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SUMMARY

The astonishing cellular diversity and finely tuned neuroanatomy of the cerebral cortex motivates sus-
tained research efforts on the mechanisms that give rise to this intricate tissue. To enable the higher
cognitive functions of mammals, various subtypes of cortical projection neurons, distributed in precise
ratios and at specific positions in the cortex, participate in the neuronal circuitry of the brain. These
positions and ratios are established during embryonic development. Including the neuron’s targets and
input sources, the subtype identity of a neuron depends on its transcriptomic signature.

Broadly speaking, cortical neuron subtypes project either to the contralateral hemisphere, such as cal-
losal projection neurons (CPN) or outside of the cortex, such as corticofugal projection neurons (CFuPN).
Both of these subtypes are generated by neural progenitor cells (NPCs) in the forebrain. During em-
bryonic development, NPCs divide sequentially to generate other NPCs and various neuron subtypes,
as dictated by the identity of the NPC itself. The fate decisions of an NPC lineage that determine how
many neurons of each subtype it will produce are influenced by a spatially and temporally speci-
fied combination of molecular signals. These intra- and extracellular cues jointly intervene in cellular
mechanisms, such as division speed, inheritance of fate-determining factors, and many more, ultimately
shaping the ratio of neuron subtypes that the lineage produces during differentiation.

One of the mechanisms that can control differentiation is the alternative splicing (AS) of primary
transcripts, which can be regulated in a cell type- and stage-specific manner, ensuring adaptation to
changing developmental requirements. AS is a way of generating molecular diversity by the context-
dependent inclusion or exclusion of exons, introns or parts of exons from pre-mRNAs to form distinct
mRNAs. At its simplest, AS is regulated by distinct sequence elements in the pre-mRNA, which are
bound by splicing-regulatory proteins, termed splicing factors (SFs). SFs themselves respond to intra-
and extracellular cues by being expressed or activated according to the needs of the developing tissue.
Examples of AS regulating cell differentiation in other biological systems abound, but, even though AS
is implicated in an increasing number of processes in the adult brain, its functions in cortex develop-
ment are largely unexplored.

The focus of this work are two isoforms of the neurotrophin-3 receptor, TrkC, which result from alterna-
tive splicing. The better studied of the two isoforms, the kinase-active TrkC-TK+, has been shown to act
as a recipient of survival signals in neurons. Our reseach group previously showed that the less studied
isoform, TrkC-T1, is a determinant of CFuPN fate, present in the development of the cortex in specific
cell types and time windows. As the levels of TrkC-T1 in NPCs coordinate the numbers of CFuPN that
are produced at the expense of CPN, the aim of this project was to explore how the AS of TrkC is regu-
lated, in order to further our understanding of the factors that shape the NPC transcriptome and hence
fate.

In this work, we show that the balance between TrkC-T1 and TrkC-TK+ is cell type-specific in the de-
veloping cortex and primarily established at the level of AS regulation. We find that the splicing factors
Srsfl and Elavll regulate this isoform balance in an antagonistic manner. To our knowledge, this is the
first described instance of these splicing factors co-regulating an AS event. In addition to this, we bring
direct in vivo evidence that implicates both of these SFs in the CFuPN-CPN fate choice, a biological pro-
cess they had not been previously linked to. We also find that Srsf1 and Elavll have different expression
patterns in the developing cortex, a feature that contributes to the different cell type-specific splicing-
regulatory environments that give rise to distinct ratios of TrkC-T1 to TrkC-TK+. Taken together, these
findings further our knowledge of how cortical projection neuron fate is regulated at the posttranscrip-
tional level.



/ZUSAMMENFASSUNG

Die aulerordentliche Vielfalt an Zellen und die prézise Neuroanatomie der GrofShirnrinde (Kortex)
fihrt immer wieder zu neuen Forschungsbemithungen, um die Mechanismen zu verstehen, welche diese
komplexe Gewebeorganisation hervorbringen. Um die héheren kognitiven Funktionen der Saugetiere zu
ermoglichen, beteiligen sich diverse Untertypen von kortikalen Neuronen an neuronalen Netzwerken,
in prazise abgestimmten Verhaltnissen und an definierten Positionen. Diese Verhéltnisse und Positionen
werden wihrend der Embryonalentwicklung festgelegt. Zusammen mit den Zielzellen und Input-
Quellen eines Neurons hiangen diese Eigenschaften von dessen transkriptomischen Signatur ab.

Im Allgemeinen projizieren die Untertypen von kortikalen Neuronen entweder zur gegeniiberliegenden
Kortexhdmisphire, wie zB. callosale Projektionsneurone (CPN), oder auflerhalb des Kortex, wie z.B.
kortikofugale Projektionsneurone (CFuPN). Beide Untertypen werden von neuralen Vorgéngerzellen
(engl. “neural progenitor cells”, kurz NPCs) im Vorderhirn generiert. Wahrend der Embryonalentwick-
lung teilen sich die NPCs sequentiell, um andere NPCs oder unterschiedliche Neuron-Untertypen zu
generieren, so, wie es die Identitat der NPC an sich bestimmt. Die Schiksalsentscheidungen einer NPC-
Abstammungslinie werden von einer zeitlich und raumlich bestimmten Kombination an molekularen
Signalen bestimmt. Diese intra- und extrazellulare Ausloser greifen gemeinsam in zelluldre Mechanis-
men ein, wie die Teilungsgeschwindigkeit, Vererbung von schicksalsbestimmenden Faktoren u.v.m., um
letztlich das Verhiltnis der Neuron-Untertypen zu bestimmen, welche die Abstammungslinie wahrend
der Differenzierung produziert.

Eines der Mechanismen, welche zellulire Differenzierung beeinflussen kénnen, ist das alternative
Spleiflen (AS) der Priméartranskripte, welches basierend auf dem Zelltyp oder Entwicklungsstadium
reguliert werden kann, um die Anpassung an sich verdndernden Entwicklungsanforderungen zu er-
moglichen. AS generiert molekulare Diversitat durch die kontextabhangige Inklusion oder Exklusion
von Exone, Introne oder Teile von Exone der Pra-mRNA, um unterschiedliche mRNAs hervorzubringen.
In der einfachsten Form wird AS von Sequenzelementen reguliert, die von spleif3-regulierenden Pro-
teinen, genannt Spleif3faktoren (SFs) gebunden werden. SFs reagieren an sich auf intra- und extrazel-
lulare Reize, indem sie unterschiedlich exprimiert oder aktiviert werden, so, wie das sich entwickelnde
Gewebe es benétigt. Es gibt viele Beispiele von AS-geregelten Zelldifferenzierung aus anderen biolo-
gischen Systemen. Trotz der Tatsache, dass AS mit einer steigenden Zahl an Prozessen des adulten Ge-
hirns in Verbindung gebracht wird, sind dessen Funktionen im sich entwickelnden Kortex grofitenteils
unerforscht.

Der Fokus dieser Arbeit stellen zwei Isoformen des Neurotrophin-3-Rezeptors TrkC dar, welche aus AS
resultieren. Die umfangreich studierte Isoform, die Kinase-aktive TrkC-TK+ Isoform, wurde mit dem
Empfangen von Uberlebenssignale in Neuronen in Verbindung gebracht. Unsere Forschungsgruppe hat
gezeigt, dass die weniger bekannte Isoform, TrkC-T1, ein bestimmender Faktor fiir das CFuPN-Schiskal
ist. Sie ist in dem sich entwickelnden Kortex in genau definierten Entwicklungszeitraumen und Zell-
typen vertreten. Da die Niveaus an TrkC-T1 in NPCs die Anzahl prodzierten CFuPN, im Gegenzug zu
CPN, bestimmen, war das Ziel dieser Arbeit zu erforschen, wie das AS von TrkC geregelt ist, um unser
Wissen tiber Faktoren zu erweitern, welche das NPC-Transkriptom und damit deren Schicksal gestalten.

In dieser Arbeit zeigen wir, dass die Balance zwischen TrkC-T1 und TrkC-TK+ zelltypspezifisch im sich
entwickelnden Kortex ist, und dass dies primér auf der Ebene der AS-Regulation bestimmt wird. Wir
beschreiben, dass die SF Srsf1 und Elavll diese Isoform-Balance auf antagonistischer Art und Weise
regeln. Nach bestem Wissen ist das die erste beschriebene ko-regulierende Interaktion dieser Faktoren.
Zusétzlich erbringen wir direkte in vivo-Evidenz, dass die beiden SFs an der CFuPN-CPN-Schiksalents-
cheidung beteiligt sind, ein biologischer Prozess, mit dem sie bislang nicht in Verbindung gebracht
worden sind. Aufflerdem beschreiben wir, dass Srsfl und Elavll unterschiedliche Expressionsmuster im
sich entwickelnden Kortex aufweisen, was zur zelltypspezifischen Balance von TrkC-T1 zu TrkC-TK+
beitragt. Zusammengenommen erweitern diese Befunde unser Wissen iiber wie das Schicksal kortikaler
Neurone auf dem posttranskriptionellen Niveau geregelt ist.



1. INTRODUCTION

1.1. GENERAL ASPECTS OF CORTEX DEVELOPMENT

Some of the most complex processes that have arisen in the evolution of animals are
cognitive abilities, made possible by the brain. Among these are learning, memory,
and voluntary motor control, expanded in humans by language and reasoning and
culminating with conscious self-awareness. Cognitive abilities depend strongly on
the most recent evolutionary addition to the brain, the cerebral cortex. Its mamma-
lian-specific portion, the neocortex', also known as isocortex, is comprised of two
interconnected sheets of neural tissue that take up most of the outer surfaces of the
brain hemispheres. In each hemisphere, the isocortex is adjacent and in direct con-
tinuation to its evolutionarily older counterparts, the lateral cortex, or archicortex,
and the medial cortex, or paleocortex. These types of cortex are responsible mainly
for olfaction and include parts of the limbic system such as the hippocampus and the
cingulate cortex (reviewed in Rakic, 2009; Geschwind & Rakic, 2013; Cardenas & Bor-
rell, 2020).

The neural® tissue of the neocortex is a complex, three-dimensional lattice of dif-
ferent neuronal and non-neuronal cell types, encompassing an estimated 16 billion
individual nerve cells and 164 trillion synapses in humans. The cortical neurons are
interlinked in both local microcircuits and also in large networks spanning the two
hemispheres and beyond: some axons of cortical neurons form fiber tracts that reach
as far as the spinal cord (Azevedo et al., 2009; Tang et al., 2001). To understand how
this network accounts for advanced cognitive abilities and how one could aid its re-
generation or alleviate neurodevelopmental disorders, one has to understand, among
others, what cell types it is composed of and how these interact under physiological
conditions. Studying how the plethora of neural cell types arise during embryonic
development and how different neuron subtypes reach their terminal positions and
mature functionality in relaying and processing information significantly supports

these efforts.

Since the overwhelming majority of cell types in the cortex originate from the same

1) For better reading flow, the remainder of the text will employ ,cortex” to refer to the neocortex, unless oth-
erwise indicated.

2) “Neural” refers to all cells of neuroectodermal origin, “neuronal” strictly to neurons.



pool of neural progenitor cells (Florio & Huttner, 2014), one of the intensely re-
searched questions in cortex development is: how is it ensured that the correct neural
cell types are produced in the correct numbers and at the right time and position, all
from these progenitor cells that, outwardly, seem highly similar? Research in cortex
development, therefore, strives, among other things, to elucidate the cell-intrinsic
and -extrinsic factors that regulate how neural stem cells differentiate into several
lineages of neuronal and non-neuronal cells and how the terminal identity of this cel-

lular progeny is consolidated and maintained.

Along with transcriptional controls and epigenetic processes, alternative pre-mRNA
splicing can contribute in many ways to the dynamics of how genetic information is
processed and deployed during cell type specification. Exploiting AS mechanisms, as
will be discussed in this work, can grant developmental processes the necessary de-
gree of transcriptomic and proteomic flexibility in order to attain a high measure of
histological complexity in a precisely orchestrated manner, leading to a cognitively

functional cortex.

1.2. ORGANIZATION OF THE NEOCORTEX

From a bird’s eye view, the adult mammalian cerebral cortex consists of projection
neurons, interneurons (GABAergic), subplate neurons, macroglial cells (astrocytes
and oligodendrocytes), and blood vessels lined by an endothelium with brain-specific
permissiveness. The focus of this work lies on projection neurons, with an often pyr-
amid-shaped soma extending a main apical dendrite towards the Pia mater above and
axons innervating cortical and subcortical targets. Cortical projection neurons are
represented in the bulk of the adult cortex and make up 80% of neocortical neurons,
employ L-glutamate for excitatory signal transmission, and are positive for NeuN
(Rbfox3). Interneurons represent the second class of neurons that is crucial for the
cortical circuitry. They primarily serve inhibitory functions, using y-aminobutyric
acid as a neurotransmitter, and are Gad65-positive. Finally, glial cells do not partici-
pate in relaying information but provide vital support to the neurons they surround
(Gotz & Huttner, 2005; Geschwind & Rakic, 2013; Sun and Hevner, 2014; Lodato et al.,
2015; Mukhtar and Taylor, 2018; Uzquiano et al., 2018)

At a more detailed look, the processing of information in the cortex is made pos-

sible by its transmission and integration through an extensive array of projection
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neuron subtypes, together with their selective inhibition by interneurons. Histori-
cally, projection neuron subtypes have been classified by their localization in one of
the layers of the cortex (Figure 1.1), as visualized microscopically after employing
classical staining techniques (Golgi staining and Nissl staining, see Zaqout & Kaindl,
2016; Paletzki & Gerfen, 2019). Classical characterizations of cortical cytoarchitecture
show six layers across the radial (inside-out) axis, each dominated by specific neu-
rons when classified by cell morphology and hodology (connective properties) (Rakic,
2009, Geschwind & Rakic, 2013).

Pial surface  Golgi stain Nissl stain

Maolecular
layer

External
] granule
cell layer |

External

W pyramidal
cell layer

Internal
IV granule
cell layer

Internal
V  pyramidal
cell layer

Multiform
Vi layer

White matter

Figure 1.1 Classic nomenclature and aspect of cortical layers, as depicted by K.
Brodmann. Layer numbers as currently used are indicated in Roman numerals. The original
drawing was first published in in 1909 in “Vergleichende Lokalisation: Lehre der Grosshirn-
rinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues”, Leipzig, by JA Barth. The
copyright expired in 1988, 70 years after the author’s death in 1918 (EU Directive 2006/116/EC,
art. 12)



« Layer I is the first layer under the Pia mater, devoid of pyramidal cells but
containing Cajal-Retzius cells that secrete Reelin, a chemoattractant that guides
pyramidal neuron migration during development;

« Layer II consists of stellate cells and pyramidal neurons;

« Layer III is dominated by small and medium-sized pyramidal neurons;

« Layer IV primarily harbors stellate neurons and pyramidal neurons;

« Layer V is highlighted by conspicuously large pyramidal cells;

« Layer VI, the most deeply set layer, contains small pyramidal cells and multi-

form neurons.
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In time, the projection neuron subtype classification based solely on laminar position
has been abandoned in favor of a currently still intensely researched and expanding
identity definition that takes into account morphology, hodology, electrophysiologi-
cal properties, and the presence of different combinations of transcripts, transcription
factors, and epigenetic properties. The redefining of neuron subtype definitions is
sped up by the advent of transcriptomic profiling of either purified neuronal popula-
tions or single neurons via deep sequencing of RNA, which showcases the astound-

ing molecular complexity of cortical neuron subtypes. However, for the purposes of

ini-columng

~-meninges
layer |
layer II/1ll (Cdp/Cux1, Satb2, Brn2+

layer IV (Satb2, RorB+)

layer V (Fezf2+, Ctip2+, Tle4+/-)

layer VI (Tle4+, Ctip2+/-)

subplate/
white matter (Ctgf+)

Kupper layer neuron

} lower layer neuron

VZ = ventricular zone

SVZ = subventricular zone
CC = corpus callosum

CST = corticospinal tract
CTT = corticothalamic tract
CSF = cerebrospinal fluid

Figure 1.2 Organization of the postnatal cortex with major projection targets of
excitatory neurons. Major markers of the neuron subtypes present in these layers are indi-
cated on the right. Note that callosal projection neurons (Satb2-positive) are, in reality, also
present in the deep layers. Reproduced from DeBoer et al., 2013.



this dissertation, a lower amount of granularity in the definition of subtypes suffices.
In a broad sense, layers II-III will be referred to as superficial (upper) layers and lay-
ers V and VI as deep layers (see Figure 1.2). The definitions of projection neuron
subtypes will be restricted to callosal projection neurons (CPN), which project their
axons to the contralateral cortical hemisphere, and corticofugal projection neurons
(CFuPN), that project to subcortical structures, such as the thalamus (corticothalamic
projection neurons, CThPN) or even as far as subcerebral targets in the medulla ob-
longata (subcerebral projection neurons, SCPN). Greig et al., 2013 offers a more in-

depth categorization of classes within these broad projection neuron subtypes.

CPNs are primarily represented in the superficial layers, but some can also be found
in the lower portion of layer V (Vb) and layer VI. They are an evolutionary novelty in
mammals, allowing extensive bilateral transfer of information between cortical hemi-
spheres (Fame et al., 2011; Jabaudon, 2017). In contrast, CFuPN and the layers they
inhabit, V and VI, are thought to be evolutionarily older but are of equal importance
for cortical function (Cardenas & Borrell, 2020; Montiel & Aboitiz, 2015). The propor-
tion of the cortical thickness that the cells of individual layers occupy differs between
the functional areas of the cortex, requiring finely tuned local control over neuron

subtype numbers (Arai & Pierani, 2014).

1.3. A PRIMER ON THE PRENATAL DEVELOPMENT OF THE MAMMALIAN
CEREBRAL CORTEX

The brain and, by extension, the cerebral cortex is formed prenatally by progenitor
cells that can generate a range of differently fated cellular progeny. These cell lineag-
es birth the majority of cell types present in the cortex. The neural and non-neural
cells that result from these lineages proceed to arrange so as to form the functional
laminar cytoarchitecture described in the previous section. The potential of a lineage,
or the cell types a lineage can birth, is usually sequentially restricted through molec-
ular processes that control a stepwise, cascading series of events, namely, fate induc-
tion, fate specification, commitment to a fate, and terminal differentiation (McCon-
nell, 1995; Dang & Tropepe, 2006; Greig et al., 2013). In the cortex, the exact output in
terms of fates is controlled by factors extrinsic and intrinsic to the neural progenitor
cells (NPCs). This section will succinctly describe the processes that lead up to the
formation of the neocortex, whereas fate choice mechanisms directly relevant to cor-

tical projection neurons are introduced in section 4.
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The entire central nervous system (CNS), comprised of the brain and spinal cord, and
the peripheral nervous system (PNS) result from the folding, fusing, and evagination
of the neural tube. The neural tube forms from an elongated part of the ectodermal
layer termed neuroectoderm. The neuroectoderm is located on the dorsal surface of
the embryo and folds longitudinally towards the interior of the embryo. The two re-
sulting edges, the neural folds, fuse dorsally, thus giving rise to an internal canal, and
this hollow cylinder then separates from the ectoderm and descends into the embryo.
This cylinder is the neural tube, initially consisting of a thin sheet of neuroepithe-
lial cells (NECs), which then closes at both the anterior (rostral) and the posterior
(caudal) end (Puelles et al., 2013; Cohen et al., 2013). The caudal portion of the neural
tube gives rise to the spinal cord, while the anterior protrusion is the precursor of
the brain. In the next step towards brain formation, the neural precursor cells in this
anterior area differentiate into three longitudinally arranged domains, of which the
most rostral one, the prosencephalon (forebrain), precedes brain formation (Figure
1.3). Subsequently, the neuroepithelial cells of the prosencephalon undergo a further
specialization step into telencephalic and diencephalic cells. The telencephalon con-
tains the anlagen of the cortex and of further structures, as outlined below (Schuur-
mans and Guillemot, 2002; Bulfone et al., 2005; Moreno et al., 2009; Nowakowski et
al.,, 2017).
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The differentiation of the ventral versus dorsal and anterior versus posterior aspects
of the neural tube is achieved through an interplay of signaling activators and inhibi-
tors, also called morphogens, which are secreted from patterning centers inside and
outside the neural tube and can then diffuse in the histological surroundings of the
source. As is also later the case for cortical progenitors, the tangential (anteroposte-
rior and lateromedial) positional identity of a neuroepithelial cell is determined by
its competence to respond to the specific combination of morphogens present at its
location. A successful response then activates intracellular signaling pathways and
leads to transcriptional changes in patterning genes or cell sorting by migration or
apoptosis, ultimately creating sharply defined territories of cells with different fates.
The formation of the telencephalon depends first on the definition of an anteroposte-
rior directionality of the body axis, which is achieved through the differential distri-
bution of activators and repressors of Wnt, BMP, Fgf, and retinoic acid (RA) signal-
ing along the neural tube (Muhr et al., 1999; Faravelli et al., 2014; Allodi & Hedlund,
2014; Hébert & Fishell, 2008; reviewed in Cohen et al., 2013). Further refinement of
the cerebral vesicle boundaries is ensured by the expression of distinct combinations
of Wnt pathway ligands (Mulligan & Cheyette, 2012). Next, proper development of
the telencephalic vesicle is guided by dorsoventral differentiation of the neural tube,
which is instructed by opposing gradients of BMP and Shh (Hébert & Fishell, 2008;
Wang et al., 2016). Finally, the telencephalon is also patterned lateromedially by two
sets of bilateral signaling centers: the cortical hem, situated at the interhemispheric
midline, and the antihem, a portion of tissue that separates the dorsal and ventral
telencephalon, which secrete Wnt and BMP ligands, or Fgf8 and EGF, respectively
(Grove, 1998; Assimacopoulos et al., 2003).

The cortical hemispheres develop from the pallium, the dorsal part of the telence-
phalic vesicles. The adjoining ventrally positioned subpallium gives rise to a variety
of other brain cell types (reviewed in Moreno et al., 2009). Most notably, the medial
and lateral ganglionic eminences derived from the subpallium generate the inhibitory
interneurons of the cortex, which migrate and settle in the cortical layers among the
projection neurons between embryonic day (E) 12.5 and 15.5 (Anderson et al., 1997;
Marin & Rubenstein, 2001).

At this point, the cortex consists of a thin sheet of progenitors. Between E 10.5 and
E 17.5 in the mouse, the NPCs of the cortex must self-amplify and, at the same time,
generate the cortical projection neurons in a stereotyped temporal order. These neu-
rons migrate outwardly towards the pia mater and progressively settle above the

progenitor zones in the layers as mentioned above, splitting the cortical sheet (corti-
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Figure 1.4 Lineages generated by cortical neural progenitor cells. Neuroepithe-
lial cells (NE) birth the cortical radial glia (G), which, in turn, can either directly (a) generate
neurons (N) or indirectly (b), through the production of basal (intermediate) progenitors (BP).
Reproduced from Go6tz and Huttner, 2005.

cal pre-plate) into the marginal zone (future layer 1) towards the pia mater and the
germinal zones at the ventricular surface (discussed in more detail in 4.2). To form
the final cortical plate, the neurons settle in an inside-out fashion: late-born neurons
migrate outwardly through the already generated deep layers (V-VI) and position
themselves above in order to become the superficial layers (II-III) (Angevine & Sid-
man, 1961; Berry & Rogers, 1965; Rakic, 1971, 1972; Greig et al., 2013). The timing of
production for the different projection neuron subtypes is discussed in more detail in

section 4.2.

1.4. PROCESSES INVOLVED IN NEURONAL IDENTITY ACQUISITION IN THE
CORTEX

1.4.1. Biology of the different types of neocortical neural progenitor cells
(NPCs)

Before addressing the state of the knowledge on NPC fate acquisition, it bears men-
tioning that many aspects of NPC biology are observed across the entirety of the

cortex. Some of these aspects are relevant to the process of committing to producing
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particular neuronal lineages and will be briefly outlined here. For more details, Florio

and Huttner, 2014, and Uzquiano et al., 2018 provide extensive reviews of NPC biol-

ogy.

