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Summary

Summary

The size and degree of folding of the mammalian cortex are pivotal factors that affect species’
cognitive abilities and sensorimotor skills. The cerebral cortex is the main region in the
mammalian brain that governs complex cognitive behaviors. The development of the cortex
depends on the amplification of neural sem cells (NSCs), neural progenitors (NPs) and the
generation and differentiation of postmitotic neurons. There are two main types of NPsin the
mouse neocortex (NCx): apical radia glia (aRGCs) and intermediate progenitor cells (1PCs).
Robo receptors play an important role in regulating the amplification of cortical progenitors.
The absence of Robo receptor signalling plus the alteration of the Notch sgnalling pathway in
the mouse NCx leads to an overproduction of poorly functional IPCs. Ancient amniotic
cortices exhibit a predominance of direct neurogenesis during development, where aRGCs
produce neurons directly. Intriguingly, Robo receptors as well as Notch signalling play a
major role in attenuating the mode of neurogenesis. This hypothesis was validated in several
brain structures with phyletic antiquity, confirming that Robo receptors are essential in the
shift towards indirect neurogenes s during the evolution and expansion of the cerebral cortex.
However, little is known about the precise signalling cascade or interactors employed by
Robo to initiate direct neurogenesis. In this thess, we demonstrated the transcriptomic
differences between the developing mouse NCx and OB (where direct neurogenesis is
predominant in the OB vs NCx) using single cell RNA sequencing (ScRNA). We showed
aRGCs populations that are differently enriched between these regions. We traced lineage
trajectories of indirect and direct neurogenes's, as well as validating the expression of several

differentially expressed genes between the two regions.

We used Robo intracellular domain (ICD)—this region is considered a congtitutively active
form of Robo receptor—and demonstrated the protein interactors that bind it. Following that,
we demonstrated Robo ICD localization to the nucleus. We discovered that Robo conserved
cytoplasmic domains play an important role in Robo ICD nucleocytoplasmic localization and
direct neurogenesis induction in the mouse NCx. Next, we showed that Robo ICD localizesto
chromatin, and causes transcriptional changes that occur upon the experimental gain of
function of Robo ICD in the NCx and in vitro. Additionally, we showed that loss of function
of Nup107, a nuclear pore complex (NPC) protein and one of Robo ICD protein interactors,

induces direct neurogenesis in mouse NCx and chick lateral pallium. Taken together, our
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findings suggest the transcriptional role Robo ICD exerts by binding DNA and, consequently,

its conserved role in moderating direct neurogeness.
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Resumen

El tamafio y d grado de plegamiento de la corteza cerebral son factores fundamentales que
afectan a las capacidades cognitivas y habilidades sensoriomotoras de los mamiferos. La
corteza cerebral es la principal regién de cerebro que gobierna conductas cognitivas
complgas. El desarrollo de la corteza depende de la amplificacién de células madre neurales
(CMN), progenitores neurales (PN) y de la generacion y diferenciacion de neuronas
postmitéticas. Hay dos tipos principales de PN en la neocorteza o neocértex (NCx) del raton:
las células de glia radial apical (CGRa) y las cdlulas progenitoras intermedias (CPI). Los
receptores Robo juegan un papel importante en la regulacién de la amplificacion de los
progenitores corticales. La ausencia de sefializacion del receptor Robo sumada a la alteracion
de la via de sefializacion de Notch en e NCx de ratdn conduce a una sobreproduccion de CPI
poco funcionales. La corteza de especies amniotas anteriores en la evolucion a los mamiferos
(como los reptiles y las aves) exhiben un predominio de neurogénesis directa durante el
desarrollo, por d cua las CGRa producen neuronas directamente. Curiosamente, los
receptores Robo, asi como la sefializacion de Notch, desempefian un papel importante en la
atenuacion de esta modalidad de neurogénesis a lo largo de la evolucion. Esta hipotesis ha
sdo validada en varias edructuras cerebrales con antigtiedad filética, confirmando que los
receptores Robo son esenciales en € cambio hacia la neurogénesis indirecta durante la
evolucion y la consecuente expansion de la corteza cerebral. Sin embargo, se sabe poco sobre
la cascada de sefializacion de Robo, asi como de los mensajeros secundarios empleados por
este receptor para iniciar el proceso de neurogéness directa. En edta tesis, demostramos las
diferencias transcriptomicas que exisen entre e NCx y d bulbo olfatorio (BO) de raton en
desarrollo (sabiendo que la neurogénesis directa es predominante en BO frente al NCx). Para
ello usamos la técnica de secuenciacion de ARN de células individuales (sngle-cell RNA
sequencing (scRNAseq) en inglés). Mostramos que hay poblaciones de RGCa que estan
diferentemente enriquecidas entre estas regiones. Trazamos trayectorias de linge de
neurogéness indirecta y directa y validamos la expresion de varios genes expresados

diferencial mente entre las dos regiones.

Utilizamos d dominio intracelular (DIC) de Robo (esta region se consdera una forma
congtitutivamente activa ddl receptor) y demostramos |os mensgj eros secundarios que se unen.
Después, demostramos la localizacién del DIC de Robo en € niicleo. Descubrimos que sus
dominios citoplasmaticos, muy conservados a lo largo de la evolucion, tienen un papel
importante en la localizacion nucleo-citoplasmatica del DIC y la induccion directa de
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neurogénesis en el NCx de raton. A continuacion, mostramos que una vez en € nucleo, €
DIC seune alacromatinay provoca cambios transcripcional es que tienen como resultado una
la ganancia de funcion de Robo tanto en el NCx como in vitro. Ademas, demostramos que la
pérdida de funcién de Nupl07, una proteina que forma parte del complgo del poro nuclear
(CPN) ademas de ser una proteina de interaccion dd DIC de Robo, induce neurogénesis
directa en el NCx de raton y en e palio lateral de pollo. En conjunto, nuestros resultados
sugieren € papel de modulacion transcripcional que gjerce € DIC de Robo al unirse al ADN
y, en consecuencia, su rol conservado a lo largo de la evolucion en la disminucion de la

neurogénesis directa.
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1. Introduction

The human brain is an immensdy complex organ composed of hillions of precisey
interconnected neurons. The increase in both sze and complexity of the brain, and in
particular of the prefrontal cortex (PFC), defines humans more than any other evolutionary
event (Bystron et al., 2008; Cadwell et al., 2019; Hill & Walsh, 2005; Kostovic & Rakic,
1990; Stepniewska et al., 2007). The human cerebral cortex is generally consdered the most
complex organ. It is the gructure that we hold responsible for the repertoires of behaviour

distinguishing us from our closest living and extinct relatives (Molnar & Pollen, 2014).

The awareness of physical and social circumstances, the ability to have thoughts and feelings
(emotions), to be sexually attracted to others, to express our thoughts to our fellow humans
through language, and to store such information in memories, certainly rank among the most
intriguing functions of the human brain. Given their importance in daily life—and for human
culture generally— it is not surprising that much of the human brain is devoted to these and
other complex mental functions (Purves et al., 2019). The cerebral cortex constitutes half the
volume of the human brain and is presumed to be responsible for the neuronal computations
underlying complex phenomena such as perception, thought, language, attention, episodic

memory, and voluntary movement (Purves et a., 2019).

The cerebral cortex is derived from the dorsal telencephalon, also known as the pallium,
which has classcally been divided into medial, dorsal, and lateroventral areas. The neocortex
has undertaken a disproportionate number of changes and grown in sizerelative to other brain
regions during evolution, implying that anatomical, celular, and molecular changes in the

cerebral cortex may have occurred in tandem with human cognition (Silver et al., 2020).

Importantly, the human cerebral cortex's extraordinary size and organizational -functional
complexity emerge from an extraordinary and complex developmental process. This process
involves the massive proliferation of a sgnificant number of neural ssem cells, which produce
a multitude of neurons and glial cells in the mature cerebral cortex. Furthermore, as new
cortical neurons are born, they must migrate away from their birth site to their final location
near the brain's surface, a critical process governed by very strict genetic regulation (Llinares-
Benadero & Borrdl, 2019; Ross & Walsh, 2001; Sidman & Rakic, 1973). Perturbation of any
one of these steps commonly results in significant changes in size, shape and organi zati onal

anomalies, leading to severe learning deficits, cognitive disability and intractable
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epilepsy(Barkovich et a., 2012; De Juan Romero & Borrdl, 2015). These major changes in
size and compostion of the human cerebral cortex arise from early changes in progenitor
behaviour during development. This leaves us with many fundamental questions, whether
unique developmental processes are the cause for the changes in size and function. What are

the molecular cascades and cdllular processes that affect this cerebral cortex devel opment?
2. Ontogeny of the cerebral cortex

The embryonic process of neurulation establishes the base for the devel opment of the central
nervous system (Betts et al., 2013). The ectoderm is in charge of the vast mgjority of CNS
development. It subspecializes to form the neural plate. The neural plate folds and closesinto
itself, becoming the neural tube, which extends rostro-caudally. The closure of the neural tube
is accompanied by its disproportionate expanson in the anterior part, generating a series of
congtriction marksthat set boundaries between the major primordia of different brain regions:
the forebrain, midbrain, and hindbrain. Further on in development, additional constrictions

arise transversally subdividing brain regions (Fig. 1) (Rubenstein et al., 1998; Vaage, 1969).

Tetonceghaxan

Prosencephalon
(lorebeain)

Deacephaon

Mesercephalon

(mieain)

fhombencephaion
(hindbrain)

Figure 1. Early embryonic development of the nervous system. (A) (1-4) Schematic transverse
sections that illugrate the neura ectoderm folding inwards to form a neural tube. (1) flat neural plate
gsage, (2) hinge-point formation and neurd-fold eevation, (3) appostion of the neural folds with the
neural ectoderm covered by the non-neural ectoderm (NNE), and the (4) meeting and remodelling of
the neurd ectoderm and NNE to form a closed neura tube covered by a sngle layer of NNE. (B)
Regionaization of the neura tube, the top portion is subdivided and forms the three primary brain
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vescles: the prosencephalon (forebrain), the mesencephalon (midbrain), and the rhombencephalon
(hindbrain). These primary ves cles then give rise to the five secondary brain vesicles Telencephaon,
Diencephdon, Mesencephadon, Metencephalon, and Myedencephalon (Adapted from Purves et al.,
2019).

2.1. Prosomeric model

The prosomeric model sates that the prosencephalon (forebrain) is subdivided into two
digtinct regions: the telencephal onand diencephal on. The telencephalon and the diencephalon
are separated by histological and gene expression landmarks. The more caudal portion of the
prosencephalon contains a rostrocaudal sequence of the presumptive preoptic, optic,
hypothalamic, and posterior tuberculum areas, each of which crosses the midline. On the
other hand, areas fated to become part of the eminentia thalami, ventral thalamus, dorsal
thalamus, pretectum, and alar plate of the midbrain, hindbrain, and spinal cord form a amilar
rostrocaudal sequence at the lateral part of the neural plate. Thereon, the rostral
prosencephalon becomes the telencephalon, formed of two bilaterally symmetric
telencephalic vesicles that include pallial and subpallial regions. The pallium will giveriseto
the rudiments of the cerebral cortex and hippocampus, while the subpallial territory givesrise
to the basal ganglia (derived from embryonic structures called the ganglionic eminences),
basal forebrain nuclei, and the olfactory bulb (Purves et al., 2019; Rubenstein et al., 1998).

2.2. Phylogenetic origin of the cortex

The embryonic telencephalon develops from the forebrain's most anterior part. The cerebral
cortex develops from further subdivisions of the dorsal part or pallium, which is subdivided
according to its structure and function into three distinct territories: the medial archicortex, the
lateral paleocortex, and in between them the neocortex, the largest region (Fig. 2). The
neocortex is an evolutionary novel acquistion that ssemmed from the phylogenetically
ancient archicortex and paleocortex, and accounts for the overall increase in brain sze and
contributes to theincrease in complexity in recently evolved species (Krubitzer & Kaas, 2005;
Manuel et al., 2015; O’Leary et al., 2007).
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Embryonic brain Adult brain

Neocortex

Archicortex

Paleocortex

Figure 2. Embryological development of the cerebral cortex. On the left the embryo schema and on
the right the developed brain. The paleocortex is the oldest portion of the hemisphere. It forms the
floor of the cerebral hemisphere and corresponds with the olfactory cortex and the olfactory bulb. The
archicortex curls up to form the hippocampus. The neocortex is the largest area and forms the outer
aspect of the cerebrd cortex (Adapted from Salatino, 2014).

2.2.1. Archicortex

The archicortex is a phylogentically ancient cortex comprised of the entorhinal cortex,
retrosplenial cortex, the subiculum and hippocampus (Manud et al., 2015). In mammals, the
hippocampal formation is composed of 4 subregions (the dentate gyrus, the hippocampus,
subiculum and entorhinal cortex). The hippocampus processes sensory and other neural
information, interacts with storage areas to consolidate long-term memories, and plays an
indirect role in cognition (Insausti, 1993; Insausti & Amaral, 2003).

2.2.2. Paleocortex

The paleocortex (olfactory piriform cortex) is also an ancient cortical area where olfactory
fibers project. Generally, it is formed by three layers and is found on the ventral surface of the
cerebral hemispheres. Given its physical contact with the ventral telencephalon, adjacent to
the lateral ganglionic eminence (LGE), during development and its driatal derivatives in
maturity, the paleocortex is consdered to be alinking structure between the ventral and dorsal
telencephalon (Manuel et al., 2015; O’Leary et al., 2007; Purves et al., 2019).

2.2.3. Neocortex
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The neocortex covers the bulk of the cerebral hemispheres.It represents 80% of the brain mass
in humans and is the largest region of the cerebral cortex.The neocortex is organized in the
radial dimension into neuronal layers that are further divided into sublayers (Garey, 1999).
Cortical folding is one of the anatomical features that correlate with complex behaviour, such
as language and the ability to create and use tools and technology, and that distinguishes
humans from other species (Geschwind & Rakic, 2013; Molnar, 2011). Reative to non-
human primates, Humans have a higher brain-to-body ratio, which means they have more
neurons and a greater degree of brain lateralization (Lewitus et al., 2013; Sousa et al., 2017),
and a complex pattern of gyri and sulci (Borrdl & Gotz, 2014). Furthermore, these cortical
features develop in humans over a longer gestational period and an extended adolescent
period that lasts until the third decade of life (Petanjek et al., 2011).

3. Organization of the cerebral cortex
3.1. Cytoarchitecture

The neocortex in all species, including humans has two distinct characteristics: it isa cdlular
sheet composed of projection (or pyramidal) and local circuit neurons (or interneurons)
deployed in layers horizontally, and in columns vertically (radially). The cortical column is
the basc functional unit of the cortex, which is formed by an array of neurons that extends
vertically, perpendicular to the pial surface, with all 6 cellular layers are present in each
column (Mountcagtle, 1997; Rakic, 2007). Neurons occupying the same column are
interconnected in the vertical dimension and share extring ¢ connectivity and dynamic cortical
operations (Eccles, 1981). Cortical expanson in evolution occurred mainly due to an
expanson of the cortical surface area. This expansion results from an increase in the number
of cortical columns, and is accompanied by degrees of variability in the laminar appearance of
the cortex, the cellular compostion and packing of each layer, myelination, and
interconnections between adjacent areas. This variability is particularly pronounced in more
evolved cortices and depends on the function of that region (Fatterpekar et al., 2002; Kandel
et al., 2000; Kornack & Rakic, 1995).

During corticogenesis, neurons are born in an orderly fashion from stem cells and migrate
radially to their final postion in the same order. The earliest generated neurons end up
occupying the deepest layers, and the latest to be born end up located in the most superficia
layers. This inside-out sequence is achieved because neurons migrate radially past those
previoudy generated, before they stop (Fatterpekar et al., 2002; Kandel et al., 2000;

10



| ntroduction

Mountcastle, 1997; Purves et al., 2019; Sidman & Rakic, 1973; Torii et a., 2009). Onceradial

migration is complete, the neocortex is composed of six layers of cels (Fig. 3):

Layer I: is the Molecular Layer (Plexiform Layer), a sparsaly celular lamina due to the

scarcity of cel bodies, ingtead full of dendrites and axons from neurons in deeper layers.

Layer 11: is aso called the External Granular Cell Layer. It congsts primarily of closdy
packed granule cells with a small pyramidal morphol ogy.

Layer I1I: is also called the External Pyramidal Cell Layer. It is mainly composed of large
pyramidal cells with scattered non pyramidal cells. Neurons located deep in layer 11l are
typically larger than those |located more superficially. Frequently, neurons of layers |l and |11
are conddered together (11/111), as they both project their axons to other cortical regions and
receive intracortical afferents.

Layer IV: the Internal Granular Cell layer is usualy the narrowest of the cortical layers and
contains densay packed stellate cells and a variety of granule cells. It is subdivided into a
supragranular portion (IVA) and a deep infragranular portion (1VB) that is permeated by a
very dense horizontal plexus of myelinated fibers, forming the external band of Baillarger.

Thislayer isthe main target of thalamic afferents but also receivesintracortical connections.

Layer V: The Internal Pyramidal Cell layer, contains large pyramidal cells and scattered non-
pyramidal cells. The superficial portion (Va) contains scattered pyramidal cells, whereas the
deep portion (Vb) contains both pyramidal cells and a horizontal plexus of myelinated fibers
designated the internal band of Baillarger. The internal band of Baillarger (layer Vb) is much

thinner than layer IVB, forms aless densely interconnected plexus of myelinated fibers.

Layer VI: The Multiform Layer (Fusiform or Pleomorphic Layer) is relatively thin and
compact, composed of spindle-shaped cdls infused with fiber bundles. It forms the deeper
limit of the cortex and contains axons to and from the cortex. Neuronsin layer V project their

axonsto layersllI/Ill and V, whereas neuronsin layer VI project to layer V.
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Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

Cross section

Figure 3. A general scheme of cortical layering. Cross section showing the sx layered cortex
(adapted from Mai & Paxinos, 2011).

3.2. Cellular composition of the neocortex

The neocortex comprises hundreds of neuronal cell types and a diverse number of glia cdl
types. In mammals, each functional cortical column contains two main classes of neurons:
inhibitory (GABAergic) interneurons, which make local connections and receive extrinsc
input, and excitatory projection (glutamatergic) neurons, which extend axons to farther
intracortical, subcortical, and subcerebral regions (Molyneaux et al., 2007; Rakic, 2007).

3.2.1. Excitatory neurons

Excitatory neurons are spiny pyramidal neurons that use glutamate as their main
neurotransmitter (glutamatergic). Pyramidal cels are long-axon cells that are located in all
layers except layers |I. These cels are very abundant in all cortical areas, approximately
accounting for 70-85% of the total population of neurons (DeFelipe & Farifias, 1992).
Pyramidal neuronsrelay information between different areas of the neocortex or to other areas
of the brain. During development, they arise from progenitors in the neocortical germinal

zones, located in the apical region of the dorsolateral wall of the telencephal on.
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Pyramidal neurons are quite heterogeneous, distinguished into multiple subpopulations
depending on their location in different cortical layers and areas, morphological features,
expression of transcription factors, and function. The complexity and diversity of projection
neuron subtypes make their classfication complex, but the most accurate classfication
sysem is based on a combination of morphology, electrophysiological properties, and
patterns of gene expression, in addition to their axonal projections (DeFelipe & Farifias, 1992;
Molyneaux et al., 2007).

3.2.2. Inhibitory neurons

Cortical inhibitory interneurons represent a small percentage (20-30%) of the total population
of neurons (Sultan & Shi, 2018). They use y-aminobutyric acid as neurotransmitter, which is
thought to be the cerebral cortex's primary inhibitory neurotransmitter (Flames et al., 2007,
Gelman & Marin, 2010; Llorca & Marin, 2021). They also mediate the precise gating of
information through specific sgnalling pathways, representing fundamental modulatory and
integrative eements for cortical function (Llorca & Marin, 2021). The majority of
interneurons arise from progenitors in the ventral telencephalon (subpallium), mainly in the
medial ganglionic eminence (MGE), the caudal ganglionic eminence (CGE), and the preoptic
area (POA), from where they migrate long distancesto their final destination in the neocortex.
A small population is produced in the lateral ganglionic eminence and septal area,
contributing to the formation of the olfactory bulb (Gelman & Marin, 2010; Molyneaux et al.,
2007).

GABAergic interneurons exhibit a variety of morphological, physiological, molecular, and
synaptic characterigtics. Despite these differences, interneurons share similar characteristics
that allow their classfication into specific subtypes. Interestingly, the expresson of calcium
binding proteins such as parvalbumin (PV), calbindin (CB), or calretinin (CR), as well as
neuropeptides such as somatostatin (SST), vasoactive intestinal peptide (VIP), neuropeptide Y
(NPY), or cholecystokinin (CCK), isused to classify different subtypes of interneuronsin the
neocortex (Flames et al., 2007).
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3.2.3. Cajal Retziuscells

The third and categorically smallest portion of cortical neurons are Cajal-Retzius cdls (CR).
Since very early in development, CR cells have populated Layer |, covering the entire cortex.
CR cdlsexpress Redin, alarge molecule known for its role in regulating radial migration and
the establishment of appropriate cortical layering, as well as influencing progenitor cdl
behaviour. CR cells are glutamatergic and are mainly generated from the cortical hem, in
addition to other regions outside the neocortex, mainly the subpallium-pallium boundary and
the septum ( Bar et al., 2000; Molyneaux et al., 2007; Soriano & Dd Rio, 2005; Taverna et
al., 2014).

3.2.4.Glial cells

Theterm "glia' comes from the Greek word "glue." In the mature brain, there are three types
of glia: astrocytes, oligodendrocytes, and microglia. Glia cells maintain the ionic medium of
nerve cells, modulate the rate of nerve firing, and regulate synaptic propagation by controlling
neurotransmitter uptake, in addition to acting as a scaffold for some neurodevelopmental
events (Jakel & Dimou, 2017).

Astrocytes. represent the most highly abundant type of glial cells in the brain. They are
generated at late stages of cortical development. Astrocytes have a star like appearance.
Adtrocytes maintain water and ion homeostass, participate in the formation of tripartite
synapse and maintain the integrity of the blood brain barrier (BBB) (Jékel & Dimou, 2017;
Purveset al., 2019).

Oligodendrocytes: they are redricted to the central nervous system (CNS). During
development, oligodendrocytes are generated in the ventral telencephalon, and then migrate
tangentially to cortex. Oligodendrocytes form myelin sheaths along the length of axons.
Myelin is necessary for saltatory nerve impulse conduction, which is very apparent in
multiple scleross where chronic demyedination and oligodendrocyte loss contributes to
axonal dystrophy and neurodegeneration (Bradl & Lassmann, 2010).

Microglia: these are the immune and phagocytic cells of the brain. They originate from yolk-
sac progenitors that are in the brain only during development. Similar to astrocytes, microglia
cells respond rapidly to any injury and extend cellular processes or migrate to the leson site,
participating in scar formation (Jakel & Dimou, 2017; Silver, 2016).

14
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4. Development of the neocortex
4.1. Neocortex germinal layers
4.1.1. Theventricular zone

The cortex is primarily made up of a primary germina or ventricular zone (VZ), which
contains the primary type of cortical progenitor cells and is bounded by the lateral
telencephalic ventricle. Neuroepithelial cells (NECs) form the ventricular zone (VZ) during
early neurogeness and are responsible for the lateral expansion of the neocortex. Early on,
Neuroepithelial stem cells (NECs) occupy the VZ, followed by apical Radial Glia Cells
(aRGCs) and subapical Radial Glia. These are the primary type of cortical progenitor cells,
generating neurons and Intermediate Progenitor Cells (IPCs), which go on to constitute the
Subventricular Zone (SVZ) (Fig. 4)(Arai & Taverna, 2017).

4.1.2. Subventricular Zone (SVZ)

The subventricular zone (SVZ), a mitotically active transgent compartment, is consdered a
sgnificant source of cortical projection neurons as well as glial cells and possibly some
interneuron subpopulations. The SVZ is populated by newborn neurons, |PCs and basal RGCs
(bRGCs). The SVZ aso contains radial and tangential fibers, including crossng axons. As
neurogeness progresses, IPCs resding in the SVZ undergo terminal symmetric division,
producing neurons that are destined to populate the upper cortical layers. The sgnificant
enlargement of SVZ and upper neuronal layers across mammalian phylogeny strongly
suggests the evolutionary role of IPCsin cortical expansion (Arnold et a., 2008; Kelava et al.,
2012; Rash & Grove, 2006; Smart, 2002). The enlargement of the SVZ in gyrencephalic
species like humans and monkeys due to the abundance of bRGCs and IPCs results in the
subdivision of the SVZ into aninner SVZ (ISVZ) and an outer SVZ (OSVZ) (Fig. 4).
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Figure 4. Neocortex germinal layers. (A) Lisencephalic species have few bRGCs (purple) and
neurons (blue) that migrate paralld to aRGCs (green) radia fibers to their targeted layers. (B)
Gryencephalic species have more bRGCs, which increases the number of radial fibers thereby
diverging the entire scaffold and expanding the cortical surface (adapted from Borrell & Gotz, 2014).

4.2. Neural progenitor cell types

Progenitor cellsin the devel oping neocortex are classified according to their different location
of mitosis (apical, basal), apico-basal polarity, and capacity for proliferation. The three
principal types of neural progenitors in the developing neocortex are apical, subapical, basal

progenitors.
4.2.1. Apical progenitors

4.2.1.1. Neuroepithelial stem cells (NECs)
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All neurons in the neocortex originally derive from NECs. NECs congtitute the pseudo-
dratified neuroepithelium monolayer that congitutes the early neural tube mentioned
previoudy. NECs exhibit strong apico-basal polarity, extending along the entire thickness of
the neural tube by contacting the apical surface and the basal membrane. Adherens junctions
(AJs) and tight junctions are located in the apical end of NECs lateral to the plasma
membrane. AJs are necessary to maintain the apico-basal polarity of NECs. Knocking out AJs
disturbs the organisation of these cells (De Juan Romero & Borrdl, 2015; G6tz & Huttner,
2005). Initially, NECs undergo symmetric divison, expanding their population and ultimatey
aiding the lateral and radial growth of the neocortical primordium. Later on, NECs transform
into aRGCs (Florio & Huttner, 2014; GOtz & Huttner, 2005).

4.2.1.2. Apical Radial Glia Cells (aRGCs)

Prior to the initiation of neurogeness, NECs start acquiring astroglial markers and become
aRGCs (Fig. 5). aRGCs continue to express NECs markers such as Pax6 and Nestin, aRGCS
also express apical hallmarks such as Prominin-1, Par3/Par6/aPKC, B-catenin, and N-
cadherin. Although aRGCs suppress the expression of tight junction proteins, this has no
effect on AJ proteins like ZO1. aRGCs characterigtically exhibit a primary cilium, an
organdle that protrudes from the apical plasma membrane into the ventricular lumen. It
serves as a sensor for molecular signals in the cerebrospinal spinal fluid (CSF), activating
different sgnalling pathways, including Shh, Wnt, and IGF (Taverna et a., 2014).
Interestingly, the polarity of aRGCsis reflected on the distribution of its cellular components.
aRGCs’ centromere and Golgi apparatus are located apically, away from the basal process.
It’s worth mentioning that apical-basal polarity plays a role in prompting symmetric versus
asymmetric divison, which is defined by equal versus unequal distribution of celular
components to daughter cells. However, it’s not the only determining factor controlling fate
determination (Taverna et al., 2014). These newly generated cells accumulate across the
apical surface of the cortex, forming the VZ, while the basal process of the aRGCs, usually
referred to as radial glial fiber, crosses all layers until reaching the vicinity of the basement
membrane (Fernandez et al., 2016; Florio & Huttner, 2014; Namba & Huttner, 2017). The
basal end of the apical process of aRGCS is anchored to the basement membrane, which is
rich in extracelular matrix molecules and G-protein coupled receptors. These molecules act
as sgnalling molecules between the basement membrane and RGCs (Amin & Borrell, 2020;
K. R. Long & Huttner, 2019). Originally, the basal process was thought to only act as a
scaffold for newly born migrating neurons, but recent studies demonstrated that it has a
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critical rolein fate specification and signalling (De Juan Romero & Borrdl, 2015; K. R. Long
& Huttner, 2019; Taverna et al., 2014)

Similar to NECs, aRGCs undergo symmetric sdf-proliferating divisons or asymmetric
differentiating divisons. Interestingly, in contrast to NECs, as neurogenesi s proceeds, aRGCs
switch from symmetric self-amplifying divisons, to asymmetric divisons generating one
aRGC plus a different type of cell, a basal progenitor (most frequently) or a neuron
(Fernandez et a., 2016).

4.2.1.3. Apical I ntermediate Progenitors

Apical intermediate progenitors (al Ps) —previoudy known as short neuron precursors— are a
small population of progenitors that occupy the VZ (Fig. 5). These cells exhibit apico-basal
polarity, but unlike aRGCs their basal processresdesinthe VZ. alPs downregulate astroglial
markers like BLBP and GLAST and lack the expression of t-box brain protein 2 (TBR2), but
they are integrated in AJs, express PAX6 and undergo apical divison, smilar to aRGCs. alPs
are highly neurogenic, and they divide symmetrically producing two neurons, augmenting the
neuronal output achieved by apical mitoses (Gao et al., 2014).

4.2.2. Subapical Progenitors

Subapical progenitors (SAPs) are located in abventricular position within the VZ (Fig. 5).
They possess an apical process that extends to VZ even during mitoss. SAPs divide in the
basal portion of the VZ, and express the astroglial markers Pax6 and/or Thr2. These cells may
undergo several rounds of divison, and they have rdatively low abundance in the embryonic
mouse cortex (Pilz et al., 2013).

4.2.3. Basal progenitors

Basal progenitors are classified into two types: intermediate progenitors cells (IPCs) and basal
Radial Glia Cells (bRGCs). They are generated from NECs, aRGCs, or basal progenitors

themselves.
4.2.3.1. Intermediate Progenitors cells

Intermediate Progenitors Cells (IPCs) are non-epithelial cells generated from aRGCs. After
birth, they downregulate Pax6 and start expressing Thr2, detach from AJs in the VZ, retract
their apical process, lose their apico-basal polarity, and migrate basally to the SVZ, where
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they undergo mitosis. This prompt retraction of the apical process is critical for cell cycle
progresson (Borrell & Reillo, 2012; Noctor et a., 2004, 2008). Once | PCs are located in the
SVZ, they may undergo one or more rounds of proliferative symmetric divisons, which serve
to amplify their numbers. In lissencephalic species, IPCs mostly undergo sdf-consuming
neurogenic divisons, producing two daughter neurons. But in gyrencephalic species, IPCsin
ISVZ and OSVZ frequently undergo self-amplification in parallel with, or before, producing
neurons (Fietz et al., 2010; Haubensak et a., 2004; Miyata et al., 2004).

4.2.3.2. Basal Radial Glia Cells (bRGCs)

bRGCs were originally described in the devel oping cortex of humans and ferrets, and later in
rodents (Florio & Huttner, 2014; Kelava et al., 2012). bRGCs are also known as outer, or
trand ocating, RGCs, and were also previoudy referred to as intermediate radial glia (Fig. 5).
bRGCs share some morphological features with aRGCs, particularly a basal process that
extends to the basement membrane, thus maintaining a high apico-basal polarity. Unlike
aRGCs, bRGCs lack an apical process because they don’t contact the VZ. Hence, bRGCs lack
contact with apical AJsand signals from the CSF (Florio & Huttner, 2014; Namba & Huttner,
2017).

bRGCs express molecular markerstypical of RGCs like Pax6, Thr2, GFAP (in primates), and
phosphorylated vimentin, a very useful marker to characterise bRGCs by identifying the basal
radial fiber during mitosis. Long ex-vivo videomicroscopy analyses of the developing
cerebral cortex have demondrated that the morphology of bRGCs is extremely diverse and
dynamic in the OSVZ of primates (Dehay et al., 2015). Beyond the classical features of
bRGC (basal process during mitoss), there are other morphotypes of bRGCs. those with an
apical and a basal process (bipolar bRGC), and bRGC that have only an apical process during
mitoss. In the mouse cortex, bRGCs have an extremely |low abundance, and mostly generate
neurons through symmetric self-consuming divisons. The relevance of bRGCs in mouse
cortical development remains unclear, but in species with large and folded cortices, bRGCs
undergo symmietric proliferative divisons generating two daughter bRGCs, thus amplifying
the basal progenitor pool, or neurogenic asymmetric divisions generating one blP or a neuron
(Hansen et al., 2010; Reillo et al., 2011).
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Figure 5. Neural progenitor cell types in the developing cortex. Apical progenitors entail apica
radial glia cells (aRGCs), apicd intermediate progenitors (alPs), and subapical progenitors (SAPs); al
of these progenitors undergo mitoss in the ventricular plane, with the exception of SAPs, which
undergo mitoss in an abventricular location while remaining in contact with the ventricular zone.
Basal progenitors, that include basa radial glia cells (bRGCs) and basal intermediate progenitors
(bIP9), divide in the abventricular region and have no contact with other cells (adapted from Florio &
Huttner, 2014).

4.4. Overview of dynamics of cortical neurogenesis and development

The mouse cerebral cortex arises from the telencephalic pseudostratified neuroepitheium. It’s
lined by a uniform monolayer of neuroepithelial cells (NECs) that emerges at mid-
embryogenesis forming the telencephalic vesicles (Borrell & Reillo, 2012). NECs divide
symmetrically self-amplifying and generating two identical daughter cells, therefore
increasing the surface area of the telencephalic neuroepithelium and providing an adequate
pool of progenitor cels (A. Kriegstein et a., 2006). At mid-gestation between embryonic

days 8 and 9, the first wave of neurons is born, marking the beginning of neurogenesis. With
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the initiation of neurogeness, NECs begin expressing glial markers such as GLAST and
BLBP, and acquire their Radial Glial Cedl (RGC) identity. Apical RGCs (aRGCs) constitute
the main proliferative region of the cerebral cortex: the VZ (De Juan Romero & Borrel,
2015). All cerebral glutamatergic neurons are produced by aRGCs, ether directly or
indirectly via Intermediate Progenitor Cells (IPCs) (De Juan Romero & Borrdl, 2015; Noctor
et al., 2002). They also contribute to producing the two main macroglial cell types. astrocytes
and oligodendrocytes (Kriegstein & Alvarez-Buylla, 2009).

During the early period of corticogeness, aRGCs mainly self-amplify through symmetric
divison, expanding their own pool. Progressively, they go on to divide asymmetrically,
producing one daughter aRGC and one neuron, or IPC. Ultimately, at late stages of
neurogenes s, aRGCs undergo a final self-consuming symmetric divison producing two non-
RGC cdls. aRGCs produce neurons either directly (direct neurogenesis) or indirectly vialPCs
(indirect neurogenes s). This underlines the probability that undergoing each type of division
is dependent on the developmental stage. Direct neurogeness occurs less frequently in mice
even at early stages, compared to birds and reptiles (Attardo et al., 2008; Cardenas & Borrdl,
2019; De Juan Romero & Borrell, 2015; Haubensak et al., 2004; Kowalczyk et al., 2009).
Indirect neurogenesis is a two-step process where IPCs amplify the neuronal yield of RGCs,

and is characteristic of the mammalian neocortex.

As corticogenes's procedes, IPCs —the second prevalent type of progenitors in the cortex—
sart appearing. IPCs are non-epithelial progenitor cells that are produced by aRGCS on the
apical surface of the VZ and migrate basally to form the SVZ. Mouse IPCs in the SVZ
undergo symmetric neurogenic divisions to generate two neurons (Kriegstein et al., 2006;
Kriegstein & Noctor, 2004), hence multiplying the neuronal yield produced by aRGCs. After
E12.5, the majority of neurons forming all cortical layers are produced from IPCs
(Kowalczyk et al., 2009; Kriegstein et al., 2006; Noctor et al., 2004). This continuesuntil later
stages of corticogenesis, when aRGCs begin to produce large number of neurons directly
(Fernandez et a., 2016).

In the majority of gyrencephalic species, whether primates or non-primates, the SVZ is
enlarged and contains an abundant number of progenitors, unlike in lissencephalic species.
This enlargement leads to the creation of two digtinct sublayers. ISVZ and OSVZ (Borrdl &
Reillo, 2012; Fietz et a ., 2010). These subdivisions of the SVZ are absent in the mouse cortex
(Stahl et al., 2013). The emergence of the OSVZ in the cortex of gyrencephalic species and its
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abundant numbers of sdf-amplifying progenitors are considered to play major roles during
the evolution and expanson of gyrencephalic brains (Ferndndez et al., 2016; Nonaka-
Kinoshita et al., 2013). The OSVZ plays a major role during cortical neurogeness by
producing the majority of supragranular neurons (Arai & Pierani, 2014). Moreover, they add a
large number of radial glia fibers to the pre-exising scaffold, thus driving the tangential
dispersion of radially migrating cortical neuronsin gyrencephalic brains (Reillo et a ., 2011).

At the onset of neurogeness, the firs cohorts of neurons form the preplate (PP). Later-
generated cortical neurons migrate into the PP, splitting it into two parts. the marginal zone
(outsde) and the subplate (insde) (Fig. 6). These later-generated neurons thus begin forming
the cortical plate, which eventually will give riseto most of the grey matter. Newly generated
cortical neurons migrate radially usng radial glia fibers as a scaffold (Dehay & Kennedy,
2007; Ferndndez et al., 2016). The laminar fate of postmitotic neurons is a birthdate
dependant-mechanism, where the earliest born neurons form deep layers and later born
neurons form superficial cortical layers. Therefore each newly generated was of neurons
bypasses previoudy generated neurons. Therefore, cortical layers are from deep to superficial
with exception of layer | (Fig. 6) (Manud et al., 2015). While glutamatergic projection
neurons are generated in the cortex, GABAergic interneurons arise from multiple germinal
regions of the subpallia telencephalon, mainly from the MGE. GABAergic interneurons are
produced over along period of embryogenesis. In mice, they are generated from E12.5 (Fig.
6) until birth. Olfactory interneurons are generated from birth throughout adult life (Batista-
Brito et al., 2008).

