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Neuronal circuits consist of hierarchical assemblies of highly specialized neuronal cell types,
each characterized by distinct structural, physiological and molecular features. Formation,
maintenance and adaptation of these specific cellular features are instructed by molecular
programs that largely depend on alternative splicing to tailor gene expression. Recently, some
splicing factors have been discovered to be selectively expressed in subsets of neuronal
classes, indicating that they contribute to the diversification of the specific properties of these
neurons. However, the molecular programs that these cell type-specific alternative splicing
factors regulate as well as their impact on physiological function is largely unknown. In my
PhD-thesis, | therefore aimed to investigate whether and how the modulation of alternative
splicing programs in neurons contributes to the acquisition of unique structural and functional
properties that shape neuronal connectivity.

In a survey of ribosome-associated mMRNAs from genetically-defined neuronal populations
of the mouse brain, | discovered that the RNA-binding protein 20 (RBM20) seemed to exhibit
remarkable neuronal cell class-specific expression. RBM20 had previously been characterized
only in the heart and skeletal muscle, where it drives alternative splicing of Titin as well as
calcium signaling related transcripts such as Camkl/ld and Cacnalc (Guo et al., 2012; Maatz
et al., 2014; van den Hoogenhof et al., 2018). In a series of immunohistochemistry and omics-
based experiments in the mouse brain, | then determined that RBM20 protein expression is
selective for a population of Parvalbumin positive (PV*) GABAergic interneurons in the
neocortex and for a glutamatergic (vGlut2*) population of mitral and tufted neurons in the
olfactory bulb. In a complementary effort to uncover the RBM20-dependent alternative splicing
program in these areas, | performed affinity isolation of ribosome-associated mRNAs from
genetically-defined neuronal populations, in mice where RBM20 was either expressed or
ablated. RBM20 loss led to transcriptomic rearrangements both at the level of gene expression
and alternative splicing only in the olfactory bulb but not in PV interneurons of the neocortex.
The changes in the olfactory bulb were directed towards genes involved in ion channels,
cytoskeleton, cell-adhesion and synapse density. Finally, characterization of mitral cell
morphology did not reveal significant differences in structural properties, while behavioral
phenotyping of RBM20 mutant mice suggested a potential impact in value-associated odor
memory formation.

Collectively, the combination of transcriptomic analysis, morphological studies and
behavioral approaches in Rbm20 conditional knock-out mice, provide a detailed
characterization of RBM20’s role in the determination of neuronal function and possibly
synapse specification. This is partially contrasting its described function in the heart, which

was further confirmed by our RBM20-CLIP analysis in this tissue. Together with future efforts



Summary

to expand our understanding of how splicing factors determine neuronal properties, this data

has the potential to improve therapeutic avenues for neurological diseases.
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1.1 General Introduction

“The brain is a tissue. It is a complicated, intricately woven tissue, like nothing else we know
of in the universe, but it is composed of cells, as any tissue is. They are, to be sure, highly
specialized cells, but they function according to the laws that govern any other cells. Their
electrical and chemical signals can be detected, recorded and interpreted and their chemicals
can be identified; the connections that constitute the brain's woven feltwork can be mapped.

In short, the brain can be studied, just as the kidney can”. David H. Hubel

Hubel was awarded the Nobel prize in 1960 for his discovery that visual impressions arise from
signals generated by light in the eyes, which are then transmitted to and integrated by the
brain. Although this may appear to be a simple process that occurs naturally every day as soon
as we wake up, it is actually a complex mechanism requiring the interaction of thousands of
cells. These cells analyze and interpret contrasts, patterns, directions and movements to
create a sophisticated visual experience.

Every feeling, odor, experience, thought, action, memory and movement of the world
surrounding us is a function of an intricate ensemble of responses that the brain produces. In
fact, neuronal networks, have the ability to discriminate between and adapt to a plethora of
external and internal stimuli to support the correct functioning of neuronal circuits and produce
an appropriate response. Each neuron can make contacts with thousands or even tens of
thousands of others, through very defined structures called “synapses”, a term introduced by
Charles Sherrington in 1897 (Foster et al., 1897; Glasgow et al., 2019; Shepherd & Erulkar,
1997). These are highly organized structures that are able to convert incoming electrical
signals into outgoing chemical signals, which are released in the form of neurotransmitters.
Following new experiences and throughout development, these cells undergo constant
remodeling and shaping of circuits as a function of neuronal plasticity, an essential process for

circuit establishment and maturation.

The intricacy and spatiotemporal variability of neuronal networks in different brain regions and
developmental stages are extremely fascinating, but they also present a challenge in
comprehensively dissecting brain function. Specifically, many of the mechanisms that instruct
the formation of these functional networks both at the molecular and cellular level, are still
poorly characterized and current subject of investigation. The foundation of much of our
understanding of the brain comes from the past research of neuroanatomists and
neurobiologists. Santiago Ramoén y Cajal, considered the father of modern neuroscience,

meticulously categorized neurons based on their morphological features and recognized that
11
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their intricate shape is tailored to their specific function in the brain. This pioneering work

formed the basis for investigating the highly-structured connectivity patterns of neuronal cells.

In the following sections of this introduction, | will discuss how phenotypic diversity among
species is explained from an evolutionary perspective and elaborate on the proposed
underlying mechanisms. | will illustrate how post-transcriptional tuning of gene expression
shapes neuronal diversity through the acquisition of molecular identity and unique cellular and
synaptic properties, to promote the correct assembly and functioning of circuits. | will then
focus on alternative splicing, a key process in driving the expansion of the coding power of

genes, and describe the role of splicing factors in the context of health and disease.

Finally, I will uncover and discuss the scope of my PhD project, focusing on investigating the
role of the RNA-binding protein RBM20 in controlling cell-class specific molecular programs

and shaping neuronal functions.

1.2 Phenotypic diversity: on the road to evolution

Comparative studies across different species have highlighted that, following millions of years
of evolution, flies (Drosophila melanogaster), worms (Caenorhabditis elegans), and primates
(Primates Linnaeus) share some highly conserved protein coding gens. One example is the
homeobox (Hox) genes, which are involved in the definition of body patterning during
development (McGinnis & Krumlauf, 1992; Pearson et al., 2005).

So how can we explain the immense phenotypic differences between these species?

First, there is a solid body of evidence to support the pivotal importance of genome expansion
throughout evolution as one of the major drivers of phenotypic diversity. Indeed, while a fly
genome is predicted to have a total of ~9’000 protein coding genes, C. elegans is estimated to
have around 19°000 (McVean, 2000; McVean & Hurst, 2000). In an attempt to explain the
emergence of new protein coding genes in the genome, various mechanisms have been
described. For example, gene duplication, the integration of retro-genes or post-transcriptional
regulation mechanisms provided by noncoding RNAs (ncRNASs), have greatly expanded and
diversified gene function during evolution (Kaessmann, 2010). This is illustrated by the
Morpheus gene family, which emerged in a primate ancestor and was associated with a strong
selective pressure due to the massive amount of segment duplication found in these
hominoids. The increase in gene number is considered essential for promoting functional and

phenotypic evolution, as gene duplication likely has allowed for the acquisition of new functions
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in primates (Ohno, 1970) (Kaessmann, 2010). In addition, de-novo protein coding genes have
been found to originate from non-coding stretches of DNA sequence, underscoring the
importance of genomic noncoding regions. Finally, while gene expression (GE) is well
conserved across species and cannot account for the majority of phenotypic innovation, post-
transcriptional mechanisms of gene expression regulation, such as alternative splicing (AS),
may represent a significant source of species-specific differences (Barbosa-Morais et al.,
2012; Blencowe, 2006; Gallego-Paez et al., 2017; Merkin et al., 2012; Ule et al., 2006).

1.2.1 Proteome vs. transcripts: how can humans and worms look so different?

Technological advances in nucleotide sequencing have enabled the characterization of the
full-length DNA sequence of an organism's entire genome (Shendure & Ji, 2008), which allows
a more accurate estimation of the number of protein-coding genes in different species.
Intriguingly, these technologies revealed that differences in the number of genes between
vertebrates and lower-order species are much smaller than previously thought. More
specifically, while a mouse genome encodes for 22’437 protein-coding genes, the C. elegans
genome harbors a similar number of around 20°000 protein coding genes (Mitani,
2017)(WormBase.org). This suggests that the complex tissue organization observed in
complex organisms do not exclusively rely on the increase in cell number and organ size, but
instead, on an enhanced functional specialization of tissues. In fact, the resulting proteome of
these organisms is differing largely, reflecting the increasing complexity between these two
species. So, what are the molecular mechanisms that shaped the functional, morphological,

physiological and behavioral evolution of these organisms?

Research during the last two decades has massively improved our understanding of the basic
principles underlying gene expression regulation. It has thus become clear that mechanisms
other than gene duplication must be in place in order to fully explain the immense proteome
diversity of organisms with higher tissue complexity (Maniatis and Tasic 2002; Blencowe
2006). One of these mechanisms, and a powerful means by which cells can massively expand

the complexity of both their transcriptome and proteome, is alternative splicing.

Alternative splicing is the process through which multiple mRNA isoforms can be generated
from one single pre-mRNA molecule. This process is based on the usage of alternative splice
sites present in the pre-mRNA that lead to either inclusion or exclusion of a given exon. The
differences between the resulting mature mRNA transcripts (isoforms) can fundamentally alter

the protein function or subcellular localization.
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In humans, around 95% of protein coding genes are estimated to undergo alternative splicing
(Wang et al., 2008), while this percentage is drastically decreased in less complex organisms.
In particular, there is a strong correlation between the increase of alternatively spliced
transcripts and the level of species complexity, indicating that alternative splicing was crucial
in driving this evolutionary path (Barbosa-Morais et al., 2012; Blencowe, 2006; Gallego-Paez
et al., 2017; Merkin et al., 2012; Ule et al., 2006).

1.2.2 The nervous system leads the way towards complexity

With the advent of RNA-sequencing (RNA-seq) and single-cell sequencing (sc-RNAseq)
technologies, our understanding of the complexity and tuning of gene expression regulation
has significantly improved. Post-transcriptional mechanisms and the crucial function of
alternative splicing in cellular physiology and disease conditions is much better understood.
However, very little is known on how the nervous system has developed through evolution to
continuously reach higher levels of complexity in modern species, and how neuronal networks
in humans differ from those of cognate primates.

As alluded to above, alternative splicing is one of the main mechanisms explaining
diversity, besides obvious changes in gene numbers, overall brain size and number of neurons
across taxa. A big advancement in the description of alternative exon usage in different
species, cells and tissue types or at different stages of development, was achieved by the
generation of a genome-wide atlas of vertebrate and alternative splicing transcription
database (VastDB), in which 1478 RNA-seq datasets were analyzed (Tapial et al., 2017). One
of the main insights revealed by this study was that alternative splicing events that are
conserved across tissues and species are mainly involved in the modulation of transcription
factors and chromatin regulation, which are directing fundamental steps of organismal
development. In contrast, alternative splicing events appear to less frequently drive tissue
specific functions. Moreover, and very interestingly, neuronal tissue was identified as the tissue
with the highest number of alternative splicing events, followed by muscle and heart tissues
(Tapial et al.; 2017(Mazin et al., 2021)).

Collectively, this provides further evidence to support the idea that alternative splicing,

and the regulation of gene expression in general, correlates with the complexity of tissues
(Fig.1).
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Figure 1: Tissue regulation of exon alternative splicing in different human tissues

The bar plot is showing the number of alternatively spliced exons with increased percent spliced in index (PSI) in
different human tissues. Neural, muscle and heart tissue types appear to have the highest alternative splicing

regulation. Figure adapted from Tapial et al.; 2017.

1.3 Diversity matters: Cell type specification is important for the
correct operation of circuits

Neuronal cells exhibit a remarkable degree of diversification. In any brain region, there are
tens to hundreds of specific cell types characterized by unique molecular, morphological, and
functional properties. All of these features are crucial for the correct operation of circuits.

In the last decade, sc-RNAseq studies have largely contributed to the fine dissection of
transcriptomic programs of individual cell types. They have also provided a better
understanding of the molecular signatures that define cell type-identity, and how the molecular
profiles match with functional properties of cell types. Importantly, with the help of sc-RNAseq
data, subpopulations of neurons can be segregated based on cell-type specific “marker
genes”. Together with previously established methods, scientists are now able to more acutely
classify cells into different groups based on their morphology, neurochemistry, synaptic
strength or firing properties (Paul et al., 2017; Tasic et al., 2016; Zeisel et al., 2015). Data
emerging from sc-RNAseq studies further indicate that synaptic scaffolding proteins are key to
determine neuronal identity and intrinsic properties (Tasic et. al.; 2016; Tasic et al.; 2018). One

of the challenges is that, even though belonging to the same subgroup, cells may be integrated
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in distinct neuronal pathways. Therefore, it has become increasingly clear that additional
parameters might be required to fully distinguish neuronal subpopulations.

However, besides transcriptional differences, some of the morphological and functional
diversifications between cell type/classes rely on the specific regulation of post-transcriptional
mechanisms. Recent evidence suggests that alternative splicing programs provide a

mechanism for protein functional diversification, thus defining neuronal classes.

1.3.1 What is a cell type? Characterization of neuronal properties to specify neuronal
identity

Brain function relies on a variety of cell types, including neurons, glia (microglia, astrocytes

and oligodendrocytes), and mesenchymal cells. Extensive work from multiple laboratories
leveraging the recent technological advances has allowed the characterization of the diversity
of brain cell types and transcriptomes. Fast and high-throughput methods enabled the
unbiased sampling and categorization of more than 23’822 cells, capturing even rare cell
populations (Tasic et al; 2018). However, given the intricacy of this system, a comprehensive
understanding of how brain circuits work can only be achieved when taking into account also
neuronal morphology and projection patterns and intrinsic features. While many have put their
efforts in trying to categorize and profile cells into types and subtypes by looking at which RNAs
are expressed in each cell, others tried to tackle the complexity of the brain by combine
sequencing data with functional assays and morphological or projection pattern analysis to link
neurons to their identity (Tasic et al.; 2018, Zeisel et al.; 2016). In addition, technological
advancements have enabled complete brain imaging reconstruction using automated
fluorescent and electron microscopy. The combination of Cre-dependent sparse labeling
genetic models, (e.g. MOnonucleotide Repeat Frameshift (MORF) transgenic mice (Veldman
et al., 2020), and the use of recombinant intrabody fluorescent probes that bind endogenous
synaptic components such as PSD-95 or Gephyrin (FingRs, Fibronectin intrabodies generated
with  mRNA display), provide an efficient approach to selectively target and monitor
endogenous proteins as well as neuronal morphological features in both fixed and live tissues
using super-resolution imaging platforms (Gross et al., 2013; Rimbault et al., 2019).

Thus, researchers can gain insights into cell morphology and create large datasets of cleared
tissues and even entire organs, improving the signal-to-noise ratio and mapping neuron
connectomes. Additionally, two-photon microscopy paired with sequencing or spatial
transcriptomic approaches can track cellular changes and their molecular signature across
development, while calcium imaging data enable scientists to infer neuronal electrical activity
(Chen et al., 2015; Cho et al., 2017; Fantuzzo et al., 2020; Wu et al., 2019; Zheng et al., 2018).
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Despite the challenges of achieving a more detailed spatio-temporal resolution, the huge
amount of available datasets shows the existence of hundreds of individual cell types in the
brain and allows us to expand our understanding of the variety among neurons. However, the
massive amount of accumulated data brings along the problem of how to store, analyze and
integrate different datasets. We therefore need to establish new analysis pipelines, which grant
a better insight into the biological questions we are trying to answer.

1.3.2 Landscape of neuron types and properties.

The brain is composed of over 100 billion neurons, organized into complex circuits that enable
the processing and transmission of information. Excitatory and inhibitory neurons work
together to maintain a balance of activity within the brain. Neurons can be classified into
different types, based on their anatomical and functional properties. The two major classes of
neurons are the glutamatergic projection neurons (PNs) and the GABAergic interneurons
(INs). PNs are the most abundant type of neurons, accounting for 80% of all cortical neurons
(Lodato and Arlotta, 2015), while GABAergic INs account for 20% (Meyer et al., 2011). PNs
primarily transmit electrical inputs between neurons and across brain areas, while INs have
the essential function of sculpting network dynamics through feedback and feedforward

inhibition, allowing for precise control of neural activity in circuits (Kepecs and Fishell, 2014).

The classification of neurons based on their anatomical and functional properties is
fundamental in understanding their roles in neurronal circuits. While the complete array of PN
and IN types is not fully understood, recent studies have shown that there is a great degree of
molecular and functional diversity within these neuronal classes (Tasic et al., 2018; Tasic at
al.; 2016). This diversity is reflected in the unique patterns of gene expression that define each
type of neuron and is critical for their functional specificity. Recent studies support the idea that
the orchestration of global and tissue/cell type-specific alternative splicing programs requires
a deeper understanding of how splicing factors and cis and trans-acting elements interact and
cooperate together (Zhang et al., 2016). Identification of these molecular networks will help to
elucidate the function of alternative splicing events and dissect new gene functions at the exon-

level resolution in single neuronal classes.

Further, it is important to consider the circuital organization that a certain neuronal population
is forming. In fact, depending on the brain region, interneurons form diverse microcircuit motifs,
each contributing to the specific functions of the neural network. For example, in the cerebral

cortex, basket cells provide powerful feed-forward inhibition onto the soma of pyramidal
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neurons. Another microcircuit motif in the cortex is formed by the dendrite-targeting
interneurons, which selectively inhibit dendrites of pyramidal cells and modulate their
integration of synaptic inputs (Isaacson & Scanziani, 2011). In contrast, in the olfactory bulb,
inhibitory neurons provide lateral inhibition of circuits, meaning that they inhibit neighboring
glutamatergic neurons making synapses onto their lateral dendrites, thus promoting
competition and enhancing the selectivity of neural responses (Egger et al., 2003).

In my thesis, | examined cellular phenotypes and molecular programs in GABAergic
interneurons of the neocortex and glutamatergic neurons of the olfactory bulb microcircuits.
For this reason, | will provide the functional and anatomical organization of these cell types

and networks in the following sections:
Cortical Interneurons

Cortical interneurons, a type of inhibitory neuron, play a crucial role in regulating the activity of
excitatory neurons within the cortex and are divided into several subtypes based on their
morphology, electrophysiological properties, and neurochemistry. These neurons produce and
release the neurotransmitter Gamma-aminobutyric acid (GABA) at their synaptic terminals,
which generates an influx of ions, thus producing a hyperpolarizing effect in the postsynaptic
neuron. Unlike PNs, INs mainly form synapses within the brain structure where their soma is
located (Fishell & Kepecs, 2020; Kepecs & Fishell, 2014).

The cerebral cortex of mammals contains different subtypes of inhibitory neurons with different
morphologies, electrophysiological properties, and connections within the neural circuits. Paul
and colleagues (Paul et al., 2017) showed that by using six genetically labeled GABAergic
neuronal populations in the murine neocortex, genes involved in the regulation of synaptic
properties appeared to be the major drivers of diversification and specification of neuronal

identity.

Interneurons in the neocortex exhibit distinct differences in excitability, synapse placement,
and morphology depending on their specific subtype, contributing to the overall complexity of
cortical processing. Understanding these differences is essential to unravel the precise

mechanisms underlying cortical information processing.

Parvalbumin positive (PV*) interneurons are a subtype of cortical interneurons that are
characterized by the expression of the calcium-binding protein parvalbumin, and are fast-
spiking interneurons, regulating the activity of pyramidal neurons within the cortex (Ferguson

& Gao, 2018)(Marin, 2012). They have a small cell body and short dendrites, which means
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that they have a limited spatial range of inhibition and they form synapses primarily with the
soma of pyramidal neurons. On the other hand, Somatostatin (SST) interneurons fire action
potentials at a moderate rate. They have long dendrites compared to PV interneurons and they
primarily target dendrites of PNs (Riedemann, 2019).

Finally, other groups of INs are identified by the expression of specific markers such as the 5-
hydroxytryptamine 3 serotonin receptor (5HT3aR), or the vaso-intestinal peptide (VIP).
Despite the great heterogeneity of INs, they all contribute to the fine-tuning of synaptic and
neuronal activity within the cortical circuit. The diversity in IN types allows for more precise
control over the firing activity of pyramidal neurons, rather than just suppressing excitation.
Moreover, VIP interneurons in cortex provide inhibition to Somatostatin positive interneurons,
which in turn can disinhibit pyramidal neurons and enhance cortical activity (Apicella &
Marchionni, 2022; Pi et al., 2013; Riedemann, 2019).

Given the importance of INs in regulating brain function and maintaining excitatory/inhibitory
balance, it is not surprising that defects in IN development and function have been linked to a
wide range of neurological and neuropsychiatric disorders, such as epilepsy, schizophrenia,
and autism spectrum disorders (ASDs) (Marin, 2012; Yizhar et al., 2011).

1.3.3 The olfactory bulb: circuitry, molecular diversity and cellular plasticity

The sense of vision, hearing, smell, taste, and touch are essential tools we use in our everyday
life to perceive and sense our environment. All the information we gather from the external
world is integrated in higher areas of the CNS, which involves thousands of neurons that
process the incoming signals to generate specific output reactions. In animals, senses are
particularly important for survival in the wild. For example, a migratory bird's sense of direction
and magneto-reception enables navigation over long distances and prey's sense of hearing or
sight allows it to detect the presence of predators. Mice rely heavily on their sense of smell,
which they use for essential functions such as looking for food, evading predators and for
mating. Their olfactory epithelium has thus evolved to detect odorants with great sensitivity,
which is achieved by the expression of a large variety of olfactory receptor (OR) genes (up to
1,000 compared to 350 in humans) (Imai, 2014; Malnic, 2007) and more developed sensorial
system compared to humans.

When looking at a drawing of the olfactory murine system from Ramon y Cajal one can

appreciate the level of complexity of this circuitry (Fig. 2). Here, many different cell-types with

19



Introduction

diverse and sometimes opposite properties interact with each other to detect and correct

stimulus processing.
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Figure 2: Drawing of neuronal cell types and circuitry of the murine olfactory bulb by Ramén y
Cajal

lllustration of the olfactory bulb circuitry with additional modifications. In a simplified view: olfactory sensory neurons (in
blue) sense the external environment and transfer information to the glomeruli, the functional units of the olfactory bulb, where
they form synapses with mitral and tufted glutamatergic neurons (in magenta and orange, respectively). These neurons are the
main output neurons of the olfactory bulb and send their axonal projections to higher olfactory cortical areas as well as to the
amygdala and the ventral tegmental area, which are involved in memory formation and reward, which in turn feed-back to
inhibitory granule cells of the olfactory bulb (neuron in green). These neurons make dendro-dendritic synapses with

mitral and tufted cells to finely tune odor perception and association.

The main olfactory bulb (MOB) is the principal hub for odor processing (Fig.3A,3C), with major
glutamatergic neurons transmitting the stimulus to higher cortical olfactory regions for the
formation of odor memories and associations. Mitral and tufted cells axons are fasciculated
and extend collaterals which project to different areas, amongst which the accessory olfactory
nucleus (AON), the olfactory tubercle (OT), the entorhinal cortex and and the piriform cortex
(Macrides et al., 1985). The piriform cortex is divided into two main regions: anterior (aPCX)
and posterior (pPCX) and is a key brain area for odor association. While the axons of tufted
neurons selectively innervate the anterior piriform cortex, mitral cells project to both areas;

however, a definitive topographic map of the bulbofugal projection pattern to the olfactory
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cortex has not been established yet (Macrides et al., 1985; Nagayama et al., 2010; Schoenfeld
et al., 1985).

Meanwhile, the MOB receives top-down inputs from central regions of the CNS and
cortical areas, mapping out circuits that are pivotal for odor preference and odor memory
formation. For example, odor-preferences in mice are in part shaped by connections from the
ventral tegmental area (VTA) to the medial olfactory tubercle (mOT) (Zhang et al., 2017).
Dopaminergic (DAergic) neurons in these areas are involved in reward and olfaction.
Optogenetic activation of VTA-mOT DAergic fibers leads to preference formation for space
and neutral odor, while blockade of dopamine receptors in the mOT prevents odor-preference
formation. Moreover, specific OT domains represent odor-induced distinct motivated behaviors
(Murata et al., 2015) and receive direct axonal inputs from OB tufted cells providing a possible
pathway underlying behavioral phenotypes.

Other signals involved in odor responses and social recognition depend on the release
of the neuropeptide oxytocin (OXT) (Oettl et al., 2016). Evoked OXT release in the
paraventricular nucleus (PVN) enhanced the intensity of olfactory exploration behaviors and
improved recognition. Oxytocin activates the AON and its top-down projections to inhibitory
granule cells in the MOB, driving inhibition of M/TCs, thus enhancing odor responses and
improving social recognition. Finally, great relevance in the context of recognition and social
interaction with conspecifics is represented by the vomeronasal system/organ (VNO), which
senses pheromones, attractants, and repellents produced by individuals of the same or
different species. Vomeronasal sensory neurons (VSNSs) project to rostral or caudal regions of
the accessory olfactory bulb (AOB) (Berghard & Buck, 1996; Dulac & Axel, 1995), regulating
sex-specificity of behavioral responses (Dulac & Kimchi, 2007; Dulac & Wagner, 2006)
(Fig.3B). Research conducted over several decades has established significant differences in
the functional properties of the vomeronasal and olfactory systems, which are accompanied
by distinct neural pathways (Halpern, 1987; Halpern & Martinez-Marcos, 2003). The anterior
olfactory bulb (AOB), which is structurally organized similarly to the MOB, also contains mitral
cells. However, these neurons project to different regions compared to mitral cells of the MOB,
including the limbic system nuclei, the nucleus of the accessory olfactory tract and the medial
amygdaloid nucleus. These areas further project to hypothalamic nuclei, which are associated

with reproduction, aggression, and parental behavior (Kimoto et al., 2005).
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Olfactory sensory neurons
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Figure 3: Cellular architecture and odor processing of the main olfactory and vomeronasal
systems

A-B) Olfactory sensory neurons in the main olfactory epithelium (MOE) express specific odorant receptors and
project to a specific glomerulus in the main olfactory bulb (MOB). Each mitral cell in the MOB receives inputs from
only one type of sensory neuron, which results in little integration of signals. In contrast, the vomeronasal system
(VNO) has sensory neurons segregated into apical and basal zones based on the position of their cell bodies (yellow
and pink zones respectively). Based on their position in the VNO, neurons project to multiple glomeruli in the anterior
or posterior half of the accessory olfactory bulb (AOB) (Adapted from Dulac and Wagner, 2006). C) lllustration
showing the combinatorial receptor codes for odorants and how these are processed in the MOB. Each OSN
expresses only one functional olfactory receptor (OR) gene. OSN axons expressing the same OR converge to a
specific glomerulus in the OB, where each glomerulus represents one OR species (Adapted from Sakano et al.;
2010).

Structure and function of the MOB

The main olfactory bulb is composed of several layers (Nagayama et al., 2014; Tufo et al.,
2022), the innermost of which is the granule cell layer (GCL), which is where aspiny inhibitory
neurons reside and receive centrifugal innervation from the OB afferents. Moving towards the
surface, the mitral cell layer (MCL) is home to glutamatergic neurons where the major output
neurons of the olfactory system are mitral and tufted cells. The external plexiform layer (EPL)is
a zone with few cell bodies (besides some middle-tufted cells and parvalbumin positive
interneurons) but it is the region where granule cells make dendro-dendritic synapses onto the
lateral dendrites of mitral and tufted neurons, enabling fine tuning of odor perception (Kersen

et al., 2022; Naritsuka et al., 2009). Ultimately, mitral and tufted neurons extend their apical
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tufts to the glomeruli, where they receive odor information from the external environment by
making synapses with olfactory sensory neuron (OSN) axons. This synaptic organization
closely resambles the connectivity among bipolar and horizontal receptor cells in the retina
described in 1970 by Shepherd, which points towards the possibility of a similar mechanism of
sensory processing between olfactory regions.

Specifically, odorant signals are encoded as an odor map of activated glomeruli in the
olfactory bulb, with each odorant being recognized by specific combinations of odorant
receptors (ORs) (Malnic et al., 1999; Sakano, 2010; Takeuchi & Sakano, 2014). In fact, a single
OR recognizes multiple odorants, and conversely, a single odorant is recognized by multiple
ORs, therefore, different odorants are recognized by different OR combinations. This leads to
the conversion of odorant signals received by olfactory sensory neurons (OSNSs) in the
olfactory epithelium into a two-dimensional map of activated glomeruli with varying activity

levels in the olfactory bulb.

The olfactory bulb is a site of great synaptic plasticity. Throughout adulthood, neurons are
generated by stem cells in the subventricular zone (SVZ), from where they migrate through the
rostral migratory stream (RMS) and integrate into the olfactory circuitry (Chaker et al., 2016;
Fuentealba et al., 2015). Based on their location in the niche, adult neural stem cells (NSCs)
produce different subtypes of olfactory bulb interneurons (Merkle et al., 2014) . Granule cells
are the major class of interneurons in the olfactory bulb. As a very diverse class of neurons,
they were grouped into Type I, Type Il and Type IIl based on the position of their soma in the
GCL and which class of projection neurons they target for lateral inhibition (Egger et al., 2005;
Macrides et al., 1985). In addition, recent research conducted in the laboratory of Prof. Fiona
Doetsch has demonstrated that certain life events, such as fasting or pregnancy, can activate
various pools of NSCs to promote temporary neurogenesis and gliogenesis (Paul et al. 2017,
Chaker et al. 2021, Biorxiv). In the case of pregnancy, this process results in the sequential
maturation of short-lived interneuron subtypes, which integrate in the olfactory bulb circuitry
during the perinatal period, offering a new mechanism for spatio-temporal control of brain
plasticity under specific physiological needs. During motherhood, mitral cells exhibit a type of
cellular plasticity in response to social odors. This plasticity is characterized by an increase in
inhibitory tone, which may play a role in the general reduction of responsiveness to odors and
the simultaneous enhancement of the representation of specific biologically relevant odors
(Vinograd et al., 2017).

Finally, a form of synaptic plasticity associated with mitral cells upon social transmission
of food preference (STFP) (Liu et al., 2017; Loureiro et al., 2019). The study shows that mice

form long-term memory (up to 14 days) of food odors. This form of long-term potentiation (LTP)
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of synaptic strength happens selectively at the GABAergic component of dendro-dendritic
synapses of granule and mitral cells in the olfactory bulb. The combination of odor exposure
in a social context elicits the secretion of the insulin-growth-factor (IGF1) from mitral cells and
the recruitment of additional GABA receptors (GABA-R) in these neurons.

Mitral and Tufted cells of the olfactory bulb

Mitral and Tufted neurons (MC-T; cells respectively depicted in pink and orange in Fig.3), are
very heterogeneous classes of glutamatergic neurons of the olfactory bulb (OB) and their
responses are shaped by GABAergic inhibition in the glomerular and EPL layer, from short
axon cells, granule cells and PV positive neurons. Since these cells receive inhibition mainly
onto their secondary dendrites, morphology is critical for their functional properties. Mitral cells
(MC) have a relatively simple dendritic tree and a large soma, while in contrast, the dendritic
tree of tufted cells (TC) is much more complex. Moreover, while internal tufted neurons and
mitral cells have wide and symmetrical dendritic arborization, more superficial TCs have
progressively shorter and asymmetrical distribution of dendrites and a smaller receptive field
than mitral cells. For example, it has been reported that one single mitral cell in the rabbit
olfactory bulb has up to ~15’000 um of secondary dendrites, which is almost four times longer
than that of middle tufted cells (Mori et al., 1983).

Previously, these two classes of glutamatergic neurons had been primarily distinguished
based on their soma laminar position in the OB, as well as by their morphology, soma shape,
and position of lateral dendrites. Mitral cells are located exclusively in the mitral cell layer (MCL)
and send their apical dendrites towards the glomeruli — the functional units of the OB — where
they connect with olfactory sensory neurons (OSN), each expressing a specific odorant
receptor. Furthermore, mitral cells are classified based on the location of their secondary
dendrites in either more superficial or deep regions of the EPL (mitral cell type | and type Il
respectively), (Orona et al., 1984). Tufted cells, in turn, can be found in three possible locations,
internal tufted neurons in the MCL, middle tufted neurons in the external plexiform layer (EPL),
and external tufted neurons also in the glomeruli layer.