The cortical NPC niche consists at first of a thin neuroepithelium that lines the dor-
sal side of the lateral ventricles. Up to around E 10.5, the neuroepithelium consists of
progenitors called neuroepithelial cells (NECs), which proliferate by symmetric divi-
sion in order to expand the progenitor pool (Chenn and McConnell, 1995, G6tz and
Huttner, 2005). As they undergo further differentiation to cortical neural progenitor
cells (NPCs) (Figure 1.4), they maintain epithelial characteristics and also assume as-
troglial properties and are hence known as radial glial cells (RGCs or RGs). Like many
other epithelial cells, RGCs express the intermediate filament protein Nestin and ex-
hibit apical-basal polarity. While the cell bodies remain close to the ventricular sur-
face and form the ventricular zone (VZ), the RGCs also have apical endfeet, located
at the ventricular surface, and a strongly elongated process spanning the thickness of
the cortex. This process provides the scaffolding along which the neurons produced
by the RGCs migrate outwardly to their final laminar positions (Rakic, 1972, 2009).
In addition to these epithelial properties, RGCs express astroglial genes, such as glial
fibrillary acidic protein (GFAP), brain lipid-binding protein (BLBP), S100p, a Ca2+-
binding protein, and GLAST, an astrocytic L-glutamate transporter. They are identifi-
able by the expression of the transcription factor (TF) Pax6 (reviewed in Mukhtar &
Taylor, 2018, Florio & Huttner, 2014).

RGCs are not only a direct source of excitatory projection neurons but also gener-
ate them indirectly by giving rise to intermediate progenitor cells (IPs), which are
essential for producing the entire range of projection neurons. Early-born cortical
projection neurons result from the asymmetric, neurogenic divisions of the RGCs
situated in the VZ, also often termed apical radial glial cells or aRGCs. In later stages
of cortex development, neurogenesis is also indirect: the aRGCs generate IPs, which
then undergo neurogenic divisions. IPs downregulate Pax6 and express the TFs Tbr2
and Cux2 (Zimmer et al., 2004; Englund et al., 2005). These progenitors are primarily
located above the VZ and form the subventricular zone (SVZ) and can also be found
interspersed in the basal portion of the VZ (Haubensak et al., 2004; Kowalczyk et al.,
2009; Pontious et al., 2008). As IPs are thought to produce 2-4 neurons each (Wu et
al., 2005), they are thought to have been instrumental in amplifying the neurogenic
potential of the cortical progenitors during evolution, especially through the highly

proliferative subset termed basal radial glia (bRGs) that are particularly enriched in
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Figure 1.5 Timing of neuron subtype production in the developing cortex. Neu-
ron subtypes are generated in sequential, partially overlapping waves and settle as layers in
an inside-out manner. NE- neuroepithelial cell, RG - radial glia, IP - intermediate progenitor,
oRG - outer radial glia, CR - Cajal-Retzius cell, SPN - subplate neuron, CThPN - corticotha-
lamic projection neuron, SCPN - subcerebral projection neuron, GN - granule neuron, CPN -
callosal projection neuron Reproduced from Greig et al., 2013.

the cortices of primates and humans (Florio et al., 2015, Stahl et al., 2013, Wang et al.,
2016).

1.4.2. Fate refinement of neocortical progenitor cells (NPCs) and its impact

on neuronal subtype fate acquisition

aRGs and IPs generate projection neurons in a precisely ordered sequence of subtype
identities, which spans from around E 10.5 to E 17.5 in the mouse (Figure 1.5). This
can be thought of as a sequence of temporally overlapping production waves of neu-
rons of different fates. Corticothalamic projection neurons (CThPNs) of layer VI are
produced between around E 11.5 to around E 13.5, subcerebral projection neurons
(SCPN) of layer Vb from around E 12.5 to 13.5, while granule neurons of layer IV are
generated from around 13.5 to 14.5. The production of callosal projection neurons
(CPNs), located in both deep and superficial layers, overlaps these time periods, with

a starting point as early as E 12.5, but only peaks around E 15.5 and continues after
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all the other fates have been produced. Around E 17.5, neurogenesis is completed,
and the progenitor pool switches to producing the astrocytes and oligodendrocytes

that populate the postnatal cortex.

Considered in toto, cortical NPCs produce over 50 subtypes of cortical projection
neurons (Heavner et al., 2020). The key question that remains incompletely elucidat-
ed is: what are the molecular programs that dictate the temporally stereotyped fate
switches during corticogenesis? The prevalent model is that the fate of the progeny
is specified by characteristics of the progenitor at the time of the terminal mitosis
that produces the neurons and is subsequently refined by transcriptional programs
in the newborn neuron. The characteristic identity of a progenitor is, as for all other
cells, imparted by its transcriptome and proteome. In the case of a cortical NPC, it
is thought that its transcriptome and proteome are defined by a temporally shifting
combination between cell-autonomous and non-cell-autonomous processes. (Reillo
et al., 2017; McConnell, 1995; Florio and Huttner, 2014; Schuurmans and Guillemot,
2002).

Cortical NPCs are exposed to several extrinsic cues in the form of gradients of sig-
naling molecules produced by the patterning centers mentioned in section 3. The
combinations of these gradients lead to NPCs adopting regional positional identi-
ties, identifiable as expression domains for the transcription factors Pax6, Sp8, Emx2,
and COUP-TFI in the progenitors. This ultimately determines cortical arealization
(reviewed in Greig et al., 2013). Aside from morphogen signaling, extrinsic feedback
mechanisms have been described through which NPC fate switches are instructed
once certain thresholds in neuron numbers are reached. As a general switch from
neurogenesis to gliogenesis, cardiotrophin-1 secreted by cortical projection neurons
is necessary to shift the NPCs to astrocyte production at E 17.5 (Barnabé-Heider et al.
2005). A similar feedback mechanism, based on Fgf9 secretion, was described by our
research group (Seuntjens et al., 2009). In the same study, our research group showed
that the accumulation of neurotrophin-3 secreted by postmitotic deep layer neurons
promotes the switch in NPCs towards the genesis of superficial neuron subtypes.
Other kinds of non-cell-autonomous signaling found to regulate NPC behavior are
related to bioelectrical properties and cell-cell contacts. Calcium ion pulses travel
along the NPC process from the cortical plate, containing postmitotic neurons, into
the NPC cell bodies located in the ventricular zone and have been found to regulate
proliferation and the onset of cortical neuron migration (Weissman et al., 2004; Rash

et al., 2016). Additionally, apical progenitors hyperpolarize in order to switch the



type of neurons produced during corticogenesis (Vitali, 2018). Cell-cell contacts can
also play a role in NPC proliferation, as well as signals from the extracellular matrix
(Stenzel et al., 2014; Fietz et al.,, 2010, 2012) or the progressive innervation of the de-
veloping cortex by thalamocortical afferents (Reillo et al 2017).

The exact intracellular consequences of these extrinsic signals are not elucidated in
all cases. Furthermore, NPCs exhibit several cell-autonomous properties that influ-
ence their competence to respond to these extracellular cues. Some of the well-char-
acterized cell-autonomous factors affecting NPC fate choices are epigenetic controls
of the transcription of fate regulators. One such instance is the requirement of H3K27
trimethylation at the promoter of the SCPN-inducing Fezf2 for terminating the pro-
duction of layer V neurons (SCPN) (Morimoto-Suzuki et al., 2014). Another well-
characterized actor in NPC fate decisions and arealization is the methyl-CpG-binding
protein 2 (MeCP2), whose developmental malfunctions lead to Rett syndrome (Bedo-
gni et al., 2016; Cobolli-Gigli et al., 2018). Other well-studied cell-intrinsic properties
conducive to fate changes are the length of the NPC cell cycle, which increases as the
NPCs differentiate during corticogenesis and is required for the switch to differentia-
tive divisions (Calegari et al., 2005; Lukaszewicz et al., 2002; Pilaz et al., 2016) and is
also impacted by progenitor polarity and division plane angulation (reviewed in Fietz
and Huttner, 2011). The number of previous divisions in the lineage producing an

NPC also influences progeny fate (Caviness & Takahashi, 1995; Caviness et al., 2003).

In addition to the described autonomous factors, some intrinsic properties depend
on regulatory layers that are, thus far, less rigorously defined. A critical sub-question
of that regarding molecular fate controls is whether cortical progenitors are homo-
geneous across space and time in their potential to generate all projection neuron
subtypes. This question arose in part due to observations related to the gradual loss
of multipotency of the progenitor pool in bulk and in part due to the expression in
NPCs of some transcripts previously related to fate specification in postmitotic neu-
rons. Concerning the stage-related potency of a progenitor, studies in which early
progenitors were inserted into a late progenitor population and vice versa in both
ferrets (Frantz & McConnell, 1996; Desai & McConnell, 2000) and mice (Mizutani and
Saito, 2005) showed that, when analyzed in bulk, only early progenitors can adapt the
neuron subtype type produced to match that produced by the surrounding progeni-
tors. Early progenitors in a late cortical context switched to producing neurons of the
superficial layers, but late progenitors in an early context did not exhibit the same

degree of plasticity and did not switch to deep layer neuron production. It was there-
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fore thought for some time that all cortical progenitors undergo a progressive fate
restriction process as developmental time passes, gradually losing their capability
of generating all neuron subtypes. Other studies found that NPCs could be partially
reprogrammed to an earlier fate (Hanashima et al., 2004; Molyneaux et al., 2005). A
more recent study (Oberst, 2019) partially reconciles the previous contradictory find-
ings by showing that this fate restriction depends on the progenitor type. The authors
found that, indeed, IPs from later stages are fate-restricted, but not the coterminous

late-stage aRGCs, which are able to revert to deep layer neuron production.

Another potential layer of NPC fate regulation was uncovered by findings that sub-
sets of NPCs express transcripts tied to specific projection neuron fates. Cux2 and
Svetl transcripts were detected in both SVZ cells and some neurons of layers II-IV
(Tarabykin et al., 2001; Nieto et al., 2004; Zimmer et al., 2004), prompting models in
which either IPs or other subsets of progenitors exclusively produce neurons of the
superficial layers. While initial studies employing Cux2-based lineage tracing (Franco
et al., 2012) supported the idea that the expression of neuron subtype-characteristic
transcripts in progenitors indicates the commitment to that fate, other studies using
the same genetic system could not confirm these findings (Guo et al., 2013; Eckler
et al., 2015). In addition, lineage tracing studies that employed the IP-specific Tbr2
promoter found that this progenitor type can also generate neurons residing in all
cortical layers (Vasistha et al., 2015, Mihalas et al. 2016; Mihalas and Hevner, 2018),
leaving the question of superficial layer specification at the progenitor level open.
Notably, there were no reports of intrinsic factors expressed in the VZ and implicated
in the fate decisions of NPCs towards CFuPN production up to our research group’s
identification of TrkC-T1 as a fate determinant for deep layer neuron production.

This finding will be detailed in section 6.

Taken together, our understanding of the biological processes that contribute to es-
tablishing the differential transcriptomes and proteomes of NPCs of different ages
and lineage potentials covers a broad spectrum but is still incomplete. Due to the in-
flux of deep single-cell and single-nucleus transcriptomic profiling studies over the
last decade, there has been a recent surge in discoveries of fate-steering mechanisms
that are centered around posttranscriptional controls. Such mechanisms operate at
the level of RNA processing, stability, and translation (Mazin et al., 2013; Dillman et
al., 2013; Hu et al., 2014; Ziats & Rennert, 2014; Camp et al., 2015; Mora-Bermudez et
al., 2016; Kageyama et al., 2018; Rosenberg et al., 2018; Zhong et al., 2018; Fan et al.,
2018; Welch et al, 2019; Polioudakis et al., 2019; Loo et al., 2019; Najafi et al., 2019;



Duan et al., 2020; Huang et al., 2020). From the evidence gathered so far, the availabil-
ity of fate-determinant mRNAs is regulated through their localization in subcellular
compartments (Chowdhury et al., 2021) and through altering their stability by N6-
methyladenosine modification (Yoon et al., 2017) or miRNA binding (Bian et al., 2013;
Mao et al., 2014; Fededa et al., 2016; Martins et al., 2021). Furthermore, the transla-
tion of Cux2 and Fezf2 (see section 4.3; Zahr et al., 2018) and many other transcripts
(Rodrigues et al., 2020; Kraushar et al., 2014) is developmentally regulated and de-
repressed at crucial time points for fate switching. Aside from these mechanisms, al-
ternative splicing of NPC and neuron pre-mRNAs has been shown to regulate nearly

all steps of cortical neurogenesis, as will be described in detail in section 5.2.

1.4.3. Generation of projection neuron subtypes

Even though it is not clear where exactly the commitment of a newborn neuron to a
subtype fate happens during the differentiation and division of an NPC (Toma et al.,
2016; Greig et al.,, 2013), we know so far that the commitment is ensured by a series
of cross-repressive interactions between transcription factors. As this research proj-
ect dealt primarily with the decision between corticofugal (CFuPN) and callosally
projecting neuron (CPN) fate, the remainder of the subsection will consist of an over-

view of the molecular controls known to participate in this process.

The neurogenic division of an apical or intermediate progenitor produces a postmi-
totic neuron that is believed to be in a fate-specified state as a result of the processes
described in the previous subsection. Depending on this fate-restricted state, the neu-
ron commences a lineage-specific transcriptional program that dictates the final fate
of the neuron, suppresses alternative fates, and ensures proper terminal differentia-
tion (Greig et al., 2013; Jabaudon, 2017).

While the molecular controls behind this process are still being explored, we know
that they are strongly impacted by the dose and combinations of transcriptional reg-
ulators during defined developmental time windows. Presently, the widely accepted
model is one of sequential fate refinement. In this model, key transcription factors
start the differentiation process towards the projection subtype specified before, fol-
lowed by the activation of other transcription factors that further this differentiation
by various repressive and activating interactions, and which can themselves fine-

tune the final neuronal properties, including the projection targets (Greig et al., 2013,
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Srinivasan et al., 2012, McKenna et al., 2015, Toma et al., 2014).

The developmental choices leading to CFuPN and CPN fates are particularly interest-
ing because these highly different projection neurons exhibit an overlap of both the
time frames they are produced in and their final localization (Greig et al., 2013, Koes-
ter & O’Leary, 1993, Srinivasan et al., 2012), in particular, the subcerebrally projecting
fraction (SCPN) of CFuPN and the CPN residing in layer Vb. Crucially, their balanced
production is necessary for forming healthy cortical circuitry and is misregulated
in diseases such as autism spectrum disorders (Fang et al., 2014; Falcone et al., 2021;
Zhang et al., 2019).

The SCPN fate is specified by Fezf2, the key regulator that antagonizes Tbr1, which is
the top-level transcription factor for CThPN identity (Molyneaux et al., 2007; Bedogni
et al., 2010; McKenna et al., 2015). Fezf2 simultaneously represses some CPN charac-
teristics (Rouaux & Arlotta, 2013). While it is also expressed at low levels in CThPN,
this subtype is significantly less affected by the deletion of Fezf2 (Molyneaux et al.,
2005). Ctip2, a postmitotic TF, exhibits a similar expression pattern in SCPN and
CThPN (Arlotta et al., 2005, Molyneaux et al., 2005) and likely operates downstream
of Fezf2, given that it is absent from the cortices of Fezf2 null mice (Chen et al., 2005,
Chen et al., 2008). Ctip2 regulates subsequent differentiation steps of SCPNs, such as
the proper formation of axon bundles (fasciculation) and their outgrowth (Arlotta et
al., 2005), and is used in this research project as a marker of CFuPN identity. Various
other TFs, such as Diap3 or Crim1, have been implicated in the further delineation of
SCPN fate and CFuPN fate, especially concerning the area-specific morphologies of
these neurons (Arlotta et al., 2005).

Work from our research groups and others have identified the transcriptional regula-
tor Satb2 as a critical factor in establishing CPN identity (Britanova et al., 2008, Alca-
mo et al., 2008). Satb2-/- neurons have their axons misrouted to the anterior commis-
sure and external capsule instead of the corpus callosum and also express Ctip2 even
when they are located in the superficial layers. This phenotype suggested that Satb2
is required for repressing the transcriptional program associated with CFuPN. Satb2
and other top-level CPN fate regulators, such as Foxgl and MeCP2, likely control
properties shared by all CPN, while other factors, such as Brn1/2, Cited2, or the Cux
family, function in either defining further specialized CPN identities, the establish-
ment of area-specific projections, or in the final maturation of the dendritic tree (Fame
et al., 2016, Cubelos et al., 2015, Hevner et al., 2003, Dominguez et al., 2013, McEvilly



et al., 2002). Based on this research, we use Satb2 in the current study as a marker of
CPN identity.

While these fate specification and determination events occur, the newborn neurons
migrate and settle in the previously described layers. Their terminal differentiation
involves axon extension to their targets, refining the axonal projections, depending
on the cortical area and fate, the formation and maturation of their dendritic tree,
synaptogenesis, and, finally, acquisition of subtype-characteristic electrophysiologi-
cal properties (Rakic, 2009; Reillo et al., 2017).
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1.5. FUNCTIONS OF ALTERNATIVE SPLICING IN PRENATAL BRAIN
DEVELOPMENT

Soon after the discovery of pre-mRNA splicing (Berget et al., 77; Chow et al., 77), it
was also found that this process is not strictly limited to removing the (supposedly)
non-coding introns from between the protein-coding exons. In response to changes
in various extra- and intracellular conditions, the skipped parts of a pre-mRNA can

encompass several different stretches, including ones that span several introns and
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* Poly-A
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Alternative 5" splice sites Alternative 3’ splice sites
Cassette exon Mutually exclusive exons
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Figure 1.6 Patterns of alternative splicing. Different parts of the pre-mRNA can be
skipped or retained in order to generate a variety of mRNAs. Alternative promoters and poly-
adenylation sites further expand the possible mRNA variants. Reproduced from Li et al., 2007.

18



19

exons (Alt et al., 1980; Early et al., 1980). This dynamic selection of the pre-mRNA
stretches to be removed was termed alternative splicing. Along with alternative
translation initiation sites, alternative splicing accounts for a significant expansion
of the protein isoforms that can be generated by individual eukaryotic genes (Miles
et al., 2017). Deep RNA sequencing projects have revealed that an overwhelming
majority of human multi-exon genes (95%) produce several transcript variants, dis-
tinguished by the combinations of introns and exons that are included or skipped
during their splicing (Pan et al., 2008; Wang et al., 2008). This variety of isoforms is
thought to have contributed to a gradual increase in organismal complexity during
evolution (Bush et al., 2017; Gallego-Paez et al., 2017). Given the outstanding intri-
cacy of the central nervous system, it is not surprising that alternatively spliced gene
products are particularly prevalent and diverse in the brain (Zaghlool et al., 2014,
Barbosa-Morais et al., 2012, Gallego-Paez et al., 2017; Naro et al., 2021), and, as will
be presented in this section, in its development. A brief outline of the mechanistic as-
pects of alternative splicing will precede the overview of the state of the knowledge
on neural alternative splicing in order to facilitate a seamless understanding of how

the splicing regulators described in the remainder of this work exert their functions.

1.5.1. Mechanistic aspects of alternative splicing

Splicing overall is catalyzed by the major spliceosome and, for a small fraction of
introns, by the minor spliceosome (Wahl et al., 2009; Wilkinson et al., 2020; and see
Turunen et al.,, 2013 for a review of the minor spliceosome). These large ribonucleo-
protein complexes assemble on the nascent pre-mRNA in order to excise portions of
it, and they do so by first recognizing conserved sequence motifs at and close to the
intron termini. These are the 5’ and 3’ splice site sequences at the intron-exon bound-
aries and, within the intron, the branch point sequence and the polypyrimidine tract.
At the 5’ and 3’ splice sites, the spliceosome catalyzes two sequential trans-esterifica-
tion reactions that separate the skipped ribonucleotide stretch from the RNA stretch-
es that will be retained in the mature mRNA. Finally, the termini of the remaining
RNA stretches are ligated. The recognition and choice of 5> and 3’ splice sites flanking
different exons guide which parts of the pre-mRNA are maintained and which ones

are excised.

It is worth noting that, while alternative splicing in mammals often involves single

exons that are facultatively included or excluded, called cassette exons, various other



patterns of splicing exist (Figure 1.6). These include alternative 5 and 3’ splice sites,
the retention of an intron, but also the use of alternative promoter and polyadenyl-
ation sites (Black, 2003), which can all affect the stability, localization, or translation
efficiency of the resulting mRNA (Lareau et al., 2007; Mockenhaupt and Makeyev,
2015; Su et al.,, 2018). A subgroup of cassette exons are exons included in the mature
mRNA in a mutually exclusive fashion. This dynamic can encompass merely two
exons or groups of several adjacent exons that act as two unitary cassettes. As will
be described in section 6, the TrkC pre-mRNA contains two mutually exclusive exon
groups that make up the distinct 3’ termini of the two transcript variants studied in
this work, which endow the two protein products with different signaling capabili-

ties.

The sequence elements at the 5° and 3’ splice sites and the branch point are, in and of
themselves, not sufficient to single-handedly steer and confidently predict the out-
come of an alternative splicing event, but merely a part of an overarching combina-
torial regulatory system. First, local chromatin state and RNA polymerase II kinetics
impact splice site choice (reviewed in Naftelberg et al., 2015). Second, spliceosomal
components must recognize the functional sites on the pre-mRNA several times
during the splicing process in order to ensure the necessary fidelity of the process
(Wahl et al., 2009). Site recognition is influenced by the exact sequence of the 5’ and
3’ splice sites, meaning that individual splice sites can compete for being selected
by the spliceosome. Several scoring models have been proposed to predict the prob-
ability of a splice site to be recognized and used by the spliceosome (Yeo and Burge,
2004; Freund et al., 2003). At the same time, the spliceosome responds to interactions
with a plethora of other RNA-bound proteins, which affect the splicing outcome both
through intrinsic properties and through the exact positions within introns or exons
that they bind at (Wahl et al., 2009; Barash et al., 2010; Lee & Rio, 2015, Fu and Ares,
2014). The trans-acting RNA-bound proteins involved in the splice site selection are
termed splicing factors, and they can bind to various cis-regulatory sequences in
the pre-mRNA. These cis-regulatory sequences are categorized by their position and
by the type of contribution to the alternative splicing outcome as exonic splicing
enhancers (ESEs), exonic splicing inhibitors (ESIs), and their intronic counterparts,
ISEs and ISIs. Aside from these mechanisms of splice site choice control, many other
regulatory layers have been described. Among them are the posttranslational modifi-
cation and subcellular localization of splicing factors, the presence of RNA secondary
structures that ease or prevent the assembly of the spliceosome, or other RNA species
(miRNAs) (reviewed in McManus and Graveley, 2011; Heyd and Lynch, 2011; Lee and
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Rio, 2015).

In summary, whether an exon or more will be skipped or retained or whether an in-
tron will be included in the mature mRNA depends primarily on the epigenetic con-
text, the exact sequence of the 5’ and 3’ splice sites, on the net sum influence of cis-
regulatory elements, their avidity to bind splicing factors, and on the availability of
the splicing factors themselves in the observed cellular context, with the requisite

posttranslational modifications.

1.5.2 Alternative splicing in the brain and its development

The inextricable link between alternative splicing and the central nervous system
(CNS) has been brought into the spotlight by a recent influx of comparative tran-
scriptomic studies, starting around the turn of the millennium. At that point, the
growing availability of completed genomic sequences was met by decreasing costs
for analyzing expressed sequence tags and then cDNAs detected by splicing-sensitive
microarrays. More recently, whole transcriptomes have become accessible by high-
throughput RNA sequencing (RNA-seq), thus allowing the precise mapping of reads
to the corresponding genes and the identification of splice variants in a systematic
fashion (Chen et al., 2014; Blencowe, 2006; Johnson et al., 2003). The picture that
emerged from these efforts was the outstanding contribution of tissue-specific alter-
native splicing signatures (sets of splicing variants) to phylogenesis and ontogenesis
(Matlin et al., 2005; Nilsen and Graveley, 2010; Barbosa-Morais et al., 2012; Merkin et
al.,, 2012).

