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Abstract

During human development the brain has to form a complex neuronal network requiring
a well-orchestrated sequence of neurogenesis, neuronal migration and correct
positioning within cortical layers followed by synaptogenesis. Malformations associated
with cortical development (MCD) can be the result of interferences with one or several
elements of this sequence and subsequently lead to different manifestations of MCD
with severe consequences including epilepsy, cognitive impairment and intellectual
deficiency. In order to investigate the resulting cortical disorganization various mouse
models have been used to approximate pathological human corticogenesis. Numerous
aspects of MCD can be recapitulated in mouse models making it possible to draw
conclusions regarding underlying pathomechanisms. These models are limited in
regard of human specific aspects of brain development though.

The advent of human induced pluripotent stem cells (hiPSCs) and three-dimensional
(3D) organoid cell culture enables scientists to circumvent the limitations of mouse
models and to address human specific features of MCD in a spatio-temporal context.
The capability of self-organization in combination with the patterning into forebrain
organoids makes it a suitable in vitro system to study early corticogenesis and linked
developmental disorders in a human context.

In addition, using single-cell RNA sequencing (scRNA seq.) technologies it becomes
possible to resolve the cytoarchitecture of organoids in order to look at the cell
composition on single cell based resolution. Information based on single cell
transriptomic data allows us to deconstruct the 3D model into different cell types and
identify aspects of pathological mechanisms adding up to findings acquired by the
repertoire of molecular biology methods.

The beginning of this compendium describes the protocol we developed for the
generation of standardized and reproducible forebrain-type organoids from hiPSC,
constituting the prerequisite for the investigation of two distinct forms of MCD found in
humans. One of these two studies deals with the characterization and underlying
pathomechanism of a form of lissencephaly induced by the heterozygous loss of the
genes PAFAH1B1 and YWHAE, called Miller-Dieker syndrome (MDS). Using iPSC-
derived organoids from Miller-Dieker-syndrome patients a disturbance of the cortical
niche was identified, which leads to alterations in N-cadherin/ b-catenin signaling
consequently leading to a non-cell autonomous radial glia cell expansion defect.
Moreover, with this study we demonstrate a proof of concept regarding the use of our

organoid protocol for disease modeling in vitro.
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The subsequent part of this compendium is a study in which the role of the Echinoderm
Microtubule-Associated Protein-like 1 (Em/1/EML1) gene in subcortical heterotopia
formation is investigated in an in vivo context. With the help of a Heterotopic Cortex
(HeCo) mutant mouse model and human patient fibroblasts as well as hiPSC derived
cortical progenitors, heterotopia formation driver as well as a potentially underlying
primary cilia and Golgi apparatus phenotype were identified.

As mentioned before, mouse model can reflect certain aspects of human cortical
development but it remains challenging to recapitulate human specific features of
neurodevelopmental disorders. The last part of this compendium focuses on the
formation of subcortical heterotopia in human patients, characterized by the presence
of abnormally positioned neurons, alongside megalencephaly and polymicrogyria
induced by mutations in the aforementioned gene EML1. Investigation of iPSC-derived
cerebral organoids from EML7-patients and EML17-KO lines showed so far
unrecognized abundance of perturbed progenitor cells with increased basal radial glia
cell and extracellular matrix (ECM) gene expression profiles in the heterotopic area.
This cell population additionally displayed a massive aberrant YAP1 mediated
expansion.

Congruencies of major phenotypic findings in hiPSC-derived organoids and the HeCo
mouse model reinforces not only the idea that forebrain-type organoids reflect in vivo
results, but it also emphasizes the synergistic and complementary potential of our in
vitro model by bridging an evolutionary gap.

Taken together, the studies presented in this compendium deliver greater insight into
human MCD mechanisms and support the idea that organoid-based systems serve as

promising models to study early human cortical development and associated disorders.
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Zusammenfassung

Die menschliche Gehirnentwicklung zeichnet sich durch den Aufbau eines komplexen
neuronalen Netzwerks aus welcher auf der prazisen Abfolge aus Neurogenese,
neuronaler Migration sowie dem korrekten Eingliedern der Neurone in die
verschiedenen GroBhirnrinden-Laminae gestutzt ist. AbschlieBend werden die
eingegliederten Nervenzellen durch den Prozess der Synaptogenese miteinander
verschaltet. Missbildungen wéhrend der Kortikogenese kdnnen das Resultat von
Stérungen einer, oder mehrerer Elemente dieses Ablaufs sein und infolgedessen zu
verschiedenen Auspragungen von Fehlbildungen fihren welche mit Epilepsie,
kognitiven Beeintrachtigungen sowie Einschréankungen intellektueller F&higkeiten
einhergehen kénnen. Um die Entstehung der resultierenden kortikalen Missbildungen
untersuchen zu kdnnen, gibt es verschiedene etablierte Mausmodelle. Zahlreiche
Aspekte kortikaler Missbildungen konnten dadurch in diesen Modellen dargestellt
werden was ermoglichte Schlussfolgerungen hinsichtlich  zugrundeliegender
Pathomechanismen zu machen.

Wéhrend diese Modelle bestimmte Aspekte der humanen kortikalen Entwicklung
abbilden kénnen, sind dennoch Limitierungen hinsichtlich human spezifischer Aspekte
zu verzeichnen. Mit humanen induzierten pluripotenten Stammzellen (iPSZ) und darauf
basierender 3D Organoid Zellkulturen stehen uns Methoden zur Verfiigung die es
ermdglichen diese Limitationen zu umgehen und human spezifische Merkmale
kortikaler Missbildungen in einem zeitlich und rdumlichen Kontext zu untersuchen. Die
Methodik des Einzelzell-RNA Sequenzierens ermdglicht es zusatzlich den
Zytoarchitektur Aspekt dreidimensionaler Organoide aufzulésen und die Zell-
Zusammensetzung kortikaler Bereiche genauer zu untersuchen. Einzelzell-
Transkriptom Daten ermdglichen es Rickschllsse auf die verschiedenen Zelltypen und
Zusammensetzungs-Verhaltnisse innerhalb des 3D Modells zu machen und darauf
basierend etwaige Pathomechanismen zu identifizieren, welche Erkenntnisse, die
durch das bisherige Repertoire molekularbiologischer Methoden gewonnen worden
sind, erganzen. Der erste Teil dieses Kompendiums umfasst die Entwicklung eines
Protokolls um standardisierte und reproduzierbare Vorderhirn Organoide auf Basis von
humanen iPSZ zu generieren. Dieses humane in vitro Modell bildet die Grundlage flr
weiterflhrende Untersuchungen zweier verschiedener Formen humaner Kkortikaler
Missbildungen. Eine dieser beiden Studien behandelt die Charakterisierung einer Form
der Lissenzephalie, genannt Miller-Dieker Syndrom, hervorgerufen durch den
heterozygoten Verlust der Gene PAFAH1B1 und YWHAE. Unter Verwendung von

Organoiden generiert von Miller-Dieker-Syndrom Patienten-iPSZs war es moglich eine
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Stérung der kortikalen Nische zu identifizieren, welche den N-cadherin/ b-catenin
Signalweg beeinflusst und schlieBlich einen Glia Zell Expansions-Defekt zur Folge hat.
Daruber hinaus demonstrieren wir mit dieser Studie einen Machbarkeitsnachweis
hinsichtlich der Verwendung unseres Organoid-Protokolls fur die Modellierung von
Erkrankungen in vitro. Der darauf folgende Teil dieses Kompedniums behandelt eine
Studie in welcher die Rolle des Echinoderm Microtubule-Associated Protein-like 1
(EmI1/EML1) Gens in der Entstehung subkortikaler Heterotopien in einem in vivo
Kontext untersucht worden ist. Mithilfe des heterotopic cortex (HeCo) Mausmodells,
humaner Fibroblasten sowie kortikaler Vorlauferzellen, differenziert von humanen iPSZ,
wurden Mechanismen der Heterotopie Entstehung, sowie zugrundeliegende priméare
Cilien und Golgi-Apparat Phanotypen identifiziert. Wahrend Mausmodelle bestimmte
Aspekte der menschlichen kortikalen Entwicklung widerspiegeln kénnen, bleibt es eine
Herausforderung, human spezifische Merkmale neurologischer Entwicklungsstérungen
Zu rekapitulieren.

Die letzte Studie behandelt die Entstehung einer subkortikalen Heterotopie in
Menschen, charakterisiert durch abnormal lokalisierte Neurone, induziert durch
Mutationen, oder den Mangel des zuvor erwadhnten Gens EML1. Untersuchungen von
EML1-Patienten-, sowie EML1-KO-iPSZ basierten Organoiden zeigte ein bisher
unidentifiziertes Aufkommen von abnormalen Vorlduferzellen mit aberrant erhdhter
basal Radial Glia- sowie extrazelludren Matrix (EZM) Genexpression in der
entstehenden Heterotopie. Diese Zellpopulation zeichnete sich weiterhin durch
abnormale, massive, YAP1-getriebene Expansion aus.

Ubereinstimmungen phéanotypischer Befunde in humanen iPSZ-abgeleiteten
Organoiden und dem HeCo-Mausmodell bekraftigen nicht nur die Idee, dass
Vorderhirn Organoide in vivo Ergebnisse widerspiegeln, sondern betonen auch das
synergistische und ergénzende Potenzial unseres in vitro Modells durch die
Uberbriickung des evolutiondren Unterschiedes zwischen Mensch und Maus.
Zusammengenommen liefern die in diesem Kompendium vorgestellten Studien neune
Erkenntnisse hinsichtlich MCD im Menschen und unterstitzen die Idee, dass
Organoid-basierte Systeme als vielversprechende Modelle fir die Erforschung friiher

Entwicklungsstérungen der humanen GroBhirnrinde dienen kénnen.
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1. Introduction

1.1 Human cortex development

Based on a well-orchestrated sequence of progenitor cell proliferation, neurogenesis,
neuronal migration, neuritogenesis as well as synaptogenesis, a complex neuronal
network is formed during human cortical development. The process of corticogenesis
including the correct positioning within cortical layers ensures aspects ranging from
basic physiological to higher cognitive function in humans throughout life.
Physiologically, the cerebral cortex encompasses the entorihnal cortex (paleocortex),
the hippocampus (archicortex) as well as the neocortex (Bear et. al 2016). Comprising
90% of the cerebral cortex, the neocortex is not only the phylogenetically most recently
evolved brain region in humans but also the major part accounting for approximately
80% of the total human brain volume (Azevedo et al. 2009).

Around the third week after conception, the human nervous system begins to develop
(Stiles and Jernigan 2010). Induced by signals secreted by the Spemann’s organizer,
also called primitive node in mammals, the nervous system’s further development is
initiated from a region within the developing embryo called the neural plate (Bystron et
al. 2006; Sadler 2005). A high proliferative capacity of neuroepithelial stem cells (NES)
in this region leads to the thickening of the neural plate, which simultaneously to
massive cell movements, eventually leads to the folding, invagination and formation of
the neural tube (Keller et al. 2000; Keller et al. 1992; Nikolopoulou et al. 2017; Sausedo
et al. 1997; Smith and Schoenwolf 1989). During development, the neural tube gives
rise to the different parts the mature brain is composed of: the most rostral part of the
neural tube is giving rise to the prosencephalon (forebrain) later subdividing into
telencephalon and diencephalon, while more caudally mesencephalon (midbrain) and
subsequently rhombencephalon (hindbrain) are formed (Stiles and Jernigan 2010).

The aforementioned cerebral cortex evolves from the dorsal region of the forebrain
while the ventral region gives rise to the basal ganglia (Dennis et al. 2016; Mukhtar and
Taylor 2018; Stiles and Jernigan 2010). In both of these proliferative areas specific
progenitors are the founding cell type leading to the further development of this regions

in the growing brain (Fig. 1) (Buchsbaum and Cappello 2019; Dennis et al. 2016).



Figure 1: Cell proliferation and
migration during corticogenesis.
In the ventricular zone of the dorsal
telencephalon neural progenitors
give rise to excitatory neurons,
which migrate radially to the basal
membrane. In a second proliferative
ventricular zone, progenitors give
rise to inhibitory interneurons, which
migrate tangentially from the lateral
and medial ganglionic eminences
into the developing cortical plate.
Adapted from Buchsbaum and
Cappello, 2019.

Ctx: cerebral cortex; CP: cortical
plate; GE: ganglionic eminence; 1Z:
intermediate zone; LGE: lateral
ganglionic eminence; MGE: medial
ganglionic eminence; Str: striatum
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In the dorsal part of the forebrain, the NES cells undergo rapid symmetric cell divisions
generating two NES daughter cells thereby massively increasing the progenitor pool
(Huttner and Kosodo 2005; Rakic 1995), which leads to the radial and Iateral
expansion of the cortical structure (Florio and Huttner 2014). This procedure takes
place adjacent to the dorsal ventricular system, thus this area of expansion is termed
ventricular zone (VZ) (Lodato and Arlotta 2015; Molyneaux et al. 2007). Between
gestational week 5 and 6 the neuroepithelium becomes multilayered and a fraction of
NES cells start to down-regulate some of their characteristic epithelial features like
tight-junctions thereby transitioning into a cell type referred to as apical radial glia cells
(aRG cells) (Beattie and Hippenmeyer 2017; Go6tz and Huttner 2005). Over time the
cell population of aRG cells will replace NES cells being the dominant neocortical
progenitor cell inhabiting the VZ. The apical part of bipolar aRG cells is connected to
the ventricular surface (VS) with an organelle termed primary cilium within the apical
endfeet protruding into the ventricle thereby sensing signaling molecules within the
cerebrospinal fluid (Kriegstein and Alvarez-Buylla 2009). The primary cilium is thought
to have crucial influence on cortical neurogenesis, aRG cell polarity and overall cilium-

mediated signaling at the VS (Hasenpusch-Theil and Theil 2021). As part of their



apicobasal polarity these cells are spanning a second process to the basal lamina
creating the radial scaffold fundamental for the migration of early born neurons
(Taverna et al. 2014).

In relation to the VS, aRG cells can divide in three possible modes of cell division
based on the angle of the spindle apparatus; symmetric, asymmetric or oblique
(Matsuzaki and Shitamukai 2015). This mode of cell division is determinant regarding
the cell fate of the progeny. While symmetrical cell divisions are reported to give rise to
two daughter aRG cells during early corticogenesis thereby increasing the pool of
progenitors, asymmetric divisions, including oblique division modes, will leave one self
renewing cell in addition to a differentiating early born neuron or intermediate
progenitor (IP) (Matsuzaki and Shitamukai 2015). At later stages during cortex
formation, specifically during peak neurogenesis by the middle of the second trimester,
asymmetric cell divisions are reported to give rise to basal radial glia cells (bRG cells)
(LaMonica et al. 2013). During this cell division a daughter cell is generated that
inherits the basal process without the apical endfoot and will delaminate (Delaunay et
al. 2017; Shitamukai et al. 2011), while the remaining cell maintains its apical
anchoring at the ventricular surface and becomes a truncated radial glia cell
(Nowakowski et al. 2016).

Besides IPs, bRG cells and glutamatergic neurons, aRG cells also give rise to
astrocyte and oligodendrocyte progenitors in addition to forming the radial scaffold
spanning from apical to basal during early corticogenesis (Florio and Huttner 2014;
Paridaen and Huttner 2014).

The transiently expanding cell population of IPs is located in a part of the developing
neocortex called subventricular zone (SVZ), adjacent to the VZ (Pontious et al. 2008).
By asymmetric division, aRG cells and IPs can fulfill their neurogenic potential and
differentiate into immature cortical neurons which subsequently migrate along the
scaffold formed by radial glia cells into the early, deep layers of the developing cortex
thereby forming the preplate (PP) (Gilmore and Herrup 1997). As the number of
incoming early born neurons grows the PP will split into the marginal zone (MZ) and
the subplate (SP), which will then grow in size due to following waves of neurons
derived from aRG cells or IPs (Kwan et al. 2012). Later arriving neurons will contribute
to the formation of the cortical plate (CP).

The abundance of IPs and the highly proliferative bRG cells leads to the subdivision of
the SVZ into the inner (iISVZ) and outer SVZ (0SVZ), with IPs populating the iSVZ and
bRG cells mainly being located in the 0SVZ (Hansen et al. 2010; Lewitus et al. 2013).
The oSVZ is congruently described as one feature contributing significantly to the

massive expansion and complexification regarding the primate cerebral cortex (Dehay
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et al. 2015; Lewitus et al. 2013). Partially responsible for the increased expansion and
folding of the neocortex is the high proliferative capacity of bRG cells. These cells
residing in the oSVZ of the developing cortex can be seen as a cell type very specific to
humans, primates and most of the gyrencephalic species (Dehay et al. 2015; Lui et al.
2011). In contrast to aRG cells, bRG cells have been described as a unipolar glia cell
attached to the basal side of the developing cortex. This idea of a strictly uniform
appearance has been challenged describing the morphology as diverse, ranging from
monopolar connected to the apical or basal side to bipolar connections to both
boundaries of the growing cortex (Betizeau et al. 2013; Kalebic et al. 2019; Pilz et al.
2013). In addition to aRG cells and IPs, this cell type contributes to the generation of
both deeper and upper layer neurons during peak neurogenesis in humans (Pollen et
al. 2015). Moreover, it has been demonstrated that bRG cells give rise to astrocytes
and oligodendrocytes once most of the deeper and upper layer neurons have been
generated (Rash et al. 2019).

During the second trimester between gestational week 15 and 18 the physical scaffold
formed by aRG cells, which newly generated neurons use to migrate along into their
final position, undergoes significant changes. The onset of bRG cell generation marks
the establishment of a discontinuous scaffolding system; the newly generated bRG cell
inherit the process spanning to the basal side of the developing cortex while the
remaining truncated aRG cell keeps the apical connection and only develops a
shortened glial scaffold not reaching the pial surface. From this point on in
corticogenesis the newly generated bRG cells build up the scaffolding path into the CP
(Fig.2). This leads to the consequence that during late neurogenesis, only neurons
born in the oSVZ will reach the upper layers of the growing cortex (Nowakowski et al.
2016).

Based on the continuous generation of cortical neurons by these neurogenic cell types,
the mature human cortex will be built of 6 layers of neurons starting from the earliest
born deep layer neurons (layer VI) to the upper layer neurons in layer | while eventually
resolving MZ and SP (Germain et al. 2010; Gilmore and Herrup 1997). In an ,inside-
out“ process layer VI neurons originate first followed by layer V neurons which traverse
alongside the glial scaffold above layer VI; the next wave of neurons will migrate above
the respective subsequent layer until layer | arrives in its destination as the earliest

born in the upper most layer (Fig.2) (Angevine and Sidman 1961).
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Figure 2: Overview of human corticogenesis.

During early corticogenesis apical radial glia build the scaffold contacting the basal side
of the cortex. Newborn neurons migrate radially along these glial fibers. The
subsequent layering of neurons follows an inside-out fashion: deep layer are
established first, while later born neurons forming the upper layers migrating along
basal radial glia fibers. Adapted from Nowakowski et al., 2016.

VZ: Ventricular Zone; NESC: neuroepithelial stem cells; iSVZ: inner subventricular
zone; oSVZ: outer subventricular zone; IZ: intermediate zone; SP: subplate; CP:
cortical plate; MZ: marginal zone; IPC: intermediate progenitor cell; aRG: apical radial
glia; tRG: truncated radial glia; bRG: basal radial glia

Besides excitatory, glutamatergic projection neurons the mature mammalian cortex is
populated by GABAergic inhibitory interneurons providing the balance of inhibitory and
excitatory inputs in this neuronal network. These GABAergic interneurons arise from a
region ventral to the cerebral cortex called subpallium, which comprises the lateral,
medial and caudal ganglionic eminences (Wonders and Anderson 2006). The
interneurons generated in these regions follow a tangential migratory stream into the
area of the developing cerebral cortex subsequently switching to a final phase of
migration in which they move radially into their position within the appropriate cortical
layer (Huang et al. 2007). Within these migratory routes the interneurons are guided by
chemo-attractants and repulsive cues from the respective ganglionic eminences. In a
final step, these cells establish synapses with the resident cortical projection neurons to
fully integrate into the neuronal network. As far more neurons and thereof synapses are
created during initial corticogenesis, the number of neurons is reduced via programmed
cell death during refinement of interconnectivity (Buss et al. 2006; Oppenheim 1991). A
feature that distinguishes the human brain from most of the other mammalian brains is
an architectural feature of the neocortex. Gyrification can be described as the process
in which the outer surface of the cortex is forming the folds leading to an increase of
brain surface (Fig.3) (Garcia et al. 2018; Rakic 2009), taking place during the last

period of cortical development (Kroenke and Bayly 2018).
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Figure 3: Overview of the
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Due to the fact that this fundamental process during human brain development is not
fully understood yet, several studies are trying to shed light on the generation of gyri
(the folding of cortical tissue) and sulci (the depression of grooves between two gyri).
According to recent studies one of the parameters contributing to the convolution of the
cortex is the influence of extracellular matrix as described in a study from 2018 (Long
et al. 2018). Three identified extracellular matrix components namely collagen I,
lumican and hyaluronan and proteoglycan link protein 1 (HAPLN1) caused local
changes of tissue stiffness and cortical plate folding when applied to fetal human
neocortex. Furthermore, the study indicates that these processes are mediated via
hyaluronic acid receptor CD168 and downstream ERK signaling. It can be assumed
that this represents processes in humans mediated by the ECM-rich meningeal
membranes which follow neuronal layer | along the border of the cortical surface. As
already mentioned afore the abundance of bRG cells is commonly described as one of
the key parameters for evolutionary neocortex expansion and gyrification (Borrell and
Gotz 2014; Liu et al. 2017; Matsumoto et al. 2020; Rash et al. 2019). The observation
that the degree of cortical folding correlates significantly with the abundance of bRG

cells and thereby the proliferation in the oSVZ additionally underscores the role of
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these cells regarding the evolution of gyrencephalic brains (Pilz et al. 2013; Reillo et al.
2011). Due to their high mitotic capacity, cortical areas with an abundance of bRG cells
display greater proliferation in the oSVZ, a tangentially dispersion of radially migrating
neurons and thus, the highest level of surface area expansion and gyrification (Borrell
and Go6tz 2014). Complementary to the tangential expansion based on high
proliferation in the iSVZ and oSVZ, a recent publication is highlighting the role of
another cell type of the central nervous system in a second step within cortical folding.
This study reports that during this second phase in gyri formation, spatially restricted
FGF-signaling feedback loops mediate local astrocyte expansion resulting in a more
pronounced vertical expansion of cortical folds contributing to the formation of
convolutions (Shinmyo et al. 2022). An additional physical parameter has been
highlighted in another study from 2018 in which researcher demonstrate the influence
of spatial confinement contributing to the convolution of the cortex. Researches used
an in vitro method to mimic compressive forces during the expansion of
neuroectodermal tissue (Karzbrun et al. 2018). Thereby, this study identified
mechanical forces in the form of cytoskeletal contraction at the in vitro model’s core
and simultaneous cell-cycle dependent nuclear expansion at the outer part of the 3D
model.

Taken together, these are some of the hypotheses shedding light onto this complex
brain feature of gyrencephalic species. This well orchestrated process is yet another
sequence of events during brain development in which disturbances can lead to drastic
changes regarding the physiology of the human brain. The following part of this
compendium is giving an overview of malformations of human cortical development

including malformations that occur due to affected cortical folding.

1.2 Malformation of human cortical development

Malformations associated with human cortical development (MCD) can be the result of
interferences with one or several elements of the sequence of steps during
corticogenesis. Depending on the extent of the malformation, the classification can be
uni- or bilateral, symmetric or asymmetric and can occur as comorbidity as part of a
complex syndrome. Changes in progenitor cell proliferation, abnormal neuronal
migration, excess of bRG cells, premature delamination of neural progenitors or
abnormal neuron positioning can be causes for MCD in humans and mammals
(Cappello et al. 2013; Guo et al. 2015; Hong et al. 2000; Johnson et al. 2018; Shimada
et al. 2019). Clinical consequences caused by MCD can range from developmental

delay, motor- and intellectual disabilities, epilepsy, to a spectrum of neuropsychiatric

13



symptoms (Guerrini and Dobyns 2014). Macroscopic anatomical manifestations
regarding disrupted cortical development include microcephaly (smaller brain size),
megalencephaly (larger brain size), lissencephaly (loss or disruption of lamination
and/or gyrification), heterotopia (abnormally positioned neurons) and polymicrogyria

(numerous small cortical convolutions) (Fig. 4).
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Figure 4: Malformations of human cortical development.
Upper row: Schematic depiction of a healthy brain and brains affected by different
cortical malformations: microcephaly, macrocephaly, lissencephaly, periventricular
heterotopia and polymicrogyria. Lower row: Schematic depiction of phenotypical
features and the pathomechanism underlying each form of cortical malformation.
Adapted from Ossola and Kalebic, 2021.
VZ: ventricular zone; SVZ: subventricular zone; CP: cortical plate; aRG: apical radial
glia; bRG: basal radial glia
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These different forms of MCD can coexist in complex forms (Guerrini and Dobyns
2014; Klingler et al. 2021; Ossola and Kalebic 2021). The causes for MCD can be
diverse as different cellular features or processes can be disturbed. Causes for the
onset of MCD can be mutations in adherens junction proteins like a/B-catenin, N-
cadherin or cell-cell contact proteins like DCHS1 or FAT4 (Cappello et al. 2013;
Kadowaki et al. 2007; Lien et al. 2006). As a consequence, aRG cell polarity and cell
divisions as well as neuronal migration are impaired. Mutations or loss of the
aforementioned adherens junction protein N-cadherin can lead to impaired cortical
development as well. Conditional knockout has been demonstrated to lead to the
breakdown of cortical organization with postmitotic and proliferating cells scattered
across the cortex (Kadowaki et al. 2007), while other studies demonstrate that
inactivation lead to increased progenitor proliferation and eventually to malformation
resembling a subcortical band heterotopia (SBH) (Gil-Sanz et al. 2014). Disturbances
of adherens junctions can influence apical-basal orientation of progenitor cells and the
correct establishment of architectural cortical features, but these are not the only

determinants for polarity during corticogenesis. aRG cells contain a specialized polarity
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complex consistent of PAR3, PAR6 and aPKC, which not only establishes cell polarity
but also influences progenitor proliferation, delamination and differentiation (Bultje et al.
2009; Costa et al. 2008). It has been shown that loss of PAR3 promotes an abnormal
switch in aRG cell division mode leading to an initial increase of mitotic progenitors and
delaminated, mispositioned progenitors outside the VZ. As a consequence the
enlargement of the affected brain can be observed. In addition to that the ectopic
progenitors undergo massive neurogenesis, which results in heterotopia formation (Liu
et al. 2018).

Another determinant for polarity and attachment to the VS is the primary cilium (Zaidi et
al. 2022). The complex of impairments, summarized under the term “ciliopathies” sheds
light on abnormal primary cilia structure or ciliogenesis leading to abnormal cortex
development. Genes like WDR62, KIF2A, BBS1, BBS7, BBS10 and TMEMZ216 are
reported to have impact on primary cilia and centrosome growth and integrity and
thereby cause cortical malformation as a consequence if mutated or perturbed (Guo et
al. 2015; Zhang et al. 2019). Consequences of impaired primary cilia can range from
abnormal progenitor cell cycle progression and decreased proliferation, disturbed
sensing of signaling input via the cerebrospinal fluid (CSF) in the ventricles to
disruption of the polarized RG scaffold and distinct phases of neuronal migration (Guo
et al. 2015; Liu et al. 2021). The organization and regulation of the spindle apparatus
can be a parameter for the initiation of MCD as well, the development of microcephaly
in particular. Genes such as MCPH1 or ASPM are reported to be critical for correct
corticogenesis or as potential MCD drivers (Bond et al. 2002; Jackson et al. 2002;
Zhong et al. 2006). Spindle organization and orientation as well as centrosome
maturation can be critical regarding potential influences on cortex development.
Centrosomes and centrioles harbor spindle-regulating properties and play a crucial role
in progenitor proliferation and the correct distribution of chromosomes during cell
division; abnormal chromosomal numbers leading to apoptosis or abnormal spindle
assembly or orientation can be the consequence (Marthiens and Basto 2020). The
latter case has a profound influence on the division mode and further development of a
cell. While symmetric divisions increase the progenitor pool, asymmetric and oblique
cell divisions lead to the generation of one progenitor cell while the second progeny
delaminates from the VZ surface and transitions into a neuron or bRG cell (LaMonica et
al. 2013; Matsuzaki and Shitamukai 2015). A premature shift from symmetric to
asymmetric depletes the progenitor pool thereby leading to reduced brain size, the
hallmark feature of microcephaly. In the case of mutations in the gene CENPJ for
example, the progressive loss of centrioles has been observed causing increased

detachment of aRG cells. While these progenitors still proliferate, a mitotic delay
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initiates programmed cell death eventually decreasing the progenitor pool leading to
microcephaly (Insolera et al. 2014).

The capability to undergo massive self-renewal within the VZ area is a crucial feature
of progenitor cells. Premature differentiation as well as alterations regarding cell cycle
progression and length can disturb the balance between progenitor expansion and
neurogenesis. Excessive proliferation or accelerated cell cycle can lead to
megalencephaly while decreased proliferation, increase in apoptosis, prolonged cell
cycle and premature neurogenesis can lead to microcephaly with or without
lissencephaly (Gabriel et al. 2016; Mirzaa et al. 2014; Wilson et al. 2012; Zhang et al.
2019). Another crucial prerequisite for correct corticogenesis is the integrity of the
cellular cytoskeleton. The significant involvement in different cellular processes like cell
division, migration and neuritogenesis is a potential explanation for the frequent
contribution of genes associated with cytoskeleton dynamics to MCD. Mutations in
tubulin genes for example are reported to lead to various different forms of
malformation including microcephaly, lissencephaly, neuronal heterotopia or
polymicrogyria (Fallet-Bianco et al. 2014). Genes involved in assembling and
stabilizing microtubules like DCX or EML1 have been reported to cause subcortical
heterotopia (des Portes et al. 1998; Kielar et al. 2014), while mutations or deletion of
PAFAH1B1, responsible for microtubule dynamics and regulation of dynein, have been
identified as the most common cause for lissencephaly in humans (Kato and Dobyns
2003). The impact of PAFAH1B1 perturbations leads to a plethora of defects ranging
from defects in proliferation due to spindle apparatus misorientation, microtubule
cytoskeleton instability and WNT pathway deregulation over premature neurogenesis to
increased cell death and disturbed neuronal migration (Bershteyn et al. 2017; Feng and
Walsh 2004; Yingling et al. 2008). Processes within a cell like intracellular trafficking
can be affected by truncation of cytoskeletal components, which in turn can have major
impact on correct corticogenesis (Passemard et al. 2019). Microcephaly and
periventricular heterotopia have been diagnosed in patients with mutations in the gene
ARFGEF2, of which the protein BIG2 is required for correct vesicle and membrane
trafficking of the Golgi apparatus network. As a consequence, a study indicates that
progenitor proliferation as well as neuronal migration during human neocortical
development are affected and responsible for the diagnosed microcephaly and the
formation of periventricular heterotopia in those patients (Sheen et al. 2004). But not
only assembly and integrity of cytoskeletal components is of importance as
posttranslational as well as posttranscriptional deregulation of cytoskeletal-related
proteins display a potential cause for MCD. An example is the abnormal splicing of

Fina, a protein that crosslinks actin filaments and attaches these to cell membrane
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proteins. Irregularities throughout the splicing process are reported to lead to the
formation of periventricular heterotopia (Zhang et al. 2016). A central key for the correct
cortical architecture is the undisturbed procedure of radial migration along a glial
scaffold into the correct laminar destination performed by postmitotic neurons. Certainly
one of the major drivers for malformations of the cortex displays any impairment of
neuronal migration leading either to disruption of lamination, failed preplate splitting, or
ectopically located neurons. Neuronal migration along the radial scaffold relies on the
extension of a leading process, somal translocation and locomotion (Nadarajah and
Parnavelas 2002), emphasizing once again the importance of intact cytoskeletal
dynamics; mutations impairing actin or microtubule integrity, assembly and
disassembly account for a fraction of cortical malformation as migration of neurons can
be severely perturbed (Copp and Harding 1999). As mentioned afore, preplate splitting
into the transient marginal zone and the subplate can be regarded as impaired
neuronal migration (Olson 2014). Mutations in the genes RELN or POMGNTZ2 are well
characterized and studies indicate that mutations in the gene or absence of the
proteins are causative not only for abnormal neuronal migration but also for impaired
prelplate splitting (Hong et al. 2000; Nakagawa et al. 2015). Mutations in genes not
belonging to the aforementioned categories can lead to severe forms of MCD as well.
Among those, transcription factors like PAX6, EOMES, FOXG1 and YAPT are reported
to be malformation driver (Baala et al. 2007; Davis et al. 2008; Najas et al. 2020;
Pringsheim et al. 2019; Saito et al. 2018) as well as genes involved in epigenetic
modifications like histone modifications or in general chromatin remodeling (Heyn et al.
2019; Ostrowski et al. 2019). Until this point the vast majority of cortical malformation
has been investigated using animal models in order to approximate human cortical
development. The following part emphasizes the potential of human PSC-derived 3D
cultures recapitulating certain aspects of human brain development thereby presenting
an additional tool to decipher human specific aspects of MCD. MCD based on genetic
mutations or environmental influences can be investigated in different in vivo models,
most frequently done so in rodent models. In the past, this has lead to detailed insights
into pathomechanisms in regard of different aspects of impaired corticogenesis and
mammalian brain development in general. But the more light got shed on the genes
involved, the more evident it got that genes were affected by mutations, which
functions evolutionary progressed in humans compared to other experimental models
emphasizing an incomplete picture gained by developmental brain research solely
based on animal models. Several differences regarding brain development and cellular
brain composition of mice, the most frequently used animal model, and humans can

make it difficult to draw conclusions applying for human brain development and
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pathomechanisms underlying MCD. Significant differences in gene expression
programs, the far lesser brain to body ratio and the absence of gyrification in mouse
brains are some examples underscoring this (Taverna et al. 2014). Three major
evolutionary aspects lead to the substantial differences between human and mice
brains: The increased proliferative capacity of NES as the founder cells in the neural
tube (Florio and Huttner 2014), a species specific program causing aRG cells to
continue expanding during neurogenesis (Otani et al. 2016) and an increased
abundance of highly proliferative bRG cells in the oSVZ of humans contributing
massively to the expansion of the neocortex (Hansen et al. 2010). In addition to that,
more evidence suggests that human specific genes or variants of genes played a
crucial role during the evolution of the human brain. These variants of genes have been
shown to be involved in the expansion of the progenitor pool resident in the VZ like
NOTCHZNL (Fiddes et al. 2018), or the progenitor pool primarily located in the oSVZ
as for the case of ARHGAP11B (Fischer et al. 2022; Florio et al. 2015), or TKTL1
(Pinson et al. 2022). This further supports the idea to develop appropriate human in

vitro models.

