentially for local translation

at the basal end-feet, highlighting that this structure is

a highly specialized cellular compartment [31].

Finally, centrosome and centrosome-associated pro-

teins at the apical side play an important role in aRG

fate and, as will be discussed in the next chapter, are

critical for interkinetic migration [32,33]. Loss of cen-

trioles leads to disruption of centrosomes and apical

detachment from the ventricle, delocalization to SVZ

and premature cell cycle exit [34].

Intermediate progenitors have diverse

morphologies

In contrast to other progenitors, bIPs do not exhibit

an apicobasal polarity. Instead, they extend multiple

long-range projecting filopodia which contact other

progenitors in the VZ and SVZ (Fig. 2). Notably,

these filopodia form hook-like structures which engulf

the soma of nearby mitotic cells [35]. Although bIPs

lack a stabilized apical process, they can dynamically

extend radial apical filopodia which reach into the VZ,

within which it extends tangentially to interact with

aRGs [5,35]. Interactions between bIPs and aRGs are

thought to occur through the Notch signalling path-

way, as bIPs express the Notch receptor ligand Dll1

and aRGs express Notch [35]. This pathway may thus

provide a means through which bIPs can influence the

proliferation and fate of aRGs. During mitosis, bIPs

have a rounded soma within which intracellular orga-

nelles such as Golgi apparatus and endoplasmic reticu-

lum are evenly distributed [13,36,37]. Newborn

delaminating bIPs initially have a primary cilium at

their basal endfeet, which may correspond to a relo-

cated apical primary cilium following aRG division

[13]. The localization of bIPs to the SVZ is thought to

allow them to interact with blood vessels and incoming

thalamocortical axons and undergo two-way interac-

tions with these structures in cellular processes such as

axonal guidance, angiogenesis and cell cycle [38–40].
The morphology of aIPs is less well characterized

than that of other progenitor subtypes. They exhibit a

short apical process contacting the ventricle and a

short basal process extending within the VZ. During

aIP mitosis at the ventricular surface, their soma is

rounded, without any basal process distinguishing

them from aRGs [6,7].

The bRGs may have a basal process, an apical pro-

cess which does not reach the ventricular surface, or

both an apical and basal process (Fig. 2) [41]. This

morphological features distinguish them from bIPs.

The basal process of bRGs is typically thicker and

longer than their apical process [41,42]. In total, five

morphological subtypes of bRGs have been reported,

a fraction of which (about 25%) show dynamic mor-

phologies changing from one subtype to another [41].

Cell cycle behaviour

Cell division is the key feature of progenitors, during

which they either self-renew or give rise to a different

type of daughter cell. Here, we will discuss the dynamic

behaviour of progenitors during cytokinesis, progenitor

division modes and differences in cell cycle properties.

NECs and aRGs undergo interkinetic nuclear

migration; bRGs undergo mitotic somal

translocation

Neuroepithelial cells and aRGS follow a cell cycle-

coupled migration pattern, called interkinetic nuclear

migration, which is explained below [5,43]. They

undergo mitosis in contact with the ventricle, after

which their soma move away from the ventricle while

they enter the G1 phase. They then undergo S phase

at the basal border of the VZ, making a U-turn to
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move back towards the ventricle for the remainder of

the S phase and G2 phase, finally undergoing mitosis

again in contact with the ventricle [5,43]. Interkinetic

nuclear migration is specific to NECs and aRGs, and

intermediate progenitors do not undergo such a pro-

cess [5,44]. Instead, within the SVZ, bIPs move both

radially and tangentially, but do not display obvious

cell cycle-related migratory features [5].

Upon cytokinesis, the soma of bRG cells moves

basally along its basal process within the OSVZ; this

movement is called mitotic somal translocation (MST)

[8,9]. Unlike interkinetic nuclear migration, MST is

centrosome independent and does not depend on

microtubule organization [44], such that these two cel-

lular processes are largely distinct.

Progenitor division modes

Progenitors can undergo three modes of cell division:

(a) proliferative division, generating two progenitors,

(b) differentiative division, giving rise to a proliferative

progenitor and differentiative progenitor, and (c) neu-

rogenic divisions, giving rise to neurons [3]. In mor-

phological terms, this can be related to two broad

types of cell division. So-called symmetric cell division

results in progenies of similar fate, while asymmetric

cell division results in progenies with two distinct fates

[45]. While proliferative divisions are always symmet-

ric, differentiative or neurogenic divisions can be sym-

metric or asymmetric, depending on whether the two

daughter cells have the same fate.

