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ABSTRACT

The development of the cerebral cortex requires the tightly coordinated generation of dozens of neuronal subtypes
that will populate specific layers and areas. Recent studies have revealed how pluripotent stem cells (PSC), whether
of mouse or human origin, can differentiate into a wide range of cortical neurons in vitro, which can integrate
appropriately into the brain following in vivo transplantation. These models are largely artificial but recapitulate a
substantial fraction of the complex temporal and regional patterning events that occur during in vivo corticogenesis.
Here, we review these findings with emphasis on the new perspectives that they have brought for understanding of
cortical development, evolution, and diseases.

Glossary

Embryonic stem cell (ESC): pluripotent cell lines, typically derived from the inner cell mass of the early embryo (blastocyst),
capable of indefinite selfrenewal and differentiation into the derivatives of all three primary germ layers: ectoderm, endoderm, and
mesoderm.

Induced pluripotent stem cell (iPSC): a pluripotent (ESC-like) cell that is obtained through reprogramming of differentiated cells,
typically through ectopic re-expression of a defined set of transcription factors.

Intermediate progenitor cells (IPC): neurogenic cortical progenitors that mostly undergo symmetric divisions to generate two
neurons, or sometimes two IPC. IPC are located in the subventricular zone (SVZ) and lack a defined polarity. Neuroepithelial (NE)
cells: non-neurogenic cortical progenitors that undergo symmetric divisions leading to the amplification of the initial progenitor pool.
NE cells are located in the ventricular zone (VZ) at the earliest stages of corticogenesis (Figure 2, main text).

Outer radial glial (oRG) cells: neurogenic cortical progenitors that can undergo symmetric or asymmetric divisions to generate
neurons and self-renew. oRGC reside in the outer SVZ (OSVZ). They display a distinctive polarised morphology characterised by a
basal process towards the pial surface, whereas they typically lack an apical process. They are particularly prominent in higher
mammals, such as primates (Figure 2, main text).

Outer/inner subventricular zone (OSVZ/ISVZ): proliferative compartment that is located at the basal side of the SVZ, where oRG
cells reside. It is particularly prominent in primate species.

Pial surface: the outer surface of the cortex closest to the meninges.

Radial glial cells (RG): neurogenic cortical progenitors that can undergo symmetric or asymmetric divisions to generate neurons
and to undergo selfrenewal. RG cells are located in the cortical VZ. They display a distinctive polarised morphology characterised
by an apical process towards the ventricule and a long basal process towards the pial surface (Figure 2, main text).

Subventricular zone (SVZ): proliferative compartment that is located at the basal (i.e., away from the ventricle) side of the VZ,
where the IPC reside.

Telencephalon: most anterior part of the central nervous system. It comprises the dorsal telencephalon (pallium) and the ventral
telencephalon (subpallium). Ventricular zone (VZ): the most apical (i.e., closest to the ventricle) proliferative zone in the
developing cerebral cortex, where NE and RG cells reside.

*These authors contributed equally to this article.



One for all? Cortical diversity and stem cell pluripotency

The cerebral cortex is among the most complex of all biological structures, and the major site of higher cognitive
functions specific to our species. The mechanisms underlying its development and evolution are at the core of what
makes us humans, and could have major implications for a variety of human-specific diseases [1]. In correlation with
its elaborate functions, the cerebral cortex displays multiple levels of complexity. It contains dozens of different types
of neurons populating specific cortical areas and layers, and cortical neuron number and diversity are thought to be at
the core of its powerful computational capacities. A first subdivision among cortical neurons distinguishes two main
cell classes. Pyramidal neurons constitute >85% of cortical neurons, they are glutamatergic, and send long-range
projections to other cortical or subcortical targets. The remaining 15% of cortical neurons are GABA-ergic
interneurons that display only local connectivity. Pyramidal neurons and interneurons can be further subdivided into
dozens of subtypes, characterised by specific molecular and functional properties [2,3].

