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Abstract

The life-long persistence of adult neural stem cells (NSCs) requires the accurate
balance between their self-renewal, proliferation and differentiation. Recent studies
analyzing the transcriptomic dynamics that take place during adult neurogenesis have
reveal that post-transcriptional regulation may have a more relevant role than anticipated in
the control of NSC biology and function. In this thesis, we have uncovered a novel regulatory
mechanism that refines the control of Scratch1 expression during adult neurogenesis. We
have shown that this gene is expressed in the adult subependymal zone (SEZ), both in
NSCs, transient amplifying progenitors (TAPs) and neuroblasts, exhibiting increasing
levels as NSCs progress into the lineage; and fulfilling several functions during the process
of differentiation. On the one hand, this transcription factor acts downstream of p53,
repressing the transcription of it targets Bbc3 (Puma) and Cdkn1a (p21), which in turn
protects the differentiating cells form undergoing apoptosis and, at the same time,
stimulates their proliferation. On the other hand, Scratch1 promotes neuronal
differentiation, favoring neurogenesis at the expense of gliogenesis. Additionally, we have
also determined that Scracth1 starts to be expressed when stem cells acquire the neural
identity, but its transcripts are retained in the nucleus of NSCs due to intron detention. This
event of regulated splicing is possible thanks to the progressive enlargement of the
polypyrimidine tract of its only intron during the evolution of vertebrates, leading to the
generation of a suboptimal splice site in mammals. By contrast, in response to the neural
differentiation signal, Scratch? mRNA is m®A modified and consequently spliced and
exported to the cytoplasm, where it can be translated. Finally, we have shown that intron
detention in this context is not specific for Scratch1 mRNA, but rather it also controls the
translational availability of multiple transcripts associated with adult NSC differentiation.
Interestingly, a complementary regulation of intron detention occurs in mRNAs from genes
involved in the maintenance of stemness. Thus, intron detention is a novel mechanism to

fine-tune neurogenesis in the adult NSC niche.
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Resumen

El mantenimiento de la poblacién de células madres neurales (NSCs) durante toda la
vida del individuo requiere un balance preciso entre su auto-renovacion, proliferacion y
diferenciacion. Estudios recientes en los que se han analizado los cambios
transcripcionales que tienen lugar durante la neurogénesis adulta han revelado que la
regulacién post-transcripcional podria tener un peso mayor en el control de la biologia y la
funcion de las NSCs de lo que se pensaba previamente. En esta tesis, hemos identificado
un nuevo mecanismo de regulacion de la expresion del factor de transcripciéon Scratch1
durante la neurogénesis adulta. Hemos mostrado que este gen se expresa en la zona
subependimaria (SEZ) adulta, tanto en NSCs como en progenitores (TAPs) y neuroblastos,
presentando niveles crecientes de expresion a medida que las NSCs progresan en el linaje.
Ademas, Scratch1 lleva a cabo diversas funciones durante el proceso de diferenciacion.
Por una parte, actua por debajo de p53, reprimiendo la transcripcion de sus dianas Bbc3
(Puma) y Cdkn1a (p21), y protegiendo a las células en diferenciacion de sufrir apoptosis a
la vez que estimula su proliferaciéon. Por otra parte, Scratch1 promueve la diferenciacion
neuronal, favoreciendo la neurogénesis a expensas de la gliogénesis. Ademas, hemos
determinado que Scratch1 empieza expresarse cuando las células madre adquieren la
identidad neural, aunque sus transcritos permanecen dentro del nicleo de las NSCs debido
a un procesamiento deficiente del unico intron en su mMRNA. Este evento de splicing
regulado es posible gracias a la expansion progresiva de la serie de polipirimidinas (PPT)
durante la evolucion de los vertebrados, dando lugar a la generacion de un sitio de splicing
subodptimo en mamiferos. En respuesta a la sefial de diferenciacion, se induce la metilacion
(m8A) del mRNA y los transcritos son procesados y exportados al citoplasma, donde pueden
ser traducidos. Por ultimo, hemos encontrado que la detencién de intrones no solo regula
la expresién de Scratch1, sino que también controla la localizacién subcelular y la
disponibilidad para ser traducidos de multiples transcritos relacionados con la diferenciacién
de las NSCs. Mas aun, el control de la retencién de intrones se realiza de forma contraria
en los transcritos correspondientes a genes relacionados con las células madre. Por lo
tanto, aqui definimos un nuevo mecanismo que controla de forma precisa la neurogénesis

adulta.
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1. Stem cells: a spectrum of potentialities

At the very firsts stages of embryonic development, stem cells (SCs) are, during a very
limited period of time, totipotent, meaning that they have the potential to generate the whole
embryo and extraembryonic tissues, including the placenta, the umbilical cord and the
embryonic membranes (Weissman, 2000). With the first divisions of the zygote, embryonic
stem cells (ESCs) lose this property and become pluripotent, still retaining the ability to
differentiate into cells derived from the three embryonic germ layers, namely the ectoderm,
the mesoderm and the endoderm. As development proceeds, cells become progressively
more restricted in their capacity to generate different cell lineages and are then considered
multipotent, only capable of giving rise to a limited subset of cell types (Wagers and
Weissman, 2004, Figure 1).

1.1. Pluripotent stem cells

Pluripotent stem cells (PSCs) are characterized by two properties: their ability to
generate all the cell types present in the adult body (pluripotency); and their capacity for
indefinite self-renewal (immortality). Although pluripotency is a very transitory state in vivo,
only found during a narrow window of embryonic development, PSCs can be derived from
embryos and maintained infinitely in an undifferentiated state in culture (Pera and Tam,
2010). ESCs were isolated for the first time from the inner cell mass (ICM) of a mouse
blastocyst in 1981 (Evans and Kaufman, 1981); and from human embryos several years
later, in 1998 (Thomson et al., 1998). ESCs derived from these two species differ in some
features, including colony morphology and cytokine requirements, being human ESCs
(hESCs) more similar to mouse epiblast stem cells (EpiSCs), another population of PSCs
that is generated later on during development and can be isolated from the epiblast of post-
implantation embryos (Pera and Tam, 2010; Rowe and Daley, 2019; Takahashi and
Yamanaka, 2015).

The maintenance of these populations of PSCs in vitro requires specific culture
conditions in order to ensure the preservation of their properties. Regarding mouse ESCs
(mESCs), their self-renewal and pluripotency rely on the presence of leukemia inhibitory
factor (LIF) and either serum or bone morphogenetic proteins (BMPs) in the medium.
Conversely, both hESCs and EpiSCs require FGF2, especially in the case of hESCs, and
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the activation of Nodal or Activin signaling to maintain the undifferentiated state; and do not
respond to LIF (Chambers and Smith, 2004; Pera and Tam, 2010).
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Figure 1| Differentiation potential of stem cells during development. The earliest stem cells in
ontogeny (the zygote and the first stages of the morula) are totipotent. As development proceeds,
these stem cells give rise to the blastocyst, in which pluripotent embryonic stem cells (ESCs) can be
derived from the inner cell mass (ICM). From then on, stem cells gradually increase their commitment,
losing their pluripotency and generating more restricted tissue-specific stem cells, including germ-
line stem cells (GSCs), required for reproduction, and somatic stem cells (SSCs), responsible for
organogenesis. The potential of both GSCs and SSCs is progressively restricted, leading to the
emergence of discrete populations of multipotent stem cells, which give rise to all the variety of tissue-
specific differentiated cell types present in the adult body. Remarkably, some of these multipotent
stem cells remain all throughout the postnatal and adult stages, ensuring tissue renewal and enabling
certain degree of tissue repair and regeneration. Adapted from Enzo Life Science, TechNotes.



Introduction _

Additionally, PSCs can be artificially obtained by the reprogramming of somatic cells,
case in which they are referred as induced pluripotent stem cells (iPSCs). In 2006,
Takahashi and Yamanaka identified for the first time the combination of factors (Oct4, Kif4,
Sox2 and c-myc), now known as Yamanaka factors, required for the reprogramming of
human fibroblasts into iPSCs (Takahashi and Yamanaka, 2006). From then on, iPSCs have
being obtained by reprogramming of multiple somatic tissues from mouse and human in
vitro (Rowe and Daley, 2019) and also in living mice (Abad et al., 2013). The development
of this technology was a major breakthrough in the field of biomedical research and a
significant step forward for regenerative medicine, since the use of iPSCs allows to bypass
the ethical concerns associated to ESC. In addition, it also opened new possibilities for
disease modelling, enabling the generation of patient-specific SCs, which can be
subsequently expanded and differentiated into any specific cell type. Nevertheless, the use
of iPSCs still presents some technical limitations, such as the need of using oncogenes for

reprogramming or the low efficiency of the process (Kim and Koo, 2020).

1.2. Tissue-resident adult stem cells

A small proportion of the multipotent stem cells that originate during embryonic
development persist during the postnatal and adult life of the organism, constituting life-long
reservoirs of somatic stem cells (SSCs), which endow tissues and organs with the ability to
maintain their integrity and function by replenishing the cells that are lost during the
organism’s lifespan, either due to wear (homeostatic replacement) or as a consequence of
an injury (Fuchs et al., 2004; Orford and Scadden, 2008).

Adult SCs are defined by their ability to produce new tissue-specific differentiated cells
(multipotency) while maintaining the SC population itself (self-renewal). Nevertheless, the
properties and the potential of different population of SCs is determined by the combination
of their intrinsic characteristics and the specific microenvironment in which they reside, the
niche, which play a crucial role in the regulation of their function, especially regarding cell-
fate decisions such as self-renewal and commitment (Fuchs et al., 2004; Graf and Stadtfeld,
2008; Orford and Scadden, 2008).

Among the different SC populations that exist in adult mammals, bone marrow-resident
hematopoietic stem cells (HSCs) were the first ones to be identified (Till and McCulloch,
1961). From then on, they have been discovered in many other tissues, such as the skin,
the hair follicles, the intestinal epithelium, the peripheral and central nervous system or the
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muscles (Biteau et al., 2011; Graf and Stadtfeld, 2008). This wide variety of adult SC
populations exhibit remarkable differences in their proliferative behavior, reflecting the
diversity in the regenerative requirements of each tissue (Biteau et al., 2011). On the one
hand, there are high-turnover tissues, such as the blood, the skin or the intestine, that
require continuously cycling SCs. However, in adult mammals, the majority of the tissues
display very low turnover and, accordingly, their resident adult SCs are mostly quiescent
under normal circumstances (Biteau et al., 2011; Orford and Scadden, 2008; Wagers and
Weissman, 2004). Furthermore, SCs not only differ in their proliferation dynamics in
homeostasis, but also in their proliferative plasticity, meaning their capacity to respond to
damage. While some of these SCs, such as cardiac stem cells, respond poorly to
regenerative pressure; others respond quite well, as is the case of satellite cells, whose
proliferative activity can be strongly induced by injury (Biteau et al., 2011; Wagers and
Weissman, 2004).

In homeostatic conditions, adult SCs divide to produce new SCs and non-renewing,
rapidly-cycling cells, also known as transit amplifying progenitors (TAPs), which eventually
generate tissue-specific differentiated cells after a given number of cycles. This hierarchical
organization ensures the life-long maintenance of adult SC populations, preserving their
genomic integrity and preventing their premature differentiation. In any case, tissue
homeostasis relies on the accurate control of SC activity, which requires a finely regulated
balance between self-renewal and differentiation, in order to respond appropriately to tissue
requirements and ensure the efficient replacement of the cells, while avoiding
overproliferation, which may lead to pathological situations such as cancer (Biteau et al.,
2011).

During aging, the functionality of adult SCs declines, both by cell-intrinsic damage and
by alterations in the niche microenvironment and in the circulating blood, resulting eventually
in tissue or organ malfunction (Ermolaeva et al., 2018). Moreover, similar to the age-related
decline in SC activity, the loss of SC self-renewal underlies the development of certain
degenerative diseases. At the same time, if this self-renewal capacity is not properly
controlled, it entails a risk to the organism, as aforementioned, since SCs have the potential
to generate a large amount of descendant cells, which would disrupt the architecture of the
tissue. Furthermore, the existence of these highly undifferentiated SCs makes them a
potential substrate for malignant conversion, which is of especial concern in the case of

long-living organisms (Avgustinova and Benitah, 2016; Orford and Scadden, 2008)
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On the opposite side, their ability to self-renew together with their capacity to generate
tissue-specific differentiated cells has brought adult SCs forward, together with ESCs and
iPSCs, as a prominent cell source for clinical applications, such as regenerative medicine
and tissue repair. However, to open up the possibility of achieving a significant clinical
benefit, it is crucial to understand the biology and regulation of these SCs, which will allow
the design of better strategies for cell therapy that can improve clinical outcomes (Tewary
et al., 2018; Trounson and DeWitt, 2016).

1.3. Neural stem cells and adult neurogenesis

It has been well established that discrete populations of neural stem cells (NSCs) remain
in the adult rodent brain, maintaining the ability for long-term self-renewal and enabling the
generation of new neurons and glia throughout life (Bond et al., 2015). Adult NSCs reside
within specialized niches, being mainly found in two germinal regions: the subgranular zone
(SGZ) of the dentate gyrus (DG) in the hippocampus, where the newly-generated neurons
play a role in learning, memory and pattern separation (Ming and Song, 2011); and the
subependymal zone (SEZ; also known as ventricular-subventricular zone (V-SVZ)) on the
walls of the lateral ventricles (LVs). The newly-formed neurons generated in this latter region
migrate towards the olfactory bulb (OB), contributing to the plasticity of olfactory information
processing (Obernier and Alvarez-Buylla, 2019).

1.3.1. The SEZ neurogenic niche

The SEZ is a very active neurogenic region and constitutes the largest germinal region
in mammalian adult brain. It has been estimated that in young adult mice, SEZ-resident
NSCs (also called B1 cells) generate around 10,000 new neurons every day. This is
achieved through the generation of transient amplifying progenitors (TAPs or C cells), which
divide three or four times before generating neuroblasts (also known as A cells). These
neuroblasts, which also divide a couple of times to further amplify the number of neurons
generated, migrate collectively towards the OB following the rostral migratory stream (RMS),
a tangential path formed by a chain of migrating neuroblasts that are surrounded by a layer
of astrocytes. Once they arrive to the OB, the newly-formed neurons start to migrate radially
towards the glomerular layer (GL) and the granule cell layer (GCL), where they differentiate
into several subtypes of inhibitory interneurons and integrate in the local circuits (Chaker et
al., 2016; Obernier and Alvarez-Buylla, 2019; Ponti et al., 2013; Figure 2).
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Figure 2| Neurogenic regions in the adult mouse brain. (a) Sagittal view of the main adult
neurogenic areas in mammals (highlighted in pink): the subependymal or subventricular zone
(SEZ/SVZ) of the lateral ventricles and the subgranular zone (SGZ) in the dentate gyrus of the
hippocampus. Neuroblasts generated in the SEZ (green) migrate tangentially following the rostral
migratory stream (RMS) towards the olfactory bulb. (b-e) Coronal sections of the olfactory bulb (b),
the RMS (c), the SEZ (d) and the dentate gyrus (e). Adapted from Ziegler et al., 2015.

Remarkably, apart from the OB neurogenesis, the SEZ-resident NSC also contribute to
the generation of glia, although to a lesser extent. NSCs are able to generate both
oligodendrocytes, which mainly contribute to the re-myelination of the corpus callosum (CC;
Menn et al., 2006); and astrocytes, which migrate either to the RMS or the CC (Sohn et al.,
2015). The multipotency of these cells has been demonstrated by in vitro analysis of NSCs
derived from the adult brain, which can be maintained and expanded in cultured in the
presence of epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) for
extended periods of time, giving rise to floating aggregates known as neurospheres. When
the cells that compose those neurospheres are induced to differentiate by culturing them
onto an adhesive substrate in the presence of serum, they give rise to neurons, astrocytes
and oligodendrocytes, evidencing their multipotent nature (Belenguer et al., 2016; Reynolds
and Weiss, 1992). However, it remains to be determined whether individual NSCs are also

multipotent in vivo, being able to generate both neurons and glia; or whether, on the
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contrary, several subpopulations of fate-restricted NSCs co-exist within the SEZ (Obernier
and Alvarez-Buylla, 2019).

1.3.2. Adult NSCs: Embryonic origin and glial identity

During embryonic development, cortical neurogenesis begins approximately around E9-
E10, when neuroepithelial cells start to acquire distinctive features of glial cells, becoming
radial glial cells (RGCs). These cells maintain the apico-basal polarity exhibited by
neuroepithelial cells, contacting both the pial and the ventricular surfaces; and divide mainly
asymmetrically to simultaneously self-renew and produce either intermediate progenitor
cells (IPCs) or neurons, which migrate along the radial processes of RGCs towards the
cortical plate. RGCs can also give rise to oligodendrocytes through the generation of specific
intermediate progenitor cells (olPCs). At the end of cortical development, most RGCs
release their ventricular attachment and migrate towards the cortical plate, where most of
them transform into astrocytes. After birth, the remaining RGCs differentiate either into
ependymal cells, which cover the surface of the ventricular walls, or into glial cells, including
adult NSCs, which will populate the adult neurogenic niches (Kriegstein and Alvarez-Buylla,
2009; Figure 3). Moreover, during mid-embryonic development (E13.5-E15.5), a
subpopulation of RGCs produce pre-NSCs that remain largely quiescent until the adulthood,
when they can be reactivated and contribute to the generation of OB interneurons
(Fuentealba et al., 2015; Furutachi et al., 2015; Yuzwa et al., 2017).

Due to their embryonic origin, adult NSCs maintain many reminiscent features of RGCs,
including their glial nature, which is reflected in the expression of astrocytic markers, such
as glial fibrillary protein (GFAP), glutamate aspartate transporter (GLAST) and brain lipid-
binding protein (BLBP). Additionally, similar to RGCs, SEZ-resident NSCs exhibit a clear
apico-basal polarity, presenting apical processes that contact the ventricle, ending in a
single primary cilium; and basal end-feet on blood vessels. In the adult brain, the NSC cell
bodies are displaced from the ventricular surface by the ependymal cells (E cells), but they
remain in contact with the cerebrospinal fluid (CSF) through their thin apical processes,
which are encircled by the large apical surfaces of E cells, forming characteristic pinwheel-
like structures. Considering the elongated structure of NSCs, which bridge all the
compartments of the SEZ, it has been proposed that this germinal region can be subdivided

into different domains that may be relevant in the regulation of NSCs biology and function,
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providing them with different extrinsic signals along their apicobasal axis (Lim and Alvarez-
Buylla, 2016; Obernier and Alvarez-Buylla, 2019; Figure 4).
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Figure 3| Embryonic origin of adult NSCs. During embryonic development, radial glial cells (RGCs)
located in the ventricular zone (VZ) generate neurons, astrocytes, oligodendrocytes and ependymal
cells either directly or through intermediate progenitor cells (IPCs). At late stages of development,
some of these RGCs are converted into NSCs (B cells) that remain through the postnatal and adult
life. Adapted from Kriegstein and Alvarez-Buylla, 2009.

1.3.3. The regulation of SEZ-resident NSCs

The SEZ constitutes a complex microenvironment in which quiescence, self-renewal
and differentiation of NSCs are tightly regulated, both by extrinsic and intrinsic factors.
Although the characterization of adult NSCs has progressed significantly since their
identification more than fifty years ago (Altman and Das, 1965), the mechanisms that
underlie the life-long maintenance of the NSC pool while ensuring neurogenesis are still not

fully understood (Obernier and Alvarez-Buylla, 2019).

1.3.3.1. Niche-dependent regulation: extrinsic factors

Within the niche, NSCs are in close contact with the other cellular components (other
NSCs, ependymal cells, TAPs and neuroblasts). Moreover, the cytoarchitecture of the SEZ
allows their simultaneous interaction with the local extracellular matrix (ECM), which can
retain cytokines and growth factors, and with soluble factors produced either locally or
systemically (Obernier and Alvarez-Buylla, 2019).
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Figure 4| Cytoarchitecture and cellular composition of the SEZ. The SEZ can be subdivided into
three domains according to the structure and organization of NSC (blue): the apical domain (1), which
contains the apical processes of NSCs and the body of ependymal cells (yellow); the intermediate
domain (Il), containing the soma of most NSCs, in contact with TAPs (green) and newly-formed
neuroblasts (light red); and the basal domain, which contains the basal processes of NSCs, with end-

feet on blood vessels (brown). E, ependymal cells; B1, NSC; C, TAPs; A, neuroblasts; BV, blood
vessel. Adapted from Lim and Alvarez-Buylla, 2016.