1.3 Cerebral organoids as tool to unravel
mechanisms underlying MCD and
neuropsychatric disorders

The advent of human iPS cell culture and the generation of cerebral organoids enabled
researcher to develop and investigate such human in vitro models. Pioneering work of

Shinya Yamanaka and his colleagues in 2006 and 2007 made it possible to generate
iPSCs from mouse and human fibroblasts using defined factors (Takahashi et al. 2007;
Takahashi and Yamanaka 2006). This reprogramming method from a differentiated cell
type into a self-renewing pluripotent cell initiated a myriad of work in diverse areas of
biological research, especially in those cases in which the use of embryonic stem cells
in research was limited or prohibited. These publications also demonstrated the
derivation of ectoderm, mesoderm and endoderm in teratoma after transplantation of
iPSCs into immune suppressed mice thereby indicating the potential to differentiate the
reprogrammed iPSC into cells of the three germ layers. A feature of teratoma formation
is the uncontrolled differentiation, and in many cases, the self-organization into
compartmentalized somatic tissues from all three germ layers in those tumors (Li et al.
2021; Przyborski 2005). Based on these observations and trailblazing work of Yoshiki
Sasai and his colleagues the transition of protocols from uncontrolled differentiation

and self-organization of pluripotent stem cells to gradually controlled differentiation and
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subsequent self-organization into organ-like structures took place (Eiraku et al. 2008;
Kadoshima et al. 2013; Sasai 2013a; 2013b). In his work he summarized the
fundamental processes during in vitro organogenesis in 3D stem cell culture as 1) self-
assembly, the spatiotemporal positioning and control of cells to each other, 2) self-
patterning, the acquisition of region-specific cell fates forming a heterogeneous group
of spatially patterned cells and 3) self-driven morphogenesis, which he describes as
the spontaneous formation of tissue-like structures based on tissue intrinsic
mechanisms (Sasai 2013a). Over time protocols of 3D cell culture or so-called
organoids were developed covering organs of every germ layer (Tang et al. 2022).

The resemblance of organoids to human organs is based on three implications: 1) The
organoid has to consist of different organ-specific cell types, which 2) as single cell or
as a tissue is capable of recapitulating some organ-specific functions. These organ-
specific cell types have to be 3) grouped together in a spatial manner resembling the
actual organ. The first protocols to generate cerebral organoids became public and
gained attention in 2008 and 2013 with the publications by the groups of Yoshiki Sasai
and Jirgen Knoblich (Eiraku et al. 2008; Lancaster et al. 2013). In both cases
pluripotent stem cells were the founding cell type, which emphasizes the general
capacity of pluripotent stem cells to self-organize into an in vitro reminiscence of the
respective organ. This 3D cell culture model makes it possible to recapitulate early
human corticogenesis as it displays cyto-architectural hallmarks like VZ-like areas
growing around a VZ surface lining as well as the generation of early born neurons
organized in a CP-like structures. In addition, cerebral organoids contain almost all of
the relevant progenitor cell populations contributing to the growth and development of
structures reminiscent of an early human cortex. Some of these first protocols have
been developed for the generation of whole brain organoids, which display multiple
brain-like regions within one organoid (Lancaster et al. 2013), while other organoid
protocols mainly displayed the development of cortical structures including VZ, SVZ as
well as CP-like regions (Eiraku et al. 2008). Based on the success of her pioneering
work in the field of brain organoid research, Madeleine Lancaster and her colleagues
then proceeded to further develop the established protocols thereby contributing
significantly to the research in this field (Giandomenico et al. 2019; Lancaster et al.
2017; Pellegrini et al. 2020).

Modulating specific pathways using small molecules or morphogens lead to protocols
specifically designed for the generation of dorsal or ventral forebrain-like, midbrain-like,
hypothalamus-like and cerebellum-like organoids (Huang et al. 2021; Kadoshima et al.
2013; Muguruma et al. 2015; Qian et al. 2016). In addition to a similarity in

cytoarchitecture, the organoids generated display high congruency with human primary
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brain tissue regarding transcriptomic profiles and gene regulatory changes (Kanton et
al. 2019; Quadrato et al. 2017; Velasco et al. 2019). Another prerequisite to be fulfilled
for brain organoids is the functionality of cells or parts of the tissue formed. Recent
studies suggest that brain organoids do have the capability to generate complex
neuronal networks as well as neural oscillations and epileptiform changes
(Samarasinghe et al. 2021; Truijillo et al. 2019; Zafeiriou et al. 2020). The spatial and
temporal recapitulation of human brain, especially cortex development, combined with
the aforementioned transcriptomic and functional qualities of brain organoids qualifies
this method as a suitable in vitro model for developmental research as well as disease
modeling.

Brain organoids have been used to study different MCD occurring in humans ranging
from micro- and megalencephaly as well as lissencephaly and different forms of
heterotopias gaining deeper insight into underlying pathomechanisms (Bershteyn et al.
2017; Karzbrun et al. 2018; Klaus et al. 2019; Lancaster et al. 2013; Li et al. 2017). In
one of the first publications using brain organoids to model a MCD, Lancaster and
colleagues demonstrated the recapitulation of microcephaly hallmarks like decreased
size and premature neuronal differentiation using patient-derived fibroblasts (Lancaster
et al. 2013). In a study from 2017, Li and colleagues investigate the pathological
increase in brain size via PTEN deletion in iPSCs in order to confirm existing genetic
evidence from human patients suffering from megalencephaly. Not only did they
demonstrate increased brain organoid growth due to enhanced progenitor proliferation
and surface folding upon PTEN deletion, but also used the model to demonstrate the
deleterious effect of ZIKA virus infection on organoid growth (Li et al. 2017). In two
studies different parameters contributing to the development of a smooth,
lissencephalic brain were identified (Bershteyn et al. 2017; Karzbrun et al. 2018). Using
cells derived from patients suffering from lissencephaly, Bershteyn and colleagues
were able to identify increased apoptosis and asymmetric cell divisions in aRG cells
residing in the VZ decreasing the progenitor pool as well as a prolonged mitosis in bRG
cells leading to an overall decrease in size and an increase in deep layer neurons
(Bershteyn et al. 2017). The reduction of LIS1 protein lead to the decrease in folding in
an organoid on-a-chip model and enabled Karzbrun and colleagues to connect this
phenotype to changes in nuclear motion in aRG cells as well as aberrant ECM and
cytoskeleton related gene expression (Karzbrun et al. 2018). Of note is the study from
Klaus et al. 2019 as an example of a follow-up study investigating the consequences of
perturbations in the aforementioned genes DCHS1 or FAT4 in context of the formation
of periventricular heterotopia in humans (Klaus et al. 2019). Mutations or knockdown of

these genes lead to changes in progenitor morphology and defective neuronal
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migration in a subset of neurons in iPSC derived cortical organoids thereby validating
and exceeding the results generated in a mouse model (Cappello et al. 2013).

In addition to MCD based on genetic alterations, the organoid model has been
successfully tested in the context of environmental factors causing developmental
disorders leading to cortical malformations. Here, some of the most prominent
examples have been studies outlining the causation between ZIKA and other viral
infections and significant decrease of cerebral organoid size indicating microcephaly
(Krenn et al. 2021; Qian et al. 2016). With more advanced protocols facilitating the
functionality of organoids it is possible to model developmental disorders of the brain,
which do not primarily manifest as MCD. Neuropsycahtric disorders and epileptiform
events can become evident in iPSC-derived organoids on different levels. On a cellular
level, synaptic abnormalities as well as impaired glial function have been recapitulated
modeling Rett syndrome, schizophrenia or autism spectrum disorder (ASD) (Notaras et
al. 2022; Samarasinghe et al. 2021; Zhang et al. 2020). In addition to that, organoids
have been used to investigate abnormalities on neural circuit level and gene
expression level detectable as imbalance of excitatory and inhibitory activity and overall
impaired electrophysiology or abnormal gene expression profile (Amiri et al. 2018;
Kathuria et al. 2020; Samarasinghe et al. 2021; Sawada et al. 2020).

Although this model system enables researcher to decipher human specific
pathomechanisms underlying MCD and neuropsychiatric disorders it is important to
consider that the organoid system has limitations. Most protocols for generating brain
organoids are challenged by batch-to-batch heterogeneity. The usage of multiple iPSC
lines including patient-derived cells as well as genome edited cells and their respective
isogenic controls increases reproducibility across different lines thereby demonstrating
robustness when it comes to reliability of the results in the experimental context.
Furthermore, the correct starting cell number for IPSC aggregation at the beginning of
the organoid generation in combination with the use of small molecules to guide the
forming neuroectodermal structure into the brain area needed can improve protocols
significantly as shown in part | of this compendium. Although protocols continuously
improved over time, especially in regard of functionality, brain organoids are still
restricted to recapitulate early developmental stages (Kanton et al. 2019; Quadrato et
al. 2017; Velasco et al. 2019). On a structural level, some features of human brain
development still need to be mimicked in this 3D in vitro model. The separation of the
SVZ into a distinct iSVZ and a proportionally increased oSVZ resembling the second
trimester of a developing cortex as well as a distinct 6-layer CP architecture is only
replicated to a restricted extend (Qian et al. 2020; Watanabe et al. 2017). A

developmental hallmark of a human cortex is gyrification (Rash et al. 2019). The
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appearance of convolutions in vitro have been reported in studies either genetically
modulating the founder iPSCs (Li et al. 2017) or by modulating the mechanical input
the growing organoid is exposed to (Karzbrun et al. 2018). However, this “in vitro
gyrification” mainly affects the germinal zones rather than the CP-like structures
thereby not completely reflecting the human situation. Based on recent studies it can
be assumed that certain ECM-mediated pathways need to be modified in order to
achieve a bona fide gyrification of cortical structures in vitro (Long et al. 2018).
Concomitant with the early developmental stages recapitulated it can be observed that
in most of the protocols, glia cells like astrocytes and oligodendrocytes, are
underrepresented therefore not contributing to synaptogenesis, myelination and in
general normal physiological homeostasis (Quadrato et al. 2017). Improved protocols
demonstrate that increasing glial content in brain organoids drastically improves
functionality in terms of progressive neuronal network maturation, network burst
development and long-term potentiation (Zafeiriou et al. 2020). Another parameter
influencing further development and comprehensiveness as a model for the developing
brain is the lack of cell types originating from germ layers other than the
neuroectoderm. Cells of the vasculature as well as cells building up the CNS-specific
immune system are two examples of extensive research in order to advance brain
organoid protocols (Ahn et al. 2021; Cakir et al. 2019; Fagerlund et al. 2021; Xu et al.
2021).
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Thesis aims

Disturbances of every step of the complex choreography of brain development and
specifically corticogenesis can lead to various forms of MCD with severe
consequences for human patients. First, we set out to develop a reliable protocol for
the generation of forebrain-type cerebral organoids. We then applied this protocol to
elucidate the underlying pathomechanisms leading to the formation of MCD using state
of the art techniques and to highlight the use of human iPSC-derived cerebral
organoids as an additional model to rodent models for early brain development and
associated disorders.

This compendium of published scientific works outlines the development of an
organoid-based platform and based on that the investigation of two different MCD: a
form of lissencephaly induced by the heterozygous deletion of the genes PAFAH1B1
and YWHAE known to be involved in Miller-Dieker syndrome as well as a form of SBH
linked to mutations or deficiency regarding the EML1 gene. Including a mouse model
for Eml1-driven heterotopia formation, it is demonstrated how different model systems
can be used to decipher mechanisms underlying pathological brain development.

In order to investigate the impact of mutations or perturbed gene expression in general
on human cortex development in vitro we developed a model for iPSC based brain
development in 3D. This protocol has been published in 2018 describing the step-by-
step generation and quality control of standardized and reproducible forebrain-type
cerebral organoids (Krefft et al. 2018). Previously, we demonstrated the benefit of this
model in a study investigating the consequences of a heterozygous loss of the genes
PAFAH1B1 and YWHAE on human cortical development and identified a disturbance
of the cortical niche leading to alterations in N-cadherin/B-catenin signaling resulting in
a non-cell autonomous radial glia cell expansion defect (lefremova et al. 2017). In the
study of Uzquiano et al. 2019, a mouse model harboring a deleterious insertion in the
Eml1 gene as well as human control and patient fibroblasts and iPSC-derived cortical
progenitor cells were used to identify disrupted primary cilia formation, altered Golgi
apparatus and as a consequence thereof a perturbed primary cilia-Golgi axis
(Uzquiano et al. 2019). Recently we have used our model system in order to elucidate
the consequence of EML1 deficiency during human cortical development (Jabali et al.
2022). The organoid model enabled us to recapitulate primary cilia and spindle
apparatus defects in a human model for EML1 deficiency. In combination with the
observation of the formation of ectopic rosette-like structures it suggests premature
delamination of apical progenitor cells from the ventricular surface. Besides the

demonstration of heterotopic neurons forming nodules or bands below the CP-like
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structure, we were able to show that deregulated YAP1 signaling contributes to the
massive expansion of ectopic proliferating cells and the formation of ectopic rosette-like
structures. Our data highlight the recapitulation of human MCD in vitro supported and
complemented by data gained in a mouse model and provide new mechanistic insight
into the human disease pathology. This suggests that organoid-based systems serve
as promising models to study early human cortical development and associated

disorders.
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2. Publications

Preface

This dissertation has been prepared cumulative. The data obtained in the presented
work has been described in detail in four publications, which are listed in the appendix

section.

2.1 Publication |

Generation of Standardized and Reproducible Forebrain-type Cerebral

Organoids from Human Induced Pluripotent Stem Cells.

Krefft O, Jabali A, lefremova V, Koch P, Ladewig J. J Vis Exp 2018 Jan 23;(131):
56768. DOI: 10.3791/56768

The human cortex displays a complex structure and is highly expanded compared to
other mammalian species. Additionally, the increased mitotic capacity and expansion of
the progenitors in the ventricular zone (VZ) as well as the increased abundance of bRG
cells in the 0SZV differ from any other species. This explains the restricted possibilities
to study human cerebral cortex development, as availability of model systems
approximating the human brain development as well as access to primary tissue is
limited. The advent of iPSC culture and the capacity of these cells to self-organize into
3D structures displaying multiple organ-specific cell types and specific functions of the
organ makes it possible to mimic early stages of human brain development in vitro.

The protocol we developed for the homogenous and reproducible generation of
forebrain-type cerebral organoids combines the ability of PSCs to self-organize into 3D
structures with the use of small molecules in order to guide the forming structure into
anterior neuroectodermal fate and the support of matrix embedding to facilitate the
formation of continuous neruoepithelium. The first part of the published protocol
describes the proper culture of human iPSCs in order ensure the ideal outcome when
embryoid bodies (EB) are formed. The stage when iPSC cultures reach 70-90%
confluence indicates the moment when the cells can be used for the generation of
these iIPSC aggregates. The aggregate shares similarities with the developmental
stage during early gastrulation eventually leading to the differentiation into cell

derivatives of the three germ layers if no extrinsic patterning or guiding medium
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conditions are applied (Lanza 2009). After an initial growth phase in medium supporting
pluripotency, we induced the formation of anterior neuroectoderm. In order to restrict
the development of this EB into the (neuro-) ectodermal lineage, we exposed the EBs
to a cocktail of small molecules to pattern the growing aggregate towards an anterior
telencephalic regional identity using dual inhibition of SMAD signaling (Chambers et al.
2009) and inhibition of WNT signaling in order to prevent posteriorization (Kadoshima
et al. 2013). Compared to protocols for generation of organoids based on self-
assembly without extrinsic stimuli (Lancaster and Knoblich 2014), our standardized
protocol was designed using guided differentiation in order to give rise to forebrain-
specific organoids from human iPSCs with a lower intra- and inter batch variability.
After 4 to 5 days of neural induction, smooth, translucent neuroectodermal tissue can
be observed indicating the ideal time point for the embedding of the EB into basement
membrane extract (BME), which acts as a matrix scaffold and supports the formation of
neuroepthelium and growth of neural rosette-like structures. The embedded EBs
gradually develop into forebrain-type cerebral organoids throughout the next weeks
(Lancaster and Knoblich 2014). After another day of stationary cultivation, ultra-low
attachment cell-culture dishes containing organoids are transferred onto an orbital
shaker. The cultivation under agitation with low shear stress allows the optimal nutrient
support, which will preserve the growing 3D structure more efficiently. Simultaneously
to the cultivation under agitation, the medium is adapted to a neural differentiation
medium, which is composed of compounds supporting the optimal growing conditions
of neuroepithelial structures and components reducing oxidative stress. For extended
culture beyond 50 days we adapted the medium, supplementing it with Brain-derived
neurotrophic factor (BDNF) and Glia cell line-derived neurotrophic factor (GDNF).
Enabling further increase of complexity in our 3D model the medium is supplemented
with additional BME as it has been shown to significantly contribute to the organization
of the CP-like region and the formation of a basement membrane (Lancaster et al.
2017).

Moreover, we provide guidelines for fixation, preparation for cryosectioning and general
quality control steps to ensure the generation of standardized forebrain-type cerebral
organoids. Immunocytochemical as well as reverse-transcription polymerase chain
reaction (RT-PCR) analyses demonstrate the reproducible generation of organoids with
dorsal cortical identity around day 20. The organoids generated express genes like
FOXG1 and EMX1 whereas midbrain (FOXA2 and PAX5) and hindbrain (HOXB2,
HOXA4, HOXB4, HOXB6) genes are absent. This is supported by
immunocytochemical characterization using antibodies against epitopes of proteins

typically expressed in developing neuroepithelial structures like SOX2, PAX6 and

26



EMX1. My task was to develop a standardized protocol for organoid generation in such
a way that it displays a high degree of reproducibility in close collaboration with Olivia
Krefft and Vira lefremova guided by Philipp Koch and Julia Ladewig. | have performed
the theoretical design and practical validation of the generated organoids via RT-PCR
and immunocytochemical characterization in this publication. In order to maximize the
comprehension and enable other researchers to reproduce our protocol efficiently, this
study has been published alongside a visualized step-by-step experimental procedure
featuring Olivia Krefft and me as experimenters as well as Olivia Krefft, Julia Ladewig
and me as commentators and can be watched on the journals platform online.

Summing up, the protocol presented here describes a method, which allows the
generation of standardized forebrain-type cerebral organoids as an in vitro model for
human cerebral cortex development. The potential of this methodology is further
highlighted by part Il and IV of this compendium, in which this tool has been applied to
investigate MCD occurring in patients in order to elucidate human specific aspects of

the respective underlying pathomechanism.
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2.2 Publication Il

An Organoid-Based Model of Cortical Development Identifies Non-Cell-

Autonomous Defects in Wnt Signaling Contributing to Miller-Dieker Syndrome

lefremova V, Manikakis G, Krefft O, Jabali A, Weynans K, Wilkens R, Marsoner F,
Brandl B, Miller F-J, Koch P, Ladewig J. Cell Rep. 2017 Apr 4; 19(1): 50-95.
DOI: 10.1016/j.celrep.2017.03.047

An outstanding feature of the human brain, distinct from most mammals, is the
increased expansion of cortex surface facilitated by the formation of convolutions in the
form of gyri and sulci. This evolved feature of gyrencephalic species is assumed to be
one of the reasons contributing to the extraordinary cognitive abilities of humans. Loss
or disruption of the lamination or gyrification of the cortex are considered to be
malformations of cortical development and are often accompanied by neuronal
disorganization. The loss of convolution is called lissencephaly and can be caused by
the impairment of different steps within the sequence of corticogenesis (Fry et al.
2014). In this study we identified an new aspect contributing to the pathomechanism of
a form of lissencephaly induced by the heterozygous loss of the genes PAFAH1B1 and
YWHAE due to a deletion on chromosome 17p13.3 (Dobyns et al. 1993). This
aberration results in a disease that can be referred to as Miller-Dieker syndrome
(MDS). Patients diagnosed with this syndrome suffer from cognitive impairment, growth
restriction and intractable epilepsy while the syndrome is furthermore associated with
lissencephaly and reduced brain size (Dobyns et al. 1991; Dobyns et al. 1993;
Nagamani et al. 2009). So far, insights into the pathogenesis of lissencephaly
associated with loss or perturbation of LIS1 (the respective protein to the gene
PAFAH1BT1) have been largely derived from post-mortem brain tissue of patients or
mouse models like the Pafah1b1 mutant mice line (Hirotsune et al. 1998; Sheen et al.
2006; Smith et al. 2000). Taken together, most of these previous studies concluded
that LIS1-mediated lissencephaly, including MDS, is due to defects in neuronal
migration (Kato and Dobyns 2003; Sheen et al. 2006). On a molecular level, NDEL1
together with the proteins LIS1 and YWHAE are part of an intracellular multi-protein
complex, which is reported to be essential for centrosomal protein localization,
microtubule dynamics and the regulation of cytoplasmic dynein (Faulkner et al. 2000;
Moon et al. 2014; Tanaka et al. 2004). Moreover, LIS1 is required for the correct
orientation of the spindle apparatus in mitotic neuroepithelial progenitors undergoing

symmetric cell division (Yingling et al. 2008). Although, as aforementioned, mouse
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models have been widely used to study the cellular function of the
LIS1/NDEL1/YWHAE multi-protein complex, they are not fully recapitulating the
severity of the lissencephaly as seen in human patients induced by the deficiency in
PAFAH1B1 and YWHAE. Analyzing forebrain-type cerebral organoids (introduced in
part Il of this compendium) derived from two MDS patients and control iPSC lines, we
were able to recapitulate the reduced expansion rate of MDS brains as well as an
reduction in length of the VS and the diameter and area of individual VZs in vitro.
Reintroduction of PAFAH1B1 or YWHAE into the respective MDS patient lines lead to a
partial rescue of these parameters in organoids derived from these lines. As LIS1 is
involved in microtubule organization and spindle apparatus orientation via dynein, we
investigated possible impacts on acetylated-tubulin integrity in the VZ and orientation of
the mitotic spindle of dividing cells at the VS. Thereby we were able to identify severe
disturbances in the microtubule network of aRG cell in the VZ of MDS derived
organoids as well as alterations of plane of cell division shifting from symmetric
divisions towards asymmetric division modes. This significant switch of plane of cell
divisions favoring asymmetric cell divisions causes a decrease in radial glia cell
amplification in the ventricular zone and can be correlated with premature
neurogenesis and a significant reduction in size of the MDS patient organoids. This is
in line with the identification of an increase in neurogenesis and the abundance of
mitotically restricted IPs. Furthermore, we were able to demonstrate a disruption of the
VZ niche architecture in organoids derived from MDS patients. As a consequence,
changes of the N-Cadherin/b-Catenin signaling axis can be observed. Several different
experiments pointed out that impairments in the cell adhesion molecule N-Cadherin
within the VZ niche directly influences a downstream signaling cascade via AKT and
the phosphorylation of b-Catenin, which results in a decrease in canonical WNT
signaling. Thereby we identified a non-cell autonomous expansion defect in MDS
derived organoids and cortical cultures that affects radial glia cells. Noticeably, from
experiments in mice it is known that the signaling cascade via N-Cadherin, AKT and b-
Catenin within the VZ niche facilitates self-renewal while inhibiting differentiation of
cortical aRG cells (Zhang et al. 2013; Zhang et al. 2010). Based on these findings we
tested whether activation of the canonical WNT signaling cascade will restore some of
the phenotypic alterations found in MDS derived organoids. Therefore, we
pharmacologically activated the canonical WNT signaling in MDS derived organoids
and analyzed features, which are perturbed upon loss of PAFAH1B1 and YWHAE.
Indeed, the expansion defect as well as plane of cell division alterations were rescued
upon WNT activation. Taken together, this study highlights the role of LIS1 and

YWHAE in maintaining the cortical niche architecture and the potential of our iPSC-
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based organoid system to decipher the impact of loss of single genes on early human
cortical development. Immunocytochemical and gene expression analyses of control
organoids as well as the investigation of the canonical WNT pathway in control and

patient derived 2D cortical progenitors have been performed by me.
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2.3 Publication Il

Mutations in the Heterotopia Gene EmI1/EML1 Severely Disrupt the Formation of

Primary Cilia.

Uzquiano A, Cifuentes-Diaz C, Jabali A, Romero D, Houllier A, Dingli F, Maillard C,
Boland A, Deleuze J F, Loew D, Mancini G M.S., Bahi-Buisson N, Ladewig J, Francis
F. Cell Rep. 2019 Aug 6; 28(6): 1596-1611.e10. DOI: 10.1016/j.celrep.2019.06.096

Corticogenesis can be summarized as a sequence of processes necessary for the
formation of the cerebral cortex during the development of the CNS (Budday et al.
2015). Impairments of aRG cells during corticogenesis can result in cortical
malformations during mammalian brain development. These malformations include
SBH, which is characterized by misplaced neurons below the actual cortex. In other
cases of SBH genes like PAFAH1B1, DCX and TUBAT1A have been found to be
mutated and highlight the involvement of the microtubule cytoskeleton in this
manifestation of MCD (Jaglin and Chelly 2009). The pathogenesis regarding the
formation of SBH remained little understood as the respective mouse models rarely
display the typical formation of ectopically located neurons in the form of a band (Corbo
et al. 2002; Hirotsune et al. 1998; Keays et al. 2007). Mutations in Em/1/EML1 on the
other hand consistently lead to SBH formation in mice and humans, which enabled
colleagues and us to investigate the mechanisms underlying the formation of
heterotopias in vivo in mice and in vitro using cells of human origin. It has been
demonstrated that EmI1/EML1 is involved in organization and assembly of the
microtubule cytoskeleton, thereby affecting spindle apparatus assembly and orientation
as well as ciliogenesis (Bizzotto et al. 2017; Jijumon et al. 2022; Kielar et al. 2014;
Markus et al. 2021; Yin et al. 2021). These impairments are proposed to have a
detrimental influence on neurodevelopmental processes and we set out to investigate
additional cellular or molecular perturbations and their contribution to the formation of
SBH.

In this study collaborators and we used the HeCo mouse model as well as human
control and EML1-patient fibroblasts (Kielar et al. 2014) and iPSC-derived cortical
progenitor cells in order to investigate the underlying pathomechanism of EmI1/EML1-
driven malformations of brain development. As reported previously in Kielar et al. 2014,
the HeCo mouse line bears an insertion of a 5.5-kilobasepair retrotransposon
eventually leading to perturbed Eml1 transcripts and the overall absence of wildtype

Eml1 transcripts in HeCo brains. This in turn impairs protein conformation and proper
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function of Eml1. The impairment of EmI1 leads to ectopic proliferating cells in the
developing cortical wall, perturbed aRG cells cell behavior presumably due to the
aforementioned aberrant primary cilia and abnormalities regarding the spindle
apparatus (Bizzotto et al. 2017; Kielar et al. 2014). In addition to this mouse model we
had access to fibroblasts from two human patients diagnosed with different mutations
in EML1 initially mentioned in 2014 (Kielar et al. 2014). As mentioned afore, Magnetic
resonance imaging (MRI) of these patients revealed several manifestations of MCD
(alongside the previously mentioned SBH) discussed in more detail in publication IV of
this compendium. The mutations in EML7 identified in the human cells either lead to
the abort of transcription or affected the proteins capacity to associate and bind
microtubule, thus significantly impairing the proteins function (Jijumon et al. 2022).

The identification of abnormally positioned aRG cells in mutant mice led to the question
regarding the function and the involvement in biological processes of EmI1/EML1 in
aRG cell and the pathomechanism underlying the premature delamination and mitotic
behavior outside the VZ in aberrant basal positions. Using the HeCo mouse model as
well as human fibroblast and iPSC-derived cortical progenitors we confirmed a role of
EmI1/EML1 in the formation of primary cilia leading to less, shorter and aberrantly
positioned cilia. In order to elucidate other potential cellular roles of EML1, pull-down
experiments were performed using the full-length protein with the aim to identify
potential, previously unreported, interaction partners. Mass spectrometry analyses
revealed a significant number of ciliary-related interaction partner, like RPGRIP1L,
alongside cell-cell adhesion, actin and microtubule associated proteins as well as
proteins falling into the category of Golgi-derived protein transport. Based on the
significance of cargo trafficking and Golgi-mediated protein transport for proper primary
cilia formation (Bernabé-Rubio and Alonso 2017), our colleagues focused on the Golgi
apparatus and related protein trafficking. In utero electroporation of plasmids
expressing Golgi apparatus targeting fluorescent proteins and electron microscopic
analyses demonstrated disruption of the rodent and human Golgi structures. Tracing
experiments furthermore revealed perturbations of the anterograde trafficking from
Golgi structures in EmI1/EML1 deficient cells. Based on the novel role of EmI1/EML1 in
Golgi apparatus integrity and related protein trafficking, it can be concluded that the
disrupted Golgi-primary cilia axis impacts aRG cell dynamics in pathological conditions
thereby contributing to the heterotopia formation.