Pluripotent embryonic stem cells (ESC; see Glossary) [4] have emerged as a promising tool for neurobiology, allowing
the in vitro recapitulation of many events that occur during brain organogenesis as well as the directed differentiation
of specific cell types [5]. In parallel, the advent of induced PSC (iPSC) [6,7] has provided the opportunity to use ESC
or iPSC-based neural differentiation to model human brain diseases [8,9].

Here, we review recent progress on the generation of cortical neurons from PSC, illustrating that much, but not all of
the complexity of cortical development can be recapitulated with surprisingly simple in vitro conditions, providing novel
insights into corticogenesis.

Forebrain identity: less is more

The cerebral cortex is formed within the telencephalon, the anterior-most part of the forebrain. Forebrain or telen-
cephalon identity is thought to constitute a primitive pattern of neural identity, which is acquired and retained through
local inhibition of caudalising morphogen signals [10]. In vitro studies using ESC have confirmed and extended this
model in both mice and humans (Figure 1A). When ESC are cultured as single cells in a minimal medium devoid of
any added extrinsic cues, they start to express neural markers within hours and, after few days, most of them adopt a
forebrain identity [11-16]. Telencephalic and/or cortical identity is best achieved when the medium is supplemented
with inhibitors of bone morphogenetic protein (BMPYNodal and Wnt pathways [17-20], demonstrating how little
extrinsic information is needed for telencephalic induction in vitro. The telencephalon then undergoes patterning along
the dorsoventral axis, primarily through induction of ventral identities by the morphogen Sonic Hedgehog (SHH) [21].
This regionalization process is intimately linked to the specification of the two main populations of cortical neurons:
pyramidal neurons and interneurons are generated from distinct populations of progenitors located in the dorsal and
the ventral part of the telencephalon, respectively [21-23]. The same binary logic is observed during ESC-derived
telencephalic induction (Figure 1A). During mouse ESC differentiation, SHH inhibition leads to the generation of
dorsal telence-phalic progenitors, which subsequently generate mostly pyramidal neurons [11,17,24,25]. Intriguingly,
SHH inhibition is not strictly required during human ESC corticogenesis, which is likely to be due to lower endogenous
SHH signalling levels [18,26,27]. Conversely, specification of ventral telencephalic cells from both human and mouse
ESC does require SHH stimulation, alone or together with Wnt inhibition [17,25,26,28-32], suggesting a conserved
pathway to generate ventral-like identity from forebrain progenitors. The concentration and timing (onset and duration)
of exposure to SHH will lead to different types of ventral progenitors and, hence, to distinct subtypes of neurons, from
hypothalamic and striatal projection neurons to cortical and striatal interneurons [25,32,33], reminiscent of the time
dependence of SHH signalling in vivo [34]. Moreover, the identity of ESC-derived ventral telencephalon progenitors
can be further refined through the manipulation of anterior and posterior regional patterning cues, such as fibroblast
growth factor 8 and 15 (FGF8 and FGF15), and activin, to generate specific subtypes of interneurons [25,35].

