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Summary 

Brain function relies on complex assemblies of multiple types of excitatory and inhibitory 

neurons: while the first are responsible for the efficient input processing and transmission, 

the latter temporally and spatially modulate this flow of information. Each of these neuron 

types are characterized by distinctive structural, physiological and molecular features, but 

how this diversity is established during development and maintained throughout adulthood 

remains one of the most fascinating biomedical problems. Recent studies highlighted how 

the embryonic differentiation of precursors into specific neuron types is accompanied by 

finely controlled gene expression signatures. However, the molecular mechanisms that 

specify properties of mature neurons remain largely unknown. 

Neurons exhibit an especially large extent of transcript diversification and regulation by 

several post-transcriptional mechanisms. In the present work, I investigated whether 

modulation of RNA processing and metabolism in neurons can define distinct cell types 

and their unique anatomical and functional properties. 

Firstly, in a complementary effort, I performed genetic ribosome tagging in distinct 

excitatory and inhibitory neuron populations of the mouse brain and performed an 

extensive genome-wide mapping of ribosome-associated mRNAs. For the first time we 

identified hundreds of differentially expressed alternative transcripts generated by 

alternative splicing (AS) and transcription start site usage (ATSS) that can reliably 

distinguish neuron classes with distinct properties and anatomical localizations in the 

brain. Interestingly, transcripts that undergo cell type-specific alternative splicing mostly 

encode proteins critical for synaptic interactions and intrinsic electrical properties of 

neurons. This demonstrates that AS represents a molecular mechanisms that is 

particularly tailored to shape and sculpt the characteristic features of functional neurons in 

a network. Moreover, we further identified differentially expressed RNA-binding proteins 

that reliably shift splicing patterns of reporters for differentially regulated transcripts. These 

splicing regulators represent candidates for future in vivo studies on the modulation of 

respective splicing events. 

In a second project, I explored the functional impact of the cell type-selective expression 

of the RNA-binding protein Rbms3 in GABAergic neurons. In particular, I investigated the 

molecular mechanism used by Rbms3 to regulate target mRNAs’ metabolism in the 

cytoplasm of this cell class. Moreover, I showed that genetic ablation of Rbms3 results in 

both transcriptomic and proteomic defects in the mouse neocortex, which revealed an 

increase in cellular stress upon Rbms3 loss. Finally, Rbms3 loss-of-function in GABAergic 
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neurons resulted in increased anxiety-related behaviors in mice, suggesting a fundamental 

role of this RNA-binding protein in modulating the correct functioning of interneurons in the 

mouse brain.  



8 
 

 

 

 

 

1. Introduction 

  



9 
 

1.1 General Introduction  

The study of the brain has fascinated generations of scientists, psychologists and 

philosophers. This highly sophisticated organ is responsible for controlling our actions, 

such as body movements and reactions to stimuli, but also for interpreting sensations, 

learning new languages or remembering. Much of the basic knowledge we currently have 

about the nervous system comes from the work of neuroanatomists and 

neurophysiologists of the past. By studying the macroscopic structure and function of 

healthy and damaged brains, we could dissect the basic principles of this complex organ. 

In particular, studies done in the context of neurological and neurodevelopmental disorders 

increased our understanding of the links between brain anatomy and cognitive function or 

behavior. 

On the other hand, the work pioneered by the neuroanatomist Ramón y Cajal has shed 

light into the microscopic structure of the brain. His meticulous studies on the nervous 

systems of many different species, ranging from invertebrates to humans, has revealed 

not only the main cell types of the brain, but also their substructures, creating the basis of 

modern neuroscience studies. 

Nowadays, we know that the brain is composed of multiple cell types, each working in 

perfect cooperation with the others to support the correct functioning of this never-resting 

engine. The main signaling unit is represented by the neuron, a highly polarized cell 

composed by a soma and neurites. The main function of a neuron is to receive, compute 

and transmit electrical inputs between the neuronal cells within a circuit. The main 

communication unit between neurons is the chemical synapse: this is a highly organized 

structure, able to convert the incoming electrical signal into a chemical signal, in form of 

neurotransmitter release. This input is then received and converted into a new signal by 

the post-synaptic neuron, which integrates all the inputs received to generate an output 

response. The result of this input integration and processing within the neuronal circuit is 

the generation of a behavioral response. The activity of neurons and neuronal synapses 

is supported by multiple other cell types present in the brain. Glial cells and microglia are 

involved in multiple functions, like insulating neuronal axons, recycling neurotransmitters 

or promoting neuronal growth. Other classes of cells, like endothelial and ependymal cells, 

represent an important barrier to maintain homeostasis in the brain, by lining respectively 

blood vessels and ventricular walls.  
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Nervous systems of all animals within a species are built in a highly reproducible way 

during early stages of development, and they share basic anatomical circuits and synaptic 

connections. However, the precise pattern of interactions are highly variable between 

individuals, resulting in the incredible diversity that characterize for example the distinctive 

human behaviors or each individual memories. Part of this variability in neuronal networks 

(i.e., the way neurons are connected to each other within and across distinct brain areas) 

is the result of circuitry remodeling following new experiences. That is, depending on the 

experiences of each individual, particularly during the first phases of development, neural 

circuits are shaped and keep on being continuously remodeled throughout life. 

Due to the complexity of the brain in its macroscopic and microscopic parts, the way these 

elements connect with each other, and the influence of environmental stimuli to its 

function, much still remains to be discovered. In particular, many of the mechanisms that 

instruct the formation of functional networks at each level – structural, cellular, synaptic or 

molecular – still remain to be fully understood. 

In the following chapters, I will illustrate the recent advancements that led to the 

identification and classification of the multiplicity of neuron types that constitute the 

nervous system, highlighting their characteristic properties and functional roles. I will focus 

on the developmental steps responsible for the stereotypic and exquisitely reproducible 

generation of these neuron types and connections, with particular emphasis on the 

molecular mechanisms responsible for their birth and specification. I will describe the role 

of transcription factors and gene expression programs for the characterization of neuronal 

identity and properties. In parallel, I will highlight the role of post-transcriptional 

mechanisms in shaping these gene expression programs, which in recent years have 

emerged as important means to expand the genomic power and to regulate fundamental 

cellular functions in neurons. Finally, I will illustrate the role of RNA-binding proteins as 

essential guides, particularly in neurons, of RNA’s life cycle, from their transcription to 

degradation. 

Note: parts of the following thesis chapters are extracted and adapted from the review 

“Regulation of Neuronal Differentiation, Function, and Plasticity by Alternative Splicing”, 

Annual Review of Cell and Developmental Biology, (Furlanis and Scheiffele, 2018).  
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1.2 Neuronal diversity in the Central Nervous System 

The first morphological characterizations of brain cells using Golgi or Silver Nitrate 

stainings in histological preparations have shed light on the microstructure of neurons and 

their connections (Ramón y Cajal, S., 1995). These first classifications of main neuron 

types based on their neuronal architecture and have pioneered the effort to carefully 

classify neuronal cells in the brain.  

Rather than a merely descriptive task, the systematic categorization of cell types 

nowadays has become a necessity for understanding the way neurons function and adapt 

to extrinsic stimuli. Indeed, the major properties that neuroscientists use to classify neuron 

types can highlight how these cells behave and function in a network. The morphological 

architecture of a neuron, for example, can disclose the way inputs are received, integrated 

and transmitted. Depending on the number or the length of dendrites and axons, or the 

density of post-synaptic structures called spines, neurons can to a high or low degree 

efficiently receive and process incoming information. Secondly, given their nature as highly 

efficient electrical conductors, neurons rely on their intrinsic electrical features. Properties 

like membrane capacitance or resting potential can greatly influence their basal level of 

excitability and the efficiency in signal conversion and transmission.  

Even though extrinsic factors can greatly shape neuronal properties, it is currently clear 

that many of the features that characterize a neuron are molecularly encoded. Thanks to 

recent technologies like single-cell RNA-seq, which allow profiling the transcriptomic 

signatures of thousands of cells simultaneously from a single brain, we now have the 

possibility to describe the array of genes expressed in each cell (Blainey and Quake, 2014; 

Eberwine et al., 2014; Gawad et al., 2016; Saliba et al., 2014). The resulting multiplicity of 

transcripts and proteins expressed in a neuron will determine its characteristic properties 

– the cytoskeletal architecture, electrical features and, importantly, the set of 

neurotransmitters and receptors used to communicate with neighboring cells -, thereby 

greatly influencing how neurons function. 

In the following paragraphs, I will illustrate the developmental steps responsible for the 

stereotypic and reproducible generation of neurons and neuronal connections. I will then 

describe the main neuron types of the brain, elucidating their characteristic properties. 

Finally, I will focus the attention to a specific class of neurons - the GABAergic interneurons 

-, which had been at the center of my thesis work, highlighting their leading role in 

modulating the nervous system function. 
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1.2.1 The generation of neuronal diversity 

The mammalian brain develops from a small pool of embryonic neuronal precursor cells, 

which through rounds of self-replication, differentiation and terminal specification, expand 

into the heterogeneous array of neuronal and glial cell types. The majority of neurons are 

generated during a limited time window of embryonic development, whose length varies 

significantly across species (Borrell and Reillo, 2012; Charvet et al., 2011). 

During the very first stages of development, the primordial neural tube is constituted by 

stem cells arranged in a single-layered neuroepithelium, in contact with the ventricles. 

Subsequently, in the dorsal region (named Pallium), at the rostral end of the primitive 

nervous system, precursor cells start to undergo a series of self-replications, generating 

an expanded germinal zone called Ventricular Zone (VZ). This highly proliferative region 

is mainly populated by the so-called apical radial glia (aRG), which have the capability to 

divide asymmetrically: on one hand, generating a copy of itself, while on the other, 

producing a neuron or an intermediate progenitor (IPs) (Gotz and Huttner, 2005; Govindan 

and Jabaudon, 2017; Taverna et al., 2014). While newly born neurons migrate radially 

toward the cortical plate, IPs delaminate from the VZ to give rise to a new germinal layer, 

the Sub-Ventricular Zone (SVZ), which is more neurogenic than the VZ and therefore 

boosts neuronal production (Llorca and Marin, 2020). In addition to IPs, the SVZ contains 

an additional class of progenitors, called basal radial glial cells (bRG). As their apical 

counterparts, bRGs can give rise to both neurons and IPCs (Gertz et al., 2014; LaMonica 

et al., 2013; Martinez-Martinez et al., 2016). In contrast, bRGs are relatively rare in the 

mouse brain (Shitamukai et al., 2011; Wang et al., 2011a), but more abundant in higher 

mammals. For this reason, these cells are thought to be responsible of the evolutionary 

expansion of superficial cortical layers in these evolutionary more complex organisms.  

Dorsal germinal zones are responsible for the production of glial cells and the majority of 

excitatory glutamatergic cortical neurons, which represent approximately 80% of the 

totality of neurons in the brain. Notably, the birth of these neocortical neurons proceeds in 

a precise temporal sequence, with neurons that reside in the deeper layers being produced 

first, followed by those located in the upper layers (Angevine and Sidman, 1961). This 

“inside-out” pattern of migration leads to the formation of the six well-known radially 

organized cortical layers. Concomitant with the radial migration of post-mitotic daughter 

neurons, these cells undergo profound morphological changes, characterized by their 

polarization and the formation of primordial neurites. Finally, once they reach their final 

location, neurons establish functional contacts with neighboring neurons, thereby 

generating mature cortical networks (Fig. 1.1).  
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The other main class of neurons of the forebrain are the γ-aminobutyric acid (GABA)-

releasing interneurons. Differently from their glutamatergic counterparts, these neurons 

originate from a distinct germinal zone located in the Subpallium, the ventral region of the 

primitive nervous system. Here, several transient brain structures generate almost the 

totality of GABAergic neurons in the adult forebrain: the Medial and Caudal Ganglionic 

Eminences (MGE and CGE), and the Preoptic (POA) and septal areas (Lim et al., 2018a). 

Similarly to the dorsal Pallium, also these Subpallial proliferative regions of the ventral 

primitive nervous system present a VZ and SVZ, which by asymmetrical divisions give rise 

to the different sub-classes of interneurons. In a similar fashion as their excitatory 

counterparts, post-mitotic interneurons have to travel relatively long distances to reach 

their final destination. However, differently from newly born glutamatergic neurons which 

move radially toward the cortical plate, interneurons migrate through a highly coordinated 

process of tangential migration and radial dispersion to reach the cortex, hippocampus or 

striatum. Here, interneurons eventually invade their final locations in the appropriate layer 

and form local circuits with excitatory projection neurons (Kepecs and Fishell, 2014)(Fig. 

1.1). 
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Figure 1.1: Origin and distribution of projection and GABAergic neurons during the 
development of the neocortex. Adapted from (Mancinelli and Lodato, 2018) 

During embryonic stages, Projection neurons (PNs) originate from Radial Glial and Intermediate 

Progenitors in the germinal zone of dorsal telencephalon. Cortical inhibitory neurons derive from 

progenitors in the ventral telencephalon (the medial/caudal/lateral ganglionic eminences, and 

the preoptic area MGE, CGE, LGE and POA). Newly born PN and IN neurons exit cell cycle and 

migrate radially and tangentially toward the cortical plate, respectively. At the end of neurogenesis, 

PNs and INs coexist with oligodendrocytes and glia, in the different layers of the cortical plate 

(Layers I-VI), where they interact to form functional units.  

What coordinates this perfect choreography of developmental processes that characterize 

brain formation during the first phases of its development? How does each germinal zone 

produce the correct cell types with specific properties?  

The temporal progression of radial glia (RG) birth and specification of its subtype-specific 

traits is thought to be driven by transcriptional mechanisms that are the result of a 

combination of intrinsically encoded programs and interactions with the local environment 

(Fishell and Kepecs, 2020; Gaspard et al., 2008; Lodato and Arlotta, 2015; Oberst et al., 

2019). Recent single cell transcriptomic studies on both RG and early post-mitotic neurons 

have profiled a highly dynamic pattern of gene expression in these cells, revealing not only 

their molecular signatures, but also the code for their temporal progression (Telley et al., 

2019). These highly coordinated gene expression programs are primarily modulated by 

the activity of transcription factors. This class of proteins can bind to specific DNA 

sequences, thereby inducing or inhibiting the expression of certain genes. Highly 

coordinated networks of transcription factors can precisely modulate their differentiation 

and specification into characteristic neuron types by dictating the transcriptional profiles of 

newly born cells. For example, already at early phases of neuronal specification, precursor 

cells show distinct patterns of transcription factors, with RG mainly expressing PAX6, 

EMX1 or SOX9, while IP are characterized by TBR2 (Lodato and Arlotta, 2015). Also later 

in neuronal development, the combinatorial activity of transcription factors like SATB2, 

TBR1/2 or FEZF2 have been shown to precisely modulate the specification of distinct 

functional classes of glutamatergic neurons in the cortex, such as commissural and 

corticofugal projection neurons (Alcamo et al., 2008; Han et al., 2011; Rouaux and Arlotta, 

2013; Woodworth et al., 2016). 

Similarly to their glutamatergic counterparts, specification of interneurons seem to be 

determined early on by a defined set of gene expression programs (Mayer et al., 2018; Mi 

et al., 2018b), which are highly regulated by the combinatorial activity of transcription 

factors (Flames et al., 2007). While some transcription factors like DLX1/2, ASCL1 and 

GSX1/2 are common across all GABAergic neurons (Flames et al., 2007; Long et al., 

https://www.sciencedirect.com/topics/neuroscience/ganglionic-eminence
https://www.sciencedirect.com/topics/neuroscience/preoptic-area
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2009), subpallial proliferative zones can be divided in discrete domains of progenitors that 

express certain transcription factors markers. For example, MGE and preoptic areas are 

defined by the expression of the homeobox transcription factor NKX2.1, which confers 

precursor cells born in these areas unique properties that differ from the features of cells 

generated from other subpallial regions, which instead lack NKX2.1 (Butt et al., 2008; 

Sussel et al., 1999).  

While common gene expression profiles are shared within a certain class of neurons and 

specify their identity, later in development parallel transcriptional programs define the 

acquisition of more specific array of features that characterize each given neuron and its 

function within the network (Favuzzi et al., 2019; Paul et al., 2017). In the following chapter, 

I will illustrate the multitude of neuron types generated by these highly tailored gene 

expression programs and how these are influenced by extrinsic local cues. 

1.2.2 Landscape of neuron types and properties 

Comparative studies across different species clearly highlight how the complex behaviors 

of higher-order organisms do not rely exclusively on the increase in cell number, but also 

on enhanced functional specialization of brain cells, on its connections and organization 

in microstructures and layers. Therefore, a complete understanding on how brain circuits 

work can only be achieved by identifying and classifying neuronal cells according to their 

intrinsic features and communication strategies.  

In the last decade, with the aim of resolving the cellular complexity of the brain, many 

scientists have focused their efforts on trying to describe and categorize brain cells, using 

technologies not previously available. Their main goal was to define the cell types in the 

brain, combining information about their morphological, electrical, molecular and 

connectivity properties. With this purpose, novel high-throughput methods have been 

developed to enable the systematic sampling of neuronal phenotypes. Primarily, single 

cell transcriptomic (RNA-seq) and epigenomic experiments (ATAC-seq or mCSeq, for 

assaying open chromatin or DNA methylation, respectively) have been extremely useful 

to comprehensively profile molecular signatures of cells. These high-throughput tools 

allowed the description of the array of genes expressed in each given cell, therefore 

helping to understand the complexity of its overall features (Hodge et al., 2019; Macosko 

et al., 2015; Saunders et al., 2018; Tasic et al., 2016; Tasic et al., 2018; Zeisel et al., 2018; 

Zeisel et al., 2015). With the progressive optimization of these techniques and increase in 

brain regions and number of cells profiled, we nowadays have an extensive illustration of 
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neuronal complexity, including that of rarer cell populations, difficult to capture with 

unbiased samplings.  

In contrast to the transcriptomic characterization of neurons, the quantitative measure of 

other neuronal features like morphology, connectivity or physiology is less trivial, in 

particular for a comprehensive screening across many cells. For example, while 

conventional electrode-based physiological techniques and sparse labeling followed by 

imaging are very informative tools, they only allow for data sampling from a relatively small 

number of cells at the same time. However, recently more extensive methods have been 

developed to survey these neuronal features. For example, genetic sparse labeling 

combined with high-throughput light-microscopy have enabled the reconstruction of whole 

cell morphologies, including axonal and dendritic arbors, and cell-cell contacts, allowing 

even whole-brain imaging (Iascone et al., 2020; Kebschull et al., 2016; Ragan et al., 2012; 

Renier et al., 2014; Winnubst et al., 2019). Moreover, automatized electron microscopy 

and optical imaging using voltage or calcium indicators are now effective tools used for the 

large-scale profiling of respectively subcellular structures and electrical activity of neurons 

(Cho et al., 2017; Fantuzzo et al., 2020; Wu et al., 2019; Zheng et al., 2018).  

 

This impressive amount of data currently available reveals hundreds of single cell types in 

the brain, increasing our knowledge on the diversity between neurons. The two major 

classes of neurons are represented by the glutamatergic projection neurons (PNs) and the 

GABAergic interneurons (INs), which together constitute the almost totality of neurons in 

the brain. These cells mainly produce and release the neurotransmitters glutamate and 

GABA at their synaptic terminals, respectively. Glutamate induces a depolarizing effect in 

the post-synaptic neuron, upon binding its receptors and increasing the influx of sodium 

and calcium. In adulthood, GABA generates an influx of chloride, therefore producing a 

hyperpolarizing effect. PNs make up about 80% of all cortical neurons and are 

characterized by long axonal projections. Depending on the location of their soma and the 

area targeted by their axons, either within the brain area where they reside or outside, PNs 

can be classified as corticofugal, intracortical or subcortical (Lodato and Arlotta, 2015) (Fig. 

1.2), but this canonical nomenclature illustrates only in part the complete array of PN types. 

INs, instead, represent a minority of the total pool of neurons (~20%) (Meyer et al., 2011) 

and they mainly make synapses within the brain structure where their soma is located, 

with few exceptions for long-range projection INs (He et al., 2016; Tomioka et al., 2005) 

(Fig. 1.2). While the primary role of PNs is to transmit electrical inputs between neurons 

and across brain areas, INs have the essential function to temporally and locally sculpt 

network dynamics by gating PNs activity (Kepecs and Fishell, 2014).  
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Figure 1.2: Diversity of Interneuron and Projection Neuron types across cortical 

layers.  

Adapted from (Lodato and Arlotta, 2015). 

Cortical columns contain horizontally arranged layers with very diverse neuronal compositions. 

Multiple types of PN are arrayed across Layer II/III, V and VI (namely, callosal, costico-striatal, 

cortico-tectal, cortico-pontine/spinal or cortico-thalamic), each type targeting distinct brain areas. 

Similarly, multiple types of INs (neuroglial, chandelier, small/large basket, bi/multipolar, double 

bouquet and Martinotti cells) are populating all cortical layers, where they exert specific functions. 

Alongside these two major neuron classes, less abundant neuron types, characterized by 

the expression of other neurotransmitters, also exert fundamental functions in the brain. 

Over 40 different molecules are released from synaptic terminals in the nervous system, 

including Acetylcholine, Dopamine, Serotonin or neurohormones like Oxytocin or 

Vasopressin. Their effect on network function and behaviors deeply depends on the post-

synaptic receptors they bind to and the brain area where they are released.  

While now many cell types have been described, a proper harmonization of physiological, 

architectural, molecular and possibly connectional features is particularly challenging and 

likely hard to achieve. The main reason for this obstacle is that neuronal properties often 

do not co-vary, but are rather mostly independent from the others. To overcome this 

problem, newly optimized methods such as Patch-seq (Cadwell et al., 2016; Gouwens et 

al., 2020; Que et al., 2019) have the goal to simultaneously combine physiological 
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recording of neuronal activity with the morphological and molecular analysis of the same 

cell, in this way unifying these modalities in a single definition.  

An additional complication we face when classifying neuron types is that virtually no cell 

is static, but in fact quite dynamic in its state. Therefore, depending on the stage of 

development and on environmental stimuli (e.g., inputs coming from neighboring neurons, 

hormones from the blood stream or mechanical insults), neurons can show a gradient of 

states that make it hard to categorize them in a homogenous cell class.  

Despite their limitations, current methodologies have allowed us to unravel the incredible 

complexity of the mammalian brain and its neuronal diversity. Rapid technological 

advances will challenge the current knowledge, and possibly reach an even higher 

precision in the spatio-temporal characterization of neuronal cells and their connections.  

 

1.2.3 GABAergic interneurons: just the breaks of the car? 

The multitude of behaviors produced by our brain is the result of a perfect coordination of 

two opposing processes: excitation and inhibition. The realization of this equilibrium 

requires a sophisticated temporal and spatial modulation of neuronal activity, where INs 

have the key role of suppressing excitation within the circuit. This active modulation can 

be achieved by a circuit organization where synaptic contacts – within or between PN and 

INs - are not randomly generated, but instead follow specific principles that are 

characteristic of each neuron subtype. Indeed, while recent studies show that at the 

transcriptional level specific types of INs populating different cortical areas are virtually 

identical (Tasic et al., 2018), the number of INs and their connectivity patterns greatly vary 

within these areas (DeFelipe, 1997; Katzel et al., 2011; Whissell et al., 2015).  

GABAergic neurons populate many structures of the brain, including striatum, 

hippocampus, amygdala and the cerebral cortex (Kepecs and Fishell, 2014). Cortical INs, 

in particular, are a very heterogeneous class of cells, with distinct physiological, 

morphological and connectivity features. As highlighted in the previous chapters, most of 

these properties are acquired during early steps of development with the implementation 

of gene expression programs, and additionally sculpted by local cues. These programs 

give rise to a relatively restricted number of IN types, which, based on their main features, 

can be classified in a small number of non-overlapping cardinal groups, and eventually 

broken down into sub-groups (Kepecs and Fishell, 2014; Lim et al., 2018a).  
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The major class of cortical INs is characterized by the expression of the Ca2+-binding 

protein Parvalbumin (PV) and is mostly distinguished from other IN types by its fast-spiking 

electrical nature. Three subtypes of PV-positive neurons can be identified based on their 

morphology and laminar allocation (Fig. 1.2). The first type, named Chandelier cells, show 

peculiar axonal morphology that is embellished with synaptic cartridges which target the 

axon initial segment of the target pyramidal neurons (Somogyi et al., 1982) and they mainly 

populates cortical layers 1, 2 and 6 (Taniguchi et al., 2013) (Fig 1.2). The second sub-

class, so called basket cells, is the most abundant, and spans across virtually all cortical 

layers, except layer 1. This PV-neuron type synapses onto the proximal dendrites and 

soma of targeted pyramidal neurons and other GABAergic neurons. The last category is 

represented by translaminar INs, a rarer type of PV-positive neurons that is mostly located 

in inner cortical layers (Bortone et al., 2014). Due to their critical positioning and 

connections, several studies have shown that PV-positive neurons control the timing of 

action potentials in multiple areas of the brain (Cardin, 2018; Galarreta and Hestrin, 2001; 

Pfeffer et al., 2013; Royer et al., 2012; Somogyi et al., 1998). Additionally, due to the 

multiple targeted pyramidal cells per any given PV cell, the output of the latter can 

synchronize the spiking of a large number of neurons, particularly crucial to modulate 

electrical oscillations in the brain (Losonczy et al., 2010; Lovett-Barron et al., 2012; Wilson 

et al., 2012). 

The second group of INs mainly differ from the others by the expression of the 

neuropeptide Somatostatin (SST) and the characteristic synaptic targeting to dendritic 

arbors of pyramidal neurons. Two major subtypes of SST-positive INs can be distinguished 

based on the location of their axon terminals and their electrophysiological properties 

(Tremblay et al., 2016): Martinotti cells, which represent the majority of SST-positive 

neurons, mostly reside in layers 5 and 2/3 and preferentially target distal dendrites located 

in layer 1 (Fig. 1.2) (Hilscher et al., 2017; Nigro et al., 2018; Petilla Interneuron 

Nomenclature et al., 2008). These cells strongly suppress dendritic Ca2+ bursts and 

mediate di-synaptic inhibition between neighboring pyramidal neurons (Berger et al., 2009; 

Kapfer et al., 2007; Silberberg and Markram, 2007). Non-Martinotti cells, on the other 

hand, are characterized by a higher firing frequency and lower resting membrane potential. 

Moreover, their axons do not reach the outer layer, but rather target primarily PV-positive 

basket cells (Xu et al., 2013) and proximal dendrites of pyramidal neurons. In the cortex, 

SST-positive INs have a broad spatial tuning function, by providing lateral inhibition and 

assisting electrical oscillations (Adesnik et al., 2012; Taniguchi et al., 2013; Veit et al., 

2017). 
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The third large, heterogeneous category of INs is characterized by the expression of the 

serotonin receptor 5HT3aR (Rudy et al., 2011). Among this diverse group, there is a class 

of bipolar cells expressing the vasoactive intestinal peptide (VIP). These cells are 

particularly abundant in layers 2 and 3 of the cortex, and they primarily provide disinhibition 

of microcircuits by targeting PV- and SST-positive INs (Jiang et al., 2015; Lee et al., 2013; 

Pfeffer et al., 2013; Pi et al., 2013). Two main types of 5HT3aR-expressing INs are located 

in layer 1: Neurogliaform cells, characterized by the co-expression of reelin and 

neuropeptide Y and a dense axonal arbor with late-spiking firing properties targeting layer 

2/3 pyramidal neurons (Jiang et al., 2013). Secondly, single bouquet cells, with neurites 

that instead invade also deeper layers of the cortex (Fig. 1.2) (Letzkus et al., 2011; Lim et 

al., 2018a; Schuman et al., 2019). 

 

Despite representing only a minority of all cortical cells (~20%), INs show a great 

heterogeneity in morphologies, properties and functions within the cortical circuit, and a 

thorough and comprehensive classification of IN types has proven to be extremely 

complex. Why did such diversity evolve, when virtually a single GABA-releasing neuron 

type would be sufficient to inhibit pyramidal activity? The reason for such a diversification 

might lie with the need for the fine-tuning of synaptic and neuronal activity, rather than a 

mere suppression of excitation. For example, PV-positive neurons, differently from other 

IN types, have millisecond-level precision and provide strong inhibition at the cell soma of 

pyramidal neurons (Hu et al., 2011; Klausberger et al., 2004; Pouille and Scanziani, 2001). 

Moreover, their high spiking activity suppresses very rapidly the post-synaptic neuron, 

suggesting a short but strong effect that can tightly constrain the firing evoked for example 

by sensory inputs in cortical pyramidal neurons (Cardin, 2018). Therefore, INs do not seem 

to simply constitute the breaks of this tireless brain machine, but rather seem to provide 

fine control of circuit dynamics, vastly increasing the computational power of the neural 

network (Buzsaki and Draguhn, 2004; Wang et al., 2004), expanding the repertoire of 

possible dynamics between principal neurons and supporting distinct brain states and 

cognitive processing (Klausberger and Somogyi, 2008).  
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1.3 Post-transcriptional modulation of RNA in neurons 

The nervous system has an astounding complexity and exhibits a remarkable level of 

functional and structural organization. This organization arises during embryonic and early 

postnatal development, when neuronal precursors give rise to specific neuronal cell types 

characterized by specific neurotransmitter phenotypes, routes of migration, morphology, 

and physiological properties. The molecular repertoires driving these differentiation steps 

are spatially and temporally regulated primarily by the activity of transcription factors, 

responsible for the expression of RNA and proteins, ultimately driving the gene battery 

unique to each cell type (Hobert, 2016; Kepecs and Fishell, 2014; Lodato and Arlotta, 

2015; Mi et al., 2018b; Sur and Rubenstein, 2005). Understanding the regulatory 

mechanisms shaping the transcriptomic and proteomic repertoires at each developmental 

time point and at each sub-cellular location will be a critical requisite for the comprehension 

of neuronal specification and function.   