On their apical portion, NSCs are in contact with the cerebrospinal fluid (CSF) that fills
the ventricular system through their primary cilium, which is likely involved in signal
transduction. The CSF is continuously propelled by the motile cilia bundles of ependymal
cells and contains multiple signaling molecules, such as Shh, FGFs or LIF, which are
fundamental for the regulation of NSCs and their progeny (Mirzadeh et al., 2008; Obernier
and Alvarez-Buylla, 2019). On the other hand, on their basal part, NSCs interact with blood
vessels at specialized sites where the blood-brain barrier (BBB) is more permeable due to
the absence of astrocyte end-feet, establishing highly dynamic interactions. There, NSCs
are in contact with factors secreted by endothelial cells and also receive signals from the
blood stream, including cytokines, hormones and metabolites that can pass through the
BBB (Chaker et al., 2016; Obernier et al., 2018). Additionally, NSCs respond to multiple

neurotransmitters and receive multiple neuronal inputs, either from SEZ-resident cells, as

11



_ Introduction

for instance neuroblasts, or from distant sources, such as serotonergic neurons from the
dorsal raphe nucleus or dopaminergic neurons from the substantia nigra and the ventral

tegmental area (Obernier and Alvarez-Buylla, 2019).

1.3.3.2. Intrinsic regulators of adult NSCs

On the one hand, cell-cycle progression needs to be tightly regulated in the case of NSC
to ensure both their self-renewal and the generation of new neurons and glia throughout
adult life. In order to safeguard NSC maintenance and to avoid the exhaustion of the pool,
CDK (cycling-dependent kinases) inhibitors such as p21, p27 or p57 are essential (Ming
and Song, 2011). For instance, p21 acts simultaneously favoring NSC self-renewal, which
is at least in part mediated by the repression of Sox2; and preventing the premature
differentiation of these cells by the negative regulation of Bmp2 expression (Kippin et al.,
2005; Marqués-torrejon et al., 2013; Porlan et al., 2013).

On the other hand, NSC behavior is highly regulated both at the transcriptional and post-
transcriptional levels. As in the case of other systems, transcription factors play a crucial
role. Nevertheless, many other components contribute to the regulation of NSC gene
expression, as non-coding RNAs or chromatin-modifying proteins, involving both DNA
methylation and histone modifications (Bond et al., 2015; Lim and Alvarez-Buylla, 2016).
Recently, thanks to the availability of single-cell RNA-seq (scRNA-seq) datasets from the
adult SEZ (Dulken et al., 2017; Llorens-Bobadilla et al., 2015; Mizrak et al., 2019) it has
been possible to better understand the complex gene regulatory networks that regulate NSC
biology and function at the whole-genome level (Bond et al., 2015). Additionally, these
analyses have reveal that mRNAs typically associated with differentiated cells can be
already detected in NSCs (Beckervordersandforth et al., 2010; Dulken et al., 2017; Llorens-
Bobadilla et al., 2015). Moreover, it has been recently shown that in this context some
transcripts are translated less efficiently than would be expected considering their mRNA
levels (Baser et al., 2019). Altogether, these observations point to an important influence of
post-transcriptional regulation in the control of adult neurogenesis; and suggest the

existence of additional regulatory mechanisms that remain to be identified.
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2. Scratch genes

Scratch and Snail families originated by duplication of an ancestral snail gene in the
metazoan ancestor and together compose the Snail superfamily (Barrallo-Gimeno and
Nieto, 2009; Manzanares et al., 2001). Snail superfamily members encode for C2H> zinc-
finger transcription factors, which play essential roles both during embryonic development
and in some pathological situations (Barrallo-Gimeno and Nieto, 2005; Nieto, 2002). Both
Snail and Scratch transcription factors are widely expressed during embryonic development,
although they occupy complementary territories, being Snail family members expressed in
mesenchymal and mesodermal cells, whereas Scratch genes are neural-specific (Marin and
Nieto, 2006; Nakakura et al., 2001a; Nieto, 2002).

2.1. Evolutionary history of the Snail superfamily

Although related, Snail and Scratch families are two independent entities. The
phylogenetic analysis of the member genes in different species revealed that both families
share a common origin in evolution, constituting an independent subgroup within the C2H>

zinc-finger transcription factors (Barrallo-Gimeno & Nieto, 2009; Manzanares et al., 2001;

Figure 5).
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Figure 5| Phylogenetic trees of the Snail superfamily. (a) Neighbor-joining phylogenetic tree of
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the Snail superfamily, including both vertebrate and invertebrate members. (b) Phylogenetic tree of
the Snail superfamily generated using the Bayesian Interference method and considering >150
sequences from 52 different species. Modified from Barrallo-Gimeno & Nieto, 2009.

The divergence of the Snail and Scratch families was the result of the duplication of a
single proto-snail gene at the base of metazoans, giving rise to snail and scratch (Figure
6a; Barrallo-Gimeno and Nieto, 2009). Subsequently, in Protostomes additional tandem
duplications gave rise to the three members of the Scratch family in insects (scratch,
scratchL1 and scratchL2) and also to the triplication of Snail genes (snail, escargot and
worniu) in the Drosophilidae lineage. In vertebrates, the current paralogs of the superfamily
arose from independent whole-genome duplications. The first duplication in the vertebrate
lineage led to the generation of Snail1/Snail2 ancestor, as well as Snail3. This duplication
event also generated Scratch1 and Scratch2. Afterwards, a second genome duplication in
teleosts increased the number of members of the superfamily in this lineage (Barrallo-
Gimeno & Nieto, 2009; Figure 6b).

a Metazoan ancestor
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Figure 6| Putative evolutionary history of the Snail/Scratch superfamily. (a) The superfamily
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had its origin at the base of metazoans, when the duplication of an ancestral gene gave rise to Snail
and Scratch. (b) Subsequently, independent duplications in Protostomes and Deuterostomes
increased the number of members in Bilaterians, resulting in the current composition of the
Snail/Scratch superfamily. Ancestral genes are shown in grey. Modified from Barrallo-Gimeno &
Nieto, 2009.

2.2. Structure and signature domains of Scratch proteins

All the transcription factors of the Snail superfamily share a similar organization (Figure
7). Their C-terminal portion contains from four to six CoH» zinc-fingers, which act as a
sequence-specific DNA-binding motifs, and is highly conserved among the members of the
two families (Barrallo-Gimeno and Nieto, 2009; Manzanares et al., 2001). These zinc-fingers
specifically recognize the consensus binding sequence for Snail superfamily transcription
factors, which is identical to the E box (CAGGTG), the core of the consensus binding site of
basic helix-loop-helix (bHLH) transcription factors, suggesting that these two families of

proteins might compete for the same biding sites (Nieto, 2002; Reece-Hoyes et al., 2009).
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Figure 7| Structure of Snail superfamily members in vertebrates. The SNAG domain, located in
the N-terminal end of the protein, and the zinc-fingers are conserved in all the members. In mammals
and teleosts Snail1 has lost the first finger, which seems to be dispensable, as it does not contact
the DNA. Scratch family proteins are characterized by the presence of the Scratch domain, whereas
the Slug domain is exclusive of the Snail2 subfamily. Domains that define the different groups of
proteins are depicted according with the following color code: Snail superfamily: orange; Snail family:
yellow; Scratch family: purple; and Snail2 subfamily: pink. Modified from Manzanares et al., 2001.
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On the other hand, the N-terminal half of the protein exhibits more variability among the
members, but also contains a conserved motif located at the very N-terminal end of the
protein, the SNAG (Snail/Gfi) domain, which is involved in transcriptional repression, since
it is required for the interaction with co-repressors (Langer et al., 2008; Peinado et al., 2004,
2005). This domain, although present in all Snail superfamily proteins, can be detected in
other C2H> zinc-finger transcription factors as well and, therefore, is not a distinctive feature
of this superfamily (Barrallo-Gimeno and Nieto, 2009; Dam et al., 2011; Manzanares et al.,
2001).

In addition, both Snail2 and Scratch present specific domains in this N-terminal portion
of the protein. Regarding Snail2, all the members described so far in different species
present the Slug domain. Scratch proteins contain the Scratch domain, conserved in
vertebrates, or an equivalent domain, as is the case for Drosophila scratch (Manzanares et
al., 2001).

2.3. The function of Scratch transcription factors

The first member of the Scratch family to be described was Drosophila scratch (Roark
et al., 1995). This gene, as all the other members of the family, is exclusively expressed in
the nervous system (Barrallo-Gimeno and Nieto, 2009; Dam et al., 2011; Roark et al., 1995;
Vieceli et al., 2013). In particular, Drosophila scratch is expressed in the vast majority of
neuronal precursors, where it promotes the acquisition of neuronal fates by repressing the
transcription of genes that favor non-neuronal cell fates (Roark et al., 1995). Additionally, it
was shown later that, in the cell lineages that give rise to the Drosophila sensory organs,
Scratch contributes to the neuronal specification by repressing the expression of Notch
pathway target genes, reducing the activity of this signaling pathway and contributing to

maintain neural commitment (Ramat et al., 2016).

Accordingly, Scratch proteins promote neuronal differentiation in other species, as is the
case of Caenorhabditis elegans Scratch homolog CES-1 (cell death specification 1;
Metzstein & Horvitz, 1999). Moreover, in nematodes, CES-1 plays a crucial role in the
neurosecretory motorneuron (NSM) lineage, where it simultaneously regulates cell cycle
progression, cell polarity and apoptosis. This lineage originates from a NSM neuroblast,
which asymmetrically divides to give rise to two different daughter cells: the NSM, which
survives and differentiates in a serotonergic motorneuron; and the NSM sister cell, which
undergoes apoptosis (Hatzold and Conradt, 2008; Sulston et al., 1983). In this system, a
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gain of function mutation in ces-7 confers to the NSM sister cell resistance to cell death by
displacing bHLH transcription factors HLH-2 and HLH-3 from E boxes, which in turn
prevents the expression of the cell death activator egl-1 (egg-laying abnormal-1; Ellis and
Horvitz, 1991; Metzstein and Horvitz, 1999; Thellmann et al., 2003). Remarkably, the ces-1
gain of function mutation also alters the cell polarity of the NSM neuroblast, which in this
context divides symmetrically instead of asymmetrically, as happens in wild-type animals
(Hatzold and Conradt, 2008). This is at least in part mediated by the CES-1-dependent
repression of pig-1, which promotes NSM neuroblast asymmetric division (Wei et al., 2017).
Furthermore, CES-1 also regulates NSM neuroblast cell cycle progression by repressing
the expression of cdc-25.2 gene, which encodes a phosphatase required to counteract the
inhibition of Cyclin-dependent kinases (CDKs) by phosphorylation and, therefore, to activate
them (Yan et al., 2013). In this lineage, the expression of ces-1 is negatively regulated by
CES-2 (cell specification-2) and DNJ-11 (DnaJ domain-11), which cooperate to reduce
CES-1 levels in the NSM sister cell, promoting apoptosis (Ellis and Horvitz, 1991). The
repression of ces-1 expression by these two factors is also important for the establishment
of NSM neuroblast polarity required for the asymmetric division of this cell. After this
asymmetric division, CES-1 protein is restricted to the NSM, where it promotes survival by
repressing the expression of egl-1 (Hatzold and Conradt, 2008). According to this, in ces-2,
dnj-11 or ces-1 mutants the levels of CES-1 protein are altered in the NSM neuroblast, which
as a consequence divides symmetrically, giving rise to two daughter cells, both containing
CES-1 protein, which survive (Hatzold and Conradt, 2008). Therefore, CES-1 plays a
prominent role in the NSM lineage, where it regulates key processes that are fundamental

for the normal development of these neurons.

On the other hand, moving on to vertebrates, three scratch paralogs (scratchia,
scratch1b and scratch2) have been identified in zebrafish (Dam et al., 2011). The expression
of these genes is restricted to the central nervous system, being the three of them detectable
in several regions of the developing brain. In addition, scratch?2 is also expressed in the
spinal cord of zebrafish, where it is essential to ensure that the appropriate number of
neurons is generated during development (Rodriguez-Aznar and Nieto, 2011; Rodriguez-
Aznar et al., 2013). This is achieved in part thanks to the repression of puma expression by
scratch2, which protects the newly formed neurons from undergoing apoptosis during
normal embryonic development. Moreover, this regulatory network also controls programed
cell death in response to DNA damage, situation in which scratch2 expression is activated

directly by p53 to antagonize damage-induced apoptosis (Rodriguez-Aznar and Nieto,
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2011). On the other hand, scratch2 also prevents the re-entry of spinal cord postmitotic
neurons into the cell cycle by repressing the expression of miR-25, which in turn contributes
to maintain high levels of the cell cycle inhibitor p57 (Rodriguez-Aznar et al., 2013).
Therefore, in the zebrafish spinal cord, scratch2 simultaneously controls the survival and
the proliferation of the newly generated neurons, contributing to safeguard their

homeostasis.

Furthermore, two Scratch family members have been identified in mammals: Scratch1
and Scratch2 (Manzanares et al., 2001; Nakakura et al., 2001a), which are widely expressed
in several regions of the developing and adult brain, as well as in the spinal cord and in the
inner nuclear layer of the retina (Marin and Nieto, 2006; Nakakura et al., 2001a). During
cortical development, these two transcription factors, whose expression is activated by
some proneural bHLH proteins, such as Neurog1, Neurog2 or Ascl1, play determinant roles
(Itoh et al., 2013; Paul et al., 2014). On the one hand, both Scratch1 and Scratch2 favor
neuronal migration during the development of mouse neocortex, at least in part through the
repression of bHLH target genes after binding to their E-boxes (Itoh et al., 2013; Nakakura
et al., 2001a; Paul et al., 2014). On the other hand, as described in other species such as
Drosophila or C. elegans (Metzstein and Horvitz, 1999; Roark et al., 1995), they are also
involved in promoting neuronal differentiation (Nakakura et al., 2001b; Paul et al., 2014). In
the context of mammalian cortical development, Scratch2 favors the direct mode of
neurogenesis, promoting the production of neurons at the expense of the generation of
intermediate progenitors. By this means, Scratch2 stimulates neuronal differentiation
without impacting on the proliferation or the cell cycle exit of the intermediate progenitors
(Paul et al., 2014). In addition, it has been recently shown that Scratch1 is one of the first
genes that are expressed in response to the artificial induction of microglia-neuron
reprogramming, pointing to a role for this transcription factor driving the acquisition of the

neuronal fate during the early stages of this process (Matsuda et al., 2019).
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3. RNA metabolism and post-transcriptional regulation of gene

expression

3.1. RNA processing and nuclear export

In eukaryotes, transcription and translation take place in two different compartments of
the cell, physically separated by the nuclear envelop. This compartmentalization enables an
extensive processing of the transcripts before they are available for translation, including
capping, splicing and polyadenylation. These processing reactions are conducted by a
complex machinery of ribonuclear proteins, which coordinate the different steps in the gene
expression pathway and couple them to nuclear export, ensuring that only mature mRNAs

arrive to the cytoplasm to be translated (Stewart, 2019).

3.1.1 Splicing

Most metazoans genes contain introns, which need to be removed to obtain mature
mRNAs before the translation of an uninterrupted protein coding sequence takes place
(Stewart, 2019).

Splicing is based on the recognition of introns and exons by the splicing machinery.
Intron boundaries are defined by the 5’ (5’SS) and 3’ splice sites (3'SS), which typically
comprise the dinucleotides GU and AG respectively. These two sites, together with the
branch point (BP), are the substrates for splicing catalysis. The BP is located about 18-40
nucleotides upstream from the 3'SS, separated from each other by a sequence enriched in
pyrimidines, known as the polypyrimidine tract (PPT), which facilitates the recognition of the

3'SS during spliceosome assembly (Herzel et al., 2017; Keren et al., 2010; Figure 8a).

Pre-mRNA splicing involves two sequential transesterification reactions. In the first step
(branching), the hydroxyl group of the conserved BP adenosine exerts a nucleophilic attack
on a phosphate present in the 5’SS, producing a free 5’ exon and a branched intron lariat
attached to the 3’ exon. In the second step (ligation), the free 3’ hydroxyl group of the 5’
exon attacks a phosphate in the 3'SS, generating a ligated exon and a residual lariat intron
(Herzel et al., 2017; Ren et al., 2019; Figure 8b). These two transesterification reactions
are chemically simple, but their catalysis involves a large ribonucleoprotein complex, known
as the spliceosome, integrated by five small nuclear RNAs (snRNAs) and over 175 proteins
in human (Fica and Nagai, 2017; Herzel et al., 2017). Spliceosome assembly, which takes
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place de novo for each intron of a given pre-mRNA, depends rigorously on the detection of
the 5’'SS, the BP and the 3'SS, which at the first stages of the process induced the

recruitment of the different components of this complex (Shi, 2017).
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Figure 8| Intron architecture and mRNA splicing catalysis. (a) The main four conserved motifs
that enable the recognition of introns by the spliceosome are the 5’ and 3’ splice sites (5’SS and 3’SS,
respectively), the branch point (BP) and the polypyrimidine tract (PPT). (b) A two-step
transesterification reaction that take place during pre-mRNA splicing. First, the BP attacks the 3'SS
and after the 5’SS attacks the 3'SS, yielding a ligated 5’ exon—3’ exon and releasing the intron lariat.
Adapted from Principles of Virology (2009), American Society for Microbiology.

Splicing is regulated at several levels, most of the times in a tissue- or developmental
stage-specific manner. Splicing sites can be classified as strong or weak depending on the
divergence between their sequence and the consensus sequence, which determines their
affinity for the different components of the spliceosome. Strong splice sites usually lead to
constitutive splicing, whereas the usage of weak splice sites depends on the cellular context
and is regulated by both cis-regulatory sequences, including intronic splicing enhancers
(ISEs), intronic splicing silencers (ISSs), exonic splicing enhancers (ESEs) and exonic
splicing silencers (ESSs); and trans-acting factors, such as serine/arginine (SR) proteins,
heterogeneous nuclear ribonucleoproteins (hnRNPs) or tissue-specific factors as PTP and
nPTB (Kornblihtt et al., 2013).

20



Introduction _

3.1.2 mRNA nuclear export

Nuclear export of mature mRNAs to the cytoplasm is a conserved mechanism in
eukaryotes, from yeast to humans, although it presents its own peculiarities in each species.
Although some endogenous mRNAs and viral RNAs are exported following a pathway
dependent on CRM1 (also known as exportin 1), most mMRNAs associate with the complex
formed by NXF1 and its cofactor p15 for their export through nuclear pore complexes
(NPCs). In addition to transport factors, which binds RNA in a non-specific manner, export
adaptors are needed to mediate the interaction between the mRNA molecule and the export
receptors (Kéhler and Hurt, 2007; Stewart, 2019).

Nuclear export is a key step for gene expression in eukaryotes and only takes place
when mature mRNAs have been generated, which requires a precise coordination between
this process and the nuclear processing of the transcripts in terms of polyadenylation,
capping and splicing (Stewart, 2019). The integration of the nuclear steps of gene
expression and the nuclear export of the mature mRNAs is achieved thanks to the TREX
complex, which is primarily recruited by the splicing machinery through its binding to the
exon-junction complex (EJC), contributing to the generation of export-competent messenger
ribonucleoprotein particles (MRNPs). Then, these particles move to the nuclear periphery
and the mRNA is transferred from the TREX complex to the NXF1/p15 complex to transit to
the NPCs towards the cytoplasm, where transcripts can be translated. Once there, mMRNPs
disassemble, ensuring that the mRNA do not re-enter into the nucleus ((Kdhler and Hurt,
2007; Stewart, 2019; Wickramasinghe and Laskey, 2015); Figure 9).

Although splicing and nuclear export were initially thought to be of the few constitutive
steps in gene expression, there is accumulating evidence indicating that in some cases they
can be highly selective, preventing the translation of some transcripts or, on the contrary,
giving priority to some in specific contexts. This specificity can modulate multiple biological
processes, including the maintenance of pluripotency, cell proliferation, cell survival or

hematopoiesis, among others (Sibley et al., 2016; Wickramasinghe and Laskey, 2015).
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3.2. Intron retention

Nuclear export has been shown to be the default pathway for mature mRNAs, unless
they contain elements that actively promote their nuclear retention (Akef et al., 2015). This
raises the question of what happens with transcripts that, due to alternative splicing events
(ASEs), suffer intron retention (IR). Although this type of alternative splicing has been
classically considered to be the result of the malfunctioning of splicing machinery and to
lead only to reduced expression, mRNAs containing retained introns may have different
fates, including nuclear degradation and elimination once in the cytoplasm via non-sense
mediated decay (NMD), but also the generation of alternative protein isoforms when they
are translated (Jacob and Smith, 2017).
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Recently, it has become evident the existence of introns that remain unspliced in
polyadenylated transcripts in which other introns have been removed. These introns, which
can be later spliced in response to specific signals, are known as detained introns (DI; Boutz
et al., 2015). This type of retained introns is much more prevalent than anticipated, affecting
most of the protein-coding genes in mammals and occurring in all the tissues analyzed so
far, although most of the events are tissue or cell type-specific (Braunschweig et al., 2014;
Middleton et al., 2017).