Surprisingly, the belief that mitral cells make synapses in a single glomerulus thus receiving
direct input from OSNs expressing a single type of odorant receptor, continues to persist and
has to be further investigated (Kato et al., 2012). However, by using two photon imaging, we
sporadically observed also cases where one mitral cell had a bifurcation of its apical dendrite,
therefore being able to reach out to two distinct but nearby glomeruli. The advent of sScRNAseq
has enabled a further categorization of these neurons based on their neurochemistry. As such,
a recent study categorized these neurons into three different clusters based on the expression

of marker genes, one of which being Eomes (Tbr2). Amongst others, Pcdh21, vGlut2 and
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Tbx21 appeared to be enriched in the same neuronal cluster (Tepe et al., 2018). Additionally,
differences in neurochemistry between different types of olfactory projection neurons have
been observed, with medial and external tufted cells expressing dopamine and those within
the glomerular layer being peptidergic (Hayar et al., 2004; Sun et al., 2020). Despite these
advancements, there are currently no tools or marker genes available, which allow for the
definitive distinction between mitral and tufted cells. Looking at the expression of these marker
genes, neuronal tracing studies elucidated the presence of two distinct waves of glutamatergic
neurons generated from different niches at different developmental stages (Roybon et al.,
2015). More specifically, ND1* progenitors are generated from the sub-ependymal zone (SEZ)
at embryonic day 15.5 (E15.5). This first wave of glutamatergic neurons differentiates into
mitral cells and tufted cells and around one-third of them express the Tbr2 marker at PO, and
at P5. The same cells are also present in the GL. In the second wave, neurons originating from
the dorsal region of the SVZ after birth, integrate into the granule cell layer (GCL) and express
vGlutl and vGlut2 markers as well as tufted neuron markers. The first wave of neurons is both
vGlutl* and vGlut2® and during development these neurons transiently also express other
markers such as calbindin and calretinin. However, after postnatal day 5 (P5), GABAergic
markers are no longer expressed. Interestingly, a fate mapping study using BrdU incorporation
in dividing neurons revealed that tbr2*, BrdU* neurons in the RMS either lose Thr2 expression
or fail to reach the olfactory bulb. No BrdU*, Tbr2*, vglut2* neurons were observed in the OB,
indicating that these neurons are not generated in adulthood but rather during embryonic
development (Brill et al., 2009).

Finally, mitral and tufted neurons have distinct intrinsic properties which allow them to play
different roles in the processing of olfactory information. Mitral cells have a high degree of odor
selectivity, allowing for a high firing rate. In addition, a fast action potential with a large
amplitude and a relatively short duration and a high input resistance enables them to respond
to small input changes. Tufted cells, on the other hand, have a slower firing rate with a smaller
amplitude and a longer duration. While deep mitral cells and internal tufted neurons are less
responsive to olfactory sensory neuron stimulation, superficial tufted and mitral cells have a
higher probability of response and lower threshold for activation and a tendency for multiple
spiking. Furthermore, when presented with different odorant concentrations, tufted cells are
activated at lower concentrations, making them more sensitive than mitral cells. Mitral cells
that are spatially close to each other respond similarly to odors and are thus called "sister
cells", while distal cells, in turn, are regulated by different pools of granule cells and exhibit
differences in odor selectivity (Kikuta et al., 2013; Macrides et al., 1985; Schoenfeld et al.,
1985).
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In conclusion, different projection neurons sharply and heterogeneously tune odor information

throughout experience and development.

1.4 How is transcriptomic diversity generated?

Despite the fact that the identity of neurons and their specific connections are, to a large extent,
determined by their genetic information, the relationship between cellular diversity in neurons
and the high level of specificity in their synaptic connections is not yet fully understood.
Transcriptomic diversity is generated through a complex interplay between genetic and
environmental factors (Gilbert, 2004). At the genetic level, transcriptomic diversity is driven by
the presence of genetic mutations and genetic recombination. For example, genetic mutations
can alter the sequence of a gene, leading to differences in the resulting mMRNA transcript.
Additionally, gene duplication events, which lead to the generation of paralogue proteins, can
increase the complexity and diversity of biological systems, as they can provide backup
functions or perform different roles in different tissues or under different conditions (Kaessman,
2010; Ohno et al.; 1970). Finally, environmental factors, such as temperature, nutrient
availability, and exposure to toxins, can also impact the transcriptome by regulating the
expression of genes. This regulation can be achieved through a variety of mechanisms,
including epigenetic modifications, changes in chromatin structure, and the activation or
repression of transcriptional regulatory elements. The complexity of these interactions means
that the transcriptome of an organism can be highly dynamic and responsive to changing
environmental conditions thus providing a fitness advantage in certain conditions (Liu et al.,
2022; McAllister et al., 2017) . Ultimately, the generation of transcriptomic diversity is a critical
component of evolution, as it provides the raw material for the evolution of new functions and

the adaptation to changing environmental conditions.

1.4.1 The power of alternative splicing

AS was first discovered in the 1970s by a group of scientists led by Philip Sharp and Richard
J. Roberts. They found that the same gene could produce multiple different proteins through a
process called alternative splicing (Berget et al., 1977; Chow et al., 1977). This discovery was
extremely significant at the time, as the prevailing dogma was that one gene equaled one
protein. Initially, it was thought that alternative splicing was a rare event, only seen in a few
genes. However, subsequent research using high-throughput methods showed that this
mechanism plays a much more significant role in gene expression than previously appreciated.
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alternative splicing is highly conserved across species as it is fundamental to greatly increases
the complexity and diversity of proteins that can be produced from a single gene. The full
portfolio of isoforms alternative splicing can produce remains largely underestimated.

Similar to other regions in the brain, alternative splicing is critical for synaptic specification in
the central nervous system (CNS). Gene ontology (GO) analysis of transcripts that undergo
alternative splicing in different neuronal cell classes in the mouse cortex and hippocampus,
indicate that the generation of transcript isoforms is particularly tailored to the production of
proteins involved in synapse formation, specification and maintenance (Furlanis et al., 2019;
Gomez et al., 2021; Vuong et al., 2018). An example of the significant impact of alternative
splicing on neuronal connectivity through remodeling of synapses, is the inclusion of an
alternative exon in the segment 5 (AS5) of Neurexin 3 (Nrxn3) mRNA. This alteration results
in a change in the NRXN3 protein, promoting the formation of a GPI-anchored protein. Notably,
the absence of this isoform in a group of interneurons of the hippocampus, leads to changes
in synaptic transmission at GABAergic presynaptic terminals in the dentate gyrus (Hauser et
al., 2022).

Another great example to illustrate the importance of alternative splicing is the specific
homophilic self-recognition mechanism described in Drosophila for the Dscam. This process
is unique to this organism and not found in vertebrates. The Dscam (Down syndrome cell
adhesion molecule) gene encodes for a transmembrane receptor, whose extracellular domain
composition can be altered by the stochastic selection and splicing of alternative exons
(Schmucker et al., 2000). More specifically, this gene can produce over 38000 different
transcripts, resulting in a vast diversity of protein isoforms and unique combination of Dscam
in each neuron (Hattori et al., 2007). In fact, due to the stochastic nature of the alternative
splicing process, the probability of two neurons having the exact same set of Dscam isoforms
is very low. This leads to a mechanism of self-recognition where neurons with similar Dscam
isoform combinations are more likely to recognize and adhere to each other, while neurons
with dissimilar Dscam isoform combinations are less likely to adhere. The high diversity
generated through the alternative splicing of the Dscam pre-mRNA, allows each neuron to
differentiate its own processes from those of other cells, contributing to the establishment of
neural connection in the Drosophila nervous system.

Finally, mRNA transcription and alternative splicing can be strongly influenced by
activity-dependent stimulation resulting in the production of different protein isoforms and
leading to changes in neural function and plasticity. Thus, in response to changes in neuronal
firing, alternative splicing can modulate the expression of ion channels, neurotransmitters

receptors and intracellular signaling molecules, and therefore affect the electrical activity and
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synaptic transmission and structural properties (Leslie and Nedivi, 2011; Yap and Greenberg,
2018) (Mauger et al., 2016; Mazille et al., 2022).

A great example for the activity-dependent production of protein isoforms is the
regulation of the NMDA receptorl (NR1) (Ehlers et al., 1995). The NMDAR is a type of
glutamate receptor that plays a critical role in synaptic plasticity and learning. Different studies
have shown activity-dependent modulation of NMDA receptorl: when neurons are active,
there is an increased inclusion of exon 21 in the final MRNA product, resulting in a different
protein isoform with higher sensitivity to glutamate, associated with the formation of synaptic
plasticity events. Moreover, inclusion of this cassette exon redirects the subcellular distribution

of the NR1 receptor to plasma membrane (Ehlers et al., 1995).

Alternative splicing is a process that can control the generation of isoforms with high spatio-
temporal precision. Recent studies elucidated the mechanism through which intron-retaining
transcripts can be specifically regulated upon various types of external stimuli, including
neuronal activity (Braunschweig et al., 2014; Shalgi et al., 2014). Upon sustained neuronal
depolarization, introns contained in pre-existing pools of immature transcripts can be excised
and translocated to the cytosol, where they can be transported and used for protein synthesis
(Mauger et al.,, 2016; Mazille et al., 2022). The control of gene expression programs in
response to cues through intron retention and transcripts nuclear sequestration in neurons,
plays a crucial role in the quick generation of protein products that are necessary for synaptic
plasticity and learning. Finally, alternative splicing can control gene expression through
transcript abundance and mRNA stability by targeting transcripts to nonsense-mediated mMRNA
decay (NMD) (Black, 2003; Lejeune and Maquat, 2005).

Type of alternative splicing patterns

At the molecular level, the splicing reaction is orchestrated by a macromolecular RNA-protein
complex called spliceosome. The spliceosome consists of five small nuclear
ribonucleoproteins (snRNPs - U1, U2, U4, U5 and U6) that interact with more than a hundred
auxiliary proteins to coordinate splicing (Chen & Manley, 2009). One major aspect in
constitutive or alternative pre-mRNA splicing is determining the appropriate combination of
donor and acceptor sites to be connected after intron or exon removal. Exon/intron splice sites
are characterized by special sequences: while at the 5end there is a distinctive GU
dinucleotides followed by non-conserved intronic sequence, the 3’end is characterized by the
presence of a branch point, a polypyrimidine tract and a terminal AG base-pair. Additionally,
also more distant sequences take part in the regulation of the splicing process. Indeed, exonic

or intronic splicing enhancers (ESE) or silencers (ISE) are fundamental for the recruitment of
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trans-acting factors such as RBPs, splicing factors and long non-coding RNAs (IncRNAS),
which influence the efficiency of the splicing process (Black & Grabowski, 2003; Grabowski &
Black, 2001; Marin & Muller, 2014; Park et al., 2018) (Fig.4B).

Finally, the consecutive coupling of donor and acceptor splice sites results in the
generation of mature mRNAs (Black, 2003; Breitbart et al., 1987; Chen and Manley, 2009;
Grabowski and Black).

The splicing pattern can be altered in many ways (Fig.4A): although the most common
splicing event is the “cassette exon” (one single exon that is either incorporated or skipped in
the mRNA isoforms), other times, multiple exons can be mutually exclusive. Moreover, exons
can be altered in length at the 5’end or 3’ end of the exons, resulting in the generation of variant
MRNAs. Alternative splicing can occur also at untranslated regions (UTRs), influencing the

stability and the localization of mMRNAs.

A Exon skipping Alternative 5’ splice site Alternative 3’ splice site
Mutually exclusive exons Intron retention

@

Alternative first exons Alternative last exons

Poly(A) Poly(A)
+ f}

Exon 58S Intron 3ss  Exon 5'SS Intron 3ss  Exon

Figure 4: Schematic illustration of isoform diversification by alternative splicing
regulation

A) lllustration of the different patterns of constitutive and alternative splicing regulation and resulting transcript
isoforms. From the top: exon skipping, mutually exclusive exons, alternative first exon (left of the panel), Alternative
5’ donor splice site (middle), Alternative 3’ Acceptor splice site, intron retention, Alternative last exon (right).
Constitutive exons are marked in blue, alternative exons in red. B) Schematic representation of Alternative
regulation by an extensive array of RBPs (SR and hnRNP proteins) and spliceosome complex. The interaction

network involves cis elements and trans-acting factors that bind to these cis elements. Within the pre-mRNA the 5’
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splice site (5'SS), 3’ splice site (3'SS), the branch site (A) and polypyrimidine tract (Y(n)) are in yellow. The U1- U2
snRNP complex and U2AF factors recognize these elements. Other proteins and co-factors in light blue and orange
bind to Exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs) and

intronic splicing silencers (1SSs). Figure adapted from (Park et al.; 2018).

Beyond AS, two other events can have a big impact on the generation of transcript isoforms
and therefore regulate protein function: alternative first exon usage (diverse transcription start
sites usage, TSS) and alternative polyadenylation (APA). As 3’'UTR regions harbors functional
binding sequences for microRNAs, IncRNAs and RBPs, the different length of the
polyadenylated tail of mMRNAs can have a big impact on polyadenylation of the transcripts,
therefore altering its stability or localization (Bae & Miura, 2020; Mayr, 2019; Mayr & Bartel,
2009). Furthermore, the presence of cis-acting and trans-acting elements in a certain transcript
as well as the presence of RNA modification (e.g. RNA methylation N6-methyladenosine m6A)
can be another ways through which regulation of RBPs and spliceosome recruitment is
achieved (Dominissini et al., 2012; Liu et al., 2015; Ule et al., 2006). Finally, there are
evidences for epigenetic modification (e.g. DNA methylation) to be influencing recruitment and
binding kinetics of proteins involved in transcription and splicing, therefore impacting the

inclusion or exclusion of exons in a mature transcripts (Yearim et al., 2015).

In conclusion, the interplay between alternative splicing and alternative TSS and APA serves
as a mechanism for generating transcriptomic diversity and modulating protein function.
Moreover, the degree at which an mRNA is alternatively spliced can be influenced by the

binding of RBPs to either weak or strong splice sites.

Overall, genome-wide analyses have revealed a high prevalence of alternative splicing in
neuronal tissue, suggesting a potential role in specifying neuronal cell identities and synaptic
wiring properties. However, the intricate regulation and diversity of alternative splicing
programs in neuronal subclasses, as well as the extent to which detected splice isoforms are

translated into proteins, requires further investigations.

1.4.2 RNA-binding proteins: key post-transcriptional requlators

Brain function relies on complex assemblies of multiple types of neurons, each characterized

by unique molecular, morphological, and functional properties. These cellular features are

instructed by molecular mechanisms such as AS, which allow for the cell type-specific

generation of transcript isoforms. RNA-binding proteins (RBPs) that are thought to play a role
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in the regulation of alternative splicing of transcripts, which can lead to the development of
specific neural subtypes. Hobert and colleagues (Hobert, 2016; Hobert & Kratsios, 2019)
proposed that these so called “terminal selectors” are conserved across species, due to their
key role in regulating AS, indicating that these proteins are crucial for the formation and
maintenance of distinct neuronal subtypes. However, the molecular mechanisms that maintain
the function of terminal selectors across species are not fully understood.

RNA-binding proteins interact with RNA molecules and play key roles in various post-
transcriptional regulatory processes. They can bind to specific sequences on stretches of
RNAs, modulating the stability, localization, translation, constitutive and alternative splicing of
transcripts. Moreover, RBPs can also interact with other proteins and co-factors to form
ribonucleoprotein complexes, which can further modulate the post-transcriptional fate of RNA
molecules. For instance, the protein hnRNP L (heterogeneous nuclear ribonucleoprotein L)
has been shown to bind to APE1 (apurinic/apyrimidinic endonuclease 1), an enzyme that is
involved in DNA repair, and binding to Hnrnp L leads to its own down-regulation (Kuninger et
al., 2002). Another example of an RBP that participates in multiple cellular processes is
RBM25. Although RBM25 has a primary function as a splicing factor, it can also be involved in
the control of transcriptional processes by binding to the transcription factor Yin Yang 1 (YY1)
(Xiao et al., 2019).

An extensive study from the Yeo laboratory (Van Nostrand, Freese, et al., 2020)
characterized the function of more than 356 RBPs employing a combination of high-throughput
techniques such as RNA-seq, cross-linking immunoprecipitation (CLIP)-seq, and mass
spectrometry. They not only identified the RNA targets of a large number of human RBPs, but
in addition, provided evidences of the functional roles of these proteins in regulating gene
expression and other cellular processes by using cellular assays or computational methods to
gain insights into the functional impact of RBP-RNA interactions. Collectively, this allowed the
generation of a comprehensive map of the binding sites and RNA targets of human RBPs as
well as a detailed understanding of their functional implications.

In summary, RBPs are involved in a wide range of biological processes, including
development, cell differentiation, metabolism, and disease and their dysfunction has been
linked to various human diseases, such as cancer, neurodegeneration, and developmental

disorders.

RNA-binding protein families and their function in gene expression regulation
SR and hnRNP proteins are the two major classes of RNA-binding proteins (RBPs) that play
key roles in the regulation of mature transcripts. The majority of proteins belonging to these

two families are broadly expressed across tissues and are critical for the spliceosome
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assembly. Serine-arginine (SR) repeat domain proteins are a family of RBPs that contain a SR
rich domain, which allows binding to specific sequences on RNA molecules besides their
involvement in promoting protein-protein interactions. SR repeat domain proteins primarily act
by regulating AS, by binding to exonic and intronic cis-acting elements. For example, the
protein SF2/ASF is an SR protein that promotes the inclusion of exons in pre-mRNA (Black,
2003; Ibrahim et al., 2005).

Heterogeneous nuclear ribonucleoproteins (hnRNP) proteins, on the other hand, are a
family of RBPs that are composed of different subfamilies, each with unigue structural and
functional characteristics. They are involved in many post-transcriptional regulatory processes
such as splicing, transport, stability, and translation of RNA molecules. They have a variety of
domains that bind RNA, including RRM (RNA recognition motif) and KH (hnRNP K homology)
domains, in a sequence-specific or non-specific manner and they can form different
ribonucleoprotein complexes with other proteins (Geuens et al., 2016). For example, hnRNP
Al protein has many different RNA-binding domains (RBD) and it has been described to bind
specific exonic splicing enhancer (ESE) sequences and exonic splicing silencer (ESS)
sequences in the introns of pre-mRNA either promoting or inhibiting the inclusion of exons
during splicing. However, hnRNP Al can also bind to unstructured single-stranded RNA
sequences or associate with poly(A) binding protein (PABP) to recruit polyadenylation factors,
thereby promoting the formation of the poly(A) tail, which is necessary for mRNA stability and
translation (Burd & Dreyfuss, 1994; Mayeda et al., 1998).

Taken together, SR proteins and hnRNPs often play counteracting roles within the same
splicing regulatory segment, as often, these are composed by clusters of several, overlapping

binding sequences for these proteins (Caceres et al., 1994; Han et al., 2005).

1.4.3 Pan-neuronal vs. cell-class specific action of RBPs

In recent years, multiple studies suggested that alternative splicing frequency is higher in the
CNS compared to other tissues, thus reflecting the complexity of neuronal circuits. In further
support of the critical role of alternative splicing in neuronal cells, mutations in RBPs have been
shown to drive alternative splicing programs in the brain, which in turn have been implicated
in several neurodegenerative diseases (Licatalosi & Darnell, 2006). Therefore, the fine tuning
of alternative splicing mechanisms may reflect the demand for molecular diversification as
neuronal cells need to acquire unique morphological and physiological synaptic properties to

ensure the correct operation of circuits.

While splicing regulators like NOVA Alternative Splicing Regulator 2 (Nova2) and RNA-Binding
Fox-1 Homolog 1 (Rbfox1) are significantly expressed in most neurons of the mouse brain and

have hundreds of target MRNAs (Saito et al., 2019; Vuong et al., 2018; Wamsley et al., 2018a),
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recent evidence suggests that the selective expression of splicing modulators in certain
neuronal classes may contribute to the specification of neuronal and synaptic properties
(Norris et al., 2014; Traunmdller et al., 2016; Traunmuller et al., 2023). However, whether and
how these cell type-specific splicing factors act to specify molecular programs in neurons is
poorly understood.

The working mechanism of the splicing regulators NOVAL1/2 or RBFOX1, which are
significantly expressed in most neurons of the mouse brain, has been established by joint
efforts of multiple laboratories (Saito et al., 2019; Vuong et al., 2018; Wamsley et al., 2018a).
Loss-of-function and CLIP-seq mapping studies suggest that each of these proteins has
hundreds of target mMRNASs in the mouse brain and that alternative splicing choices strongly
depend on the motif position relative to the regulated exon. For instance, the binding of
NOVAL/2 in intronic sequences upstream of an exon will likely cause the exon to be excluded
from the final mature mRNA. However, when NOVA1/2 binds to regions downstream of the
exon, it will likely result in the inclusion of it in the resulting transcript (Ule et al., 2006). In
general, most regulatory elements are located within ~ 300 bp from the splice sites. Moreover,
these elements appear to be conserved across species, compared to more distal intronic
regions, indicating their crucial role in alternative splicing choices (Barash et al., 2010; Raj &
Blencowe, 2015).

Numerous studies aimed to understand the role of splicing factors across different
neuron classes in various brain areas. To this end, NOVA2 alternative splicing function was
investigated in excitatory and inhibitory neurons, concluding that this factor has differential
effects on alternative splicing in each cell class (Saito et al., 2019). Research conducted in the
Fishell lab also supports this notion, as the broadly expressed neuron-enriched splicing factor
Rbfox1 regulates transcripts that have important neuronal functions and can control different
splicing events in two non-overlapping neuronal populations, promoting broad phenotypes in
mice (Wamsley et al., 2018a). These examples demonstrate how the splicing code can be
expanded, potentially resulting in opposite effects depending on the biological context. Beyond
the action of broadly expressed RNA-binding proteins, recent evidence suggests that the
selective expression of splicing modulators in certain neuron classes may contribute to
neuronal diversification. The cell type-specific action of RBPs onto specific sets of target
MRNAs raises the intriguing hypothesis that alternative splicing can shape neuronal
connectivity in a cell type-specific manner (Furlanis et al., 2019).

However, these proteins are broadly expressed across many neuronal cell classes and
brain regions and the compelling hypothesis that there may be alternative splicing factors,

which are uniquely expressed in certain cell types to fine-tune specific target transcripts AS,
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remains to be further addressed. In particular, it was only recently elucidated whether RBPs
exert specific actions within cardinal classes of interneurons. Studying the function of the
splicing regulator SIm2 in a somatostatin positive (SST*) population of neurons in the murine
hippocampus it was demonstrated that this protein is crucial for the alternative splicing of a
restricted pool of target mMRNAs which play a crucial role in the functioning of synapses
(Traunmdiller et al., 2016)(Traunmdller et al.; 2023).

In summary, the studies described above suggest that alternative splicing programs in neurons
arise from the complex interplay of multiple cis and trans-acting factors (RBPs) that are co-
expressed and can either have antagonistic or synergistic effects. Although the logic of their
regulatory mechanisms has yet to be fully understood, their action is dependent on cellular
context and state. Whether and how these cell type-specific splicing factors act to drive such
selective programs is, however, largely unknown. The collective evidence prompts us to further
investigate the potential role and mechanism of cell-type specific RBPs expression in the

acquisition of neuronal properties, ultimately shaping the complex neuronal networks

1.5 RNA-binding proteins “in sickness and in health”

RBPs are important post-transcriptional gene regulators that bind to specific RNA molecules
to control their fate. The direct interaction helps regulating processes such as splicing, stability,
localization, and translation. It is therefore of no surprise that RBPs are essential for the normal
functioning of most cells and that they are involved in fundamental biological processes,
including development, differentiation, and cellular stress responses (Glisovic et al., 2008;
Kishore et al., 2010). Recent advances in RNA sequencing technologies and computational
biology identified numerous RBPs and their specific RNA targets. As outlined in the following
sections, understanding the mechanisms by which RBPs exert their functions on target RNAs
under both physiological and pathological conditions, is essential for developing novel and

effective diagnostic and therapeutic avenues (Brinegar & Cooper, 2016; Pilaz & Silver, 2015).

1.5.1 Roles of RBPs in disease state

So far, around 1500 RBPs have been identified in humans (Gerstberger et al., 2014) and it is
estimated that at least 15% of human genetic diseases arise from mutations that have

downstream effect on mRNA splicing (Faustino & Cooper, 2003; Pagani & Baralle, 2004).
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There are various examples where the balanced regulation of splicing factor abundance is
determining tissue specification or disease development (Kalsotra et al., 2008; Kanadia et al.,
2006) highlighting the importance of alternative splicing as a key regulatory mechanism in
human biology. For example, splicing alterations are linked to cancer, autism spectrum
disorder, and neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS)
(Cookson, 2017; David & Manley, 2010; Irimia et al., 2014; Kaida et al., 2012; Parikshak et al.,
2016; Quesnel-Vallieres et al.,, 2016) Recent work highlighted a shared pathological
mechanism observed for multiple RBPs. Specifically, it has been shown that mutations in the
coding sequence of RBPs lead to the cytoplasmic translocation of these proteins and
aggregation into phase-separated granules, thus promoting mRNA sequestration and
regulation. This is well described for proteins such Fused in Sarcoma (FUS) and MATRIN3
(MATR3) and TAR DNA-binding protein 43 (TDP-43) proteins, which harbor the , 97% of ALS-
associated genomic mutations (Ling et al., 2013). Moreover, in addition to this pathological
gain of function, the aberrant localization also prevents these proteins from exerting their
canonical nuclear functions (e.g. AS), which likely contributes to disease pathology of ALS.
For examples, TDP-43, which is part of the hnRNP-binding protein family it has diverse
functions ranging from stabilization of MRNA to alternative splicing, where it mainly represses
the inclusion of cassette exons or non-conserved cryptic exons (Baughn et al., 2023;
Humphrey et al., 2017; Ling et al., 2015; Ma et al., 2022; Tan et al., 2016)

In my thesis | focused on the study of the RNA-binding protein motif 20 (RBM20), a protein
that we find selectively expressed in specific neuronal populations and whose function has
extensively been described in the heart and skeletal muscle.

Very interestingly, all of the proteins described above share functional and structural
homology with RBM20. In particular, MATRIN3, together with ZNF 638m are considered
RBM20 paralogue proteins (Coelho et al., 2016; Watanabe et al., 2018). Paralogue proteins
are homologous proteins that have originated from a single gene, but have evolved distinct
functions due to genetic changes such as mutations, deletions, or insertions (Peterson et al.,
2009). Similarities in the genetic sequence lead to structural homology of at least parts of the
resulting proteins. In the case of RBM20, there is more than 60% homology to MATRIN3 and
ZNF 638 in the two ZNF domains, which are known to be involved in DNA binding (Upadhyay
& Mackereth, 2020). However, while MATRIN3 and ZNF638 can bind to DNA and therefore
potentially regulate gene expression by interacting with gene promoters, no association of
RBM20 with chromatin regions has been described so far. In contrast, all three proteins can
bind RNAs and are therefore involved in AS. Reporter deletion studies revealed that the ZNF2

motif at the C-terminus of RBM20 is essential for its splicing function (Upadhyay & Mackereth,
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2020), even if no direct evidence exists that this motif directly binds RNA targets. The exact
mechanism through which RBM20 C-terminal domain is regulating splicing therefore warrants
further investigations.

From a functional perspective, MATR3 is regulating mRNA stability by sequestering
MRNAs via binding to their 3’ UTRs within phase-separated granules (Watanabe et al., 2018).
Mutant RBM20 upon translocation to the sarcoplasm of cardiomyocytes, also binds to the 3'
UTRs of mMRNAs and it has been observed to co-localize with P-bodies (Schneider et al.,
2020)., similar to what has been described in neurodegenerative diseases such as Alzheimer's
disease and ALS.

These insights gained into the role of RMB20 and other RBPs in pathobiology could likely
have broader implications that go beyond neurodegenerative disease, as covered in more

detail in the following sections.

RBM20- related pathobiology in the heart and skeletal muscle

RBM20 is an RNA-binding protein with two zinc finger (ZnF) domains, one RNA-recognition
motif (RRM) RNA-binding domain (RBD) and an arginine/serine (RS)-rich region. The arginine-
serine-arginine-serine-proline (RSRSP) stretch, which spans exon 6 to 11, is an important
phosphorylation site and crucial for ensuring nuclear localization of RBM20 (Filippello et al.,
2013; Murayama et al., 2018; Watanabe et al., 2018). Mutations in the RS region or RRM
domain of Rbm20 have been linked to an aggressive form of dilated cardiomyopathy, which
ultimately results in cardiac arrest in affected individuals (Parikh et al., 2019). More than 44
pathogenic variants have been identified, however, the molecular bases linking RBM20 to the
development of cardiomyopathy symptoms are still incompletely understood. What is known
though, and extensively described in the literature, is that aberrant splicing of cardiac mRNA
fundamentally disrupts contractile function of cardiomyocytes. Further, it has been
hypothesized that the most severe DCM dysfunction is due to the combination of the loss of
function phenotype linked to the alteration of alternative splicing and the gain of function of
RBM20 mis-localization in the sarcoplasm (Fenix et al., 2021; Schneider et al., 2020). More
detailed mechanistic insights into the role of RBM20 in disease development were provided by
studies on the phenotypes arising from either RBM20 knock-out (KO) or a R636S mutation
model in induced pluripotent stem cells derived cardiomyocytes (iPSC-CMs) (Fenix et al.,
2021). Intriguingly, the R636S mutant caused vast changes in the way the spliceosome
interacted with RNA targets. In addition, and in accordance with previous observations on other
mutants, the R636S mutants shifted RBM20’s localization to the cytosol and induced its

granular phase separation. Interestingly, in comparison to the effects of a total loss of RBM20
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in KO models, the mutation-induced gain of function of cytosolic RBM20 had an even greater

impact on cellular homeostasis.

While the involvement of specific mutations to certain domains in Rbm20 gene is linked to the
cardiac dysfunction, it remains controversial as to which of these conserved features is crucial
for the correct regulation of cardiac alternative splicing. In fact, when Titin reporter mini-genes
were over-expressed in non-cardiac cells, mutations in the RRM or ZNF domains did not alter
exon repression.(Murayama et al., 2018). In contrast, Rom20 ARRM mice show defects in
splicing regulation of some known mRNA targets (Camklld, Ldb3, Ttn). However, these mouse
models did not present with a DCM-like phenotype, therefore suggesting that mutations in this
RBM20 domain are necessary but not sufficient to generate full pathology (Watanabe et al.,
2018). It is worth mentioning though that DCM patients mainly have heterozygous mutations
of RBM20 in the RSRSP stretch (aa 634-638 in mice), indicating that correct phosphorylation
of these residues is fundamental for the correct nuclear localization of the protein.
Characterization of a knock-in animal model for the mutated phosphorylation sites S637A and
S639A showed alterations in splicing products, resembling the Rbm20 knock-out phenotype
observed in rats (Murayama et al., 2018).

Along the same line, genome-edited pigs as well as reprogrammed cardiomyocytes (iPCS-
CM) from patients with DCM carrying the homozygous R636S variant show an accumulation
of RBM20 in the sarcoplasm in RNP granules. Electron microscopy analysis in pig
cardiomyocytes revealed that these membrane-less granules (~300-500 nm in diameter)
associate with actin microfilaments and thereby contribute to the generation of a cytoskeleton-
linked liquid condensate mesh. The accumulation of these liquid droplets accounts for changes
in cardiac homeostasis, thus contributing to the DCM pathobiology and leading to cardiac
stiffness and arrhythmia (Schneider et al., 2020).

1.5.2 RBM20: “The king of hearts”

In the 90’s, Merkin and colleagues (Merkin et al., 2012) conducted an interesting study, in
which they assessed the number of exons that were alternatively spliced across tissues and
in different species throughout evolution. They first found that samples from the same tissue
and those of individual species clustered well together. However, when looking at species with
a larger evolutionary distance, a more intricate pattern came apparent. While tissues such as
the brain and heart/muscle had splicing patterns that were conserved between mammals and
chickens, samples from colon, kidney, liver, lung, and spleen clustered much better within

individual species rather than by tissue across species. This suggests that alternative splicing
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patterns specific to tissues other than brain and heart/muscle were less pronounced and thus
less conserved. Based on these results, exon splicing is mostly affected by cell lineage-specific
changes in regulatory elements and/or trans-acting factors rather than gene expression.