Increasing evidence nowadays highlight the prominent role that post-transcriptional 

mechanisms have not only in the expansion of genomic coding power, but also in the fine 

regulation of neuronal dynamics. As early as during transcription, newly generated 

transcripts undergo a series of processing steps that range from the alternative inclusion 

or exclusion of exons or introns (alternative splicing) to the substitution of single 

nucleotides (editing). These nuclear transformations can highly expand the coding power 

of DNA, thus generating multiple transcript isoforms from a single gene (Gott, 2003; Nilsen 

and Graveley, 2010).  

Once transported in the cytoplasm, alternative mRNA molecules can show distinct rates 

of translation, degradation or sub-cellular localizations. Neurons are highly polarized cells 

with cytoplasmic extensions that can reach up several centimeters of distance from the 

soma (e.g., motor neurons) and with the ability of efficiently transporting electrical signals. 

Thus, neurons particularly require mechanisms that can allow rapid responses to external 

stimuli, even in structures located far from the nucleus. Due to the differential inclusion of 

regulatory elements or binding sites for RNA-binding proteins, alternative mRNA 

molecules can be rapidly degraded, targeted to specific sub-cellular locations, or undergo 

fast local translation, thus providing prompt responses to incoming inputs (Jereb et al., 

2018; Taliaferro et al., 2016; Tushev et al., 2018).  

In the next chapters, I will illustrate in details two post-transcriptional mechanisms that had 

been the primary focus of my PhD thesis (Alternative Splicing and cytoplasmic regulation 
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of RNA metabolism), with particular emphasis in describing their fundamental roles in 

modulating gene expression programs and neuronal function. 
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1.3.1 Alternative Splicing 

Alternative splicing is a nuclear process characterized by the mutual exclusion or inclusion 

of intron, exons or portions of exons from the precursor RNA (pre-mRNA), in order to 

generate a mature messenger RNA (mRNA). This mechanism can significantly expand 

the coding power of genomes (Nilsen and Graveley, 2010), generating in some cases 

thousands of distinct transcript isoforms from single genes (Schreiner et al., 2014; Sun et 

al., 2013). Interestingly, while the number of protein coding genes is similar across 

vertebrate and invertebrate species, the magnitude and heterogeneity of alternative 

splicing appear to have greatly expanded in organisms with more complex nervous 

systems such as mammals. In the genome of Saccharomyces cerevisiae, only a small 

subset of genes includes introns, and alternative splicing is very rare (Howe et al., 2003). 

Instead, among invertebrates and mammals many alternative splicing events are 

evolutionarily conserved and, thus, are thought to contribute to the functional specialization 

of cell types and tissues (Barbosa-Morais et al., 2012b; Merkin et al., 2012; Nilsen and 

Graveley, 2010). According to transcriptomic studies, close to 95% of human pre-mRNAs 

are subject to alternative splicing (Pan et al., 2008; Wang et al., 2008). Moreover, splicing 

alterations are associated with several disease states, like cancer or autism spectrum 

disorders, highlighting the importance of alternative splicing as a regulatory mechanism in 

humans (David and Manley, 2010; Irimia et al., 2014; Kaida et al., 2012; Parikshak et al., 

2016; Quesnel-Vallieres et al., 2016). 

The splicing reaction is catalyzed by the spliceosome, a dynamic, macromolecular RNA-

protein complex that recognizes sequence elements on target pre-mRNAs. These core 

splicing sequences include the 5´ and 3´ splice sites, branch points, and polypyrimidine 

tracts. Alternative splicing decisions and their regulation are largely achieved through 

additional cis acting elements termed exonic or intronic splicing enhancers and silencers. 

These enhancer and silencer sequences contribute to the definition of the splice sites by 

recruitment of trans acting proteins, that then increase or restrict access of the core splicing 

machinery. 

Most studies geared toward dissection of the alternative splicing code have been 

pioneered in reductionist systems, using purified proteins and cell lines. What makes 

studies on posttranscriptional regulation in the nervous system particularly fascinating but 

also challenging is the extensive heterogeneity of the tissue. Indeed, each brain area 

consists of tens to possibly hundreds of molecularly and functionally distinct cell types. 

Early studies clearly demonstrated that there is extensive alternative splicing regulation 

across brain regions and across developmental stages (Dillman et al., 2013). For example, 
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in the Drosophila visual system, purification of L1 and L2 neurons led to the discovery of 

cell type–specific expression of Dscam2 (Down syndrome cell adhesion molecule 2) splice 

isoforms that underlie repulsive interactions and, thereby, facilitate appropriate wiring (Lah 

et al., 2014). The single Drosophila DSCAM gene encodes a transmembrane receptor with 

a large extracellular domain containing nine immunoglobulin (Ig) domains, whose 

composition is modified by the mutually exclusive selection of alternative exons 

(Schmucker et al., 2000). The stochasticity in the generation of surface receptor 

repertoires provides a molecular mechanism for neuronal self-recognition at the single-cell 

level: DSCAM proteins engage in splice isoform–specific homophilic interactions 

(Wojtowicz et al., 2007). This mechanism directs appropriate spreading of axons and 

dendrites in several neuronal cell types, highlighting a fundamental role for alternative 

splicing in neuronal self-recognition in the Drosophila nervous system (Fig. 1.3 A) (Chen 

et al., 2006; Hattori et al., 2007; Hughes et al., 2007; Soba et al., 2007; Zhan et al., 2004).  

 

A similar mechanism can be observed for the leukocyte common antigen-related receptor 

protein tyrosine phosphatases (LAR-RPTPs, consisting of LAR, PTPδ, and PTPσ), a 

family of adhesion molecules with synaptogenic activities (Takahashi and Craig, 2013). 

Presynaptic LAR-RPTPs interact with several postsynaptic ligands and these extracellular 

protein interactions are modified by alternative incorporation of two microexons (A and B) 

that encode 4–8-amino-acid peptides. Thus, the inclusion of microexon B in LAR-RPTPs 

is required for binding to SALM3 and ILRAPL1 (two structurally different postsynaptic 

partners), whereas LAR-RPTP isoforms lacking this microexon interact with another 

postsynaptic ligand (TRKC) (Li et al., 2015a; Yoshida et al., 2011), therefore highly 

influencing the tran-synaptic protein composition (Fig. 1.3 B). 
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Figure 1.3: Contribution of Alternative Splicing for neurite growth and synapse 

formation. Adapted from (Furlanis and Scheiffele, 2018). 

A) Stochastic alternative exon selection in Drosophila Dscam1 underlies neuronal self-avoidance 

during neurite growth. Due to the large number of mutually exclusive alternative exons encoding 

three of the nine extracellular immunoglobulin (Ig) domains, thousands of protein isoforms are 

generated from the single DSCAM1 gene. Sister neurites derived from the same cell contain 

identical DSCAM1 isoform composition, and homophilic DSCAM1-DSCAM1 binding triggers self-

repulsion. B) Alternative splicing of presynaptic PTPδ gates the trans-synaptic interaction with 

postsynaptic ligands. PTPδ is one of the type IIa receptor protein tyrosine phosphatases (RPTPs), 

an important class of synaptic organizers during neuronal development. Two alternatively spliced 

microexons encode for short peptides (MeA and MeB) in Ig domains. The presence of both MeA 

and MeB significantly enhances binding to both the postsynaptic organizers interleukin-1 receptor 

accessory protein (IL-1RAcP) and IL-1RAcP-like1 (IL1RAPL1). In contrast, in the presence of only 

MeA or only MeB, PTPδ preferentially binds to IL1RAPL1 or IL-1RAcP, respectively. 

More recent studies pioneered approaches for mapping splicing patterns in purified 

preparations of specific classes and sub-classes of eukaryotic and neuronal cells. Analysis 

of splicing events in immunopanning- and FACS-purified murine cell populations revealed 

thousands of population-specific splicing events that differ between neuronal and glial cells 

(Zhang et al., 2014). Isolation of transcripts specifically from cornu ammonis 1 (CA1) 

pyramidal cells and parvalbumin (PV)-positive interneurons in the mouse hippocampus 

demonstrated highly differential alternative splicing of pre-mRNAs encoding the neurexin 

family of synaptic adhesion molecules, and the conditional ablation of PV cell–specific 

exons resulted in altered hippocampal network activity (Nguyen et al. 2016). These 

examples illustrate that highly selective, cell type–specific alternative splicing events 

indeed have significant impact on neuronal circuit function.  

Lastly, single-cell studies suggest that some alternative exons may exhibit bimodal splicing 

patterns such that essentially all transcripts in a single cell either include or skip the 

alternative insertion (Shalek et al. 2013). However, a functional single-cell splicing study 

demonstrated that two splice isoforms of the signaling molecule Cdc42 coexist in single 

cells, where they coordinate axonal and dendritic growth (Yap et al. 2016). The 

mechanisms that underlie such bimodal splicing outcomes remain unknown. Recently 

developed pipelines opened the possibility to quantify alternative splicing events from 

neuronal types of the adult mouse cortex using deep single-cell RNA-sequencing data 

(Feng et al., 2021; Que et al., 2019). These analyses resulted in the identification of distinct 

splicing programs between glutamatergic and GABAergic neurons, and even between 

single neuron types. Despite the steps forward in the understanding of transcript isoform 

diversity across distinct neuron types, computational prediction extracted from single cell 

RNA-seq data remain hard to experimentally validate. Moreover, it is still unclear what 

fraction of detected splice isoforms is actually translated and converted into proteins (Tress 
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et al., 2017). Nonetheless, these examples highlight the perplexing complexity of 

alternative splicing regulation and illustrates the challenge of predicting and dissecting 

splicing programs in the nervous system. 

1.3.2 Cytoplasmic regulation of RNA metabolism 

RNA metabolism, including RNA synthesis, processing (e.g., editing, alternative splicing 

or poly-adenylation), nuclear export, folding, modification (e.g., methylation), degradation 

and finally translation, is a complex and highly regulated process that ensures the correct 

articulation of gene and protein expression programs characteristic of each cell. In every 

step, mRNAs are sequentially associated to several categories of RNA-binding proteins, 

whose activity tightly modulate their metabolism. Dysregulation in any of the steps of an 

mRNA’s lifecycle can have dramatic effects on the proteome output, therefore highly 

affecting pathways involved in the cell homeostasis or survival. For example, FMR1 (fragile 

X mental retardation 1) is an RNA-binding protein that was shown to be involved in 

stabilization, translation and sub-cellular localization of hundreds of mRNAs (Ascano et 

al., 2012; Goering et al., 2020; Greenblatt and Spradling, 2018; Ohashi and Shiina, 2020; 

Shu et al., 2020). Silencing of the FMR1 gene has been observed in Fragile X syndrome, 

a disease characterized by severe intellectual disability in humans (Bardoni et al., 2012), 

suggesting a key role of RNA homeostasis maintenance for the cellular and brain function. 

Neurons are characterized by a highly complex morphological architecture, where 

neuronal processes can extend for micrometers, up to several centimeters from the cell 

body. Their axons and dendrites are highly specialized and plastic structures that can 

undergo rapid changes in their architecture in response to stimuli. This demand for local 

and fast synaptic morphological rearrangements have evolved in neurons molecular 

mechanisms dedicated to the fine modulation of local proteome (Holt et al., 2019). Recent 

studies revealed that extra-somatic translation is a conserved mechanism that can fulfill 

the local demand for new proteins at short time scales following physiological stimuli, as 

well as synaptogenesis and axon survival during development (Biever et al., 2020; Cioni 

et al., 2018; Donlin-Asp et al., 2021; Fonkeu et al., 2019; Hafner et al., 2019; Sasaki, 2020; 

Terenzio et al., 2018). This local protein production relies on the presence of a functional 

ribosomal asset and in the tight control of mature mRNA targeting in situ (Fig. 1.4). With 

the advancements in the detection of mRNAs in distal structures in neurons (e.g., 

fluorescent in situ hybridization and RNA-seq following neurites isolation or synaptosomal 

preparation), researchers have now identified hundreds of transcripts enriched at distal 

dendrites, or even at excitatory and inhibitory pre- and post-synapses (Bassell et al., 1998; 
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Cajigas et al., 2012; Garner et al., 1988; Hafner et al., 2019; Perez et al., 2021; Tushev et 

al., 2018).  

Specific sequences located in both the 5´ and 3´ untranslated regions (UTRs) of newly 

generated mRNA molecules seem to be fundamental for the regulation of their stability, 

translational efficiency or sub-cellular localization (Fig. 1.4). In the nucleus, alternative 

transcription start/termination, splicing or polyadenylation of newly transcribed transcripts 

results in the generation of mature mRNAs that include different binding sites for RNA-

binding proteins, micro-RNAs or translation initiation/termination factors, therefore highly 

influencing their metabolism in the cytoplasm (Andreassi et al., 2018). For example, the 

brain-derived neurotrophic factor (BDNF) gene presents eight alternative first exons, which 

by differential promoter usage generate eight distinct 5´UTRs. Alternative inclusion of 

these UTRs affects translational rate and cell type-specific expression (Cattaneo et al., 

2016; Koppel et al., 2015). On the same gene, alternative polyadenylation give rise to 

either a shorter or longer version of the BDNF 3´UTR, thus affecting the mRNA localization 

and ability to respond to specific inputs (Fig. 1.4) (An et al., 2008; Vicario et al., 2015; Will 

et al., 2013). 

 

Figure 1.4: Homeostatic and dynamic regulation of mRNA metabolism in neurons  

Adapted from (Glock et al., 2017) 

From a single gene, alternative polyadenylation, splicing or transcription start can generate 

alternative mRNA isoforms with different 5´ or 3´UTRs. Depending on the presence of regulatory 

sequences or binding platform for RNA binding proteins (RBP) and other factors, mRNAs variants 

can have distinct stability, sub-cellular localization or translation efficiency (A). In particular, 

regulatory RNA elements can favor the transport and docking of certain isoforms at specific 

https://www.sciencedirect.com/topics/neuroscience/polyadenylation
https://www.sciencedirect.com/topics/neuroscience/rna-binding-proteins
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dendritic synapses (B) or sense incoming inputs, which either target the mRNA to local translation 

or degradation (C). 

Indeed, several studies showed that the length of untranslated regions highly influence the 

metabolism of mRNAs, possibly due to the differential inclusion of regulatory elements. 

Usage of proximal or distal polyadenylation sites, for example, can generate shorter or 

longer 3´ UTR regions (Taliaferro et al., 2016; Tushev et al., 2018). Shorter isoforms have 

been observed to be enriched in the soma, while longer isoforms are often transported on 

cytoskeletal microtubules, in order to reach more distal regions. Here, interactions with 

other proteins or non-coding RNAs increase half-lives of these longer 3´UTR-containing 

transcripts, thus highly influencing their stability and protein production (Fig. 1.4) (Jereb et 

al., 2018; Taliaferro et al., 2016; Tushev et al., 2018). For instance, the cytoplasmic isoform 

of the RNA-binding protein RBFOX1 (RNA Binding Fox-1 Homolog 1) is a well-known 

regulator of RNA metabolism in neurons. Transcriptome profiling of Rbfox1 knock-out 

models and cross-linking immunoprecipitation followed by RNA-seq, revealed that 

RBFOX1 controls the stability of multiple critical mRNA targets in the brain, by binding their 

3´UTR regions, while competing with the de-stabilizing micro-RNA (Lee et al., 2016; Vuong 

et al., 2018).  

All these examples illustrate the high degree of processing and quality control pathways 

utilized by neurons to tightly regulate cellular dynamics and to rapidly respond to external 

stimuli.  

  



29 
 

1.4 RNA-binding proteins: RNA’s Virgil through the 

cellular Inferno  

RNA-binding proteins (RBPs) represent a critical class of proteins that guide and assist 

RNA molecules throughout their entire life cycle, from their generation to degradation, and 

across multiple sub-cellular structures – just like Virgil guiding Dante through the infernal 

path -. RBPs interact with mRNAs via a narrow set of modular RNA-binding domains 

(RBDs), including the RNA-recognition motif (RRM), zinc finger motif (Znf) or the 

heterogeneous nuclear K-homology domain (KH). These RBDs are arrayed in multiple 

copies and combinations, ultimately defining the binding specificity of these proteins for 

their target transcripts (Gerstberger et al., 2014; Lunde et al., 2007). RBP-mRNA 

complexes are highly dynamic structures, and environmental cues can often rearrange 

their composition and function. For example, in yeast, stress induced by nutrients 

starvation can result in dissociation and reorganization of RNA-protein interactions, with 

major effects on metabolic pathways and cellular survival (Edwards and Johnson, 2019; 

Freeberg et al., 2013).  

In the brain, RBPs are broadly expressed across distinct cell classes, and their loss-of-

function often results in pleiotropic phenotypes, affecting the correct development, 

maturation or function of the nervous system (Cosker et al., 2016; Eom et al., 2013; 

Kuwako et al., 2010; Leggere et al., 2016; Sawicka et al., 2019; Vuong et al., 2018; Weyn-

Vanhentenryck et al., 2018). Indeed, several diseases have been linked to defects in the 

correct functioning or expression of RBPs, like in the case of metabolic disorders, muscular 

atrophies, neuropathies, neurodevelopmental disorders or cancer (Nussbacher et al., 

2019). There have been breathtaking advances in genome-wide transcriptomic studies 

and in the systematic identification of RNA-binding proteins, their binding specificities, and 

RNA targets within the nervous system (Castello et al., 2016; Ray et al., 2013). 

Understanding the logic of how RNA-binding proteins are arrayed over neuronal cell types 

is a fundamental step toward the dissection of the post-transcriptional regulatory 

mechanisms and the properties of neuronal organization and/or function that they might 

encode. 

In the next chapters, I will focus on the RNA-binding proteins studied over my PhD thesis 

projects, with a particular attention on their regulatory programs and their specific roles in 

distinct neuronal cell types. On one hand, I will illustrate the functional impact in neurons 

of a class of protein factors specialized in the regulation of alternative splicing. On the 
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other, I will highlight the current knowledge on the cytoplasmic RNA-binding motif, single-

stranded-interacting protein 3 (RBMS3).   
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1.4.1 Splicing factors  

In the nervous system, alternative splicing has emerged as a fundamental mechanism not 

only for the diversification of protein isoforms, but also for the spatiotemporal control of 

transcripts. Splicing factors are a special class of RNA-binding proteins that can increase 

or restrict the access of the core splicing machinery to target transcripts. Thus, by 

regulating alternative exon or intron inclusion in critical mRNAs in neurons, splicing factors 

play instructive roles in the development of neuronal properties and function.  

To what extent do splicing factors instruct specific wiring steps and neuronal circuit 

properties? Recent studies have provided evidence for key regulatory roles of alternative 

splicing in surface recognition events contributing to axonal guidance, neuronal self-

avoidance, synapse formation, and functional synapse specification. Surface receptors 

and adhesion molecules have received particular attention in such functional explorations, 

given that they may contribute to a neuronal chemoaffinity code. For example, in the 

developing mouse spinal cord, the axon guidance receptor DCC (deleted in colorectal 

carcinoma) is responsible for correct axon outgrowth and for sensing netrin-secreting 

midline (Dickson & Zou 2010, Evans & Bashaw 2010). The alternative splicing of the DCC 

gene by the splicing factor NOVA1/2 generates two protein isoforms (DCCshort and DCClong) 

that differ in their capability to change conformation upon netrin binding (Leggere et al., 

2016). In Nova1/2 double-knockout embryos, spinal commissural neurons exhibit severe 

defects in migration, axon growth, and axon guidance (Fig. 1.5 A), phenotypes reminiscent 

of Dcc loss-of-function phenotypes (Leggere et al., 2016). While the splice isoform–

specific interaction partners of the NOVA-dependent DCC isoform remain to be identified, 

this example nicely illustrates a role of the splicing regulator NOVA1/2 in neuronal 

migration and axon guidance. 
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Figure 1.5: Splicing factors regulate axon guidance and synapse specification in the 

nervous system.  Adapted from (Furlanis and Scheiffele, 2018). 

A) Dcc (deleted in colorectal carcinoma) alternative splicing by Nova1/2 regulates dorso-ventral 

axonal growth in the developing mouse spinal cord. Usage of the alternative acceptor site generates 

a longer DCC transcript isoform (DCClong), while exclusion gives rise to a shorter isoform (DCCshort). 

In Nova1/2 knockout (KO) mice, commissural axons do not respond normally to the DCC ligand 

netrin, and KO phenotypes can be rescued by overexpression of the NOVA1/2-dependent splice 

isoform. WT= wild type. B) SLM2-dependent Nrxn alternative splicing controls postsynaptic AMPA 

receptors and, thereby, synaptic plasticity. In SLM2-positive hippocampal neurons, Nrxn1/2/3 

alternative exons at alternatively spliced segment 4 (AS4) are skipped (AS4−), while SLM2-negative 

neurons mostly include the alternative exon (AS4+). In Slm2 KO mice, the shift in exon usage 

results in increased evoked transmission in postsynaptic cornu ammonis 1 (CA1) neurons and 

impairs long-term potentiation (LTP) induced by theta-burst stimulation (TBS) of Schaffer collateral 

axons derived from CA3. DG=dentate gyrus. 

Several splicing factors are neuron specific (e.g., NOVA1/2 and nPTB), meaning that they 

are not expressed outside the nervous system or in the various glial lineages. However, 

only very few splicing factors are known to exhibit highly differential expression between 

cardinal classes of neuronal cells, or even neuronal cell types. Recent technological 

advances have put the in depth genome-wide analysis of cell type–specific splicing 

regulation within reach. Cell class-specific RNA isolation or tagging, combined with 

transcriptome-wide mapping of binding sites, has been a key advance toward the 

understanding of splicing programs across distinct neuronal cell types in the brain (Hwang 

and Darnell, 2017; Jereb et al., 2018; McMahon et al., 2016; Sanz et al., 2009). While the 

molecular basis of such differential RNA binding protein–mRNA interactions remains to be 

understood, this work provides a first indication that RNA-binding proteins may exhibit 

different specificities depending on the cellular context.  

Such context-dependent functions likely result from the interplay between the significant 

number of RNA-binding proteins co-expressed in a single cell. Splicing factors frequently 

act synergistically on a single splice site, as in the cases of NOVA and RBFOX (Li et al., 

2015b; Zhang et al., 2010), or antagonistically, as in the cases of nSR100 (neural-specific 

SR-related protein of 100 kDa) and the splicing factor PTBP1 (Raj et al., 2014). Moreover, 

an additional level of regulation is exerted by accessory proteins that may enhance or 

reduce the function of splicing factors, as proposed for the protein Raver1, which enhances 

the activity of PTBP1 (Rideau et al., 2006). 

 

One example of splicing factors that show highly differential cell class-specific expression 

are the KH domain proteins SLM1 and SLM2 (SAM68-like mammalian protein 1 and 2). In 

the mouse hippocampus, SLM1 and SLM2 exhibit mutually exclusive expression in 

neuronal cell types due to a posttranscriptional cross-repression mechanism (Iijima et al., 

2014; Stoss et al., 2004; Traunmuller et al., 2014). Thus, the SLM2 protein is highly 
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expressed in CA pyramidal cells (which are glutamatergic) and in a subset of somatostatin 

(SST)-positive interneurons, but not in glutamatergic granule cells of the dentate gyrus or 

the majority of vasoactive intestinal peptide (VIP)-positive GABAergic interneurons. By 

contrast, SLM1 protein levels are very low in CA pyramidal and SST neurons but high in 

dentate granule cells and VIP interneurons (Iijima et al., 2014; Nguyen et al., 2016; 

Traunmuller et al., 2014). This example of neuronal cell type–selective expression also 

illustrates that these splicing factors do not simply segregate into glutamatergic and 

GABAergic lineages but that they provide a level of splicing regulation that is orthogonal 

to the developmental ontogeny of these general categories of neurons. 

Genome-wide mapping of alternative splicing in Slm2 knockout hippocampus revealed 

that SLM2 predominantly modifies the alternative splice site 4 (AS4) of the synaptic 

adhesion molecule class Neurexins, with only very modest changes in other mRNAs. Loss 

of SLM2 results in a selective deficit in postsynaptic AMPA-type glutamate receptor 

function and in long-term potentiation at Schaffer collateral (CA3-CA1) synapses in the 

hippocampus, whereas many other aspects of synaptic function are unaltered (Gomez et 

al., 2021; Traunmuller et al., 2016) (Fig. 1.5 B). These deficits could be rescued by genetic 

correction of Nrxn1 AS4 alternative splicing in mice. These studies clearly illustrate how 

the regulation of trans-synaptic adhesion complexes by alternative splicing can modulate 

synapse formation. 

 

In aggregate, these examples demonstrate that the action of splicing factors not only 

control alternative splice isoforms in a tissue-specific or cell lineage–specific manner (such 

as glial versus neuronal lineages) but also provide a powerful mechanism by which they 

drive neuronal cell type–specific splicing events. These events, in turn, define structural 

and functional specification of neuronal cell types, synaptic properties and, ultimately, the 

function of complex neuronal networks. 

1.4.2 RBMS3: RNA-binding motif, single-stranded-interacting 
protein 3 

RBMS3 (RNA-binding motif, single stranded-interacting protein 3) is a member of the 

protein family of c-myc gene single-strand binding proteins (MSSPs) (Penkov et al., 2000), 

which includes RBMS1-3 and DND1. While RBMS1 and RBMS2 are single-stranded DNA-

binding proteins that cooperate with C-MYC protein to regulate DNA replication, 

transcription and cell-cycle progression (Negishi et al., 1994; Niki et al., 2000; Takai et al., 

1994), no such function has been described for RBMS3. In contrast, RBMS3 presents two 

RNA-recognition motifs (RRMs), structural domains highly conserved amongst RNA-

binding proteins. Moreover, functional tests showed the failure of RBMS3 in activating or 
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repressing transcription, therefore excluding its role as transcriptional regulator. Differently 

from the first two members of the family, both RBMS3 and DND1 show cytoplasmic 

localization in cultured cells, and in vitro binding assays demonstrated very strong 

association of RBMS3 with synthetic poly-U and poly-A oligoribonucleotides, suggesting a 

role in the regulation of RNA metabolism, rather than DNA transcription (Penkov et al., 

2000).  

Few studies have investigated the role of RBMS3 in the post-transcriptional regulation of 

gene expression in several cell culture and in vivo models. These studies demonstrated 

the ability of RBMS3 to bind sequence elements in the 3’ untranslated region (3’UTR) of 

target or reporter transcripts in fibroblasts, a pancreatic exocrine cell line and in zebrafish, 

resulting in the increase of their mRNA levels (Fritz and Stefanovic, 2007; Jayasena and 

Bronner, 2012; Lu et al., 2012). Moreover, knock-down of Rbms3 in presence of 

transcriptional inhibitors results in the increase of both RNA and protein levels of target 

transcripts, suggesting a stabilizing effect of RBMS3 (Lu et al., 2012). However, it is still 

currently unclear whether the resulting increase in protein production is due to an increase 

in the half-life of target mRNA by RBMS3, or a regulation in its translation, or both. The 

impairment post-transcriptional regulation capacity of RBMS3 in zebrafish results in 

defects in craniofacial development, possibly via the dysregulation of the transforming 

growth factor β receptor (TGF-βr) pathway (Jayasena and Bronner, 2012).  Despite this 

exploratory work, the in vivo molecular function of RBMS3 and its binding targets in 

mammals have not been investigated, as well as its function in the nervous system. 

In mammals, RBMS3 is expressed at different levels across multiple tissues and 

developmental time points. mRNA extraction from several tissues reveals that Rbms3 is 

enriched in several fetal organs, like heart, neural tube, liver or pancreas, but also in adult 

liver, kidney, muscle or brain (Lu et al., 2012; Penkov et al., 2000). In humans, few studies 

have linked diseases like exfoliation syndrome or autism spectrum disorders with deletions 

in the RBMS3 gene (Aung et al., 2018; Leblond et al., 2019; O'Roak et al., 2011). In 

addition, an increasing body of literature reports RBMS3 as a strong tumor suppressor in 

several types of cancer in humans. Both mRNA and protein expression levels of RBMS3 

are significantly de-enriched in several cancer models, like gallbladder carcinoma, 

esophageal squamous carcinoma, nasopharyngeal carcinoma or breast cancer (Chen et 

al., 2012; Dong et al., 2021; Li et al., 2011; Liang et al., 2015; Wu et al., 2020; Wu et al., 

2017; Yang et al., 2018; Zhang et al., 2016a; Zhu et al., 2019). In several of these cell 

lines, RBMS3 loss-of-function seems to stimulate cell growth, migration and microvessel 

formation, while inhibiting apoptosis, ultimately resulting in increased tumor growth and 

metastasis formation, with poor survival rates in patients. In these studies, decrease of 
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RBMS3 is often observed in concomitance with the mis-regulation of genes involved in the 

regulation of cell cycle, angiogenesis or apoptosis (e.g., c-Myc, Cdk4, p53, cyclin E, 

MMP2/7/9, Sfrp1, etc.) (Chen et al., 2012; Li et al., 2011; Liang et al., 2015; Wu et al., 

2020; Wu et al., 2017; Yang et al., 2018; Zhang et al., 2016a; Zhu et al., 2019). While in 

most of these studies RBMS3 loss-of-function is simply correlating with the mis-expression 

of these gens, one study reported the direct link between the target transcript Twist and 

RBMS3, demonstrating the direct binding of the RNA-binding protein to a reporter 

containing the 3’UTR of Twist (Zhu et al., 2019).  