Intron retention is associated with particular cis-acting features, including the presence
of weaker splice sites compared to those present in constitutively spliced introns, a higher
GC content and a shorter length on average (Braunschweig et al., 2014). Furthermore,
intron detention (ID) events tend to affect only one intron in each gene and tend to occur in
long pre-mRNAs. Consistent with the latter, it has been proposed that ID facilitates the
response to external stimuli within a shorter timeframe, allowing the rapid production of
protein without requiring de novo transcription (Monteuuis et al., 2019). Additionally, ID-
mRNAs enables the generation of reservoirs of pre-mRNAs that can be posteriorly spliced
and translated, allowing changes in gene expression even in cell types that are not
transcriptionally active, as is the case of platelets (Denis et al., 2005; Schwertz et al., 2006;
Shashkin et al., 2008).

Intron detention is involved in the regulation of multiple biological processes, such as
spermatogenesis (Naro et al., 2017) or hematopoiesis (Cho et al., 2014; Edwards et al.,
2015; Ni et al., 2016; Pimentel et al., 2016; Wong et al., 2013), affecting in many cases the
expression of proteins that have cell type-specific functions (Jacob and Smith, 2017).
Moreover, detained introns can be spliced in response to a variety of stimuli, including
neuronal activation (Mauger et al., 2016) or cellular stress (Ninomiya et al., 2011; Shalgi et
al., 2014). These observations highlight the relevance of intron detention in the fine-tuning
of gene expression, standing as an additional layer of regulation at the post-transcriptional

level.
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4. The epitranscriptome: Dynamic RNA modifications

It has become increasingly evident that post-transcriptional mMRNA modifications play an
important role in the regulation of gene expression. Although some of these modifications
were already identified decades ago (Davis and Allen, 1957; Desrosiers et al., 1974; Perry
and Kelley, 1974), the recent development of methodological approaches have allowed their
mapping and characterization. Several chemical mRNA modifications have been identified
since the 60s, including Né-methyadenosine (mfA), N8,2’-O-dimethyadenosine (mfAm), N'-
methyladenosine (m'A), N’-methylguanosine (m’G), 5-methylcytidine (m5C), 5-
hydroxymethylcytidine (hm5C), N#*-acetylcytidine (ac*C), pseudouridine (y) and 2-O-
methylated nucleotides (Seo and Kleiner, 2020).

Among these modifications, N&-methyladenosine (mfA) is the most prevalent in
mammalian mRNA; and has been also detected in small non-coding RNA (sncRNA) and
long non-coding RNA (IncRNA) in multiple eukaryotic species (Frye and Blanco, 2016). It
has been estimated that there are 1-5 m®A residues per mRNA molecule, preferentially
located in long exons, near stop codons and in 3'UTRs. Most mfA sites in mammals are
found within the consensus motif RRm®ACH (R=A or G, G>A; H=A, U or C, U>A>C),
although only a small fraction of them are detectably methylated in vivo, as a consequence
of the tissue- and cell type-specific deposition of this modification (Gilbert et al., 2016). The
abundance and function of mfA, which is a reversible modification, are determined by the
interplay between its methyltransferases (writers), demethylases (erasers) and m°®A binding

proteins (readers; Frye and Blanco, 2016).

4.1. mSA decoration: writers, erasers and readers

m°A is deposited by a multicomponent methyltransferase complex (MTC), composed of
the core components methyltransferase-like 3 (METTL3) and methyltransferase-like 14
(METTL14); and additional regulatory factors, including Wilms tumor 1 associated protein
(WTAP), KIAA1429/VIRMA, RBM15/15B, CBLL1/HAKAI, and ZC3H13 (Zhang et al., 2020).
Within this complex, METTL3 is the catalytic subunit, whereas METTL14 acts as a scaffold
for RNA binding. Both METTL3 and METTL14 are highly conserved in mammals and form
a stable heterodimer that is essential for m8A-mRNA methylation, causing the deletion of
any of these two methyltransferases a 99% reduction in the levels of mMRNA methylation
(Gilbert et al., 2016; Yang et al., 2018).
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The reversibility of m8A modification relies on the existence of demethylases or erasers,
including fat mass and obesity-associated protein (FTO) and alkB homolog 5 (ALKBH5),
which are able to revert Né-methyladenosine to adenosine through oxidative demethylation.
These two enzymes are widely expressed both during embryonic development and in adult
tissues, although they are particularly enriched in the brain and in testes, respectively,
suggesting that additional tissue-specific demethylases may remain to be identified in the
future (Seo and Kleiner, 2020; Yang et al., 2018).

The effects of m®A on mRNA can be mediated either by affecting the secondary structure
of the transcripts (structural switch) or by the direct interaction of this modification with
specific reader proteins. On the one hand, m®A sites tend to be unstructured due to the
destabilization of A-U pairs caused by this modification (Engel and von Hippel, 1974; Roost
et al., 2015; Spitale et al., 2015), which in turn modulates the accessibility of RNA binding
proteins (Harcourt et al., 2017). On the other hand, m®A can directly recruit proteins of the
YTH domain family, including YTHDF1, YTHDF2, YTHDF3, YTHDC1 and YTHDC2
(Dominissini et al., 2012; Roundtree et al., 2017a). Additionally, other RNA binding proteins
act as readers for these modification, including ELAV-like protein 1 (ELAVL1), eukaryotic
translation initiation factor 3 (elF3) or insulin-like growth factor 2 mRNA-binding proteins
(IGF2BPs) among others (Seo and Kleiner, 2020).

4.2. The role of m®A modification at the molecular and cellular level

Interestingly, the majority of mRNA-modifying enzymes exhibit a nuclear localization,
allowing m®A to influence mRNA biogenesis from the earliest steps (Gilbert et al., 2016).
This modification has been shown to regulate nearly every aspect of mRNA metabolism,
from transcription and pre-mRNA processing to translation and mRNA stability (Yang et al.,
2018; Figure 10). Some of these regulatory effects are mediated by the m®A-induced
structural switch, as for instance in the case of splicing, which is enhanced by the increase
accessibility for heterogeneous nuclear ribonucleoprotein C and G (HNRNPC/G) binding as
a result of m8A modification (Harcourt et al., 2017; Liu et al., 2015, 2017). On the other hand,
other m®A functions are mediated by its interaction with specific readers, as is the case for
the regulation of mMRNA nuclear export. In this case, part of méA-dependent regulation is
mediated by YTHDC1, which, through the binding to this modification, recruits the export
adaptor protein SRSF3 and the export receptor NXF1 to mfA-methylated mRNAs,
promoting their export to the cytoplasm (Roundtree et al., 2017b; Seo and Kleiner, 2020).
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Figure 10| m8A-mediated regulation of mRNA metabolism. Nascent transcripts can be co-
transcriptionally modified by m®A writer enzymes. At the molecular level, this modification has the
potential to affect almost every step in gene expression, including splicing, nuclear export, translation
and mRNA stability. Adapted from Yang et al., 2018.

The modulation of gene expression associated with m®A modification has functional
consequences on a variety of higher order biological processes, including early embryonic
development, cell differentiation and immune response; and also in some pathological
situations, such as cancer (Seo and Kleiner, 2020). For instance, m®A mRNA modification
is essential for the proper development of the nervous system, as well as for the
maintenance of its function (Livneh et al., 2020; Noack and Calegari, 2018). In this sense, it
has been recently shown that conditional depletion of either Mett!3 or Mett/14 during cortical
development alters both neurogenesis and gliogenesis, due to defects in the m6A-
dependent decay of some transcripts associated with stemness, cell cycle regulation and
differentiation (Wang et al., 2018; Yoon et al., 2017). Accordingly, the m®A reader YTHDF2
has been involved in the degradation of transcripts related to neural development (Li et al.,
2018b). In addition, several neural-specific m®A-binding proteins have been identified, as is
the case of fragile X mental retardation protein (FMRP), which promotes the nuclear export
of m8A-mRNAs during cortical development (Edens et al., 2019); and proline rich coiled-coli
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2A (Prrc2a), which regulates both the proliferation of oligodendrocyte progenitor cells
(OPCs) and the acquisition of oligodendrocyte fate through the stabilization of Olig2 mRNA
(Wu et al., 2019). On the other hand, mfA modification is also linked to the regulation of
adult neurogenesis, which is evidenced by the reduction adult NSCs proliferation and
differentiation into neurons and glia produced by the loss of the demethylase FTO (Li et al.,
2017).

Altogether these observations indicate that m®A, as well as other post-transcriptional
mRNA modifications, provide a mechanism to coordinately regulate the fate of groups of
transcripts during a variety of biological process and in response to different cellular and
environmental cues, contributing to the fine-tuning of both gene expression and protein
translation (Frye et al., 2018; Roundtree et al., 2017a).

27






Objectives






Objectives

Recent studies analyzing the transcriptomic dynamics that take place during NSC
activation and differentiation have shown that lineage progression is tightly controlled during
adult neurogenesis, both at the transcriptional and post-transcriptional levels. Moreover,
thanks to the development of new technical approaches, which have enabled the availability
of a large amount of high-throughput sequencing information, it has become increasingly
evident that classically neglected regulatory mechanisms, such as intron retention or post-
transcriptional mMRNA modifications, have a pivotal role in the control of gene expression in

a variety of biological processes.

General objective
The aim of this thesis is understanding the role of Scratch genes in adult neurogenesis.

Considering our preliminary data on the expression of Scratch genes in the adult brain
(Marin and Nieto, 2006) and the described roles in neuronal survival and differentiation in
zebrafish and mouse embryos (Rodriguez-Aznar and Nieto, 2011; Rodriguez-Aznar et al.,
2013; ltoh et al., 2013; Paul et al.,, 2014), we wanted to assess their role in adult

neurogenesis in the mouse.

Specific objectives

1. Characterizing the expression pattern of Scratch1 in the adult neurogenic niche

2. Analyzing the function of Scratch1 transcription factor

3. Revealing the molecular mechanisms that regulate Scratch1 expression in the adult

brain
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1. Experimental animals

1.1. Mice

All experiments were performed using adult C57BL/6J wild-type mice between 2 and 4
months-old as a source of biological samples. All animal procedures were conducted in
compliance with the European Community Council Directive (2010/63/EU) and Spanish
legislation. The protocols were approved by the CSIC Ethical Committee and the Animal

Welfare Committee at the Institute of Neurosciences (Alicante).

1.2. Zebrafish

All the experiments were performed using 6 months-old zebrafishes of the AB strain,
which were maintained at 28°C under standard conditions. All animal procedures were
conducted in compliance with the European Community Council Directive (2010/63/EU) and
Spanish legislation. The protocols were approved by the CSIC Ethical Committee and the

Animal Welfare Committee at the Institute of Neurosciences (Alicante).

2. Perfusion and histological analysis

With the aim of preserving brain structure and cell integrity for subsequent histological
analysis, adult mice were anesthetized using isofluorane and transcardially perfused with
0.1M Phosphate-buffered Saline pH 7.4 (PBS), followed by 4% paraformaldehyde (PFA) in
diethyl pyrocarbonate (DEPC)-treated 0.1M PBS at a flow rate of 5.5 ml/min. Then, brains
were extracted and post-fixed by immersion in the same fixative overnight (o/n). After
washing the tissue with PBS, brains were serially sectioned into 30-50 um coronal sections
using a Leica VT1000 vibratome and subsequently processed according to the protocol for

each particular technique.

3. In situ hybridization

In all the cases, in situ hybridization (ISH) was performed following a protocol adapted

from that previously described by Acloque et al., 2008.
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3.1. Probe synthesis

Labeled probes were synthesized by in vitro transcription of the DNA template in the
presence of ribonucleotides labeled with digoxygenin (DIG). Probe constructs carrying each
template (1 ug) were linearized with proper restriction enzymes. After checking that the
linearization was complete, RNA probe transcription was performed using Promega kit
containing 5x transcription buffer, 0.1M dithiothreitol (DTT), T3/T7/SP6 RNA polymerases
and RNasin (40U/ul) plus nucleotide mix (Roche). The mix was incubated for 3h at 37°C.
Next, probes were purified by the addition of 1/10 3M sodium acetate and 2.5 volumes of
ethanol and the subsequent incubation at -20°C o/n. The product was then centrifuged 30
minutes at 13000 rpm at 4°C, washed twice with 70% ethanol, air dried and re-dissolved in
1:1 volume of nuclease-free water and formamide. Finally, the quality of probes was
checked by electrophoresis on 1% agarose/TAE gel and, if satisfactory, immediately used
or stored at -80°C.

Templates for probes that were not previously available were amplified by PCR from
their respective cDNA (to generate probes for mature or total mMRNA) or genomic DNA (to
obtain intronic probes) and subcloned into the pGEMT-easy vector (Promega) or pCR-Blunt
[I-TOPO vector (Thermo Fisher).

3.2. Fluorescent in situ hybridization in mouse brain sections

After dissection and post-fixation of mouse brains and collection of serial coronal
sectionsin a Leica VT1000 vibratome, the tissue was washed twice with ice-cold PBS-DEPC
0.1% Tween20 (PBS-T) and dehydrated through a series of PBS-T solutions with increasing
concentrations of methanol (25%, 50%, 75% and 100%), then twice in methanol 100% and
kept o/n at -20°C. Next, sections were rehydrated through the reverse series of PBS-
T/methanol solutions and washed twice in PBS-T. In order to inactivate endogenous
peroxidase activity, sections were then incubated in 1% H2O. for 40 minutes and then
washed three times with PBS-T. Then, sections were treated with 10 ug/ml proteinase K in
PBS-T for 3 minutes at room temperature (RT). After that, they were re-fixed with 4%PFA-
DEPC for 20 min at RT and washed twice in PBS-T. Sections were then incubated in
prehybridization solution (560% formamide, 5X SSC, 2% Roche blocking powder, 0.1%
Tween20, 50 mg/ml heparin, 1mg/ml tRNA, 1mM EDTA, 0.1% CHAPS in DEPC-treated
dH20) at 60°C for 1 hour first, and then o/n after refreshing prehybridization solution.

Sections were either used the next day for ISH or stored at -20°C.
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Next, prehybridized sections were incubated with 1 ug/ml of denatured DIG-labeled
probes o/n at 60°C. After that, they were washed twice with 2x SSC, 0.1% CHAPS, then
twice with 0.2x SSC, 0.1% CHAPS at 60°C and finally with KTBT washing buffer (50mM
Tris-HCI pH7.5, 150mM NaCl, 10mM KCI, 0.1% Triton X-100 in H20). After the washes,
sections were incubated in blocking solution (20% goat serum, 0.7% Roche blocking
solution in KTBT) for 3h at 4°C. For probe detection, sections were then incubated with 1:500
dilution of an anti-DIG peroxidase (POD)-conjugated antibody in blocking solution o/n at 4°C.
The whole next day, sections were washed many times in KTBT buffer and kept o/n in KTBT
at RT. For developing, sections were incubated with Amplification solution (TSA® fluorescein
detection kit, PerkinElmer) for 1 minute, following manufacturer’s instructions. FITC or Cy3
(1:100) were added to the Amplification solution for developing green or red colors,
respectively and sections were incubated in the mix for 45 minutes in dark at RT. Then, they
were washed several times with KTBT, stained with DAPI and imaged with Olympus

DV1200 confocal microscope.

For combination of ISH with immunofluorescence, primary antibodies (Table 1) were
added to the sections with the antibody for probe detection. After developing, sections were
incubated with the appropriate secondary antibodies (Table 2), washed several times with
PBS, stained with DAPI and subjected to confocal microscope imaging.

Antibody Host Dilution  Application Provider Cat. no.
BlI-tubulin Mouse 1:300 IF Covance PRB-435P
Cleaved-caspase3 Rabbit 1:1000 IF Cell Signaling 9664S
Digoxigenin-POD Sheep 1:500 FISH Roche 11207733910
Doublecortin Rabbit 1:1000 IF Abcam ab18723
GFAP Chicken 1:600 IF Millipore ab5541
GFAP Rabbit 1:300 IF Dako 2033429-2
HuC/D Mouse 1:1000 IF Invitrogen A21271
Ki67 Rabbit 1:150 IF Abcam ab15580
Nestin Mouse 1:4 IF Hybridoma Bank Rat-401
NeuN Rabbit 1:500 IF Abcam ab128886
Nucleoporin Mouse 1:500 IF Abcam ab24609

Table 1| List of primary antibodies. IF, Immunofluorescence; FISH, Fluorescent in situ
hybridization.
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Antibody Dilution Application Provider Cat. no.
Alexa Fluor® 568 anti-chicken 1:500 IF Thermo Fisher A11041
Alexa Fluor® 568 anti-mouse 1:500 IF Thermo Fisher A11004
Alexa Fluor® 568 anti-rabbit 1:500 IF Thermo Fisher A11011
Alexa Fluor® 647 anti-rabbit 1:500 IF Thermo Fisher A27040

Alexa Fluor® 568

Streptoavidin-conjugated 1:500 FISH Thermo Fisher S11226

Table 2| List of secondary antibodies. FISH, Fluorescent in situ hybridization; IF,
Immunofluorescence.

3.3. Fluorescent in situ hybridization in zebrafish brain

In the case of zebrafish, brains were obtained from 6 months-old wild-type animals from
the AB strain. Heads were dissected, washed in PBS-T and fixed with 4% PFA prepared in
PBS-DEPC o/n at 4°C. Next day, brains were extracted, dehydrated through a series of
PBS-T solutions with increasing concentrations of methanol (25%, 50%, 75% and 100%)
and kept in methanol 100% o/n at 4°C. After that, brains were rehydrated through
methanol:PBS-T solutions in reverse order, washed twice in PBS-T, incubated in 1% H»>0
for 40 minutes and then washed again with PBS-T. Then, they were treated with 10 ug/ml
proteinase K in PBS-T for 6 minutes at RT and re-fixed with 4% PFA-DEPC for 20 minutes.
After that, brains were washed with PBS-T and incubated with prehybridization solution at
60°C for 1 hour first, and then o/n after refreshing the solution. Brains were either used the
next day for ISH or stored at -20°C.

After that, prehybridized sections were incubated with 1 ug/ml of denatured DIG-labeled
probes o/n at 60°C and, next day, washed twice with 2x SSC, 0.1% CHAPS, then twice with
0.2x SSC, 0.1% CHAPS at 60°C and finally with KTBT buffer. Next, brains were embedded
in 2% agarose in PBS-DEPC and sectioned into 50 um thickness coronal sections using a
Leica VT1000 vibratome. After washing with PBS-T, sections were incubated with blocking
solution for 3 hours at 4°C and, then, with 1:500 dilution of POD-conjugated antibodies anti-
DIG in blocking solution o/n at 4°C. The corresponding primary antibodies for
immunofluorescence (Table 1) were added at the same time when required. All the posterior

steps were performed as previously described for mouse brain sections.
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3.4. In situ hybridization in cultured cells

To perform in situ hybridization in cells in culture, cells were seeded on an adhesive
matrix. For that, the day before seeding the cells, glass coverslips were incubated with 2%
methylcellulose or 1% Matrigel® diluted in Control Medium (see Table 3), depending on the
experiment, at 37°C in a 5% CO; humidified incubator. The day after, the cells were plated

at the desired density after washing the plates twice with sterile dH-0.

In order to detect the mRNA by in situ hybridization, cells were fixed with 2% PFA
prepared in PBS-DEPC 15 minutes at RT. After, they were washed three times with PBS-T
and, in case the samples were prepared for fluorescent in situ hybridization, they were
incubated with 1% H2O- for 20 minutes and washed again three times with PBS-T. Cells
were then incubated with prehybridization solution at 60°C for 1 hour, and then o/n after
refreshing prehybridization solution. Samples were either used the next day for ISH or stored
at -20°C.