It is well-known that alternative splicing plays a pivotal role in development, homeostasis and
disease states in the heart. There are many RBPs, which have been shown to be strongly
involved in these processes. In particular, the antagonistic expression of CELF and MBNL
RBPs has a critical role in balancing the temporal expression of numerous transcript isoforms
during heart development (Kalsotra et al., 2008). Another key regulator for cardiogenesis is
the protein RBM24, which has been implicated in muscle-specific splicing events (Yang et al.,
2014). Moreover, it was recently shown that RBM24 and RBM20 cooperate to include exon 11
in Ehn transcripts, which is coding for a protein whose splice variants are expressed
differentially during cardiac hypertrophy, thus promoting the expression of isoforms that
prevent cardiomyocytes hypertrophic remodeling (Ilto et al., 2016). Interestingly, in the
diseased heart, there appears to be a re-activation of the expression of selected fetal splice
isoforms, such as the N2BA isoform of the TITIN protein. The N2BA isoform has a higher
compliance or elasticity compared to the adult form of TITIN (Linke & Granzier, 1998; Linke et
al., 1998). A shift towards the expression of the fetal N2BA isoform may alter the mechanical
properties of the heart and contribute to the progression of heart failure (Guo et al., 2018).
Similarly, sarco/endoplasmic reticulum Ca2+-ATPase (SERCAZ2a), an enzyme that pumps
calcium ions into the sarcoplasmic reticulum, is highly expressed in the fetal heart, but its
expression decreases after birth. In heart failure, there is often a downregulation of SERCA2a,
which can impair calcium handling and contribute to contractile dysfunction (Sikkel et al.,
2014).

RBM20 has been crowned “king of the heart” as it is considered a master regulator of
alternative splicing in this organ (Linke & Bucker, 2012). So far, RBM20’s function has only
been characterized in the heart and skeletal muscle, due to its very high abundance in these
tissues. RBM20 is a quite large protein (~150 kDa) and its main role is the tight regulation of
the alternative splicing of transcripts important for muscle cytoskeletal structure and function.
The most prominent of the transcripts targeted by RBM20 include key regulators of cardiac
excitation—contraction coupling as Myomesinl (Myom1), Tropomyosin (Tpm) and Titin (Ttn),
while the latter is considered by far the most important. TTN is a large elastic protein found
specifically in striated muscle (skeletal and heart muscle) and plays a significant role in
generating diastolic force in cardiac cells. There are two classes of TITIN isoforms that result
from AS: one is smaller (N2B) and stiffer, and the other is larger (N2BA) and more elastic.

TITIN is the largest protein in the body (3-4 MDa in humans) and in mice it comprises 347
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exons. RBM20 directly binds and regulates more than 160 of these exons, and the majority of
binding sites are found in Proline, Glutamate, Valine and Lysine-rich (PEVK) regions (Linke et
al., 1998; Watanabe et al., 2018). Abnormal changes in the ratio of the two different TITIN
isoforms (N2B/N2BA) have been linked to both systolic and diastolic heart failure. Moreover,
80 circRNAs that are generated from the titin gene have been identified through circRNA
profiling of human hearts (Khan et al., 2016). Some of these were found to be regulated in
dilated cardiomyopathy and were absent in RBM20 KO mice. Additionally, myocardial tissue
from a patient carrying an RBM20 mutation showed severe alterations in titin circRNA
production, specifically affecting those originating from the RBM20-regulated I-band region of
the Titin transcript. Even though these new classes of non-coding molecules have possible
functions in modulating DCM pathology, the underlying molecular mechanism requires further

investigations (Khan et al., 2016).

Besides Titin, other transcripts have been reported to be regulated by the heart’s master
splicing regulator RBM20 in different models (mice, rats, iPSCs derived cardiomyocytes and
pig cardiomyocytes), including transcripts involved in ion transport and calcium signaling such
as the Ca?"/ Calmodulin dependent kinase 11 & (Camklld) and the pore-forming subunit of the
L-type voltage-gated-calcium channel (VGCC), Cacnalc (Briganti et al., 2020; Fenix et al.,
2021; Guo et al., 2012; Guo et al., 2018; Maatz et al., 2014). Moreover, Rbm20 mutation in
specific domains and even its loss has been associated with ~ 3% of cases of a form of familial
arrhythmogenic cardiomyopathy (DCM) induced by altered calcium handling. Although the
molecular signaling through which RBM20 induces the disease remains poorly understood, a
recent study suggests that beyond the aberrant splicing phenotype, Rbm20 pathogenic
mutation promotes RBM20 sarcoplasmic accumulation in ribonucleoprotein granules, thus
inducing cellular pathobiology (Fenix et al., 2021). Interestingly, recent evidence indicates that
RBM20 is differentially expressed across skeletal muscles and it mediates splicing in a muscle-
type specific manner in response to thyroid and insulin hormone levels. Moreover, the
PI3K/Akt/mTOR signaling pathway was found to be involved in the regulation of RBM20
dependent isoform switching of Ttn, Camklld and Camkllg (Maimaiti et al., 2021).

From atherapeutic perspective, targeting RBM20 could be a solution for treating diastolic
dysfunctions, as shown in disease models by modulating Ttn pre-mRNA splicing to enhance
titin compliance. This approach led to the successful rescue of phenotypes, highlighting the

promising nature of RBM20 as a candidate target (Watanabe et al., 2018).

In summary, various pathogenic variants have been identified in the Rbm20 genomic

sequence in patients with DCM and the function and targets of RBM20 have been extensively

investigated in the heart and related pathologies. However, RBM20 expression in other organs
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has never been reported and therefore no brain-related phenotype has been described yet in
patients carrying Rbm20 mutations (Parikh et al., 2019).

Considering the importance of ions in neuronal synaptic transmission and the shared
excitability properties of both neuronal and cardiac cells, the main hypothesis of my project
was that RBM20 in the brain could act as a cell type-specific splicing regulator to shape intrinsic
and synaptic properties of neurons.
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Rationale of this thesis

Alternative splicing is a key mechanism in regulating neuron-specific gene expression (Raj and
Blencowe, 2015; Schreiner et al., 2014; Zheng and Black, 2013; Zheng et al., 2013). As central
effectors of alternative splicing-regulated gene expression, RNA-binding proteins (RBPs) are
broadly expressed across the brain. Accordingly, a plethora of RBPs has been implicated in
controlling developmental and neuron-specific alternative splicing programs, with single
proteins regulating hundreds of target transcripts (Li et al., 2014; Quesnel-Vallieres et al., 2015;
Ule et al., 2005). Interestingly, however, some RBPs are only selectively expressed in
subpopulations of neurons, raising the possibility that they may control cell type specification
and neuronal properties (Norris et al., 2014; Traunmuller et al., 2023). The combinatorial action
of broadly expressed and cell-type specific alternative splicing factors, may provide a
mechanism to establish distinct neuronal populations and to specialize the central nervous

system in higher organisms.

Previous research in the Scheiffele laboratory has identified RBPs that are enriched in specific
classes of neurons in the mouse cortex and hippocampus (Furlanis et al., 2019). However,
whether and how these proteins are involved in modulating the cell type-specific alternative
splicing program or gene expression, is largely unknown. One of these RBPs is RNA-binding
motif protein 20 (RBM20). RBM20 has previously been characterized in the heart and in
skeletal muscle, where it exhibits a highly-specialized role in controlling transcripts involved in
core functions of the cells forming these tissues (Nakka et al., 2018). So far, single gene
studies have only partially described whether and how RBPs have the power to determine
intrinsic and synapse specific neuronal properties. Given its critical function in cell-type
specialization in muscle, combined with the selective expression in specific neuronal
populations, RBM20 is a strong candidate for having the power to shape fundamental neuronal

properties.

In my PhD-thesis, | therefore set out to comprehensively assess RBM20’s function in the brain.

To this end, the thesis has three aims that are addressed in three chapters:

1. Map RBM20 expression in the mouse brain

2. ldentify RBM20 direct mRNA targets in the brain and elucidate the transcriptional
modulation induced by RBM20 on transcripts

3. Uncover the functional impact of RBM20 in neurons
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Chapterl

Mapping RBM20 cell type-specific expression in the brain
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Preface

In the first part of my thesis, | systematically assessed RBM20 transcript and protein
expression across the mouse brain, as well as determined its subcellular localization. To do
so, | used a combination of RNA fluorescent in situ hybridization (FISH) to detect and quantify
amounts of Rbm20 transcript in different neuronal classes and immunohistochemistry
methods, for which | raised an antibody against the C-terminal domain of the RBM20 protein.
In cardiomyocyte nuclei, RBM20’s localization appears to be restricted to specific nuclear foci
in close proximity to Titin transcripts, which serve as a backbone for recruitment and formation
of a RBM20-dependent splicing factory (Bertero et al., 2019). As Titin is not expressed in the
brain, | further surveyed the sub-nuclear localization of RBM20 in neurons and directly
compared it to the heart. My work provides a pioneer example of the characterization of one
RBP expression and function in two structurally and functionally distinct tissues.

Results

To identify RNA-binding proteins (RBPs) that could be involved in cell type-specific alternative
splicing programs, we screened existing RiboTRAP-sequencing data (Furlanis et al., 2019) for
RBPs that are highly enriched in genetically-defined neocortical cell populations. In line with
previous reports (Hu et al., 2018; Saito et al., 2019; Wamsley et al., 2018a), we observed that
most RBPs and splicing factors were broadly expressed in different neuronal populations.
However, others exhibited a more specific pattern and were expressed only in defined
neuronal classes, suggesting that they may play a role in driving cell type-specific alternative
splicing programs (Traunmuller et al., 2016). From these cell population-specific factors, we
identified six candidates, which 1) presented a highly significant enrichment in their
corresponding cell populations, 2) showed a discrete absolute gene expression and 3) have
not been extensively characterized for their function in the brain so far: Rbm20, Srsf5, hnRNPI,
srsf12, RomX and Raver2.

Of these candidates, we then focused on Rbm20, because it was predicted to be exclusively
expressed in a population of GABAergic Parvalbumin positive (PV*) neurons in the neocortex
(Furlanis et.al.; 2019). This is of particular interest as up to date, Robm20 expression was never
identified in the brain.

Subsequent semi-quantitative PCR of the original RiboTRAP samples used for
sequencing confirmed the results obtained with sequencing (Suppl. Fig. 1A). To get deeper
insights into the expression pattern of Rbom20 mRNA in different neuronal cell types, we

performed fluorescent in situ hybridization (FISH) on brain tissue slices of mice expressing the
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tdtomato reporter under cell type-specific promoters. More specifically, we used a Ca 2+
/calmodulin-dependent protein kinase 2 (CamK2-Cre) mouse line to target neocortical
pyramidal cells and somatostatin-Cre (SST-Cre), parvalbumin-Cre (PV-Cre) and vasointestinal
peptide-Cre (VIP-Cre) mouse lines to target the three major populations of cortical
interneurons (Fig. 5B). These experiments revealed that expression of Rbm20 in layer 5 (L5)
of the somatosensory cortex (S1) is mainly selective for PV* neurons and a subpopulation of
SST" interneurons (Fig. 5A-C). In addition, Rom20 expression was detected in various other
brain regions, including the sub-thalamic region, nuclei in the brain stem, and surprisingly, in
the Mitral Cell Layer (MCL) and Granule Cell Layer (GL) of the olfactory bulb, where deep and

superficial glutamatergic neurons reside (Macrides et al., 1985) (Suppl. Fig. 1B).

Rbm20 mRNA dots per cell
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Figure 5. Characterization of Rbm20 mRNA expression in cortical neurons

A) Fluorescent in situ hybridization (FISH) of tissue brain slices from mice expressing tdtomato reporter under a cell
type specific promoter. The layer 5 (L5) of the somatosensory cortex, is highlighted in the picture, Red: tdtomato,
Blue: DAPI. Scale bar 100 ym; B) Example of tdtomato* cells in the four cell classes expressing different levels of
rbm20 transcript. Scale bar 10 ym. C) Quantification of Rbm20 mRNA expression in different cell types of the
somatosensory cortex (Camkll, PV, SST, VIP), as absolute number of fluorescent dots per cell. p<0.01 one way

anova, N=3.

To obtain a more detailed characterization of these populations of neurons in the olfactory
bulb, we performed FISH for a set of molecular markers. We found that the Glutamate
decarboxylase 1 (Gad1l), one of the key markers of inhibitory neurons, expression did not co-
localize with Rom20 mRNA in these neurons, thus confirming the glutamatergic nature of these
cells (Suppl. Fig. 1D).

Next, to further validate and quantitatively evaluate the expression of Rom20 in these regions,
we conducted FISH on tissue slices of the olfactory bulb for Rbm20 as well as for Thr2 and

45



Mapping RBM20 cell type-specific expression in the brain Results

vGlut2, two well-established excitatory markers for both the MCL and GL. This revealed that
47%, 31%, and 34% of neurons in the MCL were positive for Robm20, vGlut2, and Thbr2,
respectively (Suppl. Fig. 1C). Interestingly, when only looking at the expression of Rbm20,
positive cells presented as two distinct populations, which either showed high (High Rbm20)
or much lower (Low Rbm20) Rbm20 expression. For the quantification of Rbm20 co-
localization with the excitatory markers, we therefore separately analyzed High and Low
Rbm20 neurons. While 91% of cells in the MCL and 79% in the GL were expressing high levels
of Rom20 co-localized with vGlut2* and Tbr2* neurons, in cells expressing low levels of Rom20
MRNA, this number was reduced to 26% in the MCL and 48% in the GL (Fig. 6B).

Collectively, our findings suggest that the majority of cells expressing high levels of
Rbm20 also co-localize with glutamatergic markers (Fig. 6A and B). In contrast, few neurons
in the MCL express low levels of Rbm20 and do not appear to co-localize with glutamatergic
markers (Fig. 6B). These neurons have a smaller nuclear size when compared to mitral and
tufted cells, and despite their soma being physically located in the MCL, they likely express the
inhibitory marker Gad1l (Suppl. Fig. 1D).

GL

ML

EPL

Rbm20,/vGlut2 /Tbr2
Rbm20,/Thr2
Rbm20,/vGlut2
Rbm20 only

%of positive cells

MCL

% of positive cells

inna

GCL

Figure 6: Panel illustrating Rbm20 expression in the olfactory bulb

A) Schematic illustration of the olfactory bulb circuitry and cell types. GL: glomerular layer, EPL: external plexiform
layer, MCL: mitral cell layer, GCL: granule cell layer, (left). Fluorescent in situ hybridization (FISH) on brain slices
of Rbm20 (green), Thr2 (gray), vGlut2 (red) mRNA (middle). The insets show an example of a cell expressing all
three markers (right). Scale bar 100 um; scale bar insets: 10 ym. B) Quantification of the percentage of neurons of
the mitral cell layer (ML) and glomerular layer (GL) expressing high or low Rbm20 mRNA levels, co-localizing with

Tbr2 and vGlut2 markers.

To corroborate the expression and subcellular distribution of RBM20 on the protein level in the

brain, we raised an antibody against the C-terminal region of endogenous RBM20, as shown
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in (Suppl. Fig. 1E). With this antibody, we confirmed the presence of RBM20 in various brain
regions, included cortical areas outside S1, such as the motor cortex (M1) and the visual cortex
(V1), where lower levels of RBM20 appeared expressed also in principal neurons labelled by
the vGlut2Cre::Rpl22HA mouse line (Suppl. Fig. 1F). Moreover, RBM20 in the MCL of the
olfactory bulb was found to be expressed already at PO in neurons labelled by the td-tomato
reporter, selectively expressed in Thx21* cells expressing Cre recombinase (Tbx21Cre mice)
(Fig. 7A). However, at this developmental stage, only few neurons were found expressing
RBM20 in the glomeruli layer and the td-tomato reporter was also not visible in this region.
This hints towards the idea that the glutamatergic neurons expressing RBM20 in the GL may
either not have reached their final location (they may still be migrating) or they may not have

turned on RBM20 expression yet.

Additionally, in a pilot experiment | observed that RBM20-expressing neurons in the olfactory
bulb did not express the inhibitory granule cell markers Calretinin (encoded by the Calb2 gene)
(Brill et al., 2009). Furthermore, Rbm20-expressing mitral and tufted neurons were lacking the
microtubule associated protein Doublecortin (DCX), which labels immature neurons (Merz &
Lie, 2013), and the Neuronal nuclei (NeuN) protein (Suppl. Fig. 1G), feature typically observed
only in mitral cells in the olfactory bulb and Purkinje neurons in the cerebellum (Kumar &
Buckmaster, 2007). Finally, RBM20’s co-localization with glutamatergic markers (labelled with
the vGlut2Cre :: RpI22HA mouse line) and absence in PV* neurons in the olfactory bulb (as
shown in Fig. 7B), further supported the notion that RBM20 expression is not associated with
the type of neurotransmitter the latter type of cells release. Indeed, while RBM20 is expressed
in GABAergic neurons PV* in the neocortex, the cells in the olfactory bulb release Glutamate.
This notion hints towards the possibility that RBM20 may thus contribute to the functional
divergence of neuronal classes (e.g., by instructing specific aspects of neuronal properties and

synapse specification).

In an effort to verify the identity of mitral cells and reveal the structure of mitral and tufted
neurons, we used viral retrograde labeling of these cells by injecting a retroAAV2-syn-Cre virus
into the posterior piriform cortex (pPirCX) of Ai9-tdtomato floxed mice (Fig. 7C and D). The
piriform cortex is an olfactory cortical region where both mitral and tufted output neurons project
their axons (Schoenfeld et al., 1985). However, while mitral cells project to both anterior and
posterior pirCX, tufted neurons only project to the anterior region. It is well established that
diverse sub-populations of mitral cells exist and that they can be classified based on the shape

of their soma and their dendritic position in the olfactory bulb (Macrides et. al.; 1985). Thus,
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based on the assessed parameters, our experiments confirmed the expression of RBM20 in a

heterogeneous population of back-labeled mitral cells (Fig. 7C).
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Figure 7: Characterization of RBM20 expression in olfactory bulb neurons
A) Immunofluorescence of RBM20 (red) expression in the mitral cell layer (MCL) of PO Thx21Cre mice. MCL

neurons are labelled with tdtomato reporter (gray). Scale bar 100 um. B) Schematic illustration of the olfactory bulb
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circuitry and cell types (left), RBM20 expression (red) is specific to the mitral cell layer and glomeruli layer of the
olfactory bulb identified in the vGlut2Cre :: Rpl22HA mouse line (HA staining in orange) (middle). Scale bar 100 pm.
The insets show that RBM20 is lacking in parvalbumin positive interneurons (green) (right). Scale bar 10 pm. C)
RBM20-positive (green) mitral cells back-labeled through injection of retroAAV2-syn-Cre virus (red) in Piriform

Cortex of a CAG-tdtomato floxed mouse at P35. Scale bar 100 pm. Inset scale bar 10 pm.

Characterization of Rbom20 sub nuclear localization in neurons

Leveraging the specificity of the RBM20 antibody, we further investigated the sub-nuclear
localization of the RBMZ20 protein in neurons. Previous research has shown that, in
cardiomyocytes, RBM20 specifically localizes to two foci, which appear as two distinct and
intense dots in immunofluorescence staining (Fenix et al., 2021; Schneider et al., 2020). This
is likely due to the tethering of RBM20 by Titin pre-mRNA, which is its primary target in the
heart. The Titin-induced proximity promotes the formation of an RBM20 "splicing factory" by
allowing other RBM20 target genes to come closer to these foci through chromatin
reorganization (Bertero et al., 2019) (Fig. 8A). While we were able to reproduce this localization
pattern in heart tissue slices from wild-type (WT) animals, the RBM20 immunofluorescence
signal in neurons of the olfactory bulb was found to be much more dispersed throughout the
nucleoplasm (Fig. 8B). This suggests that in the absence of Titin pre-mRNA, which is not
expressed in the brain, RBM20 does not nucleate into foci as there is no other splicing target
in neurons to guide RBM20 to a specific chromosomal locus. Based on the observed
differences in protein sub-nuclear localization between cardiomyocytes and neurons, one may

speculate that RBM20 has distinct roles in neurons, which have yet to be explored.
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Figure 8: Sub-nuclear localization of RBM20
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A) Representation of RBM20 "splicing factory". Cacnalc and Camkllé target genes come closer to Titin foci through
chromatin reorganization. Adapted from (Bertero et al., 2019). B) RBM20 (red) in heart cardiomyocytes (left) and

mitral cells of the olfactory bulb (right) of WT mice at P35. Scale bar 10 pum.
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Supplementary Figure 1: Characterization of Rom20 expression in the brain

A) Semi-quantitative PCR of the original RiboTRAP samples from different genetically-defined neocortical cell
populations. B) Sagittal section of murine brain used for FISH of Rbm20 (green) and tdtomato reporter (red)
transcripts (tdtomato is identifying PV* neurons). The arrows indicate brain regions where Rbm20 mRNA was
identified. Scale bar 1 mm. C) Pie charts indicating the quantification of the percentage of cells of the MCL and GL
expressing vGlut2, Rom20 and Thr2 transcripts. Amongst the Rom20* cells, the percentage of neurons presenting
co-localization with glutamatergic markers was calculated. D). Fluorescent in situ hybridization (FISH) on brain
slices of Rbm20 (green), Gadl (gray), vGlut2 (red) mRNAs. Scale bar 100 um. The arrow in the inset on the right
of the panel shows an example of a cell expressing low Rbm20 levels and co-localizing with Gadl marker but not
with vGlut2 marker. Inset scale bar: 10 ym. E) Predicted Rbm20 domain structure. The inset indicates the C-terminal
region and the sequence and of the epitope used to raise RBM20 specific antibody. F) RBM20 expression in the
somatosensory (S1) and motor (M1) cortex. While in the somatosensory cortex RBM20 (red) is mainly expressed
in PV* neurons (gray), in the motor cortex RBM20 expression is visible also in vGlut2Cre :: Rpl22HA neurons (HA
stained in green), (example indicated with white arrow). Scale bar 100pm. G) representation of RBM20 protein
expression in the MCL and GL in neurons which are not expressing NeuN. Scale bar 100 um. Inset scale bar 10

pm.
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Chapter 2:

Identify RBM20 direct mRNA targets and elucidate the
transcriptional modulation induced by RBM20 in the brain
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Preface

Single gene studies for selected RBPs such as NOVA2, RBFOX1or PTBs have demonstrated
the importance of RBPs for neuronal function (Saito et al., 2019; Wamsley et al., 2018; Zhang
et al., 2019). However, these proteins are broadly expressed in neuronal tissue. In chapter 1,
| have identified multiple splicing factors that exhibit highly selective expression patterns within
glutamatergic neurons in the olfactory bulb or in individual inhibitory cell populations of
GABAergic cortical neurons expressing Parvalbumin. Alternative splicing programs are used
to modulate intrinsic neuronal properties and the synaptic repertoire of individual neuron
classes (Furlanis et al.,, 2019; Traunmdller et al.,, 2016; Traunmuller et al., 2023). In
cardiomyocytes, RBM20 has been shown to exhibit highly-specialized functions incontrolling
calcium handling through the regulation of alternative splicing of transcripts such as Camklld
and Cacnalc. | therefore hypothesized that in the brain, cell-type specific expression of RBM20
regulates alternative splicing programs that are fundamental for the specification of neuronal
properties such as synapse specification, cell adhesion and intrinsic properties.

To study this hypothesis in the second part of my thesis, | therefore identified the direct mRNA
targets of RBM20 in the olfactory bulb, found to be enriched in this protein in chapter 1, and
characterized the influence of RBM20 on the overall transcriptome of the cells in this area and
in parvalbumin positive neurons of the neocortex cells. To achieve this, | generated a mouse
line that globally expresses a tagged version of the RBM20 protein to facilitate the identification
of RBM20 direct mRNA targets via cross-linking and immunoprecipitation followed by
sequencing (CLIP-seq) in the olfactory bulb and heart tissues. More in detail, the work covered
in this part of my PhD thesis was carried out in collaboration with Dietmar Schreiner and Raul
Ortiz, two experienced members of the lab, who established the eCLIP protocol and the
bioinformatic peak calling pipeline, respectively.

Further, | performed RiboTRAP-seq to unravel the alternative splicing programs and gene
expression regulation driven by RBM20 in neuronal cell types. To determine the RBM20-
dependent transcriptome, | generated cell class-specific mutants lacking RBM20 in the specific
cell populations in which it is naturally enriched i.e., in a glutamatergic population (MC-T
neurons) of the olfactory bulb and in PV* neocortical interneurons. To determine whether in
both excitatory and inhibitory neurons, RBM20 function is tailored to modulate the fine-tuning
of functional neuronal circuits, the RBM20-dependent splicing program and transcriptome was
then compared between the two distinct neuronal populations. The gene expression and
alternative splicing analysis of the deep sequencing data was performed by Ariane Jolly, from
Genosplice. Finally, in order to provide the first characterization of the function of a RBP in two

distinct organs, a comparison between the brain areas and the heart was performed.
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Results

Generation of tools for the identification of Rom20 direct mRNA targets in the olfactory

bulb and heart tissues

To understand the role RBM20 plays in the OB, it is necessary to identify the specific
transcripts that are directly bound and regulated by RBM20 in this area of the brain. Cross-
linking and Immunoprecipitation and sequencing (CLIP-seq) analysis is one of the most widely
used methods to determine the RNAs that specifically bind to a protein of interest (Hafner et
al., 2021). As a protein-centric method, CLIP requires antibodies with high binding specificity.
Unfortunately, the RBM20 antibody that we have raised was not suitable for immune-
precipitation experiments. Therefore, in an attempt to improve both protein and cell-type
specificity of our CLIP analysis, we generated Cre-loxP-system based mouse lines to
conditionally express a tagged version of the RBM20 protein in selected cell populations (in
our case, PV*neurons of the neocortex and vGlut2* neurons of the olfactory bulb). Thus, these
mice should enable the study of RBM20-RNA interactions at cell-specific resolution in vivo (c-
Tag-CLIP) (Hwang et al., 2016; Hwang et al., 2017). For the insertion of the tag sequence, we
exploited the COnditional by INversion allele (COIN allele) module design (Economides et al.,
2013), which employs the CRISPR/cas9 system and single strand DNA megamers (ssDNA),
which leads to the insertion of a tag sequence fused to the last coding exon of a selected gene
(Suppl. Fig. 2A). The presence of a strong 3’ splice acceptor site inside the COIN module, and
the specific cell type expression upon Cre recombination, result in the splice-inclusion of the
COIN cassette into the transcript and the expression of the last coding exon fused to a tag. In
our case, we fused a Histidine-Biotin acceptor-Histidine-tag for tandem affinity purification (UV-
CLAP) (Maticzka et al., 2018), and three consecutive HA-tags for protein visualization to the
last coding exon of Rbm20 (Fig. 9A). The Biotin acceptor domain is in place to be
endogenously biotinylated, thus allowing for RBM20 pulldown with streptavidin which forms
with biotin a very strong non-covalent bond. Additionally, before streptavidin pulldown, a high
affinity and purification is achieved by using histidine pulldown. However, the amount of
endogenously biotinylated proteins in tissues is very high and we always observed a certain
degree of nonspecific proteins being pulldown with this strategy. For this reason, we ended up

using the anti-HA antibody for our eCLIP analysis.

In a series of validation experiments, we never observed an efficient Rom20-COIN allele
recombination in both PVCre :: Rom20 COIN allele knock-in mice and CMVCre :: Rom20 COIN

allele knock-in mice (Suppl. Fig. 2B). There are different possible reasons that could explain
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these results: First, we suspect that, even if we observed the successful insertion of the
megamer into the Rbm20 locus, Cre recombination in PV neurons is not very effective, possibly
also due to the fact that the PVCre mouse line is turned on 14 days after birth (P14). Second,
as a consequence, to enhance the levels of genomic recombination, we tried to trigger
germline recombination by expressing high amounts of CRE recombinase in all cells by using
a strong, ubiquitous promoter (human cytomegalovirus immediate—early enhancer promoter,
CMV). However, despite some Cre-dependent recombination being detectable, RBM20
tagged protein was never detected. It is possible that the synthetic splice acceptor site may
compete with the endogenous splice site, which results in decreased expression of the tagged
isoform. This likely resulted in decreased levels of tagged RBM20, which were not detectable

with immunohistochemistry or western blot analysis.

To overcome this issue, we electroporated CRE recombinase in Rom20-COIN allele embryos.
This was sufficient to induce germline recombination and resulted in the production of RBM20
tagged protein in all tissues. In these mice, we could successfully validate the expression of
the tagged RBM20 protein by immunostaining and western blot, both in cortical and in OB
neurons (Fig.9B-9C). However, when staining the sections with the previously raised antibody
against the C-terminus of endogenous RBM20, staining intensity appeared to be lower in
tagged compared to WT tissues. To be sure that this is because of a reduced binding affinity
of the antibody to tagged RBM20 and not resulting from lowered protein levels, we performed
targeted proteomic analysis. Even though our primary interest was to check for the amounts
of RBM20 expression in the brain, with the generation of the constitutive Rom20-COIN tagged
mice we ensure that also RBM20 in the heart would be tagged. In this way, we could
quantitatively assess RBM20 levels in this tissue, where RBM20 has been proven to be highly
abundant (Guo et al.; 2012; Maatz et al.; 2014) and therefore easier to detect with proteomic,
and use this information to estimate possible protein levels changes in WT and RBM20-COIN-
tagged mice. For all three RBM20 specific peptides tested, there was no difference in
abundance between homo- and heterozygous knock-in mice and WT littermate controls (4
mice per genotype) (Fig. 9D). We therefore concluded that RBM20 levels are unchanged in
RBM20-tagged knock-in animals. The reduced staining intensity in immunohistochemistry
(Fig.9B) thus most likely arises from a lower binding affinity of the RBM20 antibody to the

modified C-terminal domain in tagged mice (Fig. 9A).

56



Identifying RBM20 direct mRNA targets in the brain Results

A RBM20 protein tagged with histidine-biotin acceptor domain-histidine-3xHA
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Figure 9: Characterization of RBM20-HBH-3HA tagged mice

A) Schematic representation of RBM20 protein where the last exon of the protein is fused to a histidine-biotin-
histidine-3xHA tag. B) Immunofluorescence confirming RBM20 expression in the OB of WT (up) and RBM20-COIN
allele knock-in mice (KI, down). RBM20 (red), HA (gray). Scale bar 100 um. The inset on the right is showing the
selective HA expression in homozygous Kl but not in WT mice. Scale bar insets: 10 um. C) Western blot showing
the validation of RBM20 expression in OB and cortex (CX) tissues of WT and Kl mice. GAPDH is used as a loading
control. D) Targeted proteomic analysis on heart samples to confirm equal levels of RBM20 in WT, HET and Ki
mice. 3 peptides were probed and 4 biological replicates per genotype were tested. The —logz ratio (light/heavy)
peptides was calculated and displayed.

Characterization of RBM20 direct targets in heart and olfactory bulb tissues

After successful generation and validation of the tagged mouse line, we performed RBM20
CLIP-sequencing (seCLIP, 50 Mio reads/sample) (Van Nostrand, Pratt, et al., 2020), with OB
as well as heart tissue samples from constitutive COIN-allele mice. By adding the heart
samples to our experimental conditions, we not only intended to make a comparison between
MRNA targets in the two different tissues, but also to include a control for the quality of our
experiments, as several RBM20 mRNA targets have previously been described in this tissue.
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Because RBM20 expression in PV* interneurons is substantially lower compared to neurons

in the OB, we decided to not include the neocortical samples for this experiment.

To map RBM20-RNA interactions at single nucleotide resolution, we analyzed the eCLIP
dataset with a pipeline that allows the identification of the truncations occurring at cross-linking
sites (cross-link-induced truncation sites (CITS)), and calls the peaks based on the peak
height, which is used as a proxy for coverage (Shah et al., 2017). Importantly, this pipeline
circumvents the requirement for normalization of the immunoprecipitated samples to the size-
matched input samples (SMI). The input normalization step is currently the subject of extensive
and controversial discussion in the field. In fact, even though methods and sophisticated
pipelines of analysis are being implemented to remove background signal and enhance the
ratio of functionally relevant binding sites, they may also introduce substantial biases (Hafner
et al., 2021). In eCLIP, the SMI sample is frequently enriched by RNAs that are cross-linked
to a broad set of RBPs, which may be interacting with the RBP of interest. Moreover, the RBP
of interest itself may be over-represented in the SMI, causing the peak signal to be mistakenly

attributed to the background, hindering the detection of significant binding sites.