The generation of the human iPSC lines from patient fibroblasts as well as the
generation and culture of thereof derived cortical progenitors and the generation of

control cortical progenitors for this study have been performed by me.
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2.4 Publication IV

Human cerebral organoids reveal progenitor pathology in EML1-linked cortical

malformation

Jabali A, Hoffrichter A, Uzquiano A, Marsoner F, Wilkens R, Siekmann M, Bohl B,
Rossetti A C, Horschitz S, Koch P, Francis F, Ladewig J. EMBO Rep. 2022 Mar
15:€54027. DOI: 10.15252/embr.202154027

The human cerebral cortex is a complex structure consisting of layers and folds and
errors within the sequence of steps leading to the formation of the cortex can result in
cortical disorganization with severe consequences including epilepsy and intellectual
disability. The third publication of this compendium described the consequences of
impairment in the Em/1/EML1 gene using the HeCo mouse model to gain insight into
Eml1-linked cortical malformation in vivo, while this study recapitulates and extends our
findings using the human iPSC-based organoid model introduced in part one of this
compendium in order to gain more insight into human specific aspects of EML 1-linked
cortical malformation. In addition to our 2D cortical progenitor cell culture model, we
used cerebral organoids derived from patients and genome edited iPSCs to investigate
pathophysiological changes associated with SBH, megalencephaly and polymicrogyria.
The EML 1-deficient fibroblasts we reprogrammed into iPSCs haven been donated by
patients diagnosed with different mutations in the gene EML1 (Kielar et al. 2014). The
same patient lines have been used in the context of experiments within the third
publication in the form of iPSC derived 2D cortical progenitors (Uzquiano et al. 2019).
MRI of these patients revealed the presence of a SBH and lead to the diagnosis of
megalencephaly and polymicrogyria as well as hydrocephaly in one of the two patients
(Kielar et al. 2014; Oegema et al. 2019; Shaheen et al. 2017). In one patient a
compound heterozygous mutation in EML1 could be diagnosed; one allele harbored a
mutation terminating the transcription while the other allele resulted in a protein with
decreased capacity to associate and bind microtubule. The EML7 sequence of the
other patient harbored a homozygous mutation presumably perturbing the binding
affinity to microtubule. In both patients the missense mutations are located in the
Hydrophobic Echinoderm-Like Protein (HELP) domain, which is assumed to contribute
significantly to the microtubule-binding properties of EML1 and its paralogs (Richards
et al. 2014; Tegha-Dunghu et al. 2008). A recent study indeed demonstrated the effect
of the disease-related mutations in EML1 on microtubule binding in vitro (Jijumon et al.

2022). From experiments in mice and human fibroblasts and cortical progenitors it is
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already known that perturbations of EmI1/EML1 affect the spindle apparatus orientation
and length, the cell shape of mitotic cells, primary cilia as well as the Golgi apparatus
(Bizzotto et al. 2017; Kielar et al. 2014; Uzquiano et al. 2019). As consequences,
premature delamination of mitotic cortical progenitors, a disorganized RGC scaffold
and the formation of a heterotopia can be found in mouse and rat cortices (Collins et al.
2019; Grosenbaugh et al. 2020; Kielar et al. 2014; Markus et al. 2021). Moreover,
researchers were able to connect EmlI1 impairment with retinal photoreceptor migration
and survival and the overall disruption of the retinal lamination (Collin et al. 2020; Poria
et al. 2022). In this study we demonstrate that EML7-deficient organoids display
ectopic neural rosettes at the basal side of the ventricular zone and clusters of
heterotopic neurons below an early formation of a normotopic CP-like region. This
phenotype additionally could be observed in organoids derived from two different
heterozygous EML1-KO (EML1-heKO) iPSC lines generated via a CRISPR-Cas9
system. Furthermore, we were able to replicate perturbed aRG cell behavior, including
significant changes in the plane of cell division of EML1-deficient cells and reduced
length as well as perturbed structures of their primary cilia as seen in mouse and rat
models of Eml1-deficiency. To gain further insight into the hypothesis that EML1-
deficient aRG cells delaminate prematurely from the VS, we generated organoids
consistent of healthy control cells and a small fraction of EML1-heKO labeled with
EGFP. Analyzing these hybrid organoids, we were able to show a significant increase
of EGFP positive EML1-heKO cells at the basal side of the VZ compared to hybrid
organoids generated from control iPSCs and control-EGFP cells. Thereby we could
conclude that EML1-deficiency causes a cell intrinsic mechanism leading to the
accumulation of ectopic progenitors. Analysis of single-cell RNA sequencing data from
control and EML 1-deficient organoids showed a significant up-regulation of bRG cell
markers and human-specific extracellular matrix components in the ectopic cell
population. In order to identify parameters contributing to the massive expansion of
ectopic cells and the underlying mechanism we looked into the Hippo signaling
pathway recently reported to cause premature progenitor delamination, ectopic rosette
formation, heterotopia formation as well as megalencephaly in mice and chicken
(Cappello et al. 2013; Liu et al. 2018; Najas et al. 2020; O'Neill et al. 2018; Saito et al.
2018). The occurrence of ectopically proliferating progenitors could be linked to a
significant increase in YAP1 (downstream effector of the Hippo signaling pathway)
translocations into the nucleus in delaminated RG cells. We further demonstrated that
this YAP1-driven expansion as well as the formation of ectopic rosettes could be
partially restored by pharmacological modulation of Hippo signaling, thereby further

supporting the idea that deregulation of this pathway contributes to heterotopia
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formation in humans. Our data highlights a progenitor origin of EML1-linked MCD and
provide new mechanistic insight into the formation of subcortical heterotopia in a
human context. As stated in the “Author contribution” section of the publication
presented here, my task was, kindly guided by Julia Ladewig, to design the
experiments, investigate, curate and analyze the data supported by colleagues and

collaborators listed as co-authors.
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3. Summary

The development of the mammalian cortex comprises a sequence of steps including
the expansion of RG cells, generation of neurons followed by neuronal migration and
their organization into a laminated structure typically consisting of 6 layers of neurons
in a mature brain (Casingal et al. 2022; Rakic 2009). Disturbances of any of these
steps involved in corticogenesis can lead to cortical malformation with severe
consequences for the individual affected. These can include epilepsy, intellectual
disabilities and a variety of neuropsychiatric manifestations (Klingler et al. 2021).

In order to get deeper insight into mammalian cortical development and associated
MCD, the different studies put together in this compendium exhibit a range of model
systems utilized. These include a mouse model, iPSC-derived cortical progenitors and
thereof differentiated neurons as well as iPSC-derived cerebral organoids. This
enabled us to investigate underlying pathomechanisms of different MCD in vivo, on a
human cellular level of homogeneous 2D cell cultures and in a 3D contextualized
model for fetal brain development. To underscore the significance of our human
cerebral organoid model, one part of this compendium is describing in-depth the
generation and quality assessment of this in vitro model in addition to a scientific video
depicting the methodology in detail (Krefft et al. 2018). We were able to demonstrate
the standardized generation of forebrain-type cerebral organoids recapitulating early
stages of human brain development from iPSCs emphasizing the high reproducibility
across batches. In order to address future questions and to adapt this in vitro model,
further steps additional to the existing protocol are planned with the aim to develop our
organoid platform into a more complex system. Research on neuropsychiatric diseases
as well as on epileptiform activity relies on an organoid model faithfully recapitulating
electrophysiological activity and circuit formation (Foliaki et al. 2021; Samarasinghe et
al. 2021; Trujillo et al. 2019). To achieve this we will enable organoids to grow older
and mature simultaneously by slicing them on a regular basis, which increases nutrient
support to the core of the organoid thereby avoiding the formation of necrotic centers
(Giandomenico et al. 2019; Qian et al. 2020). Regarding the investigation of neural
circuits and crosstalk between different brain regions and associated disturbances, it
will be necessary to develop the fusion of area-specific brain organoids, so-called
assembloids, as demonstrated in recent work from the group of Sergiu Pasca (Marton
and Pasca 2020; Miura et al. 2020). In cases of specific research questions we will
adapt and modify our protocol in order to facilitate cellular diversity by promoting

gliogenesis (oligodendrogenesis in particular) thereby further supporting neuronal
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activity and synchronicity (Zafeiriou et al. 2020) and in specific cases accelerate the
maturation of neurons using a cocktail of small molecules (Ciceri et al. 2022;
Hergenreder et al. 2022). Based on the idea to increase the cellular complexity of the
organoid cell culture and thereby the proximity to the /n vivo situation it can be
discussed to add specific cell types to the 3D structure separately. Microglia, a major
component of the CNS-specific part of the immune system, can be efficiently derived
from iPSC cultures in high number (Abud et al. 2017; Haenseler et al. 2017;
Hasselmann and Blurton-Jones 2020; Muffat et al. 2016) and studies demonstrated
increased neuronal maturation, functionality and decreased DNA damage in RGCs
after integration into brain organoids (Popova et al. 2021; Sabate-Soler et al. 2022). A
vascular-like system is another component missing in most of the organoid systems
and recent research indicates the beneficial influence of vascularization on brain
organoids making it a more complete and significant model (Cakir et al. 2019; Yu
2021).

lefremova et al. validates this significance of brain organoids in the context of
investigations of the pathomechanism underlying MDS associated lissencephaly
(lefremova et al. 2017). Access to fibroblasts from two patients suffering from MDS
made it possible to reprogram the cells into iPSCs. Thereof we generated cortical
progenitors, neurons and cerebral organoids and compared different parameters like
growth, onset of neurogenesis, cytoarchitectural aspects as well as signaling pathways
between patient and control cells and organoids. Thereby, we identified altered
microtubule networks and premature neurogenesis of patient cells in 2D and 3D, which
leads to reduced expansion of patient organoids. Furthermore, analysis of the patient
ventricular surfaces enabled us to demonstrate disruption of the VZ area niche
architecture, which eventually led to the conclusion that this impairment is causative for
alterations of the N-cadherin/B-catenin signaling axis. Modulation of this axis rescued
phenotypic alterations in patient-derived organoids supporting the findings of this study.
The study highlights that our organotypic 3D cell-culture model contributes to an
advanced understanding of the mechanism causing lissencephaly and severe
reduction in total brain size as observed in MDS patients (Sheen et al. 2006). The
relevance of organoid research in this context is supported by a study published
simultaneously (Bershteyn et al. 2017) reporting additionally a phenotype in bRG cell
mitosis, a cell type abundant in 0SVZs of species with convoluted brains like primates
and human. The involvement of the highly proliferative bRG cells in the
pathophysiology of Miller-Dieker syndrome suggests a link between this cell type and
the development of the observed lissencephaly. This is reinforced by a recent study,

indicating that Lis1 dysfunction impairs bRG cell production and positioning in mice
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telencephalon (Penisson et al. 2022). To achieve this, the researchers increased
number of bRG-like cells in mouse embryonic brains by in utero electroporation of the
hominid-specific gene TBC1D3. After confirming that the number of bRG-like cells in
basal location increased in wildtype brains upon expression of TBC1D3, the same
approach was used in the context of heterozygous Lis1 mutant mice. These recent
results confirm our findings that heterozygous Lis1 depletion alters mitotic spindle
orientation at the VS as well as adhesion proteins like N-cadherin, and demonstrate
that this can lead to an increase in abventricular mitoses in Lis1-deficient mice. In
addition to that, our most recent findings confirm alterations regarding cytoarchitecture,
neurogenesis, microtubule stability and niche-dependent WNT-signaling in our
organoid model derived from different LIS1-deficient human iPSC lines. Furthermore,
we demonstrate that, depending on the locus of alteration in the gene, heterozygous
mutations within PAFAH1B1 lead to different phenotype severities in patient iPSC-
derived organoids reflecting the lissencephaly severity in humans (Rossetti et al. 2022).
Another pathological change that can occur during brain development, which we
investigated across two independent publications, can be termed Em/1/EML1-linked
cortical malformation. Caused by impairment or deficiency of the protein EML1, this
malformation comprises several different forms of MCD in humans (Oegema et al.
2019; Shaheen et al. 2017). MRI of patients suffering from EML7-linked cortical
malformation demonstrates increased brain size (megalencephaly), polymicrogyria
(numerous small cortical convolutions) as well as a massive accumulation of neurons
below the actual cortex (subcortical band heterotopia) of which the latter can be found
in mouse and rat models of Em/1 deficiency as well (Collins et al. 2019; Grosenbaugh
et al. 2020; Kielar et al. 2014). In the third study investigating the consequences of
Eml1/EML1 mutations, collaborators and we used the HeCo mouse model and human
patient fibroblasts as well as patient iPSC-derived cortical progenitors to investigate
consequences of Em/1/EML1 deficiency for corticogenesis (Uzquiano et al. 2019). The
identification of abnormally positioned aRG cells above the VZ in HeCo mice led to the
question regarding the function of EmI1/EML1 in aRG cells and its role in maintaining
these cells at the ventricular surface and in the VZ. The function of EmI1/EML1 in
microtubule cytoskeleton assembly and organization suggested investigation of
organelles dependent on dynamic microtubule assembly and disassembly as well as
microtubule stability. Primary cilia, a microtubule-based cellular organelle, well known
to harbor critical function during brain development (Park et al. 2019), were identified to
be affected by Em/1/EML1-impairment. We demonstrated a perturbed formation of
mice and human primary cilia leading to less, shorter and mispositioned cilia in mutant

mice and patient derived cortical progenitors. In addition, we identified RPGRIP1L as a
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ciliary interaction partner of EmI1/EML1, critical for proper primary cilia formation as
well. Another organelle affected upon mutations in Em/1/EML1 was the Golgi
apparatus, an organelle responsible for post-translational modification and vesicular
transport of proteins synthesized in the endoplasmic reticulum. Data from the HeCo
mouse model, patient fibroblasts and patient iPSC-derived cortical progenitors
demonstrated a significantly reduced number of Golgi-elements, an altered distribution
within aRG cell extensions as well as an overall disruption of the Golgi apparatus and
its anterograde transport. It can be hypothesized that this disruption leads to abnormal
adhesion molecule transport to the endfeet of aRG cell and impaired membrane
attachment, which consequently contributes to premature delamination from the VS.
This delamination can be seen as causative for the formation of heterotopia seen in
mice cortices deficient for Em/1.

In order to decipher the human-specific features of EML1-linked MCD we focused on
human iPSC-derived cortical progenitors and cerebral organoids from EML 1-patients
and EML1-KO lines while comparing them to control lines (Jabali et al. 2022). Using
our cerebral organoid model (Krefft et al. 2018) we were able to recapitulate the
formation of SBH-like phenotypes displaying B-lll-tubulin neurons misplaced in
between the VZ area and an ectopic cell population. Interestingly, this ectopic cell
population in part organizes into rosette-like structures exhibiting an accumulation of N-
cadherin in their centers above the VZ areas in all EML7-deficient organoids.
Moreover, we confirmed the primary cilia phenotype in EML1-deficient cortical
progenitors as well as the altered plane of cell division at the ventricular surface as
observed in the HeCo model (Kielar et al. 2014). Using an EML1-KO iPSC line tagged
by EGFP mixed with control cells, we could demonstrate that these cells delaminate
prematurely from the VZ surface even if residing in a healthy control environment. This
observation points towards a cell autonomous phenomenon. In order to get a detailed
insight into the cell composition and specifically the ectopic cell population we
performed single-cell RNA sequencing on EML1-KO and control organoids. Thereby
we could get more detailed insight into the ectopic cell population composed of
perturbed progenitor cells, which is most likely not reflecting a cell type during normal
brain development. These cells display aberrant expression of ECM and bRG cell
marker genes and could be identified in organoid slices using antibodies against
COL1A2 and MEIS2. Morphological analysis of the cells forming the ectopic rosettes
confirmed a rather perturbed morphology in contrast to a RG-like elongated
organization with an apical or basal process found in control organoids. To further shed
light on the unproportional expansion of this ectopic, perturbed progenitor population,

we focused on cell proliferation outside the VZ areas. Increased proliferation at the
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basal side of the VZ areas in all EML17-deficient organoids raised the question
regarding the underlying mechanism resulting in increased mitotic behavior of the
ectopic cells. Recent scientific work investigating premature cortical progenitor
delamination, ectopic rosette formation, megalencephaly and the formation of
periventricular neuronal heterotopia link these pathological features to a deregulation of
the Hippo signaling pathway (Cappello et al. 2013; Liu et al. 2018; Najas et al. 2020;
O'Neill et al. 2018; Saito et al. 2018; Samarasinghe et al. 2021). When investigating
YAP1, a major downstream effector of the Hippo pathway, we could identify increased
nuclear YAP1 in the cortical progenitors positioned distally to the VZ surface within the
VZ areas as well as increased nuclear signal in mitotically active, ectopic cells outside
the VZ areas. Pharmacological modulation of the function of YAP1 resulted in a
significant decrease in mitotic cells at the basal side of VZ areas as well as a significant
decrease in the formation of ectopic rosette-like structures. These findings lead to the
conclusion that deregulation of YAP1-mediated signaling is a strong influence
regarding the proliferative behavior of delaminated, ectopic progenitors eventually
leading to the massive amount of mislocated cells above the VZ area. Using our in vitro
model, we were able to demonstrate for the first time in a human context that EML 1-
deficiency leads to the formation of ectopic neural rosettes and the formation of an
early heterotopia driven by YAP1 mediated expansion of delaminated progenitors.
Additional experiments could focus on the mechanism behind the deregulation of the
Hippo signaling pathway. One hypothesis to follow up could be the suggested potential
increase in mechanical stress in VZs of Em/1/EML 1-deficient mice or organoids due to
longer metaphase spindles and flatter mitotic cells occupying more space at the VS
(Bizzotto et al. 2017). On the one hand the mechanical stress could encourage the
delamination of progenitors at the VS and on the other hand it could potentially
contribute to the translocation of YAP1 into the nucleus of these cells. Studies
investigating mechanical input on cells identified YAP1 as a mechanosensitive
transcription factor, which is activated upon stiffening or increased tension of
surrounding tissue (Cai et al. 2021; Scott et al. 2021; Shao et al. 2020). Changes in
cellular cytoskeletal properties, cell-cell contact and changes in ECM environment
influencing rigidity and stiffness of cellular microenvironment upon EML1-impairment
could further explain the increase in YAP1 translocation promoting mitotic behavior of
delaminated cells, pointing towards a potential connection between aberrant ECM gene
expression in EML1-KO organoids and an increase in YAP1 activity (Halder et al. 2012;
Hao et al. 2014; Zhao et al. 2007). Future experiments will also show whether in later

stages of organoid development and/or additional modification of the organoid protocol
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(Karzbrun et al. 2018) human specific pathophysiological features like megalencephaly
and polymicrogyria-like cortices (Kielar et al. 2014) can be detected.

A noteworthy aspect of the presented studies Ill and IV is the recapitulation of certain
phenotypic features reported in mice and our organoid model. This underlines the
reliability of this system on the one hand but also highlights the potential of brain
organoids to add to the full picture whenever previously gained insight regarding
neurodevelopmental disorders need to be completed in regard of human specific
aspects. This can open the door in light of drug discovery and screening on human
iPSC derived organoids whenever animal models show their limitations (Bailey and
Balls 2019; Wang et al. 2021).

Taken together, we could show that we can get deeper insight into the
pathomechanisms of neurodevelopmental disorders like MCD utilizing mouse models
and human iPSC-derived cerebral organoids. In addition, we could demonstrate that
we can not only reproduce findings discovered by investigating mouse models but also
have the capability to exceed previous research in a human-specific context by utilizing
our human 3D model for early corticogenesis. This suggests that organoid-based
systems serve as promising models to study early human cortical development and

associated disorders.
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The human cortex is highly expanded and exhibits a complex structure with specific functional areas, providing higher brain function, such

as cognition. Efforts to study human cerebral cortex development have been limited by the availability of model systems. Translating results

from rodent studies to the human system is restricted by species differences and studies on human primary tissues are hampered by a lack

of tissue availability as well as ethical concerns. Recent development in human pluripotent stem cell (PSC) technology include the generation

of three-dimensional (3D) self-organizing organotypic culture systems, which mimic to a certain extent human-specific brain development

in vitro. Currently, various protocols are available for the generation of either whole brain or brain-region specific organoids. The method for

the generation of homogeneous and reproducible forebrain-type organoids from induced PSC (iPSC), which we previously established and
describe here, combines the intrinsic ability of PSC to self-organize with guided differentiation towards the anterior neuroectodermal lineage

and matrix embedding to support the formation of a continuous neuroepithelium. More specifically, this protocol involves: (1) the generation of
iPSC aggregates, including the conversion of iPSC colonies to a confluent monolayer culture; (2) the induction of anterior neuroectoderm; (3) the
embedding of neuroectodermal aggregates in a matrix scaffold; (4) the generation of forebrain-type organoids from neuroectodermal aggregates;
and (5) the fixation and validation of forebrain-type organoids. As such, this protocol provides an easily applicable system for the generation of
standardized and reproducible iPSC-derived cortical tissue structures in vitro.

Video Link

The video component of this article can be found at https://www.jove.com/video/56768/

Introduction

The human brain is clearly one of the most complex organs and is responsible for all human intellectual abilities. Thus, a deeper understanding
of human-specific brain development is a critical prerequisite for the understanding of human cognitive abilities. Traditionally, transgenic animals
served as model organisms to study brain development. These models provided fundamental insight into the principles of brain development.
We now know that a common feature of brain development in all mammals is a precise choreography of progenitor proliferation, neurogenesis,
and neuronal migration. There are, however, significant structural differences between the brains of model organisms, such as rodents and
humans, especially in the neocortex. The primary mechanisms that have been proposed to contribute to primate cortical evolution are an
incredased1p2rgliferation of stem and progenitor cells as well as the generation of outer radial glia cells (0RGCs), which are only very rarely found
in rodents .

Methods to model human cerebral cortex development include the generation of PSC-derived telencephalic progenitor cells and cerebral
cortex projection neurons as monolayer cultures. These standardized differentiation protocols replay certain aspects of human cortical
development such as the stereotypical temporal order of cortical neurogenesis“. They, however, fall short when it comes to the recapitulation of
developmental processes of organogenesis such as spatial patterning and morphogenesis. More recent developments in stem cell biology led
to the establishment of 3D organoid cultures from PSCs, which are revolutionizing the research of in vitro human organogenesis. Utilizing the
capacity of PSCs to self-organize into organotypic structures, various organoids, which reflect key structural and functional properties of organs
including those of kidney, gut, the eye, and the brain have been established®. Such organoids contain multiple organ-specific cellular subtypes,
which group together and spatially organize very similar to the developing organs in vivo®®. In addition, cell composition, lineage relationship,
and gene network studies using single-cell RNA sequencing revealed that human cerebral organoids faithfully recapitulate major aspects of
human fetal neocortex development such as gene expression programsmA One major drawback, which prevented their broad application so far,
was, however, the large batch-to-batch variations and organoid-to-organoid heterogeneityg.
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Here, we provide a detailed protocol for a simple and standardized forebrain-type organoid culture system. The key feature of this system is

that it efficiently and reproducibly generates PSC-derived organoids of almost exclusive dorsal telencephalic identity. The protocol is based on
the methods used in our recent Cell Reports paperm. It combines the self-organization capacity of iPSCs with selective induction of cortical
neuroepithelium and can robustly generate homogeneous cultures of early dorsal telencephalic tissue within 3 weeks. The protocol builds on

the previously reported SMAD signaling and Wnt inhibition strategy that guides the differentiation of PSC towards the anterior neuroectodermal
Iineage"’12 in combination with matrix embedding, which promotes the formation of large and continuous neuroepithelial structures'®. We have
successfully used the described method on various iPSC lines, with several clones per individual. We showed that this system is suitable for
downstream applications in which reproducibility and homogeneity are of major importance such as disease modeling. When applying the
protocol to iPSCs derived from patients suffering from a severe cortical malformation, we were able to recapitulate pathological hallmarks of the
disease in vitro and to identify new molecular mechanisms leading to the phenotypic changesw. We suggest that the described organoid protocol
can be utilized to close the gap between reductionist PSC-derived cortical monolayer cultures and in vivo studies, and that it represents a reliable
and stable cell-based model system to simulate early human cortical development in health and disease outside the human body.

1. Generation of iPSC Aggregates

1. Generation of single-cell monolayer cultures from iPSC colonies
1. Prepare a basement membrane extract (BME) coated 6-well plate. Thaw BME on ice at 4 °C for 2-3 h, dilute it with cold Dulbecco's
Modified Eagle Medium F12 (DMEM-F12; 1:50 dilution), cover the plate with 1 mL/well of the diluted BME solution, and store the plate
overnight at 4 °C.

2. Aspirate the medium and wash intact iPSC colonies of at least 2 wells of a 6-well plate with 0.5 mM EDTA in phosphate buffered saline
(PBS) twice before incubating colonies with 0.5 mM ethylenediaminetetraacetic acid (EDTA) in PBS for 4 min at room temperature
(RT). Aspirate EDTA solution and gently detach the colonies by washing them off the bottom of the dish with 5 mL of DMEM-F12
medium. Collect them in a 15-mL tube and pellet them by centrifugation (4 min at 1,200 x g at RT).

Note: iPSCs reprogrammed from commercially available fibroblasts has been successfully used?.

Aspirate the supernatant and incubate the iPSC colonies with 500 pL of cell-dissociation reagent for 6 min at 37 °C.

Pipet the cell suspension several times gently up and down with a 1 mL pipette to break remaining cell clusters into single cells.

Add 4 mL of DMEM-F12 to the cell suspension to dilute the cell-dissociation reagent.

Spin the cells down at 1,200 x g for 4 min at RT.

Resuspend the cells in 2 mL of iPSC medium supplemented with 5 M Y-27632 and seed cells into one well of a BME coated 6-well

plate.

Note: Use the iPSC medium specified in the Table of Materials for a single-cell monolayer iPSC cultures.

On the next day, replace the medium with fresh iPSC medium lacking Y-27632. From this point, continue to culture the cells, changing

the medium every day until iPSCs are 100% confluent. Depending on the cell line and the confluency of the starting wells, this will take

between 2-4 days.

9. Once confluent, passage the iPSCs. Aspirate medium and apply 500 pL of cell-dissociation reagent on the cells.

10. Incubate the cells for 5-10 min at 37 °C. Gently rock the plate to detach the cells.

11. Wash the cells from the well using 2 mL of DMEM-F12 and collect them in a 15-mL tube. Add DMEM-F12 for a total volume of 5 mL.

12. Spin down the cells at 1,200 x g for 4 min at RT and aspirate the supernatant.

13. Seed the cells in iPSC medium supplemented with 5 pM Y-27632 in a 1:2 to 1:4 ratio on a BME coated 6-well plate (2 mL/well of
medium).

14. Continue to culture the cells for 2-5 days and change iPSC medium lacking Y-27632 every day. Once confluent, passage iPSCs (steps
1.1.4-1.1.8).
Note: Culture the iPSCs for at least 2 passages as a monolayer in the iPSC medium specified in the Table of Materials before using
them for the generation of iPSC aggregates to allow the cells to adapt to the culture conditions.

No o kw

2. Use monolayer iPSC cultures when they are 70-90% confluent for the generation of iPSC aggregates.
Note: iPSC adapted to the culture conditions as single cells are less prone to stress that leads to cell death during the dissociation and
aggregation procedure. Monolayer iPSC cultures need to display typical pluripotent morphology with no evidence of differentiation. Test the
cultures on a regular basis for mycoplasma contamination. Work only with mycoplasma-free iPSC cultures.
1. Aspirate the culture medium from one well of a 6-well plate and apply 500 pL of cell-dissociation reagent on the cells.
2. Incubate the cells for 5-10 min at 37 °C. Gently rock the plate to detach the cells.
3. Wash cells from the well using 2 mL of DMEM-F12 and collect them in a 15-mL tube. Add DMEM-F12 for a total volume of 10 mL.
4. For cell counting, take 25 pL from the cell suspension and mix it with 25 pL of trypan blue to mark dead cells. Count the living cells
using a counting chamber.
Collect enough cells (4,500 cells per iPSC aggregate) from the cell suspension in a 15 mL tube.
Spin down the cells at 1,200 x g for 4 min at RT and aspirate the supernatant.
Resuspend the cells in an appropriate volume of iPSC medium supplemented with 50 uM Y-27632 to obtain 4,500 live cells per 150 L.
Note: Using a high concentration of Y-27632 (50 uM) is critical for the survival of the iPSCs.
8. Plate 150 pL in each well of a low-attachment 96-well U-bottom plate and place it in the incubator at 37 °C and 5% CO,.
Note: When generating iPSC aggregates, consider that at least 6 organoids are needed for quality control at day 20 (see Section 5).

Nox

2. Induction of Anterior Neuroectoderm

1. Closely monitor morphology changes of the iPSC aggregates every day under the tissue culture microscope using a 4X or 10X power lens.
Observe at day 1, cell aggregates with clear borders. Continue to culture iPSC aggregates in the incubator at 37 °C and 5% CO,.
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Note: A certain number of dead cells/well is normal and will not affect organoid generation.

Feed the iPSC aggregates starting from day 2 and continuing with every other day by gently aspirating approximately 2/3 of the medium
without disturbing the cell aggregates at the bottom. Add an additional 100 pL of iPSC medium lacking Y-27632.

Note: Within 4-6 days the cell aggregates will be 350-450 pm in diameter and exhibit smooth edges.

At this stage, pool the cell aggregates with a cut 100 pL pipette tip into a low-attachment 6 cm dish (maximum of 20 aggregates/dish)

in cortical induction medium containing DMEM-F12 with N2 supplement (1:200), B27 supplement (1:100), glucose (0.2 mg/mL), cyclic
adenosine monophosphate (CAMP; 0.15 pg/mL), 0.5% non-essential amino acids (NEAA), 1% L-alanyl-L-glutamine, heparin (10 pg/mL), and
the compounds LDN-193189 (180 nM), A83-01 (500 nM), and inhibitor of Wnt response-1 (IWR-1) (10 pg/mL). Feed the cell aggregates by
changing the cortical induction medium 3 days after transferring them to the 6-cm dish.

Closely monitor morphological changes during cortical induction under the tissue culture microscope using a 4X power lens.

Note: After 4-5 days in cortical induction medium, edges of the cell aggregates should begin to brighten at the surface, indicating
neuroectodermal differentiation. At this stage, radial organization of a pseudostratified epithelium emerges. Proceed to Section 3 to embed
the cell aggregates in a BME matrix.

3. Embedding of Neuroectodermal Aggregates in a Matrix Scaffold

oo

© ©

Thaw BME on ice at 4 °C for 2-3 h. Aliquot undiluted BME in sufficient amounts.

Prepare a plastic paraffin film sheet for the embedding procedure. Cut the plastic paraffin film using sterile scissors in 4 cm x 4 cm large
pieces, put a piece of the plastic paraffin film over an empty 100 L tip tray for 100 pL tips, and press with a gloved finger so that small
dimples in the plastic paraffin film sheet are created (1 dimple/cell aggregate needed). Clean the plastic paraffin film with 70% ethanol and
irradiate it with UV light (power: 15 watts, wavelength: 435 nm) under the closed sterile bench for 30 min.

Transfer each cell aggregate to one dimple of the plastic paraffin film sheet using a 100 pL cut tip with 1.5-2 mm opening in diameter. In the
case that two cell aggregates are fused, do not separate them but transfer them together to one dimple.

Gently aspirate the medium surrounding the cell aggregates using an uncut 100 pL pipette tip.

Note: Be careful not to suck the cell aggregates into the tip, as this will damage the aggregates.

Add 40 pL of undiluted BME to each cell aggregate.

Position each cell aggregate in the middle of the BME drop using an uncut 100 pL pipette tip.

Note: Be very careful not to harm the developing neuroepithelium with the pipette tip.

Carefully transfer the plastic paraffin film sheet using sterile forceps into a 10 cm Petri dish (or another sufficient cell culture dish) and place
the dish in the incubator for 15-20 min to allow the BME to solidify.

Meanwhile, prepare a low-attachment 6 cm dish containing 5 mL of cortical induction medium.

After the polymerization of BME, remove the droplets containing the cell aggregates from the plastic paraffin film sheet. Turn the plastic
paraffin film over using sterile forceps and gently squeeze the cell aggregates into the slightly tilted (about 30 °) low-attachment 6 cm dish
until the droplets fall off the plastic paraffin film sheet. Transfer a maximum of 16 cell aggregates into one 6 cm dish.

10. Continue to incubate the cell aggregates at 37 °C.

4. Generation of Forebrain-type Organoids from Neuroectodermal Aggregates

@

One day after embedding in a BME matrix, place organoid culture dishes on a rocking cell culture shaker with a tilting angle of 5 ° and 14
rpm, installed in a cell culture incubator.

Monitor organoids every day. Homogeneous neuroepithelial loop-like structures gradually develop after embedding in BME matrix.

When neuroepithelial loop structures are visible, change the medium to organoid differentiation medium containing DMEM-F12 with N2
supplement (1:200), B27 supplement (1:100), glucose (0.2 mg/mL), cAMP (0.15 pg/mL), 0.5% NEAA, 1% L-alanyl-L-glutamine, insulin (2.5
ug/mL)

Replace organoid differentiation medium every 3-4 days until the desired differentiation time point is reached. Then fix organoids (see Section
5).

