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Summary

The neuronal bHLH transcription factors Neurod2 and Neurod6 are predominantly
expressed in postmitotic pyramidal neurons of the developing neocortex and have previ-
ously been shown to promote pyramidal neuron survival, differentiation, migration, and
cortical connectivity. The closely related factor Neurod1 is normally only transiently
expressed by intermediate precursor cells of the subventricular zone. In Neurod2/6
double-deficient mice, however, Neurod 1-expression is ectopically maintained in post-
mitotic pyramidal neurons of the cortical plate, thereby partially compensating for the
loss of Neurod2/6. In conditional Neurod1/2/6 triple-deficient mice selectively lacking
the ectopic up-regulation of Neurod1, neuronal survival, differentiation, migration, and
connectivity are significantly stronger disturbed. I aimed to further understand the
functions of NeuroD-family bHLH proteins in cortex development, with a mechanistic
focus on the maintenance of pyramidal neuron survival and the establishment of
different pyramidal neuron identities during earlier cortex development.

In Neurod1/2/6-deficient mice, I identified an unprecedentedly strong wave of apop-
totic cell death that was restricted temporarily to E14/15 and spatially to the dorso-
medial cortex. Probably as a consequence, Sox5-positive pyramidal neurons of the
neocortical layer 6 are lost, and the Tbr2-positive progenitor pool in the subventricular
and intermediate zones is expanded. Remaining pyramidal neurons show immature
molecular identities and mostly miss axonal connectivity at birth. Artificial expression
of Neurod2 or Neurod6 in a subset of postmitotic pyramidal neurons was sufficient to
overcome those structural defects, showing that the underlying mechanisms are of cell-
intrinsic nature. Initially following a candidate-based approach, I investigated known
inhibitors of apoptosis, neurotrophin signaling, and cell cycle control, but I could not
identify a mechanism explaining the strong phenotype in Neurod1l/2/6-deficient mice.

To gain further mechanistic insight, I performed an unbiased comparable transcrip-
tome analysis of the central neocortex at E13, just before the manifestation of obvious
structural abnormalities in Neurod1/2/6-deficient mice. The most interesting finding
was a nearly 4-fold up-regulation of Harakiri (Hrk), a small BH3-only pro-apoptotic
protein of the Bcl2-family. In-situ hybridization confirmed robustly increased Hrk-
expression at E13-E16. In-utero electroporation of Hrk into the developing cortex of
wild-type mice was sufficient to kill cortical neurons. Electroporation of Hrk-shRNA
into Neurod1/2/6-deficient mice prevented apoptosis of electroporated cells.



Summary

As NeuroD-proteins are transcriptional activators, I postulated a transcriptional
repressor downstream of Neurod1/2/6 to normally prevent Hrk-triggered apoptosis.
The strongest down-regulated genes in Neurodl/2/6-deficient mice were Bhlhb5 and
Prdm8, which are known to interact and form a repressors complex in cortical neurons.
Electroporation of Bhlhb5 and Prdm8 into the cerebral cortex of Neurodl/2/6-
deficient mice could rescue apoptosis, confirming their role in the control of cell
death downstream of Neurodl1/2/6.



Zusammenfassung

Die neuronalen bHLH-Transkriptionsfaktoren Neurod2 und Neurod6 werden vor-
wiegend in postmitotischen pyramidalen Neuronen des sich entwickelnden Neokortex
exprimiert und haben bereits gezeigt, dass sie das Uberleben, die Differenzierung, die
Migration und die kortikale Konnektivitit pyramidaler Neuronen férdern. Der eng ver-
wandte Faktor Neurod1 wird normalerweise nur voribergehend von intermedidren Vor-
lauferzellen in der subventrikuldren Zone exprimiert. In Neurod2/6-doppeldeffizienten
Maéausen wird die Neurod1-Expression jedoch ektopisch in postmitotischen Pyramiden-
neuronen der kortikalen Platte aufrechterhalten, wodurch der Verlust von Neurod2/6
teilweise ausgeglichen wird. In konditionalen Neurod1/2/6-Dreifachmiusen, denen
selektiv die ektopische Hochregulierung von Neurod1 fehlt, sind das neuronale Uber-
leben, die Differenzierung, die Migration und die Konnektivitat deutlich starker gestort.
Mein Ziel war es, die Funktionen der bHLH-Proteine der NeuroD-Familie in der Kortex-
entwicklung zu verstehen, wobei ich mich mechanistisch auf die Aufrechterhaltung
des Uberlebens von Pyramidenneuronen und die Etablierung verschiedener Identitaten
von Pyramidenneuronen wahrend der frithen Kortexentwicklung konzentrierte.

Bei Neurodl/2/6-defizienten Mausen konnte ich eine beispiellos starke Welle des
apoptotischen Zelltods feststellen, die zeitlich auf E14/15 und raumlich auf den dorso-
medialen Kortex beschrankt war. Wahrscheinlich als Folge davon gehen Sox5-positive
Pyramidenneuronen der neokortikalen Schicht 6 verloren, und der Tbr2-positive
Vorlauferpool in den subventrikularen und intermedidren Zonen ist vermehrt. Die
molekulare Identitat der verbleibenden Pyramidenneuronen ist unreif und ihnen fehlt
bei der Geburt meist die axonale Konnektivitat. Die ktinstliche Expression von Neurod2
oder Neurod6 in einer Untergruppe postmitotischer Pyramidenneuronen reichte aus,
um diese strukturellen Defekte zu beheben, was zeigt, dass die zugrunde liegenden
Mechanismen zelleigener Natur sind. Zunéachst untersuchte ich im Rahmen eines
kandidatenbasierten Ansatzes bekannte Inhibitoren der Apoptose, der Neurotrophin-
Signaltibertragung und der Zellzykluskontrolle, konnte aber keinen Mechanismus
identifizieren, der den starken Phanotyp in Neurod1/2/6-defizienten Mausen erklart.

Um weitere Einblicke in die Mechanismen zu gewinnen, fihrte ich eine unvorein-
genommene, vergleichbare Transkriptomanalyse des zentralen Neokortex bei E13
durch, also kurz vor dem Auftreten offensichtlicher struktureller Anomalien bei

'Sinngeméae Ubersetzung der englischsprachigen Zusammenfassung von Seite 8
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Zusammenfassung

Neurodl/2/6-defizienten Mausen. Der interessanteste Befund war eine fast 4-fache
Hochregulierung von Harakiri (Hrk), einem kleinen, nur BH3 enthaltenden pro-
apoptotischen Protein der Bcl2-Familie. Die In-situ-Hybridisierung bestétigte eine
stark erh6hte Hrk-Expression bei E13-E16. Die inutero-Elektroporation von Hrk in
den sich entwickelnden Kortex von Wildtyp-Mausen war ausreichend, um kortikale
Neuronen abzutéten. Die Elektroporation von Hrk-shRNA in Neurod1/2/6-defizienten
Mausen verhinderte die Apoptose der elektroporierten Zellen.

Da NeuroD-Proteine Transkriptionsaktivatoren sind, postulierte ich einen Tran-
skriptionsrepressor stromabwarts von Neurod1/2/6, der normalerweise die durch
Hrk ausgeldste Apoptose verhindert. Die am stirksten herunterregulierten Gene in
Neurodl/2/6-defizienten Mausen waren Bhlhb5 und Prdms$8, von denen bekannt ist,
dass sie interagieren und einen Repressor-Komplex in kortikalen Neuronen bilden.
Die Elektroporation von Bhlhb5 und Prdm8 in die Grof3hirnrinde von Neurod1/2/6-
defizienten Mausen konnte die Apoptose retten, was ihre Rolle bei der Kontrolle des
Zelltods stromabwérts von Neurodl/2/6 bestatigt.
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1 Introduction

HE CEREBRAL CORTEX is the largest, most flexible, and phylogenetically
youngest part of our brain. It produces conscious sensory perception & motor
control, attention, learning & memory, emotion, cognition, and language
processing (Kandel et al., 2000). The unprecedented structural complexity of the
cortex and its modulatory influence on older, simpler, more deterministic, subcortical
parts of the brain can be considered as the origin of our self (Schore, 1994).

1.1 Anatomy of the Cerebral Cortex

T HE CEREBRAL CORTEX is the dorsal aspect of the telencephalon. It is also referred

to as the pallium (coat) as it covers most of the remaining brain. The cortex is
further divided into three phylogenetically, morphologically, and functionally distinct
parts: The paleocortex, the archicortex (together referred to as allocortex), and the
neocortex.

1.1.1 Allocortex

The allocortex consists of the paleocortex (olfactory cortex or rhinencephalon) and
the archicortex (the hippocampal formation). The paleocortex is said to be the
phylogenetically oldest part of the cerebral cortex. Due to its unique ability to generate
and integrate new neurons throughout life, it gained lots of scientific attention during
the last decades. However, paleocortical structures are not the subject of this work.

The archicortex is structurally the most basic part of the cortex. It consists of a single
layer of excitatory projection neurons and two adjacent layers that comprise dendrites
and inhibitory interneurons (Rolls, 2013). The most prominent archicortical structure
is the hippocampus, which is situated at the most medial aspect of the temporal
lobe. It contains two regions: the cornu ammonis (CA) and the dentate gyrus (DG).
The dominant cell type of the CA is that of hippocampal pyramidal neurons. Those
are morphologically similar to neocortical pyramidal neurons (sect 1.2) with whom
they share a common initial differentiation program (Slomianka et al., 2011). The DG

12



Introduction

consists mostly of hippocampus-specific granule neurons, which transfer neocortical
input to the CA (Bull, 2011). The hippocampus is essential for the formation of new
episodic and declarative memories (Squire, 1992), it supports flexible cognition that
allows for complex social behaviors (Rubin et al., 2014), and it contributes to spatial
memory and navigation (Schiller et al., 2015). The hippocampus is probably the most
studied structure of the brain.

1.1.2 Neocortex

The youngest and largest part of the cerebral cortex is the neocortex (isocortex). The
neocortex is a universal processing device that can dynamically acquire complex
functionality throughout life. Structurally, it is built as a grid of highly interconnected
neurons. Approximately 80 % of these are excitatory projection neurons, large pyramid-
shaped cells that define the anatomy of the neocortex (sect 1.2). The remaining 20 %
are smaller inhibitory interneurons that scatter between the more prominent pyramidal
neurons (Rakic, 2009).

The neocortex is organized in six functionally distinct layers, five of which contain
different subtypes of pyramidal neurons. Those in the deeper layers 5 and 6 project
away from the cortex, mostly towards the spinal cord and thalamus, respectively (Lam
& Sherman, 2010). Pyramidal neurons in the upper layers 2 and 3 connect to other
parts of the neocortex. Layer 4 receives sensory information from the thalamus and
distributes it to the other cortical layers (Jones, 1998). The most superficial layer 1
is devoid of pyramidal neurons, it contains interneurons and the endings of apical
dendrites originating from the other layers (Kandel et al., 2000; Creutzfeldt, 1983).

1.1.3 Cell Types

The cerebral cortex consists mostly of excitatory projection neurons, inhibitory in-
terneurons, and supportive glial cells. The principle anatomy and connectivity of the
cortex are determined by large pyramid-shaped projections neurons that grow very
long axons connecting to distant targets, e. g. in the case of layer 5 to motoneurons in
the spinal cord. The general biology and the different subsets of cortical pyramidal
neurons are introduced in sect 1.2. To my knowledge, all cortical pyramidal neurons
do at least temporarily express Neurod1l, Neurod2, and Neurod6 (sect 1.4.2), while
interneurons are generally negative for the three factors. This study focuses on the
functions of Neurod1/2/6 in the generation, differentiation, and migration of cortical
pyramidal neurons (sect 1.5).

A very diverse set of relatively small inhibitory interneurons is scattered within the
dense network of cortical projection neurons. Interneurons protect the network from
over-activation, and they are the basis for the cortex’s enormous computational

13
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capability and flexibility. In contrast to pyramidal neurons, which are born within the
cortex (dorsal telencephalon), interneurons are generated in the ventral telencephalon
and migrate tangentially into the cerebral cortex (Marin, 2013). Glial cells (astrocytes
and oligodendrocytes) are essential for neuronal communication as they nourish,
protect, support, and electrically isolate the neurons. Interneurons and glial cells
invade the cortex late during development when many basic structures and remote
connectivity have already been determined. They do never express Neurodl/2/6 and
are thus of the scope of this study.

1.1.4 Development

During early embryonic development, the entire central nervous system (CNS) is formed
from an area of specialized ectoderm. This neural plate is located at the dorsomedial
surface of the embryo. A longitudinal groove is gradually formed in the center of the
neural plate. In a process called neurulation, this neural groove deepens until the
ridges (the neural folds) meet and fuse to form a closed tube at the back of the embryo,
the neural tube (Kandel et al., 2000). The caudal portion of the neural tube gives
rise to the spinal cord. The rostral neural tube forms five protrusions (the encephalic
vesicles) that grow to form different parts of the brain. The two most rostral vesicles
give rise to the telencephalon and the therein enclosed lateral ventricles. The dorsal
aspect of the telencephalon forms the cerebral cortex (Bear et al., 1996).

The inner wall of the developing telencephalon is the ventricular zone (VZ). It contains
proliferating neural stem cells that multiply and ultimately give rise to neurons,
astrocytes, and oligodendrocytes. The most dominant types of cortical stem cells are
called radial glia cells (RGCs) as their processes span the entire developing cortex
radially from its inner ventricular wall to the pia mater at its outer surface (Anthony
et al., 2004; McConnell, 1995; Noctor et al., 2002). The cell bodies of RGCs reside in
the VZ (the most apical layer of the developing CNS) and they are therefore also called
apical progenitor cells Apical precursor cells (APCs).

Many cortical neurons are not directly generated from RGCs but from mitotically active
descendants called intermediate precursor cells (IPCs). The latter reside predominantly
in the subventricular zone (SVZ), a temporal cell layer just above the VZ (Noctor et al.,
2004; Fishell & Kriegstein, 2003). IPCs are also called Basal precursor cells (BPCs) as
the SVZ is located basally in relation to the more apical VZ.

14



Pyramidal Neurons Introduction

New-born neurons migrate radially along the basal! processes of RGCs to reach their
final positions within the cerebral cortex (Malatesta et al., 2000). As neurons are
generally born in relative proximity to the ventricle (deep inside the developing cortex)
and migrate radially to settle in proximity to the outer surface, the cortex is said to
develop in an inside-out manner.

1.2 Cortical Pyramidal Neurons

P YRAMIDAL NEURONS are the dominant cell population of the hippocampus
(sect 1.1.1) and neocortex (sect 1.1.2). Structurally, they are characterized by a
big pyramid-shaped cell body, a thick apical dendrite? that reaches towards the outer
surface of the brain, multiple basal dendrites® that connect to surrounding neurons,
and a very long axon that projects to distant areas of the CNS. All pyramidal neurons
are glutamatergic excitatory projection neurons. They can be further divided into
multiple subpopulations that express specific sets of important transcription factors
(sect 1.2.4), are located in different cortical layers (sect 1.2.3), connect to different
areas of the CNS (sect 1.2), and ultimately serve different functions in the mature brain
(Fishell & Hanashima, 2008). Neuronal subtype specification and development of the
cerebral cortex are regulated by mutually dependent cell-intrinsic and cell-extrinsic
processes (Fishell & Hanashima, 2008). Differentiating pyramidal neurons undergo
extreme morphological changes while migrating from the ventricular neuroepithelium
to the cortical plate (Cooper, 2014).

1.2.1 Neurogenesis

In mice, cortical pyramidal neurons are produced between embryonic day (E) 11.5 and
E17.5 in the VZ and SVZ (Caviness & Takahashi, 1995). The principal neurogenic
stem cells are the RGCs in the VZ. They divide symmetrically to increase the stem cell
pool or asymmetrically to produce neuronal IPCs and neurons that migrate radially
along the basal processes of RGCs to leave the VZ. Pyramidal neurons that are born
during early cortex development (E 11.5-13.5) mostly give rise to the deeper layers 5
and 6 of the CP; they are generated in the VZ by apical radial glia cells (aRGCs),
subapical radial glia cells (saRGCs), or apical intermediate precursor cells (alPCs).
Pyramidal neurons that are born later (E 14.5-17.5) mostly give rise to the upper

!The basal process reaches toward the outer (basal) surface of the brain; the inner ventricular surface is
considered apical.

2The apical dendrite emerges from the apex (tip) of the pyramidal cell. The name has no relation to the
apical/basal (inner/outer) orientation of the cortex (compare basal process of RGCs in sect 1.2.1).
Most apical dendrites project basally within the cortex.

3Basal dendrites emerge from the basis (bottom) of the pyramidal cell.

15
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Figure 1: Radial migration in the developing cerebral cortex
Abbreviations on page 119.

layers 2 and 3 of the CP; they are mostly generated in the SVZ by basal radial glia
cells (bRGCs) or basal intermediate precursor cells (bIPCs). The three types of RGCs
are characterized by robust expression of the transcription factor paired box gene 6
(Pax6). Both types of IPCs do robustly express the transcription factor T-box brain 2
(Tbr2), also called Eomesodermin (Eomes). Tbr2 is thought to repress Pax6 resulting
in mutually exclusive expression of the two factors (De Juan Romero & Borrell, 2015).
Pax6 and Tbr2 are considered molecular markers for RGCs and IPCs, respectively
(sect 1.2.4).

1.2.2 Radial Migration

New pyramidal neurons are born close to the inner surface of the cerebral hemispheres,
in the VZ or SVZ. Shortly after their last mitotic division, those cells are determined
to the pyramidal neuron fate. However, lacking axons, dendrites, and synapses they
do not yet qualify as functional neurons. Over the course of a few days, the cells
undergo several stages of neuronal differentiation and maturation. At the same time,
they migrate radially from the VZ or SVZ into the intermediate zone (IZ) and ultimately
through the cortical plate (CP) towards the outer surface of the brain (fig 1).
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Radial migration is not a continuous process. Immature neurons stop e.g. in the
IZ where they change morphology before migrating further into the CP. At this stage,
cells move in random directions and have multipolar morphology (Noctor et al., 2004;
Shoukimas & Hinds, 1978). To become mature functional pyramidal cells and to enter
the CP, neurons go through a transition from the multipolar to a bipolar stage. It was
shown that Tbr1, Tbr2, Pax6, and Neurodl are essential for this transition (Englund
et al., 2005; Seo et al., 2007; Sessa et al., 2008; Inoue et al., 2014). The main regulator
of morphological transition and migration into the CP by controlling the length of the
multipolar stage is thought to be Prdm8 (Iwai et al., 2018).

For the normal functioning of the brain, it is necessary that neurons with similar gene
expression patterns are organized in layers (Franco et al., 2011). Specific laminarization
of the cortex is the result of the radial migration performed by newly born neurons. As
described above, RGCs extend their processes to the marginal zone creating a path for
the migrating pyramidal neurons into the CP (Rakic, 1972). One of the well-known
molecules required for normal radial migration is reelin (Ogawa et al., 1995). Mouse
models with impaired reelin pathway exhibit severe cortical abnormalities, including
impaired laminarization (Rice & Curran, 2001). Depending on the stage of migration
reelin can act as an attractant (Gilmore & Herrup, 2000) or repellent (Schiffmann
et al., 1997) for the migrating neurons. Both RGCs and neurons express reelin
receptors Vldlr and Apoer2 (Hiesberger et al., 1999). Reelin binding to its receptors
promotes phosphorylation of the cytoplasmatic adaptor protein Dab1l (Howell et al.,
1999). Activated Dabl interacts with several molecules, including Lis1 (Assadi et al.,
2003). Dabl and Lisl regulate in turn multiple molecular targets, affecting actin
filaments and microtubule dynamics during radial migration of the neuron (Zhang
et al., 2007).

1.2.3 Layering

The first cortical neurons are Cajal-Retzius cells. They are born at around E 10.5 and
form the so-called preplate (PP), the precursor of the CP. The PP later splits to form a
marginal layer of the cortex with the major cell population Cajal-Retzius cells and a
subplate. Between the subplate (SP) and the marginal zone (MZ) begins the formation of
the six-layered CP (Bayer et al., 1991). The earliest produced pyramidal neurons settle
down in layer VI (the deepest layer). Later-born neurons migrate past those earlier-
born deeper-layer neurons and form layer V-II (the more superficial layers). Thus, the
six-layered structure is built in an inside-first outside-last manner (Molyneaux et al.,
2007; Desai & McConnell, 2000; Frantz & McConnell, 1996; Tarabykin et al., 2001).

1.2.4 Molecular Markers
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Gene Dominant in layer | Notes

Reln 1 In Cajal-Retzius cells

Cux2 2/3 Also in immature neurons of the SVZ

Brn2 2/3 Also in immature and migrating neurons

Satb2 2/3 Callosally projecting pyramidal neurons (also in layer 5)
Rorb 4 Subset of pyramidal neurons in layer 4

Ctip2 5 Also in layer 6 and in interneurons (weaker)
Foxp2 6 Subset of pyramidal neurons in layer 6

Sox5 6 Also in immature neurons in SVZ/IZ (weaker)
Map2 CP In all terminally differentiated neurons

Dab1 CcP Reelin signaling within cortical pyramidal neurons
Prdm8 1z In late multipolar neurons

Unc5d 1Z In early multipolar neurons

Tbr2 Svz In IPCs

Neurod1 Svz In IPCs; postnatally in 2/3

Pax6 vz In RGCs

Sox2 VZ In RGCs and alPCs

Table 1: Molecular markers in neocortical layering

Gene: Gene symbol; Layer: Dominant expression domain; Notes: Secondary expression domains and other
comments.

Pyramidal neurons in the six layers of the neocortex are characterized by robust
expression of unique genes, which can be used as molecular markers to identify
previously characterized neuronal subtypes (tab 1). Pyramidal neurons in layer 6
are born at around E12.5 (E11.5-E13.5) and typically express Sox5 (Lai et al., 2008)
or Tbrl (Bulfone et al., 1995; Hevner et al., 2001; Englund et al., 2005). The large
corticofugally projecting pyramidal neurons in the general output layer 5 are produced
around E13.5 (E12.5-E14.5) and typically express Ctip2 (Arlotta et al., 2005). The
smaller pyramidal neurons in the general input layer 4 are generated around E14
(E13.5-E14.5) and typically express Rorb (Giguére, 1999). Pyramidal neurons in the
intracortically projecting upper layers 2 and 3 are produced around E15.5 (E14.5-
E16.5) and typically express Brnl/2 (McEvilly et al., 2002), Cux1/2 (Nieto et al., 2004),
or Satb2 (Britanova et al., 2008; Alcamo et al., 2008).

The most superficial layer 1, also called the MZ, is virtually devoid of pyramidal neuron
cell bodies and consists mostly of apical dendrites originating from the pyramidal
neurons residing in the layers below. The predominant cells in the MZ are Cajal-
Retzius cells, glutamatergic neurons that are considered the oldest neurons of the
developing neocortex. During cortex development, Cajal-Retzius cells secrete Reelin to
control the targeted radial migration of the later-born pyramidal neurons (Hirota &
Nakajima, 2017).
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1.3 Programmed Cell Death

P ROGRAMMED CELL DEATH (PCD) is an evolutionary highly conserved mechanism of
cell death, controlled by intracellular programs. PCD has many important functions
in organisms (Golstein, 1998). For example, interdigital cells altruistically die during
limb formation. In the immune system, cells that can recognize autoantigens or less
pathogen-specific undergo cell death. The number of male germ cells is regulated
by PCD in early spermatogenesis. Virus-infected cells undergo PCD to decrease the
pathogen spread (Vaux et al., 1994).

Concerning cell morphological alterations, cell death historically is classified into three
main forms: apoptosis, autophagy, and necrosis (Schweichel & Merker, 1973).

Apoptosis and autophagy are two main types of programmed cell death (PCD). Both are
highly regulated and controlled processes. Many environmental and intrinsic factors
can induce apoptosis and autophagy, including mitotic failures, DNA damages, lack of
growth factors, overload of reactive oxygen species (ROS) as well as ischemia. Several
anti-apoptotic and pro-apoptotic molecules regulate cell survival in transcriptional and
post-transcriptional manners (Galluzzi et al., 2018). Recently, another form of PCD
was described - programmed necrosis or necroptosis (Yuan & Kroemer, 2010).

In contrast, necrosis is classically seen as non-physiological cell death in response
to infection, injury, or other external factors (Clarke, 1990). Other than apoptosis
and autophagy, necrosis is characterized by swelling of organelles, increased cellular
volume, rupture of the plasma membrane, DNA fragmentation, and immune system
activation (Lossi & Merighi, 2003).

1.3.1 Apoptosis

Apoptosis - from Ancient Greek an6 (apo: of, away from) and nt@owc (ptosis: to fall) - a
widespread form of PCD. Biochemical processes during apoptosis result in specific
morphological changes in the dying cell. The first detectable changes are chromatin
condensation and segregation followed by cytoplasm condensation with the formation
of protuberances, so-called blebbing. Cell organelles stay unaffected. Eventually,
membrane-bounded apoptotic bodies, that contain nuclear fragments and organelles,
are formed (Kerr et al., 1972). Apoptotic bodies are then quickly cleared out by the
neighboring cells or macrophages (Alberts et al., 2002).

1.3.2 Autophagy

Autophagy is another regulated mechanism of programmed cell death. Similar to apop-
tosis, it allows for controlled degradation and recycling of cell components (Mizushima
& Komatsu, 2011). During autophagic cell death, characteristic autophagosomes,
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double-membrane vesicles containing cytoplasmatic components, are formed. Auto-
somes fuse with cellular lysosomes and multiple proteases destroy and recycle the
content (Lockshin & Zakeri, 2002).

1.3.3 Necroptosis

Necroptosis and apoptosis can be activated by molecules such as first apoptosis
signal ligand (Fasl) or tumor necrosis factor o (TNFo). When the apoptotic pathway is
blocked, the cells committed to suicide can be eliminated through necroptosis. This
can explain the survival and relatively normal development of mutant mice lacking
the key molecules of the apoptotic program (caspases, Apafl, Bax, or Bak) (Chautan
et al., 1999; Lindsten & Thompson, 2006). Although described mutants often are
characterized by the accumulation of the cells that normally would die apoptotically,
most of these cells undergo non-apoptotic cell death at later stages, leading to the
normal functioning of the brain (Nonomura et al., 2013; Oppenheim et al., 2008;
Yaginuma et al., 2001).

1.3.4 Developmental Cell Death

Neurogenesis, differentiation, migration, and axogenesis are accompanied by waves
of programmed cell death, that eliminate fractions of the recently generated cells
(Blaschke et al., 1996). Developmental cell death underlies processes such as neuronal
deletion, sculpting, quality control, and quantitative neuron-target matching (Buss
et al., 2006; Fuchs & Steller, 2011; Yeo & Gautier, 2004; Yamaguchi & Miura, 2015).
The effective inhibition of apoptosis in terminally differentiated pyramidal neurons is
essential for the formation of a stable neuronal network and long-term memory (Iwasaki
et al., 2004). Disinhibition of the apoptotic machinery leads to neurodegenerative
disorders, such as Alzheimer’s disease (Song et al., 2014). A detailed understanding of
neuronal cell death control helps to understand the molecular mechanism of brain
trauma, ischemia, or neurodegeneration (Lossi & Merighi, 2003)

During the development of the nervous system, PCD can have different functions
depending on the cell type and developmental stage (Buss et al., 2006). The rapid
expansion of the progenitors in the VZ is balanced by apoptosis in this area. Although
PCD has been observed in post-mitotic neurons as well (Tau & Peterson, 2010). It
was shown that around 50% of neurons and their processes are naturally eliminated
during development (Dekkers et al., 2013). There are many theories to explain cell
death in the developing brain. The neurotrophic hypothesis explains apoptosis by
errors in the formation of neuronal connections, neuron afferent inputs, and efferent
targets (Buss et al., 2006). Another theory suggests that apoptotic cell death is typical
for neurons that fail to migrate correctly or send axons that cannot find their targets
(Finlay & Pallas, 1989).
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Mature neurons had to develop different strategies to avoid cell death, as they need to
function throughout the lifetime of the organism. One way to do this is to induce cell
death only if at least two apoptotic pathways are activated simultaneously. The other
is the expression of anti-apoptotic brakes, which could act upstream or downstream
of mitochondria. Every cell population in the mature nervous system has its own set
of anti-apoptotic strategies and understanding these can help to develop therapeutic
interventions for the treatment of neurodegenerative diseases (Benn & Woolf, 2004).

1.3.5 Initiation of Apoptosis

There are two well-understood mechanisms to initiate apoptotic cell death: the intrinsic
(mitochondrial) pathway and the extrinsic (death receptor) pathway (Sastry & Rao,
2000). Being an irreversible process, apoptosis activation is tightly controlled (Béhm &
Schild, 2003).