Symmetric divisions are characterized by symmetric

segregation of proteins or mRNA in the cytoplasm of

the dividing cell, which is at least partly controlled by

mitotic cleavage plane [46]. As discussed above, NECs

predominantly undergo symmetric proliferative divi-

sions [47,48]. In aRGs, during symmetric/proliferative

divisions, the mitotic cleavage plane is perpendicular

to the apical membrane, resulting in an even distribu-

tion of cellular components and apical membrane, and

equivalent daughter cells. An oblique mitotic cleavage

plane in contrast results in asymmetric distribution of

the apical membrane: the progeny that inherits most

of the apical membrane becomes an aRG, while the

other progeny becomes a differentiating neuron or

intermediate progenitor [45]. Horizontal cleavage

planes in aRGs result in production of bRGs: typi-

cally, the cells inheriting the basal process become

bRG while the cell inheriting the apical membrane

becomes an aRG [37].

In bIPs, the mitotic cleavage planes have seemingly

random orientations [47]. bIPs almost exclusively

divide symmetrically to give rise to two neurons

[4,47,48]. Interestingly however, asymmetric EGFR

receptor activity is observed in bIP progeny during

cytokinesis, such that the two daughter neurons may

not be strictly equivalent [49].

Cell cycle length across progenitor subtypes

During neocortical development, cell cycle length

increases as a greater fraction of cells undergo differen-

tiative divisions [50,51]. Incidentally, duration of the cell

cycle may have a direct impact on the type of neuron

that is being produced [50]. G1 length is increased in

neurogenic progenitors compared with proliferative

progenitors [51], and selective increase in the length of

G1 leads to differentiation division, while shortening G1

increases proliferative divisions [52,53]. Consistent with

these findings, bIPs, which mostly generate neurons,

have a longer G1 phase than aRGs (Table 1) [51,53].

This correlation between the length of the G1 phase and

neurogenic fate suggests a tight link between the G1-reg-

ulating genes and proneural genes (i.e. genes which

induce neuronal identity) [54]. In contrast, the S phase is

shortened in neurogenic progenitors compared with

proliferative progenitors (Table 1) [55]. This shortening

in S phase is thought to reflect decreased DNA repair

rather than a reduction in the duration of DNA replica-

tion [55]. Indeed, in proliferative divisions, erroneous

DNA repair leads to apoptosis, whereas in differentiat-

ing divisions, DNA repair can be accommodated after

cell cycle exit [55]. Supporting this possibility, transcrip-

tional profiling of basal progenitors and apical progeni-

tors in the S phase of cell cycle revealed that the late S

phase genes and S phase inhibitors are enriched in basal

progenitors, while DNA repair genes were downregu-

lated in the basal progenitors compared with apical pro-

genitors [55].

In the mouse, the duration of mitosis increases in

aRGs as corticogenesis proceeds [55]. bIPs have a

shorter mitosis duration than aRGs do (Table 1),

probably reflecting the absence of spindle oscillatory

behaviour necessary to decide the plane of cell division

[47,55]. Interestingly, prolonging mitosis in apical pro-

genitors increases neurogenic divisions in the mouse

[56]; similarly, the prometaphase-metaphase transition

is longer in neurogenic apical progenitors than in pro-

liferative apical progenitors in humans and in chim-

panzees [57].

Transcriptional diversity

Expression of distinct molecular markers, whether at

the RNA or protein level, has been widely used to

identify and distinguish progenitors (Table 2). More
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recently, single-cell RNA sequencing has identified

additional genes whose expression is distinct in differ-

ent types of progenitors (Table 3). Here, we will briefly

outline some of these markers and attempt to link them

with specific progenitor behaviours when possible.

