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Abstract

Abstract

The cerebral cortex is a complex structure that controls human features, including language and
cognition. During brain development, many processes important for the assembly of functional
cortical circuits occur, including neurogenesis and neuronal migration. Defects in neurogenesis
and neuronal migration might cause neurological diseases such as cortical malformations,
epilepsy, and autism spectrum disorders. In particular, interneurons (or inhibitory neurons) play
a crucial role in the construction of cortical circuits, and alteration in their specification, as well

as migration, leads to neurological disorders.

The aim of this thesis is to shed new light on how the extracellular environment modulates brain

development and how it can relate to neurological and neuropsychiatric disorders.

This thesis combined three different projects. The first project focuses on the role of cystatin B
(CSTB) during neurogenesis. CSTB mutation is causative of EPM1, the most common form of
progressive myoclonus epilepsy. Here, using both in vivo developing mouse brain and in vitro
3D human cerebral organoids and assembloids, derived from two EPML1 patients, | investigated
the role of CSTB in brain development and EPM1. The results here presented show a non-cell-
autonomous function of CSTB in cell proliferation, distribution, neurogenesis, and interneuron

recruitment mediated via secretion by extracellular vesicles.

The model system used in the second project are ventrally patterned organoids and dorso-
ventral assembloids, presenting mutations in the extracellular matrix glycoprotein LGALS3BP.
Mutations in the LGALS3BP gene have been identified in patients with neurological disorders
and brain malformations. We previously showed that LGALS3BP, a human-brain-specific gene,
enriched in human RG cells, is important for human cortical development, modifying and
regulating the extracellular matrix composition. The results here presented show that the
molecular differentiation of interneuron precursors and interneurons can be influenced by
altering the composition of the extracellular environment and, changes in cell identity result in
defects in interneuron migration and recruitment. Moreover, it has been reported that
LGALS3BP regulates progenitor cell delamination and neuronal migration, and its secretion in
the extracellular environment is mediated by extracellular vesicles. In this thesis | show that
interneuron precursor molecular differentiation and interneuron migration are regulated by
short- and long-distance factors released into the extracellular environment by extracellular

vesicles.
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I, therefore, studied the protein content of extracellular vesicles during brain development.
Every cell secretes extracellular vesicles which carry extracellular matrix components that
regulate cell growth and differentiation. The knowledge regarding extracellular vesicles in brain
development is very little, therefore, in my thesis, | analyzed the role of EVs in
neurodevelopment in both physiological and pathological conditions. | characterized EV
content, in 3D human cerebral organoids at different time points and in 2D cell cultures
(neuronal progenitor cells, neurons, and astrocytes). My results indicate that extracellular
vesicles collected from cerebral organoids and neuronal progenitor cells, neurons, and

astrocytes, show changes in protein contents according to their developmental stage and cell

types.

Moreover, | analyzed the protein content of organoids derived from EPM1 patients and

organoids with the LGALS3BP mutation found in an individual with neuropsychiatric diseases.

Interestingly, mutant extracellular vesicles present altered protein content, dysregulated
proteins associated with vesicles biogenesis, cell-fate decision, extracellular matrix
composition, and axonogenesis, suggesting a non-cell-autonomous role of CSTB and
LGALS3BP in these mechanisms.

This thesis proposes novel mechanisms of non-cell autonomous regulation during

neurodevelopmental and neurological disorders.



Introduction

1 Introduction

1.1 Brain and Cortical Development

The human cerebral cortex is a complex structure that regulates behavioral functions, such
as language, sociability, cognition and motor skills (Florio and Huttner, 2014; Klingler et
al., 2021). The nervous system generates from the ectoderm, one of three layers (endoderm,
mesoderm, and ectoderm) produced during the very early mammalian embryonic
development. The ectoderm generates the neural crest, which will produce neurons of the
peripheral nervous system, and the neural tube, which will give rise to the entire central
nervous system. During its differentiation, the neural tube divides into three main areas:
the prosencephalon (or forebrain), the mesencephalon (or midbrain), and the

rhombencephalon (or hindbrain) (Grace-Dutton, 2005).

During forebrain development, telencephalon, diencephalon, and optic vesicles are formed.
The telencephalon will develop the two cerebral hemispheres and, therefore, the cerebral
cortex (Grace-Dutton, 2005).

In mammals, cortical development is a highly regulated and coordinated event. The right
functioning of cortical activities depends on the two neuronal types that populate the
neocortex: glutamatergic or excitatory neurons and GABAergic or inhibitory neurons (Tatti
et al., 2017). Neuronal migration and neurogenesis are important processes for cortical
development, especially for the correct formation of neuronal circuits, thus the disruption

of one or more of these events can lead to a wide range of neurodevelopmental disorders.

1.1.1 Cortical Neurogenesis

Cortical neurogenesis defines the process in which neurons are generated from neural stem
cells (NSCs) and neural progenitor cells (NPCs). Three main progenitor cell types that
inhabit the mammalian cortex have been classified: apical radial glial cells, basal

progenitors, and basal progenitors (Florio and Huttner, 2014) (Figure 1-1).
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Neuroepithelial cells

Neuroepithelial cells (NECs) of the neural plate generate cortical neurons (Florio and
Huttner, 2014). NECs are characteristic for their symmetric proliferative divisions, which
result in the thickening of the neuroepithelium. During cell division, the nucleus of NECs
migrates through the cytoplasm along the apical-basal axis of the cell, in a process called
interkinetic nuclear migration (INM), resulting in the pseudo-stratification of the
neuroepithelium (Sauer and Walker, 1959, Taverna and Huttner, 2010).

NECs are highly polarized and connected to inner and outer surfaces generating the
ventricular (VZ) zone and cortical plate (CP); (Stiles and Jernigan, 2010). After the
symmetric, self-renewing proliferation, NECs undergo asymmetric differentiative
divisions becoming apical radial glia cells (aRGs). The transition from NECs to aRGs
appears around embryonic day (E) 9 in mice and at approximately gestational week (GW)
5-6 in humans (Beattie and Hippenmeyer, 2017; Florio and Huttner, 2014; Howard et al.,
2008; Rashighi and Harris, 2017).

Cortical apical radial glial cells

aRGs are NPCs with apical-basal polarity, with processes that contact both the ventricle
and the basal lamina (G6tz and Huttner, 2005). This cell type of progenitors is characterized
by the expression of the marker Pax6 (Gotz et al., 1998; Lui et al., 2011; Rakic, 1972; Stiles
and Jernigan, 2010) and functions as a scaffold for the migration of cortical neurons within
the cortical layers. In humans, aRGs will give rise to the majority of cortical cells: neurons
and glia (Go6tz and Huttner, 2005). Indeed, they undergo either symmetric proliferative
division, increasing the stem cell pool in the VZ, or asymmetric differentiative division

producing basal progenitors (BPS).

Cortical basal progenitors
Basal progenitors are generated from aRGs that retract their apical process, delaminate, and
migrate into the subventricular zone (SVZ). BPs are composed by basal intermediate

progenitors (bIPs) and basal radial glia cells (bRGSs).

Cortical basal intermediate progenitors

Basal intermediate progenitors (bIPs) originate from aRGs or NECs and are localized at
the SVZ, where they divide basally. This population of progenitors starts downregulating
PAX6 and expresses the marker EOMES (known also as TBR2) and produces only neurons
(Gotz and Huttner, 2005; Haubensak et al., 2004; Kriegstein et al., 2006; Miyata et al.,
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2004; Noctor et al., 2004). Basal intermediate progenitors present different behaviour in
different species. In the mouse and in other lissencephalic species, with a “smooth brain”,
bIPs divide asymmetrically and directly generated neurons (Florio and Huttner, 2014;
Haubensak et al., 2004; Kriegstein and Noctor, 2004; Miyata et al., 2004). While in
gyrencephalic species, including primates and humans, bIPs divide also symmetrically to
increase the bIPs pool before asymmetrical division which will produce neurons (Fietz and
Huttner, 2010; Florio and Huttner, 2014; Lui et al., 2011).

Cortical basal radial glial progenitors

Basal radial glial progenitors are localized in the outer subventricular zone (0SVZ), an
additional germinal zone enriched in humans. Indeed, bRGs are human enriched
progenitors, essential for cerebral cortex expansion and generation of folds, typical of
gyrencephalic species. (Buchsbaum and Cappello, 2019; G6tz and Huttner, 2005; Hansen
etal., 2010; Lui etal., 2011; Pilz et al., 2013; Taverna and Gotz, 2014). Most bRGs express
PAX®6, but some can also express EOMES (Betizeau et al., 2013; Florio and Huttner, 2014;
Florio et al., 2017). Basal radial glial progenitors are monopolar cells characterized by the
absence of apical junctions, typical of aRGs (Borrell and G6tz, 2014; Cappello et al., 20123;
Fish et al., 2008; Gotz and Huttner, 2005). They also have basal process that contacts the
pial surface of the cortex (Arai and Taverna, 2017; Fietz et al., 2010; Nowakowski et al.,
2016).

1.1.2  Migration of Excitatory Neurons

Neuronal migration is a highly coordinated process that permits the establishment of the
typical multilayer organization of the mammalian cortex. The mammalian cortex consists
of six cellular layers which are generated in an “inside-out” fashion: early-born neurons are
localized in cortical deep layers, while late-born neurons colonize the superficial layers of
the cortex (Alvarez-buylla and Nottebohm; Rakic, 2009).

During early neurogenesis, newborn excitatory neurons migrate basally from their place of
origin (VZ) to the marginal zone (MG) with a movement called somal translocation
(Buchsbaum and Cappello, 2019a). From the VZ, excitatory neurons extend a radially
directed leading process that reaches the pial surface. Once the leading process shortens,
the soma is pulled up to the cortical plate (Nadarajah and Parnavelas, 2002a; Nadarajah et
al., 2001).
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With the increase of cortical thickness, neurons shift from somal translocation to multipolar
migration, where they extend and retract multiple processes resulting in an undirected
migration mode, reaching the intermediate zone (1Z). In the 1Z, they undergo a multipolar-
to-bipolar transition and begin the radial migration using the basal process of RGs as a
migratory scaffold and migrate through the cortical layers (Buchsbaum and Cappello,
2019b; Nadarajah et al., 2001; Pipicelli et al., 2022). RG-dependent neuronal migration is
regulated by cilia/centrosome and nuclear movements, called nucleokinesis (Marin, 2013).
Neurons that migrate with this type of migration display saltatory movements and are
slower compared to neurons that migrate with somal translocation (Nadarajah and
Parnavelas, 2002b; Nadarajah et al., 2001). Once migrating neurons reach the MZ, they
detach from the RG fibers (terminal translocation) and terminate their migration (Sekine et
al., 2011). The six cortical layers are formed in a birth-date-dependent and inside-out
manner (Sun and Hevner, 2014) (Figure 1-1)

basal (pial surface)

Neurons

Interneurons ' \ ) 2
|\ o A Y = / /
\Thor ] i

Secreted Factors é o 6 EN é apical Radial Glia

apical (ventricular surface) ~—

Figure 1-1: Neuronal migration in the developing brain

Schematic of the developing human cerebral cortex. Cell composition is shown, including migrating
excitatory neurons and interneurons. Figure adapted from Buchsbaum and Cappello, 2019.
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1.1.3 Genesis of Interneurons

During neurogenesis, interneurons (INs) generate from the germinal area of the ganglionic
eminences (GEs), located in the ventral forebrain (also known as subpallium). The ventral
forebrain includes distinct proliferative areas: the GEs are indeed divided in, medial
(MGE), lateral (LGE), annd caudal (CGE). Moreover, the preoptic area (POA) is also part
of the ventral forebrain. (Peyre et al., 2015). MGE and CGE give rise to most of interneuron
subtypes, while LGE gives rise to striatal neurons (Flames et al., 2007; Miura et al., 2020;
Rubin et al., 2010; Yun et al., 2003)

As in the cortex, in the GEs, radial glial cells (RGs) are generated from neuroepithelial
cells. This differentiation occurs around mouse embryonic day 10 (E10) in the forebrain
(Anthony et al., 2004; Turrero Garcia and Harwell, 2017). GEs are organized in ventricular
(VZ) and subventricular (SVZ) zones. Postmitotic cells derived from VZ and SVZ move

to the marginal zone (MZ) (Turrero Garcia and Harwell, 2017).

Ventral radial glial cells (RGs) are located in the VVZ and divide asymmetrically to generate
other progenitor types, as well as self-renewing progenies (Peyre et al., 2015). The cell
bodies of ventral RGs occupy the VZ, the germinal region that faces the ventricle, of the
GEs, where they proliferate (Turrero Garcia and Harwell, 2017). They also display a
bipolar morphology, with apical and basal processes that contact the ventricular and basal
surfaces, respectively. During development, RGs from MGE and LGE divide at basal
regions, and this results in the formation of the SVZ. At this point, the SVZ will become
the main proliferative area in the GEs. Differently from cortical RGs, ventral RGs do not
contact the pia, but the blood vessels of the SVZ or MZ (Turrero Garcia and Harwell, 2017).
Ventral RGs divide either symmetrically or asymmetrically, as was described for cortical
RGs. With the differentiative asymmetrical division, they produce other populations of
progenitors, including intermediate progenitors (IPs) and basal radial glia (bRGs) (Figure
1-2).

Ventral IPs, as well as cortical IPs, have a multipolar morphology and populate the SVZ.
They differentiate into neurons, after undergoing a single round of division (Brown et al.,
2011). Ventral IPs undergo symmetrical proliferative divisions expanding the IPs pool, and
asymmetrical differentiative divisions resulting in the interneuron population (Buchsbaum
and Cappello, 2019a; Pilz et al., 2013).
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Ventral bRGs also display a monopolar morphology, as do cortical bRGs, and they have
been recently identified in the LGE. They maintain their basal process and derive from the
asymmetrical division of RGs (Pilz et al., 2013). Ventral bRGs self-renew and their
abundance in the brain correlates with the expansion of the cortex in gyrencephalic species
(Borrell and Go6tz, 2014).

The development of GEs is guided by morphogens and transcription factors that will define
their ventral identity. The MGE is organized into two domains, dorsal MGE which gives
rise to somatostatin (SST) INs, and ventral MGE that generates parvalbumin (PV) INs
(Cobos et al., 2005; Peyre et al., 2015; Yu et al., 2021). The transcription factors NKX2-1,
LHX6, and DLX genes control MGE-derived INs specification and maturation (Flames et
al., 2007; Flandin et al., 2011; Peyre et al., 2015). The CGE contributes to the generation
of calretinin (CR), vasoactive intestinal peptide (VIP), and LAMP5 INs (Butt et al., 2005;
Krienen et al., 2020; Pleasure et al., 2000). The specification of CGE-derived INs is
controlled by the homeobox transcription factors GSH or GSX, MASH1 and NRF2F1, and
NRF2F2 (Lodato et al., 2011; Xu et al., 2011). During embryogenesis, the ventralization
of GE is induced by morphogens and transcription factors, including forkhead G1 factor
(FOXG1), fibroblast growth factors (FGFs), and Sonic hedgehog (SHH) (Briscoe and
Ericson, 2001; Jessell TM, 2000; Martynoga et al., 2005; Peyre et al., 2015).

Radial glial cell (RG)

Short neural progenitor (SNP)

I X |

Sub Apical Progenitor (SAP)

D

Intermediate Progenitor (IP)

Outer radial glial cell (0RG)

®O

Neuron (N)

Figure 1-2: Cell progenitor types and proliferative areas in the ganglionic eminences (GEs)

Schematic of a coronal section of a mouse forebrain. Ventrcular (VZ), subventricular (SVZ) and marginal
(MZ) zones of GEs are show. Figure adapted from Turrero and Harwell, 2017.
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1.1.4 Migration of Interneurons

Inhibitory neurons (or interneurons, INs) are generated in the GEs and migrate long
distances from their place of birth in the ventral forebrain to reach the cortex in the dorsal
forebrain (Lim et al., 2018; Mayer et al., 2018).

After mitosis, INs start migrating tangentially displaying their typical cycling movement.
First, INs extend multiple, diverging branches from the leading process to better sense the
extracellular cues. The branch that senses the cues will be stabilized, while the other
branches will be retracted. At this point, the nucleus will move in the same direction of the
leading process, defining the direction of the migration. The cycling movement of INs is
characterized by a cycle of two-phase nucleokinesis. After the stabilization of the leading
process, a transient swelling close to the cell body occurs (Guo and Anton, 2014). At this
point, the INs move forward by nuclear translocation into the swelling, while the trailing
process is retracting (Guo and Anton, 2014; Peyre et al., 2015). After nucleokinesis, the

cycle starts again.

INs are highly polarized and can change their direction of migration by inverting polarity
via extension and retraction of leading and trailing processes. Characteristic of INs
migration is the jumping, saltatory migratory behavior, resulting from sharp periods of
pauses (when the leading process is extended and exploring), and movement (when the
soma translocates towards new directions) (Bellion et al., 2005; Guo and Anton, 2014;
Nadarajah et al., 2001; Peyre et al., 2015; Silva et al., 2018).

Newborn interneurons sense several cues that promote their tangential migration to the
cortex. The migration starts after the repulsion of INs from the GEs by repulsive cues
(SLIT, netrinl, and ephrin A5) (Hamasaki et al., 2001; Zimmer et al., 2008). Consequently,
they integrate and move in tangential migratory streams to reach the cortex. Interneurons
are attracted by gradients of molecules including NRG1 and CXCL12, released by IP in
the cortex. Indeed, it has been shown that the presence of TBR2+ blIPs facilitates the
migration of INs into the IZ (Sessa et al., 2010). Two migratory streams have been
identified: the intermediate zone (1Z) stream, located at the cortical 1Z, and the marginal
zone (MZ) stream, located at the marginal zone (Lavdas et al., 1999; Nadarajah and
Parnavelas, 2002a; Sessa et al., 2010; Silva et al., 2018).
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It has been shown that the choice of a specific migratory path is correlated with the temporal
origin and fate of INs, and is controlled by attractive and repulsive cues (Flames et al.,
2004; Tiveron et al., 2006). Specifically, INs express CXCR4 and CXCRY7 receptors that
sense CXCL12, permitting INs to migrate in streams and reach the cortex (Marin 2013)

By the end of embryogenesis, INs sensing SHH gradients reach the cortex (Baudoin et al.,
2012), where they switch to radial migration to disperse into cortical layers, differentiating
and establishing functional dendritic and axonal connections (Ohnuma and Harris, 2003;
Tanaka et al., 2004). It has been reported that the tangential-radial migration switch is
regulated by the responsiveness to CXCL12: specifically, the exit from the tangential
migratory stream coincides with a loss of response to CXCL121 as a chemoattract (Li et
al., 2008).

In the cortex, INs of both streams actively contact the radial glial processes, and then switch
to radial migration and migrate up to the developing cortical plate. Some INs of the 1Z
stream can also display a “ventricle-oriented migration” (Bellion et al., 2005; Guo and
Anton, 2014), characterized by radial migration into the VZ, resting, an extension of

multiple processes in the VZ, and then migration towards the cortical plate.

CO/’? TE X

Striatum

NKX2-1
PAN GE

GSX2 MGE
DLX1

ASCL1

PAX6
BCL11B
SP8

INs
SST+ PVALB+

INs
VIP+ LAMP5 +

Figure 1-3: Tangential migration of interneurons

Schematic of a coronal section of mouse developing brain showing tangential migration of interneurons with
representative molecular markers.
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Interneurons reach the cortex following a lateral-medial gradient: young INs arrive at the
lateral cortical domains earlier than the medial regions. Different subtypes of INs follow
different ways for cortical positioning. MGE-derived SST and PV INs display a time-
dependent, inside-out manner; CGE-derived CR INs display an outside-in fashion; and VIP
localize to superficial layers or display a scattered positioning within the developing cortex
(Guo and Anton, 2014; Métin et al., 2006; Peyre et al., 2015; Romero-grimaldi and

Moreno-lo, 2008) (Error! Reference source not found.).

1.2 Extracellular Matrix in Neurodevelopment

Neurogenesis and neuronal migration are highly regulated, especially by the extracellular
matrix (ECM). The ECM is a complex and dynamic structure of proteins that surround cells
within a tissue (Long and Huttner, 2019). It is an essential part that forms the cellular
microenvironment during corticogenesis (Amin and Borrell, 2020). The ECM components
include macromolecules such as integrin and syndecans, involved in cell adhesion and
signaling; or proteoglycans, laminins, fibronectins, elastins, and tenascins that function as
cellular structural support (Frantz et al., 2010; Hynes, 2009).

During neurodevelopment, the ECM has other fundamental functions. It has been shown
that the ECM regulates cell proliferation, morphology, migration, and differentiation via
signal pathways (Amin and Borrell, 2020; Long et al., 2018). Many molecules, including
morphogens, and proteins are released by cells in the ECM and their presence in the
extracellular environment is crucial for regulating patterning and cellular behavior,

especially migration and recruitment of neurons.

The proteoglycan reelin (RELN) has been described to be crucial for neuronal migration,
promoting the interaction of migrating neurons with ECM and RG scaffold. Reelin is
secreted by Cajal-Retzius cells in the MZ. (Amin and Borrell, 2020; Long and Huttner,
2019).

Moreover, many morphogens critical for patterning are released in the ECM. Sonic
hedgehog (Shh) is known to define the ventral identity of the subpallium and it is mostly
secreted by postmitotic MGE-derived INs (Chiang et al., 1996; Ericson et al., 1995; Flandin
et al., 2011). Retinoic acid (RA) is also secreted in the ECM and is involved in the
patterning of the developing cortex (Rhinn and Dollé, 2012; Siegenthaler and Pleasure,
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2011). The early patterning of the telencephalon is also determined by Wnt proteins,
secreted by the cortex. Wnt proteins maintain cell proliferation and determine cell fate
switch in MGE progenitors via the canonical Wnt pathway through activation of b-catenin.
(Bielen and Houart, 2014; Zhong et al., 2011). Fibroblast growth factors (FGF) determine
telencephalon formation as well as patterning and migration of cortical neurons (Borello et
al., 2008; Martynoga et al., 2005).

Moreover, previous works have demonstrated that ECM plays a role in human cortex
expansion and gyrification (Albert et al., 2017; Fietz et al., 2012; Karzbrun et al., 2018).
Human ECM reveals a different expression and composition compared to mouse during
cortex development, specifically, different sets of collagens, proteoglycans, integrins and
laminins are expressed in increased amounts in the human cortex (Fietz et al., 2012; Florio
and Huttner, 2014; Florio et al., 2017; Long and Huttner, 2019; Long et al., 2018). A
previous study has demonstrated that the ECM components HAPLN1, lumican, and
collagen I induce folding of the cortical plate in human fetal cortical explants, suggesting
the fundamental role of ECM in human cortical expansion and gyrification (Long et al.,
2018).
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1.3 Extracellular Vesicles in Neurodevelopment

The extracellular environment is crucial for the right functioning of the human brain by

regulating cell-cell communication and transport of molecules or proteins.

In this thesis, I will focus on the role of extracellular vesicles (EVs) in neurodevelopment.
Extracellular vesicles are secreted by all cells and transport various cargos such as proteins,
nucleic acid, including, DNA, mRNAs and microRNAs, metabolites, lipids (Shah et al.,
2018). Extracellular vesicles are classified as ectosomes and exosomes. Ectosomes are
generated by the direct budding of the plasma membrane and produce microvesicles, with
a diameter between 50 nm and 1 um (Kalluri and LeBleu, 2020; Van Niel et al., 2018).
Exosomes, instead, generate from multivesicular bodies (MVBs), an accumulation of
vesicles originated from an endocytic cisterna. MVBs fuse with the plasma membrane in a
process called exocytosis, mediated by G proteins, such as Rall, Rab27 and Rab27b
(Hyenne et al., 2018; Ostrowski et al., 2010), followed by the release of MVBs content in
the extracellular environment (Meldolesi, 2018). Exosomes, instead, are vesicles of 30-200
nm diameter (Kalluri and LeBleu, 2020). Among the complexes and proteins involved in
exosome biogenesis, Rab, Syntentinl, TSG101, syndecan-1, ESCT proteins, tetraspanins
and SNARE complex have been described (Ciardiello et al., 2016; Mathieu et al., 2019).

Extracellular vesicles differ in their origin, size, content, and function on receiving cells.
The effect on receiving cells could be determined by expression of specific surface
receptors which can induce survival or apoptosis, for example. EV heterogeneity has been
described in macrophages, hepatocytes, adipocytes, endothelial cells and smooth and
skeletal muscle fibers (Meldolesi, 2018) and refers to EV cargoes and membrane
composition. EV membranes are composed of cholesterol and sphingomyelin, important
for MVB biogenesis; tetraspanins involved in luminal cargo loading, such as surface and
intracellular signaling proteins (E-cadherin, b-catenin and Wnt) (Van Niel et al., 2018;
Urbanelli et al., 2016), by interacting with cytosolic proteins (Perez-Hernandez et al., 2013;
Vyas and Dhawan, 2017). Other EV cargoes identified are cytoskeletal and microtubules
associated proteins, such as annexin and actin; chaperones, enzymes, GTPases, nucleic

acids, especially miRNAs (Figure 1-4).