At the end of neurogenesis around E16.5-E17.5 (Fig. 6) (Caviness et al., 2003; Jiang &
Nardelli, 2016a; Nomura & Hanashima, 2014), the majority of aRGCs in the VZ transform
into adrocytes, but they also begin producing macroglial cells. adrocytes and
oligodendrocytes, which lose their attachment to the VZ and migrate toward the cortical plate.
The switch of aRGCs from generating neurons to glia is controlled by complex neuron-glial
interactions in addition to spatiotemporal, intrindgc, and extringc factors (Jiang & Nardelli,
2016b; Kriegstein & Gotz, 2003; Krieggtein & Alvarez-Buylla, 2009).

The generation of astrocytes and oligodendrocytes is maximal during the first postnatal month
in mice, and they will maintain mitotic activity throughout life (Jiang and Nardelli, 2015).

During early postnatal and adult mammalian brains, neurogeness continues primarily in the
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SVZ of the lateral ventricle, providing neurons to the olfactory bulb and the hippocampal
dentate gyrus (Alvarez-Buylla & Garcia-Verdugo, 2002).

Cortical Plate stage
Deep layers Superficial layers

Figure 6. A schematic representation showing cortical development. Migrating interneurons from
subcortical areas are shown in purple and black. Cortical development beginswith the formation of the
VZ at E11. Once neurogeness sarts and neurons migrate to the pid surface and complete their
differentiation in the cortical plate. Deep layer neurons are generated and migrate earlier, while
neurons that are going to occupy superficial layers are formed later. At E12-E13, the cortex is
bilaminar where it’s formed of VZ and a primitive preplate. At E17-E18 the thickness of the cortex
increases due to the exiting of neurons from their cell cycles and migrating to their destined cortica
layer. CP, cortical plate; 1Z, intermediate zone; MZ, marginal zone; PP, preplate; SP, subplate; TC,
thalamocortical axons, SVZ, subventricular zone (adapted from Vitalis & Rosser, 2011).

4.5. Modes of division in cortical progenitors

Cortical progenitors have two modes of divison: symmetric and asymmetric. Either mode of
divison can result in a proliferative or a consumptive divison. There are four types of
divisons: symmetric proliferative, symmetric consumptive, asymmetric proliferative and

asymmetric consumptive.

Symmetric proliferative division produces two identical daughter cells. This mode of division

is a key factor in progenitor pool size determination. This is evolutionary significant,
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epecially in the BPs, where they have gained a greater proliferative capacity in gyrencephalic
species compared to lissencephalic species. bl Ps and bRGCs in gryencephalic species possess
a high sdf-proliferative capacity that increases the progenitor pool remarkably in
gyrencephalic species compared to lissencephac species (Betizeau et al., 2013; Betizeau &
Dehay, 2016; Hansen et al., 2010; Relllo et al., 2011). On the other hand, an asymmetric
consumptive division occurs when a progenitor divides, producing two neurons, this divison
occurs in bIPs in primates and occurs rardly in mice and ferrets (Gertz & Kriegstein, 2015;
Haubensak et al., 2004; Miyata et a ., 2004).

Asymmetric proliferative divison occurs when one progenitor cell divides to give rise to one
identical daughter progenitor cell and another different cell type. A standard example of
asymmetric proliferative divison is aRGC dividing to generate a daughter aRGC and a
neuron or a BP (bIP, bRGC). In asymmetric consumptive divison, progenitors divide,
producing two different cell types, like in aRGCs that divide, producing a neuron and a BP
(bIP or bRGC).

The asymmetric inheritance of specific cdlular components causes adaptation to an
asymmetric mode of divison. This is possbly explained by the polarised distribution of
cellular components prior to mitosis in the mother progenitor (Knoblich, 2001; Lancaster &
Knoblich, 2012). Some neurodevelopmental disorders are caused by premature switching
between different modes of division. In microcephaly (a human disease characterised by a
smaller brain size at birth), APs switch from symmetric proliferative division to asymmetric
divison and from asymmetric proliferative divison to asymmetric consumptive divison
prematurely (Fish et al., 2006, 2008).
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5. Transcription factorsin corticogenesis

During cortical neurogenesis, the differentiation and proliferation of progenitor cells is
regulated by a number of transcription factors (TFs). These TFs are important in determining
the composition of neuronal subtypes, cortical thickness, and cortical surface area. Expression
of TFsisregulated via extringc and intrinsc sgnals (Sindhu et a., 2012). Some TFs are used
as markers of specific progenitor and neuronal subtypes. TFs regulate the expresson of
downstream genes by binding to DNA, and thus they can modulate a repertoire of processes
ranging from mitotic activity to cell fate determination and differentiation (Eguchi et al.,
2014).

TFs involved in modulating corticogenesis belong to superfamilies that regulate tissue and
organ development throughout the embryo: homeodomain, paireddomain, Basic helix—loop-
helix (bHLH), winged helix, nuclear orphan receptor, Ets, zinc finger, and T-domain families.
TFs featured in corticogenesis are expressed in specific patterns depending on the region,
area, gradient zone, and layer. These patterns are usually correlated with their specific
functions. For example, Thrl (a T-box TF) is expressed in the 1Z and CP, where postmitotic
neuronsreside, and isinvolved in regulating neuronal and cortical layer specification (Sindhu
et a. 2012). TF expresson gradients during cortical development are correlated with

progenitor proliferation and differentiation via direct and indirect neurogeness.

Prior to the onset of neurogeness, TF function is primarily to regulate forebrain
regionalization and area patterning, suppress neuronal differentiation, and promote progenitor
proliferation. Forebrain regionalization refers to the establishment of boundaries in the
embryonic cortex separating the dorsal telencephalon from the ventral telencephalon
(Subcortical regions). Among the TFs involved in forebrain regionalization are: Pax6 (paired
homeodomain TF), Ngnl, Ngn2 (bHLH TFs), Emx1, Emx2 (homeodomain TFs) (Muzio et
a., 2002; Scardigli et al., 2003; Schuurmans & Guillemot, 2002) (Fig. 7). Each of the
previous TFs plays arolein neurogeness and regional patterning, which is the subdivision of
the cortex into specialized motor, visual, sensory and auditory regions. This regionalization

depends on the rosto-caudal and mediolateral expresson gradients of these TFs.
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Figure 7. Cortical neurogenesis via direct and indirect pathways is correlated to transcription
factor expression. (A) Direct neurogeness Self-replicating aRGC divide in the VZ, producing one
neuron that migrates radially to the CP. (B) indirect neurogeness aRGC divide in the VZ to self-
replicate and produce an IPC. The IPC migrates into the SVZ or remains in the basal VZ, where it
dividesto produce two or more neuronsthat migrate radially to the CP. Transcription factors indicated
below are expressed through the differentiation sequence of progenitors. Emx1 and Emx2 are
expressed throughout cortical neurogenes's, while the latter promotes symmetric proliferation. Hesl is
expressed in the VZ only, suppressing neuronal differentiation. Pax6 is expressed in progenitorsand is
downregulated in IPC and new born neurons. TIx is expressed in the VZ, it prevents precocious
differentiation. Ngn2 is expressed in subtypes of progenitors that are supposed to be neurogenic, in
addition to some immature neurons. Thr2 is expressed in IPCs and in preplate neurons. Math2 and
Thrl are expressed in posmitotic neurons mainly in the IZ and corticd plate (adapted from Vaid &
Huttner, 2020).

6. Transcription factor expression sequence during corticogenesis

Once neurogenesis commences, Pax6 is expressed by aRGCsin the VZ. When IPCs are born
from aRGCs, they downregulate Pax6 and begin expressing Thr2, which is important in
regulating IPC production and, later, neuronal maturation. NeuroD is also expressed in some
IPCsthat are mainly located in the SVZ (J. K. Lee et al., 2000). As | PCs mature and approach
the trangition to neurons, they start expressing low levels of NeuN (Neuron Nucle). Newborn
neurons begin downregulating Thr2 and start expressing Thrl as they migrate through the 1Z
and subplate, until reaching the CP and MZ (Englund et al., 2005; Hevner, 2006). Thrl is
expressed at its highest level in newborn glutamatergic cortical neurons. Hence, these patterns
of TFsoutline a sequence of TF expression during cortical neurogeness, where RGCs express

Pax6, | PCs express Thr2 and newly born glutamatergic neurons express Thrl (Englund et al.,
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2005; Hevner, 2006). This sequence of TFs expresson is conserved in areas where
glutamatergic neurons are produced, including the cerebral cortex, hippocampus, cerebellum,
and olfactory bulb (Imamura et a., 2011).

7. Signalling pathways and cortical neurogenesis

Cortical progenitors are influenced by numerous extrindc and intrinsic factors during
development. Among these factors are signalling pathways triggered by receptor proteins at
the plasma membrane. The Notch, Wnt, Shh, and Fgf pathways are among the most i mportant
signalling pathways influencing neurogenesis and proliferation in the developing cerebral

cortex.
7.1. Fibroblast growth factor (Fgf) signalling

The mammalian fibroblagt growth factor (Fgf) family conssts of 22 polypeptides that range
in length from 150 to 300 amino acids in humans and are divided into seven subfamilies
based on sequence phylogeny (T. Iwata & Hevner, 2009). They play amajor rolein forebrain
patterning, in addition to regional specification, proliferation, differentiation, and survival
(Bordlo et al., 2008; Heébert, 2011). Fgf bindsto their cognate tyros ne kinase receptors (Fgfr
1 to 4) activating downstream signalling pathways such as. mitogen-activated protein kinase
(MapK), Protein kinase B (Pkb)/Akt, Phospholipase Cy (PLCy), and Rac-Cdc42-Rho
pathways. Several FGFs have major rolesin cortical development, mainly in NECs’ transition
to RGCs. For example, Fgf receptor 2 (Fgfr2) promotes premature acquisition of the NECs-
RGCs trangtion (Sahara & O’Leary, 2009). Fgf1l0 overexpresson increases radial glial
markers in developing mouse cortex, whereas Fgf10 mutant mice have an extended period of
NE proliferation and a delayed onset of neurogenesis (Kang et al., 2009). Fgf playsarolein
regulating the transtion of RGCs to BPs. Fgf ligand regulate maturation of cortical
progenitors by regulating the duration of cell cycle. The duration of the cycle and especially
G1 phase duration are increased, when progenitors enter neurogenic divisons (Calegari et a.,
2005). Fgf2 maintains progenitors in a self-replicating mode by controlling their cell cycle
length. Fgf2 upregulates the expression of Cyclin D1 and inhibits the cyclin dependent kinase
inhibitor P27, shortening the G1 phase and decreas ng the percentage of neurogenic divisons
(Lukaszewicz et al., 2002; Raballo et al., 2000).

7.2. Wnt signalling
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Wnt proteins are secreted glycoproteins that interact with two distinct receptor families: the
Frizzled (Fz or Fzd) receptors and the LDL receptor-related proteins 5 and 6 (LRP5 and
LRP6). The formation of Wnt-Fz-LRP6 complex and the recruitment of dishevelled (Dvl)
result in the recruitment of Axin to the complex. Activation of this complex inhibits Axin-
mediated - catenin phosphorylation, which leads to the accumulation of stabilized -catenin
and transportation to the nucleus, where it forms a complex with TCF/LEF, activating Wnt
pathway target genes. Loss- and gain-of-function studies of Wnt pathway components
implicate them in promoting proliferation and self-amplification of RGCs (Chenn & Walsh,
2002; Machon et al., 2003; Woodhead et a., 2006). Moreover, studies at later stages show the
role of the Wnt pathway in promoting the transition of RGCs to BPs, and promoting their
proliferation via N-myc and the proneural gene Neurogenin 1 (Ngnl). On the other hand,
there are studies suggesting the role of Wnt signalling in the neural differentiation of BPs
(Munji et al., 2011). Given these data, it should be taken in to account that all these studies
were performed manipulating B-catenin, which also plays a role in cell adheson, implying
that all these phenotypes might not only dependant on Wnt signalling (MacDonald et 4.,
2009).

7.3. Sonic hedgehog (Shh) pathway

The Shh signalling pathway has important rolesin CNS devel opment in vertebrates, including
pattern formation, cell fate specification, axon guidance, proliferation, survival, and
differentiation of neurons. Malfunction of Shh signalling is the cause of many nervous system
diseases. This pathway is activated via Shh ligand binding to the Patched receptor. Thisis
followed by the accumulation of Smoothened and activation of the TF Gli, which regulates
downstream gene transcription by either activation or repression (Paridaen & Huttner, 2014).
Shh is expressed early during telencephalic development around E7.5, before the closure of
the neural tube, at the ventral midline of the forebrain. Studies manipulating the levels of Shh
or Patched revealed that Shh signalling has a role in regulating the proliferation of cortical
progenitors, in RGCs trangtioning into IPCs, and affecting IPC proliferation via cell cycle
regulation (Shikata et al., 2011).

7.4. Notch pathway

Notch signalling pathway is an evolutionary conserved pathway that controls an extraordinary
number of cell fate and developmental processes (Ables et al., 2011; Gaiano & Fishell, 2002;
Hori et a., 2013; Mizutani et al., 2007). Notch is a transmembrane receptor, with four
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variants in mammals. Notchl through 4, and several transmembrane ligands. Jagged 1 (Jagl)
and Jag2 (homologs of Drosophila Serrate), and Ddta-like proteins (DIl). These
transmembrane ligands bind the transmembrane Notch receptors on neighbouring cells, which
initiates a series of cleavage events that end with the y-secretase-mediated cleavage of the
transmembrane domain of Notch, releasng a Notch intercellular domain (NICD) into the
cytoplasm. NICD is then trafficked into the cell nucleus, where it binds to the protein
complex Recombining Binding Protein Suppressor of hairless, also called CSL or CBF-1
(RBPJ), in addition to other transcriptional activators. This is finally followed by DNA
binding and transcriptional activation of target downstream genes.

The Hes family of TFs, particularly Hesl and Hes5, are the most well-known Notch target
genes. These genes encode bHLH proteins that repress proneural bHLH such as Mashl and
Nrgl, resulting in neuronal differentiation suppression in these cells with an activated Notch
pathway (Imayoshi et al., 2013; Pierfdice et a., 2011). Importantly, Nrgl promotes
expression of the Notch ligand DII1, so activation of Notch sgnalling in a cell will drive its
repression of DII1 transcription. Daughter cells generated from asymmetric divison of RGCs
show asymmetric Deta-Notch signalling levels, mirroring the fate that they acquire.
According to the downstream effects of Notch activation, daughter cells with high Notch
sgnalling will remain as RGCs, while cells with low Notch signalling will have high
expresson of DII1 and proneural genes, initiating neural differentiation (Paridaen & Huttner,
2014). This mechanism where cells inhibit the differentiation of their neighbouring célls is
known as lateral inhibition. Widespread absence of Notch signaling results in the premature
differentiation of early-born cells, generating a low number and diversity of cell types
(Kageyama, Ohtsuka, Shimojo, et al., 2008).

The basics of the Notch lateral inhibition mechanism lead to the expression of Hesl and HesS
in some cells and the expresson of DII1 in their neighbours in a stochastic manner. This
creates atypical salt and pepper pattern of gene expression that sustains asymmetric division,
producing one progenitor cell and one differentiating neuron (Kageyama et al., 2008). In-
depth analyses of this sgnalling system have demonstrated that proneural genes and Notch
effector TFs are expressed in an oscillatory manner (i.e, Hesl), proposing that the salt and
pepper pattern changes dynamically rather than a subtle initial difference that is nullified by
lateral inhibition (Kageyama et al., 2008).

The salt-and-pepper pattern of Notch pathway ligand expression is regulated by negative
feedback. Hesl follows an activation/inhibition cycle of transcription by binding directly to
its own promoter, whereas Ngn2 and DII1 display a negative correlation with Hesl expression
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in neural progenitors. This oscillation of notch pathway between progenitor cells is essential
to maintaining a pool of undifferentiated progenitors. When Hesl expression is low in one
cell, Ngn2 and DII1 expression is high, these expresson levels are countered in the lateral cell
by activating Notch signalling and upregulating Hesl expression, which inhibits Ngn2 and
DII1 expresson. These oscillations are reversed in approximately in hourly intervals serving
the purpose of maintaining progenitors undifferentiated. These oscillations of Hesl
expresson highlight that not only the expresson but also the dynamics of these genes is
important for fate determination. This makes the Notch pathway a context-dependant
pathway, highly dependent on the niche and cdlular physiology, which ultimately will
determine the fate of progenitor cells (Hori et al., 2013; Kageyama, Ohtsuka, Shimojo, et a.,
2008; Shimojo et al., 2011).

The onset of Notch signalling in the cerebral cortex coincides with the onset of neurogenes's
and the trangtion of NECsto RGCs, as evidenced by the high expresson of DII1, Hesl, and
Hesb. This hypothess was supported by experiments promoting notch signalling, which
prematurely led to a strong induction of RGC markers in progenitors (Gaiano & Fishell,
2002). The Notch signalling pathway has also been implicated in the generation of BPs from
RGCs (Mizutani et al., 2007; Ohata et al., 2011). Although Hes genes are canonical regulators
of Notch sgnalling (by regulating the expression of its ligands), other genes such as Cyclin
D1, P21 (Cdknla), Erbb2, Abcg2, Nfia, the asroglial markers (BLBP, GFAP), and Nepro
appear to have an effect on Notch downstream signalling to inhibit neurogenesis, early during
cortical development (Pierfeliceet a., 2011).

7.5. The effects of mitochondrial genes and ener gy processes on neur ogenesis

Mitochondria are cellular organelles that are the powerhouse of the cell, have emerged as key
playersin progenitor fate determination. Generally, mitochondria are known for their role in
ATP generation, which is used as cell fuel;, however, mitochondria regulate a range of
functions, from metabolic and redox signalling to nuclear gene expresson and epigenetic
functions (Chanddl, 2014). Interestingly, mitochondrial regulatory functions are context-
dependant, varying between different cell types such as cancer cells, progenitor cels, and
postmitotic (differentiated) cells. Recent studies have revealed that mitochondria play a
dynamic role in neural development. The differentiation of NSCs to enter the neurogenic
lineage is accompanied by a shift in metabolism shift from glycolytic metabolism to
mitochondrial oxidative phosphorylation (OXPHOS) (Fig. 8) (Khacho & Slack, 2018). This
metabolic shift that occurs during neuronal differentiation isn’t limited to ATP levels but

encompasses cell cycle regulation and appropriate neuronal differentiation. Mitochondria

30



| ntroduction

change morphology depending on the cdl type. Recent studies show that in progenitors
shortly after dividing, daughter cells committed to progenitor self-renewal undergo
mitochondrial fusion, while daughter cells that undergo extensve mitochondrial fission are
committed to neuronal fate (Iwata et al., 2020).

These changes in mitochondrial morphology in particular regulate metabolic and reactive
oxygen species (ROS) generation. ROS have a direct effect on NSCs commitment to a
progenitor fate rather than differentiating. The upregualtion of mitochondrial ROS led to
stabilization of NRF2- redox master regulator- that is trafficked to the nucleus and ultimately
upregulate differentiation genes and repress genes that regulate sef-replication (Fig. 8)
(Khacho et al., 2019).
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Figure 8. Mitochondria structure and neurogenesis. Schematic representation showing the changes
that occur in mitochondria shape and metabolism during embryonic neurogenesis. During embryonic
neurogenesis, cells progress from neural stem cells (NSCs) passing neural progenitors (NPs) and to
neurons. During the NPs phase mitochondria become fragmented then elongated upon differentiation
to neurons. During differentiation, NSCs and NPs gart to depend less on glycolysis and more on
oxidative phosphorylation (OXPHOS). Reactive oxygen species (ROS) production occurs during the
trangition from NSCsto NPCs (adapted from Khacho et al., 2019).
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8. Cell Cycle

Cdl cycle length has a major role in neurogenesis. During cortex development, progenitors
exiting the cell cycle take either a neurogenic or a gliogenic identity. Mitotic studies of
cortical progenitors during corticogenesis show a lengthening in cell cycle length, especially
during the G1 phase. This lengthening of the cdl cycle coincides with an increase in the
proportion of cells exiting the cell cycle during differentiative divison. The increased rate of
neurogenesis, which peaks in the middle of corticogenesis, is a direct result of the increased
production of progenitors at the start of corticogeness. The slowing of neurogeness at the
end of corticogenesisis caused not only by the cell cycle stopping, but also by the progenitor
pool perching. The length of the cell cycle in primates differs from that of rodents in both
time and structure. In contrast to rodents, primate VZ progenitors have a different duration of
the S and G1 phases; their cell cycle is shorter at mid-corticogenesis due to variations in the
length of the S and G1 phases. This variation in S phase duration during corticogeness
appears to be a primate-specific cdl cycle feature. Moreover, the length of the cell cyclein
primate cortical precursorsis significantly longer than in rodents. This lengthening of the cell
cycle in primate cortical progenitors is thought to be an evolutionary adaptive feature
(Calegari et al., 2005; Calegari & Huttner, 2003; Dehay et al., 2015; Tavernaet al., 2014).

8.1. Inter kinetic nuclear migration

Interkinetic nuclear migration (INM) isabenchmark phenomenon where the nucleus of NECs
and apical progenitors (AP) migrates up and down through the thickness of the VZ during cell
cycle, in coordination with the cell cycle phases. Mitos's takes place on the apical surface of
the VZ. The nucleus moves to the basal sde during G1, where it remains during the S phase,
when DNA is synthesised. During G2, the nucleus returns to the apical surface, where mitoss
occurs once more. INM is responsible for the appearance of the pseudodratified
neuroepithelium of the VZ and is dependent on the mechanical action of Myosin 11 (Fig. 9)
(De Juan Romero & Borrel, 2015; Gotz & Huttner, 2005; Miyata et al., 2010; A. Reiner et
a., 2005; O. Reiner et a., 2012). Why do only apical progenitors undergo INM and mitosis at
the apical surface is an unanswered question. One possible explanation is that the primary
cilium islocated at the apical surface of apical progenitors and contains the centromeres of the
apical progenitor, which are required for mitoss. SAPs and BPs, on the other hand, do not
undergo INM during cell cycle progresson, indicating that INM is redricted to cells with
apico-basal polarity. However, nucleokinesis is not limited to APs (Tsai & Gleeson, 2005),
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and Myosin Il contractility is also important for BPs that undergo nuclear migration after
delaminating from the VZ and migrating towards the SVZ. another possible explanation for
INM being restricted to APs and followed by mitosis on the apical surface could be that APs
contain many polarity cues and are in contact with sgnalling cues present in the CSF, which
could influence the decision of symmetric or asymmetric divisonsin daughter cells (Huttner
& Kosodo, 2005).

The primary function proposed for INM is to provide the VZ with a pseudodtratified
appearance (nuclear resstance). INM isa critical step in the proliferation of apical progenitors
and the evolution of the cerebral cortex. The nuclear resdence hypothes s holds that the fate
of apical progenitors is influenced by a variety of factors throughout the apico-basal niche.
Notch sgnalling is one of those well-known factors that prevent progenitors from
differentiating. As a result, INM influences proliferating APS exposure to neurogenic versus
proliferating signal (Taverna et al., 2014).

Hasal (Fial} surlace
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Figure 9. Cell cycle and interkinetic nuclear migration (INM). (A) Cdl cycle and checkpoints
applied during progenitor replication, where there are checkpoints for DNA damage, proper anaphase,
and checkpoints for spindle assembly. (B) A schema representing INM, showing soma dynamics
during cell cycle. Progenitorsare in blue, and newly born neurons are in yellow (adapted from Arai &
Taverna, 2017).

8.2. Mitotic spindle orientation

The mitotic spindle plays a key role in regulating the symmetric and asymmetric modes of
divison (Taverna et al., 2014). Studies show that manipulating mitotic spindle components
(microtubules and centrosomes) has an impact on neurogenesis. Mitotic spindle orientation

affects neurogeness, especially in polarised cells like NECs and aRGCs. In the developing
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mouse cortex, aRGCs and NECs have a mitotic spindle largely oriented perpendicularly to the
apico-basal axis of the cell, making it in synchrony with apico-basal polarity signals from the
apical membrane, basal process, and AJs (Fish et al., 2006; Lancaster & Knoblich, 2012).
Horizontal or oblique orientation of the mitotic spindle is accompanied with bRGCs
generation in rodents and primates (Gertz & Kriegstein, 2015; Pilz et a., 2013; Shitamukai et
al., 2011). Mutation of mitotic spindle proteinsis one of the hallmarks of microcephaly. These
mutations lead to premature neurogenesis and depl etion of the progenitor pool. Studies report
that mutations in proteins that are congtituents of or interact with, the centrosome like Lisl,
minsc, LGN, Aspm, Cdk5rap2, and MCPH, impair neurogenes s and result in microcephaly
or lissencephaly (Taverna et a., 2014).

8.3. Proneural genes and cell cycle

Cdl cycle exit is a critical step that precedes neuronal differentiation and neuronal identity
determination. Basic helix loop hdlix (bHLH) genes are transcription factors that play a major
role during neurogenesis in the CNS. Proneural genes code typical bHLH transcriptional
activators, which bind DNA as active heterodimers with ubiquitoudy expressed E proteins.
bHLH proneural genes promote cell cycle exit via CKls activation, specifically p27/Kipl
(Farah et al., 2000). Expression of proneural proteinsin sem cellsis enough to promote cell
cycle exit and neuronal fate commitment. Proneural genes expressed in the mouse cerebral
cortex include Neurogeninl (Ngnl), Neurogenin2 (Ngn2), and Mashl (Fode et al., 2000;
Nieto et al., 2001). Ngn2 is the most important proneural gene in cortical development and
neurogenesis. Ngn2 promotes Ngnl expresson while suppressng Mashl expresson. Ngnl
and Ngn2 are the proneural genes required in the dorsal telencephalon to determine the
glutamatergic identity of cortical neurons as well as the identity of other cortical neurons.
Mashl is required for the identification of GABAergic neurons in the ventral telencephalon.
This demondrates that these two proneural genes are thought to be determinants of two
digtinct neuronal lineages. (Wilkinson et al., 2013). Proneural genes are critical in activating
the expresson of the Notch ligand Dll1, as well as other factors important to maintaining the

progenitor identity in the neighbouring cell vialateral inhibition (Fig. 10).

Progenitor-associated genes have more open chromatin compared to neuronal differentiation-
associated genes that require a specific epigenetic remode before activation. One exampleis
that during the cdll cycle, when Cyclin-dependent kinases are active, the hyperphosphorylated
form of Ngn2 has less DNA binding affinity, which is sufficient to target progenitor-
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associated specific promoters. On the other hand, upon cedl cycle lengthening and the
reduction of cyclin-dependant kinase activity, Ngn2 phosphorylation decreases, this event is
associated with an increase in DNA binding affinity and providing the necessary epigenetic
remodelling for activating neuronal differentiation associated genes. As cyclin-dependant
kinase expresson decreases during the cell cycle, the expression of progenitor genes remains
basal, while the expresson of differentiation genes increases, promoting differentiation
(Hardwick & Philpott, 2014).
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Figure 10. A schematic representation showing the role of proneural genes during neurogenic
and gliogenic stages of neural development. Multipotent neural stem cells are able to generate all
types of neural cells. First neural stem cells generate neurons, then glia. However, the switch between
neurogeness and gliogeness is controlled by extringc and intringc factors. Proneural genes are
intringc determinants controlling the balance between neurogeness and gliogeness in addition to
lateral inhibition, where notch sgnalling inhibits neighbouring cells from neuronal differentiation,
thereby maintaining the balance between self-replicating progenitors and progenitors entering neura
differentiation (adapted from Bertrand et d., 2002).

8.4. Cell Cycle deter minantsthat directly affect neur ogenesis

D-type cyclins are known for their role in regulating the G1 phase. Cyclin Ds activate Cdk4
and Cdk6 promoting the passage of cell cycle checkpoints and commitment to a proliferative
fate. Although Cyclin D1 and Cyclin D2 are functionally redundant, Cyclin D2 has an
important role in BPs pool expanson during neocortical expansion in gyrencephalic brains,
this role can’t be compensated by Cyclin D1 (Hardwick et al., 2015) (Fig. 11). On the other
hand, Cyclin D1 promotes neuronal differentiation. This was shown in spinal cord studies,

where overexpressing Cyclin D1 led glia cells to adapt a neurogenic fate. This conflicting
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effect of Cyclin D2 and Cyclin D1 is due to the different regulation of Hes genes. Cyclin D1
upregulates Hes 6, and Cyclin D2 upregulates Hes5, a neurogenesi s promotor (Panaliappan et
al., 2018).

Besde the roles of Cyclins and CDKs, Cdl cycle Inhibitors (CKIs) have an important role in
regulating the proliferation of neural progenitor cells. CKlsare divided into two classes. the
Ink4 family (p15, pl16, p18, p19) and the Cip/Kip family (p27, p21, p57). P57-deficient mice
display increased proliferation of progenitors during development, which causes a
hyperplastic anterior pituitary gland (Bilodeau et al., 2009). Overexpression of P27 and P57
induces premature cell cycle exit in cortical as well as retinal progenitor cells (Tarui et al.,
2005; Tury et al., 2011).

P21 (Cdknla) protein is considered to be the founding member of CKlsfamily. It is encoded
by the Cdknla gene and it is controlled transcriptionally by P53 dependent and independent
pathways. Its transcription is increased upon various intracellular and extracdlular stimuli to
arrest the cell cycle and ensure DNA sability. P21 isinvolved in differentiation, transcription,
cell migration, cytoskeleton organization, and apoptoss. Activation of P53—the critical
driver of P21 transcription—is followed by cell cycle arrest. It suppresses cell cycle genes by
forming a dimerization complex that consists of the RB-like, E2F, and MuvB (DREAM)
complexes (Engeland, 2018). Depending on the cell type and niche context, several studies
show that P21 can either exert a positive or a negative role on differentiation. P21 promotes
differentiation of mouse oligodendrocytes. Moreover, P21 cytoplasmic localization has a
positive role in normal cell differentiation, as observed in mature human monocytes and rat

neurons by suppressing apoptos' s, and stimulating neurite outgrowth (Tanakaet al., 2002).

Overexpresson of P21 has been shown to induce differentiation of mouse embryonic stem
cells by suppressing Sox2. Nevertheless, maintaining a basal expresson of p21 is critical to
protect stem cells from exhaustion, while P21 overexpresson initiates differentiation and
restrictsthe self-replication capacity of adult stem cells (Kreiset al., 2019).
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Figure 11. A schematic representation of cell cycle determinants. Each phase of the cell cycle is
regulated by cyclin-dependent kinases (CDKs) and other regulatory partner proteins, the cyclins and
CDK inhibitors.

9. Nuclear envelope

The nuclear envelope (NE) is the membrane that separates the nucleus from the cytoplasm in
eukaryotic cells. The NE acts as a barrier between the cytoplasm and DNA. It cong sts of two
membranes. the outer nuclear membrane (ONM) and the inner nuclear membrane (INM) (Fig.
12). Both INM and ONM are perforated with nuclear pore complexes (NPCs). NPCs act as
gateways that allow efficient and selective trandocation of many macromolecules. The
protein components of NPCs have been identified, but the mechanism for exactly how NPCs
come together ill remains unknown. NPCs are formed by a highly stable scaffold, where
more dynamic and exchangeable parts can be targeted to change nuclear transport properties
and eventually cell sate (Rabut et al., 2004).

ONM s characterised by having continuous endoplasmic reticulum (ER). INM connects to
filamentous proteins called Lamins (such as LaminA, LaminB1, LaminB2, LaminC) forming
aweb with DNA and NPCs, that provides structural stability. ONM and INM are formed by a
diverse group of proteins that are abundant in the ER. Many of these proteinsthat form INM,
ONM, and NPCs are evolutionarily conserved, both structurally and functionally. This
highlights that the mechanisms controlling the organisation of nuclear content could be
partially conserved (Akhtar & Gasser, 2007; Hetzer, 2010; Mekhail & Moazed, 2010). It has
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been suggested that the interconnection of ONM-INM-NPCs is important for nuclear
movement and positioning (Fig. 12) (Burke, 2019).
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Figure 12. A schema of the nuclear envelope (NE) composition. The NE is composed of INM and
ONM and separates the nucleus from the cytoplasm. The nuclear lamina is connected to the INM,
linking the chromatin to the NE. Nuclear pore complexes (NPC) are dispersed across the NE where
the INM and ONM are fused together (adapted from Schrimer & Gerace, 2002).

9.1. Nuclear envelopereorganization during division

The NE in higher eukaryotic cells disntegrates completely during cell divison, giving the
mitotic spindle access to chromosomes. This means that every mitotic cell has to reform its

own NE and recongtruct the identity of its nuclear compartment (Guttinger et al., 2009).

NE reorganisation in mitotic cellsisa highly dynamic process that requires many players. By
late G2, the genome and the number of NPCs had duplicated, and the surface area of the NE
had increased. When the cdl enters Prophase, the NE undergoes breakdown (NEBD), losng
the compartmentalization between nucleus and cytoplasm (Burke & Ellenberg, 2002). During
early anaphase, when chromosomes are segregated and chromatin is not surrounded by any
membranes, NE are found in the cytoplasm and the transmembrane NE is located in the ER
(Dultz e al., 2008; Wandke & Kutay, 2013). During late Anaphase, ER membrane
reassociates and quickly encloses the chromatin. In Prometaphase, a few nuclear pore
complex proteins such as Nup107-160 localize to the kinetochore and play a role in correct
mitotic spindle assembly during mitosis (Rasala et al., 2006; Walther et al., 2003) (Fig. 13).
At the end of the cell cycle, the NE is recongtituted and the barrier between the nucleus and
the cytoplasm is re-established, along with selective transport between the nucleus and the
cytoplasm (Kutay & Hetzer, 2008).
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Figure 13. A schematic representation of nuclear envelope breakdown (NEBD) during division.
In G, the cell nucleus has finished replicating its DNA. When the cell enters mitoss, the NE (dark
green) is reabsorbed and the NPCs (red) are disassembled into the ER (green). In prophase,
centrosomes (orange dots) and microtubules (purple) move to the NE, participating in its disassembly.
At metaphase, the NE has completdly disappeared, but some NPC complexes are associated with the
kinetochore and spindle formation (adapted from Kutay & Hetzer, 2008).

9.2. Nuclear Pore Complex composition

NPC is made up of several copies of about 30 different proteins known as nucleoporins
(Nups). The first category of Nups are rich in phenylalanine-glycine (FG domain repesats,
which serve as a permeability barrier.(Frey & Gorlich, 2009; Mohr et al., 2009) (Fig. 14). The
second category of nucleoporins lack FG repeats and are known as structural nucleoporins.
Finally, the third category of nucleoporins acts as anchors of NPC to the NE. These proteins
are pore membrane proteins (Poms); however, only three Poms are identified in vertebrates
until now: Pom121, Ndcl, and Gp210 (Antonin et al., 2005; Cohen et al., 2003; Mansfeld et
a., 2006) (Fig. 14). Nucleoporins tend to interact with each other, forming subcomplexes.
These subcomplexes are considered the building blocks of the NPC. Three nuclear pore
subcomplexes have been identified: Nup107-160, Nup62, and Nup93 (Rabut et al., 2004).
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Figure 14. Nuclear pore complex (NPC) structure and composition. NPC is acylinder made up of
eight spokes that surround a central tube that connects the nucleoplasm to the cytoplasm. The outer
and inner nuclear membranes (ONM, INM) fuse to form a space for NPC to resde. The NPC is
anchored to the NE by a tranamembrane structure that connects to the core sructure. Inner and outer
Nups are known to be biochemicaly stable and are thought to have a role in NE assembly and NPC
formation. GP210, glycoprotein 210; Mlp, myosin-like protein; Ndc1, nuclear division cycle protein 1,
Nic96, Nup-interacting component of 76 kDa, NLP1, Nup-like protein 1; Pom, pore membrane
protein; Sehl, SEC13 homologue 1; TPR, trandocated promoter region (adapted from Strambio-De-
Cadilliaet d., 2010).
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9.3. NPC function

The primary function of NPC is transporting macromol ecules between the cytoplasm and the
nucleus. However, it was recently highlighted that NPCs also play a role in the dynamic
organi zation of the genome, affecting DNA stability and repair (Mekhail & Moazed, 2010).

9.3.1. NPC and molecular trafficking

The majority of macromolecules that shuttle in and out of the nucleus share the same active
transport mechanism, conssting of nuclear transport factors (NTFs) that bind to transport
signals on the cargoes. NTFs belong to the karyopherin (Kap) protein family, and are referred
to as importins and exportins. Importins import cargo from the cytoplasm to the nucleus,
while exportins export cargo from the nucleus to the cytoplasm. The transport sgnal present
on the cargo isa short amino acid sequence called the nuclear localization sequence (NLS) for

cargo import and the nuclear export sequence (NES) for cargo export (Fig. 15).

Cargo transport occurs in three steps. First, NTFs recognise and bind to any NLS or NES
present on the cargo. Second, NTFs mediate interaction between central FG rich nucleoporins
present in the central channel of the NPC. Third, when the cargo-NTFs complex arrivesto its
destination whether nucleus or cytoplasm, the NTFs dissociate from the cargos reeasing it. In
case of importing cargo to the nucleus, this dissociation is mediated by RanGTP. In case of
exporting cargo to the cytoplasm, in the nucleus the association of NES of the cargo and
NTFs is mediated by RanGTP. Once in the cytoplasm, the dissociation of NTF-cargo is
performed by GTP hydrolyss. This process releases RanGDP and NTFs that can be recycled
and used in future transports (Kuersten et al., 2001; Lange et al., 2007; Lu et al., 2021).
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Figure 15. Nuclear import and export of cargo. Importins bind to molecules that have aNLS in the
cytoplasm, then they mediate interaction with NPC for cargo trandocation. In the nucleus, RanGTP
binds to importin, inducing conformational changes that are followed by cargo releases from the NPC
complex. The importin-Ran-GTP complex is recycled back in to the cytoplasm and hydrolysed to
Ran-GDP. Exportins bind to cargo that have a NES, this process requires Ran-GTP, which is
hydrolyzed into Ran-GDP at the cytoplasm after cargo release. (Imp) importin; (Exp) exportin
(adapted from Fahrenkrog, 2006).