Collectively, these data demonstrate that ESC and iPSC, whether of human or mouse origin, can generate either
ventral or dorsal telencephalic progenitors, depending on the levels of SHH signalling. Eventually, these progenitors
produce specific types of neurons, whereby dorsal cells generate essentially glutamatergic pyramidal neurons, whereas
ventral cells generate mostly GABA- ergic neurons. Interestingly, human and mouse PSC do not differ in this respect, in
line with results obtained in human ex vivo cultures where, as in the rodent, the ventral telencephalon appears to be the
site of origin of most, if not all, cortical interneurons [36,37].
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Figure 1. In vitro pluripotent stem cell (PSC)-derived Corticogenesis recapitulates in vivo developmental milestones.
(A) PSC cultured under minimal conditions or in the presence of Whnt/transforming growth factor (TGF)-B/one
morphogenetic protein (BMP) morphogen inhibitors, undergo differentiation towards forebrain or telencephalic identity.
As in vivo, further specification into ventral telencephalic progenitors and neurons requires activation of the Sonic
Hedgehog (Shh) pathway. Different types of ventral progenitor [preoptic area (POA), medial ganglionic eminence
(MGE), and lateral ganglionic eminence (LGE)] are generated, including cortical interneurons, depending on the
timing and concentration of Shh. Conversely, in absence or low levels of Shh signalling, PSC will mostly differentiate
into a collection of progenitors of dorsal telencephalon or cortical identity. Subsequent generation of cortical pyramidal
neurons, under the balanced influence of Notch and pro-neurogenic factors, such as B cell CLL/lymphoma 6 (BCL6),
follows a temporal patterning, with deep layer neurons being generated earlier than upper layer neurons, eventually
followed by a switch to astrocyte production, similar to in vivo. (B) Human corticogenesis and neuronal maturation
follow a more protracted time-course than their mouse counterparts, which is also observed in vitro. Abbreviations: E,
embryonic day; FGF, fibroblast growth factor; GW, gestational weeks; IGF, insulin-like growth factor.

Cortical neurogenesis: a tale of transitions

The mammalian neocortex is organised into six different layers, each of which comprises a collection of neurons
displaying specific patterns of gene expression and connectivity [2,38-40] (Figure 1B). Which layer a neuron settles in,
is tightly linked to its birthdate, with deeper layer neurons being generated earlier than upper layer neurons. This
process of temporal patterning is central to the generation of layer-specific types of cortical neurons. In vivo and in vitro
studies have shown that it involves the progressive restriction of progenitor competence, which is controlled by both
intrinsic, cell-autonomous programmes and by environmental influences [2,38-40].

Surprisingly, both mouse and human PSC-derived corticogenesis recapitulate robustly temporal patterning in vitro:
neurons that express molecular markers and project to targets specific of upper layer neurons are generated
consistently later than neurons with a deep layer identity [11,18,24,41,42]. From clonal cell analyses, it was furthermore
shown that mouse ESC-derived neural progenitors are initially multipotent and can change and restrict their
competence over time [11], similarly to what was previously demonstrated using ex vivo cultures of early cortical
progenitors [43]. However, whereas in vitro systems of corticogenesis display remarkable similarities with in vivo
developmental processes, it still differs in significant ways from in vivo corticogenesis, depending on culture conditions.
Indeed, whereas in vivo deep and upper layer neurons each represent approximately half of the cortex, ESC- derived
pyramidal neurons are strongly skewed towards a deep layer identity following monoadherent culture in minimal
differentiation conditions in the absence of added morphogens [11,18]. Importantly, this was also the case when native



mouse cortical progenitors were grown ex vivo at clonal densities [43]. Conversely, a higher proportion of upper layer
neurons appears to be generated when ESC are first differentiated at high density and/or supplemented with extrinsic
cues, such as retinoic acid [27] or as cell aggregates [24,44]. Although direct comparison between various studies is
not always straightforward because of different markers being analysed, these findings suggest that extrinsic cues that
may be missing in minimal culture systems, are required for the proper generation of the upper layer neurons [45].
Consistent with this hypothesis, whereas human PSC-derived cortical progenitors cultured in minimal conditions
generate only a few upper layer neurons even after prolonged periods in vitro, they generate many upper layer neurons
following transplantation into the mouse newborn cortex [18]. These data suggest that cortical progenitors competent to
generate neurons of all six layers can be generated following minimal in vitro conditions from ESC, but that cues
present in the mouse newborn brain are necessary to enhance upper layer neuron production from these cells. Such
cues could be either produced by cortical progenitors and neurons themselves, or derived from extrinsic sources, such
as meninges, cerebrospinal fluid, or the vascular niche [45]. PSC-derived corticogenesis may provide a useful platform
to identify these cues and their mechanisms of action. Specifically, it will be interesting to determine whether and how
these cues act to change the competence of cortical progenitors to generate upper layer neurons, and if they act on the
specification or amplification of specific types of progenitors, such as intermediate progenitors or outer radial glial cells,
as explained further below.