1.3.5.1 Death Receptor Pathway

Death receptors belong to the family of tumor necrosis factor receptors (TNFRs). They
are located on the plasma membrane and can bind TNF« or Fasl (Chen & Goeddel, 2002;
Raoul et al., 2000; Wajant, 2002). The main source of TNFa are activated macrophages.
Fas ligand is expressed mainly on the surface of lymphocytes in response to cell death
stimuli. Ligand binding leads to the activation of caspase 8 through the intermediate
proteins TNF receptor-associated death domain (TRADD) and Fas-associated death
domain (FADD). The activated caspase 8 eventually activates the effector caspase 3,
which then cleaves numerous cell proteins resulting in cell death (Blatt & Glick, 2001).

1.3.5.2 Mitochondrial Pathway

The integrity of the mitochondrial outer and inner membranes is essential for the
metabolism and survival of aerobic cells. Every permeabilization of the mitochondrial
membranes results in disruption of the electron transport chain and leads to rapid
cell death. This makes mitochondria a target for various pro-apoptotic proteins e. g.
Bcl2-associated protein X (Bax), Bcl2-associated agonist of cell death (Bad), and BH3
interacting domain death agonist (Bid) (Zimmermann et al., 2001). Those increase
mitochondrial permeability by creating pores in the outer membrane (Sastry & Rao,
2000). The loss of membrane integrity leads to the release of cytochrome c into the
cytoplasm. Cytoplasmatic cytochrome c binds apoptotic peptidase activating factor 1
(Apafl) and catalyzes its oligomerization. Apafl oligomers bind and activate initiator
caspase 9 (Yuan et al., 2010). The resulting protein complex is called apoptosome
(Acehan et al., 2002). The apoptosome, in turn, activates effector caspases e. g. 3, 6, 7.
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1.3.5.3 Bcl2 Protein Family

The intrinsic (mitochondrial) apoptosis pathway is regulated by interactions between
three structurally and functionally diverse subgroups of Bcl2-family proteins (Czabotar
et al., 2014). All members of the Bcl2-family share one or several Bcl2 homology do-
mains (BH1-BH4). The pro-survival family members like B cell leukemia/lymphoma 2
(Bcl2) itself, BCL2-like 1 (Bcl-XL), BCL2-like 2 (Bcl-W), myeloid cell leukemia se-
quence 1 (Mcll), or Bcl2-related protein Ala (Bcl2ala) as well as the pro-apoptotic
effector proteins Bax, Bcl2-antagonist/killer 1 (Bak), and Bcl2-related ovarian killer
(Bok) share four BH domains and have similar globular structures (Kvansakul et al.,
2008; Muchmore et al., 1996). Pro-apoptotic proteins like Bad, BCL2-like 11 (Bim),
Bcl2-interacting killer (Bik), Harakiri (Hrk), Bcl2 modifying factor (Bmf), Bcl2 binding
component 3 (Puma), phorbol-12-myristate-13-acetate-induced (Noxa), in contrast,
have only one BH3-domain and are shown to be an intrinsically unstructured sub-
group of the Bcl2-family (Hinds et al., 2007). BH3-only proteins serve as sensors
of cytotoxic stress and as initiators of the intrinsic apoptotic pathway (Tsujimoto &
Shimizu, 2000). Their BH3 domain binds pro-survival proteins of the Bcl2 family and
inactivates them (Happo et al., 2012). As a result, Bax and Bak (which are normally
inhibited by pro-survival Bcl2 proteins) become active and begin to form oligomers that
can permeabilize the outer mitochondrial membrane (Willis & Adams, 2005). Some
BH3-only proteins like activated Bid and Bim can directly bind and activate Bax or
Bak (Gavathiotis et al., 2008; Kuwana et al., 2005). The cell survival thus depends on
the balance of pro-apoptotic and anti-apoptotic Bcl2-family proteins (Hutt, 2015).

1.3.5.4 Caspases

Caspases belong to the family of proteolytic enzymes, that play a crucial role in
apoptosis and inflammation. The name was inspired by the common structure and
function of the proteins — cysteine-dependent aspartate-directed proteases. Cysteine
in the active site of the enzyme recognizes and cleaves a target protein always after
aspartic acid (Yuan et al., 1993). So far, 13 different caspases have been described in
humans. The set of caspases involved in apoptotic cell death is further divided into
two classes: initiator caspases (Casp 2, -8, -9, -10) and effector caspases (Casp 3, -6,
-7) (Hengartner, 2000; Adams, 2003). Activated initiator caspases trigger a cascade
reaction that activates other initiator and effector caspases. This results in the
degradation of many cellular proteins and ultimately in cell death (Shalini et al., 2015).
Mutations that decrease caspase activity are associated with cancer formation. In
contrast, caspase 3 over-activation leads to abundant apoptotic cell death in the brain
and can result in neurodegenerative diseases such as Alzheimer’s disease (Goodsell,
2000).
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1.3.5.5 Neurotrophins

During development, much more neurons are born than are necessary for the
normal function of the nervous system (Oppenheim, 1991). There are many theories
explaining the programmed cell death of almost half of all cortical neurons during
embryonal development (Southwell et al., 2012; Miller, 1995). One of the leading
hypotheses explaining neuronal apoptosis during development is the neurotrophic
theory. Neurotrophins are secreted growth factors that control neuronal differentiation,
growth, and survival of neurons in the nervous system (Hempstead, 2006; Reichardt,
2006; Allen & Dawbarn, 2006). The neurotrophic theory suggests that redundant
neurons compete with each other for a restricted amount of neurotrophins secreted
by the target cell. Neurons that do not receive enough neurotrophic factors are
eliminated by apoptosis (de la Rosa & de Pablo, 2000). The theory was strongly
supported by the isolation and description of the first neurotrophic factor — nerve
growth factor (Ngf) (Weltman, 1987). Only later it was shown that Ngf indeed promotes
differentiation and survival of sympathetic and sensory neurons and that it is expressed
mostly in the peripheral nervous system (Bradshaw et al., 1993). Until today three
more neurotrophins have been described: brain derived neurotrophic factor (Bdnf),
neurotrophin 3 (Ntf3), and Ntf5 (Hofer et al., 1990; Kandel et al., 2000). Receptors
that bind neurotrophins fall into two classes: receptor tyrosine kinases (Ntrk1, -2, and
-3) and nerve growth factor receptor (Ngfr). Ngfr binds all four neurotrophic factors,
whereas Ntrk1 is Ngf-specific, Ntrk2 binds Ntf5 and to a lesser extent Ntf3, and Ntrk3
bind predominantly Ntf3 (Teng et al., 2010; Sanes et al., 2000) while the activation
of receptor tyrosine kinases promotes cell survival. The activation of Ngfr promotes
apoptotic cell death (Squire et al., 2012; Kandel et al., 2000).

1.3.5.6 Transcriptional Control

Neurons constitutively express both, pro-apoptotic and pro-survival members of the
apoptotic machinery. Cell death is regulated by subtle alterations in the balance
between these members (Kumar & Cakouros, 2004). BHS3-only proteins play a
crucial role in the activation of apoptosis, as they inactivate pro-survival Bcl2-family
proteins (Adams, 2003). The BH3-only proteins, apart from being controlled by post-
translational modification, can be transcriptionally regulated (Puthalakath & Strasser,
2002).

Transcriptional control of developmental cell death is well studied in Caenorhabditis
elegans and Drosophila melanogaster. In these models, BH3-only proteins are often
transcriptionally regulated (Kumar & Cakouros, 2004). Programmed cell death
activator (egl-1) is the single analog of mammalian BH3-only proteins in C. elegans.
The promoter of the egl-1 gene contains a binding site for the bHLH transcription
factors hlh-2 and hlh-3. These factors are shown to transcriptionally activate egl-1
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(Thellmann et al., 2003). Cell death specification (ces-1), a snail-family zinc-finger
transcription factor, competes with bHLH proteins to bind the egl-1 promoter. This
directly represses the transcription of egl-1 and promotes cell survival (Metzstein
& Horvitz, 1999; Thellmann et al., 2003). Another zinc-finger transcription factor,
pag-3 can determine the fate of neuroblasts by regulating both differentiation and
programmed cell death (Cameron et al., 2002).

In mammals, at least four out of 10 described BH3-only genes are regulated at the
transcriptional level (Huang & Strasser, 2000). Among them are Hrk, Noxa, Puma and
Bim. Noxa and Puma are both regulated by transformation related protein 53 (Trp53),
a very important tumor suppressor (Oda et al., 2000; Nakano & Vousden, 2001). The
regulation of Bim expression requires Jun-kinase in neurons (Whitfield et al., 2001)
and the forkhead transcription factor FKHR-L1 in hematopoietic cells (Dijkers et al.,
2000). Hrk expression is neuron-specific, and it is up-regulated by amyloid 3 protein
treatment, by the removal of Ngf (Imaizumi et al., 1997), or by Jun-kinase (Harris &
Johnson, 2001; Bozyczko-Coyne et al., 2001)

1.4 Neuronal bHLH Proteins

B ASIC HELIX-LOOP-HELIX (bHLH) proteins form a large and diverse family of tran-
scription factors. More than 130 evolutionary conserved bHLH genes are known
in humans (Skinner et al., 2010). The bHLH domain consists of two conserved a-
helices connected by a short variable sequence, the loop. BHLH proteins usually
do homo- or heterodimerize to form functional DNA-binding protein complexes. The
targets of bHLH protein dimers are short DNA motives called enhancer boxes (E-boxes)
with the palindromic recognition sequence CANNTG (Longo et al., 2008). The spa-
tiotemporal expression of one dimerization partner is often strictly controlled while
the other partner is constitutively expressed. Examples of ubiquitously expressed
bHLH transcription factors are Tcf3 (E12/E47) or Tcf4 (E2.2), which form dimers with
other bHLH proteins to act as transcriptional activators (Flora et al., 2007; Ravanpay
& Olson, 2008). Certain HLH proteins lack the typical basic domain and therefore
form non-functional dimers that cannot bind DNA. Examples include the inhibitors of
DNA-binding (Id1/2/3/4). They act as competitive antagonists by inactivating other
transactivating bHLH family members (Murre et al., 1994).

Some bHLH proteins like Myc and HIF-1 are linked to cancer, as they are involved
in the control of cell growth and oncogenesis (Hsieh & Dang, 2016). Many tissue-
specifically expressed bHLH proteins are known to regulate cell-intrinsic differentiation
programs (Saba et al., 2005; Lee & Pfaff, 2003). Brain specifically expressed bHLH
transcription factors include, for example, the oligodendrocyte transcription factors
(Oligl/2/3), the Neurogenins (Neurogl/2/3), the nescient helix-loop-helix proteins
(Nhlh1/2), and the members of the NeuroD-family (Neurodl/2/4/6).
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1.4.1 Determination and Differentiation Factors

BHLH proteins play important roles in early and late brain development (Pleasure
et al., 2000). Proneural determination factors are typically expressed by multipotent
progenitor cells and commit those to the neuronal fate (Bertrand et al., 2002). Proneural
genes include eg Neurogl/2 (Ma et al., 1996) or Neurod1/4 (Roztocil et al., 1997; Lee
et al., 1995). Neuronal progenitor cells then start to express certain postmitotic
differentiation factors to establish the neuronal subtype. Differentiation factors include
eg Bhlhbb5 (Joshi et al., 2008) or Neurod1/2/6 (Schwab et al., 2000).

1.4.2 NeuroD-Family bHLH Genes

The NeuroD-family of neuronal bHLH transcription factors comprises the four closely
related genes Neurodl, Neurod2, Neurod4, and Neurod6 (Neurodl1/2/4/6). In the
mouse cerebral cortex, Neurod1, Neurod2, and Neurod6 start to be expressed around
E12, when the first pyramidal neuron precursor cells undergo terminal neuronal
differentiation and leave the VZ (fig 2a, e, i). These proteins have long been speculated
to be important for neuron survival and differentiation (Franklin et al., 2001; Kume
et al., 1996; Yasunami et al., 1996).

In comparison with Neurod1/2/6, expression of Neurod4 (Math3) is very low in the
developing mouse cerebral cortex (sect 4.10.5, footnote). Neurod4 expression was
reported in the dorsal VZ and Neurod4 was discussed as a co-factor of Neurod2
(Mattar et al., 2008). Not expecting any significant role in murine cortex development,
I focussed on Neurod1/2/6 and excluded Neurod4 in the following remarks.

1.4.2.1 Neurod1

Overexpression of Neurodl was shown to convert Xenopus ectodermal cells into
neurons (Lee et al., 1995) and to induce neurite outgrowth in vitro (Noma et al., 1999).
Neurodl is expressed not only in the CNS but also in the pancreas and intestine
(Naya et al., 1995). Genetic inactivation of Neurod1 (Beta2) in mice leads to apoptotic
elimination of insulin-secreting beta cells, which results in severe hyperglycemia and
ketonuria (Naya et al., 1997).

In the brain, Neurod1 is robustly expressed by pyramidal neurons in the hippocampus
and neocortex, and by granule neurons in the hippocampal dentate gyrus and
cerebellum. Genetic inactivation of Neurodl does not result in obvious defects or
reduction of pyramidal neurons. However, the number of cerebellar granule neurons
is dramatically reduced, and hippocampal granule cells undergo apoptosis, resulting
in mutant mice missing the dentate gyrus (Miyata et al., 1999). Kim and colleagues
showed that granule cell apoptosis can be prevented by additional inactivation of Bax,
a pro-apoptotic member of the Bcl2 family (Kim, 2012).
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Figure 2: Expression patterns of Neurod1/2/6 in the developing cerebral cortex

ISH for Neurod1 (a-d), Neurod2 (e-h), and Neurod6 (i-l) in sections of the cerebral cortex at E12, E14, E18, and P5.
Adapted from Bormuth (2016). Abbreviations on page 119.

1.4.2.2 Neurod?2

Neurod2 is exclusively expressed in the CNS including the cerebral cortex, amygdala,
cerebellum, hippocampus, pontine nucleus, hypothalamus, and the olfactory bulb
(Lin et al., 2004; Olson et al., 2001). The strongest expression level is detected shortly
after birth, and expression is maintained throughout adulthood (Schwab et al., 1998).
Neurod2 was shown to have numerous functions in neurogenesis, differentiation,
connectivity formation, and synaptic maturation (Konishi et al., 2000; Bormuth et al.,
2013; Ince-Dunn et al., 2006). Neurod2 was identified as a secondary response gene for
neuronal apoptosis in cerebellar granule neurons in vivo (Maino et al., 2014). Neuronal
survival in the amygdala depends on Neurod2 expression (Lin et al., 2005).

1.4.2.3 Neurod6

Expression patterns of Neurod6 are similar to Neurod2. Both genes are expressed by
postmitotic pyramidal neurons during embryogenesis. In the adult brain, Neurod6
is predominantly expressed by pyramidal neurons of the deeper neocortical layers
(Gummert, 2003; Goebbels, 2002). In vitro studies in PC12 cells implicated Neurod6
in the control of apoptosis (Uittenbogaard & Chiaramello, 2005; Uittenbogaard et al.,
2010) However these findings have never been applied to brain development, which
is not disturbed in Neurod6-deficient mice (Schwab et al., 1998, 2000; Goebbels
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et al., 2006) A recent study identified Neurod6 and its direct target gene phospholipid
phosphatase related 4 (Lppr4) (Yamada et al., 2008) as possible biomarkers for
Alzheimer’s disease (Satoh et al., 2014).

1.4.2.4 Functional Redundancy

Overlapping expression pattern of NeuroD-family transcription factors during embry-
onic development and high sequence similarity within the bHLH domain suggests
functional redundancy of Neurod1, Neurod2, and Neurod6 (fig 2). Pyramidal neuron
differentiation and survival do not essentially depend on any single of the three genes
(Schwab et al., 2000; Bormuth, 2016), supporting the assumption of functional re-
dundancy. Simultaneous inactivation of Neurod2 and Neurod6 leads to a mild loss
of pyramidal neurons and reduced cortical connectivity in the absence of the corpus
callosum (Bormuth et al., 2013; Yan, 2016). Neurod2/6 double-deficient animals
show compensatory upregulation of Neurodl in the hippocampus and CP. Additional
inactivation of Neurod1 results in the loss of most hippocampal pyramidal neurons
and microtelencephaly at postnatal day (P) 1 (Bormuth, 2016).

1.4.2.5 Neurod1/2/6 Deficient Mice

Based on the assumption that Neurod1l, Neurod2, and Neurod6 regulate pyramidal
neuron differentiation and survival in a critical but highly redundant manner, I started
to further analyze Neurod1/2/6 triple-deficient mice with a focus on pyramidal neuron
survival and generation of the pyramidal neuron identity during embryonic cortex
development.

The Neurod1/2/6 triple-deficient mouse model is partly conditional and based on
the following transgenic mouse lines: In Neurod6-Cre (Nex-Cre) mice (Goebbels
et al., 2006), the entire open reading frame (ORF) of Neurod6 was replaced by Cre-
recombinase (fig 3c), which allows visualizing putatively Neurod6-expressing cells
using immunohistochemistry (IHC) for Cre and to drive genetic recombination in
the Neurod6-lineage of cells. In Neurod2-Null (NDRF-Null) mice (Bormuth et al.,
2013), the entire ORF of Neurod2 was replaced by a neomycin resistance cassette
(fig 3b). In Neurod1-Flox mice (Goebbels et al., 2005), the entire ORF of Neurod1 was
flanked by LoxP sites (fig 3a), which does not inactivate Neurod1 per se but allows for
conditional inactivation of Neurod1 in Cre-expressing cells. Crossing Neurod1-Flox
and Neurod6-Cre mice results in permanent inactivation of Neurod1 specifically in the
Neurod6-lineage of cells (mostly postmitotic pyramidal neurons of the cerebral cortex
and granule cells of the dentate gyrus).

Neurod1/2/6 triple-deficient embryos were generated by breeding male and female
mice with the genotype Neurod11°%/19X x Neurod2®"/"! x Neurod6°®/°r¢(Neurod1/6
double-deficient and heterozygous for Neurod2). The ratio of triple-deficient offspring
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Figure 3: Targeting constructs for the inactivation of Neurod1/2/6

(a) Classical inactivation of Neurod6 by replacing the ORF with Cre-recombinase, which is expressed under the control
of the Neurod6-promoter. (b) Classical inactivation of Neurod2 by removing the ORF. (¢) Conditional inactivation of
Neurod1 by flanking the ORF with LoxP recognition sequences. The neomycin resistance cassettes include bacterial
promoters, not shown. Adapted from Bormuth (2016).

was 25%. Due to breathing abnormalities, newborn triple-deficient pups would die
shortly after birth. Thus, only embryonic tissue was used in this study. As previously
described, the brains of Neurod1/2/6 triple-deficient mice were approximately 25%
smaller than those of control animals at E19 (Bormuth, 2016). Volume reduction could
be explained by decreased white and gray matter. Neurod1/2/6 triple-deficient embryos
did lack most hippocampal and intracortical fiber tracts, especially the caudomedial
cerebral cortex reduced in volume, and hippocampal pyramidal neurons were almost
completely missing.

1.5 Aims of this Study

B ASIC HELIX-LOOP-HELIX transcriptional factors are key regulators of cellular de-

termination and differentiation processes (Arnold & Winter, 1998). Neuronal
bHLH proteins of the NeuroD-family are important for neuronal survival in-vitro (Uit-
tenbogaard & Chiaramello, 2005; Uittenbogaard et al., 2009) and in-vivo in the dentate
gyrus (Liu et al., 2000; Schwab et al., 2000), cerebellum (Olson et al., 2001), amygdala
(Lin et al., 2005), spinal cord (Brohl et al., 2008), retina (Cherry et al., 2011), and
cerebral cortex (Bormuth, 2016). Neurod1/2/6 are essential for the connectivity of
pyramidal neurons in the cerebral neocortex (Ince-Dunn et al., 2006; Bormuth et al.,
2013) Detailed molecular mechanisms for these findings have not been proposed.

This dissertation project aims to identify and understand new functions of
Neurod1/2/6 in pyramidal neuron differentiation and cerebral cortex development.
Building upon initial observations of neuronal misdifferentiation and developmental
cell death in the absence of those factors (Miyata et al., 1999; Schwab et al., 2000;
Olson et al., 2001; Bormuth, 2016; Yan, 2016), I focus on the transcriptional control
of pyramidal neuron identity and apoptosis during early cortex development. Specific
questions are:
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* The volume of the cerebral cortex is strongly reduced in newborn Neurodl1/2/6
triple-deficient mice (Bormuth, 2016). — Is this due to decreased production
and/or increased loss of pyramidal neurons?

¢ The inactivation of different NeuroD-family transcription factors results in apop-
totic loss of defined sets of cortical neurons while others (that also do normally
express the deleted genes) are not affected (Schwab et al., 2000; Lin et al., 2005;
Bormuth, 2016). — Which molecular mechanisms trigger and execute apoptosis
in the vulnerable cells? Do these mechanisms rely on other factors that are specif-
ically active in certain subpopulations of Neurod1/2/6-positive neurons? Is the
apoptotic loss of pyramidal neurons normally prevented by purely cell-intrinsic
mechanisms or are cell-extrinsic signals involved?

* The simultaneous inactivation of Neurod2 /6 results in compensatory upregulation
of Neurod1-expression (Bormuth, 2016) and an abnormal increase of mitotically
active Neurod1 /Tbr2-positive cells (putatively bIPCs) in the SVZ (Yan, 2016; Li,
2017). — Does the additional inactivation of Neurod1l result in a decrease or a
further increase of these abnormal bIPCs? Is the increase of Neurod1-expression
in the SVZ a cause or an effect of the bRGC accumulation?

¢ At birth, different subsets of pyramidal neurons appear to have migrated ab-
normally in Neurod1/2/6 triple-deficient mice (Bormuth, 2016). — Can these
migration defects be directly visualized at embryonic stages? Can migration be
rescued by reestablishing the expression of Neurod1/2/6 (or appropriate target
genes) in scattered cells of the developing cortex?

* Preliminary data (Yan, 2016) suggests that conditional overexpression of
Neurod2/6 in the neocortex of Neurod2/6 double-deficient embryos might lead to
the loss of Pax6 in the VZ. This suggests a feedback signal from Neurod6-positive
neurons in the SVZ/CP towards Pax6-positive RGCs that are located in the VZ
and did never express Neurod2/6. — Can the same effect be reproduced in
Neurod1/2/6 triple-deficient mice?

* What are the most important target genes of Neurod1/2/6 in the developing
cerebral cortex? Which of these are known to influence the identity or survival of
pyramidal neurons?
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2 Results

O INVESTIGATE FUNCTIONS of NeuroD-family transcription factors during cere-

bral cortex development, I analyzed Neurod1/2/6 triple-deficient mouse embryos

at several time points between the onset of Neurod6-expression at E12 and

the end of pregnancy at E20/P0O. The following provides a detailed description of

the embryonic phenotype focussing on production, identities, radial migration, and

premature death of Neurodl/2/6-deficient cortical pyramidal neurons. I used in

utero electroporation (IUE) to restore the expression of Neurod2 or Neurod6 and of

potential target genes in a subset of differentiating pyramidal neurons of the developing

Neurodl/2/6-deficient cerebral cortex. To identify new target genes of Neurod1/2/6, 1

compared the neocortical transcriptomes of triple-deficient and control embryos and
followed up on the most promising candidates.

2.1 Cell Death in the Developing Cortex

IMMUNOHISTOCHEMISTRY (IHC) for activated caspase 3 is a simple and sensitive
method to visualize apoptotic cells in fixed tissue sections (sect 1.3.5.4). Following
up on the finding of reduced cortex size and increased cell death in the hippocampus
and neocortex of newborn Neurodl/2/6 triple-deficient mice (Bormuth, 2016), I
systematically studied caspase 3 activity throughout the embryonic phase of cerebral
cortex development.

The number of apoptotic cells was increased to varying extents at all examined stages
(fig 4). Apoptosis was particularly high at E14 and E15 when in some areas of the
cortex most cells were apparently in the process of dying (fig 4b’, ¢’). At E16 and E19,
apoptosis rates were still significantly increased but orders of magnitude lower than at
E14/15 (fig 4d’, e).

Strong activation of caspase 3 was confined to the hippocampus and caudomedial
neocortex but absent from the rhinencephalon and rostrolateral neocortex (fig 5). The
border between highly and hardly apoptotic areas of the cortex was surprisingly sharp
(arrowheads in fig 4 and fig 5). I stained consecutive coronal paraffin sections and
generated three-dimensional reconstructions of entire brains. The cerebral cortex was
clearly divided into a dorsal portion with very high caspase 3 activity, and a ventral
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Apoptosis Results
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Figure 4: Temporal restriction of cortical apoptosis

IHC for activated caspase 3 (green), TUNEL labeling (red), and DAPI counterstaining (blue) in coronal brain sections
of Neurod1/2/6 triple-deficient embryos (TKO) and Neurod1/6 double-deficient littermate controls during cerebral
cortex development (E13—E19). Small arrows denote cells with strong caspase 3 activity. Arrowheads mark the
sharp border of strong apoptosis in the central neocortex of Neurod1/2/6 triple-deficient mice. Abbreviations on
page 119.

portion with low caspase 3 activity. The sharp borderline did approximately follow the
horizontal plane at the level of the interventricular foramina of Monro (arrowheads
in fig 5b). I am not aware of any genes whose expression patterns would follow this
pattern. Notably, the caspase 3 gene itself (procaspase 3) is uniformly expressed in the
postmitotic compartment of the entire embryonic telencephalon (eg. CP, CA, OB).!

2.1.1 Hippocampus

The hippocampus of newborn Neurod1/2/6-deficient mice is severely hypoplastic and
virtually devoid of differentiated pyramidal neurons. Neuronal precursor cells are
generated in the VZ of the CA, but they presumably undergo apoptosis shortly after
the putative onset of Neurod6 expression (Bormuth, 2016).

I used IHC for caspase 3 with DAPI counterstaining at E15 and E17 to confirm
apoptotic cells in the postmitotic compartment (but not in the VZ and lower SVZ) of
the hippocampal CA1-3 and the adjacent cingulate cortex (fig 6¢). The total number
of dying cells was much higher at embryonic stages than what had previously been
reported for newborn mice (Bormuth, 2016). This suggests that the biggest part of the
hippocampal pyramidal neuron progenitor pool is already lost before birth.

The rate of apoptosis was gene-dosage dependent in the hippocampus, but not in
the neocortex. Strong activation of caspase 3 in the caudomedial neocortex was only
observed in Neurod1/2/6-deficient embryos (fig 6¢, €), but not in control littermates
that expressed at least a single copy of Neurod?2 (fig 6b, d) at E15 and E17. In the

'In situ hybridization for caspase 3 at E13, E15, E18 and P4:
http://developingmouse.brain-map.org/gene/show/12152
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Figure 5: Spatial restriction of cortical apoptosis

IHC for activated caspase 3 (red) and DAPI counterstaining (blue) in coronal brain sections of Neurod1/2/6 triple-
deficient mice (TKO) and Neurod1/6 double-deficient littermate controls at E15. (a) Example section at the level of
the interventricular foramen. (b) 3-dimensional reconstruction of an entire Neurod1/2/6 triple-deficient brain using 75
consecutive coronal brain sections. Arrowheads mark the sharp border of strong apoptosis in the central neocortex
of Neurod1/2/6 triple-deficient mice. Labeled axes visualize the spatial orientation (d: dorsal; m: medial; r: rostral).
Abbreviations on page 119.

hippocampal CA, two functional alleles of Neurod2 reliably prevented significant
apoptosis (fig 6a) while a single allele (Neurod2 gene-dosage reduction) was not
sufficient (fig 6b, d).

As expected from the largely postmitotic expression patterns of Neurod-family tran-
scription factors (sect 1.4.2), mitotic activity of the hippocampal neuroepithelium was
comparable in controls and Neurodl/2/6-deficient mouse embryos: Hippocampal
pyramidal neurons are normally born between E12 and birth, with the peak of neu-
rogenesis occurring approximately at E15/E16 (Hayashi et al., 2015). IHC for the
RGC-specifically expressed transcription factor Pax6 at E16 demonstrated normal
thickness of the sharply delineated VZ in Neurod1/2/6-deficient mice (fig 7a).

IHC for Ki67, a nuclear protein that is present during all phases of the active cell cycle
(G1, S, G2, M) but absent from quiescent cells (Gg), showed comparable numbers of
mitotic cells in the hippocampal neuroepithelium at E15 (red in fig 7b). The latter was
confirmed by intraperitoneally injecting 4 mg of the tyrosine-analog bromodeoxyuridine
(BrdU) to pregnant mice at E14 and co-staining embryonic tissue that had been fixed
24 h later (at E15) using a BrdU antibody (green in fig 7b). BrdU can readily penetrate
the blood-placental barrier before it is quickly eliminated from the maternal and
embryonic bodies. During a time window of approximately 20 minutes (min), BrdU
is incorporated into the newly synthesized DNA strand of cells that are currently in
S-phase. This permanently labels a defined subset of all currently dividing cells and
their direct progeny!(Martynoga et al., 2005). The compartment of BrdU-positive
cells was larger than that of actively cycling Ki67-positive cells (green vs red in
fig 7b). This demonstrates that the cell cycle length in the developing hippocampus

!Consecutive cell divisions result in a gradual dilution of the BrdU signal because the labeled chromo-
somes are divided between the daughter cells.
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Figure 6: Dosage dependency of hippocampal apoptosis

IHC for activated caspase 3 (red) and DAPI counterstaining (blue) in coronal brain sections of Neurod1/2/6 triple-
deficient embryos (TKO) and Neurod1/6 double-deficient littermate controls at E15 (a—c) and E17 (d—e). In the
neocortex, significant numbers of apoptotic cells were only observed in Neurod1/2/6 triple-deficient embryos (c, e)
but not in control littermates that expressed a single copy of Neurod2 (b, d). In the hippocampus, apoptosis was
significantly increased in control embryos that expressed a single copy of Neurod2 (b, d) but only mildly increased in
control littermates that expressed two copies of Neurod2 (a). Small arrows denote cells with strong caspase 3 activity.
Arrowheads mark the sharp border of strong apoptosis in the central neocortex of Neurod1/2/6 triple-deficient mice.
Abbreviations on page 119.

is substantially shorter than 24 hours and that postmitotic neurons migrate radially
away from the neurogenic VZ and SVZ into the IZ. The numbers and the spatial
distribution of BrdU-positive and at the same time Ki67-negative cells were comparable
in Neurod1/2/6-deficient and control embryos (only green fig 7b). This suggests that
early postmitotic pyramidal neuron differentiation to the transient multipolar stage of
the IZ is independent of Neurod1/2/6.