9.3.2. NPC and gene expression

Chromatin is highly organized within the nucleus, distinguished by its diverse packaging and
compactness. Chromatin compactness is one of the factors that regulates represson or
activation of gene expresson. Chromatin is classified into heterochromatin and euchromatin.
Heterochromatin is condensed chromatin packaged tightly with nucleosomes. In contradt,
euchromatin is loosdly packaged, and the extent of packaging with nucleosomes is
dynamically regulated. The exact protein compostion of the nuclear periphery is ill
unidentified. The nuclear periphery may be enriched with activator and repressor domains and
cofactors that affect transcriptional activation or repression. Nuclear periphery domains has
been associated with gene slencing; where studies in yeast showed that transcriptionally
inactive regions like telomeres and centromeres are associated to the NE (Hediger et al.,
2002). Additionally, transcriptional slencing associated with the nuclear periphery is
dependent on histone deacetylase, which suggests that only some genes can be sengtive to

histone deacetylation at the nuclear periphery. Altogether, these observations unveil a
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complex heterogeneity at the nuclear periphery that entails cross-talk between genes and

genetic elements and perinuclear domainsin the NE (Mekhail & Moazed, 2010).

The nuclear laminais a meshwork structure formed of Lamin proteinsthat lies just below the
NE and is thought to play important rolesin gene expression at the nuclear periphery (Andrés
& Gonzalez, 2009). Studies using microscopy analyses in mammalian cells show a close link
between nuclear Lamins interacting with heterochromatin, where LaminA and Lamin
associated peptide 2 (Lap2-a) anchor heterochromatin to the NE, which causes transcriptional
repression (Dechat et al., 2010; Lee et al., 2009). But does the NPC only repress gene
transcription? The answer to this question is no. Chromatin immunoprecipitation assay (ChlP)
in S. cerevisiae showed that NPC such as Nupl16, Nup60 and Nup2 are associated with
highly transcribed genes (Casolari et al., 2004). This association between NPC and highly
transcribed genes is also found in Drosophila and other eukaryotic cells, where Nup98 is
associated with gene regulation via chromatin dissociation from the NPC (Hou & Corces,
2010). Another example is the transmembrane nucleoporin Nup210, which plays a role in
myogenes's of embryonic stem cells and differentiation into neural progenitors. Knocking out
Nup210 in embryonic stem cells blocked myogenes's, and the differentiation of embryonic
sem cellsinto neural progenitors. Nup210 expression during myogenesis and differentiation
of embryonic stem cells into neural progenitors was accompanied by a change in gene
transcription, which wasn’t due to changes in nuclear transport (Fig. 16) (D’Angelo et al.,

2012).

The link between NPC and gene transcription regulation arises partly from being dependent
on DNA zip codes called gene recruitment sequences (GrSs) (Ahmed et al., 2010). GrSs
alow targeting of nuceoplasmic loci to the NPC. GrSs are functional in fisson yeast,
supporting evolutionary conservation. These genes might hold an explanation for the
preference of some genes to be transcribed close to, or away from, the nuclear periphery. The
role of NPC in gene regulation is more complex than it seems, NPC mainly mediates transport
between the nucleus and the cytoplasm, and this allows it to have a dynamic architectural
organization. This dynamic organization alows various components of the NPC to be
trafficked between the nuclear pores and the nucleoplasm. It has been proposed that
nucleoporin localization to the nucleoplasm may play arolein the transcriptional activation of
internally localized genes. A chromosome wide mapping of Nup93 in mammalian cdlsin the
presence and absence of histone deacetylase showed the recruitment of silent chromatin by

active domains at the NPC, causing sgnificant changes in chromatin organization and
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transcriptional regulation (Pepenella & Hayes, 2007). Overal, these findings show that the
association of DNA-NPC may have a differential effect depending on the context: cell type,

organism, signalling cues and trafficking of NPC components.
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Figure 16. NPC and gene expression regulation. (A) During early differentiation in myoblasts,
Nup210 induction by Mef2c leads to inducing gene expresson and myogenesis. (B) Nup210
recruitment in embryonic gem cells and induction of its differentiation into neural progenitors are
thought to be due to recruitment of transcription factors to the NPC that ultimately affect the
expresson of neural genes (Satomura & Brickner, 2017).

9.3.3. NPC and cell cycle

NPC disassembly is considered a critical step for nuclear envelope breakdown (NEBD), as it
allows the influx of molecules that may be critical for cell cycle progression. One of these
moleculesis Cdk1, which requires accessto lamins and INM to properly regulate mitoss. The
hyperphosphorylation of NE proteins, which is thought to play a role in disrupting protein
complexes or activating certain factorsinvolved in the process, is another critical event during
NEBD. Cdk1/CycB1, protein kinase C (PKC), Nima, and Aurora A have all been implicated
in NEBD (Portier et al., 2007). Cdkl is an important kinase in this process because it
phosphorylates lamins and Nups, including the Nupl07-160 subcomplex, the Nup93
subcomplex, Nup53, Nup98, Ndcl, and gp210 (Guttinger et al., 2009). The dissociation of
INM like Lap2-a and Lamin b receptor (LBR) appears to depend on Cdkl (Courvalin et al.,
1992). Furthermore, some nucleoporins are critical for cell cycle progresson; among themis
Nupl07-160 complex, which is implicated in many mitotic assembly processes such as.
mitotic spindle assembly, spindle assembly checkpoint (SAC) activity, kinetochores
functions, chromosome passenger complex (CPC) localization, nucleation of microtubules at
kinetochores at mitos's, and progresson of cytokinesis (Katsani et al., 2008; Mishra et al.,
2010; Orjalo et al., 2006; Platani et al., 2009; Rasala et al., 2006; Zuccolo €t a., 2007).
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Next, | will describe the composition and function of Nup107-160 subcomplex and its spatio-

temporal rolein regulating mitoss.
10. Nup107-160 subcomplex composition

Nupl07-160 complex forms a fundamental part of the outer rings of the NPC. In most
eukaryotes, it is composed of equal parts of: Nup107, Nup96, Nup160, Nup133, Secl3, and
Sehl. Nup107-160 counterpart in yeast is Nup84 complex, which isidentical to Nup107-160
complex but lacks Nup43 and Nup37 subunits. Depending on the species, Nup37, Nup43 and
ElY S might be included or absent in Nup107-160 sub complex formation. Nup85, Nup43, and
Sehl form one of the two short arms, while Nup160, Nup37, and ELY S form the other. These
two arms are connected to Nup96 and Secl3, while Nup96 is connected to Nupl07 and
Nupl133 to form the long stem (Nup96-Nupl07-Nupl33) of the Y -shaped molecule. Several
copies of the Nupl07-160 subcomplex form the outer rings facing the nuclear and
cytoplasmic sides of the NPC assembly (Asakawa et a., 2019; Kampmann & Blobe, 2009;
Newton et al., 2018).

10.1 Nup107-160 subcomplex role in mitotic spindle assembly

Nupl07-160 subcomplex is thought to play a critical role in mitotic spindle assembly; it
localizes to the kinetochore in mammalian cells during mitosis. Nup37, Nup43, Sehl and
Secl3 are al components of Nupl07-160 subcomplex that are targeted by kinetochores
during prophase until anaphase of mitoss. Also, Nup96 was observed at the mitotic spindles
and spindle pole during mitosis (Enninga et al., 2003; Walther et al., 2003). Studies
examining the exact role of Nup107-160 subcomplex using mitotic Xenopus extract revealed
that depletion of Nup107-160 subcomplex rendered the mitotic spindle assembly deformed.
This function is suggested to be independent of the initial Ran-GTP mediated mitotic
assembly. Orjala et al. (2006) demonstrated in the study defective mitotic spindle due to
depletion Nup107-160 complex could be corrected by the addition of Ran-GTP (Orjalo et al.,
2006). However, several studies have emerged refuting the critical role of Nupl07-160 in
mitotic spindle, thisis based on studies in human Hela cells, where depleting Nup107-160
complex had no effect on mitotic spindle assembly. However, in Hela cells Nup107 was
found to be located near the kinetochore and the spindle pole. This suggests that the role of
Nupl107-160 subcomplex might differ between Xenopus and humans (Platani et al., 2009;
Zuccolo et al., 2007).

10.2. Nup107-160 subcomplex role in spindle assembly checkpoint (SAC)
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The spindle assembly checkpoint (SAC) is considered the trigger safety of cdlsin eukaryotic
cells, assuring the fiddity of chromosome segregation during mitoss. The SAC inhibits
chromosome missegregation and cases of aneuploidy. Defects in SAC lead to tumorigenesis.
Until now, the uncovered components of the SAC mechanism are MAD (mitotic-arrest
deficient) genes MAD1, MAD2, and MAD3 (BUBRL1 in humans), and the BUB (budding
uninhibited by benzimidazole) gene, BUB1. These components were found to be conserved in
al eukaryoatic cdls, they areinvolved in active SAC during the prometaphase.

During mitosis in mammalian cells, the SAC is recruited and anaphase is blocked upon the
discovery of a single unattached kinetochore (known as mono-orientation or monotelic
attachment). Unattached kinetochore activates the mitotic spindle checkpoint (MCC). MCC
blocks Cdc20 from activating anaphase-promoting complex-cyclosome (APC/C). SAC
cascade is negatively regulated by the correct attachment of all sster kinetochore pairs to
kinetochore microtubules and the maintenance of their bidirectional orientation. The release
of Cdc20 activates APC/C, this results in the degradation of Cyclin B1 and Securin (SEC).
The activation of SEC leads to the activation of Separase, which degrades the cohesion ring
linking sister chromatids. The degradation of Cyclin B prohibits initiation of cytokiness and
mitotic exit program, which depend on Cdk1-Cyclin B1 binding.

Studies in Xenopus extract show that Nup107 is upregulated near unattached Kinetochore to
the microtubule (Orjalo et al., 2006), However in this same study they show that SAC
recruitment to the Kinetochore upon disrupting microtubule assembly is independent of
Nupl107 complex.

Interestingly, in metazoan species, specifically Caenorhabditis elegans (C. elegans) Nupl107
mutants displayed compromised SAC, srongly suggesting that NuplO7 is important for
chromosome segregation during mitosis (Rodenas et al., 2012).

10.3. Nup107 and the kinetochore

The Nupl07 subcomplex is thought to ¢ ontribute to the kinetochore. The kinetochore is a
disc-shaped protein complex associated with duplicated chromatids during mitosis (Fig. 17).
The kinetochore has a trilaminar composition, dividing it into an inner, outer, and central
kinetochore. Theinner part of the kinetochore interacts with centromeric chromatin, while the
outer part of the kinetochore is the area that interacts with spindle microtubules. Thetwo main
components of the outer part of the chromosome are Ndc80 complex and CENPF. Ndc80
complexesis formed by: Ndc80, Nuf2, Spc24, Spc25. Ndc80 complex bind to Misl2, forming
Kinetochore microtubule network (KMN) which isindispensible for microtubule-kinetochore
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interaction. Studies in Hela cdls showed that NuplO7 complex localization to the
Kinetochoreis mediated by Ndc80. Functional experiments depleting Nuf2 and Nudc80 led to
a reduction in Nup107 complex recruitment to the kinetochore. Immunofluorescence assays
and yeast two hybrid assay revealed an interaction between Nupl33 and CENPF, however
functional studies depleting CENPF in Hela cdlls only affected Nup133 localization to the
kinetochore. These results point to a potential function of Nup107 complex in the correct
attachment of microtubulesto the kinetochore (Zuccolo et al., 2007).
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Figure 17. Kinetochore structure. Schematic representation of a mitotic chromosome that has two
paired Sster chromatids. The chromatid on the right is attached to microtubules, and the chromatid on
the left is unattached. In addition to the inner, and outer kinetochore, inner centromere and fibrous
corona (adapted from Cheeseman & Desai, 2008).

11. Robo receptor
11.1 The history of Robo receptor

Most organisms develop their CNS along a bidirectional axis of symmetry located at the
midline. The ventral midline, aso known as the floor plate, organises the secretion of
diffusble proteins, which regulate neuron migration, axon and dendrite growth across the
midline. Surprisngly, gliaand neuronal cells delineate the midline and control axon guidance
in the devel oping cerebral cortex (Chédotal, 2007).

Robo and its ligand Slit are evolutionary conserved molecules (Brose et al., 1999).
Roundabout receptors (Robo) and their ligands, known as Slits, were discovered in the early
1990s and are important players in axon guidance. Slit was originally thought to function as
an extracellular matrix protein in Drosophila, but subsequent research revealed that it is a

diffusible chemorepellent for axons crossing the midline. Robo was discovered during a gene
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screen in Drosophila to ook for genesinvolved in midline crossing. Slit and Robo have been
linked to a variety of neuronal and non-neuronal processes such as cell migration,

neurogenes s, angiogenes s, and tumorigeness (Kidd et al., 1998; Wang et al., 2003).
11.2. The structure of Robo receptor sand their Slit ligands

The Robo receptor family is a highly conserved family of receptors. The members of the
Robo family vary between vertebrates and invertebrates. Vertebrates have four Robo
receptors (Robol, Robo2, Robo3, and Robo4). Robol-3 show a high degree of structure and
function smilarity and are expressed in many tissues, including the CNS. However Robo3
has a very low affinity for Slits and it is selectively phosphorylated by Netrin-1. Robo3 plays
arolein midline crossing by antagonizing the repellent signal from Robol and Robo2. Robo4
is distinct from the other members, it is specifically found in endothelial cels, acting in
angiogeness, not being expressed in the CNS. Robo receptors are members of the
immunoglobulin (Ig) superfamily and cell adheson molecules (CAMS). They are able to
undergo heterophilic and homophilic interactions. In the majority of vertebrates, Robo
receptors are expressed in the brain. The standard structure of Robo receptor is composed of
five Ig matifs, three fibronectin type 11l domains, and four conserved cytoplasmic domains.
These cytoplasmic domains are expressed in different combinations in the Robo family.
Robo3 lack CC1 domain, while in Robol/2, cytoplasmic domains (CCO-CC3) have no
inherent catalytic activity, but confer a downstream signal by recruiting various factors to
conserved proline-rich domains (W. D. Andrews et a., 2007; Ballard & Hinck, 2012;
Hohenegter, 2008; Y psilanti et a., 2010) (Fig. 18).

Robo receptors undergo alternative splicing that generates various isoforms. 5’-coding
sequence alternative splicing produces two digtinct isoforms, A and B. These differ at their N
terminal, where A isoformislonger (16-40 residues) than B (Chédotal, 2007).

Robo receptors primary ligands are Slits (Kidd et a., 1998). Three Slit genes are expressed in
mammals, all of which are found in the nervous sysem and other organs. Slits are
glycoproteins with an N-terminal signal peptide, four domains (D1-D4) containing leucine-
rich repeats (LRR), several EGF-like sequences, alaminin-G domain, and a cysteine-rich knot
at the C-terminus. Slits are cleaved to produce a C-terminal fragment with unknown function
and an N-terminal fragment that is active and mediates Robo receptor binding (Brose et al.,
1999; Y pslanti et al., 2010).
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Studies performed in Drosophila showed that Robo receptors bind to the Slit D2 domain via
their 1g1l and 1g2 domains. Slit-Robo binding complexes are evolutionary conserved across
species (Morlot et al., 2007). Heparan sulphate proteoglycans (HSPG) stabilise the Slit-Robo
homodimer by interacting with the Slit D4 domain, an interaction that seemsto potentiate Slit
activity (Seiradake et al., 2009) (Fig. 18).
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Figure 18. A schematic representation demonstrating Robo-dit signalling. Slits bind to Robo
receptor's immunoglobulin (Igl) domain via its (D2) domain, which contains leucine rich repeats
(LRR). Syndecan (Sdc) and other heparin sulphate proteoglycans (HSPGs) are Robo and Slit co-
receptors. HSPG is made up of core heparin sulphate chains that form a ternary complex with the 1gl
domain of Robo and the D2 domain of Slit to stabilise Robo and Sit binding (adapted from Y pslanti
et a., 2010).

11.3. Downstream Robo/dlit signalling molecules

Robo/Slit downstream signalling molecules are mainly cytoplasmic kinases, regulatory
molecules related to actin polymerization and cytoskel eton reorganization. These molecules
affect cell mobility, including kinases such as Hakai, Myo9b and GTPases like Rac, Cdc42,
and RhoA, that are part of the Rho family, and other molecules like Abl and Ena that regulate
cytoskeleton (Tong et a., 2019) (Fig. 19).

Abl is a tyrosne kinase that inhibits Robo signalling by phosphorylation of Robo at CC1
domain, and aters cell adheson by activating Robo signalling on binding to cables, and
affecting Pcatenin and N-cadherin activity (Rhee et al., 2007; Wills et al., 2002). In vitro
studies showed an anti-tumorigenic effect of P-cadherin that is modulated by Robo3 in oral
squamous cell carcinoma cel line (Bauer et al., 2011). Furthermore, GTPases, which are
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small GTP-binding proteins that regulate cell polarity and mobility. GTPase activity is
modulated by many molecules, such as. 9rGAPs (Slit/Robo GTPase activating proteins),
Dock/Nck (Nck in mammals) and GEFs (guanine nucleotide exchange factors), all these
molecules can be sequestered by Robo (Y pslanti et al., 2010). Recently, de novo targets of
Slit/Robo have been identified, like ubiquitin kinase Hakai that inhibits growth and migration
of lung cancer. All together, these molecules further highlight Slit/Robo as a potential target
for cancer therapeutics (Tong et a., 2019) (Fig. 19).
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Figure 19. A schematic representation showing key regulators of Robo downstream signalling.
(A) In the presence of Slit, RoboGAPL (GAP1) binds to Robo CC3 domain and inhibits RhoA and
CdcA42 activation. This cascade isinvolved in the mediation of repulson, cell polarity, and the control
of cytoskeleton dynamics. (B) In the presence of Slit, Videlcross GAP binds to Robo CC2 domain.
Racl and Cdc42 areinhibited by thisinteraction. Racl can aso be activated by the son of sevenless, a
GEF, viathe adaptor protein Dock, which binds to Robo CC2-3 domain. This cascade activates Racl
and (Pak) P21 activated kinase, both of which bind Robo CC2-3 domain. These Robo downstream
targets are involved in cytoske eton dynamics and repulsion. (C) Tyrosne Kinase Abelson (Abl) binds
Robo CC3 domain, blocking Robo sgnalling by phosphorylating Robo CC1 domain and moderates
cell adheson. Enabled (Ena), a subgtrate of Abl, also binds Robo CC1 and CC2 domains (adapted
from Ypdlanti et d., 2010).
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11.4. Robo cleavage and new regulatory complexes

Previous studies focusing on post-trandational modifications of Robo have shown that the
downstream signalling pathways and receptor regulation could be more complicated than
previoudy proposed. The cleavage of Robo intracellular domain was reported in hepatoma
cells, where the intracellular domain is cleaved via y secretase, yielding two distinct
intracellular Robol fragments: Robol-CTF1, Robol-CTF2. In this study, several NL Ss were
identified in Robol intracelular domain. This suggests the possible transcriptional role of
Robol. Further biochemical fractionation assays using a proteasome inhibitor showed that
Robo-CTF2 is exclusvey localized to the nucleus, while Robo-CTF1 is located in the
membrane, cytoplasm, and nucleus. This suggests that proper localization of intracellular
domain to different cdlular compartments might be important in its regulatory role.
Moreover, removal of the several NLS sequences didn’t abolish Robol nuclear localization,
suggesting the presence of a non-canonical mechanism (Seki et al., 2010) (Fig. 20). In
addition to intercellular cleavage, Robo and other axon guidance receptors undergo
extracellular cleavage, producing proteins that are important to regulate migration. A study
performed in Drosophila showed the role of metalloprotease-disintegrin  Kuzbanian
(ADAM10 in mammals) in the cleavage of the Robo extracellular domain. This process is
important in neuronal cells that require Robo/Slit repulson when crossng the midline.
Furthermore, cleavage of Robo extracellular domain appears to be important in receptor
activation following Slit stimulation. It was also shown that Robo cleavage by KuzzADAM10
is important for sequestering son of sevenless (Sos) and other molecules important for
Robo/Slit midlinerepulsion (Coleman et al., 2010) (Fig. 20).
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Figure 20. Schema showing Robo proteolysis and translocation to the nucleus. Robo extrace lular
terminal is shed by metalloproteases (MMPs, ADAM). This process can be blocked by GM6001 and
TAPL. Membrane-bound Robo cytoplasmic terminal is then cleaved by y-secretase, which can be
inhibited by y secretase inhibitors 1.-685,485. Robo cytoplasmic terminal undergoes further proteolytic
degradation or trand ocates to the nucleus (adapted from Seki et al., 2010).

11.5. Robo receptor and neuronal migration

Robo-Slit signaling plays a major role in axon guidance systems in rodents, especially in the
formation of major forebrain axonal tracts and commissures, in the visual sysem, and in the
spinal cord (Andrews et al., 2008; Long et al., 2004). But Robol expression is also associated
with regions used by newborn interneurons to migrate, correlating with Calbindin (a marker
of GABA containing interneuron) (Andrews et al., 2007). Robol receptor is expressed in the
SVZ, ganglionic eminence (GE), the MZ and lower part of the 1Z. Robol knockout mice
exhibit a disruption in interneuron migration, suggesting the involvement of Robo in
regulating interneuron migration. Interneurons in Robol KO accumulate in the sriatum, a
phenotype not observed in Slitl KO mice. This suggests that Robo regulates interneuron
migration in a Slitl-independent manner (Andrews et al., 2007; Marin & Rubengtein, 2003).
One possible explanation for this mechanism is the interaction between Robo and Sema-

Neurophilin (Nrp)/Plexin signalling. Previous work showed an Interaction between Robol
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first to Ilg domainto Nrp (Liu et al., 2004). Thisinteraction was further emphasized with Nrpl
knockout mice that exhibit a similar phenotype to that of Robo Knockout mice (Marin &
Rubenstein, 2001).

Moreover, Robo receptors play a maor role in neurons’ radial migration during cortical
development (Gonda et al., 2013; Marillat et al., 2002; Whitford et al., 2002). Knocking out
Robol in layer 11/111 leads to a delay in neuronal migration from the IZ to the CP (Gonda et
al., 2013), this phenotype was reminiscent of N-cadherin overexpresson phenotype
(Kawauchi et al., 2010). Robol inhibits the interaction between N-cadherin and B catenin
(Rhee et al., 2002, 2007), which might cause N-cadherin endocytosis. Robo4 knockdown
neurons lead to neuronal retention in the white matter, these neurons don’t show a big change
in polarization but have a leading process with a specifi ¢ direction, suggesting the role Robo4
might play in directing migrating neurons by interacting with RGCs basal process (W. Zheng
etal., 2012).

11.6. Role of Robo receptorsin cortical progenitor proliferation

During early corticogenesis, many signalling pathways and mol ecules have been implicated in
affecting progenitor proliferation and divison modes. Robol/2 is expressed in VZ cortical
progenitors. Loss of this expresson in Robol/2 KO mice led to a decrease in the number of
proliferating aRGCs. Robol1/2 KO mice have an increase in IPCs that are Thr2" but are poorly
functional. These IPCs that are found in the Robo mutant VZ have an apical process that
tethers them to the apical surface. These data strongly suggest that Robo receptors play a role
in regulating 1PCs generation from aRGCs and their delamination from the apical surface
(Borrdl et al., 2012).

This study showed that Robo regulation of aRGCs proliferation was communicated via Hesl,
a notch downstream transcription factor. Notch is a transmembrane protein that is known for
its function in promoting RGCs proliferation and inhibiting 1PCs generation. Robol/2 KO
mice exhibited low Hesl expression in the cortex, suggesting that Robo sgnalling activates
Hesl expresson. Moreover, luciferase assays performed in Neuro2A cells that lack notch
signalling, showed that Hesl is activated by Robo and that this activation is independent of
Robo CC3 domain. This implied that Robo activation of Hesl is independent from Notch
(Borrell et al., 2012) (Fig. 21).
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Figure 21. A schema of the model proposed in (Borrell et al., 2012) for the role of Robo
signalling in the progenitors of the developing telencephalon. In the case of normal cortica
development (+/+), Robo sgnalling activates Hesl transcription in neocortical progenitors where it
plays a role in keeping the baance between VZ progenitors self-renewal and generation of TBr2*
intermediate progenitors and Tuj1" neurons. In the case of the absence of Robo signalling (-/-) in the
developing telencephaon , Hesl transcription is downregulated and the VZ progenitors dynamics
become unbalanced, favouring the generation of more Tbr2" intermediate progenitors over self-
renewal. In the developing cortex of Robol/2 mutants Thr2* cells have an apical process that prevents
them from entering mitos s (adapted from Borrell et d., 2012).

11.7. Robo receptor sregulate the balance between Direct and | ndirect neur ogenesis

Recently Robo receptors were demonstrated to play a role in ammonite cortical evolution.
Direct neurogenesisis an evolutionarily old mode of neurogeness that was followed by the
emergence of Indirect neurogenesis, a newer mode of neurogenesis (Céardenas et al., 2018).
The mammalian brain is made up of various regions, each with its own evolutionary timeline;
for example, the neocortex is thought to be the newest region developed in the mammalian
brain, whereas the hippocampus, olfactory bulb (OB), and spinal cord are thought to be
ancient brain structures. Direct neurogenes s is more common in these structures as a mode of
progenitor divison (Céardenas & Borrell, 2019; Diaz-Guerra et al., 2013; Luzzati, 2015). A
recent study demonstrated that the prevalent mode of neurogeness, whether indirect in the
neocortex or direct in the OB, is controlled by the levels of Slit-Robo signalling (Cérdenas et
al., 2018). High expression levels of Robol/Robo2 induced Direct neurogenesis, while low
expresson levels of Robol/Robo2 in the neocortex are required to maintain Indirect
neurogenes s (Cardenas et al., 2018). Robo regulates direct vs. indirect neurogenesis via the
modulation of Notch ligand expression (Cérdenas et al., 2018). This study compared the role
of Robol/2 in reptiles, birds, and the mammalian telencephalon, showing a negative
correlation between Robo expresson levels and Indirect neurogenesis. Where the highest
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levels of Robo expression and the highest level of Direct neurogeness was observed in
reptiles, moderate Robol/2 expresson in birds was associated with more Indirect
neurogenesis in birds. All this data confirmed the role of Robo receptors in regulating the
mode of neurogenesis and how low expresson of Robo in the neocortex directly affects
progenitor proliferation (Fig. 22).
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Figure 22. A schema showing that the levels of Robo and Notch signalling across amniotes. Robo
and Notch sgnalling influence the mode of neurogenesis and, as a result, the sze and complexity of
the cerebra cortex. The mammalian neocortex is dominated by indirect neurogeness, while reptiles
and birds are dominated by direct neurogenesis. In mammalian cortex, low Robo and high DII1
expresson are important for indirect neurogenesis, whereas high Robo and low DII1 expresson are
important for direct neurogenesisin reptiles and birds (adapted from Céardenas et d., 2018).

12. Cortical evolution acr oss ammonites

Brain development, morphological aspects, and the formation of neural networks is highly
divergent in vertebrate species. These characteristics adapt to the species’ environment.
Specialized traits appear under the force of natural selection to adapt to different ecol ogical
niches. Amniotes have a special brain organization that serves their behavioural repertoire.
Mammals and birds are endowed with a well-devel oped tel encephal on, which correlates with
their higher cognitive abilities (Butler & Hodos, 2005; Jarvis et al., 2005; Medina, 2007,
Nomura & Hanashima, 2014). The anatomical cytoarchitecture of the telencephalon is highly

divergent: mammals have six layers as a feature of their telencephalon, while the avian
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telencephalon is composed of several neuronal nuclei. On the other hand, reptiles have a
sngle-layered structure. Interestingly, the evolutionary mechanism that led to this divergence

of the telencephal on remains unclear.

The Amniote lineage diverged into two main clades. sauropsids and synapsids. Mammals
belong to synapsids, while reptiles and birds belong to sauropsids. Sauropsids are further
subdivided into lepidosaurs, encompassing tutara, snakes, and lizards, and archosaurs that
encompassed crocodiles, birds and turtles (Goffinet, 2017; Nomura & Hanashima, 2014;
Tzikaet a., 2011).

Gene expression levels, neural connectivity maps, and cell migration patterns show that the
amniote embryonic cortex is composed of three main divisons. medial, dorsal and ventral.
The tetrapartite pallium model postulates that the dorsal pallium of sauropsids (non-
mammals) is homologous as a whole to mammalian cortical regions, medial pallium is
homol ogous to the hippocampus and the ventrolateral pallium is homologous to the olfactory
cortex, olfactory bulb and the claustrum laterally (L. Puelles et al., 2016; Luis Puelles, 2017,
Luis Puelles et al., 2013). Birds and reptil es (sauropsids) develop a prominent nucleus located
in the ventral pallium known as the dorsal ventral ridge (DVR), which rogtrally is thought to
receive thalamic sensory information and caudally includes the amygdala (Desfilis et al.,
2018; Luzzati, 2015; Manger et a., 2002). The reptile dorsal cortex is formed of three layers:
two sparsely dense layers (outer and inner) and a densely packed neuronal layer in between
(Nomura et al., 2013). This three-layered organization is conserved in ancestral structures
such as the Hippocampus, and the piriform cortex, and the olfactory bulb. The six-layered
cortex emerged with rise of mammals, making it a specia distinguishing evolutionary trait.
Cortical layers in the mammalian cortex develop distinct connectivity between another brain
regions and the spinal cord. Neuronsin layers 5 and 6 project to the thalamus; layer 5 projects
to the spinal cord, and neurons in layer 4 receive thalamic input. Layer 2 and 3 connect
superficially to other brain regions. Thislaminar organization, while present in mammals and
reptiles, is absent in birds, that exhibit projections connecting different nuclel. In birds,
excitatory neurons’ input and output projections occur in a similar way, resembling the
organization present in the mammalian cortex (Dugas-Ford & Ragsdale, 2015; Jarvis et a.,
2005; Katz & Callaway, 1992).

Recently, single cel RNA sequencing (ScCRNA-seq) studies in mice showed the neuronal

diversity that exists not only between cortical layers, but also between cortical regions (Y ao et
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a., 2021); thistechnique also provided a key insght to the conservation of cortical molecular
sgnaturesin birdsand reptiles. A key finding emerging from these SCRNA -seq studiesis that
birds, reptiles and mammals dorsal cortex express the same transcription factors but in
different combination. Given, transcription factors that are considered markers of superficial
and deep cortical layers in mammals have already exised in the dorsal pallium of our
ancestors, thisimplies that a genetic signature distinguishing different cortical layersin the
mammalian cortex has emerged due to modifications in the neuron genetic programme
(Toscheset al., 2018).

13. Proposed hypothesisfor the evolution of the neocor tex

During evolution, cortical expanson is disproportionate to other regions of the brain. Cortical
expanson and folding resulted from the combination of different variables that included an
increase in neuronal yield, neuron packaging and migration, connectivity patterns, extended
neurogenic period, changes in the extracellular matrix composition, an increase in cortical
progenitors, and the generation of new neuronal subtypes, the suppression of direct
neurogenes's, and the prevalence of indirect neurogenesis (Amin & Borréel, 2020; Florio &
Huttner, 2014; Geschwind & Rakic, 2013). In this section, | am going to discuss some of

these factors.
13.1. Molecular factors affecting progenitor cell dynamics

Changes in the timing, duration, and expresson amplitude of different signalling pathways,
attributed to cortical neurogenesis and pallial structure formation during amniotes’ cortical
evolution (Nomura & Hanashima, 2014). Interestingly, the Notch pathway has been
implicated as an evolutionarily conserved pathway for progenitor fate determination and
differentiation. Observations in different species of amniotes, showed the importance of
Notch signalling variation. The Notch pathway has higher levels of activation in gecko,
mosaic expresson in turtles and birds and a lower expresson in mouse cortex. This
expression pattern correlated to the rate of neuronal differentiation of different species. Loss
of function of Notch pathway in gecko increased neuronal differentiation, highlighting the
importance of notch pathway in neurogenesis induction at least in gecko pallium (Nomura et
al., 2013). These noticeable spatio-temporal differences of notch signalling across species

may provide the molecular set up necessary for the differencesin cortex neurogenic rates.
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Studies showed that Wnt and Notch pathways are direct targets of Cyclin and CDks, which
are known for their essential role in cdl cycle progression. These findings indicate the
important role these molecules play in cortical expansion (Braunreiter & Cole, 2019; Nomura
& Hanashima, 2014).

13.2. SVZ emer gence and BP abundance

One of the most important functions of aRGCs is the production of BPs -including IPCs and
bRGCs-, which leads to an increase in the rate of neurogenesis. A key event following the
emergence of BPs is their detachment from the VZ and ther coalescence into the SVZ
(Cérdenas & Borrdl, 2019). The SVZ is a dructure that is absent from the cortex of most
reptiles, however, a very smplified SVZ like structure can be observed in turtles and the
dorsal pallium of birds. The establishment of the SVZ is correlated with the evolutionary
expansion of the neocortex. The SVZ is considered as a proliferative zone, where Tbr2" cells
reside. In birds and reptiles, Thr2" cells are present but in a more scattered pattern and have
no proliferative capacity in some of these species (De Juan Romero & Borrel, 2015;
Veronica Martinez-Cerdefio et al., 2006; Suzuki & Hirata, 2013). This evidence suggests that
the expresson of Thr2" in reptiles and birds may be important for maintaining the

glutamatergeric lineage rather than increasing the neuronal output (Sessa et al., 2010).

Studies performed on Macaque cortices demonstrated the massive size of the SVZ in these
species. The macaque cortex possesses a much larger number of progenitorsin comparison to
mouse cortex. At the peak of neurogenesis in the mouse cortex, 15-20% of basal mitoss
occurs in the SVZ, while in human, around 85% of basal mitoss occurs in the SVZ. This
massive accumulation of basal progenitors in the SVZ, eventually led to its subdivision into
ISVZ and OSVZ. Interestingly, the abundance of progenitors in the SVZ varies between
different species (Reillo et al., 2011), there are many studies supporting the correlation
between the abundance of progenitors in these germinal layers and cortical folding and
expanson that emerged in gyrencephalic species (De Juan Romero & Borrell, 2015;
Fernandez et al., 2016; Llinares-Benadero & Borrell, 2019).

13.3. Extracellular matrix rolein cortical expansion and folding

Many intrinsic factors are consdered candidates for cortical expansion and folding, but one
important candidate that has emerged recently is the extracdlular matrix (ECM). ECM

represents the scaffold of protein network that surrounds cels during development. It is
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present in the developing neural tissue of many species. Recently, ECM has been revealed to

play a more complex rolein cortical development than previously assumed (Fig. 23).

ECM playsamajor rolein cell proliferation, migration, and cortical folding (Amin & Borréell,
2020; Long & Huttner, 2019). Transcriptomic studies performed on germinal cortical layers
in lissencephalic (mice) and gyrencephalic (human, ferret, macaque) species showed an
increase of ECM components in the latter compared to the former. This suggests that ECM
could have been attributed to the evolutionary expansion and folding of the cerebral cortex
(Fietz et al., 2012; Florio et a., 2016; Pollen et al., 2015).
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Figure 23. A schematic representation demonstrating the role ECM playsin neuronal migration.
ECM components influence migration promotion and termination, as well as the integrity of the
basement membrane in the developing cortex of mice. Depletion of Laminin, Neuroglycan, and
Syndecan 3 resultsin migration delay, whereas depletion of Laminin 1, Laminin I11, Dystrophin, and
Reelin resultsin over migration and basement membrane rupture (Amin & Borrell, 2020).

Studies manipulating ECM components (such as. Perlecan, syndecan, chondroitin sulphate
proteoglycan (CSPG) that are expressed in the germinal layers of the mouse developing
cortex, affected progenitor proliferation and differentiation (Maeda, 2015; Park et al., 2003;
Sirko et al., 2010). Moreover, ECM components influence INM of aRGCS. This role is
evolutionary conserved, as manipulating laminin y1 analogue in zebrafish and B1 integrin

receptor in mouse VZ affected INM and aRGCs attachment to the apical surface (Fig. 24).
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On the other hand, 1oss of function experiment of integrin a.v3- another laminin receptor- led
to an exclusive sgnificant decrease in bRGCs in the developing ferret cortex. This showed
that ECM is essential for bRGCs abundance in the OSVZ in gyrencephalic species (Fig. 24)
(de Juan Romero et al., 2015; Dehay et al., 2015; Fietz et ., 2010).
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Figure 24. A schematic representation showing the role ECM components play on progenitorsin
the developing cortex. Neuroepithelial cells (NECs), apicd radial glia cells (aRGCs), basal radid glia
cells (bRGCs), and intermediate progenitor cells are all affected by ECM components (IPCs). NEC
proliferation is reduced when Glypican 1, Syndecan-1, and Perlecan are depleted. Blocking p1
Integrin causes aRGCs to detach from the apical surface and impairs asymmetric divison in the VZ.
The loss of Laminin a2, Laminin a4, and Retinoic acid from the externad meninges reduces aRGC
attachment to the basement membrane. Integrin avp® upregulation increases the production of IPCsas
well as their rate of cell cycle entry. Sox9 activation leads to an increase in bRGC proliferation via
Laminin 211.(Amin & Borrell, 2020).