It has been shown that EVs play a role in cell physiology, regulating the maintenance and

plasticity of stem cells, proliferation, apoptosis, repair of damaged tissue, mediating cell-
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to-cell communication (Kalluri and LeBleu, 2020). EV release and uptake can affect both

the parent and receiving cell at the protein and transcriptomic level (Meldolesi, 2018).
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Figure 1-4:EV biogenesis and content

Schematic representing biogenesis and content of extracellular vesicles (EVs). EVs can be released either by direct
budding from the plasma membrane (microvesicles) or by fusion of internal multivesicular compartments (MVB) with the
plasma membrane (exosomes). EVs carry nucleic acids, proteins, lipids, and metabolites.

EVs have been studied in many tissues and organs. In the brain, they are involved in
neuronal plasticity, myelination, synapses and neuronal-glia communication (Montecalvo
et al., 2012). The role of EVs in disease has been described in cancer, where EVs transfer
oncogenes (Chen et al., 2017; Muralidharan-Chari et al., 2010), and in neurodegeneration.
EVs can promote neurodegeneration via transfer of miRNA and proteins in Alzheimer’s
disease and amyotrophic lateral sclerosis. The role of EVs during brain development is
poorly understood, in this thesis, I will show some crucial events regulated by EVs, in both

physiological and pathological conditions.
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1.4 Neurological and Neuropsychiatric Disorders

The generation of the human cortex is a complex and highly regulated process, it is not
surprising that any disruption in neurogenesis, neuronal migration, extracellular matrix
composition and/or secretion might lead to diseases. Neurological and neuropsychiatric
disorders are characterized as chronic diseases that affect the central nervous system during
development. They constitute a wide range of disorders characterized by impairments in
learning, communication, motor, and attention (Mullin et al., 2013). The most known and
studied neurological and neuropsychiatric disorders include cortical malformations,
epilepsy, developmental delay and regression, intellectual disability, autism spectrum
disorder, and specific learning disabilities (Ismail and Shapiro, 2019). In this thesis, 1 will

focus on cortical malformations and epilepsy.

1.4.1 Cortical Malformations

Cortical malformations (CMs) can be developed from environmental factors, including
drug or alcohol abuse or infections of Zika virus during pregnancy, maternal seizures, or
radiation exposure. However, many studies revealed that genetic factors are involved role
in the onset of CMs.

Cortical malformations are caused by deregulation of mechanisms of cortical development
at both the cellular and molecular level. They are highly heterogeneous, however, the most

known causes of CMs are mutations in genes associated with cytoskeletal regulation.

The classification of CMs is very complex considering the level of heterogeneity of these
diseases. In fact, the identification of the causes of CMs is very challenging. The
relationship between genetic variants and phenotypes is complicated: in same cases a
mutation in a single gene can lead to different clinical outcomes; while, in others, mutations
in different genes can lead to a same phenotype (Klingler et al., 2021). For this reason, the

study of genetic causes leading to CMs is very complicated.

This group of neurodevelopmental disorders can be classified in malformations due to
defects in cell proliferation or apoptosis, defects in cell migration or in post-migration
development (Barkovich et al., 2012; Hu et al., 2014) (Figure 1-5).
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Malformations due to defects in cell proliferation or apoptosis

In this category belong diseases characterized by decrease in proliferation and increase in
apoptosis, in case of microcephaly; increase in proliferation and decrease in apoptosis, in
case of megalocephaly; and defects in progenitor proliferation in dysplastic malformations.
Patients with microcephaly present a smaller brain size compared to healthy individuals
(Gilmore and Walsh, 2013). Many genes associated with regulation of neurogenesis, cell
proliferation, but also chromosomal segregation and cell division have been identified as
causative of microcephaly (Desikan and Barkovich, 2016). These genes include: ASPM
(Bond et al., 2002; Létard et al., 2018; Nicholas et al., 2009), CENPJ (Hung et al., 2000),
CDK5RAP2 (Megraw et al., 2011; Thornton and Woods, 2009).

Individuals affected with megalocephaly present an overgrow brain (DeMyer, 1986;
Pirozzi et al., 2018). and it can be associated with polymicrogyria (PMG) (Barkovich et al.,
2012; Leventer et al., 2010). It has been reported that the mTOR pathway is involved in
megalocephaly, indeed mutations in AKT3, PIK3CA and PIK3R2 genes lead to this
malformation (Desikan and Barkovich, 2016;Riviére et al., 2013). Moreover, these
mutations are also associated with focal cortical dysplasia (FCD) and nodular
periventricular heterotopia (NPH). (Alcantara et al., 2017; D’Gama et al., 2015; Desikan
and Barkovich, 2016).

Malformations due to defects in neuronal migration

Abnormal neuronal migration can lead to lissencephaly, type I and IlI; subcortical band
heterotopia (SBH) and periventricular heterotopia (PH) (Desikan and Barkovich, 2016;
Lee, 2017). Lissencephaly type | is the most common CM, characterized by loss of the
gyral patterning resulting in a “smooth brain”. Patients with lissencephaly present increased
brain thickness. Mutations in the LIS1 gene can lead to lissencephaly (Pilz, 1998). LIS1
regulates the proliferation of neuroepithelial cell, permitting the correct spindle orientation
and symmetric division (Yingling et al., 2008). Also, TUBAL1A has been identified as
associated with lissencephaly. TUBA1A is a neuronal alpha-tubulin involved in cell
migration and motility (Keays et al., 2007). Individuals with mutation in TUBA1A manifest
microcephaly and mental retardation (Bahi-Buisson et al., 2008; Barkovich et al., 2012;
Jansen et al., 2011). Mutations in Reelin have also been identified in individual with
lissencephaly (Hong et al., 2000). Lissencephaly type II, known also as cobblestone
lissencephaly, is a CM where patients present an increased migration of neurons at the pial
surface (Bizzotto and Francis, 2015). In this condition, the basal membrane is disrupted
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which prevents the basal process of the RGs to attach to it and the neurons continue their
migration. Mutations in genes encoding for glycosyltransferases and for ECM components
such as LAMB1 and COL4A1 have been described to be associated with lissencephaly type
.

Individuals diagnosed with subventricular heterotopia (SBH) present a band of grey matter
between the ventricle and the cortex resulting in the so-called “double cortex”. In 85% of
the cases, SBH is associated with mutations in the DCX gene, a microtubule-associated
gene important for the correct stabilization of the cytoskeleton (Cappello et al., 2012b).
Subventricular heterotopia can be caused by disruption in RGs which will ultimately affect

neuronal migration within the cortex.

Another gene involved in the onset of SBH is EML1, codifying for a microtubule-
associated protein and important for spindle orientation. Patients with mutations in this
gene have ectopic neurons in their brain (Bizzotto et al., 2017; Kielar et al., 2014).

Like SBH, also periventricular heterotopia (PH) is a condition characterized by ectopic
neurons in the brain. In the case of nodular periventricular heterotopia (PVNH), the most
common of the PHs, neurons are organized in nodules in the SVZ, lining the ventricles
(Barkovich and Kuzniecky, 2000; Barkovich et al., 2012). Interestingly, most of the
patients diagnosed with PVNH present epileptic seizures (Dubeau et al., 1995; Pang et al.,
2008) at the level of the ectopic neuronal nodules (Scherer et al., 2005). Periventricular
heterotopia can be caused by altered morphology of RGs which will impact neuronal
migration, or by defects in neuronal motility (Desikan and Barkovich, 2016; Ferland et al.,
2009; Klaus et al., 2019).

Patients with PH have shown to have mutations in FAT4 and DCHS1 genes, codifying for
two protocadherins involved in cell migration, proliferation, and polarity (Cappello et al.,
2013; Ishiuchi et al., 2009; Klaus et al., 2019).

Mutations in the gene FLNA are also associated with PH. FLNA, filamin A actin-binding
protein, is involved in RG proliferation and polarity (Carabalona et al., 2012), remodeling
the cytoskeleton (Eksioglu et al., 1996; Fox et al., 1998; Parrini et al., 2006). Other
mutations that can lead to PH occur in the genes MOB2 (O’Neill et al., 2018a), part of the
Hippo pathway, and ARFGEF2, involved in vesicle trafficking (Desikan and Barkovich,
2016; Ferland et al., 2009).
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LGALS3BP, galectin-3 binding protein, is involved in neuronal progenitor delamination
and localization of neurons and mutations of this gene have been identified in patients with
PH (Kyrousi et al., 2021; O’Neill et al., 2018b).

Among the transcription factors (TFs) involved in the onset of CMs, mutation of EOMES,
FOXG1, PAX6 genes have been found in patients with microcephaly (Guerrini and Dobyns,
2014).

The study of the causes of CMs is very challenging, considering that they are associated

with neuropsychiatric disorders, mostly epilepsy.

Normal brain Microcephaly Lissencephaly Subcortical band Periventricular Cobblestone
Type | heterotopia heterotopia Lissencephaly

Proliferation & Apoptosis IKNM, RNM & TNM

]

ASPM, WDR62, CDK5 LIS1, RELN, DCX DCX, EML1, TUB1A FAT4, DCHS1, FLNA GPR56, COL3A1, FKTN

Figure 1-5: Cellular and anatomical defects associated with cortical malformations

Schematics showing cellular and anatomical features of CMs Cortical layers and migratory pattern are shown. Figure
adapted from Buchsbaum and Cappello, 2019.

1.4.2 Epilepsy

Clinical studies show that many individuals with cortical malformations present epileptic
seizures. Epilepsy is a neuropsychiatric condition characterized by a predisposition to
generate repeated spontaneous bursts of neuronal activity, known as seizures (Bozzi et al.,
2012). Many factors can lead to epilepsy, including cortical malformations, moreover
disruption in neurogenesis, neuronal migration and differentiation can alter the

excitatory/inhibitory balance resulting in neuronal hyperexcitability and onset of seizures.
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Many genes, whose mutations are associated with CMs, are also causative of epilepsy.
RELN, DCX, DLX and ARX play a role in excitatory and inhibitory neuron migration and,
several studies have shown their involvement in altering the excitation/inhibition ratio and

generating seizures (Bozzi et al., 2012; Guerrini and Dobyns, 2014).

Epilepsy can also occur when the assembly of excitatory and inhibitory synapses is
perturbated. During development, the immature neuronal circuits are refined into organized
and mature circuits. In the refining process, many connections are eliminated, and the
remaining synapses mature functionally (Katz and Shatz, 1996). The correct functioning of
different channels and the control of neurotransmitter release are necessary for a proper
assembly and maturation of synapses. Mutations in sodium, potassium and calcium
channels lead to a group of epilepsies called ‘channelopathies’, while disruption of
synapsins (SYN1, SYN2 and SYN3) and SNAP-25 leads to defects in neurotransmitter

release and synapse formation (Bozzi et al., 2012).

Epileptic seizures can be classified as focal, generalized, and unknown. Focal seizures are
limited to one side of the hemisphere, and they can be motor (associated with muscle
movement) or non-motor (without muscle movement). Generalized seizures, instead, start
from both hemispheres spreading to other brain regions and they can also be motor or non-
motor. The motor seizures include myoclonic-tonic-clonic, characterized by arms jerking,
tonic stiffening and irregular rhythmical jerking; and myoclonic-atonic epileptic spasm,

characterized by brief jerking of limbs and limp drop (Sarmast et al., 2020).

In this thesis, | will focus on a specific group of epilepsies: myoclonic epilepsy. This group
of epilepsies present brief and sudden seizures combined with muscle contractions and they
are generalized (Leppik, 2003) as described above. The classification of myoclonic
epilepsy is very complex since they can occur unilaterally or bilaterally, and, in this last

case, also symmetrically or asymmetrically.

Many genetic studies shed light in the understanding of myoclonic epilepsies. Some of
them can be acquired after specific events, including tumors, anoxia, head trauma or stroke.
But most of them are inherited and include benign primary epilepsy syndromes (JMEs) and

progressive myoclonic epilepsies (PMEs) (Leppik, 2003).
Benign primary epilepsies

This group of epilepsies occur in the early childhood and they present both tonic (stiffening)
and clonic (jerking) generalized seizures (Leppik, 2003), and, about one third of patients
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do not suffer from seizures. Genetic studies identified many families where JME has been
linked to chrosome 6p and 15q (Leppik, 2003).

Progressive myoclonic epilepsies

This rare group of epilepsies are severed neurological disorders with genetic basis. The
most common PME is Unverricht-Lundborg disease (EPM1), an autosomal recessive
disorder with the onset of symptoms starting in early childhood and adolescence
(Kélvidinen et al., 2008) with a slow progression (Leppik, 2003). It is a rare disease, with
an incidence of 1:20000 in Finland. EPM1 patients present ataxia, dysarthria, and tremor.
Moreover, they show irregular and asynchronous seizures and problems with walking,
swallowing, and speaking which will worsened with the progression of the disease.
Mutations in the gene cystatin B are responsible for EPM1. The role of CSTB will be
discussed in chapter 3.

Neurological and neuropsychiatric disorders are a very complex group of diseases, mostly
because they include a wide range of clinical expressions and comorbidities, including
epileptic and autistic features. Altogether, these features make the identification of the
cause(s) of the diseases very challenging (Guerrini and Dobyns, 2014; Klingler et al., 2021)
(Klinger et al., 2021, Guerrini and Dobyns, 2014).
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1.5 How can we study brain development and neurological and
neuropsychiatric disorders?

The human brain is an extremely complex structure, which makes its study very
challenging. Ideally, research on human brain development and disease would be carried
out using human tissue. However, the availability of human tissues, including post-mortem
tissues or biopsies, is limited. For this purpose, researchers have developed and use

different suitable model systems.

1.5.1 In vivo models

The most common in vivo animal model used to study brain development and diseases is
the mouse. This system allows to study specific genes described in patients with
neurological disorders and to understand mechanisms underlying neurodevelopment by
generating knockouts of disease-associated genes, for example. However, it has been
shown that few models have recapitulated the exact phenotype described in patients with
CMs, like in the case of the EmI1 KO model for SBH (Bizzotto et al., 2017; Kielar et al.,
2014) or in the Flna conditional cKO model for PH (Feng et al., 2006). This is not
surprising, considering the species differences between mouse and primate, including

human, brain development.

The human and the mouse brains present macroscopic differences, including size,
progenitor cell number and composition of the ECM (Pollen et al., 2015). The mouse brain
is smaller and lissencephalic, “smooth”, while the human brain is larger and gyrified.
Moreover, the human cortex is characterized by the abundance of bRGs that populate the

outer SVZ, absent in the mouse cortex (Figure 1-6).

These specie-specific aspects should be taken in account when choosing the model system
to study human brain development and disease. For this purpose, ferrets, and non-human
primates, such as macaque or marmosets, are also used. The cortex of the ferret contains
abundant bRGs and is gyrified (Fietz and Huttner, 2010), moreover the migration modes
of neurons is like the ones observed in primates (Gertz and Kriegstein, 2015). The brain of
the macaque shares some features with the human brain in terms of size, abundance of
bRGs, number of neurons and gyrification. Marmosets are lissencephalic like the mouse,

but their cortex is abundant in bRGs.
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Figure adapted from Buchsbaum and Cappello, 2019.

However, animal models alone do not allow a full recapitulation of human brain
development, due to still important differences compared to human. For this reason, in vitro

models were established.

1.5.2 2D in vitro models

The advances in stem cell technology have brought many advantages in the study of human
brain development. Many protocols have established techniques to differentiate stem cells
into neural progenitor cells, neurons, and glial cells. The stem cells used in these protocols
are either human embryonic stem cell (hESCs) or induced pluripotent stem cell (iPSCs).
hESCs derive directly from human blastocysts (Thomson, 1998), while iPSCs derive from
somatic cells, like peripheral blood mononuclear cells or fibroblasts, and are reprogrammed
into a stem cell state (Staerk et al., 2010; Takahashi and Yamanaka, 2006; Yu et al., 2007)
(Figure 1-7)

The in vitro protocols used for the 2D generation of neural progenitors and neurons require
neuroepithelial cells to organize themselves in neuronal rosettes, maintaining the
apicobasal polarity observed in vivo (Elkabetz et al., 2008; Shi et al., 2012a, 2012b).
Neural progenitor cells (NPCs) can be developed from hESCs or iPSCs, and they can be

differentiated into neurons, obtaining many mature neurons (Boyer et al., 2012; Brennand
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et al., 2011; Chambers et al., 2009; Gunhanlar et al., 2017a; Shi et al., 2012a, 2012b).
These models allow to investigate cell morphology, migration and maturation (Buchsbaum
and Cappello, 2019), however, they are characterized by a restricted spatial organization
and lack of the extracellular space complexity organization. For this reason, scientists have

developed 3D in vitro systems that exploit the capacity of cells to self-organize.

3D Model System

Fibroblasts

2D Model System

Figure 1-7 Generation of neural model systems from human induced pluripotent stem cells (iPSCs)

Reprogramming of human peripheral blood mononuclear cells (PBMCs) or fibroblasts into iPSCs, using Yamaka factors
(KLF4, MYC, OCT4, SOX2). Figure adapted from Forero Echeverry and Cappello, 2022.

1.5.3 3D in vitro models

3D in vitro models were established to generate a system that can resemble the in vivo
human neuronal tissue. Neurospheres were the first 3D system to be generated and they are
the result of the aggregation of neural stem cells (NSCs) cultured in low attachment plate.
An initial protocol for the generation of cerebral organoids was based on culturing hESCs
or iPSCs (Kadoshima et al., 2013; Mariani et al., 2012) in suspension. This led to the quick
aggregation of the cells in floating embryoid bodies (EBs) (Kadoshima et al., 2013; Mariani
et al., 2012). The cells self-organize into apico-basally polarized tissue, resembling the

neuroepithelium of the human cortex.

The protocol was improved by embedding the EBs in Matrigel. The Matrigel, a matrix
containing membrane proteins, supports the organoids functioning as a scaffold, giving

them a more complex 3D organization (Lancaster and Knoblich, 2014a; Lancaster et al.,
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2013a). The cerebral organoids are kept in agitation using an orbital shaker or a spinning
bioreactor and are characterized by their self-assembly capacity which leads to the

formation of well-defined progenitor zones and more differentiative zones.

Two main protocols for the generation of cerebral organoids have been developed and they
can be divided in whole-brain (also called unpattern) and regionalized (also called patterned
or guided) cerebral organoids.

The approach to generate whole-brain organoids consists in the spontaneous differentiation
of the neuroepithelium into different brain regions, mostly dorsal forebrain, without using
signaling molecules or growth factors (Kyrousi and Cappello, 2019; Lancaster and
Knoblich, 2014b). This protocol has the advantage of studying human brain development
and disease in a more complete and complex system, including different brain regions
(Kyrousi and Cappello, 2019). With this protocol, the generated organoids form many
cavities filled with fluid that resemble small ventricles. Progenitor cells face the ventricles,
resembling the VZ and SVZ of the human cortex. They also display the typical multilayer
organization of the human brain, and the neurons migrate following the same migratory
routes observed in vivo. Whole-brain organoids present also mature neural networks with

formation of dendritic spines and spontaneous activity (Quadrato et al., 2017) (Figure 1-8).
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Figure 1-8: Whole-brain organoids, region-specific organoids and dorso-ventral forebrain assembloids

Schematic of whole brain organoids including different cell types (left); region-specific organoids generated with
patterning molecules to determine a specific regional identity (middle); dorso-ventral forebrain organoids resembling the

dorsal and ventral forebrain. Figure adapted from Forero Echeverry and Cappello, 2022.

Regionalized organoids are generated by adding small molecules during the early step of

the protocol and many protocols have been established for different region-specific
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organoids. Dorsal cortical organoids are obtained by dual SMAD inhibition with FGF2 and
EGF (Birey et al., 2017; Pasca et al., 2015) and they present both upper layer as well as
deep layer neurons; ventral organoids are generated by adding Wnt inhibitors and SHH
agonist (Bagley et al., 2017a; Birey et al., 2017; Sloan et al., 2018; Xiang et al., 2017) and
they resemble the ganglionic eminences (GEs), with ventral progenitor cells and
interneuron precursors. Moreover, protocols for generating mesencephalic, hippocampus-,
striatum-, midbrain- and cerebellum- like organoids have also been developed (Jo et al.,
2016; Miura et al., 2020; Qian et al., 2016; Sakaguchi et al., 2015) (Figure 1-8)

However, whole-brain and regionalized organoids lack the assembly of cortical circuits. To
address this issue, assembloids were generated. This model requires the fusion of
independent regionalized organoids to integrate two or more component of a cerebral

circuit.

The first assembloid system developed was the dorso-ventral system. Here, the dorsal
organoids are fused with ventral organoids to resemble the dorsal-ventral axis in vivo. This
system allows the study of the migration of interneurons, generated in the ventral organoids,
to the cortical organoids. Migratory interneurons in dorso-ventral assembloids display the

same saltatory migratory mode observed in vivo.

The other assembled systems generated are the cortico-striatal and cortico-motor
assembloids. These two models will not be discussed as, in this work, these models were
not used.

In vitro model can be used to investigate neurological disorders by culturing cells derived
from patients. Specifically, cerebral organoids and assembloids can be used to study a wide
range of neurological and neuropsychiatric disorders, including ASD (Mariani et al., 2015),
epilepsy (Di Matteo et al.) and different cortical malformations. Several studies show that
cerebral organoids can recapitulate PH (Buchsbaum et al., 2020; Klaus et al. 2019),
microcephaly Lancaster et al., 2013; R. Li et al., 2017; W. Zhang et al., 2019) and
lissencephaly (Bershteyn et al., 2017; lefremova et al., 2017; Karzbrun et al., 2018) (Figure
1-8).
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1.6 Candidate genes in Neurological and Neuropsychiatric Disorders

In this thesis, I will focus on two genes that have been associated with neurological and
neuropsychiatric disorders: Cystatin B (CSTB), whose mutations are causative of
EPM1; and Galectin-3 binding protein (LGALS3BP) whose mutations have been

described in individuals with PH and neuropsychiatric disorders.

1.6.1 Cystatin B (CSTB)

The CSTB gene is on chromosome 21g22.3 and codes for a cysteine protease inhibitor
part of the large superfamily of cystatins. The CSTB mRNA is ubiquitously expressed
in most cell types and tissue (Joensuu et al.). The 5’ region of the CSTB gene includes
two potential transcription start sites localized after the 12-nucleotide dodecamer repeat
element(5’-CCCCGCCCCGCG-3’) (Lalioti et al., 1997). Human CSTB was identified
in lymphatic tissue, liver and isolated from mouse, rat, sheep, and bovine (Joensuu et
al.; Lehesjoki, 2003). It is conserved between species and the human CSTB codifies for
a 98 amino-acid sequence with a molecular weight of circa 11 kDa (Lehesjoki, 2003).
Studies of experiments performed in vitro showed that CSTB inhibits several papain-
family cysteine proteases, including cathepsins B, H, L and S via binding. The function
of cathepsins is to degrade intracellular proteins and they are involved in antigen
processions and apoptosis (Rinne et al., 2002; Turk et al., 2000). CSTB is known to be

associated with EPM1, the most common type of progressive myoclonic epilepsies.

CSTB and EPM1

Mutations in the CSTB gene are causative of EPM1 (Figure 1-9). The most common
mutation identified is the expansion of an unstable dodecamer in the promoter. This
mutation is mostly found in homozygosis, in 90% of the EPM1 patients; but it can also
be found in heterozygosis with an allele carrying a point mutation (Canafoglia et al.,
2012; Lafreniére et al., 1997; Lalioti et al., 1997; Virtaneva et al., 1997). The expansion
of the dodecamer results in downregulation of the expression of CSTB. However, this
is not the only mutation causing EPM1. There are other nine mutations causative of
EPML1 and they all affect splice sites leading to truncated proteins or amino acid
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changes. Only one patient without the expansion has been identified and he is

homozygous for a missense mutation (pG4R) (Joensuu et al.).
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Figure 1-9: Structure of CSTB gene

Schematic structure of the CSTB gene showing the positions of mutations described in EPM1. Figure adapted from
Joensuu et al., 2008.

Moreover, studies using the mouse in vivo model with the knockout (KO) of Cstb
showed that the model could recapitulate only part of the human EPM1 symptoms,
including the neuronal atrophy in the cerebellum, in the cortex and in the hippocampus,
and loss of GABAergic neuronal terminals (Buzzi et al., 2012a; Pennacchio et al.,
1996). It has also described a role of Cstb in regulating autophagy in mouse astrocytes
(Polajnar et al., 2014), and in vesicular trafficking and synapse physiology (Joensuu et
al.)

In this thesis, | will focus on the nonsense mutation ¢.202C>T, identified in
homozygous EPM1 patients (Chapter 3). The CSTB mutant form is a truncated form
of the protein, refers as R68X. These patients have been diagnosed with microcephaly,

developmental delay, and dyskinesia in very early childhood (Mancini et al., 2016).
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1.6.2 Galectin 3-binding protein (LGALS3BP)

Galectin 3-binding protein, also known as LGALS3BP, is a soluble glycoprotein
secreted in the ECM, where it organizes in large ring-like oligomers composed of
subunits of 55-90 kDa (Fogeron et al., 2013; Mller et al., 1999). LGALS3BP belongs
to the scavenger receptor cysteine-rich superfamily, a group of both membrane and
secreted proteins involved in the regulation of the immune system (Martinez et al.,
2011).