Then, cells were incubated with 1 ug/ml of denatured DIG-labeled probes o/n at 60°C
and, next day, washed three times with the first washing solution (50% formamide, 5x SSC,
1% SDS in H,O) at 60°C, then three times with the second washing solution (50%
formamide, 2x SSC in H,0) at 60°C and finally three times with TBST (140 mM NaCl, 2.7
mM KCI, 25 mM Tris-HCI pH7.5, 0.1% Tween20 in H20) at RT.

For visible in situ hybridization, cells were incubated with blocking solution (10% FBS in
TBST) for 1 hour at RT. Then, they were incubated with 1:1000 alkaline phosphatase (AP)-
conjugated anti-DIG antibody diluted in blocking solution o/n at 4°C. Next day, cells were
washed many times with TBST and kept in this buffer o/n. The following day, they were
washed twice with TBST and then three times with NTMT (100mM Tris-HCI pH9.5, 59mM
MgCI2, 100mM NacCl, 0.1% Tween-20, 1mM levamisole in H2O). For developing, cells were
incubated with NTMT containing freshly-added 3 pl NBT and 2.6 uyl BCIP per 1ml
(developing solution), in the dark at RT until the color reaction develops. In order to stop the
developing reaction, cells were washed several times with TBST, fixed with 4% PFA and

washed again with TBST. Samples were imaged using a Leica DMR microscope.

For fluorescent in situ hybridization, cells were incubated with blocking solution for 1
hour at RT and after with 1:500 dilution of an anti-DIG POD-conjugated antibody in blocking
solution o/n at 4°C. Cells were incubated also with primary antibodies for

immunofluorescence (Table 1) at the same time when necessary. The whole next day,
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sections were washed many times in TBST buffer and kept o/n in TBST at RT. The next
day, after several washes with TBST, cells were incubated with Ampilification Solution
(Perkin Elmer) for 1 minute to adjust the pH and then with FITC or Cy3 (1:100) diluted in
Amplification Solution for 15 minutes in dark at RT. Then, cells were washed several times
with TBST, incubated with the corresponding secondary antibodies (Table 2), washed again
with TBST, stained with DAPI and imaged with Olympus FV1200 confocal microscope.

3.5. DNA in situ hybridization in cell cultures

For DNA in situ hybridization, cells were plated on 0.2% gelatin-coated glass coverslips.
After they attached to the matrix, cells were fixed with 2% PFA for 15 min at RT. Next, they
were washed three times with PBS, incubated with 0.2% pepsin for 4 minutes at 37°C and
post-fixed with 4% PFA for 5 minutes at RT. After washing twice with PBS, cells were
dehydrated by incubating them with 70%, 90% and 100% ethanol, 3 minutes each; and after
the coverslips were air dried for several minutes. In the meantime, chromosome 15 specific
probe labeled with biotin (Chrombios®) was denatured by incubating it for 6 minutes at 72°C.
Then, cells were incubated with the denatured probe o/n at 60°C. The day after, samples
were washed once with 2x SSC at 60°C, three times with 50% formamide 2x SSC at 60°C
and twice with Tris-Saline-Tween buffer (TST; 1x saline, 0.1M Tris, 0.05% Tween20 in H20)
at RT. After that, cells were incubated with blocking solution (TSBSA; 1x saline, 0.1M Tris,
20% BSA in H20) for 1 hour at RT and then with 1:500 dilution of Alexa Fluor™ 568-
conjugated Streptavidin (Thermo Fisher). Finally, samples were washed several times with

TST, stained with DAPI and imaged with an Olympus FV1200 confocal microscope.

4. Neural Stem Cell cultures

Neural stem cells (NSCs) isolated from the adult SEZ can be cultured in medium
containing basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF). Under
those conditions, NSCs proliferate and form clonal aggregates, called neurospheres. NSC
cultures can be expanded and maintained for several passages thanks to their capacity to
self-renew and generate new aggregates upon neurosphere dissociation (Belenguer et al.,
2016; Ferron et al., 2007).
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Reagent cor‘:\(lzz:::irr;st]ion S;?:ra;:r]ri'l Provider Cat. no.
D-Glucose 0.6% 30% (-20°C) Sigma G7021
NaHCOs 0.1% 7.5% (4°C) Sigma S5761
HEPES 5 mM 1M (4°C) Sigma H3375
L-Glutamine 2 mM 200 mM (-20°C) Gibco 25030-024
Penicillin-Streptomycin 1x 100x (-20°C) Gibco 15140-122
Hormone mix 1x 10x (-20°C) Homemade (see Table 4)
Heparin sodium salt 0.7 U/ml 350 U/ml (4°C) Sigma H3149
BSA 4 mg/ml Powder (4°C) Sigma B4287
DMEM 0.5x 1x (4°C) Sigma D6429
Nutrient mixture F12 0.5x 1x (4°C) Sigma N6658

Table 3| Composition of Control medium. BSA, Bovine Serum Albumin; DMEM, Dulbecco’s
Modified Eagle Medium; F12, Ham’s F12 Nutrient Mixture.

Reagent cor‘:\(lzz:::irr;st]ion S;?:ra;:r]ri'l Provider Cat. no.
D-Glucose 0.6% 30% (-20°C) Sigma G7021
NaHCOs 0.1% 7.5% (4°C) Sigma S5761
HEPES 5mM 1M (4°C) Sigma H3375
Apo-transferrin 0.8 mg/ml Powder (-20°C) Sigma T2252
Bovine insulin 500 nM 5 uM (-20°C) Sigma 16634
Putrescine 0.1 mg/ml 1 mg/ml (-20°C) Sigma P7505
Progesterone 0.2 nM 2 mM (-20°C) Sigma P6149
Sodium selenite 0.3 uM 3 mM (-20°C) Sigma S9133
DMEM 0.5x 1x (4°C) Sigma D6429
Nutrient mixture F12 0.5x 1x (4°C) Sigma N6658

Table 4] Composition of 10x

Ham’s F12 Nutrient Mixture

Hormone mix. DMEM, Dulbecco’s Modified Eagle Medium; F12,
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Reagent cor\:\g:;irr;?ion S:t)gra;:'];l Provider Cat. no.
Control medium Homemade (see Table 1)
EGF 20 ng/ml 4 pg/ml (-20°C) Gibco 53003-018
bFGF 10 ng/ml 25 pg/ml (-20°C) Sigma F0291

Table 5| Composition of Complete medium. EGF, Epidermal Growth Factor; bFGF, basic
Fibroblast Growth Factor.

4.2. Establishment of primary NSC culture

In order to establish primary cultures of adult NSCs, mice from 2 to 4 months were
sacrificed by cervical dislocation and brains were extracted and placed in a plate with ice-
cold PBS. Then, both SEZs from each mouse were dissected, chop into small pieces and
enzymatically digested by incubation in 1 ml of previously activated Papain solution (see
Table 6) for 30 minutes at 37°C. After the digestion, the reaction was stopped by the addition
of Control medium (see Table 3) and the tissue was mechanically dissociated pipetting up
and down the cellular suspension. Then, cells were washed in 10 ml of Control medium,
centrifuged at 1000 rpm for 10 min and the pellet was resuspended in Complete medium
(see Table 5).

Working Stock conc./

Reagent concentration Storage T? Provider Cat. no.
Papain 12 U/ml 384 U/ml (4°C) Sigma P3125
L-Cystein hydrochloride 0.2 mg/ml Powder (RT) Sigma Cc8277
EDTA 0.2 mg/ml Powder (RT) Sigma E6511
EBSS 1x 1x (4°C) Gibco 24010-043

Table 6] Composition of Digestion solution. EBSS, Earle’s Balanced Salt Solution.
For the establishment of the cultures, cells obtained from each brain (2 SEZs) were

plated in 8 wells of a 48-well plate with 500 ul of Complete medium per well and incubated
at 37°C in a 5% CO- humidified incubator for between 7 and 10 days.
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4.3. Subculture and bulk expansion of established NSC cultures

Once primary cultures were established, grown neurospheres were collected in 15 ml
conical tubes and centrifuged 5-7 minutes at 700-1000 rpm, depending on their overall size.
Neurospheres were then dissociated by incubation with Accutase® solution (Sigma) for 10
minutes at RT, in combination with mechanical disaggregation by pipetting up and down
several times. After the digestion, Control medium was added to the tubes in order to stop
the reaction and individual cells were collected by centrifugation at 1000 rpm for 10 minutes.
After removing the supernatant, cells were resuspended in Complete medium. Then, the
concentration of viable cells was estimated by Trypan Blue exclusion on a Neubauer
chamber. Finally, for bulk expansion, cells were seeded in a density of 10,000 cells/cm? in
Complete medium and incubated at 37°C in a 5% CO, humidified incubator for 5-7 days,

until new neurospheres were formed.

4.4. Cryopreservation of NSCs

Once neurosphere cultures were established and expanded, they were cryopreserved
for future use. To do so, grown neurospheres were dissociated as previously described and
the concentration of viable cells was estimated by Trypan Blue exclusion on a Neubauer
chamber. Then, 2 x 108 cells were resuspended in fresh Complete medium supplemented
with 10% dimethyl sulfoxide (DMSOQ), transferred to a cryotube and placed at -80°C in a

freezing container. For long-term storage, cryotubes were stored in a liquid nitrogen tank.

In order to thaw cells, vials were placed in a 37°C water bath until they were completely
thawed. Then, cells were transferred to a 15 ml tube with Control medium and centrifuged
at 1000 rpm for 10 minutes. After that, cells were resuspended in Complete medium, plated
and incubated at 37°C in a 5% CO, humidified incubator until new neurospheres were

formed.

4.5. Lentiviral infection for shRNA gene silencing

In order to perform loss of function experiments in NSCs, cultures of these cells were
transduced with lentiviruses (LVs) carrying either control constructs or different specific
shRNAs for the genes of interest. This LV-mediated gene delivery system allows the long-
term transduction of the cells and the generation of stable cell cultures in which the
expression of a given gene has been downregulated.
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4.5.1. Lentiviral production and titration

LVs containing shRNA constructs were generated using HEK293T packaging cells,
which were maintained in HEK293T medium (see Table 7). For that purpose, the day before
transfection 8.5 x 108 HEK293T cells were plated in a 15 cm plastic dish and incubated at
37°C in a 5% CO, humidified incubator with LV medium (DMEM supplemented with 10%
FBS). Next day, cells were transfected with a solution containing 15 ug of psPAX2 plasmid,
10 ug of pmD2.G plasmid, 20 ug of the appropriate pGIPZ plasmid (see Table 8), 200 ul of
2.5 M CaCl; in a final volume of 2 ml. After 5 minutes of RT incubation, 2 ml of 2x HEPES
Buffered Saline (HBS) were added dropwise and the solution was incubated for 20-30
minutes at RT, allowing the formation of a fine calcium phosphate-DNA precipitate.
Subsequently, this solution was added to the HEK293T cells and cultures were incubated
at 37°C in a 5% CO; humidified incubator. After 16h, HEK293T medium was refreshed and
cells were incubated for 24h before the collection of lentiviral particles. To do so, next day
the medium of the cultures was collected, centrifuged 5 minutes at 2000 rpm and filtered
through a 0.22 ym pore nitrocellulose filter. Then, a concentrated solution of lentiviral
particles was obtained by ultracentrifugation for 90 min at 25,000 rpm with a SW-32Ti rotor
in an Optima XL-100K ultracentrifuge (Beckman Coulter). Next, the supernatant was

discarded and the pellet was resuspended in sterile PBS and kept at -80°C until used.

For lentiviral titration, the day before infection HEK293T cells were plated at a density of
50,000 cells per well in a 6-well plate and incubated at 37°C in a 5% CO> humidified
incubator with HEK293T medium. Next day, HEK293T cells were infected with serial
dilutions, from 102 to 1028, of the lentiviral stock prepared in HEK293T medium
supplemented with 8 pg/ml Polybrene reagent (Sigma) and returned to the incubator for 72
additional hours. Then, cells were harvested, resuspended in fixing solution (0.5% PFA and
2% FBS in sterile PBS) and the percentage of GFP-positive cells in the cultures was
quantified using a FACSAria Il flow cytometer (BD Biosciencies). The titer of the lentiviral
stocks was calculated using the following formula:

Percentage of GFP™ cells

Titer (TU/ml) = 100 x Number of cells infected x Dilution factor

Only the cultures in which the percentage of GFP-positive cells was between 1% and
20% were consider in the analysis, in order to ensure the reliability of the measurements

and to minimize the number of cells infected by multiple lentiviral particles in the samples.
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Reagent cor‘:\cl::::irr;?ion S;::;;Zr‘:a'/ Provider Cat. no.
FBS (inactivated) 10% Pure (-20°C)
Penicillin-Streptomycin 1Xx 100x (-20°C) Gibco 15140-122
L-Glutamine 2 mM 200 mM (-20°C) Gibco 25030-024
DMEM 1Xx 1x (4°C) Sigma D6429

Table 7| Composition of HEK293T culture medium. DMEM, Dulbecco’s Modified Eagle Medium;
FBS, Fetal Bovine Serum.

Plasmid Codified Reporter Use Provider Cat. no.
molecule
psPAX2 Gag, Pol, None Addgene #12251
Rev Lentiviral
packaging
pmD2.G Env None Addgene #12253
pGIPZ non-silencing control Open
control vector shRNA (GFP Biosystems RHS4346
pGIPZ shRNA Scrt1 shRNA {GFP Expression Open V3LMM_
(shScrt1A) Scrt1 silencing Biosystems 456558
pGIPZ shRNA Scrt1 shRNA {GFP Open V3LMM_
(shScrt1B) Scrt1 Biosystems 456561

Table 8| Plasmids used for lentiviral production.

4.5.2. NSC transduction

For lentiviral transduction, neurospheres were dissociated by incubation with Accutase®
solution (Sigma) for 10 minutes at RT and individual cells were incubated with 5x108 TU/ml
of lentiviral particles in Complete medium supplemented with 8 ug/ml Polybrene reagent
(Sigma) for 1h. Then, 4 ml of Complete medium were added and cells were plated in 25 cm?
flasks in the presence of the lentiviruses for 4-6h. Finally, transduced cells were washed,
and incubated at 37°C in a 5% CO2 humidified incubator in Complete medium until new

neurospheres were formed.

4.6. Induction of NSC differentiation

The day before seeding the cells, plates or coverslips were coated with Matrigel diluted
1:100 in Control medium and incubated for 24h at 37°C in a 5% CO; humidified. Next day,
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plates or coverslips were washed twice with sterile dH,O prior the seeding of the cells.

In order to induce the differentiation of NSCs, neurospheres were dissociated and
washed with Control medium to eliminate the remaining mitogens from Complete medium.
Then, cells were seeded at a density of 80,000 cell/cm? on Matrigel coated plates with
Differentiation medium | (Control medium supplemented with 10 ng/ml bFGF), which
induces the initiation of the differentiation process. Two days later the Differentiation medium
| was removed and replaced with Differentiation medium Il (Control medium supplemented

with 2% FBS) and cells were incubated for 5 additional days, allowing further differentiation.

For the experiments in which the cells were fixed less than 12 hours after the induction
of differentiation, they were first seeded in Complete medium for 24 hours and then washed

and incubated in Differentiation medium | for the time required.

4.7. Treatments with RNA methylation and EGF signaling inhibitors

When required for the experiments, NSC cultures were treated with different drugs. In
order to block EGF signaling cells were treated either with Gefitinib (Selleck Chemicals; 2.5
MM) or Afatinib (Enzo Life Sciences; 2.5 uM), two different EGF receptor (EGFR) inhibitors
that hinder its phosphorylation and, therefore, prevent signal transduction. On the other
hand, NSCs were treated with 3-Deazaadenosine (DAA, Sigma; 100 uM), a strong inhibitor
of mfA RNA methylation (Fustin et al., 2013).

5. Embryonic Stem Cell culture

5.1. Maintenance of ESC cultures

The mouse embryonic stem cell (ESC) line 46C (Sox1-GFP-IRES-pac knock-in;
PrimCells) was cultured on 0.1% gelatin-coated plates in ESC medium (see Table 9), which
was refreshed every day. When confluence was reached, cells were detached from the plate
by Trypsin/EDTA (Fisher) treatment, seeded in new gelatin-coated plates and incubated at
37°C in a 5% CO- humidified incubator.

Induced pluripotent stem cells (iPSC) reprogrammed from NSC were kindly provided by
Dr. Sacri Rodriguez Ferroén.
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Reagent cor‘:\é:-:::ir:?ion S;:;ra;:r!ri'/ Provider Cat. no.
FBS (ES tested) 10% 100% (-20°C) Capricorn FBS-12A
L-Glutamine 2mM 200 mM (-20°C) Gibco 25030-024
Sodium pyruvate 1mM 100 mM (4°C) Gibco 11360-070
NEAA 1x 100x (4°C) Gibco 11140-050
Penicillin-Streptomycin 1x 100x (-20°C) Gibco 15140-122
LIF 10 ng/ml 0.1mg/ml (-20°C) Prepotech AF-300-05

B-Mercaptoethanol 0.1 mM 0.1 M (RT) Sigma M3148

GMEM 1Xx 1x (4°C) Sigma G5154

Table 9] Composition of ES medium. FBS, Fetal Bovine Serum; GMEM, Glasgow Minimum
Essential Medium; LIF, Leukemia Inhibitory Factor; NEAA, Non-Essential Amino Acids.

5.2. Generation of ESC-derived NSCs

NSC were derived from ESC as previously described in Conti et al., 2005. Briefly,
20,000 cells/cm? were seeded on gelatin-coated plates with N2B27 medium (see Table 10)
and incubated at 37°C in a 5% CO, humidified incubator for 7 days. The medium was
refreshed every day. Under these conditions, a large proportion of the cells in the cultures
underwent neural lineage specification during the firsts 4-5 days and exhibited clear features
of neural differentiation from day 5 (5DIV) onwards. From day 6 on, cells were treated with
0.5 pg/ml puromycin (Calbiochem) for 48h, in order to select the cells that had undergone

neural lineage specification (Sox1* cells).

Next, with the aim of obtaining homogenous NSC cultures, cells were collected and
replated on uncoated culture dishes with NS medium (see Table 12) for 2-3 days, until
neurosphere-like aggregates were formed. Then, aggregates were harvested and
dissociated, and individual cells were plated on gelatin-coated plates with fresh NS medium.

After some days, cell aggregates attached to the plate and acquired a bipolar morphology.

For the maintenance of ESC-derived NSC cultures, when confluence was reached, cells
were trypsinized, replated on gelatin-coated plates with NS medium and incubated at 37°C
in a 5% CO; humidified incubator.
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Reagent cor\:\éz::;ir:?ion S:t)gra;:'];l Provider Cat. no.

N2 1x 10x (-20°C) Homemade (see Table 11)
B27 0.5x 50x (-20°) Gibco 17504-044
BSA (fraction V) 50 pg/ml 7.5% (4°C) Gibco 15260-037
Penicillin-Streptomycin 1x 100x (-20°C) Gibco 15140-122
Neurobasal media 0.5x 1x (4°C) techrl;gleogies 21103-049

DMEM 0.25x 1x (4°C) Sigma D6429

Nutrient mixture F12 0.25x 1x (4°C) Sigma N6658

Table 10] Composition of N2B27 medium.

Reagent cor‘:\(’:::;irr;?ion Séz:ra;c:;:.l Provider Cat. no.
Bovine insulin 250 pg/ml 1.25mg/ml (-20°C) Sigma 16634
Apo-transferrin 1 mg/ml Powder (-20°C) Sigma T2252

Putrescine 160 pg/ml 1 mg/ml (-20°C) Sigma P7505
Progesterone 60 ng/ml 2 mM (-20°C) Sigma P6149
Sodium selenite 300 nM 3 mM (-20°C) Sigma S9133
DMEM 0.25x 1x (4°C) Sigma D6429
Nutrient mixture F12 0.25x 1x (4°C) Sigma N6658
Table 11] Composition of N2 (10x).
Reagent cor\:\éz::;ir:?ion S:t)gra;:'];l Provider Cat. no.
L-Glutamine 2mM 200 mM (-20°C) Gibco 25030-024
N2 1x 10x (-20°C) Homemade (see Table 11)
EGF 10 ng/ml 4 pg/ml (-20°C) Gibco 53003-018
bFGF 10 ng/ml 25 pg/ml (-20°C) Sigma F0291
EuroMed-N media 1x 1x (4°C) Euroclone

Table 12| Composition of NS medium.
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6. Immunofluorescence in cultured cells

In order to obtain samples for immunofluorescence, the day before seeding, coverslips
were incubated with Matrigel diluted 1:100 in Control medium incubated o/n at 37°C in a 5%
CO2 humidified incubator. Coverslips were washed twice with dH>O before the cells were
seeded and, after incubation for the times required, they were fixed with 2% PFA at 37°C for
15 minutes. After fixation, cells were washed 3 times with PBS and kept in PBS-0.05% azide

at 4°C until the analysis.