We found that RBM20 directly binds to 3333 and 3853 unique genes in the heart and OB,
respectively (18832 identified peaks in the heart and 27728 peaks in the OB), with 1053 genes
commonly targeted in the two tissues (5107 peaks identified on these genes) (-logio p-value >
3) (Suppl. Fig. 4B). As expected, the majority of the peaks identified on mRNA targets occur
in introns (71% in the heart and 77% in the OB), reflecting the predicted role of RBM20 to drive
alternative splicing in the nucleus. A big portion of peaks was also identified in 3’'UTR stretches
(26% in the heart and 14% in the OB) and coding sequence (CDS) regions (around 4% of
peaks in both tissues), (Fig.10A and B). Previous HITS-CLIP studies performed in rat heart
tissues described that RBM20 binding sites were overrepresented within a range of +400 bp
upstream and downstream of the 5’ and 3’ splice sites of exons that undergo alternative
splicing regulation (Maatz et al., 2014). In particular, RBM20 position peaked 50 nucleotides
upstream and 100 nucleotides downstream of repressed exons, suggesting that binding at
these specific positions is crucial for exon repression. In our CLIP dataset, however, we did
not observe a high enrichment of RBM20 binding sites in proximal intronic regions flanking the
exons RBM20 may regulate. In fact, the majority of peaks in both HR and OB tissues fall in
distal positions of the intronic sequences, with only 7% and 3% of peaks falling in proximal
regions in the heart and OB, respectively (distal positions considered as + 500 bp upstream
and downstream of the exon-intron or intron-exon junctions) (Fig. 10C). This suggests that

RBM20 may also drive functions that do not involve the control of alternative splicing.
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Upon analyzing the CLIP-seq results from heart samples, we were able to find many target
MRNAs which had been previously identified in cardiomyocytes (Guo et al., 2012; Maatz et

al., 2014; van den Hoogenhof et al., 2018), thus validating the quality of our dataset.
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Figure 10: Characterization of RBM20 direct mRNA targets in the heart and olfactory bulb

A) Quantification of the percentage of peaks identified in the heart tissue in each genomic feature: introns, 3'UTR,
5'UTR, CDS, promoters, others (intergenic region, non-coding region). B) Quantification of the percentage of peaks

identified in the olfactory bulb tissue in each genomic feature: introns, 3'UTR, 5UTR, CDS, promoters, others
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(intergenic region, non-coding region). C) Bar plot showing the percentage of peaks identified in distal or proximal
intronic regions in the heart (red) and olfactory bulb (blue). D) Read density observed in eCLIP for Lmo7 and Rpia
genes, direct RBM20 mRNA targets in the heart tissue (red traces) and the olfactory bulb (green traces) respectively
E) lllustration of the GO categories of RBM20 targets in the heart. Gene ratio is defined as the number of target
genes identified in each category divided by the total number of genes belonging to the category. P-value adjusted
is indicated in the scale on the right. F) lllustration of the GO categories of RBM20 targets in the olfactory bulb.
Gene ratio is defined as the number of target genes identified in each category divided by the total number of genes

belonging to the category. P-value adjusted is indicated in the scale on the right.

In fact, the GO analysis of the genes with peak enrichment for RBM20 binding in the heart
showed statistically significant terms for “muscle contraction”, “muscle development” and
“metabolism” categories (Fig. 10E). Conversely, and intriguingly, GO analysis of target genes
in the OB showed an enrichment for terms such as “presynaptic and postsynaptic structures

and activity”, “vesicles mediated transport in synapses” and “regulation of membrane potential”
(Fig. 10F). RBM20 may therefore play an important role for synapse specification and
regulation of neuronal intrinsic properties, revealed by comparing the CLIP results between
the heart and the brain, RBM20 has a different set of targets in either tissue. We therefore, for

the first time, provide evidence that RBPs can have distinct roles in two different organs.

CLIP reveals the exact sites of protein-RNA cross-linking with nucleotide precision. The
binding motifs that RBPs use to interact with their mRNA targets can thus be accurately
identified. RBM20 in cardiomyocytes has been shown to bind to a UCUU consensus motif in
adjacent introns (Fenix et al., 2021; Guo et al., 2012; Maatz et al., 2014). Other RBPs, in
contrast, have been described to bind to multiple different consensus motifs on mRNAs. HuR
RBP, for example, has been found to bind to targets with both AU-rich elements (ARES) as
well as U-rich sequences (Scheiba et al., 2014), while hnRNP Al has been described to be a
sequence specific RBP, which is able to bind a broad range of sequences with different affinity
(Burd & Dreyfuss, 1994). Given the diverse array of mRNA targets that RBM20 binds in the
brain compared to the heart, we reasoned that it is possible that RBM20’s preferred binding
motif may also change in these two tissues. Consistent with the literature, our CLIP dataset
from the heart revealed that RBM20 binds primarily its established consensus motif UUCUU
(Suppl. Fig. 2C). However, this was not the only motif that reached statistical significance in
our analysis, but also UGUGU and UUUUA which could be explained by the degenerate nature
of the binding motif sequences (i.e., all these motifs are rich in pyrimidine e.g., UUCUU and
CUCUCU). It is worth mentioning though, that U-rich sequences are more likely to be found in
motif searches due to facilitated cross-linking of uridine, which is the most photoactivatable

nucleotide. In addition, GGWGG elements have also been suggested to be artifacts specific
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to the eCLIP analysis pipeline (Feng et al., 2019; Traunmuller et al., 2023) and therefore were
excluded from our final results. We observed that even if the UCUU motif is not appearing in
the list of ranked statistically significant RBM20-associated motifs in the OB tissue, the overall
motif sequences in the OB are similar to those found in the heart. This was confirmed also by
quantifying the UUCUU motif enrichment at the cross-linking sites in both heart and brain
samples (Suppl. Fig. 2D).

Collectively, our data suggest that the RBM20 binding motif is conserved across heart and
brain tissues. However, we cannot exclude that other motif sequences (statistically significant
in our analysis), may be bound by RBM20 with different binding affinities. This hypothesis is
supported by recent work that elucidated the complete structure of the RBM20 RRM domain
by spectroscopy (Upadhyay & Mackereth, 2020). To achieve high-affinity binding with RNAs,
the folding of a C-terminal helix (encoded by exon 8) seems to be required and the RNA

molecule needs to harbor the final uracil in the motif sequence.
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Supplementary Figure 2:
A) Schematic illustration of the strategy used for the generation of the COIN-allele RBM20 tagged mouse line. The
COIN allele module is inserted in the Rbm20 locus with the CRISPR-CAS9 system. Upon Cre recombination of the
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flox sites, the COIN module is inverted and the presence of a strong synthetic 3’ splicing acceptor site (3'SA) allows
for the transcription of the tagged Rbm20 isoform over the endogenous isoform. B) Validation of RBM20-tagged
protein expression in PVCre neurons of the neocortex of P35 heterozygous knock-in mice. The HA-tag is not visible
by immunohistochemistry. RBM20 (red), HA (gray), DAPI (blue). The arrows indicate two examples of cells which
are positive for the expression of the endogenous RBM20 but negative for the expression of the RBM20-HA tagged
protein. Scale bar 10 um. C) Motif finding analysis performed with DREME on heart and olfactory bulb eCLIP
datasets. Only the first 5 motifs are reported in this image, ranked based on the enrichment p-value (E-value)
(indicated on the right of each panel). E-value is defined as the p-value times the number of candidate motifs tested.
The enrichment p-value is calculated using Fisher's Exact Test for enrichment of the motif in the positive sequences,

calculated after erasing sites that match previously found motifs.
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RBM20 tunes molecular programs in PV*cortical interneurons and vGlut2* neurons of
the olfactory bulb

A primary goal of this project was to uncover whether and how RBM20 modifies transcriptomes
in different cell types and to look at common and divergent targets in vGlut2* cells of the OB
and GABAergic PV* interneurons of the neocortex. As a general approach, we performed
RBM20 loss-of-function experiments using both constitutive knock-out (global KO) and
conditional knock-out (cKO) mouse lines, in the latter of which RBM20 was selectively lost in
a subset of neurons (either PV* neocortical neurons or vGlut2* glutamatergic neurons of the
olfactory bulb) upon Cre-recombinase cell type specific expression. The cKO lines were a kind
gift of Prof. Esther Creemers in the Netherlands.

The specificity of the KO was confirmed by western blot analysis of WT and cKO protein
lysates, and RBM20 was observed at increasing levels in cortical, PB and heart samples
(Suppl. Fig. 3A). Interestingly, even though RBM20 has a predicted size of 150 kDa based on
its amino acid sequence, in our hands, it appeared to run at around 170-180 kDa on western
blot gels. This altered electrophoretic mobility could be due to post-translational modifications,
as RBM20 is heavily phosphorylated on its RS domain (Filippello et al., 2013; Zhang et al.,
2022). Moreover, even though no RBM20 isoforms have been reported so far, we observed
an additional band at ~75 kDa in WT heart samples, which was absent in KO littermates (Suppl.
Fig. 3A). However, additional experiments are necessary to determine whether this band
indeed represents an isoform or, alternatively, is a degradation product of full-length RBM20.

Pilot experiments using the Rbm20 cKO mice, suggested that RBM20 protein turnover is slow
and 25 days after birth (P25) the protein is still expressed in the cortex and OB. Therefore, we
decided to perform the subsequent experiments at P35, when the protein was not detected
anymore in both cortical PV* neurons and the OB (Suppl. Fig. 3B). In order to understand the
transcriptomic rearrangements induced by the loss of RBM20, we optimized an affinity-
isolation protocol from small tissues (RiboTRAP) (Di Bartolomei & Scheiffele, 2022).
RiboTRAP sequencing is used to identify and isolate mRNA transcripts associated with
ribosomes, thus providing a snapshot of the genes that are actively being translated by
ribosomes (Sanz et al., 2019; Sanz et al., 2009). While bulk RNA sequencing is used to
analyze the transcriptome of an entire population of cells or tissues, ribosomal tagging allows
for the conditional tagging of ribosome subunits in specific cell types (Mahadevan et al., 2020).
RiboTRAP is particularly useful to circumvent the drawbacks associated with FACS sorting

techniques, which prove to be restrictive for neuronal cells owing to their intricate morphology
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and the resulting loss of dendrites during the sorting process. Finally, this technique facilitates
the discrimination between pre-mRNAs and mature transcripts as only the latter undergo
translation. This further enables a better characterization of the mRNA isoforms that are the
final products of alternative splicing process.

To isolate ribosome-associated mRNAs from neuronal population of interest, we used
genetically-defined neuronal populations PVCre :: Rpl22HA and vGlut2Cre :: Rpl22HA, where
the ribosomal protein RPL22 was conditionally HA-tagged (Sanz et al., 2019), in mice where
RBM20 was either expressed or ablated (Fig. 11A). First, we found that in the neuronal
population targeted by the vGlut2Cre :: Rpl22HA mouse line, around 50% of cells in the mitral
cell (MC) layer and 80% of glutamatergic neurons in the glomeruli layer were expressing
RBM20 (Fig. 11B). This suggests that the vGlut2Cre mouse line is a valid tool to target the
majority of the neurons expressing RBM20. Next, we performed gPCR as a quality control
measure to check for the enrichment of markers specific for either PV* or vGlut2* neurons (Fig.
11C). For subsequent deep RNA-sequencing, we selected only samples showing enrichment
for the correct markers and a high RNA quality score (RIN>7). In total, 12 samples (6 WT and
6 cKO) from the OB and 8 samples (4 WT and 4 KO) from PV" interneurons were sequenced.
Quality control analysis revealed that the samples did not exhibit a 3’ bias, they had around
60% of uniquely mapped reads, and more than 85% of reads in all samples were mapped to
MRNAs (Suppl. Fig. 2C-E).

Principal component analysis (PCA) including all sequenced samples showed that
parvalbumin interneuron (PV) samples clustered well together, indicating homogeneity among
biological replicates. In contrast, the OB samples showed much higher variability and thus
scattered along the PC2-axis (Fig. 11D), indicating that they did not cluster well based on
genotype (Fig. 11E). For this reason, we calculated an activity score to evaluate the level of
enrichment of glutamatergic marker genes in each sample, based on a list of genes known to
be enriched in three clusters of glutamatergic neurons (Tepe et al., 2018) (Fig. 11F). As
expected, while PV* neurons did not show enrichment of glutamatergic markers (given their
GABAergic nature), OB samples displayed a broader range of enrichment scores. Some
samples exhibited a strong enrichment for glutamatergic markers (red arrows in Fig. 11F),
others appeared to have the opposite trend (blue arrows in Fig. 11F). These two samples, that
seemed to drive most of the variability because strongly de-enriched in excitatory markers and
enriched for genes expressed in inhibitory neurons, were not considered for further analysis.
Additional efforts were taken to determine the source of variability e.g., to rule out possible

contaminations or spurious Cre recombination. However, no differences in the enrichment for
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olfactory sensory neurons markers, which could potentially arise from inaccurate dissection of
the OB, were found between samples (Fig. 11F). Even though the exact cause remains
unknown, it seems conceivable that variability at least in part arises from intrinsic differences

within the circuits of the OB, as sensory neurons are directly affected by environmental inputs.
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Figure 11: Quality control analysis of Ribo-TRAP samples

A) Pie charts representing the percentage of neurons of the MCL and GL positive for the HA marker in vGlut2Cre
:: Rpl22HA mice. B) Schematic representation of cell type-specific conditional Rpl22-tagging in mitral cells of the
olfactory bulb and cortical PV* interneurons. Pulldowns of polysome-associated transcripts give access to
transcripts actively translated into proteins in Rom20 WT and conditional KO mice. Upon tissue lysis, ribosome-
associated mRNAs are immuno-precipitated using magnetic anti-HA beads. mRNAs are then purified and used for
RNA-sequencing analysis. C) Fold-enrichment (FC) of markers specific to inhibitory cortical neurons or

glutamatergic neurons for WT and cKO samples. For PV samples, the following markers were tested: PV,
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Glutamate decarboxylase (GAD67), vesicular GABA transporter (VGAT), VGLUT1, Glial fibrillary acidic protein
(GFAP), RBM20, (up). For glutamatergic: VGLUT1, VGLUT2, GAD67, Protocadherin21 (PCDH21), GFAP, VGAT,
TBR2 and RBM20, (down). D) Principal component analysis (PCA) of genes expressed in each olfactory bulb and
cortical PV interneurons samples (biologically independent samples per genotype, n=6 for the OB and n=4 for
cortex). Variance explained by the principal components 1 and 2 (PC1 and PC2) is indicated. Gene expression
values were normalized by Variance Stabilizing Transformation (VST) E) PCA of genes expressed in each olfactory
bulb sample (n=6 biologically independent samples per genotype). Variance explained by the principal components
1 and 2 (PC1 and PC2) is indicated. Gene expression values were normalized by Variance Stabilizing
Transformation (VST). F) Heatmap showing the “activity score” enrichment of a set of glutamatergic marker genes,
calculated for 18 classes of neuronal types identified from scRNA-seq data (Tepe et. al.; 2017), in each of the OB
samples. Cluster of neuron types for which the enrichment was calculated: from the top: transition neurons,
progenitor cells (PGC), olfactory sensory neurons (OSN), mitral and tufted cells (MC-T), immature neurons, granule

cells (GC), EPL interneurons (EPL-IN) and astrocyte like cells.

To determine the number of splice variants regulated by RBM20, we subjected the sequencing
data to a PATTERN analysis (see methods for details). This splicing analysis revealed a small
set of regulated target exons both in PV* neurons of the neocortex (126 regulated splicing
events falling on 94 uniquely regulated genes) (Fig. 12A), and in glutamatergic vGlut2* neurons
of the OB (373 regulated splicing events belonging to 244 uniquely regulated genes) (Fig. 12B)
[log: fold-change (log-FC) in splicing index (SI) = 1.5 or < -1.5, p-value < 0.01]. The regulated
events were mainly attributed to alternative transcription start sites and alternative
polyadenylation categories and only a handful of them were classified as exon skipping (Fig.
12C and D). Interestingly, RBM20 mRNA targets in PV* and vGlut2* neurons were different
(only 2 shared splicing target mRNAS), indicating that RBM20 is driving different splicing
programs in distinct neuronal populations (Suppl. Fig. 4A). GO analysis did not reveal any
enriched category of genes for both neuronal populations (FDR<0.05), however, it suggested
that the regulated exons belonged to genes that are mainly involved in protein complex, cell
signaling, cell metabolism and cytoskeleton architecture. Moreover, of a hand-curated list of
61 known RBM20 target transcripts in the heart (Fenix et al., 2021; Guo et al., 2012; Guo et
al., 2018; Maatz et al., 2014; Schneider et al., 2020), only 4 alternative splicing target genes
overlapped with the regulated mRNAs found in the OB. However, this has to be interpreted in
light of the very low expression levels of these transcripts in the brain. No common targets
were found between these 61 genes and the PV* neuronal dataset. Taken together, results
from the splicing analysis suggest that RBM20 is shifting the splicing pattern of different mMRNA

targets in the heart and in the brain.

We next tried to validate the splicing changes on mRNAs with the highest predicted FC from

both datasets. However, while some of the splicing changes predicted to occur in OB neurons
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could successfully be validated (Suppl. Fig. 3G), we failed to do so for those in PV*
interneurons (data not shown).

One of our main goals was to understand the function of RBM20 on the transcripts that it
directly binds and that are also undergoing differential exon usage in vGlut2* neurons. When
intersecting the list of genes undergoing in the OB with the CLIP datasets generated from the
same glutamatergic neurons, we noticed that only a subset of genes (96 genes) appeared to
be directly targeted by RBM20 (Suppl. Fig. 4C). This suggests that all the remaining alternative
splicing events that are predicted to be modulated by RBM20 in glutamatergic neurons may
be the result of indirect changes in the transcriptome of MC-T neurons induced by the loss of
RBM20.

Although we initially focused on the alternative splicing programs driven by RBM20 in neurons,
not many splicing changes appeared to be a consequence of a direct binding of RBM20 to
MRNAs. On the other hand, the differential gene expression (DGE) analysis showed that, while
in PV* neurons only few genes are regulated in absence of RBM20 (7 genes, data not shown),
in vGlut2* neurons, the lack of RBM20 influenced the expression of around 410 genes [log:
fold-change (log>FC) in splicing index (Sl) = 1.5 or < -1.5, adj.p-value < 0.01] (Fig. 12D). In
particular, 366 of these genes decreased their expression in RBM20 cKOs compared to WT
animals, pointing towards a role for RBM20 to serve as a stabilizer and preventer of

degradation for these transcripts.

Of the DR genes, 149 appeared to be also directly bound by RBM20 (with more than 2500
peaks identified in CLIP analysis on these genes) (Suppl. Fig. 4D), and 39/149 genes were
involved in synapse specification (SynGO analysis (Koopmans et al., 2019)) (Suppl. Fig. 4E).
However, none of these genes has RBM20 binding sites close to the promoter region. It is
known though, that binding of certain splicing factors influences gene expression levels even
in distal regions from the promoter of the genes e.g., binding to enhancer sequences further
away from the TSS (Kubo et al.,, 2021). Another possible explanation for the differential
expression of genes in Rom20 cKO mice may arise from RBM20 splicing regulation of mRNA
targets. Indeed, if RBM20 acts on these transcripts inducing Nonsense-mediated-mRNA-
decay (NMD), the total levels of these genes would decrease, therefore appearing
downregulated in the differential gene expression analysis. To test this hypothesis, gPCR

analysis of the pre-mRNAs levels of these target genes is required.

GO analysis on the regulated transcripts in OB neurons showed that the DE genes are

significantly enriched in “voltage-gated calcium channel”, “presynaptic and postsynaptic active
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zones” and “actin cytoskeleton” categories (Fig. 12E). Interestingly, 8 of the OB genes
downregulated under RBM20 KO conditions, are well described RBM20 targets alternatively
spliced in heart tissue (Fenix et al., 2021). Two of these genes are the voltage-gated calcium
channel subunits CACNA1c and CACNA1d (Fig. 12F). VGCCs are important for regulating the
flow of calcium ions into neurons. They are heteromultimeric complexes consisting of a central
pore-forming Cava1 subunit and several auxiliary (B and a.0) subunits.d the choice of the
subunit can affect the firing of the neurons and the release of neurotransmitters and may play
a role in synaptic plasticity (Langwieser et al., 2010; Simms & Zamponi, 2014). There are ten
different Cava1 subunits, classified into high-voltage activated (HVA) and low-voltage
activated (LVA) channels, with HVA channels requiring stronger depolarization to reach
activation threshold and showing prolonged channel opening. Importantly, localization of these
channels varies among different brain areas. In the olfactory bulb, contrasting data exists
regarding the expression of VGCCs. While some laboratories suggested that the L-type
calcium channel mRNAs are present in MC (Davila et al., 2003; Tanaka et al., 1995), other
studies in neonatal rats and mice showed that only the a1A (Cav2.1, P/Q-type) and a1B
(Cav2.2, N-type) calcium channel subunits are expressed by MC in dendrites and that the a1C
(Cavl.2, L-type) or a1D (Cav1.3, L-type) subunits are lacking (Yuan et al., 2004).

Additionally, mutations in the family of the CACNA genes, may lead to alterations in the
function of the channels and have been associated with a variety of psychiatric disorders,
including bipolar disorder, schizophrenia, and major depressive disorder (Bhat et al., 2012).
Given the fundamental role in calcium signaling in neurons, it is not surprising that the
composition of these channels undergo a fine regulation from many RBPs (Allen et al., 2017,
Morinaga et al., 2019).

All together, these reasons prompted us to pursue a more in-depth analysis on RBM20
modulation of CACNAs subunits. We performed gPCR analysis to confirm the differential
expression of these and other CACNAs subunits (i.e., CACNA subunits 1a,1b,1c¢,1d,1h,1g) in
the cKOs. Even though most of the tested subunits showed a trend towards reduced
expression in the cKO, none of them reached statistical significance (Fig. 12G). This again
may reflect the large variability which we have previously observed in the Ribo-TRAP samples
from the OB.
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Figure 12: Transcriptomic rearrangements induced by RBM20 in PV*and vGlut2* neurons
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A) Volcano plots representing the splicing changes (left) and the differentially expressed genes (right) induced upon
Rbm20 KO in PV* interneurons of the neocortex (FC>1.5, p-value<0.01). B) Volcano plots representing the splicing
changes (left) and the differentially expressed genes (right) induced upon Rbm20 KO vGlut2* neurons of the
olfactory bulb. Regulated exons are shown in red (total of 284 regulated splicing events from 178 uniquely regulated
genes; (FC>1.5, p-value<0.01). C) Pie charts representing the percentage of alternative splicing types induced
upon Rbm20 ablation (cortical interneurons on the left, olfactory bulb neurons on the right). D) Volcano plot of the
differential gene expression in RBM20 WT vs. KO condition. Each dot represents a gene. Regulated genes are
shown in red (total of 221 upregulated and 144 downregulated genes; FC>1.5, adj. p-value<0.01). E) Illustration of
the GO category of genes which result to be differentially expressed in glutamatergic neurons of the olfactory bulb
in absence of RBM20. F) Scatterplot of the mean gene expression in RBM20 WT vs. cKO conditions. Highlighted
in red are the genes of the voltage gated calcium channels (VGCC) subunits which appear to be differentially
expressed in the two conditions. G) qPCR validation of all the CACNAs subunits predicted to be differentially
expressed by RNA-sequencing in OB neurons. Two-way ANOVA, Sidak’s multiple comparison test. All the

comparisons resulted to be non-statistically significant.

Collectively, our data support the idea that RBM20 is regulating both mRNA splicing and gene
expression in the OB. In particular, it seems that the majority of down-regulated mRNAs
targeted by RBM20 at the DGE level in MC-T neurons, have functions associated with the
specification of intrinsic properties of these cells. It is conceivable that in absence of RBM20,
the electrophysiological properties of these neurons are changed, thus modulating
fundamental properties of the OB circuitry. However, further experiments are required to
address the specific role RBM20 plays in these neurons.

Finally, it is important to note that only a percentage of all the mRNA targets directly bound by
RBM20 identified in the CLIP dataset appear to be changed at the transcriptome level. It is
possible that RBM20 may be acting on these transcripts in different ways than what has
previously been described. For example, RBM20 binding may induce the formation of
secondary structures, therefore masking the binding sites for other broadly expressed master
regulators. Competition for binding sites on mMRNA targets has been extensively characterized
for many splicing factors and even RBM20 in the heart has been observed competing for the
binding of transcripts targeted by PTBP1 RBP (Lorenzi et al., 2019). It cannot be excluded that
a similar mechanism may exist also in the brain, especially given the complex and fundamental

spatio-temporal control that neurons must achieve to enable the correct operation circuits.
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Supplementary Figure 3:

A) Western blot showing RBM20 levels in cortex (CX), olfactory bulb (OB) and heart (HR) samples of WT and
constitutive KO mice. RBM20 band at 150-170 kDa is indicated with an arrow. GAPDH is used as loading control.
B) Immunostaining of RBM20 (red), HA (gray) and DAPI (blue) in the cortex (upper row) and olfactory bulb (lower
row) of Rbm20"“::PVCre::Rpl22""HA and Rbm20"Wt.:yGlut2Cre::Rpl22 "AHA mice at P35 (left of the panel)
compared to conditional KO littermates (right of the panel). C) Bar plot of each biological replicate where for each
sample the following parameters are indicated: the proportion of number of reads uniquely mapped, mapped to
multiple loci, mapped to too many loci or unmapped reads for all the samples. All samples show highly similar
values across biological replicates, as well as across brain region and genotype, suggesting a high consistency and
homogeneity of the RNA-seq data. D) Bar plot representing the relative percentage of reads falling on genomic
features for all the biological samples. E) Coverage plot indicating the percentage of read bases at a given position
of the transcript. No sample appeared to display a 3’ or 5’ coverage bias across the transcript length. F) Analysis of

alternative splicing events in total olfactory bulb WT and KO (inputs) and immuno-isolated RNAs samples. Flanking
72



Elucidating the transcriptional modulation induced by RBM20 Results

primers were used to amplify exons involved in the events found to be differentially regulated in olfactory bulb
samples by RT-PCR. The names of genes and schematic representation of the exons amplified are indicated on
the right. Representative images are shown out of 2 technical replicates. For the 7 predicted differentially regulated

events tested, 3 were experimentally validated.
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Supplementary Figure 4:

A) Venn's diagram showing the number of genes overlapping between the alternatively spliced genes in PV*
interneurons and alternatively spliced genes in vGlut2* neurons. Only 3 genes appear to be commonly targeted for
alternative splicing in the two neuronal populations. B) Venn’s diagram showing the number of genes overlapping
between heart and olfactory bulb mRNA targets bound by RBM20 (predicted by eCLIP). 1053 unique genes are in
common between the two tissues. C) Venn’s diagram showing the number of genes overlapping between the
alternatively spliced genes in vGlut2* neurons and the olfactory bulb mRNA targets bound by RBM20 (predicted by
CLIP). D) Venn’s diagram showing the number of genes overlapping between the DEG in vGlut2* neurons in WT
vs. cKO conditions and the genes directly bound by RBM20 in the same neurons (predicted via eCLIP). 149 unique
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genes appear to be both bound and regulated by RBM20. E) GO analysis on the 149 genes differentially regulated
in vGlut2* neurons in RBM20 WT vs. KO conditions and directly bound by RBM20.39 of these genes belong to the
GO categories involved in synapse specification. The gene set analysis intersects the gene list with SynGO
annotated genes and compares this to a background list of genes set using a Fisher exact test. As background, the
set of genes considered expressed in the olfactory bulb glutamatergic neurons from Rlbo-TRAP analysis was used.

(threshold for a gene to be considered expressed: DESEQ>200).

Is one single splicing factor able to shift the transcriptome of a specific neuronal

population?

To study the function of RBM20 in the modulation of splicing programs, we performed a gain-
of-function experiment where RBM20 was over-expressed upon lentivirus infection in cortical
primary neuronal cultures from embryonic day 16 (E16.5) embryos of WT mice (Fig. 13A). At
day in vitro 1 (DIV1), we infected neocortical neuronal cultures with a lentivirus expressing
either Rbm20 or the red fluorescent protein (RFP) reporter gene as a control (hereby referred
to as Rbm20-LV and RFP-LV, respectively). Both viruses also expressed the green fluorescent
protein (GFP) reporter, to facilitate the control for equal levels of infection rate in treated vs.
untreated cells. After 8 days (DIV8), cells were harvested and subjected to RNA and protein
extraction (Fig. 13A).

As lentiviruses are RNA viruses, it is challenging to quantify the concentrations of their viral
particles. Therefore, we performed serial dilutions to evaluate the infection rate of different
virus amounts (20 pl, 100 pl and 500 pl). Quantification of the number of RBM20* cells over
the total number of neurons in the two experimental conditions is shown in (Fig.11B). In the
Rbm20 over-expression group, no significant differences in infection rate were observed when
the virus volume was increased to 100 pl or 500 pl. For subsequent experiments, we therefore
took the cells transfected with 100 pl as this was the minimum volume that achieved an
infection rate of around 70% (Fig. 13B).

As expected, we did not observe any RBM20* neurons in the control conditions (both
RFP-LV and non-infected cells) (Fig. 13B), as excitatory neurons in the neocortex do not
express the RBM20 protein under WT conditions. This was further validated by western blot
analysis, where RBM20 and RFP were only detected in neurons where they have been over-
expressed but not in non-infected cells (Fig. 13C). In addition, equal infection efficiency in the
two experimental conditions was confirmed by quantifying the number of GFP* neurons (Fig.
13B).
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Finally, to ensure that the lentivirus infection has not induced toxicity in the neuronal cultures
that were selected for subsequent deep RNA-sequencing analysis, we performed gPCR for
two known marker genes involved in cell death (Chop) and the unfolded protein response
(UPR) cascade (Atf4). Both of these stress marker genes responded similarly to both Rbm20-
LV and RFP-LV infection and showed an even lower expression relative to non-infected cells

(Fig. 13D).

The majority of neocortical neurons in culture are glutamatergic neurons (only ~10% of
neurons are inhibitory). We therefore hypothesized that over-expression of Rbm20 in these
neurons would result in a transcript isoform repertoire similar to that observed in WT
glutamatergic olfactory neurons, which canonically express Rbm20. Further, we aimed to
determine the degree to which the mis-expression of a single splicing factor could shift the
splicing program of that specific cell type. To assess this, we performed deep RNA-sequencing

and analyzed the transcriptome changes in the different conditions.
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Figurel3: Mis-expression of Rom20 in neuronal neocortical cultures

A) Schematic representation of set up and timeline for Rom20 mis-expression in neuronal cultures. The schematic

structure of the two viruses is on the left. B) Bar plot representing the number of RBM20* and GFP* cells in the two

conditions, upon serial dilution of virus used. C) Western blot showing the selective expression of RBM20 in cultures
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infected with the Rbm20 expressing lentivirus compared to non-infected cultures and cultures infected with the RFP
expressing lentivirus. D) gPCR of Atf4 and Chop mRNAs levels normalized over Gapdh, in cultures infected with

Rbm20-LV and RFP-LV. Normalization was performed over non-infected cultures.

The quality of the sequencing results was evaluated by examining the sample coverage (Fig.
14A). We identified a notable 3' bias in one of the samples, and hence decided to remove this
particular sample from our analysis. Additionally, PCA analysis revealed the presence of a
“batch effect” among the samples, potentially influenced by the variance between biological

replicates (Fig. 14B).

Differential gene expression (DGE) analysis showed that there is no change at the

transcriptional level between the two conditions (Fig. 14C).