Human LGALS3BP codes for a 567-amino acid sequence with four domains, preceded
by a signal peptide at the N-terminus. The leader peptide is proteolytically cleaved
during the maturation of the protein, and it is important for its secretion. The signal
peptide is followed by the scavenger receptor cysteine rich (SRCR) domain (domain
1), a highly conserved domain of circa 110 residues (Loimaranta et al., 2018); a
BTB/POZ domain and a BACK domain (domains 2 and 3) important for interaction
with the ECM and oligomerization. The C-terminal sequence (or domain 4) is inactive
(Figure 1-10).

N-69 N-125 N-192 N-362 N-398 N-551  N-580

Signal peptide

T Yoy ¥ y
NH21I ( sRCR ) (smeed [ BACK ) ( ‘COOH

Figure 1-10: Structure of LGALS3BP protein

Schematic structure of LGALS3BP domains, N and O glycosylation sites are shown. N: Asparagine; T: Threonine; S:
Serine.Figure adapted from Capone et al., 2021.

LGALS3BP purified from human tissues and fluids revealed three different forms of
25, 75 and 90 kDa, suggesting that this protein can be proteolytically cleaved by
proteases (Capone et al., 2020, 2021a). Once secreted in the ECM, LGALS3BP
interacts with integrin, collagens IV, V and VI, fibronectins, galectins, laminins, and
tetraspanins (Lee et al., 2010; Stampolidis et al., 2015) and regulates cell-adhesion
(Larsen et al., 2011) .
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Many studies report the role of LGALS3PB in the immune system and in cancer. For
example, in the activation of natural killer cells for the production and secretion of
interleukin 1, 2, 6, and tumor necrosis factor alpha (TNFa). High levels of LGALS3BP
can be detected in human body fluids after viral infections, including hepatitis C virus
(Loimaranta et al., 2018) and HIV (Grassadonia et al., 2002), and in many types of
cancer (i.e. neuroblastoma, ovarian carcinoma, melanoma) where it promotes the
metastatic phase via regulating cell motility and chemoresistance (Batista et al., 2011,
Capone et al., 2020; Escrevente et al., 2013; Song et al., 2020). Cancer studies
demonstrated that LGALS3BP can be secreted directly in the extracellular environment
interacting with the ERGIC-53 system (Capone et al., 2021b) or via EVs being
expressed on EV surfaceome (Capone et al., 2020; Liang et al., 2014). Moreover,
LGALS3BP is enriched in cerebrospinal fluid (CSF) from patients with neurological
disorders (Costa et al., 2020).

LGALS3BP and the brain

The function of LGALS3BP in the brain is still poorly understood. The availability of
sequencing data in mouse and human brain tissues made the characterization of the
expression level of this gene possible.

Interestingly, LGALS3BP is almost undetectable in mouse developing cortex (Telley
et al., 2019, http://www.humous.org/), while it is enriched in human progenitor cells,
both in fetal brain tissue and in cerebral organoids (Kyrousi et al., 2021; Telley et al.,

2019) (Error! Reference source not found.).

Figure 1-11: LGALS3BP expression level in mouse developing cortex, human brain fetal tissue and cerebral organoids.

Expression of LGALS3BP obtained from single-cell RNA-seq data of mouse developing cortex (left), human brain fetal
tissue(middle) and cerebral organoids (right). Data from Telley et al., 2019, http://www.humous.org/
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Moreover, studies in cerebral organoids derived from macaque and chimp, revealed
that LGALS3BP is expressed at lower levels in macaque, while its expression is higher
in chimp (Kanton et al., 2019). This information could suggest a role of LGALS3BP in
evolution. Indeed, it has been shown that the forced expression of the wild-type isoform

of LGALS3BP induces folds in the developing mouse cortex (Kyrousi et al., 2021).

The function of LGALS3BP in human neurodevelopment was studied in human cerebral
organoids (COs). This study, carried out in our lab (Kyrousi et al., 2021), showed that
LGALS3BP is important for neuronal progenitor cell delamination, regulating the
thickness of the apical belt. Moreover, it can explain its function in a non-cell
autonomous way via secretion and transport in EVs. LGALS3BP is crucial for human
brain development, organizing the extracellular space and regulating progenitors

delamination and neuronal migration.

De novo mutations in LGALS3BP lead to cortical malformation

Given the importance of LGALS3BP in brain development, it is not surprising that
mutations in this gene can lead to neurodevelopmental disorders. De novo variants in
the exon 5 of LGALS3BP gene have been identified in individuals with nodular

periventricular heterotopia (Kyrousi et al., 2021; O’Neill et al., 2018b).

A patient with a de novo missense variant in LGALS3BP has autism, developmental
delay, ataxia and focal seizures. Moreover, gyrification index (GI) changes were
reported in this patient. The de novo missense variation implicates a substitution of the

glutamic acid in position 370 with a lysin (E370K).

Another patient was diagnosed with prenatal microcephaly and neurodevelopmental
delay, in this case, the mutation implicates substitution of the glutamic acid in position
294 with a lysis. From the other individual identified with mutation in LGALS3BP
(substitution of glutamic acid in position 527 with a glycine), no clinical data could be
obtained (Kyrousi et al., 2021).

This information suggests that the exon 5 of LGALS3BP might be crucial for brain
development. Study in mouse and COs demonstrate that the mutant form of LGALS3BP
(E370K) disrupt the apical belt resulting in defects in delamination and localization of

migrating neurons (Kyrousi et al.,2021).
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a LGALS3BP c.1108G>A a LGALS3BP c.880C>T

Figure 1-12 Morphometric analysis of MRIs of individuals with genetic variants in LGALS3BP

Individuals with c.1108G>A (a) and c.880C>T (a’) mutations in LGALS3BP, showing difference in cortical thickness, gyrification index,
surface area and sulcal depth in different positions of the cortex. Figure adapted from Kyrousi et al., 2021.
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2 Scope of this thesis

This thesis combines three projects with the goal of investigating mechanisms involved in
brain development and in neurological and neuropsychiatric disorders, including epilepsy
and cortical malformations. Using both in vivo mouse and 3D in vitro human model
systems, | investigated neurogenesis, neuronal migration, and differentiation in both

physiological and pathological conditions.

Given the complexity of neurological diseases and cortical malformations, many of the
molecular and cellular mechanisms underlying this group of disorders are poorly
understood. In this thesis | will analyze the role of two genes associated with neurological
disorders with the aim to identify common mechanisms that could help in understanding

the pathologies also for diagnostic purposes.

| will show the importance of CSTB and LGALS3BP in neurogenesis and neuronal migration
during brain development, identifying novel non-cell autonomous mechanisms of

regulation of cell proliferation and specification.

It has been shown that extrinsic factors released in the extracellular environment can affect
cellular behavior, including proliferation, motility, and morphogenesis. Moreover, extrinsic
factors can be secreted by cells and tissues via extracellular vesicles (EVS).

However, their role in neurodevelopment and disease is still unknow. For this reason,
having found that both CSTB and LGALS3BP have non-cell autonomous functions, are
secreted and transported by extracellular vesicles, 1 will show how EVs can be important

for cell proliferation and cell fate decision.
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In Chapter 3, part of the results of manuscript published in the journal EMBO Molecular
Medicine are shown.

“Cystatin B is essential for proliferation and interneuron
migration in individuals with EPM1 epilepsy”

“Francesco Di Matteo'?,§, Fabrizia Pipicellit+, Christina Kyrousi', Isabella Tovecci'?,
Eduardo Penna®, Marianna Crispino®, Angela Chambery*, Rosita Russo*, Ane Cristina Ayo-
Martin*2, Martina Giordano®, Anke Hoffmann®, Emilio Ciusani®, Laura Canafoglia®,
Magdalena Go6tz®"8, Rossella Di Giaimo®3,*& Silvia Cappello**”

+The authors contributed equally to this work

Data not included in the manuscript is also presented.
Some of the figures, figure legends and results in this chapter are adapted from the
manuscript with the permission of the Journal under the copyright:

“This is an open access article distributed under the terms of the Creative Commons CC
BY license, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited. Citation: (Di Matteo et al., 2020).

You are not required to obtain permission to reuse this article”

“© 2020 The Authors. Published under the terms of the CC BY 4.0 license.”
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Most of the work, including experiments, quantifications and data analysis and
visualization, on cerebral organoids presented in this project was done by me. In

particular: immunohistochemistry for characterization of CSTB expression (

Figure 3-1, B); overexpression of CSTB and mutant form in cerebral organoids (Figure
3-2, A and B; Figure 3-6, B), migration of interneuron in cerebral assembloids (Figure
3-8, Aand B).

Treatment of EVs on NPCs and differential expression analysis including data

visualization was performed by me (Figure 3-10, A and B; Figure 3-12, A, B and C).

Part of the work, including experiments, quantification and data analysis and
visualization, on mice presented in this work was done by me. In particular cell cycle
analysis on E14-E16 mice and proliferation analysis on E14-E16 including
immunohistochemistry and quantifications of Ki67+, CcndD1+, Pax6+, Thr2+ cells
(Figure 3-2, C-1, Figure 3-3, Figure 3-6, B, C, D and H)

Part of the experiments of this project here presented has been done in collaboration with:

1) Rossella Di Giaimo, from the Max Planck Institute of Psychiatry in Munich, and
Martina Giordano from the University of Naples Federico Il, who performed part of the
mouse work.

2) Rossella Di Giaimo, from the Max Planck Institute of Psychiatry in Munich, and
Isabella Tovecci, from the University of Naples Federico 1, who performed part of the
work on cerebral organoids

2) Marianna Crispino, Eduardo Penna, from the University of Naples Federico 11, Angela
Chambery, Rosita Russo, from the University of Campania Luigi Vanvitelli, who
prepared sample for proteomic and performed proteomic analysis

5) Filippo Cernilogar from the Biomedical Center in Munich who performed the pre-
processing (alignment) for the bulk RNA sequencing
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3 Cystatin B role in proliferation and interneuron migration in
EPM1 epilepsy

This work focused on the function of cystatin B (CSTB) during brain development. CSTB
mutation is causative of Unverricht-Lundbord-type (EPM1) epilepsy, a common form of

progressive myoclonus epilepsy (PME).

In our study, we used both in vivo developing mouse brain and in vitro 3D human cerebral
organoids (COs), derived from two EPM1 patients, to investigate the role of CSTB in brain
development. We showed that the alteration of physiological levels of CSTB affected cell

proliferation and progenitors’ distribution in a cell non-autonomous way.

It was previously shown that CSTB is secreted from synaptosomes, therefore, we investigated
CSTB secretion in our model systems. Our findings revealed that CSTB is secreted in both
mouse cerebral spinal fluid (CSF) and in organoids conditioned media (CM) which explained
the cell non-autonomous effect. Interestingly, we found that the pathological form of CSTB

was not secreted in the extracellular environment.

Then, we generated COs from 2 EPML1 patient induced pluripotent stem cells (IPCs) and
observed a reduction in size and in proliferation, and increased neurogenesis. The extrinsic
function of CSTB on proliferation was assessed by exchanging media between control and
EPM1 COs. Control COs exposed to EPM1 media showed a decrease in proliferation, while
EPM1 COs exposed to control media rescued the phenotype. We showed that CSTB is secreted
via extracellular vesicles (EVs). We demonstrated that EVs derived from EPM1 organoids can
modify the transcriptome profile of progenitor cells, dysregulating genes associated with WNT

signaling or extracellular space.

These results suggested a novel role of CSTB in the extracellular environment during

neurogenesis, shedding new light on mechanisms of the neurobiology of EPML.
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3.1 CSTBis expressed in COs and in the mouse developing brain

To investigate the role of CSTB during neurodevelopment, we characterized its level of
expression in iPSCs-derived COs at different time points. In COs, CSTB is expressed from day
16 to day 140, with higher expression level at day 50 and 85 of culture (

Figure 3-1, A); while immunohistochemistry analysis shows that the protein is detected from
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day 40 (Error! Reference source not found., B). CSTB was also detected in the mouse d

eveloping cortex and ganglionic eminence (GE) from embryonic day 14 (E14).
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Figure 3-1: CSTB is expressed in COs and in mouse developing brain

A. Gene expression levels in COs at different timepoints.

B. Representative pictures of 40- and 55-days old COs immunostained for CSTB.

C. WB of protein extracts from mouse cortical (Cx) and ganglionic eminence (GE) tissues for Cstb at different timepoints. Actb
is used as loading control.

D. Representative pictures of coronal sections of E16 mouse cerebral cortices immunostained for Cstb and acetylated tubulin
(acTub).

Ventricle (V) and cortical plate (CP) are shown. Apical surface of the ventricles is represented by dashed lines. Scale bars: 50 um
in (B); 100 um in (E); 20 um in (e’, €”" and e””’).

Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.”

3.2 CSTB overexpression increases progenitor cell proliferation

To assess the role of CSTB in brain development, we overexpressed the wild-type form of CSTB
labeled with GFP in 35 days old COs and in E14 mouse embryos. Interestingly we found
changes in proliferation. We observed a significant increase in total KI67+ cells upon
overexpression of CSTB compared to control in COs. The analysis was performed 5 days post
electroporation (dpe) (Figure 3-2, A and B). The same outcome was observed in the mouse
cortex as well, at 2 dpe (Figure 3-2, C and D).

With the aim to analyze cell cycle dynamics, bromodeoxyuridine (BrdU) was injected in
pregnant mice intraperitoneally. After 30 minutes, cells in the S-phase can be detected.
Moreover, we looked for Ki67+ proliferating cells, Phospho-Histone H3 (PH3) + M-phase
cells, and CyclinD1 (CcndD1) + G1-phase cells.

Interestingly, upon overexpression of Cstb, we noticed a significant increase of cells in S-phase
(BrdU+Ki67+) (Figure 3-2C-D-E) and an increase in the number of cells in M-Phase (PH3+)
(Figure 3-2 F-G) and G1-Phase (CcnD1+), but not significant (Figure 3-2, H and ). These
results showed that Cstb has a role in regulating proliferation affecting cells in S-phase in the

developing mouse cortex.
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Figure 3-2: CSTB overexpression increases progenitor cells’ proliferation

“A. Representative pictures of 40-days old COs electroporated with GFP-empty vector control or GFP-CSTB.
Immunostaining for GFP and KI67 are shown.

B. Quantification of total KI67+ cells/area (um2)

C. Representative pictures of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP-empty
vector or GFP-Cstb. Immunostaining for GFP, Ki67 and BrdU are shown.

D,E. Quantifications of total Ki67+ cells/area(um2) and Ki67+Brdu+ cells/area(um?2)

F,G. Representative pictures of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP-empty
vector or GFP-Cstb. Immunostaining for GFP and PH3 are shown.

H,l. Representative pictures of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP-empty
vector or Cstb . Immunostaining for GFP and Ccnd1 are shown.

Ventricle (V) is indicated. Apical surface of the ventricles is represented by dashed lines.

Scale bars: 50 um in (A); 100 um in (C, F, H). Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.”

36



Results |

Therefore, the analysis of cells in transition from the apical radial glial state to intermediate
progenitors (Pax6+/Tbr2+ cells) did not show any difference compared to control, suggesting
that Cstb is crucial for cell proliferation rather than cell fate (Figure 3-3, A and B).

We found an increase of Ki67+ and BrdU+ cycling progenitors, therefore we analyzed the
distribution of the proliferating cells. The analysis was performed by dividing the electroporated
cerebral cortex area in 5 equally-distributed bins and it revealed an accumulation of Ki67+ and
BrdU+ cells at the level of bin3 (Error! Reference source not found. C), which corresponds t
o0 the 1Z. Also, Tbr2+ Ips and Pax6+/Thr2+ cells accumulated in bin3 (Figure 3-3, D and E);
while we have not observed changes in Pax6+ RGs distribution (Figure 3-3, F). Interestingly,
PH3+/GFP- cells also showed an accumulation in bin3, suggesting a non-cell autonomous
mechanism of Cstb (Figure 3-3, G).
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Figure 3-3: CSTB overexpression increases progenitor cells’ proliferation (I1)

C. Distribution of Ki67+/BrdU+cells in the mouse cortex, divided in 5 equal Bins.
D, E, F Distributions of Pax6+Tbr2+ cells, Tbr2+ and Pax6+cells in the mouse cortex, divided in 5 equal Bins.

G. Quantification of total PH3+ GFP negative cells/ area of in E16 mouse cerebral cortices electroporated at E14 with

GFP-empty vector or Cstb .
Ventricle (V) is indicated. Apical surface of the ventricles is represented by dashed lines.
Scale bars: 50 um in (A). Figure ad figure legend adapted from Di Matteo, Pipicelli et al., 2020.
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3.3 CSTBis secreted in both mouse CSF and CO conditioned media

It was recently showed that CSTB is secreted from synaptosomes and it might have a role in
synaptic plasticity (Penna et al., 2019). To confirm the secretion of CSTB in the mouse cortex
and COs, we collected and analyzed mouse cerebral spinal fluid (CSF) and conditioned media
(CM) from mouse cortical cells and COs. We found that CSTB is detected in both the CSF of
E14 mouse embryos and CM (both mouse cells and COs) at different time points (Figure 3-4,
A, Band C).

A B ct

CETE in CM from hCO

St in C5F from E14 embryos 418 ds  d8D dEIEMmF"E
- E -15kDa 15kDa- e - CSTB
-15kD
aimibeya 1 pmlirye 2 = 15x0ad | GAPDH
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Figure 3-4: CSTB is secreted in both mouse CSF and CO conditioned media

A. WB for CSTB in the CSF from 2 different E14 mouse embryos.

B. WB for CSTB in the CM from E14 cortical cells in culture for 4 days.
C. WB for CSTB in the CM from COs after 4 days in culture.

Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.

3.4 CSTBregulates interneuron recruitment

Studies on Cstb-KO mouse model and EPM1 patients revealed a loss of interneuron GABA
synaptic terminals (Buzzi et al., 2012a). Therefore, we hypothesized that Cstb might be
involved in regulation in interneuron migration and recruitment from the ganglionic eminence

to the cortex (Silva et al.).

To analyzed the migration of interneurons, we used of 2 transgenic reporter mouse lines: the
GADG65-GFP transgenic mouse line (Lopez-Bendito et al., 2004), and GAD67-GFP knock-in
mouse line (Tamamaki et al., 2003). We co-electroporated the plasmid expressing Cstb, fused
to the HA, with a plasmid expressing mCherry in the E14 embryos cortex. Upon electroporation
(3dpe), we analyzed the number and distribution of interneurons migrated from the ventral to
the dorsal forebrain. Despite no difference in terms of total number of GAD65-GFP+ or
GADG67-GFP+ interneurons in the cortex (Figure 3-5, A, B, C and D), their distribution was
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affected. Specifically, GAD65 and GAD67 GFP+ interneurons were localized close to the
Cstb+ expressing cells (Figure 3-5, E and F). These findings propose a role of Cstb in

recruitment of interneurons during brain development.
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Figure 3-5: CSTB regulates interneuron recruitment

A. Representative pictures of coronal sections of E17 mouse cerebral cortices electroporated at E14 co-electroporated with
mCherry expressing vector and HA-empty vector or -Cstb.

B. Quantification of total GAD67-GFP interneurons/area (um?2.

C. Representative pcitures of coronal sections of E17 mouse cerebral cortices electroporated at E14 co-electroporated with
mCherry and HA-Cstb expressing vector.

D. Quantification of total of GAD65-GFP interneurons/area, (um2.

E. Distribution of GFP+ interneurons in mouse developing cortex, divided in 3 equally distributed Bins.

F. Distribution of GFP+ interneurons in mouse developing cortex, divided in 3 equally distributed Bins.

Data information: Scale bars: 100 um (A and C), 20 um in (d” and ).

Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.”
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Altogether, these results revealed that increased levels of CSTB can interfere with physiological

cell proliferation during neurogenesis in COs and in the developing mouse cortex.

3.5 R68X pathological form reduces cell proliferation and recruitment of
interneurons

Different types of mutations in CSTB causative of EPM1 have been described, including
homozygous nonsense mutation (Mancini et al., 2016).

These patients have been diagnosed with microcephaly, dyskinesia and developmental delay,
starting at 3 months of age and they are homozygous for a ¢.202C>T mutation. This mutation,
called R68X, leads to a truncated form of the CSTB protein.

We first evaluated if the truncated form was secreted in the CM from mouse cortical cells. For
this aim, we overexpressed the pathological form in E14 primary cells and analyzed the CM
4dpe. Surprisingly, the overexpressed R68X form was not found in the CM of E14 primary

cells, while the endogenous CSTB was always present (Figure 3-6, A).

We, then, overexpressed the wild-type and R68X pathological forms in 35 days old COs and
analyzed the number of KI67+ proliferating cells in the electroporated area at 5dpe. As
expected, we observed a significant reduction in proliferating cells compared to control and
overexpression of CSTB, suggesting that the truncated form has an opposite effect on cell
proliferation compared to the wild -type form (Figure 3-6, B, C and D).

Moreover, R68X overexpression affected the distribution of the GFP+ electroporated cells.
R68X-GFP cells localized mostly in binl at the expenses of bin2 and bin3 (Figure 3-6, E and
F). Same behavior was observed in PH3+ mitotic cells. However, the total number of PH3+

cell was not changed (Figure 3-6, G and H).

41



Results |

A%

CM from
E14 corex
cells (4dpt

Exogencus

Endogenous

R68X

P R ST o
E : 9 Fée
4 .
3 E
3 4 w
z 2 150, = Csth
~ 1 4 E=3R6EX
§ *

Distribution GFP/are a (%)
8

. &
£l = & ez e
15
: = |
519- ¢ 0
& o 2 Bin1 Bin2 Bin3 Bind4 Binb5
:0.5- o
2 Lo
x gpd
CTRL R68X

e} |

gy st

© [_.

g

&

-

(]

X

o

c

2

5

2

5 Y
&  Bin1 Bin2 Bin3 Bind4 Bin5 CTRL R68X Cstb

Figure 3-6: R68X pathological form reduces cell proliferation and recruitment of interneuron

A. WB analysis for Cstb in the CM collected from E14 cortical cells.

B. Representative pictures of 40-days old COs electroporated with GFP-Cstb-expressing vector or GFP-R68X mutant. Immunostaining for
GFP and Ki67 are shown.

C, D. Quantification of total KI67+ cells/area (C) (um2) and Ki67+GFP+ cells/area (D) (um2) of ventricles electroporated with GFP-empty
vector control, GFP-Cstb or GFP-R68X mutant.

E. Representative pictures of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP-empty vector control, GFP-
Cstb, or GFP-R68X, Immunostaining for GFP and PH3 are shown.

F, G. Distributions of electroporated GFP+ cells (F) and PH3+ cells (G) in the mouse cortex, divided in 5 equally distributed Bins.

H. Quantification of total PH3+ cells/area (um2) of ventricles electroporated with GFP-empty vector control, GFP-Cstb, or GFP-R68X mutant.
Scale bars: 50 um.

Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.
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We, therefore, looked at the number of Thr2+ IPs after overexpression of the R68X form

finding a significant decreased in this population of cells, compared to the wild-type CSTB (
Figure 3-7, A and B).

As previously showed, overexpressing CSTB results in a change of interneuron distribution in
the mouse cortex. We then hypothesized that the pathological variant could retain its function.
Interestingly, we noticed that R68X overexpression affected the migration of interneurons,

suggesting a dominant effect of the pathological form (

Figure 3-7, C and D). Altogether, these results suggest contrary effects of wild-type CSTB and

the pathological R68X variant on cell proliferation and neuronal migration in both mouse and
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Figure 3-7: R68X pathological form reduces cell proliferation and recruitment of interneuron (Il)

A. Representative pictures of coronal sections of E16 mouse cerebral cortices electroporated at E14 with GFP-empty
vector control, GFP-Cstb or GFP-R68X mutant. Immunostaining for GFP and Tbr2 are shown.

B. Quantification of total Thr2+ cells/ cortical area (um2) in (L). Data shown as Z-scores relative to the mean of GFP control
vector.

C. Representative pictures of coronal sections of E17 mouse cerebral cortices electroporated at E14 co-electroporated
with mCherry expressing vector and HA-Cstb or R68X. Ventricle (V) is indicated. The dashed lines represent the apical
surface of the ventricles.

D. Quantification of total GAD65-GFP interneurons/ cortical area (um2) in (N). Data shown as Z-scores relative to the
mean of GFP control vector.

Ventricle (V) is indicated. Apical surface of the ventricles is represented by the dashed lines. Scale bars: 100 um in. Figure
and figure legend adapted from Di Matteo, Pipicelli et al., 2020.”
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3.6 Generation and analysis of EPM1 COs

The experiments presented in this paragraph have been performed by Francesco Di Matteo,
who has equally contributed to this work. For this reason, they will be briefly reported since
these findings are fundamental for the understanding of the next paragraphs. For more details,
refer to (Di Matteo et al., 2020)

EPM1 COs were generated from 2 patient cell lines, referred here as UL1 (homozygous
amplification in the CSTB promoter) and UL4 (with a heterozygous mutation of the dodecamer

repeat and a point mutation leading to skipping of exon 2).

Patient COs revealed a reduction in size and in proliferation, and increased neurogenesis. The
extrinsic function of CSTB on proliferation was assessed by exchanging media between control
and EPM1 COs. Control COs exposed to EPM1 media showed a decrease in proliferation, while

EPM1 COs exposed to control media showed a recued phenotype.