Despite the increasing body of literature showing the link between RBMS3 expression and 

cancer development, very little is known about its role in the mammalian nervous system. 

In light of the leading role that RNA regulation and RNA-binding proteins exert in neurons, 

RBMS3 could potentially represent a key molecule controlling the homeostatic or dynamic 

gene expression programs. In particular, an interesting direction to investigate would be 

whether the same pathways involved in the regulation of cell proliferation and survival in 

other tissues are similarly regulated in the brain to control neuronal function. 
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1.5 The dissertation project 

The nervous system exhibits astounding complexity in its cellular composition and 

connectivity, which allows for remarkable levels of functional organization. Much of this 

complexity is molecularly encoded, and the action of transcription factors effectively 

shapes the first developmental steps of neuronal differentiation (Flames et al., 2007; 

Kepecs and Fishell, 2014; Lodato and Arlotta, 2015; Mayer et al., 2018; Mi et al., 2018b). 

Later in development, gene expression programs can further specify neuronal and 

synaptic properties, ultimately defining the specific features and connectivity patterns 

(Favuzzi et al., 2019; Paul et al., 2017). However, much of the mechanisms regulating 

these specification steps remain to be understood. 

Recent work points to an important role for post-transcriptional mechanisms in tailoring 

neuronal identity and functional specification. Indeed, regulation of RNA in neurons has 

emerged as a fundamental process that results not only in the expansion of genomic 

power, but also in the homeostatic and dynamic regulation of gene expression, ultimately 

shaping the development of neuronal properties, neuronal growth, synapse specification, 

and network function (Furlanis and Scheiffele, 2018; Glock et al., 2017; Ule and Darnell, 

2006). Nonetheless, how distinct neuron types make use of mechanisms regulating RNA 

processing and metabolism had not been explored yet. Recently, few studies have started 

to shed light on the functional impact of RNA regulation by RNA-binding proteins in specific 

neuron types, highlighting their role in shaping the transcriptome and the properties of 

these neurons (Saito et al., 2019; Wamsley et al., 2018). However, a comprehensive 

analysis of how RNA-binding proteins are arrayed across specific neuron types was not 

explored.  

The main aim of my thesis project is to unravel how post-transcriptional mechanisms 

regulating RNA processing and metabolism are differentially used in distinct neuron types 

of the mammalian brain, and how they influence the acquisition of their specific identity 

and functions in the brain circuits. In particular, in the coming chapters I will describe the 

following results: 

1) Our genome-wide effort in exploring the contribution of alternative splicing and 

alternative transcription start site usage in generating transcript diversity in distinct neuron 

types of the mouse brain, with insights into the role of cell type-specific expression of RNA-

binding proteins in shaping these gene expression programs 
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2) The exploration of the cell-class specific expression of the candidate RNA-binding 

protein RBMS3 and its main function in GABAergic neurons of the mouse forebrain. 
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2. Results 
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2.1 Preface 

The following result chapter describes the work of my PhD, carried out in close 

collaboration with several people. Below I will illustrate the individual contributions of each 

person involved in the projects investigated during my PhD thesis.  

Peter Scheiffele supervised both projects, and was involved in writing the published 

manuscript. The published paper was conceived, conducted and written in collaboration 

with Lisa Traunmüller, a former PhD student in the laboratory, with support from the co-

author Geoffrey Fucile.  

The unpublished manuscript was written by me in the context of this thesis. 

 

1. Landscape of ribosome-engaged transcript isoforms reveals extensive 

neuronal cell class-specific alternative splicing programs 

Elisabetta Furlanis*, Lisa Traunmüller*, Geoffrey Fucile and Peter Scheiffele 

Published in Nature Neuroscience in October 2019, PubMed ID: 31451803 

For this project, I worked in collaboration with my formed colleague Lisa Traunmüller. Both 

of us generated and validated the mouse lines and input material for further deep-

sequencing analysis, and were critically involved in the discussion and processing of the 

data. Strategies for displaying the data, Gene Ontology analysis and preparation of figures 

were performed together. Lisa was independently involved in analyzing Fluorescence in 

situ hybridization (FISH) experiments and performing semi-quantitative PCR for splicing 

validation, with quantification performed by me.  

I processed and visualized the gene and alternative isoform expression data, thus 

performed principal component analysis, histograms and Venn diagrams for the study of 

splicing and ATSS events, heatmaps with hierarchical clustering, coverage plots, boxplots 

for marker genes enrichment, density plots and correlation analysis for differentially 

regulated exons. Moreover, I designed and generated splicing reporter constructs, and 

carried out the co-expression experiments with candidate RNA-binding proteins. 

Geoffrey was critically involved in the differential gene expression analysis of RNA-seq 

data, provided the Sashimi plots and generated the online data website. Alternative 

splicing analysis of the deep sequencing data was performed by Ariane Jolly, Noèmie 

Robil and Pierre de la Grange from Genosplice. Caroline Bornmann helped with FISH 

experiments. 
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2. Modulation of RNA metabolism by the RNA-binding protein RBMS3 shapes 

GABAergic neuron function in the mouse brain 

Elisabetta Furlanis and Peter Scheiffele, manuscript in preparation 

In this second project, I independently investigated the expression and function of the 

RNA-binding protein RBMS3 in the mouse brain. This part of my thesis work is unpublished 

and we are currently finalizing experiments and analysis for the manuscript submission. 

For this project, Peter Scheiffele supervised and was involved in the discussion of all 

experiments and results, and I wrote the manuscript and performed all the experiments. 

Specifically, I generated all plasmid constructs used in this study and I designed, 

performed and analyzed the following experiments: cell class-specific transcript and 

protein enrichment analysis by qPCR and immunohistochemistry, luciferase assays, 

western blots, qPCRs for IN markers, RiboTRAP from Rbms3 WT and KO mice, protein 

extraction for mass-spectrometry analysis, Gene Ontology analysis, in vitro and in utero 

knockdown and behavioral tests in mice.  

Pawel Pelczar from the Center for Transgenic Models (CTM, Basel) was involved in the 

generation of the Rbms3 KO mouse line. Philippe Demougin (Life Sciences Training 

Facility, University of Basel) was involved in the library preparation and RNA-seq. Thomas 

Sakoparnig (Center for Scientific Computing, Basel) helped with the differential gene 

expression analysis of RNA-seq from PV-Ribo Rbms3 WT and KO data. Alex Schmidt 

(Proteomic Core Facility, Biozentrum) performed and analyzed mass-spectrometry data. 

Caroline Bornmann and Sabrina Innocenti gave technical support with brain sectioning 

and immunostaining.  
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2.2 Landscape of ribosome-engaged transcript isoforms 

reveals extensive neuronal cell class-specific alternative 

splicing programs 

Abstract 

Nervous system function relies on complex assemblies of distinct neuronal cell types with 

unique anatomical and functional properties instructed by molecular programs. Alternative 

splicing is a key mechanism for the expansion of molecular repertoires and protein splice 

isoforms shape neuronal cell surface recognition and function. However, the logic of how 

alternative splicing programs are arrayed across neuronal cells types is poorly understood. 

We systematically mapped ribosome-associated transcript isoforms in genetically-defined 

neuron types of the mouse forebrain. Our dataset provides an extensive resource of 

transcript diversity across major neuron classes. We find that neuronal transcript isoform 

profiles reliably distinguish even closely-related classes of pyramidal cells and inhibitory 

interneurons in the mouse hippocampus and neocortex. These highly specific alternative 

splicing programs selectively control synaptic proteins and intrinsic neuronal properties. 

Thus, transcript diversification by alternative splicing is a central mechanism for the 

functional specification of neuronal cell types and circuits.  

Introduction 

The mammalian brain contains hundreds of cell types with unique anatomical and 

functional properties. Cell type characteristics are fundamental underpinnings of neuronal 

circuit function and – ultimately – the control of behaviors. Many of the distinctive neuronal 

morphologies were recognized one hundred years ago (Ramón y Cajal, 1995). More 

recent studies uncovered electrophysiological properties and characteristic gene 

expression profiles that are associated with specific neuron types (Kepecs and Fishell, 

2014; Zeng and Sanes, 2017). Yet, we still lack comprehensive knowledge of how the 

multitude of neuronal properties is encoded by a limited number of genes. Evolutionary 

comparisons revealed a significant increase in alternative splicing heterogeneity in more 

complex organisms. Within those, the nervous system exhibits the most extensive usage 

of alternative transcript isoforms (Barbosa-Morais et al., 2012a; Tapial et al., 2017). Single 

gene studies provided evidence that individual protein variants generated through 

alternative splicing can exhibit unique isoform-specific functions (Aoto et al., 2013; Beffert 
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et al., 2005; Taliaferro et al., 2016; Traunmüller et al., 2016; Yap et al., 2016). However, 

in many molecular studies on neuronal connectivity and function the identity of splice 

isoforms endogenous to the cell type of interest are unknown. This is a significant 

bottleneck for interpretation of gain and loss-of-function studies. While loss of RNA binding 

proteins that regulate alternative splicing and cell type-specific knock-outs exhibit severe 

impacts on neuronal function and synaptic transmission (Calarco et al., 2009; Lee et al., 

2016; Quesnel-Vallieres et al., 2016; Vuong et al., 2018; Wamsley et al., 2018; Wang et 

al., 2012) most of these proteins are commonly expressed in all neuronal cell types 

(Darnell, 2013; Saito et al., 2019; Zheng and Black, 2013). Thus, the general logic of how 

alternative splicing programs relate to brain complexity is poorly understood.  

Previous bulk-sequencing analyses contrasted neuronal and non-neuronal splicing 

regulation (Zhang et al., 2014). Developmental analysis of mouse neocortex uncovered a 

series of temporally controlled coordinated splicing switches in brain tissues. These 

developmental switches were pan-neuronal and occurred across all neuronal populations 

(Weyn-Vanhentenryck et al., 2018; Zhang et al., 2019; Zhang et al., 2016b; Zhang et al., 

2014).  Only very recent studies are beginning to probe whether well-defined neuronal cell 

types rely on alternative splicing for the regulation of specific biological functions (Saito et 

al., 2019; Wamsley et al., 2018) However, it remains debated to what extent transcript 

isoforms detected by RNA-sequencing are indeed recruited for translation to produce 

protein isoforms (Tress et al., 2017; Weatheritt et al., 2016). To address these questions, 

we generated genome-wide maps of transcript isoforms that are recruited for translation 

in genetically-defined neuronal cell populations. Our analysis identified hundreds of 

differentially regulated splicing events across distinct neuron types. Moreover, we 

demonstrate that cell type-specific splice isoforms define neuronal cell populations and 

shape intrinsic properties and synaptic protein complexes. The dataset provides a rich 

resource for selecting endogenously expressed splice isoforms to be used in functional 

studies, for interpreting impact of gene mutations in disease states, and for the dissection 

of enhancers and promoters that drive cell type-specific transcripts from alternative 

transcription start sites.  

Results  

Deep mapping of actively translated transcript isoforms in cortical and hippocampal 

neuron populations 

In order to obtain a comprehensive mapping of transcript isoforms in the mouse forebrain 

we conducted large-scale tagged-ribosomal affinity purification (RiboTRAP) of ribosome-
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associated mRNAs from genetically-defined neurons (Fig. 1a). The endogenous ribosomal 

protein RPL22 was conditionally HA-tagged in glutamatergic neurons (using CamK2-cre 

for most neocortical pyramidal cells and Scnn1a-cre for spiny stellate and star pyramid 

layer 4 cells), and GABAergic interneurons [with somatostatin-cre (SST), parvalbumin-cre 

(PV) and vasointestinal peptide-cre (VIP)]. Within the hippocampus, we further targeted 

Cornu ammonis 1 (CA1) neurons (CamK2-cre), CA3 neurons (Grik4-cre), and SST-

positive interneurons (SST-cre) (Fig. 1b, Supplementary Fig. 1).  Using an optimized 

affinity-isolation protocol and strict quality control measures followed by deep RNA-

sequencing (paired-end, read length 100bp, >100 Million reads per biological replicate) we 

detected > 12’000 genes per sample with full-length coverage across transcripts 

(Supplementary Fig. 2, 3a) and low variance between biological replicates (Fig. 1c). 

Transcriptome analysis confirmed appropriate enrichment and de-enrichment of known 

and newly discovered markers. Widely expressed non-neuronal genes such as astrocyte 

markers were either not detected or showed low level background in some of these 

isolates (Supplementary Fig. 1b, 3b-d, 4, Supplementary Table 1). Thus, this deep dataset 

enables reliable dissection of transcript isoforms translated in specific cell types. 

Alternative transcript repertoires define neuronal populations 

To map transcript repertoires across neuronal cell types we quantified alternative isoforms 

using two complementary computational methods. First, we analyzed differential exon 

usage by quantifying reads mapping onto individual exons relative to the number of reads 

on constitutive exons derived from the same gene (constitutive exons are defined in the 

annotated transcript database FAST DB(de la Grange et al., 2007), EXON analysis, 

Supplementary Fig.5, see methods for details). Second, the differential usage of splicing 

patterns was assessed using exonic and junctional reads mapping to transcript isoforms 

annotated in FAST DB (PATTERN analysis, Supplementary Fig. 5, see methods for 

details). This quantitative mapping of alternative transcript isoforms uncovered hundreds 

of highly differentially regulated transcript isoforms in neocortical and hippocampal cell 

populations [log2 fold-change (log2FC) in splicing index (SI) ≥ 1 or ≤ -1, p-value ≤ 0.01]. 

Independent experimental validations with semi-quantitative RT-PCR confirmed the 

accuracy of the computational pipeline (validation rate > 90%, Supplementary Fig. 6). 

Therefore, this validated dataset represents a comprehensive resource for alternative 

transcripts in the major forebrain neuron populations (Supplementary Table 2, 3 and 

https://scheiffele-splice.scicore.unibas.ch for a web-based look-up tool to query isoforms 

for individual genes). Divergent transcript isoforms may arise from alternative splicing but 

also alternative transcription start sites (TSS) (Pal et al., 2011; Reyes and Huber, 2018). 

https://scheiffele-splice.scicore.unibas.ch/
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The PATTERN analysis enabled us to separate transcript isoforms arising from these 

mechanistically different forms of transcript diversification. Remarkably, the exons 

differentially regulated by alternative splicing reliably segregated neuronal cell classes 

(Fig. 1d). Thus, Scnn1a-defined layer 4 cells are characterized by 310 exons included in 

214 different genes. Similarly, the two medial ganglionic eminence (MGE)-derived 

interneuron classes (PV and SST populations) are distinguished by 628 and 719 exons 

from 407 and 486 genes, respectively. Moreover, alternative transcript isoforms in the 

CGE (Caudal Ganglionic Eminence)-derived VIP interneurons were distinct from PV and 

SST-populations, with 609 exons differentially included in 407 genes. Overall, we did not 

observe a correlation of changes in splicing indices and gene expression level, indicating 

that our analysis captures differentially regulated exons across a broad spectrum of 

transcript expression levels (Supplementary Fig. 7). In previous studies, microexons 

(defined as exons 3-27 nucleotides long) were shown to preferentially contribute to 

transcript diversification in the nervous system (Irimia et al., 2014). Amongst all exons 

differentially regulated (DR) across neuronal cell classes, we find 3.8-5.3% to be 

microexons. These percentages are slightly higher compared to the percentage of total 

microexons detected in the neocortex (2.8%, see methods for details). Thus, differential 

alternative splicing across cell types is substantial for microexons but also other types of 

splicing events. In summary, this analysis demonstrates that extensive alternative splicing 

regulation distinguishes major neuronal cell classes in the mouse neocortex.  

Wide use of alternative transcription start sites across cortical neuron sub-classes 

We quantified the frequency of distinct patterns underlying the differentially regulated 

splicing events in neocortical cell populations and found that they distributed over multiple 

categories (Figure 2a, Supplementary Table 2). Usage of cassette exons was the most 

frequent differentially regulated alternative splicing event across cell populations (Fig. 2a, 

2b for Dlgap2 as example). Interestingly, alternative last exons (ALE), which result in a 

modification of the 3’UTR of transcripts, represented about 20% of events (Fig 2a, 2b 

Ncam1 as example). This is notable considering that alternative last exons can impose 

cell type-specific protein expression as well as subcellular localization of mRNAs 

(Taliaferro et al., 2016; Tushev et al., 2018). In addition to transcript diversification by 

alternative splicing we found that across all neocortical cell classes, ~30-60% of 

differentially regulated transcript isoforms arose from alternative TSS (Fig. 2c, 

Supplementary Table 2). This implies a frequent action of cell type-specific enhancers and 

promoters. An example for alternative TSS regulation is Dlgap1, which encodes a major 

glutamatergic scaffolding protein. In neocortical PV-positive cells, we identified an 
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alternative TSS in exon3 of Dlgap1 which switches to exon 5 in the Scnn1a-positive layer 

4 cells (Fig. 2d). This differential regulation results in transcripts that differ in the 5’UTR 

and the N-terminal amino acids (see Fig. 2d Rapgef5 for an additional example). When 

comparing the segregation of differential TSSs and ALEs we find that either of these types 

of events efficiently segregated neocortical excitatory and inhibitory cell classes, including 

MGE- and CGE-derived interneurons (Supplementary Fig. S8 a and b, respectively. Exon 

numbers involved are indicated in the figure legend). Thus, our analysis demonstrates that 

not only alternative splicing but also alternative TSS are major drivers of neuronal cell type-

specific transcript isoform expression in the mouse forebrain. 

Divergent alternative splicing programs across closely related cells in different 

anatomical positions 

Hippocampal CA1 and CA3 pyramidal neurons exhibit certain unique functional properties 

and overall similar transcriptomes (Cembrowski et al., 2016). Thus, we explored whether 

there are differential splicing programs specific for these closely-related glutamatergic cell 

classes. We identified hundreds of differentially expressed transcript isoforms arising from 

different patterns of alternative splicing, as well as alternative TSS between CA1 and CA3 

cell preparations (253 DR exons, log2FC ≥ 1 or ≤ -1, p-value ≤ 0.01, Fig. 3a, 

Supplementary Fig. 9, Supplementary Table 3). These include key isoforms with well-

characterized functional properties such as the mutually exclusive exons which regulate 

flip/flop variants of the Gria1 AMPAR subunit (Sommer et al., 1990), or alternative last 

exons in Brevican, which control expression of a secreted Brevican isoform implicated in 

neuronal adhesion (Brakebusch et al., 2002) (Fig. 3b). Similarly, cortical L4 excitatory 

neurons and hippocampal CA1 pyramidal neurons exhibited 276 differentially regulated 

exons (Figure 3a) and transcript isoforms derived from multiple patterns of alternative 

splicing (Figure 3c Nrxn3 as example, Supplementary Fig. 9, Supplementary Table 4). 

These comparisons highlight vastly divergent transcript isoform content between different 

classes of glutamatergic neurons, including closely related pyramidal cells from 

hippocampal sub-fields. By comparison, splicing programs were much more similar 

between hippocampal versus neocortical SST-positive interneurons (only 151 highly 

differentially regulated exons Fig. 3a, 3c cassette exon regulation in Fat1 as example, 

Supplementary Fig. 9, Supplementary Table 4, Supplementary Table 5 for an overview of 

differentially expressed genes and alternatively regulated splicing events). In sum, we 

conclude that alternative splicing plays a major role in diversifying molecular repertoires at 

the level of neuronal sub-classes and cell types within and across anatomical positions.  
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Identification of neuronal subclass-specific splicing factors in neocortical and 

hippocampal cells 

Most neuronal RNA binding proteins (RBPs) studied thus far are pan-neuronally 

expressed. Given the extensive differential alternative transcript regulation in neuronal 

sub-classes, we sought to identify RBPs that might regulate alternative splicing in a cell 

type-specific manner. We generated a hand-curated list of 57 bona fide splicing regulators 

based on databases and previous publications and evaluated their expression across 

neuronal populations (Supplementary Table 6). As expected, several splicing factor 

transcripts exhibited broad expression with little difference across neocortical and 

hippocampal cell classes (e.g., Hnrnpa2b1, Hnrnpl, Srrm1, Fig. 4a, Supplementary Table 

6). By contrast, other splicing factors showed highly selective expression with some 

segregating between glutamatergic and GABAergic neuron groups and others highly 

enriched in certain neuron classes (Fig. 4a). For example, the Rbm20 transcript is 

preferentially expressed in PV-interneurons, Ptbp1 in VIP-interneurons, and Rbfox3 – also 

called NeuN – is preferentially expressed in glutamatergic cells (Fig. 4a, Supplementary 

Table 6). Fluorescent in situ hybridizations for select RBPs confirmed the differential 

expression patterns extracted from RiboTRAP sequencing data (Supplementary Fig. S10, 

Supplementary Table 6 for statistical analysis). To investigate whether some of the 

differentially expressed splicing factors represent candidates that drive cell type-specific 

alternative splicing choices, we employed splice reporter assays in Neuroblastoma 2A 

(N2A) cells (see Methods for details). We generated reporter constructs for exons that we 

found to be differentially regulated across neocortical neurons (alternative cassette exons 

in neurotransmitter receptors Gabrg2 and Grin1, and the voltage-gated potassium channel 

Kcnq2, Fig. 4b).  Co-expression in N2A cells of several RBPs (e.g., hnRNP A1, hnRNP 

H1, Ptbp3) did not shift splicing patterns in vitro. On the other hand, co-expression of Ptbp1 

(which is preferentially expressed in VIP-interneurons Fig. 4a,d) shifted splicing of Gabrg2 

and Kcnq2 reporters to the pattern observed for endogenous mRNAs in VIP-interneurons 

(Fig 4c). Similarly, Rbfox3 shifted the Grin1 reporter splicing to the pattern enriched in 

Scnn1a cells (which express high levels of Rbfox3) (Fig. 4c,d). Thus, these differentially 

expressed splicing regulators represent possible candidates for the regulation of the 

respective splicing events in vivo. In summary, this analysis identifies candidate neuronal 

cell class-specific splicing regulators for the differential regulation of transcripts.  

Alternative splicing programs are highly dedicated to controlling synaptic 

interactions and neuronal architecture  
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To probe which cellular properties are regulated by alternative splicing, we assessed the 

enrichment of Gene Ontology (GO) terms for transcripts regulated across all neocortical 

cell classes, hippocampal comparisons, and across brain regions. Given that alternative 

first exons result from transcriptional regulation, we excluded them from this analysis. 

Remarkably, the differential alternative splicing regulation almost exclusively targets 

transcripts encoding for synaptic proteins and intrinsic neuronal properties. Enrichment of 

the top GO terms significant for genes differentially regulated by splicing was 2 - 4 fold 

higher as compared to genes differentially expressed (Fig. 5a, Supplementary Fig. 11a,b 

for enriched categories of differentially expressed genes, Supplementary Table 7 for all 

GO terms). Note that the enrichment of genes encoding synaptic proteins was not simply 

a consequence of such genes containing larger numbers of exons (Supplementary Figure 

11c). Specifically, the enriched GO terms map onto five key categories, which 

fundamentally shape synapse function and intrinsic neuronal properties: Adhesion 

complexes (e.g. Cntn4, Cntnap2, Ncam1, Nlgn1, Nrxn3, Nfasc, Ptprs, Robo2) implicated 

in formation and specification of neuronal synapses (de Wit and Ghosh, 2016; Shen and 

Scheiffele, 2010; Takahashi and Craig, 2013), voltage-gated calcium channels (e.g. 

Cacnb2, Cacnab4, Cacna1g, Cacna1d), presynaptic release machinery (e.g. Rims, Synj1, 

Stxbp1, Syt17, Unc13b), postsynaptic neurotransmitter receptor complexes (e.g. Grm1, 

Grm5, Gria1, Gria2, Shisa9) and associated scaffolding proteins (e.g. Camk2, Dlgap1, 

Rapgef4, Shank3, Tiam1) (Fig. 5b). All of these genes encode key regulators of synaptic 

function and plasticity. Three further categories highly targeted by cell type-specific 

alternative splicing are potassium channels, motor proteins, and regulators of cytoskeletal 

rearrangements – elements central for the control of intrinsic neuronal properties (Fig. 5c). 

In particular, potassium channels are key determinants of neuronal excitability at the level 

of after-hyperpolarization upon action potential firing (Kcnn2), at the level of M-currents 

(Kcnq2), or through calcium-dependent regulation of A-currents (Kcnip1,4) (Coetzee et al., 

1999). Thus, neuronal cell type-specific alternative splicing programs specifically encode 

intrinsic neuronal properties and synapse specification.  

Discussion 

Previous studies highlighted an expansion of splicing complexity across vertebrate species 

with a particular increase in alternative exon usage in the brain (Barbosa-Morais et al., 

2012a). This increase in alternative splicing may relate to neuronal cell types and functions 

in multiple ways. Single gene studies illustrated stochastic splice isoform choices at the 

single cell level (Kise and Schmucker, 2013; Miura et al., 2013) but also reproducible 
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splicing patterns linked to cell types (Fuccillo et al., 2015; Iijima et al., 2014; Nguyen et al., 

2016; Saito et al., 2019; Schreiner et al., 2014; Wamsley et al., 2018).  Here, we 

demonstrate that complex alternative splicing programs define sub-classes of cortical and 

hippocampal neuron types. Thus, the selection of cell type-specific transcript variants is 

not an exceptional feature for individual protein families but a fundamental program of 

highly differentiated cell types in a complex organism. During embryonic development, the 

lineage decisions for interneuron and pyramidal cell differentiation are mainly driven by 

transcription factor codes (Mayer et al., 2018; Mi et al., 2018a). We propose that cell type-

specific expression of RNA-binding proteins imposes splicing-dependent regulation for 

terminal differentiation of these neuron classes. Consistent with this notion, several of the 

candidate splicing specificity factors that we mapped here are already detected in 

interneurons at embryonic stages of development (Lim et al., 2018b; Mi et al., 2018a).   

The RiboTRAP approach used in our study facilitates interrogation of splice isoforms with 

excellent coverage across the entire transcript. Low level background contamination for 

some cell classes may influence detected splicing differences, particularly for widely 

expressed non-neuronal genes. However, the RiboTRAP approach benefits from deep 

coverage of splice junctions and rare transcript isoforms that go undetected or cannot 

reliably be quantified from single cell sequencing data. Moreover, mapping ribosome-

associated mRNAs focuses the analysis on transcript isoforms that are recruited by the 

translational machinery.  

An unexpected finding in our study was the highly divergent usage of alternative 

transcription start sites across neuronal populations. This suggests prominent roles for cell 

type-specific enhancers and promoters in generating transcript isoforms. We propose that 

this complex transcript regulation evolved not only to modify protein isoforms but also to 

afford unique spatio-temporal modulation of neuronal gene expression. Complex 

alternative splicing programs control diverse biological processes from chromatin and RNA 

regulators, to ion homeostasis and mitochondrial function. Considering this broad range 

of splicing-regulated processes, it is remarkable that the neuronal cell type-specific splicing 

programs are selectively geared to the control of synaptic and intrinsic neuronal properties. 

Splice isoforms of neuronal receptors, ion channels, synaptic adhesion and scaffolding 

proteins exhibit fundamentally divergent functions (Furlanis and Scheiffele, 2018; Vuong 

et al., 2016) and significant splicing disruptions have been linked to neurodevelopmental 

disorders (Irimia et al., 2014).  In humans, more than 90% of gene products are modified 

by alternative splicing. A major impediment for exploring the functional relevance of 

transcript isoforms in neuronal wiring has been the lack of knowledge of how splice 
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isoforms are arrayed over neuronal cell types. Our comprehensive genome-wide analysis 

uncovers hundreds of cell class-specific transcript isoforms encoding key regulators of 

synaptic function and intrinsic neuronal properties. To maximize the accessibility of this 

large dataset and to simplify the identification of differentially expressed transcript 

isoforms, we established a web-based “splicecode database” where users can retrieve 

differential isoform expression data for any gene of interest (https://scheiffele-

splice.scicore.unibas.ch). In the future, targeted manipulation of cell type-specific splicing 

events may open the door for a new class of therapeutic interventions in disease states. 