The CNS, and, in particular, the brain, exhibits the pinnacle of AS pattern complexity
(Zaghlool et al., 2014; Ramskold et al., 2009; de la Grange et al., 2010; Xu et al., 2002).
Furthermore, in two comparative high-throughput transcriptomic studies of organs,
brain tissue stood out for having the most conserved transcriptomic signature across
several vertebrate classes, spanning an evolutionary range from chicken to human.
At the same time, neural tissue had the most slowly diverging alternative splicing
signature from all the analyzed organs (Merkin et al., 2012; Barbosa-Morais et al.,
2012). Also, networks of AS events associated with cellular differentiation are evolu-
tionarily remarkably well conserved (Irimia & Blencowe, 2012; Kalsotra and Cooper,
2011; Calarco et al., 2011). Finally, in the developing cerebral cortex, 90% of the ex-

pressed genes are subjected to dynamic AS regulation according to brain region and



developmental stage (Kang et al., 2011). Combined, this evidence suggests that neural
cells efficiently peruse the high regulatory flexibility enabled by alternative splicing
and that this wide array of physiological AS events in the CNS is subjected to sig-
nificant evolutionary pressure, thus highlighting the functional importance of these
patterns for both developing the histological complexity of the brain and for its adult

functions.

Three major themes emerge upon reviewing the known cases in which alternative
splicing events regulate physiological brain- and cortex-related processes. In the
adult cortex, the main themes are the generation of protein isoforms enabling syn-
apse plasticity and the avoidance of aggregation-prone protein isoforms. In the de-
veloping cortex, splicing switches are conspicuously involved in nearly all steps of
neurogenic differentiation (Ehrmann et al., 2013; lijima et al., 2011; Ding et al., 2017;
and see reviews of Vuong et al.,, 2016 and Da Cruz and Cleveland, 2011; Hinrich et
al., 2016; Rockenstein et al., 1995; Bueé et al., 2000). Therefore, it is unsurprising that
AS misregulation is causally involved in the predisposition and progression of neu-
rodegenerative and neurodevelopmental disorders. Among the latter, instances of AS
misregulation abound in the etiology of schizophrenia and autism spectrum disorders
(Quesnel-Vallieres et al., 2019; Irimia et al., 2014; Voineagu et al., 2011; Xu et al., 2012;
Jaffe et al., 2018). These disorders show considerable overlap in terms of genetic risk
factors, transcriptomic alterations, and some cognitive symptoms (De Crescenzo et
al., 2019; Gandal et al., 2018). Importantly, in both disorders, the brain connectome is
miswired, exhibiting changes in the number of interhemispheric connections and cor-
pus callosum size (Venkataraman et al., 2012; Anderson et al., 2011; Andriamananjara
et al., 2019; Mastrovito et al., 2018). Since a disbalance of cortical projection neuron
numbers underlying miswiring has been shown to lead to autism-like symptoms (Fang
et al., 2014; Falcone et al., 2021; Zhang et al., 2019), alterations in developmental
splicing switches may contribute to these disorders through the involvement in the
specification of neuron subtypes. However, this avenue remains largely unexplored.
Thus far, alternative splicing switches in the developing cortex have been described
at several other steps of neurogenesis. The switches involve shifting the balance be-
tween the protein products generated by alternative splicing events from the same
immature transcript combined with the levels of different alternative splicing regula-

tors (splicing factors).

Several splicing factors (SFs) and alternative splicing isoforms stand out as crucial

for enabling the rapid cellular alterations needed during neurogenic differentiation.
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The splicing factors Mbnll and Mbln2, which control the alternative splicing of the
pluripotency gene Foxp1, must be suppressed for the maintenance of stem cell pluri-
potency (Han et al., 2013). In the decision between the symmetric (proliferative) and
asymmetric (differentiative) division of NPCs, Zhang and colleagues have described a
mechanism of centrosomal control relying on the antagonistic effects of the splicing
factors PTBP1 and the Rbfox family in NPCs and neurons, respectively. The switch
from the PTBP1-dominated environment of the NPCs to Rbfox expression leads to a
shift in a network of alternatively spliced exons related to cytoskeletal organization
and, most notably, to changes in the splicing of filamin A, an actin-binding protein,
and Ninein, a microtubule-anchoring protein. The combination of the alternative
splicing isoforms of filamin A and Ninein guides the type of NPC division and there-
by their proliferative capacity and differentiation time point (Zhang et al., 2016). At
the same level, Rbfox1 has been implicated in normal NPC karyokinesis and thereby
in the timely onset of neuron production and migration (Hamada et al., 2015). Its or-
thologue Rbfox3, also known as NeuN, undergoes splicing isoform switching during
neuronal differentiation. The neuron-specific full-length Rbfox3 isoform promotes
a splicing switch in the Numb transcript, generating a more stable variant and thus
furthering neurogenesis (Kim et al., 2013). Interestingly, Rbfox splicing factors also
change binding sequence preference during radial glia to neuron differentiation in a
concentration-dependent manner. The higher Rbfox concentrations present in neu-
rons enable them to also bind moderate-affinity target sites in pre-mRNAs involved
in neurogenesis, adding another fail-safe regulatory layer in the progression towards
the neuronal fate (Begg et al., 2020). Another well-known NPC-to-neuron switch in
splicing factor combinations is the switch between PTBP1 and PTBP2/nPTB. As men-
tioned above, PTBP1 fulfills crucial functions in maintaining radial glial cell biology
by inhibiting several neurogenic alternative splicing events. Its paralog PTBP2 is nor-
mally not present in radial glial cells because PTBP1 suppresses the inclusion of exon
10 in the PTBP?2 transcript, producing a short isoform targeted by nonsense-mediated
decay. PTBP1 is gradually suppressed during differentiation by RBM4 and the neu-
ron-specific miRNA miR-124, leading to the de-repression of productive PTBP2 splic-
ing. The presence of PTBP2 is therefore restricted to neurons and targets different
alternatively spliced exons than PTBP1, which consolidate neuronal identity (Makeyev
et al., 2007; Boutz et al., 2007; Su et al., 2017).

After the neuronal identity is established, the newborn neurons begin to migrate out
of the germinal zones towards the pia mater. The splicing of Dab-1 changes to enable

neuron migration. Dab-1 is a crucial signaling adaptor mediating the chemoregula-



tion of neuronal migration by Reelin, a glycoprotein secreted by the Cajal-Retzius
cells in the marginal zone (Gao et al., 2012; Gao and Godbout, 2013). The balance be-
tween two Dab-1 splicing isoforms, modulated by RBM4, allows for timely and cor-

rect neuron migration (Dhananjaya et al., 2018).

SRRM4/nSR100, a neural tissue-specific splicing factor, maintains a network of
neuron-specific alternative splicing events in the cortex that are required for proper
terminal differentiation of neurons (Irimia et al., 2014; Calarco et al., 2009). SRRM4
also favors the inclusion of a stabilizing exon in PTBP2, which then proceeds to regu-
late the splicing of the cytoskeleton-remodeling Rho GTPase Cdc42. In neurons, two
isoforms of Cdc42 are required at approximately equimolar concentrations for the
proper generation of one single axon and several dendrites. The NPC environment
is dominated by only one of the Cdc42 isoforms, and a splicing switch occurs dur-
ing neurogenesis in order to achieve the neuron-specific equimolar ratio (Yap et al.,
2016). The outgrowth of the resulting axon is co-regulated by the NOVA splicing fac-
tors, which alter the splicing of the Dcc receptor and other components of the axon
guidance pathways (Leggere et al., 2016; Saito et al., 2016). Axonal projection routes
are also steered by two splicing isoforms of the Robo3 receptor, which impart differ-

ent sensitivities to axon repulsion by Slit (Chen et al., 2008).

In conclusion, thus far, research on alternative splicing in the developing cortex has
focused on the fate choices involved in the stem cell-to-neuron transition and the
migration and terminal differentiation of the resulting neurons. However, there is a
conspicuous dearth of studies regarding the involvement of alternative splicing in the

specification of individual projection neuron subtypes.

1.6. ThE ROLE OF TRKC ALTERNATIVE SPLICING ISOFORMS IN NEURONAL
IDENTITY ACQUISITION

It is still not completely understood how the transcriptomes and proteomes of
CFuPN-producing and CPN-producing progenitors differ regarding potential-in-
ducing and potential-restricting factors or fate determinants. The most recent con-
tribution of our research group to answering this question is discovering the first
progenitor-intrinsic determinant of deep layer neuron fate, TrkC-T1 (Parthasarathy

et al., 2021). TrkC-T1 is one of the alternative splicing isoforms generated by the neu-
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rotrophin-3 tropomyosin kinase receptor locus (Ntrk3). A different protein product
of the locus had been previously studied extensively: the canonical neurotrophin re-
ceptor TrkC, which harbors a kinase-active domain and is hence also termed TrkC-
TK+. TrkC-TK+ has been shown to exert critical functions in both CNS and PNS
development (Lamballe et al., 1991; Klein et al., 1994; Bartkowska et al., 2007; Huang
& Reichardt, 2003). The first part of this section will briefly present an overview of
neurotrophin signaling for understanding the role of TrkC-T1 in neuronal subtype
fate decisions, as shown in Parthasarathy et al., 2021. Detailed reviews on the subject
of neurotrophin signaling are provided by Chao, 2003 and Huang and Reichardt, 2001
and 2003. The second part will summarize the findings of our work in Parthasarathy

et al., 2021, in which the research project presented here is rooted.

1.6.1. Neurotrophins and their receptors, the Trk tropomyosin receptor

tyrosine kinases

Neurotrophin signaling is an evolutionary innovation that only arose in vertebrates,
and Trk receptors exhibit a steady increase in the diversity of isoforms produced
through alternative splicing. This increase parallels the development of CNS com-
plexity (the Ensembl project, Howe et al., 2021, von Bartheld & Fritzsch, 2006). Neu-
rotrophins themselves are a group of secreted signaling ligands, named so because
they act as neuron growth and survival factors (Levi-Montalcini, 1987). The group
comprises four ligands: nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4). Each ligand binds with
high affinity to the extracellular immunoglobulin G domains of one of the Trk recep-
tors, with NGF favoring TrkA, BDNF and NT-4 preferentially binding to TrkB, and
NT-3 to TrkC (Bibel & Barde, 2000).

Neurotrophin binding to Trk receptors triggers receptor homodimerization and the
trans-autophosphorylation on specific tyrosine residues of the intracellular domains
(ICDs). Subsequently, signaling mediators, for example, from the Shc family, are
recruited to these residues and phosphorylated by the receptors. The phosphoryla-
tion enables the signaling mediators to relay the neurotrophic signals and trigger
transcriptional and phosphorylation changes in the neuron. Each of the four neu-
rotrophins also exhibits low-affinity interactions with the other two Trk receptors
and the pan-neurotrophin receptor p75NTR, which can modulate intracellular sig-

naling downstream of the Trk receptors by heterodimerization (Chao, 2003; Huang



and Reichardt, 2001 and 2003; Amatu et al., 2019). In this way, each signaling event
through Trk receptors underlies fine control through the numbers and types of re-
ceptors present in the neuron at that moment. The main routes through which neu-
rotrophins and the Trk receptors signal are the MAPK/MEK/ERK1/2 pathway, which
results in the activation of transcription factors such as CREB, and the PI3K/protein
kinase C (PKC) pathway. Both pathways lead to changes in cell cycle progression,
neurite outgrowth and, in the postnatal brain, synaptic plasticity. In the developing
cortex, suppressing the function of canonical TrkB or TrkC using dominant-negative
variants led to decreased NPC proliferation (Bartkowska et al., 2007), a phenotype
mirrored, for instance, by the simultaneous disruption of the Shc and the PLC-y
docking sites of TrkB (Medina et al., 2004).

The information presented so far pertains to the canonical, kinase-active forms of the
Trk receptors. However, both TrkC and TrkB have non-canonical alternative splic-
ing isoforms that lack kinase activity, and which are also expressed in the brain and
the cerebral cortex (Klein et al., 1990; Middlemas et al., 1991; Tsoulfas et al., 1993;
Valenzuela et al., 1993; Fenner, 2012; Brahimi et al., 2016; Parthasarathy et al., 2021).
Surprisingly, the expression patterns of the canonical and non-canonical receptors
differ (Menn et al., 1998, 2000; Pathasarathy et al., 2021). This difference in expression
patterns pointed to specialized functions of the non-canonical receptor isoforms, and
such a division of signaling roles between the canonical and the non-canonical Trk
receptors could be confirmed in other biological systems (Cronk et al., 2002; Rose et
al., 2003; Renn et al., 2009; Esteban et al., 2006; Postigo et al., 2002) and in the CNS
(Brahimi et al., 2016).

1.6.2. The TrkC receptor variant TrkC-T1 is a determinant of deeper layer
(CFuPN) neuron fate

Our most recent study on CFuPN versus CPN cell fate determination (Parthasarathy
et al., 2021) showed that the non-canonical TrkB receptor is expressed in a static pat-
tern in the developing cortex, as opposed to the non-canonical TrkC receptor, TrkC-
T1. TrkC-T1 is expressed in the cortical plate at all investigated stages of cortex de-
velopment. In stark contrast, the expression level of TrkC-T1 in the ventricular zone
follows a flow-and-ebb pattern from E 12.5 to E 14.5. This pattern precisely mirrors
the production wave of deeper layer neurons (CFuPN) from the progenitor popula-

tion. Through in utero gain- and loss-of-function manipulations of the TrkC-T1 lev-
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els, we could show that TrkC-T1 levels in the cortical NPCs directly steer the choice
between the CFuPN and CPN subtypes that are subsequently produced, with high
levels leading to a preference for CFuPN production over CPN and vice versa for low
TrkC-T1 levels.

We found that, despite lacking the ability to autophosphorylate, TrkC-T1 can still
bind ShcA in cortical neurons but cannot phosphorylate it. Therefore, we posited that
TrkC-T1 functions as a sink for ShcA and deprives the MAPK/Erk1/2 signaling path-
way initiated by other receptor tyrosine kinases, possibly TrkC-TK+, of this signaling
adapter molecule (Figure 1.7). By introducing a constitutively active form of Erk2 in
the NPCs, we found that the manipulation of MAPK/Erk1/2 pathway strength af-
fected the CFuPN versus CPN fate decision in a way that is in alignment with this
pathway being the mediator of the observed effects of TrkC-T1 on fate.

The effect on cell fate is restricted to TrkC signaling alterations in NPCs, as a TrkC-
T1 expression construct driven by the neuron-specific doublecortin (Dcx) promoter
did not affect cell fate. Also, when overexpressed ectopically in NPCs at E 14.5, TrkC-

T1 had no effect on cell fate but, instead, impaired neuron migration. Therefore,

NPC,E12.5-13.5 NPC, E 14.5-15.5

n
|
* P-Erk1/2
upper
layer fate layer fate
Figure 1.7 Model of TrkC-T1 function in determining deep layer neuron fate.

Reproduced from Parthasarathy et al., 2021. Based on the research findings presented in this
publication from our group, we proposed that the naturally occurring levels of TrkC-T1 in
NPCs modulate MAPK/Erk1/2 signaling. Early NPCs generate deeper layer neurons (Ctip2-
positive CFuPN) due to high levels of TrkC-T1, which prevent ShcA activation. As the levels
of TrkC-T1 decrease in later corticogenesis, ShcA availability increases, and with it, Erk acti-
vation, enabling the NPCs to generate superficial layer neurons (upper layer fate).



TrkC-T1 is involved in cell fate decisions in a cell type- and stage-specific manner.
TrkC null mutant mice, lacking both TrkC-T1 and TrkC-TK+ ubiquitously, were pre-
viously found to exhibit PNS and cardiac phenotypes affecting proprioception and
postnatal survival, respectively (Tessarollo et al., 1997), and we could observe no cor-
tical lamination defects in these animals. Furthermore, in another study where TrkC-
T1 was stably and ubiquitously overexpressed in mice, it was found that the severity
of the phenotypes in the PNS and the heart correlated with TrkC-T1 levels, as judged
by the copy number of transgene insertions (Palko et al., 1999). Therefore, TrkC-TK+
and TrkC-T1 have functions that are cell type-specific and dependent on the precise
regulation of the levels of and balance between the two isoforms at different stages of

development.

Following these findings, the main aim of the research project presented in this dis-
sertation was to investigate the regulatory mechanisms that ensure the appropri-
ate TrkC-TK+/TrkC-T1 balance in the developing cortex, thereby furthering our
understanding of the processes controlling neuron subtype fate decisions. To this
end, we performed bioinformatic analyses of the two transcripts and the pre-mRNA
they originate from and, subsequently, screened for RNA-binding proteins (RBPs)
that were deemed likely to regulate the TrkC-TK+ and T1 balance in the developing
cortex. In vitro and in vivo manipulations of the levels of the factors found to regu-
late TrkC splicing, Srsf1 and Elavll, allowed us to ascertain the involvement of these
RBPs in neuronal subtype fate decisions, a biological process which they had not

been brought in connection with before.
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2. REsuLTsS

2.1. TrkC-T1 exerts its effect on MAPK/Erk1/2 signalling by sequestering p52-

ShcA to intracellular compartments

We had previously uncovered in biochemical assays that TrkC-T1 dampens Erk1/2
phosphorylation in a p52ShcA-dependent fashion (Parthasarathy et al., 2021). Since
TrkC-T1 lacks the intracellular tyrosine kinase domain but still harbors the tyrosine
516, the docking site for signaling adapters, we wondered whether TrkC-T1 binds
p52ShcA, and, because it is unable to phosphorylate it, sequesters it to the Golgi ap-
paratus or other subcellular compartments, thus decreasing the overall amount of
p52ShcA available in the cytoplasm. To interrogate this, we analyzed whether TrkC-
T1 and p52ShcA localize in similar subcellular compartments in HEK293 cells upon

EGF stimulation, which we previously showed to be necessary for TrkC-T1-mediated

T1-Myc or
Hnechst T1 ¥516F-Myc  Merge * p=00313

n.s., p=0.9336

* p=0.0145

Control

Shcat T1 site / She in oytoplasm
J
I
i

(1
:ﬂ S
5 2k il —1
T1+ T1 ¥516F T1+ T1Y516F
She + Shc Shc + Shc
Control + EGF

Figure 2.1 The intracellular localization of TrkC-T1 influences the localization of p52ShcA (Reproduced
from Parthasarathy et al., 2021) A HEK293 cells were transfected with CAG promoter-driven constructs
expressing p52ShcA with either TrkC-T1 or TrkC-T1 Y516F. Cells were then subjected to EGF stimulation
or mock stimulation. B Quantification of the mean signal intensity of p52ShcA co-localizing with TrkC-T1
as compared to cytosolic p52ShcA. Identical ROIs were used to determine the mean ShcA signal intensity
at TrkC-T1 accumulation sites and in the cytosol. One dot represents one cell. Ratios are reported as mean+
SD. T1 + Shc, unstimulated: 1.67+ 0.07, N= 23; T1 Y516F+ Shc, unstimulated: 1.85 + 0.19, N = 29; T1 + Shc,
stimulated: 2.07 = 0.13, N = 15; T1 Y516F+ Shc, stimulated: 1.59 * 0.08,N= 13. Overarching P value across the
samples: 0.0313 (+), derived from parametric one-way ANOVA (Brown-Forsythe and Welch) test. Arrows point
to foci where the TrkC-T1 signal peaks.
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effects. An HA-tagged p52ShcA expression construct was transfected together with
either TrkC-T1-Myc- or TrkC-T1 Y516F-Myc-expressing constructs into HEK293T
cells. After 2 DIV (days in vitro), the cells were either left unstimulated or stimu-
lated with EGF. The cells were then stained immunofluorescently for the HA tag,
indicating p52ShcA localization, and Myc tag, indicating TrkC-T1 localization (Fig-
ure 2.1). P52ShcA localizes in the cytoplasm in unstimulated cells (Wills and Jones,
2012). In the fluorescence micrographs, we observed that, upon EGF stimulation, the
p52ShcA signal concentrated at the sites of TrkC-T1 signal, but not at those of TrkC-
T1 Y516. This was not seen in the absence of EGF stimulation or for the TrkC-T1
mutant Y516F, which suggests that the activation of TrkC-T1 by extracellular signals
and its subsequent phosphorylation at Y516 triggers its ability to bind p52ShcA and
concentrate it in areas other than the cytosol and cell membrane. Therefore, the lev-
els of TrkC-T1, in combination with extracellular signals, may control the levels of
p52ShcA that are available for signal relaying to MAPK/Erk1/2.

2.2. The ratio of TrkC-T1 to TrkC-TK+ transcripts shifts during cortex

development

The evidence gathered up to this point from the in situ hybridizations for TrkC-T1
and TK+ mRNAs in the developing neocortex (Parthasarathy et al., 2021) and the
reported signaling mechanism of TrkC-T1 for fate specification indicated that the
quantity of each receptor could be important for corticogenesis. We therefore charac-
terized the ratio of the two receptors throughout cortex development by employing
gRT-PCR. To this end, we designed two exon-junction spanning TagMan® probes,
tagged with either VIC (TrkC-TK+) or FAM fluorophores (TrkC-T1). TrkC-T1 and
TrkC-TK+ are generated through the mutually exclusive alternative splicing of two
exon groups, 13A and 14A for TrkC-T1 and 13-17 for TrkC-TK. Each of the probes is
specific to sequences unique to the mutually exclusive exon groups of the two iso-
forms (Figure 2.2 A). The specificity of the probes enabled us to determine the TrkC

transcript ratios at different cortex development stages in a multiplexed fashion.

We then isolated mRNA from microdissected whole cortices of individual embryos
across several developmental stages (N = 4 per stage), and quantified the ratio of
TrkC+T1 to TK+ using the probes described above (Figure 2.2 B and C). We noticed
a change of the quantities relative to one another, with TrkC-TK+ becoming increas-

ingly represented in the total transcript quantity as the cortex matures, at least judg-
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ing from a whole-tissue perspective. From E 11.5 to E 18.5, the ratio tilted in favor of

TrkC-TK+ with, on average, 16.43 percentage points from the total transcript quantity.
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Figure 2.2 The ratio between the TrkC AS variants TrkC-TK+ and TrkC-T1 changes during cortex
development. A Alternative splicing of the TrkC (Ntrk3) pre-mRNA produces the T1 and TK+ variants. Two
groups of mutually exclusive exons (13A-14A and 13-17) give rise to the distinct 3’ termini of the TrkC-TK+
and TrkC-T1 transcript variants. Correspondingly, these translate to distinct intracellular domains at the N-
termini of the protein isoforms, giving rise to either a kinase domain (TK+) or a catalytically inactive domain
(T1). Stop codons are indicated and demarcate the start of variant-specific 3> UTRs. Binding sites for the probes
used in qRT-PCR are indicated at the respective exon junctions. B Experimental setup. C TagMan quantitative
real-time PCR for the two TrkC isoforms shows that the balance between TK+ and T1 shifts in favor of TK+ as
cortex development progresses from embryonic day (E) 11.5 to E 18.5. N = 4. Bars: mean percentage of isoform
from total TrkC expression (T1 plus TK+) + SD. Difference between E 11.5 and E 18.5: -16.43 % + 1.063. P value
derived from unpaired, two-tailed Student’s t test with Welch’s correction.



2.3. The ratio of TrkC-T1 to TrkC-TK+ transcripts is not affected by different

decay rates of the two transcripts

The stage-specific ratios of the TrkC transcripts to one another led us to wonder
what mechanisms control the TrkC isoform ratio. Therefore, we tested whether dif-
ferent transcript decay rates may be the foundation for transcript balance regulation.
However, after inhibiting transcription using actinomycin D, we could not see any
significant difference in the ratio of T1 to TK+ in qPCR (Figure 2.3 A), despite both

transcripts decreasing in quantity upon the treatment (Figure 2.3 B).
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Figure 2.3 The TrkC-TK+ and TrkC-T1 transcript variants decay at comparable rates. qPCR was per-
formed on mRNA from N2A cells after 8h either untreated or under treatment with actinomycin D at tran-
scription-inhibiting concentration. A The ratio of T1 to TK+ from total TrkC transcript is not significantly af-
fected by 8 hours of actinomycin D treatment. N = 3. Difference between means: -1.596 + 1.107. P value derived
from two-tailed, unpaired Student’s t test. B 8 hours of actinomycin D treatment led to around 2 cycles delay
in reaching fluorescence threshold (Cq values) for both T1 and TK+, as opposed to the no-treatment conditions
while using the same amount of cDNA as a qPCR reaction template between conditions.