To characterize RBM20 induced alternative splicing programs we then used the WHIPPET
pipeline, which enables the local detection and quantification of alternative splicing events
based on an “event-level” approach (Sterne-Weiler et al., 2018). WHIPPET detects exon-exon
junctions and calls alternative splicing events, such as exon skipping, intron retention, and
alternative 5' and 3' splice sites, based on the junctions identified. Finally, this pipeline allows
for the quantification of the PSI value for each splicing event and assigns a Probability value,
which estimates the likelihood of that particular alternative splicing event to be true. The
splicing analysis revealed a total of 246 regulated events arising from 172 different genes (Fig.
14D).

Interestingly, these genes did not show enrichment for any specific functional Gene
Ontology (GO) category, suggesting that RBM20 is involved in regulating small sets of
transcripts of different biological processes. Among the observed splicing events, 60% were
categorized as tandem alternative polyadenylation, followed by tandem transcription start site
at 34% (Fig. 14E).

However, we failed to validate the regulated events via semi-quantitative PCR, indicating that
RBM20 in cultured neocortical neurons was unable to strongly shift the splicing program. This
is in accordance with previous studies, which showed that the co-expression of several RBPs
in Neuroblastoma 2A (N2A) cells was not always sufficient to shift the splicing patterns in in
vitro reporter assays (Furlanis et al., 2019). Conversely, the overexpression of PTBP1 RBP in
HEK 293T cells significantly reduced the inclusion of exon 4 of SRSF3, while of overexpression
of SRSF3 autoregulated its own expression by increasing inclusion of the same exon, hence
providing an example of context-dependent regulation of this target mMRNA (Guo et al., 2015).
These findings demonstrate that the co-expression of different RBPs can shift the alternative
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splicing of transcripts in a context-dependent manner, and highlight the complex regulation of
alternative splicing in gene expression. Thus, it is possible that a context-dependent
component may be required for a RBM20 to drive cell type-specific splicing programs,
especially considering that some transcripts that are RBM20 targets may not be expressed in

neocortical excitatory neurons.
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Figurel4: Mis-expression of Rom20 in neuronal neocortical cultures

A) Plot showing the percentage of gene body coverage across the transcript length for all biological samples. The
sample RBM20_LV_2 (green) is displaying a 3’ bias. B) Principal component analysis of genes expressed in each
neocortical neuronal culture sample (biologically independent samples are n=3 for LV-Rbm20 and n=4 for LV-RFP).

Variance explained by the principal components 1 and 2 (PC1 and PC2) is indicated. Gene expression values were
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normalized by Variance Stabilizing Transformation (VST). LV-Rbm20 samples are in green, RFP samples in red.
The samples display a batch effect. C) Volcano plot of genes differentially expressed in RFP vs. Rbm20 infected
neuronal cultures ( -1.5>Log2FC> 1.5; log10 (adj.p-value) > 0.05). In red is Rbm20, the only upregulated gene. D)
Volcano plot of genes differentially expressed in RFP vs. Rbm20 infected neuronal cultures (—1.5>log2FC> 1.5;
log10 (adj.p-value) > 0.05). Rbm20 is the only upregulated gene and is marked in red. H) Volcano plot of the APSI
of regulated exons and the probability value associated with it. Probability >0.9, —20%>APSI>20%. In red are all
the alternatively spliced events, which appear to be statistically significant. E) Pie charts indicating the relative

percentage of alternative splicing regulated events (Probability >0.9, —20%>APSI>20%).
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Chapter 3:

Uncovering the functional impact of RBM20 in neurons
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Preface

Previous work on the global removal of RBM20 in the heart and skeletal muscle tissue revealed a
highly dedicated alternative splicing program tailored to genes involved in cytoskeleton
maintenance such as Titin and Tropomyosin transcripts (Guo et al.; 2012, Maatz et al.; 2014).
Moreover, it is well described how pathological Rom20 mutations induce the translocation of
the protein to the sarcoplasm, leading to the formation of stress granules that fuse and impact
actin filaments of the cytoskeleton in cardiomyocytes (Fenix et al.; 2021, Schneider et al.;
2020). Our analysis of RBM20 direct targets in olfactory bulb neurons revealed that RBM20
binds to a set of genes involved in microtubule and actin cytoskeleton maintenance and cell
adhesion molecules (e.g., Cytoplasmic Linker Associated Protein 1 (Claspl), dystonin (Dst)
and Kinesin Family Member 21B (Kif21b)). In addition, a few genes involved in cytoskeleton
structure appeared to be also regulated at the level of differential gene expression and/or
alternative splicing. Based on these results, we hypothesized that the absence of RBM20 could
change the morphology of mitral cells (MCs) in the olfactory bulb.

To test this hypothesis, we analyzed the morphology of MCs by using adeno associated viral
vectors expressing the GFP reporter upon viral infection in the posterior piriform cortex, a brain
region where MCs axons project. The 2-photon microscopy acquisition of olfactory bulb
samples was performed by Susanne Falkner, a senior postdoc in the lab. The high resolution
provided by 2-photon imaging was crucial to: first, observe the structural features of these
neurons; second, analyze diverse morphological features (e.g. dendritic length, dendritic
number) of these MCs in RBM20 WT and cKO mouse models.

Finally, we aimed at understanding the role of RBM20 in the regulation of intrinsic properties
in MC-T neurons of the olfactory bulb. Specifically, by adapting a social transmitted food
preference paradigm, we assessed the physiological relevance of RBM20 in the olfactory bulb,
i.e., we tested whether the lack of RBM20 leads to deficits in odor discrimination, odor memory

formation or association of social stimuli with odor cues.
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Results

Morphological characterization of mitral cells of the olfactory bulb in Rbm20
mutant mice

Mitral cells are the major output neurons of the olfactory bulb and their dendrites receive lateral
inhibition from granule cells. As for many neuronal cell types, morphology is fundamental for
the functional properties of mitral cells. Consequently, morphological changes could lead to
neuronal circuit remodeling. To investigate the possible role for RBM20 in the modulation of
mitral cell properties, we therefore investigated how ablation of Rbm20 in conditional knock-
out (cKO) mice affects mitral cell morphology.

We injected an AAV2-flexGFP retrovirus in the posterior Piriform Cortex (pPCX) of vGlut2Cre
mice and after 14 days, we performed 2-photon imaging of the back-labelled GFP* neurons in
the olfactory bulb. More specifically, in order to increase the S/N ratio and allow for a better
reconstruction of mitral cell morphology, we applied the CUBIC/L clearing protocol (Tainaka et
al., 2018) and imaged up to 700 um of olfactory bulb tissue (Fig.15A and B). In order to account
for cell-to-cell heterogeneity, we decided to restrict our analysis to mitral cells, therefore
excluding superficial, middle and internal tufted neurons, which were also targeted with our
viral delivery strategy. We then reconstructed the morphology of neurons, whose soma was
localized in the mitral cell layer (5 cells per genotype) and analyzed the absolute number of
branches, the mean length and the tortuosity of their glomerular tufts. As we did not find any
differences between Rbm20 WT and cKO mice (Fig.15C-E) we conclude that the loss of
RBMZ20 is not inducing morphological rearrangements in neurons. However, we cannot fully
exclude that the high diversification of mitral cells subtypes (previously classified in type | and
type Il (Macrides et al., 1985; Orona et al., 1984)) or their topographical organization in the
antero-posterior axis may influence or mask possible differences amongst neurons. Moreover,

possible morphological differences of tufted neurons remain to be further investigated.

81



Uncovering the functional impact of RBM20 in neurons Results

A
Embedded in 1% agarose
C
Piriform Cortex
E [}
& 200 —~ 80—
20+ 2 E 60 2 1.6
WT KO £ = 3
E: a 2 [ ] =
21504 ¢ g g
3 S & 3 [ ]
s e 40+ 3 144
[u] a ° ° c
o G 100 2 k]
Ala H i 2
(o} gl 5} »n
E £ 20 S 1.2
£ 50 2 5
2 ° b
v * F] L] = c
° :v 3
a b £
T T T T T S 0 T T E o T T 1.0 T T
N
d 5 B3 '1'06 L f;é & ° 4:‘6 e’l‘o & ‘}9
&8
&S & & &
& 2 2 2 2
& & & & &S
N N S S N
& & & &

Figure 15: Morphological characterization of mitral cells of the olfactory bulb

A) Schematic illustration of retroAAV2-syn-flex-GFP viral delivery in the Piriform cortex of vGlut2Cre mice for back
labelling of olfactory bulb mitral cells. B) Left: lllustration of the 2-photon imaging approach: Olfactory bulb is sliced
in half and positioned in a chamber embedded in 1% agarose. The most anterior tip of the olfactory bulb containing
the glomerular structures is positioned close to the objective. Right: A picture of the olfactory bulb upon clearing
with CUBIC-L procedure (see methods for details). C) GFP* mitral cell (gray) back-labeled through injection of
retroAAV2-syn-flex-GFP virus in the Piriform cortex and tracing (right and inset) of the neuronal arborization. Scale
bar 500 um. D) Representative image of the site of viral injection in the Piriform cortex. Scale bar 500 pm. E)
Quantification of the absolute number of dendrites and branches in the neuronal tufts as well as their mean length

and tortuosity index in reconstructed cells of Rom20 WT and conditional KO (cKO) mice.

The role of RBM20 in odor discrimination and odor memory formation
The olfactory bulb plays a central role in the processing of olfactory information. Through
continuous neurogenesis and replenishment of granule cell neurons, the bulb preserves its

ability to adapt to external and internal changes even after maturation. This high level of
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plasticity makes the olfactory bulb one of the most interesting brain regions to study (Wilson et
al., 2004) (Fuentealba et al., 2015). A centerpiece of plasticity in the olfactory bulb is the mitral
cell population, the major resident output neurons and initial processing station of sensory
information. Recently, these neurons have been implicated in a form of olfactory learning,
which links synaptic plasticity to memory formation, a process driven by the association of
social contexts with sensory cues (Liu et al., 2017; Loureiro et al., 2019). Since RBM20
appears to directly bind and regulate the transcription levels of calcium channel transcripts in
olfactory bulb glutamatergic neurons, we hypothesized that its loss may result in olfactory
defects or alterations in olfactory memory formation. To test this hypothesis, we used different
Cre mouse lines (i.e., the vGlutCre, Pcdh21Cre and Thx21Cre mouse lines), to ablate Rbm20
specifically in mitral cells of the olfactory bulb and performed behavioral studies to test how

this would affect olfactory bulb function.

First, we confirmed the specificity of Cre recombination to mitral and tufted neurons of the
olfactory bulb of Tbx21Cre mice by immunostaining (Fig. 16A). Second, to ensure that possible
behavioral phenotypes would be mitral cell specific, we verified that no other brain region
undergoes Cre recombination and that also cardiomyocytes in the heart tissue do not express
this protein during development (Haddad et al., 2013; Nguyen & Imamura, 2019) (Fig. 16B).
Third, we crossed these mice with the Rbm20™" mouse line and implemented a behavioral
test form the Social Transmitted Food Preference paradigm (STFP) (Liu et al., 2017; Loureiro
et al., 2019), to elucidate whether RBM20 indirectly regulates the formation and/or
maintenance of olfactory memory. In short, we took advantage of the inherent preference mice
have for flavors i.e., high preference for thyme and low preference for cumin flavored food. The
experiment was then designed to evaluate whether social interaction with demonstrator mice
that have been exposed to cumin, could increase preference of observer mice for this type of
flavor. As such, we fed demonstrator mice cumin flavored food and let them socially interact
with naive observer WT and Rbm20 KO mice for 30 min (Loureiro et al., 2019) (Fig. 16C and
D). Directly after (day 0), one day (day 1) and 14 days (day 14) later, we presented cumin and
thyme flavored food to observer mice and measured their preference as the ratio of the amount
of food eaten of either flavor over the total amount of food eaten. As a control for the effect of
the social interaction component, we included demonstrator mice that have not been exposed
to any flavor and thus should not change the innate preference for thyme of WT and KO

observers.

All observer mice (males and females) spent a similar amount of time smelling and interacting

with the demonstrator mouse (Suppl. Fig. 5A and B). Independent of sex or genotype, all mice
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ate similar amounts of food when presented a choice at day 0, day 1 and day 14 (Suppl. Fig.
5C). When pooling data of male and female WT mice, exposure to cumin fed demonstrators
did not significantly reduce the innate preference for thyme flavored food and thus observer
mice showed a similar behavior as the control group (Fig. 16F, top row). However, when
looking deeper into the data at day O, there seems to be a slight trend for cumin preference
(although not statistically significant), which was mainly driven by WT female mice (Fig. 16E
graph on the top, Fig. 16F top row). This suggests that WT males and females may respond
differently to social interaction.

In KO observers, social interaction with the cumin-exposed demonstrators seems to
increase cumin preference in both males and females, however, statistically significant only in
female mice (Fig. 16E top graph and Fig. 16F, lower row). At dayO, while males show no
significant differences for genotype or food exposure, females post-hoc analysis for food
exposure for KO mice presented a p-value<0.01*; and the main effect for genotype was close
to statistical significance (p=0.054). At day 1, mice’s food preference is unchanged and no
statistical significance is reached by the different groups (Fig. 16E middle graph and Suppl.
Fig. 5E). After a period of 14 days, the effects of the social interaction on food preferences in
WT mice seem to disappear. In particular, WT male mice have regained their natural
preference for thyme, and WT female mice also exhibit a lack of preference between the two
food options. KO male mice, however, keep displaying a preference towards cumin-flavored
food, supported by the post hoc analysis for food exposure p-value<0.04*, (Fig. 16E bottom
graph and Suppl. Fig. 5F).
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Figure 16: Characterization of RBM20 function in odor discrimination

A) Characterization of the specificity of the Tbx21Cre mouse line for selective targeting of mitral and tufted neurons
of the olfactory bulb. The image is a sagittal section isolated from a TbxCre :: tdtomatoFlox P35 mouse, showing
selective tdtomato recombination (gray) in the olfactory bulb. Axons from mitral and tufted neurons are visible in the
Piriform cortex, a region to which these neurons project. Scale bar 100 um. In the inset is a zoomed image of the
olfactory bulb, where tdtomato positive mitral and tufted neurons (gray) express RBM20 (red). Scale bar inset 100
um. B) Image of the right ventricle of a TbxCre :: tdtomatoFlox P35 mouse heart section showing no tdtomato
recombination. RBM20 (red) localization is in foci as expected in cardiomyocytes. Scale bar 100 pm. C) Schematic
representation of the social transmitted food preference (STFP) paradigm. Demonstrator mice are in pink and
observer mice in yellow. D) Schematic representation of the timeline of the STFP paradigm for both demonstrator
and observer mice during the 14 days of the test. E) Graphs representing the percentage of cumin flavored food
eaten over the total amount of food eaten in males (blue) and females (pink) mice at day O (left), day 1 (right) and
day 14 (lower row). Data are shown as mean + SD. In the graphs, only post-hoc analysis which were statistically
significant for either the food exposure or the genotype factors are reported. Two-way ANOVA followed by Tukey’s
multiple comparisons. Mice n= 14 WT observers; n= 14 WT controls; n= 12 KO observers; n= 13 KO controls. F)
Graphs representing the percentage of cumin flavored food eaten over the total amount of food eaten in pooled
animals (males and females, gray), males (blue) and females (pink) in WT (upper row) and cKO (lower row) mice
at dayO compared to control mice. Data are shown as mean + SD including individual values. Unpaired T-test; non
parametric, Kolmogorov-Smirnov correction. In the graphs, only post-hoc analysis which were statistically significant
for either the food exposure or the genotype factors are reported

It is important to note that the interpretation of the results obtained from this behavior
experiment is challenging and the mechanisms underlying the formation of olfactory memory
are likely non-trivial. For example, as a control for the effect of flavored food alone, we
performed pilot experiments were we exposed observer mice to flavored food in absence of
any social interaction. Surprisingly, this was already sufficient to influence subsequent food
choice of observer mice. We therefore decided to not include this second type of control in our
experiment, even though others have described that flavored food exposure alone did not lead
to electrophysiological and plasticity changes in the mitral cells of the OB (Liu et al.;2017).
Unfortunately, actual consumption of the flavored food was not reported in this paper, which
makes it difficult to conclude whether our observations were indeed different from theirs.
However, that flavor preference is influenced even in the absence of social interaction,
indicates that the behavioral phenotype revealed by our experiments is not exclusively driven

by social cuing.

In contrast to WT animals, KO mice showed clear trends towards increased receptiveness to
social cues in both males and females. The ablation of RBM20 could thus lead to molecular
changes that affect the intrinsic properties of neurons. As the observed behavioral effect
cannot solely be attributed to social interactions (as outlined above), the combination of social
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interaction and exposure to flavored food seems to generate a reinforcing property of the
message conveyed by the demonstrator mice, potentially due to circuit rearrangements
present in KO mice. This phenotype appeared to be more pronounced in female mice, although
the reasons for this sex difference remain elusive. Since we did not measure the physiological
properties of the Rbm20 lacking neurons, the comparisons to other studies that exploited the
STFP paradigm to infer differences in MC plasticity, is difficult (Liu et al., 2017).

Overall, we hypothesized that selective loss of RBM20 in MC-T cells (which are targeted by
the Tbx21Cre mouse line), alters their proteome, possibly resulting in changes in the intrinsic
properties of these neurons and leading to circuitry rearrangements. We previously showed
that RBM20 binds and regulates the expression of ion channels, including the subunits of the
voltage-gated calcium channel (CACNAS). The modulation of these transcripts may affect the
firing rate of MC-T neurons. MC-T project to the medial olfactory tract (mOT) areas, which are
targeted by dopaminergic fibers of the ventral tegmental area (VTA), suggesting that the
reward system may play a role in the reinforcing value that KO mice display in the social

transmission of food preference (STFP) paradigm.

It is important to define the role that the individual preferences of mice may have on this test.
In fact, mouse behavior in selecting the flavored food to eat was recorded, and it was noted
that mice typically smell and investigate both flavored foods before making a definitive choice,
suggesting that their decision is not random. Individual food preferences at day 0, day 1 and
day 14 are presented in the (Suppl. Fig. 5D). Interestingly, the field acknowledges that the
investigation of inter-individual differences is crucial for in-depth understanding of mouse
behavior (Pittaras et al., 2016; Pittaras et al., 2022). Many clinically relevant behaviors are not
well understood and one of the challenges is that existing data are often statistically
underpowered due to small sample sizes. To explore whether RBM20 regulates intrinsic
properties of MC-T neurons, it is necessary to determine whether the electrophysiological
properties of these cells are changed in KO animals. Patch clamp experiments have been
conducted extensively in the OB (Jones et al., 2020; Liu et al., 2017; Wachowiak et al., 2013),
but multielectrode array recordings could provide a more time efficient readout to probe
differences in the conductance level of the OB circuit between RBM20 KO and WT mice
(Doucette & Restrepo, 2008). Another essential experiment to support our hypothesis, is
validating the changed levels of CACNAs subunits in cKO mice. Given the high degree of
heterogeneity in the RNA pull-down samples, fluorescent in situ hybridization may provide a

more consistent and robust approach to investigate this further.
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Supplementary Figure 5: Social transmitted food preference paradigm in Rom20 WT and cKO
mice

A) Graphs illustrating the amount of time that WT and cKO observer mice (all: gray; males: blue and females: pink)
spent interacting with the demonstrator mouse (time spent in the zone) and B) the time spent directly sniffing the
demonstrator mouse on the day of interaction (day 0). C) Absolute amount of food eaten by observer mice (all,
gray; males, blue and females, pink) at dayO (left), dayl (middle), day14 (right). D) Graphs showing the percentage
of eaten food (thyme or cumin) of individual data points and means (bold lines) for WT (upper row) and cKO (lower
row) observers and controls, (males (blue) and females (pink)) mice at day 0, day 1 and day 14. E-F) Graphs
representing the percentage of flavored food over the total food eaten in pooled animals (gray), males (blue) and
females (pink) in WT (upper row) and cKO (lower row) mice at day 1 and day 14 compared to control mice. Unpaired

T-test; non parametric, Kolmogorov-Smirnov correction.
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Discussion

Synapse specification is fundamental for the proper functioning of neuronal circuits. Alternative
splicing and its central regulators RBPs, are crucial components in regulating neuron-specific
gene expression (Raj and Blencowe, 2015; Schreiner et al., 2014; Zheng and Black, 2013;
Zheng et al., 2013). In thi thesis | focused on one of such specific regulators, RBM20, a splicing
factor first described in heart muscle, is enriched in specific classes of neurons in the mouse
brain (Furlanis et al., 2019). In fact, even though a link between aberrant RBM20 function and
dilated cardiomyopathy has long been established, the mechanism driving pathology was not
yet completely elucidated. Our attention towards RBM20 was also drawn by its characterized
target mMRNAs in cardiomyocytes, where RBM20 is involved in the modulation of alternative
splicing of ion channels and calcium handling transcripts such as Camklld and the voltage-
gated calcium channel (VGCC) subunit Cacnalc (Morinaga et al.,, 2019). Besides
cardiomyocytes, neurons are the only other excitable cells in our body and in the brain, calcium
is an important intracellular second messenger. Various cellular processes are calcium-
dependent, including neurotransmitter release, cell growth and many processes underlying
synaptic plasticity. Calcium influx into cells is achieved through calcium release from internal
stores or entry via the cell membrane: voltage-gated calcium channels are one of the main

routes (Bauer et al., 2002; Simms & Zamponi, 2014).

In my PhD thesis, | therefore aimed to determine the role of RBM20 in different neuronal cell
types and to elucidate whether and how this splicing factor regulates neuronal intrinsic
properties. Moreover, by also studying the heart, | wanted to directly compare RBM20’s role

between two structurally and functionally distinct tissues in a comprehensive manner.

First, | mapped RBM20 gene expression and protein levels in the brain and identified the
olfactory bulb as the main brain region where this protein is expressed. | further uncovered
that RBM20 in both neuronal cell types is dispersed throughout the nucleoplasm instead of
being restricted to specific foci as previously described in cardiomyocytes (Bertero et al., 2019).
This suggests that RBM20 in neurons is not primarily binding to a single “master mRNA” as it
is the case for Titin mRNA in cardiomyocytes. Moreover, the absence of a highly abundant
MRNA-binding partner prevents RBM20 from forming a “splicing factory” (complex of small
nuclear ribonucleoproteins and splicing factors recruited on pre-mRNA) in close proximity to
this transcript. RBM20 in the brain may thus also have additional functions other than
regulating alternative splicing. Second, the characterization of RBM20’s direct target mMRNAs
in the olfactory bulb and comparison to those in the heart, revealed that only a fraction of
transcripts is commonly regulated in these two different tissues. Intriguingly, in glutamatergic
neurons of the olfactory bulb and in parvalbumin positive neurons of the neocortex, | identified
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transcripts that undergo either changes in alternative splicing or gene expression. Therefore,
the diversification of these cell classes does not only rely on genetically encoded gene
expression, but also on co-transcriptional mechanisms of gene expression regulation. Third,
although additional experiments are required to fully understand the functional role of RBM20,
| established a link between the molecular changes induced by the lack of RBM20 in cKO

mouse models and the functional deficits in olfactory bulb neurons.

Data emerging from this thesis support the idea that cell type-specific alternative splicing
programs are fundamental for the correct neuronal wiring and specification of intrinsic neuronal
properties. In depth understanding of the RBM20-mediated regulatory mechanisms has the potential
to improve the design and generation of new therapeutic avenues for a broad array of diseases

related to aberrant alternative splicing.
Alternative splicing: A mechanism to provide functional specialization in neurons

A diverse set of intricate alternative splicing programs govern a range of biological processes,
such as chromatin and RNA regulation, ion homeostasis, and mitochondrial function. While
these splicing-mediated functions are diverse and universal, many cell types have highly-
specialized splicing programs. In neuronal cells, these specialized splicing programs are key
for regulating synaptic and intrinsic neuronal properties. Central to the specificity of splicing
programs are RBPs such as SLM2, which regulate different aspects of synapse structural and
functional properties (Traunmidiller et al., 2023). In general, the regulation of alternative splicing
choices in genetically defined neuronal populations primarily involves synaptic-related genes
(Furlanis et. al.; 2019). This could be due to the phenotypic complexity of the nervous system,
which requires the assembly and communication between thousands of cell types through
large synaptic networks. Moreover, compared to other cell types such as those in cardiac
muscle, single neurons have a more complex morphology that requires highly specialized
compartments and precise spatio-temporal control to make afferent and efferent synapses with
other cells. Accordingly, RBM20 in the brain binds and regulates target mMRNAs mainly involved
in the regulation of synaptic properties and cytoskeleton, while in the heart and skeletal tissues,
it is mainly required for the splicing of Titin, and other key components of the contractile
apparatus. Thus, RBPs’ modulation of transcript abundance, alternative splicing and other
post-transcriptional mechanisms (e.g. transcript stabilization) plays a crucial role in achieving
the required level of specialization and isoform diversification in a cell class-specific manner.
Furthermore, some RBPs are activated upon specific stimuli to produce pools of transcripts on
demand, such as activity-dependent splicing factors that remodel synaptic structures in

response to neuronal activity. Finally, although synaptic genes are expressed in all neuronal
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cell types, the capacity of RNA-binding proteins to contribute to the specification of neuronal

properties in a cell type dependent manner, is crucial for proper brain functioning.

In this work, we describe RBM20 as a cell-type specific alternative splicing factor that is
expressed in two neuronal cell types with very different functional and structural properties.
Intriguingly, the transcripts regulated by RBM20 at the alternative splicing level are different in
the two neuronal classes, but overall the regulated genes do not belong to specific gene
ontology categories. However, these transcripts are mainly targets involved in protein complex,
cell metabolism and cytoskeleton. This is in accordance with the targets found in the heart,
which are involved in cytoskeleton components. However, the changes observed in transcript
abundance, intersected with the direct mMRNA targets identified by eCLIP in the olfactory bulb
of RBM20 WT vs. cKO mice, point towards a possible role of this alternative splicing factor
involved in the specification synaptic structural and functional properties. Further experiments
are required to uncover whether RBM20 is able to contribute to the specification of intrinsic
properties of MC-T neurons. In this sense, RBM20 could provide a mechanism of cellular
specialization for the fine tuning of odor discrimination and/or perception.

How do RBPs achieve binding specificity on target mMRNAS?

Research from multiple laboratories has recently shown that RBPs can regulate unique
subsets of targets and differentially determine splicing choices depending on the cell type
(Saito et al., 2019; Traunmuller et al., 2023; Wamsley et al., 2018a). Similarly, results from this
thesis suggest that RBM20 regulates distinct alternative splicing programs in PV* and vGlut2*
neuronal populations and heart tissue. So what are the potential mechanisms that lead to the
achievement of cell type-specific differences in alternative splicing? In general, the interaction
between RBPs and RNAs are based on well-defined RNA-binding domains on the proteins
that interact with RNA molecules in a sequence- and/or structure-specific manner. Common
RNA-binding domains include the RNA recognition motif (RRM), the heterogeneous
ribonucleoprotein (hnRNP), K-homology domain (KH), and the C3H1 zinc-finger (ZF) domain
(Gerstberger et al., 2014). The combination of different domains as well as the density and
specific sequence of RNA-binding motifs on transcripts are crucial in determining interaction
affinity between RBPs and RNA targets. In addition, the availability and recruitment of RBPs
to specific binding sites are influenced by the competition between RBPs for the same binding
motif. Further, RBPs achieve cell type-specific splicing control by differentially binding to
enhancer or silencer sites and thus recruiting co-factors and regulating how efficiently the
spliceosome assembles nearby the acceptor sites. Additionally, the prediction of the position
of the RNA-binding sites, relative to the splice-sites, appears to be a major element controlling

the mode of action of these proteins. Finally, structural studies have revealed diverse
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modalities of binding for RBPs, such as non-canonical binding achieved through the formation
of secondary structures in the RNA, making it difficult to predict RNA target preferences based
solely on the amino acid sequence of the protein (Dominguez et al., 2018).

Even though CLIP studies and sequencing approaches have helped to better understand RBP-
RNA interactions, the precise mechanisms by which RBPs achieve high binding specificity for
certain RNAs remain to be fully elucidated. An in vitro binding assay characterized over 70
human RBPs, which revealed that these proteins tend to bind to a defined subset of primary
RNA sequence, rich in low-complexity motifs. However, the contextual features of RNAs, such
as secondary structure and base composition, also contribute to binding specificity and
different classes of RBP domains exhibit different binding tendencies. For example, ZF-
containing proteins prefer binding to structured motifs, while proteins with KH domains (such
as SLM2) tend to favor large hairpin loops and bipartite motifs (Dominguez et al., 2018).

The comparison of RBM20 binding motifs between the olfactory bulb and the heart did not
reveal differences in motif preference in these two tissues. We speculate that for RBM20, the
binding specificity may be driven primarily by the presence of the specific UCUU motif on target
MRNAS, thus highlighting the central role of binding motifs in RBP-RNA interactions. However,
we cannot exclude the possibility that additional binding motifs have been overlooked or not
detected by our analysis pipeline. To this end, we plan to re-analyze our data with a more
specific pipeline, developed by the laboratory of Prof. Chaoling Zhang (Feng et. al.; 2022),

which takes in account the enrichment of RNA-binding motifs at the cross-linking sites.

Further, we have to consider that the binding affinity of RBM20 to RNAs in the different tissues,
may be influenced also by proteins that can bind to other domains on RBM20. For example,
RBM20 harbors a RS domain, through which it could interact with RS domains of other
proteins. Many protein binding partners have been identified for RBM20 through stable isotope
labeling by amino acids in cell culture (SILAC) proteomic experiments (Paul et al., 2011) in
both HEK293T cells and in cardiomyocytes (Maatz et al.; 2014). In this system, it was
described that RBM20 interacts with both U1 and U2 small nuclear ribonucleic particles
(snRNPs) and the spliceosome component U2AF35, in addition to other well characterized
splicing factors such as MATR3, HnRNPU and RBMX. Due to the low expression levels of
RBM20 in the brain compared to heart tissue, we were not able to detect possible binding
partners via immunoprecipitation. However, it is possible that RBM20 drives splicing regulation
in relation to the binding with other RBPs and core components of the spliceosome machinery
in vivo. Furthermore, complex formation with other splicing factors could also depend on the
presence of RNA or DNA strands, which are often found in multiprotein assemblies (Cid-

Samper et al., 2018; de Groot et al., 2019). Such interactions may also be favored by domains
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different from the RBD (e.g. Znf domains). Finally, it is important to note that some mRNA
transcripts are selectively expressed in one but not the other tissue (e.qg. Titin is only expressed
in cardiomyocytes but not in neurons) and therefore RBM20’s target mRNAs are also
depending on the cell-type and/or physiological context analyzed. In addition, the levels of
expression of a particular RBP in a specific tissue or cell type can impact the incorporation or
exclusion of exons following a “graded” regulation rather than a binary on/off activation (Feng
et al., 2021).

Future directions in the functional characterization of RBM20’s role in neurons

The core of my results suggests that RBM20 in glutamatergic neurons of the olfactory bulb
regulates transcripts abundance and exon incorporation through alternative splicing. However,
due to the lack of a strong and obvious functional phenotype of KO animals, a direct functional
role of RBM20 in the olfactory bulb is not trivial to identify. TRAP-seq analysis revealed the
differential regulation of many genes involved in cytoskeleton organization. However,
morphological analysis on OB neurons in WT and cKO mice, did not reveal significant changes
on the structure of these cells, indicating that the loss of RBM20 is not as dramatically
impacting the cytoskeleton as the case in cardiomyocytes. One possible explanation for this
could be that RBM20 loss does not directly impact neuronal arborization but is regulating other
processes fundamental for neuronal functioning that rely on cytoskeletal proteins. For
example, one of the terms that we found to be enriched in GO analysis of transcripts that are
directly bound by RBM20 in the eCLIP dataset of OB neurons, is “vesicles mediated synaptic
transport and membrane fusion”. Axonal transport is mediated by a broad set of proteins
including kinesin, dynein and Soluble NSF attachment protein receptor proteins (SNARES). It
is therefore possible that protein levels of fundamental components of anterograde and
retrograde pathways of axonal transport are regulated by RBM20. RBM20 loss could thus
produce a more downstream functional effect in the regulation of neuronal properties.
Unfortunately, our morphological analysis on RBM20* WT and cKO neurons was not set up in
a way to detect these differences and further approaches such as transmission electron
microscopy would have to be implemented to be able to detect these potentially subtle

differences in vesicle transport.