These findings suggested that secreted CSTB play an important role in cell proliferation in a

non-cell autonomous regulation.

3.7 EPM1 assembloids show changes in interneuron migration

We showed that, in vivo, both CSTB wild-type and pathological variant regulate distribution
and recruitment of interneurons. Therefore, we tested the role of CSTB in interneuron migration
also in a human in vitro model, generating human cerebral assembloids. | this protocol,
patterned ventral and dorsal organoids are combined to specifically reproduce the dorso-ventral
forebrain axis in vitro. With this model it is possible to analyzed the tangential migration of

ventral interneurons (Bagley et al., 2017b).

We generated dorsal organoids from CTRL or UL1 cells and ventral organoids from CTRL
cells, labeled with GFP, and fused them together (Figure 3-8, A). At day 30, we looked the
number of GFP+ ventral cells that had migrated into the dorsal area of the assembloid. For the
quantification of migrated cell, we quantified cells that at 100um distance from the dorso-

ventral boundary.

We observed a significant reduction in the number of ventral GFP+ cells in the UL1 dorsal part,
compare to control, indicating a function of CSTB in the process of recruitment of interneurons

also in human assembloids (Figure 3-8, B and C).
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Overall, these results suggested a function of CSTB in brain development, proposing that CSTB
might regulate the correct migration and recruitment of interneurons, a crucial developmental
event often altered in epilepsy.
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Figure 3-8: EPM1 assembloids show changes in interneuron migration

A. Representative pictures of d30 fused-organoid; ventral GFP-f-CTRL and dorsal UL1.

B. Representative pictures of sections from30-days old assembloids, showing ventral GFP+ cells in the dorsal area.

C. Quantification of ventrally derived GFP+ cells in dorsal area/thickness of the counted area (um3). Every dot represents a
different hCOs and different areas were counted for each hCO.

Scale bars: 200 um in (A) and 100 um in (B). Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.

3.8 EPM1 COs dysregulate proteins involved in extracellular space organization

We, then investigates the molecular mechanisms that could explain the non-cell autonomous

phenotypes. To this end, we performed proteomic analysis of 40 days old EPM1 COs.

We identified 178 differentially regulated proteins, including down-regulation of CSTB (Figure
3-9, A). Interestingly, some of these proteins were associated with biological processes
including oxido-reduction stress (Lehtinen et al, 2009; Butinar et al, 2014) (Fig 6J). Moreover,
biological processes such as protein-lipid assembly, cell-cell adhesion and secretion, were also
dysregulated, indicating a role of CSTB in secretory pathways and cell-cell contact.
Specifically, EPM1 COs altered proteins associated with the formation of the extracellular

matrix (Figure 3-9, B).

These finding propose that neurogenesis and neuronal migration, which are affected in EPM1

COs, can be altered by changes in the extracellular environment.
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Figure 3-9: EPM1 COs dysregulate proteins involved in extracellular space organization

A. Volcano plot showing differentially expressed proteins identified in COs, (-0.32log2FC>0.3; UL1 vs CTRL).

B. GOChord plot showing relationships between selected biological process and differentially expressed proteins identified
in COs.

Figure and figure legend adapted from Di Matteo, Pipicelli et al., 2020.

3.9 Non-cell autonomous function of CSTB is mediated by EVs

To gain more insight in the non-cell autonomous function of CSTB in brain development, we
hypothesized that CSTB might be secreted and transported by extracellular vesicles (EVS),
secreted vesicles important for cell-cell communication and ECM composition (Peruzzotti-
Jametti et al., 2021; Sharma et al., 2019; Taverna and Huttner, 2010).

For this purpose, we first investigated transcriptional changes on cells treated with EVs. We
isolated EVs from dorsal and ventral control COs (dCOs and vCOs). We, then, performed
RNA-seq analysis on neural progenitor cells (NPCs) acutely treated (12 hours) with EVs from
dCOs and vCOs (Figure 3-10, A).

NPC transcriptome was significantly altered upon EV treatment, particularly upon treatment
with dorsal EVs (dEVs) compared to ventral EVs (VEVSs) (Figure 3-10, A). We found that genes
associated with the WNT/TGFb/MAPK pathways and with extracellular space were altered,

suggesting a role of EVs in these processes (Figure 3-10, B).
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Figure 3-10: Non-cell autonomous function of CSTB is mediated by EVs

A. Schematic of 12 h treatment of NPCs with brain-region-specific CO EVs (VEVs, ventral, green; dEVs, dorsal, purple) or no
EVs (-EVs).Created with BioRender.com.

B. Heatmap showing differentially regulated genes in NPCs after treatment with ventral (vEVs) and dorsal (dEVs) versus no
EVs.

Then, we investigated if CSTB can contribute to signaling mechanisms mediated by EVs. To
this end, we performed immuno-EM on EVs and confirmed the presence of CSTB in EVs

(identified with the expression of the EV marker CD81 (D’ Acunzo et al., 2021)) (Figure 3-11,
A).
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Figure 3-11: Non-cell autonomous function of CSTB is mediated by EV's (Il)

A. CD81 (large dots) and CSTB (small dots) immuno-electron micrographs in EVs collected from COs. Scale bar: 100nm.

Therefore, we assessed the functional role of EVs in EPML1 epilepsy. We collected EVs from
EPM1 dCOs and vCOs and treated control NPCs acutely for 12 hours with the collected EVs
(Figure 3-12, A).

Upon treatment with EPM1-EVs, both dorsal and ventral, genes involved in neurogenesis and
cell proliferation were altered compared to exposure to control EVs, confirming a non- cell

autonomous role of CSTB, mediated by EVs, in these processes (Figure 3-12, C and D).

Overall, these findings suggest a non-cell autonomous role of CSTB in regulating cell

proliferation and neurogenesis during brain development.
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Figure 3-12: Non-cell autonomous function of CSTB is mediated by EV's (ll1)

A. Experimental setup of bulk-RNA seq performed on NPCs acutely treated (12h) with no EVs (-EVs), control ventral EVs (+ VEVs),
control dorsal EVs (+dEVs), EPM1 ventral EVs (+vEPM1 EVs) and EPM1 dorsal EVs (+dEPM1 EVs). Created with BioRender.com.

B. Heatmap showing differentially regulated genes in NPCs after acute treatment (12 h) with control ventral (vEVs) and EPM1 ventral
(VEPM1 EVs) EVs.

C. Heatmap showing differentially regulated genes in NPCs after acute treatment (12 h) with (c) control dorsal (dEVs) and EPM1
dorsal (dEPM1 EVs) EVs.
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In Chapter 4, | will show part of the results of the project published on bioRxiv:

“Short- and long-distance extrinsic regulation of interneuron

specification and migration”

Fabrizia Pipicelli'?, Natalia Baumann®, Rossella Di Giaimo!#, Christina Kyrousi'®, Rebecca
Bonrath?, Denis Jabaudon®, & Silvia Cappello**

Data not included in the preprint manuscript is also presented.

Some of the figures, figure legends and results in this chapter are adapted from the
manuscript. “The copyright holder for this preprint is the author/funder, who has granted
bioRxiv a license to display the preprint in perpetuity”. Citation (Pipicelli et al., 2022)
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The work presented in this project contains all original work done by me, including design
of the experiments, immunohistochemistry, quantifications, data analysis of
transcriptomics (single-cell RNA-seq, bulk RNA-seq) and proteomics and data

visualization.

Part of this project has been done in collaboration with Natalia Baumann and Denis
Jabaudon from the University of Geneva who performed the pre-processing (alignment)
for the single-cell RNA-seq analysis and established the dorso-ventral model used in this

project.

Rossella Di Giaimo, Christina Kyrousi and Rebecca Bonrath from the Max Planck
Institute of Pyschiatry in Munich have contributed to this work with technical help in
performing bulk-RNAseq, live imaging and immunohistochemistry.
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4 Short- and long-distance extrinsic regulation of interneuron
specification and migration

In this project, we focused on the role of LGALS3BP in the regulation of the

excitation/inhibition balance during neurodevelopment.

The construction of functional neuronal circuits relies on correct neurogenesis and neuronal
migration, coordinated by excitatory and inhibitory neurons. Disruptions in these processes can
lead to sever neurological disorders, such as epilepsy and autism spectrum disorder (ASD).
Mutation of LGALS3BP (E370K) has been described in individual with several pathological

conditions including periventricular heterotopia (PH), epilepsy and ASD.

Previous results obtained in the lab (Kyrousi et al., 2021) showed that LGALS3BP, a human-
brain-specific gene, enriched in human RG cells, is crucial for human corticogenesis, shaping
the ECM composition. Moreover, it has been reported that LGALS3BP regulates progenitor
cell delamination and neuronal migration, and that its secretion in the extracellular environment

is mediated by extracellular vesicles (EVS).

The project here presented aims at the investigation of the role of LGALS3BP in interneuron

progenitor specification and interneuron migration and recruitment.

To this end, we generated dorso-ventral cerebral assembloids (dvCAs) and ventral and dorsal
COs (vCOs and dCOs) derived from genome edited IPSC lines carrying the LGALS3BP variant
(E370K) described in the patient. We found that the E370K variant affected migrating
interneuron recruitment and distribution, and migratory dynamics in a short- and long- distance
extrinsic manner. Moreover, E370K-vCOs showed altered cellular identity, expressing cortical
dorsal genes. Single-cell RNA-seq analysis revealed that E370K ventral progenitors,
intermediate progenitors (IP) and interneurons (INs) acquired also dorsal molecular identity
and dysregulated genes associated with dorsal-ventral patterning, neurogenesis, and axon
guidance. To investigate the short-distance non-cell autonomous regulation of LGALS3BP in
ventral progenitor specification, we generated ventral mosaic organoids (vMOs). This model
contains both isogenic control and E370K IPSCs. We found that LGALS3BP can partially
rescue the altered identity of mutant progenitors and interneurons, confirming an extrinsic effect
of LGALS3BP.

Moreover, our results indicate that E370K dCOs have altered cell proportions, which might

lead to changes in the extracellular matrix composition, ultimately altering the attractive cues
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that guide interneuron tangential migration. Considering that LGALS3BP is secreted via EVS,
we looked at their function on NPCs, finding that they can modify their gene expression.
Specifically, mutant ventrally originated EVs can activate pathways involved in patterning and
cell fate decision, while mutant dorsally originated EVs can activate axon guidance and

chemotaxis.

All together these results showed a novel role of LGALS3BP in maintenance of the
excitatory/inhibitory balance, regulating interneuron specification and migration in both a

short- and long- distance manner, mediated by EVs.

4.1 LGALS3BP variation affects interneuron distribution and migratory
dynamics

We investigated it the E/I balance might be influenced by secreted factors. To this end, we
chose LGALS3BP as a model to study short- and long-distance effects, considering that its

protein is secreted and has crucial function in brain development (Kyrousi et al., 2021).

We, then generated human dorso-ventral cerebral assembloids (dvCAs), following the protocol
descrived in (Bagley Joshua A , Reumann Daniel , Bian Shan, 2017). This model allows to

study interneuron migration by resembling the ventral-dorsal forebrain axis in vitro. (
Figure 4-1, A).

We observed that our dvCAs express the ventral forebrain marker NKX2-1 in the ventral area
(vCAs), and the dorsal forebrain markers TBR1 in the dorsal area (dCAs), as expected (Bagley
Joshua A , Reumann Daniel , Bian Shan, 2017).

To investigate the role of LGALS3BP in interneuron migration, we used an iPSC line carrying
the LGALS3BP variant in heterozygosity (E370K) (Kyrousi et al., 2021). We then generated
dvCAs from isogenic control and genetically edited iPSCs, LGALS3BP-E370K (E370K). As a
secreted protein, LGALS3BP acts extrinsically, possibly in both short- and/or long-distance.
Thus, we generated dvCAs with different combinations of ventral and dorsal CAs (vVCTRL-
dCTRL, VE370K-dCTRL, vVCTRL-dE370K, VE370K-dE370K) to focus on the local (ventral)
and distant (dorsal) effects mediated by LGALS3BP in IN migration.

The VE370K-dCTRL condition carries the E370K variation only in the ventral region;
therefore, this is used as a model for the short-distance effect on IN specification and migration;
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while the vCTRL-dE370K condition, with the mutation in the dorsal region only, is a model

for the long-distance effect on IN recruitment.

The VE370K-dE370K condition in which both ventral and dorsal regions carry the E370K
variant is a model to assess short- and long-distance effects (Figure 4-1, B).

Next, we looked at INs migrated into the dorsal area and quantified the number of cells
migrating from the ventral (GFP+, in green) to the dorsal (RFP+, in magenta) areas in 60-day
old dvCAs in all four conditions. Interestingly, we found changes in INs localization within the
dorsal area of CAs. The localization of GFP+ cells migrated from the ventral to the dorsal region

of Cas was analyzed by subdividing the dorsal area (dCAs) into three equally distributed bins.

In the control condition, vVCTRL-dCTRL dvCAs, circa 45% of GFP+ migrating cells mostly
localized in bin2, while circa 55% in bin3 of the CTRL-dCAs.

On the contrary, in the VE370K-dCTRL condition (mimicking the short-distance effect of
ventral E370K on migratory dynamics), 70% of the cells localized in bin2 and only 10% in bin3
of CTRL-dCA:s.

In the VCTRL-dE370K condition (mimicking the long-distance effect of dorsal E370K on
migratory dynamics of CTRL interneurons), 30-35% of control cells were distributed in binl
and bin2 and ~25% in bin3 when migrated into E370K-dCAs.

In the vE370K-dE370K condition, we found that 70% of E370K cells localize in binl, 20% in
bin2, and 10% in bin3 of E370K dCAs (

Figure 4-1, C).

In every condition that included the E370K variant, the distribution of INs within the dorsal
regions was altered, suggesting that LGALS3BP is crucial for both migration and recruitment
of INs. In the VE370K-dCTRL condition, migrated cells were primarily localized in bin2,

suggesting an altered short-distance regulatory mechanism.

In both vCTRL-dE370K and vE370K-dE370K conditions, migrated cells were distributed
primarily in binl, indicating altered extrinsic long-distance mechanisms of recruitment
mediated by the E370K mutation. These two last conditions both had LGALS3BP variants in
the dCAs, demonstrating the strong extrinsic long-distance role of LGALS3BP in recruiting
INs.
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These results suggest that LGALS3BP E370K mutation affects IN migration and recruitment

in the dorsal forebrain by influencing the local and remote extracellular environment.

We, next analyzed the migratory behavior of INs, looking at the trajectories of GFP+cells
migrated into the dorsal area. This was done in all four conditions. To this end, we tracked
GFP+ ventral migrating cells within dCAs in live imaging experiment. We measured three

parameters described already in Klaus et al.,2019 (

Figure 4-1, D). In particular, we looked at speed of migration (velocity), pausing (resting

timepoints) and directionality (tortuosity).

For all three parameters, where LGALS3BP was mutated in at least one region of the dvCAs
(VE370K-dCTRL, VCTRL-dE370K, VE370K-dE370K), we observed a significant difference
compared with the vVCTRL-dCTRL condition. In all three conditions, speed of migration
decreased, and resting timepoints increased, suggesting that velocity and sliding movement are

regulated in a short and long-distance manner.

Interestingly, E370K cells migrating into the control dorsal region showed more tortuous
trajectories when migrating in CTRL-dCAs, suggesting that tortuosity is regulated in an
intrinsic or extrinsic short-distance way. Altogether, these results show that LGALS3BP
influences IN migration by regulating their migratory dynamics, in particular directionality, but

also sliding movement and speed (

Figure 4-1, E).
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Figure 4-1: LGALS3BP variation affects interneuron distribution and migratory dynamics

A. Experimental set-up of the four different combinations of dvCAs generated for binning analysis and time-lapse live imaging.
B. Cleared dvCAs, with the dorsal area divided in 3 equally distributed bins for binning analysis. Scale bar: 200 um.

C. Quantification of localization of GFP+ventral cells migrated in the three bins in the dorsal region of dvCAs. Box plots show
median and interquartile range. Statistical significance was based on the Mann-Withney U test *p<0.05, **p<0.01,
***¥p<0.001. n of organoids: CTRLv-CTRLd=6, E370Kv-CTRLd=8, CTRLv-E370Kd=7, E370Kv-E370Kd=8, from at least 2 different
batches.

D. Experimental set-up for time-lapse live imaging in dvCAs (top). Examples of the GFP+ ventral cells time-lapse migration in
dorsal area of dvCAs for each condition are shown (bottom). Scale bar: 80 um. Created with BioRender.com.

E. Analysis of migratory parameters: velocity (top), number of resting time points (middle), and tortuosity index (bottom) of
migrating GFP+ventral cells within the dorsal area. Box plots show median and interquartile range. Statistical significance was
based on the Mann-Withney U test *p<0.05, **p<0.01, ****p<0.0001. Figure and figure legend adapted from Pipicelli et al.,
2022.
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4.2 E370K-vCOs have altered cell identity

To analyze the intrinsically altered migration of mutant INs, we generated ventral forebrain
organoids (vCOs) from isogenic control and E370K iPSC lines (Bagley Joshua A , Reumann
Daniel , Bian Shan, 2017). The vCOs are a valuable system to look at differentiation of ventral
progenitors into INs. The ganglionic emincences (GEs) are the regions where INs are generated.
The ventral germinal zones of MGE and CGE generate different subpopulations of INs, while
LGE gives rise to medium-spiny neurons (MSNs) that reach the striatum (Miura and Pasca,
2019; Peyre et al., 2015).

We observed a significant decrease of LGALS3BP expression in mutant vCOs (Figure 4-2, A).
Moreover, we also found differences in GEs marker expression. Specifically, E370K-vCOs are
characterized by a decrease of MGE NKX2-1+ cells, and a increase of CGE PAX6+ and LGE
MEIS2+ cells (Figure 4-2, B). This data show that E370K vCOs produce more CGE and LGE
regions. However, PAXG6 is also a expressed in the dorsal cortex.

We then, aimed to understand the regional identity of the increased PAX6+ cells, we looked
for dorsal markers, such as EOMES (marker of cortical intermediate progenitors-IP), TBR1
(marker of deep layer cortical neurons) and SATB2 (marker of upper layer cortical neurons).
The immunohistochemistry analysis revealed that mutant vCOs express EOMES, TBR1, and
SATB2. Specifically, EOMES was expressed in 50% of analyzed ventricles, TBR1 in circa
60%, and SATB2 in circa 90%. These results show that E370K vCOs express ectopic dorsal
cortical markers (Figure 4-2, C and D).

Next, we assessed if E370K ventral cells (vCAs) migrated into CTRL-dCAs expressed TBR1
and SATB2, analyzing the proportions of ventral E370K GFP+ cells expressind the dorsal
markers. Interestingly, 30% of the total E370K GFP+ migrated cells expressed TBR1, while
10% expressed SATB2. On the contrary, as expected. CTRL GFP+ ventral cells expressing
TBR1 and/or SATB2 were absent in CTRL-dCAs.

Our findings suggest that LGALS3BP could be involved in regional patterning, regulating
progenitor differentiation in the ventral forebrain. This alteration may, in turn, bring changes in

migratory behavior.
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Figure 4-2: E370K-vCOs have altered cell identity

A. Representative pictures of 60-days old CTRL and E370K vCO immunostained for LGALS3BP (magenta). Scale bar: 50 um.

B. Representative pictures of 60-days CTRL and E370K vCO immunostained for NKX2-1, PAX6 and MEIS2. Scale bar: 50 um.

C. Representative pictures of 60-days CTRL and E370K vCO immunostained for cortical markers EOMES, TBR1 and SATB2. Scale bar:
50 pum.

D. Quantification of ventricles (%) expressing EOMES+cells (top), TBR1+cells (middle) and SATB2+cells (bottom) in 60-days CTRL and
E370K vCOs. Statistical significance was based on the exact binomial test ****p<0.0001. n of observations: for EOMES, CTRL=96,
E30K=53; for TBR1, CTRL=100, E30K =107; for SATB2, CTRL=48, E30K =76; from 3 different batches.

E. Representative pictures of dorsal regions of 60-days dvCAs showing ventral migrated cells (GFP+) and dorsal neurons (TBR1 and
SATB2, white). Scale bar: 50 um.

F. Quantification of migrated GFP ventral cells expressing TBR1 and SATB2 in the dorsal area of dvCAs. Box plots show median and
interquartile range. Significance was based on the Mann-Withney U test **p<0.01, ****p<0.0001. n of ventricles: for GFP+TBR1+,
CTRL=58, E370K=26; for GFP+SATB2+, CTRL=29, E370K =20; from at least 2 different batches. Figure and figure legend adapted from
Pipicelli et al., 2022.
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Moreover, considering that the E370K variant is heterozygous, it still has the functional allele.
For this reason, we also generated iPSCs line carrying the Y366Lfs variation in LGALS3BP in
homozygosity (Kyrousi et al., 2021), from which we generated Y366Lfs-vCOs.

Interestingly, also Y366Lfs-vCOs showed decreased expression of LGALS3BP and expressed
EOMES, TBR1, and SATB2, recapitulating the phenotype observed in the E370K vCOs
(Figure 4-3, A, B and C).

Altogether, we showed that functional LGALS3BP is important for the correct specification of

interneurons.
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Figure 4-3: E370K-vCOs show alteration in cell identity (Il)

A. Representative pictures of 60-days CTRL and Y366Lfs d60 vCOs immunostained for LGALS3BP (magenta). Scale bar: 50 um.

B. Representative pictures of 60-days CTRL and Y366Lfs d60 vCOs immunostained for cortical markers EOMES, TBR1, SATB2. Scale bar:
50 pum.

C. Quantification of ventricles (%) expressing EOMES (top), TBR1 (middle) and SATB2 (bottom) in 60-days old vCOs. Statistical
significance was based on exact binomial test ****p<0.0001. n of ventricles: for EOMES, CTRL=96, Y366Lfs =80; for TBR1, CTRL=100,
Y366Lfs =119; for SATB2, CTRL=48, Y366Lfs =119; from 2 different batches. Figure and figure legend adapted from Pipicelli et al., 2022.
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4.3 Molecular changes in cells derived from E370K-vCOs

Intrigued by the altered migratory dynamics of E370K ventral cells, we dissected the
transcriptional features of mutant vCOs. To this end, we performed single-cell RNA-
sequencing (sScRNA-seq) analysis CTRL-vCOs and E370K-vCOs (60-days old). We identified
5369 cells that clustered into eight groups. We identified progenitor cells, characterized by the
expression of TOP2A, IP expressing TTYH1, ASCL1 and NKX2-1, and interneurons expressing
MAP2 and DLX5 (Figure 4-4, A, B and C). Interestingly, we noticed that E370K-vCOs
presented different cell proportions compared to control. Specifically, the MGE IP cluster

which comprise only 10% of mutant cells (Figure 4-4, D).
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Figure 4-4: Molecular changes in cells derived from E370K-vCOs

A,B. Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) visualization showing clusters of scRNA-seq
data from 60-days old control and E370K vCOs .

C. Feature plot showing the expression of progenitor markers (TOP2A), IPs markers (TTYH1, NKX2-1, ASCL1) and interneurons (DLX5,
MAP2) in 60-days old control and E370K vCOs.

D. Bar plot showing cell proportion in CTRL and E370K vCOs. Figure and figure legend adapted from Pipicelli et al., 2022.
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Next, we identified a pseudo-differentiation trajectory from progenitors to interneurons, using

Monocle3(Trapnell et al., 2014), (https://cole-trapnell-lab.github.io/monocle3/). As expected

from the immunohistochemistry analysis and from the difference in cell proportion in the
E370K-vCOs, the mutant vCOs were lacking on the IP-MGE IP trajectory (Figure 4-5, A and
B).

Then, we performed differential expression (DE) analysis in the three main cell populations
(progenitors, IP and MGE-IP, and INs) (Figure 4-5, C, D and E). All three populations of
E370K-vCOs show downregulation of ventral genes (NKX2-1, NKX6-2, SIX3, DLK1, OCIAD2,
and SHH).

As expected, they upregulate genes associated with dorsal identity, such as PAX6, PTN,
POU3F2, GLI3, and NEUROG2. These results confirmed that E370K ventral cells gain dorsal
identity.

Interestingly, also genes associated with axon guidance were differentially expressed in mutant
vCOs (EFNA5, EPHB2, SEMA5B, and SLIT2), which could explain the alterations in IN

migration and recruitment observed in the assembloids.

Moreover, genes associated with periventricular heterotopia (PH), FAT4, DLL1, ROBO3 and
RND2, (Klaus et al.), were dysregulated in E370K-vCOs. The DE analysis confirmed that, in
E370K-vCOs genes associated with pattern specification, regionalization, differentiation,

neurogenesis, are dysregulated (Figure 4-5, F, G and H).