2.4. TrkC-T1 and TrkC-TK+ transcript quantities are likely not regulated by

miRNAs in the developing cortex

The mutual exclusion of the last exon groups towards the 3’ end of the TrkC pre-
mRNA results not just in different intracellular domains for the two receptors, but
also in distinct 3° UTRs. MiRNAs are key developmental regulators which act by
recognizing specific motifs in the 3° UTR of transcripts, leading to changes in tran-
script stability or translation (Ha and Kim, 2014). We therefore sought to understand
whether the two TrkC transcripts could be differentially regulated by miRNAs. To do
this, we employed TargetScan as a tool that predicts miRNA binding to search the 3’
UTRs for binding sites while also considering the degree of evolutionary conserva-

tion of such binding sites. The binding sites detected by TargetScan can be seen in
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Figure 2.4. Additionally, the tables in Figure 2.4 B list all the binding sites found in the
aggregate order of the probability of conserved targeting (PCT) score (Friedman 2009,
Agarwal 2015). Po7 indicates the probability that a miRNA target site is conserved in
order to maintain its targeting by its cognate miRNA, as opposed to conservation by
chance or for other regulatory mechanisms. The aggregate Pot is the probability for
a particular miRNA to regulate the transcript, calculated from the P of all its target

sites in the respective 3° UTR. Furthermore, it has been shown to correlate with the
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Figure 2.4 Potential miRNAs targetting TrkC-T1 and TrkC-TK+. Transcript sequences were analyzed
using the TargetScan algorithm (targetscan.org, Agarwal et al., 2015). Putative miRNA binding sites and ag-
gregate Pct scores are indicated with vertical lines across the length of each 3’ UTR, beginning with the stop
codon (stop sign). Putative binding miRNA characteristics are summarized in the two tables below.



mean level of mRNA destabilization (Friedman et al, 2009). Since both TrkC-TK+ and
TrkC-T1 show a high degree of evolutionary conservation, including the regions en-
coding their 3’ UTRs, we consider the Pct score to be a good indication of whether a

miRNA is likely to regulate these transcripts.

For the two TrkC transcripts, we only found the 3 UTR of TrkC-TK+ to harbor sev-
eral well-conserved miRNA binding sites (Figure 2.4), of which that of miR-9-5p has
the highest P-1 value, 0.97, well above 0.75, which the TargetScan authors consider
the cutoftf for particularly high preferential conservation.. The second-highest hit was
a binding site for miR-132. However, to our knowledge, miR-9 has been shown to be
an adult-specific miRNA in the cortex, detectable from E 18.5 on (Miska et al., 2004).
Also, the expression patterns of both miR-132 and miR-9 do not match the regulation
of the TrkC transcripts in the NPCs, which we showed to be crucial for the fate of the
neuronal progeny. MiR-132 is seen to localize in the intermediate zone, but not in the
cortical plate, and miR-9 to be uniformly distributed in the cortex at E 12.5 (Zhang et
al., 2019). As for TrkC-T1, miR-128-3p had the highest PCT value, but at a mere 0.3,
it is unlikely to effectively impact TrkC-T1 levels in the developing cortex. Therefore,
we concluded that these miRNAs are not involved in regulating the cell-type specific
ratios of the TrkC transcripts in the developing cortex.Taken together, we consider
regulation by miRNAs to be an unlikely player in establishing the cell-type-specific

ratio of the TrkC transcripts to one another.

2.5. The TrkC-T1 and TrkC-TK+ transcripts are present in different ratios in

NPCs and neurons

The temporally dynamic behavior of the TrkC-T1 to TK+ ratio during cortex develop-
ment suggested that it is connected to the cellular composition of the cortex at each
of its stages. Furthermore, altering the levels of TrkC-T1 in NPCs from E 12.5 on in-
duces the previously published cell fate changes, and, while both transcript variants
are readily detectable in neurons, TrkC-T1 is only detectable in NPCs from E 12.5 to
14.5, with a peak at E 13.5 (Parthasarathy et al., 2021). All of this suggests a cell-type
specific regulatory mechanism for the ratio of the two isoforms, which is important
for generating and maintaining the physiological levels of TrkC-T1, required for

proper neuron fate determination in the cortex.

The most striking change in the cellular composition of the cortex from E 11.5 to

E 18.5 is the progression from a tissue formed almost exclusively by NPCs to one
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Figure 2.5 TrkC-T1 and TrkC-TK+ are expressed in a cell type-specific manner in the developing cor-
tex. A Experimental strategy. Primary cortical cells from whole E 12.5 embryo litters were sorted into neuro-
nal and apical radial glial populations by FACS after staining for prominin-1 (Prom-1). B FACS gating strategy
for the Prom-1-based primary cortical cell sorting. Cells were separated based on the height and amplitude
of side scatter (SSC) and forward scatter (FSC) signals in order to discriminate against cell doublets. From the
singlets, only propidium iodide (PI)-positive cells were considered viable and included in the sorting based on
the APC signal of either the Prom-1 antibody (plots on right side; Prom-1-positive: magenta, Prom-1-negative:
dark blue) or a corresponding isotype control (plots on left-hand side; detected singlets: light blue). C Final dis-
crimination step between viable Prom1-positive cells and Prom-1 negative ones D Quantification of the ratio
of TrkC-T1 and TrkC-TK+. TagMan qPCR was performed on mRNA from the sorted primary cortical cells, as
described under (A). N=3. P value derived from paired, two-tailed Student’s t test. Pairing efficiency between
Prom-1+ and Prom-1- results: correlation coefficient (r) 0.9962, P value (one-tailed): 0.0019..



formed primarily by neurons (Greig et al., 2013; Rakic 2009). To test whether NPCs
and neurons exhibit different ratios of TrkC-T1 to TK+, we sorted primary cortical
cells from E 12.5 cortices using an APC-tagged antibody against prominin-1 (Prom-1)
(Figure 2.5). Prom-1 is an antigen found exclusively in the membranes of NPCs that
have a part of their cell membrane at the cortical-ventricular interface (Sykes and
Huttner, 2013). At E 12.5, the cortical environment is dominated by apical radial glia
and also contains the subcortically projecting neurons that these NPCs produce (Greig
et al., 2013; Rakic 2009). From this, we concluded that Prom-1-positive cells are NPCs
and Prom-1-negative ones neurons. We isolated total mRNA from both of the sorted
cell categories and quantified TrkC-T1 to TK+ ratios employing the TagMan assays
described above. We observed a difference in the two ratios, with TrkC-T1 being
more strongly represented in the total amount of TrkC transcript in Prom-1 positive
cells than in Prom-1-negative cells ) (Figure 2.5 D). Conversely, the relative amount of

TrkC-TK+ was higher in Prom-1-positive cells than in the negative ones.

2.6. Srsf1 and Elavl1 alter the ratio of TrkC-T1 to TrkC-TK+ in an antagonistic

manner

Based on the findings described above, we concluded that the cortical regulation of
the TrkC transcript ratio happens most likely at the level of alternative splicing. Al-
ternative splicing involves the binding of splicing factors in and around the alterna-
tive exons, which then either recruit spliceosomal components or prevent the bind-
ing and/or activity of the spliceosome. This can lead to the recognition of weak splice
sites at the exon-intron boundaries of the alternative exons, thus favoring the inclu-
sion of these exons which would otherwise be ignored by the splicing machinery (Fu
and Ares, 2014). Embryonic development is rich in examples of differential splicing
regulation brought about by spatially or temporally restricted expression, localiza-
tion or activity of splicing factors, and this also applies to cortex development (see Su
et al., 2018, for a review of examples). Because of this, we sought to understand what
splicing factors could play a role in regulating TrkC alternative splicing in the devel-

oping cortex (Figure 2.6.).

A cursory search for proteins associated with splicing (GO:000039) in the mouse
SwissProt database reveals around 100 proteins implicated in splicing and splicing
regulation (SwissProt is released under a Creative Commons Attribution Internation-

al license, CC BY 4.0.). We proceeded to narrow this group down to those splicing
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factors that are expressed in the developing cortex and have been shown to exhibit
temporal or spatial dynamics fitting a role in TrkC alternative splicing regulation.
Since the ratio of T1 to TK+ changes strongly in corticogenesis and especially during
the time span of deeper layer neurogenesis, we used two datasets that investigated
the dynamics of RNA-binding proteins in the developing cortex, namely the RBP
RNA in situ hybridization database from McKee et al, 2005, and the transcriptomic
data on RBPs from DeBoer et al, 2013. The datasets show changes in RBPs from E 13.5
to PO and from E 13.5 to E 15.5 and E 18, respectively. From these databases, we com-
piled a list of known and putative alternative splicing regulators that may affect TrkC
splicing. To this, we added splicing factors that had already been shown to alter the
outcomes of alternative splicing in the developing cortex, such as Rbfox2 or the Nova
family, and splicing factors known to act in concert with these RBPs, such as the Srsf

family.

In addition to this, we queried several RBP binding prediction tools using the splic-
ing-relevant region of the TrkC pre-mRNA. It has previously been shown that alter-
native splicing cis-regulatory sequences concentrate in the immediate vicinity of ex-
ons, notably so in the flanking 100 nucleotides (Zhang & Chasin, 2004). We therefore
proceeded to analyze putative RBP binding sites in the sequence region including the
TrkC-T1-specific exons 13A and 14A, the interposed intron, and 500 adjacent nucleo-
tides from the flanking introns. As binding prediction tools, we used CISBP (Ray et
al., 2013), RBDP (Cook et al.,, 2011), ATtRACT (Giudice et al., 2016) and RBPmap (Paz
et al., 2014). For further analysis, we only considered putative RBP binders that ap-

peared in the results of at least two of the four prediction tools.

At the intersection of developmentally regulated SFs and SFs predicted to bind the
TrkC region of interest, we found 27 potential splicing regulators, whose involve-

ment in TrkC alternative splicing we decided to investigate further (Figure 2.6.).

To identify an easily cultured in cellulo testing system, we assessed whether the
neuroblastoma cell line N2A expresses the TrkC transcript variants of interest and
the splicing factors potentially involved in TrkC alternative splicing. We devised a
variant-distinguishing PCR for TrkC-T1 and TrkC-TK+ (Figure 2.7 A), which we per-
formed on cDNA from N2A cells with a radiolabeled forward primer shared between
the two transcripts and distinct reverse primers. We found that N2A cells indeed ex-
press both TrkC-T1 and TrkC-TK+ (Supplementary Figure 1). Therefore, we investi-

gated whether this cell line also expresses the splicing factors we were interested in.



Ntrk3 pre-mRNA RBPs predicted to Splicing ~ Splicing

R bind Ntrk3 factorsby  factors by Developmentally
2 500 500 - AS-relevant region GOterms GO terms dynamic RBPs

" ” McKee et al.,

RBP database 008

query sequence

26 14 105 105 [ -G8 == 33

DeBoer

etal., 2013

A

i

putative TrkC
alternative splicing regulators

i

siRNA-based screening in
N2A cells

Figure 2.6. Selection of SFs and other RNA-binding proteins (RBPs) with potential involvement in
TrkC AS. The sequence environment around the cassette exons 13A and 14A was used to query four tools pre-
dicting RBP binding. RBPs appearing in the results of at least two of the binding prediction tools were scanned
for association with the GO term “splicing”. Additionally, the same GO term analysis was performed on RBPs
described to have developmentally dynamic expression patterns in the developing cortex (McKee et al., 2005;
DeBoer et al.,, 2013). We assessed the involvement of RBPs from these two analyses in TrkC alternative splic-
ing.

To this end, we interrogated the wild type N2A microarray data provided by
Chakrabarti et al. (GSE45160 on GEO, Chakrabarti et al., 2013) for each of these splic-
ing factors (Supplementary Table 1). This showed that the vast majority is highly ex-
pressed in N2A cells, with expression values equal or higher than the 80th percentile

rank of N2A transcripts.

With these tools, we performed a screening for splicing factors that affect the bal-
ance of TrkC-T1 to TrkC-TK+ using siRNA pools against each factor. We found that,
of all the splicing factors tested (Figure 2.7 C), Srsf1 and Elavl1l (HuR) have a strong
and significant effect on the TrkC transcript variant ratio (Figure 2.7 D). Furthermore,
these two splicing factors have effects of double the magnitude of any of the other
splicing factors tested, leading to mean changes of TrkC-T1 formation of around 20%,

compared to control siRNA-transfected samples (Supplementary Table 2).
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Figure 2.7 Testing involvement of putative TrkC RBPs in TrkC AS reveals Elavl1 and Srsf1 as potent
regulators of this AS event. A Strategy for radioactive splicing-sensitive PCR for evaluating the TrkC-T1 and
TrkC-TK+ splicing event. Reverse primers specific for either TrkC-T1 or TrkC-TK+ were employed in the same
reaction with a radiolabelled forward primer, giving rise to radiolabelled products of easily resolved lengths.
TrkC AS was assessed in samples where previously identified RBPs were knocked down using siRNAs. B Ex-
emplary result of a radioactive splicing-sensitive PCR for TrkC-T1 and TrkC-TK+ on material from N2A cells
treated with the indicated siRNAs. Percentage of TrkC-T1, as represented in (C) and (D), was assessed based on
these captures. untransf — untransfected, Ctrl — siCtrl. C Summary plot for all tested RBPs and their effect on
the proportion of the TrkC-T1 transcript variant from total TrkC transcript, normalized to TrkC-T1 percent-
age in the control siRNA samples. Gray dotted circles graduate the plot, indicating increases (positive values,
outside of “0” circle) or decreases (negative values, inside of “0” circle) in TrkC-T1 percentage as compared to
the siCtrl samples. Error bars were omitted for clarity. Statistically significant changes (siSrsf1 and siElavll
samples) are represented separately with the corresponding descriptive and analytical statistical information
in (D). D siRNA-mediated knockdown of Elavll or Srsfl changes ratio of TrkC-T1 to TrkC-TK+ significantly.
A decrease in Srsfl levels led to a decrease in the proportion of TrkC-T1 from total TrkC transcripts, while
a decrease in Elavll levels had the opposite effect. N = 3. Bars: mean percentage of isoform from total TrkC
expression (T1 plus TK+) £ SD. P values derived from Brown-Forsythe and Welch ANOVA with Dunnett’s T3
multiple comparison post-hoc test. Overall p value: 0.0002.



2.7. Srsf1 and Elavl1 alter choice between CFuPN and CPN fate in the

developing cortex

Up to this point, we had established that Srsf1 and Elavl1 shift the ratio of the T1 and
TK+ transcript variants in opposing ways. Because of this and because our previous
work showed that the levels of TrkC-T1 determine the outcome of neuronal fate ac-
quisition (Parthasarathy et al., 2021), we hypothesized that Srsf1 and Elavl1 are also
involved in this process and that altering their levels in vivo will, in turn, lead to a

shift in the ratio of neuronal subtypes similar to T1 level alterations.

To test this hypothesis, we overexpressed Srsfl or Elavll in NPCs of the developing
cortex employing in utero electroporation of expression plasmids (pCAG-Srsf1-IG,
expressing Srsf1-IRES-GFP under the control of the pCAG promoter, and the equiva-
lent for Elavl1). Because we wished to characterize the TrkC-T1-dependent effects
of these splicing factors, we chose to perform the electroporation at E 12.5, thus en-
suring their overexpression across the time window of strong TrkC-T1 expression
in NPCs (in normal development, we found this to be E 12.5 - E 14.5, as shown in
Parthasarathy et al., 2021). As an analysis time point, we chose E 16.5, because this
leaves sufficient time for the generation of both deeper layer neurons, produced be-
tween E 12.5 — E 14.5, and upper layer neurons, produced from E 14.5 up to the day of
embryonic brain collection, E 16.5. We interrogated the generation of neuronal iden-
tities in the electroporated cortices by using immunofluorescent co-staining of GFP
to visualize electroporated NPCs and their progeny, and quantifying the percentage
of these GFP-positive cells that also expressed Ctip2 or Satb2 as markers for cortico-
thalamic and cortico-cortical projection neuron identities, respectively (Arlotta et al.,
2005; Molyneaux et al., 2005; Britanova et al., 2008; Alcamo et al., 2008). We compared
the percentages of Ctip2-positive and Satb2-positive electroporated cells between the
cortices electroporated with the Srsfl or Elavll expression plasmids and the cortices
of the respective littermates electroporated with the empty vector backbone (pCAGIG)
(Figure 2.8 and Figure 2.9).

We found that overexpressing Srsfl led to an increase in the proportion of Ctip2-
positive cells (on average, 1.20-fold more than in pCAGIG-electroporated cells) and a
decrease in the proportion of Satb2-positive cells (0.72 of Satb2-positive cells in pCA-
GIG-electroporated cortices) (Figure 2.8 A). This result is strongly reminiscent of that
observed when overexpressing TrkC-T1 in the developing cortex by IUE (Parthasara-
thy et al., 2021). Conversely, overexpressing Elavll led to a decrease in the propor-
tion of Ctip2-positive cells (0.62- fold of that in pCAGIG-electroporated cells) and a
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Figure 2.8 Manipulation of Srsf1 levels in vivo in neural progenitor cells (NPCs) of the developing cor-
tex alters CFuPN-CPN fate choice. A Plasmid solutions containing either Srsfl overexpression constructs
(pCAG-Srsf1-IRES-GFP) or empty vector constructs (pCAG-IRES-GFP, abbreviated pCAGIG) were picoinjected
into the lateral ventricles of E 12.5 embryos while in utero and then electroporated into the aRGs lining the
ventricle. Co-expression of GFP and one of the neuronal fate markers Ctip2 (CFuPN subtype) or Satb2 (CPN
subtype) was quantified at E 16.5. N=5 for each condition. P values derived from unpaired, two-tailed Student’s
t test with Welch’s correction. B The same experimental setup was employed to quantify the effects of shRNA-
based knockdown of Srsfl on fate decision. N=5 for shScrambled and N=6 for shSrsf1. Box plot whiskers:
minima and maxima of the sample. Horizontal line: median. Plus sign: mean of the sample. Empty arrows:
GFP+Satb2 double-positive cells. Full arrows: GFP+Ctip2 double-positive cells. Scale bars = 50 pm.



comparable increase in Satb2-positive cells (1.34-fold more than in the control brains)
(Figure 2.9 A).

The knockdown of Srsf1 or Elavll had effects opposite to those of their overexpres-
sion. The downregulation of Srsfl via shRNAs from E 12.5 to E 16.5 led to a decrease

in the proportion of Ctip2-positive neurons to approximately 0.6-fold of numbers in
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Figure 2.9 Manipulation of Elavl1 levels in vivo in neural progenitor cells (NPCs) of the developing
cortex alters CFuPN-CPN fate choice. The same experimental setup described in Figure 2.8 was employed
to alter Elavl1l levels in the NPCs of the developing cortex. A Overexpression of Elavll and quantification of
the CFuPN and CPN fate of electroporated cells and their progeny. Co-expression of (continued on next page)
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(continued from previous page) GFP and one of the neuronal fate markers Ctip2 (CFuPN subtype) or Satb2 (CPN
subtype) was quantified at E 16.5. pCAGIG: N=10. pCAG-Elavl1: N=7. Box plot whiskers: minima and maxima
of the sample. Horizontal line: median. Plus sign: mean of the sample. P values derived from unpaired, two-
tailed Student’s t test. Empty arrows: GFP+Satb2 double-positive cells. Full arrows: GFP+Ctip2 double-positive
cells. Scale bars = 50 pm.

control electroporations (0.5417 + 0.1295), and there was a concomitant increase in
Satb2-positive ones up to around 1.3-fold of control (Figure 2.8 B). sShRNA expression
constructs against Elavl1 (Figure 2.9 B) led to an increase in the proportion of Ctip2-
positive neurons (55% more than in control) and vice versa for Satb2-positive ones
(0.6820 % 0.0429).

2.8. Srsf1 and Elavl1 directly influence the ratio of TrkC-T1 to TrkC-TK+ on

both the transcript and protein levels

From the results presented so far, we concluded that Srsfl and Elavll influence fate
decisions pertaining to neuron subtypes in cortex development, and that, in vitro,
they significantly alter the ratio of TrkC-T1 to TrkC-TK+ transcript. We were inter-
ested in understanding whether these splicing factors enforce their effects on corti-
cogenesis also by altering TrkC alternative splicing. To interrogate a system as close
to the in vivo conditions as possible, we devised an experimental paradigm in which
we isolated and brought in culture primary neurons from the cortices of embryos at
E 13.5, in which we overexpressed Srsf1, Elavll or the empty vector backbone by nu-
cleofection (Figure 2.10 A). After two days in culture, we analyzed the distribution of

TrkC transcript variants and protein isoforms, respectively.

Using the TagMan probes for TrkC-T1 and TrkC-TK+ described before (Figure 2.2),
we quantified the levels of the two transcripts in the primary neurons previously nu-
cleofected with Srsfl or Elavll expression constructs (Figure 2.10 B). When overex-
pressing Srsfl, we could observe an increase in the proportion of TrkC-T1 transcript
and a decrease in that of TrkC-TK+, as compared to the nucleofection of the empty
vector backbone (pCAGIG). Furthermore, we saw the reverse effect when nucleofect-

ing the Elavll overexpression construct.



Since the final amount of protein depends not just on the transcript levels, but also
on various posttranslational regulatory processes, we wanted to test whether the
shift in TrkC transcript variant distribution that we observed in qPCR also translated
to the protein level. Indeed, by Western blotting protein lysates from the primary
neurons nucleofected with Srsf1 or Elavll and detecting both TrkC isoforms (Figure
2.10 C), we could observe similar changes to those seen in qPCR: an accumulation
of TrkC-T1 at the expense of TrkC-TK+ in the Srsfl-nucleofected neurons, and vice
versa for the Elavll-transfected neurons. These findings are in line with the results
we obtained before in terms of transcript variant distribution by knocking down
these splicing factors in N2A cells (Figure 2.7), suggesting that Srsfl and Elavl1 are
the main drivers of TrkC splicing in cortical neurons. The effect size on protein level
is only about half of that observed on the mRNA level Figure 2.10 B and Figure 2.7 D),
which suggests other potential regulatory mechanisms that fine-tune the changes on
the level of mRNA.
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Figure 2.10 Srsf1 and Elavl1 alter transcript and protein balance of TrkC isoforms T1 and TK+ in pri-
mary cortical neurons. A Experimental strategy. Cortices from full litters of E 13.5 embryos were micro-
dissected, dissociated into primary cortical cells and nucleofected with plasmids expressing either Srsf1, Elavl1,
or empty expression constructs (pCAGIG = EV). Nucleofected cells were cultured for two days in vitro (DIV),
after which total RNA or protein were extracted. B Srsfl and Elavll alter transcript variant ratio of TrkC-T1
and TrkC-TK+. qPCR on material from the nucleofected, cultured primary cortical cells. Lines represent paired
replicates from the same experiment (cortical cells from one full litter split into 3 nucleofection conditions). P
values from one-way ANOVA; overall p value: 0.0046. C Srsf1 and Elavl1 alter ratio of TrkC-T1 and TrkC-TK+
proteins. Lysate from the nucleofected, cultured primary cortical cells was Western blotted and probed with a
pan-TrkC antibody, which detects both TrkC-TK+ (130 kDa) and TrkC-T1 (100 kDa). GAPDH was detected as a
loading control. P values from one-way ANOVA; overall p value: 0.0278.
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2.9. The effects of Srsf1 and Elavll on the CFuPN-CPN fate decision are
dependent on the levels of TrkC-T1

We wanted to investigate whether the effect of Srsfl and Elavll on neuron subtype
fate acquisition (Figure 2.8 and Figure 2.9) is mediated by the balance of TrkC-T1 to

TrkC-TK+ in vivo. For this purpose, we electroporated either splicing factor together
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Figure 2.11 Suppressing the modifications in TrkC-T1 levels induced by Elavl1l and Srsf1 abolishes
the effects of these factors on the CFuPN-CPN fate decision. A Knocking down TrkC-T1 while over-
expressing Srsfl does not alter the proportion of Ctip2- or Satb2-positive progeny, compared to control con-
structs. Constructs were electroporated as shown and the quantification was performed as described in previ-
ous figures. N = 4 for pCAGIG+shScrambled, N=5 for pCAG-Srsf1+shTrkC-T1. Mean # SD: Ctip2 =1 + 0.2237 in
control versus 1.141 + 0.1787 in pCAG-Srsf1 + shTrkC-T1, Satb2 = 1 + 0.1109 in control versus 0.9914 + 0.06534
in pCAG-Srsfl + shTrkC-T1. B The simultaneous overexpression of Elavll and TrkC-T1 has no significant ef-
fect on the proportion Ctip2 or Satb2 cells, compared to the empty vector control. N = 3 for both pCAGIG and
pCAG-Elavll + pCAG-TrkC-T1. Mean * SD: Ctip2 = 1 £ 0.2146 in control versus 1.007 + 0.1723 in pCAG-Elavl1
+ pCAG-TrkC-T1, Satb2 = 1 + 0.1159 in control versus 0.99 + 0.14 in pCAG-Elavll + pCAG-TrkC-T1. P values
derived from unpaired two-tailed Student’s t test. Box plot whiskers: minima and maxima of the sample. Hori-
zontal line: median. Plus sign: mean of the sample. Empty arrows: GFP+Satb2 double-positive cells. Full ar-
rows: GFP+Ctip2 double-positive cells. Scale bars = 50 pm.

with a construct that should compensate for the previously shown effects (Figure 2.7.)
of these factors on TrkC AS. We therefore overexpressed Srsfl while downregulating
TrkC-T1 and overexpressed Elavll while simultaneously overexpressing TrkC-T1 us-
ing the same in vivo experimental paradigm as for the other manipulations of gene

products.