In parallel with temporal patterning, a key transition for the generation of cortical neurons is neurogenesis itself,
whereby cortical progenitors differentiate into cortical neurons, either directly or indirectly following brief amplification
through intermediate progenitors [46,47]. The rate and timing of neuronal differentiation from cortical progenitors is
dynamically regulated by various intrinsic and extrinsic cues, including Notch and proneural factors, such as
neurogenins, which collectively control the number and fate of cortical neurons [45,48-50]. ESC-derived cortical
neurogenesis closely recapitulates these processes [11,24], and has been used to gain mechanistic insights into the
factors involved in this process (Figure 1A). The mouse ESC cell-based model of corticogenesis was used to screen for
novel transcription factors involved in neurogenesis, leading to the identification of a novel potent pro-neurogenic gene,
B cell CLL/lymphoma 6 (BCL6) [41]. Whereas BCL6 was uncovered in an ESC-based screen, it was subsequently
found to be expressed in cortical progenitors in vivo, during the transition from cortical progenitors to pyramidal
neurons. Furthermore, the analysis of BCL6 knockout mice led to the conclusion that BCL6 is required for proper
cortical neurogenesis in vivo [41]. Combined studies on the ESC system and in vivo cortex converged to demonstrate
that BCL6 acts through direct and stable epigenetic repression of the Notch target Hes5 promoter, thereby enabling the
neurogenic transition to proceed irreversibly. This study illustrates how the use of ESC- based models of corticogenesis
can lead to novel insights into the in vivo mechanisms of cortical neuron generation.

Cortical areal identity: intrinsic insights from transplantation experiments

In addition to layer-specific identity, neurons from different cortical areas also develop selective patterns of gene
expression and connectivity. The patterning of cortical areas is a complex process resulting from the interplay between
factors intrinsic to the cortex, as well as extrinsic factors from outside the brain [22,51]. Surprisingly, in vivo
transplantation experiments revealed that mouse ESC- derived cortical neurons seem to acquire mainly limbic and
visual (occipital) identities [11]. Following transplantation, ESC-derived cortical neurons send axons to specific visual
and limbic targets, with a pattern of projection that is strikingly similar to grafted embryonic visual cortical tissue [11,52].
Importantly, these results were all obtained with grafts within the frontal cortex, suggesting that the highly selective
pattern of projections was not due to in vivo respecification of the grafted neurons. Confirming this hypothesis,
examination of the molecular identity of ESC-derived cortical progenitors and neurons before grafting revealed that
most of them expressed typical markers of the occipital cortex, in particular chicken ovalbumin upstream promoter
transcription factors (Coup-TF) | and Il [11]. By contrast, the areal fate of ESC-derived cortical progenitors in vitro could
be modified by the addition of extrinsic cues known to induce frontal cortical fates in vivo, such as FGF8 [24,53].