These findings suggested a key role of LGALS3BP in human ventral forebrain pattern and

development.
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Figure 4-5: Molecular changes in cells derived from E370K-vCOs

A, B. Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) visualization of pseudo-time trajectories in

control v€COs and in E370K from progenitors to interneurons.
C, D, E. Volcano plot showing the fold change (CTRL vs E370K) of gene expression in progenitors, IP and MGE IP, and in INs in control

vCOs and in E370K.
F, G, H. GO enrichment for DE genes in progenitors, IP and MGE IP and INs. GO for biological process are reported. Figure and figure

legend adapted from Pipicelli et al., 2022.
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4.4 | GALS3BP has a short-distance effect in ventral cell fate decision and in
specification of neurons

LGALS3BP is a secreted glycoprotein and its functions have been mainly characterized in
cancer, being LGALS3BP a cancer biomarker (Capone et al., 2020, 2021a; Escrevente et al.,
2013; Fogeron et al., 2013; Gomes et al., 2015; Luo et al., 2021; Song et al., 2020; Zhang et al.,
2019).

For this reason, together with our data, we hypothesized that LGALS3BP might have a non-
cell autonomous function. We assessed if the dorsal identity gained by mutant vCOs can be
rescued by generating a more physiological environment. To address this issue, we established
two approaches: (i) we treated E370K-vCOs with media from CTRL-vCOs; (ii) we generated
ventral mosaic organoids (vMOs) by mixing, in a ratio of 1:1, control iPSCs (isogenic control)
and E370K IPCs labeled with GFP (Figure 4-6, A and B)

Interestingly, a rescue of the phenotype in both cases was obtained. Specifically, upon exposure
to control medium or cell to cell contact with control cells, a significant reduction of the
expression of the dorsal markers (EOMES for IP, TBR1 for deep layer neurons and SATB2 for
upper layer neurons) compared to E370K-vCOs (Figure 4-6, C, D, E and F) was observed.

To get more insight on the transcriptomic features of vMOs, we performed scRNA-seq (, A).
The 4898 identified cells clustered into six main clusters. We identified progenitor cells
expressing TOP2A, IP expressing TTYH1 and ASCL1, MGE IP expressing NKX2-1, INs
expressing DLX5 and MAP2, and LGE-derived medium-spiny neurons (MSNSs) expressing
ZFHX3 (Figure 4-7,B, C and D).

Interestingly, vMOs have increased progenitors, IP, and MGE IP cell proportions compared to
E370K-vCOs (Figure 4-7, E). These results indicate that a more physiological environment
could change cell proportions of mutant cells. Next, we looked at the trajectory from progenitors
to INs, as seen in vCOs. To identify trajectories of cortical INs, we excluded LGE-derived MSN
(Fig.S4A). Using Monocle3  (Trapnell et al, 2014), (https://cole-trapnell-

lab.github.io/monocle3/), the pseudo-time trajectories in vMOs were identified. The trajectories

included both CTRL and E370K cells. Interestingly we noticed that the trajectories of vMOs
resembled the ones found in CTRL-vCOs (Figure 4-7, F and G). These findings suggested that
E370K cells in vMOs have partially rescued the phenotype after exposure to CTRL cells.
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Figure 4-6: Short-distance effect of LGALS3BP in ventral cell fate decision and in specification of neurons

A. Experimental setup for media exchange in vCOs. E370K vCOs are treated with control culture media from day 12 of culture until day 60.

B. Experimental setup for generation of vMOs. . Created with BioRender.com.

C. Representative immunostaining of vCOs and vMOs showing the IP marker EOMES (grey), the deep layer neuronal marker (TBR1, grey)

and upper layer neuronal marker (SATB2, grey). Scale bar: 50 um..Created with BioRender.com.

D. Quantification of the percentage of EOMES+cells in vCOs and vMOs normalized by DAPI in the analyzed GE unit. Significance was based
on the Kruskal-Wallis multiple comparison test *p=0.029, ***p=0.0004, ****p<0.001. Every dot in the plots refers to analyzed ventricles

per vCO from at least 3 different vCOs generated in at least 2 independent batches.

E. Quantification of the percentage of TBR1+cells in vCOs and vMOs normalized by DAPI in the analyzed GE unit. Significance was based on
the Kruskal-Wallis multiple comparison test ****p<0.001. Every dot in the plots refers to analyzed ventricles per vCO from at least 3

different vCOs generated in at least 2 independent batches.

F. Quantification of the percentage of SATB2+cells in vCOs and vMOs normalized by DAPI in the analyzed GE unit. Significance was based
on the Kruskal-Wallis multiple comparison test ****p<0.001. Every dot in the plots refers to analyzed ventricles per vCO from at least 3

different vCOs generated in at least 2 independent batches. Figure adapted from Pipicelli et al., 2022.
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Figure 4-7: Short-distance effect of LGALS3BP ventral cell fate decision and in specification of neurons (l1)

A. Experimental set-up showing generation and processing of vMOs . Created with BioRender.com.

B,C. Uniform Manifold Approximation and Projection for Dimension Reduction(UMAP) visualization showing clusters of scRNA-seq data
from 60-days old vMOs.

D. Feature plot showing the expression of progenitor markers (TOP2A), IPs markers (TTYH1, NKX2-1, ASCL1), INs (DLX5, MAP2) and
MSNs (ZFHX3) in 60-days old vMOs.

E. Bar plot showing cell proportion in 60-days old vMOs.

F,G. UMAP visualization of pseudo-time trajectories in vMOs from progenitors to neurons. Figure and figure legend adapted from
Pipicelli et al., 2022.
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4.5 LGALS3BP role in reverting ventral progenitor and interneuron molecular
identity

By taking advantage of a dorso-ventral model, we better analyzed the molecular identity
acquired by E370K vCOs and vMOs. This model allows the prediction of the molecular identity
(dorsal and/or ventral) of cells according to their transcriptome, defining a dorso-ventral score
(DV). To this end, we collected scRNA-seq data from CTRL-dCOs and CTRL-vCOs, E370K-
vCOs, and CTRL/E370K-vMOs and cluster them all together. (Figure 4-8, A). We identified
three main clusters, including progenitors, expressing TOP2A, IP, expressing TTYH1, and
neurons, expressing MAP2 (Figure 4-8, B, C and D).

As expected, the model predicted the highest score (more dorsal identity) in CTRL-dCOs and
the lowest in control CTRL-vCOs (more ventral identity), as expected. The other conditions
showed an “in between” dorso-ventral identity. The predicted identity of E370K-vCOs were
intermediate through the dorso-ventral score, while the predicted identity of cells from vMOs
(both control and mutant) was similar. In particular, the molecular identity of CTRL cells from
vMOs was closer to the identity of CTRL cells from vCOs. E370K cells from vMOs revealed
an identity which was similar to the one of E370K-vCOs (Figure 4-8, E).

These results strongly confirmed that E370K cells gain a dorsal molecular identity, showing a
high DV score compare to CTRL-vCOs. The dorsal identity of mutant cells can be partially
rescued by exposure to CTRL cells (Figure 4-8, E).

We also looked if gene expression might be affected in vMOs. We, then, looked at the ventral
genes NKX2-1 and DLX5. These genes are almost not expressed or are expressed at very low
levels in E370K-vCOs. However, NKX2-1 and DLX5 are expressed along the pseudo-
differentiation trajectory in E370K cells from vMOs.

On the other hand, the dorsal genes GLI3 and POU3F2 are enriched in CTRL-dCOs. They are
also highly expressed in E370K-vCOs. However, the expression levels of GLI3 and POU3F2
are still lower in E370K-vMQOs compared to E370K-vCOs (Figure 4-8, F).

Next, we looked at the in-situ hybridization data from the “Allen Developing Mouse Brain
Atlas”(Thompson et al., 2014) and, wusing VoxHunt (Fleck et al., 2021)
(https://quadbiolab.github.io/VoxHunt/), we plotted our CO single-cell RNAseq data on the

developing mouse brain.
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As expected, data from CTRL dCOs plot to the mouse dorsal forebrain (pallium), while data
from vCOs map to the and ventral forebrain (subpallium). Interestingly, data from E370K-
vCOs, map to the mouse ventral forebrain but also to the dorsal forebrain, confirming their
dorsal cortical identity. Both CTRL and E370K cells from vMOs, mostly map to the mouse
ventral forebrain; however, E370K cells still correlate with the mouse ventral forebrain (Figure
4-8, G).

Overall, our results reveal that the molecular identity of ventral progenitors, IP, and neurons

can be influenced by extrinsic factors released in the extracellular space.
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Figure 4-8: LGALS3BP role in reverting ventral progenitor and interneuron molecular identity

A. Experimental set-up showing cluster analysis of 60-days old CTRL dCOs (d-CTRL), CTRL vCOs (v-CTRL), E370K vCOs (v-E370K) and vMOs
(vMOs-CTRL and -E370K). Created with BioRender.com.

B,C. Uniform Manifold Approximation and Projection for Dimension Reduction(UMAP) visualization of scRNA-seq data from CTRL dCOs,
CTRL vCOs, E370K vCOs and vMOs.

D. Feature plot showing the expression of progenitor marker (TOP2A), IPs marker (TTYH1,), neuronal marker (MAP2).

E. Boxplot showing the dorso-ventral (DV) prediction score of progenitors, IP, and neurons in all conditions. Box plots show median and
interquartile range.

F. Expression level of ventral (NKX2.1 and DLX5) and dorsal (GLI3 and POU3F2) genes along the pseudo-time axis in each condition.

G. VoxHunt spatial brain mapping of the scRNA-seq from all conditions onto data from E13.5 mouse brains from the Allen Brain Institute.
Figure and figure legend adapted from Pipicelli et al., 2022.”
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4.6 Different cellular composition in E370K dCOs might affect interneuron
recruitment

We showed that E370K ventral cells have an altered molecular identity, namely they acquire
dorsal identity rather than ventral. This cell fate switch could result in the altered migratory
dynamics observed in VE370K-dCTRL assembloids, described in chapter 4.1. Moreover, we
showed that localization of control ventral cells is altered when migrating into the E370K dorsal

region, suggesting a long-distance role of LGALS3BP in the recruitment of interneurons.

We, therefore, sought to understand the mechanisms underlying the recruitment of INs in
assembloids. Recruitment of INs is a highly regulated and complex process (already described
in the introduction), and it is influenced by extrinsic cues that attract them to the cortex (Marin,
2013; Peyre et al.,, 2015; Silva et al., 2018). We hypothesized that changes in cellular
composition could lead to alteration in interneuron migration and, specifically, to the cortex.

To this end we performed single-cell RNA-sequencing (scRNA-seq) analysis in 60-day old
dorsal CTRL-dCOs and E370K-dCOs. The 6951 identified cells clustered into eleven main
groups (Figure 4-9, A and B), including progenitors expressing TOP2A, PAX6, SOX2, RGCs
expressing FABP7 and HOPX, neurons expressing STMN2, SYT1, NEURODG6, POU3F2 and
EMX1 and neuroectoderm and neuroepithelium expressing LUM and VCAN (Figure 4-9, C).

Interestingly, E370K dCOs show different cell proportions compared to control. Specifically,
they present more neuroectoderm (39%), neuroepithelium (10%), proliferating cells (15%)
compared to CTRL dCOs where neuroectoderm, neuroepithelium represent the 2% and 1% of

total cells, respectively; and proliferating cells represent the 17% of total cells (Figure 4-9, D).

Then, the cells were aligned on a developmental pseudo-differentiation axis. Clearly, E370K
cells exhibit difference in the pseudo-differentiation, showing earlier developmental stages
(Figure 4-9, E and F). The different cell composition observed in E370K dCOs might alter the
extracellular environment, resulting in changes in the attractive cues which could explain the

alteration in interneuron localization when migrating in the mutant dorsal part of assembloids.
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Figure 4-9: Different cellular composition in E370K dCOs might affect interneuron recruitment

A,B. Uniform Manifold Approximation and Projection for Dimension Reduction(UMAP) visualization of scRNA-seq clusters of 60-days old
control and E370K dCOs (n= 6951 cells from a pool of 5 organoids each condition).

C. Feature plot showing the expression of progenitor markers (TOP2A, PAX6, SOX2), RGs markers (FABP7, HOPX), excitatory neurons
(STMN2, SYT1, NEUROD6, POU3F2 and EMX1), neuroectoderm (LUM) and neuroepithelium (VCAN) in 60-days old dCOs.

D. Bar plot showing cell proportion in 60-days old CTRL and E370K dCOs.

F. Density plot showing cell distribution along pseudo-differentiation axis in 60-days old CTRL and E370K dCOs.

G. Box plot showing cell distribution along pseudo-differentiation axis in 60-days old CTRL and E370K dCOs per each cluster.
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Therefore, we performed DE analysis in proliferating cells, dorsal progenitors, and excitatory
neurons. Interestingly, we found many genes associated with cell proliferation and
differentiation, such as HES4, EMX2, GLI3 and cerebral cortex regionalization including
WNT5A, HES1, RHOA to be differentially expressed in E370K proliferating cells and
progenitors. Moreover, mutant neurons dysregulate genes associated with axon guidance and
chemotaxis, such as ROBO3, RELN, SEMAG6A, CXCL12, CXCR4. Specifically, CXCL12 and
CXCR4 are chemokines that guide INs in their migration to the cortex (Lépez-Bendito et al.,
2004; Marin, 2013).

Interestingly, in all the three cell populations, genes involved in extracellular matrix
composition and assembly, extracellular vesicle were differentially regulated, suggesting that
the ECM might play a crucial role in all these processes, especially in the migration and
recruitment of INs (Figure 4-10, A, B and C).

These results showed that mutant dCOs have increased neuroepithelium and proliferating cells
compared to CTRL dCOs. This difference in cell composition might lead to a different
extracellular environment and ECM composition which could result in different

attractive/repulsive cues that will ultimately affect interneuron recruitment in the cortex.
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Figure 4-10: Different cellular composition in E370K dCOs might affect interneuron recruitment (1)

A, B, C. Volcano plots (top) showing the fold change (CTRL vs E370K) of gene expression in proliferating cells, dorsal
progenitors, and excitatory neurons in 60-days old dCOs; and enrichment for DE genes (bottom) in proliferating cells,
dorsal progenitors and excitatory neurons in dCOs. GO for biological process are reported.”
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4.7 Short- and long- distance effect of LGALS3BP is mediated via extracellular
vesicles

In Chapter 3.9, | showed the importance of extracellular vesicles (EV) during
neurodevelopment, in both physiological and pathological condition. Indeed, factors released
in the ECM by EVs can impact on neurogenesis and cell migration (Peruzzotti-Jametti et al.,
2021; Sharma et al., 2019; Taverna and Huttner, 2010). Moreover, our previous work showed
that, in COs, LGALS3BP, has critical extrinsic functions in modeling the extracellular

environment, mediated by its secretion via EVs (Kyrousi et al., 2021).

We then investigated the long-distance effect of extrinsic mechanisms underlying the altered
interneuron distribution in the vCTRL-dE370K assembloid.

To this end, we looked, first at the role of EVs collected from ventral and dorsal E370K COs
(E370K-vEVs and E370K-dEVs, respectively) on neuronal progenitor cells (NPCs) at the
transcriptional level. NPCs were acutely treated with EVs isolated from control and E370K
vCOs and dCOs (Figure 4-11, A). The RNA-seq analysis performed on NPCs revealed changes
in the transcriptome after EV exposure. Interestingly, E370K-vEVs showed changes in DNA
metabolic process, WNT and NOTCH pathways and axon guidance (Figure 4-11, B). On the otheR
hand, NPCs treated with E370K-dEVs altered the expression of genes associated with cell cycle
and interkinetic nuclear migration (INM) (Figure 4-11, C). Moreover, upon treatment with
E370K-dEVs, NPCs upregulated genes associated with cell migration, including the
chemokines CXCL10, CXCL11 or semaphoring SEMAGD (Figure 4-11, C).

Altogether, these results propose a role of EVs in cell fate decision, migration and recruitment
of INs during brain development.
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Figure 4-11: Short- and long-distance effect of LGALS3BP is mediated via extracellular vesicles

A. Schematic of acute treatment (12 h) of NPCs with vEVs and dEVs collected from CTRL and E370K vCOs and dCOs. Created
with BioRender.com.

B. Heatmap showing differentially regulated genes in NPCs after treatment with E370K-vEVs (top), up-regulated genes In NPCs
after E370K-vEVs associated with WNT and NOTCH pathways, and axon guidance (bottom).

C. Heatmap showing differentially regulated genes in NPCs after treatment with E370K-dEVs (top), up-regulated genes In NPCs
after E370K-vEVs associated with neuronal migration (bottom). Figure and figure legend adapted from Pipicelli et al, 2022.
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In Chapter 5, I will show the results of the project:

Extracellular vesicles are crucial mediators in orchestrating brain

development and disease

The work presented in this project contains all original work done by me. All the proteomic

data presented in this work were analyzed by me.

The samples analyzed in this project were collected and pre-processed by Rossella Di
Giaimo, Giuseppina Maccarrone, from the Max Planck Institute of Psychiatry, and Pavel
Kielkowski, from LMU in Munich. Experiments in NPCs, neurons, and astrocytes in 2D
and all imaging and confocal pictures were performed by Andrea Forero Echeverry, from

the Max Planck Institute of Psychiatry.
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5 Extracellular vesicles are crucial mediators in orchestrating
brain development and disease

This study focused on the role of extracellular vehicles (EVS) during brain development.

In the previous chapters of this thesis, | showed how extrinsic signals are important for
neurodevelopment and during brain diseases. Since, extracellular signals regulate neurogenesis,
neuronal migration, cell-cell communication, adhesion, and morphology, here I will focus on
EVs, secreted vesicles by all cells which carry ECM components that regulates cell growth and
differentiation.

The knowledge regarding EVs in brain development is very little, therefore, in this project, we
analyzed the role of EVs in neurodevelopment in both physiological and pathological
conditions. We characterized EV content, release, and uptake in 3D human cerebral organoids
at different time points and in 2D cell cultures (neuronal progenitor cells-NPCs -, neurons and

astrocytes).

We found that EVs collected from COs and NPCs, neurons, and astrocytes, showed changes in

protein contents according to their developmental stage and cell types.

Moreover, we characterized EVs proteome and function of COs generated from EPM1 patients
(refers to chapter 4), and in COs carrying a mutation of LGAL3BP described in individual with
neurological disesase (see chapter 5). We found a decrease in number of proteins and alteration
of proteins associated with cell-cell communication, cell fate decision, axon guidance and

extracellular matrix composition.

This work shed new light in non-cell autonomous mechanisms in brain development and

neurodevelopmental disorders.
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5.1 Developmental characterization of vesicles in COs

In this work, we characterized vesicle composition using a 3D model of human brain
development: cerebral organoids (COs). We isolated intracellular vesicles (IVs) from the
cellular fraction and extracellular vesicles (EVs) from the secreted fraction by
ultracentrifugation (Ferrara et al., 2009) and immuno-electron microscopy with transmembrane
(CD81) and intraluminal (LGALS3) markers (Figure 5-1, A).

We, therefore, performed a systematic proteomic analysis of IVs and EVs at different
developmental stages, from 15 to 360 days in culture. We detected a total of 7266 proteins, with
varying complexity in Vs (7088) and EVs (3791).

At early stages of development, EVs originated mostly from neural progenitor cells (NPCs)

while later they derived from a mixed population of NPCs, neurons, and glial cells.

Interestingly, the unique protein content for each developmental stage (37.72%) showed
enrichment of GO terms associated to cell-cycle and RNA-splicing (d15), intracellular transport
and mitochondrial membrane (d40), ribosome biogenesis and mitochondrion (d200) and

locomotion, secretion, neuron part and cell motility (d360) (Figure 5-1, B and C).

We identified that 6.8% of EV proteins was shared across all developmental stages, including

those involved in cell junctions and secretory functions (Figure 5-1, D).

This pronounced difference across development suggests unique EV signatures and complexity.
Development-associated EV proteins were identified but did not follow their cellular expression

strictly.

Markers for apical radial glia, like VIM and FABP7, differed in abundance, with a peak of
expression at d100 (VIM) and d200 (FABP7). Typical markers for basal radial glia, were
enriched at different stages in EVs with PTPRZ1 peaking at d100 and GNG5 at d200. Early
neuronal markers were detected in EVs and while DCX peaked at d15, RELN was strongly
enriched at d40. Mature neuronal markers also exhibited distinctive patterns; TUBB3 was

persistently secreted in EVs while MAP2 only after 200 days (Figure 5-1, E).

We next examined typical EV markers and identified unique developmental expression

trajectories suggesting EV heterogeneity (Figure 5-1, F).

As EVs modulate extracellular matrix (ECM) composition, we investigated the presence of
ECM components. While some components (COL3A, COL4A and LGALS3BP) were
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constantly detected, other ECM proteins changed (VCAN) or were absent in EVs at early stages
(HAPLN1, LGALS3 and COL4A1) but expressed in Vs, suggesting a regulated secretion and
an increased complexity of the ECM at late stages (Figure 5-1, G).
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Figure 5-1: Developmental, cell-type-specific characterization of vesicles

A. Transmembrane (CD81) and intraluminal (LGALS3) marker immuno-electron micrographs in EVs collected from COs
conditioned media. Scale bar:100nm.

B. Venn diagram of EV proteins at all timepoints.

C. Heatmap showing hierarchical clusters of EV proteins at different timepoints. GO enrichments of clusters are displayed.
E,F,G. Temporal trajectories of developmental, EV and ECM markers (as indicated in the panel) in IVs (orange) and EVs (blue).
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5.2 Regional characterization of EVs in COs

Next, we characterized EVs collected from dorsally- and ventrally-patterned forebrain COs
(dCOs and vCOs) (Bagley et al., 2017b; Birey et al., 2017) to investigate region specific
difference in EV content. With this model, we aimed to address difference in EV content that
could regulate crosstalk between cortical cell types (including RGs, IP and excitatory neurons);

and between ventral cell types (including ventral progenitors and interneuron precursors).

Interestingly, we noticed that EVs from dorsal (dEVs) and ventral COs (VEVS) shared 62,5%
of the total proteins. Moreover, VEVs only had a small fraction of unique proteins (2.5%) while

dEVs contained 35% of unique proteins (Figure 5-2, A).

These results suggest a greater complexity in dorsal EVs and perhaps that dorsal cells make a

more extensive use of EV-mediated communication.

We identified proteins involved in cell adhesion and motility proteins enriched in dEVS; while
RNA, miRNA and chromatin binding were the main functions for VEV proteins, suggesting
that in the cortex EVs mediate mostly adhesion and motility, while in the ventral forebrain they

regulate gene expression (Figure 5-2, B, C, D and E).

Amongst the unique proteins, typical patterning-related proteins were expressed either in dEVs
(WNT3) or VEVs (SHH). Moreover, we identified an essential molecular motor (KIF1A) and
other proteins associated to neurodevelopmental disorders that were specific or enriched in
dEVs or VEVs. Specifically, TUBB6 and KIF1A were detected only in VEVS; while CHD8 and
WNT3 were present only in VEVs. RELN is detected in both dorsal and ventral EV, with a
higher level in dEVs, probably due to its role in interneuron recruitment in the cerebral cortex
(Thom et al., 2004) (Figure 5-2, C).
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Figure 5-2 Regional characterization of EVs in COs

A. Venn diagram of vCO and dCO EV proteins (common proteins in bold).
B. Volcano plot of protein level of vCO and dCO EVs, plotting the negative log10 g-values (FDR) of all proteins against their log2 fold

change (dCOs vs vCOs). Significantly expressed proteins (g-value < 0.05) are labelled (dCOs, purple and vCOs, green). GO
enrichments are shown.

C. Brain-region-specific marker expression in vCO and dCO EVs.
D, E. GO enrichments for proteins significantly expressed in EVs secreted by vCOs (green) and by dCOs (purple).
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5.3 Neurological disorders-associated proteins are secreted via EVs

Recent proofs suggest that changes in the extracellular environment might lead to brain
disorders (Amin and Borrell, 2020; Mazurskyy and Howitt, 2021).

To prove this point, we looked at proteins associated with neurological disorders, particularly
cortical malformation (CM), epilepsy, Autism Spectrum Disorders (ASD) and Schizophrenia

(SCZ) obtained from DisGenet (https://www.disgenet.org/) if they were expressed in 1V and

EV. Interestingly, we found that ca 45% of ASD-, epilepsy- and schizophrenia-associated
proteins were detected in vesicles collected from control organoids, while CM-associated

proteins showed higher percentage (50%) (Figure 5-3, A).

We then looked at the percentage of proteins associated with ASD, epilepsy, CM and SCZ
expressed in EVs at each time point. Overall, they show similar trajectories, with pics of higher
enrichment of proteins at 40 and 360 days, suggested a neuron/late-enrichment in disease
secreted proteins (Figure 5-3, B, C, D and E).

Moreover, we identified proteins specific for each disease with different expression in EVs
along the developmental trajectory, suggesting that their secretion is regulating over time. These
results showed that proteins associated with brain disease are secreted via EVs, which could

suggest an important role of vesicles in the biology of neurological disorders.
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Figure 5-3: Impact of EVs in neurodevelopmental disorders

A. Bar plot indicating the proportion of proteins found in CO EVs associated with neurodevelopmental disorders (DisGeNET).
B,C,D,E. Proportion of disease-associated proteins found in CO EVs during development and developmental trajectory of
selected proteins associated with ASD (B), epilepsy (C), CM (D) and schizophrenia (E) (as shown in the panel).
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5.3.1 Different EV content in EPM1 COs

In chapter 3, | showed that one of the molecular mechanisms associated with EPM1 epilepsy is
mediated by the secretion of CSTB, moreover we identified that EVs collected from EPM1
COs can alter the gene expression of neuronal progenitor cells, dysregulating genes associating

with neurogenesis and cell proliferation.