Nevertheless, to quantitatively assess changes in the number of synapses of MC-T neurons
in RBM20 WT and cKO mice, is the expression of genetically encoded intrabodies (Fibronectin
intrabodies generated by mRNA display, FingRs) directed against PSD-95 synaptic protein
(Gross et al., 2013). FingR probes could be selectively expressed in MC of the olfactory bulb

through delivery of a Cre-dependent retro-AAV in the pPirCX of Tbx21Cre mice. Synaptic
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density, focusing either on the dendro-dendritic synapses formed between MC-GC or on the

MC-OSN synapses formed in the glomeruli, could then be mapped.

In parallel, observations made in the behavioral STFP paradigm, suggest that RBM20 cKO
mice may indeed display differences in olfactory functions. This is supported by the changes
in CACNAs subunits at the DGE level in these neurons, even if a final validation of these
predictions was not possible to achieve by gPCR on RiboTRAP samples due to high levels of
inter sample variability. We were not able to identify the exact source of this variability but one
possibility to overcome the possible technical errors introduced by sample processing and
RNA extraction could be the quantification of the level of these genes through fluorescent in

situ hybridization approaches.

Further, to characterize possible differences in intrinsic properties of MC-T neurons and draw
conclusions as to the functional role of RBM20 in these neurons, electrophysiological studies
are required. Patch clamp recording has been performed in glutamatergic neurons of the
olfactory bulb by many laboratories and it is an approach that grants a comprehensive insight
into neuronal functional properties. This would for example enable the measurement of
individual ion channels properties (e.g. testing the impact of VGCC composition in WT and
cKO conditions). If one considers the high level of heterogeneity within MC-T neuronal
populations, it is still possible that we would not be able to pick up significant differences in WT
and cKO mice. Instead, we are now designing an experiment that allows for the detection of
differences in neuronal activity using multielectrode arrays (MEAs). This type of
electrophysiological technique is commonly used for recording from multiple neurons
simultaneously, providing a large amount of data in a short period of time and giving indications
on physiologically relevant context for the study of the activity of neuronal circuits. MEAs do
not provide access to intracellular activity, so it is not possible to measure the activity of
individual ion channels or to manipulate the intracellular environment to measure subcellular
processes. For example, we will not be able to directly infer on the role of CACNAs in regulation
of RBM20 cKO intrinsic properties. We will nevertheless record possible activity changes and

consider them as representative of the overall population.

Finally, RBM20 has two ZNF motifs, which could contribute to the binding of nucleic acids, thus
bringing RBM20 in close proximity with other transcription factors or RBPs, which in turn could
influence RBM20’s function (Upadhyay & Mackereth, 2020). However, interactions of RBM20
with DNA strands have never been reported. To probe RBM20’s ability to interact with DNA
via direct and/or indirect binding, we tried to set up chromatin immunoprecipitation (ChIP) in
heart and olfactory bulb tissues. However, we did hot manage to precipitate sufficient amounts

of protein as a result of the inherent challenges with this experimental procedure applied to
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tissue samples (e.g., low abundant nature of target proteins or weak, indirect or transient
binding to DNA). Further experimental optimization and/or implementation of a more effective
and high-throughput pipeline such as the alternative to ChlP, recently developed methods such
as CUT&RUN and CUT&TAG which have been shown to be a non-invasive and suitable for
low amount of material could be further tested and optimized for RNA-binding proteins such
as RBM20 (Meers et al., 2019; Miura & Chen, 2020; Skene et al., 2018; Skene & Henikoff,
2017; Zhu et al., 2019).

Challenges and perspectives in predicting the cell proteome

The major aim of my thesis was to understand whether RBM20 in neurons acts as a cell type
specific splicing factor, regulating transcripts encoding for proteins that are involved in
entrance, transport or usage of calcium and/or other ions, thus influencing neuronal function.
To address this question, we first needed to find means to capture changes in isoform
expression and the rate of gene expression in specific types of neuronal populations. Our
needs could in part be addressed with bulk RNA-sequencing, but to extract mRNAs from
individual classes of neurons, we would have required a FACS sorting approach to isolate
target neuronal populations from the others. FACS sorting in neurons results in the loss of
dendrites and axons, thereby impacting cell viability and thus the quality of the RNAs that are
sequenced. Moreover, bulk RNA-seq cannot provide information on cellular heterogeneity or
rare cell types within a given population. As as alternative approaches, single-cell RNA-
sequencing (scRNA-seq) and single-nucleus RNA-sequencing (snRNA-seq) have the
advantage of providing unbiased clustering of cells based on their gene expression, thus
offering the potential of capturing cell type heterogeneity in a given tissue. In our case, the high
degree of diversity amongst mitral and tufted neurons of the olfactory bulb could have been
addressed with this approach. In fact, it is possible that by analyzing mitral and tufted neurons
together as one glutamatergic neuronal population of the olfactory bulb (e.g., by using a
genetically modified mouse line expressing Cre recombinase under the vGlut2 promoter),
some inter-class differences may be masked or diluted and therefore not trivial to identify.
Moreover, scRNA-seq is able to capture homeostatic changes within a tissue by profiling the
transcriptomes of individual cells at a given point in time, thus reflecting alterations in cellular
states or functions and providing insights into cellular dynamics or developmental trajectories.
In the olfactory bulb, this could be changes in cellular processes or activation of specific
signaling pathways at the circuital level that may contribute to shifts in homeostasis in Rbom20
cKO compared to WT animals. Despite these advantages, sScCRNA-sequencing data are noisier

due to technical variability and low sequence coverage. Additional challenges include uneven
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capturing of the transcript coverage, low molecular capture rate, low cDNA conversion
efficiency, limited amount of starting material, and variability in cell size (amount of RNA
molecules inside a cell) that inevitably result in lower coverage and higher technical noise
(Chen et al., 2019; Jaitin et al., 2014; Trapnell & Salzberg, 2009).

Finally, another recent emerging technology is spatial transcriptomics, one of the most recently
emerging approaches to provide single-cell resolution. Spatial transcriptomics allows for the
possibility to analyze gene expression patterns in situ i.e., the mapping of localized gene
expression across tissue sections, thereby keeping the spatial context otherwise destroyed by
cell or nuclei isolation. This provides single-cell resolution of gene expression and reveals the
spatial organization of cell types as well as their interactions within tissue sections. However,
the currently available resolution is much lower compared to scRNA-seq. While scRNA-seq
provides a comprehensive coverage of the transcriptome of individual cells, spatial
transcriptomics can thus far only provide information about a subset of genes (approximately
500-1000 genes), limiting the ability to identify novel cell types and to quantitatively analyze
gene expression levels. Ultimately, the requirement of high quality tissue sections may be
limiting for generating high quality and reproducible results.

Considering the above, we decided to apply a RiboTRAP approach (Sanz et al., 2009), which
combines some of the advantages of both scRNA-seq and bulk sequencing and allows for the
selective profiling of specific cell types or subcellular compartments. In fact, it grants the power
of high-throughput sequencing of a large number of cells i.e., greater coverage and statistical
power compared to scRNA-seq. It also reduces the technical noise associated with scRNA-
seq by amplifying transcripts from each cell in bulk, which reduces the impact of amplification
bias and sequencing noise. Conversely, technical variability and efficiency of the tagging
approach can impact sensitivity and specificity of the method. Moreover, one of the biggest
challenges is that the output of RiboTRAP sequencing is a series of exons predicted to be
regulated, but the full-length sequence of the isoforms in which these exons are expressed is
missing. It is therefore unknown to which specific transcript isoform these exons belong and

even harder to predict the protein product that derives from it.

To address the issue of the missing full-length sequence of target RNAs, PacBio long-read
sequencing would offer a much better resolution. PacBio has the ability to capture full-length
transcripts, enables the detection of complex genomic structures (e.g. epigenetic modifications
such as DNA methylation or histone modifications), and the accurate annotation of alternative
splicing and isoform diversity (Eid et al., 2009; Korlach et al., 2010). These techniques use
single molecule, real-time (SMRT) sequencing technology to generate long reads of up to 100

kilobases (kb) in length. The technology relies on the use of a polymerase that incorporates
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nucleotides into a growing DNA strand in real-time, while a light sensor detects the fluorescent
signal from each base. However, the technology is still relatively expensive, it requires a very
high sample quality and the throughput is lower, meaning that fewer reads can be generated
in a single run. Further, at the time of our method evaluation, the output data of long-read
sequencing was still very challenging to analyze and needed specialized computational
resources, also because of the higher error rate of this type of sequencing. As the cost of long
read sequencing continues to decrease and the technology improves, it is likely that this
method will become increasingly important for many different applications as it allows for a

better prediction of cell proteomes.

Modulating alternative splicing for the development of novel therapeutic avenues

In my thesis, | focused on the physiological relevance of alternative splicing by using RBM20
as a study example. Alternative splicing is the major mechanism increasing the protein coding
power of genes, allowing for the synthesis of structurally and distinct protein variants from a
single pre-mRNA, with similar, broader, more specific, or even opposing functions. Because
of its importance in normal physiology, alternative splicing can contribute to the development
of various diseases including cancer, neurodegeneration, and genetic disorders. In cancer, for
instance, aberrant splicing can lead to the expression of oncogenic isoforms or the loss of
tumor suppressor variants (El Marabti & Younis, 2018; Kitamura & Nimura, 2021; Surget et al.,
2013). In neurodegenerative diseases such as Alzheimer's and Parkinson's, the mis-regulation
of splicing can result in the accumulation of toxic protein aggregates and neuronal dysfunction
(Li et al., 2021). Finally, in genetic disorders, mutations affecting splicing sites or regulatory
elements can disrupt normal splicing patterns and cause disease. From these examples, it
becomes clear that understanding the molecular mechanisms underlying aberrant splicing in
different pathological conditions is crucial for developing effective therapies. Harnessing
alternative splicing modulation as a therapeutic strategy has already been done successfully:
One example is the use of Antisense oligonucleotides (ASOs), which are short synthetic single-
stranded RNA or DNA molecules (~20 nucleotides) that can bind to specific pre-mRNA
sequences either induce the mRNA degradation by endogenous RNase H or block the mRNA
translation (Liang et al., 2017). This ultimately decreases the expression of certain proteins.
ASOs retain the properties of creating RNA-RNA and DNA-RNA duplexes that knock-down or
correct genetic expression. For instance, ASOs can act as splicing enhancers or inhibitors,
depending on their design and target site, thus promoting either exon inclusion, or exclusion.
These small molecules promise a therapeutic approach for various genetic disorders caused

by aberrant splicing, as they can be designed for gene therapy to specifically target disease-
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causing splicing events, such as mutations or aberrant splice sites, while leaving normal
splicing patterns intact. In spinal muscular atrophy (SMA), a neuromuscular disorder caused
by mutations in the survival motor neuron 1 (SMN1) gene, ASOs targeting the splicing silencer
element in SMN2 pre-mRNA can promote exon 7 inclusion and restore functional SMN protein
expression. This approach has been approved by the FDA as the first-ever RNA-targeted
therapy for a genetic disease. Similarly, a second-generation ASO that targets the abnormal
splicing of the superoxide dismutase (SOD1) in amyotrophic lateral sclerosis (ALS), have been
shown to prolong survival and improve motor function in mouse models (Fang et al., 2022;
Miller et al., 2020; Smith et al., 2006). Additionally, precise regulation of TDP-43 and FUS
expression and subcellular localization is critical in ALS. Therefore, gene therapy aimed at
controlling these properties may offer a promising therapeutic strategy for individuals with
TARDBP and FUS-associated diseases. Recently, a clinical trial has been launched to
evaluate the efficacy of ASOs targeting the FUS gene (Korobeynikov et al., 2022). These
results suggest that ASOs could be a potential therapeutic strategy for treating
neurodegenerative diseases and/or restore alternative splicing changes. In this sense, in DCM
patients some of RBM20’s target mRNAs (Titin, Camkllé and Cacnalc), fundamental for the
heart’s correct contractile function, could be targeted by ASOs and physiological isoforms
could be restored, increasing the life span of these patients. However, big advancements are
still needed to solve challenges arising from the delivery of ASOs to specific target cells or
tissues and to mitigate this risk of off-targets, thus ensuring specificity and safety. In fact, the
efficacy of ASOs also depends on their stability, biodistribution, and pharmacokinetics, which
can vary depending on their design and target site. Further, the potential for off-target effects
is one of the biggest limitations as ASOs can bind to unintended targets, leading to unintended
splicing changes or other undesirable effects, which could harm the patients’ health conditions.

Another powerful therapeutic approach that can be used to correct mutations or aberrant splice
sites that cause disease is CRISPR/Cas9 genome editing. The system works by using a guide
RNA to direct the Cas9 enzyme to the specific DNA sequence that needs to be edited. Once
there, the Cas9 enzyme cuts the DNA, and the cell's repair machinery can then introduce the
desired edits. CRISPR/Cas9 has shown promising results in the treatment of brain-related
diseases caused by genetic mutations, such as Huntington's disease and amyotrophic lateral
sclerosis (ALS). In ALS, CRISPR/Cas9 has been used to correct mutations in the SOD1 gene,
which is associated with familial ALS (Duan et al., 2020; Fang et al., 2022; Gaj et al., 2017;
Lim et al., 2020). In the same way, DCM patients harboring a mutation in the Rbom20 sequence,
could employ gene therapy to correct the mutation and restore the correct function of the
RBM20 protein.
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Finally, one of the major challenges in developing therapies for neurodegenerative diseases
is delivering drugs or therapeutic agents to the brain. The blood-brain barrier (BBB) is a
selectively permeable barrier that prevents most drugs from entering the brain parenchyma.
Compared to small molecules (low molecular weight compounds), ASOs cannot bypass the
BBB because of their size and thus it is difficult to deliver therapeutic agents directly to the
target cells. However, a great effort has been made to grant some brain access to these
molecules. For example, ASOs conjugated with brain-targeting peptides or antibodies hold a
great potential as therapeutic as they can accumulate in specific brain regions, thus resulting
in a very powerful tool for treating brain tumors. In fact, the Cancer Genome Atlas (TCGA)
database reported that mutations in 119 genes responsible for splicing may function as cancer-
causing factors. Additionally, it has been uncovered that over 70% of splicing factors and 84%
of RBPs exhibit abnormal expression levels at the mRNA stage in cancer (Murphy et al., 2022;
Seiler et al., 2018; Stanley & Abdel-Wahab, 2022). Thus, the dysregulation of the splicing
machinery and regulatory factors in disease states highlights the necessity to promote the
development of small molecule inhibitors that target the spliceosome or its auxiliary proteins
as new therapeutic approaches (Yoon et al., 2006). Further, clinical trials for novel non-
invasive drug delivery systems such as focus ultrasound (FUS) or extracellular vesicle (EVS)
delivery hold the potential for major advancement for the treatment of neurological diseases
(Morse et al., 2019; Ye & Chen, 2022; Yuan et al., 2022).

Collectively, alternative splicing modulation holds great promise as a therapeutic strategy for
treating brain-related diseases. ASOs, small molecules, and CRISPR/Cas9 genome editing
are three of the most promising approaches for employing alternative splicing modulation to
cure brain-related diseases. Further research is needed to fully explore the potential of these

approaches and to develop safe and effective therapies for patients.
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In the last decade, the term “terminal selector” emerged, to describe the battery of genes that
conferrs unique identities to neurons (Hobert, 2016; Hobert & Kratsios, 2019). As an extension
of this concept, we postulate that RBM20 and other RBPs, and in particular splicing factors,
are also part of this “terminal gene battery”, which 1) are expressed early in development (I
observed RBM20 expression in the olfactory bulb already at embryonic day 16 (E16)) to specify
the intrinsic and synaptic properties of individual neurons, and 2) can modify splicing in a cell
type-specific manner, thereby promoting neuronal diversification.

In my PhD thesis, | investigated the role of RBM20 in two different neuronal cell types,
GABAergic neurons in the neocortex and glutamatergic neurons of the olfactory bulb. In the
latter neuronal population, RBM20 is targeting and modulating transcripts involved in synaptic
structural and functional properties and in forming the cytoskeleton. Further, | provided the
characterization of the function of a splicing factor in two structurally and functionally different
tissues, the heart and the olfactory bulb. | conclude that the majority of the direct mMRNA targets
in these two tissues are different and therefore propose that the role of RBM20 could be
context-dependent.

In summary, my work contributes to the notion that the combination of broadly and selectively
expressed RBPs in neurons create codes that generate distinct properties, resulting in unique
neuronal functions. The Ribo-TRAP-seq results offer valuable insights into the specific
transcript isoforms that are linked with ribosomes and have the capability to undergo
translation, which facilitates the assessment of alternative isoforms that are ultimately
translated into proteins. However, it is difficult to predict the proteome solely based on
transcriptome studies. Moreover, to obtain a more comprehensive understanding,
investigation on the spatio-temporal control and the localization of transcripts in neuronal sub-
compartments (i.e., axons, dendrites or synapses) at a given point in time and/or in presence
of specific stimuli is required. In addition, information of exon and intron regulation will have to
be intersected with studies on protein features (e.g., motifs, binding domains), to infer potential
functional impact of specific or new isoforms. Single gene studies on a selected splicing factor
using knock-in and knock-out mice combined with targeted proteomic approaches will be
fundamental for the functional characterization of specific individual transcript isoforms.
Overall, our analysis on the role of RBM20 in neocortical and olfactory bulb samples of
genetically-defined cell classes provides a starting point to further investigate a possible
molecular code for neuronal function and wiring specificity. Altogether, this work provides
insights into how alternative splicing mechanisms contribute to the specification of neuronal
properties in a cell type-specific manner. The fine tuning of genes coding for synaptic
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components underlines the involvement of alternative splicing in synaptic and cellular

plasticity.
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Mice

All procedures involving animals were approved by and performed in accordance with the
guidelines of the Kantonales Veterinarat Basel-Stadt. Male and female mice were used in this
study. Primary neuron culture in vitro studies were done using JAX Swiss outbred mice
obtained from Janvier Labs (Le Genest-Saint-Isle, France). Rpl22-HA (RiboTag) mice, Pvalb-
cre mice (Hippenmeyer et al., 2005), Ai9 mice (Madisen et al., 2010), and vGlut2-cre mice
(Vong et al., 2011) were obtained from Jackson Laboratories (Jax stock no: 011029, 017320,
and 007909, 028863 respectively). Rbm20 "¢ conditional knock-out mice (cKO) and Rbm20
constitutive KO mice were obtained from Prof. E. E. Creemers’ Laboratory, Amsterdam. These
mice were backcrossed and maintained on a C57BL/6J background. Thx21-cre mice (Haddad
et al., 2013), were obtained from Prof. R. Datta’s Laboratory, Harvard Medical School, Boston,
USA. The specificity of the Cre-lines for the recombination of the Rpl22-allele was confirmed
by immunohistochemistry and matched previous reports in the literature (Furlanis et al., 2019;
Nguyen et al., 2016; Traunmuller et al., 2016). The Rbm20-COIN allele knock-in mouse line
was generated at the Center for Transgenic Mouse (CTM) lines in Basel. The line was
generated using the Crispr-Cas9 system. gRNAs targeting the last intron of Rbm20 and
template “coin allele” construct were injected together with RNA encoding for Crispr-Cas9
nuclease into C57BL/6J zygotes. The surviving embryos were transferred into recipient
females. The coin module fused to a histidine-biotin-histidine-3HA tag. The coin allele is
inserted in an orientation opposite to the gene’s direction of transcription. The gRNA used
were: 5 TTGAGTCGGGGGTCCCACTG 3. The 1311 bp megamer containing the upstream
homology sequence, coin module and downstream homology sequence used:
5’ggcgaggctgctgctggagagcecctgatttcttctetgttigactcgegaattctgaggggataagegecctgceatatgtatgceatt
cttctttgggagcctgcagccaccttcatgcccagtaaggctatgcttactgtgccagatcaccccctgtaggctcacatagagcecat
gaccagcaacagcatagcgggatttccagaggcttcactgaggcagctatgacctgctcttgcctcccagggcatCCCCAGT
ACCGTTCGTATAatgtatgcTATACGAAGTTATGGGCCCCTCTGCTAACCATGTTCATGCCTT
CTTCTTTTTCCTACAGAAGTACCTGTCTCAGCTGGCAGAGGAGGgactctAAGGAGACGGA
GGGGACAGACAGCCCAAGCCCCGAGCGTGGTGGGATTGGTCCACACTTGGAAAGGAA
GAAGCTAGCtGGCcCACCATCACCACCACCATGGTGCcGCTGGAAAGGCCGGTGAAGGTG
AAATCCCTGCCCCTCTTGCTGGTACaGTTTCTAAGATACTcGTAAAAGAAGGTGACACTG
TTAAAGCTGGTCAAACAGTTCTGGTGCTGGAGGCCATGAAAATGGAGACAGAAATTAAC
GCTCCTACTGACGGAAAAGTTGAAAAGGTGTTAGTTAAGGAAAGAGATGCTGTTCAAGG
TGGTCAAGGTCTAATCAAGATCGGCGTTGCAGGTCATCACCACCAICATCACGGCcGCcgcece
gggTATCCCTACGATGTGCCTGACTATGCTgctggcTATCCTTACGACGTGCCCGATTATGC
AgccggCcTATCCATACGATGTCCCAGATTACGCTYCcTAGGATCTTTTTCCCTCTGCCAAAA
ATTATGGGGACATCATGAAGCCCCTTGAGCATCTGACTTCTGGCTAATAAAGGAAATTTA
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TTTTCATTGCAATAGTGTGTTGGAATTTTTTGTGTCTCTCACTCGGAAGGACATATGGGA
GGGCAAATCATTTAAAACATCAGAATGAGTATACCGTTCGTATAgcatacatTATACGAAGTT
ATTGGGACCCCCGACTCAAggtctcctgatgaatgctaactttctaagttgcctgacttgagtcagctggcacctgecct
gtgggtcagacttcttcacttttcacacttgtggtttggagtaaagtgggagaggctgtagagactgaggcattcattctgccaaggce
ccctgacagaaacgctacctgagatggcetgtggcagaggctcctggctcectgataaaaggtgtaccagggaaacgtgagctg
aggtgggagggagtgagg’. The entire insert sequence is highlighted in capital letters. Activation by
Cre-recombinase inverts the coin module, resulting in alternative splicing of the tagged exon.
All lines were maintained on a C57BI6/J background. Both males and females were used for

all the experiments unless stated otherwise in the respective method sections.

Generation of anti-RBM20 antibody

For the generation of the anti-RBM20 antibody, the peptide used as antigen was adapted to
the mouse amino acid sequence based on previous description (Guo et al., 2012): C+
PERGGIGPHLERKKL (single amino acid code, N to C-terminus, C+indicates a cysteine
added to the N-terminus of one of the peptides for thiol-mediated coupling). The synthetic
peptides were conjugated to keyhole limpet hemocyanin for immunization of two rabbits and
two guinea pigs (Eurogentec, Belgium). Initial immunization was followed by two additional
boosts (2—4 week intervals), after which animals were exsanguinated. All sera recognized the
RBM20 protein in HEK293T cells transfected with Rbm20 expressing plasmids (Origene,
CAT#: MR218951). Rabbit anti-Rbm20 antibodies were affinity purified on the peptide antigens
coupled to sepharose beads, and eluted with glycine-HCL, pH2.5. Affinity-purified rabbit
antibodies were used for western-blot and immunohistochemistry analyses, as they performed

better than the antibodies produced in guinea pigs.

Immunochemistry, imaging and statistical analysis

Animals (males and females) from postnatal day 25 to 40 were anesthetized with
ketamine/xylazine (100/10 mg/kg i.p.) and transcardially perfused with fixative (4%
paraformaldehyde). The brains and hearts were post-fixed overnight in the same fixative at
4°C and washed 3 times with 100 mM phosphate buffer (PB). Coronal brain slices were cut at

40 pum with a vibratome (Leica Microsystems VT1000).

For immunohistochemistry, brain sections were kept in 1X PBS before incubation for 1.5 h with
a blocking solution containing 0.1% Triton X-100 and 5% normal donkey serum (NDS). Slices
were incubated with primary antibodies in blocking solution at 4°C overnight and washed three
times (10 min each), in 1X PBS containing 0.1% Triton X-100. Secondary antibody was diluted
in 1X PBS + 0.05% Triton-X100 for 2 h at RT. Hoechst dye or DAPI dye was co-applied with
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secondary antibodies at a final concentration of 0.5 pg/ml or 1.0 pg/ml respectively. Sections
were washed three times in 1X PBS before mounting on Menzel-Glaser microscope slides
SUPERFROST® PLUS (Thermo Scientific, JI800AMNZ) with Fluoromount-G (Southern
Biotech, 0100-01).

The following primary antibodies were used in this study: rat anti-HA (Roche,
11867431001, 1:1000); goat anti-Parvalbumin antibody (Swant, PVG213), rabbit anti-Rbm20
antibody (made in house), rabbit-anti-NeuN (Novus Biologicals cat. n. NBP1-77686SS), rabbit-
anti- Doublecortin (Cell Signaling cat. n. 4604S), rabbit-anti-Calretinin (Swant, cat. n. 7697).

Secondary antibodies included donkey anti-rat IgG-Cy3 and Cy5 (Jackson ImmunoResearch,
712-165-153, 706-175-148,1:1000); donkey anti-goat IgG-Cy3 and donkey anti-chicken 1gG-
Cy3 (Jackson ImmunoResearch, 705-165-147, 703-165-155). Stacks of 30 um width (0.44 to
1 um z-step) were acquired at room temperature on an upright microscope (Zeiss) using 40x
Apochromat objectives (numerical aperture 1.30) controlled by the Zen 2010 software.
Following acquisition, images were processed and assembled by performing maximum
projection or sum intensity projections using Fiji (Schindelin et al., 2012), OMERO and Adobe
lllustrator software.

For quantifications of RBM20 positive neurons in the olfactory bulb, tile-scan images from 30
um slices from the olfactory bulb of P35 mice were acquired. Mean intensity analyses for
RBM20 signal were performed in Fiji (Schindelin et al., 2012) using a custom-made Python
script, as previously described (DOI-https://github.com/imcf-
shareables/3D_spots_count/blob/main/f/README.md). In brief, neuronal cells were identified
based on the nuclear DAPI signal. The mean intensity of RBM20 protein in each nucleus was

then measured and the background signal was subtracted.

For the characterization of RBM20 sub-nuclear localization, brain and heart samples from
Rbm20 WT and Rbm20 cKO mice (P35-P40) were anesthetized with ketamine/xylazine
(100/10 mg/kg i.p.) and transcardially perfused with fixative (4% paraformaldehyde). The
brains and hearts were post-fixed overnight in the same fixative at 4°C and washed 3 times
with 100 mM phosphate buffer (PB). Coronal brain slices were cut at 40 um with a vibratome
(Leica Microsystems VT1000). Brain samples were immersed in 15% and subsequently 30%
sucrose in 1X PBS for 48 h, cryoprotected with Tissue-Tek optimum cutting temperature (OCT)
and frozen at —80° until use. Tissue was sectioned at 40 um on a cryostat (Microm HM560,
Thermo Scientific) and collected in 1X PBS. Immunohistochemistry and imaging were

performed as described above.

Fluorescent in situ hybridization
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Fluorescent in situ hybridization was performed as described in the RNAScope Fluorescent
Multiplex Kit user manual (Advanced Cell Diagnostics, Catalog Number 320851). P25 mouse
brains from CamK2Cre, SSTCre, PVCre and VIPCre mouse lines crossed with the tdtomato
reporter (C57BL/6j background) were snap frozen in liquid nitrogen and 15 ym coronal sections
were cut on a cryostat (Microm HM560, Thermo Scientific). Sections were fixed at 4°C
overnight with 4% paraformaldehyde in 100 mM phosphate buffered saline, pH 7.4.

Images were acquired at room temperature with an upright LSM700 confocal microscope
(Zeiss) using 40X Apochromat objectives. Stacks of 10-15 um width (0.44 um interval between
stacks) were acquired from layer 5 (L5) of the primary somatosensory area (S1). Cell types
were identified based on the presence of the tdtomato marker. The following commercial
probes (ACD) were used to detect Rom20 and tdtomato transcripts. Rbm20 (549251),
tdtomato (317041). A region of interest (ROI) was drawn to define the area of the cell and dots
in the ROI were manually counted throughout the z-stacks. The number of dots in the ROI
were then normalized to the cell area (measured in um?). Images were assembled using Fiji
and Adobe lllustrator Software. Three mice per Cre-line were used and images from both brain
hemispheres were analyzed.

For quantification of vGlut2, Thr2 and Rbm20 transcripts expression in mitral and tufted
neurons of the olfactory bulb, P25 animals were euthanized and the brains were harvested
and processed as described above. Stacks of 10-15 pm width (0.44 um interval between
stacks) were acquired from olfactory bulb slices at room temperature with an upright LSM700
confocal microscope (Zeiss) using 40X Apochromat objectives. A ROl was drawn to define the
area of each cell residing either in the mitral cell layer or glomeruli layer of the olfactory bulb.
Dots in the ROIs were detected automatically throughout the z-stacks for each channel, using
a custom-made Python script, as described in (DOI-https://github.com/imcf-
shareables/3D_spots_count/blob/main/f/README.md). The following commercial probes were
used: Rbm20 (549251), slc17a6 (319171), Tbr2 (Eomes): (429641). Images from 3 mice
were used for the quantification (2 images per slice). Gad2 (415071) in situ hybridization was

performed on 15 um olfactory bulb slices of P25 mice.

Western Blot

Lysis of mouse neocortices, olfactory bulb and heart samples were performed with lysis buffer
(50 mM Tris HCI pH 8.0, 150 mM NaCl, 0.1% SDS, 5mM EDTA, 1% Igepal, protease inhibitor,
Roche complete™ mini). The lysate was sonicated (100 Hz Amplitude 0.5 cycles x 10 pulses)
and centrifuged for 20 min at 13’000 g at 4°C, followed by supernatant collection. To 80 pl of

lysate, 20 pl Lammli buffer was added. The mixture was denatured at 95°C for 5 min. Proteins
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were separated by gel electrophoresis on 4%—-20% gradient PAGE gel (BioRad, 4561093) in
1% SDS-PAGE running buffer and transferred onto nitrocellulose membrane (BioRad
1704158). The following antibodies were used: rabbit-anti-RBM20 (made inhouse), rat-anti-HA
(Roche, cat. n 11867431001) and rabbit-anti-GAPDH (Cell Signaling, 5174), rabbit-anti-MAP2
(Synaptic Systems, cat n. 188002), rabbit-anti-RFP (Rockland cat. n. 600-401-379), chicken-
anti-GFP (Aves Labs Inc. cat. n. GFP-1020). Secondary antibodies coupled to horseradish
peroxidase (HRP) were from Jackson ImmunoResearch (goat anti-rabbit HRP #111-035-003;
goat anti-rat HRP #112-035-143)

Sample preparation for LC-MS

Murine nuclear extracts of heart tissue were lysed in a buffer containing 100 mM TEAB pH 8.5
/ 5% SDS / 10 mM TCEP using 20 cycles of sonication (30 s on / 30 s off per cycle) on a
Bioruptor system (Dianode) followed by heating to 95° C for 10 min. Protein extracts were
alkylated using 15 mM iodoacetamide at 25°C in the dark for 30 min. For each sample, 50 ug
of protein lysate was captured, digested, and desalted using STRAP cartridges (Protifi, NY,
US) following the manufacturer’s instructions. Samples were dried under vacuum and stored

at —80°C until further use.