We overexpressed Srsfl from E 12.5 to E 16.5 together with the previously published
construct expressing an shRNA against TrkC-T1 (Parthasarathy et al., 2021). The fate
analysis of the progeny resulting from the electroporation showed that there were
no significant changes in neither the proportion of CFuPN nor that of CPN when
compared to the control (Figure 2.11 A). Interestingly, in spite of employing the
shRNA against TrkC-T1, which we have shown to be highly effective at suppressing
this transcript and protein (Parthasarathy et al., 2021), we saw a trend towards an
increase in Ctip2-positive cell numbers and a trend towards a decrease in Satb2-pos-
itive numbers. In the case of the simultaneous overexpression of Elavl1l and TrkC-T1,
we saw no significant changes in the proportions of Ctip2- and Satb2-positive cells
(Figure 2.11 B).

We therefore concluded that the effects of Srsf1 and Elavll on neuron subtype fate
acquisition are, at least partially, dependent on these splicing factors regulating the
TrkC AS event that gives rise to TrkC-T1 or TrkC-TK+.
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2.10. Srsf1 and Elavll are differentially expressed in the histological

compartments of the developing cortex

We previously showed that the production of deeper layer neurons is critically im-
pacted by the regulation of TrkC-TK+ to TrkC-T1 balance in the ventricular zone
(VZ) of the developing cortex from E 12.5 to E 13.5 (Parthasarathy et al., 2021). This
knowledge, in connection with the results shown above and previous findings indi-
cating that splicing factors often exert combinatorial control on alternative splicing

events (reviewed in Fu and Ares, 2014), led us to wonder if the expression patterns

Srsf1

E12.5

E13.5

E14.5

E16.5

Figure 2.12 Expression of Srsf1 mRNA concentrates in the VZ of the developing cortex. Left-hand
column of panels show overviews of the brain sections at the indicated stage, with the signal for Srsfl in dark
blue. Panels on the right-hand side show a higher magnification for either the entire thickness of the cortex (E
12.5 and E 13.5) or for representative areas in the VZ or CP. VZ - ventricular zone, CP - cortical plate..



of Srsfl and Elavll could explain the observed TrkC AS patterns. To address this, we

performed in situ hybridization for the Srsfl and Elavl1 transcripts on brain sections

Contents

at the embryonic development stages relevant for TrkC AS regulation and deep layer
neuron production (E 12.5 — E 14.5) and at the peak of CPN production (E 16.5)(Figure
2.12 and Figure 2.13). At these stages, we found the Srsfl transcripts to be strongly
represented in the ventricular zone (VZ), in contrast to other cortical compartments,
where far weaker expression was detected. The distinction between the Srsfl expres-

sion compartments was clear even up to E 14.5, where TrkC-T1 expression in NPCs
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Figure 2.13 Expression of Elavll mRNA is comparable in the VZ and CP of the developing cortex.
Left-hand column of panels show overviews of the brain sections at the indicated stage, with the signal for
Srsf1 in dark blue. Panels on the right-hand side show a higher magnification for either the entire thickness of
the cortex (E 12.5 and E 13.5) or for representative areas in the VZ or CP. VZ - ventricular zone, CP - cortical
plate.
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fades (Parthasarathy et al., 2021) and deeper layer neurogenesis ceases (Greig et al.,
2013). Elavl1 transcripts were also readily detectable in the developing cortex, but
with a far less pronounced preference for the VZ compared to Srsfl. Its less distinct
expression between compartments also translates to the protein level, as seen in im-

munofluorescent stainings on E 13.5 brain sections (Figure 2.14).

Wild type (NMRI) neocortex, E 13.5
DAPI _ Elavil MAP2 Elavil MAP2

4

CcpP

Svz
\74

Figure 2.14 Expression of the Elavl1l protein in the wild type developing cortex is comparable be-
tween VZ and CP at E 13.5. Immunofluorescent micrographs of cortex sections stained with antibodies
against Elavll and the neuronal marker MAP2 show similar signal intensity in the VZ/nascent SVZ as in the
CP. VZ - ventricular zone, SVZ - subventricular zone, IZ - intermediate zone, CP - cortical plate, lat. vent. - lat-
eral ventricle.

2.11. Srsf1 and Elavl1 are expressed in different NPC- and neuron-specific

ratios in the developing cortex

We asked if the observed expression patterns could lead to different splicing-regula-
tory environments in NPCs and neurons and thus to the observed differences in TrkC
transcript ratios. As the nature of tissue in situ hybridization does not allow very ac-
curate comparisons between transcript quantities, especially between transcripts of
different genes, we employed the prominin-1 experimental setup to FACS sort neu-
rons and apical radial glial NPCs and assess the Srsfl and Elavll transcript quantities
at E 12.5 (Figure 2.15 A), when TrkC-T1 is prominent in NPCs (Parthasarathy et al.,
2021). In the sorted NPCs and neurons, we could see differences in the amounts of
Srsf1 and Elavll, respectively, that underscored the cell-type specific differences ob-
served using in situ hybridization. Srsf1 was found to be increased around tenfold in
Prom-1-positive cells (NPCs) compared to Prom-1-negative ones (Figure 2.15 B). In
contrast, while there was a tendency of an increase in Elavl1 transcripts in the Prom-

1-positive cells, this was not significant (Figure 2.15 C).
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Figure 2.15 The expression of Srsf1 and Elavll shows different ratios in NPCs versus neurons. A
Experimental setup B Quantification of Srsf1 mRNA levels by qPCR showed strong expression in prominin-
1-positive cells when compared to prominin-1-negative cells. C Elavll mRNA levels did not differ significantly

between Prom-1-positive and Prom-1-negative cells. Values depicted are fold changes resulting from 2T
analysis using the Prom-1-negative sample as a calibrator sample and Hprt or Oazl, respectively, as internal
controls. N =3. P values derived from unpaired, two-tailed Student’s t test. Dots represent fold change values in
individual replicates. N = 3 for all. P values derived from two-tailed unpaired Student’s t test.

2.12 Bioinformatic analysis of the Ntrk3 primary transcript suggests the

presence of an Srsf1-dependent exonic splicing enhancer in exon 13A

In order to elucidate whether the effect of Srsfl and Elavl1 splicing is achieved by di-
rect interaction, we sought to find the splicing enhancers and/or silencers that these
splicing factors bind. As the alternative exons of the TrkC pre-mRNA are flanked by
unwieldily large introns (see Figure 2.2 A, 51.6 kb for intron 13 between exons 12 and
13A, 1.5 kb for intron 14 between exons 13A and 14A, and 40 kb between exons 14A
and 13), directly generating a splicing minigene reporter was not possible. Addition-
ally, assays seeking to test the binding of a splicing factor to an RNA sequence benefit
from using as short a sequence as possible, because a long bait will inevitably contain
a high number of potential splicing factor binding sequences and will hence generate
a large pool of splicing factors that bind in vitro, thus hindering the identification of
key splicing factors and splicing regulatory elements controlling the outcome of the
splicing event. In order to zone in onto the sequence elements likely to control TrkC
alternative splicing, we performed bioinformatic analysis of the splice sites flanking
exons 12, 13A, 14A and 13.

We analyzed the probability of each intron-exon/exon-intron junction of the afore-
mentioned exons to be recognized by the spliceosome (Figure 2.16). We did so us-
ing two previously published algorithms, HBond and MAXENT (Freund et al., 2003,
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Yeo & Burge, 2004), both of which analyze the sequence around these junctions in
regard to different splicing-relevant parameters. HBond is a prediction tool for the
probability of the free end of the spliceosomal component Ul snRNA to bind to the
5’ splice site (ss) of an intron, based on a model incorporating how many hydrogen
bonds there could be formed between the two RNAs and the positions they could be
formed in. MAXENT is a machine-learning based algorithm that quantifies the prob-
ability of an exon-intron junction sequence to be a functional splice site, based on the

maximum entropy distribution in relation to experimentally supported splice site se-

quences.
low probability choice (TrkC-TK+ formation)
I
MaxEnt 8.31 10.13 ‘
Predicted HBond 17.8 15.6 N/A

strength
MaxEnt 9.21 12.09 7.34

high probability choice
(TrkC-T1 formation)

Figure 2.16 Bioinformatic analysis of the Ntrk3 primary transcript predicts TrkC-T1 as the preferred
alternative splicing outcome. The MaxEnt (Yeo & Burge, 2004) and HBond (Freund et al., 2003) tools were
used to predict the probability of intron-exon and exon-intron junctions relevant to TrkC AS being recognized
by the spliceosome (splice site strength). The splicing of intron 13, which favors the formation of the TrkC-T1
transcript variant, is predicted to be the preferred outcome, based on the combination of the flanking splice
site strenghts. This likely hinders the recognition of the far further downstream intron-exon boundary of in-
tron 15/exon 15, which is also weaker than any of the preceding splice sites, and thus makes the formation of
the TrkC-TK+ splice variant less likely than that of the T1 variant. This suggests that exon 13A splicing must
be suppressed in order to enable formation of the TrkC-TK+ isoform. N/A - intron starting with AG instead of
GU; possibly targeted by minor spliceosome and therefore not analyzable with MaxEnt or HBond.

We observed very high predicted recognition probability for the 5 splice site af-
ter the last exon shared between the two TrkC variants (intron 13 5’ss) and after
exon 13A (intron 14 5’ss) (Figure 2.16). The 5 splice site of exon 14A could not be
analyzed because it is not a classic, GT-type 5  splice site. Since splicing occurs co-
transcriptionally (Naftelberg et al., 2015) and hence splice sites are recognized in a 5’
to 3’ direction, the intron 13 5’splice site is recognized first and can then pair during
the construction of the spliceosome with any of the downstream 3’ splice sites. Of

these, the strongest is the 3’ splice site before exon 14A. However, in a transcriptomic



dataset from the E 13.5 cortex, we were not able to find any TrkC transcripts that
skip exon 13A but include exon 14A (Ingo Bormuth, unpublished data), and such a
transcript variant has not been described, as shown in the Ensembl genome browser
(Supplementary Figure 2, Yates et al., 2019). The 3’ splice site in intron 15, before the
TrkC-TK+-specific exon 13, is the weakest. From all of this information, we conclud-
ed that the excision of intron 13 and hence the formation of TrkC-T1 is the default
outcome of the TrkC alternative splicing event, meaning that this needs to be over-

ridden in order to generate the TrkC-TK+ variant.

2.13 Fragment 3 of exon 13A contains a GAR exonic splicing enhancer crucial
for the formation of TrkC-T1

The recognition of a weak splice site, such as the 3’ one in intron 15, can be achieved
if its stronger upstream counterparts are either masked by splicing factor activity, or
if, in the right context, a splicing factor that further promotes the recognition of the
strong splice sites is not present anymore, increasing the probability that these splice
sites will be skipped (Brillen et al., 2017 (1)). Since the inclusion of exon 13A seems
to be the preferred outcome of TrkC splicing, we reasoned that it could harbor the
regulatory sequences necessary for controlling this outcome. Therefore, we used the
HEXplorer tool (Erkelenz et al., 2014) to analyze the splicing-regulatory potential of
exon 13A (Figure 2.17). HEXplorer calculates the probability of each nucleotide in
a given sequence to be part of a splicing regulatory region, based on its position in
all possible hexameric sequences that overlap it. The resulting profile of a sequence

gives insight into a potential role as a splicing enhancer or silencer.

When we analyzed the sequence of exon 13A, we found three main regions (Figure
2.17). The 5’ region (fragment 1) seems most likely a splicing silencer, the middle
region (fragment 2) an enhancer, and the last one (fragment 3) had both potentially
enhancing and potentially silencing regions. To determine whether these predictions
translate into functional roles and zone into potential splicing factor binding sites, we
tested the splicing-regulatory properties of each of the three fragments using a splice

reporter vector (Brillen et al.,, 2017 (2)).

In the splicing reporter vector described in Brillen et al (Figure 2.18 C), fragments
from the gene of interest are cloned into a heterologous three-exon minigene con-

struct, expressed in an in cellulo system, after which the splicing pattern is assessed
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Figure 2.17 Bioinformatic analysis of exon 13A suggests its subdivision in three major splicing-regu-
latory regions. Using the HEXplorer tool (Erkelenz et al., 2014), we found that exon 13A can be subdivided in
roughly three regions with different putative splicing-regulatory properties: a 5° one (labelled 13A-1) predicted
to act as a splicing inhibitor, a middle one (13A-2) predicted to have enhancer activity, and a 3’ one (13A-3) pre-
dicted to primarily function as an enhancer.

by RT-PCR. This way, one can elucidate whether the sequence contributes to the
inclusion of the exon containing it and providing information on the presence or ab-
sence of cis-regulatory elements in the source exon and on their type. We transfected
the splicing reporter vectors to N2A cells, given their high degree of similarity to
neurons, and analyzed the outcome (Figure 2.18 E). In accord with the predictions,
fragment 1 from exon 13A favored exon skipping and fragment 2 exon inclusion.
Fragment 3 proved to be an exonic splicing enhancer as well, albeit with incomplete
penetrance. We reasoned that this indicates the presence of a cis-regulatory element

in this fragment that can be dynamically regulated.

We analyzed the sequence of fragment 3 using the ESEfinder tool (Cartegni et al.,
2003). In this sequence, we found several elements likely to be bound by Srsf1, Srsf2,
Srsf5 or Srsf6 (Figure 2.18 A), all well above the baseline thresholds established by
the authors. However, we had already shown that the knockdown of Srsf2, 5 and 6
does not have a significant effect on the balance of TrkC-T1 to TK+ (Figure 2.7). We
therefore focused on the three GA-rich (GAR) elements potentially bound by Srsf1. A
HEXplorer-based analysis of nucleotides essential for the maintenance of the splic-
ing-regulatory properties of fragment 3 suggested that a single nucleotide substitu-
tion in the sequence area of the first GAR element could severely disrupt the ability
of this fragment to act as an enhancer (Figure 2.18 B). Indeed, inducing this mutation
in the fragment 3 splicing reporter vector reduced exon inclusion strongly, once more

underscoring the importance of this region in exon 13A inclusion (Figure 2.18 E).
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Figure 2.18 Part 3 of exon 13A (13A-3) acts as a splicing enhancer and contains high probability
predicted Srsf1 binding sites overlapping a potential GA-rich exonic splicing enhancer (GAR-ESE)
element. A The third part of exon 13 (13A-3) was found to contain three high-strength putative Srsfl bind-
ing sites using the ESEfinder tool (Cartegni et al., 2003). B The location of the Srsf1 binding sites predicted by
ESEfinder coincides with a sequence stretch predicted by HEXplorer to be crucial for the splicing-enhancing
properties of this exon part. A mutation at this site (G->T, indicated in red in lower sequence) is predicted
to strongly disrupt its splicing-enhancing properties. HEXplorer profile of the wild type 13A-3 sequence is
depicted in blue. Profile of 13A-3 with the disruptive mutation (13A-3 mut) depicted in red and shifted to the
right of the wild type profile. C Splicing reporter vector used to assess enhancing or inhibiting properties of
exon 13A fragments, as described in Brillen et al., 2017 (2). The splicing-regulatory properties of an exon region
are tested by inserting it in a central exon and assessing its inclusion or skipping by RT-PCR. D-E The parts of
exon 13A delimited in (Figure 2.17) act as predicted by the HEXplorer algorithm, with 13A-3 acting primarily
as an enhancer. The mutation of this exon part predicted to disrupt Srsf1 binding impedes the splicing enhanc-
ing ability of this sequence, leading to a significant reduction of exon inclusion, as quantified in E. Skipping
and inclusion controls contain TIA-1 and SRSF7 binding sites, respectively, as described in Brillen et al., 2017 (2).
N=3 for all conditions. P values derived from Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 post-
hoc multiple comparisons test. Overall p value: <0.0001.
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2.14 The splicing-enhancing effect of fragment 3 of the TrkC-T1-specific exon
13A depends on Srsf1

To test whether the splicing enhancer in fragment 3 of exon 13A is indeed dependent
on the presence of Srsfl, we transfected the 13A-3 splicing reporter vector into N2A
cells together with a control siRNA or an siRNA against Srsfl (Figure 2.19 A). After
48 hours, we found that, indeed, the knockdown of Srsf1 caused a significant decrease
in the splicing-enhancing effects of the 13A-3 sequence (Figure 2.19 B). Interestingly,
the loss of splicing enhancing ability was not complete, as we did not see a stochastic

distribution of the resulting splicing variants.

A B
E ; o a 100 *, p=0.0266
AR 2R =
xS

XS
1 *s\c" 80
£ =]
+ siCtrl + siSrsfl — - 60
S - :
- 540
N
1 20
PCR
° 2 2
1» p _ 200 YO W&
[ | | ® o FS S

»> HE

Figure 2.19 The splicing enhancing properties of fragment 3 of exon 13A depend on Srsfl. A Experimental
setup. The effects of the siSrsfl knockdown were assessed using the RT=PCR described in Figure 2.18 C. B
Knocking down Srsf1 leads to decreased inclusion of the 13A-3-containing exon, but not a complete loss of its
splicing-enhancing properties. N=3 for both conditions. P values derived from unpaired, two-tailed Student’s t
test with Welch’s correction.

2.15 The SR protein kinases Srpk1 and Srpk2 participate in the CFuPN fate

choice, but not by involvement in TrkC alternative splicing

SR protein activity and intracellular localization is known to be regulated through the
phosphorylation by SR protein kinases (Srpks) (Aubol et al., 2009; Ghosh and Adams,
2011; Gongalves and Jordan, 2015; Czubaty and Piekietko-Witkowska, 2017). Further-
more, Srpkl and Srpk2 show distinct localization in the histological compartments
of the developing cortex (GenePaint dataset MH1491; Visel et al., 2014). We therefore
investigated whether these kinases influence fate acquisition in the developing cor-
tex. To this end, we electroporated a combination of Srpk1 and Srpk2 overexpression

constructs into the developing cortex at E 12.5, and assessed the fate of the progeny
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Figure 2.19 Srpk1 and Srpk2 influence CFuPN fate. Upregulating the levels of the protein kinases Srpk1
amd Srpk2 in the E 12.5 cortex increases the numbers of Ctip2-positive cells, but not that of Cux-1 posi-
tive cells (superficial layer cells), compared to control constructs. Constructs were electroporated as shown
and the quantification was performed as described in previous figures. N = 5 for pCAGIG, N = 3 for pCAG-
Srpk1+pCAG-Srpk2. Mean * SD: Ctip2 =1 + 0.2480 in control versus 0.56 + 0.1217 in pCAG-Srpk1+pCAG-Sr-
pk2; Cux1 = 1 £ 0.285 in control versus 1.22 + 0.1277 in pCAG-Srpk1+pCAG-Srpk2. P values derived from un-
paired two-tailed Student’s t test, with Welch’s correction for Ctip2. Box plot whiskers: minima and maxima of
the sample. Horizontal line: median. Plus sign: mean of the sample. Empty arrows: GFP+Cux1 double-positive
cells. Full arrows: GFP+Ctip2 double-positive cells. Scale bar = 50 um.
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Figure 2.20 Srpk1 and Srpk2 do not affect TrkC AS. A Treatment of primary cortical cells with the Srpk in-
hibitor SRPIN340 (Fukuhara et al., 2006) for two days did not alter balance between the T1 and TK+ transcript
variants. B Neither overexpression nor knockdown of Srpk1 and/or Srpk2 in N2A cells significantly altered the
balance between the T1 and TK+ transcript variants. Vehicle - DMSO; EV - empty vector.
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at E 16.5. We observed a significant decrease in the proportion of Ctip2-positive neu-
rons, but no change in the proportion of superficial layer progeny (Cux1-positive
cells). Next, we wanted to know whether this effect on CFuPN fate is mediated by an
involvement of the kinases in TrkC AS. To address this question, we overexpressed
or downregulated Srpkl and Srpk2 in N2A cells or treated primary cortical cells
with a selective Srpk 1/2 inhibitor, SRPIN340 (Fukuhara et al., 2006; Nowak et al.,
2010; Gammons et al., 2013), and subsequently analyzed the TrkC AS event using
gPCR (Figure 2.20). To our surprise, none of the alterations of Srpk levels or activity
changed the TrkC-T1 to TrkC-TK+ balance in a significant manner, regardless of the
cell type employed.
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3. DISCUSSION

Generating a suitable balance between projection neuron subtypes in the cerebral
cortex is important for the developmental assembly of both local and long-range
neuronal circuits that support cognitive function (Molyneaux et al., 2007; Greig et
al., 2013). Over the last three decades, we have amassed substantial knowledge about
individual factors and transcriptional networks that govern neuron subtype fate deci-
sions in the developing cortex. However, we have far less understanding of the mo-
lecular processes that set the stage for the proper deployment of these fate-determin-
ing factors, and especially little of the pre-mRNA-centric mechanisms that ensure the
necessary dosage for such factors in the temporal and spatial dimensions of cortex
development. In this work, we show through in vivo gain- and loss-of-function ex-
periments that alternative splicing regulation plays a crucial role in establishing the
cell type-specific dosage of TrkC-T1, a determinant of CFuPN fate. To our knowledge,
this is the first known instance of alternative splicing permitting and supporting the
genesis of this projection neuron subtype and controlling the ratio between CFuPN
and CPN numbers.

3.1. The BALANCE OF TRKC ALTERNATIVE SPLICING ISOFORMS IS CELL-
TYPE SPECIfic IN NPCs AND NEURONS

The increased frequency of AS events in the brain in bulk has been posited to arise
from the combination of the numerous neuronal and non-neuronal cell types it con-
tains and their individual AS signatures (Nilsen and Graveley, 2010). Assisted by
FACS sorting of unfixed primary cortical cells and TagMan qPCR, we show that, at
E 12.5, the aRGCs and neurons of the murine cerebral cortex exhibit different splic-
ing variant ratios of the neurotrophin-3 receptor, TrkC (Figure 2.5). As also shown
by qPCRs on cortical cDNAs from subsequent developmental days (Figure 2.2), the
balance between TrkC-TK+, the catalytic, canonical receptor isoform, and TrkC-T1,
the truncated, kinase-dead isoform, shifts in favor of TrkC-TK+ from the onset to the

endpoint of neurogenic differentiation.

While we could previously not detect TrkC-TK+ in the VZ, the NPC-containing ger-
minal zone of the cortex, by RNA in situ hybridization (Parthasarathy et al., 2021),
the cell sorting experiment shows that this transcript variant is expressed in the VZ

compartment as well. This suggests that the in situ hybridization procedure was ei-



ther not sufficiently sensitive or the duration of the chromogenic reaction it relies
on was interrupted too soon to allow VZ detection of the transcript, likely due to the
near-saturation signal observed for TrkC-TK+ in the cortical plate (Parthasarathy et
al., 2021).