To add to this, ECM components HAPLN1, Lumican, and Collgen | have been shown to
induce cortical plate folding in human fetal explant cultures (Long et al., 2018). These
findings suggest the crucial role ECM plays in the morphology of the cerebral cortex.
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Taken together, all these data show the role ECM plays in regulating progenitor proliferation,
basal progenitors’ abundance, increasing the rate of neurogeness, and the emergence of

cortical folding.
14. Direct vs I ndirect neur ogenesisin ammonite cortical development

The emergence of indirect neurogenes s plays an important role in the evolutionary expansion
of the cerebral cortex (De Juan Romero & Borrdl, 2015; Kriegstein et a., 2006). The
generation of IPCs and their migration to the SVZ provided the developing cortex with the
necessary neuronal output essential for the cortex’s six-layer layout (Miyata et al., 2010). The
development and expansion of the cerebral cortex in amniotes necessitated a shift from direct
to indirect neurogeness. This interchange from direct to indirect neurogeness was
accompanied with an abundant increase in IPCs and an aberrant suppression of direct
neurogeness as a mode of differentiation utilized by aRGCs. Observing repitle pallium
development, we find that it is completely devoid of IPCs (Verdnica Martinez-Cerdefio et al .,
2012; Nomura & Hanashima, 2014), suggesting that all the neurons are produced via direct
neurogenesis. The neuronal output produced by direct neurogenesis is further reduced due to
the longer cdl cycle, hence leading to the formation of a rudimentary three-layered cortex.
Recently, experiments manipulating the levels of Robol and DIl1 expression, by repression
Robol expresson and overexpressng DII1, in snake pallium led to an increase in IPCs and a
formation of a de novo SVZ. This suggests that reptiles use direct neurogeness as a default
mode of division (Cérdenas et al., 2018). Moving onto birds, specifically in chicken cortical
development, their SVZ exhibit a small number of basal mitoses and have Tbr2" IPCs
(Charvet et al., 2009; Cheung et al., 2007; Martinez-cerdefio et al., 2017). This observation
suggests that the emergence of basal mitosis and its tendency to favour indirect neurogenesis
in birds lead to the aberrant expansion of their pallium compared to reptiles. Interestingly,
overexpressng Robol/2 and knocking out DII1 expression in chick pallium, induced direct
neurogeness and decreased basal mitosis. The limited period of neurogenesis is limited in
birds and reptiles, where it ranges from (2-4) days, while mammals have a more extended
period (7 daysin mice to 21 weeks in humans), Taking all these factors into consideration

suggests that the concurrence of direct neurogenesi s and a short neurogenic period.

In mammals, IPCs are the major source for neuronal production. Direct neurogenesis was
repressed in mammalian cortex to only generate around 10-20% of neurons. The evolutionary

expansion of the cortex involved the suppresson of Direct neurogeness, the emergence of
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IPCs, BPs, and their various subtypes (Kalebic et al., 2019) and their higher self-proliferative
capacity. These factors greatly increase the final neurogenic yield. The molecular mechanisms
generating basal progenitors still remain poorly understood. Transcriptomic analysis and new
technologies were able to uncover some molecules implicated in basal progenitor
proliferation. Among these molecules are: Cux2, Thr2, DII-Notch, Shh-Smo, Robo receptors,
Fgfr3, Arx, Magoh, Trnpl and others (Borrdl et al., 2012; Colasante et al., 2009; Cubelos et
al., 2008; Martinez-cerdefio et al., 2017). Basal progenitor generation includes detachment
from AJs and delamination from the VZ; it also has been proposed that oblique and horizontal
divisons of aRGCs produce basal progenitors. During evolutionary expanson of the
neocortex, direct neurogeness is repressed, and there is a change in genetic and epigenetic
signatures that allows the generation of basal progenitors. In addition to a sgnificant change
in cell cycle, especialy during cel cycle re-entry, where basal progenitors are able to self-
proliferate many times before entering self-consuming neurogenic division. |PCs divisons
observed in mouse cortex showed that they undergo only one round of divisons to produce
two neurons, while in primates, basal progenitors undergo numerous self-proliferative
divisons (Betizeau et al., 2013). Hence, this developmental mechanism has a significant
impact on producing a much larger number of neurons per aRGC, resulting in greater cortex

expansion (De Juan Romero & Borrdl, 2015; Llinares-Benadero & Borrdl, 2019).
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Objectives

The primary goal of this project isto identify and characterise the signalling cascade initiated

by Robol/2 ICD to induce Direct neurogenes's, with a particular focus on proteins interacting

with Robo and their evolutionary relevance. In order to address this question, we set the

following specific objectives:

1.

To characterize and compare the transcriptomic profiles and trajectories of progenitor
cell types in the mouse devel oping NCx and OB, as paradigmatic examples of indirect
and direct neurogenesis respectively.

To identify proteins interacting with the intracellular domain (ICD) of activated
Robol/2 receptors.

To sudy the subcellular localization of Robol/2-ICD, and its link to Direct

neurogenes's.

To characterize transcriptional changes in mouse cortical progenitors undergoing
Direct neurogenesis as a result of Robo-ICD signaling, and the functional link

between Robo and gene transcription.

To understand how the interaction of Robo-ICD with nuclear proteins drives Direct

neurogenes s in mouse and during amniote evolution.
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M aterials and M ethods
1. Cdll culture

P19 cells were a gift from the lab of Dr.Vijay Twari’s (Queen’s university, Belfast, UK). The
cells were cultured in Growth medium which consists of (MEM a, nucleosides (Thermo
fisher, ref: 12571063) with FBS 10% (Thermo fisher, ref: 16140071), 1% Glutamax (Gibco,
ref: 35050038), 1% penicillin-streptomycin (Gibco, ref: 15140122)). Cells were incubated in
an incubator with a tightly regulated temperature at 37°C and 5% CO2 with saturating
humidity. The cells were regularly checked and routindy tested for mycoplasma. Confluent
cellswere split (1:3) usng Trypsin-EDTA (0.25%) (Gibco, ref: 25200072).

P19 cells were transfected using Lipofectamine 2000 (Thermo fisher ref: 11668019). First, we
plated 5x10° cdlsin a T75 flask (Corning, ref: 353136). On the next day transfections were
carried out usng plasmids pCAG-Robol-flag (Vector builder), pCAG-Robo2-flag (Vector
builder) and Crispr DII1 and the negative control PCAG-EGFP (a generous gift from the Gage
lab (Salk ingtitute for biological science, USA) with Lipofectamine 2000 (Thermo fisher, ref:
11668027). We left the transfection complexes at room temperature (RT) for 20 minutes.
After applying the transfection complexes to the cells, the transfected flasks were left in the
incubator for 5 hours, and then medium was changed. Cells were left post transfection for 48
hours, and then we proceeded with cell lyss followed by protein quantification,

immunoprecipitation, and western blot.
2. Mouse Primary culture and transfection

The neocortex was isolated from the brains of E12.5 wild type (WT) ICR embryos. The
neocortical tissue was dissociated by incubating it in trypsin, 0.25% -EDTA, and DNAse at
37 °C for 8 minutes, followed by gentle trituration with a P200 pipette. Dissociated cells were
plated on glass coverdips coated with poly-lysine at a density of 65 X 10 cells per coverdip.
Next, cells were cultured in Ns5 medium (DMEM glutamax media (Gibco, ref: 21969-
035),1% pencillin- streptomycin,0.5% N2 supplement (Thermofisher, ref: 17502048), 1%
B27 ( Thermofisher, ref:12587010),0.1% bFGF (Peprotech, ref:100-18B), 0.1% EGF
(Peprotech, ref: AF-100-15) and incubated at 37 °C and 5% CO2. Lipofectamine 2000
(Invitrogen) was used to transfect primary dissociated cell cultures with Robol-Flag + Robo2-
Flag. Two days after transfection, cells were fixed for 10 minutesin 4% PFA and 4% sucrose

solution for immunofluorescence assays.
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3. Experimental model animals

Wild type mice (Mus musculus) were kept in an Ingtitute of Cancer Research (ICR) genetic
background. Cell culture and expression analyss experiments were carried out on ICR mice.
Mice were kept at the animal facility of the Ingtituto De neurociencias de Alicante, a a
standard 16h:8h dark/light cycle, in accordance with Spanish regulations (RD 53/2013) and
European Union regulations. The Universdad Miguel Hernandez Ingitutional Animal Care
and Use Committee (IACUC) approved the experimental protocols. The embryonic day
(EO0.5) wasthe day of the vaginal plug. All of the animals used in this study were tested naive,

with no previous procedures performed on them.

Fertilized chicken (Gallus gallus) eggs were obtained from a poultry farm in Cordoba (Granja
Santa | sabel) and incubated at 380C. Day 0 post-ovoposition was defined as the day of lay

(dpo).

Fertilized snake eggs (Lamprophis fuliginosus) were obtained from a breeding colony
affiliated with Dr. Michel C. Milinkovitch's lab at the University of Geneva and stored in
accordance with Geneva Canton regulations (authorization 1008/3421/1R). The day of lay

was considered O dpo, and eggs were maintained at 28°C under humidity.
4. Constructs

For overexpresson experiments, we used pCAG mRobol-Myc, pPCAG mRobo2-Myc and
crispr DII1 congtructs (Céardenas et al ., 2018). These constructs are expressing a myristoylated
(Myr(m)) sequence that facilitate the tagged Robo intracellular domain attachment to the
memebrane. We designed mRobol-Flag and mRobo2-Flag under pCAG promtor, and CMV
GFP to identify transfected cells (purchased from vector builder). We used a GFP encoding
congtruct downstream of a CAG promoter into an MMLYV retroviral packaging vector in the
control samples (a generous gift from F.H. Gage).

Crispr plasmids for knocking out Nup107 expression in mice and chicken were created by
annealing the following oligomersinto the pSpCas9(BB)-2A-GFP plasmid (PX458, Addgene)
after a Bbsl digestion as described in Zhang Lab's protocal .
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4.1. Thefollowing newly designed guides wer e used:

MsNupl07 F: CACCGGGGCTTCCGCTCTCTGTGCC
MsNupl107 R: AAACGGCACAGAGAGCGGAAGCCCC
Ck nupl107 F: CACCGAATCATCTGATGCGTTCGTT

CK nupl107 R: AAACAACGAACGCATCAGATGATTC

The pSpCas9 (BB)-2A-GFP plasmid (PX458, Addgene) without crispr guide was used in the

control knockout experiments.

For mRobol and mRobo2 cytoplasmic domain truncated constructs, mRobo2-Myc truncated
plasmids (R2D1 ,R2D2, R2D3) were a generous gift from Dr.Le Ma (Thomas Jefferson
Universty, USA). We designed mRobol cytoplasmic domain truncated plasmids (R1D1,
R1D2,R1D3). mRobol myc plasmid was cut in two restriction sites usng Notl and BtgZI
(NEB, ref: R0189S, R0703S), backbone vector was gd purified to be used for all congtructs.
We designed primers for the different mRobol fragments that contain the myr truncated

cytoplasmic domain and myc tag using the Nebuilder® assembly tool.

4.2. Gibson assembly myr Robo 1 truncated cytoplasmic domain primers:

MYRF: GTCTCATCATTTTGGCAAAGGAATTCGCGGCCGCTAGC

CCOR: CTTGTCGTCATCGTCTTTGTAGTCGTCCACATCACCATAAACAGTTGAC
MYC F: GACTACAAAGACGATGACGACAAGTGGCGGCCGCTCGAGTCT

MYC R: ATTTTTGGCAGAGGGAAAAAAGATCTCAGTGGTATTTGTGAGCCAGGG
CC1R: CTTGTCGTCATCGTCTTTGTAGTCGATGAGCTGCGTGGTGGC

CC2R: CTTGTCGTCATCGTCTTTGTAGTCTGGGGGAGGATGCGCTGG

Fragments were generated using Xpert high fidelity DNA polymerase kit (Grisp, ref:
Vv7E502), and gel purified. A fragment vector mixture was prepared with a 2:1 fragment to
vector-ratio. Gibson buffer 2A was added to this mixture and incubated for 30 minutes at

50°C. The generated plasmids were then transformed and sequenced to validate them.
5. Immunopr ecipitation

Two days pogt-transfection with the plasmid combination mentioned above we removed the
medium from the cells and washed them twice with cold 1X DPBS (Thermofisher, ref:
14190144). Whole cell protein was extracted by scraping cells using 500 ul of HSBN lyss
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buffer (10 mM HEPES-KOH pH 7,4 (Sigma, ref: H4034), 150 mM NaCl (VWR, ref:
27810.295), 1% Nonidet P40 (Applichem, ref: A1694.0250), one Tablet complete EDTA-free
(Roche, ref: 04693159), one Tablet PhosStop (Roche, ref: 04906837), 100 pg/ml DNasel
(Applichem, ref: A3778.0050 10mg), 100 pg/ml RNaseA (Applichem, ref: A2760.0500
10mg) ). Cells were sheared using 0.55 needle gauge. Cédll lysate was then centrifuged at 16 x
10%g at 4 °C. The cleared lysate was then transferred to precooled tubes. After that, 40 pl of
anti m2 flag sgma magnetic beads (Millipore, ref: M8823) were added to the cell lysate to
pull down Robol ICD flag and Robo2 ICD flag. The tubes were placed in a rotating shaker at
30 rounds per minute (rpm) speed at 4 °C for 1 hour. After incubation, the magnetic beads
were washed once with HSBN lyss buffer usng a magnetic rack (Sigma, ref: 20-400)
followed by two washes with HBS buffer (10 mM HEPES-KOH pH 7.4, 150 mM NaCl, 1
Tablet PhosStop). In order to elute the protein bound to the beads, we added 40 pl of Glycine
PH 2.8 (Sigma, ref: G8898) four times consecutively and left them to incubate for five
minutes in between dutions, excluding the first quick eution. Next, we saved 30ul of the
eluted protein for immunoprecipitation validation, and the remaining euted protein was

stored at -20 °C and shipped for mass spectrometry analysis.
6. Western Blot

We used the Pierce™ BCA protein assay kit (Thermo fisher, ref: 23227) for protein
quantification. Protein samples were denatured with 1X Laemmli buffer for 5 minutes at 95
©C. 30 pg of protein samples were resolved on 8% SDS-PAGE gel for 2.5 hoursat 100 mV in
1X Running buffer (25mM Tris base (Sigma, ref: T1503-1KG), 190mM glycine (Sigma,
ref:G8898-1KG) and 0.1%SDS (Sigma, ref: L3771-100G)) using the Mini Protean®
electrophoress system (Biorad, ref: 1658005EDU). Following that, A 0.45-m nitrocellulose
membrane was used to transfer the proteins (GE Healthcare Life Science, ref: 10600002) via
overnight wet transfer at 4 °C and 30 VV using a mini Trans-blot ® electrophoretic transfer cell
(Biorad, ref: 170-3930) and aready cooled transfer buffer (25 mM Tris base, 190 mM
glycine, 0.1% SDS, and 20% Methanol (JTBaker, ref: 8405). The membrane was blocked in
5%BSA (Sigma, ref: A9576-50ML) dissolved in TBST 0.25% (20mM Tris-HCI (Sigma, ref:
T3253-1KG), 150 mm NaCl, 0.25% Tween 20 (Sigma, ref: P7949-500ML)) for 1 hour.
Membranes were incubated with antibodies diluted in 5% BSA TBST overnight at 4 °C. The
following day, membranes were washed 4X with TBST 0.25% for 15 minutes, after that,
membranes were incubated with secondary peroxidase antibody for 45 minutes at Room

temperature. The membranes were then washed four times for 15 minutes with TBST 0.25%.
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In order to develop the membranes, we applied Chemiluminescent HRP substrate (Millipore,
ref: WBKLS0100). Images were captured using Amersham Imager 680 Bio imager (GE
healthcare, ref: 29270771).

Primary antibodies: anti flag M2 (1:1000, Mouse monoclonal, Sigma, ref: F1804), anti
Nupl107 (1:5000-1:1000, Sigma, ref: SAB3500333), anti Gadph (1:5000,mouse monoclonal,
Santa Cruz biotechnology, ref: sc-32233), ant lamin B1 (1:1000, rabbit polyclonal, Abcam,
ref: ab220797), Anti-Robo2 Antibody, clone 4C6.1 (1:500, mouse monoclonal, Sigma,
MABN122), anti Robol (C-terminal region) Antibody (1:500, rabbit polyclonal, ECM
biosciences, RP2791)

Secondary antibodies: peroxidase conjugated anti-mouse 1gG, IgM (H+L) (1:10000, Thermo
fisher, ref: 31444), peroxidase conjugated anti-rabbit 1gG (H+L) (1:0000, Thermo fisher, ref:
31462).

7. Protein nuclear fractionation

For nuclear fractionation assay, P19 cdls transfected with the plasmid combination mentioned
above were used to detect mRobo 1/2 flag. Native P19 cells were used to detect native
Robol1/2 cytoplasmic terminals. Cells were trypsinized with (0.25%) Trypsin-EDTA and
resuspended in 10 ml growth medium. Cells were pelleted by centrifuging at 100 X g for 5
minutes. The pellet was washed twice with 1X DPBS. Next 4X pellet volume was added to
the pellet of B10 buffer (10 mM HEPES-KOH pH 7.9,10 mM KCI (VWR, ref: 26759.291),5
mM MgCl, (VWR, ref: 25108.295), 0.5 mM EDTA (Sigma, ref: ED-100G),0.5 mM
mercaptoethanol (Thermo fisher, ref: 31350-010), 1 tablet complete EDTA-free, 1 tablet
PhosStop ). This was followed by 10 minutes of incubation on ice, then by douncing the
lysate 40 times using a 100 pl mini homogenizer (GPE, ref: 20404). Next, the lysate was
centrifuged at 500 X g for 5 minutes at 4 °C and the supernatant was saved afterwards as the
cytoplasmic and membrane fraction. To extract the cytoplasmic fraction the previous
supernatant was centrifuged at 10 min 16000 x g at 4°C and supernatant saved as cytoplasmic
fraction. The pdlet remaining from the previous step was washed twice with B10/200 buffer
(10 mM HEPES-KOH pH 7.9, 10 mM, 10 mM 0.5 Mm KCI (Panreac, ref: 131232.12),
200mM Sucrose, 0.1% NP-40, 5 mM MgCl, EDTA (Sigma, ref: ED-100G), 0.5 mM f3-
mercaptoethanol (Thermo fisher, ref: 31350-010), one tablet complete EDTA-free, one tablet
PhosStop). The pelet was then resuspended in 500 pl of B10/200N buffer which was
overlayed on 2ml of B10/800 (10 mM HEPES-KOH pH 7.9, 10 mM KCI, 800 mM Sucrose, 5
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mM MgCl 2, 0.5 mM EDTA, 0.5 mM MeSH, Protease and Phosphatase Inhibitor) buffer
cushion. The mixture was centrifuged at 2500 x g during 10 minutes at 4°C. The nuclear
pellet was extracted by adding B400 buffer(10 mM HEPES-KOH pH 7.9, 0.5% NP-40, 10
mM KCI, 400 mM NaCl, 5 mM MgCl 2, 0.5 mM EDTA, 0.5 mM MeSH, 20% Glyceral,
DNase. RNase, Protease and Phosphatase I nhibitor) 4X times the pellet volume and sheared
through 0.5 mm gauge needle. The nuclear extract was centrifuged 10 min 16000 x g at 4°C.

The supernatant from this step is the nuclear extract of the protein lysate.
8. Immunofluor escence

Upon reaching the desired embryonic stage, cervical didocation was used to sacrifice
pregnant female mice. We fixed the brains for 30 minutes to 1 hour usng 4%
Paraformal dehyde (Sigma, ref: 441244-1KG) dissolved in 0.1 phosphate buffer (PH 7.4) at 4
©C. Next, we cryoprotected the brains using 30% sucrose (Panreac, ref: 131621.0914)
solution dissolved in 1X PBS PH 7.4 followed by immersion in Cryo-Medium NEG-50
(Thermo fisher, ref: 6502). Brains were frozen and sectioned at 20 pm thickness using
cryostat and collected in super frost dides (Thermo fisher, JIBOOAMNZ).

Slides were left to dry at 37 °C for 3 hours, then sections were washed with 1X PBS and
permeabilized with 1X PBS-T (0.25% Triton (Sigma, ref: T8787-250ML)). Next, sections
were incubated with blocking solution (normal horse serum 10% (Gibco, ref: 16050), Triton
0.25%, and 0.25% BSA) dissolved in PB 0.1M for 2 hours, and dides were incubated with
primary antibodies dissolved in blocking solution at the proper concentration overnight at 4
©C. The following day, sections were washed with 1X PBS-T and incubated with the suitable
fluorophore conjugated secondary antibody at the proper concentration for 2 hours at RT.
Sections were counterstained with Dapi (4, 6-Diamidine-2’-phenylindole dihydrochloride)
(Sigma, ref: D9542-5mg). Finally, sections were then dehydrated using a series of alcohols
and mounted with coverdips using Entellan mounting medium (Sigma, ref: 1.07960).

For immunofluorescence of cdlsin vitro, cells were fixed with 4% PFA and 4% sucrose for
10 minutes at RT. Cdls were then washed with 1X PBS and permeabilized for 20 minutes
with 1X PBS-T 0.25% before being incubated for 1 hour with blocking solution. This was
followed by incubation with the primary antibody overnight at 4 °C. The following day, cels
were washed with 1X PBS-T and incubated with fluorophore-conjugated secondary
antibodies for 2 hours at RT. Cdls were counterstained with Dapi and mounted using
MOWIOL® (Calbiochem, ref: 475904).
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Primary antibodies Host Concentration Company Reference
GFP Chicken 1:1000 Aveslab (GFP-1020)
His Mouse  1:1000 Thermo scientific  (37-2900)
Tujl Mouse 1:1000 Covance (MM S-435P)
Thrl Rabbit  1:750 Abcam ab31940
Ph3 Mouse 1:1000 Sigma 05-806
Pax6 Rabbit  1:500 Sigma AB2237
Myc Rabbit  1:500 Santa Cruz sc-789

Flag Mouse 1:1000 Sigma F3165
Robo1CT Rabbit  1:500 ECM biosciences RP2791
Sox2 Goat 1:400 R&D systems AF2018

9. In situ Subcellular Fractionation

P19 cells were seeded at a density of 65,000 cells per well on polylysine-treated coverdipsin
a 24 well plate (Falcon, ref: 353047) and incubated at 37 °C, 95% humidity, and 5% CO,.
Cdls were transfected with the plasmids indicated in each experiment after 24 hours in
culture using Lipofectamine 2000 (Invitrogen). Two days post transfection; cells were washed
twice with ice cold 1X PBS whiletilting the plate. For immunofluorescence assays, coverdips
representing whole cells were fixed in 4% PFA and 4% sucrose solution for 10 minutes. To
remove the cytoplasmic fraction and the loosdly held nuclear fraction, 200ul CSK buffer
(10mM PIPES (P6757-25G), 300mM Sucrose, 100mM NaCl, 3mM MgCI2, 1mM EGTA
(Sigma, ref: E4378-10G)) + 0.1% (V/V) Triton X-100) was applied directly onto each
remaining coverdip and incubated on ice for 1 minute. The tightly held nuclear fraction was
washed with ice cold 1X PBS, fixed for 10 minutes with 4% PFA and 4% sucrose solution,
and saved for immunofluorescence assays. Next, to remove the tightly held nuclear fraction,
the remaining coverdips were washed with ice cold 1X PBS for 1 minute, and 200ul CSK
buffer + 0.5% (V/V) Triton X-100 was applied directly onto each remaining coverdip and
incubated on ice for 20 minutes. The chromatin fraction was washed with 1 ml of ice cold 1X
PBS and fixed with 4% PFA and 4% sucrose solution for 10 minutes for immunofluorescence
assays (Sawagdichai et al., 2010).
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10. Probe cloning for in situ hybridization

For ISH probe synthess, RNA was extracted from E12.5 or E14.5 mouse cortex, chick
(Gallus gallus) E6 dorsal pallium, and snake (Lamprophis fuliginosus) E8 pallium using the
RNeasy mini kit (Qiagen, ref: 74104). cDNA was generated using maxima first strand kit
(Thermofisher, ref: K1641). PCR products of DNA fragments targeting different genes were
generated using Gotaq flexi DNA polymerase (Promega, ref: M8305). PCR products were
purified from agarose gel using illustra GFX kit (GE healthcare, ref: 28-9034-70). PCR
products were ligated into PGEM-T vectors or PGEM-T easy vectors usng Promega T4
ligase (Promega, ref: A3600, A1360, M1801). Ms Robol, Ms Robo2, MsDII1, Ms Hesl, Ms
Hes2, Ms Pax6 in situ probes were previoudy designed in thelab (Cérdenas et al., 2018).

10.1. Primers:

CK Nupl07 ISH F: TCTGCTCGGCAATCAGTCAA
CK Nupl107 ISH R: AACAGGCTGTACCTCGTTTCC
MsNupl07 ISH F: GAGCCGAAGCCTACTGAGAC
MsNupl07 ISH R: CTAATGGGAGCGTCTGGGTC
MsPtprzl ISH F: AGGCTTAACAGTTCCTCACTCG
MsPtprzl ISH R: AAAGCGACCCCTATCTATGTCA
MsHey2 ISH F: GAGAAAGAGAAGAAGCAGGCAA
MsHey2 ISH R: GTTTATCGCTTTCTCCACACAG
MsThbrlISH F: CACTCGCTCTTTCACTTGACC
MsTbrl ISH R: GGAGTGGGGTCTGAAAAGATAG
MsEtv4 ISH F: TGACTCCCCCAGACAAATCG
MsEtv4 ISH R: GAGCGGCTCAGCTTGTCATA

Sn Nupl07 ISH F: GGCCCAAAGACTCTGCAAAAG
Sn Nup107 ISH R: GCAGTGTGCTTCTCACATACT

11. In situ Hybridization

Overnight, brains were fixed in 4% paraformaldehyde (PFA) in PB pH7.3 at 4 °C overnight.
Brains were cryoprotected with 30% sucrose solution, then frozen and sectioned at 20 um in
Cryo-medium Neg-50 (Thermo Scientific).

According to the manufacturer's ingructions, sense and anti-sense cRNA probes were
synthesised and labelled with digoxigenin (DIG; Roche Diagnogtics). In stu hybridization
(ISH) was carried out as previoudy described (Reillo et al., 2011). Briefly, frozen brain
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sections of E12.5 ICR mouse, E6 chick embryos and E8 snake embryos were hybridized with
DIG-labeled cRNA probes overnight in hybridization solution [50% formamide (Ambion),
10% dextran sulfate, 0.2% tRNA (Invitrogen), 1x Denhardt’s solution [from a 50x stock;
SIGMA), 1x sat solution (containing 0.2 M NaCl, 0.01 M Tris, 5 mM NaH2PO4, 5mM
Na2HPO4, 5 mM EDTA, pH 7.5)]. Next, sections were washed with washing buffer and
blocked for 2 hours at room temperature in MABT buffer solution 1x, 10% sheep serum, 10%
blocking reagent. Sections were incubated with akaline phosphatase-conjugated anti-
digoxigenin antibodies (Roche, ref: 11093274910). Signal visualization of the labeled cRNAS
dig probes was performed by incubating the sections in a nitroblue tetrazolium (NBT)/5-
bromo-4-chloro-3-indolyl phosphate (BCIP) solution [3.4 ul/ml from NBT stock and 3.5
ul/ml from BCIP stock in reaction buffer (100 mg/ml NBT stock in 70% dimethylformamide;
50 mg/ml BCIP stock in 100% dimethylformamide; Roche)].

12. In utero electroporation

At embryonic day E12.5, mouse embryos were electroporated in utero in the neocortex.
Pregnant women were deeply anaesthetized with 2-2.5% isoflurane and their uterine horns
were exposed. Using pulled borosilicate glass micropipettes (Ref #WPI 1B150F-4), DNA
solution (approximately 1L) was injected into the lateral ventricle, and square e ectric pulses
(30-35V, 50ms on - 950ms off, 5 pulses) were applied with an eectric paddle (Cuy21EDIT
Bex C., LTD) using round e ectrodes (CUY 650P5, Nepa Gene or CUY 650P7, Nepa Gene).

The following plasmid concentrations were used: 0.25 ug/l Nup107 MS crispr, 0.25 ug/ul
empty M S crispr, and 0.7 ug/ul GFP.

lug/il of mR1 flag, lug/il mR2 flag, 1ug/yl Crispr DII1, lug/pl GFP, lug/yl mR1D1, lug/u |
mR2D1, 1ug/l mR1D2, 1ug/pl mR2D2, 1ug/ul mR1D3, 1ug/yl mR2D3, 1ug/ul GFP.

13. In-ovo electropor ation

Fertilized eggs were incubated as previously described until 4 dpo for chicken in ovo
electroporations. A small window was opened in the eggshell the day before e ectroporation,
and 2ml of albumen was aspirated to alow for further manipulation. DNA solution was
injected into the lateral telencephalic ventricle of embryos at 4 days post-ovoposition (dpo),
and sguare pulses (30 V, 5 ms, 5 pulses each 500 ms) were applied with an dectric stimulator
(TSS20 OVODY NE ELECTROPORATOR, MCI) using round electrodes (CUY 650P3, Nepa

Gene).
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Electroporated embryos were then left to developing under the same temperature and
humidity conditions. Embryos were fixed for 1 hour in cold 4% PFA, and their brains were

processed for immunofluroescence.

Plasmid concentration used: 1 ug/ul of Nupl07 CK crispr, 1 ug/ul crispr empty, 0.7 ug/ul
GFP.

14. M ass spectrometry

Elutes from co-IP experiments in 0.1M glycine were adjusted to pH 7.5-8 with 1 M Tris.
Subsequently, proteins were digested in-solution with trypsn and Lys-C and analyzed by
nanoflow LC-MS/MS according to procedures described previously (Groess et al., 2012;
Shevchenko et al., 1996; Vadlj et al., 2012) with slight modifications. In brief, digestion was
performed with 2x 200ng trypsin (Trypsin Gold, Promega) for 16-24h each followed by
digestion with 100ng rLys-C (Promega) for another 16-24h. Digests were desalted by C-18
UltraMicroColumns (Nest Group) and subsequently dried, and stored until analysis at -20°C.
For LC-MS/MS analyses the peptides were recovered in 3ul 30% formic acid supplemented
with 25fmol/pl standard peptides (Retention Time Calibration Mixture, Thermo Pierce),
diluted with 20Ul of water and 5ul were injected. NanoLC-MS/M S analyses were performed
with a Q-Exactive HF mass spectrometer (ThermoScientific, USA/Germany) hyphenated to a
nanoflow LC sysem (Dionex3000 RSLC, ThermoDionex, Germany). Peptides were
separated in alinear gradient of 0.1% aqueous formic acid (eluent A) and 0.1% formic acid in
60% acetonitrile (duent B) for 120min and the mass spectrometer was operated in data-
dependent acquisition mode (DDA, TopN 10). Label -free quantitative analysis based on the
most intense peptide ions (MI3/HI3) was carried out with the Progenesis QIP V4.2 software
(Nonlinear Dynamics, Newcastle u.T., UK) (Groessl et al., 2012; Silva et al., 2006). Protein
identification was performed with Mascot V2.6 (Matrixscience, UK) (Perkins et al., 1999).

15. L ucifer ase assay

P19 cdls were cultured and transfected as mentioned above. One-day post transfection, cells
were treated for the detection of luciferase and Renilla activity. Briefly, cells were washed,
and whole cell extracts were obtained using PLB lysis buffer (Promega). The signal was
detected with a Berthold luminometer using the Dual -Luciferase® Reporter Assay (Promega).
Congtructs used for transfection were: DII1 Luc (Cadtro et al., 2006), RL-CMV (Promega),
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empty vector pCl (Promega),mRobol flag, mRobol myc, Jagl (Cérdenas et al., 2018), and
GFP.

16. FACSsorting for Bulk RNA sequencing analysis

16.1. Bulk RNA sequencing from embryonic cortical tissue: E12.5 electroporated mouse
embryos with mRobol, mRobo2, Crispr DII1, GFP and GFP for negative control were used
for this experiment. The eectroporated embryos were sacrificed at E13.5, brains were
extracted in ice cold HBSS (Thermo fisher, ref: 14025092). Electroporated cortical areas
resembling rosto-caudal and medio-lateral locations reported in (Cardenas et al., 2018) were
dissected. The dissected tissue from several embryos was dissociated using Trypsn-EDTA
0.05% (Thermo fisher, ref: 25300062) diluted in dissociation Medium (HBSS without Ca?*
and Mg2" (Thermo fisher, ref: 14170112) supplemented with 10%FBS, 1% P/S) and |eft for 8
minutes in a 37 °C water bath. Cells were then centrifuged, and the pellet was suspended in
500 pl of Dissociation medium and filtered with a 40 um PES filter (Corning, ref: 352340).
Cdls were FACS sorted using (FACS Aria |l, BD). Cells with High GFP" intensity were
collected in 100 pl of extraction buffer from Arcturus PicoPure” RNA isolation kit
(Thermofisher, ref: KIT0204).

16.2. Bulk RNA sequencing from P19 cells: Celswere platedin a 6 wel plate (Falcon, ref:
Falcon 351146) at a dendty of 500,000 cells per well. As mentioned previously, transfection
was carried out usng mRobolflag plasmid and GFP plasmid as control. Medium was
removed 2 days post transfection and cells were trypsinized and resuspended in culture
medium. GFP" cdls for both conditions were FACs sorted and collected in 100 pl of
extraction buffer from Arcturus PicoPure” RNA isolation kit (Thermofisher, ref: KIT0204).

Following sample collection, RNA was extracted using the Arcturus PicoPureTM RNA
isolation kit according to the manufacturer's protocol. RNA integrity was determined using a
Bioanalyzer (Agilent 2100), and samples with RIN values greater than 8 were chosen for
RNA sequencing. Three independent replicas per condition were sequenced for each
biological replica. Libraries were prepared usng the SMART -seq v4 Library Prep Kit and
sequenced using 50 bp single reads on an Il1lumina HI Seq 2500 sequencer.

17. Bulk RNA sequencing analysis

Reads were quality-checked with FASTQC v0.11.9. RNA-Seq output reads were quality-
trimmed and filtered for adapters usng Trim Galore v0.6.5 and aligned to the genome
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assembly (GRCm38.p6) using HISAT2 (D. Kim et al., 2015). Gene-level read counts were
computed usng HTSeq v0.11.1 (parameters: -m union —no_stranded and Ensembl gene
annotations) (Anders et al., 2015). Differentially expressed genes were identified using
DESeg2 v1.28.1(Love et al., 2014). Gene Ontology (GO) functional enrichment analysis for
DEGs and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analys's
were performed usng Gene Set Enrichment Analysis (GSEA) method (Subramanian et al.,
2005). The meta analyss of the GO terms was performed usng Cytoscape v3.8.1,
EnrichmentMap v3.3.1 and WordCloud v3.1.3 (Merico et al., 2010; Oesper et al., 2011;
Shannon et al., 2003).

18. Tissue microdissection and Single cell RNA sequencing analysis

E12.5 brains of wild type ICR embryos were isolated, and the meninges were cleaned. During
dissection, brains were immersed in L15 buffer no phenol red + glutamine (Thermofiher, ref:
21083-027). Brains were embedded in agarose and kept at 42°(Low melting temperature)
(Lonza, ref: 50100). After the agarose solidified, agarose blocks containing the brains were
cut by Vibratome (Leica, ref: VT1000S) into sections 250 um thick with vibratome speed set
at 2 mm/sec and frequency 50-60 HZ. Sections were then collected in L15, the primordium of
the olfactory bulb (OB) and a section of the adjacent neocortex (NCx) was microdissected
usng microsclapel under steromicroscopic guidance (Leica, ref: MZ16). Tissue for both
regions was pooled from 6-8 littermates. The tissue was incubated in HBSS-phenol red
without Ca 2" Mg@®" (Thermofisher, ref: 14170112) and 40pl of Trypsin-EDTA 0.05%
(Thermo fisher, ref: 25300062) for 4 minutes in a 37 °C water bath. This was followed by
adding 200 pl of FBS to neutralize the effect of the trypsin. The cells were then pipetted for 6-
8 times with pipette set at 1000 pl volume. This was followed by passing the dissociated cells
through 40um strainer (Pluriselect, ref: 43-10040-40) pre-wetted with HBSS. Cels were
centrifuged for 5 minutes at 1000 RPM speed and resuspended in 50ul of 1X PBS PH7.4
(Gibco, ref: 10010023) + 0.1% BSA.

The number of cells was calculated using Neubauer chamber and trypan blue (Sigma, ref:
T8154) to validate cel viability.

19.10 X genomics Wor kflow
Briefly, we used 10X genomics chromium platform to generate the libraries of Single cell

Rna Seq samples from the OB and NCx (Chromium Single Cell 3' GEM, Library & Ge Bead
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Kit v3, 4 rxns PN-1000092, Chromium Single Cell B Chip Kit, 16 rxns PN-1000074,
Chromium i7 Multiplex Kit, 96 rxns PN-120262). This platform is based on microfluidic
principles. Usng an 8-channe microfluidic chip, the 10X system isolates a large of single
cellsin usng gd bead into emulson (GEM). The droplet-based encapsulation of the cdlsis
achieved by gel beads, where each gdl bead is functionalized with oligonucleotide that has a
unique barcode, a UMI, primers, a sequencing adaptor and a 30 bp Oligo dT. Cdl lysis,
reverse transcription, cODNA amplification, molecular tagging, and library congruction all
take place in the same workflow. We aimed in each replicate around 10,000 cells to be
processed in the workflow. Libraries were sequenced in an Illumina HiSeg2500 instrument
with amodified 75 bp paired-end protocol.

20. Single cell RNA data analysis

Raw 10X single cell RNA seq data was analyzed using a custom pipeline. Reads were aligned
to the ensemble GRCm39 (Genome Reference Consortium Mouse Reference 39) with
STARsolo (v2.7.3a) (Dobin et al., 2013). To sdect cells for downstream analyss, cdl
barcodes associated with the most UMIs were selected using DropletUtils (v1.6.1) (Lun et al.,
2019). Parameters used for cell filtering: (1) Cells were removed by filtering if they have <
250 UMIs mapped to the mouse genome, (2) cells were removed if they have < 200 unique
genes detected, (3) removed cells with > 3 standard deviations above the mean number of
genes detected for each batch separately, (4) Removed genes detected in < 3 cdls, (5) cdl
wereremoved if they have Percentage of MT (Mitochondrial) genes>15.