Targeted LC-MS analysis

For targeted LC-MS analysis, parallel reaction-monitoring (PRM) assays (Peterson et al.,
2012)were generated for 12 proteotypic peptides of RBM20 previously identified by LC-MS.
Therefore, a mixture containing 100 fmol of each heavy reference peptide (JPT, Berlin,
Germany) including iRT peptides (Biognosys, Schlieren, Switzerland) were LC-MS analyzed.
The setup of the yRPLC-MS system was as described previously (Pubmed-ID: 27345528).
Chromatographic separation of peptides was carried out using an EASY nano-LC 1000 system
(Thermo Fisher Scientific), equipped with a heated RP-HPLC column (75 pm x 30 cm) packed
in-house with 1.9 ym C18 resin (Reprosil-AQ Pur, Dr. Maisch). Peptides were analyzed per
LC-MS/MS run using a linear gradient ranging from 95% solvent A (0.15% formic acid, 2%
acetonitrile) and 5% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 45% solvent
B over 60 min at a flow rate of 200 nl/min. Mass spectrometry analysis was performed on a Q-
Exactive HF mass spectrometer equipped with a nanoelectrospray ion source (both Thermo
Fisher Scientific). Each MS1 scan was followed by high-collision-dissociation (HCD) of the 10
most abundant precursor ions with dynamic exclusion for 20 s. Total cycle time was
approximately 1 s. For MS1, 3e6 ions were accumulated in the Orbitrap cell over a maximum
time of 100 ms and scanned at a resolution of 120°000 FWHM (at 200 m/z). MS2 scans were

acquired at a target setting of 1e5 ions, accumulation time of 50 ms and a resolution of 30’000
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FWHM (at 200 m/z). Singly charged ions and ions with unassigned charge state were excluded
from triggering MS2 events. The normalized collision energy was set to 30%, the mass
isolation window was set to 1.4 m/z and one microscan was acquired for each spectrum.

The acquired raw-files were database searched against a mus musculus database (Uniprot,
download date: 2020/03/21, total of 44’786 entries) by the MaxQuant software (Version
1.0.13.13). The search criteria were set as following: full tryptic specificity was required
(cleavage after lysine or arginine residues); 3 missed cleavages were allowed;
carbamidomethylation (C) was set as fixed modification; Arg10 (R), Lys8 (K) and oxidation (M)
as variable modification. The mass tolerance was set to 10 ppm for precursor ions and 0.02
Da for fragment ions. The best 6 transitions for each peptide were selected automatically using
an in-house software tool and imported to SpectroDive (v10.5, Biognosys, Schlieren,
Switzerland). A mass isolation lists containing all selected peptide ion masses were exported
and imported into the QE-HF operating software for PRM analysis using the same LC and MS
setting as above with the following modifications: The resolution of the orbitrap was set to
240°'000 FWHM (at 200 m/z) and the fill time was set to 500 ms to reach a target value of 3e6
ions. lon isolation window was set to 0.4 Th and the scan range was set to 100-1500 Th.
Normalized collision energy was set to 27%. A MS1 scan using the same conditions for DDA
was included in each MS cycle. All raw-files were imported into SpectroDive for protein /
peptide quantification. For final quantification of RBM20, a single targeted LC-MS analysis
including only PRM assays of the 3 most intense peptide ions (ASPPTESDLQSQACR,
QGFGCSCR and SGSPGPLHSVSGYK) was performed. To control for variation in sample
amounts, the total ion chromatogram (only comprising peptide ions with two or more charges)
of each sample was determined by Progenesis QI (version 2.0, Waters) and used for
normalization. All calculations were carried out in Excel and PRISM (v9, GraphPad).

Surgeries and stereotactic injections

vGlut2Cre:: Rpl22HA::Rbm20 "**¢ and Rbom20"T littermate mice (postnatal day 24 to 27) were
placed on a heating pad in a stereotaxic frame (Kopf Instrument) under isoflurane anesthesia
(Baxter AG, Isoflurane 3-4% oxygen 800 CC). A small incision (0.5-1 cm) in the skin overlying
the area of interest was made, and bilateral injections of retro-pAAV2-pCAG-flex-GFP or retro-
pAAV2-syn-Cre virus (2.0*1012 C/ml viral titer) were performed in the posterior Piriform Cortex
using a Picospritzer Ill pressure injection system (Parker) with borosilicate glass capillaries
(length 100 mm, OD 1 mm, ID 0.25 mm, wall thickness 0.375 mm, provided by Hilgenberg).
Coordinates: ML = + 2,2 mm, AP = + 2,35 mm, DV = - 3,95 mm from Bregma. A volume of 100
nl of virus was delivered to each side, through repeated bursts over several minutes. After 10
days of incubation, mice were anesthetized and transcardially perfused with PBS 1X followed

by 4% PFA in PBS 1X (Electron Microscopy Sciences, 15700). Dissected brains were then
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incubated in PFA 4% for 2 h at 4°C followed by 3 washes in 1X PBS. The Olfactory bulb and
part of the anterior prefrontal cortex was cut and further processed for clearing as described
below. The remaining brain tissue was stored at 4°C in 1X PBS and coronal brain slices were
cut at 50 ym with a vibratome (Leica Microsystems VT1000) to control for correct injection
sites. Prior to mounting on glass microscopy slides with Fluoromount G (Thermo Fisher, 00-
4958-02), the sections were stained with DAPI 1:10000 for 3 min and then washed with 1X
PBS. Images of coronal brain sections to assess the correct injection site, were acquired at

room temperature on a Slide scanner AxioScan.Z1 (Zeiss) using a 20X objective.

Tissue clearing, two photon imaging and analysis

The Cubic L protocol used for tissue clearing is based on work from Tainaka and
colleagues (Tainaka et al., 2018). In brief, the olfactory bulb of Rbm20 WT and conditional KO
mice, injected bilaterally with retro-pAAV-flex-EGFP virus, was placed in a 5 ml Eppendorf tube
filled with pre-warmed CUBIC L solution (10% N-butyl-di-ethanolamine and 10% Triton X-100
dissolved in MilliQ water). The tissue was incubated on a shaking plate at 37°C for 48 h to
ensure complete delipidation. The cleared bulbs were then washed in 50 mM PBS 3 times for
10 min and then cut in two coronal halves under a Binocular Stereo Microscope (Olympus
#MVX10). The two halves of each bulb (anterior or posterior) were then embedded in 1%
agarose in 1X TBE solution in an imaging chamber (Ibidi, Cat.N0:80426), with the glomeruli
layer of the olfactory bulb facing the bottom of the slide chamber, closer to the objective of the
two-photon microscope. Z-stacks of GFP* neurons with the soma residing in the mitral cell
layer of the olfactory bulb were acquired on a two-photon microscope (Olympus, FMPE-RS)
fitted with a MaiTai eHP laser (Spectra-Physics) and a 25X objective with 1.05NA (Olympus).
A total volume of 1.5 x 1.5 mm (xy) x 500-700 um in depth was acquired in tiles of 3x3, with x
= 0.995 uym, y = 0.995 pm and z = 3 um pixel size. Laser power was linearly adjusted with

imaging depth and typically ranged between 0.5 to 20 mW.

The high-resolution two-photon z-stack images of GFP* mitral cells of the olfactory bulb were
used to trace neurons using the Neurolucida 360® software. A total of 10 neurons (5 neurons
per genotype from at least 3 biological replicates) were analyzed. Both apical and lateral
dendrites of mitral cells were traced semi-automatically by using the user-guided 3D image
detection algorithm. Tracings were checked and corrected manually when needed. Subcellular
components, such as spines and other small protrusions were not traced. The lateral dendrites
of mitral cells were often prematurely cut or longer than the z-stack and could not be traced
entirely. Furthermore, axons were not always recognizable and therefore not traced. The

thickness of all dendrites and glomeruli tufts was set to 0.5 um for image presentation. To
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describe the neuronal morphology, commonly used parameters were derived using the
software Neurolucida Explorer®. The following parameters were extracted for traced neurons:
the number of dendrites from different centrifugal orders (i.e. primary dendrites, secondary
dendrites etc.), the number of segments (i.e. branches between nodes), the total dendritic
length, the length of individual dendrites and individual segments. The tortuosity parameter
(described as the ratio of the actual length of the segment divided by the distance between the
endpoints of the segment), was calculated for the glomeruli tufts and used as a proxy for
glomeruli complexity. Average values were calculated for each neuron analyzed. Graphs and

statistical analyses (t-tests) were made using GraphPad Prism.

RNA isolation and purification by RiboTrap pulldowns

Ribotag purification was performed following the procedure of Heiman and colleagues for
affinity-purification of polysomes associated mRNAs (Heiman et al., 2008). For small brain
areas such as the olfactory bulb, the protocol was modified to ensure a higher RNA recovery
(Di Bartolomei & Scheiffele, 2022). In brief, neocortices and olfactory bulbs from PV-cre and
vGlut2-cre mice between postnatal day 35 and 40 (males and females) were dissected in ice-
cold PBS. Control samples from animals negative for either Rpl22 or cre-recombinase were
used to ensure specificity of the pulldown. For each biological replicate, 2 cortical hemispheres
and 2 olfactory bulbs were used (1 animal per condition). Tissue was homogenized in
respectively 500 pL or 7 mL (1:20 weight per volume) of homogenization buffer containing 100
mM KCI, 50 mM Tris-HCI pH 7.4, 12 mM MgClz, 100 pg/mL cycloheximide (Sigma-Aldrich), 1
mg/mL heparin (Sigma-Aldrich), 1X complete mini, EDTA-free protease inhibitor cocktail
(Roche), 200 units/ml RNasin© plus inhibitor (Promega) and 1 mM DTT (Sigma-Aldrich). The
samples were then centrifuged at 2’000 x g for 10 min and the supernatant was lysed with
Igepal-CA630 (Sigma-Aldrich), at a final concentration of 1%. Upon 5 min incubation on ice,
the lysate was centrifuged at 12’000 x g for 10 min. Before incubation with beads, 1% of the
supernatant was taken (Input) and re-suspended in 350 pl of RLT plus buffer from RNeasy
Plus Micro Kit (Qiagen, 74034) supplemented with 2-Mercaptoethanol (Sigma-Aldrich),
following the manufacturer’s instructions. Anti-HA coupled magnetic beads (Pierce, 88837)
were added to the supernatant: 140 pl of beads for all neocortical samples, 20 pl for vGlut2-
cre olfactory bulb samples. Incubation was performed under gentle rotation at 4°C for 4 h. After
incubation, beads were washed 3-4 times in washing buffer containing 300 mM KCI, 1% Igepal-
CA630 (Sigma-Aldrich), 50 mM Tris-HCI, pH7,4, 12 mM MgCl,, 100 pg/mL Cycloheximide
(Sigma-Aldrich) and 1 mM DTT (Sigma-Aldrich). Beads were then eluted in 350 pl of RLT plus
buffer from RNeasy Plus Micro Kit (Qiagen) supplemented with 2-Mercaptoethanol (Sigma-

Aldrich). RNA samples were stored at —80°C until use.
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RNA guality control, quantification and qPCR analysis

For all the RNA-seq experiments, the quality of RNA integrity was analyzed using an RNA
6000 Pico Chip (Agilent, 5067-1513) on a Bioanalyzer instrument (Agilent Technologies) and
only RNA with an integrity number higher than 7 was used for further analysis. RNA
concentration was determined by Fluorometry using the QuantiFluor RNA System (Promega
#E3310) and 50 ng of RNA was reverse transcribed for analysis of marker enrichment by
guantitative PCR. The following neuronal markers were tested: for the olfactory bulb pull-down
samples: Rbm20, vGlut2, vGlutl, Tbr2, Pcdh2l, Igfl, vGAT, GFAP, GAD1 (GAD67). For
pulldowns from cortex of PVCre mice: Rbm20, PV, vGAT, GAD67, vGlutl, GFAP. In both
cases, Gapdh mRNA was used as a housekeeping gene for normalization. The fold
enrichment and de-enrichment values of each marker were calculated for each cell population
in immunoprecipitated RNA, comparing it to input purifications. Only samples that showed
correct enrichment or de-enrichment for excitatory or inhibitory neuronal markers and a de-
enrichment for glia markers were further used for sequencing. DNA oligonucleotides were used
with FastStart Universal SYBR Green Master (Roche, 4913914001) and comparative
Cr method. For each assay, three technical replicates were performed and the mean was
calculated. RT-gPCR assays were analyzed with the StepOne software. DNA Oligonucleotides
used (name and sequence 5’-3’ are indicated):

List of primer sequences:

Primer Name Sequence

Rbm20 Forward (Sense)
TGCATGCCCAGAAATGCCTGCT
Reverse (AntiSense)
AAAGGCCCTCGTTGGAATGGCT
Thr2 Forward (Sense)
ATAAACGGACTCAACCCCACC
Reverse (AntiSense)
CCCTGCATGTTATTGTCCGC
Pchd21l Forward (Sense)
ATCACTGTCAACGACTCAGACC
Reverse (AntiSense)
GTCAATGGCAGCTGAGTTTTCC
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lgfl Forward (Sense)
GTCGTCTTCACACCTCTTCTAC
Reverse (AntiSense)
CTCATCCACAATGCCTGTCT

vGlut2 Forward (Sense)
GCATGGTCTGGTACATGTTCTG
Reverse (AntiSense)
GACGGGCATGGATGTGAAAAAC
Gad67 Forward (Sense)
GTACTTCCCAGAAGTGAAAC
Reverse (AntiSense)
GAATAGTGACTGTGTTCTAGG
Gfap Forward (Sense)
CTCGTGTGGATTTGGAGAG
Reverse (AntiSense)
AGTTCTCGAACTTCCTCCT
vGlutl Forward (Sense)
ACCCTGTTACGAAGTTTAACAC"

Reverse (AntiSense)
CAGGTAGAAGGTCCAGCTG

vGAT Forward (Sense)
CGTGACAAATGCCATTCAG
Reverse (AntiSense)
AAGATGATGAGGAACAACCC
PV Forward (Sense)
CATTGAGGAGGATGAGCTG
Reverse (AntiSense)
AGTGGAGAATTCTTCAACCC

Library preparation and illumina sequencing

Four and six biological replicates per PV* and vGlut2® neuronal populations in WT and cKO
mice were analyzed. Library preparation was performed with 50 ng of RNA using the TruSeq
PolyA* Stranded mRNA Library Prep Kit High Throughput (lllumina, RS-122-2103). Libraries
were quality-checked on a Fragment Analyzer (Advanced Analytical) using the Standard

Sensitivity NGS Fragment Analysis Kit (Advanced Analytical, DNF-473), revealing high quality
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of libraries (average concentration for PV sample libraries was 77+1 nmol/l and average library
size was 319%1 base pairs; average concentration for OB sample libraries was 61+1 nmol/l
and average library size was 305+1 base pairs ). All samples were pooled to equal molarity
and the pool was quantified by PicoGreen Fluorometric measurement. The pool was adjusted
to 10 pM for clustering on C-Bot (lllumina) and then sequenced Paired-End 151 bases using
the HiSeq SBS Kit v4 (lllumina, FC-401-4003) on a Nova-seq 600 system. Primary data
analysis was performed with the lllumina RTA version 1.18.66.3 and bcl2fastq-v2.20.0.422.

Ribo-TRAP data analysis
The gene expression and splicing analysis of the RNA-Sequencing data were performed by

GenoSplice technology (www.genosplice.com) and as described in detail in (Furlanis et al.,

2019). In brief, sequencing, data quality, reads repartition (e.g., for potential ribosomal
contamination), and insert size estimation were performed using FastQC, Picard-Tools,
Samtools and RSeQC tool packages. Reads were mapped using STAR (v2.4.0) (Dobin et al.,
2013) on the mm10 Mouse genome assembly. The input read count matrix was the same as
used for the splicing analysis. Two samples from the olfactory bulb were excluded from the
analysis after the quality control of the data (see markers enrichment analysis). The remaining
olfactory bulb and cortical samples were normalized separately.

Gene expression regulation study was performed as already described (Furlanis et al., 2019;
Noli et al., 2015). Read counts were summarized using featureCounts (Liao et al., 2014). For
each gene present in the FASTDB v2021_4 annotations, reads aligning on constitutive regions
(that are not prone to alternative splicing) were counted. Based on these read counts,
normalization and differential gene expression were performed using DESeq2 (values were
normalized to the total number of mapped reads of all samples) (Love et al.,, 2014) on R
(v.3.5.3). Genes were considered as expressed if their FPKM value is greater than 96% the
background FPKM value based on intergenic regions. A gene is considered as expressed in
the comparison if it is expressed in at least 50% of samples in at least one of the 2 groups
compared. Results were considered statistically significant for adjusted p-values < 0.01
(Benjamini Hochberg for p-value adjustment as implemented in DESeg2) and logz(FC) = 1.5
oror <-1.5. For the principal component analysis, counts were normalized using the variance
stabilizing transform (VST) as implemented in DESeq2. The internal normalization factors of
DESeq2 were used to normalize the counts for generation of heatmaps. The alternative
splicing analysis was performed with two types of analysis methods: The EXON and the
PATTERN analysis, as described in (Furlanis et al., 2019). The log- fold change (FC) and p-
value (unpaired Student’s t-test) for both the EXON and PATTERN analysis was calculated by
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pairwise comparisons of the respective Splicing Index (SI) values. The Sl is defined as the
ratio between the read density on the exon of interest and the read density on constitutive
exons of the gene. The following types of alternative splicing events can be analyzed:
Alternative transcription start site (TSS), alternative last exons (ALE), cassette exon (CE),
mutually exclusive exons, alternative 5’ donor splice site (5’AD), alternative 3’ acceptor splice
site (3’AA), intron retention (IR), internal exon deletion (IED) and complex events
(corresponding to mix of several alternative event categories, MX). Results were considered

significantly different for p-values < 0.01 and log2(FC) 21 or <-1.

Enrichment of olfactory neuron markers

An “activity score” was computed for each of the 12 RIbo-Tag samples and each of the 18
marker lists related to olfactory neurons (cell classes are based on the clusters identified by
scRNA-seq from the olfactory bulb; Tepe et al.; 2017). The activity score is the sum of the
FPKM expression values of the marker genes weighted by their average log,FC, divided by
the sum of the gene’s weights. A Heatmap of the weighted activity scores was plotted using R

base functions.

Heatmaps and volcano plots

In order to conduct clustering analysis of gene expression, Normalized Feature Counts values
were used, and the data were standardized based on the rows. For clustering analysis of
Splicing Index (SI) values obtained from PATTERN analysis, both rows and columns were
standardized. Exons with NA or Inf values were removed to prevent bias caused by genes or
exons with very low expression. In all instances, the Pearson correlation method was
employed to calculate the distance, and the Ward.D2 method was used to cluster the resulting

distance matrix. Heatmaps were created in R with the ggplot2 package.

Virus and plasmid constructs

Retro-pAAV2-pCAG-flex-EGFP-WPRE virus was acquired from Addgene (51502).

Viruses were generated in HEK293T cells using standard protocols with AAV2 capsids. Viral
preparations were concentrated in 100K Millipore Amicon columns at 4°C. Samples were then
suspended in PBS, aliquoted and stored at —80°C. Viral titers were determined by gPCR and

were >10'2 particles/ml.

The following plasmids were used to generate lentivirus for Rbm20 mis-expression in neuronal
cultures: Rbom20 (Myc-DDK-tagged) plasmid (Origene, CAT#: MR218951), Syn-DsRed-Syn-
GFP plasmid (Gascon et al., 2008). The DsRed sequence was replaced by the Rbm20
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sequence to obtain the following plasmids which were then used for lentivirus production: Syn-
Rbm20-Syn-GFP and Syn-DsRed-Syn-GFP. Viruses were generated in HEK293T cells (Petri
dish growth surface area is 150 cm?), incubated in 25 ml of media (5% FCS + 50mM Hepes),
at 37°C. DNA was introduced into host cell by transfection with 400 pl polyethylenimine (PEI,
in 5 ml Media w/o FCS), (Boussif et al., 1995) and 20 ug of target gene containing plasmids,
13 pug of MV delta R 8.9 and 6.5 pl cmv-VSV-G were added to each plate for 15 min at RT.
Cells were incubated in fresh media for 2 days at 37°C. Viral particles were harvested and the

media was filtered and frozen at —80°C.

Cell cultures and lentivirus infection.

Primary cortical neuron cultures were prepared from E16.5 mouse embryos of RjOrl:SWISS
mice (Janvier Laboratories). Neocortices were dissociated with papain (Worthington
Biochemical, LK0O03176) for 30 min at 37°C. 250’000 cells/wells were plated in 12-well plates
and they were maintained in Neurobasal Medium (Gibco, 21103-049) containing 2% B27
supplement (Gibco, 17504-044), 1% GlutaMAX supplement (Gibco, 35050-038), and 1%
penicillin/streptomycin (Sigma, P4333). At DIV1, cortical cultures were infected with lentivirus.
10 days after infection, cells were harvested for RNA extraction and purification.

RNA isolation and reverse transcription

10 days after infection with plv-Syn-Rbm20-Syn-GFP or plv-Syn-DsRed-Syn-GFP lentiviruses
in primary cortical cultures, neurons were washed 1 time with PBS and lysed using Trizol
reagent (Sigma, T9424). The RNA was treated with DNase for 15 min at room temperature.
Purification of RNA was performed following the manufacturer’s instructions (RNeasy Micro
kit, Qiagen, 74004). RNA quality control and RNA quantification were performed as described
above. 100 ng of total RNA was reverse transcribed with ImPromll Reverse Transcriptase
(Promega, #M314A), RNasin™ Plus RNase Inhibitor (Promega, #N261B), ImPromll 5X
Reaction Buffer (Promega, #M289A), dNTPs (Sigma, D7295) and oligo(dT)is primer
(Promega, C1101) and 50 ng cDNA was used for library preparation as previously described.
Real-time quantitative PCRs were performed with FastStart Universal SYBR GreenMaster
(Roche, 04-913-850-001) was used for gPCR on a StepOnePlus qPCR system (Applied
Biosystems) and were analyzed with the StepOne software. The mRNA levels of ER-stress,
unfolded protein response (UPR) cascade and apoptotic markers were calculated and
normalized to housekeeping B-actin or Gapdh mRNAs. Two technical replicates were
performed and the mean was calculated. Primers used for SybrGreen were custom designed

and obtained from IDT DNA Technologies.
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List of primer sequences:

Primer Name Sequence

Atf4 Forward (Sense)
CTGAACAGCGAAGTGTTGGC
Reverse (AntiSense)
TCTGTCCCGGAAAAGGCATC
Chop Forward (Sense)
GTCCCTGCCTTTCACCTTGG
Reverse (AntiSense)
CTTTGGGATGTGCGTGTGAC

Library preparation, sequencing and analysis of alternative splicing events with
Whippet

For the Rbm20 mis-expression experiment in neocortical cultures four biological replicates per
condition were analyzed. The quality of RNA integrity was analyzed as described above (see
Ribo-seq data analysis section). RNA samples with RIN > 9 were further processed for
sequencing. Library preparation and sequencing were performed by Macrogen Europe.
Library preparation was performed with 100 ng of RNA using the TruSeq Stranded mRNA LT
Sample Prep Kit (lllumina). Size Check to verify the size of PCR enriched fragments was
performed on an Agilent Technologies 2100 Bioanalyzer using a DNA 1000 chip, revealing
high quality of libraries (average concentration was 36x14 ng/ul and average library size was
380£2 base pairs). All samples were pooled to equal molarity and then sequenced Paired-End
151 bases using the NOVAseq6000 platform at a sequencing depth > 80 million reads/sample.
For the analysis of alternative splicing events the Whippet pipeline was used (Sterne-Weiler et
al., 2018). Briefly, reads were aligned to the mm10 Mouse genome assembly using STAR
(Dobin et al., 2013). Whippet detects exon-exon junctions and calls alternative splicing events,
such as exon skipping, intron retention, and alternative 5' and 3' splice sites, based on the
junctions identified. Finally, Whippet quantifies the PSI value for each splicing event and
assigns a Probability value, which estimates the likelihood of that particular alternative splicing
event to be real. The Probability of observing a real AS event must be > 0.9. For a gene to be
considered expressed the number of raw read counts must be > 10 counts in 75% of the
samples in one of the two conditions. Threshold for APSI value for each splicing event was set
at 20%. We also calculated a confidence interval (Cl) width around the APSI which we set at

-20%>Cl< +20%. Finally, for an exon to be considered regulated, the size must be > 10 bp.
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seCLIP and library preparation

The CLIP experiments were performed according to the eCLIP protocol from Nostrand et al.
(Van Nostrand et al., 2016) with some minor modifications, as previously described in
(Traunmdller et al.; 2023). More in detail, olfactory bulbs (7 olfactory bulbs were pooled for
each biological replicate) and heart (1 heart per biological replicate) samples were ground on
dry ice first in a metal grinder and a porcelain mortar. The frozen powder was transferred into
a plastic Petri dish (10 or 6 cm diameter) and distributed in a thin layer. The samples were UV-
crosslinked 3 times at 400 mJ/cm2 on dry ice with a UV-crosslinker (Cleaver Scientific). The
powder was mixed and redistributed on the Petri dish each UV exposure. The crosslinked
powder was re-suspended 3.5ml/ 7 OB or 5.5 ml/ heart in the lysis buffer (50 mM Tris-HCI pH
7.5, 100 mM NacCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate). 1 tablet of the protease
inhibitors (Roche) and 4 U per ml buffer Turbo-DNase (Thermofisher), were used per 10 ml of
buffer.

The lysate was transferred into a glass homogenizer and homogenized by 30 strokes on
ice. 1 ml aliquots of homogenized tissue were transferred to 2 ml tubes, 10 ul of RNasel
(Thermofisher) diluted in PBS (1:5 -1:40) were added to each tube. Samples were incubated
at 37°C with shaking for 5 min at 1200 x rpm and then put on ice. 10 pl RNasin RNase-inhibitor
(40 U/ul, Promega) were added to each tube. Sample were mixed and centrifuged at 16.000 x
g for 15min at 4°C. The supernatants were transferred to a new tube and 60 pl from each
sample were taken and further processed for sized matched INPUT (SMin). 10 pyl HA-magnetic
beads (Pierce) was added to each sample and incubated at 4°C for 4h in a rotating shaker.
Following incubation, the beads were washed 2x with a high salt wash buffer (50mM Tris-HCI
pH7.5, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate), 2x with
the lysis buffer, 2x with low salt wash buffer (20 mM Tris-HCI pH7.5, 10mM MgCl, 0.2%
Tween-20) and 1x with PNK buffer (70 mM Tris-HCI pH6.5, 10 mM MgCl,). Beads were re-
suspended in 100 pl PNK-mix (70 mM Tris-HCI pH6.5, 10 mM MgCI2, 1 mM DTT, 100 U
RNasin, 1 U TurboDNase, 25 U Polynucleotide-Kinase (NEB)) and incubated at 37°C for for
20 min on a shaking termomixer (1200 x rpm). Upon RNA dephosphorylation, the beads were
washed (2x high salt, 2x lysis and 2x low salt buffers as before) and additionally with 1x Ligase
buffer (50 mM Tris-HCI pH7.5, 10 mM MgCI2). Beads were then re-suspended in 50 pl ligase
mix (50 mM Tris-HCI pH7.5, 10 mM MgCl;, 1 mM ATP, 3% DMSO, 15% PEGS8000, 30 U
RNasin, 75 U T4 RNA-ligase (NEB)). 10 pl of the beads / ligase mix were transferred to a new
tube and 1 pl of pCp-Biotin (Jena Bioscience) were added to validate IP of the RNA-protein-
complexes by western blot. 4 pl of the RNA-adaptor mix containing 40 pM of each InvRi
L19 & InvRand3Tr3 (IDT) were added to the remaining of the samples (40 ul). Samples were

placed at RT for 2 h for adaptor ligation. Samples were washed 2x with high salt, 2x with lysis

120



Materials and Methods

and 1x with low salt buffers. Finally, beads were re-suspended in 1x LDS sample buffer
(Thermofisher) supplemented with 10 uM DTT and incubated for 10 min at 65°C, shaking on
a thermomixer at 1200 x rpm. Eluates or inputs were loaded on 4-12% Bis-Tris, 1.5 mm gel
(Thermofisher) and separated at 130 V for ~ 1.5 h. Proteins were transferred overnight at 30
V to a nitrocellulose membrane (Amersham). The membranes were placed in a 15 cm Petri
dish on ice and an area between 55 and 145 kDa was cut out small pieces and transferred in
a 2 ml tube.

RNA extraction, reverse transcription using InvAR17 primer, cDNA clean-up using silane
beads (Thermofisher), second adaptor ligation (InvRand3Tr3) and cDNA purification steps
were performed as previously described (Van Nostrand et al., 2016). The sequencing libraries
were amplified using Q5-DNA polymerase (NEB) and i50X/i70X lllumina indexing primers
(IDT). Final libraries were amplified with 14 cycles Libraries were purified and concentrated
with ProNEX size selective purification system (Promega) using sample/beads ratio of 1/2.4.
Samples were loaded on a 2% agarose gel and the area corresponding to the size between
175 bp and 350 bp was cut out. The amplified and purified libraries were then extracted from
the gel using gel extraction kit (Machery&Nagel) and eluted with 16 pl.

The concentrations and the size distributions of the libraries were determined on the
Fragment analyzer system (Agilent). 75 bp single-end sequencing was performed on the
NextSeg500 platform using Mid Output Kit v2.5 (75 cycles).

Adaptor and primer sequences used in this study:

Name Sequence
INVRI /5Phos/rArGrArUrCrGrGrArArGrArGrCrArCrA rCrGrUrC/3SpC3/
L19

InvRand | /5Phos/NNNNNNNNNNAGATCGGAAGA GCGTCGTGT/3SpC3/
3Tr3

InvA CAGACGTGTGCTCTTCCGA

R17

i501 AATGATACGGCGACCACCGAGATCTACACTATAGCCTACACTCTTTCCCTA
CACGACGCTCTTCCGATC*T

i502 AATGATACGGCGACCACCGAGATCTACACATAGAGGCACACTCTTTCCCT
ACACGACGCTCTTCCGATC*T

i503 AATGATACGGCGACCACCGAGATCTACACCCTATCCTACACTCTTTCCCTA
CACGACGCTCTTCCGATC*T

i504 AATGATACGGCGACCACCGAGATCTACACGGCTCTGAACACTCTTTCCCT

ACACGACGCTCTTCCGATC*T
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i701 CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATC*T

i702 CAAGCAGAAGACGGCATACGAGATTCTCCGGAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATC*T

i703 CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATC*T

i704 CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATC*T

X* = Phosphorothioated base

eCLIP data processing
eCLIP processing was performed as described in (Traunmuller et al., 2023). In brief, the raw
reads were processed as described previously (Feng et al., 2019) to obtain unique CLIP tags
mapped to mm10 using CTK (Shah et al., 2017),. Unique tags from replicates were combined
for all analyses. Significant CLIP tag clusters were called by requiring p-value<0.01 after
Bonferroni multiple-test correction. Crosslinking-induced truncation sites (CITS) were called by
requiring FDR<0.001. Peaks with length < 30bp were removed using StoatyDive (Heyl &
Backofen, 2021).

For motif finding, sequences from -10bp to +10bp from significant CITS (FDR<0.001)
were used as input sequences for DREME software (Bailey et al., 2009; Bailey et al., 2015;
Nystrom & McKay, 2021). As a control, sequences of the same length coming from 500 bp
upstream of the (-510 to -490 bases) from the CITS site were used. Enrichment of the known
UCUU motif at the CITS sites was calculated.

Gene Ontology analysis
Gene ontology analysis was performed by using a statistical overrepresentation test and the

cellular component function PANTHER (http://pantherdb.org/). All genes being detected as

expressed in RNA-sequencing data were used as reference. GO cellular component
annotation data set was used and Fisher's Exact test with Benjamini-Hochberg false discovery
rate correction for multiple testing was applied. GO terms with at least 10 genes, at least 1.5-
fold enrichment with less than 0.05 false discovery rate (FDR) were considered as significantly
enriched. Significant GO terms were plotted in Prism 9. The input list for the background was
the list of all genes detected in olfactory bulb samples analyzed by Ribo-TRAP RNA-

sequencing. For heart samples, the whole mouse transcriptome was used as a background.
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For eCLIP any gene that had significant peak expression in the CLIP dataset either for olfactory
bulb or heart samples were used. GO analysis was performed with the R package
“clusterProfiler” (Bioconductor version: Release (3.16)) (Wu et al., 2021; Yu et al., 2012). The
top ten significant (Benjamini Hochberg for p-value correction), and non-redundant, terms were
displayed in Fig.10E and F.

Statistical methods and data availability

Sample sizes were determined based on the 3R principle, past experience with the
experiments and literature surveys. Pre-established exclusion criteria were defined to ensure
success and reliability of the experiments: for stereotaxic injection, all mice with mis-targeted
injections were excluded from analysis (e.qg. if no eGFP signal was detected in the mitral cell
layer of the OB). Investigators performing image analysis and quantification were blinded to
the genotype and/or experimental group. For Ribo-TRAP pull-down experiments, all the
samples presenting enrichment of the wrong marker genes were excluded. For the
guantification of RBM20 expression in the olfactory bulb statistical analysis was performed with
Prism 9 (GraphPad software) using unpaired t-test. Data presented are mean + SD. Images

were assembled using Fiji, Omero (Swedlow et al., 2003) and Adobe lllustrator software.