Data availability 

Detailed analyzed data is included as supplementary material. Raw sequencing data was 

deposited at GEO (GSE133291). Differential gene expression and splicing data for 

individual genes is provided on the freely available SpliceCode web-site (https://scheiffele-

splice.scicore.unibas.ch). All renewable reagents and detailed protocols will be made 

available on request. Accession code: GSE133291. 

Code availability 

Data analysis used standard software packages cited in the methods section. The FastDB 

database for quantitative splicing analysis is a proprietary database accessible through 

Genosplice Technology (http://www.genosplice.com/).  
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Fig. 1: Extensive alternative exon usage defines classes of forebrain neurons.  

a, Schematic representation of RiboTRAP pulldowns. HA-tagged ribosomes in the 

cytoplasm of genetically defined cell populations load fully mature mRNAs. Following 

whole tissue lysis, ribosome-associated mRNAs are immuno-isolated using anti-HA beads 

and subsequently purified. b, Cartoons representing neuronal cell populations isolated 

from mouse neocortex (left panel) and hippocampus (right panel). c, Principal component 

analysis of genes expressed in each neocortical and hippocampal sample (n=4 biologically 

independent samples). Variance explained by the principal components 1 and 2 (PC1 and 

PC2) is indicated. Gene expression values were normalized by Variance Stabilizing 

Transformation (VST) d, Heatmap of SI values obtained from EXON analysis for each 

neocortical cell class (see methods for details) of all 2898 differentially regulated exons 

involved in alternative splicing events (log2(FC) ≥ 1 and ≤ -1, p-value ≤ 0.01, unpaired 

Student’s t-test. Base mean includes all neocortical samples). Alternative exon inclusion 

identifies sub-groups of exons that define distinct neocortical populations.  
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Fig. 2: Alternative splicing and alternative transcription start site usage drive 

transcript diversification in neocortical neurons 

a, Histogram representing the relative percentage of differentially regulated (DR) 

alternative splicing event types (log2(FC) ≥ 1, p-value ≤ 0.01. Base mean includes all 

neocortical samples). The distinct pattern categories (mutually exclusive exon, cassette 

exon, intron retention, alternative 5’ and 3’ donor and acceptor site, alternative last exon, 

complex) are indicated. Total number of DR alternative splicing events are: 261 for 

CamK2, 165 for Scnn1a, 85 for SST, 316 for PV and 373 for VIP. Note that VIP 

interneurons show higher number of intron retention events. Otherwise, overall all 

neocortical populations show similar rates of splicing pattern types usage. b, Sashimi plots 

illustrating read distribution and splice junctions of Dlgap2 (upper panel) and Ncam1 (lower 

panel). One representative replicate for each cell population is shown. Genomic 

coordinates, chromosome number, strand and exon number are indicated below. Coding 

regions are indicated as thicker boxes, non-coding regions as thinner boxes). The 

alternative cassette exon 15 of Dlgap2 is preferentially included in CamK2-positive 

neurons, vice versa excluded in PV-positive interneurons. On the other hand, Ncam1 

shows differential usage of exon 19 or exon 23 as alternative last exon, even between two 

GABAergic populations, with SST-positive cells preferentially using e23 compared to PV-

positive neurons. c, Pie charts indicating the relative percentage of alternative transcription 

start sites (TSS) and alternative splicing of differentially regulated events (log2(FC) ≥ 1, p-

value ≤ 0.01. Base mean includes all neocortical samples) identified by the PATTERN 

analysis (see methods for details) in neocortical populations. Total number of DR events 

are: 402 for CamK2, 349 for Scnn1a, 199 for SST, 557 for PV and 540 for VIP.  d, Example 

sashimi plots for alternative TSS usage in Dlgap1 (upper panel) or Rapgef5 (lower panel). 

For Dlgap1, transcripts preferentially start with exon 5 in Scnn1a-positive cells and with 

exon 3 in PV-positive interneurons (note that coding region starts in exon 4). For Rapgef5, 

SST- and CamK2-positive cells show differential usage of exon 11 or exon 13 as first exon, 

with SST preferentially including exon 13.  
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Fig. 3: Alternative splicing programs distinguish closely related neuronal 

populations within the hippocampus and across brain regions 

a, Cartoon illustrating the schematic representation of neuronal classes in the neocortex 

and hippocampus. The numbers shown indicate differentially regulated (DR) exons 

(log2(FC) ≥ 1 and ≤ -1, p-value ≤ 0.01) in pairwise comparisons between CamK2-positive 

CA1 and Grik4-positive CA3 pyramidal neurons (253 exons from 177 genes), between 

CA1 or CA3 neurons vs SST-positive hippocampal neurons and between neocortical (856 

exons from 551 genes and 851 exons from 517 genes) and hippocampal SST-positive 

interneurons (151 exons from 103 genes) or layer 4 vs CA1 pyramidal neurons (276 exons 

from 209 genes). Note that only exons involved in AS events are indicated. Hippocampal 

SST-positive neurons show high diversity of alternative isoform expression compared to 

pyramidal cells. Also closely related glutamatergic populations (CA1 vs CA3 and CA1 vs 

Scnn1a) exhibit highly differential exon usage. On the other hand, SST-positive neurons 

isolated from distinct anatomical brain regions (hippocampus vs neocortex) present fewer 

but still significant differences in alternative isoform expression. s.o.=stratum oriens, 

s.r.=stratum radiatum, DG=dentate gyrus, CA=cornu ammonis. Note that this panel only 

displays select pairwise comparisons. Analysis for hippocampal SST interneurons 

considered all SST neurons without sub-regional distinction. b-c, Sashimi plots illustrating 

read distribution and splice junctions of transcripts differentially spliced between CA1 and 

CA3 pyramidal neurons (panel b) or between related cell classes across distinct brain 

regions (SSTHc vs SSTCx, CA1 vs Scnn1a glutamatergic neurons, panel c). Genomic 

coordinates, chromosome number, strand and exon number are indicated below. Coding 

regions are indicated as thicker boxes, non-coding as thinner boxes. In b, CamK2- and 

Grik4-positive glutamatergic neurons show differential usage of the mutually exclusive 

exons 16 and 17 in Gria1 (upper panel) and the alternative last exons 8 and 14 in Bcan 

(lower panel). In c, Nrxn3 shows differential rate of inclusion of cassette exon 22 in the 

hippocampal CA1 vs cortical Scnn1a-positive pyramidal neurons (upper panel). 

Neocortical SST-positive interneurons show preferential inclusion of cassette exons 26, 

27 and 28 in Fat1, while hippocampal SST-positive cells exclude them (the lower panel).  
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Fig. 4: Differential splicing factors expression for cell class-specific splicing 

programs in mature neurons 

a, Gene expression heatmap of a hand curated list of splicing factors in neocortical and 

hippocampal neuron classes. Sub-groups of splicing factors with highly significant or 

modest changes in gene expression across cell populations can be identified. Overall, 

expression rates of splicing factors across forebrain neurons populations can segregate 

cells according to their neurotransmitter phenotype and their developmental origin 

(glutamatergic vs GABAergic, Medial Ganglionic Eminence (MGE)-derived vs Caudal 

Ganglionic Eminence (CGE)-derived). For the complete list of enrichments and 

significance values for splicing factors across neocortical and hippocampal neurons, see 

Supplementary table 6. b, Cartoon illustrating the design of splicing reporters for Gabrg2, 

Grin1 and Kcnq2 (see methods for details). c, RT-PCR for splicing reporters 

overexpressed in HEK293T cells, Neuro2A (N2A) cells and cultured cortical neurons, or 

in combination with overexpression of several splicing factors (indicated above) in N2A 

cells. On the right, schematic representation of reporter exons amplified and cell types in 

which a given splicing pattern is enriched are indicated. For each sample, three PCR 

reactions were performed and band intensity was quantified. Representative images are 

shown. Below, histograms represent the percentage of inclusion (in brown) or exclusion 

(in light and dark gray) band intensity relative to the sum intensity of all bands. n=2-3 RT-

PCRs, single data points and SEM are indicated. Circles represent quantification of 

exclusion values for all reporters, triangles, only for Kcnq2, the quantification of the 

alternative acceptor e14. Top PCR panel: Expression of the splicing reporter for exon 9 of 

Gabrg2 leads to differential exon inclusion in non-neuronal (HEK293T, excl. e9) versus 

neuronal (N2A or cortical neurons, 50% excl. e9) cells. Co-expression of Ptbp1 and, to 

lower extents, Ptbp2 and Slm1 (enriched in VIP) lead to higher exclusion rates, a pattern 

significantly enriched in VIP neurons. Co-expression of Rbfox1/2/3 slightly reduces exon 

exclusion rates, consistent with the splicing pattern observed in purifications of Scnn1a. 

Middle PCR panel: Similar effects of the same splicing factors can be observed for the 

splicing pattern of exon 4 of Grin1. Note that the amplification of Grin1 isoform including 

e4 generates a doublet band. Lower PCR panel: Exon 13 of Kcnq2 splice reporter is 

preferentially included in N2A cells. Addition of Ptbp1 and Ptbp2 induces the additional 

alternative acceptor site usage found in VIP neurons. Overall, these experiments indicate 

a correlation between splicing factor expression and alternative isoform usage. d, Highest 

or lowest expression levels in different cortical populations for Ptbp1, Rbofox1, Rbfox3 and 

Slm1 (Khdrbs2) are indicated by arrows.  
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Fig. 5: Alternative splicing programs are highly dedicated to the control of synaptic 

interactions and neuronal architecture 

a, Heatmap representing the fold enrichment of Gene Ontology (GO) terms for transcripts 

differentially regulated at gene expression level or by alternative splicing identified by the 

Panther Classification System (see methods for details). Terms listed were selected based 

on the splicing analysis and had to be significant in at least one neocortical population (left 

panel), hippocampal comparison (middle panel) or comparison across brain regions (right 

panel). Corresponding values from analysis of differentially expressed genes were 

included on the left. Fields for the statistically significant enrichments (Fisher’s exact test 

with Benjamini-Hochberg false discovery rate correction, p-value ≤ 0.05) are highlighted 

by a dashed outline. Overall, transcripts undergoing differential alternative splicing show 

higher fold enrichments compared to differentially expressed genes. Splicing-dependent 

transcript isoforms in VIP interneurons present lower, whereas Scnn1a and PV exhibit 

higher fold enrichment of GO categories. See Supplementary Table 7 for the raw output 

from the GO analysis. b, Cartoon illustrating the main categories of genes whose 

alternative splicing is differentially regulated between cell populations (log2(FC) ≥ 1 and ≤ 

-1, p-value ≤ 0.01). Among the most enriched categories, we find genes encoding 

presynaptic proteins modulating calcium influx or vesicle fusion, pre- and postsynaptic 

adhesion molecules and postsynaptic scaffolding molecules. c, Cartoon illustrating 

examples of differentially expressed transcript isoforms encoding for proteins which 

modulate intrinsic properties of neurons (e.g., potassium channels, proteins involved in 

cytoskeletal remodeling and cellular transport along neurites). 
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Table 1: FastQC analysis of RNA-sequencing data 

For each biological replicate of each sample, the following parameters are indicated: total 

number of reads, % of reads uniquely mapped to the reference genome, number of 

detected genes, % ribosomal contamination, % of mRNA representation and % of reads 

mapped to exon-exon junctions. All samples show highly similar values across biological 

replicates, as well as across samples, suggesting a high consistency and homogeneity of 

the RNA-seq data. 
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Supplementary Fig. 1. Confirmation of selective transgene expression and selective 

mRNA isolation with RiboTRAP approach in mice 

a, Expression pattern of HA-tagged Rpl22 protein, conditionally expressed in 

CamK2::Rpl22-HA, Scnn1a::Rpl22-HA, SST::Rpl22-HA, PV::Rpl22-HA, VIP::Rpl22-HA 

and Grik4::Rpl22-HA 3-5 weeks old mice [primary somatosensory cortex (S1, upper panel) 

and whole hippocampus (lower panel)]. CamK2-cre-dependent expression of Rpl22-HA is 

mostly driven in excitatory neurons across all cortical layers and it is enriched in the CA1 

region of the hippocampus. Scnn1a-cre and Grik4-cre drive Rpl22-HA expression in two 

regionally distinct areas, the layer 4 (L4) of the cortex and the CA3 region of the 

hippocampus, respectively. SST-cre, PV-cre and VIP-cre, on the other hand, determine 

the sparse labelling of GABAergic interneurons across the neocortical layers and in the 

stratum oriens and hilus of the hippocampus (in SST::Rpl22-HA mice). Cells nuclei are 

labelled in magenta, Rpl22-HA expressing neurons are in green. Scale bar: 200 μm. 
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Neoortical layers and hippocampal regions are indicated. DG=dentate gyrus, CA=cornu 

ammonis. b, Real-time qPCR for cell type- and region-specific transcript markers 

confirmed the purity of immuno-isolated mRNA replicates per cell population. Transcript 

enrichment of the immune-isolated RNA (IP) was calculated relative to the input (total 

neocortical or hippocampal RNA) and was normalized to enrichments of Gapdh. Overall, 

RNA isolated from inhibitory neurons show high enrichments of general GABAergic 

markers (Vgat, Gad67) and de-enrichments of the excitatory marker Vglut1, vice versa for 

immune-isolated RNA from glutamatergic neurons. RNA for all cell populations was de-

enriched for the astrocytic marker gfap. Moreover, cell type specific markers (Camk2, 

Scnn1a, SST, PV, VIP) are relatively enriched in the corresponding preparation. For the 

hippocampal samples, the CA1-specific Wsf1 and CA3-specific Pvrl3 markers show 

enrichments in CamK2 and Grik4 samples, respectively, but the CA2- and DG-specific 

markers (Rgs14 and Tdo2) show lower enrichment levels. Note that endogenous CamK2 

transcripts are more broadly distributed than cre-recombination in the transgenic mice. 

Modest enrichment values (as compared to GABAergic markers) in IPs are a consequence 

of the broad transcript expression.  
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Supplementary Fig. 2. Quality controls confirmed the purity of RiboTRAP samples 

a, Coverage plot indicating the percentage of read bases at a given position of the 

transcript. All biological replicates of all samples used for analysis show excellent 5’ to 3’ 

coverage across the transcript length. b, Heatmaps representing the expression of cell 

type-specific marker genes identified by single cell sequencing in Hrvatin et al., 2018 

(Hrvatin et al., 2018). Left panel, marker genes defined by Hrvatin et al. show appropriate 

enrichments in the RiboTRAP neocortical samples generated in the present study. Right 

panel, average expression of the same markers (order as in left panel) across pools of 

single cells belonging to the indicated classes (data from Hrvatin et al., 2018. 

ExcL4=glutamatergic L4-specific, Exc=pan-neocortical glutamatergic, Int_Vip=VIP-

positive, Int_PV=PV-positive, Int_SST=SST-positive). Overall, previously identified cell 

type-specific marker genes show very similar relative enrichments in single-cell and 

RiboTRAP datasets. c, Boxplot representing the distribution of log2(FPKM) values in either 

CamK2 (left panel) or Grik4 (right panel) samples for all genes detected, and for previously 

described DG-, CA1-, CA3- and astrocytic-specific markers (see Supplementary Table 1 

for the complete marker lists). Expression values from the four biological replicates were 

averaged. In both CamK2 and Grik4 samples, overall expression of DG- and astrocytic-

specific markers are represented below the median expression value of all genes 

(indicated in the graph as red dotted line). By contrast, CA1- and CA3-specific markers 

expression is higher in CamK2 and Grik4 samples, respectively. d, Relative enrichment of 

previously described CA1- and CA3-specific marker expression in Grik4 compared to 

CamK2 samples (left panel) and in CamK2 compared to Grik4 samples (right panel). 

FPKM values from the four biological replicates were averaged. Grik4 samples show 

strong relative enrichment of CA3-specific markers and strong de-enrichments of CA1-

specific markers expression, vice versa for CamK2 samples. 
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Supplementary Fig. 3. Cell population-specific markers identified show highly 

selective enrichments 

Heatmaps of transcripts highly enriched in a specific cell population compared to all 

neocortical and hippocampal neuron populations (log2(FC) ≥ 3, p-value ≤ 0.01. Base mean 

includes all samples). Cell class-specific markers show high enrichments across all 

biological replicates of one population and strong de-enrichments in all the others. Well-

known and new cell-population markers were identified (see Supplementary Table 1 for a 

complete list of highly enriched genes). 
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Supplementary Fig. 4: Alternative splicing analysis pipeline 

a, Cartoon illustrating transcript annotation in FAST DB. For every gene present in the 

Mouse FAST DB v2016_1 database (de la Grange et al., 2007), all annotated transcripts 

are listed (upper panel). For every transcript, exons are defined as constitutive (if present 

in more than 75% of the transcripts generated from a given gene, for “Gene A” in red), 

semi-constitutive (if present in between 50% and 75% of all transcripts, for “Gene A” in 

orange) or alternative (if included in less than 50% of transcripts, for “Gene A” in yellow). 

Moreover, for every gene, all previously described splicing patterns are annotated (lower 

panel). b, In the EXON analysis, for every exon expressed (see methods for definition of 

exon expression), a splicing index (SIEXON) was determined by calculating the ratio of the 

read density on a given exon and the read density on all constitutive exons of the gene. 

The SIEXON indicates the rate of inclusion of each expressed exon in every expressed gene. 

A fold-change is then calculated by comparing the average SIEXON of the four replicates of 

a given sample (condition A) and the average SIEXON of condition B (i.e., average SIEXON of 

another sample, in the case of pairwise comparisons, or average SIEXON across all 

neocortical samples, including sample of condition A). c, In the PATTERN analysis, for 

every pattern annotated in the database, the read density was quantified. For every 

condition, read density of the two possible patterns was normalized by the density of 

constitutive regions of the patterns (in the example, e1 and e3) and a fold-change was 

calculated by comparing the normalized pattern read density in the conditions A and B. 
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Supplementary Fig. 5: Semi-quantitative PCR validation of predicted alternative 

splicing events 

a, Analysis of alternative splicing events in total neocortex (input) and CamK2, Scnn1a, 

SST, PV, VIP neocortical immuno-isolated RNAs. Flanking primers were used to amplify 

exons involved in the events found to be differentially regulated in neocortical samples by 

RT-PCR. The names of genes and schematic representation of the exons amplified are 

indicated. For each sample, three PCR reactions were performed and band intensity was 

quantified. Representative images are shown. Mean percentage of exon inclusion or 

exclusion in the three replicates is indicated below. For the 22 predicted differentially 

regulated events tested, 20 were experimentally validated (>90%, 8 not shown), 

confirming the high confidence of sequencing predictions. b, Quantification of PCR 

assessing the relative usage of alternatively spliced exons in neocortical samples. Single 

data points represent the percentage of band intensity of the exon of interest relative to 

the sum intensity of both bands (N=3 PCRs from three independent immuno-isolated RNA 

samples). Gene names and exons amplified are indicated. 
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Supplementary Fig. 6: Differentially used exons are detected over a wide range of 

gene expression levels 

Correlation plots showing the relation between differential usage of each detected exon in 

neocortical populations and the expression of the corresponding gene. The log2 fold-
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change of splicing index obtained from EXON analysis (log2(FC)_SI, base mean includes 

all neocortical samples) was compared to the log2(FPKM) expression value of the gene 

including a given exon. FPKM values from the four biological replicates of each cell 

population were averaged. Exons found to be differentially included in the cell population 

indicated are highlighted in red (log2(FC) ≥ 1 and ≤ -1, p-value ≤ 0.01). Gray dotted lines 

represent the 25th (lower) and 75th (upper) percentile of log2(FPKM) values of all 

expressed genes. On the bottom left of the graph, correlation value (R) is indicated. We 

do not observe a correlation of gene expression levels and differential exon usage. 
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Supplementary Fig. 7:  

a, b, Heatmaps of SI values obtained from EXON analysis (see methods for details) for 

differentially regulated exons in neocortical cell populations (log2(FC) ≥ 1 and ≤ -1, p-value 

≤ 0.01, base mean includes all neocortical samples). Panel (a) shows exons contributing 

to alternative transcription start sites (TSS). Panel (b) shows alternative last exons (ALE).  

Amongst the 1111 differentially regulated TSS events, the two glutamatergic samples 

(CamK2 and Scnn1a) share 124 common events. Within the GABAergic populations, PV 

neurons share 50 and 45 common TSS events with SST and VIP samples, respectively, 

while SST sample have 34 common TSS events with VIP neurons. 

Amongst the 867 differentially regulated ALE events, the two glutamatergic samples 

(CamK2 and Scnn1a) share 80 common events. On the other hand, within the GABAergic 

populations, PV neurons share 42 and 38 common TSS events with SST and VIP samples, 

respectively, while SST sample have 19 common TSS events with VIP neurons. 
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Supplementary Fig. 8: PATTERN analysis in pairwise hippocampal and across brain 

regions comparisons reveals similar percentages of alternative TSS and AS events 

compared to neocortical populations. 

a, Pie charts indicating the relative percentage of alternative transcription start site (TSS) 

and alternative splicing events out of the differentially regulated events identified by the 

PATTERN analysis (log2(FC) ≥ 1, p-value ≤ 0.01) in the pairwise hippocampal 

comparisons (CamK2Hc vs Grik4, Grik4 vs SSTHc, SSTHc vs CamK2Hc) and in the 

pairwise comparisons across brain regions (CamK2Hc vs Scnn1a, SSTCx vs SSTHc). 

Total number of differentially regulated patterns are: 321 for CamK2Hc vs Grik4, 1126 for 

Grik4 vs SSTHc, 1131 for SSTHc vs CamK2Hc, 1054 for CamK2Hc vs Scnn1a and 98 for 

SSTCx vs SSTHc. b, Histogram representing the relative percentage of differentially 

regulated alternative splicing event categories in the hippocampal and across brain 

regions comparisons. The distinct pattern categories (mutually exclusive exon, cassette 

exon, intron retention, alternative 5’ and 3’ donor and acceptor site, alternative last exon, 

complex) are indicated in the legend. Total number of differentially regulated splicing 
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patterns are: 146 for CamK2Hc vs Grik4, 673 for Grik4 vs SSTHc, 667 for SSTHc vs 

CamK2Hc, 722 for CamK2Hc vs Scnn1a and 30 for SSTCx vs SSTHc. 
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Supplementary Fig. 9: Validation of cell class-specific expression of splicing factors 

in neocortical and hippocampal neurons 

a,b, Validation of cell population-specific expression of candidate splicing factors in 

neocortical (panel a) and hippocampal (panel b) mouse brain by fluorescent in situ 

hybridization. In situ probes assessing transcripts levels of Elavl2, Rbfox3, Ptbp3 and Celf4 

were used in combination with cell population-specific marker probes (CamK2 for cortical 

and for CA1- and CA3-specific glutamatergic neurons, Rorb for layer 4-specific 

glutamatergic neurons, PV, VIP and SST for parvalbumin-, vasointestinal peptide- and 

somatostatin-positive interneurons, respectively).  

a, Left panel: regions of interest (ROI) identify Rorb- or PV-positive neurons. Marker signal 

is in green, Elavl2 and Rbfox3 in black (red in Merge), DAPI in magenta. Images were 

taken from primary somatosensory cortex (S1) of P25 mice. b, Left panel: ROIs (regions 

of interest) identify CamK2- or SST-positive neurons. Marker signal is in green, Elavl2 and 

Rbfox3 in black (red in Merge), DAPI in magenta. Images were taken from CA1 or CA3 

regions (for CA1 and CA3 pyramidal neurons, respectively) or from the stratum oriens (for 

SST-positive neurons) of the hippocampus of P25 mice. Scale bar is indicated. 

s.r.=stratum radiatum; s.o.=stratum oriens. Right panels: Quantification of the number of 

mRNA dots/100 μm2 in the ROIs positive for the marker probe. Single data points 

represent the mean number of dots co-localizing with all the marker-positive cells from a 

single replicate (N=3 animals). SEM and total number of cells counted from all the 

replicates is indicated in the plot. Note that Rbfox3 encodes for the widely used neuronal 

marker NeuN.  
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Supplementary Fig. 10: Gene expression programs show distinct enrichments of 

GO categories as compared to alternative splicing 

a,b, Heatmaps representing fold enrichment of Gene Ontology (GO) terms for transcripts 

differentially expressed identified by the Panther Classification System. Terms listed are 

significantly enriched in at least one neocortical population (panel a), hippocampal 

comparison (b, left panel) or across brain regions comparison (b, right panel; see methods 

for details of significance). Fields for the statistically significant enrichments (p-value ≤ 

0.05) are highlighted by a dashed outline. See Table S7 for the raw output of the GO 

analysis. c, Density plot showing the distribution of genes according to their number of 

exons. Gene lists were extracted from GO categories enriched for differentially spliced 

genes (ion channels, in black, synaptic vesicle, in red, and postsynaptic membrane, in 

light-blue), and from GO categories not significantly enriched (spliceosomal complex, in 

yellow, early endosome, in green, and chromosomal region, in blue). Chosen GO 

categories had similar numbers of genes per category. Overall, genes belonging to 

enriched or non-enriched categories for alternative splicing do not show major differences 

in the number of exons per gene. 
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2.3 Modulation of RNA metabolism by the RNA-binding 

protein RBMS3 shapes GABAergic neuron function in the 

mouse brain 

Introduction 

In the mammalian nervous system, neurons represent highly efficient units that receive, 

process and transmit electrical inputs across the neural network. In addition to the 

maintenance of cellular homeostasis, neurons need to rapidly adapt to fast physiological 

events in response to external stimuli (e.g., long term potentiation – LTP -). Cellular 

alterations following external inputs often rely on the active regulation of RNA processing, 

metabolism, localization and translation, ultimately modulating the proteome in a dynamic 

fashion (Licatalosi and Darnell, 2010). Therefore, highlighting the changes orchestrating 

gene expression profiles in neurons is a fundamental requirement for understanding 

neuronal properties and function. 

RNA-binding proteins (RBPs) represent a class of proteins that govern the fate of RNA 

from synthesis to degradation, thus playing a critical role in the modulation of gene 

expression dynamics. It has been estimated that approximately 1’500 RBPs are encoded 

in the human genome (Gerstberger et al., 2014) and several experimental approaches 

currently allow the identification of new classes of RBPs (Castello et al., 2016; Perez-Perri 

et al., 2018). Alterations in the expression, function or localization of several of these RBPs 

have been implicated in multiple neurodegenerative diseases, like Spinal Muscular 

Atrophy, fragile X syndrome or autism spectrum disorder (Nussbacher et al., 2019), 

suggesting a fundamental role of this protein class for appropriate brain function.  

Within the mammalian brain, several RBPs were found to be selectively expressed or 

enriched in neurons, compared to other tissues or non-neuronal cells (e.g., NOVA, PTBP, 

RBFOX) (Darnell, 2013; Weyn-Vanhentenryck et al., 2018). However, a few RBPs are 

known to display highly differential expression and activity in specific cardinal neuron 

classes, or even single neuron types. These RBPs have been shown to regulate the 

processing and metabolism of critical target transcripts in a cell type-specific way, 

therefore shaping the properties and function of distinct neuron types in mice (Feng et al., 

2021; Furlanis and Scheiffele, 2018; Nguyen et al., 2016; Saito et al., 2019; Wamsley et 

al., 2018).  
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RBMS3 (RNA-binding motif, single stranded-interacting protein 3) is a member of the 

protein family of c-myc gene single-strand binding proteins (MSSPs) (Penkov et al., 2000), 

which includes RBMS1-3 and DND1. In contrast to the first two members of the family, 

both RBMS3 and DND1 show cytoplasmic localization in cultured cells. In addition, 

RBMS3 presents two RNA-recognition motifs (RRMs) and it strongly binds synthetic poly-

U and poly-A oligoribonucleotides, suggesting a role in the regulation of RNA metabolism, 

rather than DNA transcription (Penkov et al., 2000). In mammals, RBMS3 is expressed 

across multiple tissues, including the pancreas, liver, kidney, muscle and brain (Lu et al., 

2012; Penkov et al., 2000). In humans, some studies have linked diseases like exfoliation 

syndrome or autism spectrum disorders with deletions in the RBMS3 gene (Aung et al., 

2018; Leblond et al., 2019; O'Roak et al., 2011). Moreover, an increasing body of literature 

reports a key role of RBMS3 in stimulating pro-apoptotic pathways, by inhibiting 

angiogenesis, proliferation and metastasis in several cancer models (Chen et al., 2012; Li 

et al., 2011; Liang et al., 2015; Wu et al., 2020; Wu et al., 2017; Yang et al., 2018; Zhang 

et al., 2016a; Zhu et al., 2019). However, very little is known about the role of RBMS3 in 

the nervous system.  

Previous studies in cell cultures have demonstrated the ability of RBMS3 to bind the 3´ 

untranslated region (3´UTR) of target transcripts, resulting in their stabilization (Fritz and 

Stefanovic, 2007; Jayasena and Bronner, 2012; Lu et al., 2012). Nonetheless, the 

molecular function of RBMS3 and its binding targets in the brain have not been 

investigated. 

In the present study, we explore the functional role of RBMS3 in the mammalian nervous 

system. We demonstrate that, in the mouse forebrain, this RNA-binding protein shows 

selective expression in a specific cell class, the GABAergic interneurons (INs). In vivo loss-

of-function studies in mice resulted in elevated responses to cellular stress in the brain, 

and increased anxiety-related behaviors in mice, suggesting an important role of RBMS3 

in regulating GABAergic neuron function. 