Normalization, clustering, and integration of data were performed usng Seurat (V3.1.5)
(Butler et al., 2018). Using a linear model with Seurat ('ScaleData’ function), the effects of
sequencing depth, replicate, and library preparation batch were removed. Principal component
analyss (PCA) was used to reduce the dataset's dimensionality to the top 40 PCs. Cdlls are
then grouped together in order to optimise the dendty of links within clusters versus links
between clusters. Cell clusters with fewer than 30 cells were excluded from further
investigation. Cells were clustered usng Clustree (v0.4.2) and Seurat (v3.1.5) and cluster
names were assigned based on bibliography. Clusters were integrated with SCTransform
normalization based on sample origin. The clusters were regressed out effects of cell cycle
and mitochondrial genes. 11 clusters were discarded due to having high expression of
mitochondrial genes, low number of UMIs and no differential expressed genes. Monocle 3b

was used to congtruct single-cell pseudo-time trgjectoriesin the integrated data set for OB and
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NCx samples (Trapnell et al., 2014). Differential expressed genes (DEGS) and gene cluster
enrichment analys's were determined in R. DEGs and gene cluster enrichment analysis was
performed for each cluster versus all other cellsin the dataset for genes that are present in
minimally 10% of the cells in the cluster. Genes were considered enriched if they have a P
value < 0.5 and 0.2 log?fold.

21. Chromatin immunopr eciptation (Chl P)

ChIP and ChlIP-gPCR experiments were performed on P19 cells with the same transfection
parameters as described in the previous experiments. To test the effect of overexpressng
mRobolflag and Crispr DIl on the chromatin landscape and validate the binding of Robolflag
certain DNA regions. The cdls were fixed and DNA was cross- linked using 1%
formaldehyde for 10 minutes at RT. Then they were neutralized with 0.125 M glycine,
scraped off and rinsed with cold 1X PBS. Next, cells were centrifuged for 7 minutes at 4°C at
600g. the pellets were resuspended in 10 ml of L1 buffer (50 mM HEPES KOH pH 7.5, 1
mM EDTA pH 8, 140 mM NaCl, 10% glycerol, 0.25% Triton X-100, 5% NP-40). This was
followed by incubation for 10 minutes at 4°C and a centrifugation for 5 minutes at 4°C at
1300 g. The pellet obtained from the previous centrifugation was resuspended in L2 buffer
(200 mM NaCl, 0.5 mM EGTA pH 8, 1 mM EDTA pH 8, 10 mM Tris pH 8), and incubated
for 10 minutes at RT. This was followed by a 5-minute centrifugation at 4°C at 1300 g. The
pellet was then resuspended in L3 buffer, which contains protease inhibitors (1 mM EDTA
pH 8, 10 mM Tris pH 8, 0.5 mM EGTA pH 8, 0.1% Na-deoxycholate 100 mM NaCl, and
0.17 mM N-lauroyl sarcosine). The pellet was then sonicated using bioruptor sonicator ad
incubated overnight at 4°C. The lysate was cleared of debris by centrifuging at 14,000g for 10
minutes at 4°C. 60ug of chromatin was incubated overnight with mouse anti-flag antibody
after 1 hour of preclearing, the mixture of the chromatin and the antibody was incubated with
with 40 pl of protein A- or G-Sepharose beads that were pre-blocked with tRNA and BSA for
3 hours at 4°C. The beads were washed twice with 1 ml of buffer L3 and once with 1 ml of
DOC buffer (10 mM Tris (pH 8), 0.5% Na-deoxycholate, 1 mM EDTA], 0.25 M LiCl, 0.5%
NP-40). Bound chromatin was eluted with 1% SDS/0.1 M NaHCO3. The euted chromatin
was then treated for 30 minutes at 37°C with RNase A (0.2 mg/ml), followed by 2.5 hours at
55°C with proteinase K (50 g/ml). The chromatin crosslinking was then reversed overnight at
65°C with gentle shaking. The chromatin was recovered in 40 pl of TE buffer after

purification with phenol-chloroform extraction and ethanol precipitation. ChiP-seq libraries
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were prepared usng standard Illumina protocols and sequenced on a Next-seq platform with
42 bp paired-end reads (Pataskar et al., 2016).

22. ChlP-seq analysis

ChIP-seq reads quality was assessed using FASTQC program. Robol-Crispr DII1 ChlP-seq
was generated from P19 cells in one biological replicate, followed by validation of the peaks
using ChiP-gPCR. Bowtie? (Langmead & Salzberg, 2012). The paired end reads were aligned
to the mouse genome mm10 using default parameters and UCSC annotations (Waterston et
a., 2002). The SAM file was converted to BAM file using SAMTOOLS (Danecek et al.,
2021; Raney et al., 2014). The peaks were called usng MACS2 using paired end parameters.
WIG files were generated using Quask (Gaidatzis et al., 2015) and the genomewide peaks
enrichment was visualized usng UCSC genome browser (Raney et al.,2014). The peaks were
annotated using Homer. The promoter motifs were analysed by submitting the gene list to the

homer findMotifs.pl programme (Heinz et al., 2010).
23. Image quantification and statistical analyses

Image acquidtion was done using Olympus FV10 confocal microscope, Zeiss Apotome

microscope, and Zeissairy scan.
23.1. Electroporation analysis

To reduce the sgnificant variability between litters in mouse experiments, counts in the
hemisphere of each experimental embryo were normalised with the non-electroporated
hemisphere at the same rostro-caudal and latero-medial level. At least three independent
embryos were quantified. The images were captured usng an Olympus FV10 confocal

mi croscope.
23.2. Cédll culture analysis

To quantify the cytoplasmic and the nuclear localization for Robol ICD flag, Robo 2 flag and
Robol/2 myc truncated constructs in pl19. We captured a minimum of seven images per
culture replicate usng Olympus FV10 confocal microscope with a 63X oil objective,
Individual cells from at least 3 different cover-dips were quantified. Colocalization sgnal

was quantified using Fiji to measure signal, area, and integrated density.
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24. Statistical analysis

GraphPad Software verson 8.0.0 for Windows, San Diego, California, USA,
www.graphpad.com, was used for datistical analysis. When satistical significance was
assumed, p values were set below 0.05. All values are the mean standard deviation of the
mean (SEM). Independent samples or pairwise t-test To compare statistical differences

between two experimental groups, the t-test was used.

One way ANOVA was used to compare the datistical differences between at least three
experimental groups. It was assumed that the variance in the experimental distributions would
be smilar. The samples were obtained independently, and the observations were sampled at
random. Embryos from at least two different females were used in each experiment. The
experimental n, statistical test used, and statistical significance are al detailed in the legend of

each figure.
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Table 1. Results obtained from in vitro mass spectrometry analysis of proteins bound to flag
tag upon overexpression of mRobol/2-1CD-flag and Cripsr-DII1. 104 proteins were found to
be more enriched in the mRobol/2-1CD-flag sample compared to the control sample. The

tableliststhe gene names of enriched proteins and their log2 fold-change.

Gene names log2 Fold-Change Flag/CTL
Robo2 31.49769
Robol 31.27825
Cap2 28.86476
Hdx 27.36131
Rpl22 27.00072
Mkl1 26.98522
Qpctl 26.24518
Wipfl 26.15827
Rnf219 26.15025
Mtfrl 25.98076
Setx 25.86432
Aldhll1 25.79266
M ob2 25.73182
Slain2 25.46557
Dhx57 25.45127
Slcl7a6 25.17058
Rbm6 25.10161
Atp5j2 25.07637
Pidka 24.90355
Arhgap39 24.83718
Eif2bl 24.83405
Sgk223 24.52453
Arhgap32 24.51533
1700021F05Rik 24.40331
Phactr2 24.38027
BC003331;0dr4 24.2094
Cox6al 24.17562
Nedd4l 24.06521
Eif2ak3 23.92262
Ell 23.91502
Wipf3 23.83779
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Srsfl10;Srsf12
Ddal
Atpl3al
Nedd8
Spire2
Prpf39
Akt2
Rab18
Arhgap27
Mrpl45

M pdz

M tssll
Aftph
Ube2o
Nisch
Ccdc132
Mta3
Nck1;Nck2
Gorasp?2
Hectdl
Haus6t
Vps53

Mr ps5
Rtnl
Lrch2
Ccdc97
Nudt16l1
Gpam
Phactr 1
Lrrfipl
Fbxo22
Gtf3c4
Atatl
Ncaph2;Gm7535
Otx2;0tx1
Thbcld15
Vps5l
Trappc8

23.71942
23.59815
23.58394
23.54887
23.51135
23.48757
23.44
23.43237
23.4247
23.31969
23.21985
23.19016
23.15892
23.14079
23.12226
23.03565
22.87736
22.8674
22.86571
22.84412
22.81255
22.80823
22.79521
22.78187
22.76557
22.72057
22.6049
22.56092
22.55075
22.48468
22.40925
22.34408
22.27994
22.2182
22.1699
22.16269
22.12428
22.12384
22.11288
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M ettl16
Irf2bpl
Slc27a4
Opal
Gnall;Gnal4
Rmdn3
Golim4
Stiml

Tab2

Rcn3
Vpsl6
Wdr48
Pmpca
Ndel;Ndell
Sepsecs
Tcstvl
Nup107
Gpcl
Morc2a
Hmox1
Pcca

Meis2

M ms19
Timmdcl
Dsccl;DSCC1
Syne2
wWdr7
Bccip
Dctn3
Chd7;Chd8;Chd6;Chd9
Sapcd?2

22.08858
22.07024
21.99196
21.95968
21.92299
21.89946
21.89089
21.86561
21.83592
21.80882
21.80546
21.79648
21.76923
21.73364
21.69434
21.68648
21.68427
21.68069
21.66789
21.51268
21.46949
21.35391
21.35278
21.35062
21.28362
21.26928
21.06825
20.68534
20.44804
19.62257
18.48334
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Table 2 DEGs identified upon expression of mRobol1/2-1CD-myc together with Crispr-DII1.
Bulk RNA-seq was performed on FACS-sorted cells at E13.5, one day post IUE. A total of
1573 genes were differentially expressed between cortical cells overexpressng mRobol/2-
ICD + Crispr-DII1 and control samples. The names of the top 100 upregulated and
downregulated DEGs is listed. The table indicates gene names, Log, Fold Change and
adjusted P value (padj).

GeneName log2FoldChange padj
Robol 5.506 3.44E-28
Ano3 5.504 7.79E-23
Eda2r 4.877 1.26E-29
Cdknla 3.925 1.65E-87
Zicl 3.547 0.049174071
Gmb5869 3.379 2.82E-07
Ddx60 3.132 5.26E-05
Pmaipl 2.944 9.23E-07
[fitm3 2.937 1.38E-34
M x2 2.869 2.94E-05
Phlda3 2.857 1.45E-50
Hs3st3al 2.794 0.000834792
Dglucy 2.677 2.59E-22
Psmb8 2.585 0.003752897
Oaslb 2.456 2.96E-06
Gbp3 2.336 1.13E-05
Cldn9 2.286 0.005023889
Tfap2d -2.272 0.001151076
Rn7sk 2.209 4.00E-05
Sema3c -2.047 0.001303116
Adra2c -2.04 0.006121534
Ehhadh 2.031 0.019164547
Irgml 2.025 7.79E-23
Clga 2.023 0.014736617
Uspl8 2.018 1.14E-29
Rtp4 2.014 5.26E-10
Rasgeflc 1.992 0.040761074
Calb2 1.988 0.002333547
Bst2 1.954 2.15E-15
Robo2 1.95 9.99E-64
Lyz2 1.914 0.002798033
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Cxcl12
Erapl
Gbp7

L hx6
9530059014Rik
B2m
Gm9987
Cabp7
Bmp7
Fndc3cl
Isg15
Sulf2
[fi27
Abcal
Cox6b2
Trim21
Cyp4f13
Mirg
D130062J10Rik
Ceacaml
Ddx58
Fagy
Serpine2
Dlk1
EmI2
Ccdc80
Hr
H2-Q4
Rmst
Prdmi12
Nmi
Sstr3
Kcnh3
Cux2
Sitrk3
Pcdhb6
Pappa
Gypc
Pvtl

-1.893
1.887
1.88
-1.878
-1.83
1.819
-1.815
-1.815
1772
1.759
1.737
1.734
1.708
-1.67
1.657
1.632
1.621
1621
-1.612
-1.588
1577
1574
1.568
1.567
-1.566
-1.552
-1.551
1541
1.539
-1.539
1.528
-1.523
-1.518
-1.517
-1.516
-1.509
1.504
1.496
1.494

0.045203856
0.008675048
0.00312961
0.007149083
0.004760451
BSSES
0.042896733
0.0176182
0.003276047
0.000440098
2.08E-05
7.64E-13
0.002843408
0.000112439
2.43E-05
5.46E-05
0.031978032
0.01043701
0.027804279
0.007841624
3.35E-09
0.033697876
0.00121034
8.70E-17
1.38E-05
0.044029657
0.00967788
0.005272875
3.26E-06
0.029999938
0.007898525
0.000107609
0.000114556
1.35E-12
0.032201977
0.035846805
2.91E-05
3.02E-05
0.002575865
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Sh3rf3
Adamtsb
Bbc3

Vit
Cpxm2
Parp9
Gm42946
Vephl
St8siab
Sorll
Slc7a3
Rcan2
Gpr153
Fgf15

M gat5b
SmpdI3b
Tapl
Tle2
Tlcd4
Gm16487
Hey2
Uncba
Thcld24
Tafa2
Osbpl7
Irf9

Hrk
Arhgdig
Fchsdl

-1.486
-1.483
1478
-1.478
1.475
1.466
-1.459
-1.448
-1.445
-1.436
1.432
143
1.426
1421
-1.419
1.413
141
-1.404
-1.402
-1.396
1.389
-1.37
-1.369
-1.367
-1.362
1.357
1.356
1.348
-1.34

0.000612909
0.002018864
1.14E-15
0.014528869
0.002339452
1.24E-08
0.000863471
3.61E-05
0.046790281
0.044374858
0.003549111
2.24E-12
0.006848204
0.000272902
0.018622211
0.003589445
0.008016242
0.000282254
0.026574144
0.029067943
0.001420166
0.000785575
8.00E-07
0.044072424
0.004874498
4.53E-11
0.004779149
0.014193504
0.001607411
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Table 3. DEGs identified by in vitro mRobol ICD flag RNA sequencing in p19 cdlls. Here
are the top 100 DEGs genes. In thistable we are listing gene name (Genes), Log2 fold change

(Log2C), and adjusted P value (pad)).

GeneNames L og2FoldChange Pad;]
Robol 3.688855452 1.6536E-188
Uppl -1.444127255 9.30613E-40
Gpr62 -3.793211754 1.99566E-36
ler3 -1.824350514 2.31735E-35
Ddit4 -1.162104074 4.42543E-34
Adm -2.420204871 4.72309E-29
Dusp6 -1.824020587 4.13415E-28
Trapla -1.563248601 5.44519E-28
Stcl -1.412251926 4.74795E-25
Optn -1.508974336 6.65809E-24
Eginl -1.037018326 6.28299E-23
Gm46060 -2.168150152 2.65474E-22
Ankrd37 -1.396001668 4.27424E-22
Ldha -1.139787704 6.08498E-22
Faml62a -0.981464451 1.06647E-20
Tnrcl8 0.779461348 1.41731E-18
Enol -0.830026547 3.56254E-18
Anxa2 -0.998163455 1.62026E-17
Pfkfb3 -1.247862656 1.62026E-17
Pgk1l -0.872137322 3.8639E-17
Lfng 1.089251733 5.68737E-17
Dmbx1 1.514247938 2.75665E-16
Tpil -0.883044736 2.95327E-16
Sec24d 1.057491915 3.50382E-16
Kcng3 -2.255799041 6.66347E-16
Slc7a3 -1.092778222 6.86274E-16
Higdla -0.864085202 1.3823E-15
Abcg4 1.531730243 3.11379E-15
Spry?2 -1.723931991 4.07058E-15
Rtndril 0.829098257 4.52678E-15
Aldoa -0.823247611 4.59911E-15
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Col5a2
Ppplr3c
Gm31340
Semaba
Gbel
Ppplr3g
Erbb3
Nptx1
Bnip3
Rem2
Enolb
Pfkl
Rbpms
Plod2
Algl2
Erola
Zfp428
Nol4l
Pdiad
Itprip
Rasl10b
Slc39al14
Egin3
Bmf
Hprt
Igdccd
Mkrnl
Pfkp
Tex19.2
Mlec
Myc
Ephb3
tga5
Snx33
Ripor1

0.740176733
-1.865581665
-1.286761747
-1.112596671
-0.894725244
-1.213633975
0.967028627
1.275877352
-0.880920191
1.199936594
-0.836423053
-0.927971882
-0.897021075
-0.842608967
1.171898093
-0.8624 76069
-0.801380881
0.961645442
0.606407238
0.963408423
0.775850214
-1.292473782
-0.995060418
1.132014118
-0.733935519
0.892812049
-0.826916001
-0.932239317
-2.579149487
0.664336529
-0.771967643
0.839452555
0.723573757
1.206203094
0.838125142

4.90547E-15
5.55585E-15
6.94955E-15
7.34216E-15
8.51075E-15
8.62875E-15
1.11343E-14
1.19342E-14
1.96851E-14
2.22404E-14
2.31197E-14
3.20865E-14
4.5435E-14
5.94877E-14
6.36949E-14
8.70232E-14
9.43933E-14
9.69019E-14
9.77526E-14
2.13501E-13
2.30787E-13
2.86151E-13
3.48631E-13
3.96054E-13
3.99378E-13
4.02447E-13
4.77019E-13
4.77019E-13
5.3508E-13
7.30914E-13
7.44629E-13
1.25794E-12
1.73769E-12
2.00317E-12
2.54689E-12
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Pcolce2
Pkdcc
Pyroxd2
Derl3
Dusp4
Hidl
RhbdI3
Stk32a
Gpil
Ciart
Cxcl12
Aldoartl
Sncb
Aldoc
G2e3
Gprcbe
Hmgb3
Pgam1l
Gdap10
Timp2
Etv5
Sponl
Mt2
Slc4ab
Trim71
Pcyt2
Fndc3b
L 1td1
Tmem38a
Agod
Naglu
Bdhl
Stat4

-0.836585294
-0.982688379
1.029429246
1.043754681
-1.547046475
1.329555674
0.86102243
1.013818928
-0.69856642
-1.011136454
0.827572297
-0.801317684
-1.198877505
-0.874129356
-0.840517661
0.794465434
-0.755241818
-0.71647423
-0.933574964
0.835819776
-0.982855454
-1.890283929
-1.236264525
1.170091917
-0.756268898
-0.739809411
0.679649387
-0.73892964
0.629384821
1.157470564
1.103572437
-0.79269575
1.001349354

2.54689E-12
2.8725E-12
3.24252E-12
3.46375E-12
4.78339E-12
5.98848E-12
6.21629E-12
1.01672E-11
1.01672E-11
1.5237E-11
1.62407E-11
1.80089E-11
1.80089E-11
2.14674E-11
3.3964E-11
3.76423E-11
5.16854E-11
5.3102E-11
6.22835E-11
7.58173E-11
8.02291E-11
8.75656E-11
1.12878E-10
1.29684E-10
1.36889E-10
1.48929E-10
1.79319E-10
1.8932E-10
2.02106E-10
2.04515E-10
2.21448E-10
2.3872E-10
2.40705E-10
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Table 4. DEGs from NCx and OB RGCs clugters obtained from E12.5 NCx and OB scRNA -
seg. The top 100 DEGs genes with the highest average log fold change (avg logFC) in each
region's RGCs clustersare listed.

Ncx RGCsDEGs OB RGCsDEGs
Gene avg logFC Gene avg_logFC
Y bx1 0.904709 Nnat 1.261887
Ppplr14b 0.872075 Stmn2 1.254725
Anp32b 0.849103 Rtnl 1.120431
Jund 0.825162 Zicl 1.081744
Gm47283 0.784001 Fabp7 1.07238
L hx2 0.763463  Kitl 1.061225
H1f10 0.748968 Mest 1.026979
Srsf2 0.748529 Zic4 1.005824
Hnrnpd 0.719171 Ptprz1 0.686462
Srsf9 0.702195 Gap43 0.617218
CT010467.1 0.702109 Zic3 0.570155
Taf10 0.694844 Tubala 0.567954
Gasl 0.683258 Etvl 0.558961
1d4 0.682775 Dcx 0.518517
Nsmceda 0.660334  Zbtb20 0.515153
Ephab 0.646537 Ptn 0.492257
Set 0.645452 Atpla2 0.468742
Neurog2 0.640563 A730094K 22Rik  0.455966
Clqgbp 0.635405 Tmsh4x 0.435521
Cenpv 0.62281 KIf7 0.434054
Rcc2 0.60372  Otx2 0.432062
M pp6 0.596852 Ldhb 0.414367
Rpl35a 0587306 Magehl 0.402201
Gm28438 0.582499  Luzp2 0.401443
Hist1h2ap 0575941 Scla2 0.394637
Cdv3 0.569758 Fgf15 0.379972
GIrx5 0.5668  Col25al 0.365983
Psipl 0.559213 Idr2 0.364488
Lmnbl 0.558212 Efnab 0.338937
Rabbif 0.553798 Tubb2b 0.332773
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Bri3
Ccnd2
Alyref
Hnrnpab
Nt5dc2
mt-Rnr1l
Ppp2ca
Ppplcc
Nfib
Polr2m
Tcf4
Gsptl

Y bx3
Bodl
Sap30
Hdgf
Hesl
Hnrnpa0
Ube2m
Ptms

M ar chf5
Hras
Odc1
Klhdc2
Scand1
M acroh2al
Pgp
Tmpo
Nr2f1
Bagl
Elavll
Arglul
Tmed2
Nfix
Kras

0.545398
0.539705
0.530176
0.523833
0.522551
0.504059
0.500095
0.497183
0.489793
0.48727
0.479813
0.477221
0.476823
0.475064
0.466347
0.465889
0.46588
0.464482
0.457231
0.452059
0.446555
0.445421
0.441261
0.437685
0.43708
0.434541
0.434268
0.427579
0.427314
0.422689
0.42015
0.418185
0.417778
0.412603
0.409235

[17rd
Vim
Selenow
Sorcsl
H3f3b
Gsn
Ftil
Gm37812
Gm37457
Ptma
Dmrt3
Rpl41
Rpl17
Riox1
Rpl36a
Hsp90aal
Carl4
Cog2
Pdcd2
Snrpg
Yars2
Stk24
Otulin
mt-Nd2
Npm1l
Nxn
Pim1l
Rpl27a
Rpl36
Mthfd2l
Akirin2
Gnall
Gnbl
Suds3
Rtn4

0.288269
0.274016
0.262285
0.251915
0.240148
0.197209
0.195508
0.157993
0.140732
-0.15296
-0.18067
-0.18296
-0.18866
-0.19218
-0.19993
-0.20919
-0.21414
-0.21791
-0.2201
-0.22024
-0.22251
-0.2283
-0.22964
-0.23144
-0.23382
-0.23477
-0.23675
-0.24253
-0.24544
-0.2465
-0.24678
-0.2468
-0.24797
-0.25088
-0.25155
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Ptovl
Tleb
0610012G03Rik
Vapa
Smar ca5
Pcbpl

M ar cks
1810026B05Rik
Mtchl
Cdk2ap1
M pped2
Dcunld5
Sfrpl
Emx1
Btgl
Luc712
Firt3
Uspl
Frat2
Trim27
Cdon
Rrsl
Topbpl
Ubab2
Nfia
D030056L 22Rik
Suzl2
Zfp771
Rnf187
Imp3
Gnas
mt-Atp8
ler5
Rhobtb3
Lmol

0.408081
0.406621
0.40093
0.394065
0.392672
0.390937
0.390023
0.38874
0.387461
0.387221
0.387081
0.386046
0.385521
0.384911
0.384616
0.383164
0.380116
0.379854
0.379844
0.3789
0.375954
0.373957
0.373106
0.372629
0.370791
0.369739
0.363915
0.362055
0.361718
0.361447
0.360556
0.358756
0.352633
0.347885
0.345999

Zbtb12
Mrps30
Sac3d1
Fgfr2
Uril
Sap30I
Ubnl
Rab24
Mycn
Etl4
Fam49b
Raly
Asfla
Yyl
Rala
Yrdc
Tmem165
Mir6236
mt-Rnr2
Pnrcl
Tmem160
Zmynd19
Alcam
Stpq
Rfxap
Gatadl
Hs2st1
Kdmla
Etaal
Isocl
Dhx36
Carnmtl
Gsr
Kmt5a
Plagll

-0.25675
-0.2576
-0.25812
-0.2582
-0.25931
-0.26054
-0.26086
-0.26547
-0.26945
-0.27014
-0.27246
-0.27473
-0.28071
-0.28099
-0.28431
-0.28689
-0.28925
-0.29096
-0.29592
-0.29624
-0.29952
-0.30015
-0.30098
-0.30523
-0.30548
-0.30943
-0.31169
-0.31598
-0.31602
-0.31645
-0.31854
-0.3194
-0.32006
-0.32039
-0.32198
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Table 5. Genes directly adjacent to peaks identified in ChiP-seq analysis of mRobol-1CD-
flag and Crispr-DII1 performed in vitro in P19 cells. The top 25 genes that Robol-flag binds

at intergenic, intronic, exonic and promoter regions are listed asindicated.

Intergenic Intronic Exonic Promoter
Gene Name
Lrrc4c Chi1 Robol Mir466d
Mir101c Mdga2 Robol Rps29
Gmb5458 Filipll Robol 4931408C20Rik
4933422A05Rik Txndcll Robol Pisd-ps2
Rab10o0s Cldn34d Robol Rn4.5s
Mir101c Ppplr9a Limdl Nek7
Mir101c Kctd16 Vmn2r29 Dux
Gmb5458 Brox Rn45s Bik
Mir10lc 2700054A10Rik Rn45s Dip2a
Mir101c Cobl Erdrl Ccm2
Mir101c Cdk8 Slc30a4 Glud1l
Fgf14 VpsA5 M uc6 Phf20
Mir101c Dtnbpl Neurodl Pou6fl
Mir101c Smo Ccl28 Gpbplll
Lrrc4c E030030106Rik Pisd-ps2 Rn4.5s
Mir101c Gphn G530011006Rik Eaf2
Mir101c Mir5623 Dux Sirtl
Mrgprd Ccl28 Speer 4c Tmccl
Gm45871 Satll Dux Agapl
Tmem196 Ank1 Cluh Uros
Gm14496 Tmppe NXn Gdfé
Mir10lc Erdrl Nafl Mycbp
Vmn2r87 Dock2 Muc3 Arhgefll
Mir101c Tspan3 Odcl DIl1
Csf2ra Dlgap2 Asnsdl Rn4.5s
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Results

Part 1. Single cell transcriptomics reveals divergence between progenitors in the

developing NCx and OB
1.1. Single cell sequencing analysis of the developing NCx and OB

The evolution of the mammalian neocortex involved a trade-off between different modes of
neurogenesis, where suppresson of direct neurogeness promoted indirect neurogenesis
(Cérdenas & Borréll, 2019). Our lab previoudy demonstrated that the differential growth of
the OB and adjacent Neocortex (NCx) beginning at E12.5 was caused by increased
neurogenes s within the OB primordium versusthe NCx (Cérdenas et al., 2018). To determine
the transcriptomic diversity and the heterogeneity between the NCx and OB on a single cdl
level, we implemented a single cel RNA sequencing (ScCRNA-seq) approach using 10X
Genomics platform (Fig. 1A). We microdissected the olfactory bulb (OB) and the neocortex
(NCx) of E12.5 mouse embryos (Fig 1A), followed by cell dissociation, processng with the
10X Genomics protocol and library sequencing, which yielded a total of 42,215 individual
cells. We analysed three independent biological replicas for the NCx and two replicas for the
OB. We performed quality control satistics with Seurat (v3.1.5) (Fig. 1B), and the high
quality of the samples was confirmed. We identified 28 clustersthat are present in the OB and
NCx (Fig. 1C). Clusters (26) Caa Retzius, (27) Erythrocytes, and (28) Microglia were
excluded from further analysis due to their low abundance. Our analys's detected a continuum
formed by the 28 clugters, which began with RGCs and progressed to IPCs before
differentiating into neurons. (Fig. 1D).
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Figure 1. SCRNA-Seq of E12.5 mouse neocortex (NCx) and primodium of the olfactory bulb
(OB). (A) Workflow for Single Cell RNA sequencing usng 10X genomics platform. (B) Quality
control statisticsfor the single cell RNA sequencing elucidated with Violin plot of detected number of
UMI counts (nCount), and percentage of mitochondrial reads in each samples (NCx=3 replicates,
OB=2 replicates). (C) UMAP visualization of the SCRNA-Seq data showing the 28 clugters identified
for NCx and OB. Clugters (26) Caja Retzius, (27) Erythrocytes, and (28) Microgliaarein grey and are
eliminated in the following UMAPs. (D) UMAP plat visualizing the different clusters for both NCx
and OB. Radial glia cells (RGCs), intermediate progenitor cels (IPCs), and neurons (Ns) clusters are
annotated on the UMAP.

1.2. SCRNA analysis reveals distinct cluster enrichment and cell trajectoriesin NCx and

OB samples

We found differencesin cluster enrichment between NCx and OB samples. Clugters (1) RGC
CT 1, (14) RGC CT 2, (2) RGC CT 4, and (4) RGC CT 4, are Radial Glia Cdl clusers
enriched in NCx. Conversdy, clusters (5) RGC OB 1, (3) RGC OB 2, and (10) RGC OB-
Neuron are Radial Glia Cdl clusters enriched in OB (Fig. 2A, 2B). We aso found differences
in IPC and neuron cluster enrichment between OB and NCx samples. In the case of IPCs,
cluster (15) IPC2 and cluster (23) IPC3 are enriched in the NCx sample compared to the OB
sample. This enrichment of |PC seemed to reflect the higher rate of indirect neurogenesisin
the NCx compared to the OB (Di Bella et a., 2021; Moreau et al., 2021) (Fig. 2A, 2B).
Furthermore, some neuronal clusters were more enriched in the OB samples than in the NCx
samples, including cluster (7) Deep layer neuron 2, (8) Deep layer neuron 1, (13) immature
neuron, (19) immature preiglomerular neuron 1, (20) immature preglomeluar neuron 2, (21)

immature mitral and tufted cells, and (22) immature granule cells. This enrichment of
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neuronal clusters observed in the OB samples compared to the NCx samples coincides with
our previous findings of accelerated neurogenesisin the OB primodium compared to the NCx
(Cardenaset al., 2018).

To gain indgght into cel lineages, we performed transcriptional trgjectory reconstruction on
the single cell data of the integrated NCx and OB samples usng Monocle3b (Fig. 1B) (Qiu et
a., 2017; Trapndl et al., 2014). Pseudotime ordering of cells showed the anticipated
progresson from the RGCs to neurons (Fig. 2B). Moreover, we discovered two distinct
differentiation tragjectories for RGCs from NCx and OB, one trajectory corresponding to
indirect neurogeness and another to direct neurogenesis. We found that NCx and OB RGCs
indirect neurogeness trgjectory originate from cluster (11) RGC3, then passes through (12)
IPC1, then cycling (15) I1PC2 (S/G2/M) and (23) IPC3(S/G2/M), before becoming (9) IPCs-
Newborn neurons. From there, IPCs diverge into two tracks, either through (8) Deep layers
neurons 1 and then (22) immature Granule cells or as (16) immature neurons that then
become (7) deep layer neurons 2. These (7) deep layer neurons 2, can differentiate into either
(20) immature periglomerular neurons or generate (13) immature neurons, which then beome
(21) immature mitral and tufts cells. (Fig. 2C). Interestingly, direct neurogeness trajectory
originates from OB RGCs. It starts from (5) RGCs OB1 then passes through (10) RGCs OB3-

Neuronsthen differentiateinto (19) immature periglomerular neurons 1 (Fig. 2C).
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Figure 2. Different cluster enrichment and trajectories between NCx and OB. (A) stacked bar
graph representing all the clusters and showing the proportion % for each clugter that originates from
NCx or OB samples. (B) Average proportion of each RGC and IPC cluster in the NCx (n=3) and OB
(n=2). A graph showing the ratio of cdlsin each cluser of the OB and NCx. (C) A UMAP plot of
early-gage RGCs and late-stage neurons pseudo-time trajectory. A UMAP plot demondtrating indirect
neurogeness trajectory for NCx and OB that originate from RGCs cluger (4). A UMAP plot
demondrating direct neurogenessfor OB RGCsderived from clugter (10).

1.3. Characterizing transcriptomic diver sity between NCx and OB RGCs

To further characterize the transcriptomic diversity between NCx and OB RGCs, we checked
the expression pattern of previously studied genes by our group in both the NCx and OB at
E12.5 (Cardenas et al., 2018). We observed that the expresson of Robol and Robo2 is higher
in the OB RGC clusters compared to the NCx RGC clugters, and DII1 expression is highin
NCx RGCs clugers and OB RGCs clusters (Fig. 3). This observation was also validated with
in situ hybridization (ISH) performed on E12.5 mouse embryos (Fig. 3). When focusng
further on the expresson of Robol, Robo2 and DII1 in RGCs cluster (4) and (10)-clusters
where direct and indirect neurogenes's tragjectory originate-, we found that Robol1/2 have a
dight higher expression in cluster (10) in the OB samples compared to NCx samples. On the
other hand, we found that DII1 expresson was dightly in cluster 10 in the OB samples

compared to the NCx samples (Fig. 3).
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Figure 3. Validating Robol, Robo2 and DII1 expression patterns in NCx and OB scRNA data.
UMAP plots showing the expresson pattern for Robol, Robo2, and DIllin al clusters. Violin Plots
showing the expresson digribution of Robol, Robo2, and DII1 in RGCs clusters in NCx and OB
samples. Sagittal brain sections of E12.5 mouse embryos showing the expresson pattern of Robol,
Robo2, DII1in NCx and OB. Scale bar: 100um.

Next, we looked at the expression patterns of other members of the Notch signalling pathway
such as; Hesl and Hes5 (which have previoudy been shown to play an important role in the
maintenance of RGCs in the telencephalon) (Ohtsuka et al., 2001). We confirmed our
previous findings that Hesl and Hes5 expression levels were higher in NCx RGCs clusters
than in OB RGCs (Cardenas et al., 2018). Hesl and Hes5 expression is reduced in cluster 4

and 10 in OB the sample. This observation further confirms the important role these genes
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play in maintaining the progenitor pool. Pax6 —a highly conserved TF that is critical for
cortical progenitor pool maintenance and its distribution in a rosto-lateral (higher) to a caudo-
medial (lower) gradient is essential in establishing telencephalon rosto-lateral identities— had
higher expresson in NCx RGCs and OB RGCs clusters (Fig. 4). Pax6 expresson was high in
both clusters (4) in both OB and NCx samples and in clusters (10) in both OB and NCx
samples. We also detected higher expression of Thrl—a transcription factor that is expressed
in newly born neurons and upper layer neurons—in the OB clusters compared to the NCx
clusters. These findings emphas ze the higher rate of neurogenesisin the OB compared to the

NCx at this stage of telencephalon development.
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Figure 4. Expression patterns of different cortical development markers. UMAP plots of Hesl,
Hes5, Pax6, and Thrl expresson patterns in different clugters. Violin Plots showing the expresson
digribution of Hesl, Hes5, Pax6, and Tbrl. Sagitta brain sections of E12.5 mouse embryos showing
the expression patterns of Hesl, Hes2, Pax6, and Thrlin NCx and OB.

To identify the genes that might play a role in the transcriptomic identity of RGCs clustersin
mouse NCx and OB at E12.5, we searched for genesthat were only found in one region or the
other. Interegtingly, we found that the expression of the Etv4 gene (ETS variant transcription

factor 4; this gene encodes a DNA-binding transcription factor involved in positive regulation

104



Results

of transcription through RNA polymerase I1) was exclusively higher in the OB RGCs clusters
compared to the NCx RGCs clusters. Conversely, we discovered that Hey2 gene expression
(Hes Related Family BHLH Transcription Factor with YRPW Motif 2) was exclusvey
higher in NCx RGCs clusters compared to OB RGCs clusters. ISH assays of E12.5 mouse
embryos confirmed the expression pattern observed for both genes (Fig. 5), confirming that

Etv4 and Hey2 are specific markers for OB and NCx RGCs respectively, at E12.5 mouse,
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Figure 5. Hey2 and Etv4 exclusive markers for NCx and OB RGCs. UMAP plots showing the
expression pattern for Hey2 and Etv4 in the different clugters. Violin Plots showing the expresson
Hey2 and Etv4. Sagittal brain sections of E12.5 mouse embryos showing expression pattern of Hey2
and Etv4 in NCx and OB.