A detailed description of the exclusion criteria for different experiments is included in the
respective method sections. Statistical analyses were conducted with GraphPad Prism 9. The
applied statistical tests were chosen based on sample size, normality of data distribution and
number of groups compared. Details on n-numbers, p-values and specific tests are found in
the figure legends. All raw data files, excel analysis tables and additional data supporting the
findings of this study could not be included in the manuscript due to space constraints but are

available from the corresponding author upon reasonable request.
Behavioral Analysis

Observer and demonstrator mice were single housed for 1 week prior to the test and habituated
to eating powdered food (triturated chow) during this time. For two days prior to the test,
demonstrator mice were fed with powdered food supplemented with cumin (50 mg of cumin in
20 g of chow food). The night before the test, both demonstrator and observer mice were
deprived of food for 12 h. For the test, demonstrator mice were allowed to eat cumin flavored
food for 1 h, and then were put into a new cage with the observer mice for social interaction
(30 min). Demonstrators and observers were separated by a plexiglas transparent wall with
holes to allow the mice to smell each other and poke their noses through. Immediately (day 0),

1 day (day 1) and 14 days (day 14) after social interaction, the observer mice were placed into

123



Materials and Methods

their home cage and tested for 1 h for food preference between cumin-flavored (50 mg in 20
g) and thyme-flavored (100 mg in 20 g) food. The positioning of the beakers containing thyme-
flavored and cumin-flavored food was random to avoid position preference of the observer
mice. The amount of thyme-flavored or cumin-flavored food eaten by the observer mouse was
then measured in grams and expressed as the ratio to the total amount of food consumed (Liu
et al., 2017; Loureiro et al., 2019). As a control, mice of each genotype were exposed for 30
min to demonstrator mice that have eaten unflavored food (powdered but no flavor added). To
be considered a true interaction, the following criteria had to be met. First, both demonstrator
and observer mice had to eat at least 0.2 g of flavored food on the day of the interaction.
Second, observer mice were considered for the analysis only if they spent at least 10 min in
the interaction area (defined as 2 cm apart from the separator) and if they spent at least 1 min
poking their nose into the holes of the Plexiglas separating the demonstrator (sniffing time).
When mice were positioned in the interaction area but they were either grooming or showing
freezing behavior, the time was not scored. The total interaction time and sniffing time were

manually quantified using ChronoMouser v1.0.

Mice used for behavioral experiments were males and females between 6-8 weeks of age,
maintained on a C57BL/6J background and housed under standard laboratory conditions on
a 12 h light/dark cycle. For the social transmitted food preference paradigm (STFP),
demonstrator mice were only females, to avoid fighting between males. All tests were carried
out during the light cycle, with standard ceiling light (< 300 lux) and in at least 6 independent
trials. All statistical data are mean + SD and significance was assessed by Two-way ANOVA
followed by Tuckey’s multiple comparisons correction or unpaired t-test with Kolmogorov-

Smirnov multiple testing correction, for pairwise comparisons.
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Abstract

Over the past years, technological advances in transcriptomics provided deep insights into
gene expression programs and their role in tissue organization and cellular functions. The
isolation of ribosome-associated transcripts is a powerful approach for deep profiling of cell
type-specific transcripts, and particularly well-suited for quantitative analysis of transcript
isoforms. This method employs conditional ribosome epitope-tagging in genetically-defined
cell types, followed by affinity-isolation of ribosome-associated mMRNAs. Advantages of this
approach are twofold: first, the method enables rapid retrieval of mRNAs without tissue
dissociation and cell sorting steps. Second, capturing of ribosome-associated mMRNAs,
enriches for transcripts recruited for active translation, therefore providing an approximation to
the cellular translatome. Here we describe one application of this method for the identification
of the transcriptome of excitatory neuronal cells (mitral and tufted cells) of the mouse olfactory
bulb, through RiboTag isolation from the vGlut2-IRES-cre mouse line as genetic driver of

endogenously tagged ribosome expression.

Key Words: Ribosome-affinity purification, TRAP, RiboTag, Transcriptomics, Cell-type

specificity, Alternative Splicing, mRNA isolation
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1 Introduction

The past decade has seen breathtaking advances in transcriptomics which contributed to a
detailed molecular dissection and classification of cell types and cell states. Next-generation
sequencing approaches eliminated challenges posed by microarray technologies, including
high variability especially for lowly expressed genes, dynamic range of detection, and
caveats arising from incomplete genome annotations. Single cell sequencing proved
particularly powerful for a detailed cell type classification based on gene expression profiles
(Zeisel et al., 2018; Zeng & Sanes, 2017). Advanced transcriptomic studies also uncovered a
major role for alternative splicing and alternative transcription start sites in controlling cellular
functions in development and disease states (Furlanis & Scheiffele, 2018; Gonatopoulos-
Pournatzis et al., 2020; Nguyen et al., 2016; Parikshak et al., 2016; Wamsley et al., 2018Db).
However, accurate mapping of alternative transcripts across cell types remains a significant
challenge, as the limited and stochastic transcript coverage from single cell sequencing
results in low sampling of exon spanning junctions. Moreover, there is some debate whether
transcript isoforms detected by transcriptomics are indeed recruited for translation to produce
protein isoforms that are functionally relevant in vivo (Liu et al., 2016; Vogel & Marcotte,

2012; Weatheritt et al., 2016).

A key step for uncovering cell type-specific splicing programs is the access to deep, high
quality transcriptomic data from the cell type of interest. The most commonly applied
methods include enzymatic tissue dissociation followed by immune-isolation or fluorescence
activated cell sorting (FACS), (Crouch & Doetsch, 2018; Tischfield & Anderson, 2017).
However, artifacts and variability introduced during the dissociation and sorting process pose
a notable challenge (van den Brink et al., 2017). Moreover, in morphologically complex cells
— such as neurons or vascular cells - RNA isoforms are lost from cellular processes that are
severed during the generation of single cell suspensions. A complementary approach
overcoming some of these limitations is the isolation of ribosome-associated mRNAs from

genetically-defined cell populations. Based on cell type-specific epitope-tagging with genetic
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tools, two closely related methods were developed, named TRAP (Translating Ribosome
Affinity Purification) (Heiman et al., 2008) and RiboTag (Sanz et al., 2009). In both methods,
an epitope-tagged core ribosomal protein is expressed in the cell population of interest. This
tag then enables the selective affinity purification and analysis of ribosome-associated
MRNAs. Whereas TRAP is based on bacterial artificial chromosome (BAC) transgenic mice
that overexpress EGFP-tagged ribosomal protein L10 (RPL10A), RiboTag employs cre-
recombinase-dependent HA epitope tagging of the endogenous ribosomal protein RPL22.
Crossing with cell-type specific cre lines or viral delivery of cre-recombinase then enables
selecting the desired population of cells for tagging and mRNA isolation. Selective capture of
cell type-specific mMRNAs overcomes many challenges posed by dissociation-based gene
expression profiling approaches. Moreover, RNA-sequencing of TRAP / RiboTag samples
enables the enrichment of transcripts that are engaged by the ribosomes, a closer
approximation to the transcript isoforms recruited for mRNA translation. In the past years, the
TRAP / RiboTag approach has proven versatile and effective in characterizing cell type-
specific transcriptomes in a broad range of experimental systems, ranging from Drosophila
and mouse models to cultured human-induced pluripotent stem cells (Gregory et al., 2020;
Mardinly et al., 2016; Thomas et al., 2012). More recent studies have capitalized on the high
yield of cell type-specific mMRNAs to assess cell type-specific alternative splicing and
translational regulation (Furlanis et al., 2019; Gonzalez et al., 2014, Lee et al., 2020;

Thomson et al., 2017).

This chapter describes an optimized protocol for RiboTag-isolation of intact mMRNA from
sparse cell populations in small regions of the mouse brain. This protocol has been used
successfully to obtain high quality preparations from a single cortical layer of the neonatal
mouse visual cortex (area V1) or a subset of hippocampal interneurons. The example
protocol is described for mRNA isolation from VGLUT2-positive tufted and mitral cells of the
mouse olfactory bulb, but can be readily transferred to other preparations with limiting and
highly complex starting materials.
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2 Materials

2.1 Preparation of work environment

1. RNase AWAY® for molecular biology

2. Sterile, nuclease-free pipette filter tips.

3. Glass homogenizers (or motor driven Teflon glass homogenizer)

4. Nuclease-free 1.5 mL LowBind “microcentrifuge tubes”.

5. Diethylpyrocarbonate (DEPC) water (0.1% DEPC in ultrapure 18.2MQxcm water,

autoclaved).

2.2 Preparation for immunoprecipitation of tagged ribosome and associated RNAs

1. Ice-cold sterile, nuclease-free phosphate buffered saline (PBS).

2. Homogenization buffer: 50mM Tris-HCI, pH7.4, 100mM KCI, 12mM MgCl. in DEPC
water. Good for 2 months when stored at 4 °C.

3. Supplements to homogenization buffer: Img/mL Heparin from porcine intestinal mucosa,
200 units/mL RNAsin RNase inhibitor, 100pg/mL cyclohexamide, 1mM DTT, 1x protease
inhibitor (e.g. Roche “complete” EDTA free). The “supplemented homogenization buffer’
has to be made fresh on the day of the experiment and always kept on ice.

4. 10% IGPAL stock (molecular biology grade) in DEPC water (store at 4°C).

5. High salt washing buffer: 300mM KCI, 1 % IGEPAL, 50mM Tris-HCI, pH7.4, 12mM
MgCl,, ImM DTT, 100ug/mL cyclohexamide, in DEPC water. The high-salt washing
buffer has to be made fresh on the day of the experiment and always kept on ice.

6. Anti-HA Magnetic Beads, Monoclonal IgG1 antibody, clone 2-2.2.14, (Thermo Scientific).
Store at 4 °C.

7. Magnetic rack

8. Rotating wheel
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2.3 Reagents and equipment for RNA purification and clean-up

1. RNeasy Micro plus kit (Qiagen) containing RLT buffer, wash buffers, gDNA eliminator
columns, and RNeasy MinElute Spin Columns

2. Beta-mercaptoethanol

3. 70% and 80% ethanol (molecular biology grade, nuclease-free, diluted with RNase free
water)

4., DEPC water

2.4 RNA quantification and library preparation

1. RNA 6000 Pico kit (Agilent)

2. Reverse Transcription System, containing 25mM MgCl,, Reverse Transcription 10X
Buffer, 10mM dNTP Mixture, Recombinant RNasin Ribonuclease Inhibitor, 15 units AMV
Reverse Transcriptase, Oligo(dT)15 Primer, Random Primers,1.2kb Kanamycin Positive
Control RNA, 1ug poly(A)* mRNA, Nuclease-Free Water

3. Agilent Bioanalyzer

4. NanoDrop Spectrophotometer

5. QuantiFluor RNA System (Promega)

6. TruSeq RNA Library Prep Kit v2 (lllumina) or Smart-Seq library Prep v4 Plus Kit

(TakaraBio)

2.5 Transgenic mouse lines

The conditional RiboTag allele in C57BL/6J background is available from the Jackson
laboratory (B6J.129(Cg)-Rpl22"™*1Psam/Si3. JAX Stock No: 029977). The vGlut2-cre mouse
line in C57BL/6J background used to direct cell class-specific Rpl22-HA expression is
B6J.129S6(FVB)-Slc17a6™C®o%/MwarJ JAX Stock No: 028863). TRAP BAC transgenic

mouse lines driving RPL10A-GFP in various cell classes are available from JAX.
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2.6 Time Considerations

The preparation of the RNase free environment, set-up of equipment prior the start of the
experiment takes about 1h. One complete round of pull-down takes around 7 hours. The
subsequent RNA purification and Reverse Transcription and Polymerase Chain Reaction
(RT-PCR) require ~3-4 hours. One day is required for quality checks of RNA concentration
guantification by fluorometry, RNA integrity number (RIN) calculation, and guantitative-

Polymerase Chain Reaction (qPCR) enrichment analysis for cell type-specific markers.

3 Methods
3.1 Preparation of reagents and sterile equipment

1. Wipe work surfaces and pipettes with RNase AWAY® for molecular biology or similar.

2. Autoclave glass homogenizers, flush with RNase AWAY just before use, and wash 3
times with 50 mL of DEPC water (see Notel).

3. Prepare the “supplemented homogenization buffer” and the “high salt buffer” using
DEPC water.

4. Use sterile, pipette filter tips throughout the entire procedure.

5. Clean dissection tools with water and 70% Ethanol and let them air dry?.

6. Prepare a petri-dish for tissue dissection with PBS on ice.

3.2 Preparation of tissue homogenate

1. Euthanize mice (in this example protocol postnatal day 35, Rpl22"4HA::yGlut2'RES<re)
according to institutional guidelines, e.g. by decapitation under isoflurane anesthesia and
rapidly collect the brain in ice-cold PBS. See Note 2 for number of animals and RNA

yields from different brain regions.
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10.

11.

3.3

Take a toe biopsy for potential re-confirmation of genotype (see Note 3)

Rapidly dissect the region of interest and transfer the tissue into a new dish with fresh
ice cold PBS to remove blood (see Note 4-5).

Immediately transfer tissue into a glass homogenizer containing ice-cold supplemented
homogenization buffer. For the olfactory bulbs (~ 30 mg tissue from 1 animal), we advise
to use 0.5 mL of supplemented homogenization buffer (1:20 weight per volume of
homogenization buffer). Disrupt the tissue with 40 strokes-fitting homogenizers (see
Note 6).

Transfer the homogenate to an ice-cold 1.5 mL microcentrifuge tube (see Note 7 for
larger volume samples).

Centrifuge at 2’000 x g for 15 min at 4°C to pellet nuclei and debris.

During the centrifugation step, prepare anti-HA magnetic beads: for RiboTag pulldown
from the olfactory bulbs from 1 mouse, use 5uL of packed beads (equivalent to ~20 uL of
beads from the commercial vial). Wash beads 3 times with 1 mL of supplemented
homogenization buffer (vortex at medium speed 5 sec. — put tube on magnetic rack —
remove liquid without disturbing the beads— add buffer). Resuspend beads in 20 uL of
ice-cold supplemented homogenized buffer (see Note 8). Scale up the amount of beads
according to the number of samples.

Transfer supernatant from step 5 to a new ice-cold 1.5 mL microcentrifuge tube (see
Note 9).

Add 55uL of 10% IGEPAL (to a final concentration of 1%) to solubilize cellular
membranes. Invert 3-4 times until the lysate becomes clear.

Incubate on ice for 5 min (see Note 10).

Keep the sample in the same ice-cold 1.5 mL microcentrifuge tube and centrifuge at

13’000 x g for 10 min at 4°C, to separate insoluble material from lysate.

Immunoprecipitation of epitope-tagged ribosomes
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3.4

After the centrifugation, transfer the supernatant to a new ice-cold 1.5 mL
microcentrifuge tube.

Take an aliquot (4.5uL, corresponding to 1 % of total) of the lysate supernatant to be
analyzed as “input” material and immediately mix this aliquot with 350 pL of RLT plus
buffer (Add 10 pL of B-mercaptoethanol per 1 mL Buffer RLT plus). Vortex few seconds
and store at - 80°C until RNA purification step.

Add 20 pL of washed and resuspended anti-HA-coupled magnetic beads (equivalent of
5 uL of packed beads) to the lysate sample (for bead volumes refer to Note 8).

Incubate 3-4 hours at 4°C on rotating wheel (see Note 11), at low speed.

Place the microcentrifuge tube on the magnetic rack on ice (see Note 7 for higher
volume samples).

Wait ~1 minute for the beads to be collected at the bottom of the tube.

Carefully aspirate the supernatant with the vacuum pump without disturbing the beads,
then wash 3 times with 1 mL of ice-cold high salt washing buffer: Aspirate supernatant —
add high salt washing buffer — vortex gently until the beads are dispersed in the washing
buffer — collect beads again on the magnetic rack (see Note 12).

After the last wash, remove supernatant and resuspend the beads directly in 350 pL of

RLT plus buffer supplemented with 3.5 pL of B-mercaptoethanol.

RNA extraction and purification

Vortex gently for 5 seconds at room temperature. Place the tubes back on the magnetic
rack and wait for ~1 minute.

Pipette the supernatant containing the purified nucleic acids in a new ice-cold 1.5 mL
microcentrifuge tube. Discard the beads.

Proceed with the purification of input (IN) and ribosome-associated RNA (IP) according
to the RNeasy Micro plus kit. In brief, the samples are first loaded onto the gDNA

columns to ensure elimination of genomic DNA contaminants from the sample (see Note
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3.5

13). The flow-through is then loaded on the RNeasy columns for purification (binding
capacity of a single column is up to 100 ug RNA). Upon washes of the columns with the
buffers provided in the RNeasy Micro plus kit, the RNA is finally eluted in 15puL of
nuclease-free water and stored at - 80°C until further processing. The RNA purification

procedure is to be performed on ice.

Testing RNA concentration and quality

Determine RNA concentration in input and IP samples with NanoDrop
Spectrophotometer (the typical yield of RNA retrieved from vGlut2-cre positive heurons
of the olfactory bulbs from one P35 mouse, two hemispheres, is ~500 ng).

Use a few ng of IN and IP RNA for Reverse Transcription with random hexamers
according to instructions of the transcriptase manufacturer (see Note 14 for cases with
low RNA recovery).

Perform gPCR on IN and IP cDNA with primers amplifying transcripts known to be
enriched or de-enriched in the cell type of interest (see Note 15-16). Additionally, two or
three “housekeeping genes” should be assessed. For example, in pull-downs from the
Vglut2R® mouse line we use Vglutl (Slc17a7), Vglut2 (Slc17a6) and Tbr2 (Eomes)
genes to probe for marker enrichment and parvalbumin (Pvalb), Gfap, and Vgat
(Slc32al) to test for de-enrichment of contaminants. Enrichment values are calculated
based on the ratio of target MRNA over housekeeping genes in the IP relative to IN
samples. As housekeeping genes, we use Gapdh, and Actb (see Note 17).

For accurate calculation of RNA concentration perform fluorocytometry analysis, using
the QuantiFluor RNA System.

Evaluate the quality of isolated RNA by calculating the RNA Integrity Number (RIN)
using a pico-chip (Agilent RNA 6000 Pico kit). We used for RNA-sequencing only

samples with RIN > 7.5. Moreover, we selected for RNA-sequencing samples displaying
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RIN values in the same range, thus excluding outlier samples with either too high or too
low RIN.

6. Proceed with RNA-sequencing library preparation. At least 50 ng of immune-isolated
RNA should be used for PolyA-enrichment Truseq library preparation for RNA-
sequencing (see Note 18), see Figure 1

Insert figure 1 here

4  Notes

1. Itis critical to establish an RNase-free environment and minimize the risk of RNase
contamination throughout the procedure.

2. Typical total RNA vyields from RiboTrap purifications from a single mouse (two brain
hemispheres), obtained with this protocol are as follows: P35 olfactory bulbs Vglut2X°
~500ng, P25 neocortex CamK2R*° ~1.5ug, P25 hippocampi CamK2R°~450ng, P35
neocortex Pvalb®®® ~250ng, P4 visual cortices RorbR®® 20ng.

3. Depending on the cre mouse-line used, extra attention needs to be taken to ensure that
no aberrant germline recombination of the Rpl22HA-allele has occurred (see (Luo et al.,
2020) for discussion of this issue). Thus, it is strongly encouraged to use genotyping
primers that detect germline recombination (e.g., the primer combination used to detect
the floxed ribotag allele shows a band of ~320 bp size when abnormal germline
recombination has occurred (RiboTag Forward primer: 5-GGGAGGCTTGCTGGATATG-
3’; RiboTag Reverse primer : 5-TTTCCAGACACAGGCTAAGTACAC-3). In
developmental studies, the onset of cre-recombinase expression needs to be carefully
evaluated to assess the efficiency of Rpl22 HA-tagging at early developmental
timepoints.

4. During tissue dissection, it is critical to minimize carrying over blood as much as

possible, given its content of RNase activity. Perform the dissection step on ice in pre-

136



Di Bartolomei and Scheiffele; 2021 Book Chapter

chilled PBS as quickly as possible. Upon dissection, tissue needs to be placed
immediately into the ice-cold homogenization buffer containing RNase inhibitors.
Alternatively, tissue can be immediately flash-frozen in liquid nitrogen upon dissection
and stored at -80°C until ready to use. Upon thawing, homogenize the tissue
immediately, when it is still frozen. Note that quality and total mMRNA yield retrieved from
frozen tissue is reduced as compared to tissue processed immediately after dissection.
Wherever possible, we recommend using tissue from single animals as replicates.
Typical tissue weights for P30-P40 mouse brain regions from a single animal (2
hemispheres) are: visual cortices (~ 10 mg), olfactory bulbs (~ 30 mg), hippocampi (~ 70
mg), whole neocortex (~300 mg). Adjust the volume of homogenization buffer to 1:20
weight per volume (e.g., 20 mL of buffer per 1 g of tissue) for optimal tissue
homogenization. However, when using very small amounts of tissue, work with a
minimal volume of 500 pL of homogenization buffer to improve the handling of the
sample.

For replicates, always use the same number of strokes to homogenize the tissue. Upon
homogenization, the sample should appear dense and viscous, without any remaining
tissue chunks visible. Efficiency of homogenization can be evaluated for an aliquot of the
homogenate under a bright field microscope.

When working with larger amounts of starting material and the corresponding higher
volumes of homogenization buffer, transfer the homogenate to a 15 mL plastic tube for
low-speed centrifugation (2’000 x g for 10 min at 4°C to pellet nuclei). Then transfer the
supernatant to a new 15 mL plastic tube for tissue lysis with IGEPAL (adapt the amount
of IGEPAL to add, depending on the resulting volume of supernatant). For high-speed
centrifugation, distribute the lysate into pre-chilled 2 mL microcentrifuge tubes and spin
for 10min at 4°C at 13’000 x g. Transfer supernatant to new pre-chilled 2 mL
microcentrifuge tubes and incubate with the HA-magnetic beads (5 pL packed beads per

tube) for 3-4 hours. Use 1.5 mL high salt buffer per tube for washes and collect beads
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10.

11.

12.

13.

sequentially in a total of 350 uL of RLT buffer supplemented with 3.5 uL of 3-
mercaptoethanol.

Carefully choose the amount of magnetic beads used for immuno-isolation when
applying the protocol to a new tissue and/or cell type. Bead concentration should be
optimized for maximum ribosome recovery with low unspecific mRNA recovery. When
trying to perform pulldown from a new type of sample, we recommend to test the correct
amount of beads to use in a pilot experiment (background increases when an excess of
beads is employed).

Ensure that no nuclear pellet is carried over during the transfer of the clarified
supernatant to a clean microcentrifuge tube. It is preferable to leave and discard few
microliters of homogenized tissue, instead of risking carry over of nuclear contaminants
Incubation time with IGEPAL is necessary in this step to achieve optimal membrane
solubilization (assessed by lysate clearing). Instead of IGEPAL, 1% NP-40 can also be
used.

We observed that 3 hours incubation of beads with the lysate are sufficient for ribosome
binding and yield a good amount of retrieved RNA. We observed no differences between
3 hours and 5 hours incubation step. We do not recommend overnight incubation
prolonged incubation frequently results in increased RNA degradation and unspecific
binding.

Three washes with 1 mL of high salt buffer and gentle vortexing for 5 seconds is
sufficiently stringent to minimize unspecific binding. Longer washing times (15-25
minutes on a rotating wheel) significantly decrease the quality and integrity of the
isolated RNA. The washing step needs to be performed on ice.

DNA removal on a gDNA column (RNeasy Micro plus Qiagen kit) is usually sufficient to
eliminate DNA contamination. However, in some cases, additional DNA digestion by

DNase improves RNA recovery. This is recommended in particular when performing
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14.

15.

16.

17.

pull-down from small neuronal structures/small brain regions, where low yield of total
RNA recovery is expected.

When working with very small brain regions or sparse cell populations, perform
fluorometric RNA quantification, which is more reliable at low concentrations. When RNA
yield is too low to quantify, take a fixed percentage (e.g., 10%) of the eluted RNA to
perform the reverse transcription. For experimental questions were higher RNA recovery
is expected (e.g. an abundant cell population of neocortex), elute RNA in 25 ul of DEPC
water and use ~25 ng RNA for reverse transcription.

Input aliquots are necessary in order to assess the quality of the pull-down through
enrichment of cell type-specific markers by gPCR. For our experiments, input RNA
aliquots were not analysed for RIN and were not used for RNA sequencing. We
recommend diluting resulting cDNA samples at least 1:5 before proceeding for gPCR.
Use 3l of diluted cDNA in a total volume of 20 ul gPCR reaction. Markers of interest
used to assess by gPCR the enrichment of mitral and tufted neurons in the olfactory bulb
using the vGlut2-cre mouse line are: vGlut2, Pcdh21, Thr2. (vGlut2 Forward primer:
GCATGGTCTGGTACATGTTCTG,; vGlut2 Reverse primer:
GACGGGCATGGATGTGAAAAAC; Tbr2 Forward primer:
ATAAACGGACTCAACCCCACC; Tbr2 Reverse primer: CCCTGCATGTTATTGTCCGC;
Pcdh21 Forward primer: ATCACTGTCAACGACTCAGACC; Pcdh21 Reverse primer:
GTCAATGGCAGCTGAGTTTTCC).

Note, that RiboTag isolation of mMRNAs from abundant cell types will result in only
modest marker enrichment (e.g. for broad classes of abundant glutamatergic cells such
as CamK2-cre defined neurons in neocortex). By contrast, pulldowns for sparse cell
classes (such as VIP interneurons) results in a very high enrichment of markers.

Many genes that are widely considered “housekeeping genes” are differentially
expressed across neuronal cell types and cell states. Thus, multiple such “housekeeping

genes” should be assessed to allow for accurate enrichment analysis of target mMRNAs.
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18. In experiments aimed at quantifying transcript isoforms, we recommend to use paired-
end sequencing with read length of 100-150 bases and a sequencing depth of 50 to 100
million reads per sample (depending on what type and complexity of splice variants will
be examined). For for low input RNA samples <15ng RNA, we recommend using the

SMART-seq v4 library preparation Kit.

List of figures:

Fig. 1 lllustration of cell type —specific ribosome-associated mRNAs pull-down

approach in the olfactory bulb.

a. Schematic representation of the olfactory bulb circuitry, where genetically defined vGlut2*
neurons of the olfactory bulb conditionally express HA-tagged ribosomes. Highlight of the
different cellular populations defined by the Slc17a6-cre::Rpl22-HA mouse line, namely mitral
and tufted neurons of the olfactory bulb. These cells express HA-tagged ribosomes. b. Upon
tissue lysis (IN), ribosome-associated mRNASs are immuno-precipitated using magnetic anti-
HA beads (IP). c. mRNAs are then purified and used for RNA-sequencing analysis. Expected
gPCR fold-enrichement / de-enrichment values for cell type-specific markers upon mRNAs

pull-down from vGlut2* neuronal population are displayed on the right panel.
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Index of abbreviations

AAV= adenovirus

ALE= alternative last exon

ALS= amyotrophic lateral sclerosis

AOB-= accessory olfactory bulb

AON= accessory olfactory nucleus

APE1= apurinic/apyrimidinic endonuclease 1
AS= Alternative Splicing

ASDs=autism spectrum disorders

AS5= alternative splice site 5

ATSS= alternative transcription start site

Ca2+= calcium

CamK2= Ca 2+ /calmodulin-dependent protein kinase 2
CELF= CUG-BP and ETR-3-like factor

CGE= Caudal Ganglionic Eminence

CITS= crosslink-induced truncation sites
CircRNA= circular RNA

CLIP= Cross-linking immunoprecipitation

CMV= cytomegalovirus

COIN= conditional by inversion allele
CRISPR-CAS9= Clustered Regularly Interspaced Short Palindromic Repeats
CRISPR associated protein 9

cKO= conditional knock-out

CX= neocortex

DCM= dilated cardiomyopathy

DE-= differentially expressed

DGE-= differential gene expression

DNA= deoxyribonucleic acid

DR= differentially regulated

DSCAM= Down syndrome cell adhesion molecule
EPL= external plexiform layer

ESE= exonic splicing enhancer

ESS= exonic splicing silencer

Exc= excitatory glutamatergic

FC=fold change

FingR= Fibronectin intrabodies generated with mRNA display
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FISH= Fluorescence in situ hybridization
FPKM= Fragments Per Kilobase of transcript per Million
FUS= Fused in Sarcoma

GABA= y-aminobutyric acid

GABA-R= y-aminobutyric acid receptor

GE= gene expression

GFP= green fluorescent protein

GCL= granule cell layer

GL= glomeruli layer

GO= Gene Ontology

HA= Human influenza hemagglutinin

HC= hippocampus

HEK293T= Human Embryonic Kidney 293T
hnRNP= heterogeneous nuclear ribonucleoprotein
hSyn= human synapsin promoter

HVA= high voltage activity

IGF1= insulin growth factor 1

INs= interneurons

IP=immuno-precipitation

IPL= internal plexiform layer

iPSC-CMs= induced pluripotent stemm cell derived cardiomyocites
kDa= Kilo-Dalton

KH= heterogeneous nuclear K-homology
KO= knock-out

L5= layer 5

IncRNA= long non-coding RNA

LV= lentivirus

LTP= long-term potentiation

LVA= low voltage activity

MATR3= matrin3

MBNL= Muscleblind Like Splicing Regulator 1
MC= mitral cell

MCL=mitral cell layer

MC-T= Mitral and tufted cells

Mg2+= Magnesum

MGE= Medial Ganglionic Eminence
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MOB= main olfactory bulb

MORF= MOnonucleotide Repeat Frameshift
MRNA= messenger RNA
Myoml=myomesinl

NcRNA= non-coding RNA

NMD= non sense mediated decay
NR1= NMDA receptor 1

NRXN3= neurexin 3

NSCs= neural stem cells

N2A= Neuroblastoma 2

OB= olfactory bulb

OR= olfactory receptor

OSN-= olfactory sensory neurons
OT= olfactory tubercle

OXT= oxytocin

PABP= poly-A binding protein
PCA= principal component analysis
PCR= Polymerase chain reaction
PCX= piriform cortex

pPCX= posterior piriform cortex
PN= projection neuron

pre-mRNA= precursor mRNA

PV= Parvalbumin

p-val= p-value

PVN= paraventrcular nucleus
PEVK= Proline, Glutamate, Valine and Lysine-rich region
Pyr= pyramidal

gPCR= quantitative PCR

RBD= RNA-binding domains
RBM20= RNA-binding motif,20
RBP= RNA-binding protein
RiboTRAP= tagged-ribosomal affinity purification
RMS= rostral migratory stream
RNA= ribonucleic acid
RNA-seq=RNA-sequencing

ROI= region of interest
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RRM= RNA-recognition motif

RSRSP= arginine-serine-arginine- serine-proline
RT-PCR= Reverse transcription PCR
Scnnla= Sodium Channel Epithelial 1 Subunit Alpha
SERCAZ2a= sarco/endoplasmic reticulum Ca2+-ATPase
SEZ= sub-ependimal zone

shRNA= short-hairpin RNA

Sl= splicing index

SMI= size matched input

SMRT= single molecule, real-time
snRNA= small nuclear RNA

snRNP= small nuclear rna protein
ssDNA= single strand DNA

SST= Somatostatin

STFP= social transmitted food preference
SVZ= Sub-Ventricular Zone

TC= tufted cells

TDP-43= TAR DNA-binding protein 43
TF= transcription factor

TMT= Tandem Mass Tag

TPM= tropomyosin

TTN=titin

UTR= untranslated region

UV= ultraviolet

VGCC-= voltage gated calcium channel
VGSC= voltage gated sodium channel
VIP= vasoactive intestinal peptide

VNO= vomeronasal organ

VST= Variance Stabilizing Transformation
VZ= Ventricular Zone

WB= western blot

WT= wild-type

YY1=Yin Yang 1

Znf= zinc finger motif
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