For immunolabelling, samples were washed three times with PBS and incubated with
blocking solution (10% FBS and 1% Glycine in PBS) for 45 minutes at RT. Then, they were
incubated with the indicated primary antibodies (see Table 1) diluted in blocking solution o/n
at 4°C. Next day, cells were incubated with the appropriate fluorescently-labeled secondary
antibodies (see Table 2) diluted in blocking solution for 45 minutes at RT, counterstained
with DAPI (Sigma; 1 pg/ml) and mounted with Mowiol.

Samples were imaged with a Leica DMR microscope (Leica) and analyzed with ImageJ
software. Confocal images were obtained in an Olympus FV1200 confocal microscope
(Olympus).

7. Molecular methods

7.1. Total RNA extraction, cDNA synthesis and qPCR analysis

For gene expression assays, total RNA was extracted using the Illustra RNAspin Mini
isolation kit (GE healthcare), following manufacturer’s instructions. Reverse transcription
was carried out using the Maxima First Strand cDNA Synthesis kit (Thermo Scientific).
Quantitative RT-PCR was performed in a Step One Plus machine (Applied Biosystems)
using Fast SYBR Green Mastermix (Applied Biosystems) and the primers listed in Table 13.
Relative levels of expression were calculated using the comparative Ct method normalized

to the internal control TBP housekeeping transcript.
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Gene Sequence (5'>3’) Orientation
Actb-F GCGAGCACAGCTTCTTTGC Sense
Actb-R CGACCAGCGCAGCGATA Antisense
Bbc3-F GCGGCGGAGACAAGAAGA Sense
Bbc3-R AGTCCCATGAAGAGATTGTACATGAC Antisense
Cdkn1a-F AACATCTCAGGGCCGAAA Sense
Cdkn1a-R TGCGCTTGGAGTGATAGAAA Antisense
Gapdh-F TGACCTCAACTACATGGTCTACA Sense
Gapdh-R CTTCCCATTCTCGGCCTTG Antisense
Mdm2-F TGTTTGGAGTCCCGAGTTTC Sense
Mdm2-R AGCCACTAAATTTCTGTAGATCATTG Antisense
Nanog-F CCTCCAGCAGATGCAAGAA Sense
Nanog-R GCTTGCACTTCATCCTTTGG Antisense
Nestin-F GAGAGGCGCTGGAACAGA Sense
Nestin-R TCTGACTCTGTAGACCCTGCTTC Antisense
p53-F AGTCACAGCACATGACGGA Sense
p53-R AGTCACAGCACATGACGGA Antisense
Pouf5f1-F CACGAGTGGAAAGCAACTCA Sense
Pouf5f1-R CTTCTGCAGGGCTTTCATGT Antisense
Ptbp1-F TGTGTGTATTCTGAGCTTCTATGTCC Sense
Ptbp1-R CCACCTGCAAGTTGGTCA Antisense
Ptbp2-F GCTCTGATACAGATGGCTGATG Sense
Ptbp2-R TCCATACATCTTCTGCCCATT Antisense
TBP-F CATGGACCAGAACAACAGCC Sense
TBP-R CGTAAGGCATCATTGGACT Antisense
Scrti(total)-F CAGGAATCATGCCCAGGTCC Sense
Scrt1(total)-R TCGAGGTCTGCCGAAGAGAA Antisense
Sox1-F GCTTCCTAATGGTTTAGCGTTTT Sense
Sox1-R AACCACAGGAAAGAAATGCAA Antisense
Zfp42-F GGACTAAGAGCTGGGACACG Sense
Zfp42-R GCGATCCTGCTTTCTTCTGT Antisense

Table 13| List of gPCR primers used.
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7.2. RNA immunoprecipitation (RIP) assay

For sample preparation, the day before seeding the cells, 100 mm culture dishes were
coated with Matrigel diluted 1:100 in Control medium. Next day, plates were washed twice
with dH.O and 60,000 cells/cm? were seeded and incubated at 37°C in a 5% CO- humidified
incubator in Complete medium. The day after, cultures were washed twice with Control
medium and incubated in Differentiation medium | (Control medium supplemented with 10
ng/ml bFGF). When indicated, cells were washed with PBS and total RNA was extracted
using mirVana miRNA Isolation Kit (Invitrogen).

m8A RNA immunoprecipitation was carried out as described in Zeng et al., 2018, with
minor modifications. Briefly, 60 ul of protein-A magnetic beads (BioRad) were washed twice
with IP buffer (500 mM NaCl, 10 mM Tris-HCI, pH 7.5, 0.1% IGEPAL CA-630 in nuclease
free H-O) and blocked with a solution of 0.5 mg/ml BSA (Sigma) and 2 pg/ml salmon sperm
DNA (Applied Biosystems) in IP buffer for 2 hours at 4°C. Then, beads were incubated with
10 pg/ml anti-N6-methyladenosine (mfA) antibody (Sigma) or IgG control antibody
(Diagenode; see Supplementary table 1) o/n at 4°C with head-over-tail rotation. Next day,
antibody-bound beads were washed twice with IP buffer and incubated with 2 ug of purified
RNA for 4 hours at 4°C, in the presence of 10 ul/ml RNasin ribonuclease inhibitor (Promega).
Then, beads were washed twice in IP buffer, twice in low-salt IP buffer (50 mM NaCl, 10 mM
Tris-HCI, pH 7.5, 0.1% IGEPAL CA-630 in nuclease free H,O) and twice in high-salt IP buffer
(500 mM NaCl, 10 mM Tris-HCI, pH 7.5, 0.1% IGEPAL CA-630 in nuclease free H,O) for 10
minutes each at 4°C. m®A-enriched RNA was then eluted in TRIzol Reagent (Ambion) and

isolated following manufacturer’s instructions.

Reverse transcription and quantitative RT-PCR were performed as described above
(see Table 13 for the list of primers used). The expression percentage of a target gene in IP
sample was calculated relative to that in input samples and normalized relative to Gapdh

expression.

8. RNA-seq

Samples were prepared as described above for RIP assay. After RNA isolation, library
preparation and high-throughput sequencing were performed by the Genomic Unit at the
Centre for Genomic Regulation (CRG). Paired-end read (125 nt) libraries for assayed
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conditions were produced using HiSeq v4 Chemistry kit (lllustra) and processed with the
sequencer software HiSeq Control Software version 2.2.58. Sequencing quality was

checked using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Read alignment and gene count were performed using STAR version 2.5.3 [23104886]
against Mus musculus genome assembly v10 (GRCm38 build; Ensembl). Differential gene
expression analysis was performed with DESeq2 [25516281] using a Wald Test and p-
values were adjusted for multiple testing using Benjamini-Hochberg FDR correction.
Alternative splicing genome wide quantification was performed using VAST-TOOLS
[28855263] against M. musculus v10 (GRCm38 build; Ensembl). Complementary analysis
of intron retention was performed with ASpli R/Bioconductor package

(http://bioconductor.org/packages/release/bioc/html/ASpli.html).  Cluster analysis was

performed using hierarchical and fuzzy c-means clustering using custom R scripts.

9. In silico analyses

9.1. Detection of potential m°A sites

mbA site prediction was performed using the primary Mus musculus Scratch? RNA
sequence (ENSMUST00000096365.4, Ensembl) by applying TargetM6A method (Li et al.,
2016; http://csbio.njust.edu.cn/bioinf/TargetM6A).

9.2. Analysis of Scratch intron sequences

Sequences of Scratch introns from different species were downloaded from Ensemble

(http://www.ensembl.org/index.html). The annotation of the splicing sites, the branch point

and the polypyrimidine tract was done manually.

9.3. Statistical analysis

All statistical analyses were carried out using Prism (GraphPad software, version 7.0).
For cell counting and quantitative PCR experiments, treatments were compared to their
corresponding controls using unpaired two-tailed Student’s t- test. All bar graphs represent
mean = SEM (Standard Error of the Mean). Statistical significances were as follows: * =
P<0.05, ** = P<0.01 and *** = P<0.001.
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1. Scrtach1 in the adult neural stem cell niche

1.1. Characterization of Scratch1 expression pattern in the SEZ

The expression pattern of Scratch genes in the mouse brain had been previously
analyzed in the lab (Marin and Nieto, 2006), revealing that after embryonic development,
when they are widely expressed, Scratch1 expression is maintained in different regions
during postnatal and adult stages, including the walls of the lateral ventricles (LVs). This
area is of particular interest since it harbors the most active neurogenic niche in adult
mammals, the SEZ (Obernier and Alvarez-Buylla, 2019). With this in mind, we decided to
focus on this area and performed a more detailed characterization, in order to identify the
specific cell types that expressed Scratch1 within this niche (Figure 11a). The combination
of in situ hybridization for Scratch1 with immunofluorescence for makers of different cell
populations allowed us to determine that both GFAP-positive NSCs (Figure 11b) and DCX-
positive neuroblasts express this gene (Figure 11c¢). In addition, we observed that Scratch1
expression level appeared to be higher in neuroblasts than in NSCs, pointing to an

upregulation associated with NSC differentiation.
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Figure 11| Scratch1 expression increases as NSCs progress into the neurogenic lineage. (a)
Schematic representation highlighting the location of the SEZ in a coronal section of an adult mouse
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brain hemisphere. (b-c) In situ hybridization for Scratch1 (green) in the SEZ (coronal section),
combined with immunofluorescence for GFAP (red, b) or DCX (red, ¢). Arrowheads indicate double-
positive cells. (d) Simplified representation of the strategy used to generate the RNA-seq samples.
After SEZ dissociation, cells were FACS-sorted according to the expression of several surface
markers and subjected to bulk RNA-seq. (e) Relative Scratch1 expression in NSCs, TAPs and
neuroblasts isolated from the adult SEZ. Data from Belenguer et al., 2020. Scale bars represent 10
um. SEZ, subependymal zone, RMS, rostral migratory stream; st, striatum; v, ventricle; NSC, neural
stem cells; TAP, transient amplifying progenitors; NB, neuroblasts.

To better follow the dynamics of Scratch1 expression along the neurogenic lineage, we
took advantage of RNA-seq data obtained from the different cell populations isolated from
the in vivo niche (Figure 11d; Belenguer et al., 2020). This data also indicated that Scratch1
is expressed at low levels in NSCs and that its expression gradually increases as these cells
differentiate and progress into the neurogenic lineage, being moderate in TAPs and
relatively high in neuroblasts (Figure 11e).

1.2. Scratch1 plays a pleiotropic role during adult neurogenesis

After characterizing the expression pattern of Scratch1 in the SEZ, we then analyzed
the role of this transcription factor during adult neurogenesis. For that purpose, we
transduced primary cultures of NSCs with lentiviruses containing a non-silencing control or
two different Scratch1-specific shRNAs, both of which efficiently downregulated its
expression (Figure 12). The increase in Scratch1 expression as NSCs progress into the
neurogenic lineage (Figure 11) suggested that it might have a role related with the process
of neurogenesis. Taking this into account, we aimed to recapitulate this process in culture
by artificially inducing the differentiation of NSCs, and analyzed the effect of Scratch1

downregulation at different time-points.

1.2.1. Scratch1 acts as a survival factor for differentiating neural progenitors

Scratch1 downregulation caused a significant increase in cell death in the cultures,
which was already evident 2 days after de induction of differentiation (2DIV), when the
cultures are known to be mainly composed by progenitor cells (Belenguer et al., 2016). The
decrease in the survival of the cells was caused by an increased in apoptosis, as reflected
by the increased in the proportion of cleaved-caspase 3-positive cells in the cultures were
Scracth1 was downregulated compared to the control condition (Figure 13b,c). Conversely,
when NSCs were kept in proliferation conditions upon Scracth? downregulation, preventing
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their differentiation, the survival of the cells was not affected by the reduction in the levels
of Scratch1 (Figure 13b,c), indicating that this transcription factor acts protecting cells from
undergoing programmed cell death specifically during the process of differentiation, but
appeared to be dispensable when they are maintained in an undifferentiated state.

N
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Figure 12| Scratch1 is efficiently downregulated in NSCs transduced with lentiviruses carrying
specific shRNAs. (a) Schematic drawing representing the transduction of the NSCs and the

construct use for Scratch1 loss of function experiments. (b) Analysis of Scratch1 shRNAs efficiency
by gPCR (n=3).

Previous work of the lab has shown that in the developing spinal cord of zebrafish
scratch2 fulfills a similar role, conferring resistance to the newly formed neurons to cell death
(Rodriguez-Aznar and Nieto, 2011). In the case of this system, scratch2 acts antagonizing
p53-mediated apoptosis by repressing the transcription of some of its targets, such as bbc3
(Puma), which is the main effector of cell death induced by p53 in vertebrates (Hafner et al.,
2019). Considering that, we analyzed the levels of several components of the p53 pathways.
First, we found that Scratch1 downregulation did not affect p53 expression, neither at the
mRNA (Figure 13e) or protein levels (Figure 13f). Consistently, we did not detect changes
in the expression of Mdm2 (Figure 13g), which encodes for a E3 ubiquitin ligase responsible
for p53 degradation (Hafner et al., 2019). On the contrary, Bbc3 (Puma) levels increased
upon Scratch1 downregulation (Figure 13h), indicating that, consistently with previous
results in other systems (Rodriguez-Aznar and Nieto, 2011; Thellmann et al., 2003),
Scratch1 promotes the survival of the differentiating NSCs acting downstream of p53 and

repressing the transcription of its target Bbc3 (Puma; Figure 13d).
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Figure 13| Scratch1 promotes the survival of differentiating neural progenitors by repressing
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the transcription of p53 targets. (a) Schematic representation of the differentiation protocol. In
order to initiate the process, neurospheres were disaggregated and seeded in Matrigel-coated plates
in the absence of EGF. To study the effect of Scracth1 downregulation in progenitor cells, samples
were obtained 2 after the induction of differentiation (2DIV). (b) Immunodetection of cleaved-caspase
3 (red) in cells transduced with control or shScratch1 lentiviruses, cultured in the presence
(proliferation) or the absence of EGF (differentiation) for 2 days. Arrowheads indicate positive cells.
(c) Quantification of the percentage of cleaved-caspase 3* cells in the cultures (n=3). (d) Schematic
representation of the proposed action of Scratch1 repressing the transcription of several p53 targets.
(e) Relative p53 mRNA levels in RNA extracts obtained 2 days after the induction of differentiation.
(f) Quantification of signal intensity for p53 in cells fixed 2 days after the induction of differentiation.
(g-i) Relative mRNA levels of (g) Mdm2, (h) Bbc3 and (i) Cdkn1a relative to TBP in RNA extracts
obtained 2 days after the induction of differentiation. Scale bars represent 25 pym.

Moreover, Scracth1 downregulation also induced an increase in the levels of Cdkn1a
(p21, Figure 13i), which is a cyclin-dependent kinase (CDK) inhibitor involved in p53-
mediated cell cycle arrest (Hafner et al., 2019).

1.2.2. Scracth1 contributes to the appropriate proliferation of the progenitor
cells

Taking into consideration the upregulation of Cdkn1a (p21) in response to Scratch1
downregulation, we analyzed whether it had any effect on the proliferation of the progenitor
cells (Nestin positive) and found that there was a significant decrease in the proportion of
Ki67-positive cells in the cultures treated with both Scratch1 shRNAs compared to the
control (Figure 14b,c), suggesting that Scratch1 contributes to the maintenance of the
normal proliferation of the progenitor cells by maintaining Cdkn1a (p21) levels low, also

acting downstream of p53.
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Figure 14| Scracth1 promotes the proliferation of the progenitor cells. (a) Schematic
representation of the differentiation protocol. To study the effect of Scracth1 downregulation in
progenitor cells, samples were obtained 2 days after the induction of differentiation (2DIV). (b)
Immunodetection of Ki67 (white) and Nestin (red) in cultures transduced with control or shScratch1
lentiviruses 2 days after the induction of differentiation. (¢) Quantification of the percentage of Ki67*
cells in the cultures (n=3). Scale bars represent 25 pm.

1.2.3. Scracth1 favors the acquisition of the neuronal fate

Additionally, we analyzed the effect that Scratch1 downregulation had on the final
outcome of the differentiation culture. To do so, we quantified the proportion of astrocytes
(GFAP*), neurons (BllI-tubulin*) and oligodendrocytes (O4+*) generated in the cultures 7 days
after the induction of NSC differentiation (7DIV). The differentiation protocol that we applied
leads to a massive production of astrocytes, with a small number of neurons and
oligodendrocytes scattered among them (Belenguer et al., 2016), which was mainly what
we observed both in control cultures and in the ones where Scracth1 was downregulated.
In the latter, we found that there was a slight increase in the proportion of astrocytes (Figure
15b,c, top panel; GFAP positive), and a significant decrease in the proportion of neurons

present in the cultures (Figure 15b,c, middle panel; BllI-tubulin positive) which where even
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more sparse than in control conditions. Regarding oligodendrocytes, their proportion

remained unaffected upon Scratch1 downregulation (Figure 15b,c, bottom panel; O4

positive).
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Figure 15| Scracth1 favors neurogenesis at the expense of gliogenesis. (a) Schematic
representation of the differentiation protocol. To study the effect of Scracth1 downregulation on the
final outcome of the differentiation, cells were fixed 7 days after the initiation of the process (7DIV).
(b) Immunodetection of GFAP (red), Blll-tubulin (white) and O4 (yellow) in cultures transduced with
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control or shScratch1 lentiviruses 7 days after the induction of differentiation. Arrowheads in the
bottom panel indicate O4" cells. (¢) Quantification of the percentage of positive cells for GFAP (top),
BllI-tubulin (middle) and O4 (bottom) in the cultures (n=3). Scale bars represent 25 ym.

These results show that the decrease in the levels of Scracth1 causes a change in the
fate of the differentiating cells, which tend to differentiate less into neurons and become
astrocytes instead. Therefore, altogether these results indicate that Scratch1 also promotes
neuronal differentiation in this context, as previously shown in other systems (Metzstein and
Horvitz, 1999; Nakakura et al., 2001b; Paul et al., 2014; Roark et al., 1995), favoring
neurogenesis at the expense of gliogenesis.
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2. Post-transcriptional regulation of Scrtach1 expression

The results obtained in the functional analyses indicated that Scratch1 plays several
roles during neural differentiation (Figure 13Figure 14Figure 15). However, its
downregulation did not seem to have any effect in NSCs, albeit we had observed that it is

also expressed (Figure 11b).

2.1. Scratch1 mRNA is not exported to the cytoplasm in NSCs

The absence of phenotype in NSCs upon Scratch1 downregulation prompted us to
examine more in detail its expression pattern in the SEZ and we noticed that the distribution
of Scratch1 mRNA in NSCs significantly differed from that observed in neuroblasts. In
particular, Scratch1 transcripts showed the expected wide distribution in the cytoplasm in

neuroblasts, whereas it was much more restricted in NSCs (Figure 16).

a SEZ RMS

Scratch1 GFAP DAPI

Scratch1 DCX DAPI

Figure 16| Scratch1 mRNA is differentially distributed in NSCs and neuroblasts in the adult
SEZ. (a) In situ hybridization for Scratch1 (green) combined with immunofluorescence for GFAP
(red). (b) In situ hybridization for Scratch1 (green) combined with immunofluorescence for DCX (red).
Arrowheads indicate double-positive cells. Scale bars represent 10 um.

65



Results

In order to gain resolution in the analysis of the subcellular localization of the transcripts,
we decided to examine their distribution in NSC in culture (Figure 17a). We found that
Scratch1 mRNA was located inside the nucleus in NSCs, accumulating near the nuclear
membrane (Figure 17b, left panel). By contrast, we observed that the transcripts of the
other family member in mammals, Scratch2, presented the expected cytoplasmic
distribution (Figure 17b, right panel), indicating that the subcellular localization of Scratch1

transcripts were subjected to a special regulation in NSCs.