Previoudy, it has been reported that bRGCs in humans express canonical genes that are
related to extracelular matrix formation, migration like TNC, HOPX, PTPRZ1, LIFR and
SL.Cla3 (Pollen et al., 2015). Surprisingly, we observed that RGCs clustersin the OB samples
at E12.5 had a higher expression of some of these bRGC markers like: Hopx, Ptprzl, and
Scla3. To validate this observation, we performed | SH for Hopx, Scla3, and Ptprzl in WT
E12.5 embryos (Fig. 6); we detected the high expresson of these genes specifically in the

primodium of the OB compared to the NCx. This finding is consistent with previous research
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that found basal radial markers in humans are unlikely to show a specific expresson pattern

in mouse radial glia and are more likely to reflect regional and temporal heterogeneity of
mouse RGCs (Pollen et al., 2015). We studied the expression levels of Ptprzl and Scla3 in

RGC clugters(4) and (10). We found that expression of these geneswere higher in cluster 4in

OB samples, suggesting that these genes could play a role in progenitor proliferation rather

than determining the mode of neurogenesis.
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Figure 6. Expression of bRGCs markers higher in RGCs clusters of OB sample compared to
NCx. patterns for a number of genes between NCx and OB. UMAP plots showing the expresson
pattern for Hopx, Scla3, and Ptprzl in the different cluster. Violin Plots showing the express onof
Hopx, Sicla3, and Ptprzl. Sagittal brain sections of mouse E12.5 embryos showing the expresson

pattern of Hopx, Scla3, and Ptprzl inthe NCx and OB.
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Part 2. Characterizing Robol/2 protein inter actors

2.1. Proteomic analysis shows that Robol/2 interact with different kinetochor e assembly

and spindle orientation proteins

Previoudy, we demondrated that expresson of myristoylated Robol/2 intracellular
cytoplasmic domain (mRobol/2-ICD) (Fig. 7A) combined with low DIl1 expresson
promoted progenitors in the cortex to generate neurons directly. To understand the molecular
signalling pathway that led to this phenotype, we opted to use liquid chromatography-mass
spectrometry (LC-MS), in collaboration with Dr. Marc Gentzel, TU Dresden, and Dr.
Alexandra Schambony, Friedrich-Alexander-Universtat, Erlangen-Nurnberg, Germany. We
immunoprecipitated the myristoylated form of Robol/2 in the presence of Crispr DII1 in vitro
in P19 cdls (Fig. 7B). The LC-MS analyss revealed the enrichment of more than 100
proteins in the cytoplasmic domain of Robol/2 sample compared to the control.
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Figure 7. Immunoprecipitation of myristoylated form of Robol/2 for mass spectrometry. (A) A
schematic illugtration showing myristoylated forms of Robol/2 (mR1/2 flag) used in this sudy and the
different cytoplasmic domains. (B) A western blot validating the immunoprecipitation of Robol-Flag
and Robo2-Flag accompanied with the knocking out of DII1 usng Crispr and a control sample in P19
cells. n=4.

As expected, mRobol/2-ICD was pulled down with some of its known interactors, such as
Nck1 and Nck2 (drosophila dock orthologues). These belong to a class of SH2-SH3 domain
adaptor proteins and have been shown to be essential for achieving the physical connection
between Robo and Son of sevenless (Sos). This protein complex binds to the cytoplasmic
domains of Robo CC2-3, which is required for cytoskeleton dynamics and axon guidance
across the midline (Fritz et a., 2015; Yang & Bashaw, 2006; Ypslanti et al., 2010).
Furthermore, Robol/2-1CD interactorsincluded Wipfl and Wipf2 (WASWASL Interacting
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Protein Family Member 1, WAS/WASL Interacting Protein Family Member 2). These
proteins are known to contribute to the recruitment of WASL, which is essential in the actin
polymerization molecular cascade (Rohatgi et al., 1999, 2000) (Fig. 8A). These interactors
confirm the known role that mRobol/2-1CD playsin cytoskel eton organi zation.

String analysi's of our LC-MS results revealed an intriguing network of proteins that included
nuclear proteins such as Ndel, Haus6, Dctn3, and Nupl107 (Fig. 8B). These are associated
with the kinetochore, mitotic spindle formation, and protein polyubiquitination, in addition to
playing a role in cortical development (Cunha-Ferreira et al., 2018; Feng & Walsh, 2004;
Splinter et al., 2012).

Interestingly, GO analyss (biological process) for these protein interactors revealed terms
related to Robo sgnalling pathway, actin filament based proteins, regulation of RNA splicing,
establishment of spindle localization, mitotic spindle orientation, and cell cycle progresson.
These findings suggest that Robol/2-ICD interactions are not only restricted to cytoskel eton
and axon guidance proteins but also include proteins that are associated with mitotic spindle

organi zation and kinetochore assembly (Fig. 8C).
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Figure 8. Robol/2-1CD interactors are involved in cellular component biogenesis, translation,
and spindle localization.(A) STRING functional protein association network performed on the 100
protein list.(B) Two networks depicting previoudy known Robol/2 interactors as well as Robol/2
nuclear and microtubule organisation related protein interactors. (C) The top enrichment GO terms
(biologica process) sgnificanceisexpressed asloglO FDR.

2.2 Robo1/2 cytoplasmic domains tr anslocate to the nucleus

Previous research revealed that the Robol-ICD trandocates to the nucleus in cancer cells
(Seki et al., 2010). Moreover, arecent sudy found that Robol localization to the nucleus may
reflect a posttrandational regulation that is associated with a better prognosis and antitumor
effect in bladder cancer patients (Krafft et al., 2020). To further delve into these previous
findings, we used P19 cells for transfections and immunostaining of mRobol/2-flag. Using
superresolution microscopy, we discovered the presence of Robol/2-ICD-flag protein in the
cytoplasmic membrane as well as high abundance in the nucleus (Fig. 9A). To confirm this
results, we transfected pl19 cells with mRobol/2-flag and immunoblotted them with anti-flag
antibodies, anti-LaminB1 (to validate that we isolated the nuclear fraction), and anti-Gadph
(to validate that we isolated the cytoplasmic and membrane fractions); indeed, mRobol/2
ICD-flag showed a signal in both the cytoplasmic and membrane fractions, as well as a signal

in the isolated nuclear fraction (Fig. 9B).

To determine whether the endogenous Robol cytoplasmic domain translocates to the nucleus,
we used immunofluorescence on E12.5 cortical primary cultures with an antibody that
recogni ses the cytoplasmic tail of Robol. Cellsthat were co-stained with Sox2 and Roshowed
the presence of Robol-ICD in the nucleusand the cytoplasm (Fig. 9C).

We also validated this nuclear trand ocation of Robol/2-ICD using antibodies that detect the
endogenous signal for both Robol and Robo2-1CD. P19 cdl lysates that were subjected to
fractionation to isolate the nuclear fraction and cytoplasmic fraction were blotted by western
blot. We used different antibodies for Robol-ICD and Robo2-ICD. We found that both
endogenous proteins were detectable in both the cytoplasmic and nuclear fractions of P19
cels(Fig. 9D).

In concluson, these results demongrate the presence of Robol/2-ICD in the nucleus,
implying a trafficking from the cell membrane to the nucleus that may have an impact on

initiating the signalling cascade for Direct neurogenesis.

110



Results

B Robo 1-flag

Robo2-fNag
Gfp

mRobo-flag

Cyleplasmac fr

A Nuclear fr.

/ a-Flag

T S +* 1
+

P19

+
+
b +
—

]. ’f+~ V44

= IB| o-Laming1 | -
u'GP\pD'“ _é

{

Cytoplasmic Ir

D Nuclear fr - +
‘ 1 — —

| w-Robo1-Cter [~ =

a-LaminB1 —

@

u-GAPDH d

wRobo2-Cter | 4-

w-LaminB1 -

u-GAPDH —

E12.5 NCx
Endogenous

@

|

Figure 9. Robo ICD translocates to the nucleus. (A) Immunofluorescence of P19 transfected with
mRobo flag, Showing DAPI (magenta), GFP (green), mRobo-flag (grey). The right panel displaysaZ
gack and orthogonal image of mRobo-flag (grey) and DAPI (magenta) with n = 3. Arrowheads point
to the nuclear accumulation. (B) A representative western blot of cytoplasmic and nuclear fractions of
P19 cdl line trandfected with mRobol1/2-flag. Robo-flag is detected in both nuclear and cytoplasmic
fraction. GAPDH was used as a cytoplasmic marker, Lamin B1 as nuclear marker to exclude
contamination during cell fraction isolation. n=3. (C) immunofluorescence of E12.5 primary culture,
showing DAPI (magenta), Sox2 (green), Robol-ICD antibody (grey). The pand on the right show Z
gack and orthogonal image showing Robol-ICD terminal antibody (grey) and DAPI (magenta) n=3.
(D) A representative western blot of cytoplasmic and nuclear fractions of native P19 cell line, usng
gpecific antibodies for endogenous Robol/2-ICD. The arrows indicate the postion of endogenous
Robo1/2-1CD in the cytoplasmic and the nuclear fraction. GAPDH was used as a cytoplasmic marker
and Lamin B1 as nuclear marker to exclude contamination during cell fraction isolation.

2.3. Robo1/2-1CD have nuclear localization sequences

Following our above findings, we sought to determine whether Robol/2-ICD contained
nuclear localization sequences (NLSs), as mentioned in previous studies (Seki et al., 2010).
Using the ctNLS mapper (Kosugi et al., 2009), we found that Robol-ICD has 2 NLS and
Robo2-1CD has 3 NLS sequences (Fig. 10).
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Figure 10. Robo1/2-1CD have nuclear localization sequences (NL Ss). (A) A schematic illugration
showing mRobol/2-ICD with the different conserved cytoplasmic domains and predicted NLS
sequences and tags present in each congruct. (B) Tables showing the exact amino acid location of the
different conserved cytoplasmic domains of rat Robol/2 and the predicted NL Ss.

2.4. Characterizing the potential of Robol/2 truncated | CD in promoting dir ect

neur ogenesis

The cytoplasmic domains of Robol/2-ICD are highly conserved (Fig. 10A). We investigated
the necessity of these conserved cytoplasmic domainsin the nuclear trand ocation of Robol/2-
ICD using truncated forms of Robol-ICD (Robol-D1, -D2, and -D3) and Robo2 (Robo2-D1,
-D2, and -D3) (Fig. 10A). In p19 cdls, each construct was transfected separately and the
cytoplasmic and nuclear signals were quantified. The full length of both Robol and Robo2-
ICD were found to be significantly more abundant in the nucleus than the other forms of
truncated Robol and Robo2 (Fig. 11). As a result, we hypothesised that these cytoplasmic
domains, along with the predicted NLSs, may interact with transporter molecules to facilitate
the shuttle of Robo1/2-1CD to the céll nucleus.
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Figure 11. Characterizing the nuclear translocation of Robol/2-1CD truncated forms in P19
cells. (A) Immunofluorescence Show DAPI (magenta), mRobo-myc (grey). (B) Quantification of
Robo sgnal represented in log2 ratio between cytoplasmic and nuclear sgnal. n=3 coverdips per
condition. Statidical andyss was performed usng one-way ANOVA (multiple comparisons)
followed by Turkey post hoc test. P value< 0.05.mR1D1, mR1D2, mR1D3 photos were taken at 4X
zoom, while mR2D1, mR2D2, mR2D3 photos were taken a zoom 1X.Sclae bar=10 pum.

After studying the ability of Robol/2-ICD truncates to trand ocate to the nucleus, we wanted
to seeif different combinations of truncates have the ability to promote direct neurogenesisin
Vivo in mouse cortex. To test this hypothess, we dectroporated the full length myriostaleted
form of Robol/2-1CD with crispr-DII1 in E12.5 mouse cortex and analysed the embryos at
E14.5 (Fig. 12A). We were able to replicate the phenotype previously reported in (Cardenas
et al., 2018) of sgnificantly promoting direct neurogenesis as compared to GFP or crispr-DIl1
aone (Fig. 12B, 12C). However, we discovered that mR1/2-D1+crispr-DII1 and mR1/2-
D2+crisorDII1 had a greater impact on promoting direct neurogeness in the cortex than
mR1/2-D3+crisprDII1 (Fig. 12B, 12C). These findings highlight the importance of the
Robo1/2 CC (conserved cytoplasmic) domains in promoting Direct neurogenesisin the mouse
cortex.
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Figure 12. Characterizing the potential of Robol/2 truncated ICD in promoting direct
neurogenesis. (A) A representative scheme of NCX in-utero electroporation. (B) WT NCx
electroporated with the indicated plasmid combinations (Immunofluorescence Show GFP (green),
Tujl (red, grey). (C) Plot represents ratio of abundance of Tuj1+ cellsin VZ between electroporated
and non-electroporated hemispheres. Quantifications (n = 3-5 embryos per group; one-way ANOVA,
followed by Tukey's multiple comparisons test, Vaues are mean + SEM; ns = not sgnificant; *
p<0.05; ** p<0.01. scae bar =50 pm.

2.5. Overexpression of Robol/2-1CD promotes cell cycle exit and mitochondrial

OXPHOSIn cortical progenitors

To better understand the transcriptomic changes that occur upon overexpresson of
mMRobo1/2-ICD and crisor-DII1 in cortical progenitor cells -which results in Direct
neurogenes s (Cérdenas et al., 2018), we performed bulk RNA sequencing of GFP* cells one
day after in utero electroporation at E13.5 (Fig. 13A). Principal component analysis (PCA)
and hierarchical clustering of transcriptomic profiles revealed a difference between control
GFP" cells and mRobo1/2-ICD + crispr-DIl1 GFP' cdls (Fig. 13B,C). Among the
upregulated differentially expressed genes (DEGs) we found Cdknla (p21), Ano3, Dglucy and
Phlda3; among the downregulated DEGs we found Cntn2, Pixna4, Dok7, Cux2 (Fig. 13D).
GO analys's showed that upregulated genes were enriched in the terms trandation, cell cycle,
cell divison, mitotic cell cycle phase transition, rRNA processing, apoptotic process, negative
regulation of epithelial cdl proliferation, G1/S transition of mitotic cell cycle, nervous system
development, and negative regulation of cell proliferation. On the other hand, GO terms
enriched in downregulated genes included nervous sysem development, axon guidance,
neuron projection development, synapse organization, axon fasciculation, Wnt signalling
pathway, neurogenesis, and regulation of canonical Wnt sgnalling. These GO terms show
mMRobo1/2-1CD (accompanied with DII1 knockdown) drives neurogenesisin mouse cortex by
prompting cell cycle exit of cortical progenitors (Fig. 13E).

The normalised enrichment score (NES) of the gene set enrichment analysis (GSEA) revealed
that upregulated genes upon overexpresson of mRobol/2-1CD plus DII1-KD in the mouse
cortex were enriched in the terms mitochondrial respiratory chain, endocardial
morphogeness, ribosomal subunit, interferon pathway, cell cycle arrest, viral genome
replication, heart specification, ribonucleotide biogeness, toxic substance detoxification, and
chemokine. Furthermore, GSEA enriched terms of downregulated genes were related to
cholesterol regulation, neurotransmitter receptor, synaptic membrane, synaptic vesicle,

potassium channel, postsynapse assembly, and axon guidance (Fig. 13F, 13G). Thisanalyss
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further indicated the correlation between expresson levels of mRobol/2-ICD and of genes
rddated to cel cycle exit. Moreover, we found an upregulation in genes related to
mitochondrial processes and GSEA terms related to oxidative phosphorylation (OXPHOS)
and respiratory chain genes. These results suggest that Robol/2-ICD promotes direct
neurogenes s of cortical progenitors by regulating neuronal oxidative phosphorylation (Zheng
etal., 2016).

Interestingly, we found that genes related to neuronal differentiation were down regulated in
both GSEA and GO analyses. To further understand this, we used the dataset from (Denoth-
Lippuner et al., 2021) that describes the transcriptomic profile of neurons produced at E13.5
directly from aRGCs or indirectly from IPCs. Indeed we found that the percentage of up
regulated genes from cells expressing Robol/2 ICD and low DII1 were correlated to the
transcriptomic profile of neurons produced directly. Concomitantly, the percentage of
downregulated genes in cels expressng Robol/2-1ICD and low DII1 correlated with the
transcriptomic profile of neurons produced indirectly via IPCs.This result shows that high
expression of Robol/2-1CD and low DII1 expression induces direct neurogenesis by changing

the transcriptomic profile of cortical progenitors (Fig. 13H).
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Figure 13. Robol/2 I CD overexpression and DII1 K nockout promote cell cycle exit and activiate
OXPHOS. (A) Schema of experimental design: E12.5 mouse embryos were electroporated with GFP
or GFP + mR1/2 and Crispr DIl 1-encoding plasmids, at E13.5 their brains were microdissected and
dissociated, cells expressng high levels of GFP were purified by FACS sorting, and their pooled RNA
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expression profiles were analyzed by RNAseq. (B) Principal component analyss (PCA) showing GFP
(green dots) and mR1&2+Crispr DII1 (red dots). Samples clustered according to their gene expression.
Each dot represents one sample. (C) A heat map shows the top 1537 highly variant genes between
GFP and GFP plus mR1/2-ICD and Crigor DII1 samples (in red: upregulation, in blue:
downregulation). Statigtical significance (FDR) is indicated. (D) A volcano plot representing the
digribution of log2 fold change in gene expression. Differentidly Expressed Genes (DEGs, Adj. P <
0.01). In red (upregulated genes, UGR) and blue (downregulated genes, DGR). On the plat, the top
DEGs are depicted. (E) A Plot representing Gene ontology (GO) terms ranked by percentage of genes
and -logyP value. (F) A fores plot showing Gene Set Enrichment Andyss (GSEA) terms that
represent in red (upregulated genes, UGR) and blue (downregulated genes DGR) and their respective
normalized enrichment scores (NES). (G) Enrichment plots from GSEA for mitochondria protein
containing complex (NES = 2.43; NOM p-va=0.00), respiraosome (NES= 2.27, NOM p-val=0.00),
oxidative phosphorylation ( NES=2.08, NOM p-val=0.00), mitotic cell cycle checkpoint sgnalling
(NES=1.90, NOM p-val=0.00), negative regulation of mitotic cell cycle trangtion (NES=1.78, NOM
p-val=0.00), ribosome (NES=2.50, NOM p-va=0.00). (H) A quartitative plot showing the percentage
of up regulated and down regulated genes that correlate with genes that are expressed in progenitors
that differentiating into neurons (N) directly or producing neurons through intermediate progenitors
(IPCs) (Denoth-Lippuner et d., 2021).

Part 3. Robo ICD a possible transcription factor

3.1. Robol ICD possesses transcription factor char acteristics

Next we used open online tool for predicting protein functional domains (Bernhofer et al.,
2021) to enquire about the potential presence of DNA binding sites in Robol/2-ICD.
Intriguiungly, we found that Robo1/2-1CD in both mouse and rat have predicted DNA binding
stes, with a similar size and distribution asin canonical transcription factorslike Sox2, Pax6,
Ngnl (Fig. 14A). Next, we checked for the presence of DNA binding sites in Robol-ICD
across species (Fig. 14B). We detected a conservation of the predicted DNA binding stesin
human, marmoset, mouse, pig, cow , dog, ferret, panda, cat , lizard, and snake (Bernhofer et
a., 2021). These dtes were somehow less conserved in species such as rat, chicken,
zebrafinch, and zebrafish, with some point differences. Overal, these findings suggest that
Robo1/2-1CD may bind DNA and subsequently change gene transcription across evolution.

To check whether these predicted DNA binding stes found in Robol-ICD grant it the
qualification of transcription factor (TF), we used DeepTFactor (Kim et al., 2021) —a deep
learning-based tool that predicts whether an interrogated protein is candidate to be TF— and
tested Robo-1CD in mouse, human and ferret, alongside known human canonical TFs such as
ZIC2, PAX6, TBR1, NMYC, MEIS2 (Fig. 14C). Surprisngly, mouse, human and ferret
Robol-I1CD, aong with human and ferret Robo3-1CD, scored highly in TF prediction, smilar
to canonical TFs. Comparing these TF prediction results of Robol and Robo3 to other

transmembrane proteins with a cytoplasmic terminal, we found that these proteins scored
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much lower than Robo family cytoplasmic domains and canonical TFs. Next we checked the
TF prediction score for Robo family members across species (human, rhesus, marmoset,
mouse, rat ferret, cat, pig, chick, and snake) usng DeepTFactor (Fig. 14D). We found that
Robol-ICD scored highest in all species along with Robo3-1CD in human, marmoset, ferret,
pig, and snake, compared to Robo2 and Robo4 ICDs. These results emphasize that Robol/3

ICD possessthe conserved protein characteristicsto act as TFs.
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Figure 14. Robol ICD has TF characteristics. (A) Illugration of the extracelular, transmembrane,
and intercellular regions of mouse and rat Robo 1/2 full-length proteins. Cytoplasmic domains (CCO
(green), CCL1 (red), CC2 (black), and CC3 (blue)) are indicated in the protein sequences. Nuclear
locdization sequences (NLS) are indicated in dashed lines DNA binding predicted (yellow)
sequences are indicated in the intracellular region of the protein. Schematic representation of DNA
binding regionsin canonical transcription factors (Sox2, Pax6, Ngnl) (B) A table displaying predicted
DNA binding sequences based on the Robol ICD amino acid sequence in various species, as
determined by the predict protein tool (Bernhofer et al., 2021). Sequences in pink are different from
other species due to point mutations. (C) A plot created with DeeptFactor tool depicting the Robo
family ICD transcription factor score in mouse, human, and ferret, as well as canonical transcription
factors and other trans membrane proteins (Kim et al., 2021). (D) A plot created with DeeptFactor tool
showing the transcription factor scores of the Robo family ICD in different species (Kim et al., 2021).

3.2. Chip-seq reveals Robol-1CD binding sites on genomic DNA

P19 cells were used to investigate the potential location of Robol/2-1CD to chromatin. We
began by performing in situ subcellular fractionation (CSK) on cells transfected to express
mRobo1/2-1CD-Flag (Fig. 15A). We removed different compartments of the cell membrane
and organdles using CSK buffers. We observed Robol/2-ICD-flag in the tightly held nuclear
fraction, together with the gaining of the nuclear envelope by lamin B1l. After using
additional stringent CSK buffers, we also detected Robol/2-ICD-flag signal in the chromatin
fraction of these cdls; this sgnal coincided with Histonel signal, which stains the top of the
sructure that keeps the DNA in place wrapped around the nucleosome (Fig. 15B). This
suggests that Robol1/2-1CD binds DNA or isin very close proximity to DNA and may play a
rolein transcriptional regulation.

Based on our previous bioinformatics data that predicted Robol ICD acting as a TF, we
wanted to invegtigate the possble genomic binding dstes of Robol ICD. We performed
chromatin immunoprecipitation followed by chromatin deep sequencing (Chip-seq) in P19
cells transfected with mRobol-1CD flag and crispr-DII1 (Fig. 15A). This experimental setup
allowed us to understand the chromatin modifying aspect of Robol-ICD overexpressson and
knocking out of DII1 exert on progenitors to induce direct neurogenesis. Data was normalized
usng the input of Chip-seq from native pl9 cels. We identified a total of 871 peak,
distributed along SUTR, promoter, exonic, intronic, and intergenic DNA regions, with a high
preference to bind intergenic and intronic DNA regions (Fig. 15C).

Next, we cross-analyzed the genes with Robol-ICD ChiP peaks with the DEGs derived from
the previous transcriptomic analyses. We found 63 DEGs that contained Robol ICD peaks,
and 22 DEGs with Robol-ICD peaks at their promoter regions (Fig. 15G). Indeed, the
majority of DEGs showed Robol-ICD binding in their exonic and promoter regions (Fig.
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15F). We found that Robol-ICD binds to DEGs including its own exonic region, the Bcl7a
intronic region, the Rnf38 promoter region, the Pou6fl promoter region, and the DIl1
promoter region (Fig. 15E). Validation of this binding via Chip-gPCR showed enrichment of
Robol-ICD on the exonic region of Robol, DII1 promoter, and Bcl7a intronic region (Fig.
15D). These findings suggest that Robol-1CD binding different genomic regions could play a

direct role in transcription control.
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Figure 15. Robol ICD localizes to the chromatin and bindsto a variety of genomic regions. (A)
A schematic representation illustrating the experimental design using P19 cells transfected with GFP
and GFP+ mRobo1/2-1CD flag+ Crisor DII1; these cells were used to perform CSK fractionation and
anti-Flag Chip. (B) P19 cdlls treated with CSK buffer to reveal the tightly held nuclear portion and
chromatin. Cels where then subjected to immunofluorescence. (Dapi, grey), (Robo-flag,grey),
(laminbl, grey), (higonel, grey), channels merged showing (dapi, blue), (Robo-flag,red), (lamin bl,
green), (histonel, green). (C) A bar graph illustrating the distribution of Robol ICD flag binding peaks
from Chip-seq and their functional categories. (D) A bar graph illugtrating Chip fold enrichment of
DNA fragments usng Chip-gPCR analysis of Robol, DII1, Bcl7a, Outd7a, Rnf38, Zhx1, and Chn2.
Each vdue represent mean SD (n=3). Chip-gPCR was performed to eucidate the regulatory role of
Robol in regulating the transcription of predicted target genes. (E) Chip-seq tracks for Robol-flag
occupancy. Representative tracks for Roobl, Bcl7a, Rnf38, Pou6fl, and DII1. The corresponding gene
isdisplayed in (blue), the direction of transcription is marked with blue arrows within the gene. (F) A
bar plot displaying the percentage of DEGs from mRobol/2-ICD + Crispr DII1 RNA sequencing
obtained from el ectroporated cortical progenitorsat E13.5 that appear in the Robol-flag chip peaks, as
well as their functional categories. (G) A Venn diagram illustrating the intersection of Chip peaksin
the promoter region and total pesks with DEGs obtained from electroporated cortical progenitors at
E13.5 usng mRobol1/2-ICD + Crisor DII1 RNA s2q.
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3.3. Robo 1 activates neur onal differentiation in vitro in P19 cells

According to transcription factor prediction analysis, Robol-ICD has a higher likelihood of
acting as a transcription factor. Immunofluorescence, nuclear fractionation, CSK fractionation
assay, and Chip-seq experiments all show Robol-ICD trandocation to the nucleus and DNA
binding. To elucidate the role of Robol-ICD in regulating transcription, we performed bulk
RNA-seq of P19 cdls overexpressing mRobol ICD flag and control GFP expressing cells.
FACS sorting GFP+ expressing cells was followed by bulk RNA extraction and sequencing
(Fig. 16A). PCA analysis yielded two principal components that successfully discriminated
between the samples based on their RNA profiles (Fig. 16B). This confirmed that the Sx
samples (three biological replicates per condition) of GFP and mRobol-1CD had very high
levels of reproducibility. We identified 3798 DEGs with (Adj. P<0.01), in the samples
overexpressng mRobol ICD. We found that 51% of the DEGs were down regulated genes,
while 49% of the DEGs were up regulated genes (Fig. 16C). Interestingly, we discovered that
some of the up-regulated DEGs were associated with the Notch pathway, such as Lfng, DII1,
and Jagl. Furthermore, Dmbx1 and TIx2 were among the upregulated DEGs. Dmbx1 is a
homeobox transcription factor that controls cell cycle exit and differentiation in retinal
progenitors (L. Wong et al., 2010). TIx2, a transcription belonging to the homebox family,
was found to be important in controlling the timing of neurogenesisin the developing cortex
(Roy et al., 2004). GO analysis was performed to reflect the biological relevance of the
DEGs. GO analysis on the up regulated DEGs highlighted biological processes such as
Neurogeness, cell morphogenesisinvolved in differentiation, and cellular protein localization
(Fig. 16D). However, GO analys's of down regulated DEGs highlighted biological processes
such as: RNA processing, trandation, and Ribonuceloprotein complex biogeness (Fig. 16D).
This observation concerning the downregulation of translation and ribosomal biogenesis
genes could be explained by the sequential downregulation of ribosomal biogenes's required
for the transition from pluripotency to differentiated neurons (Hetman & Slomnicki, 2019).

Finally, our transcriptomic analysis demonstrates Robol-ICD's ability to induce

transcriptomic changes that affect fate determination.
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Figurel6. Robol ICD promotes neurogenesis and cell morphogenesis in vitro. (A) A schematic
representation illugtrating the experimental design. P19 cells were transfected with GFP or mRobol-
ICD flag; cells expressng GFP were purified usng FACS sorting, and their pooled RNA was then
analyzed by bulk RNA sequencing. (B) Principal component analyss (PCA) showing GFP (green
dots) and mR1 (red dots). Samples were clusered according to their gene expresson. Each dot
represents one sample. (C) Volcano plot representing the digtribution of log2 fold change in gene
expresson. Differentially Expressed Genes (DEGs, Adj. P < 0.01), in red (upregulated genes, UGR)
and blue (downregulated genes, DGR). the top DEGs are depicted on the plot. (D) Functional
enrichment anadyss of the DEGs, showing the most sgnificant enriched GO terms for URG and DRG.
Ontology: Biological Process.

3.4. Robol binds to and regulates the DII1 promoter region

We previoudy showed that high levels of Robol/2-ICDsand low level of DII1 promote direct
neurogenes s across amniotes cortices (Cardenas et al., 2018). Furthermore, we showed in this
thess that Robol-ICD flag binds to DII1 promoter region, this occurred in an experimental
setup where we are using Crispr DII1. In order to address the DNA binding potential of Robo
1-ICD without the interference of Crispr DII1, we performed Chip gpcr assay using anti-Flag
antibody to determine the enrichment of Robol on the chromatin of Robol, DIl1, Bcl7a,
Outd7a, Rnf38, and Zhx1 (Fig. 17A). Robol-ICD binding was highly enriched on Robol

exonic region and DII1 promoter region compared to the other genes. Moreover, Robol
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enrichment on Robol exonic region in the CHIP-gPCR against mRobol had a smilar valueto
CHIP-gPCR mRobol and Crispr DII1, but Robol enrichment on DII1 promoter was at a
higher value in the CHIP-gPCR against mRobol-ICD aone. Thisresult already validates the
efficiency of Crispr DII1 directly on DII1 genome transcription and confirms that Robol ICD
could be directly affecting DII1 transcription via binding DII1 promotor (Fig. 17B).

To investigate the effect of mRobol-ICD on DIl1 promoter activity, we performed luciferase
assays comparing the effects of mRobol/2 ICD, mRobol-ICD myc, mRobol-ICD flag and
Jagl on DII1 promoter activity. We found that mRobol/2-1CD, mRobol-ICD myc, and
mRobol-ICD flag gain of function were able to decrease DII1 promoter sgnificantly (Fig.
17C, 17D). This result, combined with the previous finding of Robol enrichment over DIl1
promoter region, confirmsthe ability of Robol-1CD to modify DII1 activity.
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Figurel7. Robol ICD binds to DII1 promoter. (A) A schematic representation illugtrating the
experimenta design used, where P19 cdlls were transfected with mRobol-1CD flag and subjected to
Chip-gPCR and luciferase assays usng DII1 luciferase plasmid to measure DII1 promoter activity. (B)
Chip-gPCR showing the regulatory role of Robol ICD in regulating transcription of predicted key
target genes of Robol, DII1, Bcl7a, Outd7a, Rnf38, Zhxl, and Chn2. Chromatin of P19 cells
trandfected with Robol ICD Fag and immunoprecipitated using anti-flag antibody. Each value
represent mean SD (n=3). (C) P19 cdls were transfected with DII1 Luc done or with mRobol/2,
mR1, mR1-flag, Jagl, or an empty pcDNA (mock) vector and normalized to the activity of pcl
Renilla. After 24 hours of incubation, luciferase activity was measured. Each value represents the
mean SD (n=5), where five independent experiments were performed in triplicates. Groups were
compared by one-way ANOVA followed by Turkey’s post hoc test. *, sgnificantly different from
control (mock), p < 0.05. (D) Genome browser tracks show Robol flag Chip-seq in the presence of
Crispr DII1 and input over DII1 gene. Ref seq annotations are shown below the tracks. The DII1
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promoter region is denoted by a dashed line, and the RoboFlag binding region in the DII1 promoter is
denoted by a grey line.

3.5. The Robo interacting protein Nup107 has a conserved role in promoting Direct

neur ogenesis

We previousy demonstrated that Robol/2-ICD interacted with proteins involved in
kinetochore assembly, spindle microtubule dynamics, and transcription factors, including
Nupl07. We were intrigued by the presence of this protein in the dataset because it is a key
component in the formation of nuclear pore complexes (NPCs), and all molecules entering or
exiting the nucleus are actively transported or diffuse across the nuclear membrane via an
NPC protein. First, we conducted a co-immunoprecipitation experiment in P19 cdls to
confirm the interaction of Robo ICD and Nupl107 (Fig. 18A). Given that NPC proteins are
known to have an evolutionary conserved role in cell cycle progression, mitosis, and
transcriptional regulation (Ibarra & Hetzer, 2015). We wanted to investigate the expression
pattern of NuplO7 in different amniotic species; therefore we performed ISH in mouse,
chicken, and snake at different timepoints of development. At E8, Nupl07 expresson was
found only in the SVZ region of the snake pallium. NuplO7 expresson in mouse
telencephalon at E12.5 was lower in the OB compared to the adjacent NCx, and it was higher
in the lateral dorsal pallium (IDP) compared to the medial dorsal pallium (mDP) throughout
E6 chick pallium (Fig. 18B). Taken together, we find that the coincidences of low NuplQ07
expression with areas have higher Robol/2 expresson suggest a possible role of Nup107 in
progenitor’s fate determination.

Then we wanted to test the hypothess that Nup107 low expression in OB progenitors was
part of the sgnalling cascade promoting direct neurogeness. We used a Crispr guide against
mouse Nup107, which was cloned into a plasmid encoding for all the CRISPR machinery,
including the gRNA scaffold, Cas9 and GFP as a reporter of transduced cells. To validate that
we were targeting the expresson of Nupl07, we transfected crispr-Nupl07 into P19 and
performed western blot analysis on FACs sorted transfected cells. We confirmed that that our
crispr guides were able to abate Nupl07 protein levels (Fig. 18D). After validating the Crispr
guide, we moved forward with testing them in vivo. We e ectroporated the guide together with
Cas9 into the NCx of E12.5 mice, usng an empty crispr plasmid as a control, and the
phenotype was analysed at E14.5 (Fig. 18C). We quantified Tuj1" cellsin the VZ to assess
changes in Direct neurogenesis. We found that Nup107 crispr increased the ratio of Tuj1*
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cells ggnificantly compared to control Crisor elctroporated samples (these ratios were
normalized to non-electroporated contralateral NCx section) (Fig. 18E,F). Thus, we conclude
that a decrease of Nupl07 expression in mouse NCx progenitors is sufficient to promote
Direct neurogenesis.

In a previous study we showed that overexpressing mRobol/2 ICD and knocking out DIl1
expresson in chick IDp at E4 was sufficient to promote Direct neurogenes s by two days after
in ovo eectroporation, increasing Thrl® cells in VZ and decreasing basal PH3" cdls
(Cérdenas et al., 2018) . To elucidate whether decreasing Nup107 expression in the chick IDp
is sufficient to increase Direct neurogenes's, we used a crispr guide againgt chicken sequence
of Nup107 and performed in ovo e ectroporation at E4 and analysed the embryos 2 days post
el ectroporation. We found a significant decrease in basal PH3" cells and a significant increase
in Tbrl® cells in VZ of Nup107 KD embryos in comparison to controls (Fig. 18G). These
results demongtrate that Nup107 has an evolutionary conserved function in promoting Indirect

neurogenes sin the NCx across amniotes.
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Figure 18. Nup107 induces direct neurogenesis in developing mouse NCx and Chick pallium. (A)
Co-immunoprecipitation (Co-IP) assay showing interaction of Nup107 with Robol/2 ICD. Robol/2
ICD-flag and control GFP were expressed in independent samplestransently in P19 cellsin vitro. (B)
ISH dains for Nup107 in mouse at E12.5, chick at dpo E6 and snake a dpo E8. (C) Schema of
experimenta design: E12.5 mouse embryos were electroporated with Crigpr plasmid without guide or
Crispr plasmid with guide for mouse Nup107, a E14.5 embryos were sacrificed and processed for
immunofluorescence. (D) A western blot validating mouse Nup107 crispr, the western blot samples
used where of P19 cdls lysate expressng Crigpr plasmid without guide or Crispr plasmid with guide
againg mouse Nupl107. (E) WT NCx at E14.5 dectroporated asindicated in (C), immunofluorescence
show GFP (green) and Tuj1(red, black). (F) Quantification showing the ratio of Tuj1" cellsin the VZ
between electroporated and non-electroporated hemispheres usng t test. Values are shown in SEM,
n=3-5 embryos per group, *P value<0.05. (G) Schema of experimental design: at day 4 dpo chick
embryos were electroporated with Crispr plasmid without guide or Crispr plasmid with guide for
mouse Nupl07 and a day 6 dpo, embryos were sacrificed and processed for immunofluorescence.
Immunofluorescence and quantification in the VZ of day 6 dpo chick embryos with the indicated
plasmids, GFP (green), PH3(black), and Thrl(red). Quantifications showing the ratios of basal mitoses
(PH3") and neurons (Thrl") in the VZ between electroporated and non-electroporated hemispheres
using unpaired t-tegts. Values are shown in SEM with n=3-5 per group. * P val ue<0.05.
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Discussion
Heter ogeneity and lineage of progenitor cell populationsin the developing NCx and OB

Recent single cell studies have focused on understanding the neuronal and progenitor cell
diversity in the developing mouse neocortex, as well as correlating it to temporal and spatial
gene expresson (Moreau et al., 2021; Ruan et al., 2021). We recently showed that direct
neurogenes s accounts for less than 5% of total apical mitossin mice at E12.5. In contrast, at
E12.5 mouse OB, we demongtrated that the direct mode of neurogenesis accounted for 20%
of the neuronal yied (Cérdenas et al., 2018; Cérdenas & Borrell, 2019). To understand the
root of the difference between the OB and NCx in the aspect of neurogenes's, we performed
single cal RNA sequencing on samples microdissected from the OB region and adjacent NCx
at E12.5. We decided to conduct this analysis at E12.5, because it is the time when the
difference between the OB and NCx begins to appear, and it is only maintained for a short
period of time before all developmental statuses standardise again. We were able to unrave
the transcriptomic changes between the developing NCx and OB using this technique. We
found differences in progenitor (RGCs, IPCs) and neuronal cluster enrichment between the
two regions. This difference in clustering enrichment between the two regions could be
explained by our previous findings, which showed that the peak of neurogeness at the OB
occurs between E11.5 and E13.5 (Cérdenas et al., 2018). Cdl lineage anaysis of the
integrated clusters from both regions revealed, as expected, a trangtion from RGCs to IPCs,
followed by a transtion to deep layer neurons or OB specific neurons. We discovered two
RGC tragjectories. one transtioning from RGCs to IPCs and then differentiating into deep
layer neurons, immature neurons, or OB specific. In contrast, we found a cell lineage
trajectory that emerges from an RGC-OB-enriched cluster and directly differentiates to OB
specific neurons. This data clearly demongrates the two modes of neurogeness that we
previoudy demonstrated inthe OB (Cérdenaset al., 2018).