First, we confirmed that CSTB is secreted in control COs over time, then, we characterized the
content of EVs derived from EPM1 vCOs and dCOs (Figure 5-4, A).

To this end, we collected EPM1-vCOs-EVs and EPM1-dCO-EVs and confirmed the strong
decrease of proteins in both EPM1-vEVs and EPM1-dEVs (~50%) (Figure 5-4, B and C).

Interestingly, while VEVs and dEVs shared 62.5% of the proteins and only 2.5% was unique
for vEVs and 35% for dEVs, EPM1-EVs showed the opposite trend, with 65.5% shared content,
31.5% unique for EPM1-vEVs and only 3% unique for EPM1-dEVs. Particularly, we found
proteins associated with RNA metabolic process or cell adhesion dysregulated in EPM1-VEVS,
suggesting a role in CSTB in these processes in ventral forebrain crosstalk. In EPM1-dEVs,
instead, signaling by ROBO receptor or metabolism of lipid were differentially regulated,
indicating a function of CSTB in lipogenesis and axon guidance in dorsal forebrain.
Interestingly, both ventral and dorsal EPM1 EVs differentially expressed proteins involved in
ECM organization, suggesting a common process altered in both dorsal and ventral forebrain
in EPM1(Figure 5-4, D and E). Moreover, we identified 226 proteins, whose genes’ mutations
are associated to epilepsy, that were altered in the EPM1-EVs, confirming the role of EVs in

neurological disorders, specifically in epilepsy (Figure 5-4, F).

Altogether, these data suggest that less proteins were loaded into EPM1-EVs, and while VEVs
acquired a stronger signaling function (maybe pathological), dEVs were less rich in content
(maybe less functional). These results propose a role of CSTB as signaling molecule regulating

the ECM composition and mediating proper packaging of EVs during development.
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Figure 5-4: Different EV content in EPM1 COs

A. Developmental trajectory of CSTB in EVs.

B. Venn diagram of vCO, dCO, EPM1-vCO and EPM1-dCO EV proteins.

C. Heatmap showing hierarchical clusters of vCO, dCO, EPM1-vCO and EPM1-dCO EV proteins.

D. Volcano plot of protein level of vCO and EPM1-vCO EVs, plotting the negative log10 g-values (FDR) of all proteins against their log2
fold change (EPM1-vCO EVs vs vCOs EVs). Significantly expressed proteins (g-value < 0.05) are labelled. GO enrichments are shown.
E. Volcano plot of protein level of dCO and EPM1-dCO EVs, plotting the negative log10 g-values (FDR) of all proteins against their log2

fold change (EPM1-dCO EVs vs vCOs EVs).
F. Heatmap showing the 226 vCO, dCO, EPM1-vCO and EPM1-dCO EV proteins associated with epilepsy.
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5.3.2 Different EV content in E370K COs

In chapter 5, | focused on a variation in the gene LGALS3BP (E370K) characterized in
individual with cortical malformation and psychiatric disorders in interneuron recruitment,
migration and specification. Moreover, we showed that LGALS3BP has short as well as long

distance regulation in cell fate decision and axon guidance mediated via EVs.

To get more insight in the EV-mediated function of LGALS3BP, we characterized the EV
content from ventral and dorsal E370K-EVs (E370K-vEVs and E370K-dEVS).

We identified more than 5000 proteins (Figure 5-5, A, B and C), and found a lower number of
proteins in both ventral and dorsal E370K-EVs.

Moreover, we confirmed that LGALS3BP is secreted in both dorsal and ventral EVs, however

its level of expression is lower in mutant EVs (Figure 5-5, D).

We then performed DE analysis in EVs from dCOs and vCOs. We found that proteins involved
in axon guidance and neuronal migration, such as RELN, EPHB4, EPHB2, EIF4B are
dysregulated in mutant dEVs. This dysregulation could be responsible for the altered migration
and recruitment of INs found in dvCAs. We also found alterations in proteins of the ECM -
COL4A3BP, COL1A1, LGALS3, VCAN- and transcription factors — TTYH1, CUXI,
PTPRZ1- that indicate a role of EVs in ECM composition and activation/repression of gene
expression mediated by E370K-dEVs (Figure 5-5, E).

Moreover, in EVs secreted by E370K-vCOs proteins associated with cell migration and motility
—SEMAS3G, EPHA2, EPHB2, PLXNAL SLIT1, KIF1A - are differentially regulated. E370K-
vCOs also dysregulate protein of the ECM, including HAPLN1, LUM, VCAN. Interestingly,
proteins of NOTCH, SHH, and WNT pathways -SHH, DVL2, NOTCH2-, known as essential
for the proper establishment of the dorso-ventral patterning, are altered in VEVs (Figure 5-5,
F).

Altogether, these findings suggest that E370K dCOs and vCOs might have alteration in the
secretion of proteins associated cellular migration, differentiation, regionalization, acting as

short- and long-distance extrinsic factors.
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Figure 5-5: Different EV content in E370K COs

A,B. Venn diagram showing number of proteins detected in vCO (green), E370K-vCO (green), dCO (purple) E370K-dCO EVs
(purple).

C. Bar plot showing the number of proteins detected in dEVs, VEVs, E370K-dEVs and E370K-VEVs.

D. Bar plot of LGALS3BP protein level detected in dEVs, VEVs, E370K-dEVs and E370K-vEVs.

E. Volcano plot of protein level of dCO and E370K-dCO IVs, plotting the negative log10 g-values (FDR) of all proteins against
their log2 fold change (E370K-dCO vs vCOs). Significantly expressed proteins (g-value < 0.05) are labelled. GO enrichments
are shown.

F. Volcano plot of protein level of vCO and E370K-vCO EVs, plotting the negative log10 g-values (FDR) of all proteins against
their log2 fold change (E370K-vCO EVs vs vCOs). Significantly expressed proteins (g-value < 0.05) are labelled. GO
enrichments are shown. Figure and figure legend adapted from Pipicelli et al., 2022”
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Moreover, it is known that changes in the ECM composition can lead to neurological disorders.
For example, altered composition of collagens mediated by EVs in the extracellular space might
alter ECM structure (Amin and Borrell, 2020).

Since we identified proteins associated with neurological disorders in EVs, we sought to
analyze the correlation between E370K-EVs and brain disease. To this end, we looked at
proteins whose genes are associated with epilepsy (EP), autism spectrum disorder (ASD), and
cortical malformations (CMs) and identified several proteins that were altered in E370K-EVS,

suggesting a role of EVs in these pathologies (Figure 5-6, A, B and C).
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Figure 5-6 Different EV content in E370K COs (II)

A, B, C. Heatmaps of DE protein in E370K-dEVs and E370K-vEVs associated with CM (A), epilepsy (B) and ASD (C). Figure
adapted from Pipicelli et al., 2022
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5.4 Cell-type-specific characterization and uptake of EVs

We characterized EV content for COs (cerebral, ventral and dorsal), a 3D in vitro model that
resemble the human ventral and dorsal forebrain development and we identified differences in
EV content during development and in different brain regions. Since organoids are
characterized by the presence of many cell types which could contribute to the heterogeneity
observe in EV, we analyzed EV content in NPCs, neurons and astrocytes in a 2D monolayer in

order to dissect cell-type specificity in EVs (Figure 5-7 , A).

The three populations of cells grown in 2D share less than 8% of the total proteins. EVs from
NPCs (pEVs) were the least complex (in total protein number) and less than 1% of the proteins
was unique for NPCs (cluster 8) (Figure 5-7, B and C).

The three populations of cells grown in 2D share less than 8% of the total proteins. Interestingly,
EVs from NPCs (pEVs) were the least complex (in total protein number) and less than 1% of
the proteins was unique for NPCs (cluster 8). On the contrary, neurons exhibited the most
unique proteins in EVs (nEVs, >50% of total proteins found in 2D) suggesting that neurons
make extensive use of EVs for cellular crosstalk, as showed previously (Ferrara et al., 2009).
We found that the 17% of the unique proteins found in astrocytes (aEVS) are associate with

RNA catabolic process and ribonucleoprotein complex (cluster 4) (Figure 5-7, C).

We confirmed that EVs collected from 2D cultures express standard positive EV markers, such
as CD63, CD81, CD82, CD9, TSG101 and PDCD6IP, while negative (CYC1 and GOLGA?2)
markers were undetectable (Figure 5-7, D). Moreover, in line with the hypothesis of cell-type-
specific EVs, EV marker expression varied among cell-types; pEVs lacked CD9, CD81 and
CD82 (Figure 5-7, D).

Therefore, we performed immunohistochemical analysis of EV markers in NPCs, young
neurons (4 weeks in culture), mature neurons (10 weeks in culture) and astrocytes in 2D. The
analysis confirmed the ubiquitous expression of CD63 and PDCD6IP. CD81 was found in
NPCs even though less immunoreactivity was observed compared to nEVs and aEVs.
Interestingly, CD82+ and CD9+ EVs were the least abundant overall, limited to a small number

of NPCs and astrocytes while absent in neurons (Figure 5-7, E).

Together, our data show that varying combinations and numbers of EV markers are present in
different cell-types suggesting cell-specific types of EVs. Moreover, cell-to-cell contact
increases EV heterogeneity.
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Figure 5-7: Cell-type-specific characterization and uptake of EVs

A. Schematic of EVs secreted by 2D cell populations: NPCs (neural progenitor cells, blue), neurons (purple) and astrocytes
(orange). Created with BioRender.com.

B. Venn diagram of proteins in NPC, neuron, and astrocyte EVs.

C. Heatmap showing hierarchical clusters of proteins in NPC, neuron, and astrocyte EVs. GO enrichments of clusters are
displayed.

D. Bar plots showing positive and negative EV markers’ expression in NPC, neuron, and astrocyte EVs. Data are represented
as mean = SD of technical replicates.

E. CD63, CD81, CDY, PDCD6IP immunostaining in NPCs (SOX2+, green), young neurons (MAP2+, green), mature neurons
(MAP2+, green and GFAP+, yellow) and astrocytes (GFAP+, green) (arrow heads). DAPI, cyan. Scale bar: 10 um. Courtesy of
Andrea Forero Echeverry.
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We next looked at how specific cell types uptake EVs from NPCs, neurons and astrocytes to
assess if the crosstalk between different cell types is regulated. To this end, we labeled EVs
from three different cell populations with RFP (NPCs, neurons and astrocytes).

We showed that, using a microfluidic chamber, RFP-labeled NPCs released RFP+EVs travelled
to MAP2+ neurons. Based on this observation, we applied RFP+pEVs directly to NPCs,

neurons (young and mature) and astrocytes, and observed that the uptake varies between cell-

types.

Surprisingly, not all NPCs were positive for RFP+pEVs, suggesting that pEVs were selectively
taken up by recipient cells. Nevertheless, EVs reached cytoplasm and nucleus of NPCs. On the
contrary, all astrocytes appeared to internalize both pEVs and nEVs and distribute them
uniformly in the cytoplasm.We noticed that in neurons, RFP+pEVs and aEVs remained
primarily docked on the cell membrane of the soma and dendrites, suggesting receptor-

mediated signaling.

These data indicate that EVs instruct receiving cells, which, in turn, specifically determine the

localization in different cellular compartments.
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Figure 5-8 Cell-type-specific characterization and uptake of EVs (l1)

A. Schematic of the experimental setup of EV exchange between different cell-types.

B. Microfluidic chamber showing the stream of EVs (RFP+) secreted by NPCs traveling to neurons (MAP2+).

C, D, E. Immunostaining indicating uptake of NPC EVs (RFP+) by NPCs (Nestin+) (C) and astrocytes (5100b+) (D), and uptake
of neuron EVs (Dil+) € by astrocytes (5100b+). Asterisks indicate EV receiving cells. DAPI, cyan. Scale bars: full image, 10 um;
close-up 5 pm.

D. Immunostaining indicating uptake of NPCs-derived EVs (RFP+, ExoGlow, green) by young (Y, top) and mature (M, bottom)
neurons (MAP2+). Super-resolution microscopy images (right) show EV localization on cell soma (arrows) and dendrites
(arrow heads). DAPI, cyan. Scale bars: full image, 10 um; close-up 1 um.

E. Quantification of somas with RFP+ regions in young and mature neurons in (F). Data are represented as mean and + SEM.
Every dot refers to a field of view.

F. Immunostaining indicating uptake of astrocyte EVs (Dil+) by neurons (MAP2+). Scale bars: full image, 10 um; close-up 5
um. Courtesy of Andrea Forero Echeverry. lllustrations in A, C, D, E,F,H were created with BioRender.com.
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5.5 Cell-type specific EVs are less heterogenous than COs EVs

To better dissect the protein content of EVs from NPCs, neurons and astrocytes, we compared
the number of detected proteins in 2D culture with the one detected in 3D COs (Figure 5-9, A,
B and C). Specifically, since young COs (15 days old) mostly present NPCs, we compared EV
proteome from 15 days old COs with EV proteome from NPCs. Also, since mature neurons and
astrocytes are present in older organoids, we compared EV proteome of neurons and astrocytes
with EV proteome from 360 days old COs.

As expected, the total number of EV proteins from 2D cultures was strongly decreased
compared to 3D COs suggesting a lower complexity in 2D. Moreover, when comparing EVs
from NPCs in 2D and 3D (d15 COs) or mature neurons/astrocytes and 3D (d360 COs), the
number of proteins varied greatly suggesting that cell-cell contact contributes to EV secretion
as indicated from the enriched GO terms (Figure 5-9, A, B and C).

Interestingly, processes such as exocytosis, neuron projection and anchoring junctions were
shared between different cell types and CO EV, suggesting common mechanisms regulated by
EVs.

Since we demonstrated the relation between proteins associated with neurological disorders and
vesicles in COs, we also compared the same proteins (chapter 5.3) with protein secreted by
intracellular and extracellular vesicles collected from NPCs, neurons and astrocytes.
Interestingly we found that circa %25 of proteins associated with ASD, epilepsy and SCZ, and
30% of protein associated with CM are present in vesicle from NPCs. Vesicles from neurons
present the highest % of protein associated with brain disease (between 40% and 60%), while
only about 10% of proteins associated with ASD, epilepsy, CM and SCZ were found in
astrocytes (Figure 5-9, D, E and F). This data suggests an enrichment of secreted protein

associated with neurological disorders in neurons.
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Figure 5-9: Cell-type specific EVs are less heterogenous than COs EVs

A,B,C: Venn diagrams indicating the number of unique and common proteins secreted by NPCs and 15d COs, (A) neurons
and 360d COs and (B) astrocytes and 360d COs (C). Functional annotations of GO enrichments of each protein group are
shown.

D,E,F: Bar plot indicating the proportion of proteins associated with neurodevelopmental disorders found in CO EVs with
proteins secreted in EVs from NPCs (D), neurons (E) and astrocytes (F) (DisGeneNet).

91



Discussion

6 Discussion

6.1 Extrinsic factors in brain development and disease

The study of the development of the human brain is extremely complex. Many mechanisms and
processes are involved, and the limited availability of human tissue makes the research even
harder. In this thesis, | proposed new mechanisms that shed light in the understanding of
neurodevelopment, reporting three research studies performed in both animal and human model

systems.

Particularly, 1 demonstrated the importance of extracellular, extrinsic regulation in
neurodevelopment and in neurological disorders. | showed how two secreted proteins mutated
in epilepsy (CSTB and LGALS3BP) share some common non-cell autonomous regulatory

mechanisms in cell proliferation, neurogenesis, cell fate decision and neuronal migration.

As already described in the introduction, neurological disorders have an extremely high degree
of complexity. This thesis shed new light on the biology of neurological disorders, proposing
non-cell autonomous regulation at the basis of epilepsy. | showed that 2 proteins (CSTB and
LGALS3BP) of the extracellular matrix (ECM) are involved in neurological disorders,
confirming the fact that the composition and organization of the ECM is crucial for brain

development.

6.1.1 ECM: a key factor in neurodevelopment and disease

The ECM functions as a support for brain cells by regulating tissue shape, and, therefore,
neocortex morphogenesis, during development. Defects in morphogenesis can lead to cortical
malformations, including lissencephaly or changes in the gyrification pattern of the brain (Amin
and Borrell, 2020; Long and Huttner, 2019; Long et al., 2018).

However, the ECM is also involved in proliferation, differentiation, cell adhesion and motility,
neuronal plasticity and gyrification. Specifically, in early brain development ECM regulates
proliferation. The ECM components known to have functions in proliferation are
proteoglycans, laminins, and integrins. Proteoglycans are important for the maintenance of the
basement membrane in the neuroepithelium of the mouse cortex. Laminins are also implicated
in regulating the basement membrane; however, it has been shown that they can regulate neural

proliferation and differentiation, interacting with their receptors, the integrins. Integrins,
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expressed on the cell surface, are involved in cell-matrix adhesion and they link extracellular
and intracellular space by activating different pathways, including proliferation and
differentiation (Long and Huttner, 2019; Wojcik-Stanaszek et al., 2011).

The ECM is also crucial in regulating neuronal migration, both radial and tangential. One of
the ECM components regulating neuronal migration is Reelin. This glycoprotein is secreted by
Cajal-Retzius cells in the marginal zone of the cortex, and it is associated with migratory

regulation via activating cellular integrins or apolipoproteins.

However, the role of the ECM is important also because of the proteins and molecules that are
released in it. Many molecules, including morphogens and growth factors, regulate cell
differentiation, proliferation, and migration during brain development and they are transported

by extracellular vesicles.

6.1.2 Extracellular vesicles have a role in neurodevelopment and disease

In this thesis, | propose a novel role of another type of extrinsic factors — extracellular vesicles,
EVs — in neurodevelopment and disease. EVs are involved in intercellular communication, and
they are secreted by all cells. They have been identified in many body fluids, including plasma
and cerebrospinal fluid (CSF). However, their role in neurodevelopment is still poorly
understood. It has been shown that EVs can regulate proliferation and development of neural

circuits in vitro and in vivo (Sharma et al., 2019).

In this thesis, | showed that many ECM components implicated in neuronal migration and in
interneuron recruitment (Long and Huttner, 2019; Miyata and Kitagawa, 2017) are transported
by EVs, including Reelin (RELN) or versican (VCAN). Interestingly, they showed different
protein levels over time and in intracellular and extracellular vesicles. Specifically, RELN
showed peak of secretion in EVs at 40 days, while its level in IVs is lower compared to EVs,
suggesting an active secretion of this protein. Interestingly, RELN, secreted by Cajal-Retzius
cells in the cortex, is not detected in EVs collected from ventral COs, but only from
cerebral/dorsal organoids, suggesting a regional and developmental regulation of the secretion
of RELN. Moreover, VCAN showed high proteomic level in EVs compared to Vs, with a peak
at 100 days and it has been detected in both ventral and dorsal EVs, suggesting a more general

function in the developing brain.

Many semaphorins, plexins and Ephrin/Eph were also identified in regionally patterned EVs,
indicating a regulation of neuronal migration also via attractive/repulsive cues mediated by
EVs. Semaphorins interact with ECM proteoglycans or with their receptors, the plexins,
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regulating axonal growth during development. They can act both as attractants and repellents
for interneuron migration (Lepiemme et al., 2022; Soleman et al., 2013; Villar-Cervifio et al.,
2013). Generally, Ephrin/Eph signaling is known to required cell-cell contact, however, we
found that these proteins are also transferred by EVs, suggesting a role of EVs in long distance
signaling. Interestingly it has been shown that EVs carrying EphB2 lead to neuronal axon
repulsion activating EphrinB1 signaling (Gong et al., 2016; Zhao et al., 2018).Furthermore, the
Ephrin/ Eph receptors signaling is involved in guiding neuronal migration, specifically
tangential migration of interneurons (Steinecke et al., 2014; Villar-Cervifio et al., 2013; Zimmer
et al., 2008). These findings propose a novel mechanism of regulation of interneuron migration
via EVs during brain development.

As it was already mentioned, ECM not only has a role in regulating cell motility, but also in
morphogenesis and, therefore, in gyrification. Interestingly, the ECM components LUM,
HAPLNL1 and collagenase 1 (COL1A) are also secreted by EVs. These three proteins together
induce local changes in tissue stiffness and folding of the cortical plate in human fetal brain
tissue (Long et al., 2018). We found that COL1A1 and COL2A2 started to be secreted by EVs
from day 40, while HAPLN1 from day 200 and LUM is expressed at day 15 and 360 in whole-
brain /unpattern organoids. These data showed that, in whole-brain organoids, these proteins
are expressed together at later time points, suggesting a regulation in morphogenesis in older

organoids, and therefore at a later stage of development (Figure 6-1).
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Figure 6-1: Collagen type I, HAPLN1 and LUM detection in EVs

Developmental trajectory (top) and barplot (bottom) showing the protein level of the ECM components COL1A1, COL1A2,
HAPLN1 and LUM in EVs collected from unpattern and dorsal and ventral COs. dEVs: dorsal EVs; VEVs: ventral EVs.
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However, they are all secreted by 40 days regionalized organoids and they are enriched in dorsal
EVs, suggesting (i) that regionalized organoids might have more specific regulation of secretion
and (ii), since these proteins are required for the folding of the neocortex, they show a higher
protein level in dorsal EVs, probably acting locally (Figure 6-1).

Moreover, many developmental markers are secreted via EVs at different time points,
suggesting that they can modulate developmental processes. Interestingly, the development-
associated proteins identified in EVs did not match their cellular expression strictly and their
trajectories did not always follow gene expression and cellular compartmentalization in

intracellular vesicles, suggesting a regulation of their EV-associated secretion.

Interestingly, also transcription factors (TFs) are transported by EVs. Specifically, we identified
84 TFs in EVs collected from dCOs and 50 TFs in EVs collected from vCOs. Among these
TFs, CUX1 and YAP1 were identified (Figure 6-2), suggesting a regulation of neurogenesis
and proliferation mediated by EVs (Cubelos et al., 2010; Kodaka and Hata, 2015). Specifically,
CUX1 was identified only in dEVs, indicating a role in the dorsal region, maybe with a short-
distance effect. Indeed, CUX1 regulates branching, spine morphology and synapses of cortical
upper layer neurons (Cubelos et al., 2010); while YAP1, involved in proliferation, is secreted
by both dorsal and ventral COs.

EVs isolated from mouse retinal stem cells contain TFs such as Pax6, Hesl and Sox2,
suggesting that EVs play a role in retinal development (Zhou et al., 2021). Interestingly, these
TFs are not present in EVs collected from human cerebral organoids, suggesting a region-, and

probably also specie-, specific regulation of transport of TFs via EVs during development.
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Figure 6-2: CUX1 and YAP1 detection in dorsal and ventral EVs

Barplot showing the protein level of TFs CUX1 and YAP1 in EVs collected from dorsal and ventral COs. dEVs: dorsal EVs; VEVs:
ventral EVs.
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We tested the function of EVs on neural progenitor cells, finding that the transcriptomic profile
of the receiving cells changed after EV exposure, specifically of genes involved in cell fate

decision and in extracellular space organization.

Furthermore, EVs carry a modest number of proteins associated with cortical malformations,
such as FAT4, DCHS1 and FLNA, associated with periventricular heterotopia (Klaus et al.;
Parrini et al., 2016) or EML1, associated with subcortical heterotopia (Hakanen et al., 2019).
Moreover, proteins described to be mutated in neurological disorders, including ASD or
epilepsy, have been detected in EVs. These findings open new perspectives for studying and

understanding mechanisms underlying the biology of neurological diseases.

96



Discussion
6.2 Non-cell autonomous function of CSTB in neurogenesis

6.2.1 CSTB and neurodevelopment

EPML1 patients present mutation in the CSTB gene. The pathology has been associated with
neuronal apoptosis, activated by the activity of cathepsins, which is inhibited by CSTB.
However, the role of CSTB in brain development is still poorly understood. Studies performed
in the murine model of epilepsy revealed an increase of Cstb expression (D’ Amato et al., 2000)
and it has been shown that the Cstb-KO mouse model presents neuronal atrophy in the cortex,

suggesting a role of Cstb in regulation of neuronal structures.

Other studies demonstrated that lack of Cstb results in oxidative damage and thus contributing
to the phenotype (Lehtinen et al., 2009; Shannon et al., 2002; Zerovnik, 2019). EPM1 patients
also show atrophic changes in the cerebral cortex and cerebellum, indicating that absence of
CSTB affects brain cortical regions (Nigri et al., 2017). Considering the early clinical
manifestation of the disease, we have hypothesized that CSTB might play an important role in
early cortical development.

We demonstrated that, in vivo, the overexpression of Cstb in the developing cortex affects cell
proliferation during cortical development, suggesting an explanation of the cellular mechanisms
underlying the reduction in cortical thickness observed in EPM1 patients and in Cstb-KO mice
(Danner et al., 2013; Koskenkorva et al., 2009). On the contrary overexpressing the pathological
variant of CSTB, leads to reduction in cell proliferation. As a matter of fact, patients with low
levels of CSTB present reduced brain size and volume; and patients homozugous for the non-
functional pathological variant (R68X) present microcephaly (Mancini et al., 2016).