In line with their morphological similarities, NECs

and aRGs have overlapping patterns of gene expres-

sion. They both express Nestin, Pax6, Prom-1 and

Sox2 in mouse [22]. A few markers, however, are

specifically enriched in aRGs vs. NECs, including

Vimentin, Glast, S100ß, Blbp and Tenasin C [22]. Tran-

scriptomic comparison of NECs and aRGs in the fer-

ret has revealed that expression of WNT signalling

genes such as LEF1, ZIC1 and AXIN2 were preferen-

tially enriched in NECs while expression of NOTCH

signalling genes were enriched in aRGs. Interestingly,

cell adhesion molecules such as Fibronectins, integrins

and cadherins were upregulated during the early NEC-

to-aRG transition, suggesting that cell–cell interactions
play a critical role in this process [58].

bIPs prominently express Eomes, Svet1 and Insm1

[59,60]. Interestingly, while essentially all biPs express

Eomes (also known as Tbr2), this gene is also

expressed at lower levels in apical progenitors and

newborn neurons (Telley et al. and see http://geneb

rowser.unige.ch/science2016) [61]. Eomes is thus a very

sensitive marker of bIPs (i.e. essentially all bIPs

express EOMES) but lacks specificity (i.e. cells other

than bIPS also express EOMES). Several studies have

used the EOMES promoter-driven reporter to identify

bIP-born neurons and distinguish them from aRG-

born neurons [62,63]. However, given the relative lack

of specificity of this marker, it will be important to

confirm this work with combinatorial genetic studies

to unequivocally distinguish and characterize these two

neuronal lineages.

With regard to bRGs vs. aRGs, single-cell RNA

sequencing of human neocortical progenitors has

recently identified Tnc, Ptprz1, Fam107a, Hopx and

Lifr as bRG-specific markers in both humans and

monkeys [64]. Finally, a number of transgenic mouse

lines and plasmids now allow for the conditional label-

ling of specific progenitor subtypes. Typically, trans-

genic mice lines take advantage of the promoters of

progenitor-specific molecular markers to drive the

expression of reporter proteins, including fluorescent

compounds or Cre/CreERT2 recombinases (Table 2).

In utero electroporation is also widely used to transfect

DNA in an apical progenitor in the S, G2 and M

phase of their cell cycle [6,7]. Once incorporated into

the cell, it takes about 5–10 h for plasmid-encoded

protein to be expressed [7]. Of note, electroporated

plasmids are not only confined to apical progenitors

but are also directly integrated into basal progenitors

(i.e. in the SVZ), such that this approach is not strictly

specific for apical progenitors [7].

Several studies have taken advantage of the prefer-

ential enrichment of apical and basal progenitors in

the VZ and SVZ, respectively, to identify type-speci-

fic transcriptional profiles [65,66]. Consistent with an

enrichment of self-renewing progenitors in the VZ,

VZ samples were enriched in cell cycle-related genes

and proliferation-related genes such as Notch2 and

Ctnnb1 [66]. Additionally, both mouse and human

VZ were enriched in mRNA coding for extracellular

membrane molecules. This included the FGFBP1

(FGF-binding protein) and EGF domain containing

extracellular matrix protein EFEMP2 which may act

as autocrine regulators of proliferation [66]. Similarly,

transcriptional profiling of aRGs vs. bRGs revealed a

large number of genes coding for ECM proteins, as

well as for proteins involved in cell cycle regulation

and metabolic process [67]. Extracellular molecules

such as laminins, proteoglycans, integrins, growth

factors and morphogen-associated molecules are also

differentially expressed in the distinct germinal zones

in humans [11,57,64,66]. Thus, the extracellular

matrix and cell–cell interactions appear to be criti-

cally involved in determining progenitor behaviour

and fate.

miRNAs are 18–22-nt-long noncoding RNAs that

silence mRNAs by binding to the 30UTR with target

specificity. Suppression of miRNA activity in the

developing neocortex does not appear to affect progen-

itor proliferation but rather daughter cell differentia-

tion and survival, resulting in decreased cortical

thickness [68]. Distinct miRNAs are differentially

enriched in the different germinal zones of the develop-

ing neocortex in macaque, including between the exter-

nal and internal portion of the OSVZ, suggesting that

these transcripts have progenitor specific enrichments

and may regulate distinct cellular properties [69]. A list

of miRNAs with known involvement in corticogenesis

is provided in Table 4.

Long noncoding RNAs (lncRNAs) are molecules

with regulatory functions that shape the transcriptome

of the cell through chromatin remodelling, transcrip-

tional regulation, regulation of miRNA stability and

mRNA splicing [70]. Single-cell lncRNA profiling

across cell types in the human neocortex revealed that

cell type-specific lncRNAs are rare [71]. Within pro-

genitors, lncRNA DNA sequences can be found in

close proximity to genes with known functions in neu-

rogenesis [72,73]. For example, lncBrn1 is located close

to the Brn1 gene, which is enriched in germinal zones

at E15.5 in mice, a time at which layer 2 or 3 neurons
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are being generated and lncBrn1 overexpression

reduces layer 2 or 3 neuron numbers, which is similar

to the effects of Brn1 knockdown [74]. Other examples

of lncRNAs with known function in corticogenesis are

provided in Table 4.