Slit/Robo and Notch signalling have an impact on the mode of neurogeness adapted by
progenitors in the NCx and OB, where Robo1/2 expresson in the devel oping NCx maintains
the balance between aRGCs and | PCs progenitor pools, thisrole involves Hesl transcriptional
activation (Borrell et al., 2012). Moreover, high levels of Robol/2-ICD expresson and low
levels of DIl1 expression promote direct neurogeness from aRGCs in the NCx and OB

(Cérdenas et al., 2018). Our single cel RNA seq data confirms the higher expression of
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Robo1/2 in the OB RGCs compared to the NCx RGCs. Interestingly, Robol/2 expression was
higher in OB cluster 10 (where direct neurogenesis lineages originate) than in NCx cluster 10.
During cortical development neural progenitors exhibit a salt and pepper pattern that is
credited to notch lateral inhibition (Kunisch et al., 1994; Miller et a., 2009). Curioudy, our
single cell dataset shows that DII1 expression is dightly higher in cluster 10 in the OB (where
direct neurogenesis trajectory originates). This observation could be explained by the fact that
differentiating cells upregulate proneural transcription factors, which in return upegulate DIl 1
expresson. DII1 expresson is critica for maintaining lateral inhibition by keeping
neighbouring cellsin an undifferentiaited state (Sprinzak et al., 2010).

Our analyss revealed that Hesl and Hes5 expression levels were higher in the NCx RGCs
clugters than in the OB RGCs clusters. As a reault, these findings are consistent with the
traditional role of hey genes in inhibiting RGCS differentiation in developing tel encephal on
(Pierfdice et a., 2011; Yoon & Gaiano, 2005). Coinciding with these results, Thrl expresson
was higher in OB RGCs clusters compared to NCx clugsters. Thus, this points to the
accelerated rate of neurogeness occurring at this point in the OB compared to the adjacent
NCx at this point of development.

Intriguingly, genes identified as bRGC makers were found to be enriched in OB progenitor
clusers (Pollen et a., 2014, 2015). ISH of Hopx, Ptprz1 and Scla3 in mouse E12.5 revealed
that these genes were more expressed in OB progenitors than in NCx progenitors. These
genes were found to be highly expressed in Cluster (4) of the OB, which is where indirect
neurogenesis begins in our cell lineage trgjectory. Besdes that, a recent study found that
Hopx® bRGCs in developing gyrencaplic cortex have higher sef-renewal capcity and are
more abundant in developing gyral regions (Matsumoto et a., 2020). These findings led us to
believe that the enrichment of these genesin the OB could play arolein regulating progenitor
proliferation and indirect neurogenesis.

Furthermore, we found that Hey2 expression was significantly higher in NCx RGCs clusters
compared to the OB RGCs clusters. Hey2, one of Notch effector genes, inhibits the neuronal
bHLH genes Mashl and Math3 and promotes the maintenance of the progenitor pool in the
cortex (Piper et al., 2010; Sakamoto et al., 2003). On the other hand, we found that Etv4 is
expressed in OB progenitor clusters significantly more than NCx progenitors. Etv4 is a
member of the ETS transcription factor family, which plays an important role in the
developing cortex (Arber et al., 2000) as well as hippocampal dendritic development and
arborization (Fontanet et al., 2018). One possi ble explanation for the enrichment of Hey2 and
Etv4 expression in the NCx and OB is that Hey2 plays a role in the preservation of the
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progenitor pool in the NCx, whereas ETv4 higher expression in the OB could be important for

neuronal differentiation and the formation of neuronal circuitry.

| dentifying Novel inter actor s of Robol/2 1CD

Robol1/2-ICDs lack autonomous catalytic activities; therefore, Robo intracelular signalling
occurs by interacting with other molecules in order to initiate signalling (Chédotal, 2007).
Robo signaling is moderated by secondary molecules such as. GAPs, SrtGAPs, GEFs and
other receptors such as: Netrin 1 receptor Dcc and N-cadherin that bind to Robo cytoplasmic
terminal directly or to its conserved cytoplasmic domains (Heasman & Ridley, 2008;
Lundstrom et al., 2004; Whitford et al., 2002; Yang & Bashaw, 2006). As expected, our MS
analyss revealed that Robol/2-1CDs interact with previoudy described proteins involved in
actin binding and cytoskeleton dynamics (Arhgap32, Arhgap27, Arhgap39, Wipfl, Nisch,
Nckl, Nck2) (Fan et al., 2003; Round & Sun, 2011; K. Wong et al., 2001). Interestingly, we
discovered that Robol/2-ICD interacts with various transcription factors (Hdx, Otx2, Mei <2,
Akt2), as well as proteins involved in microtubule spindle assembly and kinetochore
formation (Haus6, Dctn3, Ndel, Ndel1, Dsce).

Our GO analyss of Robo-ICD interactors revedled terms like centrosome localization,
microtubule nucleation, actin cytoskeleton organisation, translation regulation, and positive
regulation of transcription from the RNA polymerase || promoter. Our findings al so show that
Robo1/2-1CDs can interact with proteins from various cellular compartments, including the
nucleus, mitochondria, and endoplasmic reticulum. These findings point to the possbility of
Robo-1CD trafficking between different cellular components.

It has been described that Robo-1ICD undergoes Clathrin-dependent endocytos's, which is
critical for Robo's axon guidance function ((Chance & Bashaw, 2015). Our findings show that
Robo-I1CD interacts with a variety of proteins associated with endosomes and endomembrane-
bound vesicles (Arpl3al, Rabl8, Vps5l, Vpsh3, Vpsl6, Afph, Spire2), implying that
endocytosis occurs in our Robo ICD mode. Although Robo endocytos s has been described
as a Slit-dependent mechanism, our experiments show that a congtitutively active myristolated
Robo does not require Slit activation (Borrell et al., 2012; Cardenas et al., 2018).

Cdl cycle regulation and interkinetic nuclear movement (INM) have a strong relationship;
this relationship implicates interkinetic nuclear movement in other mitosis-related dynein-
regulated processes such as nuclear envelope breakdown. In our MS analys's, we observed
proteins related to INM, such as Ndel, Syne2, and Dctn3. Ndell is involved in the
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breakdown of the nuclear envelope, whereas Synel and Dctn3 mediate microtubule binding
to the nucleus by interacting with other dynein and dynactin complexes. We postulate that
Robo-ICD's interaction with these INM-related proteins is explained by Robo-ICD's role in
not only controlling cell cycle progression in progenitors but also in radial neuronal migration

and axon guidance in neurons (Reiner et al., 2012).

Char acter zing Robo1/2-1CD translocation to the nucleus

To initiate the signalling cascade, Robo/Slits must be proteolytically processed. According to
sructural studies, the interaction of the Robol extracelular domain with the ECM-
immobilized Slit causes molecular tenson in the Robo receptor structure. This receptor
tenson reveals the metalloproteinase cleavage sSte. This dte is highly conserved across
species, and signalling requires the cleavage of the Robo receptor. This is supported by the
fact that the uncleavable Robo receptor in Drosophila is incapable of restoring Robo
dependent midline repulson. It has previoudy been reported that in human cancer cels,
Robol undergoes a two-step proteolysis with secretase that results in two carboxy terminal
fragments of 129 kDa and 118 kDa. This cleaved Robol terminal has been demonstrated to
trand ocate to the nucleus (Chance & Bashaw, 2015; Coleman et al., 2010; Seki et al., 2010).
In contragt, it was recently discovered that Robol-1CD cleavage by an unknown protease and
trandocation to the nucleus is unaffected by Slit, prior extracellular domain shedding, or
membrane anchoring (Bianchi et al., 2021). Our results suggest that Robol/2 ICDstrand ocate
to the nucleus of P19 cells and is also found in the nucleus of E12.5 neurona primary
cultures. Furthermore, nuclear fractionation of P19 cellsrevealed that both ectopic and native
Robol/2-1CDs translocate to the nucleus.

Although we are expressing Robol1/2-ICDs sequences that lack the transmembrane sequence
cleaved by secreatase in our experiments, it hasa Myr sequence in the N-terminus that allows
it to bind to the membrane (Borrell et al., 2012; Cérdenas et a., 2018). Seki et al. observed a
very intense Robo signal in the nucleus despite not using a Myr sequence before the Robol
ICD congtruct used in their experiments (Seki et al., 2010). Moreover, in the study describing
how Robol undergoes endocytoss, they observed that the cells expressng Robol -ICD
congtructs without having any sequence tethering them to the membrane, were unable to form
processes properly (Chance & Bashaw, 2015). In contrast, we found that the construct
expressing myr-Robol-ICD can induce exuberant branching in embryonic rat dorsal ganglion

cells independent of Slit expression (Cardenas et al., 2018). These results suggest that Robo
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cytoplasmic terminal attachment to the membrane is enough to maintain axonal branching and
doesn’t hinder Robo ICD translocation to the nucleus.

Given that Robo-CD undergoes endocytosis (Chance & Bashaw, 2015; Coleman et a., 2010),
and the presence of other transcription factors and proteins involved in microtubul e assembly
and trandation in our MS dataset, we hypothesised that Robo-ICD beongs to a class of
membrane transcription factors (MTFs) that undergo endocytosis before entering the nucleus

and participating in transcription machinery.

How does Robo-I CD trandocate to the nucleus?

Nucleocytoplasmic transport is an indispensable process in mammalian cells. Multiple
proteins, such as transcription factor, histones, and cell cycle regulators, require the presence
of nuclear localization sequence (NLS). NLS is recognized by nuclear transporters, which
facilitate the transport of proteins from the cytoplasm to the nucleus through NPC (Oka &
Y oneda, 2018). We found that Robol1/2-1CDs have classical NLSs. This finding may help to
explain how Robol/2-ICDs translocate to the nucleus. However, experiments mutating these
NLSs in Robol ICD didn’t abate its translocation to the nucleus (Seki et al., 2010). To this
end, we reasoned that Robo-ICD transportation to the nucleus could additionally require
clatherin mediated endocytoss like other TFs such as Epidermal Growth Factor Receptor
(EGFR) and Human Epidermal Growth Factor Receptor 2 (HER-2). These TFs are
transported to the nucleus through interaction of their NLS sequence with nuclear transporters
followed by endocytosis. Experiments inhibiting endocytos's lead to an extreme reduction of
their nuclear trand ocation of up to 80% (Bild et a., 2002; Lo et al., 2006).

Robo conserved cytoplasmic domains ar e necessary for direct neur ogenesis phenotype

We mentioned previously that Robo conserved cytoplasmic domains don’t have autonomous
catalytic activity. Nevertheless, these domains have been shown to interact with several
molecules to exert repulson, control of cytoskeletal dynamics, cell polarity and adhesion
(Rhee et al., 2002, 2007; K. Wong €t al., 2001). In this thesis we truncated Robol/2-ICDs by
removing different cytoplasmic domain and quantifying the sgnal in the nucleus versus
cytoplasm and membrane in P19 transfected cells. We found that Robol/2-ICD combined or
separately had a higher nuclear signal compared to other truncations. This could be explained
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by a possible interaction between these cytoplasmic domains and some nuclear transporters
that isreduced with theremoval of these domains.

We showed that the gain of function of mRobol/2-1CD combined with the knockout of Crispr
DII1 was enough to induce direct neurogenesis in the developing mouse cortex (Cardenas et
a., 2018). Following up on these results by investigating whether mR1/2-1ICD different
truncations are able to recapitulate this phenotype, we found that both mR1/2-D1 and D2 had
potential to increase direct neurogeness in the cortex, while mR1/2-D3 failed to promote
direct neurogenesis in the cortex. These results led us to hypothes ze the Robol/2 conserved
cytoplasmic domains could be interacting with important interactors that are crucial in fate

determination.

Overexpression of mR1/2-ICD and knocking out DII1 changes cell cycle dynamics and

metabolism in cortical progenitors

Neurogenes' s entails a balance between proliferation and neurogeness, and in the context of
cell cycle, this means cell cycle exit and cdll cycle re-entry. Progenitors need to exit the cell
cycle in G1 and enter GO bypassng cell cycle redriction points. This can be achieved by
overexpressng Cdkl, which can block cdl cycle progresson at G1, hence promoting
differentiation (Ohnuma & Harris, 2003). Our results show that gain of function of
mRobo1/2- ICDs combined with knocking out of DII1 in cortical progenitors promotes direct
neurogeness via cdl cycle exit at G1 by upregulation of Cdknla (P21). Moreover, our
transcriptomic analyss revealed GSEA terms related to cdl cycle exit, such as negative
regulation of mitotic cell cycle phase transition. These findings are cons stent with our results
comparing cdl cycle exit between OB (where Robol/2 is highly expressed in OB progenitors)
and NCx in the developing mouse telencephalon, where we found that progenitors exit the
cell cycleat ahigher rate in the OB compared to NCx (Cardenas et al., 2018).

Changes in the metabolic program are critical during neurogenesis. Progenitors mainly rely
on glycolysis, while neurons mainly depend on mitochondrial oxidative phosphorylation.
Single cdl transcriptomics of adult neural progenitors shows that OXPHOS marks the
commencement of neurogeness. GSEA terms related to mitochondrial respiratory chain,
respirome, and oxidative phosphorylation are included in our transcriptomic analyss.
Interestingly, both Cox6b2 (Cytochrome C Oxidase Subunit 6B2) and Ndufal2
(NADH:Ubiquinone Oxidoreductase Subunit A12)-which take part in the OXPHOS process-
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were among the upregulated DEGs in our dataset (Rath et al., 2021), suggesting that the
Direct neurogeness observed after mRobol/2-ICDs gain function and DII1 knockout is
caused by transcriptional changesthat affect cell cycle progression and cellular metabolism.
Recent studies showed that Robol-ICD is required for multiple myeoma adhesion to bone
marrow stromal and endothdial cells (Bianchi et al., 2021). Proteomics and RNA sequencing
results from this study coincide with our results, confirming the role of Robol-ICD in RNA
process ng and metabolic processes.

Furthermore, Robol-1CD trandocation to the nucleus is thought to indicate a better prognoss
in patients with bladder cancer (Krafft et al., 2020). These findings, which speculate on the
therapeutic impact of Robo nuclear trandocation on cancer progression, support our

hypothesis of Robol-I1CD transcriptional potential in cortical devel opment.
Robo 1-1CD binds DNA and regulatestr anscriptional activity

Axon guidance receptors have been described recently for their ability to control gene
expresson. Dcc, neogin (Neol), and Frazzled (Fra) have the ability to act as transcriptional
activators, where the cytoplasmic domain of these receptors translocates to the nucleus upon
cleavage with y secretase or a metalloprotease, making this cleavage necessary to activate
their transcription (Goldschneider et al., 2008; Neuhaus-Follini & Bashaw, 2015). Here, we
found that Robol/2-1ICDs have DNA binding sequences that are conserved across most
species. We showed that Robol-ICD scores similarly to other canonical transcription factors,
and this score is maintained across other species. Interestingly, CSK fractionation assay
showed that Robol-I1CD is present in the tightly held fraction and chromatin fraction. these
results suggest the transcriptional role of Robol-1CD.

Experimentsin thisthes s showed that Robol-ICD interacts with chromatin of specific genes,
binding to promoter, intronic, intragenic, or exonic regions. These findings are similar to
previous research on neogenin intercellular domain (Nel CD) that showed its trand ocation to
the nucleus, interactions with transcription-related proteins, and chromatin binding
(Goldschneider et al., 2008). Nonetheless, the Chip-seq dataset we generated using the
mRobol-flag-ICD gain of function and DII1 knockout coincided with a number enes that
were differentially expressed in our invivo bulk RNA dataset. These findings suggest that
Robol-1ICD DNA binding and transcriptional regulationisrequired for direct neurogenesis.
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To gain more insght on Robol-ICD acting as a transcription factor, we perfomed Motif
analysis usng the Homer database reveals an enrichment of Robol binding sequences for
transcription factors when compared to the background in both known and de novo motifs
(Fig. 19). Interestingly, we found that Hdx -one of the transcription factors that are significant
in the de novo Robo 1 binding motifs- is one of the Robol/2-1CDs highly enriched protein
interactors. This could be explained by a possible interaction between Robol ICD and Hdx in
the context of transcription factor, Co-factor that ultimately could affect gene transcription.
This interaction should be thoroughly investigated in order to comprehend its dynamics and
theimplications for direct neurogenesisin vivo.
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Figure 19. Known and de novo predictions on Robol binding sites. Homer was used to predict the
DNA binding motifs of proteins that were strongly linked to Robol binding sites. The percentage of
targets represents the enrichment of target sequences for transcription factors (TFs) in comparison to
the background.

Robol-1CD hindsto the DIl1 locus

We showed that the overexpression of mRobol-ICD flag in P19 cells causes the upregulation
of genes associated with neurogeness and cytoskeleton rearrangement. We previoudy
demonstrated that the Robo2-ICD stimulates transcriptional activity of the Hesl promoter in
Neuro2a cells that lack Notch sgnalling. Furthermore, we found that both the Robo2-1CD and
the Notch intracellular domain (NICD) increased Hesl transcriptional activity (Borrell et al.,
2012). Moreover, we showed previoudy that Notch sgnalling in the NCx and OB in Robo
mutants have a smilar pattern of expression, unlike in WT embryos (Cérdenas et al., 2018).
Transcriptomic analys's of this dataset revealed that some Notch pathway ligands, such as
Lnfg, Jagl, and DII1, were upregulated. To eucidate the interaction between Robol-1CD and
DII1, we used a Luciferase assay, which revealed that Robol-1CD reduces the transcriptional
activity of the DII1 promoter. Furthermore, Chip-gPCR experiments reveal ed that the Robol-
ICD isabundant in the DLL1 promoter region. As aresult of these findings, we propose that
Robo signalling can play arolein modulating Notch signalling.

The upregulation of Notch ligandsin the Robol-ICD RNA-seq dataset could be explained by
Notch lateral inhibition (LeBon et a., 2014). Notch/Dll1-mediated Cis inhibition permits the
generation of a huge variety of cell types (Cepko, 2014; Furukawa et al., 2000; Jadhav, Cho,
et a., 2006; Jadhav, Mason, et al., 2006; Kageyama, Ohtsuka, Shimojo, et al., 2008;
Mizeracka et al., 2013). Notch lateral inhibition is characterized by the rise of the ligand’s
expresson and the decline of the receptor’s expression. It is initiated when DII1, located on
differentiating cells, activates a Notch receptor in an adjacent progenitor. Trans-activation
causes cleavage of the Notch receptor and release of NICD which then trandocate to the
nucleus and forms a complex with the DNA-binding protein RbpJ, ultimately activating the
expresson of Hesl and Hess. Hence, this keeps the trans-activated progenitor in an
undifferentiated state (Schuurmans & Guillemot, 2002). This Notch signalling response could
explain the upregulation of DII1 expression observed in Robol-ICD RNA seq data, which
happens when proneural genes in differentiating cells upregulate DII1 expresson (Kunisch et
al., 1994). However, it must be put in perspective that the results were obtained in vitro, and

further research in vivo isrequired to confirm Robo'sICD role.
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Nupl107 impact on Direct neur ogenesis acr oss evolution

Most nucleoporins are evolutionary conserved from yeast to mammals, and consequently the
NPC gructure is also well conserved (Khan et al., 2020). Our MS data showed that Nup107
was among Robol/2-1CD interactors. This association between Nupl07 and Robol/2-1CD
suggests that Robol/2-ICD may play a role in kinetochore formation during mitoss.
Furthermore, Nup107 is a component of NPC, and its association with the kinetochore in
vertebratesiswell established (Antonin et al., 2005; Orjal o et al., 2006; Walther et al., 2003).
Further invegtigation into Nup107 expression in amniotes revealed that Nupl07 expression is
conserved in cortical progenitors such as Robol/2 and DII1; even so, Nupl07 expression
pattern is smilar to DII1 in both mouse telencephal on and chick pallium. We showed that loss
of function experiments of Nup107 in mouse NCx and chick pallium resulted in an increasein
Direct neurogenesis, suggesting the role Nup107 playsin modersting indirect neurogenesis.
This direct interaction between Nup107 and Robol/2 ICDs could be explained by Robo-ICD
acting as a transcription factor and forming a complex with Nup107 that controls transcription
programs. This explanation is in accord with the interaction discovered between Sox2 and
Nupl53 (Toda et al., 2017), where Genome-wide anal yses showed the binding of Nup153 and
Sox2 co-regulate many genes, Thusit will be interesting to determine the spatial changes in
nuclear architecture that this interaction between Robol/2-ICD and NuplO7 exert on

progenitor maintenance and fate determination.
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Conclusions

Conclusions

1. Distinct progenitor cell populations are sdectively enriched in the NCx and OB of
mouse embryos, linked to the generation of neurons Directly or Indirectly.

2. Robo interacts intracellularly with a variety of protein types, including transporters,
transcription factors and nuclear proteins.

3. Following Robo receptor activation, the intracellular domain (ICD) is shuttled to the
nucleus of neural progenitor cells.

4. High levels of Robol/2-ICD combined with low levels of DII1 promote Direct
neurogeness in the NCx by inducing transcriptional changes in cortical progenitor
cells, namely via upregulation of OX-PHOS and cell cycle exit genes.

5. The protein sequence of Robol-ICD is predicted to be a transcription factor, including
the conserved cytoplasmic domain CC3 and C-terminus, which are important for
nuclear shuttling and to drive Direct neurogenesis.

6. Robol-ICD directly regulates gene expression by binding to specific gene regulatory
elements, including promoters and enhancers, such asinthe DII1 locus.

7. Robo-ICD interacts with the nuclear pore protein Nup107. Loss of Nup107 promotes
Direct neurogenesis in an evolutionarily-conserved manner, smilar to the gain of

Robo sgnaling.
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Conclusiones

1. Distintas poblaciones de células progenitoras se enriquecen selectivamente en NCx y
OB de embriones de ratén, vinculadas a la generacion de neuronas directa o
indirectamente.

2. Robo interactta intracelularmente con una variedad de tipos de proteinas, incluidos
transportadores, factores de transcripcion y proteinas nucl eares.

3. Despuésdelaactivacion dd receptor Robo, € dominiointracdular (ICD) se
transporta al nucleo delas células progenitoras neurales.

4. Losniveesaltos de Robol/2-1CD combinados con niveles bajos de DII1 promueven
laneurogénesis directaen el NCx al inducir cambios transcripcionales en las células
progenitoras cortical es, concretamente a través de laregulacion a alza de OX-PHOSy
genesde salida dd ciclo cdular.

5. Sepreveé gque la secuencia proteica de Robol-ICD seaun factor de transcripcion,
incluido el dominio citoplasmético conservado CC3 y C-terminal, que son importantes
parael transporte nuclear y paraimpulsar la neurogénesis directa.

6. Robol-I1CD regula directamente la expresién génicaal unirse a elementos reguladores
de genes especificos, incluidos promotoresy potenciadores, como en e locusDII1.

7. Robo-I1CD interactta con la proteina de poro nuclear Nup107. La pérdida de Nup107
promueve la neurogénesi s directa de una manera conservada evolutivamente, smilar a

la ganancia de sefializaci6n de Robo.
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The evolution of the mammalian cerebral cortex leading to humans involved a
remarkable sophistication of developmental mechanisms. Specific adaptations of
progenitor cell proliferation and neuronal migration mechanisms have been proposedto
play major roles in this evolution of neocortical development. One of the central
elements influencing neocortex development is the extracellular matrix (ECM). The
ECM provides both a structural framework during tissue formation and to present
signaling molecules to cells, which directly influences cell behavior and movement.
Here we review recent advances in the understanding of the role of ECM molecules
on progenitor cell proliferation and neuronal migration, and how these contribute to
cerebral cortex expansion and folding. We discuss how transcriptomic studies in human,
ferret and mouse identify components of ECM as being candidate key players in cortex
expansion during development and evolution. Then we focus on recent functional
studies showing that ECM components regulate cortical progenitor cell proliferation,
neuron migration and the mechanical properties of the developing cortex. Finally, we
discuss how these features differ between lissencephalic and gyrencephalic species,
and how the molecular evolution of ECM components and their expression profiles
may have been fundamental in the emergence and evolution of cortex folding across
mammalian phylogeny.

Keywords: radial glia, gene expression, microenvironment, folding, evolutionary conservation, extracellular
matrix

INTRODUCTION

The largest part of our brain is the cerebral cortex, or neocortex, which is considered the seat for our
higher cognitive abilities and complex reasoning. The extraordinary size and complexity of the
human cerebral cortex are the result of a sophisticated and exquisitely orchestrated developmental
program, which emerged during mammalian evolution. This stemmed from an increase in the
number of neuronal and glial cells, followed by a dramatic expansion in cortical size and folding.
The selective pressure on these traits was the basis for the evolution of the mammalian cortex
towards human (Florio and Huttner, 2014; De Juan Romero and Borrell, 2015). Recent efforts in
understanding this remarkable process of mammalian cortex evolution have begun to shed light on
key cellular and molecular mechanisms involved.
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ECM in Cortex Evolution and Folding

The neocortex is a large sheet of neural tissue characteristically
organized in six main layers of neurons. This sheet may be
smooth, typical of mammals with small brains like mice, or three-
dimensionally arranged in folds and fissures, typical of mammals
with a large brain like primates and carnivores, including human
(De Juan Romero et al., 2015; Fernandez et al., 2016). The
cerebral cortex originally develops from the early telencephalic
primordium, a pseudostratified epithelium with apical-basal
polarity composed by neuroepithelial cells (NECs; Gotz and
Huttner, 2005; Taverna et al., 2014). Cortical neurogenesis begins
with the transformation of NECs into apical Radial Glia Cells
(aRGCs), the lineage of which gives rise to all excitatory neurons
of the neocortex. aRGCs are highly polarized and elongatedcells,
with an apical process contacting the ventricular surface,a basal
process contacting the pial surface, and the cell bodyin the
vicinity of the telencephalic ventricle, which altogether constitute
the ventricular zone (VZ; Boulder_Committee, 1970). Similar to
NECs, the cell body of aRGCs migrates apico-basally during the
distinct phases of the cell cycle, in a movement known as
interkinetic nuclear migration (INM). After mitosisat the apical
surface, the cell nucleus moves basally during G1, undergoes
DNA replication (S phase) at the basal side of the VZ, and
moves apically during G2 to undergo mitosis again at the apical
surface (Takahashi et al., 1993). aRGCstypically express the
paired-box transcription factor Pax6, and may produce neurons
either directly upon mitosis, or indirectly via producing Basal
Progenitors (BPs; Noctor et al., 2001, 2004; Haubensak et al.,
2004; Miyata et al., 2004). BPs generatedby aRGCs migrate to
the basal border of the VZ, where they coalesce forming the
subventricular zone (SVZ) and divide to eventually produce
neurons. There are two main types of BPs: intermediate
progenitor cells (IPCs), which lack obvious polarity and
characteristically express the T-box transcription factor Tbr2;
basal radial glia cells (bRGCs), similar to aRGCs with a basal
process contacting the pial surface, but without an apical
process contacting the ventricle (Haubensak et al.,2004; Miyata et
al., 2004; Noctor et al., 2004; Fietz et al., 2010; Hansen et al.,
2010; Reillo et al., 2011; Shitamukai et al., 2011). In species with
a smooth cortex (lissencephalic) like mouse, the SVZ is
relatively thin and contains few BPs, with IPCs being the
predominant type. These BPs largely undergo self-consuming
neurogenic divisions, producing two neurons each. In contrast,
in species with a folded cortex (gyrencephalic), the SVZ contains
much larger numbers of BPs and is much thicker, displaying
two cytoarchitectonically distinct sublayers: inner (ISVZ) and
outer subventricular zone (OSV Z; Smart et al., 2002; Reillo et al.,
2011). The high abundance of BPs in gyrencephalic species is
largely due to their high potential for self-amplification (Fietzet
al., 2010; Hansen et al., 2010; Betizeau et al., 2013). Both ISVZ
and OSV Z are rich in bRGCs and IPCs, which after severalrounds
of self-amplification start producing massive numbers of
neurons (Reillo et al., 2011; Betizeau et al., 2013; Martinez-
Martinez et al., 2016). Neurogenesis from BPs occurs either
by asymmetric self-renewing divisions (producing one neuron and
one progenitor), or by terminal symmetric self-consuming
divisions (producing two neurons). Thus, the abundance of BPs
is ultimately proportional to the final number of cortical

neurons and to cortical folding, these parameters being low in
lissencephalic and high in gyrencephalic species (Borrell and
Reillo, 2012; Betizeau et al., 2013; Pilz et al., 2013; Dehay et al.,
2015; Llinares-Benadero and Borrell, 2019).

The extracellular matrix (ECM) is a key part of the cellular
microenvironment during cortical development, contributing to
define the local niche of the different cell populations. The ECMis
formed by a complex combination of structural proteins and
proteoglycans that act as a cell-supporting scaffold. However,
in addition to this classical concept, recent studies show that
the ECM plays fundamental roles in the polarity, survival,
proliferation, migration and differentiation of cells (Hynes, 2009).
Recent major breakthroughs in transcriptomic and functional
analysis of cortical development in both lissencephalic and
gyrencephalic species have identified ECM components as key
factors regulating the proliferation of specific types of cortical
progenitors, with a direct impact on the expansion and folding
of the cerebral cortex (Fietz et al., 2012; Florio and Huttner, 2014;
Florio et al., 2017; Long et al., 2018; Long and Huttner, 2019).
Here, we review how the expression of ECM componentsis
regulated and patterned during cortical development, across
cortical layers and progenitor cell populations, in lissencephalic
and gyrencephalic species. Then we elaborate on the impact
of the ECM on cortical progenitor cell proliferation and neuronal
migration across mammalian phylogeny, and discuss its
influence on the mechanical properties of cortical tissue,
altogether affecting cortex folding. Finally, we hypothesize that
the modification of ECM components and their expression
patterns may have been critical to the remarkable expansion and
folding of the mammalian neocortex during evolution.

EXPRESSION OF ECM COMPONENTS
DURING CORTICAL DEVELOPMENT

Transcriptomic analyses of the developing human, mouse and
ferret neocortex have been key to our understandingof the
relevance of ECM in cortical development (Fietzet al.,
2010, 2012; Camp et al., 2015; De Juan Romeroet al.,
2015; Florio et al., 2015; Pollen et al., 2015; Martinez- Martinez
et al., 2016; Telley et al., 2019). High-throughput bulk RNA
sequencing (RNAseq) analyses of isolated cortical germinal
layers in mouse and human at mid-neurogenesis highlight that
specific sets of ECM components are differentially expressed
(Fietz et a., 2012). In human embryos, cortical germinal zones
including VZ, 1SVZ and OSV Z exhibit higher mRNA expression
levels of ECM components and cytoskeletal proteins than the
neuronal layer Cortical Plate (CP; Table 1). The mouse VZ also
has a distinct signature of ECM gene expression, such that these
genes are downregulated when progenitor cells are undergoing
neurogenesis (Arai et al., 2011). Transcriptomic microarray data
from the ferret neocortical VZ also revealed differential
expresson of ECM components, in this case along cortical
developmental stages (Table 1; Martinez-Martinez et al., 2016).
Extracellular matrix components are extraordinarily diverse, and
many of those expressed in the developing cerebral cortex
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TABLE 1 | Differentially expressed extracellular matrix (ECM) components, Integrins, growth factors, and transferases, across lissencephalic, and gyrencephalic species.

ECM Genes Human NCBI Gene ID A Human Mouse (Fietzetal., B Ferret (Martinez-Martinez et al., C Human cell populations
(Fietzetal., 2012) 2012) 2016) (Florio et al., 2015)
hvz hISVZ = hCP mvzZ mCP E34VZ-E30VZ |P1VZ-E34VZ |P1VZ-E30VZ [aRG > bRG > N |pbRG 2
hOSvz aRG > N
Proteoglycans |ACAN 176 — _ — _ — nr nr nr ACAN
BCAN 63827 - _ — _ _ BCAN BCAN BCAN - -
BGN 633 BGN nr nr nr — -
DCN 1634 DCN - . DCN - -
HAPLN1 1404 _ — _ _ - nr nr nr HAPLN1
HAPLN4 404037 HAPLN4 nr nr nr - -
NCAN 1463 NCAN - NCAN NCAN _
LUM 4060 - _ _ _ _ nr nr nr LUM
RELN 5649 _ _ _ _ _ - - RELN - _
SCUBE3 222663 SCUBE3 - - SCUBE3 _ _
SPARC 6678 - _ _ _ - - SPARC - _ _
SPARCL1 8404 — _ — — — - SPARCL1 — _ —
SPOCK1 6695 _ _ _ _ _ _ SPOCK1 SPOCK1 _ _
SPOCK2 9806 - _ _ _ _ - SPOCK2 SPOCK2 _ _
SUSD1 64420 _ _ _ _ _ - - SUSD1 _ _
VCAN 1462 VCAN - VCAN 'VCAN _ _
ECMproteins |ATRN 8455 — _ — _ - - ATRN ATRN — -
BMPER 168667 BMPER nr nr nr BMPER
CD248 57124 ICD248 nr nr nr - -
CNTN4 152330 CNTN4 nr nr nr _ -
COCH 1690 COCH nr nr nr — _
ECM1 1893 ECM1 nr nr nr _ _
FBLN2 2199 FBLN2 - FBLN2 FBLN2 _ -
FBLNS 10516 FBLN5 nr nr nr _ -
LGALS3 3958 - — - — - - - LGALS3 _ -
LGALSS8 3964 LGALS8 nr nr nr _ _
LGALSL 29094 — — - _ - - LGALSL LGALSL — —
LTBP1 4052 - — - — — - LTBP1 - - —
(Continued)
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TABLE 1| Continued

ECM Genes Human NCBI Gene ID |A Human Mouse (Fietz et al., B Ferret (Martinez-Martinez et al., |C Human cell populations
(Fietz etal., 2012) 2012) 2016) (Florio et al., 2015)
hvz hISVZ = hCP mvZzZ mCP E34VZ-E30VZ |P1VZ-E34VZ |P1VZ-E30VZ [aRG > bRG > N |bRG 2
hOSVZ aRG > N
LTBP4 8425 _ _ - — — - LTBP4 LTBP4 — _
MATN2 4147 MATN2 _ MATN2 MATN2 — —
MFAP1 4236 - - - - - - MFAP1 MFAP1 — _
NTN1 9423 NTN1 nr nr nr — —
NTN3 4917 NTN3 nr nr nr - -
NTN4 59277 NTN4 nr nr nr _ _
NTNG1 22854 - - - - - - — NTNG1 — _
PRELP 5549 _ _ _ _ _ nr nr nr PRELP
RELN 5649 — — — — - - — RELN - -
TMEFF2 23671 TMEFF2 nr nr nr — —
VIT VWF 5212 - - - _ — — VIT — —
COL1Al 7450 VWF nr nr nr _ _
Collagens |COL2A1 1277 - - _ - — — - COL1A1 — —
COL1A2 1280 COL2A1 — - COL2A1 _ _
COL3A1 1278 - - _ - — nr nr nr COL1A2
COL4AL 1281 - - - - — - - COL3A1 _ _
COL4A2 1282 COL4A1 - COL4A1 COL4Al COL4A1
COL4A6 1284 COL4A2 nr nr nr _ _
COL5A2 1288 _ - _ _ _ - — COL4A6 _ _
COL5A3 1290 — — — — - _ _ COL5A2 _ _
COL8AL 50509 COL5A3 nr nr nr - -
COL9A3 1295 _ - - - - nr nr nr COL8A1L
COL11A1 1299 COL9A3 nr nr nr _ _
COL11A2 1301 — — — _ - - — COL11A1 _ _
COL12A1 1302 COL11A2 nrnr nr nr — —
COL15A1 1303 COL12A1 - nr nr _ _
COL16A1 1306 COL15A1 - - COL15A1 _ _
COL17A1 1307 _ _ _ - - - COL16A1 COL16A1 _ _
COL18A1 1308 - - _ _ . - COL17A1 COL17A1 _ _
80781 COL18AL COL18A1 COL18A1 - _
(Continued)
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TABLE 1 | Continued

ECM Genes Human NCBI Gene ID |A Human Mouse (Fietz et al., B Ferret (Martinez-Martinez et al., C Human cell populations
(Fietzetal., 2012) 2012) 2016) (Florio et al., 2015)
hvz hiSVZ = hCcP mvz mCP E34VZ-E30VZ |P1VZ-E34VZ |P1VZ-E30VZ [aRG > bRG > N pbRG 2
hOSVzZ aRG > N
COL21A1 81578 _ _ _ _ _ COL21A1 COL21A1 COL21A1 _
COL22A1 169044 COL22A1 nr nr nr — _
COL24A1 255631 — - _ — — — COL24A1 COL24A1 — _
COL28A1 340267 _ _ _ _ _ nr nr nr COL28A1
COLQ 8292 COLQ nr nr nr — _
Laminins LAMAL 284217 — _ _ _ _ - — LAMAL _ _
LAMA3 3909 LAMA3 nr nr nr — _
LAMAS 3911 LAMAS nr nr nr _ _
LAMB1 3912 - _ _ - _ - LAMB1 LAMB1 _ _
LAMB2 3913 _ _ _ _ _ _ — LAMB2 _ _
LAMB4 22798 _ — _ _ _ nr nr nr LAMB4
LAMC2 3918 _ _ _ _ _ nr nr nr LAMC2
Integrins ITGA1 3672 ITGAL nr nr nr _ -
ITGA3 3675 ITGA3 nr nr nr _ _
ITGAS 3678 ITGAS nr nr nr _ _
ITGA10 8515 ITGA10 nr nr nr _ _
ITGB5 3693 - - _ - _ ITGB5 - - _ _
Growth Factors |BMP3 651 BMP3 nr nr nr — _
CRELD1 78987 - - _ - - - CRELD1 - _ _
EREG 2069 - - — - - nr nr nr EREG
FGF5 2250 _ _ _ _ _ nr nr nr FGF5
FGF9 2254 — - _ _ - FGF9 _ _ _ _
FGF12 2257 FGF12 nr nr nr _ _
FGF18 8817 FGF18GDF1 |nr nr nr _ _
GDF1 2657 GDF5 nr nr nr _ _
GDF5 8200 nr nr nr - —
(Continued)
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TABLE 1| Continued

ECM Genes Human NCBI Gene ID A Human Mouse (Fietz et al., B Ferret (Martinez-Martinez et al., C Human cell populations
(Fietzetal., 2012) 2012) 2016) (Florio et al., 2015)
hvz hISVZ = hCP mVvVZzZ mCP E34VZ-E30VZ |P1VZ-E34VZ |P1VZ-E30VZ [aRG > bRG > N |pbRG 2
hOSVZ aRG > N
IGF2 3481 IGF2 nr nr nr _ _
INHA 3623 INHA nr nr nr _ _
INHBA 13624 INHBA nr nr nr — _
MEGF6 1953 MEGF6 nr nr nr _ _
MEGF8 1954 _ _ — _ — — _ MEGF8 _ _
MEGF10 84466 _ _ — _ — _ MEGF10 — _ _
MSTN 2660 MSTN nr nr nr — _
PDGFA 5154 PDGFA nr nr nr — _
PDGFB 5155 PDGFB nr nr nr _ _
PDGFC 56034 PDGFC nr nr nr _ —
PDGFRA 5156 PDGFRA nr nr nr _ _
TGFA 7039 TGFA nr nr nr _ _
TGFB3 7043 TGFB3 nr nr nr _ _
TMEFF2 23671 TMEFF2 — - TMEFF2 — _
VEGFC 7424 EGFC nr nr nr _ _
Transferase |CHPF 79586 CHPF nr nr nr _ _
CHSY3 1337876 CHSY3 nr nr nr _ _
HS2ST1 9653 HS2ST1 nr nr nr _ _
HS6ST1 9394 HS6ST1 nr nr nr _ _
NDST1 3340 NDST1 nr nr nr _ _
NDST2 8509 NDST2 nr nr nr _ _
ST3GAL2 6483 ST3GAL2 nr nr nr _ _
SULF1 23213 SULF1 nr nr nr _ _
SULT1B1 27284 _ _ - — - nr nr nr SULT1B1
SULT1C2 6819 _ _ _ _ _ nr nr nr SULT1C2
SULT1C4 27233 - - - — - nr nr nr SULT1C4

(A) Genes differentially expressed between cortical layers in human and mouse (Fietz et al., 2012). The gene name is indicated where it is expressed at significantly higher levels compared to the other layers; )
means no significant difference. (B) Genes differentially expressed between embryonic (E) and postnatal (P) cortical Ventricular Zone (VZ) in ferret (Martinez-Martinez et al., 2016). The gene name is indicated whereit
is differentially expressed; (—), no significant difference; (nr), not reported. (C) Genes differentially expressed between specific cell populations of the developing human cortex (Florio et al., 2015). The gene name is
indicated in the comparison where it is differentially expressed; (=), no significant difference.
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are polyvalent in regulating stem cell proliferation and niche
maintenance (Fietz et al., 2010; Marthiens et al., 2010; Stenzel
et al., 2014; Given et al., 2020). Each mammalian species
expresses in cortical germinal zones a unique combination of
ECM components at unique relative levels, which suggests that
their precise abundance and overall combined composition may
be important in fine-tuning cortical progenitor proliferation, self-
renewal and expansion, which are also unique among species. In
the human OSV Z, very rich in highly proliferative BPs, specific
ECM components are expressed at high levels (Table 1). A
landmark study by Florio et al. (2015) compared thetranscriptomic
profile of isolated aRGCs, bRGCs and neurons inthe developing
human and mouse cerebral cortex. This analysis revealed that
ECM components and cell surface receptors were more highly
expressed in human aRGCs and bRGCs than in mouse, pointing
to the notion that these components may influence the
proliferation of aRGCs and bRGCs in human versus mouse
(Florio et al., 2015, 2016, 2017). Hence, a notion emerges that
each species, either lissencephalic or gyrencephalic, elaborates its
own ECM niche in germinal zones to implement the particular
proliferative and neurogenic program for their unique set of
progenitor cell composition, thus contributing to species
differences in cortica development. Accordingly, changesin the
expresson of ECM components strongly regulate cortical
progenitor proliferation and may have been central in the
evolutionary expansion of the human neocortex (Fietz et al.,
2012). Importantly, germinal zones appear to be a reservoir of
ECM components. For example, HAPLN1 and collagen | mRNAs
are expressed at high levels in human germinal zones (Table 1),
but at the protein level these are concentrated in the CP and
cortical wall. This shows that germinal zones are the site of
transcription of these genes, but the proteins they encode are only
active at the CP and cortical wall (Long et al., 2018).