In an extension of our previous findings, this finely tuned but significantly different
cell-type specific ratio of TrkC AS isoforms suggests that it is not just the level of
TrkC-T1 in the NPCs that has functional consequences for the choice between pro-
ducing CFuPN or CPN (Parthasarathy et al., 2021), but that there is also an interplay
between the functions of the two receptors, as seen in other neuronal systems. It has
been shown before that, in amyotrophic lateral sclerosis (ALS), motor neuron death
is precipitated by an overrepresentation of TrkC-T1 in these neurons. The excess
signals triggered or relayed by this receptor led to TNFa-mediated neurotoxicity, an
effect that could be counteracted by the overactivation of signaling through the TK+
receptor isoform (Brahimi et al., 2016). Furthermore, Ichinose and Snider showed
that the exact ratio of T1 to TK+ in dorsal root ganglia-derived neurons is crucial for
regulating the number of primary axonal processes (Ichinose and Snider, 2000), with
the two receptors having antagonistic effects. In the developing cortex, we showed
in our previous work (Parthasarathy et al., 2021) that TrkC-T1 does not simply act as
a dominant-negative isoform that binds the TrkC-TK+ receptor in the fate acquisi-
tion process in NPCs, but as a factor that restricts the availability of the scaffolding
adapter molecule ShcA, which is essential for downstream MAPK/ERK1/2 pathway
activation and fate choice between CFuPN and CPN. In this previous work, we did
not identify the other NPC receptors with phospho-tyrosine domains affected by the
changes in ShcA levels. Still, there is one striking connection between the preceding
work and the results presented in this project that suggests the other main player is
TrkC-TK+. In an earlier project (Parthasarathy et al., 2014), our research group found
that NT-3 produced by the postmitotic neurons in the cortical plate acts as a nega-
tive feedback mediator to the NPCs, switching their neuronal subtype output from
deep layer-fated progeny to superficial layer progeny. Furthermore, in Parthasarathy
et al., 2021, we established that low-affinity NT-3-binding receptors such as the TrkB
isoforms and the Trk-modulating receptor p75 do not participate in the CFuPN-CPN
fate switch, and TrkA is not detectable in the E 11.5 - E 13.5 cortex (Allen Brain Atlas
ISH database for the developing mouse brain, experiments 100046592 and 100046577),
thus further supporting the hypothesis that TrkC-TK+ is the feedback signal receptor.
For direct evidence, further work is required that explores the cell fate consequences
of a mosaic deletion or knockdown of TrkC-TK+ from E 12.5.
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One can envision an extended model of the interaction of TrkC-TK+ and TrkC-T1 sig-
naling in cell fate switching from CFuPN to CPN (Figure 3.1). This interaction could
involve TrkC-TK+ being prevented from relaying the fate-switching NT-3 feedback
signal into the NPCs during the time frame in which TrkC-T1 is strongly represented
in these progenitors (until E 13.5, Parthasarathy et al., 2021) and restricts the pool of
available ShcA. As cortex development progresses, two straightforward mechanisms
are possible for switching to the production of fates other than CFuPN. First, the bal-
ance of the two isoforms in the NPCs could gradually shift past a particular thresh-
old of TrkC-TK+ quantity, which may topple fate-relevant intracellular signaling by
activating a sufficient proportion of the ShcA protein not bound by TrkC-T1. The
intracellular relaying of the fate switching signal through TK+ may thereby be de-re-
pressed, leading to the previously described increase in the levels of activated Erk1/2
that favor superficial neuron production (Parthasarathy et al., 2021). Alternatively,
or in combination with the above, the amount of NT-3 that neurons produce may
cross a critical threshold for activating pathways downstream of TrkC-TK+, since
the neuron pool itself increases with corticogenesis. Whether either of these alterna-
tives truly reflects the in vivo situation could be tested in one instance by quantifying
the TrkC protein isoforms in sorted NPCs from cortices at different developmental
time points, using a highly sensitive technique such as selective reaction monitor-
ing and mass spectrometry (Schreiner et al., 2015). However, for cortex development
stages beyond E 13.5, the sorting strategy would need to be expanded to distinguish
between the Prom-1-positive aRGCs and IPs, for which no characteristic extracellular
epitopes have been identified so far. Another experiment could involve the position-
ing of an NT-3-saturated material in different amounts on acute cortical slices from E
12.5 embryos (see Trivino-Paredes et al., 2019 for a description of the technique) and
disentangling the connection between TrkC-TK+ and MAPK/Erk1/2 signaling using
luciferase-based reporters for the expression of phospho-Erk1/2-regulated genes in
combination with overexpression or knockdown constructs for TrkC-TK+. The con-
structs could be constitutively expressed or electroporated in the NPCs prior to slice

preparation.

An important caveat to consider in this model is that TrkC signaling in the NPCs
may be further modulated through transactivation by G-protein coupled receptors
and EGF receptors, as shown in other systems (Rajagopal et al., 2004; Puehringer et
al., 2013). Second, these models assume that the quantity of ShcA in NPCs that is not
bound by TrkC-T1 is sufficient for MAPK/Erk pathway activation through increased
levels of NT-3 or TrkC-TK+. Further exploration is also needed to understand how
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Figure 3.1 Model for the involvement of the TrkC-T1 to TrkC-TK+ ratio in cortical neuron subtype
fate acquisition. A Early neural progenitor cells (NPCs) exhibit low MAPK/Er1/2 pathway activity due to
the sequestration of available ShcA molecules by the elevated numbers of TrkC-T1 receptors. This prevents
ShcA phosphorylation by TrkC-TK+, which could otherwise relay extracellular feedback signals from the al-
ready produced neurons. In turn, the low levels of active ShcA are not sufficient to activate the MAPK/Erk1/2
pathway and thus trigger the expression of genes relevant to CPN fate acquisition. Therefore, only CFuPN are
produced until around E 13.5. B and C After E 13.5, MAPK/Erk1/2 signalling may get triggered, leading to
CPN production, in two possible scenarios. Either (B) the ratio of TrkC-TK+ to TrkC-T1 tips over in favor of
TrkC-TK+ enough to use a much higher proportion of the available ShcA than in early NPCs, or (C) the con-
centration of neurotrophin-3 (NT-3) secreted by the neurons already settled in the cortical plate rises enough
to activate most of the TrkC-TK+ receptors available in the NPC. Both scenarios lead to an accumulation of
phosphorylated ShcA, which tips the scales of MAPK/Erk1/2 pathway activity so that target genes leading to
CPN genesis are activated.

the relationships between the TrkC isoforms and the other members of the Shc fam-
ily, ShcB and ShcC, shape the functional interplay between TrkC-TK+ and TrkC-T1 in
neurons. While ShcA is reported to be exclusively expressed in the VZ during devel-
opment (Conti et al., 1997), ShcB and ShcC were observed to accumulate in neurons
upon cell cycle exit (Nakamura et al., 1998; McFarland et al., 2006). ShcC is recruited
by TrkC-TK+ (Nakazawa et al., 2002) and could be the mediator of the antagonistic
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effects of the TrkC isoforms on axonogenesis (Ichinose and Snider, 2000). In addition
to this, ShcC is necessary for long-term potentiation, a key mechanism of learning
and memory, and is reported to be neuroprotective, suggesting an involvement in
survival signaling pathways along with the Trk receptors (Xie et al., 2007; Miyamoto
et al., 2005; Sagi et al., 2015). Interestingly, pyramidal neurons exhibit subtype-spe-
cific responsiveness to neurotrophins, with the dendritogenesis of layer VI neurons
most strongly affected by NT-3 (McAllister et al., 1995). Therefore, the ratio of TrkC-
TK+ to T1 may even serve neuron subtype-specific functions, an avenue yet to be
explored through quantifying the TrkC-TK+ to T1 ratio along with the determination
of the subtype by staining for identity markers such as Ctip2, Tbr1, or Satb2.

A final aspect that remains to be elucidated is whether the TrkC-T1/TrkC-TK+ bal-
ance is uniform across NPCs. There is evidence that some NPCs are biased towards
producing neuronal lineages restricted to specific subtypes (Franco et al., 2012), so it
may be that the NPC pool is segregated between progenitors that exhibit a CFuPN-
favoring T1/TK+ balance and others with a CPN-favoring balance. Here, single-cell

proteomics (Kelly, 2020) may provide us with long-sought answers.

We focused our subsequent research efforts on identifying the splicing factors regu-
lating the TrkC-TK+ to TrkC-T1 balance because the data did not support a contribu-
tion of different transcript stabilities or miRNA-induced transcript decay to the T1/
TK+ ratio in NPCs. Outside of the embryonic NPC context, a SNP in the TrkC-T1 3’
UTR is thought to modulate susceptibility to anxiety disorders and major depression
(Muifios-Gimeno et al., 2009, de Miranda et al., 2020). This SNP affects a binding site
for miR-128, the strictly postmitotic neuronal miRNA that TargetScan predicted, and
for miR-509. The TargetScan algorithm did not predict a binding site for miR-509 in
the TrkC-T1 UTR, but, since the TargetScan prediction scores are based on cross-
species conservation of the miRNA binding sites, regulation through miR-509 may be
a novel, possibly human-specific, manner of fine-tuning TrkC receptor levels in the
adult brain. Aside from this, the only instance of posttranslational quantity control
that is known for TrkC is the cleavage of the receptors upon NT-3 binding (Mateos
et al., 2003). However, our previous work showed that the fate-determining effect
of TrkC-T1 is independent of this, as a mutant with a deletion of the NT-3-binding
domains in the extracellular domain (ECD) steered fate acquisition just as the wild-
type receptor did (Parthasarathy et al., 2021). Furthermore, the behavior of the TrkC
transcript variant ratio across developmental time, as assessed by qPCR, correlates

well with what we had previously observed on the protein level (Parthasarathy et al.,



2021), suggesting that, for TrkC isoforms, the protein quantity is strongly dependent
on the transcript quantity and less so on other types of differential posttranslational

regulation.

3.2. SRsF1 AND ELAVL] CO-REGULATE THE BALANCE OF TRKC
ALTERNATIVE SPLICING

Previous large-scale RNA sequencing projects and bioinformatic analyses showed
that alternative last exons are an especially finely regulated class of AS events in de-
veloping neural cells, that their splicing often leads to the co-expression of two main
protein isoforms with distinct C-termini, and that AS frequently affects protein do-
mains subjected to signaling-relevant phosphorylation (Merkin et al., 2012; Yap et al.,
2016). Fittingly, the two TrkC receptor isoforms studied here consist of a shared ECD
with two immunoglobulin-like domains for neurotrophin binding, a shared single
transmembrane domain, but two different intracellular domains (ICDs), with (TK+)
or without (T1) kinase functionality. The ICDs arise from the mutually exclusive uti-
lization of exons 13A-14A or 13-17 during alternative pre-mRNA splicing, which we
show to be regulated by the splicing factors Srsf1 and Elavll in vitro and in primary

neurons from developing cortices.

Human and rodent TrkC receptors show the highest degree of homology among the
Trk receptors (Shelton et al., 1995). While the ECDs are less conserved and not neces-
sary for the effects on fate acquisition (Parthasarathy et al., 2021), the truncated ICD
of TrkC-T1 is highly conserved, with 81 of the 83 amino acids identical between rat,
mouse, pig, and human (Shelton et al., 1995). Together with the prominent role of
TrkC isoforms in carcinogenesis (reviewed in Amatu et al., 2019) and the involvement
of their cellular balance in nervous system genesis and function (Brahimi et al., 2016;
Ichinose and Snider, 2000), this high degree of conservation emphasizes that TrkC
alternative splicing plays crucial roles in tissue development and homeostasis and

underscores the need to uncover the regulatory mechanisms for this splicing event.

Here, we present evidence that the splicing factors Srsfl and Elavll control the for-
mation of TrkC-TK+ and TrkC-T1 (Figure 2.7). While AS cis-regulatory element
signatures diverged strongly during recent evolution (Merkin et al., 2012; Barbosa-
Morais et al.,, 2012), most AS-regulating RBPs are thought to have conserved co-ex-

pression patterns in different tissues and to form robust, tissue-specific co-regulatory
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networks (Mazin, 2018; Furlanis 2018; Weyn-Vanhetenryck, 2018). In spite of this,
there are no previous reports presenting direct evidence of Srsfl and Elavll co-regu-
lating a mammalian alternative splicing event. The only previously reported circum-
stantial evidence is the upregulation of both splicing factors in human papillomavirus
16-positive cell clones, which correlates with an increase in the late mRNA AS vari-

ant L1 from the viral genome (Dhanjal et al., 2015).

Srsfl is a potent proto-oncogene, described first as a splicing factor involved in both
constitutive and alternative splicing, but also implicated in a recently emerging array
of other mechanisms controlling mRNAs, such as transcription, nonsense-mediated
decay, subcellular localization, and translation (Zuo & Manley, 94; Zhang and Krain-
er, 2004; Sato et al., 2008; Huang et al., 2003; Sanford et al., 2009; and see Das and
Krainer, 2014 for an extensive review on Srsfl functions). It is the founding member
of the SR protein family, and CLIP-Seq studies have shown that it preferentially binds
exons (Sanford et al., 2009; Pandit et al., 2013), thereby promoting exon definition and
the recruitment of spliceosomal components for constitutive splicing. In alternative
splicing, Srsf1 binding in the ESEs in cassette exons promotes their inclusion (Pandit
et al., 2013; Black, 2003).

The most frequently described counterplayers of Srsfl are proteins from the hetero-
geneous nuclear ribonucleoprotein (hnRNP) family, such as PTBP (Mayeda & Krain-
er, 1992), which oftentimes promote cassette exon skipping (Erkelenz et al., 2013b;
Dreyfuss et al., 1993; Fu and Ares, 2014). The exact combinatorial effect of Srsf1 and
hnRNPs on AS is not always easily predicted, though, because hnRNP-based regula-
tion also depends on the position of the bound SRE relative to the regulated exons.
For instance, the binding of the hnRNP Nova induces exon inclusion when bound in
the intron downstream of the regulated exon and vice versa when bound upstream
(Taliaferro et al., 2016; Fu and Ares, 2014; Licatalosi et al., 2008). It was therefore sur-
prising that, in the case of TrkC AS, the counterplayer to the Srsfl-promoted inclu-
sion of exons 13A and 14A was Elavll, in spite of our siRNA-based screening cover-
ing hnRNPs known to be developmentally regulated in the cortex (Figures 2.6 and
2.7). Elavll, also known as HuR, has been shown to act as an AS regulator in a few
instances, but is most prominently linked to mRNA stability and translational regula-
tion, as it binds to AU-rich elements in the 3° UTR of mRNAs and thereby stabilizes
them (Fan et al., 1997; Fan and Steitz, 1998; Meisner & Filipowicz, 2011; Lebedeva et
al., 2011; Mukherjee et al., 2011; Ince-Dunn et al., 2012).



Upon bioinformatic analysis of the splice site strength at the exon/intron junctions
relevant for TrkC-T1 formation, we found that there is a high probability for the for-
mation of the TrkC-T1 transcript variant through AS, as opposed to TrkC-T1. This
finding prompted our investigation into the potential for splicing regulation of dif-
ferent sequence subsets of exon 13A using the HEXplorer algorithm and ESEfinder
(Erkelenz et al., 2015; Cartegni et al., 2003), which revealed a potential GA-rich ESE
in the 3’ third of the exon. In subsequent reporter experiments, we found that this
splicing-regulatory element favors the choice of the downstream splice site over
the upstream one (Figure 2.16), thus likely contributing to exon 13A inclusion. We
then showed this effect to be dependent on Srsfl using siRNA-mediated knockdown
of this factor (Figure 2.19). Srsfl is known to promote the inclusion of exons when
bound to ESEs contained therein (Pandit et al., 2013), and Srsf1 binding motifs are
generally strongly represented towards the 3’ ends of exons (Wang et al., 2005), pat-
terns that our findings also follow. The consensus binding sequence for Srsf1 binding
has been reported to be GGAGA (Liu et al., 1998; Wang et al., 2005; Tacke & Manley,
1995; Das and Krainer, 2014), with the sequential guanosines being particularly im-
portant for the recognition of the binding site through the RRM2 motif of Srsf1 (Cléry
et al., 2013). In the case of the Srsfl1-dependent ESE in exon 13A, the involved se-
quence is GAGGA, also GA-rich and containing two sequential guanosines. Surpris-
ingly, however, the nucleotide that was predicted and shown to alter the strength of
the enhancer was not within the G pair but the very first guanosine. This may, on the
one hand, reflect the complexity of the relationship between sequence composition
and SF binding strength (Begg et al., 2020; Jankowsky and Harris, 2015), but may also
indicate that this SRE is not solely or directly bound by Srsf1.

The loss of the enhancing ability of the Srsf1-dependent ESE in the absence of Srsfl
is not complete (Figure 2.19). This also suggests that the enhancing effect may not
entirely be dependent on Srsf1, but on other SFs as well. A broader search for SR pro-
tein binding sites using ESEfinder shows that the GA-rich motif is likely to also be
bound by Srsf2, a closely related SR protein with oftentimes overlapping binding sites
and functions (Cartegni et al., 2003; Long & Caceres, 2009). Even if we could not de-
tect a significant impact of Srsf2 by itself on TrkC AS (Figure 2.7), whether only Srsf1,
Srsfl and Srsf2, or combinations of other SFs bind this splicing-regulatory element
and influence the splicing outcome must be further explored. This could be achieved
by crosslinking RNA probes containing this motif to proteins from nuclear extracts

with subsequent identification of the binding partners via mass spectrometry.
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Taken together, we believe we have uncovered the first instance of bipartite, antago-
nistic alternative splicing regulation through Srsfl and Elavll, which targets TrkC
AS. While we found no evidence supporting the regulation of the TrkC-T1/TK+ bal-
ance downstream of AS, at the level of transcript stability, it has to be said that we
can, at this time, not entirely exclude some contribution from AS-regulatory mecha-
nisms other than Srsf1 and Elavl1. Kinetic parameters of RNA polymerase II, such as
its elongation speed, are closely linked to splice site selection. An artificially induced
slowing of the pre-mRNA elongation alters the coupling between transcription and
AS and has been found to perturb neural differentiation (Maslon et al., 2019; Naftel-
berg et al., 2015). RNA polymerase speed depends, among other factors, on the chro-
matin state of the CDS, and nucleosome occupancy at exonic sequences is thought to
act as a “speed bump” that slows down transcription and favors exon inclusion. Fur-
ther studies are necessary to understand whether chromatin structure at the alterna-
tive exons in the TrkC pre-mRNA changes in different cell types or over developmen-
tal time, which could be achieved by performing ATAC-Seq (reviewed in Shashikant
& Ettenson, 2019).

3.3. SRSF1 AND ELAVL]1 LEVELS DEFINE CELL-TYPE SPECIFIC SPLICING-
REGULATORY ENVIRONMENTS IN THE DEVELOPING CORTEX

In comparison to other mammalian tissues, the increased frequency of AS events in
the brain has been ascribed to a particularly high number of expressed genes, among
which RBPs, regulators of RNA homeostasis, are strongly represented. This environ-
ment is ideally suited to give rise to complex networks of SFs that co-regulate AS
and fine-tune transcript and protein diversity (de la Grange et al., 2010; Grosso et al.,
2008). The developing brain is not exempt from this, as work from Weyn-Vanheten-
ryck and colleagues showed the combinatorial involvement of SFs in two neurodevel-
opmental switches between AS profiles. The described large-scale switches occurred
at E 14.5 and P4 to P7 and involved the Ptbp, Nova, Rbfox, and Mbnl RBP families
(Weyn-Vanhetenryck et al., 2018). In this project, we show that fate-controlling splic-
ing changes occur even earlier in cortex development and are a result of the cell type-
specific combinatorial control through Srsfl and Elavl1l. By RNA in situ hybridization
at different cortex development stages and qPCR on primary aRG and neurons, we
found that the expression of Srsfl is in stark contrast between the VZ and the CP,

and between aRG and neurons, respectively, whereas that of Elavll is highly similar



between the two cell types (Figure 2.13 and 2.15). As the TrkC locus is active in both
cell types (Figure 2.5 and Parthasarathy et al., 2021) and we have shown the direct
regulation of TrkC AS by Srsfl and Elavll, we believe that the differing abundances
of these SFs generate the splicing-regulatory environments that dictate TrkC isoform

balance.

Previous findings on the roles of Srsfl in CNS development are scarce. Due to the
pleiotropic nature of Srsfl, its constitutive, ubiquitous deletion in mice is embryoni-
cally lethal. The lethality was primarily ascribed to cardiomyopathy caused by mis-
splicing of the Ca2+/calmodulin kinase delta (Xu et al., 2005). In the adult nervous
system, Srsfl has, so far, been shown to regulate synapse function via ApoER2 splic-
ing and, together with the splicing regulator Quaking/QKI, to act as the effector of
a generalized splicing switch that is triggered by neuronal activation (Hinrich et al.,
2016; Barry et al., 2014). An indirect indication of an involvement of Srsfl in brain
development was made in the study of Lee and colleagues, who knocked Srsf1 down
in zebrafish using morpholino oligonucleotides (Lee et al., 2016). In the wild-type
animals, the authors saw strong expression of Srsfl in the retina and CNS, but in the
Srsf1 knockdown animals, the described effects centered on cardiovascular and skel-
etal system malformations. However, the authors also noted that the animals exhibit
microcephaly, but concluded that this is due to cartilage malformation by neural crest
cell involvement and did not investigate the CNS and its development. We know,
though, that other genes, such as Satb2, affect the development of both the cranium
and the cortex (Zarate et al., 2018; Dobreva et al., 2006) due to the shared develop-
mental origins of the CNS and the neural crest cells. Still, thus far, there have been no
reports of Srsf1 partaking in neurogenic processes, and there was no known associa-

tion of this splicing factor with TrkC.

In the adult mammalian brain, the Elavl family of RBPs is reported to participate in
alternative splicing that regulates the glutamate synthesis pathway in excitatory neu-
rons (Ince-Dunn et al., 2012). This RBP family has recently been shown to participate
in neurogenic AS switches in the fruit fly CNS development, but the cellular and his-
tological consequences of these switches were not explored (Lee et al., 2021). In mu-
rine cortex development, the 2014 publication from Kraushar and colleagues showed
that Elavl1/HuR controls the stage-specific regulation of mRNA translation. Elavll
was shown to alter the phosphorylation states of core ribosomal components via as-
sociation with the elF2-alpha kinase 4, which impacts the association of transcripts

with ribosomal components and the formation of polysomes (see next section for a
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more detailed discussion of the phenotype). The group also found that the Elavl1 pro-
tein is expressed in progenitors and the CP at E 13.5, a distribution we could confirm

on the RNA level by RNA in situ hybridization and by immunofluorescence.

NPCs express Srsf1 more strongly than neurons, while Elavll transcript and protein
levels are similar between the two cell types. The Srsfl expression profile we uncov-
ered matches that shown in the 2015 cortex scSeq dataset of Telley and colleagues,
but that of Elavll does not (Telley et al., 2019). Elavll is also shown to be primarily
expressed in NPCs in this dataset (see Supplementary Figure 4). However, we know
from both our work and that of Kraushar and colleagues (Kraushar et al., 2014) that
the Elavl1 protein is represented in neurons. The discrepancy between these findings
and the scSeq data may be due to the overall weaker expression of Elavl1, at least as
compared to that of Srsfl. The Elavl1 transcript signal did not reach the same degree
of chromatic saturation as that of Srsfl in the VZ even after several cycles of replen-
ishing the chromogenic substrate. In contrast, the Srsfl signal was readily visible in
under an hour of color development time and with only one substrate application.
The scSeq study result may therefore be biased in the case of Elavll due to sequenc-

ing depth that is not sufficient to reliably quantify the levels of this transcript.

While we clearly see the impact of the different splicing environments defined by
Srsfl and Elavll on TrkC AS, these findings invite further exploration of whether
the activity of Srsfl and Elavll is more finely regulated for other AS events in NPCs
and neurons. It is, for instance, well-known that the activity and nuclear localization
of Srsfl are affected by its phosphorylation status (Xiao and Manley, 98; Yeakley et
al., 1999). We could not specifically detect endogenous Srsf1 protein in the cortex, as
knockdown experiments in cell culture showed that all the tested commercially avail-
able antibodies bound unspecifically, which may be due to sequence and structural
homology with other SR proteins. We know that the SR protein kinase Srpk1 is ex-
pressed in the VZ at E 14.5 (GenePaint dataset MH1491; Visel et al., 2014), and, while
we could observe an effect of Srpkl and Srpk2 overexpression on the CFuPN/CPN
fate choice (Figure 2.19), this is likely not achieved via TrkC AS, as changes in Srpk
levels or activity had no significant effect on the T1/TK+ balance (Figure 2.20).

The nuclear sequestration of Elavll, necessary for a function in AS, is also affected
by its phosphorylation (Kim et al., 2008) but the micrographs detecting endogenous
Elavll show a highly similar cytoplasm-to-nucleus distribution in both VZ and CP at
E 13.5 in our work and previous work (Figure 2.14, Kraushar et al., 2014). We there-



fore deem it unlikely that Elavll splicing activity is differentially regulated in NPCs

and neurons by its localization.