RBMS3 shows selective expression in GABAergic neurons of the mouse 

forebrain 

Previous bulk and single-cell RNA-sequencing studies have revealed the pan-neuronal 

expression of multiple RNA-binding proteins across the mouse brain. On the other hand, 

several RBPs show neuron type-specific enrichments (Feng et al., 2021; Furlanis et al., 

2019; Iijima et al., 2014; Nguyen et al., 2016; Wamsley et al., 2018). In the neocortex and 

hippocampus of young adult mice (3 weeks of age), the RBMS3 gene displays selective 
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expression across all the major GABAergic neuron subclasses (Parvalbumin (PV)-, 

Somatostatin (SST)- and Vasoactive intestinal peptide (VIP)-positive neurons), but it is 

almost completely absent from glutamatergic neurons (Fig 1A, (Furlanis et al., 2019)). 

Similarly, single cell RNA-seq studies from adult mouse cortex show an enrichment of 

RBMS3 gene levels across all GABAergic neuron types, but lower or absent expression 

across all glutamatergic cell types and glia (Hrvatin et al., 2018; Tasic et al., 2018).  

In order to support previous computational predictions, we evaluated RBMS3 transcript 

levels in ribosome-associated mRNA, immuno-isolated from genetically-defined neuron 

sub-classes of the mouse neocortex (CamK2 cre-positive, marking subsets of cortical 

glutamatergic neurons, and PV cre-, SST cre- and VIP cre-positive GABAergic neurons), 

and compared them to the total cortical mRNA (Fig 1B). Quantitative PCR (qPCR) 

confirmed the selective enrichment of RBMS3 transcript in all major IN sub-classes, with 

particularly higher levels in PV-positive samples, compared to SST- and VIP-positive 

samples (Fig 1B). 

RBMS3 immuno-staining in mouse brain slices reveals a sparse cellular labelling across 

the six layers of the somatosensory cortex (Fig1C). Co-localization analysis with 

genetically-driven reporter proteins (RPL22-HA or tdTomato, recombined upon cre 

recombinase expression under CamK2 and PV-/SST-/VIP- promoters, respectively) 

demonstrate the absence of RBMS3 protein from CamK2-positive cortical glutamatergic 

neurons (Fig 1C). On the other hand, and in line with published transcriptomic data, 90% 

of PV-positive neurons co-express RBMS3, while approximately 70% of SST- and VIP-

positive neurons show RBMS3 expression, with little variation across distinct cortical 

layers (Fig 1D). In addition, similarly to what was previously reported in other tissues and 

cell lines, RBMS3 shows cytoplasmic localization in GABAergic interneurons of the mouse 

brain (Fig 1C, lower panel). 

Overall, these data reveal the exquisite expression selectivity of the RNA-binding protein 

RBMS3 in GABAergic neurons of the mouse forebrain, both at the mRNA and protein 

levels. Moreover, the cytoplasmic localization indicates a possible involvement in the 

regulation of mRNA metabolism, rather than DNA transcription, in interneurons. 

RBMS3 increases target protein levels by stabilizing their mRNA 

In order to test the contribution of RBMS3 in regulating RNA metabolism, we co-expressed 

in cell cultures (Human Embryonic Kidney – HEK - 293T cells) the full-length (FL) RBMS3 

protein – including the two N-terminal RNA-recognition motifs (RRMs), responsible for the 
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binding to RNA - or the deleted version (RBMS3ΔRRMs), in combination with two reporter 

constructs (Fig 2A). Each of these constructs comprise two luciferase reporters (Renilla 

and Firefly), expressed under separate promoters (cytomegalovirus – CMV – and Herpes 

Simplex Virus-Thymidine Kinase – HSV TK -). While Firefly acts as internal normalizer, 

Renilla is fused to a target 3´UTR region. The test construct includes the 3´UTR of a known 

RBMS3 pancreatic target (i.e., pancreas associated transcription factor 1a - Ptf1a -)(Lu et 

al., 2012), while in the second construct, Renilla is fused to the 3´UTR region of a control 

transcript, the vesicle associated membrane protein 5 (Vamp5) (Fig 2A). 

Predicted consensus motifs of the RBMS3 protein are UA-rich sequences (Fig 2B). Thus, 

we utilized different densities of RBMS3 binding sites on 3´UTR region of our test and 

control reporters: Vamp5 reporter exhibited no predicted binding sites, whereas the Ptf1a 

reporter contains multiple UA-rich sequences (Fig 2A). Moreover, in order to avoid 

artefacts due to different length and stability of UTRs, both the test and control UTR 

fragments have similar length (335 and 275 basepairs – bp -). 

Assessment of mRNA levels of fusion Renilla reporters by qPCR the revealed that, in the 

presence of RBMS3 FL, the test Ptf1a 3´UTR reporter shows a significant increase, 

compared to the condition where RBMS3 FL was not co-expressed, suggesting a 

stabilizing effect of the full-length RBMS3 on the reporter transcript. However, in the 

absence of the two RRMs, RBMS3 protein (RBMS3ΔRRMs) is not able to increase the 

mRNA levels of the test reporter (Fig 2C, left panel). Concomitantly, by reading the 

luminescence of the test reporter protein in a luciferase assay, RBMS3 FL, but not the 

version devoid of the two RRMs, can significantly increase the protein levels of Ptf1a 

3´UTR reporter more than 2-fold (Fig 2C, right panel). On the other hand, for the control 

Vamp5 3´UTR reporter, the co-expression of either the FL or RRMs-deleted version of 

RBMS3 does not significantly affect the amount of the control reporter, as indicated by the 

lack of increase in either mRNA or protein levels of the Vamp5 3´UTR reporter (Fig 2D).  

These results show the ability of RBMS3 to increase the levels of UA-rich 3´UTR-

containing target transcripts, thus resulting in a higher number of protein molecules 

produced. Moreover, this molecular action of RBMS3 depends on the two RNA-recognition 

motifs located at the N-terminal side of the protein. Further experiments will be required to 

confidently exclude a possible role of RBMS3 in transcript regulation and to elucidate the 

eventual additional mechanisms involved in the RBMS3-dependent increase in target 

transcripts’ translation. 
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Loss of RBMS3 does not affect interneurons’ number in the neocortex 

In order to assess the function of RBMS3 in the nervous system in vivo, we created a 

knock-out (KO) mouse model for Rbms3, using the Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)-CRISPR associated protein 9 (CAS9) technology to insert 

an 11 bp-deletion in the exon9 (Fig 3A). This mutation generates a premature stop codon, 

which results in the complete loss of the RBMS3 protein (Fig 3B). Rbms3 KO mice are 

viable, fertile and show no major visible defects in behavior. However, compared to their 

wild-type (WT) littermates, Rbms3 KO mice show an overall decrease in body weight, that 

is significantly visible only after the third week of age (Fig 3C).  

In mice, GABAergic neurons, which we previously demonstrated to be the neuron class 

primarily expressing RBMS3 (Fig 1A-D), are generated in restricted areas of the sub-pallial 

regions during pre-natal stages of development, between embryonic stage 9 and 18 (E9-

E18). Newly born interneurons then migrate tangentially toward pallial regions to reach 

their final location (i.e., neocortex, hippocampus, septum or striatum), until shortly before 

birth (P0) (Lim et al., 2018a). Subsequently, INs experience a phase of programmed cell 

death (P5-P10), in which a small proportion of neurons are eliminated, likely due to lower 

levels of activity (Wong et al., 2018). Finally, starting from P10, INs undergo 

synaptogenesis and circuit refinement, and become fully integrated in the mature neural 

network (Lim et al., 2018a). Rbms3 shows expression in newly born INs starting from early 

stages of embryonic development (Telley et al., 2019). Thus, we tested the possible role 

of RBMS3 in regulating interneuron birth or survival. We compared the levels of well-

known IN marker genes in Rbms3 WT and KO neocortices, at 3 developmental time points 

that followed the major milestones of INs development (P0, P6, P12). Using qPCR, we 

evaluated the difference across the two genotypes of both markers expressed in newly 

born INs (Erbb4 and Lhx6), as well as in mature INs (Gad65 and Gad67). While the Rbms3 

shows the expected significant decrease in KO compared to WT cortices at all ages, other 

IN markers do not show significant differences between the two genotypes and across 

developmental time points. These results suggest that loss of RBMS3 in vivo does not 

affect the number and survival of INs during the first critical phases of IN development. 

RBMS3 loss in the mouse brain results in elevated cellular stress  

In order to closely look at the effects of RBMS3 loss on the transcriptome of an IN sub-

class that shows the highest percentage of cells co-expressing RBMS3 (i.e., PV-positive 

INs, Fig 1A-D), we immuno-isolated ribosome-associate mRNA from cortical PV-positive 
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neurons (PV-RiboTRAP samples) of both Rbms3 WT and KO mice at 25 days of age, and 

performed RNA-sequencing (Fig 4A, B). Using stringent cutoffs (log2FC(KOvsWT)>0.4 or 

<-0.4, p-value<0.01), we observed the differential expression of 41 genes (21 up-regulated 

and 20 down-regulated in KO PV-positive cortical neurons, compared to WT, Fig 4C). 

Amongst the upregulated group, we observe genes whose expression is often induced by 

and aims to attenuate the effects of Endoplasmic Reticulum (ER) stress and Unfolded-

Protein Response (UPR) pathways (e.g., Manf, Sdf2l1, Derl3, Hspa5, Fig 4C). For 

example, Mesencephalitic Astrocyte Derived Neurotrophic Factor (MANF) has been 

previously shown to protect cell health by improving mitochondrial function and autophagy, 

and inhibiting ER stress and ER stress-mediated apoptosis, both in neuronal and non-

neuronal systems (Fu et al., 2020a; Gao et al., 2018; Hakonen et al., 2018; Liu et al., 2018; 

Wang et al., 2020b; Wang et al., 2021; Xu et al., 2019; Yang et al., 2021; Zhang et al., 

2018). In particular, MANF contributes to protein-folding homeostasis by inhibiting 

nucleotide exchange and increasing the stability of the heat shock 70 kDa protein 5 

(HSPA5) (Eesmaa et al., 2021; Yan et al., 2019), whose gene is also upregulated in 

Rbms3 KO PV-Ribo samples. HSPA5 forms a complex with other ER-resident proteins 

(including stromal cell-derived factor 2-like 1 - SDF2L1-), to regulate the rate of protein 

folding in the ER. Upon stress, MANF, HSPA5 and SDF2L1 are upregulated and take part 

in the modulation of the ER-associated degradation (ERAD) machinery in several in vitro 

and in vivo models, leading to proteosomal degradation of misfolded proteins or preventing 

protein aggregation (Gotoh et al., 2001; Hanafusa et al., 2019; Hu et al., 2019; Liu et al., 

2016; Meunier et al., 2002; Sasako et al., 2019; Tiwari et al., 2013; Yan et al., 2019). 

Similarly, Derlin3 (DERL3) is up-regulated by UPR pathway and enhances ERAD and the 

degradation of misfolded proteins, protecting cells from apoptosis in heart and a human 

cell line (Belmont et al., 2010; Glembotski, 2014; Oda et al., 2006). 

In line with these observations, Gene Ontology (GO) analysis for genes differentially 

upregulated in Rbms3 KO PV-Ribo samples revealed the significant regulation (FDR < 

0.05) of pathways modulating responses to unfolded proteins or ER-stress pathway (Fig 

4E, in green). Amongst the differentially regulated genes, we also observe proteins 

regulating activity-dependent synaptic plasticity (e.g., Arc), whose function has been 

primarily studied in glutamatergic neurons (Carmichael and Henley, 2018; Newpher et al., 

2018; Okuno et al., 2018; Wall and Correa, 2018), or genes encoding several transcription 

factors (e.g., Nr4a1/3, Erg1/3 and Sox9, Fig 4C), suggesting a possible shift in several 

downstream pathways upon Rbms3 deletion.  

Indeed, Tandem Mass Tag (TMT) mass-spectrometry analysis of P25 Rbms3 WT and KO 

somatosensory cortices revealed the differential expression of multiple proteins between 
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the two genotypes (405 proteins down-regulated and 806 up-regulated in Rbms3 KO  

somatosensory cortices, compared to WT, Fig 4D). Amongst the top significant GO 

categories for up-regulated proteins, we identify proteins involved in the regulation of 

translation, and, in line with PV-neuron-specific transcriptomic data, in the modulation of 

proteolysis, response to cellular stress and anti-apoptotic pathways (Fig 4F, in green). On 

the other hand, significant categories amongst the down-regulated proteins are involved 

in the modulation of cytoskeletal rearrangements and synaptic vesicle release and function 

(Fig 4F, in red) 

Overall, transcriptomic and proteomic analyses highlighted the contribution of RBMS3 in 

the regulation of responses to cellular stress. Cellular homeostasis and maintenance of 

protein quality control pathways plays a critical role in maintaining cellular proteostasis and 

function (Chambers and Marciniak, 2014; Godin et al., 2016), and their dysregulation is 

involved in several human diseases, including cancer and neurodegeneration (Bernales 

et al., 2012; Oakes and Papa, 2015). Therefore, these data suggest a possible key role of 

RBMS3 in the cellular homeostasis and function of GABAergic cortical neurons. 

Interneuron-specific RBMS3 loss-of-function increases anxiety-related 

behavior in mice 

RBMS3 shows quite widespread expression across multiple tissues in mammals (Lu et 

al., 2012; Penkov et al., 2000) and observed phenotypes in the nervous system could 

potentially result from genetic depletion in other tissues. In order to investigate the effects 

of RBMS3 loss-of-function specifically in the nervous system, we performed a cell class-

specific knock-down (KD) of RBMS3 in INs. We generated two short-hairpin RNA 

(shRNAs), whose intracellular processing and incorporation into the RNA-induced 

silencing complex (RISC) results in the silencing of target mRNAs. While the control hairpin 

(shCtrl) presents antisense sequences that do not bind to any known target mRNA, the 

Rbms3-targeting hairpin (shRbms3) shows sequences complementary to an internal 

region of the RBMS3 mRNA (Fig 5A, upper panel).  Viral delivery in primary cortical 

cultures of the two shRNA constructs, in combination with the fluorescent protein GFP (co-

cistonically expressed under the human synapsin promoter hSyn), clearly shows that the 

Rbms3-targeting (pAAV-hSyn-GFP-shRbms3), but not the control (pAAV-hSyn-GFP-

shCtrl) construct, can significantly reduce RBMS3 protein levels up to 80%, compared to 

the non-infected (NI) condition (Fig 5A lower panel, B).  

We then used these shRNA constructs to perform Rbms3 KD in vivo. RBMS3 gene is 

turned on in newly differentiated interneurons at early stages of mouse development 
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(Telley et al., 2019). We therefore performed an early KD of Rbms3 by in utero-viral 

delivery of both shCtrl and shRbms3 constructs in the ventricles of E15.5 embryos (Fig 

5C). Both constructs contain a Dlx6-enhancer driving the expression of the GFP-reporter 

protein and the shRNA specifically in GABAergic neurons (Dimidschstein et al., 2016) (Fig 

5C). To confirm the specificity of the hairpin’s targeting and rescue its eventual KD effects, 

we co-injected the shRbms3 virus with a Dlx6 driven, shRNA-resistant isoform of Rbms3 

(Rbms3 rescue) in a separate group of animals (Fig 5C). In contrast to Rbms3 KO mice, 

animals injected in utero and selectively displaying GABA neuron-specific loss-of-function 

do not show significant changes in overall body weight at 6.5 week of age, suggesting a 

peripheral cause for the lower body mass observed in the Rbms3 KO mice (Fig  5D). 

Similarly, mice in which RBMS3 expression was restored by the shRNA-resistant Rbms3 

isoform do not show major changes in body weight, compared to the other two groups (Fig 

5D). GABArgic neurons virally targeted in utero present sparse localization in the adult 

mouse brain, with lower density in the dorsal regions of the brain (dorsal cortex, 

hippocampus), but higher occupation in striatum, septum (in particular in the lateral septum 

– L.S. - ) and ventral regions of the brain, like the ventral cortex, olfactory tubercle and 

Cortex-Amygdala transition zone (CxA) (Fig 5E, with zoom-in in F and quantification in G).  

GABAergic neurons has been previously recognized to have a primary role in modulating 

stress and anxiety behaviors in mammals, and GABA receptors-targeting drugs (e.g., 

benzodiazepines) have been widely used to treat anxiety disorders (Lydiard, 2003; 

Nemeroff, 2003; Nuss, 2015). Therefore, we tested the possible effects of RBMS3 loss-

of-function in this class of neurons in a behavioral task (Elevated Plus Maze, Fig 5H) aimed 

to assess the degree of unconditioned fear of heights and open spaces (Walf and Frye, 

2007), and quantified the ratio between the time spent in the open or closed arms of the 

maze. Control (shCtrl) mice do not show any preference between the two arms. In contrast, 

IN-specific RBMS3 loss-of-function (shRbms3) led to a significant decrease in the time 

spent in the open arm, suggesting increased stress levels (Fig 5I, left panel). The group in 

which the shRNA-resistant Rbms3 was over-expressed (shRbms3+Rbms3 rescue) does 

not significantly differ from the control group, demonstrating the specificity of the Rbms3 

KD behavioral effect (Fig 5I, left panel). Similarly, motility within the maze, assessed by 

quantifying the total number of entries in the arms (crossings), is significantly decreased 

in the Rbms3 KD compared to the control group. However, this motor effect is rescued by 

the overexpression of the shRNA-resistant Rbms3 isoform (Fig 5I, right panel).  

Given the variability in the number of virally targeted neurons across animals, we 

evaluated the correlation between the ratio of time spent in the open vs closed arms and 

the number of cells manipulated with viral injections. Thus, we compared time ratios from 
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the Elevated Plus Maze test for Rbms3 KD group, to the number of GFP+ cells in their 

lateral septum, an area previously shown to be important in the control of anxiety-related 

behaviors in rodents (Anthony et al., 2014; Menard and Treit, 1996; Parfitt et al., 2017). 

We observe a strong negative correlation between the two parameters in mice 

manipulated with IN-driven shRbms3 construct expression, suggesting a relationship 

between the number of manipulated cells and the behavioral effect observed in the Rbms3 

KD group (Fig 5J). 

Overall, these data suggest an important role of RBMS3 in the regulation of GABAergic 

neurons’ function in the mouse brain. Further analysis will be required to finely dissect the 

circuits and brain areas involved in the RBMS3-dependent regulation of anxiety-related 

behavior in the mouse brain. 
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Figure 1: The RNA-binding protein RBMS3 is selectively expressed across all major 

GABAergic neuron types, but de-enriched in glutamatergic neurons of the forebrain.  

A. RBMS3 transcript levels (expressed in FPKM - Fragments Per Kilobase Million) 

obtained from sequencing of ribosome-associated mRNA samples, immuno-isolated from 

distinct cortical and hippocampal neuronal sub-classes (Furlanis et al., 2019). In purple, 

CamK2 cre-positive glutamatergic neurons of the neocortex and Cornu Ammonis 1 (CA1) 

region of the hippocampus; in yellow and green, Scnn1a cre-positive layer 4 (L4)- and 

Grik4 cre-positive CA3-specific glutamatergic neurons of the neocortex and hippocampus, 

respectively. In red, pink and light blue, SST cre-, PV cre- and VIP cre-positive 

interneurons of the neocortex or hippocampus, respectively. N=4 biological 

samples/neuronal class. B. Fold-changes (FC) of RBMS3 transcript (assessed by qPCR) 

across ribosome-associated mRNA samples (Ribo-CamK2/-PV/-SST/-VIP), immuno-

isolated (IP) from glutamatergic CamK2 cre- and GABAergic PV cre-/SST cre-/VIP cre- 

positive neocortical cells, compared to total neocortical mRNA (input), and normalized over 

the housekeeping gene gapdh. N=4-6 biological replicates/cell class-Ribo sample. C. 

Upper panel: Representative image of immunohistochemistry staining of RBMS3 protein 

(in green) and reporter proteins (in red; from left: HA staining of CamK2 cre-driven 

expression of RPL22-HA protein; on the right: tdTomato fluorescent protein, whose 

recombination was dependent on PV cre-/SST cre-/VIP cre- expression) in fixed 

somatosensory cortex slices of P25 mice. Scale bar = 100µm. Lower panel: zoom-in of 

small field of view from upper panels, highlighting the cytoplasmic localization of RBMS3 

and the degree of co-localization with reporter proteins. Scale bar = 20µm. D. 

Quantification of the percentage of RBMS3-positive (Rbms3+) cells co-expressing the 

genetically-driven reporter proteins across the four neuron sub-classes analyzed 

(glutamatergic CamK2- and GABAergic PV-/SST-/VIP-positive neurons). Quantification 

was performed separately for layers 1/2/3, 4 and 5/6. Rbms3+ cells in two 300 μm2 

squares/animal were counted. Dots represent the average of the two 300 μm2 

squares/animal. N=3 animals/condition. Exc=excitatory, CX=neocortex, 

HC=hippocampus, L4=layer 4, PV=parvalbumin, SST=somatostatin, VIP=vasoactive 

intestinal peptide.  
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Figure 2: RBMS3 stabilizes UA-rich 3’UTR-containing target transcripts via its RNA-

recognition motifs. A. Cartoon illustrating the two MYC-tagged RBMS3 constructs 

(RBMS3 full-length –FL-, including the N-terminal RNA-recognition motifs –RRMs-, and 

the deleted version, RBMS3ΔRRMs). Below: cartoon of reporter constructs, each 

presenting a Renilla and Firefly luciferase, expressed under the promoters CMV and HSV-

TK, respectively. In the test reporter (Ptf1a 3’UTR), Renilla is fused to the 3’UTR region of 
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the mouse Ptf1a transcript, while the control reporter presents the mouse Vamp5 3’UTR 

region. Lower panel: density of predicted RBMS3 binding sites along the 3’UTR sequence 

of Ptf1a (left) and Vamp5 (right) transcripts. B. Consensus sequences, representing the 

predicted binding sites of RBMS3 protein as reported in RBPmap online tool 

(http://rbpmap.technion.ac.il/). C./D. Normalized mRNA (left panel, assessed by qPCR)  

and protein (right panel, assessed by luminescence quantification) levels of Ptf1a 3’UTR 

(C.) and Vamp5 3’UTR (D.) reporters, without (yellow) and with the co-expression of 

RBMS3 FL (light orange) or RBMS3ΔRRMs (dark orange). Gray dotted lines represent the 

reference mRNA (left) and protein (right) levels of indicated reporters expressed alone. 

Red dotted lines represent the cutoff value in order to consider the mRNA or protein 

enriched in a given condition. P-values are indicated above (one-way repeated measures 

ANOVA test). P-values of conditions that reach both the cutoffs (fold-enrichment>1.5, p-

value<0.01) are highlighted in red. UTR=untranslated region, CMV= cytomegalovirus, 

HSV-TK= herpes simplex virus-thymidine kinase. 
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Figure 3: Rbms3-null mouse show normal levels of IN markers in the cortex.  

A. Schematic of RBMS3 gene in the mouse genome. Below: zoom-in of the WT exon 9, 

targeted by the CRISPR-CAS9 system to generate an 11-bp deletion (KO exon 9), which 

causes the insertion of premature stop codon in the RBMS3 transcript. B. Representative 

western blot for RBMS3 and NeuN proteins in whole-brain protein samples isolated from 

Rbms3 wild-type (wt/wt), heterozygote (ko/wt) and homozygote (ko/ko) mice. Reference 

kDa sizes are shown on the left. Note that RBMS3 protein appears as a double band in 

brain samples, and both bands are eliminated by deletion of RBMS3 gene. C. Histogram 

indicating the body weight (expressed in grams – g -) of Rbms3 WT (wt/wt) and KO (ko/ko) 
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mice, at four different developmental time points (post-natal day 0/6/12/25). P-values 

(ordinary one-way ANOVA multiple comparison test) assessing the differences between 

the two genotypes are indicated (in red are shown p-values that reached the cutoff of 

significance 0.01). Both females and males are included in the quantification. D. fold-

change (FC) of mRNA levels (assessed by qPCR) of RBMS3 and newly born/mature IN 

markers between WT and KO neocortices in mice at three developmental time points 

(post-natal day 0/6/12). Gray dotted line represents the reference mRNA levels in WT 

samples. Red dotted lines represent the cutoff values in order to consider the mRNA 

enriched or de-enriched in KO samples, compared to WT. P-values are indicated above 

(unpaired t-test, comparing fold-changes for WT and KO samples, each normalized to the 

fold-change for gapdh). P-values of comparisons that reach both the cutoffs (fold-

enrichment>1.5 or <0.5, p-value<0.01) are highlighted in red. N=3/4 biological replicates 

for each tested gene, genotype and developmental time point. 
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Figure 4: Deletion of Rbms3 results in increased cellular stress levels in the 

neocortex. A. Schematic representation of mRNA isolation from PV-positive neurons and 

sequencing. Rbsm3 WT (wt/wt) and KO (ko/ko) P25-P27 mice were crossed to have 



96 
 

heterozygote PVcre allele (PVcre/-) and homozygote RPL22HA allele (Ribofl/fl). Cre 

recombinase under PV promoter allows recombining the Ribo locus and expressing an 

HA-tagged RPL22 ribosomal protein. Ribosome-immunoisolation using anti-HA beads 

enables to isolate ribosome-associated mRNAs from PV-positive neurons of Rbms3 WT 

and global KO mice.  B. Representative image of immunohistochemistry staining of 

RBMS3 (in green), RPL22-HA expressed in PV-positive INs (PV-Ribo, in orange) and 

DAPI (to label nuclei, in blue), in the somatosensory cortex of Rbms3 WT (lower panel) 

and KO (upper panel) at P25. Scale bar is indicated. C. Volcano plot of all genes detected 

in the RNA-seq of PV-Ribo mRNA samples. X axis: log2-transformed fold-changes (FC) 

of differential gene expression between Rbms3 KO and WT mice. Y axis: log10-

transformed p-values (p-val). In grey: genes that do not reach the cutoffs of significance; 

in green and red: genes found significantly upregulated (log2(FC)>0.4, p-val<0.01) or 

downregulated (log2(FC)<-0.4, p-val<0.01) in Rbms3 KO samples, compared to WT, 

respectively. Names of interesting genes are highlighted in the plot. N=4 biological 

replicates/genotype. D.  Volcano plot of all proteins detected in the Tandem Mass Tag 

(TMT) mass-spectrometry analysis of proteome from somatosensory cortices of Rbms3 

KO and WT mice. X axis: log2-transformed fold-changes (FC) of differential protein 

expression between Rbms3 KO and WT mice. Y axis: log10-transformed p-values (p-val). 

In grey: proteins that do not reach the cutoffs of significance; in green and red: proteins 

found significantly upregulated (log2(FC)>0.4, p-val<0.01) or downregulated (log2(FC)<-

0.4, p-val<0.01) in Rbms3 KO cortices, compared to WT, respectively. N=4 biological 

replicates/genotype. E./F. Gene Ontology (GO) terms (obtained with Metacore online tool) 

for genes (E.) and proteins (F.) differentially up-regulated (in green) or down-regulated (in 

red) between Rbms3 KO and WT mice. Names of significant categories are indicated in 

the y axis. In the x axis it is indicated the log2-transformed False Discovery Rate (FDR) of 

significant GO categories (minimum cutoff: FDR<0.05).  
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Figure 5: Interneuron-specific RBMS3 loss of function in vivo increases basal 

anxiety levels in mice. A. Upper panel: schematic of constructs packed into Adenovirus 

(AAV) to perform knock-down in cortical culture. Both constructs contain a Synapsin 
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promoter (hSyn) driving the expression of the fluorescent protein GFP and the short-

hairpin RNA (shRNA) including either a control sequence (shCtrl, not targeting any known 

mRNA) or an antisense sequence recognizing the RBMS3 transcript (shRbms3). Lower 

panel: Representative western blot (WB) for RBMS3, NEUN and GFP in protein lysates of 

primary cortical culture not infected (NI), or infected with either AAV carrying the control 

(hSyn-GFP-shCtrl) or Rbms3-targeting (hSyn-GFP-shRbms3) constructs. Reference kDa 

sizes are shown. B. Quantification of RBMS3 protein levels (assessed by WB and 

normalized to NEUN signal) in primary cortical cultures not infected (NI) or infected with 

either control (hSyn-GFP-shCtrl) or Rbms3-targeting (hSyn-GFP-shRbms3) AAVs. P-

values are indicated above (one-way repeated measures ANOVA test). P-values that 

reach the cutoff of significance (p-value<0.01) are highlighted in red. Gray dotted line 

represents the reference RBMS3 level observed in the NI condition. N=3 independent 

cortical cultures. C. Schematic for Rbms3 in vivo knock-down and rescue. Upper panel: 

cartoon illustrating constructs packed into AAV-PHP.Be and injected in utero. All 

constructs present a Dlx-enhancer sequence, driving either the expression of GFP and 

shRNAs (Ctrl and Rbms3), or a MYC-tagged, shRNA-resistent isoform of Rbms3 (Rbms3 

rescue) in GABAergic neurons. Lower panel: cartoon illustrating the procedure of viral in 

utero injection in the lateral ventricles of E15.5 embryos. D. Histogram indicating the body 

weight of 6.5-weeks old mice injected in utero with either control (shCtrl, in gray), Rbms3 

knock-down (shRbms3, in red) or the combination of shRbms3+Rbms3 rescue (in light 

blue), separately for males and females. Each dot represents the average weight of 

littermates from the same in-utero injected mother. Below (in white), the total number of 

animals/category is indicated. The p-values assessing the differences across the three 

different groups are indicated above (one-way ANOVA test). E. Representative images of 

8 weeks-old mouse brain sections, at three different stereotaxic coordinates, stained for 

GFP, showing the location of GFP+ INs marked with the in utero injection. On the left side 

of each image, the reference atlas, highlighting the names of distinct brain areas, is 

indicated. Scale bar is indicated in the image. F. Zoom-in of field of view marked on the 

images in E., respectively of Septum, Cortex-Amygdala transition zone (CxA) and CA3 

region of the hippocampus (Hippo). L.S.=lateral septum, Pyr=pyramidal layer. Scale bar is 

indicated. G. Quantification of number of GFP+ cells marked by in utero injection, in the 

distinct areas indicated. N=27 mice, mixed from all three groups highlighted in C. H. 