In-situ hybridization (ISH) for the IPC-specifically expressed transcription factor Thr2
at E16 suggests a moderately increased thickness of the SVZ (fig 7c). Tbr2 is known
to be important in activating the projection neuron-specific genes such as Tbrl,
and in repressing the neuronal progenitor genes like Pax6(Hevner, 2019). ISH for
vesicular glutamate transporter 1 (Vglutl) vesicular glutamate transporter type 1,
at E16 confirmed the absence of terminally differentiated glutamatergic pyramidal
neurons from the hippocampus of Neurod1/2/6-deficient mouse embryos (fig 7d).
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Figure 7: Differentiation of hippocampal pyramidal neurons

(a) IHC for Pax6 (green) at E16 shows the VZ not to be reduced in thickness or density. (b) Following intraperitoneal
injection of BrdU at E14, double IHC for Ki67 (red) and BrdU (green) at E15 confirm comparable numbers of currently
and recently born cells in the hippocampal VZ and SVZ. (¢) ISH for Tbr2 (blue) at E16 reveals the number of IPCs
not to be decreased but rather increased in the hippocampus of Neurod1/2/6-deficient mice. (d) ISH for Vglut1 at
E16 confirms the absence of functional pyramidal neurons in the hippocampus and medial neocortex of Neurod1/2/6-
deficient mouse embryos. Asterisks denote strongly reduced expression in the cortex of Neurod1/2/6-deficient mice.
Abbreviations on page 119.

2.1.2 Neocortex

Cell death rates in the neocortex of Neurod1/2/6-deficient mice were very dynamic
over time (fig 8). The relative number of apoptotic cells increased quickly after E13
and reached its maximum between E14 and E15, the time when deep layer neurons
normally migrate into the CP. During that time window, the majority of cells in the
emerging CP were positive for activated caspase 3 or fragmented DNA as visualized by
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (fig 8b, c). At
later stages, when typically upper layer neurons and glial cells invade the CP, apoptosis
was still increased but orders of magnitude weaker than before (fig 8d, e).

Naturally occurring cell death at these stages is mostly confined to precursor cells in the
proliferative zones (VZ/SVZ). Apoptosis of these cells is thought to be important to select
neuronal precursors before they fully differentiate into pyramidal neurons (Blaschke
et al., 1996). In contrast to this mechanism, most apoptotic cells of Neurod1/2/6-
deficient embryos were located in the CP.
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Figure 8: Apoptosis during development of the CP

Simultaneous visualization of caspase 3 activation (red), DNA fragmentation (TUNEL in green), and double-stranded

DNA (DAPI counterstaining in blue). The images in ¢ approximately correspond to the boxed areas in fig 4c, .
Abbreviations on page 119.

2.2 Pyramidal Neuron Identity

‘ N 7 HILE IN NEUROD1/2/6-DEFICIENT MICE hippocampal and early-born neocortical

pyramidal neurons mostly undergo apoptosis at an immature stage (sect 2.1),
later-born neurons of the neocortex usually survive and differentiate to varying
degrees. At birth, most surviving pyramidal neurons fail to express typical markers
of layer-specific identity or terminal differentiation, and their axons do not reach
their putative targets. However, a small subset of spinal projection neurons can grow
axons that reach down to the spinal cord (Bormuth, 2016). To further investigate
functions of Neurod1/2/6 that drive pyramidal neuron differentiation and influence
the establishment of certain pyramidal subtype identities, I stained brain sections at
several developmental stages for typical marker proteins.

Expression levels of Pax6 and the numbers of Pax6-positive cells appeared unchanged
in Neurodl/2/6-deficient mice at E13 (red in fig 9a), E16 (green in fig 7a), and E19
(not shown). This had been expected, as the neuroepithelium (and specifically Pax6-
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Figure 9: Acquisition of pyramidal neuron identity during neocortex development

(a) IHC for Pax6 (red, RGCs in the VZ) and Sox5 (green, corticofugal neurons in layer 6), (b) for Tbr1 (red, strong
in layer 6, weaker in SVZ) with DAPI counterstaining (blue), (¢) for Ctip2 (red, corticospinal neurons) and Satb2
(green, callosal neurons) at E13. (d) IHC for Tbr2 (red, BPCs in the SVZ), Sox5 (green) and activated caspase 3
(blue, apoptotic cells), (e) for Tbr1 (green) and Brn2 (red, radially migrating upper layer neurons), (f) for Ctip2 (red)
and Satb2 (green) at E15. (g) IHC for Sox5 (red) and Ctip2 (green), (h) for Tbr1 (red) with DAPI counterstaining
(blue), (i) for Satb2 (red), Ctip2 (green) and Tbr2 (blue) at E19. The dotted circle marks a local accumulation of
Satb2/Ctip2 double-positive cells in the lower CP. Asterisks and number signs denote strong changes in the number
of cells that were clearly positive for the stained marker protein (decrease and increase in Neurod1/2/6-deficient mice,
respectively). Abbreviations on page 119.

positive RGCs in the cortical VZ) are generally negative for Neurod1/2/6 (Schwab
et al., 1998; Goebbels et al., 2006; Bormuth, 2016). Genetic inactivation of the three
NeuroD-factors has thus no direct effect on these cells. The possibility of mild indirect
effects, e.g. a diffusible feedback signal from the CP to the VZ, were investigated by
quantitative means (sect 2.4, compare Yan 2016, 5.10).
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The number of cortical cells expressing SRY-box 5 (Sox5) was strongly reduced in
Neurod1/2/6-deficient mice at E13 (green in fig 9a), E15 (green in fig 9d), and E19
(red in fig 9g). During normal cortex development, Sox5 is robustly expressed by
corticofugal pyramidal neurons in layer 6, weaker expressed by corticospinal neurons
in layer 5, and mostly absent from upper layers (Lai et al., 2008). Immunostaining
for Sox5 thus labels the first wave of terminally differentiated pyramidal neurons that
invade the CP at E12/13; these cells were mostly lost in Neurod1/2/6-deficient mice
(compare sect 2.1.2).

T-box brain 1 (Tbrl) is a transcription factor acting upstream of Sox5, driving the
molecular identity of layer 6 and inhibiting that of layer 5 (Bedogni et al., 2010). The
number of strongly Tbrl-expressing cells was reduced in the CP of Neurodl/2/6-
deficient mice at E13 (red in fig 9b), E15 (green in fig 9¢), and E19 (red in fig 9h).
However, the number of weakly Tbrl-expressing cells in the SVZ and 1Z was not
reduced but rather increased (fig 9h).

COUP-TF interacting 2 (Ctip2) is a well-established marker of corticospinal projection
neurons in layer 5, where its expression level is particularly high. While immature
pyramidal neurons of other layers do transiently express Ctip2 at lower levels, robust
expression is inhibited by other identity-generating transcription factors such as Satb2
in callosal projection neurons (Srinivasan et al., 2012) or Tbr1 (indirectly via Fezf2) in
layer 6 (Han et al., 2011). Ctip2 expression levels and the number of Ctip2-positive
cells were only mildly reduced in the neocortex of Neurod1/2/6-deficient mice at E13
(red in fig 9c), a time-point when normally most corticospinal projection neurons have
been born but are still migrating into the CP. Two days later, at E15, the number
of strongly Ctip2-positive cells in the CP was reduced while the number of weakly
Ctip2-positive cells in the SVZ/IZ was increased (red in fig 9f). This could be explained
by a combination of cell death and temporal delay of pyramidal neuron differentiation
in the absence of Neurod1/2/6. At E19, when deeper layer neurons have normally
settled at their final position in the CP, the number of Ctip2-positive cells was reduced
in Neurod1/2/6-deficient mice (fig 9¢g, i). The number and distribution of the remaining
Ctip2-positive cells varied substantially in different areas of the cerebral cortex (fig 10a).

Special AT-rich sequence binding protein 2 (Satb2) promotes the fate of callosally
projecting pyramidal neurons in layers 2, 3, and 5 by repressing other factors that
promote alternative fates, e.g. Ctip2 (Britanova et al., 2008; Baranek et al., 2012),
Lmo4, Foxp2, Sox5, or Tle4 (Whitton et al., 2018). At E13, migrating pyramidal
neurons in the SVZ and early CP do normally express Satb2 at moderate levels. Satb2-
protein was detectable in the SVZ and CP of Neurodl/2/6-deficient embryos, but
the level of expression was clearly decreased in comparison to control littermates
(green in fig 9c; confirmed in tab 4). At E15, Satb2 is normally robustly expressed
by pyramidal neurons that migrate radially in the IZ or that recently settled in the
CP. This was not the case in Neurod1/2/6-deficient mice where only few cells in the
CP were clearly Satb2-positive and where Satb2 was not detectable in the IZ (green
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Figure 10: Regional differences of pyramidal neuron identity
(a) IHC for Satb2 (red), Ctip2 (green) and Tbr2 (blue) at E19. (b-e) ISH for (b) Cux1, (¢) Cux2, (d) Satb2, and
(e) NeuN at E16. Dotted circles mark local accumulations of Satb2/Ctip2 double-positive cells in the lower CP.
Asterisks and number signs denote strong changes in the number of cells that were clearly positive for the stained
marker protein (decrease and increase in Neurod1/2/6-deficient mice, respectively). Abbreviations on page 119.

in fig 9f; E16 in fig 10d). Interestingly, this loss of Satb2 was only transient: At
E19, Satb2-expression is normally particularly strong in pyramidal neurons that have
already settled in layer 2/3 and weaker in those that still migrate radially in the CP or
IZ. This principle pattern was maintained in Neurod1l/2/6-deficient mice, although
the CP was significantly thinner and its strict layering was significantly disturbed
(red in fig 9i; fig 10a). Most Satb2-positive/Ctip2-negative cells (putative upper layer
neurons) had migrated into the upper CP and were situated above a population of
Satb2-negative/Ctip2-positive cells (putative deeper layer neurons). However, an
abnormal population of Satb2/Ctip2 double-positive cells clustered below the CP and
above the enlarged SVZ (dotted circles in fig 9i and fig 10a).
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Tbr2 is normally expressed in IPCs that are located in the SVZ of the developing
cortex (sect 1.2.1). As already shown for the hippocampus (sect 2.1.1), the number of
Tbr2-positive cells was strongly increased in the SVZ/IZ of the Neurod1/2/6-deficient
neocortex at E19 (blue in fig 9i).

The layer-specific expression of Satb2, Ctip2, and Tbr2 is normally relatively homoge-
neous across the neocortical surface but showed regional alterations in Neurod1/2/6-
deficient mice at E19 (fig 10a). Patched accumulations of Ctip2/Satb2 double-positive
or double-negative cells in the lower CP were mostly defined to the lateral neocortex
(dotted circles in fig 10a, d) while the medial neocortex showed a loss of Satb2 and an
expansion of Ctip2 expression (asterisks fig 10a, d).

Cut-like homeobox 1 (Cuxl1) is normally exclusively expressed in pyramidal neurons
of the upper neocortical layers (Nieto et al., 2004). In Neurod1/2/6-deficient mice,
Cux1 expression was not detectable by ISH at E16 (fig 10b). Cut-like homeobox 2
(Cux2) is normally expressed by IPCs in the SVZ and pyramidal neurons of the upper
cortical layers (Nieto et al., 2004). In Neurod1/2/6-deficient mice, the Cux2 expression
domain in the SVZ was similarly expanded as that of Tbr2; Cux2 expression in the
CP was reduced but still detectable by ISH at E16 (fig 10c). The expression of the
pan-neuronal RNA-binding protein neuronal nuclear antigen (NeuN) was reduced as
shown by ISH at E16 (fig 10e).

2.3 Radial Migration

HAVING OBSERVED the abnormally clustered rather than a layered distribution of

Satb2/Ctip2-positive neurons in Neurod1/2/6-deficient animals at E19 (fig 9i;
fig 10a), I set out to examine pyramidal neuron migration more mechanistically and at
earlier developmental stages.

Timed injections of thymidine analogs followed by co-staining with molecular markers
allow correlating the molecular identity of migrated neurons with the cell’s time-of-
birth, which in turn reflects the onset of radial migration in the cortical VZ/SVZ. To
cover the relevant phases of neocortex development (sect 1.2.1) and to allow labeled
cells to terminate radial migration before analysis at E19, I serially injected idoxuridine
(IdU) at E12 (to label layer 6), BrdU at E13 (to label layer 5), and ethynyl desoxyuridine
(EdU) at E14 (to label layer 4 and early upper layers).

In control animals, co-staining with Ctip2 or Satb2 confirmed that early-born
(IdU/BrdU-positive) neurons settled in the deeper neocortical layers 5/6 (co-
localization with strong/weak expression of Ctip2 in fig 11a, respectively) while
later-born (EdU-positive) neurons settled in upper layers (co-localization with Satb2
in fig 11b). The pattern of radial migration, however, was severely disturbed in
Neurod1/2/6-deficient mice. Especially later-born (EdU-positive) cells had failed

39



Radial Migration Results

| E19 [| E15 [| E16 |
[ Control || TKO || Control || TKO || Control || TKO |
[a [ 1dU/BrdU EdU Ctip2 |[c [  pVim CaspDAPI  |[e | Apoer2 |

(b [ BrdUEdU Satb2  |[d | Reelin DAPI A Dab1

MZ

it Gl

Figure 11: Radial Migration at Birth

(a, b) Birthdating of cortical pyramidal neurons by serial injections of IdU at E12, BrdU at E13, and EdU at E14; brains
were fixed at E19. (a) IHC for EdU (green), IdU/BrdU (red), and Ctip2 (blue). (b) IHC for EdU (green), IdU (red) and
Satb2 (blue). (c) IHC for pVimentin (red), activated Caspase (green), and DAPI counterstaining (blue) at E15; arrows
point to pVimentin-positive basal processes of RGCs. (d) IHC for Reelin (red) and nuclear counterstaining using
DAPI (blue) at E15; arrows point to pyknotic cells. (e) ISH for Apoer2 (blue) at E16. (f) ISH for Dab1 (blue) at E16.
Asterisks and humber signs denote strong changes in the number of cells that were clearly positive for the stained
marker protein (decrease and increase in Neurod1/2/6-deficient mice, respectively). Abbreviations on page 119.

to migrate into the CP by E19. Those cells were stuck in the putative SVZ below
(apically of) the Ctip2-positive expression domain (fig 11a), where I had previously
observed accumulations of Tbr2- and Cux2-positive IPCs (sect 2.2). The migratory
pattern of early-born cells was less obvious in Neurodl/2/6-deficient mice with
IdU/BrdU-positive cells spreading the entire cortex, partially co-localizing with Satb2
(fig 11Db).

Radial migration in the cerebral cortex is guided along the radially orientated basal
processes of RGCs (sect 1.2.2). IHC for phosphorylated Vimentin at E15 did label RGCs
with their cell bodies located in the VZ and their basal processes radially spanning the
entire cortical anlage to reach the MZ equally in controls and Neurodl/2/6-deficient
mice (red signal and arrows in fig 11c).
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For proper radial migration, young pyramidal neurons need to correctly interact with
the radially oriented basal processes of RGCs. Attachment and detachment are thought
to be mediated by reelin-signaling from Cajal-Retzius cells in the MZ (sect 1.2.2). IHC
for reelin at E15 confirmed the presence of reelin-secreting Cajal-Retzius cells in the
MZ in Neurod1/2/6-deficient mice (red in fig 11d).

Expression of the reelin receptors apolipoprotein receptor related 8 (Apoer2) and very
low density lipoprotein receptor (Vldlr) did not show significant differences by ISH at
E16 (fig 11e; not shown) and by RNA deep sequencing (RNA-Seq) at E13 (tab 4) in
control versus Neurodl/2/6-deficient mice.

Intracellularly, reelin-signaling is mediated by the cytoplasmatic adaptor protein
disabled homolog 1 (Dabl) and its target lissencephaly 1 (Lis1). Genetic inactivation
of Dabl has previously been shown to result in the inability of radially migrating
neurons to enter the CP and in the accumulation of multipolar neurons in the SVZ/IZ
(Franco et al., 2011). In Neurod1/2/6-deficient mice, neocortical expression of Dab1l
and Lis1 is substantially reduced, as shown by ISH at E16 (fig 11f; not shown) and
by RNA-Seq at E13 (tab 4). Disturbed intracellular reelin signaling might partially
explain failed radial migration into the CP and cellular accumulation in the SVZ/IZ of
Neurodl/2/6-deficient mice.

I used in utero electroporation (IUE) of green fluorescent protein (GFP) at E14.5 to
selectively label a subset of later-born neurons in the developing neocortex. In control
mice, co-staining of GFP with Ctip2 and Satb2 at E19 visualized individual radially
oriented pyramidal neurons that had mostly migrated into the Satb2-positive upper
layers of the CP (arrows in fig 12a); apical dendrites had reached the MZ above the
Satb2-positive expression domain; and basal axons had grown tangentially below the
IZ to form the coronal radiation (CR), the principal axonal output tract of the neocortex
(fig 12a). In Neurod1-2-6-deficient animals, however, the number of surviving GFP-
positive neurons in the CP was substantially reduced (fig 12b); remaining neurons
mostly were of multipolar rather than pyramidal morphology (arrowheads in fig 12b);
only few GFP-positive apical processes had reached the thin MZ; and bundled axon
outgrowth or formation of the typical CR were not visible (fig 12b).

To test whether the inability of most Neurod1/2/6-deficient pyramidal neurons to
migrate radially into the CP is caused by cell-intrinsic defects or rather by cell-extrinsic
effects from the surrounding tissue environment, I used early IUE at E13 to rescue
the expression of Neurod2/6 in a small subset of neurons within the otherwise
Neurod1/2/6-deficient developing neocortex. The brains were fixed and stained at
E15; this time-point was chosen as a compromise: late enough to allow for at least two
days of radial migration, but early enough to reduce secondary effects from massive
cortical apoptosis (sect 2.1.2). Neurod2 or Neurod6 were bicistronically expressed from
the synthetic chicken beta actin based (CAG) promoter followed by an IRES and GFP
for visualization (sect 4.8.1).
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Figure 12: Radial Migration

(a,b) IUE of GFP at E14 followed by IHC for GFP (green), Satb2 (red), and Ctip2 (blue) at E19. (c-e) Bicicstronic IUE
of (¢) only GFP (control), (d) Neurod2 and GFP, (e) Neurod6é and GFP into the neocortex of Neurod1/2/6-deficient
mouse embryos at E13 followed by IHC for GFP (green), activated caspase 3 (red), and DAPI counterstaining (blue)
at E15. Arrows and arrowheads mark clearly radially and not radially oriented cells, respectively. Abbreviations on
page 119.

Following the electroporation of only GFP into the Neurod1/2/6-deficient neocortex at
E13 (no rescue), labeled pyramidal neurons had migrated radially by E15 (fig 12c). The
number of GFP-positive cells was not as strongly reduced as at E19 (fig 12c vs b). Most
GFP-positive cells were of multipolar rather than pyramidal morphology (arrowheads in
fig 12c). Apical dendrites have not reached the MZ and an axonal output tract was not
visible below the CP (asterisk in fig 12c). Following the electroporation of either Neurod2
or Neurod6 (rescue), however, GFP-positive cells within the Neurod1/2/6-deficient
neocortex showed the morphology of typical pyramidal neurons (arrows in fig 12d, e).
Apical dendrites mostly reached the MZ and GFP-positive axons accumulated below
the CP (Ax in fig 12d, e).

These cellular rescue experiments showed that the cell morphological and migrational
defects in neocortical pyramidal neurons of Neurod1/2/6 triple-deficient mice are
mostly cell-intrinsic.
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Cell Cycle Results
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Figure 13: Cell cycle parameters in the developing cerebral cortex

IdU and BrdU were sequentially injected at E13 with an interval of 90 min. Coronal brain sections from rostral and
caudal levels were co-stained for BrdU (BrdU-specific antibody; red), BrdU/IdU (antibody recognizing both BrdU
and IdU; green in a and b) or Ki67 (green in c¢), and double-stranded DNA (DAPI, blue). (a) Overview sections
at the caudal level. (b) The time of S-phase in hours was calculated by Ts = 1.5 h x (BrdU/IdU-positive cells /
only IdU-positive cells) = 1.5 h x yellow cells / green cells. (¢) The time of cell cycle in hours was calculated by T¢ =
Ts x Ki67-positive cells / BrdU- or IdU-positive cells = Ts x green cells / red cells. Abbreviations on page 119.

2.4 Cell Cycle Parameters

HAVIN G OBSERVED increased numbers of Tbr2-positive mitotic cells in the SVZ of
Neurod1/2/6 triple-deficient (fig 9i; fig 10a) and Neurod2/6 double-deficient (Yan,
2016) mouse embryos, I hypothesized a compensatory increase of the periventricular
progenitor pool. It had previously been shown that Neurod6 can stimulate cyclin-
dependent kinase (CDK) inhibitors to promote cell cycle arrest (Uittenbogaard &
Chiaramello, 2004), and that loss of NeuroD-family transcription factors might lead to

increased cell proliferation.

As described in Martynoga et al. (2005), I sequentially injected timed pregnant females
with the thymidine analogs IdU and BrdU at an interval of 90 min to quantify s-
phase length (Ts) and cell cycle legth (T¢) in the cerebral cortex of Neurodl/2/6
triple-deficient and control mice at E13 and E15. The tissue was fixed 30 min after the
second injection, and brain sections from the rostral and caudal cortex were stained for
IdU/BrdU (nuclei of cells labeled by either injection), BrdU (nuclei of cells labeled only
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by the second injection), Ki67 (nuclei of all mitotic cells) and DNA (DAPI for nuclei of
all cells). Fluorescent images were taken from the hippocampus, the medial neocortex,
and the lateral neocortex and randomized for double-blinded quantification. Cells
that were only stained using the IdU/BrdU-unspecific antibody but not using the
BrdU-specific antibody were considered to have left the S-phase during the 90 min
interval (L-cells, green in overlays of fig 13b). Cells that were stained using both
antibodies were considered to be still in S-phase (S-cells, yellow in overlays of fig 13b).
The length of the S-phase was calculated from the proportion of L-cells versus S-cells
as Tg = 1,5 h X S-cells / L-cells.

At E13, Ts and T were not significantly different in Neurod1/2/6-deficient embryos
when compared to littermate controls (fig 13b, ¢). Quantification of the same cell cycle
parameters at E15 gave similar results (not shown). Notably, the variations between
the different assessed cortex areas were much higher than the variations between the
genotypes (compare Miyama et al., 1997).

2.5 Regulation of Apoptosis

D ETERMINATION AND DIFFERENTIATION of cortical pyramidal neurons essentially are

relatively robust cell-intrinsic processes controlled by evolutionally well-conserved
transcription factors (Gaspard et al., 2008, 2009; Lancaster et al., 2013). Cortical
arealization, neuronal subtype specification, and the timing of neuronal production,
however, underly a multitude of cell-extrinsic signals from local tissue environments
(O’Leary & Sahara, 2008; Seuntjens et al., 2009). It was already shown before
that the cell death of neurons independent of environment and apoptosis can be
determined by an intrinsic program (Southwell et al., 2012). It is also known that many
neurons undergo apoptosis after they establish synaptic contacts, which supports the
neurotrophin theory and extrinsic regulation of programmed cell death (Buss et al.,
2006).

2.5.1 In-Vitro
2.5.1.1 Organotypic Slice Culture

I use a standard organotypic slice culture model to recapitulate in vivo development
of the Neurod1/2/6-deficient cortex. The establishment of this technique on the
Neurod1/2/6 mutant mouse model allowed me to perform live imaging on the mutant
and control tissue to analyze neuronal survival and migration. Organotypic slice
cultures prepared from Neurodl/2/6-deficient animals at E16 behave similarly to the
in vivo situation. After 6 days in culture, only a small fraction of hippocampal neurons
express Cre recombinase (fig 14b).
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Figure 14: Loss of hippocampal pyramidal neurons in vitro

(a) IHC for Cre recombinase (red) — marker of endogenous Neurod6-promoter activity — showed loss of pyramidal
neurons in the hippocampus Neurod1/2/6-deficient brains. (b) IHC performed on organotypic slice culture of control
and Neurod1/2/6-deficient mice at E16 after 6 days of incubation. Activated caspase 3 (red) showed an increase
of apoptosis in the mutant hippocampus and cingulate cortex. Cre recombinase (green) is almost missing in the
hippocampus of mutant animals. Significantly decreased numbers of Cre-positive cells in Neurod1/2/6 mutants are
demonstrated in the graphs. (¢) IHC for Cre recombinase (red) in dissociated cell culture of mutant and control
hippocampal tissue prepared at E16 and cultured for 6 days in vitro. (d) IHC performed on mixed hippocampal
cell cultures of E16 embryos after 3 days in vitro. GFP (green) is specific for all cells from the hippocampus of
GFP-positive control mice. Vglut1 (red) — a protein, expressed in glutamatergic pyramidal neurons — is presented in
controls as well as in Neurod1/2/6 mutant cultures. Cre recombinase (blue) is strongly reduced in mutant cultures,
quantified in the graphs. Abbreviations on page 119.

2.5.1.2 Dissociated Cell Culture

First I address the question of whether affected cortical and hippocampal pyramidal
neurons primarily die due to a cell-intrinsic genetic program or in response to
cell-extrinsic signals, e.g. growth factor deprivation. In contrast to the neocortex
where many neurons survive the loss of Neurodl/2/6, hippocampal pyramidal
neurons undergo apoptosis shortly after activating the Neurod6 promoter. Endogenous
Neurod6-promoter activity, which was monitored by immunohistochemistry for Cre-
recombinase (Goebbels et al., 2006), was hardly detectable in the hippocampus of
Neurodl/2/6-deficient mice (asterisk in fig 14a). I dissociated hippocampal pyramidal
neurons to remove possible extrinsic factors that can lead to massive apoptosis in the
hippocampus. After 6 days in vitro, only very few Cre-positive neurons in the cultures
from Neurod1/2/6-deficient animals were detected (fig 14c).

To exclude neuronal cell death as a result of the lack of some extrinsic factor I
prepared mixed dissociated neuron cultures from hippocampal tissue of Neurod1/2/6-
deficient and GFP-expressing wild-type mice at E16 (fig 14d). The presence of normally
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Figure 15: Restoration of Neurod2-expression prevents neuronal apoptosis

(a) IHC for GFP (green) in the cells, that are in-utero electroporated with pCAG-Neurod2-GFP plasmid at E13 and
analyzed at E15. (b—c) ISH for Cntn2 (blue) and Sox5 (blue) showed restored expression of these genes in the
electroporated area. (d) Double-IHC for GFP (green) and activated caspase 3 (red) in the electroporated hemisphere
demonstrate a lack of double-positive cells and survival of electroporated neurons. Abbreviations on page 119.

differentiating wild-type neurons did not influence the survival of Neurodl/2/6-
deficient pyramidal cells. Quantification after 3 days in vitro confirmed increased cell
death and the complete loss of Cre-positive neurons in mixed cultures. The results
of both experiments argue for the cell-intrinsic mechanism of cell death regulation in
Neurod1l/2/6-deficient neuron cultures.