Interestingly, we observed that, even when TrkC-T1 is knocked down, the effects of
Srsf1 on CFuPN and CPN fate are partially maintained. This result suggests that Srsfl
may also affect fate-controlling transcripts other than those from the TrkC locus. To
investigate what other splicing events might be affected by Srsfl, one could generate
a mouse line with a knock-in of shRNA-expressing sequences targeting Srsfl, pre-
ceded by a loxP-termination codon-loxP cassette (Yu and McMahon, 2006). Thereby,
Srsf1 knockdown could be conditionally achieved in the cortex upon breeding with a
strain expressing Cre from an Emx1-driven locus, as this transcription factor is spe-
cific to cortical NPCs (Gorski et al., 2002). One could then perform RNA-Seq on NPCs
sorted from the knockdown and wild-type animals to better understand the broader
AS context affected by Srsf1.

An interesting idea to consider is whether the Srsf1/Elavll balance may affect aRG
and IPs differently, seeing how these two types of progenitors have different degrees
of fate plasticity (Oberst et al., 2019), or whether this is true for NPC subpopulations
that express fate choice-relevant transcripts such as Cux2, Otx1 or Fezf2 (Nieto et al.,
2004; Zimmer et al., 2004; Guo et al., 2013; Gao et al.; 2014). Since it is not possible to
unequivocally distinguish between aRGs and IPs in a chromogenic in situ hybridiza-
tion that already detects Srsfl or Elavll transcripts, further research could involve
assessing the co-expression of Srsfl and Elavll with Pax6 or Tbr1, or with the afore-

mentioned identity-related transcripts, for instance, via RNA FISH methods.

In summary, our findings from the in situ hybridization and the qPCR on sorted
NPCs and neurons show that the balance between Srsf1 and Elavl1 is likely very dif-
ferent in NPCs and neurons. Together with the antagonistic effects of these factors
on TrkC AS, which we showed on mRNA and protein level (Figures 2.7 and 2.10), we
conclude that Srsfl and Elavll shape cell-type-specific splicing regulatory environ-
ments. This result is in line with previous findings that showed differential splicing
between these cell types is essential for proper neurogenic differentiation (Zhang et
al., 2016; Begg et al., 2020; Makeyev et al., 2007; Boutz et al., 2007; Su et al., 2018).
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3.4. SRSF1 AND ELAVL]1 REGULATE PROJECTION NEURON IDENTITY
ACQUISITION BY CONTROLLING TRKC ALTERNATIVE SPLICING

There are few previous pieces of evidence documenting the involvement of transcript
variant ratios or splicing factor-regulated AS events in cell subtype fate decisions,
and even fewer regarding neuron subtype decisions. Pfurr and colleagues (Pfurr et
al., 2017) showed that two splicing variants of the basic helix-loop-helix TF E2A con-
trol the production of Tbr1- and Satb2-positive neurons, but this is not a fate switch,
as one of the isoforms leads to an increase in the numbers of both neuron subtypes.
The only known case of a splicing factor being involved in a neuron subtype deci-
sion in corticogenesis is that of SRRM4. SRRM4 was shown to impact the numbers of,
again, Tbrl- and Satb2-positive neurons (Quesnel-Valliéres, 2015). However, this was
not a definitive regulation of the overarching CFuPN fate. Tbr1-positive (CThPNs)
and Satb2-positive (CPNs) neurons only show minor overlap in their generation
time frames and minimal shared layer occupancy (Greig et al., 2013), so the ultimate
impact magnitude of this fate control mechanism is unknown. Furthermore, the al-
ternatively spliced transcripts mediating this function of SRRM4 were not described
(Quesnel-Vallieres, 2015). In our work presented in this dissertation, we show, for the
first time, that the splicing factors Srsfl and Elavl1 drive significant changes in the
fate acquisition process for CFuPN and CPN in the developing cortex, an effect medi-
ated by their antagonistic effects of TrkC alternative splicing and the resulting bal-
ance between the receptor isoforms TrkC-T1 and TrkC-TK+ (Figures 2.7 and 2.10).

To our knowledge, Srsfl had never been brought in connection with neuronal fate
decisions before. Interestingly, in hepatocellular carcinoma, Srsf1 has been found to
promote Erk activation without changing its protein levels (Zhao et al., 2015). We
previously showed that the activation of Erk by phosphorylation in cortical NPCs
triggers the acquisition of superficial layer fate in the resulting progeny. In the work
presented here, we show that Srsfl promotes the generation of TrkC-T1, which in-
duces a preference for deep layer neuron formation. These results can be brought into
agreement under two considerations. First, we could confirm in vivo that the CFuPN-
inducing effect of Srsf1 is mediated by TrkC-T1 by knocking down TrkC-T1 concomi-
tant to Srsfl overexpression (Figure 2.11), which diminished the increase in Ctip2-
positive neurons observed with solely the Srsf1 upregulation. Second, we see that the
strong expression of Srsf1 in the cortical VZ is maintained outside of the time frame
in which TrkC-T1 exerts its CFuPN-promoting effects, so after E 14.5. This expression
pattern might mean that the presence of Srsfl in NPCs has a dual function in fate ac-

quisition, depending on the developmental stage, acting as a general consolidator of



the neuron subtype fate that must be produced at that particular stage (Figure 3.2). In
early NPCs, Srsf1 may promote the formation of TrkC-T1 through AS, which antago-
nizes the activation of Erk via Srsfl and ensures proper deep layer neuron genera-
tion. Later in development, once TrkC expression in NPCs ceases or decreases, Srsfl
may promote superficial layer genesis by heightening MAPK/ERK pathway activity.
However, we see that Srsfl overexpression at E 12.5 with concomitant downregula-
tion of TrkC-T1 does not automatically lead to an overproduction of CPN. Combined,
the evidence suggests that Srsf1 might act as a background enforcer of distinct fates
in NPCs whose ultimate effect may depend on factors such as TrkC but likely also
further fate determinants. Whether this is truly the case remains to be elucidated

through further genetic studies.
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Figure 3.2 Model for the cell type-specific effect of Elavl1l and Srsf1 on TrkC alternative splicing.
A Early neural progenitor cells (NPCs, 13.5 or younger) express the TrkC gene and higher quantities of Srsfl
compared to neurons (C), thus shifting the splicing environment towards one that favors the production of
TrkC-T1 and hence CFuPN. Srsf1 can activate MAPK/Erk1/2 signaling, but this may not be sufficient to over-
ride the CFuPN fate determination by TrkC-T1. B As the NPCs mature, the TrkC locus becomes in general less
active or other factors lead to an unknown balance between TrkC-T1 and TrkC-TK+ (question mark), which
permits MAPK/Erk1/2 activation by Srsfl and possibly receptor tyrosine kinases such as TrkC-TK+ or others.
Consequently, NPCs switch to the production of CPN. C In postmitotic neurons, the lower levels of Srsf1 allow
Elavll to exert its splicing-regulatory effects on the TrkC pre-mRNAs, leading to a higher proportion of TrkC-
TK+ transcripts, which are needed to produce the neurotrophin-3 receptor. MAPK/Erk1/2 activity levels and
their roles in neurons are not yet known.
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Kraushar and colleagues found that Elavll controls translational changes in the
developing cortex. Among the transcripts associated with specific projection neu-
ron subtypes, the distribution of Bcl11b (Ctip2) mRNA in the unbound versus 40S-
60S and polysomal fractions was shifted towards the latter, suggesting that a lack of
Elavl1 leads to more Ctip2 being bound by ribosomes and possibly translated, and, by
corollary, that Elavll could normally contribute to lowering Ctip2 protein levels. In
contrast, Satb2 mRNAs were not found to significantly shift from one fraction to an-
other. Even though the authors suggest that Elavll may be involved in fate decisions,
they do not rigorously quantify this and solely analyze the distribution of neurons
positive for Ctip2 and Satb2 across the radial (inside-out) axis of the cortex, where
they find Ctip2 neurons to be mispositioned, but not Satb2 ones. Intriguingly, though,
the authors report that the Foxgil-driven Elavll cKO brains lack a corpus callosum, a
fiber tract for the formation of which Satb2 is unequivocally necessary (Britanova et
al., 2008; Alcamo et al., 2008). The brains of Satb2-null mice show a misrouting of the
axons that would normally cross the midline into the contralateral hemisphere via
the corpus callosum, projecting instead through the anterior commissure. The later
Elavll cKO brains (EmxI-driven) possess a corpus callosum, but the authors neither
assess its thickness nor study the ratio of axonal projections in the corpus callosum

versus the anterior commissure.

Our results show both directly and indirectly that Elavll participates in the CFuPN/
CPN fate decision. The knockdown of Elavl1 leads to a decrease of TrkC-TK+ with a
concomitant increase in TrkC-T1, a change we previously found to cause a surge in
Ctip2-positive neuron numbers at the expense of Satb2-positive ones (Parthasarathy
et al., 2021). The in vivo overexpression and knockdown of Elavll support this con-
nection, with Elavll overexpression leading to a decrease in Ctip2-positive neurons
and an increase in Satb2-positive ones and vice versa in the knockdown. It is, there-
fore, interesting to consider whether Elavll may have a dual role in establishing the
CFuPN fate, both via the AS of TrkC in NPCs and after cell cycle exit in deep layer
neurons. We do not know yet whether the CFuPN/CPN-producing identity of the
NPC has an immutable effect on the identity of the progeny. For instance, newborn
deeper layer neurons have been reported to briefly co-express Ctip2 and Satb2 at E
13.5 and then resolve into separate CFuPN and CPN populations (Srinivasan et al.,
2012; Greig et al., 2013). This may occur because of the quantities of Ctip2 and Satb2
relative to one another, which may be already set via factors inherited from the NPC
lineage or could still be plastic in the neuron. Here, we present evidence that Elavll

can influence the final number of Ctip2-positive neurons that are produced via TrkC



AS in the NPC. It remains to be explored through the postmitotic, Dcx-promoter-
driven overexpression and knockdown of Elavll whether this RBP continues to con-
solidate CFuPN fate at the expense of CPN after cell cycle exit or whether its effect

on Ctip2 in the neurons is strictly in ensuring proper terminal differentiation.

In conclusion, we show direct in vivo evidence that Elavll and Srsf1 contribute to the
fate switch between CFuPN and CPN in the developing cortex, acting at the level of
TrkC AS. What was unexpected was that the sole overexpression and downregula-
tion of Srsfl were sufficient to achieve these effects, as observed in the siRNA experi-
ments. Hence, the phosphorylation of Srsfl by the Srpk family or Clk does not seem
to be limiting for the fate choice process, which also matches our observation that
the Srpks had no effect on the TrkC-T1/TK+ balance.

One challenge with studying the roles of RBPs and, by extension, splicing factors is
that they often have pleiotropic involvement at different stages of a process (DeBoer
et al., 2013). As discussed previously, cortex development is rife with examples of
the same splicing factors acting at different levels (Hamada et al., 2015; Kim et al.,
2013; Begg et al., 2020; Makeyev et al., 2007; Boutz et al., 2007; Su et al., 2018). Seeing
as the cell type-specific distribution of Srsf1 and Elavl1 is maintained outside of the
time window in which CFuPN and CPN fate acquisition overlap, their balance may
participate in other NPC- or neuron-specific splicing events that are independent of
TrkC AS but of import to later developmental processes. Since we observe that the
expression pattern of these factors is maintained up to E 16.5, they may participate in
the fate shift from neurogenesis to gliogenesis. This could be tested by IUE of overex-
pression and knockdown constructs for Srsfl or Elavl1 at later stages of corticogen-
esis. Furthermore, Srsf1 and Elavl1 are not just involved in AS regulation. Performing
a brief GO term analysis in the BioGRID database (Oughtred et al., 2020; Stark et al.,
2006) for known interaction partners of Srsfl and Elavll, one can find that both fac-
tors also control gene expression. For Srsfl, this is supported by studies such as that
of Lee and colleagues in zebrafish (Lee et al., 2016) or by its effect on the transcrip-
tion of the HIV-1 genome (Paz et al., 2014), and, for Elavll, by its involvement in
the transcription of the gonadotropin receptor (Terasaka et al., 2019). Therefore, the
global implications of the Srsf1-Elavl1 regulatory tandem may extend well beyond al-
ternative splicing regulation and call for interactomic studies that cover gene expres-

sion, alternative splicing, and protein composition.
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4. MATERIALS AND METHODS

4.1. CELL CULTURE AND TREATMENT

N2A and HEK293T cells were, unless otherwise specified, cultured in uncoated plas-
tic dishes at 37°C and 5% CO, in a medium consisting of DMEM (4.5 g glucose/L, sup-
plied with GlutaMAX L-glutamine, Gibco, 10566) supplemented with 10% fetal bo-
vine serum (Biochrom) and penicillin-streptomycin (1:100 from a stock of 10.000 U/
mL, Gibco, 15140122). At around 80% coverage from confluency, cells were split using
a 0.25% trypsin solution (1:10 dilution of 2.5% stock, Gibco, 15090046) in phosphate-
buffered saline (PBS).

For EGF stimulation, we used recombinant murine EGF purchased from ImmunoTo-
ols (200 pg/mL, 12343406). Briefly, cells to be stimulated were plated in 12-well dishes,
3 x 10> cells per well. The following day, the medium was exchanged the day before
stimulation to 1 mL fresh medium. On the day of the stimulation, 150 pL of the me-
dium from each well was transferred to sterile 1.5 mL Eppendorf tubes, supplied with
0.5 uL EGF, and rapidly re-applied to the cells. Cells were kept in the EGF-enriched

medium for a total of 60 minutes, then harvested by resuspension in PBS.

For the actinomycin D time course treatment for inhibiting transcription, cells were
seeded in the wells of individual well plates, one plate per time point tested. Actino-
mycin D was applied for the indicated length of time (final concentration: 20 pg/mL
from 5 mg/mL stock, Sigma-Aldrich, A9415). Treated cells were washed once with

PBS and the pellets were snap-frozen in liquid nitrogen.

SR protein kinase inhibition was performed using the selective Srpk inihibitor SR-
PIN340 purchased from Cayman Chemicals (16284, enzyme kinetic properties de-
scribed in Fukuhara et al., 2006), dissolved in sterile ethanol at a final concentration

of 20 uM, for 24 hours. Sterile ethanol was used for the mock/vehicle samples.

Primary cortical neurons were cultured in dishes priorly coated overnight at room
temperature with poly-L-lysine (final concentration 10 pg/mL, from 0.1 mg/mL stock,
Sigma-Aldrich, A-005-M) and laminin (final concentration 0.2 pg/mL, from Engel-
breth-Holm-Swarm murine sarcoma basement membrane, L2020, Sigma-Aldrich)

in sterile PBS. On the day of neuron preparation, the PLL/laminin solution was re-



moved, the wells washed twice with sterile PBS and dried, after which half of the
final volume of neuron culture medium was added per well. For the neuron prepa-
ration, pregnant dams were sacrificed at the indicated pregnancy day. The uterine
horns were excised and transferred to PBS on ice, after which embryos were swiftly
decapitated and the heads transferred to HBSS++ (no phenol red, Gibco, 14025092).
Cephalic skin, muscle and skull were removed to expose the brain, after which the
cortical hemispheres were cut parallel to the anteroposterior midline at two posi-
tions, once centrally to remove the hippocampal anlage and once laterally to de-
tach them from the ganglionic eminences. Olfactory bulbs and the meninges were
removed, and the cortical tissue pieces were transferred to an ice-chilled tube with
HBSS-- (no phenol red, Gibco, 14175095). After collecting the cortices from a whole
litter of embryos, the HBSS-- was discarded and the tissue pieces washed twice with
fresh HBSS--. Tissue dissiociation was performed by adding a trypsin solution (final
concentration of 0.3125% in HBSS--, made from 500 pL 2.5% trypsin stock, Gibco,
15090046, plus 3.5 mL HBSS--) pre-warmed to 37°C to the tissue and incubating the
tubes at 37°C for 15 to 30 minutes, mixing occasionally and checking the dissociation
progress. To stop the digestion, 10 mL of DMEM with 10% FBS was added and tubes
were gently flicked to homogenize. The tubes were then centrifuged at 170 rcf and
4°C for 5 minutes. The supernatant was removed and a DNase I solution in DMEM
culture medium (final concentration of 0.05 mg/mL, made from 500 uL. DNase I stock
at 0.5 mg/mL, Roche, 10104159001, plus 4.5 mL DMEM with 10% FBS) was added to
the trypsin solution/tissue mixture and the tubes gently flicked to homogenize the
solution. DNase I digestion was performed for 2 minutes at room temperature. The
tubes were then centrifuged at 170 rcf and 4°C for 5 minutes, the supernatant was
removed and the cells washed twice with 5 mL DMEM culture medium while gently
triturating the cell agglutinates. The cortical cells were resuspended in embryonic
neuron culture medium as required for the downstream application. For nucleofec-
tion (see section 4.2.), the cells were first resuspended in DMEM culture medium,
split to the needed number of conditions, nucleofected, then cultured in BrainPhys-
based culture medium (1 mL SM1 supplement, provided with BrainPhys medium, 500
uL GlutaMAX supplement, Gibco, 35050061, in 48 mL BrainPhys medium, STEMCell
Technologies, 05792). When cortical cells were not nucleofected, they were directly
resuspended in Neurobasal-based culture medium (1 mL 50x B27 supplement with-
out vitamin A, Gibco, 12587010, 500 pL. GlutaMAX supplement, 500 pL of penicillin-
streptomycin stock, all in 48 mL Neurobasal medium, Gibco, 12348017). All wells for
all conditions of an experiment were seeded at the same density, ranging from 3 to 6

x 10° cortical cells per cm2.
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4.2. DELIVERING EXPRESSION CONSTRUCTS INTO CULTURED CELLS

Transfection of immortalized cells

For transfecting N2A or HEK293T cells with expression constructs, we employed the
TurboFect reagent (Thermo Scientific, R0533), according to the instructions of the

producer.

Nucleofection of primary cortical neurons

To increase uptake efficiency, expression constructs were delivered into primary cor-
tical neurons by nucleofection. We used the Mouse Neuron Nucleofector Kit accord-
ing to the producer-supplied protocol (Lonza, VPG-1001) together with the Amaxa
Nucleofector device (Nucleofector 2b, Lonza, AAB-1001). We nucleofected 1 pg of
plasmid for every 106 cortical cells, washed cells once with DMEM culture medium,

and then plated them in BrainPhys medium (see previous section).

4.3. TISSUE PROCESSING

For staining procedures, embryonic brains were fixated in 4% PFA in PBS according
to the embryonic stage (E 12.5 for 2 hours, E 13.5 for 3, and so on), briefly rinsed and
then subjected to dehydration by increased sucrose concentration (first 15% w/v and
then 30% w/v). After this, brains were either embedded in O.C.T. compound (Sakura,
4583) for in situ hybridization or snap frozen in a bath of 2-methylbutane (Carl Roth,
3926.2) at -30 to -20°C for free-floating sectioning.

Using a Leica cryostat, brains were either cut in 15 um sections for in situ hybrid-
ization and then captured on SuperFrost Plus slides (Thermo Scientific/Menzel,
J1800AMNZ), or cut free-floating at 50 pm thickness and then stored in PBS with 0.3%

sodium azide at 4°C.

Antigen retrieval was performed once, according to the producer’s instructions (Vec-

tor citrate-based antigen retrieval solution, Vector Laboratories, H-3300-250).



4.4. CELL AND TISSUE STAINING PROCEDURES

Chromogenic RNA in situ hybridization

The primers used to generate the sequences to be used as in situ hybridization probes

WEre:

Primer Sequence
Srsfl fw  |GGCTACGACTACGACGGCTACCGG
Srsfl rv |ATTATTTAGGTGACACTATAGGATTGTACTGAGTAAAGGAAAACTGT
Elavll fw |GTTAGACAGATGGGGAGTGTGTT
Elavll rv [ATTATTTAGGTGACACTATAGTGCTCACAAGAAGGGATGCG

Digoxigenin (DIG)-labeled RNA probes against the target genes were synthetized
by transcribing for 2 hours at 37°C from linearized pJET1.2 plasmids (CloneJET PCR
Cloning Kit, cat. no. K1231) in the presence of DIG-labelled nucleotides (1 pg lin-
earized plasmid, 2 pL 10x transcription buffer, 2 pL of 100 mM DTT, 0.5 pL RNAse
inhibitor, 2 pL of 10x DIG labeling mix, Roche, 11277073910, 20 U RNA polymerase,
to 20 pL with RNase-free MilliQ water). Probes were then purified using the RNeasy
Mini Kit (Qiagen, 74104). 50 uL of the eluted RNA solution were mixed with 100 uL
formamide to obtain the probe solution. Probe quality (RNA integrity) was checked

on an agarose gel after 5 minutes of denaturation at 95°C.

Slides with brain sections were dried in a vacuum dryer for 10-15 minutes prior to
the in situ hybridization procedure. All recipients and solutions used prior to the
RNA probe hybridization were treated against RNase contamination. 1 mL of hybrid-
ization solution was applied per slide (50% deionised formamide pro analysi, 0.1 mg/
mL yeast tRNA, 10% dextran sulphate, 1:50 dilution of Denhardt’s solution, Thermo
Fisher, 750018, and a 1:10 dilution of a salt solution containing 2M NaCl, 50mM
EDTA, 100mM Tris-HCI pH.7.5, 50mM NaH2PO4.-2H20, 50mM Na2HPO4). The slides
were covered with coverslips and incubated at 65°C for an hour in a humid chamber.
In the meanwhile, RNA probes were mixed with 1 mL hybridization buffer and de-
natured for 5 minutes at 70°C. 200 pL of the probe mixture were applied per slide and

slides were incubated as before over night.

On the second day, unbound probe was removed by incubating the slides three times

for an hour each at 65°C in a stringent washing solution (50% formamide, 1x SSC, 0.1%
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Tween-20). For preparing the incubation with anti-DIG antibodies, slides were then
washed twice with MABT buffer (100 mM maleic acid, 150 mM NacCl, 0.1% Tween-20,
pH 7.5) at room temperature. Blocking was performed for one hour with 1 mL of
blocking solution per slide (2% blocking reagent, Roche, 11 096 176 001, 10% sheep
serum in 1x MABT), after which a solution of 1:1500 alkaline phosphatase-coupled
anti-DIG antibody fragments was applied overnight at 4°C (anti-DIG AP-labelled Fab
fragments, Roche, 11093274910).

On the third day, unbound antibody was washed at room temperature 3 x 15 minutes
in 1x MABT buffer, then 2x 5 minutes in pre-staining solution (4 mL of 5M NaCl, 10
mL of 1M MgCl2, 20 mL of 1M Tris pH 9.5, 0.2 mL of Tween 20 in 166 mL of MilliQ
water). Slides were then incubated at 37°C in staining solution with chromogenic AP
substrate until the colored precipitate could be observed. Staining solution: 0.8 mL of
5M NaCl, 2 mL of 1M MgCl2, 4 mL of 1M Tris pH 9.5, 13.2 mL H20, 40 pL Tween 20,
40 pL of NBT (1000x = 100 mg/mL in 70% DMSO), 40 pL of BCIP (1000x =50 mg/mL
in 100% DMSO), supplemented up to 40 mL with 10% PVA in H20. After signal gen-
eration, the slides were dehydrated in a series of baths in ascending ethanol concen-
tration (50% - 100%), each for 2 minutes, then twice in 100% xylene. Coverslips were
mounted with Entellan (Sigma-Aldrich, 107960).

Immunofluorescent staining

Cells were cultured on coverslips coated with 0.1% gelatin. The coverslips with cells
were then washed 3x in PBS, fixated for 15 minutes at 4°C with 4% PFA in PBS, then
washed two more times for 10 minutes in PBS. Coverslips were placed cell side up on
cling film-topped glass slides in a humid chamber and epitopes were blocked for 30
minutes in blocking solution (10% horse serum, 0.1% Triton X-100 in PBS). 50 pL pri-
mary antibody in blocking solution:PBS 1:1 was used per 13 mm coverslip overnight
at 4°C. On the second day, coverslips were washed 4x 10 minutes in washing solution
(0.05% T-X100 in PBS). Fluorophore-conjugated secondary antibodies (Dianova) were
applied in 30 uL blocking solution:PBS for 1h30 at room temperature. Coverslips
were then counterstained 5 minutes with Hoechst stain, washed once in washing
solution, three times in PBS, and then mounted with ImmuMount (Fisher Scientific,
10622689).