Note: Occasionally, the tissue may exhibit buds of optically translucent tissue without loop structures. Although this is not ideal, this is

not affecting the development of cortical structures. The organoids can be cultured in organoid differentiation medium for up to 40 days.
For extended culture periods (40-100 days) the organoid differentiation medium can be supplemented with 1:50 BME to increase tissue
complexity and with BDNF and GDNF to allow neuronal survival and maturation ',

5. Fixation and Validation of Forebrain-type Organoids

For the validation, collect 6 organoids at day 20. Use 3 organoids for mRNA isolation and PCR analyses. Transfer the additional 3 organoids
to a 24-well plate containing PBS using a cut 1 mL pipette tip with an opening of 3-3.5 mm for fixation and sequential immunocytochemical
analyses.

2. Wash the organoids twice by carefully aspirating the PBS and replacing it with fresh PBS using a 5-mL pipette. Fix the organoids for 15 min in
cold 4% paraformaldehyde (PFA) (pH 7.4).
Caution: Beware that PFA is a known human carcinogen. All work must be done in a chemical fume hood wearing nitrile gloves. It is
recommended to wear safety glasses. Formaldehyde can cause irreversible damage to the cornea.
3. Aspirate the PFA carefully and wash three times using room temperature PBS for 10 min.
4. Replace the PBS with a 30% sucrose solution (wt/vol, PBS-based) and store the samples at 4 °C to allow organoids to dehydrate. Organoids
can be stored for up to 7 days until further processing.
5. One day after fixation, pre-stain the dehydrated organoids by adding trypan blue at approximately 1:50 for 10 min to allow the visualization of
the organoids during the cryosectioning procedure.
6. Prepare the embedding medium containing 10% sucrose, 7.5% gelatin wt/vol in PBS, and warm it to 75 °C until it is liquid.
7. Replace 30% sucrose solution with embedding medium and transfer the 24-well plate onto a heating plate (60 °C) for 15 min to equilibrate
the organoids.
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8. Cover the bottom of the embedding molds with a layer of embedding media and place them on ice to polymerize.

9. Transfer the organoids from the 24-well plate to the embedding molds containing the polymerized embedding medium, add additional
embedding medium on top so that the organoids are covered, and place the mold quickly in a 100% ethanol/dry ice freezing bath
(temperature should be between -30 to -50 °C) for at least 1 min to shock-freeze.

10. Place the mold with forceps on dry ice temporarily and either store them at -80 °C or directly proceed with cryosectioning.

11. Cryosection organoids at 20 pm thickness and collect the sections on microscope slides, keeping track of the order of sections on
the slides (sequential uptake). Allow sections to dry on slides for several hours, before storing them at -80 °C or directly performing
immunocytochemical staining.

Representative Results

The standardized forebrain-type organoid protocol described here typically generates highly homogenous organoid cultures of almost exclusively
dorsal cortical identity from human iPSCs within 20 days of cultivation (protocol outlined in Figure 1A). It is recommended to perform several
quality control steps during the time course of the protocol, defined here as: 'go' (continue the differentiation process) and 'no-go' (suboptimal
cultures, it is recommended to terminate the batch) (Figure 1). It is also advisable to document each quality control step well by taking images
and notes.

The first critical step in generating forebrain-type organoids is to start with high-quality iPSC cultures. It is important that iPSCs do not contain
larger fractions of differentiated cells. Only use iPSC cultures that present as a homogeneous monolayer of undifferentiated cells at the starting
population (Figures 1B, C). In addition, it is crucial to start with the given cell number for iPSC aggregation. The first detailed inspection of the
iPSC aggregates should be performed on day 2. At this stage, the aggregates should have formed compact cell buds with smooth edges ('go')
whereas irregular appearing aggregates or aggregates with cavities should be discarded ('no-go') (Figures 1D, E). The next quality control step
should be performed at day 10 of the protocol. At this time point, the cell aggregates should show smooth and optically translucent tissue on the
outer surface representing induction of neuroectoderm (‘go') whereas the absence of such tissue indicates suboptimal neural induction ('no-go')
(Figures 1F, G). Only those aggregates that exhibit a translucent surface (Figure 1F) should be embedded into BME matrix. Once embedded,
the cortical organoids will develop continuous neuroepithelial loop-like structures, which will expand quickly. Analyze the efficiency of the cortical
induction at day 15 and day 20 by investigating whether the organoids have developed polarized neural ectoderm as demonstrated in Figure
1H, J ('go"). In the case that organoids have not developed such neuroepithelial buds (‘'no-go' as illustrated in Figure 11, K), critically revise the
performed quality control steps for troubleshooting. When tightly following the protocol, highly standardized organoid batches will be generated
(Figures 2A, B), which will show = 90% homogeneity in polarized neural ectoderm formation within and across batches (Figure 2C). A common
mistake leading to variable efficiency of polarized neural ectoderm formation is to increase the starting cell number for iPSC aggregation, or to
start with low-quality iPSC cultures such as mycoplasma contaminated cultures or cultures that contain differentiated cells.

A detailed validation of the dorsal telencephalic identity of the generated organoids should be performed at day 20. To that end, 3 organoids
should be fixed and used for immunofluorescence analyses. Stratified neuroepithelial loops (Figure 3A) express the neural stem cell marker
Sox2 (Figure 3B, D), the forebrain markers Pax6 and Otx2 (Figures 3C, E), and the dorsal cortical marker Emx1 (Figure 3F). These cortical
loops are further characterized by an apical localization of N-cadherin and ZO-1 (Figures 3G, H), ventricular zone radial glia cell (vRGC)-derived
microtubule, which spans from the apical to the basal side of the structures (Figure 3l), and apical located dividing cells that stain positive for
phosphorylated vimentin (p-Vimentin, Figure 3J). Cell death might be present inside the organoid structures. Central apoptosis is normal and
does not affect the development of cortical tissue. Additionally, 3 organoids should be used to assess the homogeneity of the protocol by gene
expression analyses. Forebrain-type organoids show expression of the dorsal forebrain markers (FoxG1, Otx2, Emx1), while expression of the
midbrain (FoxA2, Pax5) and the hindbrain (HoxB2, HoxA4, HoxB4, HoxB6) markers is not detectable (Figure 3K).

Batches of quality-controlled organoids can be used for various applications like the analyses of the division plane of apical radial glial cells. To
that end, we suggest performing double staining using antibodies against p-Vimentin and Tpx2 (Figure 3J). P-Vimentin is phosphorylated by
CDK1 during mitosis and is located in the nucleus, thus marking all nuclei in the mitotic phase‘e. Tpx2 is a microtubule associated protein that
can visualize the mitotic spindle and the apical processes during interkinetic nuclear migrationw'w. Using these markers, three aspects of VRGC
division can in principle be analyzed: (I) whether cell division takes place at the apical side, (Il) whether the division plane is aligned vertical
(indicating symmetric cell division), horizontal, or oblique (indicating asymmetric cell division) to the apical surface, and (Ill) whether microtubule
organizing centers are formed normally.

Organoids can be also further differentiated into more complex organized and stratified cortical tissue structures. Cortical structures within day
35 + 2 organoids are composed of a ventricular zone (VZ)-, an inner and outer subventricular zone (SVZ), as well as a cortical plate (CP)-like
area. Within the VZ and the inner and outer SVZ, vRGCs, intermediate progenitors (IPs), and cells reminiscent of oRGCs can be identified. In
addition, the initial formation of a layered cortex can be observed in the CP-like area with deep cortical neurons expressing Tbr1 and Ctip2 inside
and upper cortical neurons expressing Satb2, as well as Reelin-expressing cells in the outer regions .
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Figure 1: Schematic overview of the organoid protocol and illustration of 'go’ and 'no-go’ criteria. (A) Schematic overview of the protocol.
Cl medium: cortical induction medium; CD: cortical differentiation medium. (B-C) Image of an optimal 90% confluent iPSC monolayer culture
(B) and a non-suitable iPSC culture exhibiting differentiation (C). (D-E) An iPSC aggregate optimal in size, cell density, and surface appearance
(D) and two 'no-go' cell aggregates exhibiting either cell spares cavities (E, upper aggregate) or irregular edges (E, lower aggregate) two days
following cell aggregation. (F-G) Cell aggregates exhibiting translucent and smooth edges (F) and cell aggregates lacking optical clearing (G).
The yellow line is visualizing the area of interest. (H-K) An optimal organoid with continuous neuroepithelial loops (H, J) and an organoid that
failed to develop radially organized neuroectoderm (I, K) imaged at day 15 and day 20, respectively. Scale bars, B-C 500 ym; D-K 200 um.

Please click here to view a larger version of this figure.
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Figure 2: Homogeneity and reproducibility of the forebrain-type organoid protocol. (A-B) Representative bright-field images of organoids
from one batch at day 15 (A) and day 26 (B). (C) Quantitative analyses of organoids at day 20. Organoids which display at the outer surface a
neuroepithelium, recognizable in bright-field as optically clear superficial tissue with a clear border and evidence of radial cellular architecture
were quantified (n = 3 per iPSC line with at least 16 organoids per experiment). Scale bars, A-B: 500 pym. Error bars + SD. Please click here to
view a larger version of this figure.

neuroepithelium
N B
S 3

% organoids displaying radialized O

Copyright © 2018 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported January 2018 | 131 | e56768 | Page 5 of 8
License

60



lee Journal of Visualized Experiments www.jove.com

K

Forebrain

. HoxB2
S HoxAd
S |i0xB4
S HoxB6

SRR 185
SR

vertical
division plane

horizontal
division plane

P-Vim

Figure 3: Validation of forebrain-type organoids at day 20. (A-J) Immunocytochemical characterization of organoids. Organoids organize

in multiple neuroepithelial loops (A, counterstained with DAPI). Stratified organized cells within the neuroepithelial loops express the neural

stem cell marker Sox2 (B, D), the forebrain markers Pax6 (C, D) and Otx2 (E), as well as the dorsal forebrain marker Emx1 (F). Cortical loop
structures exhibited a fine adherent junction belt at the most apical side with the accumulation of N-cadherin (G) and zona occludens protein

1 (ZO-1; H). Ventricular RGCs' microtubule networks (stained by acetylated a-tubulin, Ac-Tub) extend from the apical to the basal side of the
loop structures (1). Proliferating cells expressing p-vimentin (p-Vim) are located at the apical surface. Mitotic spindles are stained by Tpx2.
Representative higher magnification image of a vertical and a horizontal division plane are shown on the right (J). (K) RT-PCR analysis for the
region-specific transcription factors at day 20 of two independent sets of organoids derived from 2 different iPSC lines. FB: fetal brain control; AB:
adult brain control. Scale bars, A-D 200 ym; E-1 10 pm. Please click here to view a larger version of this figure.

> DAPI

Epitope Dilution
Sox2 1-300
Pax6 1-500
Otx2 1-500
Emx1 1-50
N-cadherin 1-500
Z0-1 1-100
P-Vimentin 1-1000
Tpx2 1-500
Acetylated a-tubulin 1-500
Alexa488 anti ms 1-1000
Alexa488 anti rb 1-1000
Alexa555 anti ms 1-1000
Alexa555 anti rb 1-1000

Table 1: Antibodies for quality control of organoids at day 20.
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Primer Sequence

Otx2 forward tgcaggggttcttctgtgat
Otx2 reverse agggtcagagcaattgacca
FoxG1 forward cccteecatttetgtacgttt
FoxG1 reverse ctggcggctcttagagat
Emx1 forward agacgcaggtgaaggtgtgg
Emx1 reverse caggcaggcaggctctcc
FoxA2 forward ccaccaccaaccccacaaaatg
FoxA2 reverse tgcaacaccgtctccccaaagt
Pax5 forward aggatgccgcetgatggagtac
Pax5b reverse tggaggagtgaatcagcttgg
HoxB2 forward tttagccgttcgettagagg
HoxB2 reverse cggatagctggagacaggag
HoxA4 forward ttcagcaaaatgccctetct
HoxA4 reverse taggccagctccacagttct
HoxB4 forward acacccgctaacaaatgagg
HoxB4 reverse gcacgaaagatgagggagag
HoxB6 forward gaactgaggagcggactcac
HoxB6 reverse ctgggatcagggagtcttca
18s forward ttccttggaccggegeaag
18s reverse gccgceatcgecggtegg

Table 2: Primer and primer sequences for gene expression profile.

Brain organoids represent a powerful tool for studying human brain development in vitro as they provide the relevant species background and
the complex 3D arrangement of cells in a tissue context. With that, they bridge the gap between non-human animal models and reductionist
human two-dimensional monolayer cell culture techniques. Their applications are, however, hampered by a lack of reproducibilitygA We have
developed a forebrain-type organoid protocol, which overcomes the large sample-to-sample variability by combining the self-organizing capacity
of iPSC with their amenability to patterning factors. Specifically, iPSCs were aggregated to promote self-organization and subsequently inhibit
TGF-R/SMAD signaling to promote dorsal cortex differentiation by exposing the cultures to a BMP (LDN-193189) and a TGF-B type | receptor
inhibitor (A83-01). Additionally, a compound inhibiting the Wnt pathway (IWR) to prevent posteriorization was applied. In contrast to ‘intrinsic’
cerebral organoid protocols'g, which are based on self-assembly without external control giving rise to rather heterogeneous brain organoids
and exhibiting large batch variations (measured by the efficiencies of polarized neural ectoderm formation15), the protocol described here
reproducibly generates homogeneous forebrain-specific organoids from human iPSCs.

These forebrain-type organoids can be used for a variety of applications such as neurodevelopmental studies, evolutionary studies including
gene function studies, disease modeling and, potentially, drug testing and therapeutic purposes. The protocol is, however, most suitable to
examine early aspects of human cortical development. We have for example used the forebrain-type organoids to examine human-specific
aspects of VRGC behavior. More specifically, pathophysiological changes associated with a severe form of lissencephaly, a human cortical
malformation characterized by a near absence of cortical folding, was addressed. Only certain aspects of this disease can be modeled in
mice as the mouse brain is naturally lissencephalic. When applying the organoid system to lissencephaly patient-derived iPSCs, we could
reliably recapitulate human-specific aspects of the disease and identify underlying mechanisms. More specifically, we could demonstrate that
patient-derived organoids show a significant reduction in size caused by a switch from symmetric to asymmetric cell division of vVRGCs. This
switch was associated with alterations in the organization of vVRGCs' microtubule network, a disruption of the architecture of the VZ niche and
altered expression of cell adhesion molecules, leading to an impaired activation of the N-cadherin/B-catenin signaling axis'°. Of note: B-catenin-
dependent regulation of vVRGC division modes was suggested to be human-specific as overexpression of B-catenin in mice leads to tangential
cortex expansion and subsequently cortical foldingzo. Thus, our data highlight that the forebrain-type organoid system represents a promising
tool to study in a quantifiable manner the human-specific aspects of early cortical development in vitro.

A major challenge for the future is to maintain the homogeneity of the organoids across extended time periods in order to achieve more mature
neuronal phenotypes. This might be realized by one or more of the following: culturing the organoids in a bioreactor system”, applying floating
scaffolds™, supplementing the differentiation medium with neural growth, or neuronal survival factors. Finally, a controlled increase in brain
complexity might be achieved by fusing the forebrain-type organoids with cerebral organoids of different regional identity21'22.

Taken together, the forebrain-type organoid protocol presented here offers an easily applicable and reliable tool for the generation of early
cortical structures in vitro. The protocol gives rise to highly homogeneous early cortical tissue across multiple iPSC lines and can be utilized
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to reliably generate individual-specific cortical tissue. Thus, the system is particularly suitable for applications that require a high degree of
homogeneity and reproducibility such as disease modeling.
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SUMMARY

Miller-Dieker syndrome (MDS) is caused by a hetero-
zygous deletion of chromosome 17p13.3 involving
the genes LIST and YWHAE (coding for 14.3.3¢) and
leads to malformations during cortical development.
Here, we used patient-specific forebrain-type orga-
noids to investigate pathological changes associ-
ated with MDS. Patient-derived organoids are signif-
icantly reduced in size, a change accompanied by a
switch from symmetric to asymmetric cell division
of ventricular zone radial glia cells (VRGCs). Alter-
ations in microtubule network organization in vRGCs
and a disruption of cortical niche architecture,
including altered expression of cell adhesion mole-
cules, are also observed. These phenotypic changes
lead to a non-cell-autonomous disturbance of the
N-cadherin/B-catenin signaling axis. Reinstalling
active B-catenin signaling rescues division modes
and ameliorates growth defects. Our data define
the role of LIS1 and 14.3.3¢ in maintaining the cortical
niche and highlight the utility of organoid-based sys-
tems for modeling complex cell-cell interactions
in vitro.

INTRODUCTION

The evolutionary increase in the size of the human cerebral cor-
tex is thought to be responsible for the extraordinary cognitive
abilities of humans. This evolution was achieved by increased
expansion of the surface area accompanied by the formation
of gyri and sulci. Lissencephaly represents a malformation of
cortical development (MCD) connected with neuronal disorgani-
zation and absent or abnormal gyrification (Francis et al., 2006).
Heterozygous deletions or mutations of L/S7 constitute the most
common cause of lissencephaly in humans (Kato and Dobyns,
2008). The LIS1 protein is a component of an intracellular multi-
protein complex including NDEL1 and 14.3.3¢, which is essential
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for the regulation of cytoplasmic dynein, centrosomal protein
localization, and microtubule dynamics (Wynshaw-Boris,
2007). Traditionally, LIS1-associated lissencephalies were
considered as isolated neuronal migration defects (Moon and
Wynshaw-Boris, 2013). More recent data, however, highlight a
role of the LIS1/NDEL1/14.3.3¢ complex in the proliferation of
radial glia cells (RGCs) (Bi et al., 2009; Tsai et al., 2005; Yingling
et al., 2008). In Miller-Dieker syndrome (MDS), two components
of the LIS1/NDEL1/14.3.3¢ complex (LIS1 and 14.3.3¢) are
affected resulting in increased structural alterations of the
cortical architecture compared to isolated lissencephaly.
Although mouse models have confirmed a role of the LIS1/
NDEL1/14.3.3¢ complex in several cellular processes, they failed
to recapitulate the severity of the human phenotype (Toyo-oka
et al., 2003; Yingling et al., 2008). Recent progress in modeling
human brain development in vitro uses the capacity of pluripo-
tent stem cells (PSCs) to self-organize into organoids. Brain or-
ganoids contain different neural and neuronal subtypes, which
spatially organize similarly to the developing human brain and
faithfully recapitulate developmental gene expression patterns
(Camp et al., 2015; Kadoshima et al., 2013; Lancaster et al.,
2013; Mariani et al., 2015; Qian et al., 2016).

In this study, we used a standardized forebrain organoid
protocol to model changes associated with MDS in vitro. We
observed a reduced expansion rate of MDS organoids associ-
ated with an unexpected switch of the division mode of ventric-
ular radial glia cells (VRGCs, or also called apical radial glia) from
symmetric to asymmetric cell division. Furthermore, we identi-
fied a unrecognized mechanism of how a deficiency of the
LIS1/NDEL1/14.3.3e complex converges into an impairment of
ventricular zone niche signaling and cell-fate control via the
N-cadherin/B-catenin signaling axis in a non-cell-autonomous
fashion.

RESULTS
Generation of Standardized iPSC-Derived Forebrain-
type Organoids

We generated induced pluripotent stem cells (iPSCs) from two
patients with MDS and two age- and gender-matched controls

Py
@ CrossMark



OPEN

ACCESS
Cell’ress

hPSC media | Neural induction media | N2/B27
I (A83, LDN, IWR-1) I

Time (day)

I Matrix embedded + agitation

5 10 12

day 25

day 16

day 11

G @
Forebrain 4?7 Qf\?
Otx2 e —
FoxG 1 —
EMX 1 Ee—
Nio2. 1 ——
&
4 Midbrain = & 9§
Sox2 DAPI e FoxA2
= Pax5 N
1%
Hindbrain & &
HoxB2
HoxA4
HoxB4
HoxB6
A

—&—Ctrl 1.1
——Ctrl 1.2
—&—Ctrl 2.1
——Ctrl 2.2
—&—MDS 1.1
—&—MDS 1.2

—4—MDS 2.1

Organoid area (um?2)

—*—MDS 2.2
—®—MDS 1.1-Lis1

—%—MDS 1.1-14.3.3¢

(legend on next page)

Cell Reports 19, 50-59, April 4, 2017 51

66



OPEN

ACCESS
Cell’ress

(two clones each; characterization of iPSCs is illustrated in Fig-
ures STA-S1G and Table S1). The MDS patient-specific hetero-
zygous deletion of chromosome 17p13.3 was confirmed by
SNP genotyping and reduced expression of LIS1 and YWHAE
by qRT-PCR (Figures S1G-S1l). As isogenic controls and to
address the specific role of LIS1 and 14.3.3¢ in MDS, we gener-
ated LIS1 and 14.3.3¢ rescue cell lines by introducing a doxycy-
cline-inducible LIST (MDS-LIS1) or YWHAE (MDS-14.3.3¢) into
the human AAVST locus of MDS iPSCs. Addition of doxycycline
increased the expression of LIST or YWHAE back to expression
levels comparable to control cultures (Figures S1J and S1K).

We next generated standardized organoids of forebrain identity
by combining guided differentiation of iPSCs into anterior neuro-
ectoderm using SMAD and Wntinhibition (Kadoshimaetal., 2013)
with matrix embedding to promote continuous neuroepithelium
formation (Lancaster et al., 2013). To increase oxygen exchange,
cultures were maintained under agitating conditions (Lancaster
etal.,2013; Qianetal., 2016) (protocol outlined in Figure 1A). Con-
trol iPSC-derived organoids consistently increased in size over
time while forming large neuroepithelial loops (Figures 1A and
S2A-S2C). Immunocytochemical analysis revealed that at day
20 + 2 organoids consist of stratified neuroepithelial loops ex-
pressing the neural progenitor marker Sox2 and the forebrain
markers Pax6, Otx2, and Emx1, indicating a dorsal telencephalic
identity (Figures 1B—1F). Few loops stained positive for the ventral
forebrain progenitor-associated transcription factor Nkx2.1
(Figure S2D). Dividing cells expressing phosphorylated vimentin
(p-vimentin) locate at the apical surface of the cortical loops (Fig-
ure S2E). RT-PCR investigating typical forebrain, midbrain, and
hindbrain markers confirmed homogeneous forebrain identity of
the organoids (Figures 1G and S2F). At later time points (day 35
+ 2 days), loops developed into a more complex organized and
stratified cortical tissue with densely packed Sox2-positive
cortical progenitors preferentially locating on the inside/apical
surface of the organoids and separating from BllI-tubulin-positive
neurons at the outside/basal surface of the structures, reminis-
cent of a ventricular zone (VZ) and an initial cortical plate (CP),
respectively (Figure S2G). Tbr2-positive intermediate progenitors
(IPs) were located in a subventricular zone (SVZ)-like transition
zone between the VZ- and the CP-like structure (Figure S2H).
Sox2-positive progenitors were also observed in the SVZ-like
area potentially representing outer radial glia (0RG or also called
basal radial glia; Figure S2I). Within the CP-like area, initial cortical
layering could be observed (Figures S2J-S2L).

Premature Neurogenesis Leads to Reduced Expansion
of MDS Patient-Specific Organoids

The forebrain organoid protocol was then applied to MDS
patient-derived iPSCs. Similar to control organoids, MDS orga-

noids consistently produced Sox2-positive stratified loops ex-
pressing forebrain-specific transcription factors such as Otx2,
Pax6, FoxG1, and Emx1, while typical mid- and hindbrain
markers were undetectable (Figures S2F and S2M-S2Q). How-
ever, in contrast to control organoids, MDS-derived organoids
were significantly smaller in size and showed significantly
reduced expansion rates (Figures 1H-1J and S2R-S2S; Table
S2). Re-expression of LIS1 or 14.3.3¢ resulted in a partial rescue
of these expansion deficits (Figure 1J; Table S2). We further
assessed the architecture of the neuroepithelial loops by deter-
mining the length of the apical and basal membrane, the diam-
eter of the loops as well as the size of the ventricle-like area,
the total loop area, and the loop tissue area in patient- and con-
trol-derived organoids. Here, we observed a significant reduc-
tion in all parameters in MDS-derived organoids compared to
controls with re-expression of LIS1 or 14.3.3¢ leading to a partial
rescue toward the wild-type situation (Figures 2A-2D and S3).
This phenotype is in line with autopsy examinations of MDS pa-
tients’ brains showing severe reduction in total brain size (Sheen
et al., 2006).

The reduced brain size of MDS patients as well as the
changes we observed in our model might arise from impairments
in several developmental processes. We first investigated
apoptotic cell death in neuroepithelial progenitors as a potential
underlying mechanism of the reduced size and expansion rates
of MDS organoids by quantifying cleaved (active) caspase-3 at
several time points. This analysis revealed that apoptotic cell
death is rare at all time points investigated and that there is no
significant difference in the number of apoptotic neuroepithelial
progenitors when comparing patients with controls (Figures
S4A and S4B). Another potential mechanism postulated is that
a disruption of the LIS1/NDEL1/14.3.3¢ complex results in a
reduction and weakening of astral microtubules and decreased
plus-end stability of cortical microtubules leading to alterations
of the microtubule array. As a consequence, precise control of
vRGCs’ mitotic spindle orientation and plane of cleavage is
disturbed resulting in a randomized spindle orientation with an
increase in oblique cleavage planes (Yingling et al., 2008).
Indeed, we observed severe alterations in the organization of
MDS vRGCs’ microtubule networks. Whereas in control orga-
noids, the VRGC microtubule network (stained by acetylated
a-tubulin) extends the entire distance from the apical to the
basal side, MDS vRGCs’ microtubules appear truncated and
show a significant reduction of extensions toward the basal
membrane (Figures 2E-2G, S4C, and S4D). In MDS-LIS1 and
MDS-14.3.3¢ rescue organoids, microtubule networks still
seemed to be altered but showed a more pronounced expansion
of acetylated a-tubulin toward the basal surface (Figures 2G,
S40, and S4P).

Figure 1. Reduced Size and Expansion Rates of MDS Patient-Derived Forebrain-type Organoids
(A) Schematic overview of the organoid protocol and representative images. Scale bar, 500 pm.
(B-F) Immunocytochemical characterization of organoids at day 20 + 2. Organoids organize in multiple neuroepithelial loops (B). Neuroepithelial cells express

Sox2 (C), Pax6 (D), Otx2 (E), and Emx1 (F). Scale bars, 50 pm.

(G) RT-PCR analysis for region-specific transcription factors at day 20. FB, fetal brain control; AB, adult brain control.
(H and 1) Representative bright-field images of control- (H) and MDS patient- (I) derived organoids at day 25. Scale bars, 2.5 mm.

(J) Expansion rates of control- (n = 30 for each clone), MDS- (n = 30 for each clone),
the organoid area in um? at days 2, 5, 10, and 15. Error bars, +SD.

52 Cell Reports 19, 50-59, April 4, 2017

67

, MDS-LIS1- (n = 20), and MDS-14.3.3¢- (n = 20) derived organoids. Depicted is
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Figure 2. Altered Microtubule Networks and Increased Neurogenesis in MDS-Derived Organoids

(A and B) Schematic illustration of how loop diameter (A) and length of apical membrane (B) were quantified.

(C and D) Quantification of the loop diameter (C) and length of apical membrane (D) in control (Ctrl2 n = 42; Ctrl1 n = 24), patient (MDS1.1 n = 29; MDS1.2 n = 27;
MDS2.1 n = 29; MDS2.2 n = 10), and the genetic rescue organoids (MDS-LIS1 n = 14; MDS14.3.3¢ n = 12). Error bars, +SD. *p < 0.05, **p < 0.01, ***p < 0.001.
(E and F) Immunostaining for acetylated a-tubulin (acTub) in control- (E) and MDS- (F) derived organoids. Scale bars, 50 um.

(G) Quantification of the ac-tubulin strand density at the apical (VZ) and the basal (MG) side in control (Ctrl2.2 n = 5; Ctrl2.1 n = 8), patient (MDS1.1 n = 13;
MDS1.2 n=5; MDS2.1 n = 5; MDS2.2 n = 10), and rescue organoids (MDS-LIS1 n = 9; MDS-14.3.3¢ n = 10). A schematic illustration of the area of measurement
(33 percentile VZ/apical, 66 percentile MG/basal) is shown in (E). Error bars, +SD. *p < 0.05; **p < 0.01, **p < 0.001.

(H and I) Representative images of vertical and oblique (H) as well as horizontal (1) division planes in mitotic VRGCs. Mitotic spindles are stained by Tpx2. Scale
bars, 50 um.

(J) Quantification of the division planes of vRGCs in control (n = 91), MDS (n = 105), MDS-LIS1 (n = 63), and MDS-14.3.3¢ (n = 118) organoids at day 20.

(K and L) Representative images of MDS-derived organoids stained with Tbr2 at day 21 (K) and day 28 (L). Scale bars, 50 pm.

(M) Quantification of Tbr2* intermediate progenitors (IP) in control- and MDS-derived organoids (at day 21: n >2,000 cells from a total of n = 6 loops per condition,
day 28: n > 1,200 cells from a total of n = 6 loops per condition). Error bars, +SD. *p < 0.05, **p < 0.01.

We thus wondered whether we could also observe an increase
in oblique spindle orientation in dividing MDS vRGCs by labeling
the spindle of mitotic cells with Tpx2 and relating the orientation
relative to the VZ-like surface (Figures 2H and 2l). Surprisingly,
we found a prominent and significant switch of the spindle orien-
tation from vertical, symmetric toward horizontal, asymmetric
cleavage planes (Ctrl1.1: vertical: 57.14%, horizontal: 31.87%,
oblique: 11.0%, n = 91; MDS1.1: vertical: 34.29%, horizontal:
51.43%, oblique: 14.23%, n = 105; Figure 2J; Tables S3 and
S5), while the number of oblique cleavage planes was not signif-
icantly affected. In line with this observation, we found a strong

increase in the number of Tbr2* IPs (day 21: Ctrl2.1: <1%;
MDS1.1: 11.35% + 0.15%; MDS2.2: 12.2% + 1.98%; day 28:
Ctrl2.1: 2.64% = 0.60%; MDS1.1: 20.79% =+ 1.22%; MDS2.2:
20.65% =+ 0.95%; Figures 2K-2M). Re-expression of LIS1 or
14.3.3¢ in MDS cells resulted in a partial restoration of the switch
in VRGCs’ cleavage plane orientation (MDS-LIS1: vertical:
54.84%, horizontal: 29.84%, oblique: 15.32%, n = 63; MDS-
14.3.3¢: vertical: 50.0%, horizontal: 31.51%, oblique: 19.49%,
n = 118; Figure 2J; Table S3) and a significant decrease in the
number of Tbr2-positive IPs (Figure S4Q; day 28: MDS-LIS1:
11.7% + 1.28%, MDS-14.3.3¢: 5.36% =+ 0.98%). These results
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suggest that a transition from symmetric to asymmetric division
of VRGCs and an increased generation of fate-restricted IPs at
the cost of the stem cell pool might represent the major
underlying mechanism for the reduced size and expansion rate
of MDS-derived organoids.

Disruption of the Cortical Niche in MDS-Derived
Organoids Results in Alterations of the N-Cadherin/
B-Catenin Signaling Axis

The explicit switch in spindle orientation from vertical to horizon-
tal division rather than a randomized increase of oblique cleav-
age planes suggests that in addition to cell-autonomous defects
caused by alterations of the microtubule network other signaling
pathways might contribute to the observed phenotype. In this
context, adherens junctions have been described to control
VRGCs’ self-renewal (Marthiens et al., 2010; Stocker and Chenn,
2009), and data from transgenic mouse models have demon-
strated that a disruption of the LIS1/NDEL1/14.3.3e complex re-

54 Cell Reports 19, 50-59, April 4, 2017

69

Figure 3. Disruption of the VZ Niche Archi-
tecture in MDS-Derived Organoids

(A and B) H&E staining of the VZ-like area in
control- (A) and in MDS- (B) derived organoids.
Scale bars, 30 pm.