2.5.2 Genetic Rescue

Concluding that terminal pyramidal neuron differentiation is promoted and neuronal
apoptosis is inhibited by Neurodl/2/6 in a cell-intrinsic manner, I over-express
Neurod?2 (fig 15) in the embryonic neocortex of Neurod1/2/6-deficient mice by in-utero
electroporation. I then performed immunostaining and in situ hybridization on the
adjacent electroporated brain sections. I observed that electroporated cells expressed
Cntn2 - an adhesion molecule from the immunoglobulin-superfamily (fig 15b). Cntn2
expression and callosal axogenesis were shown to be already disturbed in Neurod2/6-
deficient brains (Bormuth et al., 2013). Expression of Sox5 - layer 6 specific
transcription factor — was at least partially rescued in the electroporated pyramidal
neurons that had migrated into the Neurod1/2/6-deficient CP (fig 15c). Activation of
caspase 3 did not co-locate with GFP expression (fig 15d). The observed data lead to
the conclusion that cells in the cortex, having received Neurod2 transcription factor
after in-utero electroporation, could at least partially restore their normal identity and
they most probably survive, even in the Neurod1/2/6-deficient surrounding.
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Figure 16: Neurotrophin signaling does not regulate neuronal survival in Neurod1/2/6-deficient cortex

(a, ¢) ISH for Ntrk2 (TrkB) and Ntrk3 (TrkC) mRNA (blue) showed the absence of restored expression of these genes
after Neurod2 overexpression by in-utero electroporation at E13 and analyzed at E15. (b, d) ISH for Ntrk2 (TrkB) and
Ntrk3 (TrkC) mRNA represented the expression of these genes in Neurod1/2/6-deficient brains compared to control
brains at E19. (e—f) IHC for GFP (green) and activated caspase 3 (red) in cortex sections of Neurod1/2/6-deficient
mice electroporated with pCAG-Ntrk2-GFP and pCAG-Ntrk3-GFP. Dotted lines mark the medial border of the
electroporated area. Arrowheads point to remaining mRNA expression in the cortex of Neurod1/2/6-deficient mice.
Arrows point to apoptotic electroporated cells (double-positive for actCasp3 and GFP). Boxed areas are also shown
in higher magnification. Abbreviations on page 119.

2.5.3 Neurotrophins

Cell-extrinsic regulation of neuronal survival is classically mediated by neurotrophin
signaling (Dekkers & Barde, 2013). Neurotrophins like EGF, NT-3, BDNF, and NT-4/5
are ligands for the neurotrophin receptors Ntrkl (TrkA), Ntrk2 (TrkB), and Ntrk3
(TrkC) respectively. There are different sources of neurotrophins: paracrine, afferent-
derived, blood-born, glia-derived, target-derived (Sanes et al., 2000). Ntrk2/3 are
normally expressed in the developing cortex (Puehringer et al., 2013) and are down-
regulated in the CP of Neurod1/2/6-deficient animals (fig 16b’, d’). In situ hybridization
does not suggest differential expression of the neurotrophic ligands BDNF or NT3 in
Neurod1/2/6-deficient and control mice (data not shown). Overexpression of Neurod2
by in-utero electroporation of pCAG-Neurod2-GFP plasmid in the Neurodl/2/6-
deficient cortex showed a lack of Ntrk2/3 mRNA in the subset of electroporated
neurons (fig 16a, c). When I overexpressed Ntrk2 and Ntrk3 in the Neurodl/2/6-
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deficient cortex by in-utero electroporation, I could observe, that cells with additional
copies of those receptors still activate caspase 3 and undergo apoptosis (fig 16e, f).
Taken together these data argue that neurotrophin receptors are probably not directly
controlled by NeuroD-family transcription factors. Loss of the Ntrk2/3 expression
is the secondary effect of massive cell death in the cortex of Neurodl/2/6-deficient
animals. This suggests that programmed cell death might be regulated primarily by a
cell-intrinsic developmental program and that extrinsic signals might play a minor role
during earlier cortex development in Neurod1/2/6-deficient mice.

2.5.4 Bcl2-Family Proteins

There are 6 known members of the Bcl2 family that have a pro-survival effect on the
neuron. Bcl2 itself, structurally closely related Bcl211 also known as Bcl-XL, Bel-W
(Bcl212), MCL-1 (myeloid cell leukemia sequence 1), Al (BFL1 in humans) keep the
mitochondrial integrity and prevent the cytochrome c release, that activate the effector
caspases (Adams & Cory, 1998; Zou et al., 1997; Gibson et al., 1996; Czabotar et al.,
2014). Using the in situ hybridization technique I could show that Bcl2 and Bcl211
mRNAs are down-regulated in Neurod1/2/6-deficient animals (fig 17b’-d’). Expression
levels were detectable starting from E14 on.

Overexpression of Neurod2 by in-utero electroporation in the cortex of Neurodl/2/6-
deficient mice resulted in at least partial rescue of the Bcl2 expression in the
electroporated area (fig 17a’). That can argue for Bcl2 being a direct target of Neurod2.

After creating a Bcl2 (pCAG-Bcl2-GFP) construct and in-utero electroporating this
into the cortex of Neurodl/2/6-deficient animals, I did not detect cells that were both
positive for GFP (green) and caspase 3 (red) in the electroporated area (fig 17g’). That, in
turn, can confirm that Bcl2 is important for cell survival in the Neurod1/2/6-deficient
cortex.

To the pro-apoptotic effector proteins belong Bax, Bad and Bok (Bcl2 - related ovarian
killer protein) (Hutt, 2015; Harris & Johnson, 2001). ISH for Bax (fig 17e,f), Bad, and
Bok (data not shown) revealed lower levels of mRNA expression at E13, E14, E15, and
E16, that was similar in control as well as in Neurod1/2/6-deficient brains.

To summarize this set of data: Bcl2 and Bcl-XL are important for cell protection from
apoptosis. They are down-regulated in the Neurod1/2/6-deficient cortex. Bcl2 itself
might be a direct transcriptional target of Neurod2. The analyzed pro-survival proteins
are actively expressed after E14. That could mean, that both Bcl2 and Bcl-XL are
important for cell survival in the Neurod1/2/6-deficient brains, but do not trigger
massive cell death at E13. Pro-apoptotic proteins do not show significant changes of
expression in Neurod1/2/6-deficient and control brains, which excludes their role in
the onset of apoptosis.
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Figure 17: Expression of Bcl-family genes

(a) ISH for Bcl2 (blue) showed the restored expression of this gene after Neurod2 overexpression by in-utero
electroporation at E13 and analyzed at E15. Dotted lines mark the borders of the electroporation areas. (b, ¢, d) ISH
for Bcl2 and Bcl2l1 represented the expression of these genes in Neurod1/2/6-deficient brains compared to control
brains at E16 and E19. (e, f) ISH for the pro-apoptotic protein Bax demonstrated similar expression levels in coronal
sections of Neurod1/2/6-deficient brains and control brains at E14 and E16. (g) ISH for GFP (green) and activated
caspase 3 (red) in cortex sections of Neurod1/2/6-deficient mice electroporated with pCAG-Bcl2-GFP. Boxed area is
shown in higher magnification. Abbreviations on page 119.

2.5.5 Neurod6-Controlled Pro-Survival Proteins

Neurod6 was shown to promote differentiation and the survival of cultured neuron-
like PC12 cells (Uittenbogaard & Chiaramello, 2002, 2005). In a microarray-based
transcriptome analysis, the authors identified a set of heat shock proteins up-regulated
in Neurod6-expressing versus native PC12 cells (Uittenbogaard et al., 2010). I matched
the dataset of this study with expression data from the Allen Developing Mouse Brain
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Gene: PC12: ISH: Seq:
cl | Nds+ FC | E | Area | ctl | TKO || Change

Anti-apoptotic Bcl: U2005, fig 3

- BelXI (Bcl2I1) + +4+++ 15 CP + + 8% \

- BcIW (Bcl212) - ++ 3% N\

Inhibitors of Apoptosis: U2005, fig 4

- Birc5 (Survivin) - +4++ 1427\ || 14 VZ +4++ | +++ 5% /

- Xiap (Birc4) + ++ 14 vZ ++ ++ 7% /

Heat shock proteins: u2010, fig2,3

- Hmox1 (Hsp32, HO-1) + - 845/ || 14 | Cix - - 1% /

- Hspaib (Hsp72, Hsp70) + ++ 297/ || 14 | VZ,CP | ++ ++ 7%

- Hspb1 (Hsp27) ++ ++++ 4157 || 14 Ctx - - -

Other apoptosis related:

- Rbp4 3891\ || 14 DG + + -

- 8100a2 (S100ab) 27.00 / || 14 Cix - - -

- Lats2 26.32 /7 || 14 Ctx - - 7%

- Uchl1 2584\ || 14 | CP,CA ++ ++ 9% \

- Trp53 (p53) 180\ || 14 | vz w4 | ++ 3% \

- Apafi 14 Ctx - - 3% /

Others (controls):

- Gap43 6.21 / || 16 CP ++ ++ 44%

- Mafb 2.68 /7 || 16 | lat. CP - + 44%

Table 2: Neurod6-dependent pro-survival factors

Gene: gene symbols grouped by protein families; PC12: in-vitro expression data from Uittenbogaard et al. (Ctrl: dot
blot of wild type PC12 cells, Nd6+: dot blot of constitutively Neurod6-expressing PC12 cells, FC: microarray-based
expression analysis as fold change in wild type vs. Neurod6-expressing PC12 cells); ISH: in situ hybridization
(Region: area of the cerebral cortex, E: embryonic stage, Ctrl: control mice, TKO: Neurod1/2/6 triple-deficient mice);
Seq: in-vivo expression data from embryonic mouse cortex tissue (Change: sex-corrected expresison in relative %,
details in sect 2.6); U2005: Uittenbogaard & Chiaramello (2005); U2010: Uittenbogaard et al. (2010); —: not detectable
or indistinguishable from background signal; +: weak signal + +: moderate signal; + + +: strong signal; + + + +: very
strong signal. Abbreviations on page 119.

Atlas! (2008) to identify differentially expressed candidate genes that are normally
expressed in the mammalian cortex. Chromogenic ISH in frozen brain sections of
Neurod1/2/6-deficient and control mice at E14, however, did not reveal any of these
candidates to be robustly differentially expressed in the absence of Neurodl/2/6
(fig 18; tab 2).

There are two well-known members of apoptotic cascades - Apafl and Trp53 (Cecconi
et al., 1998; Yoshida et al., 1998; Eizenberg et al., 1995). They were as well included in
the described gene analysis (tab 2). Nevertheless, I was not able to see any difference
in the gene expression of Apafl (data not shown) or Trp53 (fig 18i) in the Neurod1/2/6-
deficient condition.

"http://developingmouse.brain-map.org/
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Figure 18: Pro-survival factors as identified by Uittenbogaard et al.

IHC in coronal brain sections of Neurod1/2/6-deficient mouse embryos and control littermates at E14. Arrows denote
expression domains in the cerebral cortex. Abbreviations on page 119.

As I could not apply the results of the published in vitro microarray-based gene
analysis to the mouse model used in my research, I decided to perform comparative
transcriptome analysis myself. And thus evaluate different gene expressions in
Neurodl/2/6-deficient brains vs. control brains in vitro.

2.6 Comparative Transcriptome Analysis

T HE CANDIDATE-BASED APPROACH to identify molecular mechanisms controlling

neuronal survival and differentiation downstream of Neurodl/2/6 has so far
been not very successful: The restoration of neurotrophin receptors and well-known
Bcl2-family cell death regulators was not sufficient to rescue massive apoptosis in
Neurod1/2/6 triple-deficient brains (sect 2.5.3; sect 2.5.4) and previously identified
regulators of neuronal apoptosis were not expressed in the cerebral cortex or were not
differentially expressed in Neurodl/2/6-deficient embryos (sect 2.5.5). I decided
to perform comparable whole transcriptome analysis using neocortical tissue of
Neurod1/2/6 triple-deficient and control embryos to identify potential target genes in
an unbiased manner.
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Figure 19: Overview of transcriptome analysis

Whole transcriptome analysis using E13 neocortex tissue from Neurod1/2/3 triple-deficient vs. control embryos.
(a) Overview of the methodic procedure (sect 4.10). (b) Correlation of total raw reads in Neurod1/2/6 triple-deficient
vs. control tissue. The color of data points visualizes the p-value of the paired t-test, as given in the legend.
Abbreviations on page 119.

Similar approaches have already been undertaken but did not identify regulators of
developmental cell death and cell identity: Microdissected tissue from the neocortex of
Neurod2 single-deficient and control mice at P28 was used for RNA-Seq (unpublished .
Cerebellar tissue from young adult mice lacking Neurodl selectively in cerebellar
granule cells was used for microarray-based transcriptome analysis (unpublished?).
Microdissected tissue from the neocortex of newborn Neurod2/6 double-deficient mice
was used for RNA amplification and microarray-based transcriptome analysis, however,
no developmental regulators could be identified and known target genes such as
Gap43, Cntn2, and Robo1l did not appear to be differentially expressed in the dataset
(unpublished?).
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RNA samples: Number of raw reads: Reads per transcript:
Pool | Genotype Total Matched in % Raw ‘ Stable ‘ Norm
#1 Control 32,639,230 | 24,681,225 | 75.6 || 1,423 | 2,039 | 1,315
#2 Neurod1/2/6-deficient 28,890,990 | 21,509,066 | 74.5 || 1,230 | 1,778 | 1,304
#3 Control 28,177,154 | 21,373,271 | 75.9 || 1,343 | 1,922 | 1,317
#4 Neurod1/2/6-deficient 30,605,002 | 23,367,054 | 76.4 || 1,247 | 1,794 | 1,310
#5 Control 30,590,011 | 23,443,247 | 76.6 || 1,339 | 1,936 | 1,304
#6 Neurod1/2/6-deficient 29,244,676 | 21,943,706 | 75.0 || 1,271 | 1,839 | 1,302
Average over all pools: || 30,024,511 | 22,719,595 | 75.7 || 1,309 | 1,885 | 1,309
Variance in % of average: 4.18 4.89 0.84 4.55 4.30 0.41

Table 3: RNA-Seq samples, pooling, and normalization

Paired pools of neocortical RNA preparations were used for RNA-Seq. Every RNA sample from a Neurod1/2/6-
deficient embryo was matched with a littermate control in the corresponding pool (#1/2, #3/4, #5/6). Approximately
75 % of all sequenced reads could be directly matched to annotated reference transcripts (last column of middle
block). The variation of matched raw reads per transcript was 4.55 % over all pools (2.66 % over three genetically
identical control pools #1/3/5; 1.16 % over the three identical Neurod1/2/6-deficient pools #2/4/6; first column in the
block). DESeq normalization reduced the variance by more than one order of magnitude to 0.41 % over all pools
(0.41 % over the three genetically identical control pools #1/3/5; 0.24 % over the three identical Neurod1/2/6-deficient
pools #2/4/6; last column in last block).

2.6.1 Experimental Design

I aimed to design an experiment as stringent as possible in order to minimize the
number of false-positive results: I collected neocortical tissue from Neurodl/2/6-
deficient and control mice at E13 and isolated total RNA-Seq (fig 19a). The early
time-point was chosen to prevent the dilution of differential gene expression (primary
effect) by alterations in the cellular composition of the neocortex due to apoptosis,
misdifferentiation, or mismigration (secondary effects). E13 was considered the
earliest possible time point because the normal onset of Neurod6-expression is
approximately at E12. (Goebbels et al., 2006). E14 was considered too late as the CP
of Neurod1/2/6-deficient mice already contains a large number of apoptotic cells at
that stage (sect 2.1.2). The genotypes of Neurod1/2/6-deficient and control embryos
differ in only one allele of Neurod2! (sect 4.1). The central neocortex was carefully
dissected under RNA-stabilizing conditions (sect 4.10) to prevent contaminations with
tissue from e. g. the hippocampus, the olfactory cortex, or the ganglionic eminence.
Neocortical tissue from both hemispheres was pooled to control for lateralized gene

'"'Unpublished manuscript by Bugeon S, Lafi S, Beurrier C, Sahu S, Runge K et al. (2018). Preprint
available at bioRxiv: http://doi.org/10.1101/296889. Title: Morphofunctional deficits in the cerebral
cortex of NeuroD2 mutant mice are associated with autism/schizophrenia-like behaviors.

2Personal communication. Experiment by Pieper A, Stiinkel C, Wiechert S, Rossner M, Goebbels S, et al.
(2007). Conditional inactivation of Neurod-Flox (Goebbels et al., 2005) using the GABA(A) receptor
alpha6 subunit promoter (Funfschilling & Reichardt, 2002).

SPersonal communication. Experiment by Bormuth I, Stiinkel C, Wichert S, Rossner M, Schwab M et al.
(2010). Secondary changes in the cellular composition of the cerebral cortex and signal saturation
during RNA amplification might have masked relevant differences in expression levels.

'Neurod1/2/6 triple-deficient: Neurod 17°%/1° x Neurod2™¥/™ x Neurod6°¢/°e
Control: Neurod11¥/1°% x Neurod2”/™! x Neurod6°/<r
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Figure 20: Ranking of RNA-Seq data

Level: Calculated expression level in normalized reads per kbp; |Change|: Relative change of expression level
in Neurod1/2/6-deficient mice versus control littermates (plotted as modulo in %); p”: P-value of paired student’s
t-test plotted as (1 — p) = 100; Rating: Combination of the former three values (v/Level x Change® x p?). Rank:
Position on the list of all transcripts ascendingly sorted by the combinatorial rating. Median: The median value
(ranked at 20,757 of 41,513 transcripts); Top1000: The 1000 highest-ranked values (yellow area; top 2.4%). The
x-axis is independent for each curve as the list of transcripts is ordered by the respective parameter; the y-axis is in
logarithmic scale.

expression.! RNA preparations from three independent brains were pooled to increase
the total amount of total RNA and to minimize the effect of preparation artifacts. RNA
pools were paired in a way that each Neurodl/2/6-deficient sample was matched
with a control sample that originated from the same litter and was processed in
parallel. Three independent biological and technical replicates were prepared for
each genotype to allow for statistical evaluation (n=3; three RNA-pools per genotype,
each based on paired tissue from three independent embryos). Following mRNA
enrichment and multiplex tagging, the samples were sequenced in one lane of an
[Mlumina next-generation sequencing device.

2.6.2 Data Analysis

Raw reads were mapped to the latest published reference transcriptome.? The
calculated expression of any given transcript (in the following simply called expression)
is given in normalized reads per kilo base pair (kbp). Initial data analysis showed
that the global expression profiles of Neurod1/2/6-deficient and control tissues were
highly similar (correlation coefficient = 0.9937; scatterplot in fig 19b). The genotype-

"The expression of Neurod6 (and its direct target gene Gap43) is significantly higher in the left hemisphere
of E17 mice, but not at two months after birth (Grabrucker et al., 2017). Neurodl is asymmetrically
expressed in the cerebral hemispheres of human postmortem brains (Karlebach & Francks, 2015).

2NCBI reference sequences (RefSeq): http://www.ncbi.nlm.nih.gov/refseq/about/
Mouse transcriptome: http://ftp.ncbi.nlm.nih.gov/refseq/M_musculus/mRNA_Prot/
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Figure 21: Sex-specific references genes

Average relative expression level of known sex-chromosomal and sex-specifically expressed transcripts for every
sequenced mRNA pool: (a) Female-specific genes Xist and Tsix; (b) male-specific genes Ddx3y, Eif2s3y, and
Kdm5d. GT: Genotype; Pool: Number of the mRNA pool; F/M: Number of female/male individuals in the pool. Error
bars represent SEM over the listed number of transcripts (n=3 in a and n=4 in b).

independent expression level of any transcript (in the following simply called expression
level) is the expression in Neurodl/2/6-deficient or control tissues, whatever is larger.
Changes of expression in Neurod1l/2/6-deficient versus control tissue (in the following
simply called change) are given in the asymptotic form “difference of expression over
maximum expression in %” (sect 4.10).

The set of significantly differentially expressed transcripts was relatively small: The
following lax criteria were met by only 222 of 25,053 genes (297 of 41,513 transcripts):
expression level >100 normalized reads per kbp,! expression change of at least 20 %
(1.2-fold; LFC F0.26), and p-value <0.2 in two-tailed paired Student t-test over the
three independent biological replicates (red colored data points within yellow areas of
fig 22a). Only 20 genes (25 transcripts) satisfied the stricter and more commonly used
criteria: expression level >100, expression change at least 50 % (2-fold; LFC F1), and
p-value <0.05.

All transcripts/genes were ranked by a combination of expression level, relative change
of expression in Neurod1/2/6-deficient versus control tissue, and p-value (Rating in
fig 20; tab 4; sect 4.10.5).
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Figure 22: Sex-correction of RNA-Seq data

Scatterplots of expression change (x-axis) plotted over genotype-independent expression level (y-axis) before (a)
and after (b) sex-correction. The color of a data point visualizes the p-value of a two-tailed paired t-test over the
three (pools) biological replicates (red=high, blue=low significance; see legend). Data points plotted as 'x’ or 'y’
correspond to the sex-chromosomal transcripts used for sex-correction. Yellow areas represent the selection criteria
(level >100; change >20 %).

2.6.3 Sex-Correction

Some sex-chromosomal and sex-specifically expressed genes (Armoskus et al., 2014)
ranked unexpectedly high (asterisks in tab 4; data points plotted as x or y in fig 22).
For example Xist, which is exclusively expressed from the inactivated X chromosome
and is thus considered female-specific, was the highest-ranked gene (stable expression
level, 79 % reduction in Neurod1/2/6-deficient tissue, p=0.9962). Eif2s3y, which is
located on the Y chromosome and thus male-specifically expressed, was ranked at
position 19 of all 41,514 transcripts/genes (stable expression level, 48 % increase in
Neurod1/2/6-deficient tissue, p=0.9913).

The simplest explanation for this anomaly was that the embryos that were used for
the Neurodl/2/6-deficient RNA-pool were predominantly male and/or the control
embryos were predominantly female. The embryonic tissue had unfortunately not
been checked or controlled for sex before pooling. Plotting relative expression levels of
the strictly sex-specifically expressed genes for each individual pool confirmed that
hypothesis (fig 21): Two of the three Neurod1/2/6-deficient mRNA-pools had been

'Detection by chromogenic ISH was usually difficult for transcripts that had resulted in less than 200
normalized reads per kbp. The mean value over all transcripts/genes was 300; the median value
was 72; Neurod4 (which I could never detect by ISH) resulted in 106; Neurod1 (which is only mildly
expressed in the SVZ) resulted in 231, Neurod2 and Neurod6 (which are more robustly expressed in
the SVZ and CP) resulted in 2270 and 1659, respectively; Tubb3 (which is robustly expressed by all
neuronal cells) resulted in 10329 normalized reads per kbp.
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prepared exclusively from male embryos (female/male ratio = 0/3), while one of the
three control pools contained predominantly mRNA from female embryos (female/male
ratio = 2/1).

Applying a sex-correction algorithm (sect 4.10.6) to the expression data slightly
increased the overall correlation coefficient to 0.9951 (+0.0014) and resulted in a
significant down-ranking of many genes that had not been expected to be related to the
functions of Neurod1/2/6 (e.g. Xist, Sla, Prokr2). Most interesting candidates ranked
higher (e.g. Bhlhb5, Gap43, Sox5) or only slightly lower (e.g. Hrk, Prdm8, Cntn2) after
sex-correction (last column in tab 4).

The above-mentioned lax criteria (>100 reads/kbp; change >20 %; p<0.2) were
now met by 284 genes or 390 transcripts; about one-fifth of those (57 genes or
70 transcripts) showed increased expression in Neurodl/2/6-deficient mice. The
stricter criteria (>100 reads/kbp; change >50 %; p<0.05) were met by 33 genes or 41
transcripts; ~10 % of those showed increased expression (3 genes/transcripts).

2.6.4 Validation

Several genes (positive controls) that had previously been shown to be differentially
expressed in Neurod2/6- or Neurod1/2/6-deficient embryos showed equivalent dif-
ferential expression in the RNA-Seq data: Sox5 expression, which I have shown to be
significantly reduced in the neocortex of Neurod1/2/6-deficient mouse embryos at E13
(sect 2.2; fig 9a, d), was reduced by nearly 50% in this dataset (-42%, p=0.0167 before
and -48%, p=0.0119 after sex-correction). The expression of contactin 2 (Cntn2), a
cellular adhesion molecule whose expression is virtually lost in Neurod2/6-deficient
mouse embryos as E16 and E19 (Bormuth et al., 2013), was reduced by nearly 50%
(-46%, p=0.0575 before and -49%, p=0.0483 after sex-correction). Expression of growth
associated protein 43 (Gap43), a known direct target gene of Neurod6 (Chiaramello
et al., 1996), which is not significantly down-regulated in Neurod2/6-deficient embryos
at E16 or P1 (Bormuth et al., 2013), was reduced by more than one-third (-37%,
p=0.0058 before and -43%, p=0.0043 after sex-correction). Satb2 expression, which I
have shown to be weak in controls and even weaker in Neurod1/2/6-deficient mice at
E13 (fig 9¢), was reduced by more than one-third (-35%, p=0.0443 before and -45%,
p=0.0268 after sex-correction).

Several genes (negative controls) previously shown to not be significantly differentially
expressed in Neurod2/6- or Neurodl/2/6-deficient embryos did not show signifi-
cantly altered expression in the RNA-Seq data: Pax6 expression, which is limited to
Neurodl/2/6-negative RGCs in the cortical VZ and not changed in Neurodl/2/6-
deficient mice (fig 9a), was mildly increased (+6%, p=0.0326 before and +6%, p=0.0308
after sex-correction); this increase can be explained by the loss of neuronal cells in the
CP leading to a relative enlargement of the VZ. Tbr1 expression, which I had shown to
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Gene: Not corrected: Corrected for sex-dependent expression:
Symbol # Level | Change ‘ p ‘ Rank Sex ‘ Level ‘ Change ‘ p ‘ Rank
Bhlhb5 -gnihez2 | 1 809 | 69% \ | 0.0006 | 7 -23 864 | 82% . | 0.0003 | 1

Rn18s rR| 1| 35003 | 52% / | 0.1981 | 1 -10 | 32652 | 45% / | 0.2694 | 2

Tiam2 4 755 | 62% N | 0.0331 | 10 % || -27 818 | 79%\ | 0.0177 | 3 31
Sez6 2| 2057 | 52% \. | 0.0366 | 8 1314 | -20 | 2150 | 61% \ | 0.0240 | 4 78
Syt4 1 508 | 70% . | 0.0093 | 9 -18 535 | 80% \ | 0.0063 | 5

Ndrg1 1 185 | 80% \ | 0.0556 | 15 -30 207 | 96% \ | 0.0265 | 6

Nr4a3 -Nort 2 160 | 70% \ | 0.0200 | 26 45,153 || -33 180 | 92% \ | 0.0088 | 9 2079
Kena3 1 120 | 66% \ | 0.0381 | 52 -43 140 | 96% N\ | 0.0133 | 10

Clmp 1 332 | 56% \ | 0.0168 | 28 -27 358 | 72% \. | 0.0086 | 11
Camk2b 3 182 | 65% \ | 0.0130 | 29 §.°" || -31 200 | 83% . | 0.0065 | 12 3>-°'
Sh3gl2 1 266 | 67% \ | 0.0133 | 17 -14 277 | 76% \ | 0.0096 | 14

Dact1 2 512 | 50% \ | 0.0186 | 31 7273 || -27 547 | 64% \ | 0.0098 | 15 32,33
Prdms8 1 245 | 67% \ | 0.0124 | 18 -14 256 | 76% \ | 0.0091 | 17

Hpca 4 244 | 64% N | 0.0294 | 2402 || -19 257 | 75%\ | 0.0195 | 18 335
Mpped1 4 || 1043 | 34%\ | 0.0302 | 76 5053 || -25 | 1119 | 51% \ | 0.0120 | 19 35
Shtn1 2 226 | 50% . | 0.0230 | 81 51,57 -31 251 72% . | 0.0086 | 21 46,52
Rn45s R| 1| 9488 | 52% ./ | 0.1986 | 5 -13 | 8662 | 42% / | 0.2989 | 22
Cacnate 1 74 | 72% N\ | 0.0303 | 56 -33 83 | 94%\ | 0.0140 | 23
Rn28s1 R| 1| 14082 | 52% / | 0.1959 | 4 -15 | 12535 | 39% / | 0.3315 | 24

Crym 1 45 | 99% \ | 0.0281 | 22 -66 57 | 100% . | 0.0038 | 25

Ptpro 4 159 | 64% \ | 0.0052 | 35253 || -22 169 | 76% N | 0.0031 | 26 |12 12
Gap43 1 1449 | 37% \. | 0.0058 | 34 -16 | 1492 | 44% \. | 0.0038 | 27
Rspo3 1 99 | 79% \ | 0.0486 | 27 -13 104 | 88% \ | 0.0361 | 28
Cdh13 1 296 | 42% \. | 0.0397 | 112 -34 325 | 63% \ | 0.0149 | 29

Hrk 1 254 | 81% /7 | 0.0717 | 11 -12 231 | 74% /7 | 0.1012 | 31
Dscam 1 75 | 72% N\ | 0.0047 | 51 -25 81 | 86%\ | 0.0027 | 34
Dync1id 5 75 | 56% \ | 0.0444 | 154 -36 86 | 85%\ | 0.0147 | 35
Mir8091 M| 35 | 76% \ | 0.0081 | 77 -49 43 | 100% \ | 0.0062 | 36

Grik3 1 101 | 57% \ | 0.0788 | 122 -34 113 | 80% \ | 0.0333 | 38

Plk2 1 254 | 47% \. | 0.0280 | 88 -27 273 | 63% \ | 0.0137 | 39

Sox5 4 705 | 42% \. | 0.0167 | 49 -15 726 | 49%\ | 0.0114 | 40

Tact 2 41 79% /* | 0.0034 | 68 92,197 || +37 50 94% /* | 0.0015 | 41 70,122
Siciat 1 106 | 55% \ | 0.0012 | 94 -36 116 | 75% \ | 0.0005 | 42

chli 1 182 | 41%\ | 0.1343 | 305 -34 205 | 68% \ | 0.0451 | 43

Lmof 3 565 | 43% \. | 0.0445 | 59 -16 585 | 51% \ | 0.0301 | 44
Cnih3 3 70 | 71% N\ | 0.0270 | 63 -20 75 | 84%\ | 0.0169 | 45
Rs5-8s1 R 1 748 | 64% / | 0.1834 | 16 -6 713 | 60% / | 0.2179 | 47
Rasgefib 2 557 | 41% . | 0.0035 | 70 120,125 -19 578 49% \ | 0.0021 | 48 100,102
Mcdr 1 36 | 85% \ | 0.1996 | 118 -46 47 | 100% . | 0.0829 | 49

legend on page 60.