One of the most salient features of mammalian cortex evolution is
its folding. Transcriptomic studies in ferret have shed light on the
genetic basis of cortex folding, which also appears to be strongly
influenced by the ECM. By comparingthe transcriptomic profile
of the cortical germinal zonesprospectively forming the Splenial
Gyrus and the Lateral Sulcus in the ferret visual cortex, we
discovered a large number of genes differentially expressed
between these two regions, including genes that encode for cell
adhesion molecules and ECM components (De Juan Romero et
al., 2015). This analysis also showed that the largest amount of
differentially expressed genes, and the greatest differences in
expression levels between prospective gyrus and sulcus, occur at
the OSVZ, further supporting the central importance of this
germinal layer in the differential expansion and folding of the
cerebral cortex. This pioneer notion has been substantiated
experimentally by, forexample, the disruption of Integrin receptor
function in the OSV Z of ferret organotypic cortical slices (Fietz et
al., 2010). The loss of function of Integrin av83 caused a
significant reduction inthe abundance of bRGCs, but not IPCs.
This indicates that ECM components specifically enhance the
amplification of bRGCs and, consequently, promote the
expansion of the OSVZ andcortex folding (Fietz et al., 2010; De
Juan Romero et al., 2015; Dehay et al., 2015).

Single cell RNA sequencing (scRNAseq) revolutionized the field
of transcriptomic analysis by providing a snapshot of cell
diversity. sScRNAseq has been extensively used to characterize the
developing cerebral cortex in a variety of mammals, from mouse
to human, and newly emerged in vitro experimental models such
as cerebral organoids (Camp et al., 2015; Pollenet al., 2015;
Arlotta and Pasca, 2019; Kanton et al., 2019; Telley et al., 2019;
Bhaduri et al., 2020). Aiming to identify the transcriptomic
changes that caused the evolutionary expansionof the neocortex,
studies have compared aRGCs and bRGCs in human and mouse.
Findings highlight ECM genes as a correlate with the high
proliferative activity of RGCs in human and ferret as compared
to mouse (Lui et al., 2014; Johnson et al., 2015; Pollen et al.,
2015). For example, human bRGCs have higher expression levels
of ECM genes than mouse, including Laminin, Tenascins, and
Integrins, along with HOPX, PTPRZ1, and other genes that
modulate the interaction between ECM components, self-renewal
of progenitor cells and migration of neurons (Pollen et al., 2015).
ScRNAseq analyses have also revealed that RGCs possess
unique typological and temporal transcriptomic profiles,
distinguishing lineages between the dorsoventral and the
rostrocaudal  telencephalon.  Accordingly, the well-known
topographic differences and gradients of development in the
telencephalon have been proposed to result from the existence of
spatially patterned transcriptomic programs(Nowakowski et al.,
2017).  Similarly, during development of the mouse
somatosensory cortex aRGCs gradually switchfrom proliferation
to neurogenesis, and this appears to be evolutionarily conserved,
asit is largely recapitulated inembryonic human aRGCs (Telley et
al., 2019). This temporal and spatial change in the transcriptomic
profile of progenitor cells during cortical development is linked to
ECM components and microenvironmental cues, suggesting that
they may have a relevant impact on neurogenesis and cortical
patterning.

Recently, cerebral organoids have emerged as a valid in vitro
model to study cortical development in diverse species (Lancasteret
al., 2013; Lancaster and Knoblich, 2014; Camp et al., 2015; Qian et
al., 2019; Velasco et al., 2019; Bhaduri et al., 2020). Accordingly,
scRNAseq studies comparing progenitor cell populations in
human fetal tissue and cerebral organoids have shown that aRGC
populations express similar ECM components in both systems
(Camp et al., 2015). Interestingly, scRNAseq in human and
chimpanzee organoids uncovered subtle differences in the
expression levels of genes encoding ECM components and cell
adhesion molecules. Given the relevance of differences between
human and chimpanzee to understand human evolution, even
these small variations in the transcriptomic profiles and signaling
pathways of cortical progenitor cells may be key in understanding
the evolution and expansion of the human brain (Pollen et al.,
2015, 2019; Mora-Bermudez et al., 2016).

ECM AND PROLIFERATION OF NEURAL
PROGENITOR CELLS

The ECM plays many roles during neural development, from the
formation of a meshwork for structural support, to the activation
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of signaling pathways that stimulate progenitor proliferation,
either directly or indirectly (Barros et al., 2011). Prior to the onset
of neurogenesis, NECs in the cortical primordium augment their
number by self-amplification via symmetric divisions (Miyataet
al., 2010; Fernandez et al., 2016). Already at that early stage, the
ECM provides the microenvironment necessary to modulate the
behavior of NECs (Perris and Perissinotto, 2000; Zimmermann
and Dours-Zimmermann, 2008). The developing cortex exhibits
high concentration of extracellular matrix molecules, including
chondroitin sulfate (CS) and heparan sulfate (HS) proteoglycans,
hyaluronic acid (HA), Laminins, and glycoproteins like Tenascins
(Maeda, 2015). Proteoglycans have an influential role on the
proliferation of NECs. These are complex macromolecules
composed of a central core with sulphated glycosaminoglycan
(GAG) and O- or N-oligosaccharides covalently linked. There are
four types of GAGs: CS, dermatan sulfate (DS), Heparin and HS;
Schwartz and Domowicz, 2018). Heparan sulfate proteoglycans
(HSPGs) include Syndecans, Glypicans, Agrin, and Perlecan
(Sarrazin et al., 2011). Glypican is abundant in the cortical VZ
during neurogenesis. Mouse embryos mutant for Glypican 1have
an imbalance between proliferation and differentiation of NECs
during one day of embryonic development (E8.5-9.5), which is
sufficient to cause a significant reduction in brain size (Figure 1).
At the signaling level, this reduction is due to the suppression of
fibroblast growth factor signaling (FGF; Jen et al., 2009). The
evolutionary conservation of the role of Glypicanon NECs,
and its relationship with FGF signaling, is evident in
Drosophila, where it has been linked to organ development
(Crickmore and Mann, 2007), and in Xenopus embryos, where
Glypican 4 regulates dorsal forebrain development via FGF
signaling activation (Galli et al., 2003).

Perlecan is an ECM component of the basement membrane
important for both structural support and NEC proliferation
(Figure 1). Mouse embryos mutant for Perlecan exhibit either
exencephaly or microcephaly, the latter caused by a reduction in
progenitor cell proliferation and impaired cell cycle progression.
This phenotype results from a reduced dispersion of growth
factors in the extracellular space mediated by Perlecan, such
as FGF or SHH (Giros et al., 2007). Perlecan is also highly
conserved, where the mutation of its Drosophila homolog trol
leads to G1 cell cycle arrest, mediated by FGF and hedgehog (Hh)
signaling (Park et al., 2003).

Syndecan-1 (Sdcl) is a transmembrane HSPG highly enriched in
the cortical VZ. Knockdown of Sdcl in the developing mouse
cortex led to a reduction in NEC proliferation and premature
differentiation, accompanied by a reduction in R-catenin. This
suggests a possible implication of Sdcl in regulating Wnt
signaling (Wang et al., 2012; Figure 1). Another subclass of
proteoglycan that plays a prominent role in NEC proliferation is
chondroitin sulfate proteoglycans (CSPGs), which include the
Lectican family (Brevican, Neurocan, Versican, and Aggrecan),
Phosphacan, CD44 and the transmembrane component NG2
(Maeda, 2015). Previous studies have shown that depletion of
CSPGs in mouse neurospheres in vitro, bymeans of the CSPG
degrading enzyme Chondroitinase ABC, leads to a decrease in
proliferation of NECs (Sirko et al., 2007). Intriguingly, a similar
treatment with Chondroitinase ABC of

rat neurospheres increased NEC proliferation and differentiation,
indicating some functional divergence in this respect across
species (Gu et al., 2009).

Laminins are a major class of ECM components with arole in
cortical progenitor proliferation. Laminins are trimeric proteins
composed of alpha, beta, and gamma subunits. They are
expressed at high levels in stem cell niches like the VZ and SV Z,
and are a major component of the VZ’s apical surface (Lathia et
al., 2007; Hall et al., 2008; Nirwane and Yao, 2019). Laminins
exert their function by binding to Integrin and non- Integrin
receptors, which transduce the Laminin signal in andout of the
cell (Nirwane and Yao, 2019). In vitro studies illustrate that
Laminin has an effect on expansion, maintenance and
differentiation of mouse and human cortical progenitor cells
(Drago et al., 1991; Kearns et al., 2003; Flanagan et al., 2007).
Interestingly, enhanced expression of Integrin-81 in NECs of
chick embryos led to two very distinct phenomena (Long et al.,
2016). On the one hand, the generation of a population of cells
that resemble subapical progenitors (SAPs) described in mouse
(Pilz et al., 2013), dividing in the VZ away from the apical surface
and producing IPCs. On the other hand, a non-cell autonomous
effect where non-Integrin expressing cells undergo greater levels
of neurogenesis driven by Wnt signaling and an increase in
Decorin expression (Long et al., 2016). Because Decorin is only
expressed in the OSV Z of the Human cortex (Fietz et al., 2012),
this result further supports the notion thatthe ECM was key in
the evolution of the mammalian cortex by enhancing the
proliferation of progenitor cells and promoting cortical expansion
and folding. So the next question regarding Laminins is: ¢how is
their expression controlled during cortical development? A recent
study reports that knock out of Sox9 in thedeveloping ferret cortex
leads to a reduction in the proliferation of IPCs and bRGCs in the
OSVZ. Conversely, conditional overexpression of Sox9 in the
embryonic mouse cortex leads to anincrease in the proliferation of
BPs, increased cell cycle re-entry and premature gliogenesis
(Figure1). In the long term, Sox9 overexpression in mouse leads
to an increase in the production of upper layer neurons, a
hallmark of evolutionary cortical expansion. Importantly, Sox9
overexpression in mouse cortex was accompanied by increased
expression of ECM components, where Laminin 211 was the key
in promoting BP proliferation (Guven et al., 2020).

Extracellular matrix components also influence the INM of
NECs and aRGCs. Zebrafish tab mutants (analogue of Laminin
y1) exhibit abnormal INM in the neural tube, with nuclei entering
mitosis prior to reaching the apical domain (Tsuda et al.,
2010). Similarly, blockade of the 81-Integrin receptor in the VZ
leads to detachment of aRGCs and affects INM and the
cleavage plane of VZ progenitor cells (Figure1; Lathiaet al.,
2007; Loulier et al., 2009). These studies confirm the key and
evolutionarily conserved influence of Laminins and their
receptors on progenitor proliferation and cortical development.
The basement membrane, produced by the meningeal membranes,
is crucial for the survival of RGCs. Loss of Integrin-61 in aRGCs
of the developing mouse cortex leads to the detachment of their
end feet, followed by apoptosis. This detachment is recapitulated
by surgical removal of the meninges,
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and in mice lacking Laminin a2 and 4 in their basement
membrane (Figure 1; Radakovits et al., 2009). Furthermore,
mutant mice with disrupted meningeal development exhibit an
expansion of NECs in detriment of IPC production and
neurogenesis (Siegenthaler et al., 2009). This phenotype was
rescued with retinoic acid (RA) treatment, showing theimportance
of the factors secreted from the meninges for propagating a
normal neurogenesis (Siegenthaler et al., 2009).

The concept that the self-renewal capacity of cortical progenitors
isthe driving force for cortical expansion during evolution, where
gyrencephalic species have a larger capitalof NECs underlying
the generation of more aRGCs, |Ps and bRGCs, and subsequently
more neurons, has been supported experimentally (Florio and
Huttner, 2014; Fernandez et al., 2016). Integrin av83 is expressed
at particularly high levels in human OSVZ, where highly
proliferative bRGCs are abundant. Inhibition of Integrin av83
signaling in species endowed with abundant bRGCs, including
human and ferret, decreases proliferation of bRGCs in OSVZ
(Fietz et al., 2010; Reillo et al., 2011). Concomitantly,
activation of the Integrin av83receptor in mouse cortex leads to
increased proliferation andcell cycle re-entry of IPs (Stenzel et
al., 2014). Altogether, this strongly supports the notion that
Integrin modulation of BPs plays an important role in cortical
expansion, and that changes in ECM composition during
mammalian evolution contributed critically to define the size and
complexity of the cerebral

cortex, including progenitor cell proliferation, neurogenesis and
gliogenesis (Rash et al., 2019).

ECM IN CELL MIGRATION

Extracellular matrix molecules are also involved in regulating
neuronal migration during cortical development (Franco and
Mdller, 2011; Franco et al., 2011). Excitatory cortical neurons
travel radially from their place of birth in the germinal layers
to their final destination in the CP, in a process known as radial
migration (Rakic, 1972; Sidman and Rakic, 1973). In this process,
neurons interact intimately with the basal process of aRGCs,
known as radial glial fiber, which serves as guide and physical
substrate for neuronal migration (Rakic, 1972; Sidman and Rakic,
1973). Thus, radial neuron migration depends on the integrity
of RGCs, the actual movement of neurons, and the interaction
between the two. Defects in neuron radial migration usually
involve delayed or excessive migration, and lead to neuronal miss
positioning and disorganization of cortical layers, direct causes of
malformation of cortical development (Fernandez et al., 2016).
Classically, studies of neuron radial migration have focused on
intrinsic or cell-autonomous functions of candidate genes.
However, radial neuron migration is aso influenced by multiple
non-cell autonomous signals, ranging from diffusible molecules to
ECM proteins, and cell-cell interactions. This section mainly
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focuses on the role of ECM components as primary non-cell
autonomous factors that affect radial neuron migration.

Preservation of RGCs and the Basement

Membrane

Radial neuron migration in the cerebral cortex depends on the
integrity of RGCs, including the attachment of their basal process
to the basement membrane, where ECM components are highly
expressed. Laminins are critical for the structural integrity of the
basement membrane, and patients with mutations in Laminin
beta-1 (LAMB1) develop cobblestone-lissencephaly. This is a
neuronal migration disorder characterized by the breaching of
the basement membrane, causing the detachment of the basal end-
feet of aRGCs followed by the over migration of neurons, theloss
of cortex folding and the acquisition of a bulgy appearance of the
cortical surface (Timpl and Rohde, 1979; Radmanesh et al.,
2013). Similarly, mutant mice deficient in Laminin y1l114 and
Perlecan have severe defects on basement membrane integrity
and neuron migration (Haubst et al., 2006), developing neuronal
ectopias typical of cortical cobblestone (Figure 2).

Dystroglycan is another ECM component with an important role
in neuron migration. This is a glycoprotein key in the
dystrophin glycoprotein complex, which binds to a-Dystroglycan,
a primary target for O-glycosylation. The Dystrophin
glycoprotein complex is important for maintaining the integrity of
the basement membrane by ensuring the attachment of the RGC
end feet to the pial surface. Patientswith genetic mutations
resulting in hypoglycosylation of a- Dystroglycan display over-
migration abnormalities and other malformations of cortical
development (van Reeuwijk et al., 2005). This phenotype is
mimicked in Dagl mutant mice, where RGCs fibers are
truncated and the basement membraneis frequently breached,
invaded by multiple cell types forming heterotopias (Figure 2;
Myshrall et al., 2012).

The integrity of RGCs is also impaired upon the loss ofthe
proteoglycan Syndecan-3 (Hienola et al., 2006) and of Endothelin
Converting Enzyme 2 (ECE2; Buchsbaum et al., 2020). Both
absence and overexpression of ECE2 in developing mouse
embryos and human cerebral organoids lead to apical- basal
detachment of RGCs and impaired radial neuron migration,
resulting in the ectopic accumulation of neurons within the VZ.
These features are typical of periventricular nodular heterotopia
(PNH), a cortical malformation formed by clusters of cortical
neurons that fail to undergo radial migration properly and
accumulate next to the ventricular surface. Proteomic studies
analyzing ECE2 mutant human cerebral organoids reveal a
significant down regulation of ECM components such as
Laminin, Lumican and six different collagens. These findings
highlight the role of ECE2 in regulating the expression of ECM
components that are important for normal neuron migration and
cortical development (Figure 2; Buchsbaum et al.,2020).

Regulation of Neuron Movement
The role of ECM in cortical lamination also extends to a direct
influence on migrating neurons. Reelin (Reln) is among the

most studied, and yet most poorly understood, ECM molecules.
Throughout cortical development, Reln is secreted by Cajal-
Retzius (CR) cells in the marginal zone (D’ Arcangelo et al., 1995;
Alcantara et al., 1998). Reln binds to the VLDLR and/or ApoER2
lipoprotein receptors of target cells, driving the tyrosine
phosphorylation of the adaptor protein Dabl (Rice and Curran,
2001). Reln has been proposed to be a stop signal that instructs
the end of radial migration to each new wave of cortical neurons,
thus directly organizing the formation of cortical layers in an
inside-out manner (older neurons occupy deep layers, newer
neurons occupy superficial layers). Mutation of RELN leads to
Norman-Roberts lissencephaly in humans (Hong et al., 2000) and
to the reeler phenotype in mice (D’ Arcangelo et al., 1995). Both
human and mouse mutations disrupt cortical neuron migration,
which in reeler mice is accentuated by the massive invasion of
ectopic neurons into the marginal zone. This led to the
suggestion that Reln acts as a “stop” signal to terminate
neuronal migration at the cortical marginal zone (Figure 2;
Curran and D’Arcangelo, 1998; Dulabon et al., 2000; Rice and
Curran, 2001). CR cells and Reln have also beenshown to be
required for maintenance of the integrity of radial glia fibers
in mouse (Super et al., 2000; Hartfuss et al., 2003), but this
remains under debate as it seems not to bethe case in ferret
(Schaefer and Juliano, 2008). The sequenceof Reln protein is
conserved across more than 104 species (Manoharan et al.,
2015), and the levelg/patterns of expressionof Reln and Dabl
during cortical development in turtle, lizard, chicken and mouse
are well corresponded with their respective laminar organization.
In contrast to the subpial expression of Reln in mammals, in
lizards it is expressed in a subcortical layer and cortical neurons
are positioned in an inverted, outside-in manner. This suggests
functional conservation of this extracellular protein in neuronal
migration across amniotes. Its relevance in the well-defined
laminar organization of the CP in mammals and lizards, as
opposed to non-laminar in birds, is considered an example of
homoplasy by convergent evolution (Bar et al., 2000).
Malformations of cortical development are also caused by delayed
neuronal migration (Ross and Walsh, 2001). Targeted disruption
of Laminin y1 expression in the cerebral cortex disrupts Integrin
and Akt/Gsk-38 signaling, which impairs neuronal migration
without affecting cell proliferation and neuronal cell death. The
absence of Laminin y1 — AKT signalinghinders the arrival of
migrating neurons to the marginal zoneand leads to defective
cortical lamination (Figure 2; Chenet al., 2009). Neuroglycan
C is a member of the family of CSPGs and a downstream
interactor of PHF6, an X-linked protein mutated in the intellectual
disability disorder Borjeson— Forssman-Lehmann. Loss of
Neuroglycan C in mouse embryos leads to radial migration failure
during cortical development (Figure 2; Zhang et al.,, 2013).
The functional side chains of CSPGs possess a sulphated
structure generated by afamily of sulphotransferases, several of
which are expressed during cortical development. Several
sulphotransferases havebeen shown to play central roles in
neuronal migration, by in utero electroporation of loss-of-
function short hairpin RNAs. Following this manipulation,
neuronal migration is
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blocked at the multipolar-to-bipolar transition but not at thelevel
of RGCs, suggesting that the specific sulphated side chains play
an important role during radial migration (Akitaet al., 2008;
Ishii and Maeda, 2008). Altogether, it is clear that the ECM is
involved in controlling many aspects of cortical neuronal
migration, and that this is largely conserved across phylogeny,
further supporting the importance of the ECM on the expansion
and folding of the cerebral cortex during evolution.

ECM IN CEREBRAL CORTEX FOLDING

As mentioned above, transcriptomic studies have demonstrated
that expression of ECM components is very different between
cortical layers and species, supporting a process of cortical
expansion and folding via progenitor cell proliferation and neuron
migration. The ECM also defines the stiffness and biomechanical
properties of the developing cortex, thus additionally influencing
its folding. Accordingly, changes in ECM composition during
mammalian evolution may have dictated the occurrence, degree
and pattern of cortex folding across phylogeny (Llinares-
Benadero and Borrell, 2019).

ECM in Cortical Expansion

The mechanisms responsible for folding of the mammalian
cerebral cortex have been under debate for many years. Anearly
attractive hypothesis was that animals with large brains have
folded cortices because they undergo a disproportionate
expansion of the outer cortical surface (gray matter, composed

of neuron) in comparison to the inner part (white matter,
composed of axons and glial cells), and this leads to folding
of the cortex. Notable exceptions to this trend are represented
by the American beaver and the Florida manatee, which havea
smooth cortex but brain size similar to other species with a highly
folded cortex, such as the chimpanzee (Welker, 1990). A
refined version of this hypothesis proposes that cortex folding
results from the differential expansion of the upper neuronal
layers in comparison to deep cortical layers (Armstrong et al.,
1991). The relative expansion of upper layers has been proposedto
result from increases in BP abundance and the formationof the
OSVZ (Smart et al., 2002; Kriegstein et al., 2006; Reilloet al.,
2011; Borrell and Reillo, 2012). In combination withdifferential
neurogenesis, the tangential dispersion of radially migrating
neurons in gyrencephalic species is thought to significantly
contribute to the expansion of cortical surface and the formation
of folds (Borrell, 2018; Llinares-Benadero and Borrell, 2019).

As discussed above, the ECM is a very important factorin the
regulation of cortical progenitor cell proliferation, and recent
studies support that it is also important in cortex folding. Patients
with mutations in RELN (see above) display abnormal neuronal
migration and axonal connectivity, and in the longterm resulting
in lissencephaly (loss of cortical folds, Hong et al., 2000). The
importance of proper neuron migration for cortical gyrification
has been recently highlighted with the analysis of mice mutant
for FIrt proteins. Flrts are a family of cell adhesion
transmembrane proteins rich in Fibronectin and Leucine repeats,
which are involved in the radial migration of cortical neurons.
The analysis of mice double mutant for
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FIrtl/3 revealed the formation of bona fide cortical folds and
fissures in the otherwise smooth mouse cortex (del Toroet
al., 2017). This phenotype emerges from an imbalance in
adhesion-repulsion forces in migrating neurons. Importantly,
these experimental results are validated by observations in the
normally folded cortex of ferrets, where FIrtl and Flrt3are
expressed at much lower levels in migrating neurons of cortical
fissures than folds (De Juan Romero et al., 2015; del Toro et
al., 2017).

Influence of the ECM on the Mechanical

Properties of Cortex During Folding

Folding of the cerebral cortex is ultimately a physical process
of deformation of developing neural tissue (Kroenke and Bayly,
2018). Cortical folding has been described as a mechanism where
the differential expansion rate between upper and lower
cortical layers leads to elastic instability (Richmanet al.,
1975; Bayly et al., 2014). Experimental testing with hydrogel
models has been fundamental to our understanding of this
process beyond mathematical models. Hydrogel models are
composed of an inner core hydrogel covered with an outer
layer of second hydrogel with similar or different physical
properties (elasticity, resistance, etc). When subject to
expansion, these compound gel models sustain significant and
measurable elastic instability and compression. The use of
these models has demonstrated that when the outer layer
swells (grows) faster than the inner core, this results in
material strain and compression, which is released by buckling
and the formation of seeming folds and fissures (Tallinen et al.,
2014). For greater realism, three-dimensional hydrogel models
have been designed with the shape of a mid- gestational human
embryo brain, and then the differential expansion of the bi-
layered hydrogel results in the formationof folds and fissures
mimicking the adult human brain (Tallinen et al., 2016).

The above studies and related transcriptomic analyses(Sheppard
et al., 1991; Fietz et al., 2012) suggest that the ECM regulates
cortical folding not only by affecting progenitor cell proliferation
and neuron migration, but also by contributing to define the
mechanical properties of the developing cortex.A seminal study
by Long and colleagues used living slices of embryonic
human cortex cultured in vitro to demonstratethe critical role
of the ECM on cortex folding (Long et al.,2018). Slices of
human fetal neocortex in culture were treated with a cocktail of
ECM components (HAPLN1, Lumican, and Collagen 1), which
induced the ultra-rapid folding of the cortical surface, not
occurring in untreated slices. Related to an increase in tissue
stiffness, this folding was accompanied by an increase in
expression of HA and its receptor (CD168)in the CP, followed
by ERK signaling activation. Intriguingly, this ECM cocktail did
not induce folding by promoting progenitor proliferation or
neuronal migration, but by decreasingcell density at the CP. This
was recapitulated in untreated slices from older fetuses,
supporting that this combination of ECM components
increases  stiffness and induces folding by the same
physiological mechanism as nascent folds that

develop at later stages in the non-manipulated human embryo
(Longet al., 2018).

The advent of cerebral organoids has become an additional
aternative to study and understand cortical folding, by physical
manipulation in vitro. An innovative organoid on-a-chip approach
allows growing cerebral organoids that  wrinkle and fold
(Karzbrun et al., 2018). This enables to culture human
cerebral organoids in millimeter-thick chambersand image

them in whole mount, including the formation of folds.
Under these conditions, organoids developed from hiPSCs
from lissencephalic patients, mutant for LIS1, wrinkle

significantly less than control organoids from healthy donors.
Transcriptomic  analyses of these mutant organoids has
revealed a significant downregulation of ECM and cytoskeletal
genes, suggesting that the underlying cause of this deficit in
cortical folding is a pathological softening ofthe cytoskeleton.
Unfortunately, cortical folding of on-chip organoids is due to
contraction of the VZ and expansion of the progenitor cell
nucleus (Karzbrun et al., 2018), which completely differs from
the expanded basal germinal zones and increased neurogenesis
observed in animal models (Reilloet al., 2011; Heide et al.,
2018; Karlinski and Reiner, 2018; Karzbrun et a., 2018).
Nonetheless, these results support the relevance of the ECM in
maintaining the tissue contractility and stiffness that induce cortex
folding (Karlinski and Reiner, 2018; Karzbrun et al., 2018).

The balance between softness and stiffness in the CNS
microenvironment is also a key factor in fate determination.
Mounting evidence demonstrates that the mechanical properties of
tissue microenvironment exerted by ECM components, including
stiffness or viscoelasticity, play a significant role in cell fate
determination, dictating the output of cellular lineages from
differentiation to proliferation or apoptosis (Holle et al., 2018).
For example, microenvironments as soft as brain tissue promote
mesenchymal stem cells to adopt a neuronal lineage, whereas
gtiffer microenvironments promote the same cells to enter
myogenic differentiation (Engler et al., 2006). Analysesof the
stiffness of the developing mouse cortex using atomic force
microscopy (AFM) have shown that VZ and SVZ gradually
increase in stiffness during development, while the neuron- rich
CP increases in stiffness only until E16.5, decreasing by E18.5.
Stiffness of the CP is due not only to neurons, which are stiffer
than other cells in the cortex, but also to changesin the
composition of the ECM (lwashita et al., 2014). Indeed,
differences in ECM composition along the human cortical
surface, causing variations in tissue stiffness, have been proposed
as a mechanism contributing to cortex folding (Long et al., 2018;
Wianny et al., 2018).

EVOLUTION OF ECM COMPONENTSAND
THE EVOLUTION OF CORTICALFOLDING

Recent progress in neuroimaging techniques and neuroanatomy
are providing major insights into fundamental differencesin
cortical organization across phylogeny. Using multiple
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approaches to compare cortical folding, parcellation and neural
connectivity in mouse, marmoset, macaque and human, David
Van Essen and colleagues have revealed dramatic differences
in the total number and arrangement of cortical areas (Van Essen
et al., 2019). In this study, they also report that cortical folding
patterns vary dramatically across species, and that individual
variability in cortical folding increases with cortical surface area
In line with this evidence, recent hypotheses propose that the
sophistication of cortical folding and expansion in development
and evolution may be attributed to both cell autonomous
mechanisms (i.e., increased progenitor cell proliferation) and non-
cell autonomous mechanisms (i.e., ECM composition) known to
impinge on the former (Fietz et al.,2010; Guven et al., 2020). The
notion that the evolution of ECM components may have
significantly contributed to the evolution of cortical folding is
directly supported by the effects of ECM treatment on folding of
cortical slices in culture (Long et al., 2018). Ectopic
administration of ECM molecules (HAPLN21, Lumican and
Collagen 1) caused the folding of livingcortical slices from human
embryos, but not from ferrets or mice, athough it did cause
changes in tissue stiffness. Thisdifferent response suggests that the
ECM and signaling pathwaysthat induce gyrification in humans
are different from those with a similar role in ferret, as shown in
Table 1. These findings highlight human specific ECM
components as a game changer in mechanical and signaling
processes during cortical folding (Wianny et al., 2018).
Interestingly, Cromar et al. (2014) showed that ECM proteins
underwent domain gain that occurs exclusively at the divergence
of primates from other mammals. In agreement with this, primate-
specific miRNAs regulating the expression of ECM genes are
differentially expressed in CPand germinal zones in primates
(Arcila et al., 2014). Takentogether, this indicates the existence
of evolutionary changesin the regulation of expression of ECM
components, and supports the notion that the ECM contributes
to regulate cortex size and folding (Fietz et al., 2012; Florio et al.,
2017; Longet al., 2018).

A close inspection of the spatial and temporal patterns of
expression of ECM components and cell adhesion molecules in
the developing cerebral cortex highlights potential mechanisms
evolved to induce cortical folding. As mentioned, FIrtl/3 are
expressed homogeneously and at high levels in the developing
mouse cortex but not in ferret, where domainsof medium
and low expression alternate, correlating with the folding
pattern. Interestingly, the loss of FIrtl/3 in the mouse smooth
cortex alters the adhesion-repulsion balance between migrating
neurons thus promoting their tangential dispersion, leading to the
formation of fissures and folds. This mimicks the native
situation found in human and ferret, therefore emphasizing the
importance of repression of FIrtl/3in the evolution of cortex
folding (del Toro et al., 2017; Llinares-Benadero and Borrell,
2019).

The relevance of neuronal migration in the formation of
cortical folds is further supported by comparative analyses in
mouse and ferret (Gertz and Kriegstein, 2015; Martinez-Martinez
et al., 2019). Whereas in mouse cortex radial heuron migration
takes place in rather rectilinear

trajectories, cortical neurons in ferret display much more tortuous
and complex behaviors (Gertz and Kriegstein, 2015).
Examination of the detailed cellular morphology and behavior
demonstrates that, contrary to dogma, radially migrating cortical
excitatory neurons extend a leading process that is frequently
branched under normal physiological conditions, both in
mouse and ferret (Martinez-Martinez et al., 2019). The
frequency and degree of branching of this leading process are
significantly greater in the gyrencephalic ferret than the
lissencephalic mouse. We have proposed that this difference
has a profound influence on the tangential dispersion of neurons
migrating radially and, consequently, on cortical folding.
Differences in branching  between species may stem from
differences in the expression profileof ECM and cell adhesion
molecules (Fietz et al., 2012; Reilloetal., 2017).

In addition to the known and potential direct effects of ECM on
cortex expansion and folding, a recent study in the developing
ferret identified multiple cellular elements that may act as non-
cell autonomous or “extrinsic” elements affecting cortical
progenitor behavior and fate in different ways (Reillo et al.,
2017). For example, axonal fiber tracts and tangentially migrating
neurons with a marked laminar organization are proposedto
be prominent sources of instructive signals onto cortical
progenitor cells and radially migrating neurons. These extrinsic
elements change quite dynamically during development, so their
relevance on cortex development/folding are proposed to be also
dynamic. This highlights the role that different combinations
of ECM components and cell adhesion molecules may play in
creating a complex laminar code of extrinsic influences, that
modulate cortical development and folding in a selective manner
(Nowakowski et al., 2017; Reillo et al., 2017).

CONCLUSION AND FUTUREPERSPECTIVES

The ECM is best known for providing structural support tocells
and tissues. However, the burst of transcriptomic studies over the
past few years has identified ECM components as prime
candidates in controlling cerebral cortex development, expansion
and folding, and the evolution of these features. A number of
studies have shown the centra importanceof the ECM in
regulating cortical progenitor proliferation and basal progenitor
amplification, the basis for increased neurogenesis, expansion and
folding. Other ECM molecules regulate neuron migration or
define the stiffness of tissue, with profound implications in cell
fate determination and cortex folding. Some of these functions are
highly conserved across phylogeny, while others exert their
function in a species- specific manner. Accordingly, functionally
relevant interspecies differences in ECM composition suggest its
co-evolution with thecortical phenotype.

New tools and technologies continuously provide unprecedented
opportunities to increase our understandingof the ECM and
itsroles in brain development. Single cell
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RNA sequencing now offers the unique opportunity to carefully
examine differences in ECM expression profiles across progenitor
cell populations and their lineages, and the impact of the ECM on
transcriptional programs critical during cortical development. This
may then allow identifying ECM signaling pathways implicated
in the evolution and folding of the neocortex. A focus on the
ECM is a promising strategy in the quest to reacha unified
understanding of molecular mechanisms of cortical evolution and
folding.
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