(C-F) Immunostainings for Arl13b and Zo1 in
control- (C and D) and MDS- (E and F) derived
organoids. Scale bars, in (C) and (E), 10 um, and in
(D) and (F), 50 pm.

(G) Immunostaining for N-cadherin in control,
MDS, MDS-LIS1 rescue, and MDS-14.3.3¢ rescue
organoids. Scale bar, 50 um.

(H) Quantification of the apical membrane align-
ment in control (Ctrl2.2 n = 16; Ctrl1.1 n = 6), MDS
(MDS1.1 n = 23; MDS2.1 n = 15), MDS-LIS1
rescue (MDS1-LIS1 n = 18; MDS2-LIS1 n = 16),
and MDS-14.3.3¢ rescue (MDS1-14.3.3¢ n = 14;
MDS2-14.3.3¢ n = 15) organoids. A schematic
illustration of the area of measurement (yellow lines
at 90°, 180°, 270°, and 360°) is shown in (G). Error
bars, +SD. *p < 0.05; **p < 0.01, **p < 0.001.

20 ko
sults in disorganization of VRGCs’ lateral
15 cell-cell contacts and irregular expression
—_— of apical adhesion molecules (Pawlisz

et al., 2008; Pramparo et al., 2011).

We thus investigated the organization
of the apical ventricular surface in more
detail. Indeed, we observed severe alter-
ations in the organization of the ventric-
ular niche in MDS organoids. Whereas
VRGCs in control cultures arranged well-
organized, stacked, and densely packed
perpendicular to the ventricular surface,
in MDS organoids VRGC organization
was less tight with haphazard positioned
cells retracted from the apical membrane
(Figures 3A and 3B). This was associated
with an indistinct apical lining of cilia along
the VZ-like surface in MDS organoids
(Figures 3C, 3E, S4E, and S4H). In addi-
tion, we found severe alteration in the organization of cell adhe-
sion molecules of the VZ niche. Whereas control organoids
exhibited a fine adherent junction belt at the most apical side
with accumulation of N-cadherin and zonula occludens protein
1 (Zo1), this organization was significantly altered in MDS-
derived cultures without a compact apical distribution (Figures
3D, 3F-3H, S4F, S4G, S4l, and S4J). In MDS-LIS1 and MDS-
14.3.3e rescue organoids, the organization of the cells within
the VZ niche, expression of cell adhesion molecules, and apical
membrane alignment was rescued to a stage more similar to
control organoids (Figures 3G, 3H, and S4R-S4U). The observed
changes in the organization of the VZ niche are also in line with
histological data from MDS patients’ autopsy brains showing
disruption of the neuroepithelium along the VZ surface (Sheen
et al., 2006).

We next wondered how the alterations in the organization of
the ventricular niche and distribution of adhesion molecules
are connected to the reduced organoid size and premature
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Figure 4. Impaired N-Cadherin/B-Catenin
Signaling in MDS-Derived Cortical Cultures
(A) Schematic overview of how N-cadherin is
connected to the Wnt signaling pathway.
(B and C) P-vimentin (p-Vim) and p-Ser552-
B-catenin (pB-cat) immunostaining in control- (B)
and MDS- (C) derived organoids. Scale bars,
25 pm.
(D) Quantification of p-vimentin/p-Ser552-B-cat-
enin co-expressing VRGCs in control (Ctrl1.1
n 10; Ctrl2.2 n 15), MDS (MDS1.1n 9;
MDS1.2 n=15; MDS2.1 n = 9), MDS-LIS1 (n = 11),
\ and MDS-14.3.3¢ (n = 11) cortical loops. Error bars,
\9'\
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differentiation phenotype and how the explicit and non-random
switch of VRGC division planes might be explained mechanisti-
cally. Data from mouse models indicate that active Wnt/p-cat-
enin signaling controls VRGC proliferation (Chenn and Walsh,
2002; Zechner et al., 2003) and that the adhesion molecule
N-cadherin is involved in controlling Wnt activity by regulating
AKT phosphorylation, which, in turn, phosphorylates pB-catenin
at serine 552 (p-Ser552-B-catenin) resulting in its stabilization
and activation (Zhang et al., 2010, 2013). We thus investigated
the phosphorylation state of B-catenin at Ser552 in dividing
VRGCs. In control organoids, we observed widespread co-local-
ization of p-Ser552-B-catenin in dividing p-vimentin-positive
VRGCs (Ctrl1.1: 71.5% = 8.78% n = 10; Ctrl2.2: 87.87% =+
12.27% n = 15; Figures 4B and 4D). In contrast, cortical loops
from patient-derived organoids exhibited a significantly reduced
expression of p-Ser552-B-catenin in p-vimentin-positive vVRGCs

MDS2: 30.21% + 11.33% n = 9; Figures

4C and 4D). Re-expression of LIS1 or
14.3.3¢ resulted in a more widespread co-localization of
p-Ser522-B-catenin-positive dividing vRGCs at the apical sur-
face (MDS-LIS1: 68.62% =+ 8.15% n 11; MDS-14.3.3¢:
71.93% + 7.41% n = 11; Figure 4D). These data indicate that
VRGCs in MDS organoids indeed show an impaired activation
of B-catenin and that this might be due to alterations in the
N-cadherin/B-catenin signaling axis.

To investigate the interaction between N-cadherin and B-cat-
enin in more detail and to decipher how these two proteins are
connected functionally, we became interested in addressing
Whnt activity in MDS and control vVRGCs and whether manipula-
tion of N-cadherin results in changes of the Wnt activation state.
As these experiments are challenging in a 3D organoid system,
we wondered whether certain aspects of the observed pheno-
types are reflected in high-density 2D cultures consisting of
essentially pure VRGCs organized as neural rosettes (Shi et al.,
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2012). Indeed, we found that patient-derived rosettes exhibit
reduced levels of the proteins involved in the intracellular cas-
cades connecting niche signaling to B-catenin signaling
(reduced levels of N-cadherin, phosphorylated AKT at Ser 473,
B-catenin phosphorylated at Ser 552 as well as total B-catenin;
Figure 4E). These alterations could be attributed to LIS1 and
14.3.3¢ as re-expression of LIS1 or 14.3.3¢ resulted in expres-
sion and phosphorylation levels of the proteins more similar to
the wild-type situation (Figure 4E).

To further analyze Wnt signaling and the effect of N-cadherin
on Wnt activity, we generated Wnt reporter cell lines expressing
the pSuper8XTOPFlash luciferase reporter. Indeed, MDS-
derived neural rosettes exhibit reduced levels of Wnt reporter
activity compared to cells derived from healthy controls (Fig-
ure 4F). Interestingly and in line with the proposed mode of inter-
action, Wnt reporter activity directly depended on N-cadherin
function as blocking N-cadherin activity with a N-cadherin block-
ing antibody resulted in a strong and highly significant decrease
in Wnt reporter activity, whereas activating N-cadherin by expo-
sure of the cultures to recombinant N-cadherin protein induced
activation of the Wnt reporter (Figure 4F).

We next asked whether manipulation of N-cadherin would
directly influence the proliferation and differentiation properties
of our cultures. To that end, cortical rosettes were cultured in
the absence of any growth factors, and differentiation into neu-
rons was investigated by immunocytochemistry every 5 days.
Interestingly, MDS-derived cultures showed a significant in-
crease in the number of neurons over time when compared to
cultures derived from healthy controls, indicating that the
reduction of Wnt activity leads to premature neurogenesis also
in 2D (Figures 4G-4l). Importantly, blocking N-cadherin in control
cultures significantly induced differentiation of the cells (Fig-
ure 4J), whereas activating N-cadherin in MDS-derived cortical
progenitors rescued early neurogenesis (Figure 4K). These
data demonstrate that there is indeed a direct link between
active N-cadherin signaling and the Wnt pathway. In addition,
these data also suggest that this pathway is disrupted in MDS
leading to an imbalance of proliferation and differentiation in
patient-derived cortical progenitors and that manipulation of
N-cadherin results in changes of this balance.

Phenotypic Alterations in MDS-Derived Organoids Can
Be Rescued by Wnt Activation

Based on these results, we tested whether pharmacological
activation of B-catenin by inhibition of GSK3p affects the pheno-
typic alterations observed in MDS patient-derived organoids.
Indeed, exposure of the cultures to the GSK3p inhibitor
CHIR99021 resulted in much more clear and homogeneous gen-
eration of cortical loops compared to the non-treated cultures
(Figures 5A and 5B) and a marked rescue of the co-expression
of p-Ser552-B-catenin in p-vimentin-positive dividing vRGCs
(Figure 5C). When investigating the plane of cell division, we
observed that exposure to CHIR99021 resulted in a switch of
vertical and horizontal division planes in MDS organoids leading
to division modes comparable to the healthy control situation
(Figures 5D and S5C; Tables S3-S5). This was also reflected
when quantifying the parameters at the level of the cortical loops
where we observed a significant increase of all parameters
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following exposure to the GSK3p inhibitor (depicted are the
relative change of all parameters compared to the untreated sit-
uation, the loop diameter, and length of the apical membrane;
Figures 5E-5G and S5D-S5G). The phenotypic rescue was spe-
cific to MDS organoids as neither the plane of cell division nor the
individual loop parameters were significantly affected by the
exposure to CHIR99021 in control-derived organoids (Figures
5D-5G and S5; Tables S4 and S5). Importantly, the aberrant or-
ganization of ventricular niche and expression of cell adhesion
molecules was not affected by B-catenin activation, suggesting
that these alterations are upstream of B-catenin function (Figures
S4K-S4N).

DISCUSSION

The most prominent histopathological hallmark of LIS1-associ-
ated lissencephalies is the disorganization of the cerebral cortex
presenting with aberrantly positioned neurons (Francis et al.,
2006). This compelled researchers to concentrate on the role
of LIS1 in neuronal migration. Indeed, the evolutionary
conserved LIS1/NDEL1/14.3.3¢ protein complex has a well-
documented function in regulating centrosomal protein localiza-
tion and microtubule dynamics, both critically involved in
nuclear movement and neuronal migration (Moon and Wyn-
shaw-Boris, 2013). An additional and largely neglected pheno-
type of the disease is that most patients with lissencephaly are
either microcephalic or have a borderline low brain size (Allan-
son et al., 1998). This points toward an additional role of LIS1
in neural progenitor proliferation. And indeed, data from rodents
suggest that the LIS1/NDEL1/14.3.3¢ complex plays an impor-
tant cell-autonomous role in controlling cell division by regu-
lating the plane of the mitotic spindle during mitosis resulting
in a random distribution of division planes of dividing neural pro-
genitors (Moon et al., 2014; Pawlisz et al., 2008; Yingling et al.,
2008). When we investigated cellular and molecular changes
caused by a disruption of the LIS1/NDEL1/14.3.3¢ complex in
our organotypic human in vitro model of cortical development,
we were able to reproduce the “small-brain” phenotype and
changes in the planes of cell division of dividing ventricular
RGCs. In our hands, however, division planes appeared not
random but presented with a systematic switch from vertical
to horizontal division planes, compelling us to consider more
global changes in cell signaling pathways participating in the
observed phenotype.

Here, we describe a so-far unrecognized mechanism of how
a deficiency of the LIS1/NDEL1/14.3.3¢ complex converges
into an impairment of brain ventricular niche signaling and
cell-fate control. We propose that alterations in the microtubule
network of VRGCs lead to a disruption of the architecture of the
ventricular niche, which, in turn, results in a non-cell-autono-
mous disturbance of the N-cadherin/B-catenin/Wnt signaling
axis. In line with this hypothesis, we demonstrate an irregular
lining and distribution of N-cadherin at the apical surface
and provide experimental evidence that N-cadherin is function-
ally connected to B-catenin/Wnt-signaling and the balance
between proliferation and differentiation in vRGCs. Most
importantly, external activation of the Wnt pathway results
in a phenotypic rescue of the observed expansion defects
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specifically in patient-derived organoids. Our observations are
in line with another recent study using a similar organoid-based
system to investigate changes associated with Miller-Dieker lis-
sencephaly. Without addressing the mechanistic details, they
also realized the switch in VRGCs’ division planes and an in-
crease in neurogenesis (Bershteyn et al., 2017). Importantly,
human brains comprise an additional expanding progenitor
population named oRG cells or basal radial glia located in the
outer SVZ (Fietz et al., 2010; Hansen et al., 2010) and Bersh-
teyn and colleagues identified changes in cell division (cytoki-
nesis delay) also in this population. The fact that vRGCs in hu-
man exhibit a prolonged and more extensive expansion
capacity compared to rodents and that rodents exhibit only
very few oRGCs might in part also explain the decreased
phenotypic severity of a disrupted LIS1/NDEL1/14.3.3e com-
plex in mice (Toyo-oka et al., 2003; Yingling et al., 2008). Taken
together, our study highlights the potential of organotypic
cell-culture models to contribute to an advanced understanding
of developmental mechanisms and disease-related changes
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Figure 5. Activation of pB-Catenin/Wnt
Signaling Rescues Phenotypic Alterations
in MDS-Derived Organoids

(A and B) Representative images of MDS orga-
noids under standard culture conditions (A) and
following exposure to the GSK3p inhibitor
CHIR99021 for 10 days (B, depicted are nuclei
stained by DAPI). Scale bars, 200 pm.

(C) P-Vimentin (p-Vim) and p-Ser552-B-catenin
(pB-cat) immunostaining in MDS-derived orga-
noids treated with the GSK3p inhibitor CHIR99021.
Scale bar, 25 um.

(D) Quantification of vertical, horizontal, and obli-
que division planes of dividing VRGCs in control-
and patient-derived organoids in the absence and
presence of the GSK3 inhibitor at day 20. Ctrl 1.2
(n=127), MDS2.1 (n = 115), Ctrl 1.2 + Chir (n = 78),
and MDS 2.1 + Chir (n = 88).

(E) Relative change of multiple parameters as-
sessed in cortical neuroepithelial loops of control
and patient organoids. Shown is the relative in-
crease in the presence of the GSK3 inhibitor
compared to the non-treated control.

(F and G) Quantification of the loop diameter (F)
and length of apical membrane (G) in control- and
patient-derived organoids in the absence
(Ctrl2 n = 10; Ctrl1 n = 9; MDS2.1 n = 8;
MDS1.2 n = 8) and the presence of the GSK3
inhibitor (Ctrl2 n = 8; Ctrl1 n = 9; MDS2.1 n = 8;
MDS1.2 n = 10). Error bars +SD. *p < 0.05, **p <
0.01, **p < 0.001.
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caused by a dysfunction of single genes
in a complex tissue environment.

EXPERIMENTAL PROCEDURES

Generation of Human iPSCs

Skin fibroblasts were obtained from the Coriell
Biorepository (Ctrl1, 2-year-old female, catalog ID
GMO00969; Ctri2, 5-month-old male donor, catalog
ID GM08680; MDS1, 1-year-old female, catalog ID
GMO06097; MDS2, male fetus, 18™ fetal week, catalog ID GM09208). MDS2 fibro-
blasts were reprogrammed using retrovirus approach as previously described
(Koch et al., 2011). Ctrl1, Ctrl2, and MDS1 fibroblasts were reprogrammed by
non-integrative delivery of OCT4, SOX2, KLF4, and c-MYC using Sendai virus
(SeV) vectors (Ban et al.,, 2011). Detailed information on the maintenance of
iPSCs, SNP analyses for karyotyping, and germ layer differentiation is provided
in the Supplemental Experimental Procedures.

Generation of LIS1 and 14.3.3¢ Rescue Lines

Lis1 and 14.3.3¢ rescue lines were generated by integrating LIST or YWHAE into
the human AAVS7T locus using plasmids containing the guide RNA
(gRNA_AAVS1-T2, Addgene, catalog no. 41818), the Cas9 (hCas9_D10A, addg-
ene, catalog no. 41816), and either the PB-TetON-AAVS1-LIS1 or PB-TetON-
AAVS1-YWHAE vector. Detailed information on cloning and generation of LIS1
and 14-3-3¢ rescue cell lines is provided in the Supplemental Experimental
Procedures.

Generation of Brain Organoids

On day 1 of organoid culture, iPSC were dissociated into single cells using
TrypLE Express and plated in an ultra-low-binding 96-well plate (6,000
9,000 cells/well, Amsbio, lipidure-coat plate A-U96) in PluriPro (PP) medium
(Cell Guidance Systems) supplemented with 50 1M ROCK inhibitor Y-27632
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(Cell Guidance Systems). Medium was exchanged every other day. At day 5,
embryoid bodies (EBs) were transferred to low-adhesion 6-cm plates (Labo-
medic) in neural induction media containing DMEM/F12 and Neurobasal
(both Gibco and mixed in a 1:1 ratio), N2 supplement (Gibco, 1:200), B27 sup-
plement (Gibco, 1:100), glucose (0.2 mg/mL), 0.5% non-essential amino acids
(NEAA, Gibco), heparin (10 pg/mL, Sigma-Aldrich), 1% GlutaMax (Gibco), and
the small molecules LDN-193189 (180 nM, Miltenyi Biotec), A83-01 (500 nM,
Stemgent), and IWR-1 (10 pg/mL, Enzo Life Sciences). Five days later, small
molecules were removed from the medium, and organoids were embedded
into Geltrex (GT, Gibco) matrix at day 12 as previously described (Lancaster
and Knoblich, 2014). Organoids were further cultured under continuous agita-
tion using a cell-culture shaker with medium changes every 3-4 days until
analyzed. When indicated, the GSK38 inhibitor CHIR99021 (1 uM, Miltenyi
Biotec) was added to the culture medium. Quantitative assessments were
performed on organoids where forebrain identity of neural tube structures
was beforehand validated by immunostainings for Sox2, Pax6, Otx2, and
Emx1. Detailed information is provided in the Supplemental Experimental
Procedures.

Generation of iPSC-Derived Cortical Rosettes

Differentiation of iPSC-derived cortical rosettes was performed as described
by Shi et al. with slight adaptations (Shi et al., 2012). Detailed information is
provided in the Supplemental Experimental Procedures.

Generation of Wnt Reporter Lines and Luciferase Assay
Control- (Ctrl1.2) and patient- (MDS1.2) derived iPSCs were lentivirally trans-
duced with a reporter construct expressing luciferase under the control of
the Wnt responsive T-cell factor (TCF) promoter element (pSuperTOPflash;
Addgene Plasmid #24308). Detailed information on the generation of the re-
porter lines and the luciferase assay is provided in the Supplemental Experi-
mental Procedures.
Histol and
Cells were fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature
and blocked in blocking solution (10% fetal calf serum [FCS] in PBS). For more
detailed information, see Supplemental Experimental Procedures.
Organoids were fixed in 4% PFA for 20 min at room temperature and allowed
to sink in 30% sucrose at 4°C overnight before being embedded in 10%/7.5%
gelatin/sucrose and cryosectioned at 20-30 um. Cryosections were stained
with H&E or used for immunostaining. For more detailed information, see Sup-
plemental Experimental Procedures.

Immunoblot

Cortical rosettes were harvested for immunoblot analysis 3-4 days following
replating. Detailed information is provided in the Supplemental Experimental
Procedures.

RT-PCR Analysis
RT-PCR was performed in triplicates using biological duplicates. For detailed
information, see Supplemental Experimental Procedures.

Statistical Analyses

Quantitative data were generated at least in biological triplicates. No statistical
methods were used to pre-determine sample sizes, but our sample sizes are
similar to those generally employed in the field. All data were collected and
processed randomly. Means and SD were computed. All results presented
as bar graphs show mean + SD. Two-sided one-way ANOVA test using Prism
6 software, two-proportion z-test, or Kruskal-Wallis test followed by Bonfer-
roni-corrected pairwise comparisons using a Mann-Whitney U test was per-
formed to determine whether a significant difference exists between groups.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and five tables and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2017.03.047.
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SUMMARY

Apical radial glia (aRGs) are predominant progenitors
during corticogenesis. Perturbing their function
leads to cortical malformations, including subcortical
heterotopia (SH), characterized by the presence of
neurons below the cortex. EML1/EmI1 mutations
lead to SH in patients, as well as to heterotopic cor-
tex (HeCo) mutant mice. In HeCo mice, some aRGs
are abnormally positioned away from the ventricular
zone (VZ). Thus, unraveling EML1/Eml1 function will
clarify mechanisms maintaining aRGs in the VZ. We
pinpoint an unknown EML1/EmI1 function in primary
cilium formation. In HeCo aRGs, cilia are shorter, less
numerous, and often found aberrantly oriented within
vesicles. Patient fibroblasts and human cortical
progenitors show similar defects. EML1 interacts
with RPGRIP1L, a ciliary protein, and RPGRIP1L
mutations were revealed in a heterotopia patient.
We also identify Golgi apparatus abnormalities in
EML1/EmI1 mutant cells, potentially upstream of
the cilia phenotype. We thus reveal primary cilia
mechanisms impacting aRG dynamics in physiolog-
ical and pathological conditions.

INTRODUCTION

The cerebral cortex is a highly organized structure whose devel-
opment depends on different progenitor cell types. These give
rise to post-mitotic neurons that migrate across the developing
cortical wall to their final positions in the cortical plate. Apical

1596 Cell Reports 28, 1596-1611, August 6, 2019 © 2019 The Authors.
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radial glia (aRGs) are the main progenitor type in early cortico-
genesis and are responsible for the production of other progen-
itors, hence regulating the final neuronal output (Uzquiano et al.,
2018). aRGs are localized in the proliferative ventricular zone (VZ)
and have a characteristic morphology, including a basal process
extending to the pial surface and an apical process descending
to the ventricular surface. The apical process of aRGs terminates
by an endfoot characterized by the presence of a centrosome
that during interphase acts as a basal body docking a primary
cilium. These two structures are crucial for aRG polarity and
function, and abnormal behavior of aRGs disrupts neocortical
development, causing severe cortical malformations (Bizzotto
and Francis, 2015). Primary cilium anomalies, as well as defects
in pathways dependent on this organelle, are expected to
severely impact neural progenitor behavior as well as other steps
of corticogenesis (Ding et al., 2019; Foerster et al., 2017; Gabriel
et al., 2016; Wang et al., 2016; Guo et al., 2015; Higginbotham
etal.,, 2013; Li et al., 2011; Wilson et al., 2012).

We and others identified pathogenic mutations in EMLT in a
specific group of cortical malformations characterized by atyp-
ical subcortical heterotopia (SH), corpus callosum agenesis,
and macrocrania (Kielar et al., 2014; Shaheen et al., 2017).
EML1 codes for a microtubule-associated protein. Remarkably,
a retrotransposon insertion disrupting the mouse ortholog
Eml1 leads to a similar phenotype in the heterotopic cortex
(HeCo) mouse mutant (Croquelois et al., 2009; Kielar et al.,
2014). The latter represents a unique model to decipher the bio-
logical basis of SH.

HeCo mice show progenitor anomalies from the early stages
of corticogenesis thought to be responsible for the heterotopia
phenotype (Bizzotto et al., 2017; Kielar et al., 2014). Some
aRGs leave the VZ and divide in aberrant basal positions (Kielar
et al., 2014). However, the pathological mechanisms leading to




the detachment of these cells in the HeCo VZ remain vastly
unexplored.

The primary cilium is a microtubule-based antenna-like
structure that serves as platform for signaling pathways.
In aRG apical endfeet, this organelle protrudes within the
ventricle in order to sense signals from the cerebrospinal
fluid. It is formed after mitosis, when the centrosome, composed
of two centrioles at the spindle pole, is trafficked toward the
apical surface. During this journey, the centrosome associates
with de novo synthesized membrane or ciliary remnants, which
are often carried in vesicle-like structures and will then become
the basal body-primary cilium complex (Bernabé-Rubio and
Alonso, 2017; Paridaen et al., 2013). Once this complex
reaches the plasma membrane, the basal body is docked and
the primary cilium is inserted in the apical membrane. Trafficking
of proteins from the Golgi apparatus is essential for the assembly
of the basal body-primary cilium complex (Bernabé-Rubio and
Alonso, 2017; Madhivanan and Aguilar, 2014). Therefore, correct
formation of primary cilia depends on diverse subcellular pro-
cesses that when disrupted could be responsible for the appear-
ance of cilia-related pathologies (Madhivanan and Aguilar,
2014).

Here, we reveal a severe disruption of primary cilia in Em/1/
EML1 mutant conditions, not only in HeCo aRGs but also in
patient fibroblasts and human induced pluripotent stem cell
(iPSC)-derived cortical progenitors. Thus, EmI1/EML1 has an
unexpected role in primary cilia formation. We also uncover
a ciliary protein partner of EML1, RPGRIP1L, and report the
first heterotopia patient showing mutations in this protein.
Searching for upstream mechanisms potentially responsible
for perturbed primary cilia, converging data pointed toward
abnormal Golgi apparatus function in Em/1/EML1 mutant con-
ditions. We show here signs of abnormal Golgi structure and/
or function in HeCo aRGs as well as patient fibroblasts and
iPSC-derived cortical progenitors. We hence reveal perturbed
Golgi apparatus mechanisms likely to be involved in primary
cilium formation that most probably contribute to the aRG
delamination phenotype.

RESULTS

Perturbation in Early Stages of Corticogenesis

Alterations in the number and distribution of y-tubulin® and
Arl13b* puncta, identifying centrosomes and primary cilia,
respectively, were recently observed in the embryonic day
13.5 (E13.5) HeCo VZ (Bizzotto et al., 2017). For a view of the
ventricular surface only, en face imaging was performed in
combination with these two markers in wild-type (WT) and
HeCo brains at the same developmental time point, together
with immunostaining for F-actin, in order to delineate apical
domains (Figure 1A). Using this approach, we confirmed a
decrease of y-tubulin* and Arl13b* puncta at the HeCo ventric-
ular surface (Figures 1B and 1C). We further analyzed the total
number of apical domains and quantified centrosome and
primary-cilium-containing endfeet in WT and HeCo mice. All api-
cal domains as well as centrosome-containing apical endfeet
(with or without primary cilia) were decreased in the HeCo ven-
tricular surface (Figures 1D-1F), in fitting with aRG delamination

at E13.5 (Kielar et al., 2014). Apical domains not containing
centrosome and primary cilia did not differ between HeCo and
WT mice (Figure 1G).

Given that EmI1 is expressed in the mouse VZ as early as
E12.5 (Bizzotto et al., 2017), WT and HeCo cortices were also
compared at this time point. First, a 30-min bromodeoxyuridine
(BrdU) pulse was performed to analyze the position of cycling
progenitor cells in the E12.5 cortical wall. Immunohistochemistry
for BrdU and Ki67 confirmed the presence of a proportion of
aberrant, superficially localized BrdU*Ki67* progenitor cells as
previously observed at E13.5 (Figures S1A and S1B; Kielar
et al., 2014). At E12.5, en face imaging showed no significant
change in the number of y-tubulin* and Arl13b* puncta at the
HeCo ventricular surface compared to WT, although tendencies
for a decrease were observed, possibly indicating an incipient
phenotype (Figures S1C-S1E). Apical domain and endfeet
numbers were also analyzed, revealing tendencies similar to
the E13.5 data (Figures S1F-S1l). A significant decrease in the
number of centrosome and primary cilia containing apical end-
feet per region of interest (ROl) was observed at E12.5 (Fig-
ure S1G). There was a slight but significant increase in the
number of apical domains without centrosome and primary cilia
at the HeCo ventricular surface (Figure 11).

Analyses of the numbers of aRG endfeet at E12.5 and E13.5
support the hypothesis that some Em/1 mutant aRGs delaminate
from the ventricular surface at the early stages of corticogenesis.

Primary Cilia Formation Is Impaired in Em/1 Mutant
Conditions

We next questioned if, as well as reduced Arl13b puncta, pri-
mary cilia structure was abnormal in HeCo aRGs. Primary cilia
length was first measured from en face Arl13b immunodetec-
tion, a parameter often studied to investigate defects in their
assembly and/or disassembly (Kheradmand Kia et al., 2012).
In addition to their decrease in number, primary cilia were
found to be shorter at the HeCo ventricular surface at both
E12.5 and E13.5 (Figures 1H, 1l, S1J, and S1K). Since the
HeCo ventricular surface seemed more severely affected at
E13.5, we focused on this stage to further understand the
mechanisms involved.

In order to further examine the HeCo primary cilium pheno-
type, we analyzed their ultrastructure and subcellular localization
in WT and HeCo brains at E13.5 by electron microscopy
(EM) (Figure 2A). In WT aRG endfeet, centrioles are observed
in close vicinity to the apical plasma membrane, the mother
centriole acting as basal body and thus docking a primary cilium
protruding in the ventricle (Figure 2A). In agreement with the en
face imaging findings, aRG primary cilia measured from EM
data were found to be shorter in HeCo compared to WT (Figures
2A-2C). In addition, when short cilia could be observed, these
structures often lacked a properly formed basal body. Instead,
densely packed microtubules were often present in place of cen-
trioles (Figure 2A, white arrow). Furthermore, a significant in-
crease in the number of cilia within vesicle-like structures was
also evident in HeCo aRGs compared to WT (Figure 2A, black
asterisk, and Figure 2D). These were often also mis-oriented
basally rather than facing the ventricle (Figure 2A, white asterisk,
and Figure 2E).
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Figure 1.

Centrosomes, Primary Cilia, and Apical Endfeet Are Decreased at the HeCo Ventricular Surface

(A) En face confocal imaging of the WT and HeCo ventricular surface using F-actin (white), anti-y-tubulin (green), and anti-Arl13b (red) immunostaining.

(B) Quantification of y-tubulin* puncta per ROl in WT and HeCo mice.

(C) Quantification of Arl13b* puncta per ROl in WT and HeCo mice.

(D) Quantification of number of apical domains in WT and HeCo mice.

(E) Quantification of centrosome and primary cilium-containing apical endfeet in

WT and HeCo mice.

(F) Quantification of centrosome-containing apical endfeet without primary cilium in WT and HeCo mice.
(G) Quantification of apical domains without centrosome and primary cilium in WT and HeCo mice. This represents 17% and 20% of the total number of apical

domains, respectively.

(H and I) Quantification of Arl13b* primary cilia length in WT (n = 5 from 3 litters,

represents an embryo (H) or primary cilium (I).

110 primary cilia) and HeCo (n = 5 from 4 litters, 61 primary cilia). Each point

Each point in (B)~(G) represents an embryo (WT: n = 7 from 4 litters; HeCo: n = 6 from 5 litters). Scale bar, 10 pm (A). Data are represented as mean + SEM and
unpaired t test (B-G), and box and whisker plots show the median + minimum-maximum range followed by Mann-Whitney test (H and I). ***p < 0.0001, **p <

0.0001, **p < 0.01, and *p < 0.05.
See also Figure S1.

Thus, a decrease in the number and length of ventricular primary
cilia, which are also often found within vesicles inside the cell,
strongly suggests defects in their formation in HeCo aRGs during
the early-to-middle (early-mid) stages of cortical development.

We also searched for potential primary cilia defects in
other neuronal progenitor types. Upon Arl13b immunostaining,
the E13.5 cortical wall of WT and HeCo mice was subdivided
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in six equally sized bins. An increased proportion of Arl13b
puncta was identified in upper-VZ/subventricular zone (SVZ)-
containing bin 4 (with a decrease in the SVZ/intermediate
zone [IZ]-containing bin 5) in HeCo cortices (Figures S1L
and S1M). These preliminary data may indicate that primary
cilia are also abnormal in other progenitors populating more
basal regions of the developing cortex.
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Figure 2. Primary Cilia Formation Is
Impaired in Eml/1 Mutant Conditions,
although No Changes in Shh Signaling
Were Observed

(A) Representative images of EM acquisitions of
the apical surface of WT and HeCo brains. White
arrow shows that the basal body is not properly
assembled in HeCo aRGs. Instead, densely
packed microtubules are observed. The black
asterisk indicates apically oriented primary cilium
within a vesicle. The white asterisk indicates
basally oriented primary cilium within a vesicle.
(B and C) Quantification of primary cilium length in
WT (n = 4 embryos from 3 litters, 25 primary cilia)
and HeCo (n =5 embryos from 3 litters, 15 primary
cilia) VZ. Each point represents an embryo (B) or a
primary cilium (C).

(D and E) Percentage of primary cilia found within
vesicles in WT and HeCo VZ (D), and percentage
of basally oriented primary cilia in WT and HeCo
VZ (E). Each point represents an embryo (n = 5 per

Ak

condition from 3 litters; 150-169 cells). Statistical
tests were performed considering the frequency
across cells analyzed.