Considering that Scratch1 transcripts accumulated in the nucleus in two foci, we
hypothesized that the mRNA might be located close to its transcription sites. To study this
possibility, we performed an in situ hybridization for chromosome 15, where the loci of
Scracth1 are located, which allowed us to identify the position of the region occupied by this
chromosome during interphase. The position of the chromosome territories was indeed
compatible with the localization of Scratch1 mRNA foci in NSCs (Figure 17¢,d), suggesting

that the transcripts remain near its transcription sites when they accumulate in the nucleus.

a b Scratch1 Nup DAPI Scratch2 Nup DAPI
SEZ

& Neurospheres

c Chr. 15 DAPI d Scratch1 Nup Scratch1 Nup DAPI

Optical section

Figure 17| Scracth1 mRNA accumulates inside the nucleus in NSCs. (a) Schematic
representation of the strategy used to obtain SEZ-derived NSCs to study the subcellular distribution
of the transcripts. After SEZ disaggregation, cells were plated in complete medium, allowing the
formation of neurospheres. Those neurospheres were dissociated and plated on methylcellulose-
coated coverslips. (b) /n situ hybridization for Scracth1 (left panel, green) and Scratch2 (right panel,
green) in primary cultures of NSCs. The nuclear membrane is labeled using a pan-nucleoporin
antibody (Nup, red). (c) DNA in situ hybridization for chromosome 15 (red), where Scratch1 loci are
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located. (d) Optical section of an in situ hybridization for Scratch1 (green) combined for
immunofluorescence for nucleoporins (red) in cultured NSCs. Scale bars represent 5 um

2.2. Scratch1 mRNA accumulates in the nucleus of NSC due to
inefficient splicing

The finding that Scratch1 transcripts are sequestered inside the nucleus of NSCs
pointed to an alteration in the process of mMRNA export from the nucleus to the cytoplasm.
Efficient mRNA export is achieved by coupling it to transcription, splicing and
polyadenylation. In fact, the formation of export-competent complexes requires the previous
processing of the nascent transcripts, since the splicing machinery is responsible for the
recruitment of essential export factors, such as the TREX complex. This ensures that only
mature transcripts are exported to the cytoplasm and can be translated into protein (Kéhler
and Hurt, 2007; Stewart, 2019). Therefore, splicing is a crucial step in the process of MRNA
export.

Taking this into consideration, we wondered whether Scratch1 transcripts were properly
spliced when they accumulated in the nucleus of NSCs. We designed probes for in situ
hybridization that specifically recognized the only intron of Scratch1 or Scratch2. With those
probes we could observe that, in the case of Scratch2, the pre-mRNA was only detected
forming two small nuclear puncta at the transcription sites (Figure 18b), reflecting that its
transcripts were co-transcriptionally spliced (Vargas et al., 2011), consistent with their
cytoplasmic distribution. Conversely, in the case of Scrtach1, we were able to detect a large
amount of pre-mRNA accumulated in the nucleus (Figure 18a), indicating its transcripts
remained uspliced in NSCs, preventing their export to the cytoplasm.

As the decrease in the splicing efficiency is often caused by inefficient recognition of
the canonical splicing sites (Sibley et al., 2016), we compared the sequence of Scratch1
and Scratch2 introns, focusing particularly in those regions that are known to be key for
splicing. This analysis revealed a significant enlargement in Scracth1 polypyrimidine tract
(PPT, Figure 18c), a sequence enriched in pyrimidines and located between the branch
point and the 3’-splicing site and whose recognition promotes the assembly of the
spliceosome (Herzel et al., 2017). The length of this sequence typically ranges between 18
and 40 nt (Keren et al., 2010), as is the case for Scratch2 PPT, and compatible with the co-
transcriptional splicing and its cytoplasmic localization. By contrast, Scratch1 PPT has an

extension of 131 nt, substantially longer than the consensus. This enlargement hinders its
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recognition by the splicing machinery (Vargas et al., 2011), generating a sub-optimal splicing
site and, in turn, causing the uncoupling of splicing from transcription, and transcripts

nuclear accumulation.

a

Scratch1 (Intron 1) DAPI

Scratch2 (Intron 1) DAPI

C Scrt1
T ~CT CTCTGCCCTGTGGTCCCCTGCTCCTTCTCCTTTGTCCTAATEEEIGINICEENEENINEGG
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Figure 18| Scratch1 mRNA is retained in the nucleus of NSCs due to inefficient splicing. (a) In
situ hybridization for the only intron of Scratch1 (red) in NSCs in culture. (b) /n situ hybridization for
the only intron of Scratch2 (red) in NSCs in culture. (¢) Comparison between the sequence of
Scratch1 and Scratch2 polypyrimidine tracts. Scale bars represent 5 um.

2.2.1. Evolutionary analysis of Scratch intronic sequences

In order to gain more insight from an evolutionary point of view, we analyzed the
features of the PPT of Scracth1 and Scratch2 orthologues in different vertebrates (Figure
19). In all the species analyzed, the length of Scratch2 PPT was within the consensus range.
By contrast, in the case of Scratch1, we detected an enlargement of this region in all
mammalian species analyzed, including humans, which did not occur in other vertebrates,
suggesting that the enlargement of this sequence during evolution has led to the emergence
of a sub-optimal splicing site specifically in mammals.

As a proof of concept, we decided to analyze the expression pattern of Scratch1 in
zebrafish, a non-mammalian vertebrate. In this species, due a whole genome duplication

(Dehal and Boore, 2005), Scratch1 has two orthologues: scratch1a and scratchib.
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Zebrafish presents adult neurogenesis in several areas (Than-Trong and Bally-Cuif, 2015),
but we decided to focus particularly in the Pallial Germinal Zone (PGZ, Figure 20a), since
this region is homologous to the main adult neurogenic niches in rodents (Dirian et al.,
2014). There, NSCs present radial glial characteristics and are aligned along the ventricle,
which in the case of teleost is exposed to the telencephalic surface (Figure 20b) due to a
morphogenetic process called eversion (Folgueira et al., 2012). In that region, we observed
that neither scratch1a or scratch1b were expressed in GFAP-positive NSCs, while both were
expressed in HUC/D-positive early neurons, where the transcripts exhibited a cytoplasmic
distribution (Figure 20c,d). Therefore, in the zebrafish, the onset of expression for Scracth1
orthologues is later in the neurogenic lineage and the transcripts are exported to the

cytoplasm as soon as they are transcribed, in contrast to what happens in the mouse SEZ.
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GGCGGGGGCGGAGCGTGGCCCGGCCCTGTCTCATCETCTCCICCECETENCIICCECTIEEeNGCEIGISTEEANSENSeenc
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CIGEICICTCCCGEECCCCCATCCECCECTIGEGIGIECETCEEGCEEGECCEATTICCETICCECETCTICECTEEGEETEEGEE
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Figure 19| Sequence comparison of the polypyrimidine tract for Scratch family members in
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different vertebrates. (a) Sequence of Scratch1 and Scratch2 intron polypyrimidine tracts in human.
(b) Sequence of Scratch1 and Scratch2 intron polypyrimidine tracts in mouse. (¢) Sequence of
scratch1a, scratch1b and scratch2 intron polypyrimidine tracts in zebrafish.

This observation suggested that the presence of a sub-optimal splicing site in the intron
of mouse and human Scratch1 has allowed the implementation of an additional regulatory
mechanism in NSCs, contributing to a tighter control of Scratch? expression at the post-
transcriptional level. As such, the inefficient splicing of Scratch1 in NSCs that leads to the
retention of the transcripts in the nucleus prevents its translation. By contrast, we know that
in neuroblasts, Scratch1 mMRNA presents a cytoplasmic distribution and, consequently, the
protein can be potentially produced. This situation is equivalent to what we have observed
in zebrafish, where the onset of expression of scracth1a and scracth1b is later in the lineage,
and the transcripts are not subjected to nuclear retention. Importantly, nuclear retention
does not modify transcription but rather, it constitutes an additional regulatory step at the
level of splicing and mRNA export that contributes to the refinement in the temporal control

of Scratch1 function during adult neurogenesis.
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Figure 20| Zebrafish Scratch1 orthologues do not present nuclear retention in the PGZ. (a)
Schematic representation of the zebrafish adult brain in a sagittal view, highlighting the position of
the neurogenic niches and the location of the PGZ in a coronal view. Adapted from Dimou and Gétz,
2014. (b) Overview of GFAP immunostaining in a coronal section of the zebrafish telencephalon. (c)
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In situ hybridization for scrt1a (green) combined with immunofluorescence for GFAP (left panel, red)
or HuUC/D (right panel, red) in the zebrafish PGZ. (d) A similar analysis for scrt1b (green). Arrowheads
point to double-positive cells and empty arrowheads to single-positive cells in (¢) and (d). Scale bars:
(b) 100 ym; (c-d) 10 um. PGZ, pallial germinal zone.

2.2.2. Scracth1 nuclear retention is specific of SEZ-resident NSCs

Taking into account that the sub-optimal splicing site responsible for the retention of
Scratch1 intron in adult NSCs is only present in mammals, we sought to examine the
expression pattern of this gene in the other main neurogenic niche in mammals, the SGZ of
the dentate gyrus (DG) in the hippocampus. NSCs located in this region, give rise to neurons
that differentiate in the hippocampus itself and integrate in the synaptic circuits of the DG
(Ming and Song, 2005; Figure 21a). There, we observed that Scracth1 mRNA was not
detectable in NSCs (Figure 21b), whereas it starts to be moderately expressed in
neuroblasts (Figure 21c) and presents high levels of expression in a sub-population of
NeuN-positive mature neurons (Figure 21c), exhibiting a cytoplasmic distribution of the
mRNA in all the cell types where it is transcribed. Therefore, as in the case of the zebrafish
PGZ, in the SGZ of the mammalian hippocampus Scratch1 starts to be expressed later in
the neurogenic lineage and its transcripts do not present intron retention in any cell

population resident in this niche.

a Mature neuron b Scratch1 GFAP DAPI
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Figure 21| Scratch1 expression pattern in the SGZ of the hippocampus. (a) Schematic
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representation of the different neurogenic stages in the SGZ and the cell-specific markers used. (b-
d) In situ hybridization for Scratch1 (green) combined with immunofluorescence for GFAP (red) to
specifically identify NSCs (b), with immunofluorescence for DCX (red), labeling neuroblasts (c), and
with immunofluorescence for NeuN (red), a marker for mature neurons (d). Scale bars represent 20
pum. SGZ, subgranular zone; NSC, neural stem cell; TAP, transit amplifying progenitor.

Hence, focusing on mammals, we have determined that Scratch? intron retention does
not take place in all population of adult NSC present in the brain, but appears to be a specific
trait of the SEZ, suggesting that the regulatory mechanism that we are characterizing has

been exclusively implemented in this neurogenic niche.

2.3. Scratch1 starts to be transcribed when stem cells acquire neural
identity

The expression of Scratch genes is restricted to the nervous systems in all the species
analyzed, from Drosophila to vertebrates (Barrallo-Gimeno and Nieto, 2009). Nevertheless,
considering that in NSCs, although Scratch1 is transcribed, the protein cannot be translated,
we wonder whether the same happens in pluripotent stem cells. In order to assess this
question, we analyzed the expression of Scratch1 in embryonic stem cells (ESCs) and in
induced pluripotent stem cells (iPSCs) reprogramed from NSCs isolated from the mouse

SEZ, and observed that none of them express this gene (Figure 22).
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Figure 22| ESCs and iPSCs do not express Scratch1. (a) In situ hybridization for Scratch1 (green)
combined with immunofluorescence for nucleoporins (red) in cultured NSCs (left panel), ESCs
(middle panel) and iPSCs (right panel). (b) Relative mRNA levels of Scratch? in RNA extracts
obtained from NSCs, ESCs and iPSCs. Scale bars represent 10 um. NSCs, neural stem cells; ESCs,
embryonic stem cells; iPSCs, induced pluripotent stem cells.

With the aim of defining the onset of Scratch1 transcription, we induced ESC-to-NSC
differentiation and followed its expression during the process. To do so, we used a ESC line
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that expresses GFP under the control of the Sox? promoter, an early marker of neural
specification (Aubert et al., 2003). To generate ESC-derived NSCs we first cultured the cells
as serum-free adherent monocultures, which induces the generation of neural progenitors
that organize forming rosettes. After 7 days, cells were replated and cultured in the presence
of FGF and EGF, leading to the formation of NS cells, which at first associate forming floating
clusters and then attach to the substrate and acquire a bipolar morphology (Conti et al.,
2005; Figure 23a). As expected, during this process we detected a progressive increase in
the GFP signal, reflecting an upregulation in Sox7 expression as the cells became
committed to the neural lineage, which was followed by a posterior decrease in the
fluorescence signal, as well as in endogenous Sox17 expression, when cells differentiated
into NSCs (Figure 23b).

The progression of the differentiation was assessed by analyzing the expression of
several pluripotency (Nanog, Poubf1 and Zfp42) and neural specification (Sox7 and Nestin)
markers. During the generation of NSCs, we observed a progressive decrease in the
expression of the pluripotency markers analyzed (Figure 23c), accompanied by a
concomitant increase in the expression of neural markers (Figure 23Figure 22d). Within the
course of the process, we found two different trends. On the one hand, as mention above,
Sox1 levels peaked 4 days after the onset of the differentiation process (4DIV) and then
dropped progressively until the end of the process. On the other hand, Nestin expression
continuously increased along the differentiation, although its upregulation was more gradual

that in the case of Sox7.

Regarding the expression of Scratch1, it started to be detectable 5 days after de
induction of the differentiation (5DIV), when the cells had already acquired the neural identity
and were starting to downregulate Sox7 (Figure 23e). After that, Scratch1 expression
continued to increase during the differentiation and showed a sharp increase when cells
were converted into NSCs. Altogether, these data indicate that Scratch? is not expressed
before neural specification, starting to be transcribed when cells are close to become NSC,

confirming its neural-specific expression.
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Figure 23| Scratch1 expression is restricted to the neural lineage. (a) Schematic representation
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of the protocol to obtain ESC-derived NSCs. (b) Cells at different time points in the process of ESC-
to-NSC differentiation observed under phase contrast optics. GFP (green) labels the cells that
express Sox1. (c-e) Relative mRNA levels of several pluripotency markers (Nanog, Pou5f1 and
Zfp42, c); neural markers (Sox1 and Nestin, d); and Scracth1 (e) in RNA extracts obtained at different
time points during the differentiation of ESCs into NSCs (n=4). Scale bars represent 100 pm. ESC,
embryonic stem cell; NSC, neural stem cell; DIV, days in vitro.

2.4. Scratch1 mRNA is spliced and exported in response to the
differentiation signal

We have determined that Scratch17 mRNA is not exported to the cytoplasm in NSCs
(Figure 17), although that we have also showed that the nuclear accumulation of the
transcripts is not permanent, since in neuroblasts they present a cytoplasmic distribution
(Figure 16). With this in mind, we sought to define more thoroughly the changes in mMRNA
distribution that takes place during the differentiation of NSCs.

bFGF
bFGF

6h

6h

b Scratch1 Cc Scratch2
mRNA DAPI Intron DAPI mRNA DAPI Intron DAPI
|
| HES L
[T} ®
w L
+ & +
+ bFGF & &5
EGF z =
TR
SO
N =
N \

Figure 24| Scratch1 mRNA is spliced and exported in reponse to the differentiation signal. (a)
Schematic representation of the differentiation protocol. (b) In situ hybridization for Scratch1 mRNA
(green) and Scratch1 intron (red) in NSCs Oh, 1h and 6h after the induction of differentiation. (c) In
situ hybridization for Scratch2 mRNA (green) and Scratch2 intron (red) in similar conditions. Scale
bars represent 5 um.

To do so, cultures of SEZ-isolated NSCs were maintained in the absence of EFG,

triggering their differentiation (Belenguer et al., 2016; Figure 24a). Contrary to what
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happened in undifferentiated NSCs, where Scratch17 mRNA could be detected unspliced
and localized inside the nucleus, 1 hour after the induction of differentiation the transcripts
were processed and already exhibited a canonical cytoplasmic distribution (Figure 24b),
and this change in mRNA splicing and localization was maintained for 6 hours (Figure 24b,
bottom panel). As a control, we analyzed the distribution of Scratch2 mRNA during the
process, which was normally spliced at all time points and, accordingly, always localized in

the cytoplasm (Figure 24c).

Additionally, in order to confirm that the changes observed in the processing and
distribution of Scratch1 mRNA were triggered in response to EGF withdrawal, we treated
the cells with either one of two different EGF receptor inhibitors (Gefitinib and Afatinib) to
block its signaling into the cells (Figure 25a). As it happens when NSCs were cultured in
the absence of EGF, the treatment with these inhibitors induced their differentiation and
prompted Scratch1 transcripts export to the cytoplasm (Figure 25b) as a result of their
splicing (Figure 25c¢). These results indicate that Scratch1 transcripts are rapidly spliced
and exported in response to the differentiation signal, and also reveal that the retention of
the intron in Scratch1 mRNA is reversible. Thus, this can be considered an event of intron
detention in NSC, as a result of regulated splicing rather than simply slow processing by

reduced efficiency in the recognition of the splicing site (Boutz et al., 2015).

a b Scratch? mRNA DAPI c Scratch1 intron DAPI
Gefitinib
Afatinib
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Progenitors

Figure 25| The splicing and export of Scracth1 mRNA can be triggered by EGF withdrawal
or EGF inhibition. (a) Schematic representation of the protocol used to induce the differentiation
of NSCs in culture. (b,c) In situ hybridization for Scratch1 mRNA (green, b) or Scratch1 intron (red,
c) in NSCs 0Oh, 1h and 6h after the induction of differentiation or the treatment with Gefitinib or
Afatinib. Scale bars represent 5 pym.
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2.5. Regulation of Scratch1 mRNA splicing and export

Having determined that Scrtatch? mRNA splicing is detained until NSCs receive the
differentiation signal, we then wanted to further investigate the mechanism that controlled

this switch in the processing and subcellular localization of the transcripts.

2.5.1. Scratch1 mRNA splicing is not induced in response to changes in
PTB/nPTB expression

We have observed that Sctratch1 PPT is a weak splice site due to its excessive length
in mammals (Figure 18c). This sequence is susceptible to being bound by the
polypyrimidine tract binding protein (PTB), which is a well-known negative regulator of
splicing that preferentially binds to polypyrimidine-rich stretches (Sawicka et al., 2008). This
class of sequence elements can be also bound by neural PTB (nPTB), a PTB paralog with
different splicing regulator properties. PTB and nPTB protein expression is mutually
exclusive, being PTB restricted to non-neuronal lineages and nPTB specifically expressed
in post-mitotic neurons. During neuronal differentiation, PTB is downregulated and
substituted by nPTB, and this switch generates significant changes in alternative splicing
programs (Boutz et al., 2007; Figure 26a).
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Figure 26| Scracth1 mRNA processing and export do not involve a switch in PTB/nPTB
expression (a) Schematic representation of the transition in the expression of PTB (Ptbp1) to nPTB
(Ptbp2), known to take place during neuronal differentiation. (b,c) Relative mRNA levels of Ptbp1 (b)
and Ptbp2 (c) in RNA extracts obtained from NSCs Oh, 1h and 6h after the induction of differentiation
(n=3 per condition).

Taking this into account, we hypothesized that PTB could bind Scratch1 PPT in NSCs,
preventing the splicing of the transcripts; whereas the induction of differentiation might

trigger a PTB/nPTB switch, allowing the processing of Scratch1 mRNA and their export to
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the cytoplasm. In order to study this possibility, we checked the expression levels of these
two splicing regulators in NSCs 1 hour and 6 hours after the induction of differentiation,
when we have determined that Scratch1 transcripts are already spliced and had a
cytoplasmic distribution. However, we did not detect changes in the expression of PTB
(Ptbp1) or nPTB (Ptbp2) at these short time-points of neural differentiation (Figure 26b,c),
suggesting that the fast processing of Scratch? mRNA in response to the differentiation

signal is not mediated by a switch in PTB/nPTB expression.

2.5.2. The splicing and export of Scratch1 transcripts is controlled by the
méA methylation of the mRNA

Additionally, we sought to investigate whether mRNA modifications, which have been
involved in the regulation of multiple post-transcriptional events (Gilbert et al., 2016),
regulate the switch in Scratch1 mRNA splicing and export during neural differentiation. In
particular, we focused on N8-methyladenosine (mfA), which is the most prevalent of these
epitranscriptomic modifications and is known to be able to regulate splicing (Liu et al., 2015;
Louloupi et al., 2018; Xiao et al., 2016) and mRNA export (Hsu et al., 2019; Lesbirel et al.,
2018; Roundtree et al., 2017b; Zheng et al., 2013).