Table 4: Results of RNA-Seq — part 1: top 50
The 50 highest-ranked transcripts (by sex-corrected rank as shown in last column). Table continues on page 59;

be decreased in the CP but increased in the SVZ of Neurod1/2/6-deficient mice at E13
(fig 9b), was only mildly decreased in the RNA-Seq data from the entire neocortex (-5%,
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Gene/Transcripts:

Not corrected:

Corrected for sex-dependent expression:

Symbol # Level | Change ‘ p ‘ Rank Sex ‘ Level ‘ Change ‘ p ‘ Rank
Calb2 - calreinin 1 277 | 53% /7 | 0.0598 | 57 +14 295 | 60% / | 0.0430 | 53
Sip1 =zeb2 7 842 | 37% . | 0.0000 | 65 -15 865 43% . | 0.0000 | 55
Syn2 3 244 | 51% \ | 0.0090 | 60 -15 252 | 58% \ | 0.0064 | 58
Cbin4 1 54 | 80% ./ | 0.0071 | 47 +11 57 | 84% \ | 0.0056 | 60
PIxna4 1 610 | 44% . | 0.0061 | 42 -6 616 46% \ | 0.0054 | 61
Thy1 1 24 | 84% N\ | 0.0557 | 95 -40 28 | 100% \ | 0.0100 | 64
Vglutl -sict7a7 | 1 312 | 55% \ | 0.0544 | 41 -1 313 | 56% \ | 0.0523 | 66
Gprgs 1 54 | 84% 7 | 0.0024 | 33 -6 53 | 82% / | 0.0027 | 68
Rasgrf1 4 22 | 97% N\ | 0.0525 | 61 -25 25 | 100% \ | 0.0283 | 73
Snord22 1 236 | 55% /7 | 0.0219 | 53 +3 240 | 56% /7 | 0.0202 | 75
Nhlh2 1 687 | 44% / | 0.0113 | 36 -5 676 | 42% /| 0.0127 | 80
Bmp3 2 50 | 56% N\ | 0.0166 | 209 -34 55 | 77% . | 0.0074 | 84
Rtn4ri2 1 248 | 53% \ | 0.0102 | 54 +1 247 | 53% ™\ | 0.0103 | 86
CntN2 - Tagt 1 376 | 46% \. | 0.0575 | 78 -8 382 49% \. | 0.0482 | 87
Prokr2 1 171 | 75% / | 0.0640 | 20 -16 156 | 65% /* | 0.1000 | 90
Hspai2a 2 81 | 59% N\ | 0.0432 | 111 -13 84 | 67% . | 0.0307 | 108
Wnt7b 3 1317 | 31% \ | 0.1271 | 142 -11 1342 35% \ | 0.0977 | 119
Necab3 1 203 | 55% \ | 0.0226 | 58 +6 200 52% N\ | 0.0263 | 123
Ctip2 -Bcit 1o 3 1099 | 23% \. | 0.0018 | 321 -20 1132 30% . | 0.0010 | 176
Plppr5 2 11 | 63% \ | 0.0005 | 450 -46 13 90% \ | 0.0002 | 187
Satb2 3 211 35% N\ | 0.0443 | 327 -22 221 46% N\ | 0.0247 | 190
Mafb 1 271 | 54% /7 | 0.0213 | 45 -22 245 43% /| 0.0412 | 228
Id2 1 790 | 27% \ | 0.0050 | 234 -10 801 31% \ | 0.0039 | 232
Xist XN | 2 2158 | 79% \. | 0.0038 | 2 36 || +73 1831 26% /| 0.0403 | 237
Fezf2 1 1300 | 24% . | 0.0219 | 255 -7 1311 26% \. | 0.0180 | 269
Mapt =Tau 5 1031 13% \ | 0.0385 | 1745 -31 5019 26% . | 0.0082 | 306
Neurod6 1 1659 | 18% \. | 0.1649 | 791 -17 1708 25% . | 0.0894 | 317
Dab1 3 920 | 25% \ | 0.0166 | 287 -4 925 26% \. | 0.0149 | 364
Foxo1 1 183 | 48% / | 0.0302 | 108 -15 171 41% /| 0.0470 | 380
Tubb3 =ga-Tubuin | 1 || 10329 | 12% \ | 0.2584 | 933 -12 | 10450 15% . | 0.1848 | 537
Cdh11 1 184 | 28% \. | 0.0000 | 675 -2 184 28% \. | 0.0000 | 885
Erdr1 xy | 2 1625 | 22% \. | 0.2318 | 566 +9 1596 17% . | 0.3175 | 890
Ddx3y v |1 313 | 47% / | 0.0078 | 71 -34 263 26% /| 0.0371 | 993
Eif2s3y vy |2 913 | 48% . | 0.0087 | 193940 || -40 731 21% /| 0.0692 | 995

Table 4: Results of RNA-Seq — part 2: top 1000

Selection of the 1000 highest-ranked transcripts (by sex-corrected rank as shown in last column). Continuation and

legend and on page 60.

p=0.1730 before and -6%, p=0.1730 after sex-correction). Expression roundabout 1

(Robo1), which is strongly increased in newborn Neurod2/6 double-deficient but not

in Neurod1/2/6 triple-deficient mice (Bormuth, 2016), was not significantly changed
in the RNA-Seq data (+11%, p=0.1963 before and -3% p=0.6141 after sex-correction).
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Gene/Transcripts: || Not corrected: Corrected for sex-dependent expression:
Symbol # Level | Change ‘ p ‘ Rank Sex ‘ Level ‘ Change ‘ p ‘ Rank
Bim -sci2i11 5 216 | 22% /| 0.0259 | 1155 +2 217 | 22% / | 0.0246 | 1542
Kdm5d v | 1 309 | 43% . | 0.0293 | 103 -33 262 | 22% /' | 0.1294 | 1843
Neurod2 1 2270 | 11% . | 0.1758 | 2086 -16 | 2303 | 15% \ | 0.1072 | 1195
Tsix XN |1 100 | 80% \ | 0.0091 | 21 +73 85 | 26% ./ | 0.0973 | 2315
Vidir 3 128 | 13% \ | 0.1413 | 5891 -23 133 | 22% . | 0.0568 | 2365
Neurod1 1 231 16% / | 0.0055 | 2188 +9 234 | 18% ./ | 0.0042 | 2391
Prox1 2 44 | 25% /| 0.0322 | 2183 -1 44 | 24% / | 0.0338 | 3086
Bcl2 2 228 | 12% \. | 0.0469 | 4278 -6 230 | 14% \. | 0.0368 | 4027
Fancd2 2 238 8% /| 0.0000 | 7609 +14 244 | 12% / | 0.0000 | 4816
Tbr2 -comes 2 3238 6% / | 0.0392 | 4221 -4 | 3230 6% /' | 0.0442 | 5568
Bok 1 365 | 18% \. | 0.2834 | 2620 +11 360 | 15% \ | 0.3737 | 6294
Kdméa x| 2 342 | 12% \. | 0.0268 | 3624 +11 338 9% \. | 0.0452 | 7076
Tbr1 1 2303 5% . | 0.1730 | 9792 -8 | 2314 6% \. | 0.1730 | 7118
Bel-XL =Bci2t | 6 781 7% . | 0.1302 | 7686 -5 783 8% \. | 0.1138 | 7270
Pax6 8 1351 6% / | 0.0326 | 7420 +2 | 1353 6% / | 0.0305 | 7659
Flcn 5 251 7% . | 0.9948 | 9465 +1 251 7%\ | 0.9947 | 10248
Bax 1 1264 8% N\ | 0.5473 | 11905 -2 | 1266 9% \ | 0.5294 | 11242
Gnb4 4 91 5% N\ | 0.9183 | 17999 -11 91 8% \. | 0.9601 | 12367
Apoer2 -Lps | 2 1321 5% /| 0.0107 | 8656 -11 | 1304 3% /| 0.0283 | 15617
Sla 2 510 | 68% / | 0.0935 | 122325 || -37 321 15% / | 0.7152 | 15904
Mid1 xy | 5 2169 3% . | 0.6551 | 27209 +23 | 2208 4% /| 0.5172 | 18703
Neurod4 3 106 8% / | 0.4767 | 19745 -1 106 8% /| 0.4895 | 20261
Etv5 2 111 5% 7 | 0.0489 | 16614 -7 110 3% /7 | 0.1192 | 23625
Bcl-W =Bci2i2 1 284 2% . | 0.3636 | 28153 -5 285 3% \ | 0.2872 | 24552
Robo1 1 337 | 11% ./ | 0.1963 | 6394 -28 319 4% N\ | 0.6141 | 25321
Brn2 -proust 1 582 7% /| 0.5737 | 13606 -14 568 4% /| 0.3226 | 27792
Lis1 =Pafantb1 2 1807 2% /| 0.7113 | 31642 -1 | 1805 2% /| 0.7227 | 30662
Casp3 2 1752 1%\ | 0.8471 | 37175 -5 | 1757 2% \. | 0.7396 | 31928
Map2 3 3454 3% / | 0.6715 | 27476 -11 | 3399 0% /* | 0.9788 | 39789

Table 4: Results of RNA-Seq — part 3: lower rank

Selection of the remaining transcripts (lower ranked by sex-corrected rank as shown in last column). Symbol: Gene
symbol (see list of abbreviations on page 119; bold font: expression verified by ISH or IHC; X/Y: gene is located
on X and/or Y chromosome; asterisk: used as reference transcript for sex-correction; M: micro RNA; R: ribosomal
RNA; N: non coding); #: Number of transcripts (splice variants); if #>1, the following columns represent mean values
over all transcripts; Level: Estimated overall expression level (normalized reads per kbp in Neurod1/2/6-deficient or
control pool, whatever is higher; bold font: values >200); Change: Difference of expression in % of level: up () or
down () in Neurod1/2/6-deficient versus control mice (bold font: values >50 = FC>F2 = Log2FC>=1); p: p-value
of paired two-tailed student’s t-test over (n=3+3 pools; bold font: values <0.01); Rank: Position in a ranked list of
all transcripts/genes sorted by a combination of Level, Change and p (bold font: values <20); individual transcripts
that rank <100 are shown in small font; Sex: Prediction of sex-dependent expression (+100=female-specific, -
100=male-specific, O=equal; bold font: absolute values >25). The table is ordered by rank after sex-correction (last
column).

Gene expression patterns of the most prominent candidates were validated by in situ
hybridization and rescue experiments were performed using in-utero electroporation
of cDNA or shRNA constructs.
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2.7 Harakiri Triggers Neuronal Apoptosis

T HE MOST INTERESTING AND UNEXPECTED finding of the RNA-Seq experiment was

a nearly 4-fold transcriptional up-regulation of the Bcl2 interacting protein Harakiri
(Hrk) in Neurod1/2/6-deficient mice (sex-corrected: 328 to 1239 total reads; 74%.”;
p=0.1012; rank 31 in tab 4; fig 23a). Hrk, also known as death protein 5 (DP5), is a
small (92 AA) BH3-only protein of the Bcl2-family (Imaizumi et al., 1997, 2004). It
localizes to the outer mitochondrial membrane where it binds and thereby inhibits the
strong inhibitors of apoptosis Bcl-XL and Bcl2.

Hrk expression was not detectable by ISH in the cortex of control mice! at E13-E19
(upper panel in fig 23b), which confirmed that the calculated expression level of 45
normalized reads per kbp in control tissue is indeed well below the detection threshold
of conventional ISH (sect 2.6.2). In Neurodl/2/6-deficient mice, Hrk was weakly
expressed by a subset of cells in the CP at E13 (lower panel in fig 23b; robust staining
could only be obtained after developing the slides for 1-2 days?), which confirmed that
the calculated expression level of 231 normalized reads per kbp is just above the ISH
detection threshold.

The increase of Hrk-expression was more robust at E14 and E15 (fig 23b), the time
when deeper layer neurons normally settle in the CP and when the massive activation
of caspase 3 reaches its peak in the neocortex of Neurod1/2/6 triple-deficient mice.
Hrk-expression was low at E16 and not detectable at E19 when upper layer neurons
normally settle in the CP. The temporal correlation of Hrk-expression and caspase 3
activation suggests that Harakiri does directly trigger programmed cell death in the
absence of Neurod1/2/6. Hrk was also expressed in the DG of the Neurod1/6 double-
deficient control embryos (arrow in fig 23c), which suggests that the apoptotic loss of
most hippocampal granule neurons in the absence of Neurod1 (sect 1.4.2.1; Liu et al.
2000; Schwab et al. 2000) may also be triggered by Hrk.

Unexpectedly, the transcriptional up-regulation of Hrk in the developing CP of
Neurodl1/2/6 triple-deficient mice was not confined to the caudomedial cortex
(arrowhead in fig 23c). The expression domain of Hrk is thus broader than the domain
of caspase 3 activation, which is confined to the hippocampus and caudomedial
neocortex of Neurod1/2/6-deficient embryos (sect 2.1).
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Figure 23: Increase of Hrk-expression in the developing CP of Neurod1/2/6-deficient mice
(a) Calculated expression in RNA-Seq at E13 (sex-corrected; normalized reads per kbp). (b) ISH in coronal sections
of the central neocortex during embryonic cortex development. (¢) Overview of ISH in coronal brain section at E14;
the arrow identifies Hrk-positive cells in the DG of Neurod1/6 double-deficient control embryos; the arrowhead
approximately points to the sharp border of strongly increased apoptosis in Neurod1/2/6 triple-deficient brains
(compare fig 8a). Abbreviations on page 119.

2.7.1 Hrk Overexpression and Knockdown

To directly investigate the function of Hrk in the developing cortex, I cloned the
complete coding region into a conditional bicistronic expression vector (pCAG-LoxP-
mCherry-LoxP-Hrk-IRES-GFP; sect 4.8.1). IUE of this plasmid into the neocortex of
Neurod6-positive mice at E13 resulted in rapid activation of caspase 3 and apoptotic
cell death of most electroporated cells (fig 24a-c).

Neurod6-Cre mediated recombination of the plasmid DNA limits forced expression
of Hrk and GFP to postmitotic pyramidal neurons in the SVZ, IZ, and CP. Stable
expression can be considered approximately 24h after electroporation. IUE of an
empty expression vector (containing GFP but no Hrk) at E13 and IHC for GFP at
E15 confirmed that the method targets a large number of Cre-positive pyramidal
neurons in the IZ and CP (fig 24a). Electroporation of the full Hrk-expressing vector
at E13 resulted in only few cells that were positive for GFP or activated caspase 3
(fig 24b). The simplest explanation for the near absence of GFP-expression was that
at E15 most Hrk-expressing cells had already undergone apoptosis and had been
eliminated from the cortex. Visualization of mCherry (the gene being inactivated
by Cre-mediated recombination) confirmed that the plasmid was robustly expressed
before recombination (fig 24c).

!Genotype: Neurod11¥/1°% x Neurod2*¥™ x Neurod6°e/cr

2The development of ISH-slides is based on an AP-based staining reaction (sect 4.5). ISH for stronger
expressed transcripts (e. g. Sox5, which has a similar expression pattern but a calculated expression
level of 726 normalized reads per kbp) usually results in robust staining after developing the slides for
1-2 hours. However, chromogenic ISH is a qualitative method and the staining intensity varies with
probe properties (e. g. GC-content, length, position within the mRNA).
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Figure 24: Hrk drives apoptosis in the cerebral cortex

(a) IUE of the empty (GFP only) conditional expression vector into the central neocortex of Neurod6-Cre positive mice
at E13 and immunostaining for GFP (green) at E15; positive control for b and c. (b) Forced expression of Hrk resulted
in the activation of caspase 3 (red) and the loss of electroporated (GFP-expressing; green) cells. (¢) Visualization of
electroporated cells that have not yet undergone cre-mediated recombination and hence express mCherry (blue)
but not Hrk or GFP (green). (d) Overexpression of shRNA constructs targeting the 3'-UTR of Hrk (bicistronic GFP
expression in green) and an RFP-based Hrk 3’-UTR reporter construct (red) in N2a cells. (e) IUE of shRNA targeting
Hrk (shRNA1/2) into the central neocortex of Neurod1/2/6-deficient mice at E13 and IHC for GFP (green) and
activated caspase 3 (red) at E15. (f) Orthogonal views of confocal image stack at approximately the boxed region
in e. The dotted and dashed lines indicate the medial and lateral boundaries of the electroporation site in the
ipsilateral cortex and the approximate projections into the contralateral cortex; IUE denotes the electroporation site;
IUE* is an approximate projection of the electroporation site into the non-electroporated contralateral hemisphere.
Abbreviations on page 119.

To silence the up-regulation of Hrk via RNA interference (RNAi) in the developing cortex
of Neurod1/2/6-deficient mice, I cloned three bicistronic DNA constructs coding for
GFP and Hrk-specific short hairpin RNA (shRNA). The interfering RNA sequences bind
in different regions in the Hrk 3’-untranslated region (UTR), and they had previously
been successfully used (Kalinec et al., 2005). DNA-sequencing confirmed that shRNA 1
and shRNAZ2 were identical to the published constructs. However, shRNA3 contained a
mutation that prevents it from binding to the Hrk mRNA; shRNA3 was subsequently
used as negative control.

I tested the effectiveness of the shRNA vectors to silence Hrk-expression in vitro:
Neuro2a (N2a) cells, which have many properties of neurons (LePage et al., 2005),
were simultaneously transfected with the shRNA constructs and a reporter plasmid
expressing red fluorescent protein (RFP) fused to the 3’-UTR of Hrk messenger RNA
(mRNA). The Hrk-ORF was not expressed to prevent cell death in this assay. In
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the case of shRNA1 and shRNA2, mutually exclusive expression of GFP and RFP
indicated sufficient effectiveness of the shRNA vectors (the RFP-mRNA containing the
shRNA target sequences was quickly eliminated from transfected cells). The strongest
silencing effect was caused by co-expression of shRNA1/2 (fig 24d). Expression of
the non-functional RNA3 resulted in many GFP/RFP double-positive cells (arrows in
fig 24d)).

I co-electroporated shRNA1/2 into the developing neocortex of Neurod1l/2/6-deficient
mice at E13 and immunostained the fixed brain sections for GFP and activated
caspase 3 at E15 (the time of strongest caspas 3 activation in Neurod1/2/6-deficient
brains). Caspase 3 activation was strong in the not electroporated (contralateral)
hemisphere (left side of fig 24e)., and it reached laterally beyond the center of the
ventricle (dashed lines in fig 24e). Caspase 3 activation was comparable in the
medial neocortex, cingulate cortex, and hippocampus of the electroporated (ipsilateral)
hemisphere (right side of fig 24e). However, only relatively few cells in the central
neocortex (where the shRNA constructs had been electroporated) were positive for
activated caspase 3; strong activation of caspase 3 stopped abruptly at the level of the
electroporation site (dotted lines in fig 24e). Three-dimensional image stacks obtained
by confocal microscopy in the central neocortex (fig 241) confirmed that the remaining
activation of caspase 3 does not colocalize with the expression of GFP (Hrk-shRNA) on

the cellular level.

I conclude that the transcriptional up-regulation of Hrk in the developing cerebral
cortex of Neurodl/2/6-deficient mice does efficiently trigger caspase 3 dependent
apoptotic cell death of deeper layer pyramidal neurons in the caudomedial cortex.
However, this does not seem to be the case for upper layer neurons and the lateral
neocortex. The next question was, how Hrk is regulated at the transcriptional level in
the developing cortex.

2.8 Bhlhb5 and Prdm8 Prevent Neuronal Apoptosis

NEUROD—FAMILY TRANSCRIPTION FACTORS are usually considered transcriptional

activators (Murre et al., 1994). Neurod1 has been called beta-cell E-box transac-
tivator 2 (Beta2) in the field of diabetes research as it binds and transactivates the
promoters of insulin and glucagon in the pancreas (Dumonteil et al., 1998). Neurod2
was identified in a transactivator-trap screen to mediate depolarization-induced trans-
activation of Gap43 in cultured cortical neurons (Ince-Dunn et al., 2006). Neurod6
was shown to directly promote the expression of Gap43 via two distinct transactivator
domains (Uittenbogaard et al., 2003).
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NeuroD-factors have occasionally been reported to inhibit the expression of other
genes, but indirectly via the activation of transcriptional repressors or via competitive
displacement of other transactivators from promoters. Neurod1 was shown to inhibit
the expression of somatostatin by binding to E-box sequences and thereby displacing
other transcription factors (Itkin-Ansari et al., 2005). Neurod2 was shown to indirectly
repress RE1-silencing transcription factor (Rest) by transactivating its transcriptional
repressor Zfhxla (Ravanpay et al., 2010).

The transcriptional up-regulation of Harakiri in the developing cortex of Neurod1/2/6-
deficient mice is thus most probably an indirect effect. A hypothetical mechanism
could involve other transcription factors that act downstream of Neurodl1/2/6 to
repress Harakiri. The loss of Neurod1/2/6 should then result in the down-regulation
of such repressors, and the loss of repression would result in the up-regulation of
Harakiri.

Two transcription factors ranked particularly high in the comparable transcriptome
analyses (tab 4): Bhlhb5 was the highest-ranked transcript after sex-correction;
expression was robust in the central neocortex of control embryos (864 normalized
reads per kbp) but very weak in Neurod1/2/6-deficient littermates (154 normalized
reads per kbp; -81 %; p=0.0003; fig 25b). Prdm8 was the second-highest ranked
transcription factor (#18 of all transcripts); expression was mild in the central neocortex
of control embryos (256 normalized reads per kbp) and below ISH-detection threshold
in Neurod1/2/6-deficient littermates (62 normalized reads per kbp; -75 %; p=0.0097;
fig 26b). Both factors have previously been shown to act together in the same
transcriptional repressor complex (Ross et al., 2012).

2.8.1 Bhlhb5 Expression

BHLH protein B5 (Bhlhb5), also called Bhlhe22 or Beta3, is an inhibitory bHLH
transcription factor (Xu et al., 2002), that was shown to regulate the area identity of
postmitotic pyramidal neurons in the developing cerebral cortex (Joshi et al., 2008).

Whole transcriptome expression analysis at E13 showed a highly significantly decrease
of Bhlhb5-expression in the central neocortex of Neurod1/2/6-deficient mice (sex-
corrected: 2772 to 495 total reads; 82 %™; p=0.00032; rank 1 in tab 4; fig 25a).
Independent of sex-correction, Bhlhb5 was the highest-ranked gene of the entire
RNA-Seq study.

ISH in coronal brain section at E13-16 confirmed reduced Bhlhb5-expression, particu-
larly in the lateral neocortex of Neurod1/2/6-deficient mice (fig 25c—f). In control mice,
Bhlhb5 was already robustly expressed in the emerging CP at E13. In Neurod1/2/6-
deficient littermates, Bhlhb5-mRNA was hardly detectable at E13. The levels increased
quickly in the hippocampus and medial neocortex, but not in the lateral neocortex.
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Figure 25: Bhlhb5 expression during embryonic cortex development

(a, b) Expression as calculated from RNA-Seq at E13 (normalized, before and after sex-correction in a and b,
respectively). (c-f) ISH for Bhlhb5 in coronal sections of the central neocortex during embryonic cortex development
E13, E14, E15, and E16. Asterisks denote strongly reduced expression in the cortex of Neurod1/2/6-deficient mice.
Abbreviations on page 119.

This pattern was not in line with the proposed hypothesis. At E14/15, the rate of
apoptosis was very high in the medial CP of Neurod1/2/6-deficient embryos (fig 5), but
Bhlhb5-expression was relatively normal in this area. The lateral cortex, where Bhlhb5
expression was strongly decreased at all examined stages, was relatively unaffected by
the loss of Neurod1/2/6 (sect 2.1; sect 2.2; Bormuth, 2016).

2.8.2 Prdm8 Expression

PR domain containing 8 (Prdms8) is a histone methyltransferase and an inhibitory
transcription factor containing a double zinc-finger and a SET-domain (Xiao et al.,
2003). In the cerebral cortex, Prdms8 is essential for the multipolar-to-bipolar transition
of pyramidal neurons in the IZ (Inoue et al., 2014) and for the postnatal specification
of layer 4 (Inoue et al., 2015).
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Figure 26: Prdm8 expression during embryonic cortex development
(a, b) Expression as calculated from RNA-Seq at E13 (normalized, before and after sex-correction in a and b,
respectively). (c-f) ISH for Prdm8 in coronal sections of the central neocortex during embryonic cortex development
at E13, E14, E15, and E16. Arrows indicate the Prdm8-positive SVZ/IZ in the lateral cortex at E15. Asterisks
denote strongly reduced expression in the cortex of Neurod1/2/6-deficient mice. Abbreviations on page 119.

Whole transcriptome analysis at E13 showed significant decreased Prdm8-expression
in the central neocortex of Neurod1 /2 /6-deficient mice (sex-corrected: 798 to 192 total
reads; 76 %\; p=0.0091; rank 17 in tab 4; fig 26a).

ISH at E13-16 confirmed strongly decreased expression of Prdm8 in the neocortex
of Neurod1/2/6-deficient mice when compared to control littermates (fig 26¢c—f). In
control mice, Prdm8 was already robustly expressed in the CP at E13. At later stages,
expression was mostly confined to the medial neocortex and hippocampus. In the
lateral cortex, Prdm8 was relatively weakly expressed and mostly confined to SVZ/IZ
(arrows in fig 26e). In Neurodl/2/6-deficient mice, Prdm8-expression was weak at
E13 and hardly detectable at E14-16.

The loss of Prdm8 in the medial neocortex and hippocampus of Neurod1/2/6-deficient
mice was better compatible with the hypothesized role as a transcriptional repressor
of Hrk and an indirect inhibitor of apoptosis. However, the expression pattern of
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Figure 27: Overexpression of Prdm8 and Bhlhb5

(a—c) IUE of Bhlhb5 (a), Prdm8 (b), or both (c) into the central neocortex of Neurod1/2/6-deficient mice at E13 and
IHC for GFP (green) and activated caspase 3 (red) at E15. (a’-¢’) Confocal image stacks at approximately the boxed
region in a—c. The dotted and dashed lines indicate the medial and lateral boundaries of the electroporation site in
the ipsilateral cortex and the approximate projections into the contralateral cortex; IUE denotes the electroporation
site; IUE* is an approximate projection of the electroporation site into the non-electroporated contralateral hemisphere.
Abbreviations on page 119.

PrdmS8 in controls did not reproduce the abrupt border of apoptosis in the central
neocortex of Neurod1/2/6-deficient embryos (fig 5) and loss of Prdm8-expression in
the medial cortex cannot explain the increase of Hrk-expression in the lateral cortex of
Neurod1/2/6-deficient mice at E14 (fig 23c).

2.8.3 Bhlhb5/Prdm8 Overexpression

Bhlhb5 and Prdm8 were shown to interact and function in the same repressor
complex in the cerebral cortex (Ross et al., 2012). To directly investigate whether
this complex can suppress cortical apoptosis, I cloned the complete coding region of
both genes into the described bicistronic conditional expression vector. If Bhlhb5 and
Prdm8 were indeed repressors of Hrk-expression or inhibitors of abnormal apoptosis
in Neurodl/2/6-deficient mice, IUE of the expression vectors into the cortex of
Neurod1/2/6-deficient mice at E13 would prevent the activation of caspase 3 in
the electroporated hemisphere at E15.
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Figure 28: Nhlh2 expression in embryonic cortex development
(a) Expression as calculated from RNA-Seq at E13 (normalized, sex-corrected). (b—c) ISH in coronal sections of the
central neocortex during embryonic cortex development at E14 and E16. Arrows point to increased expression in
the medial neocortex and hippocampus of Neurod1/2/6-deficient mice. Abbreviations on page 119.

Co-electroporation of Bhlhb5 and Prdm8 indeed resulted in reliable suppression of cell
death in the electroporated hemisphere (fig 27a). The GFP-positive electroporation site
was nearly devoid of activated caspase 3 or pycnotic DAPI-positive nuclei. Even GFP-
negative cells in the proximity of the electroporation site did not undergo apoptosis.
These cells did most probably express Bhlhb5, Prdm8, and GFP at low levels, such
that the visible GFP signal was below detection level.