Corticogenesis from human ESC in similar minimal conditions also results in many Coup-TFl/ll-expressing
progenitors that display visual and limbic-like patterns of axonal projections shortly after transplantation into the frontal
cortex of neonatal mice [18]. However, unlike in the mouse, when the grafts were left for longer periods, the
transplanted cells tended to lose markers of occipital identity and their axonal projections corresponded to a wider
range of areal identities [18]. These observations are consistent with a model whereby specific patterns of visual or
limbic areal identity may be acquired during in vitro minimal differentiation from human ESC, as in the mouse, but that,
following grafting, a substantial fraction of the cells can be specified to other areal identities over time, perhaps in
relation to their relatively earlier stage of maturation at the time of grafting and, therefore, higher susceptibility to
extrinsic cues from the frontal cortex. This is reminiscent of data obtained with rodent native cortical cells, which show
different patterns of areal fate specification depending on their degree of commitment and maturation at the time of
grafting [54]. These issues need to be dissected further, but the data available so far suggest the existence of a
conserved programme of specification into visual and limbic areal identity from PSC in minimal conditions, which might
perhaps correspond to an ancient ‘primitive’ pattern of areal specification.
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Figure 2. Different models of in vitro corticogenesis from 2D to 3D. (A) 2D models are more reductionist but
nevertheless recapitulate key aspects of corticogenesis and can be used to study various aspects of cortical neuron
generation and function, including following in vitro screens or in vivo transplantation. 3D models can recapitulate in a
strikingly faithful way the in vivo organisation of cortical progenitors and neurons, thereby providing unique tools to
study spatial patterning and cytoarchitecture formation. (B) Schematics of the relations between the various cellular
players of corticogenesis found in vivo. Abbreviations: OSVZ/ISVZ, outer/inner subventricular zone.

Cytoarchitecture in a dish: how far can we go 3D?

The cortex is much more than merely a sum of its parts and, if one wishes to model this in vitro, its 3D cytoarchitecture
should also be recapitulated. We now know that at least part of the intricate organisation of many organs can also
emerge in vitro: a striking example was provided through the autonomous formation of a fully formed optic cup and
derived retinal structure from ESC aggregates [55]. For corticogen- esis, this goal is far from being completely achieved
and, in principle, would be more challenging; however, some key aspects of the patterned organisation of the
developing cortex can be recreated in vitro (Figure 2). Even in 2D systems, neural progenitors exhibit spatial patterns,
with cells often organised as rosettes displaying apicobasal polarity and including features typically found in the neuroe-
pithelium and ventricular zone, such as interkinetic nuclear migration [11,19,27]. When mouse or human ESC are cul-
tured as bowls of cells and differentiated into cortical-like progenitors, this leads to a more robust polarised cellular
organisation [24], with progenitors occupying deeper layers of the bowls, and neurons accumulating at their periphery,
following an organisation highly reminiscent of a nascent cortical primordium, including the ventricular zone and the
cortical plate. A crucial challenge of 3D models is to keep them for long periods of culture while preserving access to
gas and nutrients. This important aspect was recently improved to allow neural and cortical differentiation to go on for
several months and to examine later aspects of development, including the emergence of specific domains of
progenitors and neurons [53,56]. Most strikingly, using a long-term cortical 3D model, the final position of the neurons
within a cortical plate-like structure was found to depend on their neuronal birthdate, where neurons born earlier were
found in deeper positions than later-born ones, thus recapitulating the fundamental inside-out pattern of cortical
neurogenesis [53]. It will be fascinating to determine whether this spatial layer-like arrangement of neurons is estab-
lished in a similar way as in vivo (i.e., by relying on active neuronal migration along the radial scaffold and on complex
guidance by extrinsic cues, such as Reelin).

Altogether, these data constitute a first proof of principle that a cortical-like cytoarchitecture can also emerge in
vitro. Similar to the observation that the temporal patterning leading to sequential generation of cortical neurons is
encoded in neural progenitors themselves [11,43], it is remarkable that morphogenesis and compartmentalisation also
emerge as self-organising properties [57]. This constitutes a promising system to decipher some of the underlying
mechanisms of cortical patterning, and opens new roads to optimise further in vitro corticogenesis and to model more
closely in vivo cortical neuronal networks (Box 1).



PSC-derived Corticogenesis and human evolution: time is the essence

The brain and, most strikingly, the neocortex, have undergone a rapid and considerable increase in relative size and
complexity during the past few millions of years of hominid (human and great apes) evolution [1]. This has led to
enlargement of the surface and thickness of the cortex, associated with an increased number and diversity of cortical
neurons. Thus, many of the species-specific features of the human cortex are thought to be linked to differences in the
generation, specification, and differentiation of cortical neurons [1,58,59], which may directly impact on the total number
and diversity of cortical neurons [1,60-62].