As afirst approach, we performed an in silico analysis of Scratch1 pre-mRNA sequence
and found the RRm®ACH consensus motif (Harcourt et al., 2017; Figure 27a) in numerous
positions, some of which exhibited high probability of being methylated considering the
features of the surrounding sequence (Li et al., 2016), especially in the intronic region and
in the 3UTR (Figure 27b).

mBA is a dynamic modification that can be potentially added and removed in the lifetime
of a single mRNA molecule, and, hence, the methylation of a given m®A site is highly
dependent on the cellular context (Harcourt et al., 2017). In order to analyze whether
Scratch1 mRNA is methylated during adult neurogenesis and whether there are changes in
the level of methylation associated with NSC differentiation, we performed an mfA-RNA
immunoprecipitation assay (m°A-RIP) and observed that there is an enrichment in Scratch1
mRNA upon mPA-RIP compared to the input, indicating that these transcripts were
methylated (Figure 27c¢,d). We use Actb mRNA as a positive control, since it was known to
be constitutively methylated. In addition, we observed an increase in Scratch? mRNA

enrichment upon the induction of NSC differentiation, coinciding with the processing and the
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export of the transcripts (Figure 24b), which suggested that RNA methylation might be

involved in the regulation of these two processes in the context of adult neurogenesis.
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Figure 27| Scratch1 mRNA m®A-methylation levels increase during NSC differentiation. (a)
Sequence logo representing the consensus motif for méA: RRmPACH (R=A or G, G>A; H=A, U or C,
U>A>C). (b) In silico analysis of methyation probability in the different m8A sites present in Scratch1
pre-mRNA. (¢) Schematic representation of the m8A-RIP protocol. (d) m®A-RIP-gPCR for Gapdh,
Actb and Scratch1 Oh, 1h and 6h after the induction of differentiation.

With the aim of analyzing the effect that Scrtach? mRNA methylation has on the
subcellular localization of the transcripts, we treated NSCs with 3-deazaadenosine (DAA),
a strong inhibitor of m8A (Fustin et al., 2013). Under these conditions, Scratch1 mRNA failed
to be spliced and exported in response to the induction of NSC differentiation, whereas in
control cultures the transcripts were processed and exhibited a cytoplasmic localization
(Figure 28). Therefore, this indicates that RNA methylation promotes Scratch? mRNA
splicing and export to the cytoplasm during NSC differentiation.
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Figure 28] RNA m®A-methylation promotes Scratch1 mRNA splicing and export during NSC
differentiation. (a) Schematic representation of the differentiation protocol. (b, ¢) In situ hybridization
for Scratch1 mRNA (green, b) and Scratch1 intron (red, ¢) in control NSCs and in NSCs treated with
3-deazaadenosine. Scale bars represent 5 um. DAA, 3-deazaadenosine.
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3. Intron detention as a general mechanism for the regulation of
translation during adult neurogenesis

We have uncovered that intron detention and mRNA methylation regulate the
subcellular localization of Scratch1 transcripts, controlling their availability for translation. In
order to study whether other transcripts were post-transcriptionally regulated by the same
mechanism, we performed RNA-seq on samples from different time-points of NSC
differentiation and analyzed the data following a specific pipeline to detect splicing isoforms

(Figure 29a), allowing us to identify numerous events of intron retention (IR).

3.1. Differential gene expression analysis at the initial stages of NSC
differentiation

First, in order to validate that NSC differentiation was efficiently induced, we analyzed
changes in gene expression at the transcriptional level. RNA-seq data indicated that there
was an upregulation of genes associated with glial and neuronal differentiation,
accompanied by a downregulation in the expression of genes associated with NSC self-

renewal and proliferation (Figure 29b).

Furthermore, we performed a clustering analysis based on differentially expressed
genes (DEG) aimed at identifying trends in gene expression during the differentiation
process. This analysis generated 3 groups of genes, with the vast majority of them in Groups
1 or 3, including those that showed low expression at the beginning of the differentiation (Oh
and 1h) and were upregulated later, or those that present higher levels of expression in the
early time-points and were downregulated with differentiation, respectively (Figure 29c,e).
On the one hand, in Group 1 we found genes such as Ascl1, Olig2, Elavi3 and Dbx2 and,
performing a functional enrichment analysis, as expected, we found terms related to neural
differentiation (Figure 29c¢). On the other hand, Group 3 was enriched in terms related to
the regulation of cell proliferation and cell cycle, including the regulation of telomerase
activity, and containing genes such as Myc, Id2, Mcm2 and Pcna (Figure 29e). Additionally,
we also identified a small cluster of genes (Group 2) whose expression peaks 1 hour after
the induction of NSC differentiation, and then decreases in the latest time-point, suggesting
that they might be required at the very beginning of the process, but are dispensable later.
This cluster was functionally enriched in terms associated with several signaling pathways,
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including MAPK and Wnt signaling, and with mRNA binding-mediated regulation (Figure
29d).
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Figure 29| Changes in gene expression during the first stages of NSC differentiation. (a)
Schematic representation of the protocol followed for the generation of RNA-seq samples. (b)
Heatmap representing the expression of DEGs associated with glial and neuronal differentiation and

with SC population maintenance Oh, 1h and 6h after the induction of differentiation. (c-e) Trends in
gene expression detected by DEG clustering analysis: (¢) Group 1, (d) Group 2 and (e) Group 3.
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On the other hand, we also performed an Integrated System for Motif Activity Response
Analysis (ISMARA), which enables the identification of key transcription factors responsible
for expression changes across the samples using RNA-seq data as input (Balwierz et al.,
2014; Figure 30a). This analysis revealed that the expression trend of the genes belonging
to Group 1 might be closely related to the activity of SIX5, which is involved in the regulation
of the formation of the retina, as well as other organs (Winchester et al., 1999); of KLF16,
which is a transcription factor involved in the modulation of dopaminergic transmission in
the brain (Hwang et al., 2001); and of SMARCC2, a subunit of the neural progenitor-specific
chromatin remodelling complex (npBAF complex) and the neuron-specific chromatin
remodelling complex (nBAF complex), which are essential for the chromatin remodelling
that takes place during neural development when the cells switch from a stem/progenitor to
a post-mitotic state (Lessard et al., 2007; Figure 30b). On the other hand, regarding Group
3, ISMARA results indicated that the changes in gene expression across the samples were
associated with the activity of KLF4, which is a transcription factor involved in the
maintenance of embryonic stem cells that has been also shown to promote NSC self-
renewal (Moon et al., 2018); of Znf711, known to regulate the expression of genes involved
in neural development (Kleine-Kohlbrecher et al., 2010); and of TFDP1 and E2F1, both
associated with cell cycle regulation and DNA replication (Wu et al., 1995; Figure 30c).
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Figure 30| Prediction of the key transcription factors responsible for the changes in gene
expression detected during the first 6 hours of NSC differentiation. (a) Schematic representation
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of the Integrated System for the Motif Activity Response Analysis (ISMARA) pipeline. (b) Motif activity
profile for the genes upregulated during NSC differentiation. (¢) Motif activity profile for the genes

downregulated during NSC differentiation.

Altogether, these analyses revealed that, at the transcriptional level, the samples
isolated 1 hour after the induction of NSC differentiation were closer to the ones obtained
from undifferentiated NSCs (0Oh) than to the ones obtained 6 hours after the onset of the
differentiation process. In order to gain more insight into this, we performed a hierarchical
cluster analysis based on the differentially expressed genes (DEGs). We observed that,
although the samples obtained 6 hours after the induction of NSC differentiation clustered
together, the samples obtained from undifferentiated NSCs (0Oh) and cells after 1 hour of
differentiation did not clustered according to their time-point (Figure 31b), indicating that 1
hour was not enough time to generate significant changes at the transcriptional level in this
system. Nonetheless, when the hierarchical cluster analysis was performed based on the
IR events that we were able to detect, the samples clustered in agreement with their
differentiation time (Figure 31c), suggesting that, in response to the differentiation signal,
changes in the splicing pattern are more rapidly implemented that changes in the

transcriptional pattern.
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representation of the strategy used for the identification of intron retention events during NSC
differentiation. (b) Samples grouped using hierarchical clustering based on differentially expressed
genes (DEG). (c¢) Samples grouped using hierarchical clustering based on intron retention events
(IR).

3.2. Intron detention regulates the subcellular localization of multiple
transcripts related to NSC self-renewal and differentiation

With the aim of identifying other genes whose expression is post-transcriptionally
regulated by intron detention, as we have described for Scratch1, we performed an analysis
of splicing variants using VAST-Tools (Vertebrate Alternative  Splicing and
Transcription Tools; Braunschweig et al., 2014). This toolset enables the detection of IR
events by aligning RNA-seq reads to comprehensive sets of exon—intron and exon—exon
junctions (Figure 31a), which in our system led to the detection of thousands of IR events.
Then, in order to identify mRNAs that presented differential IR during NSC differentiation,
we performed a k-means clustering analysis of the IR events identified, which revealed

several patterns of splicing across the samples (Figure 32).
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Figure 32| Trends in intron retention during the process of NSC differentiation. Plots depicting

the different splicing patterns identified for all the intron retention events detected, grouped using k-
means clustering.
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For further analysis, we decided to focus particularly on Cluster 1, which included genes
that presented the same splicing pattern than Scratch? mRNA (i.e. intron detention in NSCs
and splicing in response to the differentiation signal; Figure 33b,c); and on Cluster 2, which
was composed by genes with the opposite pattern (i.e. normal processing of the transcripts
in NSCs and intron detention upon the induction of differentiation; Figure 33d,e). Performing
a functional enrichment analysis, we found that Cluster 1 contained genes related with both
neuronal and glial differentiation, as well as axonogenesis and axon guidance (Figure 33b);
Cluster 2 contained genes associated with stem cell maintenance and the regulation of
proliferation (Figure 33d). Moreover, we noticed that the genes and enriched functional
terms associated with Cluster 1 were related to the ones of Group 3 (genes downregulated
upon the induction of NSC differentiation) in the expression trends clustering analysis
(Figure 29e), whereas those that were assigned to Cluster 2 were more related to Group 1
(genes upregulated along the differentiation process; Figure 29c¢), suggesting that these

events of IR might be involved in the post-transcriptional silencing of the affected genes.
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variants during NSC differentiation. (b) Plot illustrating time point-specific changes in intron retention
for genes belonging to Cluster 1 (left), and representative Gene Ontology (GO) terms of the biological
process categories enriched in this cluster (rigth). (c) Intron retention score for several representative
genes belonging to Cluster 1: Chd5, Sox6, Atl1 and CamkZ2a. (d) Plot illustrating time point-specific
changes in intron retention for genes belonging to Cluster 2 (left) and representative Gene Ontology
(GO) terms of the biological process categories enriched in this cluster (rigth). (e) Intron retention
score for several representative genes belonging to Cluster 2: Kat2a, Lgr5, Fancc and Ptprv.

In order to characterize the effect that intron detention had on the subcellular
localization of the transcripts of these genes, we selected several candidates from each
cluster and examined the distribution of their mMRNA in response to NSC differentiation in
culture. On the one hand, among the candidates selected from Cluster 1 there was Chd5,
which encodes for a chromatin-remodeling protein that induces the expression of genes that
favor terminal neuronal differentiation and represses that of genes involved in cell
proliferation (Egan et al., 2013; Potts et al., 2011; Vestin and Mills, 2013). In the case of this
gene, as was also the case for the other Cluster 1 genes selected for validation, its mMRNA
was unspliced and consistently accumulated in the nucleus in NSCs, whereas it was
processed and exported upon the induction of differentiation (Figure 34c), as predicted by
the RNA-seq data (Figure 34a,b). Moreover, when cells where treated with DAA, transcripts
did not undergo splicing and remained in the nucleus, indicating that, as observed for
Scratch1 transcripts, mMRNA methylation promoted the splicing and export of the transcripts

included in Cluster 1.

On the other hand, as an example of Cluster 2 we selected Ptprv, which encodes a
tyrosine phosphatase involved in stem cell maintenance (Lee et al., 1997). In the case of
Ptprv, as well as for the rest of Cluster 2 genes analyzed, we observed that its mMRNA was
normally spliced in NSCs, while intron retention was detected when differentiation was
induced (Figure 35c), as the RNA-seq data indicated (Figure 35a,b). Consequently, Ptprv
transcripts exhibited a canonical cytoplasmic distribution in NSC and accumulation in the
nucleus during the differentiation process. Furthermore, although the treatment of
differentiating NSC with DAA had no additional effect on the processing and export of Ptprv
mRNA, which was already unspliced and accumulated in the nucleus in response to the
differentiation signal, it was enough to prevent the splicing and export of the mRNA in
undifferentiated NSCs, indicating that the subcellular localization of the transcripts that
present intron detention upon the induction of differentiation (Cluster 2) is also regulated by

mRNA methylation.
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Figure 34| Intron retention associates with the nuclear accumulation of Cluster 1 transcripts
in NSCs. (a) Sashimi plots depicting read density and number of splice junctions for Chd5 (Cluster
1) at different time-points during the differentiation process, showing intron detention which
decreases with differentiation. (b) Intron retention score for Chd5 (intron 33) Oh, 1h and 6h after the
induction of NSC differerntiation. (c) /n situ hybridization for Chd5 mRNA (green) or intron (red) in

control NSCs and in NSCs treated with DAA, as an example of a Cluster 1 gene. Scale bars
represent 5 ym.

Control

Therefore, these results indicate that intron detention controls the subcellular
localization and, therefore, the availability for translation of numerous transcripts relevant
for the regulation of both NSC self-renewal and differentiation in the context of adult

neurogenesis.
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Figure 35| Intron retention induces the nuclear retention of Cluster 2 transcripts during NSC
differentiation. (a) Sashimi plots depicting read density and number of splice junctions for Ptprv
(Cluster 2) at different time-points of the differentiation process, showing an increase in intron
retention with differentiation. (b) Intron retention score for Ptprv (intron 28) Oh, 1h and 6h after the
induction of NSC differerntiation. (¢) In situ hybridization for Piprv mRNA (green) or intron (red) in
control NSCs and in NSCs treated with DAA, as an example of a Cluster 2 gene. Scale bars represent
5pum.
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Discussion

The life-long persistence of adult NSCs requires the accurate balance between their
self-renewal, proliferation and differentiation. This is achieved through the implementation
of a plethora of regulatory mechanisms that tightly control the biology and function of NSCs.
In this work, we describe a novel regulatory mechanism that controls the availability of
transcripts for translation in the adult subependymal neurogenic niche. We started with
the study of Scratch1 confirming its role in promoting the survival of the differentiating
neural cells, as well as favoring their terminal differentiation into neurons. Its study has
allowed us to unveil a novel molecular mechanism used by genes involved in the control of
either stemness or differentiation in the murine adult nervous system. It involves nuclear
retention of transcripts, favored by an acquired sequence that impairs mRNA splicing in a
manner that can be relieved by m®A mRNA methylation. Importantly, this epitranscriptomics
event that always triggers mRNA nuclear export occurs in NSCs in genes involved in the
maintenance of stemness and in genes that promote differentiation only after NSCs received
the neural differentiation signal. Thus, switch in the set of methylated transcripts controls
the balance between stemness and differentiation in the adult subependymal stem cell
niche.

1. Scratch1 and its role during NSC differentiation

In mammals, Scratch1 is expressed in several regions of the adult brain (Marin and
Nieto, 2006), including the two main neurogenic niches: the SEZ of the LVs (Figure 11) and
the SGZ in the DG of the hippocampus (Figure 21). As it is the most active germinal region,
we have focused in the SEZ, where we have determined that Scratch1 is expressed along
the entire neurogenic lineage, from NSCs to immature neurons. Nevertheless, its expression
progressively increases as NSC differentiate, pointing to a role for Scratch during this
process. In fact, we have found that Scratch1 downregulation caused a decreased in the
proportion of neurons differentiated from NSCs (Figure 15), indicating that Scratch1 also
favors the acquisition of the neuronal fate in the adult brain, as it has been previously
described for several members of the Scratch family, during mouse cortical development
(Nakakura et al., 2001a; Paul et al., 2014) and in other species, including Drosophila (Roark
et al., 1995) and C. elegans (Metzstein and Horvitz, 1999). Accordingly, Scratch1 is among
the very first genes that are expressed when microglia cells are artificially transformed into
neurons, and contributes to this conversion by the transcriptional repression of microglial-

associated genes, promoting the acquisition of neuronal properties (Matsuda et al., 2019).
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This closely resembles the mechanism by which Scratch genes promote neuronal
differentiation in physiological conditions, fulfilling their role as transcriptional repressors and
blocking the expression of genes associated with non-neuronal fates (Metzstein and Horvitz,
1999; Nakakura et al., 2001b; Paul et al., 2014; Roark et al., 1995).

On the other hand, Scratch1 downregulation in differentiating NSCs also produced a
significant increase in apoptosis (Figure 13), indicating that it acts as a survival factor during
this process, similarly to what has been described for Scratch homologs in C. elegans
(Metzstein and Horvitz, 1999; Thellmann et al., 2003) and in zebrafish embryos (Rodriguez-
Aznar and Nieto, 2011). As it is the case of scratch2 in the developing zebrafish spinal cord,
we have determined that Scratch1 protects the differentiating NSCs from undergoing
apoptosis by acting downstream of p53 and repressing the transcription of its target Bbc3
(Puma), which is the main effector of cell death induced by p53 in vertebrates (Hafner et al.,
2019). Moreover, in differentiating NSCs Scratch1 also inhibits the expression of Cdkn7a
(Figure 13i), which encodes for p21, a cyclin-dependent kinase (CDK) inhibitor that is
involved in p53-mediated cell cycle arrest (Hafner et al., 2019). Consistently, the reduction
in Scratch1 expression led to a significant reduction in the proliferation of differentiating
progenitor cells (Figure 14b,c), contributing to the maintenance of their normal proliferation.
Altogether, these results indicate that Scratch1 contributes to the homeostasis of neuronal
populations during NSC differentiation acting downstream of p53, both in the adult SEZ and
during embryonic development (Van Lookeren Campagne and Gill, 1998; Meletis et al.,
2006). Interestingly, it has been recently described that the loss of p53 in human iPSC-
derived NSCs induces their premature differentiation into neurons (Marin Navarro et al.,
2020), pointing towards a role for this transcription factor in the regulation of neuronal
differentiation. Assuming a similar function in the SEZ-resident NSC lineage, one could
speculate that Scratch1 may favor neuronal differentiation not only by blocking the
expression of non-neuronal genes (Metzstein and Horvitz, 1999; Nakakura et al., 2001b;
Paul et al., 2014; Roark et al., 1995), but also through the repression of p53 transcriptional

targets.

2. Regulation of Scratch1 translation: A matter of splicing

Splicing has been identified as one of the most relevant process for SEZ neurogenesis,
whereas it does not appear to be that prominent in non-neurogenic regions (Lim et al.,

2006), even though alternative splicing is known to be particularly active in the adult central
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nervous system (Raj and Blencowe, 2015). Here, we describe that in SEZ-resident NSCs,
Scratch1 mRNA is retained in the nucleus due to inefficient splicing (Figure 18). Decreased
splicing efficiency most often arises from the deficient recognition of canonical splicing sites
and usually associates with the presence of weak consensus sequences in this positions
(Kornblihtt et al., 2013; Sibley et al., 2016). In this sense, we have observed that in the case
of Scracth1, the PPT, one of the intronic regions recognized by the spliceosome (Herzel et
al.,, 2017) is significantly enlarged, generating a weak slice site. This deviation from the
consensus likely affects its recognition by the splicing machinery and has as a consequence
the reduction in its splicing efficiency (Sibley et al., 2016; Vargas et al., 2011), which without
fully blocking its processing, allows the implementation of an additional layer of regulation.