Controlling transitions between
progenitor and neuronal types

The molecular programmes which drive progenitor

behaviour have classically been divided into prolifera-

tive and neurogenic programmes [75]. Proliferative

programmes are predominantly expressed by self-

renewing progenitors, and are essential in maintaining

the size of the progenitor pool necessary for subse-

quent neuron generation. Neurogenic programmes, on

the other hand, are expressed upon commitment of

proliferative progenitors to give rise to neurons and

transit amplifying cells. Proliferative programmes

decrease over time while neurogenic programmes

increase. Interestingly, it has recently been shown that

the developmental progression in the transcriptome of

apical progenitors is independent of the number of cell

cycles which these progenitors have undergone, sug-

gesting that progression in progenitor competence is

not driven by the incremental number of cell divisions,

but rather by distinct, cell cycle-independent processes

[76]. Here, we will briefly discuss some of the salient

pathways and molecules involved in controlling the

transition between NECs and aRGs, aRGs to bIPS,

and aRGs to neurons.

NECs to aRG

The Notch signalling pathway and its downstream

transcription factors, Hes1 and Hes5, have been shown

to control the transition between NECs and aRGs

[77,78]. Fgf10 also regulates the transition of NECs to

aRGs, and maintains aRG fate (i.e. prevents aRGs

from becoming bIPs) [79]. In the absence of Fgf10,

there is prolonged generation of NECs and the NEC

to aRG switch is hampered [80]. Another Fgf family

member, Fgf2, acts to keep aRGs in a proliferative

mode, through downregulation of p27kip1 and upreg-

ulation of cyclinD2 [81]. After initiation of neurogene-

sis, Fgf signalling is critical to maintain the

proliferation of the progenitors.

Wnt signalling is another major pathway associated

with aRG self-renewal, which acts by inducing the

expression of Pax6 [75]. At later stages of corticogene-

sis, it promotes proliferation of bIPs through N-myc

and Ngn1 [82] and differentiative division of bIPs [83].

Several transcription factors, including Sox2, Pax6

and Oct4, regulate the proliferation of aRGs. The

absence of these transcription factors results in the

downregulation of stem cell markers such as Nestin

and GFAP in aRGs, and a reduction in proliferation

[84,85]. Interestingly, loss of PAX6 leads to ectopic

basal division of aRGs, probably because PAX6 stabi-

lizes centrosome and cell anchoring in the apical side

to maintain the epithelial features of aRGs [86]. The

transcription factor Foxc1, when knocked down, leads

to disrupted RA (retinoic acid) signalling, which

Table 3. Transcriptomic studies across progenitor subtypes.

References Profile of samples sequenced

D’Amour

and Gage (2003) [132]

Mouse embryonic stem cells with SOX2 promoter-driven EGFP expression were injected in blastocysts and

EGFP cells committed to neocortical fate were isolated at E14

Pinto et al. (2008) [91] Isolation of neurogenic and non-neurogenic aRGs. High GFAP expressing Prominin+ aRGs (non-neurogenic) and

low GFAP expressing Prominin+ aRGs (neurogenic) were sorted at E14.5 using flow cytometry. aRGs (GFAP+,

Prominin+) were isolated at E18 without distinguishing between neurogenic or non-neurogenic aRGs

Kawaguchi

et al. (2008) [133]

Single cells were manually isolated in the VZ/SVZ of mouse dorsal pallium at E14.5 and microarray was

performed

Fietz et al. (2012) [66] mRNA sequencing of VZ, SVZ, IZ and CP in mouse at E14.5 and VZ, ISVZ, OSVZ, IZ and CP from human

neocortex at GW 13–16

Aprea et al. (2013) [72] Proliferative progenitors, neurogenic progenitors and neurons were isolated based on Btg2 promoter-driven RFP

expression and Tubb3 promoter-driven GFP expression

Lui et al. (2014) [134] Gene coexpression analysis of serial sections of GW 14.5 human was compared with mouse aRGs and bIPs