Cartoon representing the behavioral setup for the Elevated Plus Maze test. Closed and 

open arms are highlighted. I. log2-transformed ratio between the time (expressed in 

seconds – s-) spent in the open vs closed arm (left panel) and total number of crossing 

between arms (right panel) by mice injected with shCtrl (in gray), shRbms3 (in red) or 

shRbms3+ Rbms3 rescue (in light blue). P-values assessing the differences across 
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groups, and the number of animals testes/group are indicated. P-values that reach 

significance (p-val<0.01) are indicated in red. J. Scatter plot highlighting the correlation 

between the log2-transformed ratio of time spend in the open vs closed arm, and the 

number of GFP+ cells in the lateral septum (L.S.) of mice injected with shRbms3 construct. 

Gray dotted line represents the linear regression. R2 represent the correlation value for 

each mouse. 
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3. Discussion and future directions 
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3.1 Conclusions 

In my PhD thesis, I explored the cell type-specific usage of post-transcriptional 

mechanisms and their functional impact for the definition of neuronal identity and 

properties in the mouse brain. Our results unveiled widespread expression of alternative 

transcript isoforms generated by alternative splicing and transcription start site usage in 

distinct glutamatergic and GABAergic neuron sub-classes of the forebrain. In addition, we 

demonstrated the cell type-specific expression of certain RNA-binding proteins and their 

potential involvement in the regulation of RNA processing in specific neuron types. This 

study demonstrates how post-transcriptional regulation of RNA is not a mere stochastic 

process, but a fundamental program used by highly differentiated cell types to specify their 

synaptic and intrinsic properties. The use of deep RNA-sequencing, combined with 

methods allowing for the isolation of ribosome associated-transcripts, enabled us to 

interrogate also the distribution of rare transcript isoforms that are recruited for translation 

and that go undetected or cannot reliably be quantified from single-cell sequencing data. 

Therefore, this carefully validated dataset provides an important resource to map 

physiologically relevant transcript isoforms. To make this dataset easily accessible for the 

scientific community, we generated a web-based database to retrieve differential isoform 

expression across neuron types of the forebrain for genes of interest (https://scheiffele-

splice.scicore.unibas.ch). 

In a second effort, I thoroughly validated the cell class-specific expression selectivity of the 

RNA-binding protein RBMS3 across the major types of GABAergic neurons in the mouse 

forebrain and showed its role in regulating the transcript and protein levels of target 

mRNAs. In a loss-of-function approach, I highlighted the involvement of this protein in 

regulating cellular stress in the neocortex. Finally, I demonstrated how in GABAergic 

interneurons RBMS3 tightly influences the correct functioning of neural circuits involved in 

the regulation of anxiety-like behaviors in mice. 

Taken together, this thesis work unveiled a primary role of cell type-specific post-

transcriptional regulation of RNA processing and metabolism for the acquisition of 

neuronal identity and for the correct performance of the mammalian brain. These results 

now open the doors to the exploration of other exciting questions. In the following sections, 

I will discuss in details some of the possible future directions originated from my thesis 

work. 

  

https://scheiffele-splice.scicore.unibas.ch/
https://scheiffele-splice.scicore.unibas.ch/
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3.2 Restoring cell type-specific alternative splicing 

programs to restore neuronal function? 

During my PhD work, we demonstrated that distinct subclasses of cortical and 

hippocampal neuron types show complex alternative splicing programs. In addition, we 

revealed how these cell type-specific programs are particularly dedicated to synaptic and 

neuronal functions. Splice isoforms of neurotransmitter receptors, ion channels, synaptic 

adhesion and scaffolding molecules exhibit fundamentally divergent functions in the 

nervous system. Some recent single gene studies revealed that their alternative splicing 

do not simply provide fine-tuning or tweaking of fine-grained details of neuronal properties. 

Rather, splicing programs have emerged as instructive signals for key steps of neuronal 

growth, neuronal recognition, synapse specification, and plasticity (Furlanis and 

Scheiffele, 2018; Li et al., 2020; Thalhammer et al., 2017; Traunmuller et al., 2016; Zhang 

et al., 2016b). New genetic tools for cell type–specific experimentation will further 

accelerate progress toward the fascinating question of how genetic programs and 

neuronal activity–driven mechanisms synergize to achieve the functional organization of 

a complex tissue like the nervous system.  

In humans, more than 90% of gene products are modified by alternative splicing (Pan et 

al., 2008; Wang et al., 2008), and slicing disruptions have been linked to several 

neurodevelopmental disorders (Irimia et al., 2014; Quesnel-Vallieres et al., 2016). This 

significant number of mis-splicing events contributing to disease risk provides an additional 

motivator for elucidating the molecular mechanisms and functional impact of alternative 

splicing regulation in neuronal development and brain function. For example, aberrant 

exon inclusion of transcripts encoding several key neuronal proteins have been linked to 

the anomalous development of the dopamine, GABA or glutamate release system, thus 

resulting in schizophrenic phenotypes (Morikawa and Manabe, 2010). For instance, single 

nucleotide mutations in the introns spanning the alternative cassette exon 6 of the 

Dopamine Receptor D2 (Drd2) can interfere with its inclusion. Shifting the expression ratio 

of the short (D2S - excluding the alternative exon) and long (D2L - including the exon) 

splice isoforms across distinct brain areas can dramatically affect the excitability of 

medium spiny neurons in the striatum (Centonze et al., 2004; Zhang et al., 2007). 

 

Recent technological advancements resulted in the development of therapeutics with the 

aim of correcting aberrant splice choices responsible for several human diseases. 

Antisense oligonucleotides (ASOs), complementary to critical splicing sites, or small 
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molecule compounds, targeting pre-mRNAs and preventing the binding of splicing factors, 

represent nowadays very effective new therapeutic interventions used to modulate splice 

site selection (Fig 3.1) (Daguenet et al., 2015; Ratni et al., 2018; Taladriz-Sender et al., 

2019). In particular, their high brain-penetrance, facility of administration and long half-life 

makes them ideal tools to manipulate the transcriptome of the nervous system. Several of 

these compounds and ASOs are either under clinical trials or have been approved by the 

Food and Drug Administration agency, and are currently successfully used to treat Spinal 

Muscular Atrophy or Duchenne muscular dystrophy, diseases caused by mis-splicing of 

two key genes, survival motorneuron 1 (SMN1) and dystrophin, respectively (Kole and 

Leppert, 2012; Ratni et al., 2018). 

 

Figure 3.1: RNA-targeting tools to interfere with alternative splicing choices.  

Cartoon illustrating a pre-mRNA region constituted by introns (light grey), two flanking constitutive 

exons (darker grey, included in the majority of the mature mRNA isoforms) and two mutually 

exclusive exons (yellow and green). In this example, action of splicing-interfering tools can shift the 

proportion of the two alternative transcript isoforms produced by the mutually exclusive exon usage 

in the mature mRNA. 

Despite the incredible success of these transcript- and exon-specific treatments, their main 

disadvantage is the impossibility of restricting their administration to specific tissues or cell 

types. ASOs and small compounds are systemically distributed, therefore not suitable for 

targeted treatments. Other tools with the potential of cell type-specific delivery have 

developed in parallel in the past years, with the aim of develop splicing-correcting 

therapies that apply technologies of gene replacement, editing or RNA modification. While 

several of these methodologies use for example CRISPR-Cas9 tools to modify the DNA, 

by either deleting or editing critical splice sites (Gapinske et al., 2018; Mou et al., 2017; 

Yuan et al., 2018), others aim to directly target mRNA molecules. For example, engineered 
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versions of U1 or U7 small nuclear RNAs (snRNAs) can facilitate the inclusion of interfering 

antisense sequences into the spliceosomal machinery and allow for the proper nuclear 

localization (Fig 3.1) (Breuel et al., 2019; Goyenvalle et al., 2004; Nlend and Schumperli, 

2012). Effective and durable splicing corrections have been successfully generated using 

modified versions of U1 and U7 snRNAs, carrying antisense sequences targeting the 

SMN2 pre-mRNA, and additionally equipped with splicing enhancers to promote the 

binding of splicing factors and promote the inclusion of exon 7 in the mature mRNA 

(Marquis et al., 2007; Odermatt et al., 2016).  

Recently, a new family of RNA-targeting, catalytically inactive CRISPR-CasRx systems 

have been identified and successfully used to manipulate alternative splicing in a neuronal 

model of frontotemporal dementia, by alleviating dysregulated tau isoform ratios (Fig 3.1) 

(Konermann et al., 2018). 

The main advantage of these recent tools, in contrast with ASOs or small compounds, is 

the potential of packaging them into adeno-associated viruses (AAVs) and specifically 

deliver them in the tissue or cell type of interest. Nowadays, we observe breathtaking 

advancements in the identification of new AAV serotypes with the ability to cross the blood 

brain barrier, to use in research but also to treat central nervous system diseases 

(Haggerty et al., 2020; Hanlon et al., 2019; Hudry and Vandenberghe, 2019; Xu et al., 

2021). Within the brain, these AAVs can reach higher expression selectivity when 

combined with regulatory sequences in their DNA that restrict the expression in specific 

brain areas and even single cell types. Recent studies on open chromatin regions and 

transcription factor binding allowed for the identification of these critical DNA regulatory 

elements. In particular, this work is shedding light onto the species-specific DNA promoter 

and enhancer regions that are essential and sufficient for the regulation of gene expression 

in defined cell types. This information is now successfully used to artificially drive 

expression of reporter proteins in the brain regions and even cell types of interest 

(Andersson et al., 2014; Gao and Qian, 2020; Graybuck et al., 2021; Hrvatin et al., 2019; 

Mich et al., 2021; Michida et al., 2020).  

While this available information on regulatory sequences have been incredibly powerful 

and useful for the cell type-specific manipulation of gene expression, modulation of 

alternative transcript isoform expression has not been explored yet. In the past, a major 

obstacle to the exploration of the functional impact of alternative splicing in the acquisition 

and maintenance of neuronal properties has been the lack of knowledge of how splice 

isoforms are arrayed over distinct neuronal cell types. Our comprehensive genome-wide 

screening revealed hundreds of cell class-specific transcript isoforms that encode key 
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regulators of synaptic function and intrinsic neuronal properties. Therefore, this carefully 

validated dataset provides an important resource to map physiologically relevant transcript 

isoforms and to possibly develop therapeutic interventions based on the cell type-specific 

manipulation of alternative splicing. In the future, combining knowledge on cell type-

specific splicing and enhancer-driven viral gene/mRNA manipulation can open the doors 

to new splicing therapeutics that may not be used merely to repair disease-causing splicing 

events. Instead, they may be broadly applicable approaches for the manipulation of 

neuron- and synapse-specific properties that determine neuronal circuit function in disease 

states. 

3.3 Combining RNA-seq and ATAC-seq: a powerful 

approach to study ATSS-dependent transcript diversity 

In our large-scale transcriptome screening across distinct neuronal cell-classes, we 

unexpectedly identified an additional mechanism for transcript diversification, 

complementary to alternative splicing. We observed that ~30–60% of differentially 

regulated transcript isoforms in the mouse forebrain arose from alternative transcription 

start site (ATSS) usage. The high reads coverage and deep RNA-seq particularly favored 

the identification of 5’ transcript diversity, which is instead generally under-estimated in 

most single-cell or bulk RNA-seq studies, often showing a 3’ bias. Similarly, studies in 

several cell culture models, other brain regions (e.g., cerebellum) and even in human 

tissues, report frequent ATSS usage, which in some cases show developmental time 

point- or tissue-specificity (Qin et al., 2018; Reyes and Huber, 2018; Zhang et al., 2017).  

What is the functional impact of ATSS mechanism and why is it so widely used? The 

differential regulation in alternative first exon inclusion can result in the generation of 

alternative transcripts with distinct 5’ sequences. Consequently, alternative transcripts can 

either have different 5’ untranslated regions (5’UTRs) or, if alternative first exons include 

translation initiation sites, result in protein isoforms with distinct amino-terminal regions. 

For example, work in yeast have demonstrated that longer and shorter 5’ UTRs can 

differentially include binding sites for helicases or initiation factors, thus highly influencing 

translational efficiency of alternative transcripts (Rojas-Duran and Gilbert, 2012). On the 

other hand, inclusion of specific 5’UTR variants can have major impact on the stability of 

mRNAs. For instance, in the cerebellum, transcripts that originate from the two ATSS of 

the Glypican-6 (Gpc6) gene result in two protein isoforms with the same aminoacidic 
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composition and length. However, it had been shown that the usage of alternative TSSs 

in Gpc6 plays a regulatory role in its temporal expression, with one isoform being the 

dominant form at embryonic stage 15, while the other shows increase in expression at 

later post-natal stages (Zhang et al., 2017).  

Indeed, the complex transcript regulation originating from ATSS usage might not only 

modify the cellular protein output, by either producing proteins with alternative N-terminals 

or transcripts with different translational efficiencies. Additionally, ATSS, amongst other 

molecular mechanisms, might have evolved to afford unique spatio-temporal modulation 

of neuronal gene expression. Recent work highlighted the key role of neuronal activity in 

the regulation of alternative exon usage (Denkena et al., 2020). Along with alternative 

splicing, also ATSS seems to depend on the excitability levels of neuronal cells. For 

example, Regulator of calcineurin-1 (Rcan1) gene produces two RCAN1 mRNA variants 

generated by ATSS and resulting in alternative N-termini. RCAN1 is an inhibitor of 

calcineurin-dependent transcriptional response, and represents a critical player in synaptic 

plasticity and formation of memory (Hoeffer et al., 2007). While isoform including exon 2 

as first exon shows more ubiquitous expression, isoform including exon 3 instead is 

primarily produced upon induction of neuronal activity (Denkena et al., 2020). Chronic 

overexpression of Rcan1 version including exon 3 has been observed in brains of patients 

with Down syndrome or Alzheimer’s disease, therefore highlighting the importance in 

maintaining the correct alternative isoforms proportion for correct brain functioning (Harris 

et al., 2007; Hoeffer et al., 2007).  

How is ATSS molecularly achieved? Differently from alternative splicing, where exon 

inclusion choices depends on the recruitment of the splicing machinery, ATSS often results 

from the alternative usage of enhancers and promoters. These are key regulatory 

sequences at the level of DNA where RNA polymerases are recruited and initiate 

transcription. Therefore, our results highlighting the high proportion of cell-class specific 

transcript isoforms generated by ATSS implies a frequent action of cell type-specific 

enhancers and promoters usage. However, while RNA-seq data allow to efficiently identify 

exon inclusion in a given condition, alone they can’t explain how much of this diversity 

depends on transcription initiation happening at the level of DNA. In order to achieve that, 

RNA-seq data must be complemented with information on DNA and chromatin 

accessibility.  

Chromatin in the nucleus is an extremely compact structure consisting of DNA and 

proteins (histones). Only certain chromatin regions are accessible in a given tissue or cell 

type to the transcriptional machinery, resulting in their characteristic gene expression 
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signature. A recently developed high-throughput tool allows for the transposase-

dependent analysis of accessible chromatin DNA sites (i.e., ATAC-seq) (Buenrostro et al., 

2013), and it’s now widely used to identify chromatin openings sites, even in single cells 

(Baek and Lee, 2020). In combination with RNA-seq data, this tool has the potential to 

identify promoter and enhancer regions responsible for the alternative first exon choice. 

An increasing number of studies, by complementing single cell RNA-seq transcriptomic 

analysis with ATAC-seq from the same neuronal cell types, have recently identified the 

promoter and enhancer regions responsible for the selective gene expression profiles in a 

given cell type or developmental time point (Kakebeen et al., 2020; Kanton et al., 2020; 

Ranzoni et al., 2021; Wang et al., 2020a). Nonetheless, due to a lack of isoform-specific 

resolution, this work often does not take into account the alternative transcription start sites 

of a gene, but rather focus on the most highly used and conserved TSS. Our genome-wise 

screening of alternative isoforms can therefore represent an ideal resource to identify cell-

class specific ATSS, and possibly link the generation of alternative isoforms with the 

alternative start of transcription in accessible DNA regions of specific neuronal classes.  

Preliminary analysis comparing our cell class-specific RNA-seq data with ATAC-seq data 

obtained from the same genetically defined cell classes and brain regions used in our 

study (Mo et al., 2015) showed promising results (Fig 3.2). The example gene Otub2 in 

Fig. 3.2 presents two alternative transcription start sites (ATSS1 and ATSS2). From our 

RNA-seq analysis, glutamatergic neurons (Exc) show particular enrichment in the 

inclusion of exon 1 for Otub2, compared to PV- and VIP-positive GABAergic neurons, 

which instead preferentially include exon 2 as first exon (Fig 3.2). In line with this, ATAC-

seq reads from glutamatergic samples show increased reads accumulation in proximity to 

the TSS of the alternative exon 1 (Fig 3.2), indicating a higher accessibility in that genomic 

region. While further detailed analysis is required, this example illustrates the possible 

implication of structural DNA conformations and TSS accessibility for the generation of 

neuron class-specific enrichment of specific alternative mRNA isoforms.  
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Figure 3.2: Cell type-specific chromatin accessibility at alternative TSS of Otub2  

Otub2 shows ATSS usage across distinct cortical cell sub-classes, with CamK2-positive excitatory 

neurons (Exc) preferentially including exon 1 as first exon, while PV- and VIP-positive INs 

preferentially use exon 2 (highlighted on the left side of the image). Concomitantly, chromatin 

accessibility reads in CamK2-positive samples show reads accumulation near the ATSS associated 

to exon1 (ATSS1), while in PV- and VIP-samples we observed higher ATAC-seq peaks around the 

genomic region including the ATSS2 (Mo et al., 2015). 

Lastly, an interesting question regards the effectors responsible for these ATSS choices. 

We know that enhancer and promoter genomic sequences are often targeted by 

transcription factors (TFs), which represent a large class of DNA-binding proteins that can 

specifically recruit RNA polymerases and start transcription. In the past, researchers have 

shed light on the combinatorial expression and action of TFs in regulating the characteristic 

gene repertoire in a given neuron type, ultimately defining its identity or cell state (Lodato 

and Arlotta, 2015; Mayer et al., 2018; Mi et al., 2018b; Nord et al., 2015; Woodworth et al., 

2016). Nowadays, there is an increasing number of available tools that, based on the 

knowledge of TF binding motifs, allow for the enrichment analysis of these DNA sites at 

the level of open chromatin regions (Balwierz et al., 2014; Fu et al., 2020b; Gearing et al., 

2019; Keilwagen et al., 2019; Lee and Huang, 2013). These computational tools have the 

power to predict TF’s binding sites from either single cell or bulk RNA-seq and ATAC-seq 

data, enabling the study of cell type-specific TF’s binding and action in defining gene 

expression signatures. However, similarly to the analysis of enhancer and promoter usage, 

the lack of information on specific transcript isoforms in a given cell class did not allow to 

explore the contribution of TF binding to the expression of certain alternative mRNA 

variants. Thus, information on cell class-specific isoform expression unveiled in our work, 

combined with data on chromatin accessibility and TF motif enrichment will further open 

the doors to the exploration of TFs’ action in defining cell class-specific ATSS usage and 

alternative transcript isoforms expression.  
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3.4 RBMS3: a modulator of critical mRNA targets for the 

correct functioning of GABAergic neurons? 

In my thesis project, for the first time we provided a detailed analysis on the expression 

distribution and function of the RNA-binding protein RBMS3 in the mammalian brain. We 

revealed that this member of the MSSP protein family shows highly selective gene and 

protein expression in all major sub-classes of GABAergic neurons in the forebrain, namely 

the PV-, SST-and VIP-positive interneurons, with special enrichment in the PV-expressing 

cells. In particular, we observed that this expression specificity is maintained throughout 

development. As early as embryonic day 14 (E14), RBMS3 is completely absent from 

proliferative areas where IN precursors are self-replicating; on the other hand, RBMS3 

starts to be expressed in newly born interneurons as soon as they become post-mitotic, 

and remains expressed throughout adulthood (preliminary data not shown).  

Despite its selective expression in INs throughout their maturation process, RBMS3 does 

not seem to influence either their birth or survival. Indeed, genetic removal of RBMS3 in 

mice does not affect the total number of INs in the neocortex, as indicated by the consistent 

levels of IN marker genes in Rbms3 knock-out and wild-type mice at different ages (in 

addition, by immunohistochemistry analysis, in progress). Nonetheless, from our 

proteomic and cell type-specific transcriptomic screening comparing Rbms3 WT and KO 

mice, we observe that loss of RBMS3 seems to affect several intracellular pathways. In 

particular, differential gene expression analysis in Rbms3 WT and KO PV-positive neurons 

revealed an up-regulation of a few genes encoding proteins critically involved in cellular- 

and endoplasmic reticulum(ER)-stress-induced mechanisms. These cellular responses 

contribute to restoring protein-folding homeostasis via autophagy or proteosomal 

degradation, therefore protecting cells from apoptosis (Belmont et al., 2010; Eesmaa et 

al., 2021; Hanafusa et al., 2019; Meunier et al., 2002; Oda et al., 2006; Sasako et al., 

2019; Tiwari et al., 2013; Yan et al., 2019). On the other hand, we observe several genes 

down-regulated in Rbms3 KO PV-positive neurons. Notably, amongst other genes, 

multiple transcription factors show significant de-enrichments, including Egr1, Nr4a1 and 

Nr4a3. Interestingly, similar to RBMS3 itself, NR4A1/3 have been shown to act as tumor 

suppressors in several cancer models (Mohan et al., 2012; Safe et al., 2014; Wenzl et al., 

2015), further supporting the hypothesis of a direct link between these molecules. 

Following the binding to specific promoter regions, TFs have the potential to drive the 

expression of multiple genes, thus influencing several intracellular pathways. Interestingly, 

previous studies carried out in diverse cell culture models and in zebrafish demonstrated 
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the ability of RBMS3 to regulate gene expression levels of several transcription factors 

(e.g., Ptf1a, Prx1, Sox9a) via its binding to their 3’UTR regions (Fritz and Stefanovic, 2007; 

Jayasena and Bronner, 2012; Lu et al., 2012). Thus, possibly the RBMS3-dependent 

stabilizing effect onto mRNA encoding critical transcription factors might be a conserved 

mechanism used across different species, tissues and cell types to regulate the 

homeostasis of essential cellular pathways and their correct function.  

Our transcriptomic survey gives a clear indication about the genes differentially expressed 

upon RBMS3 loss-of-function in PV-positive neurons. However, it is hard to untangle the 

direct vs indirect effects of Rbms3 removal. Having demonstrated a potential stabilizing 

role on target transcript, it is plausible to think that genes showing de-enrichment upon 

Rbms3 deletion are possible direct binding targets, while up-regulated genes are instead 

a secondary effect of eventual dysregulated cellular pathways. To best address this 

question, we are currently performing UV-dependent crosslinking of RNA-protein 

complexes, followed by immunoprecipitation and RNA-seq (i.e., CLIP). This method allows 

for the efficient recovery of RNA-binding proteins of interest (isolated thanks to specific 

antibodies) and their associated RNA molecules (Fig 3.3). Partial digestion of immuno-

isolated RNA additionally grant the possibility to identify the location and even the 

nucleotidic sequence of the protein binding within the target transcript. In our ongoing 

experiment, carried on with the help of Dietmar Schreiner in the lab, interneuron-specific 

expression of an HA-tagged RBMS3 version in cortical cultures resulted in the efficient 

recovery of UV-cross-linked RNA-protein complexes. Following RNA-seq, we will be able 

to identify the endogenous RNA binding targets on RBMS3 in interneurons and the binding 

location on the target transcript, and to validate the predicted consensus motif. 

Conceivably, the information on the endogenous targets in cortical GABAergic neurons 

will shed light on the molecular action of RBMS3 and on the mechanism that it uses to 

regulate interneurons’ function. 
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Figure 3.3: Cartoon illustrating the CLIP experiment to identify RBMS3’s target 

transcripts in GABAergic neurons.  

Cortical cultured INs are infected with adenovirus expressing an HA-tagged version of RBMS3 

protein. Pulses of UV-light cause crosslinking of RNA-protein complexes. Following cell lysis and 

RNAse treatment (to digest RNA not protected by the RNA-binding protein), RBMS3, together with 

bound RNA fragments, is immuno-isolated using anti-HA beads. RNA-seq will allow to map the 

binding sites and identify RBMS3’s target transcripts in GABAergic neurons. 

3.5 RBMS3 as essential modulator of cellular stress in 

neurons  

In our transcriptomic screening in Parvalbumin-positive neurons of Rbms3 KO mouse 

cortices, we identified several genes that show a shift in expression levels, compared to 

Rbms3 WT neurons. In particular, we observed an increase of genes whose expression is 

usually induced upon ER stress and as consequence of the accumulation of mis-folded 

proteins (e.g., Manf, Sdf2l1, Derl3, etc.). These genes encode for proteins involved in 

several cellular pathways aimed to rescue the normal protein production and folding, thus 

avoiding the otherwise inevitable cell death. Moreover, a proteomic screening of 

neocortices across Rbms3 WT and KO mice revealed over a thousand of proteins with 

significantly different expression rates, suggesting a dramatic effect of RBMS3 loss in the 

mouse forebrain. From our pathway analysis, we showed that genetic Rbms3 deletion 

seems to decrease in particular the expression of proteins involved in the maintenance of 

cytoskeletal architecture and cell polarity, like ROCK1/2, α-ACTININ, α/β-FODRIN, 

TROPOMYOSIN, PACSIN1/2, etc. In addition, we observe down-regulation of several 

proteins responsible for the correct vesicle exocytosis or synapse formation (e.g., 

PICCOLO, HOMER, BASSOON, SNAP-25, SHANK, DLGAP1, CLATHRIN light chain, 

etc.), suggesting the involvement of RBMS3 in regulating the homeostatic and/or dynamic 

morphological rearrangements, as well as synaptic functions in GABAergic neurons.  

In line with the transcriptomic data obtained comparing wild-type and Rbms3-deficient 

mice, the proteins up-regulated upon RBMS3 loss take part to several cellular pathways 

involved in proteolysis, response to hypoxia and oxidative stress, and protection of cells 

from apoptosis, along with an increase in translation. For example, we observe an 

enrichment of many proteasome (PSMA1/3/6/7, PSMB3/5, PSMD3/8/12/14) or G protein-

coupled receptor (G-protein α/β/γ) subunits, and proteins involved in MAPK-dependent 

anti-apoptotic pathways, like the PDGF receptor, which has been shown to have 

neuroprotective effect against oxidative stress by inhibiting apoptosis (Kruk et al., 2013; 
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Wang et al., 2014; Zheng et al., 2013).  Moreover, we find chaperones (e.g., HSP90), that 

either assist protein folding or eventually aids in their degradation, or ubiquitin enzymes 

(i.e., UBE1) that under stress conditions mediates the conjugation of target proteins with 

the ubiquitin-like molecule NEDD8 (Leidecker et al., 2012).  

The role of RBMS3 as regulator of cellular stress is a particularly intriguing hypothesis, 

especially in vision of the well-documented correlation of RBMS3 loss-of-function with the 

aggressiveness and treatment-resistance of several tumor types (Chen et al., 2012; Li et 

al., 2011; Liang et al., 2015; Wu et al., 2020; Yang et al., 2018; Zhang et al., 2016a; Zhu 

et al., 2019). While the direct effect of RBMS3 onto dis-regulated transcripts in these 

cancer models is not well demonstrated, a pro-apoptotic action of this RNA-binding protein 

is consistently reported, and RBMS3 expression correlates with a protective effect against 

the uncontrolled proliferation typical of tumors. One possible explanation for the key role 

that RBMS3 seems to have in tumor formation might indeed rely on its involvement in the 

regulation of cellular stress pathways. We know that cellular stress, as result of an increase 

in reactive oxygen species, mis-folded proteins or malfunctioning mitochondria, can 

ultimately result in DNA damage and thus uncontrolled proliferation. RBMS3 might 

represent an essential molecule that induces programmed cell-death and inhibit the 

uncontrolled proliferation, possibly by regulating transcript levels of critical regulators of 

these pathways. 