(F) Representative western blot of WT and HeCo
E13.5 cortical lysates immunodetected for Gli3
and GAPDH.

(G) Quantifications from E13.5 western blots, with
band intensities normalized to GAPDH (WT: n =9
embryos from 2 litters; HeCo: n = 7 embryos from
2 litters).
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There Are No Major Changes in HeCo Cortex Shh
Signaling at Early-Mid Corticogenesis

Primary cilia are central for the transduction of Sonic hedgehog
(Shh) signaling (Wheway et al., 2018). Conditional knockout
mice of ciliary proteins often show changes in Shh signaling in
the developing brain impacting the levels and/or processing of
its downstream effectors, notably the Gli transcription factors
(Besse et al., 2011; Willaredt et al., 2008; Wilson et al., 2012).
Gli proteins are found in a short-length (SL) repressor form or
in a full-length (FL) activator form upon Shh stimulation. The pri-
mary cilium phenotype observed in HeCo aRGs prompted us to
analyze this pathway. We analyzed the levels of Gli3 in cortical
lysates from HeCo and WT mice at E12.5 and E13.5 by western
blot (Figures 2F-2l). There was a tendency toward a decreased
Gli8 full-length:Gli3 short-length ratio in HeCo cortices (Figures
2G and 2I) that was stronger at E13.5 than E12.5, the stage at
which the severest primary cilia phenotype was observed.
Despite these consistent subtle differences, there were no signif-

20% decrease

(H) Representative western blot of WT and HeCo
E12.5 cortical lysates immunodetected for Gli3
and GAPDH.

() Quantifications from E12.5 western blots, with
band intensities normalized to GAPDH (WT: n =10
embryos from 2 litters; HeCo: n = 8 embryos from
2 litters).

Scale bar, 0.5 pm (A). Box and whisker plots show
. the median + minimum-maximum range followed
by Mann-Whitney test (B and C) or chi-square test
(D and E) or mean + SEM (G and I). ***p < 0.0001
and *p < 0.05.

icant Shh changes observed between HeCo and WT E12.5/
E13.5 cortical lysates.

Protein Partners of EmI1 Help Indicate that RPGRIP1L Is
a Heterotopia Gene

Eml1 appears to have crucial functions regulating aRG behavior
(Kielar et al., 2014; Bizzotto et al., 2017; this study), although the
molecular pathways in which it is involved have not yet been
clearly linked to aRG phenotypes. Performing a comprehensive
analysis of potential Eml1-interacting partners identified in a
previous screen (Bizzotto et al., 2017), the ciliary protein Rpgrip1l
was identified. This protein is known to localize to the base of the
primary cilium, in the transition zone, and mutations were previ-
ously identified in Joubert and Meckel ciliopathy syndromes
(Wiegering et al., 2018). To confirm the interaction between
EmI1 and Rpgrip1l, Neuro2A cells were co-transfected with
FLAG-tagged EML1 and c-myc-tagged RPGRIP1L plasmids.
48 h later, antibodies directed at the tag of one of the proteins
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(e.g., anti-FLAG; Figure 3A) were incubated with cell lysates to
capture the protein of interest. Protein G Sepharose was added
to capture the antibody-protein complexes, and after elution,
these were then separated on protein gels. Immunodetection
of western blots was performed with antibodies directed against
the opposing protein tag (e.g., anti c-myc). Co-immunoprecipita-
tion (colP) experiments were performed in both directions, and
this confirmed the interaction between EML1 and RPGRIP1L
with either anti-FLAG (Figure 3A) or anti-c-myc (Figure 3F) anti-
bodies used for the initial precipitation. These results further
support that EML1 may play a role in primary-cilium-related pro-
tein complexes.

Simultaneously, compound heterozygous variations in
RPGRIP1L (GenBank: NM_015272.2) were identified in a patient
(P700-5) with SH (Figures 3B-3D; Table S1). P700-5 also ex-
hibited agenesis of the corpus callosum and cerebellar dysplasia
(Figures 3D4 and 3D5; Table S2). Nucleotide variations in
RPGRIP1L were confirmed by Sanger sequencing. A
¢.3706C>T pathogenic variation in exon 24 (R1236C, sorting
intolerant from tolerant [SIFT; https://sift.bii.a-star.edu.sg/]
0.03, damaging) was transmitted from the father. A c.3562G>A
nucleotide change in exon 22 (V1188M, SIFT tolerated) was
transmitted from the mother (Figure 3C; Table S1). Since auto-
somal recessive mutations in RPGRIP1L have previously been
associated with Joubert and Meckel syndromes (OMIM:
610937), the unusual C-terminal mutations identified here (Fig-
ure 3E) may be important for the cortical phenotype observed.

Given the interaction of EML1 and RPGRIP1L and the resem-
blance of the phenotypes found in patients, we postulated that
the interaction between these proteins may be altered in the
presence of patient mutations. Both individual RPGRIP1L muta-
tions led to a dramatic loss of interaction with EML1, using either
anti-FLAG or anti-c-myc (Figures 3F, 3G, S2A, and S2B) for
immunoprecipitation. The RPGRIP1L interaction was also tested
using an EML1 construct expressing a patient mutation (family
P135, mutation T243A; Kielar et al., 2014). Under these condi-
tions, dramatically reduced quantities of FLAG-EML1-T243A
were observed in anti-c-myc immunoprecipitates (Figure 3G).
These data confirm that when either RPGRIP1L or EML1 is
mutated, the interaction between the proteins is compromised.

These combined data suggest that convergent primary-cilia-
related mechanisms are responsible for the heterotopia in
EML1 and RPGRIP1L patients. We then assessed the localiza-
tion of RPGRIP1L mutant proteins in a human cell line (retinal
pigmented epithelial cells [RPE1 cells]). RPE1 cells were
transfected with recombinant c-myc-RPGRIP1L WT, c-myc-
RPGRIP1L-R1236C, or c-myc-RPGRIP1L-V1188M. While WT
RPGRIP1L clustered in perinuclear regions with a puncta-like
pattern (white box), as previously shown for this protein (Ger-
hardt et al., 2015), the same type of staining was not observed
when transfecting cells with the mutant constructs (Figure S2C).
This suggests an altered subcellular localization of RPGRIP1L
expressing heterotopia mutations.

To begin to test the impact of the individual RPGRIP1L heter-
otopia mutations at the early stages of corticogenesis, they were
overexpressed in WT mouse brain. In utero electroporation at
E13 was performed of individual c-myc-RPGRIP1L mutant con-
structs with a pCAG-IRES-GFP (pCAGIG) reporter construct to
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identify electroporated cells, as well as an Arl13b-RFP construct
targeting the primary cilium. At E14, Pax6*GFP* cells were quan-
tified across six equally sized bins spanning the cortical wall, and
the percentage of cells in the region encompassing the VZ was
assessed (bins 1-3) compared to the SVZ, IZ, and cortical plate
[CP; bins 4-6; Figure S2D). Mutant forms of RPGRIP1L, espe-
cially the V1188M mutation, led to an apparent shift of
Pax6*GFP* and Pax6'GFP~ cells to basal positions in the
cortical wall (Figure S2E). In addition, the c-myc-RPGRIP1L
V1188M construct showed the presence of polarized rosette-
like structures composed of primary cilia-containing Pax6* cells
in abnormal superficial regions (two out of three embryos; Fig-
ure S2F). Internalization of Pax6* cells has previously been asso-
ciated with primary cilia defects (Higginbotham et al., 2013; Lien
et al., 2006).

Primary Cilia Formation Is Impaired in EML1 and
RPGRIP1L Patient Fibroblasts

Convergent suggestions for a link between primary cilia and het-
erotopia led us to assess the growth dynamics of this organelle in
human patient fibroblasts. A cell culture approach for analyzing
primary cilia assembly and/or disassembly was adopted (Kher-
admand Kia et al., 2012). Five different lines of human fibroblasts
were cultured from two EML1-patients (P3489 and P135; Kielar
et al., 2014), the above-described RPGRIP1L-heterotopia
patient (P700), and two similarly aged controls (control 1 and
control 2). We studied primary cilium formation (1) under basal
conditions (72 h after plating), when cells are asynchronously
dividing; and (2) after serum starvation (SS), which was per-
formed for 48 or 96 h (Figures 4A-4E, S3A, and S3B). SS induces
cells to enter quiescence (G0) and thus grow a primary cilium
(Figure S3A).

The percentage of cells presenting a primary cilium in the three
different conditions was analyzed. Under basal conditions (Fig-
ure 4B) and 48 h after SS (Figure S3C), each of the three patient
lines showed significantly fewer cells possessing a primary
cilium. At 96 h, one of the EML1 patient lines (P3489) reached
levels similar to those of the control lines, while the other patient
lines continued to show a significantly decreased proportion of
primary-cilium-containing fibroblasts (Figure 4D). Under basal
conditions and 48 h after SS, primary cilia length did not seem
to be severely compromised compared to control lines (although
the P135 and P700 fibroblast lines showed a tendency to have
shorter primary cilia; Figures 4C and S3D). However, when per-
forming SS for 96 h, all patient lines showed a significant
decrease in the length of primary cilia compared to control con-
ditions (Figure 4E).

These results suggest that EML 1- and RPGRIP1L-mutant cells
do not assemble cilia efficiently, in fitting with a role for EML1 and
RPGRIP1L in primary cilium formation. Importantly, RPGRIP1L
patient fibroblasts showed the same dynamics as EML1 patient
fibroblasts, further suggesting that perturbed mechanisms un-
derlying the heterotopia phenotype may converge.

Human Cortical Progenitors with EML1 Mutations Also
Show Primary Cilia Anomalies

We decided to further analyze primary cilia in human cortical
progenitor cells in vitro. These were differentiated from
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Figure 3. EML1 Interacts with RPGRIP1L, in which Mutations Were Identified in a Heterotopia Patient

(A) Representative western blots showing immunoprecipitation with anti-FLAG when co-transfecting FLAG/FLAG-EML1 with c-myc-RPGRIP1L (3 experiments
per condition). The FLAG peptide alone (1 kDa) is a short sequence not recognized under these western blot conditions. Input: cell lysate prior to IP; UB (unbound)
corresponds to the fraction of proteins not attaching to the bait (here FLAG-tagged protein).

(B) Pedigree of the family (P700), with one healthy boy, one affected boy, and one miscarriage.

(C) Sanger sequence chromatograms for the parents and affected child of a portion of the RPGRIP1L gene. Compound heterozygous mutations were identified in
patient 700-5 (red arrows), one inherited from the mother and one from the father. Nucleotides are shown in red (T), black (G), green (A), and blue (C).

(legend continued on next page)
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iPSCs from two control individuals and two EML7-mutation
patients (controls 1.1 and 2.1, P3489, and P135; Figure S3E;
Kielar et al., 2014; Gaspard et al., 2008; Shi et al., 2012). EM
analyses of control-line-derived cortical cultures revealed
the presence of a mother centriole docking a properly arranged
primary cilium surrounded by ciliary pockets (Figure 4F).
When investigating primary cilia in patient-derived cortical
progenitors, we had difficulty identifying these organelles and
those primary cilia observed showed abnormalities, including
disturbed ciliary-like structures with no proper microtubule
arrangement (Figure 4F, P135) or ciliary pockets that appeared
distended (Figure 4F, P3489). Thus, the primary cilium also
appears perturbed in human patient-derived cortical progeni-
tors, suggesting a conserved role of EmI1/EML1 across
evolution.

Subcellular Localization and EML1-Interacting Proteins
Shed Light on Potential Pathways Involved in the
Centrosome-Primary Cilia Phenotype

EML1 has a cell-cycle-dependent localization in mouse neuronal
progenitor cells in vitro (Kielar et al., 2014). It co-localizes with the
microtubule network in interphase Vero cells (Kielar et al., 2014);
however, a ciliary localization has not been described for this
protein family (Fry et al., 2016). Its localization was hence further
explored in aRGs, as well as in ciliated RPE1 cells, using exoge-
nous expression of an EML1-tagged plasmid, since there are no
known reliable antibodies to detect the endogenous protein.
Transfection of YFP-EML1 in RPE1 cells showed recombinant
EML1 throughout the cytoplasm, including in perinuclear re-
gions, with no obvious association with the primary cilium (Fig-
ure S4A). In utero electroporation of pCAG-IRES-Tomato (to
delineate aRG morphology) and EGFP-EML1 identified recombi-
nant EML1 ubiquitously expressed in aRG apical processes
(Figure S4B).

To learn more about EML1’s cellular role, we screened for
additional interacting partners using full-length EML1, differing
from the previous screen, which used only the N terminus (Biz-
zotto et al., 2017). Indeed, most mutations fall in the C-terminal
B propeller structure (Fry et al., 2016), indicating the potential
importance of this domain. Pull-down experiments were per-
formed with purified Strep-tagged full-length EML1 and E13.5
WT mouse cortex lysates (Figure 5A). Captured proteins were
identified by mass spectrometry (MS). Label-free quantitative
analyses based on the extracted ion chromatogram (XIC)
method revealed a list of 240 proteins enriched in the Strep-
tagged EML1 condition (Table S3). We compared this 240-pro-
tein list with the N-terminal interactors identified previously

(Bizzotto et al., 2017). 85 out of 240 proteins commonly inter-
acted with both the EML1 N-terminus and the full-length protein,
confirming the specificity of the new screen (Figure 5 B). The re-
maining proteins may be specific for interactions with the EML1
C-terminal domain.

To further identify cytoplasmic proteins, the new 240-protein
list was further filtered to exclude nuclear proteins (as previously
performed in Bizzotto et al., 2017), and a final list of 113 proteins
was obtained (Table S3). The expression pattern across the mu-
rine developing cortex (E14.5) was examined for genes encoding
these proteins using publicly available resources (GenePaint
[https://gp3.mpg.de/]; data were available for 71 out of 113 pro-
teins; Figure 5C). 63.4% of the 113 proteins clearly showed
expression in the VZ (8.9% showed a CP expression only, and
a further 27.7% were of unknown expression).

Cilia-related proteins were identified in both N-terminal and
full-length lists (Table S4), revealing a total of 42 potential
cilia-related EML1 interactors. Gene Ontology (GO) analyses
for the 113-protein list were performed using the DAVID (Data-
base for Annotation, Visualization and Integrated Discovery
functional annotation tool [https://david.ncifcrf.gov/home.jsp])
and STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins [https://string-db.org]) publicly available re-
sources (Figure 5D; Tables S4, S5, and S6). Cell-cell adhesion,
microtubule and actin-associated proteins, and Golgi-derived
protein transport were identified among other categories in
DAVID GO analyses (Figure 5D; Tables S4 and S5). STRING an-
alyses revealed similar results, including membrane-bounded
organelle, cytoskeleton, and cell junction among the most en-
riched “cellular component” GO categories (Table S6). Thus, in
addition to cilia proteins, several other categories of proteins
point to previously uncharacterized roles for EML1.

Golgi-Related Protein Partners of EML1, Including
VCIP135

The prominent apical process localization of recombinant EML1
in interphase aRGs, as well as the GO categories identified,
prompted us to further focus on protein trafficking from the Golgi
apparatus, localized in aRG apical processes (Taverna et al.,
2016).

Given the importance of cargo trafficking and Golgi-derived
protein transport for primary cilium formation, we searched
for Golgi-related proteins in the MS lists (Table S4). VCIP135
(also known as VCPIP1) showed high specificity for the
EML1-bound condition. This protein mediates Golgi apparatus
cisternae regrowth after mitosis as well as maintenance of this
organelle during interphase. Knockdown of VCIP135 is known

(D) Representative T1-weighted section of brain magnetic resonance imaging (MRI) of P700-5 and control showing a unilateral, extensive, subcortical heterotopia
spanning from the frontal lobe (D1) to the parieto-temporal region (D2). In the occipital lobe, the cortical malformation is characterized by right-sided nodular
periventricular subependymal heterotopia (D3, green arrow). Note that the overlying cortex is thinner and appears dysplastic (D1-D3). P700-5 presents corpus

callosum agenesis (D4, red arrow) and cerebellar dysplasia (D5, blue arrow).

(E) Schematic representation of the RPGRIP1L gene (above) and protein domains (below). Blue arrows indicate the position of compound heterozygous mu-

tations found in P700-5.

(F) Representative western blot of immunoprecipitation with anti-c-myc when co-transfecting (WT or mutant) FLAG-EML1 with (WT or mutant) c-myc-RPGRIP1L

(3 experiments per condition).

(G) Quantification of immunoprecipitation experiments comparing the amount of EML1 bound to RPGRIP1L in WT and mutant conditions. The bound prey protein
was normalized to total levels of the protein and immunoprecipitated bait protein. Data are represented as mean + SEM.

See also Figure S2.
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Figure 4. Primary Cilium Formation Is Perturbed in EML1 and RPGRIP1L Patient Fibroblasts and Cortical Progenitors Differentiated from
EML1 Patient-Derived iPSCs

(A) Representative images of immunocytochemistry for y-tubulin (green) and Arl13b (red) in control (control 1 and 2) and patient fibroblasts (P3489: EML1 W225R;
P135: EML1 T243A R138X; and P700: RPGRIP1L R1236C V1188M) at basal conditions (72 h) and 96 h after serum starvation (SS).

(B) Percentage of fibroblasts presenting a primary cilium in basal conditions (2-4 experiments per condition).

(C) Quantifications of primary cilium length in fibroblasts in basal conditions (n = 24-109 primary cilia from 2 to 4 experiments).

(D) Percentage of fibroblasts presenting a primary cilium at 96 h SS (3—-4 experiments per condition).

(E) Quantifications of primary cilium length in fibroblasts at 96 h SS. n = 64-141 primary cilia from 3 to 4 experiments.

(F) Representative EM images of human cortical progenitors derived from control and EML1 mutation patient iPSCs. Yellow arrow, basal body; blue arrow, ciliary
pockets; and red arrow, primary cilium.

Scale bars, 10 um (A) and 0.5 um (F). Data are represented as median + minimum-maximum range and chi-square test (B and D) or mean + SEM and one-way
ANOVA followed by unpaired t test (C and E). ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.

See also Figure S3.
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to lead to Golgi fragmentation (Uchiyama et al., 2002; Zhang
et al., 2014; Zhang and Wang, 2015). The interaction of
Strep-tagged EML1 with FLAG-tagged VCIP135 was tested
by performing colP experiments in Neuro2A cells. An interac-
tion was confirmed using either anti-FLAG or Strep for the IP
(Figures 5E and 5G). We next checked if EML1 mutation per-
turbed this interaction, performing colP experiments with
GFP-EML1 T243A and FLAG-VCIP135. Using anti-FLAG and
anti-GFP, a reduction of the interaction between the two
proteins was observed (Figures 5E-5H). Therefore, a patient
mutation in the B propeller domain of EML1 disrupts the inter-
action with VCIP135, suggesting that EML1 may play a role
associated with the Golgi apparatus.
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S5A), a time when ectopic aRGs are
found in Em/1 mutant conditions (Kielar
et al., 2014). A miRNA-embedded short
hairpin (shmiRNA) against Vcip735 and a scrambled control
shmiRNA (shmiRNA control) were generated. Efficiency
was tested (reduction by 40 %) by performing transfections
of these constructs in Neuro2A cells, followed by qRT-PCR
(Figure S5B). In utero electroporation together with a pCAG-
IRES-Tomato construct was performed at E13, and brains
were analyzed 24 h later (Figure S5A). Tomato* cells were
quantified across six equally sized cortical bins. A significant
shift of Tomato* cells was observed from bins 1 to 3 toward
more basal positions in the Vcip735 KD condition (Figure S5C).
This suggests that Golgi-related proteins, and more specifically
the Eml1-interacting protein Vcip135, are important for progen-
itor cell position.
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Figure 6. The Golgi Apparatus Is Severely Disrupted in Em/1 Mutant aRGs in Brain Slices

(A) WT and HeCo aRGs electroporated with pCAG-IRES-Tomato (cell morphology) and pCAG-Galt-EGFP (Golgi apparatus).
(B) Schema representing the parameters quantified and the Golgi phenotype observed in aRGs.

(C) Quantification of number of Golgi elements.

(D) Quantification of Golgi extension.

(E) Quantification of the percentage of cells containing perinuclear Golgi elements. Statistical tests were performed considering the frequency across cells
analyzed.

(F) Quantification of the distance between the basal-most Golgi element to the aRG soma.
(G) Representative EM images of the Golgi apparatus in WT and HeCo aRGs at E13.5. Red arrow shows anastomosis.

(legend continued on next page)
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The Golgi Apparatus Is Severely Disrupted in HeCo
Neuronal Progenitors

A Golgi localization for recombinant Eml1 could not be easily
identified in Pax6* neuronal progenitors due to the abundant
soluble fraction of the protein (Figure S4C). We decided to query
this organelle in HeCo aRGs. The Golgi apparatus has recently
been described to be restricted to aRG apical processes, where
it exists as a series of individualized stacks (Taverna et al., 2016),
defined here as “Golgi elements.” In utero electroporation of a
pCAG-IRES-Tomato plasmid, as well as a pCAG-Galt-EGFP
plasmid targeting the Golgi apparatus, was performed at E13,
and WT and HeCo brains were analyzed at E13.5. Golgi position
was assessed in WT and HeCo aRGs as in Taverna et al. (2016),
and the number of perinuclear Golgi elements was also
assessed.

Golgi apparatus distribution was strikingly different in HeCo
compared to WT aRGs at E13.5 (Figures 6A-6F). The number
of Golgi elements was significantly reduced, as was the exten-
sion of this organelle in the apical process (Figures 6C and 6D).
Consistently, there were fewer Golgi elements in perinuclear re-
gions, and these were further away from the soma (Figures 6E
and 6F). These data indicate that in the HeCo VZ the Golgi appa-
ratus is subdivided in fewer stacks and does not span as far
across the apical process of aRGs (depicted in Figure 6B).

In order to further examine the Golgi apparatus phenotype,
several parameters were assessed by EM (Figures 6G-6J). Golgi
cisternae width was significantly increased in HeCo aRGs (Fig-
ures 6G and 6H), and there was a tendency for increased vesi-
cles surrounding this organelle (Figure 6l). We also assessed if
the Golgi apparatus showed signs of anastomosis, a process
characterized by the fusion and aberrant branching of Golgi
cisternae. Indeed, there was a significant increase in the anasto-
mosis-presenting Golgi apparatus in HeCo compared to WT
aRGs (Figure 6G, red arrows, and Figure 6J). These abnormal
Golgi features point toward a pathological disruption of this
organelle.

The multiple Golgi apparatus phenotypes suggest there may
also be functional Golgi alterations in HeCo aRGs. An in vitro
approach was established to assess Golgi-derived trafficking
in aRG-like cells in culture. Pax6* progenitor-enriched cell cul-
tures (Sun et al., 2011) were prepared from the dorsal telenceph-
alon of E13.5 WT and HeCo embryos (Figure 7A). These cells
were transfected with the thermosensitive vesicular stomatitis
virus G protein VSVts405-G-EGFP (VSVG-EGFP). This modified
protein is stored in the endoplasmic reticulum (ER)-Golgi com-
partments when cells are incubated at 39.5°C. Upon incubation
at 32°C, the protein starts to exit these compartments and is
trafficked toward the plasma membrane (Alterio et al., 2015;

Bergmann, 1989). Using this approach combined with immuno-
cytochemistry for the Golgi marker GM130, VSVG-EGFP antero-
grade trafficking was analyzed 5 and 30 min after incubation at
32°C (Figure 7B). The presence or absence of GFP* puncta
outside the Golgi apparatus was assessed at these two time
points, and the number of puncta was quantified. As expected,
5 min after incubation at 32°C, most of the VSVG-EGFP protein
was found within the Golgi both in WT and HeCo cells, with only
some sparse GFP* puncta found in the cytoplasm (average of
two puncta per cell in both conditions; data not shown; Figures
7B and 7C). However, analyses at 30 min showed fewer HeCo
cells presenting GFP* puncta outside of the Golgi (17%
decrease) (Figures 7B and 7D). This decrease was significant
when considering 2 GFP* puncta/cell as the baseline (Figure 7E).
HeCo cells also showed a lower overall number of GFP+ puncta
compared to WT cells (Figure 7F). Our data hence converge to
suggest that Golgi apparatus structure and its anterograde
transport are perturbed in HeCo cells, with a reduction in post-
Golgi trafficking demonstrated in the VSVG-EGFP assay.

EML1 Patient Fibroblasts and Human Cortical
Progenitors Also Show Golgi Anomalies

We queried if the Golgi apparatus was also perturbed in EML1
patient fibroblasts. The Golgi marker TGN46 was assessed in
basal conditions (72 h), quantifying the number of Golgi frag-
ments as well as Golgi volume (Figures S5D-S5F). P135 patient
cells showed an increased number of Golgi fragments as well as
an increased volume, and the P3489 line showed similar ten-
dencies (Figures S5D-S5F).

We also assessed the Golgi apparatus by EM in human cortical
progenitors derived from either control or EML1 patient iPSCs
(Figure 7G). Control line-derived cortical progenitors exhibited a
flat cisternae-containing Golgi apparatus. This was, however,
not true for the EML1 patient samples. Here, we observed a sig-
nificant increase in the percentage of cells presenting vacuolized
Golgi (Figure 7G, red asterisk, and Figure 7H). Primary cilia de-
fects were previously found to be associated with anomalies of
Golgi-dependent processes (Hua and Ferland, 2018). EMLA1
mutant Golgi apparatus defects are hence likely to be associated
with the severe primary cilium defects identified.

DISCUSSION

Our study unravels an unprecedented role for EmI1/EML1 in pri-
mary cilia formation. Through a plethora of approaches, we
report severe anomalies in this organelle in EmI1/EML1 mutant
conditions and confirm an EML1 ciliary protein partner,
RPGRIP1L. We identified a first heterotopia patient presenting

(H) Quantification of cisternae width.
(I) Quantification of the number of vesicles surrounding each Golgi apparatus.
(J) Quantification of the percentage of Golgi apparatus presenting anastomosis.

Each point in (C)-(F) represents an embryo (WT: n = 5 embryos from 3 litters, with 3-8 cells analyzed per embryo; HeCo: n = 4 embryos from 2 litters, with 2-11
cells analyzed per embryo). Data in (D) and (F) are normalized by the apical process length to avoid bias due to interkinetic nuclear migration. Each point in (H)—(J)
represents an embryo (n = 3 embryos per condition from 3 litters, with 4-12 cells analyzed per embryo). Statistical test performed considering frequency across
cells analyzed (J). Scale bars, 10 um (A) and 0.5 um (G). Data are represented as mean + SEM and unpaired t test (C, D, F, H, and I) or median + minimum-
maximum range and Fisher’s exact test (E and J). ****p < 0.0001, ***p < 0.001, and **p < 0.01.

See also Figure S4.
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Figure 7. Golgi Anterograde Trafficking Is
Perturbed in Eml1 Mutant Progenitors
In Vitro, and This Organelle Is Also Disrup-
ted in iPSC-Derived Cortical Progenitors
(A) Pax6 (green) immunostaining in primary cul-
tures of mouse neuronal progenitors from WT and
HeCo mice (E13.5).

(B) Neuronal progenitor cells were transfected with
VSVG-EGFP and incubated at 39°C. They were
then incubated at 32°C and fixed 5 or 30 min later.
Immunostaining with GM130 (red) was performed.
(C) Percentage of cells containing GFP* puncta
outside the Golgi at 5 min.

(D) Percentage of cells containing GFP* puncta
outside the Golgi at 30 min.

(E) Percentage of cells containing >2 GFP* puncta
per cell outside the Golgi at 30 min.
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(F) Number of GFP* puncta per cell outside the
Golgi at 30 min.

(G) Representative EM images of the Golgi appa-
ratus in cortical progenitors derived from control or
EML1 patient iPSCs. Red asterisk shows va-
cuolized Golgi apparatus.

(H) Quantification of the percentage of Golgi ap-
paratuses containing vacuolized Golgi. 20-28
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trol 2.1
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% Cells with vacuolized Golgi

mutations in this gene, which was previously only associated
with Joubert and Meckel syndromes (Wiegering et al., 2018). It
is likely that the heterotopia phenotype reflects the consequence
of specific compound heterozygous mutations localized within
the RPGR-interacting domain (RID) of the protein. Heterotopia
mutations alter the interaction of RPGRIP1L with EML1 suggest-
ing a convergent role for mutations in these proteins in SH path-
ophysiology. Overexpression of individual RPGRIP1L mutations
also changes their subcellular localization and perturbs Pax6*
progenitor organization in the mouse brain. Furthermore, EML1
and RPGRIP1L patient fibroblasts show similar primary cilia
assembly defects. Thus, multiple indications link these gene
phenotypes.

Severe defects were identified in the centrosome-primary
cilium complex in HeCo aRGs, as well as in EML1 patient fibro-
blasts and cortical progenitor cells in vitro. These microtubule-
based organelles are known to be critical for regulating aRG
behavior, and when altered, severe brain and/or cortical malfor-

cells were analyzed for each condition.

Cultures in (C)—(F) are from at least 3 embryos from
2 litters (n = 13-19 cells per condition). Each point
in (C)-(E) represents an independent experiment.
Statistical tests were performed considering the
frequency across cells analyzed. Each point in (F)
represents a cell. Scale bars, 10 um (A and B) and
0.5 ym (G). Data are represented as median +
minimum-maximum range with Fisher’s exact test
(C, D, E, and H) or Mann-Whitney test (F). *p <
0.01, and *p < 0.05.

See also Figure S5.

mations can arise (Bizzotto and Francis
2015). Centrosomal proteins are mostly
associated with microcephaly (Bizzotto
and Francis, 2015; Uzquiano et al,
2018), while defects in primary cilia have
been associated with microcephaly, polymicrogyria, periventric-
ular heterotopia (PV), focal cortical dysplasia, and ciliopathies
(Ding et al., 2019; Gabriel et al., 2016; Kheradmand Kia et al.,
2012; Park et al., 2018; Sheen et al., 2004). Of interest, certain
rare mutations in OFD1, localized in the basal body and involved
in primary cilium formation, have been previously associated
with SH (Del Giudice et al., 2014). Our study further links the pri-
mary cilium to severe heterotopia conditions in mouse and hu-
man. Additionally, this is one of the few studies linking abnormal
primary cilia to epilepsy (Canning et al., 2018; Park et al., 2018), a
condition also suffered by patients with EML1 mutations.
Although this study focused on aRGs, it is also important to
study EmI1/EML1 function and primary cilia in other neocortical
progenitors, which may contribute to the pathology. Our prelim-
inary data concerning Arl13b distribution throughout the cortical
wall in HeCo brains suggest potential abnormalities in more
basal cortical regions likely to contain intermediate progenitors.
We have also shown previously that EML1 is expressed in the
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SVZ of the gyrencephalic ferret brain (Kielar et al., 2014), and a
more recent study confirmed its expression in basal RGs present
in this zone in the human developing cortex (Nowakowski et al.,
2017). Basal RG progenitors are thought to be crucial for neocor-
tical expansion and gyrification and may be affected in severe
cortical malformations (e.g., Bershteyn et al., 2017). It would
thus be relevant to study EML1 and cilia function in this cell type.

Related to EML1 location and subcellular function, we did not
identify its expression within the primary cilium in interphase
cells. We hence investigated the molecular and cellular mecha-
nisms that might be upstream of its insertion in the apical plasma
membrane. Searching for additional interactors, we identified an
appealing list of candidate partners that may play a role in the
phenotype. We focused on the Golgi apparatus, since cargo
sorting and trafficking are known to be critical for the correct for-
mation of the centrosome-primary cilium complex (Bernabé-Ru-
bio and Alonso, 2017; Madhivanan and Aguilar, 2014). In addition
to VCIP135, other Golgi-related proteins identified by MS were
shown to co-localize with this organelle (e.g., CK13); be impor-
tant for its structure, morphology, and function (e.g., Scyl1,
Map4, Camsap3, and Clasp1/2); or mediate cilia-targeted pro-
tein transport (e.g., Arf4). It is worth noting that some MS part-
ners also showed ciliary localization and/or functions (e.g.,
Nup98 and Neurl4), and some were even reported to be localized
both in the Golgi and in the centrosome-primary cilium (e.g.,
CK13, Map4, and Usp9x) and be important for their structure
and/or function (e.g., Staufen2, KifC1, Kif7, and Macf1). Of
note, Rpgrip1l appears also to be partially localized outside the
cilia (Sang et al., 2011).