Although cortical neurogenesis appears to be well conserved among mammals, several divergent features have
also been identified, which are thought to be mainly linked to the properties of cortical progenitors [1,59,63-65] (Figure
1B). Neuroepithelial (NE) cells are the first type to emerge during early development, and are characterised by
symmetric proliferative divisions that amplify the initial pool of cortical progenitors. This amplification process may have
a direct impact on the final number of neurons [61] and is expanded in species displaying brains of larger size, such as
primates (taking weeks instead of 2-3 days in mice) [61,66]. NE progenitors then convert into radial glial (RG)
progenitors, which constitute the major subtype of neurogenic cortical progenitors [46,48,67-69]. RG cells undergo
multiple rounds of asymmetric cell divisions, thereby enabling the generation of diverse types of neurons while
maintaining a pool of progenitors, thus, following a stem cell-like behaviour [70,71]. In primates, the process of neuronal
production is considerably protracted in time, taking several months instead of several days in the mouse [66].

Remarkably, human ESC-derived corticogenesis presents temporal specificities that are reminiscent of human-
specific features of cortical development [18,24,26, 27,44]. Direct comparison between mouse and human cor-
ticogenesis from PSC, using exactly the same culture conditions, revealed that the time line for corticogenesis is
considerably extended in the human versus the mouse [18]. Human ESC-cortical derived progenitors start to generate
postmitotic neurons after a much longer period (i.e., approximately 4 weeks instead of 6-8 days in the mouse) and this
was correlated with the appearance of molecular markers of RG cells. Similar to in vivo, the generation of distinct types
of cortical neurons is also much protracted in time: whereas mouse ESC corticogenesis takes 2-3 weeks to be
completed, it takes 10-15 weeks for human ESC [11]. The underlying mechanisms that enable the primate embryonic
brain to generate neurons for a prolonged period of time remain largely unknown [72], but they might be linked to
species-specific properties intrinsic to RG cells, such as differential cell cycle control or tuning of self-renewal versus
terminal differentiation [73]. In addition, the emergence and/or amplification of different species-specific types of
progenitors might be another mechanism that contributes to cortical neuron diversity and to evolutionary changes in
cortical neurogenesis. These progenitors include the recently described outer RG (oRG) cells [64,65,74-76]. oRG cells
share many features with RG cells, including the potential for self-renewal, but they lack any apical projection reaching
the ventricular surface. Most strikingly, whereas human oRG cells can generate neurons directly, their progeny tend to
undergo multiple rounds of divisions, thus providing an additional mechanism for increased neuronal output and cortical
expansion. The detection of oRG-like cells in vitro from human PSC was reported in 2D [27] and 3D systems [53,56].
Importantly these cells were not found in similar differentiation paradigms from mouse PSC [56], providing evidence of
species specificity, although perhaps the most important feature of oRG cells (i.e., their capacity to generate many
neurons through transient amplification) still has to be determined in in vitro conditions.