Pollen et al. (2015) [64] Single-cell RNA sequencing of VZ and SVZ of human neocortex at GW 16-18

Camp et al. (2015) [135] Single-cell RNA sequencing in organoid models of brain development in humans

Mora-Bermudaz

et al. (2016) [136]

Single-cell RNA sequencing was performed from organoid models of neocortical development in chimpanzee and

human

Okamoto et al. (2016) [76] Single cells were manually isolated in VZ/SVZ of mouse neocortex at E11, E14 and E16 microarray was

performed. Single-cell apical progenitors were isolated at E10, E12 and E13

Telley et al. (2016) [61] Single-cell RNA sequencing of neocortical cells 6, 12, 24 and 48 h after birth in E14.5 mouse neocortex
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causes aRG to undergo prolonged symmetric divisions,

thereby perturbing neurogenesis [87].

aRG to bIP and neurons

Following progenitor expansion, transcription factors

referred to as proneural genes act to induce differentia-

tive divisions in aRGs. For example, loss of proneural

genes, Mash1, Ngn1 or Ngn2, which are transcription

factors, induces a reduction in neuron numbers and a

shift in the fate of progenitors towards the glial

lineage, that is, these cells maintain a proliferative

potential. In contrast, Ngn2 overexpression induces

premature cell cycle exit in progenitors and generation

of neurons, and is thought to act by downregulating

cyclins involved in G1-S transition during cell cycle

[88]. Interestingly, neuronal genes, such as NeuroD1,

NeuroD2 and Tubb3, have been reported within mito-

tic progenitors, suggesting that progenitors can be

poised for a neuronal programme even during mitosis

[61,72].

Tis21 mRNA is specifically expressed in VZ progeni-

tors as they commit to produce neurons in the G1

phase of neurogenic divisions. TIS21 protein is also

found in such cells, as well as in postmitotic daughter

neurons [89]. Ngn2 mRNA is another transcript which

identifies apical progenitors fated to produce neurons

[90]. bIPs are solely neurogenic and express markers of

neurogenic genes such as BTG2, NGN2, EOMES,

Svet1 and INSM1. In contrast, bRGs, which can addi-

tionally self-renew, express proliferative aRG markers,

such as SOX2, PAX6, FABP7, in addition to neuronal

markers such as NRCAM, CTNND2 and SEZ6L [64].

Interestingly, Pax6 transcripts enriched in apical pro-

genitors that will undergo proliferative cell divisions

contain the exon 5a, while the isoform present in

apical progenitor that will undergo differentiative divi-

sions lack this exon [91]. Accordingly, overexpression

of PAX6-5A in apical progenitors failed to affect neu-

rogenesis [92]. This suggests that gene splicing mecha-

nisms might play a major role in dictating progenitor

fate and cell behaviour during neocortex development.

Eomes, another transcription factor, when overex-

pressed in aRGs increases the differentiative division

of aRGs to bIPs and reduces self-renewal of aRGs

[93]. Similarly Insm1, a zinc finger transcription factor,

is crucial in maintaining the number of bIPs during

neocorticogenesis and MDGA1, an extracellular pro-

tein, is required for the aggregation and proliferation

of bIPs within the SVZ [94].

Table 4. miRNAs and lncRNAs implicated progenitor behaviour.

Function References

miR Name

MiR-128 Repression of NPC proliferation; promotes neuron generation. Zhang et al. (2016) [137]

Let7 Promotes neuronal progenitor differentiation and maintains neuronal lineage commitment. Kawahara et al. (2012) [138]

MiR-137 Promotes cell cycle exit of aRGs and neuron generation by controlling levels of LSD1,

a histone demethylase.

Sun et al. (2011) [139]

MiR 17-92 Controls levels of intermediate progenitor by modulating expression of Eomes and Pten. Bian et al. (2013) [140]

MiR-124 Promotes neuron generation from progenitors. Maiorno and Mallamaci

(2009) [141]

miR-19a Controls levels of intermediate progenitor by modulating Pten expression. Knauss et al. (2013) [142]

MiR 9 Maintains neuronal lineage in aRGs, through regulation of Ngn1. Regulates notch

signalling.