Likewise, electroporation of only Prdm8 prevented apoptosis in the neocortex of
Neurod1/2/6-deficient mice (fig 27b). The effect was arguably weaker in comparison to
the co-electroporation, as few caspase 3 and GFP double-positive cells were detectable

in the area of the electroporation site.

In contrast, electroporation of only Bhlhb5 had no comparable effect. The electropora-
tion site was scattered with a large number of pycnotic nuclei and cells with strong
caspase 3 activity (fig 27c). The extent of caspase 3 activation was comparable in the
electroporated and not-electroporated hemispheres. Still, most clearly GFP-positive
cells were negative for activated caspase 3. This suggests that Bhlhb5 might act as
a wealk inhibitor of apoptosis. Lower levels of Bhlhb5-expression might simply be
insufficient to prevent the initiation of apoptosis.
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Figure 29: Mafb expression in embryonic cortex development

(a) Expression as calculated from RNA-Seq at E13 (normalized, sex-corrected). (b—c) ISH in coronal sections of the
central neocortex during embryonic cortex development at E14 and E16. Arrows point to increased expression in
the lateral neocortex of Neurod1/2/6-deficient mice. Abbreviations on page 119.

2.9 Other Candidate Genes

2.9.1 Nhlh2 is Increased in the Medial Cortex

Nescient helix loop helix 2 (Nhlh2), previously called Nscl2 or Hen2, is a neuron-
specific bHLH transcription factor (Haire & Chiaramello, 1996). It is expressed during
the differentiation of neuronal precursors in the cortex (Mattar et al., 2008). In the
developing cerebellum, Nhlh1/2 were shown to be essential for neuronal migration
and survival (Schmid et al., 2007).

Whole transcriptome analysis at E13 showed increased expression of Nhlh2 in the
central neocortex of Neurodl/2/6-deficient embryos when compared to littermate
controls (sex-corrected: 1305 to 2266 total reads; 42 %.; p=0.0127; rank 80 in tab 4;
fig 28a). Nhlh2 was the only transcription factor that was robustly up-regulated in
Neurod1/2/6-deficient mice.

ISH in coronal brain sections at E14 confirmed a moderate increase of Nhlh2-
expression in the central CP of Neurod1/2/6-deficient embryos (fig 28b). The level of
Nhlh2 mRNA was particularly increased in the hippocampus and medial neocortex
(fig 28b, c¢). Those are the areas particularly strong affected by apoptosis in the absence
of Neurod1/2/6 (fig 5).
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2.9.2 Mafb is Increased in the Lateral SVZ/I1Z

V-maf musculoaponeurotic fibrosarcoma oncogene family protein B (Mafb) is a tran-
scription factor of the basic leucine zipper (bZIP) family. It is involved in hindbrain
and inner ear development (Cordes & Barsh, 1994). Naturally, Mafb-deficient (Kreisler)
mice were described as hyperactive animals that toss their heads and run in circles
(Kataoka et al., 1994; Sing et al., 2009).

Whole transcriptome analysis at E13 showed moderately increased Mafb-expression in
the central neocortex of Neurodl1/2/6-deficient mice (sex-corrected: 471 to 829 total
reads; 245 reads per kbp; 43 %.”; p=0.0412; rank 228 in tab 4; fig 29a).

ISH confirmed increased Mafb-expression in Neurod1l/2/6-deficient mice at E14 and
E16 (fig 29). Particularly strong levels of Mafb-mRNA were detectable in the lateral
cortex (arrows in fig 29b c).

The pattern of increased Mafb-expression is compatible with a potential anti-apoptotic
or Hrk-repressing function in the lateral cortex of Neurod1/2/6-deficient mice. How-
ever, [lUE-based gain of function experiments to rescue Hrk-expression and apoptotic
cell death in the medial cortex of Neurod1l/2/6-deficient mice were not yet performed.

2.9.3 Tiam2 is Lost in the CP

T cell lymphoma invasion and metastasis 2 (Tiam2) is a known guanine exchange
factor (Chiu et al., 1999) and an activator of Racl. It regulates neural development and
is expressed in a region-specific and stage-specific manner in the developing and adult
mouse brain (Yoshizawa et al., 2002). Tiam2-Racl signaling was shown to mediate
trans-endocytosis of ephrin receptor EphB2 and thus is crucial for cellular repulsion
(Gaitanos et al., 2016).

RNA-Seq at E13 showed significantly decreased Tiam2-expression in the central
neocortex of Neurodl/2/6-deficient mice (sex-corrected: 3683 to 789 total reads;
79 %; p=0.0177; rank 3 in tab 4; fig 30a). Tiam2 was the second-highest ranked
gene in this study (after Hrk; sex-corrected; excluding rRNA). ISH in coronal brain
sections at E14 and E16 confirmed robustly reduced Tiam2-expression in the entire
CP of Neurod1/2/6-deficient mice (fig 30b-c).

The loss of Tiam2-expression in the CP of Neurodl/2/6-deficient mice might be a
secondary effect of failed or delayed terminal differentiation of cortical pyramidal
neurons. IUE-based rescue experiments in the cortex of Neurod1/2/6-deficient mice
have not yet been performed.
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Figure 30: Tiam2 and Sez6 expression in embryonic cortex development
(a, d) Expression of Tiam2 (a) and Sez6 (d) as calculated from RNA-Seq at E13 (normalized, sex-corrected). (b—c, d-
f) ISH for Tiam2 (a-c) and Sez6 (d-f) in coronal sections of the central neocortex during embryonic cortex development
at E14 (b,e) and E16 (c,f). Asterisks denote strongly reduced expression in the cortex of Neurod1/2/6-deficient
mice. Abbreviations on page 119.

2.9.4 Sezb6 is Reduced in the Cortex

Seizure related gene 6 (Sez6) is a brain-specifically expressed membrane protein. Sez6-
deficient mice show cognitive abnormalities, motor deficits, and reduced dendritic
trees of cortical pyramidal neurons (Gunnersen et al., 2007).

Whole transcriptome analysis at E13 showed significantly decreased Sez6-expression
in the central neocortex of Neurod1l/2/6-deficient mice (sex-corrected: 9011 to 3500
total reads; 61 %™; p=0.0239; rank 4 in tab 4; fig 30d). Sez6 was the third-highest
ranked gene in this study (after Hrk and Tiam2; sec-corrected; excluding rRNA). ISH
in coronal brain sections at E14 and E16 confirmed reduced Sez6-expression in the
CP of Neurod1/2/6-deficient embryos (fig 30e-f).
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Figure 31: Sip1and Fezf2 expression in embryonic cortex development
(a, d) Expression of Sip1 (a) and Fezf2 (d) as calculated from RNA-Seq at E13 (normalized, sex-corrected). (b—c, d-
f) ISH for Sip1 (a-c) and Fezf2(d-f) in coronal sections of the central neocortex during embryonic cortex development
at E16 (b,e) and E19 (c, f). Asterisks denote strongly reduced expression in the cortex of Neurod1/2/6-deficient
mice. Abbreviations on page 119.

2.9.5 Sip1 Reduced in the CP

Sipl (Zeb2) is a zinc finger transcription factor interacting with SMAD proteins to
mediate TGF-$ signaling. Loss of Sip1 function results in Mowat-Wilson syndrome, a
human developmental disorder characterized by microcephaly, intellectual disability,
and craniofacial abnormalities (Epifanova et al., 2018). In the developing cerebral
cortex of mice, Sipl was shown to regulate the cell fate of neuronal progenitor cells
in response to feedback signaling from the CP (Seuntjens et al., 2009). Specifically,
Sip1 controls the switch from the production of Ctip2-positive deeper-layer neurons to
Satb2-positive upper-layer neurons in response to increasing Ntf3-signaling from the
increasingly populated CP (Parthasarathy et al., 2014).
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Whole transcriptome analysis at E13 showed highly significantly decreased Sipl-
expression in the central neocortex of Neurod1/2/6-deficient mice (sex-corrected: 6992
to 3976 total reads; 43 %"; p=0.000007; rank 56 in tab 4; fig 31a). Independent of
sex-correction, Sipl was statistically the second-most significantly regulated transcript
in the entire RNA-Seq experiment (only following Cdh11). ISH in coronal brain sections
confirmed reduced Sipl-expression in the neocortex of Neurodl/2/6-deficient mice at
E16 (fig 31b) and showed near loss of Sipl-expression at E19 (fig 31c¢).

Loss of Sipl might cause disturbed pyramidal neuron identity and the presence of
abnormal Ctip2/Satb2 double-positive neurons in the neocortex of Neurodl/2/6-
deficient mice at E19 (sect 2.2). Gain of function experiments using IUE of Sipl in
Neurod1/2/6-deficient mice were beyond the scope of this work.

2.9.6 Fezf2 Reduced in the CP

Fezf2 (Zezl) is a zinc-finger transcription factor.

Whole transcriptome analysis at E13 showed moderately decreased Fezf2-expression in
the central neocortex of Neurod1l/2/6-deficient mice (sex-corrected: 3021 to 2234 total
reads; 26 %; p=0.0180; rank 269 in tab 4; fig 31d). ISH in coronal brain sections
confirmed reduced Fezf2-expression in the central neocortex of Neurod1/2/6-deficient
mice at E16 and E19 (fig 31e-1).
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3 Discussion

RANSCRIPTION FACTORS of the NeuroD-family are known to control important
processes during embryonic cortex development, such as neuronal specification,
differentiation, survival, migration, and connectivity (sect 1.4). I investigated
those processes in Neurod1/2/6 triple-deficient mouse embryos, with a particular
focus on the genetic control of apoptosis and cell survival in differentiating neocortical
pyramidal neurons.

3.1 Pyramidal Neuron Specification

DETAILED GENE EXPRESSION ANALYSIS and histochemical observations in the de-

veloping neocortex of Neurod2/6 double-deficient mice have shown a significant
enlargement of the neocortical SVZ with a strong increase in the number of Tbr2-
expressing cells at E17.5, E18.5, and PO (Yan, 2016, 4.22; Li, 2017, 4.2). Tbr2 is a
classical marker for IPCs, which are derived from RGCs and predominantly give rise
to glutamatergic projection neurons in the upper cortical layers (Arnold et al., 2008;
Hevner, 2019). Interestingly, IPCs in the SVZ express genes also expressed by mature
upper-layer neurons, such as Brn2, Cux2, or Uncbd (Tarabykin et al., 2001; Zimmer
et al., 2004). In humans, the evolutionary enlargement of the Tbr2-positive IPC-pool
and the SVZ is thought to be a prerequisite for the strong expansion of upper layers
and the extensive gyrification of the human neocortex (Hevner, 2019).

Most of the accumulating Tbr2-positive cells in the SVZ of Neurod2/6 double-deficient
mice are born between E15.5 and E17.5, the time of normal upper-layer neuron
generation (Yan, 2016, 4.23; Li, 2017, 4.3). The majority of those abnormal cells
are postmitotic (Li, 2017, sect 4.4) and part of the Neurod6-lineage, as shown by co-
expression of Cre from the endogenous Neurod6-promoter (Yan, 2016, 4.24). During
prenatal cortex development, the expression domain of Neurod1, which is normally
spatiotemporarily confined to a thin layer of IPCs in the SVZ, is extended into the outer
SVZ and the CP of Neurod2/6 double-deficient mice (Yan, 2016, 4.19), suggesting a
compensatory role of Neurodl in the absence of Neurod2/6 (Yan, 2016, 5.3).
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Neuronal Specification Discussion

Using IUE to rescue the expression of either Neurod2 or Neurod6 in a subset of Cre-
expressing (putative Neurod6-positive) cells in otherwise Neurod2/6 double-deficient
mouse embryos was sufficient to overcome the cellular accumulation of electroporated
cells in the SVZ. Rescued cells instead regained the abilities to down-regulate Thr2
and Neurod1, to migrate into the CP, and to later express upper neuron marker Cux1!
(Yan, 2016, 4.25, 5.10).

We initially hypothesized that the compensatory up-regulation of Neurod1 in Neurod2/6
double-deficient pyramidal neurons might directly or indirectly lead to abnormal
expression of Tbr2, and as a result, might lock accumulating IPCs in an immature
multipolar stage (compare Bormuth 2016, 3.2; Yan 2016, 5.10; Li 2017, 5). To test
this hypothesis, I analyzed Neurod1/2/6 triple-deficient mouse embryos lacking the
compensatory up-regulation of Neurod1 in cortical pyramidal neurons of the Neurod6-
linage (sect 2.1.1; sect 2.2). Unexpectedly, I observed similar accumulations of Thr2-
expressing cells and a similar expansion of the SVZ in the absence of Neurod1/2/6
( fig 9i; fig 10a). The failure of Tbr2-positive putative IPCs in the Neurod2/6 double-
deficient SVZ to differentiate neuronally and to migrate radially into the CP is thus not
a result of compensatory Neurod1 up-regulation in those cells.

I rather suggest that Tbr2-expression and maintenance of the IPC-state might normally
be actively inhibited by transcriptional repressors downstream of Neurodl/2/6.
Possible candidates for this role include Bhlhb5 and Prdms8, both of which are robustly
expressed in the SVZ of controls but not of Neurodl1/2/6 triple-deficient embryos
around E15 (fig 25d-f; fig 26d-f). Both factors are transcriptional repressors that can
act together in the same protein complex (Ross et al., 2012).

Bhlhb5 (Beta3) was identified as a close homolog and functional antagonist of Neurod1
(Beta2) in pancreatic cells (Peyton et al., 1996) and was later shown to repress Pax6-
expression in the brain (Xu et al., 2002). At E15.5 and E17.5, Bhlhb5 is predominantly
expressed in the CP and at moderate levels the SVZ (Joshi et al., 2008, fig 1). Genetic
inactivation of Bhlhb5 alone does not influence the morphology of the SVZ, as shown
by ISH for 1d2 and Lmo4 (Joshi et al., 2008, fig 3). Prdm8 was shown to regulate the
multipolar-to-bipolar transition in the SVZ/IZ (Inoue et al., 2014) and to be essential
for the normal generation of upper cortex layers and whisker barrels (Inoue et al.,
2015). Genetic inactivation of Prdm8 alone does also not influence the morphology of
the SVZ/1Z, as shown by IHC for Tbr2 and Uncbd (Inoue et al., 2015, fig 3c¢).

I electroporated Bhlhb5 and Prdm8 into the neocortex of Neurod1/2/6 triple-deficient
mice at E13 to rescue the abnormal wave of apoptotic cell death during early cortex
development (sect 2.8). Focussing on cellular survival, however, 1 assessed the
tissue only at E15. The effect of Bhlhb5/Prdm8-electroporation on the morphology
of the SVZ was ambiguous at that stage (fig 27), which might partially be due to

'Cux1 is expressed in the VZ and SVZ at earlier developmental stages but mostly confined to cortex layer
II-IV at E18.5 (Nieto et al., 2004)
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Figure 32: Etv5 and Prox1 expression in embryonic cortex development

(a,b) ISH for Etv5 in sagittal (a) and coronal (b) cortex sections at E16. (b, c¢) Expression of Prox1 in coronal
cortex sections at E16 by ISH (c) and IHC (d). Asterisks denote strongly reduced expression in the cortex of
Neurod1/2/6-deficient mice. Abbreviations on page 119.

artifacts from the electroporation itself. So far, I did not assess molecular effects of
Bhlhb5/Prdm8-electroporation on the IPC-population in the SVZ/IZ. Co-staining for
GFP (for electroporated cells) and layer-specific marker proteins (eg Thr2, Sox5, Tbrl,
Ctip2, Satb2, or Cuxl1) are still to be done in Bhlhb5/Prdm8-electroporated brains,
ideally at later developmental stages.

3.2 Cell Fate, Cell Cycle, and Feedback Signaling

T HE ESTABLISHMENT OF NEURONAL FATE AND LAYER IDENTITY is severely disturbed
in the developing cortex Neurodl/2/6-deficient mice (sect 2.2). Particularly in the
dorsomedial cortex, the molecular phenotype is superimposed by a massive wave of
apoptotic cell death (sect 2.1). Relative changes in the number of Tbr2-, Ctip2-, and
Satb2-positive neurons might thus be due to stage-specific or cell type-specific cell
death, rather than failure to establish neuronal fate and identity. In the rostrolateral
cortex, however, cell death rates are comparably low (fig 5, fig 6), and the molecular
phenotype is more likely to reflect changes in the establishment rather than selective
survival of cellular identities. In the lateral cortex of Neurodl/2/6-deficient mice,
dominate abnormal accumulations of Satb2/Ctip2 double-positive neurons in the 1Z
and CP at E17-19 (sect 2.2; dotted circles in fig 91 and in fig 10a). Cell fate switching

from deeper to upper layer neuron identity is obviously disturbed or delayed in these
cells.
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Feedback Signaling Discussion

The establishment of neuronal fate in the neocortex is regulated by an interacting
network of transcription factors including Fezf2, Sox5, Tbr1, Ctip2, Satb2, and Bhlhb5
(Chen et al., 2008; Baranek et al., 2012; Srinivasan et al., 2012; Ku & Torii, 2020). Most
of these factors are expressed in postmitotic pyramidal neurons of a certain identity
to repress the differentiational programs of alternative identities. Fezf2 is already
expressed in mitotic progenitor cells of the early developing neocortex (Chen et al.,
2005) to specify Ctip2-positive subcerebral projection neurons of layer 5 (Molyneaux
et al., 2005). In Neurod1/2/6-deficient mice, the progenitor pool is expanded (sect 3.1)
and the relative proportion of Ctip2-positive neurons (layer 5) is increased at the
expense of Sox5-positive (layer 6) and to a lesser extent Cuxl- or Bhlhb5-positive
(upper layer) neurons (sect 2.2; Bormuth, 2016, 2.5.4.3, 2.5.6.2). Despite expansion
of the progenitor pool, Fezf2-expression was not increased but moderately decreased
at E13 (26 %"\ in tab 4); ISH at E16 and E19 showed decreased expression in deeper
layers of the CP (sect 2.9.6).

There has always been a big interest in Sip1-based feedback signaling in our research
group (Seuntjens et al., 2009; Epifanova et al., 2018). Srinivas Parthasarathy found
that differentiated pyramidal neurons in the CP secrete Ntf3 as a feedback signal
towards RGCs and IPCs in the VZ/SVZ to influence fate switching from the production
of Ctip2-positive deeper-layer to Satb2-positive upper-layer neurons and later to
gliogenesis via Sipl (Parthasarathy et al., 2014). In Neurod1/2/6-deficient mice, Sip1-
expression in the developing CP is highly significantly decreased in the CP (sect 2.9.5).
Ntf3-expression was barely detectable by RNA-Seq at E13 (1.5 total reads per kbp in
controls and 0.0 reads in Neurod1/2/6-deficient mice) or by ISH at E16 and E1 (not
shown). However, ISH was not extensively optimized, and I did not try to detect Ntf3 at
the protein level.

Despite the massive wave of neuronal apoptosis at E14/15 (sect 2.1; fig 4b’, ¢’) and
ongoing cell death at E16/17/19 (fig 4d’, e’; fig 6e; Bormuth, 2016, 2.5.5), the total
size of the cerebral cortex was only moderately decreased in Neurod1/2/6-deficient
mice (fig 4e’; fig 6e; fig 10; Bormuth, 2016, 2.5.2). I hypothesized that neurogenesis
in the VZ/SVZ might be increased in Neurod1/2/6-deficient mice to compensate for
the massive loss of postmitotic neurons. Such a mechanism would necessarily rely on
feedback signaling from the apoptotic IZ/CP to the neurogenic VZ/SZV. I quantified
mitotic activity and cell cycle parameters at E13 and E15, but could not find significant
differences in Neurod1/2/6-deficient mice (sect 2.4; fig 7a,b). Using ISH at E16, I
assessed expression levels of various VZ-specific regulator genes in Neurodl/2/6-
deficient mice at E16. I did not find obvious changes for eg Pax6, Ctnnb1 (3-Catenin),
Notchl, Pcna, Glil (data not shown).

Expression of the ERM transcription factor Etvb was reduced specifically in the
Neurod1l/2/6-deficient dorsomedial VZ (asterisks in fig 32a,b). Etvb-expression in the
central neocortex was not significantly changed at E13 (sex-corrected: 463 to 479 total
reads; 3%.; p=0.1192; rank 23625 in tab 4). In human embryonic stem cells-derived
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Figure 33: Cell death and altered neuronal migration in the cortex of Neurod1/2/6 triple-deficient mice
Abbreviations on page 119.

NPCs, Etvb was shown to act as a repressor of Neurog2 that inhibits the glutamatergic
and promotes the GABAergic fate (Liu & Zhang, 2019). In the cortical VZ of mice, Etv5-
expression normally follows a MAPK-dependent rostrolateral (high) to caudomedial
(low) gradient (Talley et al., 2021). It remains to be shown whether Etv5-expression in
the VZ is reduced due to feedback signaling from the adjacent cortex, or whether the
effect merely represents a shift in the naturally occurring gradient of Etv5-expression.

By ISH at E15, I also found a mild up-regulation of Prox1 in the dorsomedial neocortical
SVZ of Neurod1/2/6-deficient mice (arrow in fig 32c). While not ranking high in the
list of differentially expressed genes, RNA-Seq confirmed the mild up-regulation of
Prox1 in the central neocortex at E13 (sex-corrected: 261 to 345 total reads; 24 %.”;
p=0.0338; rank 3086 in tab 4). Unexpectedly, I could not reproduce the increase of
Prox1 on the protein level (fig 32d). In adult neuronal stem cells, Prox1 promotes the
identity of oligodendrocytes via Notchl and Olig2 (Bunk et al., 2016). Interestingly,
the number of Olig2-positive glial progenitor cells is increased in the neocortex of
Neurod2/6-deficient mice at 16.5 and E18.5 (Yan, 2016, 4.26), and Neurodl and Olig2
are not expressed by the same cells (Yan, 2016, 4.27). A potential role of Neurod1/2/6
to actively inhibit the oligodendroglial fate (potentially via cell-extrinsic signals) is open
for further investigation.

3.3 Radial Migration into the Cortical Plate

Here I would like to address neuronal migration in the Neurodl/2/6-deficient de-
veloping cortex. I observed several typical features. 1. I see the accumulation of
Tbr2-positive IPCs and thus an expansion of the SVZ. 2. Layer 5 Ctip2-positive cells
as well as upper layer Satb2-positive cells fail to settle down in the correct layers, but

79



Regionalization Discussion

rather build rosette-like structures in the cortex. 3. Migration, as seen in the live
imaging, could hardly be called radial, as the neurons do not follow a straight radial
path, they turn and some even circle in the CP (fig 33).

The accumulation of Tbr2-positive basal progenitors in SVZ could be a result of failing
cell migration into the CP in Neurod12/6-deficient brains. My colleagues in the group
have shown that one of the downstream targets of NeuroD factors is Cntn2 (Tag-1), a
cell surface molecule (Bormuth et al., 2013). With my experiments, I could confirm the
direct regulation of Cntn2 by NeuroD factors. The depletion of Cntn2 expression in the
developing mouse cortex leads to disruption of interkinetic nuclear migration (INM)
and thus to overcrowded progenitor zone (Okamoto et al., 2013). This might explain
the phenotype I see in Neurod1/2/6-deficient brains.

Studying the reelin-pathway in the brains of Neurod1/2/6-deficient mice, I was able
to show significant down-regulation of Dab1, using RNA-Seq and ISH. It has been
published that Dabl is critical for stabilizing neuronal leading processes during radial
migration. A mouse line, lacking Dab1 in early-born neurons, shows accumulations of
neurons in SVZ. In late-born neurons, Dabl is essential for their correct positioning in
the cortex (Franco et al., 2011). Thus, down-regulation of Dab1 in the Neurod1/2/6-
deficient cortex could explain both the expansion of SVZ and the mispositioning of
neurons in layers 5 and 2-3.

Neurod1, Prdm8, and Unc5D were shown to be important for the cell transition from
multipolar to bipolar phase during early neuron differentiation (Seo et al., 2007). Early
B-cell factor 3 (Ebf3), a target gene of Prdm8 as well as Neurod1, have been identified
as critical regulators of cell migration from the IZ to the CP (Iwai et al., 2018; Seo
et al., 2007). Lack of Neurod1 can thus lead to then disturbed multipolar-to-bipolar
transition that I observed in the Neurodl/2/6-deficient cortex. In mutant brains, I
could detect and follow in live imaging multipolar cells, located not only in the IZ. Some
multipolar cells have managed to enter the CP, indicating an affected migration in
Neurodl/2/6-deficient brains.

3.4 Regionalization of the Neocortex

T HE IMPACT of Neurod1/2/6-inactivation varied in different areas of the developing
cortex. Caudomedial areas were particularly affected by apoptosis at E14/15
(actCasp3 in sect 2.1; fig 4b’, ¢’; fig 5 fig 6¢) and as a consequence loss of Satb2-positive
upper-layer neurons at E19 (sect 2.2; asterisks in fig 10a). In rostrolateral areas, only
relatively few cells died from apoptosis (arrowheads in fig 4b’, c¢’; fig 5; fig 6¢) and
the number of Satb2-positive neurons was not substantially reduced at E19 (fig 10a).
The lateral cortex, instead, was dominated by Satb2/Ctip2 double-positive neurons
in the CP and patched accumulations of Satb2/Ctip2 double-positive cells below the
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CP (circles in fig 9i and fig 10a). The latter correlated with maintained expression of
Ntrk2 (TrkB) and Bcl2, expression of which was strongly reduced in the remaining
Neurod1/2/6-deficient cortex (fig 16b’; fig 17b’).

Comparative transcriptome analysis (sect 2.6) was based on tissue samples from the
central neocortex (sect 2.6.1; fig 19a). Although the experiment was not designed to
identify changes in neocortical arealization, I could identify several areal-specifically
regulated genes: Expression of the strongest differentially expressed gene Bhlhb5
(tab 4) was predominantly reduced in the lateral neocortex of Neurod1/2/6-deficient
mice by ISH at all tested stages (asterisks in fig 25). Expression of Mafb was moderately
increased by RNA-Seq at E13 (fig 29a), but it was decreased in the MZ of the medial
cortex and at the same time strongly increased in the SVZ of the lateral cortex of
Neurod1/2/6-deficient mice by ISH at E16 (fig 29¢).

3.5 Terminal Differentiation vs. Apoptosis

MOST NEURONAL CELLS do permanently express pro-apoptotic and anti-apoptotic
members of the cell death machinery. Balance fluctuations of these proteins are
crucial for the regulation of apoptosis. Pre-existing apoptotic machinery is important
to rapidly react to certain stress stimuli. However, strictly controlled developmental
changes like simultaneous removal of many cells or remodeling processes rely on
transcriptional control (Kumar & Cakouros, 2004). Examples of pro-apoptotic and anti-
apoptotic proteins being regulated at the level of gene transcription are Bax (Grimes
et al., 1996) and the BH3-only proteins Bim, Puma, Noxa, and Hrk (Puthalakath &
Strasser, 2002).

Hrk is a possible target of c-Jun N-terminal kinases (JNKs) (Harris & Johnson, 2001;
Bozyczko-Coyne et al., 2001). JNKs mainly react to stress stimuli, such as heat,
radiation, osmotic changes, or inflammation signals (Ip & Davis, 1998). During cortex
development, Hrk might be regulated by transcription factors that also control the
establishment of neuronal fate or the elimination of neuronal cells. Here, I could show
that the expression of Hrk (not other apoptotic proteins) is critical for neuronal cell
death during cortex development. Neurodl1/2/6 regulate Hrk expression levels and
thus the extent of developmental cell death.

Hrk has been studied in adult brains as well. Hrk is one of the key molecules that
control glioblastoma growth, a very aggressive brain tumor (Nakamura et al., 2005).
Induction of Hrk expression leads to tumor cell apoptosis and increased survival in
animal models. Hrk might thus be a therapeutic target in the field of brain oncology
(Kaya-Aksoy et al., 2019). The interest in understanding the way Hrk is regulated in
the brain is permanently growing.
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NeuroD proteins are usually transcriptional activators and are thus unlikely to directly
repress Hrk. I showed, that a complex of Bhlhb5/Prdm8 could play this role during
cortex development. Bhlhb5 together with Oligl/2/3 belongs to the subfamily of
bHLH transcription factors. In contrast to NeuroD and Neurogenin-family members,
they function as transcriptional repressors (Xu et al., 2002; Zhou & Anderson, 2002).
Previous studies showed that Bhlhb5 can mediate the inhibition of Neurod1 target-
genes (Peyton et al., 1996). Bhlhbb is almost exclusively expressed in post-mitotic
neurons and thus can regulate through gene repression terminal differentiation of
neurons (Joshi et al., 2008). Several studies associate the loss of Bhlhb5 with increased
cell death. Amacrine and cone bipolar cells in the retina of Bhlhb5 mutant mice get
apoptotically eliminated (Feng et al., 2006). Dysfunction of Bhlhb5 in the dorsal spinal
cord results in apoptosis of inhibitory interneurons (Ross et al., 2010). Bhlhb5 alone is
unable to repress target gene expression. Here comes Prdm8, which forms a repressor
complex with Bhlhb5 (Ross et al., 2012). However, why some cell populations undergo
apoptosis in the lack of Bhlhb5/Prdm8 was unclear.