Apparently in contrast with this hypothesis, in our mouse model RBMS3 loss-of-function 

does not seem to affect the survival of GABAergic neurons in the brain. One possible 

explanation for this discrepancy compared to other tissues might rely on the differential 

role of RBMS3 in dividing versus post-mitotic cells. Indeed, in the developing brain RBMS3 

is absent from proliferative areas and expressed only in post-mitotic GABAergic neurons 

(preliminary data, not shown). Another possible explanation might rely on the severity of 

the consequence of cell death in the nervous system, particularly in neurons. Being 

terminally differentiated cells, neurons don’t have the potential to replicate, and massive 

apoptosis of INs at mature stages can have dramatic effects on the excitation/inhibition 

balance and in the normal brain functioning. Conceivably, neurons have evolved molecular 

mechanisms to rescue the damages caused by ER/oxidative stresses, and avoid neuronal 

loss. Indeed, cells utilize multiple pathways activated in response to intracellular stress 

(namely, unfolded protein response – UPR -, Endoplasmic-reticulum-associated protein 

degradation – ERAD - , or autophagy pathways) and that aim to either drive cell toward 

cell death if the damage is irreversible, or alternatively rescue these defects to restore 

normal cell function. An increasing body of literature shows how the maintenance of 
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mitochondrial, ER and oxidative homeostasis is a fundamental mechanism for survival and 

for preservation of physiological functions in neurons (Filiou and Sandi, 2019; Hirabayashi 

et al., 2017; Karagas and Venkatachalam, 2019; Lee et al., 2018). Dysfunctional protein 

and intracellular organelle homeostasis have been linked to several neurological disorders 

like Parkinson’s disorder, Alzheimer’s disease or anxiety, with defective neuronal signaling 

and synaptic events (Fowler et al., 2019; Ozturk et al., 2020; Srinivasan et al., 2020; van 

Ziel and Scheper, 2020). Therefore, RBMS3 in post-mitotic neurons can possibly 

represent a key player in the regulation of intracellular pathways involved in the rescue 

from stress-induced cell death. 

Nowadays, therapeutic treatments to restore oxidative homeostasis and prevent cell 

damage have been widely used in several mouse models of neurological disorders and 

even in humans to neutralize the possible sources of cellular stress. These treatments rely 

on compounds (e.g., N-acetyl-cysteine, Glycine or Taurine) that raise the levels of 

glutathione (GSH), one of the most important endogenous antioxidants in the brain, whose 

levels are often decreased in patients with anxiety and stress-related pathologies. These 

molecules are highly tolerable and have been successfully used to relieve 

pathophysiological symptoms (Zalachoras et al., 2020). 

  

One of the main downregulated protein in Rbms3-deficient mice is the glutathione 

peroxidase 8 (GPX8). Notably, we observed consistent downregulation of GPX8 

expression in Rbms3 KO mice across all brain regions analyzed (cortex, hippocampus, 

cerebellum) and developmental stages (post-natal day 6 and 25) (data not shown). This 

protein is an ER-resident redox enzyme that can prevent ER- and oxidative-stress and 

regulate stress-related Ca2+ signaling. Indeed, loss of GPX8 induces ER stress and cell 

death due to the leakage of H2O2 from the ER into the cytosol, and induces Ca2+ release 

from the ER (Kanemura et al., 2020; Mehmeti et al., 2017; Ramming et al., 2014; Yoboue 

et al., 2017). Therefore, given the key role of GPX8 in preventing excessive presence of 

reactive oxygen species in the brain, its lower levels in Rbms3 KO neocortices, 

concomitant with the increase in expression of stress-induced genes, suggest a defect in 

Rbms3 KO mice in regulating oxidative cellular levels. Future experiments involving the 

chronic treatment of Rbms3 KO mice with antioxidant compounds might restore the 

oxidative homeostasis in GABAergic neurons, thus ultimately rescuing the proteomic 

defects observed in the brain. RBMS3 loss in the cortex results in decreased expression 

of proteins involved in cytoskeletal and synaptic vesicle release, suggesting defects in 

neuron connectivity and synaptic functions Thus, chronic supply of antioxidant compounds 
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can have the potential to additionally rescue the behavioral alterations observed in mice 

with GABAergic neurons-specific RBMS3 loss-of-function. 
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4.1 Materials and Methods – Furlanis et al., 2019 

Mice. All procedures involving animals were approved by and performed in accordance 

with the guidelines of the Kantonales Veterinäramt Basel-Stadt. Male and female mice 

were used in this study. 

Rpl22-HA (RiboTRAP) mice (Sanz et al., 2009), Pvalb-cre mice (Hippenmeyer et al., 

2005), SST-cre mice (Taniguchi et al., 2011), CamK2-cre mice (Tsien et al., 1996), Grik4-

cre mice (Nakazawa et al., 2002), VIP-cre mice (Taniguchi et al., 2011) and Scnn1a-cre 

(Madisen et al., 2010),  were obtained from Jackson Laboratories (Jax stock no: 011029, 

017320, 013044, 005359, 006474, 031628, 009613, respectively). All lines were 

maintained on a C57Bl6/J background. The specificity of cre-lines for recombination of the 

Rpl22-allele was confirmed by immunohistochemistry and matched previous reports in the 

literature. 

Immunohistochemistry and imaging. Animals (males and females) from postnatal day 

25 to 42 were transcardially perfused with fixative (4% paraformaldehyde in 100mM 

phosphate buffer, pH 7.4). The brains were post-fixed overnight in same fixative at 4°C. 

Coronal brain slices were cut between Bregma -1.43 and -2.15 (including somatosensory 

cortex and dorsal hippocampus) at 50 µm with a vibratome (Leica Microsystems VT1000). 

For immunohistochemistry, brain sections were kept in PBS before incubation for 1 hour 

with blocking solution containing 0.05% Triton X-100 and 10% normal donkey serum. 

Slices were incubated with primary antibodies in blocking solution at 4°C overnight and 

washed three times in PBS containing 0.05% Triton X-100, followed by incubation for 2 

hours at room temperature with a secondary antibody. Sections were washed three times 

in PBS before mounting onto microscope slides with Fluoromount-G (SouthernBiotech, 

0100-01). The following primary antibody was used in this study: rat anti-HA (Roche, 

11867431001, 1:1000); Secondary antibody was: donkey anti-rat IgG-Cy3 (Jackson 

ImmunoResearch, 712-165-153, 1:1000). Hoechst dye was co-applied with primary 

antibody at a final concentration of 0.5 µg/ml. Images for assessing the Rpl22-HA 

expression were acquired at room temperature on a Slidescanner AxioScan.Z1 (Zeiss) 

using 10X objective. Stacks of 24 µm width (4 µm interval) were acquired and were then 

processed by doing maximum projection. Images were assembled using Fiji and Illustrator 

Software. 

RNA isolation by RiboTRAP pulldowns. For RiboTRAP purifications, the procedure of 

Heiman and colleagues for affinity-purification of polysomes (Heiman et al., 2014), was 

modified as follows: Neocortices and hippocampi from mice between postnatal day 25 and 
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28 (males and females) were dissected in ice-cold PBS. For CamK2-cre and Grik4-cre 

mice, given the later onset of cre-recombinase expression, hippocampi between postnatal 

day 39 and 42 were used. Moreover, control samples from animals negative for either 

Rpl22 or cre-recombinase were used to ensure for specificity of the pulldown. For 

interneuron pulldowns, four hippocampi or cortical hemispheres (2 animals per condition) 

were lysed in respectively 1 mL or 14 mL (1:20 weight per volume) of homogenization 

buffer containing 100mM KCl, 50mM Tris-HCl pH 7.4, 12mM MgCl2, 100µg/mL 

cycloheximide (Sigma-Aldrich), 1mg/mL heparin (Sigma-Aldrich), 1x complete mini, 

EDTA-free protease inhibitor cocktail (Roche), 200 units/mL RNasin© plus inhibitor 

(Promega) and 1mM DTT (Sigma-Aldrich). Excitatory neuron pulldowns were performed 

on single animals and hippocampi or neocortices were homogenized in 0.5mL or 7mL of 

homogenization buffer, respectively. The lysate was centrifuged at 2’000 x g for 10 

minutes. Igepal-CA630 (Sigma-Aldrich) was then added to the supernatant to a final 

concentration of 1%. After 5 minutes incubation on ice, the lysate was centrifuged at 

12’000 x g for 10 minutes. Before incubation with beads, 1% of the supernatant was taken 

(Input) and resuspended in 350 µL of RLT plus buffer from RNeasy Plus Micro Kit (Qiagen, 

74034) supplemented with 2-Mercaptoethanol (Sigma-Aldrich) as suggested by 

manufacturer’s instructions. Anti-HA coupled magnetic beads (Pierce, 88837) were added 

to the supernatant: 140 µL of beads for all neocortical samples, 20 µL for CamK2-cre and 

Grik4-cre hippocampal samples and 15 µL for SST-cre hippocampal samples. Incubation 

was performed under gentle rotation at 4°C for 3-4 hours. After incubation, beads were 

quickly washed 3-4 times in washing buffer containing 300mM KCl, 1% Igepal-CA630 

(Sigma-Aldrich), 50mM Tris-HCl, pH7,4, 12mM MgCl2, 100 µg/mL Cycloheximide (Sigma-

Aldrich) and 1mM DTT (Sigma-Aldrich). Beads were than eluted in 350 µL of RLT plus 

buffer from RNeasy Plus Micro Kit (Qiagen) supplemented with 2-Mercaptoethanol 

(Sigma-Aldrich).  

RNA purification, quantification, quality check and RT-qPCRs. RNA purification (for 

both input and immunoprecipitated RNA) was performed using RNeasy Plus Micro Kit 

(Qiagen), following the manufacturers’ instructions. RNA was quality-checked on the 

Bioanalyzer instrument (Agilent Technologies) using the RNA 6000 Pico Chip (Agilent, 

5067-1513). Only RNA samples with RNA integrity number (RIN) higher than 7.5 were 

used for the following steps. RNA concentration was quantified by Fluorometry using the 

QuantiFluor RNA System (Promega, E3310). 90 ng and 20 ng of RNA was reverse 

transcribed from neocortical and hippocampal samples, respectively, using random 

hexamers (Promega) and Superscript III Reverse Transcriptase (Invitrogen, 18080093).  
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To determine the fold-enrichment of respective marker genes in immunoprecipitated RNA 

compared to input purifications, DNA oligonucleotides were used with FastStart Universal 

SYBR Green Master (Roche, 4913914001) and comparative CT method. Samples were 

considered to be specific if immunoprecipitated RNA exhibited correct de- or enrichments 

of respective marker genes and if RNA of control samples did not show any selectivity for 

marker genes. For each assay, two technical replicates were performed and the mean 

was calculated. The mRNA levels were normalized to gapdh mRNA. RT-qPCR assays 

were analyzed with the StepOne software.  

The assessment of fold-enrichments for RNA obtained from VIP-cre was performed using 

commercial Taqman probes from Applied Biosystems: Vip (Mm00660234_m1), vGat 

(Mm00494138_m1), vGlut1 (Mm00812886_m1), Gfap (Mm01253033_m1). 

DNA Oligonucleotides used with SYBR Green-based real-time PCR (name and sequence 

5’->3’ are indicated): 

CamK2-F: AGAAGTTCAATGCCAGGAG 
CamK2-R: CAGAAGATTCCTTCACACCA 
Gad67-F: GTACTTCCCAGAAGTGAAGAC 
Gad67-R: GAATAGTGACTGTGTTCTGAGG 
Gapdh-F: GCTTGTCATCAACGGGAAG 
Gapdh-R: TTGTCATATTTCTCGTGGTTCA 
Gfap-F: CTCGTGTGGATTTGGAGAG 
Gfap-R: AGTTCTCGAACTTCCTCCT 
Pvalb-F: CATTGAGGAGGATGAGCTG 
Pvalb-R: AGTGGAGAATTCTTCAACCC 
Pvrl3-F: TGACTGTGTTAGTTGAACCCA  
Pvrl3-R: CTGCTACTGTCTCATTCCCT 
Rgs14-F: ATGGATTTGGAGAATCCAGTG  
Rgs14-R: TTCACTCATCTTTGCATCCG  
Scnn1a-F: AAAGAGAAGCGGGAGTCAGC 
Scnn1a-R: CGGTGAGTTGGAGACGTCAA 
SST-F:  CGTCAGTTTCTGCAGAAGTC 
SST-R: AGTACTTGGCCAGTTCCTG 
Tdo2-F: ATGAGTGGGTGCCCGTTTG 
Tdo2-R: GGCTCTGTTTACACCAGTTTGAG 
Vgat-F: CGTGACAAATGCCATTCAG  
Vgat-R: AAGATGATGAGGAACAACCC  
Vglut1-F: ACCCTGTTACGAAGTTTAACAC 
Vglut1-R: CAGGTAGAAGGTCCAGCTG 
Wsf1-F: CATCATTCCCACCAACCTG 
Wsf1-R: TACTTCACCACCTTCTGGC 

Library preparation and Illumina sequencing. For all five neocortical and three 

hippocampal neuronal populations, 4 biological replicates with RIN > 7.5 were analyzed, 

resulting in a total of 32 individual samples. Library preparation for all samples was 

performed with 50 ng of RNA using the TruSeq PolyA+ Stranded mRNA Library Prep Kit 

High Throughput (Illumina, RS-122-2103). Libraries were quality-checked on a Fragment 
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Analyzer (Advanced Analytical) using the Standard Sensitivity NGS Fragment Analysis Kit 

(Advanced Analytica, DNF-473), revealing excellent quality of libraries (average 

concentration was 49±14 nmol/L and average library size was 329±8 base pairs). The 32 

samples were pooled to equal molarity and the pool was quantified by PicoGreen 

Fluorometric measurement. The pool was adjusted to 10pM for clustering on C-Bot 

(Illumina) and then sequenced Paired-End 101 bases using the HiSeq SBS Kit v4 

(Illumina, FC-401-4003) on a HiSeq 2500 system. Primary data analysis was performed 

with the Illumina RTA version 1.18.66.3 and bcl2fastq-v2.20.0.422.  

QC and RNA-seq pre-processing. The splicing analysis of RNA-Seq data were 

performed by GenoSplice technology (www.genosplice.com). Data quality, reads 

repartition (e.g., for potential ribosomal contamination), and insert size estimation were 

performed using FastQC, Picard-Tools, Samtools and rseqc. Reads were mapped using 

STARv2.4.0 (Dobin et al., 2013), against the exons defined in the proprietary Mouse FAST 

DB v2016_1 database (de la Grange et al., 2007), using a mismatch cutoff of 2 and 

discarding reads with 10 or more alignments. The minimum chimeric segment length was 

15. Read counts were summarized using featureCounts (Liao et al., 2014), in two stages. 

First, unique reads per exon were counted. In the second stage, multimapping reads were 

fractionally allocated to exons based on the distribution of unique counts of exons within a 

gene. Total counts were then calculated based on three constitutivity classes defined in 

FAST DB: class 2 includes exons present in more than 75% of annotated transcripts for a 

gene (“constitutive”), class 1 includes exons present in 50-75% of transcripts (“semi-

constitutive”), and class 0 includes exons present in less than 50% of transcripts 

(“alternative”). Total counts per gene were summed from constitutivity class 2 exons if their 

FPKM values exceed 96% of the background FPKM based on intergenic regions. If counts 

from class 2 exons were insufficient to exceed the detection threshold, class 1 and 

eventually class 0 exon counts were included to reach the detection threshold.  

Differential gene expression analysis. The analysis of differential expression was 

conducted using DESeq2 v1.22.2 (Love et al., 2014). The input read count matrix was the 

same as used for the splicing analysis. Neocortical samples were modeled as a group with 

a shared base mean, and each sample set was contrasted against all neocortical samples. 

The hippocampal samples were contrasted in all pairwise combinations. A series of 

additional pairwise contrasts were conducted for comparisons across anatomical brain 

regions. Results for these contrasts using the Ward test and Benjamini Hochberg for p-

value adjustment as implemented in DESeq2 are compiled in an Excel workbook 

(Supplementary Table1). For the principal component analysis, counts were normalized 
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using the variance stabilizing transform (vst) as implemented in DESeq2. For heatmaps 

and the web app plots, the internal normalization factors of DESeq2 were used to 

normalize the counts. 

Alternative splicing analysis. Analysis at the splicing level is first performed taking into 

account reads mapping to exonic regions and to exon-exon junctions (EXON analysis) in 

order to potentially detect new alternative events that could be differentially regulated (i.e., 

without taking into account known alternative events). When mapping to exon-exon 

junctions, reads were assigned to both exons, therefore counted twice (the minimum 

number of nucleotides for a read to be considered mapped to an exon is 7). 

In order to consider an exon expressed, FPKM values for exons must be greater than 96% 

of the background FPKM value based on intergenic regions. Only exons expressed in at 

least 3 of the 4 biological replicates of each condition and in at least one of the compared 

experimental conditions were further analyzed.  

For EXON analysis illustrative cartoon, refer to Supplementary Figure S5. Briefly, for every 

expressed exon from expressed genes, a Splicing Index [SI, defined as the ratio between 

read density on the exon of interest (= row number of reads on the exon/exon length in 

nucleotides) and read density on constitutive exons of the gene; “class 2”] are generated, 

as well as fold-change (log2(FC), calculated by comparing the SI value in one condition to 

the mean SI value in all conditions considered) and p-value (unpaired Student’s t-test). 

Results are considered statistically significant for p-values ≤ 0.01 and log2(FC) ≥ 1 or ≤ -

1.  

Analysis at the splicing level is also performed by taking into account known splicing 

patterns (PATTERN analysis) annotated in the FAST DB database (de la Grange et al., 

2007)(i.e., for each gene, all annotated splicing patterns are defined, and a Splicing Index 

(SI) is generated from the comparison of normalized read density on the alternative 

annotated patterns. For PATTERN analysis illustrative cartoon refer to Supplementary 

Figure S5). All types of alternative events can be analyzed: Alternative transcription start 

site, alternative last exons, cassette exon, mutually exclusive exons, alternative 5’ donor 

splice site, alternative 3’ acceptor splice site, intron retention, internal exon deletion and 

complex events (corresponding to mix of several alternative event categories). In Figure 2 

and S8 we have merged intron retention and internal exon deletion events to one single 

category (“intron retention”). 

Pattern analysis is performed for every condition; log2(fold-change) of SI against all 

conditions considered and p-value (unpaired Student’s t-test) are generated. Results are 

considered statistically significant for p-values ≤ 0.01 and log2(FC) ≥ 1.  
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FAST DB database includes annotations of 4965 microexons (defined as exons 3-27 

nucleotides long), out of the 268827 total exons annotated (1.8%). In the neuronal 

populations analyzed, we identified 4140 (in the neocortex) and 3889 (in the hippocampus) 

microexons reaching the cutoff for detection (2.8% and 2.7% of the total exons detected 

in these forebrain regions, respectively). Specifically, amongst the total DR exons within a 

neuronal class we find 5.1% of microexons in Camk2, 3.8% in Scnn1a, 5.3% in SST, 4.7% 

in both PV and VIP. 

Validation of regulated alternative splicing events. We used RT-PCR for experimental 

validation of differentially regulated splicing events detected by RNA-Seq. The cDNA 

amounts and PCR cycle numbers were carefully titrated to ensure linear amplification 

range and avoid signal saturation that would interfere with quantification. Standard PCR 

reactions were performed using 5X Firepol Master mix (Solis BioDyne, 04-11-00125) and 

designed exon-flanking DNA oligonucleotides. PCR products were resolved by gel 

electrophoresis and images acquired on a Biorad analyzer and processed in Fiji. 

Supplementary Figure 12 shows uncropped gel images. DNA Oligonucleotides used for 

RT-PCR are listed below (name and sequence 5’->3’ are indicated). 

Anks1b-exon21-F: GCGATGCAAGGAGGAGAAGA 
Anks1b-exon23-R: GAGGTCGCAAGGTGATGGAA 
Cadps-exon18-F: CACGCCTATCTGAGTATGCCA 
Cadps-exon21-R: GTCTTCGAGCTTTTTGGCGG 
Ctnna2-exon17-F: CAAAGTGAAGGCCGAGGTTC 
Ctnna2-exon19-R: TTTTGGCTGCCTGGATGAGT 
Cacna1d-exon32-F: GAACATGGTCTTCACAGGGGT 
Cacna1d-exon33-R: CTGCCGATTACGATGAGGGA 
Cacna1d-exon32-F: ACATGGTCTTCACAGGGGTC 
Cacna1d-exon34-R: CAACGACGCTACCAACAACA 
Nlgn1-exon4-F: ACCATGGCACTTCCCAGATG 
Nlgn1-exon6-R: ACCTTCCATGTAAGAGCCGC 
Stxbp1-exon19-F: AGATGCGCTGTGCTTACGAA 
Stxbp1-exon21-R: ACCCTAAGCCTCCCCCATAG 
Kcnq2-exon9-F: CTAACCTCTCACGCACCGAC 
Kcnq2-exon11-R: CTCCAGCTGGTTCAGAGGTG 
Cacna1d-exon8-F: TGCGTTCTCAGGGAATGGAC 
Cacna1d-exon9-R: TGACAAAATACACCCAGGGCA 
Cacna1d-exon8-F: TGGCACGGAATGTAGGAGTG 
Cacna1d-exon10-R: ATACACCCATGGCCATTCCC 
Gria1-exon15-F: ACCGTCTGTGTTTGTTCGGA 
Gria1-exon16-R: TTTGTCCAAAAGCCCCTGCT 
Gria1-exon15-F: ACCGTCTGTGTTTGTTCGGA 
Gria1-exon17-R: TCCTTGCTTCCACATTCCCC 
Shisa9-exon5-F: AGCTCAACAAGTACGCCTCC 
Shisa9-exon7-R: TTGGTGCGAGACTTCTGTCC 
Kcnq2-exon12-F: CAGCCAGAGCCATCACCAAG 
Kcnq2-exon14-R: TCGGGCTGTCATCAAGACTC 
Dlgap4-exon10-F: CCTCCACGAACCACATCGAA 
Dlgap4-exon11-R: TGGGAACCGCTCCTTCTAGT 
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Dlgap4-exon12-F: CCAGTCCATCGGGATTCAGG 
Dlgap4-exon13-R: AGGAACCAGTAGCCATCCCT 

Fluorescent in situ hybridization. Fluorescent in situ hybridization was performed 

adapting the ViewRNA ISH Cell Assay kit (Invitrogen, QVC0001) for tissue sections. P25 

wild-type mouse brains (C57BL/6j background) were snap frozen in liquid nitrogen and 18 

μm coronal sections were cut between Bregma -1.43 and -2.15 (including somatosensory 

cortex and dorsal hippocampus) on a cryostat. Sections were fixed at 4°C overnight with 

4% paraformaldehyde in 100mM phosphate buffered saline, pH 7.4. The procedure 

followed the manufacturers’ instructions, except for protease treatment, which was 

performed at a dilution of 1:100. 

Transcripts for splicing factors and cell type-specific markers were detected with the 

following commercial probes (Invitrogen): Celf4 (VB1-3044679), Elavl2 (VB1-3030263), 

Ptpb3 (VB1-3047128), Rbfox3 (VB1-13443), Camk2a (VB4-3112005), Pvalb (VB4-

19638), Rorb (VB4-3131885), Sst (VB4-3112424) and Vip (VB4-3112423).  

Images were acquired at room temperature with an upright LSM700 confocal microscope 

(Zeiss) using 40X Apochromat objectives. Stacks of 10-13 µm width (0.6 µm interval 

between stacks) were acquired from layer 2-3 (L2-3) of primary somatosensory area (S1) 

for CamK2-, SST-, PV- and VIP-positive neocortical cells and from layer4 (L4) of S1 for 

Rorb-positive cells. For CA1- or CA3-specific pyramidal cells, images were acquired from 

CamK2-positive cells in cornu ammonis 1 and 3 regions of hippocampus, while for 

hippocampal SST-positive interneurons images were taken from cells residing in stratum 

oriens. Cell types were identified based on the presence of the corresponding marker 

transcript. A region of interest (ROI) was drawn to define the area of the cell and dots in 

the ROI were manually counted throughout the stacks. The number of dots in the ROI 

were then normalized to 100 μm2 area. Images were assembled using Fiji and Illustrator 

Software. 

Heatmaps and sashimi plots. For clustering analysis of gene expression, Normalized 

Feature Counts values were used and data were scaled by row. For clustering analysis of 

Splicing Index (SI) values obtained from EXON analysis, data were scaled by row and by 

column. Exons with NA values (not assigned, when no reads are mapping to constitutive 

parts of the gene) or Inf values (infinite, when no reads are mapping to the exon) were 

excluded, in order to not be biased by very lowly expressed genes or exons. In all cases, 

distance was calculated by Pearson correlation and the resulting distance matrix was 

clustered using Ward.D2. Heatmaps were generated in R using the heatmap.2 function of 

gplots package. Sashimi plots were generated using the MISO software package (Katz et 

al., 2010). 
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Plasmids. Splicing reporters for Gabrg2, Grin1 and Kcnq2 were assembled from synthetic 

DNA fragments ordered as gBlocks (Integrated DNA Technologies); for Grin1, an AT-rich 

intronic region that could not be synthesized was amplified from genomic mouse DNA 

using the following primers (name and sequence 5’->3’ are indicated): 

Grin1_i4_F: GTATATATGCATGGACGTGCACGC 
Grin1_i4_R: CTGTGGTATGAGCAGGAGCGTTAGC 

Reporters are composed of two flanking constitutive exons, the alternative exon (exon 9, 

4 or 13 for Gabrg2, Grin1 and Kcnq2, respectively) and the first and last 500 or 300 

nucleotides of intronic regions (which contains regulatory elements for splicing reaction). 

A translational stop codon was included at the end of the last constitutive exons of Grin1 

and Kcnq2 reporters. In the case of Gabrg2, exon 10 represents the last exon.  

Chromosomal coordinates of splicing reporters are: 

Gabrg2: 41915784 – 41916489, 41913470 – 41914493, 41912319 - 41913091 
Grin1:  25312928 – 25313604, 25310375 - 25311905 
Kcnq2:  181096650 – 181096979, 181091939 – 181092592, 181088347 – 
181088870 

Splicing reporters were then cloned into pmRFP-c1 vector cutting with SacI and SalI. All 

reporter plasmids are available on request. 

The plasmids encoding splicing factors used are: pCMV-Ptbp1-His, pCMV-Ptbp2-His, 

pCMV-Ptbp3-His, pCMV-hnRNPA1-YFP, pCMV-hnRNPH1-YFP, pCS3-myc6-Rbfox1 

(A016), pCS3-myc6-Rbfox2 (F011), pCS3-myc6-Rbfox3 (S). 

Cell cultures and transfection. Cortical neuron cultures were prepared from E16.5 

mouse embryos. Neocortices were dissociated by addition of papain (Worthington 

Biochemical, LK003176) 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 DIV7, cortical cultures were transfected 

with 400 ng/well of splicing reporters and Lipofectamine 3000 reagent (ThermoFisher 

Scientific, L3000008) diluted in opti-MEM medium (Gibco, 31985-062) using a 1:1.5 DNA-

Lipofectamine ratio. 

20,000 Neuroblastoma 2a (Neuro2a) or HEK293T cells (obtained from ATCC) were plated 

in 96 well plates and were kept in DMEM (Sigma, D5796) supplemented with 10% FBS 

(Gibco, 10270106) and 1% penicillin/streptomycin at 37°C. After 24h, cells were 

transfected using FuGENE HD Transfection reagent (Promega, E2691) with 50 ng of 

splicing reporter DNA alone or in combination with 50 ng of splicing factor DNA. 
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RNA isolation, Reverse transcription and RT-PCR. 24 h (for Neuro2a and HEK293T 

cells) or 48h (for cortical neurons) post-transfection, cells were lysed with 100 or 600 μl, 

respectively, of RLT buffer from RNeasy Plus Micro Kit (Qiagen, 74034) supplemented 

with 2-Mercaptoethanol (Sigma-Aldrich) and RNA was purified according to the 

manufacturer’s instructions. 400 ng of RNA was reverse transcribed from all samples using 

random primers (Promega, C118A) and ImProm-II™ Reverse Transcriptase (Promega, 

A3802). 

For evaluation of differential reporter processing in different cells and conditions, cDNA 

amounts and PCR cycle numbers were carefully titrated to ensure linear amplification 

range. Standard PCR reactions were performed using 5X Firepol Master mix (Solis 

BioDyne, 04-11-00125) and DNA oligonucleotides targeting the RFP sequence (to avoid 

detection of endogenous transcripts) and the last flanking exons. 