Another important aspect that appears to be species specific is neuronal maturation: human cortical neurons
display more prolonged patterns of morphological and electrophysiological maturation, as well as synaptogenesis,
which might underlie some of the relative neoteny that characterises human brain maturation [77,78]. Similarly, the in
vitro maturation of the human cortical excitatory neurons follows a slower pace compared with their mouse
counterparts. In vitro-derived human neurons exhibit immature profiles of gene expression and excitability for several
weeks, and extended periods of culture are needed to observe mature patterns of action potentials and signs of
significant synaptic activity [18,27,44]. A similarly protracted pattern is observed for cortical interneurons: GABA-ergic
neurons present an immature profile of activity even after 8-9 weeks in culture and only start to display more mature
functional properties typically after 15-30 weeks [28]. This slow process can be accelerated by co-culture with murine
astroglial or embryonic cortical cultures, but only to a partial extent [28,30]. Besides and most strikingly, in vivo
transplantation of human PSC-derived excitatory and inhibitory cells into mouse models has shown that the human
cells seem to follow a species-specific programme for delayed neuronal maturation and synaptogenesis [18,20,28,30].
Indeed, whereas differentiated human pyramidal neurons extend axons towards specific cortical targets from 4-6 weeks
post-transplantation, the full extent of axonal growth from human cortical transplanted neurons was only reached 6
months after transplantation in the mouse neonatal cortex. Dendritic maturation also progressed at a slow pace even
within the mouse brain, where neurons presented a mature complex dendrite arborisation pattern, dendritic spines, and
functional synaptic activity only 9 months after transplantation [18]. Similarly, the patterns of morphology and
functionality of xenotransplanted human interneurons are not yet fully reached even 6 months post-transplantation
[28,30].

Overall, these data indicate that the fundamental principles that control the timing of generation and maturation of
cortical neurons appear to be species specific and do not depend much on the in vivo context. Instead, they point to
cortex-intrinsic mechanisms that control the clock of corticogenesis, for which PSC-based models may provide at-



tractive experimental set-ups to dissect the underlying mechanisms.

It was previously proposed that such protracted neuronal maturation provides a basis for the neoteny that may
characterise human cortical neuron development (i.e., the retention of juvenile traits even at an older age) [77].
Although largely speculative, this possibility is attractive enough to explore further, for instance by examining the
consequences of the transplantation and integration of ‘juvenile’ human neurons into the mouse cortex at the circuit and
behavioural levels.

Modelling pathological cortical development and degeneration

The advent of iPSC technology [7] offers in principle many novel opportunities to model brain diseases, including those
that strike the developing cortex [8,79]. At this point, most can probably be learned from modelling monogenic disorders
with high penetrance [80], for which gain- and loss-of-function paradigms could confirm the role of the affected gene.
However, there are few examples so far of studies that have relied on iPSC-derived cortical cells of defined identity to
model cortical neurodevelopmental diseases. Among these, one striking example is Timothy syndrome, a monogenic
disorder caused by a mutation in an L-type voltage-gated calcium channel, which is strongly associated with
developmental delay and autism. Examination of cortical cells from iPSC derived from patients with Timothy syndrome
revealed several interesting phenotypes. These included, as expected, defects in calcium signalling and neuronal
activity, but also somewhat more surprisingly defects in the generation of specific types of neurons (i.e., callosal
projection neurons), as well as defects in dendrite remodelling [81,82]. These phenotypes were recapitulated in a
mouse model presenting a similar mutation, thus confirming the validity of the in vitro cellular human model. Other
examples of autistic syndromes are Phelan-McDermid syndrome caused by 2213 deletion or Rett syndrome caused
by methyl CpG binding protein 2 (Mecp2) mutations. The 22q13 deletion syndrome was modelled in a similar way with
patient- derived iPSC, which revealed synaptic deficits that could be largely rescued by re-expression of SH3 and
multiple ankyrin repeat domains 3 (Shank3), one of the genes involved in the deletion syndrome [83]. To study Rett
syndrome, the authors used isogenic ESC lines generated through homologous recombination, which appears to be
most promising to cope with the inherent variability of iPSC lines derived from different individuals [79,84]. This
approach revealed several defects in the studied neurons, including a neuron-specific global alteration of gene ex-
pression that could underlie many of the cellular and functional defects observed in Rett syndrome-affected neurons.
Early defects of cortical development that are at the origin of most severe forms of brain malformations and dysfunction
constitute other candidate diseases to be modelled by in vitro corticogenesis. For instance, iPSC from a patient with
microcephaly affected by a CDK5 regulatory subunit associated protein 2 (CDK5RAP2) mutation [56], have enabled
researchers to recapitulate some of the defects previously described in mouse models [85,86]. Cor- ticogenesis from
iPSC was also applied to study Down's syndrome, a major cause of mental retardation and neurodegeneration,
revealing early synaptic defects in affected neurons [87], as well as amyloid peptide overproduction[88].