I could show that down-regulation of Bhlhb5 and Prdm8 in the neocortex of
Neurod1/2/6 triple-deficient mouse embryos is associated with Hrk induced neuronal
cell death. Together, these observations argue for the possibility of the Bhlhb5/Prdm8
repressor complex to inhibit neuronal apoptosis. Interestingly, Bhlhb5 as well as
Prdm8 mutant mice have relatively normal dorsal telencephalon development. Neurons
differentiate and migrate, but are characterized by dramatic axonal mistargeting. Simi-
lar to Neurod2/6-double and Neurod1/2/6 triple-deficient mice, neuronal projections
fail to find their targets, resulting in loss of corpus callosum, hippocampal and anterior
commissure (Joshi et al., 2008; Ross et al., 2012). Nevertheless, cell survival in either
Bhlhb5 or Prdm8 deficient cortex is not affected.

3.6 Conclusions and Outlook

IN THIS STUDY, I demonstrate that Neurod1/2/6 together control neuronal survival,
specification, radial migration, and axonal guidance.

The survival of immature pyramidal neurons of the caudomedial cortex and hippocam-
pus largely depends on Neurod1/2/6 transcriptional factors. Lack of these factors
leads to severe and rash apoptotic cell death in embryonic triple-deficient mouse
brains.

Neurod1/2/6 transcriptional factors play a crucial role in the specification of diverse
pyramidal neuron subpopulations. Neurod1/2/6 triple-deficient animals lack correct
arealization and laminarization of the neocortex.
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The majority of cortical pyramidal neurons depend on Neurodl/2/6 to control radial
migration. Cortical pyramidal neurons in triple-deficient mice often fail to initiate or
terminate radial migration. Some cells even demonstrate a circular rather than a radial
migration pattern.

Published work of my colleagues Ingo Bormuth and Kuo Yan demonstrates that
Neurod1/2/6 factors are responsible for the axon growth of callosal pyramidal neurons
(Bormuth et al., 2013; Bormuth, 2016; Yan, 2016). Triple-deficient animals fail to

develop a corpus callosum, anterior commissure, and hippocampal commissure.

The main goal of my research was to identify the underlying mechanisms of these
processes.
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4 Material and Methods

4.1 Transgenic Mice

T HE FOLLOWING TRANSGENIC MICE were used in this study: Neurodl-Flox (en-

tire Neurod1l ORF flanked by LoxP sites; Goebbels et al., 2005), Neurod2-Null
(entire Neurod2 ORF replaced by a neomycin resistance cassette; Bormuth et al.,
2013), and Neurod6-Cre (also Nex-Cre; entire Neurod6é ORF replaced by Cre re-
combinase and a neomycin resistance selection cassette; Goebbels et al., 2006).
To generate Neurod1/2/6 triple-deficient animals, I bread males and females with
the genotype Neurod/0¥/J10x x Neurod2@/™d x Neurod6°¢/°. According to stan-
dard Mendelian inheritance for monohybrid crosses, 25 % of the offspring were
Neurod1/2/6 triple-deficient with the genotype Neurod1/10¥//0X x Neurod2md/null x
Neurod6°/¢, Control animals were of the genotype Neurod 1/0¥//10x x Neurod2w/wt x
Neurod6°/r or Neurod 1/0%/f1ox x Neurod2@M x Neurod6°¢/ (compare Bormuth,
2016). To avoid postnatal lethality, Neurod2-heterozygous breeders were generated by
crossing Neurod 1/'°//10X x Neurod2@/™ x Neurod6° ¢/ males with Neurod 1/10X/J10x x
Neurod2¥Wt x Neurod6°/°r females. All animal experiments were performed accord-
ing to German law and had been approved by the responsible authority (Landesamt
fir Gesundheit und Soziales of Berlin; GO079/11, GO003/14, G0O206/16). In termed
breedings, the day when the vaginal plug was observed was counted as EO; the gender
of embryos was usually not considered (compare sect 2.6.3 and sect 4.10.6).

4.2 Genotyping

I HE GENOTYPE of transgenic mice was determined by polymerase chain reaction
(PCR) on DNA extracts from small tissue samples that were obtained as a side

product during ear tagging.

84



Genotyping Material and Methods
a Step Temperature Time Loop
#1 95 °C 120 sec
#2 95 °C 30 sec 9
#3 mean primer TM 30 sec
#4 72 °C 75 sec per kbp 39x to #2
#5 72 °C 120 sec
#6 4 °C )
b Substance Concentration Amount

Template DNA
Primers (tab 6)

~200 ng/ul 1 ul
10 pmol/ul | each 0.4 l

10 mM dNTPs (Invitrogen) 20 pmol/ml 0.4 yl
Polymerase buffer (GoTaq, Promega) 5x 4 ul
Taq polymerase (GoTaq, Promega) 1 U/l 0.1yl
H-.O 13.3 yl
> 20 pl

Table 5: Standard PCR reaction
(a) Thermocycler program for genotyping PCR reactions. (b) Formulation of PCR reaction solution.

4.2.1 DNA Extraction

Tissue samples were lysed by vigorous shaking for 2-24 hours (h) in 0.3 ml lysis
buffer (100 mM Tris-HCI pH 8.5, 200 mM NacCl, 5 mM EDTA, 0.2 % SDS, 0.1 mg/ml
Proteinase K) at 55 °C until the tissue had dissolved. To remove remaining tissue
debris, the lysates were centrifuged at 13,000 rotations per minute (rpm) in a benchtop
centrifuge for 5 min and the supernatants were transferred to new tubes. To precipitate
the DNA, an equal amount (0.3 ml) of isopropanol was added and the solution was
mixed by inverting the tubes several times. The samples were centrifuged at 13,000 rpm
for 15 min and the supernatants were discarded. To remove co-precipitated salts,
DNA-containing pellets were washed in 80 % ethanol and centrifuged again for 1 min.
After carefully removing the ethanol, the DNA pellets were air-dried at 45 °C and
resuspended in 50 pl HyO.

4.2.2 Polymerase Chain Reaction

PCR is a classic technique to sequence-specifically amplify DNA in vitro (Mullis et al.,
1986). The protocol was adapted from Bormuth (2016). PCR reactions were performed
in 0.2 ml reaction tubes (Thermo Scientific) in a T3 thermocycler (Biometra). The
reaction volume was 20 pl. The lid of the thermocycler was heated to 102 °C to prevent
condensation of the reaction solution in the top of the tube. The thermocycler program
is described in table 5; the primer sequences are listed in table 6.
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a Neurodi-Flox genotyping PCR primers:

Primer ‘ Sequence
Neurod1-fw 5-GTTTTTGTGAGTTGGGAGTG-3
Neurod1-rv 5-TGACAGAGCCCAGATGTA-3

b  Neurod2-Null genotyping PCR primers:

Primer ‘ Sequence
Neurod2-rv 5-CCCACAGGTAAGAGAGCACG-3’
Neurod2-fw 5-TTCTCGCTCAAGCAGGACTC-3

Neo-rv (fw in allele) | 5-AGTGACAACGTCGAGCACAG-3’

¢ Neurod6-Cre genotyping PCR primers:

Primer Sequence

Neurod6-fw 5-GAGTCCTGGAATCAGTCTTTTTC-3’
Neurod6-rv 5-AGAATGTGGAGTAGGGTGAC-3
Cre-rv 5-CCGCATAACCAGTGAAACAG-3’

Table 6: Genotyping PCR primers
Primer sequences for Neurod1-Flox (a) Neurod2-Null (b) and Neurod6-Cre (c) genotyping PCRs.

4.2.3 Neurod2-Null PCR

In most cases, genotyping for Neurod2 was sufficient to identify Neurod1/2/6 triple-
deficient mice because the breeders for experimental tissue were usually homozygous
for Neurod1-Flox and Neurod6-Cre (sect 4.1). The Neurod2-Null PCR was redesigned
to increase sensitivity for the wild-type allele and to allow amplification under standard
conditions (compare Bormuth 2016).

The common reverse primer binds in the 3’-UTR of Neurod2, 138 base pairs (bp)
after the stop codon. The forward primer for the wild-type allele binds in the ORF of
Neurod2, 924 bp after the start codon. The forward primer for the transgenic allele
is a reverse primer for the neomycin resistance cassette, which replaces the ORF
of Neurod2 in reverse orientation; the primer binds 241 bp after the start codon of
neomycin phosphotransferase. The genotyping of heterozygous tissue results in two
bands: the smaller one (383 bp) identifies the wild-type allele, and the bigger one
(598 bp) identifies the transgene allele.

4.2.4 Neurod1-Flox and Neurod6-Cre PCR

Genotyping for the Neurod1-Flox and Neurod6-Cre alleles were performed as previously
described (Goebbels et al. 2005 and Goebbels et al. 2006, respectively).
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a Substance Amount | Final concentration
low melting agarose 1.8¢ 1.5%
Electrophoresis buffer (50x) 2.4 ml 2%
Serva DNA stain G 12l 0.005 %
H-0 ad 120 ml

b Substance Amount | Final concentration
Tris-HCI-Base 242 g 2M
Glacial acetic acid 57.1 mi
0,5M EDTA, pH 8 100 ml 1 mM
H20 ad 1000 ml

Table 7: DNA electrophoresis
(a) Formulation for the preparation of agarose gels. (b) TAE electrophoresis buffer (50x).

4.2.5 Gel Electrophoresis

PCR products were separated by molecular weight using agarose gel electrophoresis
(Sambrook & Russell, 2000) and visualized using the fluorescent dye Serva DNA stain
G, which was added directly to the 1.5 % agarose gels (tab 7). The gels were imaged in
a closed gel documentation system (INTAS), using UV light.

4.3 Tissue Processing

EMBRYOS were quickly dissected in ice-cold phosphate buffered saline (PBS) using
a binocular. Before fixation, small tissue samples were put aside for genotyping
(sect 4.2). Total brains were isolated and fixed in 4 % PFA. The fixation time varied
depending on the embryonic stage: E11-13 = 5 h; E14-16 = 8 h; E17-PO = overnight
in PFA. Small brains (E11-13) were fixed inside the skull to avoid preparation artifacts.

Depending on the planned experiments, the fixed brain tissue was further processed
for cryostat or paraffin sectioning. ISH and IHC with antibodies that only recognize
native epitopes were generally performed on cryostat sections. IHC with all other
antibodies and 3d-reconstructions were performed using paraffin section.

4.3.1 Cryostat Sectioning

Tissue used for cryostat sectioning was incubated in the sucrose solution to avoid
crystal formation. After fixing in 4 % paraformaldehyde (PFA), brains were merged in
15 % sucrose 1xPBS solution till they sunk. Then they were incubated in 30 % sucrose
in 1xPBS solution overnight at +4 °C. Brains were then washed in OCT (TissueTek)
medium. If the tissue was prepared for coronal sections, brain stem and part of the
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spinal cord, left after the preparation, were removed. In case of lateral sections brains
were cut along the midline. Prepared samples were then placed in an embedding mold
filled with fresh OCT to one-third of the volume. Using forceps brains were carefully
positioned in OCT according to the cutting plane. Embedding molds were transported
to a -80 °C freezer were they froze gradually and were left frozen till cutting.

Sectioning was performed using a cryostat (Leica). The temperature was set between
-16 °C and -22 °C for the tissue sample and 3 °C lower for the cryostat chamber.
Resulting sections with thickness from 14 ym to 25 ym were collected on adhesive
Superfrost plus slides (Menzel-Glaser). Slides with collected brain sections were dried
at RT 30 min to 1 h. Then they were transferred to the plastic box and stored at -80 °C.
Before use, slides were dried for 30 min in a vacuum with silica granules.

4.3.2 Paraffin Sectioning

To prepare paraffin sections fixed brains were dehydrated using an ethanol series,
starting from 30 %, then 50, 70, 80, 90 and 100 % twice. In each solution, tissue was
incubated for 1 h. After ethanol brains were incubated in isopropanol for 2 h and in
xylene twice for 2 h each time. After dehydration brains were transferred into 60 °C
warm liquid paraffin solution and left overnight. Paraffin was changed once or twice to
avoid traces of xylene in the tissue. The embedding was performed in liquid paraffin
on the 65 °C platform of the embedding machine within the plastic box. The boxes
with the brains were carefully moved to the ice-cold metal plate, where paraffin quickly
solidified.

5-10 ym thick sections were made on the Microtome (Leica), merged with the brush
into a water bath with 35-37 °C purified water and collected on the uncovered glass
slides. The freshly cut tissue was dried at room temperature (RT), left overnight at
37 °C and then stored at RT till the moment of staining.

For further immunohistochemistry tissue was deparaffinized by incubation in xylene
for 10 min twice, isopropanol for 5 min. Further re-hydration was performed in
the ethanol raw with decreasing concentrations from 100 to 30 % for 2-3 min each,
followed by ddHO

4.4 Immunohistochemistry

P ARAFFIN SECTIONS were dehydrated to unmask protein epitopes. Prepared de-
paraffinized tissue was then boiled in already preheated unmasking solution (Vector
Labs). The slides were then continuously boiled for 10 to 30 min. After boiling slides
were left on ice to cool down to room temperature (RT). Then the slides were transferred
into plastic boxes and washed with PBS 2-3 times.
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Cryosections were dried in vacuum and transferred directly into the plastic boxes for
further procedures. In case epitopes for antibodies were localized in the nucleus or
cytoplasm, membrane permeabilization with 0.5 % Triton X-100 (TX-100) in PBS was
performed.

After this preparations, the treatment of paraffin and cryosections was the same.
Permeabilized by boiling or incubation with the TX-100 tissue was blocked in blocking
solution containing 10 % Horse Serum (HS) and 0.1 % TX-100 diluted in 2 % Bovine
Serum Albumin (BSA). Tissue sections were blocked for 1-2 h. Solution for Primary
antibodies contained 5 % HS 0.05 % TX-100 diluted in 2 % BSA. 100 yl of this
solution with antibodies (tab 8) were applied per each slide and were incubated in
4 °C overnight. To avoid evaporation and drying of the tissue, slides were covered with
pieces of parafilm of appropriate size. On the following day, slides were extensively
washed with PBS to prevent background staining of the tissue. Secondary antibodies
conjugated to fluorophore (1:500, Molecular Probes) were then applied on the slides
in 2 % BSA solution for 2 h to overnight. After antibody treatment, the slides were
washed in PBS. To visualize cell nuclei tissue was stained with DAPI or Hoechst 1:500
dilution in PBS. then the tissue was again washed in PBS, rinsed in purified water
and mounted in mounting media with fluorescence protection — DAKO Fluorescence
Mounting Medium or DABCO media (Polyvinyl alcohol, Glycerol, 0.2 M TRIS pH 8.5
and DABCO).

Images of immunostained tissue (IHC) and cells (ICC) were taken on confocal mi-
croscopes Zeiss LSM Exciter and Leica TCS SL as well as fluorescence microscope
Olympus BX51.

4.5 In Situ Hybridization

4.5.1 Cloning and Synthesis of Riboprobes

Fragments with sequence length from 400 to 1500 bp were chosen either in the coding
region of the interested gene or in the 3’-UTR prime region of this gene. Forward and
reverse primers were designed with the help of Primer3 program. The amplification
of this region was performed on the mouse cDNA from E17 embryos. For PCR GoTaq
Polymerase was used because it can provide 'A’ overhangs on the amplified fragment.
That is needed for T-cloning. The amplicon was extracted from the gel and ligated
into the pGEMT vector (Promega) or pAL2T vector (Evrogen) through T-cloning. The
plasmid including the insert was then transfected into the XL-10GOLD or DHb5alfa
line of the competent bacterial cells. 50 yl of competent cells were incubated for
20 min on ice with the ligated plasmid, then heat shock in 42 °C for 45 sec was
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Target ‘ Class ‘ Host ‘ Tissue ‘ Dilution ‘ Supplier (TM)  Product-ID
BrdU IgG2a rat C,P 200 Abcam ab6326
BrdU/IdU 1gG1 mouse C,P 100 Merck MAB3424
Brn2 - poust2 pc goat P 200 Santa Cruz sc-6029
Casp3 (activated, Asp175) pc rabbit C,P 300 Cell Signaling 9661
Cre pc rabbit | V,C,P* 2000 Covance/Babco PRB-106P
Ctip2 =gdi11b IgG2a rat P 500 Abcam ab18465
GFP pc goat P 1000 Rockland 600-101-215
GFP pc chicken P 1000 Abcam ab13970
Ki67 IgG rabbit P Forschungszentrum Borstel
Map2 (a+b) 1gG1 mouse V,C,P 200 Merck MAB378
Pax6 pc rabbit C,P 300 Merck AB2237
Pcna pc rabbit P 200 Abcam -
Reelin IgG mouse P 500 Chemicon 553731
RFP pc rabbit P Abcam ab62341
Satb2 pc rabbit C 1000 | Tarabykin

Satb2 IgG1 mouse C,P 200 Abcam ab51502
Sox5 pc goat P 500 R&D Systems AF5286
Tbr1 pc rabbit P 300 Abcam ab31940
Tbr2 -Eomes pc rabbit P 300 Abcam ab23345
Tbr2 pc chicken P 300 Merck AB15894
Tubb3 =Tuj1 IgG2b | mouse T Sigma-Aldrich T8660
Vglut1 =sic17a7 pc rabbit P 250 Synaptic Systems 135303

Table 8: Primary antibodies

Target: Gene symbol of the detected protein; Class: Immunoglobulin isotype of monoclonal antibodies or ‘pc
for polyclonal sera; Host: Species the antibody was raised in; Tissue: Antibody was successfully used in tissue
processed for V: vibratome, C: cryostat, or P: paraffin sectioning (* only successful after extensive antigen unmasking);
Dilution: Supplied antibody solutions were diluted for final use.

)

performed. The bacteria were then cultured at 37 °C in LB medium for 40 to 60 min
and plated on agarose with ampicillin for resistance selection and X-gal and IPTG
(isopropyl beta-D-1-thiogalactopyranoside) for blue-white selection. Plates were kept
in 37 °C overnight. Positive white clones were picked up next day and cultured in
6 ml LB medium with ampicillin for 10 h. Mini-prep kit (Qiagen) was used to extract
the plasmid. The presence of insert and its orientation in the received plasmids was
checked by sequencing with T7 sequencing primer. Part of the in situ probes used in
this work were prepared by Dr. Kuo Yan (Institute of Cell- and Neurobiology, Charité
Berlin).
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Substance Amount
Plasmid 75 ul
Restriction enzyme buffer | 10 ul
Restriction enzyme 4 ul
Purified water 11 pl

Table 9: Plasmid linearization

4.5.2 Plasmid Linearization

Sequencing data showed the orientation of the insert - sense or antisense. According
to this information the vector was cut either with Ncol or Sphl restriction enzymes for
sense orientation and Nsil or Pstl for anti-sense (tab 9). The linearized plasmid was
then loaded on the gel and after electrophoresis extracted in 40 yl DEPC-water. This is
the template for the probe.

4.5.3 In Vitro Transcription

The insert was transcribe using SP6 (for sense probe) or T7 (for anti-sense probe)
polymerase in 37 °C for 3 h. After 2.5 h DNase buffer and DNase 2.5 ul each were
added to the reaction and kept another 30 to 45 min at 37 °C (tab 10). The reaction
was stopped by transferring on ice.

4.5.4 RNA Precipitation

For further precipitation, 2 yl of 0.2 M EDTA pH 8.0, followed by 3 ul of 4 M LiCl and
90 ul 100 % Ethanol were added to the reaction. This mix was then left overnight in
-20 °C. On the next day, probes were centrifuged for 20 min at 4 °C at 13.000 RPM
in a benchtop centrifuge. After removing a supernatant one could see a white pellet.
To wash the pellet 70 ul of 70 % Ethanol were added to the tube and centrifuged for
10 min as above. This step was repeated twice. To dry the pellet the tubes were left at
37 °C for 5 min. The pellet was dissolved in 33 ul DEPC-water. 3 ul were immediately
loaded on the gel for electrophoresis to check the presence of the RNA. If the band was
strong and had the correct size, 180 ul of hybridization buffer (tab 11) were added to
30 ul of the probe, mixed well and placed in -20 °C until use.
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Substance Amount
Template 1-2 ug
T7 or Sp6 polymerase 2l

Transcriptional buffer 10x | 2 l

Dig RNA-labelling mixture | 2 ul
RNase inhibitor 0.5 ul
DEPC-water up to 20 ul

Table 10: In vitro transcription

4.5.5 Preparation of Sections and Probe Application

Embryos were isolated in PBS-DEPC and fixed overnight in 4 % PFA. Next day the
fixing solution was changed to 15 % sucrose in PBS-DEPS and, after brains sank, to
30 % sucrose in PBS-DEPC. The brains were then embedded in Tissuetek and stored
at -80 °C till cutting. On the day of cutting blocks with the embedded brains were
quickly transferred into the cryostat were sections of 16 um thickness were obtained.
Cutting was usually complete in 40 min. Sections were then dried in vacuum for
30 min and fixed in 4 % PFA in DEPC-PBS for 15 min at room temperature. After
fixation sections were washed twice in DEPC-PBS for 5 min. The sections then were
digested with proteinase K in proteinase K buffer (20 mM Tris pH 7.5 and 1 mM
EDTA pH 8.0). The buffer was heated in a microwave to 37 °C, 20 yg/ml proteinase
K was added to the buffer. Sections were kept in this solution for 2-3 min at room
temperature. Digested sections were merged to 0.2 % Glycine in PBS-DEPC for 5 min
and then washed twice in PBS-DEPC. Postfixation was performed in 4 % PFA 0.2 %
Glutaraldehyde in PBS-DEPC for 20 min at room temperature. The sections were
washed again twice in PBS-DEPC for 5 min and prepared for prehybridization. In each
compartment of incubation box, 20 ml of 50 % Formamide/5xSSC were applied, what
would create humidity in the box. Slides were carefully placed into the boxes. 150 ul of
hybridization buffer (tab 11) were applied on top of each slide. To avoid evaporation
slides were covered with parafilm. Prehybridization was performed for 2 h in 65 °C. In
this time 10 pl of probe RNA in 150 ul of hybridization mix were denatured at 90 °C
for 5 min. Denatured probes were transferred on ice until application on sections.
After 2 h of prehybridization, 160 pl of the denatured probe in hybridization mix were
applied on slides. They were again covered with parafilm and kept overnight at 65 °C.

4.5.6 Antibody Application

Next day sections were treated with 2xSSC pH 4.5 for 5 min at room temperature.
Then sections were transferred into preheated to 37 °C RNase buffer (15 ml 5 M NaCl
and 1.5 ml 1 M Tris pH 7.5 in 150 ml of purified water) for 5 min. After this, step
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Substance Amount

Formamide 50 % 10 ml

5x SSC 5 ml 20x SSC, pH 4.5 orpH 7.0
Boehringer block 1 % | 200 mg

DEPC water 4.36 mi

EDTA5 mM 200 ul 0.5 M EDTA

Tween 0.1 % 20 pl

CHAPS 0.1 % 200 yl CHAPS 10 %

Heparin 0.1 mg/ml 20 yl Heparin 100 mg/ml

Yeast RNA 100 pg/ml | 200 ul Yeast RNA 10 mg/ml

Table 11: Hybridization buffer

20 pg/ml of RNase were added to the buffer and sections were incubated for another
30 min at 37 °C. Slides were then treated with Formamide 3 times in 65 °C and washed
twice in KTBT solution. For blocking 20 % sheep serum in KTBT were used. Anti-DIG
alkaline phosphatase antibody 1:1000 dilution were applied overnight.

4.5.7 Washing, Developing and Mounting

Sections were washed six times with KTBT (tab 12) and then three times with NTMT
(tab 13) at room temperature. Staining development was performed in 1:50 NBT/BCIP
solution in NTMT. When the signal was strong enough slides were washed three times
in PBST (1xPBS, 0,1 % TX-100). Then sections were fixed for 10 min in 4 % PFA, rinsed
in PBS and dehydrated in ethanol raw and mounted in Entellan new rapid mounting

medium (Millipore).

4.5.8 Microscopy and Imaging

Bright field images were taken on a microscope Olympus BX60 and Axiovision software.

4.6 Cell Culture

4.6.1 Treatment of Glass Coverslips

In a rotating shaker, glass coverslips were washed overnight in 70 % ethanol, three
times in purified water, rinsed twice with 100 % ethanol and once with 70 % ethanol in
purified water and stored in 100 % ethanol at 4 °C until use. One day before the cell
culture experiment, pretreated coverslips were coated with 0.1 mg/ml poly-L-lysine
(Sigma Aldrich) in purified water overnight at 37 °C.
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Stock solution Volume | Final concentration

1MTrispH7.5 50 ml 50 mM
5 M NaCl 30 ml 150 mM
1 M KCI 10 ml 10 mM
TX-100 10 ml 1%

Purified water 900 ml

Table 12: KTBT solution

4.6.2 Dissociation of Cortical and Hippocampal Neurons

Hippocampus or cortex from E15 — E17 mice were quickly prepared in a dish with
an ice-cold 1xHBSS with Ca and Mg (GIBCO). Tissue was collected in 2 ml ice-cold
1xHBSS with Ca and Mg. Then the tissue was several times washed with 1xHBSS
without the supplements. After last wash 3.5 ml 1xHBSS should be left in the tube.
0.5 ml of Trypsin 2.5 % (GIBCO) were added to the tube. Trypsinization was performed
for 30 min in 37 °C. Every 10 min brain tissue in solution was gently mixed. To stop
the trypsinization 2 ml FBS (Biochrom) were added to the tube. Then trypsinized tissue
was gently washed 3 times in 1xHBSS with Ca and Mg. To prevent or reduce cell
clumping 100 pl DNase I (Roche) were used followed by multiple washing in Neurobasal
medium (GIBCO). After the last washing step, 2 ml of medium were left in the tube.
The cells were dissociated with a pipette tip (1 ml) and centrifuged for 5 min at 1200 g
at 4 °C. The supernatant was carefully removed and cells were dissociated in 1 ml of
pre-warmed Neurobasal complete medium (tab 14). To count the cells 10 pl of trypan
blue were added to 10 pl of cell suspension. 100,000 cells were plated in each well of a
24-well plate (BD Falcon). the cultures were incubated for 3 to 6 days at 37 °C, 5 %
COs.

4.6.3 Mixed Coculture

To confirm that cell death in Neurod1/2/6 mutant mice is regulated cell intrinsically
we cocultured mutant hippocampal neurons with GFP-positive wild-type neurons.
Hippocampi from both mouse lines were prepared simultaneously. Trypsinization and
cell dissociation were performed as described above.

4.6.4 Immunocytochemistry
After 3 or 6 days in vitro cells were fixed for 10 min in 4 % PFA in PBS. Coverslips were

transferred into a staining box and 50 yul of 0.4 % TX-100 in PBS were applied on top of
each coverslip for 20 min to permeabilize the cells. Cells then were blocked in blocking
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Stock solution Volume | Final concentration

1 M Tris pH 9.5 50 ml 100 mM
5 M NaCl 10 ml 100 mM
1 M MgCl2 25 ml 50 mM
Tween-20 0.5 ml 0.1%

Purified water 415 ml

Table 13: NTMT solution

solution (10 % HS, 0.2 % TX-100 in 2 % BSA) for 1 h in room temperature. Primary
antibody were applied in the blocking solution and left overnight at +4 °C. Next day
coverslips were washed 3 times 15 min each in PBS. Cells then were covered by 50 ul
of secondary antibody in the concentration 1:500 in 2 % BSA for 2 h. Coverslips were
washed with PBS 3 times for 5 min with addition of DAPI in the first wash. Finally, the
coverslips were mounted in the fluorescent mounting medium (DAKO).

4.7 Organotypic Slice Culture

4.7.1 Coating of Plates

Sterile cell culture inserts (Falcon) with a pore size of 1 ym were coated with Laminin
(Sigma-Aldrich) and poly-L-lysine (Sigma-Aldrich) overnight at 37 °C. On the next day,
the coating solution was collected from the inserts and frozen at -20 °C to be reused

2-3 times.

4.7.2 Slice Preparation

Electroporated at E14 brains were taken at E15 and cut on the vibratome 250 ym thick.
Preparation of the brains and cutting was performed in Complete Hank’s Balanced
Salt Solution (tab 15a). Slices were cultured on the inserts in slice culture medium
(tab 15b) as previously described (Polleux & Ghosh, 2002). If slices were prepared for
live cell imaging a Millicell inserts (Merck Millipore) with 0.4 ym pore size were used.