Zhao et al. (2015) [143]

miR 15b Repression of NPC proliferation; promotes cell cycle exit. Lv et al. (2014) [144]

miR 92b Controls levels of intermediate progenitor by modulating gene expression of EOMES Nowakowski et al. (2013) [145]

MiR-210 Promotes cell cycle exit in aRGs Abdullah et al. (2016) [146]

MiR-17 Promotes neocortical progenitor proliferation by regulating P21 and Trp53inp1 expression Chen et al. (2014) [147]

MiR-92 Controls levels of neurogenic progenitor by modulating gene expression of Tis21 Fei et al. (2014) [148]

MiR-134 Promotes neocortical progenitor proliferation Gaughwin et al. (2011) [149]

lncRNA_Name

RMST Regulation of neural progenitor fate by binding to SOX2 Ng et al. (2013) [150]

MIAT Enriched in mouse basal progenitors Aprea et al. (2013) [72]

Fgf2-AS Control of proliferation in neural progenitors Aprea and Calegari (2015) [70]

Pnky Differentiation of neural progenitors Ramos et al. (2015) [151]

TUNA Promotes neuron generation from progenitors Lin et al. (2014) [152]

Linc-Brn1b Regulates commitment of progenitors Sauvageau et al. (2013) [74]

LOC646329 Enriched in human apical radial glia, promotes proliferation Liu et al. (2016) [71]

utNgn1 Regulates neurogenic commitment of progenitors through expression of Ngn1. Onoguchi et al. (2012) [153]

Gm17566 Regulates neurogenesis through regulation of Pax6 Aprea et al. (2013) [72]
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Cellular bases of cortical gyration

Although several reviews have been published on this

topic [95,96], gyration (i.e. the formation of folds on the

cortical surface) deserves to be briefly discussed here,

because it is a macroscopic feature of the brain which is

thought to be strongly associated with proliferation

potential of progenitors. Gyration is observed in several

mammalian species and most primates, and has been

associated with an increased proliferation in SVZ:

increased and decreased SVZ thickness is observed

below prospective gyri and sulci, respectively, suggesting

that expansion of basal progenitors in the SVZ underlie

gyration [97]. Furthermore, the percentage of dividing

cells in the OSVZ (presumably bRGs) across species is

highly correlated with the gyration index, suggesting

that bRGs are the major source of progenitors responsi-

ble for cortical gyration [97].

Increased proliferation of aRGs in the mouse (a lis-

sencephalic mammal) through expression of the cell

cycle regulators, Cyclin D1 and Cdk4, results in an

increase in bIPs, but fails to generate gyri [98]. How-

ever, overexpressing the same regulators in the ferret

neocortex, which has gyri, resulted in an increased

number of gyri, suggesting that the precise subtypes of

cells present and their cytokinetic properties critically

determines radial cortical expansion [99]. Gyri can,

however, be generated in mice; for example, embryonic

intraventricular administration of FGF2 increases bIPs

but not bRGs, and leads to the formation of lateral

gyri [100]. Similarly, downregulation of TRNP1 and

upregulation of ARGAP11B independently lead to an

increase in bRGs and reported gyrus formation in the

mouse neocortex [11,101]. Although the respective con-

tribution of bIPs and bRGs to gyration is still

debated, apical progenitor expansion does not appear

to play a direct role. Indeed, overexpression of TRNP1

selectively increases aRG (and not bIPs), which results

in tangential expansion of neocortex without gyrus

formation [101]. In ferrets, proliferating bRGs have a

longer cell cycle duration (including a longer G1 and S

phase) compared with the proliferating aRGs, which

may result in greater contribution of the former cells

to neurogenesis at late developmental stages and

account for gyration [102]. Altogether, these data sup-

port a critical contribution of intermediate progenitor

proliferation to the formation of gyri.

Linking progenitor diversity with
neuronal diversity

Whether fate-restricted apical progenitors giving rise

only to specific classes of cell types exist is still a

matter of debate. Genetic labelling approaches have

suggested that Cux2+ progenitors constitute a subpop-

ulation of cells which only give rise to superficial layer

neurons [103], but more recent work has questioned

this result [104,105] such that more studies will be

needed to settle this issue. Slowly diving progenitors

fated to produce adult neuronal stem cells have

recently been identified in the embryonic VZ, such that

the existence of other fate-restricted progenitors in the

dorsal pallium remains a genuine possibility [106].