In the wells of a 24-well-plate, several 50 pm brain sections per well were first



blocked for 30 minutes in blocking solution (10% horse serum, 0.1% Triton X-100
in PBS), then incubated overnight with primary antibody in blocking solution. On
the second day, sections were washed 4x 10 minutes in an excess of PBS, then flu-
orophore-coupled secondary antibodies were applied for 4 h at room temperature.
Sections were then pulled onto SuperFrost Plus glass slides, left to briefly dry and

mounted with InmuMount and #1.5 cover glasses.

4.5. LIST OF ANTIBODIES USED IN THIS STUDY

Antibody against... Antibody source Concentration
goat anti-GFP Rockland, 600-101-215 1:1000 in IF
rat anti-Ctip2 Abcam, 18465 1:300 in IF
rabbit anti-Satb2 custom preparation for 1:300 in IF
Tarabykin research group
rabbit anti-Cux1 Santa Cruz (discontinued) |[1:100 in IF
mouse anti-Elavl1 Santa Cruz, sc-5261 1:300 in IF

mouse anti-hnRNP L

Santa Cruz, 4D11

1:10000 in WB

rabbit anti-pan-TrkC

Cell Signaling, 3376

1:2000 in WB, 1:100 in IF

rabbit anti-Myc tag Cell Signaling, 2278 1:500 in IF
rabbit anti-HA tag Cell Signaling, 3724 1:500 in IF
mouse anti-GAPDH HyTest, 5G4cc 1:100000 in WB
mouse anti-GM130 BD Biosciences, 610822 1:1000 in IF

rat anti-Prominin-1,
clone 13A4

eBioscience, 17-1331-81

1:200 for FACS

rat [gG1 isotype control

eBioscience, 17-4301-81

1:200 for FACS

Fluorophore-coupled donkey secondary antibodies were purchased from Dianova

and used 1:300-1:1000. HRP-coupled secondary antibodies for Western blotting were

from Jackson Immunoresearch and used 1:5000.

4.6. IMAGE ACQUISITION, PROCESSING AND QUANTIfiCATION

Image acquisition for in situ hybridization

Slides were imaged on a Zeiss BX60 system. Linear modifications of brightness were

performed using Image]J software.
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Image acquisition for immunofluorescence

Slides were imaged on a Leica Sp8 confocal laser scanning system with a DMI6000C-

SB microscope (BioSupraMol facility at Freie Universitat Berlin).

Analysis of fluorescence micrographs

For fate acquisition assessment, around 100 to 300 GFP-positive cells per analyzed
electroporation site were interrogated for Ctip2 and Satb2 or Cux1 co-expression.
Counting was performed blinded using the Cell Counter plugin in Image]. For each
electroporated litter, brain sections were matched for anteroposterior and lateromedi-
al position of the electroporation site. To quantify the fold change in fate, individual
brains were compared to the average percentage of double positive cells of that fate

in the littermate controls.

For subcellular localization using Image]J, we used ROIs of the same size, one over the
accumulation of TrkC-T1 signal and one for the cytoplasm. We then calculated the
ratio between the mean fluorescence intensities in these ROIs in the Shc channel for

each of the analyzed cells.

4.7. FLUORESCENCE-ASSISTED CELL SORTING (FACS)

A suspension of primary cortical cells was prepared as described in section 4.1. In-
stead of plating the resulting cells, they were resuspended in PBS, stained with the
APC-coupled anti-prominin-1 or isotype control antibody plus propidium iodide in
PBS on ice for 30 minutes, and then sorted for PI and APC signal using a BD FACS-
Canto sorter. PI-positive cells were collected in two separate tubes, depending on the
presence or absence of APC signal. The collection medium was based on the Neuro-
basal culture medium (see section 4.1.) but supplemented with recombinant murine
EGF (final concentration: 40 ng/mL, ImmunoTools, 12343406 ) and FGF2 (final con-
centration: 40 ng/mL, ImmunoTools, 12343623). Cells were then pelleted by centrifu-
gation at 500 rpm and 4°C, the supernatant was removed, cells washed once with PBS

and the pellets snap-frozen in liquid nitrogen for downstream applications.



4.8. RNA EXTRACTION

For downstream use in TagMan qPCR, cortex pieces were collected in the LB+TG
buffer of the Promega ReliaPrep RNA extraction kit (Z6212) and minced using an Ul-
traTurrax homogenizer (IKA, 0003737000). RNA was extracted using this kit accord-
ing to the manufacturer’s protocol. Prior to reverse transcription, RNA quality and
integrity were assessed on an Agilent BioAnalyzer 2100 system (BIH Core Facility
Genomics). Only samples with a RINe value higher than 8.5 out of 10 were used fur-
ther.

For RNA extraction from cultured cells, the culture medium was removed and TRIzol
reagent (Ambion/Invitrogen, 15596018) was added directly to the wells, with subse-
quent cell scraping and uptake in RNase-free tubes. All further steps were performed
at 4°C unless otherwise specified. Chloroform was added in a 1:5 ratio and the mix-
ture homogenized by vortexing. Subsequently, nucleic acids were extracted by phase
separation through centrifugation, precipitated with isopropanol, resuspended in
RNase-free H20 and digested with RNase-free DNase I (Lucigen, D9905K). RNAs
were subjected to a second phenol-chloroform-isoamyl alcohol extraction (PCI from
Carl Roth, X985.1) and subsequently precipitated with an equal volume of 100% etha-
nol with sodium acetate (final concentration: 150 mM). Finally, the RNA pellets were

washed with 70% ethanol, left to air-dry, and then resuspended in nuclease-free H20.

4.9. cDNA FIRST-STRAND SYNTHESIS

For downstream use in TagMan qPCR, cDNA first strand synthesis was performed
using an oligo(dT) primer (Promega, C1101) and the Promega GoScript reverse tran-

scription system (A5000).
For all other applications, cDNA was reverse-transcribed using MMuLV reverse tran-

scriptase (Enzymatics/Qiagen, P7040L) using either oligo(dT) primers or gene-specific

reverse primers (see section 4.11.), according to the producer’s protocol.

4.10. QUANTITATIVE REAL-TIME PCR
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TagMan qPCR

TagMan qPCR for TrkC-T1 and TK+ was performed in multiplex reactions using the
FastAdvanced Master Mix (Thermo Fisher, 4444557) on a StepOne Plus qPCR cycler
(Thermo Fisher/Applied Biosystems, 4376600). Reactions were set up according to
the master mix protocol using the equivalent of 25 ng reverse transcribed RNA per 10
uL reaction. Reactions were performed in technical quadruplicates and the number
of biological replicates indicated in the figures. The TagMan probes used were: for
TrkC-T1, VIC-tagged Mm01317842_m1, and for TrkC-TK+, a custom-designed exon-
junction spanning FAM-tagged probe (AR47VWU). Both probes were from Thermo
Fisher. Cq values of the two transcripts were used to calculate the fold difference
between TrkC-T1 and TrkC-TK+ input quantities, and these values used to calculate
the percentage each transcript variant occupied in the total TrkC transcript quantity
(TrkC-T1+TrkC-TK+).

SYBR Green qPCR

SYBR Green qPCR was performed on the same device, using the Promega GoTaq
qPCR system (A6001), according to the producer’s protocol. The primers used in
qPCR were first tested for coupling efficiency between 90 and 110% over an input

range of reverse transcribed RNA (cDNA first strand) quantities from 0.1 to 30 ng.

Primer Sequence
Srsfl fw CCCTTCGCCTTCGTTGAGTTCG
Srsfl rv GAAACTCTACCCGCAGCCGG
Elavll fw TCGGGATAAAGTAGCAGGACACAG
Elavll rv CTGGAGTCTCAAGCCGTTCAGT
Hprt fw CAACGGGGGACATAAAAGTTATTGGTGGA
Hprt rv TGCAACCTTAACCATTTTGGGGCTGT
Oazl fw AAGGACAGTTTTGCAGCTCTCC
Oazl rv TCTGTCCTCACGGTTCTTGGG

Results were quantified using the 2-AACT method.

4.11. SPLICING-SENSITIVE PCR



Splicing-sensitive PCRs were performed with transcript variant-discriminating prim-

ers either with radioactive labeling of primers or without.

For the radioactive splicing-sensitive PCRs, 2 pL of the shared primer (100 ng/uL)
were mixed with 10 units T4 PNK (Molox), 10 pL. PNK buffer (70 mM Tris-HCI pH 7.6,
10mM MgCl2, 5mM DTT), 84.5 uL H20 and 2.5 pL 3?P-y-ATP (Hartmann Analytic,
SRP-501). The mixture was incubated for one hour at 37°C, then purified by phenol-
chloroform extraction. Primer pellets were resuspended in 80 pL H20, and 1 pL of
this labeled primer was used per 20 puL PCR reaction. The marker, pBR322-Mspl Di-
gest (NEB, N3032S), was labeled in the same way, and the pellet was resuspended in
40 uLL. H20 plus 40 pL formamide loading dye (formamide with 21 mM EDTA, 0.02 w/
v bromphenol blue, 0.02 w/v xylene cyanol). 5 pL. RT-PCR mix, 1.5 pL 10x Taq reac-
tion buffer (0.5 M KCl, 0.1 M Tris, pH 8.3, 15 mM MgCl2, 0.01% gelatine), 1 uL non-
labeled forward primer (2.5 ng/pL), 1 pL reverse primer (5 ng/pL), 1 uL radioactively
labeled forward primer ( 2.5 ng/pL) and 0.5 pL. Taq polymerase (purified in the re-
search group) in a 20 pL reaction. Reactions were topped with mineral oil to prevent
evaporation. After the run, the PCR products were mixed 1:1 with formamide load-
ing dye, denatured alongside the marker for 5 min at 95°C, and 5 pL were applied to a
denaturing polyacrylamide-urea gel (7 M urea, 8% polyacrylamide in 0.5x TBE) that
was pre-run unloaded for 15 minutes to ensure optimal product denaturation. Once
the desired degree of resolution was reached, gels were transferred to Whatman pa-
per, vacuum-dried and finally assembled together with a photostimulable phosphor
plate in photographic cassettes. Exposure was performed for two hours or overnight,
depending on the strength of the luminous signal. Imaging was performed with a GE
Healthcare Typhoon 7000 FLA imager and the result quantified using the BioRad Im-
ageLab 6.0 software.

Primer Sequence
T1/TK+ common fw AGCCCACTGCATCACATCAA
T1-specific rv GGGTAAGACACATCCCCACTC
TK+-specific rv GGCTCCCTCACCCAATTCTC

Non-radioactive splicing-sensitive PCRs were performed using the GoTaq G2 poly-
merase (Promega, M7845) with the equivalent of 10 ng reverse-transcribed RNA as
cDNA first strand per 20 pL reaction and 40 amplification cycles. 3 pL of the PCR
product was mixed with 3 pL formamide loading dye and denatured for 5 min at 95°C
prior to application on an 8% polyacrylamide-urea gel that was pre-run unloaded

for 15 minutes. The primer sequences were optimized by the research group of Prof.
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Heiner Schaal at U Diisseldorf, who also kindly provided the reporter vector SVSD1
(published in Brillen et al., 2017). Analysis was performed as described above.

Primer Sequence
Splicing reporter vector fw |[TGAGGAGGCTTTTTTGGAGG
Splicing reporter vector rv  [TTCACTAATCGAATGGATCTGTC

4.12. MOLECULAR CLONING OF EXPRESSION AND REPORTER CONSTRUCTS

Subcloning of ORFs for expression constructs

The pCAGIG backbone was a kind gift from Dr. Kuo Yan. ORFs of Srsf1, Elavl1, Srpk1
and Srpk2 were incorporated in this backbone using the NEBuilder HiFi DNA As-
sembly Cloning Kit (NEB, E2621S) as recommended by the kit protocol. Primers were
designed using the NEBuilder online tool (https://nebuilder.neb.com).

Primer Sequence
Srsfl fw aattcacccgggctagegat ATGTCGGGAGGTGGTGTG
Srsfl rv gtagcggecgeaccggtgat I TATGTACGAGAGCGAGATCTG
Elavll fw aattcacccgggctagcgat ATGTCTAATGGTTATGAAGAC
Elavll rv gtagcggecgeaccggtgat I TATTTGTGGGACTTGTTG
Srpk1 fw aattcacccgggctagegat ATGGAGCGGAAAGTGCTC
Srpk1 rv gtagcggecgeaccggtgat T TAGGAGTTTAGCCAAGGATG
Srpk2 fw aattcacccgggctagcgat ATGTCAGTTAACTCTGAGAAG
Srpk2 rv gtagcggecgeaccggtgatCTAAGAATTCAACCAAGGATG

Generation of splicing reporter vectors

The SVSD1 reporter backbone was a gift from Prof. Heiner Schaal at U Diisseldorf
b(published in Brillen et al., 2017). 5 pL of forward and of reverse oligonucleotides
containing the regions of interest of exon 13A and Sacl and EcoRI overhangs were
annealed in 90 pL annealing buffer (final concentrations: 10 mM Tris, pH 7.5, 50 mM
NaCl, 1 mM EDTA, pH 8, 10 mM MgCl2, all dissolved in water). Annealed oligo-
nucleotides were phosphorylated using T4 PNK as described for radioactive primer

labeling. The oligonucleotide duplexes were ligated with the Sacl- and EcoRI-digested



SVSD1 backbone to generate the reporter vectors.

Oligonu- Sequence

cleotide
13A-1 fw |aattGGGTCTTTTCAAACATAGACAATCATGGGATATTAAACTagct
13A-1rv [AGTTTAATATCCCATGATTGTCTATGTTTGAAAAGACCC
13A-2 fw |aattTGAAGGACAATAGAGATCATCTAGTCCCATCAACTCagct
13A-2rv |GAGTTGATGGGACTAGATGATCTCTATTGTCCTTCA
13A-3 fw |aattCTATATATATGAGGAACCTGAGGTCCAGAGTGGGGATGT-

GTCTTACCCAAGGTCACATGagct
13A-3rv |CATGTGACCTTGGGTAAGACACATCCCCACTCTGGACCTCAG-

GTTCCTCATATATATAG

Insert-positive vectors were selected by transformation into E. coli XL-10 Gold and
subsequent colony PCR using the primers fw TGAGGAGGCTTTTTTGGAGG and
rv GGTTGCTTCCTTCCACACAG. Constructs were then purified and sequenced to

confirm correct insertion.

4.13. KNOCKDOWN CONSTRUCTS

The shScrambled vector (pLKO.1-Venus-shScrambled) was a kind gift from Dr. Ma-
teusz Ambrozkiewicz. The shRNA against TrkC-T1 is published in Parthasarathy
et al., 2021. The other knockdown constructs were Mission shRNA in pLKO.1 back-
bone (Srsf1: TRCN0000287199 and TRCN0000294703; Elavll: TRCN0000112087 and
TRCN0000308991, all from Sigma Aldrich and all with a certified knockdown effi-

ciency of over 90%).

siRNA constructs were a part of an ON-TARGETplus siRNA library from Dharma-
con/Horizon Discovery. For Srsf1 knockdown, we used a pool of four siRNAs (Horizon
Discovery, L-040886-01-0005). The control siRNA was siAllstar (Eurofins genomics,
fw (UUC UCC GAA CGU GUC ACG U)TT, rv (ACG UGA CAC GUU CGG AGA A)
TT).

4.14. SIRNA-BASED KNOCKDOWN

For the simple siRNA-based knockdown, 5 x 104 N2A cells were seeded per well of
a 24-well plate. The following day, cells were transfected with the siRNA pools at a
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final concentration of 0.02 pmol/pL using OptiMEM (Thermo Fisher/Gibco, 31985062)
and the RotiFect reagent (Carl Roth, P001.4) according to the producer’s protocol. The
knockdown duration was 48 hours, after which the medium was removed, the cells

directly collected in TRIzol reagent and snap frozen in liquid nitrogen.

For the siRNA-based knockdown of Srsfl together with the transfection of splicing
reporter vectors, we used the same number of cells but performed reverse transfec-
tion instead. Using the same reagents, we allowed the siRNA-/plasmid-RotiFect com-
plexes to form in OptiMEM in the empty wells of 24-well plates and then seeded the
indicated number of freshly dissociated cells into the wells in 0.5 mL DMEM culture
medium. siRNAs were used in the same concentration as above, together with a total

of 1 pg of plasmid per well. Cells were collected in the same manner described above.

4.15. PROTEIN EXTRACT PREPARATION AND WESTERN BLOTTING

We collected both cells and tissue directly in RIPA buffer (50mM Tris pH 8, 150mM
Nacl, 0.1% SDS, 1% NP40 (Tergitol), 0.5% Na deoxycholate) freshly mixed with prote-
ase and phosphatase inhibitors (PhosStop from Roche, equivalent of 1 tablet per 10
mL, protease inhibitor cocktail from Sigma, 1x, 5 pg/mL pepstatin, 2.5 mM sodium
orthovanadate, 10 mM benzaminidine, 10 pg/mL leupeptin, 1 mM B-glycerophosphate
and 5 mM NaF). 150 uL. RIPA with inhibitors was used per well of a 6-well plate. The
tissue was first minced as described under “RNA extraction”. The tissue homogenate
or cell suspension were briefly sonicated on ice (three pulses at 70% amplitude), then
centrifuged at maximal speed and 4°C for 20 minutes. The cleared lysate was trans-
ferred to a fresh tube and stored at -80°C.

For protein concentration measurement, we used the Pierce BCA Protein Assay Kit
(Thermo Fisher, 23225) and a BioTEK Synergy HT plate photometer. Samples for
Western blotting were adjusted with RIPA buffer to achieve the same protein concen-
tration. The same amount of total protein was applied on all lanes of the polyacryl-

amide gel.

For gel electrophoresis, protein lysates were first mixed with loading buffer (312.5
mM Tris, pH 6.8, 50% glycerol, 20% SDS, 20% [-mercaptoethanol and 2% bromophe-
nol blue) and then denatured for 5 minutes at 95°C. Samples were run on 8-10% poly-

acrylamide gels with stacking and running phases in Laemmli buffer, alongside the



PageRuler Plus Pre-Stained protein ladder (Thermo Fisher, 26620).

For blotting, gels were transferred onto a PVDF membrane (Immobilon-P, pore size
0.45 pm, Millipore, IPVH000010) in a composite of Whatman paper flanked by spong-
es. The transfer was performed in transfer buffer (1:5 methanol, 1:5 transfer buffer
stock - 144.2 g glycine, 30.3 g Tris base, 1 g SDS in total of 2L water - and 3:5 water)

while cooling the transfer system on ice to prevent protein denaturation.

After blotting, membranes were washed twice with TBS-T on a rotating platform,
then blocked for 30 minutes with blocking solution (5% BSA in TBS-T). Primary an-
tibodies were diluted in blocking solution and applied to the blots overnight at 4°C
with gentle agitation. On the following day, antibodies were recovered, the mem-
branes washed thrice in TBS-T, then incubated with secondary, HRP-coupled anti-
bodies for two hours. This was followed by three more washes in TBS-T and signal
development using a luminol-based HRP substrate (Lightning ECL Plus reagent, Per-
kin Elmer, NEL104001EA) in a Bio-Rad Gel Doc XR imager.

Blots were quantified using the ImageLab 6.0 software (BioRad).

4.16. ANIMAL CARE AND HUSBANDRY

Wild-type mice of the NMRI strain were housed, bred, operated on and sacrificed in
the animal facility of Charité Universitdtsmedizin, in accordance to animal experi-
mentation licenses granted to the research group Tarabykin by the Landesamt fiir
Gesundheit und Soziales, Berlin (T102/11, G206/16 and G54/19). In the breedings, the

day of vaginal plug detection was considered E 0.5.

4.17. IN UTERO ELECTROPORATION

Endotoxin-free plasmid DNA was prepared using the NucleoBond Xtra Midi Prep
Kit (Macherey-Nagel, 740410.100). Prior to IUE, DNA concentration was adjusted to
500 ng/uL and mixed with FastGreen dye (final concentration: 0.1%, Sigma-Aldrich).
For the IUE, micropipettes were created by heating and extending borosilicate glass
capillaries (1.5 - 1.8 mm x 10 cm, Kimble and Chase) in a HEKA PIP5 temperature
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controlled pipette puller. The IUE procedure was performed on deeply anesthetized
pregnant mice, in accordance to animal experiment permits. A pneumatic pump (Pi-
coPump PV820, World Precision Instruments) was used to deliver the plasmid DNA
solution through the micropipettes into the embryonic ventricles. Electroporation
was performed with paddle electrodes connected to an electroporator device (CUY21
from Bex Co. Ltd.) in 5 pulses of 34 V. After the surgery, the animals were allowed
to recover under application of analgesic and regular observation. At the indicated
embryonic dates, the pregnant dams were killed and the embryonic brains were col-

lected as described under “Tissue processing”.

4.18. STATISTICAL ANALYSIS

All statistical analysis was performed using the Prism software (GraphPad), employ-

ing the tests indicated in the respective experiments.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1. N2A cells express both TrkC-T1 (upper band) and TrkC-TK+ (lower band). Oaz1
PCR product shown as positive control for cDNA quality.
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Supplementary Table 1 Expression levels of targetted splicing factors in N2A cells. Data obtained from
querying the dataset of wild type N2A cells from Chakrabarti et al. (GSE45160 on GEO at NCBI, Chakrabarti et al.,
2013). Hprt and Actb are shown as controls for highly expressed genes.
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Ml Average I Ml Percent change from ctrl

ctrl 40.511 1.866 0.000
Rbm47 42.244 2.496 -4.278
Elavll 71.546 3.815 -76.609
Rbm22 55.113 2.175 -36.043
Tra2a 48.314 2.404 -19.261
Ptbpl 42.277 1.222 -4.358
Srsfl 25.294 1.204 37.562
Ptbp2 40.941 3.234 -1.062
Hnrnpl 52.111 4.075 -28.634
U2afl 47.383 3.496 -16.962
Khdrbs3 40.443 6.939 0.168
Rbm5 40.256 8.920 0.631
Hnrnph2 48.881 0.646 -20.661
utr 50.063 9.110 -23.579
Ctrl 26.469 1.818 0.000
Mbnl1 24.491 0.068 7.476
Mbnl2 26.096 0.223 1.412
MbnlI3 26.587 0.254 -0.446
Noval 23.458 1.677 11.376
Nova2 22.022 0.946 16.803
Ptbpl 22.092 2.541 16.537
Ptbp2 25.097 0.480 5.184
Rbfox2 25.075 2.358 5.270
Celfl 26.164 0.781 1.155
Celf2 25.561 0.637 3.430
untr. 24.091 1.033 8.986
ctrl 27.261 0.818 0.000
SRSF1 13.139 1.792 51.803
SRSF2 27.087 0.024 0.638
SRSF3 24.269 2.332 10.974
SRSF4 26.874 1.067 1.420
SRSF5 20.797 4.755 23.711
SRSF6 19.053 0.118 30.109
SRSF7 24.704 1.969 9.379
SRSF9 26.110 1.978 4.222
SRSF10 20.243 2.477 25.744
SRSF11 25.540 0.385 6.310
SRSF12 30.351335 0.4632971 -11.3375083
SRPK1 20.94467 0.017774 23.16887155

SRRM2  26.654089 1.6461143 2.225062899
untr. 22.552332 22.552332 17.27150167

Supplementary Table 2 PSI values for the splicing factor knockdowns shown in Figure 2.7, as reported
to the control (siCtrl).
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Supplementary Figure 2 Transcripts from the murine Ntrk3 (TrkC) locus annotated in the Ensembl ge-
nome browser. TrkC-TK+ and TrkC-T1 are indicated. No other transcript variants are described that skip exon
13A but retain exon 14A.

122

Infroduction Contentis

Results

-
o
(72]
(7]
S
O
44

D

Bibliography Materials&Methods




Elavi1l

E125

E13.5

E 14.5

E 16.5

Supplementary Figure 3 Panoramic overviews over the brains resulting from in situ hybridization with
probes directed against Srsf1 and Elavl1, as shown in Figure 2.12 and Figure 2.13.
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Supplementary Figure 4 Expression of Srsf1 and Elavl1 as shown in the single-cell RNA sequencing da-
taset from Telley et al., 2019. Upper row presents expression profiles of genes characteristic for apical radial glia
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