4.7.3 Time-Lapse Microscopy

Live cell imaging was performed on a spinning disc confocal microscope (CXU-S1,
Zeiss). Brain slices were placed in 37 °C and imaged for 60 hours every 20 minutes.
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Substance Amount | Final concentration | Supplier

1x Neurobasal medium 50 ml 1x | GIBCO

50x B27 Supplement 1ml 1x GIBCO

100x Glutamax 0.5ml 1x | GIBCO

100x Penicillin/Streptomycin 0.5ml 1x Sigma

3-mercaptoethanol (142 mM) 9 ul 25 uM GIBCO
~50 ml

Table 14: Formulation of neuronal cell culture medium

4.8 In Utero Electroporation

ATIMED PREGNANT MOUSE was anesthetized using Isoflurane in a closed chamber or

by intraperitoneal injection of ketamine and xylazine (100 yg and 10 g per gram
body weight, respectively). For additional analgesia the opioid Buprenorphine (0.1 pg
per gram of body weight) was injected subcutaneously. The mouse was placed on a
warm platform and the uterine horns were surgically exposed. 1 ug/ul of DNA in a
water based solution with the negatively charged dye fast green was injected into the
lateral ventricle of embryos using a fine glass capillary that had been pulled using a
HEKA-PIP6 capillary puller. Small gold electrodes (2 mm diameter) were applied to the
uterine surface and positioned parietally (cathode) and fronto-temporararily over the
injected ventricle (anode) of the embryo’s head; electroporation was performed using a
ECM 830 electroporator (BTX) (six pulses of 50 ms, 35 Volts direct current with 100 ms
intervals). The uterine horns were carefully placed back into the abdomen and washed
with PBS containing penicillin (100 U/ml) and streptomycin (0,1 mg/ml) for antibiotic
prophylaxis. The wound was surgically closed and the mouse was carefully observed
until complete recovery. Operated animals were closely monitored for any signs of
pain, infection, or surgical complications. Suspicion of pain was met by additional
administration of Buprenorphine; any other complication resulted in termination of
the experiment. In principal, the procedure followed the protocols previously described
in Saito (2006).

4.8.1 Overexpression

The full ORF of a given gene of interest (GOI) was conditionally and bicistronically
expressed from the CAG promoter followed by the LoxP-flanced red-fluorescent protein
mCherry, an internal ribosomal entry site (IRES), and the green fluorescent protein
(GFP) for visualization. Expression vector: pCAG-LoxP-mCherry(stop)-LoxP-GOI-IRES-
GFP.
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a Stock solution Volume Final concentration
10x HBSS 50 ml 1x
1 M Hepes pH 7.4 1.25 ml 2.5 mM
1 M D-Glucose 15 mi 30 mM
100 mM CaCl, 5 mi 1 mM
100 mM MgSo.4 5ml 1 mM
1 M NaHCO3 2ml 4 mM
Purified water to 500 ml
b Stock solution Volume Final concentration
Basal Medium Eagle 35 ml 70 %
Complete HBSS 10.75 ml ~10 %
1 M D-glucose 1ml 20 mM
200 mM L-glutamine 0.25 ml 1 mM
Penicillin/Streptomycin 0.5ml | 1% =100 U/ml and 0.1 mg/ml, respectively
Heat-inactivated Horse Serum 2.5ml 5%
50 ml

Table 15: Formulation of slice culture media
(a) Complete Hank’s balanced salt solution (HBSS). (b) Slice culture medium.

4.8.2 Knockdown

RNA-interference is a well established molecular technique, that allows precise gene
suppression. To study Hrk function specific shRNAs were introduced.

4.8.2.1 Design of shRNA Expression Constructs

Forward and reverse oligonucleotides were designed in the way that they contain a
unique sequence from the 3’-UTR of Harakiri (Hrk) mRNA. To inhibit Hrk expression 3
different shRNA were used (Kalinec et al., 2005). Sense and antisense orientation of
the unique sequences was separated by a 9 nucleotide spacer sequence as described
in pSUPER RNAi System Manual. Forward and reverse oligonucleotides contain on
the 5 end Bglll and on the 3’ end HindlIlI restriction sites used for cloning into the
PSUPER.retro vector (Oligoengine).

4.8.2.2 Annealing of Single Strand Oligonucleotides

To receive the working concentration of the oligonucleotides 3 mg/ml they were
dissolved in water. 1 pl of forward and reverse oligonucleotides were mixed together
and 48 yl annealing buffer (100 mM NaCl and 50 mM HEPES pH 7.4 were added to the
mixture. Incubation was performed at 90 °C for 4 min followed by 70 °C for 10 min.
The annealed oligonucleotides were slowly cooled down to 10 °C and stored at -20 °C.
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Annealed oligonucleotides were then cloned into the linearized pSUPER.retro vector
using Bglll and HindlIIl restriction sites. The vector was transformed into competent
bacteria cells according to the standard transformation protocol used in the laboratory.

4.8.2.3 Cloning of Harakiri 3’-UTR

To visualize the efficiency of shRNAs Hrk 3’-UTR cloning into pCAG-RFP was used.
Both vectors containing shRNA and RFP-Hrk 3’-UTR were co-transfected into the N2f
cell line and fluorescence intensity was checked. As the control were used pCAGEN -
empty vector and shRNA3 with deletion.

4.8.2.4 In Utero Electroporation of shRNA

The most efficient shRNA constructs were used for in vivo Hrk inhibition with the help
of in utero electroporation technique. shRNA mixture was injected into ventricles of
E13 embryos of Neurod1/2/6 triple-deficient embryos. Brains were analyzed 2 days
later at E15. Cell death was visualized by immunostaining for activated caspase 3.

4.9 Cellular Birth Dating

BrdU, IdU and EdU are synthetic thymidine analogs, which are incorporated into the
DNA of replicating cells during the S-phase. Sequential intraperitoneal injection to
timed pregnant female mice (100 ul per gram bodyweight ) were used to differentiate
cells of different cell cycle stages in vivo(Nowakowski et al., 1989).

The number of cells that had left the cell cycle after a defined time (90 minutes) was
used to quantify the total s-phase length (Ts) and the cell cycle legth (T¢). As described
in Martynoga et al. (2005), IdU was injected first followed by BrdU. Cells going through
S-phase at the beginning of the experiment incorporate IdU. After 1.5 h BrdU was
injected, that in turn is incorporated in cells that are still in s-phase by the end of the
experiment. After 30 min the pregnant mouse was sacrificed and the embryonic brains
were analyzed by immunohistochemistry (Martynoga et al., 2005). A specific primary
antibody that binds BrdU and an antibody that can recognize both BrdU and IdU were
used for immunofluorescent staining (Shibui et al., 1989). Cortical and hippocampal
areas were analyzed independently. The cell population that was only IdU-positive
leaves s-phase (L-cells) by the time of BrdU injection. Cells that were double BrdU/IdU
positive stay in s-phase (S-cells) by the end of the experiment. The number of cells in
both cell populations could be used for Ts quantification: Ts = 1.5 h/(L-cells/S-cells).
Ts can be further used in order to quantify Tc: Tc = Ts/(S-cells/P-cells). The total
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Substance / Stock solution ‘ Amount ‘ Note
Ammonium sulfate (NH4)2SO, 70 g | solubility in water is 75g/ 100 ml at RT
EDTA (0.5 M, ph 8) 4 ml final concentration: 2 mM
Sodium citrate (1 M) 2.5ml final concentration: 25 mM
Purified water 93.5 ml final volume: 100 ml

Mix components, heat until completely dissolved, cool, and adjust pH to 5.2 using 1M H,So04.
Source: US patent US6204375B1 (Ambion Inc.)

Table 16: RNA-stabilization buffer

number of all actively proliferated cells (P-cells) was estimated by applying antibody
against antigen identified by monoclonal antibody Ki 67 (Ki67). Cell cycle parameters
were independently analyzed at two different embryonic stages, E13 and E15.

4.10 Transcriptome Analysis

4.10.1 Tissue Processing

Mice with the genotype Neurod1/0/f0x x Neurod2@?™! x Neurod6°®/® were bred
to generate Neurodl/2/6 triple-deficient embryos (genotype Neurod/x/flox x
Neurod2™Wnill x Neurod6°/r¢) and littermate controls (genotype Neurod 1/l0x¥/flox x
Neurod2@/mull x Neurod6°/°¢) — the genetic difference was only one allele of Neurod2.
Embryos were collected 13 days following the observation of a vaginal plug (E13).
Preparations were always performed at the same time (at 11 AM).

Embryonic tissue was immediately submerged in RNA-stabilizing solution (tab 16),
brains were removed from the skull, the central neocortices of both hemispheres
were manually dissected under a binocular microscope at RT, and the tissue was
immediately snap frozen in liquid nitrogen and stored to a -80°C freezer.

4.10.2 RNA Extraction

Total RNA was separately extracted for every embryo; littermates were generally pro-
cessed in parallel. The frozen tissue samples were submerged in 500 pl guanidinium
thiocyanate (Trizol). The tissue was homogenized using a mechanical tissue homoge-
nizer (Ultra Turrax); the device was cleaned with 3 % hydrogen peroxide and rinsed
with water before each sample. The suspension was incubated for 5 min on ice to
allow for the dissociation of nucleoprotein complexes. After adding 100 ul chloroform,
the samples were mixed and kept on ice for another 2-3 min. After centrifugation at
12,000 g for 15 min at 4°C, the upper RNA-containing aqueous phase was transferred
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Pool Genotype Litter || Concentration Quality Used H.O Final

no. no. ng/ul 28s/18s | RIN ul il il
Neurod1lo¥flox 1 308.14 1.5 9.8 || 3.25

1 Neurod2"/null | control 2 222.00 2.0 10.0 || 4.50 | 11.67 20
Neurode®e/ore 3 254.89 2.0 10.0 || 3.92
Neurod1flo¥flox 1 330.15 1.8 9.5 || 3.03

2 Neurod2mulnull | TKO 2 259.86 2.0 10.0 || 3.85 | 12.01 20
Neurodg°ecr 3 195.00 1.9 10.0 || 5.13
Neurod1lo¥flox 2 237.14 2.1 10.0 || 4.22

3 Neurod2¥/null | control 4 293.23 2.0 10.0 || 3.41 | 11.81 20
Neurode®e/ore 5 239.00 1.9 10.0 || 4.18
Neurod1flo¥flox 2 233.00 1.9 10.0 || 4.29

4 Neurod2nuinull | TKO 4 24211 1.9 10.0 || 4.13 | 17.86 20
Neurodg®er 5 106.00 1.9 10.0 || 9.43
Neurod1floflox 4 372.75 2.0 10.0 || 2.68

5 Neurod2"vnull | control 6 376.30 2.0 10.0 || 2.66 | 8.89 20
Neurodg°er 7 282.00 1.9 10.0 || 3.55
Neurod1flo¥flox 4 276.00 1.9 10.0 || 3.62

6 Neurod2nuinull | TKO 6 226.49 1.9 10.0 || 4.42 | 1245 20
Neurodg®er 7 226.49 2.0 10.0 || 4.42

Table 17: RNA samples and pooling for sequencing

Pool: Number of the RNA-pool; Genotype: Genotype of all embryos used for this pool; Litter: Number of the
originating litter; pools were paired as #1/2, #3/4, #5/6; Concentration: RNA concentration as measured by capillary
electrophoresis; Quality: Estimation of RNA-quality (28S/18S ribosomal RNA ratio; RNA integrity number); Used:
Volume of RNA solution used from this embryo (equals 1 ug of RNA); Water: Volume of water added for dilution;
Final: Final volume sent for sequencing (final concentration was 150 ng/pl).

to a new tube. For RNA precipitation, 250 ul isopropanol was added, the samples were
inverted several times, were kept at -20°C for 2 h, were centrifuged at 12,000 g for
10 min at 4°C, and the supernatant was discarded. The RNA pellet was washed with
70 % ice-cold ethanol, centrifuged at 12,000 g for 10 min at 4°C, and the supernatant
was removed. The RNA-containing pellets were dried for 10 min at RT and resuspended
in 30 yl ultra-pure water. Small aliquots were removed for RNA quality control and
quantification and the samples were immediately frozen at -80°C.

4.10.3 Quality Control and Pooling

For pre-analytic quality control, RNA extracts from every embryo were separately
analyzed by capillary electrophoresis (Bioanalyzer, Agilent) by Ute Ungethtim at the
Labor fiir Funktionale Genomforschung at Charité (LFGC). Based on these data, RNA
samples were selected and pooled for sequencing at a final concentration of 150 ng/ul
(tab 17).
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4.10.4 RNA Sequencing

RNA sequencing was performed by Mirjam Feldkamp at the Scientific Genomics Platform
(AG Chen) at the Max-Delbriick-Center for Molecular Medicine in Berlin. Pooled RNA
samples were shipped on dry ice. PolyA-based mRNA enrichment and tagged library
generation (TruSeq, [llumina) were performed using a fully automated pipetting device
(epMotion, Eppendorf). The sample concentration was adjusted to 10 nM. All six
samples were sequenced in a single lane of an HiSeq sequencing device (Illumina) with
a read length of 101 bp plus tags. The sequencing depth was approximately 30 million
reads per sample (tab 3). We received the raw reads as fastq files for data analysis.

4.10.5 Data Analysis

The raw sequencing data was analyzed by Ingo Bormuth using Ocaml and R. Raw
reads were mapped to the mouse reference transcriptome as published by the National
Center for Biotechnology Information (NCBI); the initial analysis was based on version
2015-01-12; the final re-analysis was based on version 2018-08-14. Base mismatches
were not allowed. Predicted transcripts were not considered. Approximately 75 % of
the reads could be fully mapped to the 41,514 annotated transcripts (tab 3). Read
counts for genes with multiple annotated transcripts were considered proportionally.

Read counts were normalized using a variant of the DESeq algorithm (Dillies et al.,
2013), which is based on the assumption that only a minority of transcripts is truly
differentially expressed (DE) and that most inter-sample variations are due to technical
error. The relative variance of raw reads over the six samples was calculated for every
transcript. The average variance over all transcripts was considered the cutoff for
differential expression, which resulted in 32,361 of the 49,451 annotated transcripts
(65.5 %) being considered not differentially expressed. For each of the six samples,
the average read count of those stably expressed transcripts (column Stable in tab 3)
was used as a normalization factor for all raw reads (normalized reads = raw reads
/ average reads of all stable transcripts). This affected the average read count per
sample (columns Raw vs Norm in tab 3) but not the mean values over all samples
(both 1,309).

Absolute expression levels of any given transcript in Neurod1/2/6 triple-deficient
(Levelrkp) or control tissue (Level;) were estimated using the number of normalized
reads per kbp transcript length (averaged over the three biological replicates for each
genotype). The higher one of the two values was considered the genotype-independent

overall expression level (column Level in tab 4). Relative changes in expression levels

LevelTKO — Levelcm
max( Levelrko, Levelgy,

for up- and down-regulation; the smallest possible value is -100 % (maximum down-

were calculated as Change =

X 100. This representation is symmetric

regulation, e.g. from any number to O reads); the largest possible value is +100 %
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(maximum up-regulation, e.g. from O to any number of reads); the central value is O
(no change of expression). The more commonly used fold change (FC) can be calculated

from that value by FC = %‘

The statistical significance of expression changes was calculated using two-tailed
paired student’s t-tests over the six paired sample pools (n=3+3). The resulting p-
values were visualized as *** for p<0.001; ** for p<0.01; and * for p<0.05. Every
transcript was rated using the formula Rating = v/Level x Change? x p?. The resulting
values ranged from O to 2,720,584,839 (mean: 13,180,254; median: 1,670,434). This
rating was used to generate ranked lists of all transcripts (column Rank in tab 4).

4.10.6 Sex-Correction

Sex-correction was based on six sex-chromosomal reference genes (asterisks in the first
column of tab 4) that had previously been shown to be sex-specifically expressed in the
cerebral cortex of newborn mice (Armoskus et al., 2014). The female-specific reference
genes were Xist (2 transcripts with 17,918 and 12,250 kbp), Tsix (1 transcript with
4,306 kbp), and Kdme6a (2 transcripts with 5,918 and 6,935 kbp). The male-specific
reference genes were Ddx3y (1 transcript with 4,640 kbp), Eif2s3y (2 transcripts with
1784 and 1689 kbp), and Kdmbd (1 transcript with 5471 kbp).

The normalized numbers of reads for the nine reference transcripts in each of the
six RNA-pools were used to calculate a reference pattern for typical sex-specific
expression (fig 21). For each of the 41,513 annotated transcripts, the relative pattern
of normalized reads per RNA-pool was calculated and correlated to the sex-specific
reference pattern individually for both genotypes. Hight correlation was interpreted as
prediction of sexual dimorphic expression (+100: female-specific; -100: male-specific;
0: sex-independent in column Sex of tab 4ff).

For sex correction, the sex-specific reference pattern was subtracted from the normal-
ized reads in proportion to the predicted degree of sexually dimorphic expression and
to the average number of reads.

4.11 Manuscript Processing and Layout

T HIS DOCUMENT was processed in LyX-2.3 and typeset using TeX with LaTeX

and KOMA-Script from the TeX-Live distribution. References were managed
using Zotero-5. Images were edited using GIMP-2.10 and ImageJ-1.53. Statistical
visualizations were generated using R-3.5. Composite figures were created using
Scribus-1.5. Workflow and layout templates were adopted from Bormuth (2016).
Spelling and grammar were corrected using LanguageTool-5 the Al-based online
service Grammarly.
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Abbreviations

Gene symbols mostly follow the standard nomen-
clature of the mouse genome informatics database
(MGI). Exceptions were made where the official
naming is rarely used in the current literature of
the field. Those cases are indicated by additionally
providing the MGI symbol in underlined text. For
better readability and to avoid conflicts with other
abbreviations, protein symbols were not converted
to all upper-case.

AA amino acid - also amino acids
alPC apical intermediate precursor cell
— previously SNPC
AP alkaline phosphatase
Apaf1 apoptotic peptidase activating factor 1
gene id: 11783
APC Apical precursor cell = RGC
Apoer2 apolipoprotein receptor related 8
= Lrp8 gene id: 16975
aRGC apical radial glia cell
Bad Bcl2-associated agonist of cell death
gene id: 12015
Bak Bcl2-antagonist/Killer 1 geneid: 12018
Bax Bcl2-associated protein X gene id: 12028
Bcl-W BCL2-like 2 = Bcl212 gene id: 12050
Bcl-XL BCL2-like 1 = Bcl2l1 gene id: 12048
Bcl2 B cell leukemia/lymphoma 2 gene id: 12043
Bcl2ala Bcl2-related protein Ala gene id: 12044
Bdnf brain derived neurotrophic factor gene id: 12064
bHLH basic helix-loop-helix
Bhlhb5 bHLH protein B5 = Bhlhe22 gene id: 59058
Bid BH3 interacting domain death agonist
geneid: 12122
Bik Bcl2-interacting killer gene id: 12124
Bim BCL2-like 11 = Bel2l11 geneid: 12125
bIPC basal intermediate precursor cell
Bmf Bcl2 modifying factor geneid: 171543
Bok Bcl2-related ovarian Killer gene id: 51800
bp base pair — also base pairs
BPC Basal precursor cell = IPC
BrdU bromodeoxyuridine — thymidine analog
bRGC basal radial glia cell — also oRGC
Brn2 brain 2 = POUBJQ gene id: 18992
¢ caudal
CA cornu ammonis
CAG synthetic chicken beta actin based promoter
Calb2 calbindin 2 = calretinin gene id: 12308
CAM cell adhesion molecule
Camk2b calcium/calmodulin-dependent protein
kinase II, beta = CaMKII gene id: 12323

Casp3 caspase 3 geneid: 12367
CC corpus callosum
Cdh11 cadherin 11 gene id: 12552
CDK cyclin-dependent kinase
ces-1 cell death specification (C. elegans)
gene id: 185718
Ci cingulate cortex
Clmp CXADR-like membrane protein gene id: 71566
CNS central nervous system
Cntn2 contactin 2 CAM = Tag-l gene id: 21367
CP cortical plate
CR coronal radiation
Cre Cre recombinase
Crym p-crystallin (thyroid hormone-binding)
gene id: 12971
Ctip2 COUP-TF interacting 2 = Bcll 1b gene id: 58208
Ctx cortex
Cux1 cut-like homeobox 1 gene id: 13047
Cux2 cut-like homeobox 2 gene id: 13048
d dorsal
Dab1 disabled homolog 1 = scrambler gene id: 13131
Dact1 dishevelled-binding antagonist of
beta-catenin 1 gene id: 59036
DAPI 4’,6-diamidino-2-phenylindole
Ddx3y Y-linked DEAD box polypeptide 3
= Dby gene id: 26900
DEPC diethyl pyrocarbonate
DG dentate gyrus
E embryonic day
EdU ethynyl desoxyuridine — thymidine analog
egl-1 programmed cell death activator
(C. elegans) gene id: 179943
Eif2s3y Y-linked eukaryotic translation initiation
factor 2, subunit 3 gene id: 26908
Erdr1 erythroid differentiation regulator 1
gene id: 170942
Etv5 ets variant 5 gene id: 104156
Fancd2 Fanconi anemia complementation group
D2 geneid: 211651
Fasl first apoptosis signal ligand = Fas ligand
gene id: 14103
Fezf2 Fez family zinc finger 2 = Fezl
= pr31 2 geneid: 54713
fig figure — also figures
Flcn folliculin gene id: 216805
Foxp2 forkhead box P2 geneid: 114142
Gap43 growth associated protein 43 = B-50
= Basp2 geneid: 14432
GE ganglionic eminence
GFP green fluorescent protein
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http://www.ncbi.nlm.nih.gov/gene/12048
http://www.ncbi.nlm.nih.gov/gene/12043
http://www.ncbi.nlm.nih.gov/gene/12044
http://www.ncbi.nlm.nih.gov/gene/12064
http://www.ncbi.nlm.nih.gov/gene/59058
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http://www.ncbi.nlm.nih.gov/gene/12552
http://www.ncbi.nlm.nih.gov/gene/185718
http://www.ncbi.nlm.nih.gov/gene/71566
http://www.ncbi.nlm.nih.gov/gene/21367
http://www.ncbi.nlm.nih.gov/gene/12971
http://www.ncbi.nlm.nih.gov/gene/58208
http://www.ncbi.nlm.nih.gov/gene/13047
http://www.ncbi.nlm.nih.gov/gene/13048
http://www.ncbi.nlm.nih.gov/gene/13131
http://www.ncbi.nlm.nih.gov/gene/59036
http://www.ncbi.nlm.nih.gov/gene/26900
http://www.ncbi.nlm.nih.gov/gene/179943
http://www.ncbi.nlm.nih.gov/gene/26908
http://www.ncbi.nlm.nih.gov/gene/170942
http://www.ncbi.nlm.nih.gov/gene/104156
http://www.ncbi.nlm.nih.gov/gene/211651
http://www.ncbi.nlm.nih.gov/gene/14103
http://www.ncbi.nlm.nih.gov/gene/54713
http://www.ncbi.nlm.nih.gov/gene/216805
http://www.ncbi.nlm.nih.gov/gene/114142
http://www.ncbi.nlm.nih.gov/gene/14432

Abbreviations

Gnb4 guanine nucleotide binding protein beta 4
gene id: 14696

h hour - also hours

Hip hippocampus

Hpca hippocalcin gene id: 15444

Hrk Harakiri = DP5 = Bid3 gene id: 12123
— also BCL2-interacting BH3-only protein

Id2 inhibitor of DNA binding 2 = bHLHb26
gene id: 15902

IdU idoxuridine — thymidine analog

IHC immunohistochemistry

IPC intermediate precursor cell

IRES internal ribosomal entry site

ISH in-situ hybridization

IUE in utero electroporation

IZ intermediate zone

JNK c-Jun N-terminal kinase = Mapk8 gene id: 26419

kbp kilo base pair — also kilo base pairs

Keng3 potassium voltage-gated channel,
subfamily Q, member 3 <110862:wqg>

Kdm5d lysine specific demethylase 5D = Smcy
= HY gene id: 20592

Kdmeé6a lysine specific demethylase 6A gene id: 22289

Ki67 antigen identified by monoclonal
antibody Ki 67 = Mki67 gene id: 17345

| lateral

LFC log2 fold change

Lis1 lissencephaly 1 = Pafahlbl geneid: 18472

Lmo1 LIM domain only 1 gene id: 109594

Lmo4 lim domain only 4 gene id: 16911

LoxP locus of X-over P1 (cre recognitions
sequence)

Lpprd phospholipid phosphatase related 4
gene id: 229791

LV lateral ventricle

m medial

Mafb v-maf musculoaponeurotic fibrosarcoma
oncogene family protein B
= Kreisler gene id: 16658

Map2 microtubule associated protein 2
= Mtap2 gene id: 17756

MAPK mitogen-activated protein kinase

Mapt microtubule associated protein 7
=Tau geneid: 17762

Mc4r melanocortin 4 receptor gene id: 17202

Mcl1 myeloid cell leukemia sequence 1 geneid: 17210

MGI mouse genome informatics database’

Mid1 midline 1 gene id: 17318

min minute — also minutes

mRNA messenger RNA

MZ marginal zone

N2a Neuro2a neuroblastoma cell line

NCBI National Center for Biotechnology
Information (USA)

Ndrg1 N-myc downstream regulated 1 gene id: 17988

Necab3 N-terminal EF-hand calcium binding
protein 3 gene id: 56846

NeoR neomycin resistance

NeuN neuronal nuclear antigen = Rbfox3
= Fox-3 gene id: 52897
Neurod1 neuronal differentiation factor 1
= NeuroD = Beta2 = BHF-1
= bHLHa3 gene id: 18012
Neurod1/2/6 Neurodl, Neurod2 and/or Neurod6
Neurod2 neuronal differentiation factor 2 = NDRF
= KW8 = bHLHal gene id: 18013
Neurod2/6 Neurod2 and/or Neurod6
Neurod4 neuronal differentiation factor 4
= NeuroM = Math3 = bHLHa4 gene id: 11923
Neurod6 neuronal differentiation factor 6 = NEX
= Math2 = bHLHAZ2 gene id: 11922
Neurog2 neurogenin 2 = Ngn2 = Atoh4 = Math4a
= bHLHAS8 gene id: 11924
Ngf nerve growth factor gene id: 18049
Ngfr nerve growth factor receptor = p75,
= p75NTR gene id: 18053
Nhlh2 nescient helix loop helix 2 = Hen2 = Nscl2
= bHLHa34 gene id: 18072
Notch1 notch homolog 1 gene id: 18128
Noxa phorbol-12-myristate-13-acetate-induced
= Pmaipl gene id: 58801
NPC neural progenitor cell
Nr4a3 nuclear receptor subfamily 4, group A,
member 3 = Norl geneid: 18124
Ntf3 neurotrophin 3 = NT3 gene id: 18205
Ntf5 neurotrophin 5 = NT4, NT5 gene id: 78405
Ntrk1 neurotrophic tyrosine kinase 1 gene id: 18211
Ntrk2 neurotrophic tyrosine kinase 2 gene id: 18212
OB olfactory bulb
Olig2 oligodendrocyte transcription factor 2
= Bhlhbl = bHLHel9 gene id: 50913
ORF open reading frame
oRGC outer radial glia cell — also bRGC
P postnatal day
P page — also pages
Pax6 paired box gene 6 = Sey = Dey gene id: 18508
PBS phosphate buffered saline
PCD programmed cell death
Pcna proliferating cell nuclear antigen gene id: 18538
PCR polymerase chain reaction
PFA paraformaldehyde
Plppr5 phospholipid phosphatase related 5
= Prgb = Lppr5 gene id: 75769
Plxna4 plexin A4 geneid: 243743
PP preplate
Prdm8 PR domain containing 8 gene id: 77630
Prokr2 prokineticin receptor 2 gene id: 246313
Prox1 prospero homeobox 1 gene id: 19130
Ptpro protein tyrosine phosphatase receptor O
gene id: 19277
Puma Bcl2 binding component 3 = Bbc3
gene id: 170770
r rostral
Reln Reelin gene id: 19699
Rest RE1-silencing transcription factor
= Neuron-Restrictive silencer factor (NRSF)
gene id: 19712

IBlake et al. 2014; http://informatics. jax.org/mgihome/nomen/
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http://www.ncbi.nlm.nih.gov/gene/18472
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http://www.ncbi.nlm.nih.gov/gene/16911
http://www.ncbi.nlm.nih.gov/gene/229791
http://www.ncbi.nlm.nih.gov/gene/16658
http://www.ncbi.nlm.nih.gov/gene/17756
http://www.ncbi.nlm.nih.gov/gene/17762
http://www.ncbi.nlm.nih.gov/gene/17202
http://www.ncbi.nlm.nih.gov/gene/17210
http://www.ncbi.nlm.nih.gov/gene/17318
http://www.ncbi.nlm.nih.gov/gene/17988
http://www.ncbi.nlm.nih.gov/gene/56846
http://www.ncbi.nlm.nih.gov/gene/52897
http://www.ncbi.nlm.nih.gov/gene/18012
http://www.ncbi.nlm.nih.gov/gene/18013
http://www.ncbi.nlm.nih.gov/gene/11923
http://www.ncbi.nlm.nih.gov/gene/11922
http://www.ncbi.nlm.nih.gov/gene/11924
http://www.ncbi.nlm.nih.gov/gene/18049
http://www.ncbi.nlm.nih.gov/gene/18053
http://www.ncbi.nlm.nih.gov/gene/18072
http://www.ncbi.nlm.nih.gov/gene/18128
http://www.ncbi.nlm.nih.gov/gene/58801
http://www.ncbi.nlm.nih.gov/gene/18124
http://www.ncbi.nlm.nih.gov/gene/18205
http://www.ncbi.nlm.nih.gov/gene/78405
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