In broader terms, neurogenesis can be characterized

as direct or indirect, based on whether neurons are

born directly from aRGs or through subsequent cell

divisions of intermediate progenitors. The current con-

sensus is that deep layer neurons are mostly born

through direct neurogenesis, while superficial layer

neurons are mostly born through indirect neurogene-

sis, via bIPs. This hypothesis is based on the fact that

the appearance of the SVZ and bIPs coincides with

the generation of upper layer neurons [60]. Also,

expansion of the SVZ and intermediate progenitor

repertoire is observed together with the expansion of

superficial layer neurons during evolution [107,108].

Fate mapping studies using the Eomes promoter

(which is active in bIPs and not aRGs) show, however,

that both upper layer neurons and deep layer neurons

may arise from indirect neurogenesis, but it is still not

clear if Eomes expression is restricted only to bIPs or

if it is also transiently expressed in neurons generated

through direct neurogenesis [61,109]. Recent birthdat-

ing data using FlashTag to identify neurons born

through direct neurogenesis has revealed that a signifi-

cant proportion of the upper layer neurons is also

derived directly from apical progenitors [61]. Finally,

aIPs may be more likely than aRGs to give rise to

layer 4 neurons [7]. Thus, whether aIPs with distinct

neurogenic competences exist, and how this compe-

tence is dynamically controlled through corticogenesis

remains a largely unsettled issue.

Plasticity in the competence of neocortical progeni-

tors to generate distinct types of neurons during cor-

ticogenesis has been studied using heterochronic

transplantation experiments. In ferrets, the only species

in which this has systematically been studied, trans-

plantation of progenitors that normally give rise to

deeper layer neurons in brains of older embryos leads

to the generation of more superficial layer neurons

[110,111], while late-stage progenitors seemingly

remained unaffected by transplantation into younger

hosts [112]. Interestingly, the plasticity of early-stage

progenitors to generate neurons based on their new

environment is restricted to early cell cycle phase of

the progenitors [111]. Together with the observation
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that mouse progenitors preserve their competence to

generate cell types in the same order as in vivo

[113,114], these experiments suggest that the neuro-

genic competence of cortical progenitors appears to be

mostly cell intrinsic, and characterized by a progressive

restriction in competence: early progenitors are able to

generate both deep and superficial layer neurons, while

late progenitors appear to only generate superficial

neurons. Foxg1 has been shown to be required for this

collective progression in progenitor competence during

corticogenesis: when Foxg1 is conditionally knocked

down at E11.5, the cortex is overpopulated by early

born Cajal–Retzius cells at the expense of next-born

Tbr1+ neurons, while when this is done at E12.5 it is

overpopulated by Tbr1+ neurons at the expense of

next-born Fezf2+ neurons (layer5) [115,116]. Environ-

ment, however, also plays a modulatory role in con-

trolling these transcriptional programmes (since early

progenitors are respecified in a more mature environ-

ment), but the nature (e.g. cell–cell interactions, dif-

fusible ligands) and source (e.g. cerebrospinal fluid,

vascular system) of the signals at play, and whether

they are permissive or repressive, remain largely

unknown.

Finally, as presented in the introduction, astroglial

cells are generated at the end of corticogenesis, as neu-

rogenesis subsides. Although a detailed characteriza-

tion of this process is beyond the scope of this review,

throughout neurogenesis, transcription factors referred

to as proneural genes (e.g. Ascl1, Ngn1 and Ngn2) are

active in progenitors to drive neuronal production

[117,118]. Towards the end of corticogenesis, expres-

sion of these transcription factors decrease, leading to

a decrease in neuronal production and induction of

gliogenesis [118,119].

Conclusions and outlook

Progenitors are dynamic cells whose identities were ini-

tially defined based on their morphology and location.

The recent advent of single-cell RNA sequencing now

allows us to have access to the transcriptional signatures

of these cells, and attempt to establish functional rela-

tionships between distinct molecular identities and

specific cellular fates. Some interesting endeavours in

the years to come will be to understand the relationship

between cell cycle characteristics (and particularly cell

cycle length) and daughter cell fate, to assess the molec-

ular diversity of progenitors across developmental ages

and investigate the issue of fate-restricted progenitors,

and the extent to which neurons born from different

types of progenitors at similar developmental time

points differ in their circuit and functional properties. A

fine-grained characterization of corticogenic events

across species, including humans, should provide us

with the framework to better understand developmen-

tally rooted neurological and psychiatric disorders.
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