These findings illustrate that, when applied to neurons of defined identity, the iPSC modelling technology can
yield valuable insight into pathogenic mechanisms of complex neurodevelopmental diseases. In addition, more complex
brain developmental disorders, such as schizophrenia [89]or fragile X syndrome [90], although more challenging, could
also benefit from modelling using in vitro corticogen- esis. Finally, it could also be applied to degenerative diseases that
primarily affect cortical neurons, including Alzheimer's disease and various other forms of dementia. However, in this
case, it will be important to find out which critical aspects of these diseases can be recapitulated faithfully in vitro, given
the fact that they primarily affect the adult or aging nervous system. Indeed, so far iPSC- derived or directly
reprogrammed neurons from patients with familial [amyloid precursor protein (APP) duplications, presenilin 1 or 2
(PSEN1 or PSEN2) mutations] and sporadic Alzheimer's disease, were found to mimic a limited set of the pathological
features encountered in diseased brain tissue, including altered APP processing and Tau phosphorylation [87,88,91-
94]. By contrast, major hallmarks of the disease, such as Tau neurofibrillary tangle formation, neuronal dysfunction and
death, have not been reported so far. In this respect, it will be interesting to explore further artificial ways to accelerate
neuronal maturation, or even aging in vitro [95] or try to model neurodegeneration following xenotransplantation in the
aging mouse brain.

Box 1. Outstanding questions: What's next, in and out of the dish?

* How much can models of 2D and 3D corticogenesis recapitulate accurately the full repertoire of cortical neuronal identities?

* Can we design and improve the tools of PSC differentiation to generate highly homogenous populations of neurons of a single,
physiologically relevant, identity?

* How much can 3D models recapitulate the processes of cortical neurogenesis, including polarised cell movements and asym-
metric divisions?

* How much can 3D models recapitulate the layered organisation of the neocortex?

* To what extent are 3D models capable of reproducing the emergence of distinct cortical areal identities?

* What are the patterns of connectivity of cortical neurons generated in 3D models? Can we generate a cortical column in vitro? Do
neurons display genuine layer-specific patterns of input and output?

* How much specificity and accuracy of connectivity can be achieved following transplantation of PSC-derived cortical neurons in
the brain? Can short- and long-range patterns lead to physiological circuits? If so, how much can lead to cortical function



restoration?

* Are the corticogenesis models robust enough to not only confirm, but also predict mechanisms of development or disease, which
could be further explored in vivo?

* Can PSC-derived models of corticogenesis be used to model the events that occur only in the adult or even aging brain, including
most aspects of neurodegeneration?

* Can human PSC models be improved to allow cost-effective and robust high-throughput genetic or chemical screens?

Concluding remarks and perspectives

The merge of PSC technology and developmental neurobiology reveals unexpected opportunities to study the forma-
tion and maintenance of the cerebral cortex (Box 1). However, to hold its promises, PSC-based modelling will have to
contribute significantly to uncover novel features of normal and pathological mechanisms of corticogenesis. One area of
interest in this context is to use ESC-based systems for unbiased screens, in line with the discovery of BCL6 as a novel
cortical pro-neurogenic factor. Another exciting focus will be to investigate the mechanisms underlying the species-
specific features of corticogenesis, by exploring experimentally the genetic links between development and evolution of
the human brain. Finally, PSC models may bring novel insights into the pathophysiology of human diseases that are not
recapitulated as severely or clearly in mouse models, such as cortical malformations and alterations of higher cognitive
functions. However, whatever PSC may reveal will have to be confronted with in vivo data, no matter how challenging
this may be. Indeed, models, whether in art or science, can merely represent, but cannot replace, the original
complexity of life.
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