An interaction of EML1 with the Golgi protein VCIP135 was
confirmed by heterologous expression in Neuro2A cells. The
EML1 T243A patient missense mutation perturbs this interac-
tion, as well as the interaction with the ciliary protein RPGRIP1L.
To further confirm that aRG delamination in mutant conditions is
related to these reduced interactions, rescue experiments with
WT and mutant EML1 protein could be performed.

VSVG data also point toward a cargo sorting and/or trafficking
defect in HeCo Pax6™ cells in vitro. Furthermore, the Golgi appa-
ratus in Em/1/EML1 mutant conditions shows an abnormal distri-
bution and structure in mouse aRGs, patient fibroblasts, and
human cortical progenitor cells. We hence have convincing cu-
mulative evidence that this organelle normally requires Emi1/
EML1 in these cell types. Correct Golgi-derived function is also
critical for primary cilium formation (Bernabé-Rubio and Alonso,
2017; Madhivanan and Aguilar, 2014), which leads us to suggest
that these Golgi phenotypes may be upstream of the centro-
some-primary cilium defect identified in Em/1/EML1 mutant
conditions.

Previous studies have tentatively associated Golgi defects
with cortical migration malformations, such as ARFGEF2 muta-
tions leading to microcephaly and PV (Sheen et al., 2004) and
DYNC1H1 mutations mainly leading to posterior pachygyria,
polymicrogyria, and microcephaly (Schiavo et al., 2013). How-
ever, experiments reporting Golgi apparatus anomalies in the
context of mutations in these two proteins were performed
in vitro and not directly in neuronal progenitor cells (Fiorillo
et al., 2014; Jaarsma and Hoogenraad, 2015; Sheen et al.,
2004). Instead, we assessed the Golgi in neuronal progenitor
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cells (human and mouse), including in mouse aRGs in vivo,
and were able to link Golgi anomalies to the pathogenesis of
severe SH.

Itremains to be elucidated if the Golgi functions altered in Em/1/
EML1 mutant conditions impact exclusively the centrosome-pri-
mary cilium pathway. If Golgi-dependent protein transport is
more widely perturbed, then it could also affect the delivery of
key adherens junction components to the plasma membrane,
which is crucial for aRG polarity and behavior (Sheen et al.,
2004; Uzquiano et al., 2018). This could loosen cell contacts be-
tween aRGs, allowing their delamination and contributing to the
ectopic progenitor phenotype. Further experiments are thus
required to understand the possible mechanisms related to
Golgi-plasma membrane phenotypes in EmI/1/EML1 mutant con-
ditions, as well as in other cortical malformation models.

Several signaling pathways integrated by the primary cilium
(i.e., mTOR, Shh, Hippo, and Wnt; Wheway et al., 2018) might
be expected to be disrupted in Em/1/EML1 mutant conditions.
For instance, changes in the mTOR signaling pathway have
been previously associated with diverse pathological cortical
phenotypes (Benova and Jacques, 2019; D’Gama et al., 2017;
Foerster et al., 2017; Park et al., 2018). However, we did not
find changes in this pathway in the HeCo telencephalon during
the early-mid corticogenesis (data not shown). We also did not
find any major changes in Shh signaling in HeCo dorsal telen-
cephalon extracts during the same stages. Nevertheless, other
approaches examining these pathways in aRGs specifically
would be necessary to completely rule out their implication in
the onset of the ectopic progenitor and thus heterotopia
phenotype.

Assessing other pathways known to be mediated by the pri-
mary cilium could also help shed light on the downstream path-
ological mechanisms contributing to progenitor phenotypes.
Another pathway associated with the primary cilium is the Hippo
pathway (Wheway et al., 2018), although the relationship re-
mains relatively unexplored. This pathway is known to regulate
tissue homeostasis and hence to regulate cell growth, size,
and shape (Ma et al., 2019). Primary cilium defects combined
with changes in apical domain and endfeet features, as well as
metaphase cell shape (this study; Bizzotto et al., 2017) make
this pathway an appealing candidate underlying abnormal VZ
dynamics in Em/7 mutant conditions. Mutations in proteins
involved in Hippo signaling have been previously associated
with cortical malformations (Cappello et al., 2013; O’Neill et al.,
2018). A recent study in the mouse also reported changes in
the levels of key Hippo pathway proteins in the VZ of a model
for SH, largely phenocopying the HeCo mouse phenotype (Liu
et al., 2018). Therefore, assessing this pathway in Em/7 mutant
conditions would shed further light on the molecular mecha-
nisms downstream of the primary cilium aRG phenotype.

In this study, we focused on the role of EmI1/EML1 during
interphase; however, this protein can play various roles during
the cell cycle (Bizzotto et al., 2017). This is consistent with the
extra-ciliary role of many proteins important for the centro-
some-primary cilium (Hua and Ferland, 2018). Further studying
the function of EmI1 and its ciliary protein partners during
different stages of the cell cycle will shed further light on
their multivalent roles in dividing cortical progenitors. During



interphase, our data are consistent with the fact that fewer Emi1
mutant aRG endfeet form cilia, potentially due to abnormal ciliary
protein targeting. EmI1 mutant aRG processes are hence defi-
cient, either through abnormal signaling or via weakened mem-
brane attachments due to abnormal adhesion component
trafficking. We propose that these mechanisms contribute to
progenitor delamination, initiating a sequence of events leading
to heterotopia.
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Abstract lissencephaly (loss of gyrification), polymicrogyria (numerous small

gyrifications), and heterotopia (abnormally positioned neurons)
Malformations of human cortical development (MCD) can cause (Klingler et al, 2021). These abnormalities can coexist in complex
severe disabilities. The lack of human-specific models hampers our forms. For example, individuals carrying a mutation in the EMLI
understanding of the molecular underpinnings of the intricate pro- gene (coding for a microtubule-associated protein (Richards et al,
cesses leading to MCD. Here, we use cerebral organoids derived 2015)) exhibit megalencephaly with a polymicrogyria-like cortex
from patients and genome edited-induced pluripotent stem cells above a ribbon-like subcortical heterotopia (rl-SH) in the region of
to address pathophysiological changes associated with a complex the former outer subventricular zone (SVZ), resembling a second
MCD caused by mutations in the echinoderm microtubule- inner cortex (Kielar et al, 2014; Oegema et al, 2019). Patients can
associated protein-like 1 (EMLI) gene. EMLI1-deficient organoids also exhibit hydrocephalus (Shaheen et al, 2017). EMLI-patients suf-
display ectopic neural rosettes at the basal side of the ventricular fer from severe developmental delay, often drug-resistant epilepsy,
zone areas and clusters of heterotopic neurons. Single-cell RNA visual impairment, and intellectual disabilities (Kielar et al, 2014;
sequencing shows an upregulation of basal radial glial (RG) Shaheen et al, 2017; Oegema et al, 2019). Em{I mouse models show
markers and human-specific extracellular matrix components in ectopic proliferating cells in the developing cortical wall, perturbed
the ectopic cell population. Gene ontology and molecular analyses apical RG cell behavior, and aberrant primary cilia (Kielar et al,
suggest that ectopic progenitor cells originate from perturbed api- 2014; Bizzotto et al, 2017; Uzquiano et al, 2019). Although they
cal RG cell behavior and yes-associated protein 1 (YAP1)-triggered exhibit heterotopia, they fall short of recapitulating the complete
expansion. Our data highlight a progenitor origin of EML1 spectrum of phenotypes observed in humans such as a polymicrogyria-
mutation-induced MCD and provide new mechanistic insight into like cortex or megalencephaly (Kielar et al, 2014; Collins et al, 2019),

the human disease pathology. highlighting differences in disease manifestation between humans and

non-human model organisms. Here, we explore the function of EMLI
Keywords EMLI; malformation of human cortical development; cerebral during cortical development using human-induced pluripotent stem
organoids; perturbed progenitor cells; YAP1 signaling (iPS) cells and thereof derived cortical cultures.

Subject Categories Molecular Biology of Disease; Neuroscience
DOI 10.15252/embr.202154027 | Received 20 September 2021 | Revised 11 Feb-
ruary 2022 | Accepted 17 February 2022 Results and Discussion
EMBO Reports (2022) e54027
EML1-deficient cerebral organoids exhibit subcortical
heterotopia-like phenotypes
Introduction
To dissect the molecular role of EML1 underlying human cortical
Human cortical expansion and lamination relies on the intrinsic development and associated disorders, we reprogrammed fibro-

organization and behavior of RG cells and precise neuronal migra- blasts from two independent previously characterized patients har-
tion (Lui et al, 2011). Disruption of these processes can cause MCD boring mutations in the EMLI gene (for more details see Material
including microcephaly (small brain), megalencephaly (large brain), and Methods and (Kielar et al, 2014)) into iPS cells (two clones
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each; characterization of iPS cells is illustrated in Fig EV1A and B).
EMLI patient-specific mutations (patient 1, compound heterozygous,
R138X, T243A; patient 2, homozygous, and W225R) were confirmed
by sequencing (Fig EV1C and D). To decipher the specific role of
EMLI in an isogenic system, we also generated heterozygous EMLI-
knockout (EMLI-heKO) iPS cells from two independent controls by
applying CRISPR-Cas9 genome editing. Of note: homozygous EMLI-
KO clones were prone to die and could not be further cultured.
EMLI-heKO lines were validated by genotyping (Fig EV1E). Reduced
expression of EMLI was confirmed for both EMLI-heKO lines
(Fig EV1F). We then differentiated iPS cells into cortical progenitors
(Shi et al, 2012) and forebrain organoids (lefremova et al, 2017;
Krefft et al, 2018). To investigate whether certain EMLI mutation-
induced phenotypic changes are recapitulated within cerebral orga-
noids, we first analyzed patient- and control-derived organoids at
day 33 + 2, the time point at which cerebral organoids have devel-
oped ventricular zone (VZ)-, SVZ-, and cortical plate (CP)-like areas
as well as cells reminiscent of basal (b)RG (lefremova et al, 2017).
Immunocytochemical analyses revealed that control organoids con-
sist of stratified structures including VZ and CP areas (Fig 1A). In
strong contrast, EMLI patient-derived organoids exhibited massive
amounts of ectopically localized cells accumulating at the basal side
of the VZ areas, in part organized into neural rosettes with accumu-
lation of adherent junction markers such as N-cadherin (NCAD) in
their centers (Fig 1B). In addition, f-IlI-tubulin-positive neurons
were organized in two bands, an upper diffuse band located above
the ectopic cells and a lower band located in between the VZ area
and the ectopic cell population (Fig 1A). To assess the phenotypic
changes in all EMLI-deficient conditions (EMLI-patient 1, EMLI-
patient 2, EML1-heKO 1, and EMLI-heKO 2), we performed immuno-
histochemistry and quantified the percent of VZ areas with ectopi-
cally localized neural rosettes and the percent of heterotopic or
disorganized cortical areas in control and EMLI-deficient organoids.
We confirm a significant increase in neural rosettes and heterotopic
clusters of MAPT-positive neurons in all EMLI-deficient organoids
compared to controls (Fig 1C-E, day 20 + 2).

Perturbed cell intrinsic properties of EMLI1-deficient apical
radial glial cells

To understand the origin of the perturbed ectopic cell population in
the EMLI-deficient organoids, we examined RG cell behavior in

Ammar Jabali et al

more detail in EMLI-deficent and control organoids at early devel-
opmental time points (day 20 + 2). EMLI-deficient in vivo and in
vitro models show changes in microtubule-associated processes
including mitotic spindle length, cell shape, and primary cilia
(Bizzotto et al, 2017; Uzquiano et al, 2019). It was suggested that
the changes in spindle length and cell morphology might cause
increased mechanical stress in the VZ and by that indirectly encour-
age RG cell delamination (Bizzotto et al, 2017). To test whether a
non-cell autonomous mechanism leads to the accumulation of
ectopic progenitor cells in EMLI-deficent organoids, we generated
hybrid organoids composed of EGFP-EMLI-heKO or EGFP-control
iPS cells mixed with isogenic control iPS cells before organoid gen-
eration. When investigating the hybrid organoids at day 20 + 2, we
found a significant increase in the number of EGFP-positive EMLI-
heKO cells at the basal side of VZ areas compared to the controls
(Fig 2A and B). These data hint toward cell intrinsic mechanisms
leading to the ectopic progenitor cells in EMLI-deficient organoids.
It has been shown that changes in the mitotic spindle and primary
cilia can directly impact division mode and RG cell delamination
(LaMonica et al, 2013; Mora-Bermudez et al, 2014; Bizzotto et al,
2017). We first tested whether the division mode is perturbed in
EMLI-impaired conditions. To that end we visualized mitotic cells
(Figs 2C and EV2A) and quantified the plane of cell divisions.
While in control organoids the majority of cells exhibit a vertical
plane of cell division, we found a significant decrease in vertical
division modes in all EMLI-impaired conditions. In parallel, EMLI-
impaired organoids exhibit an increase in oblique and horizontal
division angles (Fig 2D, day 20 + 2). Of note, both oblique and
horizontal plane of cell divisions at the VZ surface were described
to favor cell delamination (LaMonica et al, 2013). We next investi-
gated the primary cilium and found a significant decrease in the
length of the primary cilium in all EMLI-deficient-derived cortical
progenitor cells upon ARL13B immunostaining (Figs 2E and EV2B)
and confirmed perturbed ultrastructure of patient and EMLI-heKO-
derived primary cilia by electron microscopy (Fig 2F, (Uzquiano
et al, 2019)). To investigate whether EML1’s microtubule function
causes the observed defects in primary cilia, we stabilized microtu-
bules in control and EMLI-deficient cultures using EpothiloneD
(Zhang et al, 2012) (EpoD). Immunoblot analyses confirmed a sig-
nificant increase in stabilized (acetylated) tubulin upon EpoD treat-
ment in all EMLI-deficient samples (Fig EV2C and D). When
investigating the primary cilia in control- and EMLI-deficient

Figure 1. Deficiency of EML1 causes ectopic neural rosettes and neuronal heterotopia in cerebral organoids.

A
rosettes by red bracket, and heterotopic neurons by red arrows.

@

the ectopic neural rosettes.

o

Day 33 + 2 control- and EML1 patient-derived cerebral organoids stained for RB-lll-tubulin and DAPI. VZ and CP areas are marked by white brackets, ectopic neural
Day 33 + 2 control- and EML1 patient-derived cerebral organoid stained for the adherens junction marker N-cadherin (NCAD) expressed at the VZ surface and within

Day 20 =+ 2 cerebral organoids derived from controls, patients, and EMLI-heKOs stained for the neuronal marker MAPT and the adherens junction marker NCAD,

counterstained with DAPI. Ectopic neural rosettes and neuronal heterotopia are highlighted with dotted yellow lines.

o

Quantification of VZ areas with ectopic neural rosettes (three batches, three organoids analyzed per batch, significance based on Kruskal-Wallis test, P = 0.0001,

Dunn’s post hoc test for multiple comparisons performed to define statistical differences between genotypes, and single data points presented are colored by batch).

m

Quantification of heterotopic, disorganized, or organized cortical areas (three batches, three organoids per batch, significance based on Kruskal-Wallis test,

P = 0.0001 for “organized” and “heterotopic”; no significant difference for “disorganized,” Dunn’s post hoc test performed for multiple comparisons to define

statistical differences between genotypes).

Data information: * marks statistical significance in relation to Control 1, # in relation to Control 2. P-values: ***/###< 0.001. VZ, ventricular zone; CP, cortical plate.
Data in graphs are represented as means + SD. Scale bars: (A) 100 pm; (B) 100 pm, enlarged 25 pm; and (C) 50 pm.

Source data are available online for this figure.
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Figure 2. Ectopic progenitor cells originate from apical RG with perturbed cell intrinsic behavior.

A Hybrid organoids generated from controls mixed with control-EGFP* or EMLI-heKO-EGFP" cells (day 20 + 2). Yellow dotted lines indicate VZ areas.

B Quantification of control-EGFP* or EMLI-heKO-EGFP" cells within or at the basal side of VZ areas (three batches, three organoids each, significance based on Mann—
Whitney test, ***P = 0.0001 for “EGFP" cells at the basal side of VZ areas”).

Representative images and scheme of cleavage plan orientation. Upper panel: cells immunostained for p-Vim (red) and TPX2 (green), counterstained with DAPI, white
dotted line indicates cleavage plane orientation, and yellow dotted line VZ surface.

Quantification of horizontal, vertical, and oblique plane of cell divisions in control and EML1-deficient organoids (day 20 + 2; three batches and three organoids

o

o

each).

m

Quantification of primary cilia length in control and EML1-deficient cortical progenitors (* marks statistical significance in relation to Control 1, # in relation to

Control 2, three biological replicates, four areas per sample, significance based on Kruskal-Wallis test and Dunn’s post hoc test, i = 0.0001).
F  Electron microscopy of primary cilia derived from control or EMLI-deficient cortical progenitors in DMSO control or following EpothiloneD (EpoD) exposure (blue

arrow: basal body, yellow arrow: appendages, and red arrow: ciliary pockets).

o

Quantification of primary cilia length in control and EMLI-deficient cortical progenitors with/without EpoD exposure. Three biological replicates, four areas per

sample, significance based on two-way ANOVA, and Sidak’s multiple comparisons post hoc test, P = 0.0213.

Data information: Data in graphs are represented as means = SD. Scheme in C was designed using biorender.com. Scale bars: (A) 50 pm; (C) 5 um; and (F) 0.5 um.

Source data are available online for this figure.

cultures upon EpoD treatment, we found a clearly improved pri-
mary cilia structure and a significant rescue of the primary
cilia length in EMLI-deficient EpoD-treated conditions compared
to DMSO controls (Figs 2F and G, and EV2B). Our data confirm
that EMLI-deficiency leads to perturbed spindle orientation and
primary cilia, which might directly impact aRG cell division
mode and delamination resulting in ectopic progenitor cell
localization.

Single-cell RNA sequencing (scRNAseq) and
immunohistochemical analyses identify a perturbed progenitor
cell population in EMLI1-deficient organoids

To further investigate the cellular identity of the ectopically located
cells in EMLI-deficient cerebral organoids, we performed scRNAseq
on EMLI-heKO 1 and respective isogenic control organoids (pooled
dissected areas from nine organoids each, three independent
batches, and day 33 + 2; schematic overview Fig EV3A). We identi-
fied different cell populations including RG cells (RG1), RG cells
transitioning to bRG cells (RG to bRG), RG cells transitioning to neu-
rons (RG2), intermediate progenitors (IP), and young neurons (YN)
based on known marker genes (Pollen et al, 2015; Liu et al, 2017;
Nowakowski et al, 2017; Velasco et al, 2019; Fan et al, 2020)
(Figs 3A and EV3B). In control organoids we detected expression of
EMLI in progenitor cells (Fig EV3C), an expression pattern

consistent with that found during early mouse and human brain
development (Kielar et al, 2014; Nowakowski et al, 2017; Loo et al,
2019). We also observed the presence of a recently described
mesenchymal-like cell cluster (MLC) (Eze et al, 2021) (Figs 3A and
EV3B). As the function and role of these cells in cortical develop-
ment is unclear, we excluded them from further analyses. When
comparing the cell type composition between EMLI-heKO and iso-
genic control-derived organoids, we found a clear decrease of
22.5% in RG1 cells and a striking increase of 23.4% in the abun-
dance of RG to bRG cells in the EMLI-heKO condition, while only
minor variations in the other cell clusters were observed (Fig 3B).
We further investigated molecular characteristics of the EMLI-
heKO-derived RG to bRG cluster compared to control. Here, we
found a set of differentially expressed genes in the EMLI-heKO.
When further investigating these genes, we identified a clear upre-
gulation of ECM and bRG markers (Pollen et al, 2015; Liu et al,
2017) in EMLI-heKO-derived samples (Fig EV3D). The ECM genes
COLI1A2, COL3A1, and LUM, which are associated with human cere-
bral cortex expansion and folding (Fietz et al, 2012; Long et al,
2018), were found among the significantly upregulated genes in the
EMLI-heKO (Figs 3C and EV3D). Notably, a decrease in the expres-
sion of ECM genes including COL1IA2 was connected to reduced
brain convolutions as found in lissencephaly (Karzbrun et al, 2018).
It is tempting to speculate that an increase in these ECM genes in
the EMLI-heKO might play a role in the development of the

Figure 3. ScRNA-seq reveals cellular identity of ectopic cells in EML1-heKO cerebral organoids.

A scRNA-seq of 2,335 control and 3,358 EMLI-heKO cells (three pooled independent batches and three organoids each). Cells shown in UMAP plot and colored by

annotated cell type.

[SHoNC ]

respective GO term (three pooled batches and three organoids each).

omm

Comparison of cell type composition between control and EML1-heKO. Numbers indicate percentage of total cells belonging to the respective cell type.
Normalized expression values of COLIA2, COL3A1, LUM, and MEIS2 per cell type (three pooled batches and three organoids each).
Gene ontology (GO) term analysis of RG to bRG cells in control and EML1-heKO shows percentage of counts belonging to the set of genes associated with the

Control- and EML1-heKO-derived cerebral organoid stained for COL1A2 and MEIS2. VZ areas are encircled, and squares indicate areas enlarged in F.
Control- and EML1-heKO-derived cerebral organoid stained for COL1A2, MEIS2, and MAPT.
Representative images showing EGFP control and EGFP-EML1-heKO hybrid cerebral organoid stained for EGFP, FAM107A, and NCAD. Yellow dotted lines indicate

morphology of EGFP" cells (4 independent batches each, 3 organoids per batch, at least 30 ectopic rosettes in total).

Data information: RG1: radial glial, RG to bRG: radial glia to basal radial glia, RG2: radial glia to young neurons, IP, intermediate progenitors; YN, young neurons; MLC,
mesenchymal-like cells. (C and D) Asterisks indicate Bonferroni corrected P-values. Wilcoxon rank sum test: ***< 0.001, *< 0.05, ns, not significant. Scale bars: (E) 50 pm;

(F) 10 um; and (G) 50 pum, enlarged 10 pm.
Source data are available online for this figure.
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polymicrogyria-like cortex and megalencephaly observed in patient
MRIs (Oegema et al, 2019). We also found that the proneurogenic
gene MEIS2 was significantly enriched in this cluster in the EMLI-
heKO (Fig 3C). GO term analyses reveal significant alterations in
positive regulation of neural precursor cell proliferation, ECM
assembly, cytoplasmic microtubule organization, establishment of
mitotic spindle orientation, and cilium assembly in the EMLI-heKO
RG to bRG cell cluster compared to control (Fig 3D). When
performing immunocytochemical analyses on EMLI-heKO and iso-
genic control organoids (day 33 + 2) we found in the control a few
COL1A2 and MEIS2" cells in the CP area, some of which co-stain
for MAPT, whereas EMLI-heKO samples exhibit a broader co-
expression of COL1A2 and MEIS2 with hardly any overlap with
MAPT within the ectopic cell population (Figs 3E and F, and EV3E
and F, day 33 + 2). To further delineate the nature of the ectopic
progenitor cells, we applied our hybrid organoids. This system
allows to decipher the morphology of the cells within the ectopic
rosettes as well as their marker expression. When investigating
EGFP-EMLI1-heKO hybrid organoids at day 30 + 2, we found
EGFP+ cells organized into ectopic rosettes, which were marked by
accumulation of NCAD in their centers (Fig 3G). The EGFP+ cells
found around the NCAD centers exhibit different morphologies.
Most of the cells do not show a RG-like elongated organization
with an apical and/or basal process but rather perturbed morphol-
ogies (Fig 3G). Some of the ectopic cells stain positive for the bRG
marker FAM107A (Fig 3G). Individual EGFP/FAM107A double-
positive ectopic cells contact the centers of the rosettes suggesting
an apical domain enriched in NCAD, very unusual for bRG cells
during normal brain development (Fig 3G, (Martinez-Martinez et
al, 2016)). In control hybrids, the majority of the EGFP+ cells
found at a basal location to the VZ areas exhibited a radial mor-
phology with an apical and/or basal process. Taken together, our
data suggest that the ectopic progenitors in the EMLI-heKO are
composed of a perturbed progenitor population, which does not
exist as such in control organoids or is very rare and is most likely

EMBO reports

not reflecting a cell population present during normal human brain
development.

Deregulated YAP signaling in EML1-deficient organoids drives
ectopic cell expansion

To further dissect progenitor cell behavior that may be responsible
for the large numbers of ectopic localized progenitor cells, we exam-
ined cell proliferation (day 20 + 2). We found a significant increase
in mitotic cells (labeled with p-VIM) located at the basal side of the
VZ areas in all EMLI-deficient organoids compared to the controls
(Figs 4A and EV4A). No clear change in cell mitosis at the VZ sur-
face was observed between the different conditions (Fig EV4B). We
also found that the basally located mitotic cells in the EMLI-
deficient organoids exhibit an increase in cell cycle re-entry (quanti-
fied by BrdU" KI67" cells) compared to the control (Figs 4B and
EV4C). In addition, GO-term analyses confirmed an enhanced posi-
tive regulation of cell proliferation in the RG to bRG cell cluster
(Fig 3D). The distinct increase in mitotic cell behavior outside the
VZ areas raises the intriguing question about the underlying mecha-
nisms. Recent data from mice suggest that premature cortical pro-
genitor delamination, ectopic rosette formation, periventricular
neuronal heterotopia, and megalencephaly might result from dereg-
ulation of the Hippo signaling pathway (Cappello et al, 2013; Liu
et al, 2018; O’Neill et al, 2018; Saito et al, 2018; Najas et al, 2020)—
a conserved signaling pathway that controls cell proliferation and
tissue development (Camargo et al, 2007; Zhao et al, 2011). To
assess whether YAP1, a major downstream effector of the Hippo
pathway (Sahu & Mondal, 2021), is altered in EMLI-deficient cere-
bral organoids, we investigated YAPI expression in our scRNAseq
data. We found a significant upregulation of YAPI in the EMLI-KO
RG to bRG cell cluster compared to control (Figs 4C and EV4D). We
further analyzed expression of the YAP1 interaction partner TEAD2
(Mukhtar et al, 2020) and downstream target genes CCND3 and
CYR61 and found that they exhibit significantly increased expression

Figure 4. YAP sif drives ectopic p cell in EMLI-

Quantification of mitotic cells located at the basal side of VZ areas in control and EMLI1-deficient conditions (three batches and three organoids analyzed per

Quantification of BrdU" KI67" cells located at the basal side of VZ areas in control and EML1-deficient conditions (three batches and three organoids analyzed per

Bonferroni corrected P-values. Percentages indicate amount of cells in each group expressing the respective gene (three pooled batches and three organoids each).

Quantification of PAX6" cells with nuclear YAPL signal per VZ area in control- and EML1-heKO-derived organoids (three batches and three organoids analyzed per

A
batch).
B
batch).
C Normalized expression of YAP1, TEAD2, CCND3, and CYR61 in RG to bRG cells. Separate violins show expression in control and EMLI-heKO. Asterisks indicate
D, E Immunofluorescence staining for (D) p-VIM and YAP1 or (E) Pax6 and YAP1 in control- and EMLI-heKO-derived organoids (day 20 = 2, squares indicate areas
enlarged in adjacent part of the panel, respectively).
F Quantification of basally located p-Vim" cells with nuclear YAP1 signal per VZ area in control- and EMLI-heKO-derived organoids (three batches and three
organoids analyzed per batch).
G
batch).
H

with DAPI. Dotted line indicates VZ areas.

Immunofluorescence staining for p-Vim in EMLI-heKO- and control-derived organoids in DMSO-, Verteporfin-, or Fluvastatin-treated conditions, counterstained

| Quantification of p-VIM" cells located at the basal side of VZ areas in control- or EMLI-heKO-derived organoids under DMSO-, Verteporfin-, or Fluvastatin-treated

condition (three batches and three organoids analyzed per batch).

three organoids analyzed per batch).

Quantification of ectopic neural rosettes per VZ area in EMLI-heKO-derived organoids in DMSO-, Verteporfin-, or Fluvastatin-treated conditions (three batches and

Data information: Data in graphs are represented as means = SD. Significance based on Kruskal-Wallis test (A-B, F, G, J), or two-way ANOVA (on log;o normalized data)
(1) or Wilcoxon rank sum test (C). Dunn’s post hoc (A, F-G, J) or Tukey post hoc (1) test for multiple comparisons was performed to define statistical differences between
genotypes. P-values: ***< 0.001, **< 0.01, *< 0.05. Scale bars: (D and E) 50 pm, enlarged 10 pm; (H) 50 pm.

Source data are available online for this figure.
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levels in the RG to bRG cluster of the EMLI-KO (Figs 4C and
EV4D). To further test whether YAP1 signaling is indeed associ-
ated with the massive expansion of the ectopic progenitor cells,
we stained control and EMLI-heKO sections with an antibody
against YAP1 and p-VIM (day 20 + 2). Here, we found signifi-
cantly more basally located p-VIM-positive cells exhibiting nuclear
YAP1, suggesting active YAP1, in EMLI-heKO-derived organoids
compared to the isogenic control (Fig 4D and F). We also observed
a significant increase in nuclear YAP1 in PAX6G' cells within the
VZ areas in the EMLI-heKO compared to controls (Fig 4E and G).
Of note, most of the nuclear YAP1 PAX6 co-expressing cells were
located in distal positions to the VZ surface (Fig 4E). To further
determine the functional role of YAP1 in driving defective RG cell
behavior and cortical malformation, we pharmacologically inhib-
ited YAP1 function using Verteporfin (Kostic et al, 2019) or its
nuclear translocation using Fluvastatin (Oku et al, 2015). Decrease
in nuclear YAP1 upon Fluvastatin treatment was confirmed by
immunohistochemistry (Fig EV4E). When assessing progenitor cell
proliferation, we found a significant decrease in mitotic cells at the
basal side of the VZ areas in Verteporfin- and Fluvastatin-treated
EMLI-heKO organoids. No difference in ab-ventricular cell mitosis
could be observed in control organoids upon Verteporfin or
Fluvastatin treatment (Fig 4H and I). In addition, pharmacological
inhibition of YAP1 significantly reduced the numbers of ectopic
neural rosettes in EMLI-heKO organoids (Figs 4J and EV4F). YAP1
was reported to contribute to the evolutionary expansion of the
neocortex by promoting bRG cell proliferation (Kostic et al, 2019).
It is tempting to speculate that YAP1 is activated in the ectopic
progenitor cells due to their basal location in the tissue, by that
representing an indirect effect of EMLI deficiency. Of note, addi-
tional signaling pathways might be impacted by EMLI deficiency
and it would be interesting to further investigate them in the
future.

Concluding remarks

Using a human in vitro model, we identified for the first time that
deficiency in EMLI leads to the formation of ectopic neural
rosettes and occurrence of perturbed progenitor cells, which show
increased ECM production and YAP1-mediated expansion. In addi-
tion, we confirmed a role of EMLI in primary cilia formation and
progenitor cell proliferation. Although this study shows the forma-
tion of ectopic cells (heterotopia) and allowed us to decipher new
underlying pathomechanisms in EMLI-deficient cerebral orga-
noids, which were not yet identified in EmlI-mouse models, the
developmental stage of the model used does not fully enable us
to investigate the entire scope of MCD in humans caused by
EML1 impairment. For instance, the direct correlation between
perturbed EMLI-derived progenitor cells and the observed
polymicrogyria-like cortex and megalencephaly in EMLI patients
needs to be further investigated. It is also of note that the orga-
noid system is prone to heterogeneity and even though we could
reproduce major findings in two EMLI patient-derived and two
EMLI-heKO lines, key experiments should be repeated in addi-
tional iPSC lines to ensure full reproducibility. Nevertheless, our
human in vitro approach allowed insight into so far not described
pathological features and pathomechanisms of early stages of
heterotopia formation.