6.2.2 Non-cell autonomous function of secreted CSTB in regulating neurogenesis and
interneuron migration

We showed that Cstb is secreted into the CSF and that it impairs cell proliferation and
recruitment of interneurons. We demonstrated the non-cell autonomous role of CSTB in
proliferation by exchanging media between control and EPM1 COs, which resulted in a rescue
of the phenotype observe in the patients’ COs. Moreover, the recruitment of control
interneurons was decreased when migrating in EPM1 dorsal region in cerebral assembloids,
compared to control. These finding could suggest that the latent hyperexcitability, that favors
seizures, is given by the decrease of CSTB. Moreover, alteration in interneurons migration and

maturation could lead to an unbalance of excitatory/inhibitory neurons. This disruption can
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bring to neuropsychiatric disorders, including epilepsy and autism spectrum disorders (ASD)
(Marin, 2012; Rubenstein and Merzenich, 2003).

As a matter of fact, proteomic analysis of EPM1 COs, showed that cell secretion is one of the
dysregulated biological processes. Also, proteins important for the organization and regulation
of the extracellular matrix were altered, including collagens, vitronectin, and tetraspanins.
Interestingly, recent studies suggest that neuropsychiatric disorders are associated with
modification in the ECM (Amin and Borrell, 2020) and that many proteins associated with brain
diseases are secreted via EVs including CSTB. We showed that EPM1 EVs carry less proteins,
suggesting a potential role of CSTB in EV biogenesis and/or in protein docking. As expected,
we found CSTB being significantly downregulated in both ventral and dorsal EPM1 EVs,
confirming that the loss of function of the protein, in this case also in the secretion, is causative

of the pathology.

Interestingly, we found many proteins involved in ROBO/SLIT signaling as well as in the
Eph/Ephrin dysregulated in EPM1 dEVs. These data could explain that the altered recruitment
of interneurons observed in EPM1 assembloids is given by an alteration of secretion of
attractive/repulsive cues. We showed that neuronal progenitor cells alter their transcriptome
profile after exposure with EVs secreted from EPM1 COs, specifically, neurogenesis and

extracellular space organization are dysregulated.

Our findings propose novel mechanisms for defects in neurogenesis and neuronal migration

due to low levels of CSTB and by secretion mediated via EVs.

6.2.3 Common genes in EPM1 and epilepsies

It has been reported that patients with mutations in PRICKLEL (Prickle planar cell polarity
protein 1) and SCARB2 (Scavenger receptor class B member 2) present symptoms like EPM1
patients (Bassuk et al., 2008; Dibbens et al., 2009); and it is poorly understood how different
types of PMEs can share similar mechanisms.

PRICKLEL is involved in cellular morphogenesis, specifically neurons whit a role in axonal
and dendritic extension during neurodevelopment in mouse model (Liu et al., 2013).
PRICKLEL is localized at the level of focal adhesion promoting cell migration (Lim et al.,
2016), process affected in EPM1 COs (result evicted from proteomic analysis). One of the

functions of focal adhesions is to attach the cytoskeleton to the extracellular matrix (Parsons et
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al., 2010), suggesting that the altered mechanisms in EPM1 could be shared with other mutated

genes.

SCARB?2 contributes to membrane transport and reorganization of the endosomal/lysosomal
compartment (Reczek et al., 2007). Indeed, proteomic analysis of EPM1 COs revealed

alteration of secretory mechanisms, indicating other possible common mechanisms.

Interestingly, the majority of the proteins that are differentially regulated in EPM1 COs are
enriched in radial glia cells and involved in different types of epilepsies, including collagen
COL11A1 COL2A1 or COL11A1, IFITM3, GLUD1, RRAS, MGST1 (Aka et al., 2016; Cava
et al., 2018; Ercegovac et al., 2015; Guo et al., 2017; Savasta et al., 2015; Shang et al., 2008;
Zhou et al., 2018) Altogether, the proteomic results support a novel mechanism that remodeling
of extracellular matrix and contacts between cells are critical processes for epileptogenesis
(Dityatev, 2010).

This work proposes a novel role of CSTB in regulating early human neurogenesis and the
extracellular environment during brain development. Moreover, this suggests a function of

CSTB as a long-distance molecule important for the recruitment of interneurons.
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6.3 Non-cell autonomous function of LGALS3BP in interneuron migration and
specification

6.3.1 LGALS3BP and evolution

As mentioned in the introduction of this thesis, LGALS3BP is enriched in human progenitor

cells, while it is almost not detected in the mouse developing cortex.

A previous study performed in our lab (Kyrousi et al., 2021) confirmed the expression of
LGALS3BP in cerebral organoids, showing an higher expression in RGs compared to IPs and
neurons. The fact that LGALS3BP is enriched in human progenitor cells suggested its
importance in an evolutionary point of view. Interestingly, the overexpression of the wild-type
form of LGALS3BP induces ectopic HOPX+ RGs cells in the mouse cortex which results in
the generation of folds. The pathological mutation (E370K) described in this work is one of the
few variations between human and macaque (Lodermeyer et al, 2018), reinforcing the possible
role of LGALS3BP in evolution. Moreover, the individual with the E370K mutation also
presents gyrification index changes, strongly suggesting a role of LGALS3BP in gyrification.

In Kyrousi et al., 2021, whole-brain organoids or unpatterned organoids (Lancaster et al.,

2013b) were used as a model to study the role of LGALS3BP in cortical development.

However, in this thesis, | assessed the function of LGALS3BP in specification and migration
of interneurons. To this end, we used ventral regionalized organoids and dorso-ventral
assembloids (Bagley Joshua A , Reumann Daniel , Bian Shan, 2017). Differences between

protocols of organoids have been described in chapter 1.5.3.

In ventral organoids, LGALS3BP is also enriched in progenitors, with higher expression level
in MGE-derived IP compared to progenitor and IP cells. Recent evidence showed the high
heterogeneity of interneurons in humans (Delgado et al., 2021; Krienen et al., 2020), as
LGALS3BP is enriched also in ventral progenitors, it is a candidate protein that could contribute

to the diversity of human neural progenitors and neurons, dorsal and ventral.
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Figure 6-3: LGALS3BP expression in human organoids

Single-cell RNA-seq data showing expression level on LGALS3BP in unpattern-cortical cerebral organoids (left, data from
Kyrousi et al., 2021) and in ventral cerebral organoids (right). RG: radial glia; IP: intermediate progenitors, N: neurons,
MGE: medial ganglionic eminence; INs: interneurons.

6.3.2 Alteration in ECM composition of dorsal region of assembloids affects recruitment of
interneuron

Neurological disorders, including epilepsy and ASD, are characterized by an
excitatory/inhibitory imbalance in neuronal circuits, caused by defects in interneuron
specification, migration, and/or recruitment. For example, individuals affected with EPM1
(Progressive Myoclonus Epilepsy typel) show loss of GABA synaptic terminals (Buzzi et al.,
2012b) and the recruitment of INs is altered in EPM1-hCAs (as described in chapter 3) (Di
Matteo et al., 2020). Moreover, it has been shown that ASD patients have reduced GABAergic
neurons in their cerebral cortex (Ariza et al., 2018; Puts et al., 2016), and organoids derived
from individuals with ASD dysregulate genes associated with GABAergic interneuron
differentiation and migration (Wang et al.).

In the project here presented, we showed that LGALS3BP modulates IN migration with a short-
and long-distance regulation. Specifically, INs migrating into E370K dorsal region of hCAs are

slower and rest more compared to control INs.

We hypothesized that the altered migration of mutant interneurons may also be caused by
different cell composition in E370K dCOs. Indeed, single cell RNA sequencing revealed that
mutant dCOs have more neuroectoderm and proliferating cells and less RGs and excitatory

neurons, compared to control dCOs. Particularly, the reduced RG cells, observed in the E370K
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mutant dCOs, could explain the difference in control interneuron distribution once they
migrated into the E370K mutant dorsal side of the assembloids. Neurons and interneurons
migrating radially through the cortex, use the basal processes of RGs as a scaffold. Different
cellular proportions, including less RGs could lead to defects in neuronal migration and
distribution within the cortex (Florio and Huttner, 2014).

Moreover, the different cell proportion observed could lead to a different composition of the
ECM that might result in an unfavorable environment for cell migration. As a matter of fact,
many genes associated with extracellular matrix assembly and composition are differentially
expressed in E370K dCOs, including VCAN, LUM, COL1A1, COL3A1.

Knowing that LGALS3BP is secreted by EVs in cerebral organoids (Kyrousi et al., 2021), the
altered migration may be caused also by changes in EV proteomic content from E370K dorsal
region. EVs might play a role in the tangential migration of INs by secreting molecules that
attract them to the cortex (Agnati and Fuxe, 2014; Janas et al., 2016).

Notably, E370K dorsal EVs are loaded with different ECM components, such as RELN,
collagenases, and VCAN. RELN, a secreted glycoprotein that guides neuronal migration
(Pfennig et al., 2011), is associated with lissencephaly (Hong et al., 2000), epilepsy,
schizophrenia, and Alzheimer's disease (Herz and Chen, 2006). Since RELN guides the
formation and positioning of cortical layers (Caviness, 1982), a lower level of secreted RELN
from the dorsal region of hCAs could lead to the altered distribution of migrating INs.

VCAN, an ECM chondroitin sulfate proteoglycan, is also involved in cell migration and
adhesion (Wight, 2002). VCAN is also one of the components of the perineuronal nets (PNNs),
assemblies that surround mature PVV+ INs regulating their inhibiting function. Disruption of
PNNs is associated with schizophrenia and epilepsy, leading to altered cortical excitability
(Luca and Papa, 2016; Wen et al., 2018).

Moreover, NPCs treated with E370K-dEVs present altered INM associated genes which could
result in changes in aRGs\bRGs proportion and, therefore, in alterations in cortical attractive

cues that recruit INs to the cortex (Peyre et al., 2015).

6.3.3 Common features of migrating neurons with different mutations associated with PH

We showed that neuronal migration is also regulated by short-distance extrinsic factors. We
looked at the migratory behavior of E370K cells, finding an alteration in their trajectory. These

cells have a more tortuous, 'exploratory’ migratory behavior. We have previously shown that

102



Discussion

migrating neurons from an individual with PH (with a mutation in DCHS1 and FAT4) also have

increased tortuosity (Klaus et al.), suggesting that directional changes are guided locally.

Since the E370K LGALS3BP variation was identified in an individual with PH, it is not
surprising that LGALS3BP mutant neurons share some molecular signatures with DCHS1 and
FAT4 mutant neurons. However, LGALS3BP mutant neurons are of ventral origin.
Interestingly, some patients with PH showed the presence of GABAergic inhibitory neurons in

ectopic nodules (Ferland et al., 2009), suggesting a contribution of interneurons in PH.

DCHS1, FAT4 and LGALS3BP mutant neurons all dysregulate genes associated with axon
guidance. Interestingly, we assessed the effect of E370K-vEVs on NPCs and found that genes
associated with actin filament organization were dysregulated. These findings confirmed that

PH is due to defects in axon guidance resulting by disruption in the cytoskeleton assembly.

6.3.4 EVs can determine cell fate decision

The defective cell migration observed in E370K neurons can also be caused by the altered
identity of these cells. We showed that E370K INs acquire a dorsal identity, which could result
in a different response to extrinsic attractive/repulsive stimuli. E370K INs dysregulate genes
associated with migratory behavior in PH (like FAT4, RND3, and DLL1) and down-regulate the
EPHB2 receptor, which regulates tangential migration (Zimmer et al., 2011). It has been shown
that deletion of EphrinB receptors leads to reduced INs in the mouse neocortex causing cortical
hyperexcitability and seizures in a cell-autonomous way (Talebian et al., 2017). We suggest
that migratory directional changes, down-regulation of EPHB2, and an altered molecular
identity can regulate IN migration.

However, the mechanism by which LGALS3BP regulates neuronal migration and recruitment
are still unclear. One possible hypothesis would be that LGALS3BP is involved in EV
biogenesis, speculating that the LGALS3BP variation might influence EV biogenesis. It has
been shown that the glycosylation pattern of EV-associated proteins regulates the recruitment
of specific proteins in the vesicles (Batista et al., 2011; Liang et al., 2014). The different protein
content of mutant vesicles could affect the extracellular environment since we identified many
ECM proteins and attractive/repulsive molecules being differentially regulated. Further studies
will be focused on detailed investigation in the glycosylation pattern of EVs-associated
LGALS3BP to understand its role in EV biogenesis.
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6.3.5 Wnt pathway regulating dorso-ventral patterning and LGALS3BP

The alteration in migratory dynamics of mutant interneuron is probably due to their altered cell
identity. We found that E370K vCO have a dorsal identity, upregulating PAX6, GLI3,
NEURODG, and other dorsal genes. Our data showed that LGALS3BP might be involved in the
dorso-ventral patterning and that the mutation of LGALS3BP leads to a cell fate change, failing

in the activation of the ventral pattern.

Previous studies in mice showed that Pax6, Gli3, Shh, regulate the dorso-ventral patterning
during neurodevelopment (Fuccillo et al., 2006; Theil et al., 1999; Tole et al., 2000).
Specifically, Gli3 and Pax6 mutant mice present dorsal pallial tissue with ventral identity
(DLX2+) (Theil et al., 1999; Tole et al., 2000). Moreover, mice carrying a deletion in the Gli3
gene have ectopic ventral forebrain identity in the dorsal forebrain, maybe associated with
defects of the Wnt pathway (Tole et al., 2000).

We propose that LGALS3BP has an extrinsic short-distance regulation in the specification of
ventral progenitors. Studies on cancer showed that, in the ECM, LGALS3BP binds Galectin-3
(Gal-3), forming a complex that binds the membrane tetraspanins CD9 and CD82. This
complex activates the Wnt/b-catenin signaling (Lee et al., 2010; Pikkarainen et al., 2017) which

activate the gene expression of dorsal genes (Wnt target genes) (Chi et al., 2017).

One possible case in the mutant COs, is that the E370K mutation interferes with LGALS3BP-
tretraspanins binding. We hypothesize that E370K mutant form might bind wildtype
LGALS3BP preventing it to contact cell membrane CD9 and CD82. This will eventually result
in the repression of the ventralization of mutant cells, activating the Wnt/b-catenin signaling in
ventral COs and, therefore, leading to the ectopic expression of PAX6 and local repression of
NKX2-1. These changes in the transcriptome profile result in the expression of EOMES, TBR1,
and SATB2 that determine the dorsal identity of E370K vCOs (Figure 6-4).

In another possible scenario, the reduced protein level of LGALS3BP observed in mutant VEVs
might result in less LGALS3BP binding CD9 and CD82. We propose that the activation of the
Whnt/b-catenin singaling through membrane tetraspanins, might function in a dose-response
manner, meaning that in the mutant cells the lower level of EV-LGALS3BP is not sufficient to

repress the dorsalization (Figure 6-4).
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Figure 6-4: Model of activation of Wnt/b-catenin pathway by LGALS3BP

Schematic representation of regulation of the Wnt/b-catenin pathway in control and E370K mutant cells in vCOs.

The dose-response effect might also explain the partial rescue of the dorsal phenotype observed
in mutant vCOs. The two approaches used were: culturing E370K vCOs with conditioned media
(CM) from CTRL vCOs; and generating ventral mosaic organoids (vMOs) mixing control and
mutant iPSCs. In both experimental setups, the mutant cells were able to revert their dorsal
identity. The E370K mutation is heterozygous, which means that the wildtype form of
LGALS3BP is still present in the mutant organoids. However, when adding CM from CTRL
organoids or generating a more physiological environment in vMOs, the additional LGALS3BP

wild type form can overcome the mutant form, restoring the ventral identity.

We, therefore, showed that changes in the extracellular environment influence cellular identity
and IN specification in a non-cell autonomous manner. Particularly, in vMOs, CTRL and
E370K progenitors present resembling transcriptomic features; however, after the transition to
IPs, they explicate their intrinsic program identity. “Interneuron identity is refined at later
stages, after interaction with the local extracellular environment”(Kepecs and Fishell, 2014;
Wamsley and Fishell, 2017). Indeed, we showed that the presence of control cells could

partially rescued the ventral identity of E370K cells.
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6.4 Conclusions and future perspectives

This thesis combines three studies aimed at the understanding of non-cell autonomous
mechanisms during neurodevelopment and disease. This work successfully identified common
signatures in two disease candidate genes: CSTB, associated with EPM1, and LGALS3BP,

mutated in individuals with neurological diseases.

Interestingly, both 3D human models of EPM1 and E370K (LGALS3BP variation identified in
individual with cortical malformations and epilepsy) used in this thesis, revealed alteration and
disruption in distribution and recruitment of interneurons. The observed defects in these
processes could lead to disruption in cortical circuits, leading to the unbalance between
excitation and inhibition found in epileptic patients. The two models also share alteration in EV
protein content, including many proteins of the ECM, suggesting that their non-cell autonomous
function is mediated by EVs. The common phenotype observed in the EPM1 and E370K
models represents one of the complex pictures of neurological diseases, where genes and
phenotype have a convergent relationship (Klingler et al., 2021). In other words, mutations in

different genes can lead to the same phenotype.
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Figure 6-5: Convergent relationship between CSTB and LGALS3BP mutations and phenotype
Schematic representation of divergent relationship between mutations and phenotype at different level. Individuals with

mutations in different genes (CSTB and LGALS3BP) have the same phenotype (epilepsy). Figure adapted from Klinger et
al., 2021.
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However, in this thesis, I also identified mechanisms specific to each gene. | demonstrated the
non-cell autonomous function of CSTB in cell proliferation and neurogenesis and of

LGALS3BP in cell-fate decision, dorso-ventral patterning, and migratory dynamics (Figure

6-6).

CSTB and LGALS3BP

Interneuron migration and recruitment
E/l balance
ECM composition
EV biogenesis ?
Non-cell autonomous regulation

CSTB LGALS3BP

Cell-fate decision
Dorso-ventral patterning
Migratory dynamics

Proliferation
Neurogenesis

Figure 6-6: Summary of CSTB and LGALS3BP functions

Table illustrating the main functions of CSTB and LGALS3BP found in this thesis.

In conclusion, this thesis confirms a key role of extracellular factors in brain development and

in neurological disorders.

Further studies will be focused on suggesting possible therapeutic strategies based on
extracellular vesicles (already widely used in cancer therapy) to neutralize the progression of

neuropsychiatric disorders.
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7 Materials and Methods

7.1 General techniques

IPSC culture, splitting and freezing.

IPSC lines used in Chapter 3 derived from PBMCS, extracted from human blood samples,
according to the manufacturer's recommendations using SepMate-50 tubes (StemCell, 15450).
PBMCs were taken from a female control sample of 39-year-old; a female patient sample of
35-year-olds with EPM1, and female patient sample of 13-year-olds with EPM1 (UL4). The
Ludwig Maximilian University of Munich's Ethical Commission gave its approval for the
creation of iPSCs (Project 19-635). The detailed steps of the reprogramming procedures are
published in Di Matteo et al., 2020.

IPSC lines used in Chapter 4 and 5 were reprogrammed from NuFF3-RQ human new-born
foreskin feeder fibroblasts (GSC-3404, GlobalStem) (Cardenas et al., 2018).

We cultured iPSCs on Matrigel Basement Membrane Matrix (Corning) coated plates (Thermo
Fisher, Waltham, MA, USA). Matrigel was diluted 1:100 in DMEM-F12+Glutamax. iPSCs
were fed with mTesR1 basic medium supplemented with 1x mTesR1 supplement (Stem Cell
Technologies, Vancouver, Canada). Media was changed every day. IPSCs were kept at 37°C,
5% CO2 and ambient oxygen level. Passaging was done when cells reached 80% of confluence.
After a wash in DPBS, colonier were detached from the plate using Accutase diluted 1:4 (Stem
Cell Technologies). We added DMEM-F12+Glutamax to the detached cell to stop the accutase
treatment, and centrifuged the colonies for 4 minutes at 300g. The pellet containing IPSC
colonies was resuspended in 1ml of mTeSR1 basic medium supplemented with 1x mTesR1
supplement and Rock inhibitory (Y-27632) in a final dilution of 1:1000. IPSCs were diluted
according to the experiment. IPSCs were frozen when they reached 80% confluence. The steps
for freezing cells are the same of their splitting, except that the pellet is resuspended in Freezing
media (50%FBS, 40%DMEM-F12+Glutamax, 10%DMSO) and stores in cryovials and kept at
-80°C for 24 hours, and then, transferred into liquid nitrogen tank.

Generation of labeled iPSC line

We generated GFP and RFP-labeled iPSC lines by nucleofection of piggyBac transposase (1
ug) and PB-GFP (1 ug), as described previously and in (Di Matteo et al., 2020), or PB-RFP (1
ug) (Chen and LoTurco, 2012; Pipicelli et al., 2022). Single cells suspension was transfected
with Amaxa Nucleofector 2b (using the program B-016). We, then picked GFP and RFP
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positive colonies and cultured on Matrigel (Corning/VWR International, 354234). GFP and

RFP-labeled iPSC lines were cultured as described above.

Generation of unpatterned COs

In Chapter 3 and 4, COs were generated and cultured according to (Lancaster and Knoblich,
2015).

Briefly, when iPSCs were 70-80% confluent, we dissociated them into single cells using pure
Accutase (Sigma-Aldrich, A6964), and incubate for 5 minutes at 37°C. We, then, added
DMEM-F12+Glutamax to stop the reaction and centrifugated the cells at 300g for 4 minutes.
We then counted the cells in order to obtain 90’000 cells per one Ultra-low attachment U bottom
96-well plate. Therefore, we plated 9’000 cells per well of the plate and fed them with hES
medium (DMEM-F12+Glutamax supplemented with 20% KnockOut™ Serum Replacement,
3% hESC-quality FBS, 0.1 mM 2-Mercaptoethanol (50 mM), 1% MEM Non-Essential Amino
Acids Solution (100X)) with FGF2 (4 ng/ml) and Rock inhibitor (50 uM). After 1 day,
Embryoid bodies (EBs) are generated. EBs are cultured for 5 days in hES medium changing
medium at day 3. At day 5, we induced the neuronal differentiation, feeding them with NIM
medium (DMEM-F12+Glutamax supplemented with 1:100 N2™-Supplement (100X), 1%
MEM Non-Essential Amino Acids Solution (100X) and 5 pg/ml Heparin) for 7 days, changing
the medium every second day.

At day 12, each EB was placed on a single mold of a parafilm sheet, the excess of media was
removed and a drop of Matrigel was added to each mold containing the EBs. EBs embedded in
Matrigel were transferred to the incubator for at least 30 minutes to let the Matrigel to solidify.
Afterwars, EBs were washed off the parafilm by adding 25 ml of NDM-A medium (DMEM-
F12+Glutamax and Neurobasal™ Medium in a 1:1 ratio, 1:200 N2™-Supplement (100X),
1:100 B-27™ Supplement (50X) minus vitamin A, 0.5% MEM Non-Essential Amino Acids
Solution (100X), 0.5% GlutaMAX™ Supplement, 50 uM 2-Mercaptoethanol (50 mM), 1:100
Antibiotic Antimycotic Solution (100X) and 2.5 pg/ml Insulin). to each 10 cm plate, containing
approximatively 30 EBs. At day 16, COs were fed with NDM+A medium (DMEM-
F12+Glutamax and Neurobasal™ Medium in a 1:1 ratio, 1:200 N2™-Supplement (100X),
1:100 B-27™ Supplement (50X), 0.5% MEM Non-Essential Amino Acids Solution (100X),
0.5% GlutaMAX™ Supplement, 50 uM 2-Mercaptoethanol (50 mM), Antibiotic Antimycotic
Solution (100X) and 2.5 pg/ml Insulin) and kept on an orbital shaker (55 rpm) inside an
incubator (37°C, 5% CO2 and ambient oxygen level). Media exchange was performed every 4-
5 days.
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Generation of patterned COs and dorsal-ventral assembloids

Assembloids and patterned COs were generated as described in (Bagley et al., 2017a).

The formation of EBs follows the same steps described above. For the patterning, EBs are
treated with SAG (1:10000) (Millipore, 566660) + IWP-2 (1:2000) (Sigma-Aldrich, 10536) for
ventral identity and with cyclopamine A (1:500) (Calbiochem, 239803) for dorsal identity. The
patterning molecules are added during the neuronal induction phase and added to the NIM
medium. For dorsal and ventral COs (dCOs, vCOs), EBs were embedded individually in each
Matrigel droplet, while for the assembloids, one ventral EB was embedded together with a
dorsal EB in the same Matrigel droplet. From this point on, the patterned COs and assembloids
are cultured as described above.

Immunohistochemistry and confocal imaging

Mouse brain and organoid sections were first cool down for 20 minutes at room temperature
and washed once with PBS.

Treatment for antigen retrieval was done for nuclear markers. We incubated the section in a 10
mM citric buffer (pH6). Sections were put in a microwave for 1 min at 720 Watt and then, for
10 mins at 120 Watt. We then left the slides to cool down for 20 mins at room temperature.
Then, sections were permeabilized with 0.3% Triton incubation for 5 mins. We then blocked
the sections with Blocking Solution (0.1% TWEEN, 10% Normal Goat Serum (Biozol, VEC-
S-1000).