By analyzing the PPT sequences of Scratch1 orthologues in different vertebrate
species, we found that the enlargement observed in mouse is present in all mammals
analyzed (n=8), including humans, whereas the length of this sequence does not diverge
from the consensus in the rest of the vertebrates (n=12). In agreement with this
observations, in zebrafish, with scratch1a and scracth1b introns bearing consensus splicing
sites, their transcripts are exported to the cytoplasm as soon as they are transcribed (Figure
20). By contrast, in the mouse, although Scratch1 starts to be transcribed as soon as stem
cells acquire neural identity (Figure 23), its mMRNA remains in the nucleus in SEZ-resident
NSCs (Figure 17), unavailable for translation (Figure 36). As expected form this, we found
that Scratch1 downregulation did not cause any phenotype in undifferentiated NSCs,
reflecting that, although the gene is transcribed, Scratch1 is not functional in these cells,
and therefore, it is dispensable until NSCs engage into the differentiation process. On the
other hand, similar to the situation in zebrafish, we have observed that in the SGZ of the
hippocampus, the other main neurogenic niche in mammals, Scratch1 mRNA always
presents a canonical cytoplasmic distribution (Figure 21), indicating that the enlargement in
Scratch1 PPT is not necessarily associated with the retention of the intron in every context.
This is in agreement with the observation that intron detention events, although associated
with the presence of weak splice sites, are in most cases tissue- or even cell type-specific
(Braunschweig et al., 2014). Moreover, as happens in the zebrafish PGZ, Scratch1
expression is not detectable in SGZ-resident NSCs, but instead starts to be transcribed later
in the lineage when it is already required to fulfill its function. This reveals a differential
regulation of Scratch1 expression between the SEZ and the SGZ. Although these two
neurogenic niches present multiple similarities, they also differ in important aspects,

including (i) their anatomy, with the SGZ located away from the ventricles and the SEZ in

95



Discussion

direct contact with them; and (ii) the fate of the neurons derived from their resident NSCs,
becoming glutamatergic excitatory neurons in the SGZ that integrate in the DG itself, or
migrating from the SEZ niche to the OB, to give rise to different inhibitory neurons (Obernier
and Alvarez-Buylla, 2019). Additionally, the SEZ and the SGZ also differ in the kinetics of
the neurogenic process. It has been estimated that, in the SEZ, the generation of neuroblast
from NSCs takes 3-4 days (Ponti et al., 2013b) and their migration to the OB and their
terminal differentiation, about 15 additional days (Petreanu and Alvarez-buylla, 2002). By
contrast, in the SGZ the differentiation of NSCs into neuroblast lasts for approximately 2
weeks and their subsequent maturation, 1-2 additional months (Bischofberger, 2007). Thus,
even though neuroblasts do not need to migrate far from the niche prior their terminal
differentiation, neurogenesis constitutes a substantially slower process in the SGZ when
compared to the SEZ. Taking this into account, we propose that in the SEZ, due to its fastest
kinetics, Scratch1 protein might be required at the very first stages of NSC differentiation,
and its translation would be more efficiently accomplished by having the gene already
transcribed and its transcripts retained in the nucleus. By contrast, the slower kinetics of the
SGZ would allow enough time for Scrafch1 to be transcribed, processed and translated
when cells have already left the stem cell state. In this sense, Scratch1 intron detention in
the SEZ would allow the generation of a reservoir of transcripts that accumulate in the
nucleus until they are required, “priming” NSCs for further differentiation, which will require

the production of Scratch1 protein.

Consistently, we have shown that Scratch? mRNA is rapidly spliced and exported in
response to the differentiation signal, being available for translation one hour after the cells
received the extracellular input (Figure 24). Furthermore, we have determined that the
processing of the detained intron and Scracth1 mRNA nuclear export in response to NSC
differentiation signals is promoted by the m8A-modification of the transcripts (Figure 28 and
Figure 36). At the molecular level, m8A can function both as a recognition element for
specific RNA binding proteins or as a structural switch (Harcourt et al., 2017). The latter is
due to the fact that the addition of the methyl group destabilizes A-U pairs (Engel and von
Hippel, 1974; Roost et al., 2015), which hinders the formation of RNA duplexes (Spitale et
al., 2015) and exposes binding sites to RNA binding proteins. In particular, it has been
already described that the unstructured conformation of the transcripts as a result of m°éA
deposition facilitates the binding of HNRNPC/G, promoting the splicing (Liu et al., 2015,
2017). In the case of Scratch1 intron, its enlarged PPT might be involved in the generation

of secondary structures, which has been described to reduce splicing efficiency (Vargas et
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al., 2011), and the methylation of the mRNA might contribute to the destabilization of those
duplexes, favoring its recognition by the splicing machinery. Alternatively, the mfA mark
might be recognized by a specific reader that recruits additional factors to stimulate the

splicing of Scratch1 intron.

Figure 36| Scratch1 mRNA
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3. Intron detention as a mechanism to fine-tune adult

neurogenesis

Several transcriptomic analyses performed during the progression of NSCs into the
differentiation process have revealed that mRNAs typically associated with more
differentiated cells can be already detected in NSCs (Beckervordersandforth et al., 2010;
Dulken et al., 2017; Llorens-Bobadilla et al., 2015). Moreover, it has been recently shown
that some transcripts are translated less efficiently than expected considering their mRNA
levels (Baser et al., 2019). Altogether, these observations point to an important influence of
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post-transcriptional regulation in the control of adult neurogenesis, that had remained
elusive. Here we describe the regulatory mechanism that controls the subcellular
localization of a large number of transcripts associated with both the maintenance of NSC
in an undifferentiated state and their differentiation. This mechanism has the potential to
tightly regulate the time in which these mRNAs are available for translation, contributing to

the precise control of neural differentiation.

We find that intron detention regulates the post-transcriptional expression of transcripts
related to (i) NSCs self-renewal and proliferation (Cluster 2) and (ii) differentiation (Cluster
1). On the one hand, genes belonging to Cluster 1 present intron detention in NSCs, where
consequently accumulate in the nucleus, showing a rapid splicing and nuclear export in
response to the differentiation signal. By contrast, Cluster 2 genes are properly spliced in
NSCs, and the differentiation signal triggers intron retention and prevents their export from
the nucleus. Detained introns can be spliced in response to different stimuli (Denis et al.,
2005; Gill et al., 2017; Mauger et al., 2016; Naro et al., 2017; Ninomiya et al., 2011; Wong
et al., 2013). However, little is known about how the extracellular signals are transduced in
order to trigger the post-transcriptional processing of the transcripts. We have shown that,
in the context of adult neurogenesis, the splicing of detained introns and the subsequent
export to the cytoplasm of the different subsets of transcripts is promoted by the methylation
of the mMRNAs, revealing that m8A modification might act as a connection between external
stimuli and the processing of detained introns in response to them. In fact, the majority of
mRNA-modifying enzymes reside in the nucleus (Gilbert et al., 2016), where they have
access to DI-mRNAs, and their activity is known to be responsive to extracellular inputs. For
instance, TGFB signaling triggers the recruitment of the m®A methylation complex by
SMAD2/3 in hPSCs, stimulating the co-transcriptional methylation of given mRNAs (Bertero
et al., 2018). YTHDF2, a m®A reader that usually localizes in the cytoplasm, accumulates in
the nucleus in response to heat shock stress, where it competes with the demethylase FTO,
modulating the pattern of méA and promoting the translation of specific transcripts (Zhou et
al., 2015). Furthermore, METTL3 and METTL14 can be post-translationally modified, which
affects their capacity to interact with other components of the methylation complex and
modulates their methylation activity (Du et al., 2018; Wang et al., 2016). In the adult SEZ,
the balance between NSC self-renewal and differentiation is tightly regulated by both
intrinsic and extrinsic factors. In this work, we have used an in vitro system in which NSC
differentiation is triggered in response to EGF withdrawal (Belenguer et al., 2016). However,

in vivo, this process is regulated by a myriad of stimuli, such as BMPs present in the CSF
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or released within the niche, the interaction with resident microglia or the synaptic inputs of
dopaminergic neurons (Obernier and Alvarez-Buylla, 2019). Nevertheless, it remains to be
determined whether these factors directly modulated the activity of the methylation
machinery and how this impacts on the mfA pattern.

Moving from the adult organism to the embryo, several studies connect mfA with the
regulation of the balance between retinal ganglion cells (RGC) self-renewal and
differentiation during cortical development (Edens et al., 2019; Li et al., 2018b; Wang et al.,
2018; Yoon et al., 2017), either by stimulating the decay of labelled transcripts or by
promoting the nuclear export of mfA-mRNAs through the CRM1-dependent pathway.
Additionally, since RGC and adult NSCs are ontogenetically related, it is possible that méA
also regulates the subcellular localization of specific transcripts during cortical development,
as we have described in the case of SEZ-derived NSC differentiation. Moreover, it is
noteworthy that both intron detention and mfA have been shown to be relevant in processes
such as spermatogenesis (ID: Naro et al., 2017; m®A: Bailey et al., 2017; Hsu et al., 2017;
Jain et al., 2018; Lin et al., 2017; Wojtas et al., 2017; Xu et al., 2017; Zheng et al., 2013)
and hematopoiesis (ID: Cho et al., 2014; Edwards et al., 2015; Ni et al., 2016; Pimentel et
al., 2016; Wong et al., 2013; mPA: Lee et al., 2019; Li et al., 2018a, 2018c; Vu et al., 2017;
Weng et al.,, 2018; Zhang et al., 2017). Therefore, the connection between the m°A
modification and intron detention might exist also in other systems.

Regardless of the context, the generation of reservoirs of mMRNAs in the nucleus
thought intron detention allows the rapid translation of these transcripts in the precise
moment in which they are required, accelerating the response of the cells to external stimuli.
Remarkably, immediately-early genes transcripts are shorter than the average (Tullai et al.,
2007), which allow a faster transcription reducing the time they need to be ready for
translation. Conversely, intron detention has been associated with longer transcripts
(Braunschweig et al., 2014; Mauger et al., 2016). Thus, intron detention may provide a
mechanism to generate rapid changes in gene expression, regardless of the length of the
genes. Moreover, in the case of transcripts associated with the maintenance of NSCs in an
undifferentiated state, the fast switch in their splicing pattern in response to the
differentiation signal and the consequent events of intron detention in those mRNAs, rapidly
block their translation, buffering the residual transcription and sharpening the response of
the cells. Additionally, intron detention may also constitute a mechanism to synchronize the

release from the nucleus of functionally related transcripts, allowing a coordinated and
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robust response to changes in the extracellular environment and contributing to the
establishment of what has been called ‘RNA regulons’ (Keene, 2007). Similarly, it has been
proposed that m®A methylation, being such a dynamic modification, might act selecting
groups of functionally related transcripts to be coordinately regulated in response to changes
in the external stimuli (Roundtree et al., 2017a). Altogether, these findings emphasize the
relevance of post-transcriptional regulation in the control of numerous biological processes,

highlighting the concept that transcription not necessarily implies translation and
consequently, function.

Cluster 1 Cluster 2
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Figure 37| Intron detention regulates the translational availability of multiple mRNAs related
with NSC self-renewal, proliferation and differentiation.

In summary, here we describe mRNA methylation as a mechanism that allows the
rapid production of proteins in response to external stimuli and that operates like a switch
on transcripts belonging to antagonistic functional groups, allowing a tight control in the

timing of neural differentiation in the adult subependymal neural stem cell niche.
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Conclusions

We have found that the Scratch1 transcription factor is expressed in the adult SEZ,
where it plays several functions. It acts as a survival factor downstream of p53,
repressing the transcription of its targets Bbc3 (Puma) and Cdkn7a (p21). In addition,
Scratch1 promotes neuronal differentiation, favoring neurogenesis at the expense of
gliogenesis.

Although Scratch1 acts in response to the neural differentiation signal, it is constitutively
transcribed in the NSCs of the SEZ. It is maintained inactive due to a deficient splicing

that leads to the detention of its transcripts in the nucleus.

Upon receiving the neural differentiation signals, Scratch1 mRNA is rapidly methylated

and immediately spliced and exported to be translated in the cytoplasm.

We describe intron detention and subsequent mMRNA methylation as a mechanism that

allows an immediate cell response to the neural differentiation signal.

We also find that this mechanism is not Scratchi-specific but rather a general
mechanism used to tightly control the response to neural differentiation signals in the
adult subependymal neural stem cell niche.

Finally, we show that intron detention also operates preventing the translation of genes
related to the maintenance of stemness during neural differentiation. Thus, a switch in
the methylation status of gene transcripts related to stemness or differentiation
regulates the activity of the neural stem cell niche.
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Hemos encontrado que el factor de transcripcion Scratch1 se expresa en la SEZ adulta,
donde lleva a cabo varias funciones. Por una parte, actia como factor de supervivencia
por debajo de p53, reprimiendo la transcripcién de sus dianas Bbc3 (Puma) and Cdkn1a
(p21). Ademas, Scratch1 promueve la diferenciacién neuronal, favoreciendo la
neurogenesis a expensas de la gliogénesis.

Aunque Scratch1 actia en respuesta a la sefial de diferenciacion neural, se expresa
de forma constitutiva en las NSCs de la SEZ, manteniéndose inactivo debido a un

procesamiento deficiente que lleva a la detencidn de sus transcritos en el nucleo.

En respuesta a las senales de diferenciacion neural, el mRNA de Scratch1 es
rapidamente metilado e inmediatamente sufre splicing y es exportado para ser

traducido en el citoplasma.

Hemos descrito la detencion de intrones y la subsecuente metilacion de mRNA como
un mecanismo que permite una respuesta celular inmediata a la sefial de diferenciacion

neural.

Hemos determinado que este mecanismo no es especifico de Scratch1, sino que es un
mecanismo general usado para controlar de forma precisa la respuesta a las senales

de diferenciacion neural en la SEZ adulta.

Finalmente, hemos mostrado que la detencién de intrones también actua previniendo
la traduccién de genes asociados con el mantenimiento de las propiedades de célula
madre durante la diferenciacion neural. Por tanto, un cambio en el patron de metilacion
de mRNAs relacionados con el mantenimiento o la diferenciacion de las células madre

regula la actividad del nicho neurogénico.
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Scratch factors in the neural stem cell niche

Ainara Gonzalez-lglesias, Ana Domingo-Muelas, Isabel Farifias, M. Angela Nieto

Abstract

In mammals, adult neurogenesis is restricted to few niches in the central nervous system,
being the subependymal zone (SEZ) the largest germinal region of the adult mammalian
brain. In rodents, the neural stem cells (NSCs) that reside in this region give rise to
neuroblasts that migrate and integrate in the olfactory bulb (OB), where they contribute to
neural plasticity of olfactory information processing. The balance between self-renewal and
differentiation of adult NSCs in this niche is tightly controlled. A group of transcription factors
that might regulate this process in mammals is Scratch family, which belongs to the Snail
superfamily and has been shown to promote neuronal differentiation in different species.
We show that Scratch1 is expressed in the SEZ both in NSCs and in neuroblasts, although
its expression level is higher in the latter cell type. In addition, Scratch? mRNA presents
different subcellular distributions between these cell types, showing a canonical cytoplasmic
distribution in neuroblasts, whereas its MRNA seems to accumulate in specific regions of
the nucleus in NSCs. This differential subcellular distribution suggests that Scratch?1 mRNA
export might be selectively regulated in this neurogenic niche. Considering the role of this
gene in promoting neuronal differentiation, selective Scratch1 mRNA export might constitute

a mechanism involved in the generation of new neurons in the adult brain.
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Scratch1 in the neural stem cell niche

Ainara Gonzalez-lglesias, Ana Domingo-Muelas, Isabel Farifias, M. Angela Nieto

Abstract

In mammals, adult neurogenesis is restricted to few niches in the central nervous system,
being the subependymal zone (SEZ) the largest germinal region of the adult mammalian
brain. In rodents, the neural stem cells (NSCs) that reside in this region give rise to
neuroblasts that migrate and integrate in the olfactory bulb (OB), where they contribute to
neural plasticity of olfactory information processing. A group of transcription factors that
might regulate this process in mammals is the Scratch family, which belongs to the Snail
superfamily of transcription factors and has been shown to promote neuronal differentiation
in different species. We show that Scratch1 is expressed in the SEZ both in NSCs and in
neuroblasts, although its transcripts present different subcellular localizations in these two
cell types. In NSCs Scratch1 mRNA accumulates in the nucleus, probably due to alterations
in splicing, which in turn affects mRNA export to the cytoplasm. In addition, ESCs and iPSCs
reprogrammed from adult NSCs do not express Scratch1. This indicates that Scratch1 starts
to be expressed when stem cell are committed to the neural lineage, although its mRNA is
not available for translation until differentiation is induced. We propose that mRNA nuclear
retention can operate as a mechanism to tightly control the timing on neural differentiation

in the adult stem cell niche.
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Scratch1 in the adult neural stem cell niche

Ainara Gonzalez-lglesias, Ana Domingo-Muelas, Isabel Farifias, M. Angela Nieto

Abstract

In mammals, adult neurogenesis is restricted to few niches in the central nervous system,
being the subependymal zone (SEZ) the largest germinal region of the adult mammalian
brain. In rodents, the neural stem cells (NSCs) that reside in this region give rise to
neuroblasts that migrate and integrate in the olfactory bulb (OB), where they contribute to
the neural plasticity of olfactory information processing. A group of transcription factors that
might regulate this process is the Scratch family, which belongs to the Snail superfamily and
has been shown to promote neuronal differentiation in different species. We show that
Scratch1 is expressed in the SEZ both in NSCs and in neuroblasts, although its transcripts
present different subcellular localizations in these two cell types. In NSCs, Scratch1 mRNA
accumulates in the nucleus, due to inefficient splicing, which in turn affect mRNA export to
the cytoplasm. During differentiation, RNA methylation promotes the splicing and export of
Scratch1 mRNA, which is then available for translation. In addition, ESCs and iPSCs
reprogrammed from adult NSCs do not express Scratch1. This indicates that Scratch1 starts
to be expressed when stem cell are committed to the neural lineage. Moreover, this
regulatory mechanism is not implemented in zebrafish or in the subgranular zone (SGZ) of
the mouse hippocampus. Therefore, we propose that Scratch1 mRNA nuclear retention can
operate as a mechanism to tightly control the timing on neural differentiation specifically in
the adult SEZ.
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Intron retention regulates Scratch1 expression during

adult neurogenesis

Ainara Gonzalez-lglesias, Ana Domingo-Muelas, Aida Arcas, Estefania Mancini,

Juan Valcarcel, Isabel Farifias, M. Angela Nieto

Abstract

In mammals, adult neurogenesis is restricted to few niches in the central nervous system,
being the subependymal zone (SEZ) the largest germinal region of the adult mammalian
brain. In rodents, the neural stem cells (NSCs) that reside in this region give rise to
neuroblasts that migrate and integrate in the olfactory bulb (OB), where they contribute to
the neural plasticity of olfactory information processing. A group of transcription factors that
might regulate this process is the Scratch family, which belongs to the Snail superfamily and
has been shown to promote neuronal differentiation in different species. We show that
Scratch1 is expressed in the SEZ both in NSCs and in neuroblasts, although its transcripts
present different subcellular localizations in these two cell types. In NSCs, Scratch1 mRNA
accumulates in the nucleus, due to intron retention, which in turn affects mRNA export to
the cytoplasm. During differentiation, RNA methylation promotes the splicing and export of
Scratch1 mRNA. Moreover, this regulatory mechanism is not implemented in zebrafish or in
the subgranular zone (SGZ) of the mouse hippocampus, but seems specific to the SEZ. In
addition, we have found that the expression of other genes implicated in NSCs differentiation
might be also regulated by mRNA nuclear retention. Therefore, we propose that intron
retention can operate as a mechanism to tightly control the timing on neural differentiation
specifically in the adult SEZ.
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Intron retention as a mechanism to tightly control the
timing of neuronal differentiation

Ainara_Gonzalez-Iglesias, Ana Domingo-Muelas, Aida Arcas, Estefania Mancini,

Juan Valcarcel, Isabel Farifias, M. Angela Nieto

Abstract

In mammals, adult neurogenesis is restricted to few niches in the central nervous system,
being the subependymal zone (SEZ) the largest germinal region of the adult mammalian
brain. In rodents, the neural stem cells (NSCs) that reside in this region give rise to
neuroblasts that migrate and integrate in the olfactory bulb (OB), where they contribute to
the neural plasticity of olfactory information processing. A group of transcription factors that
might regulate this process is the Scratch family, which belongs to the Snail superfamily and
has been shown to promote neuronal differentiation in different species. We show that
Scratch1 is expressed in the SEZ both in NSCs and in neuroblasts, although its transcripts
present different subcellular localizations in these two cell types. In NSCs, Scratch1 mRNA
accumulates in the nucleus, due to intron retention, which in turn affects mMRNA export to
the cytoplasm. During differentiation, RNA methylation promotes the splicing and export of
Scratch1 mRNA. In addition, we have found that the expression of other genes implicated
in NSCs differentiation might be also regulated by mRNA nuclear retention. Therefore, we
propose that intron retention can operate as a mechanism to tightly control the timing on

neural differentiation specifically in the adult SEZ.
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