© 2022 The Authors
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Material and Methods
Generation of human iPS cells

Skin fibroblasts were obtained from the Coriell Biorepository (Con-
trol 1, 2-year-old female, catalog ID GM00969), from a healthy
donor (Control 2, 44-year-old healthy female derived with given
informed consent within the collaborative research center project
SFB636 B7 (ID number B7_028#4)) and from two patients harboring
mutations in the EMLI gene (Patient 1, P135, 14 years male; Patient
2, 3489, newborn (8 days) male), both with given informed consent
and obtained according to the guidelines of the local institutional
review boards (IRBs APHP-Délégation Interrégionale a la Recherche
Clinique, Paris and Erasmus Medical Center, Rotterdam). Research
on human cells was approved by the French Ministry of Health
(L.1243.3, DC-2015-2559). Patient 1 carries a compound heterozy-
gous EMLI mutation. An A ¢.481C>T nucleotide mutation in exon 5,
changing an arginine residue (Argl38) to a stop codon, and a
€.796A>G mutation in exon 8, changing a threonine into an alanine
residue, leading to an impaired association of EML1 with microtu-
bules. Patient 2 carries a ¢.673T>C mutation—W225R, in which a
hydrophobic nonpolar residue changed to highly basic hydrophilic
residue—this residue can be found deep in the beta propeller struc-
ture where the HELP domain is present (Kielar et al, 2014; Richards
et al, 2014). Fibroblasts were reprogrammed by non-integrative
delivery of OCT4, SOX2, KLF4, and c-MYC using Sendai virus (SeV)
vectors (CytoTune-iPS 2.1 Sendai Reprogramming Kit, Thermo
Fisher (Ban et al, 2011); Ethics Committee II of Heidelberg Univer-
sity approval no. 2009-350N-MA for hiPSC generation). Pluripotent
stem cells were validated as described in lefremova et al (2017).
iPSCs were cultured as colonies in Essential 8 (E8) medium on
Geltrex-coated (GT, Thermo Fisher Scientific) cell culture plates
with daily medium change. Cells were passaged using EDTA
(Thermo Fisher Scientific) and seeded in a 1:3 to 1:10 ratio. Follow-
ing passaging, medium was supplemented with 5 uM Y-27632 (Cell
Guidance Systems) to promote cell survival. All human iPS cell lines
were regularly checked and confirmed negative for mycoplasma.
Reagents and resources used in this study can be seen in Table 1.

Generation and validation of EML1-heKO lines

EMLI1-heKO lines were generated using CRISPR/Cas9 and
homology-directed repair (HDR) (Santa Cruz). Successful site-
specific double-strand break followed by integration of the HDR
sequence leads to the disruption of the EMLI gene and the integra-
tion of a puromycin selection cassette. In brief, 1 million iPS cells
derived from either control 1 or control 2 were transfected with
three different gRNAs (1 pg in total) directed against early exons of
the EMLI gene (Exons 2 and 5) alongside the respective HDR plas-
mids using the Nucleofector™2b (Lonza) and the Cell Line
Nucleofector® Kit V (Lonza) according to the manufacturer’s proto-
col. Following nucleofection, cells were plated on GT-coated cell
culture plates in E8 medium supplemented with 5 uM Y-27632.
Puromycin (1 pg/ml, Merck Milipore) selection was initiated 48 h
following transfection. Clones were manually picked 7-12 days fol-
lowing nucleofection into GT-coated 48-well cell culture plates. Inte-
gration of the HDR cassette was validated on genomic DNA by PCR.
PCR primers were designed to recognize the EMLI wild-type allele
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Table 1. Reagents and resources used in this study.
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Table 1 (continued)

Reagent or Resource Vendor Identifier

N2-Supplement Thermo Fisher 17502048
Scientific

Natriumselenit Sigma Aldrich $5261

NEAA Thermo Fisher 11140035
Scientific

Papain Sigma Aldrich P3125

Paraformaldehyd (PFA) Sigma Aldrich P6148

Penicillin/Streptomycin Thermo Fisher 15140122
Scientific

peqGOLD TriFast VWR 30-2010

PierceTM Protease Inhibitor Thermo Fisher A32955
Scientific

Pluronic F-127 Sigma Aldrich P2443

Puromycin Merck Millipore 540222

SDS Carl Roth CN30.1

Sendai Reprogramming Kit Thermo Fisher A16517

(CytoTune-iPS 2.1) Scientific

Taq Polymerase Biozym 331610

TGFBL Cell Guidance GFH39
Systems

Transferrin Sigma Aldrich T3705

Triton X-100 Merck Millipore 108603

TrypLE Express Thermo Fisher 12605-028
Scientific

Verteporfin Sigma Aldrich SMLO534

XAV939 Cell Guidance SM38
Systems

Y-27632 Cell Guidance SM02
Systems

Reagent or Resource Vendor Identifier

A83-01 Biomol Cay9001799

B27-Supplement Thermo Fisher 17504044
Scientific

BCA Protein Assay Kit Thermo Fisher 23225
Scientific

Blasticidin S Hydrochlorid Carl Roth CP14.2

Boric acid Thermo Fisher B0394
Scientific

BrdU BD-Bioscience 550891

BSA Sigma Aldrich A3294

cAMP Sigma Aldrich D0627

Chromium Single Cell 3’ Library & 10xGenomics PN-120267

Gel Bead Kit v2

DAPI Biolegend 422801

DMEM/F12 Thermo Fisher 11320074
Scientific

DMEM/F-12 with Glutamin and Thermo Fisher 11330-057

HEPES Scientific

DNase Sigma Aldrich AMPD1-1KT

PBS Sigma Aldrich D8537

EDTA Thermo Fisher 15575020
Scientific

EML1 CRISPR/Cas9 KO Plasmid (h) Santa Cruz 5C-406445

EML1 HDR Plasmid (h) Santa Cruz 5C-406445-HDR

EpothiloneD Abcam ab143616

Epoxy resin PolyScience EPON218

Extractme Genomic DNA Kit 7Bioscience EM13

Fetal Bovine Serum (FBS) Thermo Fisher 10270106
Scientific

FGF-2 (154) Cell Guidance GFH146
Systems

Fluvastatin Sigma Aldrich SMLO038

Geltrex, hESC-Qualified Thermo Fisher A1413302
Scientific

Glucose Carl Roth HNO06.2

GlutaMAX Thermo Fisher 35050038
Scientific

Glutaraldehyde Sigma Aldrich (G5882

HCL Thermo Fisher 15538334
Scientific

Heparin Sigma Aldrich H3149

Insulin Sigma Aldrich 91077C

iScript cDNA synthesis kit Bio-Rad 1708890

KnockOut Serum Replacement Thermo Fisher 10828028

(KOSR) Scientific

LAAP Sigma Aldrich A8960

L-cysteine Sigma Aldrich 168149

LDN-193189 Cell Guidance SM23
Systems

Mowiol 4-88 Carl Roth 07131
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or the integration of the puromycin cassette. Of note: only heterozy-
gous EMLI-(he)KO iPSC clones could be expanded, stored, and fur-
ther differentiated into cerebral organoids.

Generation of cerebral organoids

Cerebral organoids were generated as described with slight adapta-
tions (Iefremova et al, 2017; Krefft et al, 2018). In brief, U-bottom
96-well plates were coated with 5% Pluronic F-127 (Sigma Aldrich)
in phosphate buffered saline (PBS) for 15 min to create low attach-
ment wells. iPS cell colonies were dissociated using TrypLE Express
(Thermo Fisher Scientific) and 6,000 cells were plated per low
attachment well in 150 ul E8 medium supplemented with 50 pM Y-
27632. Medium was changed every other day. At day 5, medium
was changed to neural induction medium (Table 2). Medium was
changed every other day. On days 9-11, when translucent neural
ectoderm was visible, organoids were embedded in a 3:2 ratio of GT
to neural induction medium and further cultured in Pluronic F-127-
coated 6 cm dishes in neural differentiation medium (Table 3)
under continuous agitation at 70 rpm on an orbital shaker (Infors
Celltron HD) with a medium change every 3 to 4 days. When indi-
cated, organoids were exposed to 100 nM Verteporfin (Sigma

© 2022 The Authors
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Table 2. Neural induction medium.

Component Final conc.
DMEM/F12 933%

N2 supplement 0.5% (v/v)
B27 supplement 1%

cAMP 300 ng/ml
LDN-193189 02 mM
A83-01 05 mM
XAV939 2 uM
GlutaMAX 1% (v/v)
NEAA 1% (vIv)
D-Glucose 4.44 mM
Heparin 10 pg/ml
KOSR 2% (vIv)
Penicillin/Streptomycin 1% (v/v)
Table 3. Neural differentiation medium.

Component Final conc.
DMEM/F12 933%

N2 supplement 0.5% (v/v)
B27 supplement 1%

cAMP 300 ng/ml
GlutaMAX 1% (vIv)
NEAA 1% (v/v)
D-Glucose 4.44 mMm
Insulin 2.5 pg/ml
KOSR 2% (V)
Penicillin/Streptomycin 1% (v/v)

Aldrich) or 300 nM Fluvastatin (Sigma Aldrich) for 96 h from day
16 onwards with daily medium changes.

Generation of hybrid organoids

EGFP-labeled iPS cells (EMLI-heKO and isogenic control) were gen-
erated using a lentiviral construct expressing EGFP under the PGK
promotor as well as a blasticidin resistance cassette (pLentiPGK-
EGFP-SV40-blasticidine (Koch et al, 2006)). Forty-eight hours post-
transfection, iPS cells were cultured for at least 2 weeks using E8
medium supplemented with 10 pg/ml blasticidin (Carl Roth). Homo-
geneous EGFP expression was validated by visual monitoring using
epifluorescence microscopy. Hybrid organoids were generated by
mixing either control-EGFP- or EMLI-heKO-EGFP-derived iPS cells
with control iPS cells in a 1:1,000 ratio before organoid generation.

BrdU labeling of cerebral organoid:
For 5-bromo-2’-deoxyuridine (BrdU) labeling, day 30 + 2 cerebral

organoids were incubated for 2 h in medium containing 10 pM
BrdU (BD Bioscience). After 2 h of incubation, cerebral organoids

© 2022 The Authors
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were washed three times with fresh medium and transferred into a
new 6 cm culture dish. Following 24 h, cultivation time cerebral
organoids were fixed and further processed for immunohistochemistry.

Generation of iPS cell-derived cortical progenitors

Differentiation of iPS cells into cortical progenitors was performed as
described with slight adaptations (Shi et al, 2012; lefremova et al,
2017; Uzquiano et al, 2019). In brief, iPS cell colonies cultured in E8
medium were dissociated using TrypLE (Thermo Fisher Scientific) and
seeded as single cells onto GT-coated cell culture plates in E8 medium
supplemented with 5 pM Y-27632. Once the cell culture reached 98%
confluence, neural induction was initiated by changing the culture
medium to neural induction medium containing DMEM/F12 (Thermo
Fisher Scientific), 0.5% N2 supplement, 1% B27 supplement, (Thermo
Fisher Scientific), cAMP (300 ng/ml, Sigma Aldrich), LDN-193189
(0.2 mM, Cell Guidance Systems), A83-01 (0.5 mM, Biomol), XAV939
(2 pM, Cell Guidance Systems), 1% GlutaMAX (Thermo Fisher Scien-
tific), 1% NEAA (Thermo Fisher Scientific), and 4.44 mM Glucose
(Carl Roth). Cells were maintained in this medium for 8-11 days, col-
lected by dissociation with TrypLE and replated in neural differentia-
tion media containing DMEM/F12, 0.5% N2 supplement, 1% B27
supplement, and cAMP (300 ng/ml) on GT-coated cell culture plates.
Cells were split in a 1:2 ratio when cultures reached 100% confluence
using TrypLE. Electron microscopy analyses were performed on corti-
cal progenitors passaged twice. When indicated, 0.5 nM EpothiloneD
(EpoD, abcam) was added to the medium for 72 h with one medium
change after 48 h before cells were fixed and analyzed or harvested
for Western blot analysis.

Electron microscopy of neural progenitor cells

Samples were processed and imaged as previously described in
Uzquiano et al (2019). Briefly, cells were fixed for 1 h in phosphate
buffer (PB), 0.1 M buffer containing 4% paraformaldehyde (PFA,
Sigma Aldrich), and 2.5% glutaraldehyde (Sigma Aldrich) at 4°C.
Following fixation, cells were postfixed in 2% osmium tetroxide
diluted in 0.2 M Palade buffer. After osmication, cells were dehy-
drated in a series of ethanol baths and flat embedded in epoxy resin
(EPON 812, Polysciences). After resin polymerization, small pieces
were dissected from flat-embedded cultures, mounted in plastic
stubs and sectioned. Ultrathin sections (70 nm) were stained with
uranyl acetate and lead citrate. Sections were examined in a Philips
CM100 electron microscope. Digital images were obtained with a
CCD camera (Gatan Orius).

Immunofluorescence and specific antibody information

Cells were washed twice with PBS, fixed for 10 min with 4% PFA, and
washed again twice with PBS and used either directly for immunos-
taining or stored at 4°C. Organoids were fixed, embedded, and cryo-
sectioned into 20 um sections as described previously (Iefremova
et al, 2017; Krefft et al, 2018). For detection of the pluripotency-
associated markers, TRA-1-60, TRA-1-81, and SSEA-3 samples were
incubated with primary antibodies at room temperature for 4 h,
washed three times, incubated with secondary antibody for 45 min,
counterstained with DAPI (Biolegend), and mounted with Mowiol 4-
88 mounting solution (Carl Roth). For detection of BrdU and Ki67,
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slices were permeabilized using 0.5% Triton X-100 in PBS for 30 min,
washed with PBS, treated with 2 N HCI (Thermo Fisher Scientific) for
10 min, and washed twice with PBS. Then, slices were treated with
0.1 M boric acid (Thermo Fisher Scientific) for 10 min and washed
three times with PBS. Slices were then blocked with 10% fetal bovine
serum and 0.1% Triton X-100 in PBS for 1 h at room temperature and
subsequently stained overnight in blocking solution at 4°C with anti-
bodies against BrdU and Ki67. On the next day, slices were washed
three times with PBS and secondary antibodies were applied in
blocking solution for 1 h at room temperature, counterstained with
DAPI, and mounted with Mowiol. For all other antibodies, cells or
organoid sections were blocked and permeabilized in 10% fetal bovine
serum (Thermo Fisher Scientific) in PBS with 0.3% Triton X-100 for
1 h at room temperature (RT), incubated with primary antibodies for
16 h at 4°C, washed three times with PBS, incubated with secondary
antibodies for 1 h, counterstained with DAPI, and mounted with
Mowiol. Images were acquired with either the confocal microscope
Leica TCS SPSII or the fluorescence microscope Leica DM6 B micro-
scope and processed using the software Leica Application Suite AF,
Leica Application Suite X, as well as Image]J.

Primary and secondary antibodies and dilutions used in this
study can be seen in Tables 4 and 5. Software and algorithms used
for analysis can be seen in Table 6.

Immunoblot and specific antibody information

Cells were washed twice with ice-cold PBS, scraped off into PBS, and
collected via centrifugation. Cell pellets were lysed in RIPA buffer
(150 mM NacCl, 0.2% SDS (Carl Roth), 0.2% Triton X-100 (Merck Mili-
pore), 25 mM EDTA, 50 mM Tris-HCl, pH 7.4) containing
PierceTM protease inhibitor (Thermo Fisher Scientific) and PierceTM
phosphatase inhibitor (Thermo Fisher Scientific) for 1 h on ice. Geno-
mic DNA was sheared by sonication. Subsequently, cell debris was
precipitated by centrifugation at 16,000 rcf for 15 min at 4°C. Protein
concentration of cleared cell lysates was determined using the BCA
protein assay kit (Thermo Fisher Scientific). For immunoblotting,
25 pg of protein was boiled in 6x SDS sample buffer for 5 min at 95°C.
Lysates were resolved on 10% gels and transferred onto 0.2 pm nitro-
cellulose membranes by semi-dry blotting. Nitrocellulose membranes
were blocked in 5% BSA in TBST for 1 h at RT and subsequently incu-
bated overnight with primary antibody in blocking solution at 4°C.
The next day, membranes were washed three times with TBST, incu-
bated with IR-dye-conjugated secondary antibodies (DyLight™, Cell
Signaling Technology) diluted 1:15,000 in TBST for 1 h at room tem-
perature. Subsequently, membranes were washed three times before
visualization of target proteins using an Odyssey IR imaging system
(LI-COR Biosciences). Primary antibodies and concentrations were as
follows: Acetylated o-tubulin (AC-TUB) (Cell Signaling Technology,
1:1,000) and R-Actin (Cell Signaling Technology, 1:15,000). Of note:
due to the lack of a reliable EML1 antibody, we were not able to
include data on EMLI protein levels.

Single-cell RNA sequencing experiments
Organoids at day 33 + 2 were microdissected to enrich for cortical
areas. The dissected tissue was dissociated by incubating in papain

(Sigma Aldrich) solution containing papain buffer (1 mM L-cysteine
and 0,5 mM EDTA in Earle’s balanced salt solution), 20 units
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Reagent or Resource Vendor Identifier

Antibodies IF

AFP Hélzel Cat# 12177-MM27

ARL13B Antibodies Cat# 75-287, RRID:

Incorporated AB_2341543

Anti-BrdU BD-Biosciences Cat# 347580, RRID:
AB_10015219

COL1A2 Abcam Cat# ab96723, RRID:
AB_10679394

FAM107A Sigma Aldrich HPA055888

Anti-GFP Aves Labs Cat# GFP-1020,
RRID: AB_10000240

K167 Cell Signaling Cat# 9129 RRID:
AB_2687446

MAPT Synaptic Systems  Cat# 314 004, RRID:
AB_1547385

MEIS2 Sigma Aldrich Cat#
WHO0004212M1,
RRID: AB_1842419

N-cadherin BD-Bioscience Cat# 610921, RRID:
AB_398236

PAX6 Biolegend Cat# 901301, RRID:
AB_2565003

p-Vimentin MBL Cat# D076-3, RRID:
AB_592963

SMA abcam Cat# ab5694, RRID:
AB_2223021

TPX2 Novus Biologicals Cat# NB500-179,
RRID: AB_10002747

TRA-1-60 Merck Millipore Cat# MAB4360,
RRID: AB_2119183

TRA-1-81 Merck Millipore Cat# MAB4381,
RRID: AB_177638

TUBB3 Biolegend Cat# 802001, RRID:
AB_2564645

SSEA3 abcam Cat# ab16286, RRID:
AB_882700

YAP1 Cell Signaling Cat# 14074, RRID:
AB_2650491

Alexa Fluor 568 -Goat Thermo Fisher Cat# A-11004,

anti-mouse 1gG (H + L) Scientific RRID: AB_2534072

Alexa Fluor 488 -Goat Thermo Fisher Cat# A-11008, RRID:

anti-Rabbit 1gG (H + L) Scientific AB_143165

Alexa Fluor 555 -Goat Thermo Fisher Cat# A-21428, RRID:

anti-Rabbit IgG (H + L) Scientific AB_2535849

Alexa Fluor 647 -Goat Thermo Fisher Cat# A-21450, RRID:

anti-Guinea Pig 1gG (H + L) Scientific AB_2735091

Alexa Fluor 488 -Goat Thermo Fisher Cat# A-11039, RRID:

anti-Chicken IgY (H + L) Scientific AB_2534096

Antibodies immunoblot:

Acetylated a-tubulin Cell Signaling 5335, RRID:

(AC-TUB) Technology AB_10544694

R-Actin Cell Signaling 3700, RRID:

Technology AB_2242334
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Table 4 (continued)

Reagent or Resource Vendor Identifier
Anti-mouse 1gG (H + L) Cell Signaling 5470, RRID:
(DyLight 680 Conjugate) Technology AB_10696895
Anti-rabbit 1gG (H + L) Cell Signaling 5151, RRID:
(DyLight 800 4X PEG Technology AB_10697505

Conjugate)

papain, and 10 pg/ml of DNase (Sigma Aldrich) for 20 min at 37°C.
Following incubation, excessive papain solution was removed, 3 ml
organoid differentiation medium was added, and samples were
mechanically dissociated using wide-bore 1,000 ul pipette tips
coated with 1% bovine serum albumin (BSA) in PBS. The cell sus-
pension was centrifuged at 400 g for 4 min at 4°C. The supernatant
was removed, the cell pellet was resuspended in 1 ml ice-cold PBS +
0.04% BSA, and filtered through a 30 pm cell strainer. Counting
and viability were assessed using Trypan blue staining (Countess
automatic cell counter, Thermo Fisher Scientific). Single cell library
preparation was performed using the 10x Genomics Chromium plat-
form according to the 10x Genomics Chromium Single Cell 3”
Library & Gel Bead Kit v2 chemistry user guide (10x Genomics).

Table 5. Primary antibodies and dilutions.
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The prepared cDNA libraries were processed by the High Through-
put Sequencing Unit of the Genomics & Proteomics Core Facility of
the German Cancer Research Center (DKFZ). The libraries were
sequenced on two lanes on the Illumina HiSeq 4K platform with a
protocol specific for 10x scRNA libraries (paired-end 26 + 74).

Fastq files were parsed to cellranger (10x Genomics) count in
order to generate a count matrix. FastQC was used for general
sequencing quality control (Andrews, 2015). If not stated otherwise,
data analysis was performed using the Seurat (v3.2.2) package in R
(Stuart et al, 2019). Count matrix was filtered with following param-
eters: Any feature that was expressed in less than three cells was
removed from the analysis. For the control sample, any cell with
< 2,000 expressed features, more than 10% mitochondrial genes
expressed, or less than 5,000 total UMI counts was removed from
further analysis. For the EMLI-heKO sample, any cell with < 1,500
expressed features, more than 10% mitochondrial genes expressed,
or < 3,000 total UMI counts was removed from further analysis. The
data were normalized using sctransform. Dimensional reduction was
performed using UMAP with dims = 1:30. Shared nearest-neighbor
graph was constructed with dims = 1:30. Clusters were generated
with resolution = 0.4. Cells were defined by interpreting expression
of known marker genes. One group of cells that was defined as

Antibodies Vendor Cat. No. Raised against Dilution
Primary antibodies
AFP Hélzel Cat# 12177-MM27 mouse 1:300
ARL13B Antibodies Incorporated Cat# 75-287 mouse 1:100
Anti-BrdU BD-Biosciences Cat# 347580 mouse 1:50
COL1A2 Abcam Cat# ab96723 rabbit 1:300
FAM107A Sigma Aldrich Cat# HPA055888 rabbit 1:400
Anti-GFP Aves Labs Cat# GFP-1020 chicken 1:500
K167 Cell Signaling Cat# 9129 rabbit 1:500
MAPT Synaptic Systems Cat# 314 004 guinea pig 1:1,000
MEIS2 Sigma Cat# WH0004212M1 mouse 1:200
N-cadherin BD-Bioscience Cat# 610921 mouse 1:500
PAX6 Biolegend Cat# 901301 rabbit 1:500
p-Vimentin MBL Cat# D076-3 mouse 1:1,000
SMA abcam Cat# ab5694 rabbit 1:300
TPX2 Novus Biologicals Cat# NB500-179 rabbit 1:500
TRA-1-60 Merck Millipore Cat# MAB4360 mouse 1:300
TRA-1-81 Merck Millipore Cat# MAB4381 mouse 1:300
TUBB3 Biolegend Cat# 802001 rabbit 1:1,000
SSEA3 abcam Cat# ab16286 rat 1:500
YAP1 Cell Signaling Cat# 14074 rabbit 1:300
Secondary antibodies
Alexa Fluor 568-Goat anti-mouse IgG (H + L) Thermo Fisher Scientific Cat# A-11004 goat anti-mouse 1:1,000
Alexa Fluor 488-Goat anti-Rabbit 1gG (H + L) Thermo Fisher Scientific Cat# A-11008 goat anti-rabbit 1:1,000
Alexa Fluor 555-Goat anti-Rabbit IgG (H + L) Thermo Fisher Scientific Cat# A-21428 goat anti-rabbit 1:1,000
Alexa Fluor 647-Goat anti-Guinea Pig IgG (H + L) Thermo Fisher Scientific Cat# A-21450 goat anti-guinea 1:1,000
Alexa Fluor 488-Goat anti-Chicken IgY (H + L) Thermo Fisher Scientific Cat# A-11039 goat anti-chicken 1:1,000
© 2022 The Authors EMBO reports  €54027]2022 13 of 17
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Table 6. Software and algorithms used in this study.

Software and

Algorithms Source Identifier

Cellranger v 10x Genomics https://support.

301 10xgenomics.com/single-
cell-gene-expression/
software/downloads/latest

Fiji software Wayne Rasband, NIH, Fiji, RRID:SCR_002285

(Image) 1.52i) USA

ggplot2 Hadley (2016) RRID:SCR_014601

Prism 6 GraphPad Prism GraphPad Prism, RRID:

version 6.0d SCR_002798

Seurat v3.0.0 Stuart et al (2019) https://github.com/
satijalab/seurat/releases/
tag/v3.0.0

SPSS https://www.ibm.com/ IBM SPSS statistics 25

R R Core https://www.r-project.org/

mesenchymal-like cells was removed for further analysis. Violin
plots were generated with Seurat (Stuart et al, 2019) and ggplot2
(Hadley, 2016) and show normalized expression values. For GO vio-
lin plots, the genes that are collected in a GO term were retrieved
from org.Hs.eg.db (org.Hs.eg.db: Genome wide annotation for
Human. R package version 3.12.0.). For each GO term of interest,
the expression per cell was calculated as proportion of feature set.
For detailed information about the data analysis pipeline in R, refer to
https://github.com/ahoffrichter/Jabali_et_al_2021_scRNAseq_analysis.

Software and algorithms used for analysis can be seen in Table 6.

PCR analysis

Genomic DNA (for patient mutations and EMLI-heKO validation)
was isolated using the Extractme genomic DNA kit (7Bioscience)

according to the manufacturers protocol. Triplicate total mRNA
samples were isolated using peqGOLD TriFast (VWR) following the

Table 7. Primers used in this study.
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supplier’s instructions. One microgram total mRNA was used for
reverse transcription with the iScript cDNA synthesis kit (BioRad)
following the manufacturer’s protocol. Semi-quantitative PCR reac-
tions were run in at least triplicates using Taq Polymerase (Biozym).
PCR conditions and cycle numbers were adjusted to each primer
pair for specific DNA amplification on cDNA obtained from com-
mercially available human fetal (single donor, female, 19 weeks of
gestation). For quantitative RT-PCR (qRT-PCR), PCR products were
assessed by dissociation curve and gel electrophoresis. Data were
normalized to 185 rRNA levels. Primers used to validate EMLI-
patient-specific mutations and the EMLI-heKO as well as EMLI
expression can be seen in Table 7.

Quantitative assessment of 2D and 3D cell cultures

Ectopic neural rosettes were quantified based on NCAD staining and
localization in the organoid structure. More precisely, accumulation
of NCAD at the basal side of VZ areas was defined as ectopic neural
rosettes and quantified per VZ area using the cell counter tool in
ImageJ. The percent of VZ areas with ectopic neural rosettes was then
calculated for the different conditions. Organization of neurons was
investigated per cortical area (composed of a VZ and CP area) based
on MAPT staining and localization. If the majority of MAPT-positive
neurons were found within the CP area, we called them organized. In
case MAPT-positive neurons distributed in the CP as well as in the VZ
area, we defined that as disorganized. Criteria for heterotopia were
met in case clusters or bands of MAPT-positive cells found between
the VZ area and the CP region. The percent of heterotopic, disorga-
nized, or organized cortical areas was then calculated for the different
conditions. The number and localization of EGFP-positive cells
within hybrid organoids were investigated by defining VZ and CP
areas and quantifying the EGFP-positive cells in the respective areas
using the cell counter tool in ImageJ. Mitotic planes were quantified
at the VZ surface by analyzing 20-pm-thick tenner serial sections
stained for p-vimentin (to identify dividing cells) and TPX2 (a spindle
assembly factor which plays a role in inducing microtubule assembly
and growth during M phase used to visualize the plane of dividing

Primer Forward Reverse Source
P135 Mut. Exon 5 (T, 45°C) GACGTTCTATGTATATATTT TGTTTGATTAGTCCTATAAA IDT
P135 Mut. Exon 8 (T, 60°C) CTGCATGCCTTTTGGGG TGACCGTGTTCTGCTAATGC IDT
3489 Mut. (T, 60°C) GCTGGGCACTGAGGTATCTT ACCACAGCTATTTCGTTCAGGA IDT
Validation of EML1-heKO: Ta 60°C for all primer combinations:
Before Cas. gRNA 1 AGGGAAGAATGATGTACAATGAGA IDT
In Cas. gRNA 1 AAAAAGGCGGAGCCAGTACA IDT
Before Cas. gRNA 2/3 CCTGTTAGCATTTGTCCCACG IDT
In Cas. gRNA 2/3 GGAGCGATCGCAGATCCTTG IDT
EMLI WT behind Cas. gRNA 1 TCACTCAAACGCCCACCTTT IDT
EML1 WT behind Cas. gRNA 2/3 TTCTTTTTGCCACTGGAAGAGC IDT
EML1 expression: Ta 60°C for both pairs:
EMLI-qPCR GGGTCTATGGGTACAGGGGT ACTGCTAGGCACTTCACGTC IDT
18s-qPCR TTCCTTGGACCGGCGCAAG GCCGCATCGCCGGTCGG IDT
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cells). The angle of the spindle of apical radial glia cells in relation to
the prospective ventricular surface was investigated using the ImageJ
angle tool. Cell proliferation at the VZ surface or basal to the VZ areas
was quantified based on the distribution of p-Vim-positive cells in the
respective localization using the cell counter tool in ImageJ. BrdU'
KI67" cells at the basal side of the VZ areas were quantified using
ImageJ plugin Cell Counter. PAX6-positive cells displaying nuclear
YAPI were quantified per VZ area following immunohistochemistry.
More specifically, the total amount of PAX6-positive cells within a VZ
area was determined and divided by the amount of PAX6-positive
cells displaying a nuclear YAP1 signal within this area. All quantita-
tive assessments were performed on at least three different organoids
derived from at least three independent batches. The length of the pri-
mary cilia was investigated in cortical progenitors following ARL13B
immunostaining using the length measurement tool in ImageJ on
three biological replicates. Images for all quantitative assessments
were acquired using the confocal microscope Leica TCS SPSII or the
fluorescence microscope Leica DM6 B microscope. In order to make
the different batches analyzed distinguishable from one another, dif-
ferent shapes and color codes were utilized in the graphs displayed in
this study. VZ areas or organoids analyzed from one batch for exam-
ple are represented by black dots, grey dots, white dots with black
border, or grey dots with black border.

Statistical analysis

All quantitative data were generated based on biological triplicates
and tested for normal distribution using the D’Agostino & Pearson
omnibus normality test. If criteria for normal distribution were met,
statistical significance was tested using parametric testing in the
form of one-way ANOVA or two-way ANOVA tests followed by post
hoc testing (Sidak’s multiple-comparison test or Tukey’s multiple-
comparison test) based on the experimental design (*P < 0.05,
**D < (0.01, and ***P < 0.001). If criteria for normal distribution
were not met, non-parametric testing in the form of a two-tailed
Mann-Whitney- or Kruskal-Wallis test followed by post hoc testing
(Dunn’s multiple-comparison test) was conducted. All deviations
from means are depicted as mean with SD or SEM. All analyses
were performed with the help of R statistical software package, IBM
SPSS statistics 25, and GraphPad Prism 6. Gene expression was
compared between control and EMLI-heKO cells within cell type
using the Wilcoxon rank sum test. Values show Bonferroni-
corrected P-values (*P < 0.05, **P < 0.01, and ***P < 0.001). Com-
parison of proportion of GO feature sets was performed using the
Wilcoxon rank sum test (*P < 0.05, **P < 0.01, and ***P < 0.001).
Software and algorithms used for analysis can be seen in Table 6.

Generation of schemes

Synopsis image as well as schemes in Figs 2C and EV3A were cre-
ated using biorender.com.

Data availability

The sc-RNA-seq data will be deposited in NCBI's Gene Expression

Omnibus and will be accessible through a GEO Series accession
number. For detailed information about the data analysis pipeline in
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R and the scRNAseq datasets generated and / or analyzed during
the current study, refer to the GitHub repository https://github.
com/ahoffrichter/Jabali_et_al 2021_scRNAseq_analysis. Any addi-

tional information required to reanalyze the data reported in this
study is available from the lead contact upon request.

Expanded View for this article is available online.
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