Sections were then incubated with primary antibodies overnight at 4 °C; and with secondary
antibodies for 1 h at room temperature. Both primary and secondary antibody solutions were
diluted in Blocking Solutions. Nuclei were visualized using 0.5 mg/ml 4,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, D9542). Immunostained sections were analyzed using a
Leica laser-scanning microscope.

For to BrdU immunostaining, we previously denaturated the DNA by 30 min incubation in 4
M HCI followed by neutralization for 10 min in 0.1 M sodium borate at pH 8.5. Two 5-min
washing steps were performed before continuing with the IHC procedure.

Immunostained sections were visualized with a Leica SP8 confocal laser-scanning microscope

(25x and 40x objectives were used).
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Materials and Methods

Antibody Host Company Catalogue No. | Dilution
CSTB Mouse Santa Cruz | sc-166561 1:500
Biotechnology
ACETYLATED , _
TUBULIN Mouse Sigma- Aldrich | T7451 1:6000
PH3 Rabbit Millipore 06-570 1:500
GAPDH Mouse Millipore CB1001 1:6000
GFP Chicken Aves Lab GFP-1020 1:1000
RFP Rabbit Rockland 600-901-379 1:1000
DCX Guinea pig Millipore AB2253 1:2000
TUBB3 Sigma Aldrich | T8660 1:500
K167 Mouse DAKO M7248 1:500
K167 Rabbit ABCAM AB15580 1:500
ACTIN (Actb) | Mouse Merck Millipore | MAB1501 1:1000
BrdU Rat ABCAM AB6326 1:200
PAX6 Rabbit ABCAM AB78545 1:500
Ccdnl Rabbit Thermo RM-9104-S0 1:100
scientific
TBR2 Rabbit Merck Millipore | Ab2283 1:500
NKX2.1 Mouse IgG1 Merk Millipore | MAB5460 1:500
TBR1 Rabbit Abcam Ab31940 1:500
LGALS3BP Mouse 1gG1 eBioscience BMS146 1:100
PAX6 Rabbit Biolegend PRB-278p 1:500
MEIS2 Mouse 1gG1 Santa Cruz | SC 101850 1:300
Biotechnology
EOMES Rabbit Abcam ab23345 1:500
SATB2 Mouse IgG1 Abcam Ab51502 1:500
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CD63 Mouse Santa Cruz sc-5275 1:300
CD81 Mouse Santa Cruz sc-7637 1:1000
CD82 Rabbit Santa Cruz sc-1087 1:100
CD9 Mouse Santa Cruz sc-59140 1:100
PDCD6IP Mouse Santa Cruz sc-53540 1:100
(ALIX)

SOX2 Rabbit Abcam ab5603 1:500
MAP2 Chicken Abcam ab5392 1:500
GFAP Rabbit Agilent Dako 20334 1:500
RFP Rabbit Rockland 600-901-379S | 1:500
NESTIN Mouse EMD Millipore | MAB5326 1:500
S100B Mouse Sigma S2532 1:500
DCX Guinea pig EMD Millipore | AB2253 1:500

Data visualization, quantifications and statistical analysis of animal and CO experiments

Data visualization and statistical analysis were performed using GraphPad Prism® Version 7.04
(Chapter 3) and Version 8 (Chapter 4 and 6); and RStudio 4.1.1. For normally distributed data,
T-test was used to analyzed significance, while for not-normally distributed data, not-
parametric Mann—Whitney test was used for to analyzed significance. For animal experiments,
at least three brains from at least two different pregnant mothers were analyzed. For
experiments in organoids and assembloids, at least three organoids from at least two
independent batches were analyzed.
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EVs and IVs collection and analysis

We collected extracellular vesicles (EVs) from CMs obtained from COs (ventral and dorsal).
The CMs was centrifugated several times: first at 300 g for 15 mins, then at 20009 for 10 mins.
After that, the supernatant was centrifugated several times using an ultracentrifuge: first, at
10.000 g for 30 mins; then, 100.000 g for 120 mins. Afterwards, the pellet containing the EVs
was washed one time in PBS and centrifugated at 100.000 g for 60 mins. As an alternative
method, EVs have also been collected using, miRCURY Exosome Cell/Urine/CSF Kit (Qiagen,
76743) according to the manufacturer instructions.

IVs were isolated by subcellular fractionation. Briefly, the COs were homogenized and upon
removal of nuclei, cell debris and mitochondrial fraction as previously reported (Ferrara et al.,
2009), the supernatatant was ultracentrifuged at 100.000 g for 30 min to obtain the cellular
fraction (1Vs).

Nanoparticle tracking analysis (NTA) was performed according to (Kyrousi et al., 2021).
ZetaView Software 8.05.12 SP1 was used to analyzed particle size and concentration. For
immune-electron microscopy, EV suspensions were analyzed by Dr llkka Miinalainen at
Biocenter Oulu / EM laboratory, Finland (Deun et al., 2020), as described in (Kyrousi et al.,
2021).

Bulk-RNA-sequencing of NPCs treated with EVs

For the projects in chapter 3 and 4, we extracted RNA from 3 independent wells of NPCs from
a 24 well plate and used 10ng of RNA for sequencing.

For the NPCs treated with EVs, extracellular vesicles were isolated by ultracentrifugation from
20 ml of CM collected from 28-37 days old ventral and dorsal, control and mutant COs.

We lysed NPCs in 1ml Trizol(Qiagen) for each well and isolated the RNA following the RNA
Clean & Concentrator kit (Zymo Research).

Next, cDNA synthesis was obtained using the SMART-Seq v4 Ultra Low Input RNA Kit
(Clontech cat. 634888). We then gragmented the cDNA fragmented to a size of 200-500 bp
using the Covaris S220 device (5 min; 4°C; PP 175; DF 10; CB 200).

Libraries were prepared from the fragmented cDNA using the MicroPlex Library Preparation
Kit v2 (Diagenode, cat. C05010012). Qubit and Agilent DNA Bioanalyzer were used to control
the quality of the libraries. Deep sequencing was performed on a HiSeq 1500 system following

to the standard Illumina protocol for 50 bp paired-end reads with v3 sequencing reagents.
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7.2 Technigues specific to chapter 3

The techniques in this chapter are adapted from the published manuscript (Di Matteo et al.,

2020) and from the preprint manuscript (Pipicelli et al., 2022).

Electroporation of COs

For electroporation, 35 days old COs were kept in antibiotic-free conditions and placed in an
electroporation chamber (Harvard Apparatus, Holliston, MA, USA). Using a glass
microcapillary, we injected 1 pl of plasmid DNAs into CO ventricles. To see the site of
electroporation, Fast Green (0.1%, Sigma) was injected together with the DNAs. The COs were
electroporated with 5 pulses applied at 80 V for 50 ms each at intervals of 500 ms (ECM830,
Harvard Apparatus). COs were, then, kept for additional 24 hrs in antibiotic-free media, and
then changed into the NDM+A (Neuronal Differentiation Media + Vitamin A) until fixation.
The COs were fixed using 4% PFA for 1 hr at 4°C, cryopreserved with 30% sucrose and stored
at -20°C. For IHC, 16 um cryosections were prepared. The CSTB or R68X plasmid constructs
used in the electroporation experiments are described in (Cipollini et al., 2008) and in (Di
Matteo et al., 2020).

Animal experiments

All the mice used in this research were kept in the animal facility of the Max Planck Institute
of Psychiatry, Munich. All the experiments were performed according the German and
European Union guidelines. In this project, C57BL/6J mouse line, Tg (Gad2-EGFP)DJ31Gsat
(GADG5-GFP) transgenic mouse strain (LOpez-Bendito et al., 2004) and Gad1'™-iTama
(GAD67-GFP) knock-in mouse strain (Tamamaki et al., 2003) were used. All mice used for in

utero electroporation were pregnant females between 4 — 6 months.

In utero electroporation

In utero electroporation experiments were approved by the Government of Upper Bavaria
(license number 55.2-1-54-2532-79-2016). Pregnant C57BL/6, GAD65-GFP, and GADG67-
GFP animals were used. Saline solution containing fentanyl (0.05 mg per kg body weight),
midazolam (5 mg per kg body weight) and medetomidine (0.5 mg per kg body weight) (Btm
license number 4518395) were injected intraperitoneally. E14 embryos were electroporated
(Saito, 2006). DNA plasmids (1 ug/ul.) were injected together with fast green (2.5 mg/ul;
Sigma). Animals were injected with buprenorphine (0.1 mg per kg body weight), atipamezole
(2.5 mg per kg body weight) and flumazenil (0.5 mg per kg body weight) to terminate the
anesthesia. Fixation of brains was done 2 or 3 dpe in 4% PFA for 12-16 hrs. For IHC, 25 um
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sections were prepared using a cryostat. For each experiment, we used at least 3 different mouse

brains per condition.

BrdU injections
Mice were injected intraperitoneally with BrdU (50 mg/kg bodyweight). Mice were sacrificed

30 min later. Tissue preparation and processing were performed as described above.

Primary cell cultures from mouse embryonic cerebral cortex

We isolated brains were isolated from E14 embryos from pregnant C57BL/6 wild-type mice
(Stahl et al., 2013). We dissected the mouse cortices and pooled in HBSS buffer (10 mM
HEPES) and we enzymatically dissociated the cells cells with 0.05% Trypsin/EDTA for 15 min
at 37°C. We then resuspended the cells in DMEM with 10% fetal calf serum (FCS) to terminate
the enzymatic reaction. Then, we used a fire polished Pasteur pipette to mechanically dissociate
the cells. We transfected the cells with pEGFP-C1 plasmid as a control and pEGFP-Cstb (for
CSTB overexpression) or pEGFP-R68X (for mutant CSTB form overexpression) plasmids
using the Amaxa Nucleofector. After 4 days, we lysed the cells in RIPA buffer. The CM was
recovered, and filtered on 0.22 um membranes (Millipore). We used10% of the recovered CM
for WB.

Collection of cerebral spinal fluid from mice

CSF were collected from the fourth ventricle of E14 embryos using microcapillary samplers
(typically 1-2 ul) (Johansson et al., 2006). More details are found in (Di Matteo et al., 2020)

Western Blot

For WB, we lysed iPSCs and tissues from mouse cortices in RIPA buffer containing protease
and phosphatase inhibitors (Roche, Basel, Switzerland). We used SDS-PAGE with a 12.5%
Acrylamide gel. 50 mM DTT to separate the proteins and added 50 mM DTT to dissociate
proteins and avoid protein aggregates. iPSCs and tissues from mouse cortices were lysed in
RIPA buffer with protease and phosphatase inhibitors (Roche, Basel, Switzerland) and proteins
were separated by SDS-PAGE The used loading controls were GAPDH (MW 37kDa) and Actb
(MW 42 kDa).

The collected conditioned media from COs and cells were concentrated using Amicon® Ultra-
15 Centrifugal Filter Units according to the instructions (Millipore, UFC901024). Same volume
of CM from cells or COs plates (with comparable number of organoids or cells) was
collected.Then the proteins were transferred to a nitrocellulose membrane (GE Healthcare,
Chalfont St Giles, Buckinghamshire, Great Britain). Then, we colored the membranes with a
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Ponceau Red solution (Serva, 33427.01) to verify the quality of the transfer. Next, we incubated
the membranes with primary antibodies overnight in rotation at 4 °C. The membranes were
washed three times with TBS-T for 10 minutes each, and incubated with secondary antibodies
for 1h at room temperature. After three washes in TBS-T, we treated the membrane with ECL
Western Blotting Detection solution (Millipore, Billerica, MA, USA) for protein detection.

Bands were quantified using ImageJ software.

Proteomic analysis

We selected 20-30 CTRL or UL1 COs and lysed in in RIPA buffer (50 mM Tris-HCI pH 8.8,
150 mM NaCl, 0.1% SDS, 0.5% NP-40, 0.5% DOC; protease and phosphatase inhibitor
cocktail, Sigma-Aldrich). We quantified protein concentration by Bradford assay (Biorad). For
mass spectrometry analysis, we used 100ug of proteins. Next, we diluted the protein extracts in
triethylammonium bicarbonate buffer (TEAB, 100 mM final concentration) containing 1%
SDS. Using the Pierce BCA Protein assay kit (Thermo Scientific, Rockford, Illinois, USA), we
determined protein concentration. Trypsin digestion of 80 pug of proteins (diluted in 100 pL of
100 mM TEAB) was performed. Proteins were then labeled with the TMT isobaric tags
according to the procedure reportes in (Napolitano et al., 2019; Russo et al., 2019): For LC-
MS/MS analyses, we mixed and diluted the TMT- labeled samples in 2% TFA (final
concentration of 0.5 pg/pL).

2.5 pg of TMT-labeled peptides were analyzed by high-resolution nanoLC—tandem mass
spectrometry. A Q-Exactive Orbitrap mass spectrometer with an EASY-Spray
nanoelectrospray ion source (Thermo Scientific, Rockford, Illinois, USA), coupled to a Thermo
Scientific Dionex UltiMate 3000RSLC nano system was used (Thermo Scientific, Rockford,
Illinois, USA) as described in (Russo et al., 2019).

Protein Identification and Quantitation

We analyzed the data with the Thermo Scientific Proteome Discoverer 2.1 software (Thermo
Scientific, Rockford, Illinois, USA), using the SEQUEST HT search engine. The HCD MS/MS
spectra were searched against the Homo sapiens Uniprot_sprot database (release 2019 11,
20380 entries). The used parameters and downstream analysis are published in (Di Matteo et
al., 2020).

Bioinformatic analysis

Proteins with Log2 fold change values (Log2FC) >0.3 and <-0.3 were considered as
differentially expressed (DE). We wused ¢:GOSt tool of the g:Profiler toolset
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(https://biit.cs.ut.ee/gprofiler/gost) to identifies the Gene Ontology (GO) term for Biological

processes for DE proteins (adjusted p-values <0.05). Visualization of selected GO categories
was performed using the GOplot package v 1.0.2 of the RStudio v 1.2.1335. Data visualization

of DE proteins was drawn in RStudio.
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7.3 Techniques specific to chapter 4
The techniques in this chapter are adapted from the preprint manuscript (Pipicelli et al., 2022).

CRISPR genome editing for generation of mutant iPSC lines
Control iPSC line was genetically edited using CRISPR technology to generate isogenic control
and E370K and Y366Lfs LGALS3BP lines. More details are reported in (Kyrousi et al., 2021).

Generation of vMOs

We generated ventral mosaic organoids (vMOs) as described above and in (Bagley et al.,
2017b). We dissociated iPSCs as described above. We, then mixed together 4,500 cells of each
line for a total of 90,000 cells, and transferred them to an ultra-low-attachment 96-well plate
(9,000 cells in each well) (Corning). From this step, the protocol continues as described in
"Generation of dvCAs and vCOs".

Time-lapse imaging of dvCAs

Dorso-ventral assembloids were prepared and imaged as previously described in (Klaus et al.;
Pilz et al., 2018). DvCAs were sliced in sections of 300 um of thickness using a vibratome
(Leica VT1200S). During the procedure, assembloids were kept in cold DMEM-F12
(Invitrogen) with sodium bicarbonate, glucose and 10% antibiotics; and oxygenated with O2.
We, then, placed the sections on a cell culture membrane insert (Millicell) and added NDM+A.
The slices were put on a cell culture insert (Millicell) and cultured in NDM+A organoid. Inserts
were then, put in the incubator for at least 1h.

Live imaging was performed for 48 h using Leica TCS SP8 Confocal microscope (Leica,
Germany). We took images every 20 minutes. We tracked cell movement ImageJ software and
the Manual Tracking Plugin, and the movement parameters calculated and analyzed in RStudio.

Single-cell RNA-sequencing library preparation and data analysis

For single-cell RNAseq analysis, we collected 5 organoids from vCOs, vMOs and dCOs.

We dissociate the selected organoids into single cells using StemPro Accutase Cell Dissociation
Reagent (Life Technologies).

The cells when filtered through 30 uM and 20 uM filters (Miltenyi Biotec) and they were
cleaned of debris using a Percoll (Sigma, P1644) gradient. For vMOs, we sorted the cells with
FACS and collected control and GFP-labeled E370K cells. We performed FACS analysis at a
FACS Aria (BD) in BD FACS Flow TM medium, with a 100 um diameter nozzle. For each
run, we anlyzed 10,000 cells.

118



Materials and Methods

The cell suspensions were then resuspended in ice-cold Phosphate-Buffered Saline (PBS)
supplemented with 0.04% Bovine Serum Albumin. The final concentration of cells was 1000
cells per ul.

We then, loaded single cells onto a Chromium Next GEM Single Cell 3’ chip following the
Chromium Next GEM Single Cell 3' GEM, Library & Gel Bead Kit v3.1. We generated cDNA
libraries using the Single Index Kit T Set A, 96 rxns (10xGenomics PN-1000213). Sequencing
of libraries was performed using Illumina NovaSeg6000 in 28/8/91bp mode (SP flowcell),
quality control and UMI counting were performed by the Max-Planck fur molekulare Genetik

(Germany).

Single-cell RNA-sequencing library preparation and data analysis

We analyzed single-cell RNA-seq data were analyzed using the R package Seurat (version 3.2).
We excluded cells with more than 2,500 or less than 200 detected genes or with mitochondrial
content higher that 10%. Moreover, we excluded genes that were not expressed in at least three
cells. Clusters with "glycolysis" identity based on GO terms of cluster-specific markers genes
were excluded, as described in (Bhaduri et al. 2020; Kanton at al., 2019).

Gene expression was normalized using a normalization method (“LogNormalize”, scale.factor
= 10000) and we selected the 2000 most variable genes (selection method, “vst”) and scaled
(mean = 0 and variance = 1 for each gene) before PCA. We used the FindNeighbors" and
"FindClusters" functions for clustering. A resolution of 0.5 and UMAP for visualization was
used.

We grouped clusters based of the expression of markers. Differentially expressed gene were
identified using the "FindAllMarkers" function. We identified the pseudo-differentiation axis
of telencephalic cells with PCA analysis. For pseudo-differentiation analysis, we used

Monocle3 algorithm (Trapnell et al., 2014).

Dorso-ventral identity model

The dorso-ventral model was built as described previously in (Oberst et al., 2019) and
implemented in the bmrm R package.

The model was trained on a subset of single cells datasets obtained from single-cell RNA seq
analysis of dCOs and vCOs.The 30 most-weighted genes were used for fold cross validation of
additional dorsal and ventral control cells and prediction of dorsal and ventral mutant cells. The
same method was applied to build a model to classify control and mutant cells, selecting for

100 most-weighted genes.
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Enrichment analysis

We used the FUMA algorithm (Watanabe et al., 2017) to identify GO term of DE genes in
mutant vCOs. We inserted the lists of differentially express genes from all the cell populations
(progenitors, intermediate progenitors, and neurons) into the GENE2FUNC software, accepting
FDR<0.05.
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7.4 Technigues specific to chapter 5

Some of the techniques in this chapter are adapted from the preprint manuscript (Pipicelli et al.,
2022).

NPCs, neurons and astrocytes cultures

Neural progenitor cells (NPCs) were generated and cultured by following Basic Protocol 1
described in (Boyer et al., 2012), with the exception that FGF8 and SHH were replaced by
FGF2 (Peprotech, 100-18b-50) in the neural progenitor medium (NPM). Neural differentiation
was conducted as described in (Gunhanlar et al., 2017b). Astrocytes were obtained from 8-
month-old organoids. Organoids were transferred to a 15 ml falcon tube and washed 1 time
with 1xXPBS. For dissociation, they were placed in Accutase® solution (A6964, Sigma Aldrich,
St. Louis, MO, USA) pipetted up and down 5-10 times with a P1000 tip, and then placed in the
incubator for 10 mins at 37°C, followed by 5 times pipetting for a second time. The dissociated
cells were then centrifuged at 300 x g for 3 mins and resuspended in NDM+A media for 24
hours. The next day, the cells were transferred to Matrigel® Basement Membrane Matrix,
LDEV-free (Corning®, 354234) coated plates. One day later the media was changed to
Astrocyte media (89% DMEM/F12+Glutamax, 10% fetal bovine serum, 1% Antibiotic-
Antimycotic (100x)) All the cells were kept in an incubator at 37°C, 5% CO2 and ambient
oxygen level with medium changes every 2—3 days.

EVs and IVs collection and analysis

EVs were collected from conditioned media from COs and 2D cultured cells by the steps
described in Chapter 7.1. “EVs collection”.

IV's were isolated by subcellular fractionation. Briefly, the COs were homogenized and upon
removal of nuclei, cell debris and mitochondrial fraction as previously reported (Ferrara et al.,
2009), the supernatatant was ultracentrifuged at 100.000 g for 30 min to obtain the cellular
fraction (1Vs).

Nanoparticle tracking analysis (NTA) was performed according to (Kyrousi et al., 2021).
ZetaView Software 8.05.12 SP1 was used to analyzed particle size and concentration. For

immune-electron microscopy, EV suspensions were analyzed by Dr llkka Miinalainen at
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Biocenter Oulu / EM laboratory, Finland (Deun et al., 2020), as described in (Kyrousi et al.,
2021).

EV uptake

NPCs, astrocytes and neurons were cultured in 24-well plates. 10-12 ml of conditioned media
from astrocytes and neurons were treated with 1 ul of Dil (1,1'-Dioctadecyl-3,3,3',3'"-
Tetramethylindocarbocyanine Perchlorate) before the final ultracentrifugation. The media of
the recipient cells was changed just prior to the addition of the labeled EVs. The cells were

fixed 12 hours after EV treatment with 4% paraformaldehyde for 20 mins at room temperature.

Imaging

Immunostainings were imaged with confocal microscopy or Stimulated Emission Depletion
(STED) microscopy. Confocal stack images were obtained using a Leica DMi8 laser scanning
confocal microscope (Leica Microsystems, Wetzlar, Germany), equipped with 20x/0.75 (oil),
40x/1.10 (water), and 63x/1.30 (glyc) objectives. Images were then processed using ImageJ
(Schneider et al., 2012). STED imaging was performed with a TCS SP8 STED 3X FALCON
confocal head (Leica Microsystems, Germany) mounted on an inverted microscope (DMis8;
Leica Microsystems, Germany). For imaging, a 405 nm diode and a white light laser were used
as excitation sources for DAPI, ExoGlow-RNA EV (SBI, USA), Alexa Flour 594
(ThermoFisher, USA), and ATTO 647N (ATTO-TEC GmbH, Germany) (405 nm, 488 nm, 575
nm, 644 nm lasers lines respectively). Single photons were collected through a 100x/1.4 NA
oil-immersion objective and detected on Hybrid Detectors (HyD) (Leica Microsystems) with a
420 —500 nm, 500 — 560 nm, 590 — 670 nm, 660 — 720 nm spectral detection window for DAPI,
ExoGlow-RNA EV, Alexa Flour 594, and ATTO 647N detection, respectively. For depletion,
a 775 nm pulsed laser was used for Alexa Fluor 594 and ATTO 647N, whereas a 660 continuous
wave laser was used for depletion of ExoGlow-RNA EV. DAPI was not depleted and only
imaged with confocal resolution. The image size was set to 1024 x 1024 pixels and a 5-fold
zoom factor was applied, giving a pixel size of 0.023 um and an image size of 23,25 x 23,25
um. For FLIM, the white light laser delivered 80 MHz repetition rate. Arrival time of single
photons was measured with the included FALCON module and 8 frames were acquired at a
scanning speed of 200 Hz. Recordings were done sequentially for each dye to avoid cross-talk.

Raw STED images were further processed with the t-STED module of LAS X software (Leica
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Microsystems, Germany) increasing further the resolution thanks to the lifetime information

recorded.

Sample preparation for mass spectrometry, MS data acquisition and raw data analysis of MS
measurement

We collected and purified extracellular and intracellular vesicles (EVs and IVs) from 2D and
3D cultures. The vesicles were lysed in RIPA buffer (150mM NaCl, 50mM Tris pH8, 0.1%
DOC, 0.1% SDS, 0.1% NP40).We applied a modified version of FASP protocol (Wisniewski
et al., 2009). to 10 ug of protein extract. More details are reported in (Pipicelli et al., 2022).
We processed the raw data, obtained using TimsControl, with the MaxQuant software (version
1.6.17.0) (Tyanova et al., 2016), the used settings can be found in (Prianichnikov et al., 2020).
Proteins were quantified across samples using the label-free quantification algorithm in

MaxQuant generating label-free quantification (LFQ) intensities.

Proteomic bioinformatic analysis

We identified a total of 7876 proteins in IVs and EVs. We retained the proteins that consistently
were detected in two of the three technical replicates, in each condition.The downstream
analysis and data visualization were performed using R. We transformed the LFQs values in
the log2-scale. The missing values were imputed using the R package DEP (version 1.15.0) and
replaced by random values of a left-shifted Gaussian distribution (shift of 1.8 units of the
standard deviation and a width of 0.3). We identified differentially expressed (DE) proteins on
the imputed dataset, using Student’s t-Test. We considered as DE, proteins with with log2 fold
change values (log2FC) > 1 and < -1 and with an FDR-corrected g-value < 0.05. We analyzed
genes associated to neurological disorders by consulting the DisGeNET website

(https://www.disgenet.org/search) (Pifiero et al., 2017).

Enrichment analysis

Enrichment analysis was performed as described in Chapter 7.3, “Enrichment analysis”.
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