DNA Oligonucleotides used for standard PCR (name and sequence 5’->3’ are indicated): 

RFP_F:   AAGCTGGACATCACCTCCCA 
Gabrg2_e10_R: ATGGTTGCTGATCTGGGACG 
Grin1_e5_R:  ATCAGCAGAGCCGTCACATT 
Kcnq2_e14_R: TCGGGCTGTCATCAAGACTC 

Gene ontology. Analysis of GO terms both for neocortical and hippocampal samples was 

performed using the statistical overrepresentation test (Mi et al., 2013) of the PANTHER 

classification system (PANTHER14.1, released 2019-03-08 and 2019-04-17), available on 

http://pantherdb.org. Genes showing significant differential expression (log2(FC) ≥ 0.6 and 

≤ -0.6, p-value ≤ 0.05; base mean for neocortex: all neocortical samples) and genes with 

significant alternative splicing events (log2(FC) ≥ 1 & ≤ -1; p-value ≤ 0.01 from either EXON 

or PATTERN analysis) were analyzed using the GO cellular component annotation data 

set and Fisher's Exact test with Benjamini-Hochberg false discovery rate correction for 

multiple testing. Alternative first exon events were excluded to analyze the functional role 

of alternative splicing programs only. In order to be considered significant, GO terms must 

have a minimum number of 10 genes, fold-enrichment ≥ 2 and False Discovery Rate (FDR) 

≤ 0.05. As background reference list, all genes expressed (see methods for details of gene 

expression) in the neocortex for neocortical comparisons, or in either cell class of the 

pairwise comparisons were used. Panther output list GO terms in a hierarchical 

organization, enabling identification of super-categories which were further analyzed. 

Moreover, only terms significant in at least one neocortical population, hippocampal 

comparison or across anatomical region were used for heatmap visualization. In Fig. 5a, 

corresponding fold changes of the gene expression analysis were incorporated. 

Redundant term categories were excluded. 
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General statistical methods. Sample sizes were chosen based on previous experiments 

and literature surveys. No statistical methods were used to pre-determine sample sizes. 

Exclusion criteria used throughout this manuscript were pre-defined. There are detailed 

descriptions in the respective sections of the methods. Group assignment was defined by 

genotype, thus, no randomization was necessary. Knowledge of experimental conditions 

was needed for proper execution of experiments. Therefore, investigators were not blinded 

during data collection and/or analysis. Appropriate statistical tests were chosen based on 

sample size. Due to “n” in the analysis normal distribution and equal variances of measures 

were not formally tested. Thus, individual data points or measures are presented in the 

manuscript and data distribution was assumed to be normal. Sequencing analysis was 

performed on four animals per genotype exhibiting similar variances. N-numbers for in situ 

hybridizations and RT-PCRs are indicated in the figures. P-value calculations have been 

performed using the student t-test, Ward test, or one way ANOVA with Tukey’s multiple 

comparison test. FDR calculations were performed with the Benjamini Hochberg 

correction.  
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4.2 Materials and Methods – Manuscript in preparation 

Mice. All procedures involving animals were approved by and performed in accordance 

with the guidelines of the Kantonales Veterinäramt Basel-Stadt. Male and female mice 

were used in this study. 

Rpl22-HA (RiboTRAP) mice (Sanz et al., 2009), Pvalb-cre mice (Hippenmeyer et al., 

2005), SST-cre mice (Taniguchi et al., 2011), CamK2-cre mice (Tsien et al., 1996), VIP-

cre mice (Taniguchi et al., 2011), tdTomato mice (Madisen et al., 2010) were obtained 

from Jackson Laboratories (Jax stock no: 011029, 017320, 013044, 005359, 031628, 

007914, respectively). All lines were maintained on a C57Bl6/J background. The specificity 

of cre-lines for recombination of the Rpl22-allele was confirmed by immunohistochemistry 

and matched previous reports in the literature. Pregnant Wild-type females used for in-

utero viral injections have RjOrl:SWISS background. 

 

Generation of Rbms3 deficient mice. The Rbms3 null allele was obtained using 

Cas9/CRISPR. The Cas9/CRISPR target sequence cgttctgtagggcagctgtg(ggg) (PAM 

sequence in brackets) in exon9 of the Rbms3 gene was modified directly in mouse one-

cell embryos by electroporation. C57BL/6J female mice underwent ovulation induction by 

i.p. injection of 5 IU equine chorionic gonadotrophin (PMSG; Folligon–InterVet), followed 

by i.p. injection of 5 IU human chorionic gonadotropin (Pregnyl–Essex Chemie) 48 h later. 

For the recovery of embryos, C57BL/6J females were mated with males of the same strain 

immediately after the administration of human chorionic gonadotropin. Embryos were 

collected from oviducts 24 h after the human chorionic gonadotropin injection, and were 

then freed from any remaining cumulus cells by a 1–2 min treatment of 0.1% hyaluronidase 

(Sigma-Aldrich) dissolved in M2 medium (Sigma). Prior to electroporation, the zona 

pellucida was partially removed by brief treatment with acid Tyrode’s solution and the 

embryos were washed and briefly cultured in M16 (Sigma) medium at 37°C and 5% CO2. 

Electroporation with a mixture of 16uM cr:trcrRNA hybrid targeting Rbms3 and 16uM Cas9 

protein (all reagents from Integrated DNA Technology, IDT) was carried out using 1mm 

gap electroporation cuvette and the ECM830 electroporator (BTX Harvard Apparatus). 

Two square 3 ms pulses of 30V with 100 ms interval were applied as previously described 

(Chen et al., 2016). Surviving embryos were washed with M16 medium and transferred 

immediately into the oviducts of 8–16-wk-old pseudopregnant Crl:CD1(ICR) females  that 

had been mated with sterile genetically vasectomized males (Haueter et al., 2010) the day 

before embryo transfer (0.5 dpc). Pregnant females were allowed to deliver and raise their 

pups until weaning age. 
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In total 74 embryos were electroporated and 51 surviving embryos were transferred into 3 

foster mothers. All foster mothers produced live litters with a total of 13 viable F0 pups. 

Seven F0 pups carried insertion or deletion modifications in the Rbms3 gene. Selected 

founder animal (carrying an 11 bp-deletion) was bred to generate homozygous KO mice.  

RNA isolation and qPCR. In Fig. 1B, cell type-specific RiboTRAP samples from 

CamK2/PV/SST/VIP cre-expressing cortical neurons were isolated and purified as 

described in Furlanis et al., 2019. In Fig. 3D, neocortices were dissected from brains of 

Rbms3 WT and KO animals at three ages (P0, P6, P12). Tissue was lysed using Trizol 

reagent (Sigma, T9424) following the manufacturer’s protocol. RNA fractions were isolated 

on columns using RNeasy Plus Mini Kit (Qiagen, 74034). To determine the fold-enrichment 

of Rbms3 or interneuron marker transcripts, DNA oligonucleotides were used with 

FastStart Universal SYBR Green Master (Roche, 4913914001) and comparative CT 

method. The mRNA levels were normalized to gapdh mRNA. RT-qPCR assays were 

analyzed with the StepOne software. DNA Oligonucleotides used for real-time PCR (name 

and sequence 5’->3’ are indicated): 

Rbms3-F: CTGACCTATGACCCCACAGC 
Rbms3-R: TGGTATGTGGAGACAGGGGA 
Erbb4-F: CCAACCACCTTTCAACTGGA 
Erbb4-R: TAGAACTAGGGCAGGCTCGT 
Lhx6-F: GTCCTTCACCGCAGAGCAA 
Lhx6-R: TGGATGACCCTGCGACTGAG 
Gad65-F: AATTGGCAGACCAACCGCAA 
Gad65-R: GACAGCTGATTAAAATATCGGGGA 
Gad67-F: GTACTTCCCAGAAGTGAAGAC 
Gad67-R: GAATAGTGACTGTGTTCTGAGG 

Immunohistochemistry and imaging. Immunohistochemistry for analysis of Rbms3 co-

expression with genetically defined reporters in the mouse somatosensory cortex (Fig. 1C) 

was performed as described in Furlanis et al., 2019. For immunohistochemistry of Rbms3 

WT, KO and in-utero injected mice, animals were transcardially perfused with fixative (4% 

paraformaldehyde in 100nM phosphate buffer, pH 7.4) at P25. Brains were post-fixed 

overnight at 4ºC, incubated in 30% sucrose in 1xPBS for 48h, and frozen in Optimal 

Cutting Temperature compound (Cell Path, KMA-0100-00A). Tissues were sectioned at 

40 µm on a cryostat (Microm HM650, Thermo Scientific).  Floating sections were kept in 

1XPBS before incubation with blocking solution containing 0.05% Triton X-100 in 1XPBS 

and 10% normal donkey serum. The slices were incubated with primary antibody at 4 °C 

overnight and washed three times in 1XPBS containing 0.05% Triton X-100, followed by 

incubation for 2 hours at room temperature with a secondary antibody. The sections were 

washed three times in 1XPBS before mounted onto microscope slides with Fluoromount-
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G (SouthernBiotech, 0100-01). The following primary antibodies were used in this study: 

rat anti-HA (Roche, 11867431001, 1:1000), rabbit anti-Rbms3 (Novus biologicals, NBP1-

89497), mouse anti-GFP (Santa Cruz, sc-9996); Secondary antibodies were: donkey anti-

rat IgG-Cy3 (Jackson ImmunoResearch, 712-165-153), donkey anti-rabbit Alexa Fluor 488 

(Abcam, ab150073), donkey anti-mouse Alexa 488 (Abcam, ab150105), all used 1:1000. 

Hoechst dye was co-applied with primary antibody at a final concentration of 0.5 µg/ml. 

Images were acquired at room temperature with an upright LSM880 confocal microscope 

(Zeiss) using 10X Apochromat objectives. Stacks of 24 µm width (0.8 µm interval between 

stacks) were acquired from primary somatosensory area (S1) and then processed by 

doing maximum projection. For in-utero injected mice, images were acquired at room 

temperature on a Slidescanner AxioScan.Z1 (Zeiss) using 20X objective. Stacks of 8.4 µm 

width (1.63 µm interval) were acquired and were then processed by doing maximum 

projection. For quantification of Rbms3 co-localization with genetically-defined reporters, 

for each animal two regions of interest of 300 μm2 (ROIs) were drawn, separately for each 

layers group (layers I-II-III, IV, V-VI) and cells expressing either the reporter 

protein/Rbms3/both were counted using an in-house generated macro program using Fiji. 

Calculated percentages from the two sections/animal were averaged and plotted. Images 

were assembled using Fiji and Illustrator Software. 

Luciferase assay. The 3’UTR sequences of Ptf1a and Vamp5 transcripts were ordered 

as gBlocks (IDT) and inserted into the dual luciferase psiCHECK-2 vector (Promega), 

downstream of the Renilla luciferase open reading frame, using XhoI and NotI restriction 

enzymes. The nucleotidic sequence of the test and control 3’UTR reporters are the 

following: 

Ptf1a 3’UTR: 
GACAGCTCACATCGGGTTGGCCGCGTCTTTGTGCATATTGTACGTGTAAATAAATAC
CTATAATGTAAATGTAATTTAAAGACCACATTTTTCTAATGGCAATCAACTGTTTGTTA
TTTATCTATTTATTATTCTGTCGAGTTAATGAAATAGATTGTCTTTTAAAATATATAATT
TATATAATTTATCGTGATGTTCTATAATATGATTTCCTGAAGCACCTTTGACAGAAGA
ACTGGAAGAACTCTGTCCAGGAAACTCCGTGCTTATTTAATATCAGAATTGGTTTATT
TCTGAGTGTTGTTAATAAATGTTATTCACATGTGTTTCTATAA  

Vamp5 3’UTR: 
GCCTAGGATGCAGGTGATGCCTTAGGGACTGGGGACTGACCCAGCCCGGCCTGAA
GGGAAGGCTGAATGACTGCACTGGCCTGTTTTGGTCTCCAGAGAATCCTGGTGTTT
GCTTCCATCTAGGACACCCAAATGACTGCTGAAGGGCATCCAGGATTATGTGCACC
TCTGCATCTCCCATCATGCCATGGACTGGCCCTTGAGAGTGGACTGCTGCACTGGC
CCTATTAGGCCACACCACTGGAGCTCAGTAAAAGCTGCTCTTTGGTTAAAAA 

HEK293T cells were plated at 20,000 cells/well in a 96 well in DMEM supplemented with 

10% FBS and 1% penicillin/streptomycin at 37°C. After 24h, cells were transfected using 

FuGENE HD Transfection reagent (Promega) with 60 ng dual luciferase construct 
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containing Ptf1a 3’UTR or Vamp5 3’UTR, with or without 30 ng of Rbms3 FL construct 

(Origene, NM_001172121) or Rbms3 deleted of the two RNA-recognition motifs 

(Rbms3ΔRRMs). Cells were collected for processing using the Dual-Luciferase reporter 

assay kit (Promega) or for purification of RNA. Renilla and firefly luciferase activity was 

measured using a Tecan Sparks plate reader. Renilla luciferase activity was normalized 

to firefly activity.  

For RNA extraction, cells from two wells were lysed each with 100 μL of RLT buffer from 

RNeasy Plus Micro Kit (Qiagen, 74034) supplemented with 2-Mercaptoethanol (Sigma-

Aldrich) and pooled. RNA was purified according to the manufacturer’s instructions. 

Genomic and plasmidic DNA was digested on column using DNase I (Roche, 

04716728001). Approximately 400 ng of RNA was reverse transcribed from all samples 

using random primers (Promega, C118A) and ImProm-II™ Reverse Transcriptase 

(Promega, A3802). cDNA was diluted 1:10 and RNA amount of reporter transcripts was 

quantified by RT-qPCR using FastStart Universal SYBR Green Master (Roche, 

4913914001) and primers for Renilla and Firefly cDNA.  Relative Renilla mRNA levels 

were calculated using the comparative CT method and normalized to the Firefly mRNA. 

Condition where neither Rbms3 FL or ΔRRMs were co-expressed was used as reference 

and set as value 1. 

Oligonucleotides used for real-time PCR (name and sequence 5’->3’ are 

indicated): 

Firefly-F: CATTCTTCGAGGCCAAGGT 
Firefly-R: TTCACGTAGCCGGACATAATC 
Renilla-F: TCCAGATTGTCCGCAACTAC 
Renilla-R: CTTCTTAGCTCCCTCGACAATAG 

Neuronal culture and viral Rbms3 knockdown. Cortical neuron cultures were prepared 

as described in Furlanis et al., 2019. At day in vitro 1 (DIV 1), cultured neurons were 

infected with Adenovirus (AAV) co-cistronically expressing under the human synapsin 

promoter (hSyn) the fluorescent reporter GFP and the short hairpin RNAs (control – ctrl -, 

not targeting any known endogenous transcript, or anti-Rbms3 – shRbms3 -, targeting an 

internal sequence of the Rbms3-expressing transcript). Approximately 15’000 viral 

particles/neuron were delivered on cultured neurons. 

Western blot. Whole brains from Rbms3 WT, HET and KO mice or cultured cortical 

neurons at DIV 12 were dissected and lysed in RIPA buffer (NaCl 150nM, TrisHCl 50 mM, 

SDS 0.1%, EDTA 5 mM, IGEPAL – Sigma CA-630 - 1%, protease inhibitor – cOmplete 

Mini EDTA-free, Roche, 11836170001 -), using 2 ml of buffer per 100 mg of tissue or 500 

μL/well. Protein lysates were sonicated and centrifuged for 20 min at 15’000 g at 4°C. 
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Aliquots of supernatant were run on acrylamide 4-20% gel (BioRad, 4561096), transferred 

on nitrocellulose  membranes (Biorad, 1704158) and immunoblotting was done with HRP-

conjugated secondary antibodies and Pierce ECL Western Blotting Substrate. The 

following primary antibodies were used in this study: rabbit anti-Rbms3 (Novus biologicals, 

NBP1-89497) and rabbit anti-NeuN (Abcam, ab177487), mouse anti-GFP (Santa Cruz, sc-

9996). Signals were acquired using an image analyzer (Bio-Rad, ChemiDoc MP Imaging 

System). Images were analyzed using ImageJ and assembled using Adobe illustrator. In 

Fig. 5A, Rbms3 protein levels were normalized to NeuN signal, and not-infected condition 

(NI) was used as reference and set as value 1. 

RNA isolation, library preparation and sequencing. MRNA from PV-positive neurons 

of Rbms3 WT and KO mice neocortices was isolated and purified as described in Furlanis 

et al., 2019, using one single animal/experiment. RNA was quality-checked on the 

Bioanalyzer instrument (Agilent Technologies) using the RNA 6000 Pico Chip (Agilent, 

5067-1513). Only RNA samples with RNA integrity number (RIN) higher than 7 were used 

for the following steps. RNA concentration was quantified by Fluorometry using the 

QuantiFluor RNA System (Promega, E3310). Library preparation for all samples (4 Rbms3 

WT and 4 KO PV-RiboTRAP samples) was performed, starting from 50 ng total RNA, 

using the TruSeq Stranded mRNA Library Kit (Illumina, 20020595) and the TruSeq RNA 

UD Indexes (Illumina, 20022371). 15 cycles of PCR were performed. Libraries were 

quality-checked on the Fragment Analyzer (Advanced Analytical) using the Standard 

Sensitivity NGS Fragment Analysis Kit (Advanced Analytical, DNF-473) revealing 

excellent quality of libraries (average concentration was 93±25 nmol/L and average library 

size was 372±4 base pairs). Libraries were pooled to equal molarity. The pool was 

quantified by Fluorometry using the QuantiFluor ONE dsDNA System (Promega, E4871). 

Libraries were sequenced Single-reads 76 bases (in addition: 8 bases for index 1 and 8 

bases for index 2) using the NextSeq 500 High Output Kit 75-cycles (Illumina, FC-404-

1005) loaded at 1.4pM and including 1% PhiX. Primary data analysis was performed with 

the Illumina RTA version 2.4.11 and Basecalling Version bcl2fastq-2.20.0.422. The 

Nextseq run yielded on average per sample: 50±6 millions pass-filter reads. 

QC, RNA-seq pre-processing and differential gene expression analysis. Data quality, 

reads repartition (e.g., for potential ribosomal contamination), and insert size estimation 

were performed using MultiQC. Reads were mapped using STARv2.4.0 (quantMode 

GeneCounts) (Dobin et al., 2013), against GRCm38 reference genome and count the 

reads per gene. The analysis of differential expression was conducted using DESeq2 
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v1.22.2 (Love et al., 2014) by comparing samples isolated from Rbms3 WT and KO 

animals. Ward test for p-value calculation was calculated as implemented in DESeq2. 

Global Proteomics Analysis using Tandem Mass Tags (TMT). Somatosensory cortices 

were dissected from Rbms3 WT and KO mice and lysed in 150 μl lysis buffer (1% sodium 

deoxycholate (SDC), 0.1 M TRIS, 10 mM TCEP, pH = 8.5) using strong ultra-sonication 

(10 cycles, Bioruptor, Diagnode). Protein concentration was determined by BCA assay 

(Thermo Fisher Scientific) using a small sample aliquot. Sample aliquots containing 50 μg 

of total proteins were reduced for 10 min at 95 °C and alkylated at 15 mM chloroacetamide 

for 30 min at 37 °C. Proteins were digested by incubation with sequencing-grade modified 

trypsin (1/50, w/w; Promega, Madison, Wisconsin) overnight at 37°C. Then, the peptides 

were cleaned up using iST cartridges (PreOmics, Munich, Germany) according to the 

manufacturer’s instructions using an RESOLVEX® A200 positive pressure workstation 

(Tecan Group Ltd., Männedorf, Switzerland). Samples were dried under vacuum and 

stored at -80 °C until further use.  

Sample aliquots comprising 5 μg of peptides were labeled with isobaric tandem mass tags 

(TMTpro 16-plex, Thermo Fisher Scientific) as described previously (Ahrne et al., 2016) 

using a Freedom Evo 100 liquid handling platform (Tecan Group Ltd., Männedorf, 

Switzerland). Shortly, peptides were resuspended in 10 μl labeling buffer (2 M urea, 0.2 M 

HEPES, pH 8.3) and 2.5 μL of each TMT reagent were added to the individual peptide 

samples followed by a 1 h incubation at 25°C, shaking at 500 rpm. The labelling reaction 

was quenched by adding 0.75 μL aqueous 1.5 M hydroxylamine solution and incubation 

for 10 min at 25°C. After pooling, the pH of the obtained sample was increased to 11.9 by 

adding 1 M phosphate buffer (pH 12) and incubated for 20 min at 25°C to remove TMT 

labels linked to peptide hydroxyl groups. Subsequently, the reaction was stopped by 

adding 2 M hydrochloric acid until a pH < 2 was reached. Finally, the peptide sample was 

further acidified using 5 % TFA, desalted using Sep-Pak Vac 1cc (50 mg) C18 cartridges 

(Waters) according to the manufacturer’s instructions and dried under vacuum. 

TMT-labeled peptides were fractionated by high-pH reversed phase separation using a 

XBridge Peptide BEH C18 column (3,5 µm, 130 Å, 1 mm x 150 mm, Waters) on an Agilent 

1260 Infinity HPLC system. Peptides were loaded on column in buffer A (20 mM 

ammonium formate in water, pH 10) and eluted using a two-step linear gradient from 2% 

to 10% in 5 minutes and then to 50% buffer B (20 mM ammonium formate in 90% 

acetonitrile, pH 10) over 55 minutes at a flow rate of 42 µl/min. Elution of peptides was 

monitored with a UV detector (215 nm, 254 nm) and a total of 36 fractions were collected, 

pooled into 12 fractions using a post-concatenation strategy as previously described 

(Wang et al., 2011b) and dried under vacuum. Dried peptides were resuspended in 0.1% 
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aqueous formic acid and subjected to LC–MS/MS analysis using an Exploris 480 Mass 

Spectrometer fitted with an Ultimate 3000 nano-LC (both Thermo Fisher Scientific) and a 

custom-made column heater set to 60°C. Peptides were resolved using a RP-HPLC 

column (75μm × 30cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 1.9 μm 

resin; Dr. Maisch GmbH) at a flow rate of 0.3 μLmin-1. The following gradient was used 

for peptide separation: from 2% B to 10% B over 5 min to 30% B over 70 min to 50 % B 

over 15 min to 95% B over 2 min followed by 18 min at 95% B. Buffer A was 0.1% formic 

acid in water and buffer B was 80% acetonitrile, 0.1% formic acid in water. 

The mass spectrometer was operated in DDA mode with a FAIMS device attached. FAIMS 

was run in standard resolution mode with 2 alternating CV voltages of -45 and -60V. Total 

cycle time of approximately 3 s (1.5s per CV voltage). Each MS1 scan was followed by 

high-collision-dissociation (HCD) of the most abundant precursor ions with dynamic 

exclusion set to 30 seconds. For MS1, AGC target was set to 300% with a fill time of 25 

ms using a resolution of 120,000 FWHM (at 200 m/z). MS2 scans were acquired at a target 

setting of 200%, maximum accumulation time of 100 ms and a resolution of 30,000 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 32%, the mass 

isolation window was set to 0.7 m/z and one microscan was acquired for each spectrum. 

Additionally, the precursor fit threshold was set to 70 % at a fit mass window size of 0.7 

m/z.   

The acquired raw-files were searched against a protein database containing sequences 

of the predicted SwissProt entries of mus musculus (www.ebi.ac.uk, release date 

2020/04/17) and commonly observed contaminants (in total 17,469 sequences) using the 

SpectroMine software (Biognosys, version 1.0.20235.13.16424). Standard Pulsar search 

settings for TMTpro (“TMTpro_Quantification”) were used. Acquired reporter ion intensities 

in the experiments were employed for automated quantification and statistical analysis 

using our in-house developed SafeQuant R script (v2.3, (Ahrne et al., 2016). This analysis 

included adjustment of reporter ion intensities, global data normalization by equalizing the 

total reporter ion intensity across all channels, summation of reporter ion intensities per 

protein and channel, calculation of protein abundance ratios and testing for differential 

abundance using empirical Bayes moderated t-statistics.  

In utero viral injection. Wild-type, pregnant females (gestation day 15) were anesthetized 

by isoflurane inhalation (1.5-2%) and kept on a heating pad. The abdomen was shaved 

and wiped with ethanol and iodine pads. Eye ointment (Bausch and Lomb), was applied 

on the eyes to prevent them from drying. A vertical incision was made through the skin 

and muscle of the abdominal wall, along the linea alba (~3 cm), exposing the peritoneum. 
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A similar incision was made through the peritoneum to expose the body cavity. Embryos 

were delicately pulled up through the incision, and warmed sterile saline solution was 

applied every few minutes to prevent drying. Three different viruses were injected in this 

experiment, all driving expression under the GABAergic neuron-specific enhancer Dlx6. 

For each embryo, 3-4 μL of virus, mixed with 0.1% Fast Green dye, were injected in the 

lateral or the fourth ventricle using a thin pulled glass capillary. The embryos were then 

placed back into the peritoneal cavity, which was filled with antibiotic solution (100U/ml 

penicillin and 100ug/ml streptomycin in 0.85% saline). The muscle layer was sutured with 

silk suture (Ethicon Perma-Hand Seide 640, size 5-0,needle: P-3, 13mm long, 3/8 circle, 

black-braided silk by Johnson&Johnson), subsequently the skin was sutured with the 

same material. Animal was then let recover on a heating pad. 

Behavioral test: Elevated Plus Maze. 7 weeks-old in-utero injected animals (females and 

males) were placed individually in the center of a maze made of black plastic (arms are 

35cm x 6 cm and 74 cm above the ground), facing one of the closed arm. The time spent 

on both the open and closed arms was measured during the 5 minutes test. The time was 

counted only when the mouse occupied with all four limbs the open or closed arm. The 

relative occupancy in the open arm was calculated by dividing the time spent into the open 

arm (O), to the total time spent into the open and closed arm (O+C). In addition, the total 

number of crossings (with all four limbs) into the open and closed arms were measured. 

Quantification was done blind to the construct injected.  
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Index of abbreviations 

5HT3aR= 5-hydroxytryptamine 3a receptor 

AAV= adenovirus 

ALE= alternative last exon 

aRG= apical radial glia 

AS= Alternative Splicing 

AS4= alternative splice site 4  

ASO= Antisense oligonucleotide 

ATAC-seq= Assay for Transposase-Accessible Chromatin using sequencing 

ATSS= alternative transcription start site 

bRG= basal radial glia 

CA= cornu ammonis  

Ca2+= calcium 

CamK2= Ca 2+ /calmodulin-dependent protein kinase 2 

CGE= Caudal Ganglionic Eminence 

CLIP= Cross-linking immunoprecipitation 

CMV= cytomegalovirus  

CRISPR-CAS9= Clustered Regularly Interspaced Short Palindromic Repeats- 
CRISPR associated protein 9  

CX= neocortex 

CxA= Cortex-Amygdala transition zone 

DG= dentate gyrus 

DNA= deoxyribonucleic acid 

DR= differentially regulated  

ER= Endoplasmic Reticulum  

ERAD= Endoplasmic-reticulum-associated protein degradation  

Exc= excitatory glutamatergic 

FC= fold change 

FISH= Fluorescence in situ hybridization  

FPKM= Fragments Per Kilobase of transcript per Million 

GABA= γ-aminobutyric acid 

GFP= green fluorescent protein 

GO= Gene Ontology 
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Grik4= Glutamate Ionotropic Receptor Kainate Type Subunit 4 

HA= Human influenza hemagglutinin  

HC= hippocampus 

HEK293T= Human Embryonic Kidney 293T 

HSV TK= Herpes Simplex Virus-Thymidine Kinase  

hSyn= human synapsin promoter 

IN= interneuron 

IP= intermediate progenitor 

KD= knock-down 

KH= heterogeneous nuclear K-homology  

KO= knock-out 

L.S.= lateral septum 

L4= layer 4 

LAR-RPTP= antigen-related receptor protein tyrosine phosphatase 

LGE= Lateral Ganglionic Eminence 

LTP= long-term potentiation 

mCSeq= Methylation Capture Sequencing 

MGE= Medial Ganglionic Eminence 

mRNA= messenger RNA 

MSSP= c-myc gene single-strand binding protein 

N2A= Neuroblastoma 2A 

PC= principal component 

PCR= Polymerase chain reaction 

PN= projection neuron 

POA=preoptic area 

pre-mRNA= precursor mRNA 

PV= Parvalbumin 

p-val= p-value 

Pyr= pyramidal 

qPCR= quantitative PCR 

RBD= RNA-binding domains 

RBMS3= RNA-binding motif, single-stranded-interacting protein 3 

RBP= RNA-binding protein 

RiboTRAP= tagged-ribosomal affinity purification 
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RNA= ribonucleic acid 

RNA-seq=RNA-sequencing 

ROI= region of interest  

RRM= RNA-recognition motif 

RT-PCR= Reverse transcription PCR  

S.O.= stratum oriens  

S.R.= stratum radiatum 

Scnn1a= Sodium Channel Epithelial 1 Subunit Alpha 

shRNA= short-hairpin RNA 

SI= splicing index 

snRNA= small nuclear RNA 

SST= Somatostatin 

SVZ= Sub-Ventricular Zone 

TBS= theta-burst stimulation 

TF= transcription factor 

TMT= Tandem Mass Tag 

TRKC= Tropomyosin receptor kinase C 

UPR= Unfolded-Protein Response  

UTR= untranslated region 

UV= ultraviolet 

VIP= vasoactive intestinal peptide 

VST= Variance Stabilizing Transformation  

VZ= Ventricular Zone 

WB= western blot  

WT= wild-type 

Znf= zinc finger motif 
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