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Abstract

Glutamatergic neurons of the murine cerebral cortex are generated within periventricular
proliferative layers of the embryonic pallium, directly from apical precursors or indirectly, via
their basal progenies. Cortical neuronogenesis is the result of different morphogenetic
subroutines, including precursors proliferation, death, changes of histogenetic potencies, post-
mitotic neuronal differentiation. Control of these processes is extremely complex and numerous
polypeptide-encoding genes are involved in it. Moreover, a large number of so-called “non-
coding genes” are expressed in the developing cortex too. At the moment, their implication in
corticogenesis is subject of intensive functional studies. A subset of them encodes for miRNAs, a
class of small RNAs with complex biogenesis, regulating gene expression at multiple levels,
modulating histogenetic progression and implicated in refinement of positional information.
Among cortical miRNAs, there is miR-124. It has been consistently shown to promote
neuronogenesis progression, in a variety of experimental contexts. Some aspects of its activity -
however - are still controversial, some have to be clarified. An in depth in vivo characterization
of its function in the embryonic mammalian cortex is still missing.

In this study, by integrating LNA-oligo in situ hybridization, electroporation of stage-
specific reporters and immunofluorescence, we reconstructed the cortico-cerebral miR-124
expression pattern, during direct neuronogenesis from apical precursors and indirect
neuronogenesis, via basal progenitors. We found that miR-124 expression profile in the
developing embryonic cortex includes an abrupt upregulation in apical precursors undergoing
direct neuronogenesis as well as a two-steps upregulation in basal progenitors, during indirect
neuronogenesis. Differential post-transcriptional processing seems to contribute to this pattern.
Moreover, we investigated the role of miR-124 in embryonic corticogenesis by gain-of-function
approaches, both in vitro, by lentivirus-based gene transfer, and in vivo, by in utero
electroporation. Following overexpression of miR-124, both direct neuronogenesis and
progression of neural precursors from the apical to the basal compartment were stimulated.

Two are the main conclusions of this study. First, miR-124 expression is progressively up-
regulated in the mouse embryonic neocortex, during the apical to basal transition of neural
precursor cells and upon their exit from cell cycle. Second, miR-124 is involved in fine

regulation of these processes.



1. Introduction

1.1 Generalities on cerebral cortex morphogenesis: definition of the cortical field and

histological maturation of the cortical primordium

In mice, from embryonic day 7.5 (E7.5), the Central Nervous System (CNS) is derived from
the neural plate, a region of dorsal ectoderm with a columnar cellular phenotype which, after
gastrulation, thickens and rises at its borders, invaginates in neural groove and closes dorsally to
form a hollow cylinder, the neural tube (Gilbert 7" edition, 2003). Cells at the interface between
the dorsal neural tube and the overlying epithelium are called neural crest cells (NCSs). Such
cells acquire a migratory behavior and are bound to give rise to peripheral nervous system (PNS)
melanoctyes, and head skeletal elements (Liu and Niswander 2005) (fig. 1A). At this stage the
anterior neural plate gives rise to the prosencephalon, a vesicle which is subsequently subdivided
into the telencephalon and the diencephalon (fig. 1B). After the initial induction of neural tissue,
the cortical primordium is formed at the rostral most portion of the neural tube and is quickly
subdivided into two halves: the left and right telencephalic vesicles (the future cerebral
hemispheres). In particular, at embryonic day 8 (E8.0, four to eight somites), the mouse
telencephalic anlage lies within the anterior third of the paired, downward-folded leaves of the
neural plate, and the two sides of the anlage meet at the anterior midline. By coupling a dramatic
set of morphogenetic movements with extensive proliferation, the telencephalon is transformed,
by around embryonic day 9.5 (E9.5, the 20-somite stage), into a set of paired vesicles, complete
with regionally restricted markers (fig.1C). The subdivision into two halves -the left and right
telencephalic vesicles- depends on the dorsal midline roof plate, where low levels of proliferation
and high levels of apoptosis result in its fixation and invagination relative to the rapidly
expanding hemispheres (Monuki and Walsh, 2001). As these events proceed, the cortical
primordium field is progressively specified being exposed to several potential sources of secreted
signaling molecules from surrounding structures, often called ‘organizers’, such as the anterior
neural ridge (ANR) in the rostral midline, the roof plate (RF) and the cortical hem at the dorsal
midline and other potential sources of signaling molecules, such as the surface ectoderm (the
future skin) and mesenchymal elements that lie between the skin and brain (fig.1D). Such
signaling molecules together with transcription factor genes expressed by the field itself regulate
both the anterior-posterior (AP) and the dorsal-ventral (DV) patterning of neural tissue (Wilson
and Rubenstein, 2000; Mallamaci and Stoykova, 2006). In the telencephalic anlage the presence

of transcription factors and regionally restricted markers are a presage to the morphological



appearance of discrete dorsal (cortex), lateral (lateral ganglionic eminence or LGE) and ventral
(medial ganglionic eminence or MGE) proliferative zones, around embryonic day 11.5 (E11.5)

(Rallu et al., 2002).
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Figure 1. Morphogenesis of the forebrain. (A) The CNS arises from a specialized epithelium, the neural plate. At
the end of neurulation the lateral edges of the neural plate fuse and segregate from the non-neural epithelium to form
a neural tube. (B) The anterior neural tube gives rise to the prosencephalon, a vesicle which is subsequently
subdivided into the telencephalon and the diencephalon. (C) Schematic three-dimensional view of forebrain
morphogenesis from the time of rostral neural tube closure (E9 in mice) through the formation of the two
telencephalic (cerebral) vesicles (E11 in mice). At the time of neural tube closure, the telencephalic vesicles
(cerebral hemispheres) are not morphologically detectable. (D) Schematic of the E11 rat forebrain, illustrating the
locations of the organizer centers prechordal mesoderm (orange), anterior neural ridge (red), roof plate and cortical
hem (brown). Each of these organizers is associated with a particular growth factor or family of factors. Coronal
view of the E11 mouse forebrain illustrate the dorsal (cortex), lateral (LGE) and ventral (MGE) proliferative zones.
Arrowheads indicate location of telencephalic vesicles. Adapted from Monuki and Walsh (2001); Liu and
Niswander (2005).

The cortical primordium of the E11.5 mouse embryo, looks like a thin neuroepithelial sheet and
does not display any major region-specific morphological peculiarity. Subsequently it undertakes
a complex and articulated process of regional diversification leading to the development of the

mature cerebral cortex with its full repertoire of area-specific properties.



1.2 Area and laminar differentiation of the cortical primordium

In mice the cortical primordium, from E11.5 to E17.5, is subject to a dramatic expansion. Such
process will give rise to the neuronal complement of the mouse cerebral cortex, which is divided
into distinct zones differing in terms of cell type and arrangement, projection targets and
molecular markers (fig. 2) (Molyneaux et al., 2007). The neocortex is the largest region; it is
organized in six radial layers and is positioned between two other regions of the cerebral cortex,
the archicortex (including entorhinal cortex, retrosplenial, subiculum, and hippocampus) and
paleocortex (olfactory piriform cortex) which are organized in three radial layers (fig.2)
(O’Leary et al., 2007). Each layer of the neocortex, which can be substratified, contains a
population of neurons that is morphologically, connectionally, and functionally distinct from
those of other layers. In its tangential dimension, the neocortex is organized into ‘‘areas’ (fig.2);
these are functionally unique subdivisions distinguished from one another by differences in
cytoarchitecture and chemoarchitecture, input and output connections, and patterns of gene
expression. Intrinsic genetic effectors such as transcription factors (TFs) have been demonstrated
to have a role in specifying the tangential, positional identities of cortical progenitors (Bishop et
al., 2000; Mallamaci et al., 2000). However extrinsic agents such as talamocortical axon (TCA)

inputs have an important role for the area patterning (O’Leary and Nakagawa 2002).
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Figure 2. Specification of neocortical progenitors in layers and areas. (A) Neural progenitors residing in the VZ
and SVZ in mice produce projection neurons in an ‘inside-out’ fashion. (B) Specification during differentiation of
telencephalic areas (Ncx, neocortex; Lge, lateral ganglionic eminence; Mge, medial ganglionic eminence; Pcx,
paleocortex; Acx, paleocortex). (C) Differentiation of Neocortical progenitors gives rise to the anatomically and
functionally distinct areas seen in the adult (F/M motor cortex; S sensorial cortex; V visual cortex; A auditory
cortex). Adapted from Molyneaux et al. (2007) and O’Leary et al. (2007).



In the cortical primordium neural progenitors are generated adjacent to the lateral ventricles,
within the so-called ventricular zone (VZ). As neurogenesis proceeds, an additional proliferative
layer known as the subventricular zone (SVZ) forms above the VZ (Bayer and Altman, 1991).
Newborn neurons can move to their final destination following a radial direction and settling at
distinctive radial levels, depending on their birthdates (Nadarajah and Parnavelas, 2002).
Progenitors residing in the VZ and SVZ produce the projection neurons of the different
neocortical layers in a tightly controlled temporal way (fig.2). The earliest born neurons appear
around E10.5 in the mouse and form a layered structure termed the preplate (PP), which is later
split into the more superficial marginal zone (MZ) and the deeply located subplate (SP). The
cortical plate begins to develop in between these two layers, such that later born neurons arriving
at the cortical plate migrate past earlier born neurons. Different classes of projection neuron are
born in overlapping temporal waves (Molyneaux et al., 2007). Early cortical progenitors,
normally fated to form deep layer neurons, are multipotent and can generate later born neurons
of upper layers in appropriate condition (McConnell and Kaznowski, 1991). On the other side

progenitors of the upper layers have less plasticity (Frantz and McConnell, 1996).

1.3 Origin of glutamatergic vs. gabaergic neurons

The radial migration route is typically undertaken by the future projection neurons, a large
population of excitatory glutamatergic cortical neurons (fig.3) (Rash and Grove, 2006). Such
neurons are characterized by a typical pyramidal morphology and transmit information between
different regions of the neocortex and to other regions of the brain (Molyneaux et al., 2007).
However, newborn neurons can also follow a tangential migration route reaching a final
destination that can be very distant from their birth place (Marin and Rubenstein, 2001). The
cortical interneurons, which account for about 20% of all cortical neurons, are Gabaergic and
also typically express distinct neuropeptides that define subclasses of it (Cherubini and Conti,
2001; Wonders and Anderson, 2006). In mice, from E12 to E15, they are generated primarily
from progenitors within ventral telencephalon, earlier in the MGE and the caudal ganglionic
eminences (CGE), later in the LGE, and migrate along multiple pathways to reach the cortex
(fig.3) (Marin and Rubenstein, 2003). Once within the cortex, they migrate along tangentially
aligned pathways in the MZ and intermediate zone (IZ), and eventually turn and migrate radially
into the cortical plate (CP), perpendicular to their original tangential path (Nadarajah and
Parnavelas, 2002). A third, but proportionally very small general category of cortical neurons,
are Cajal-Retzius neurons, which populate the MZ and express Reelin, a large secreted protein

thought to be required to establish appropriate cortical layering by influencing the radial



migration and the patterning of cortical neurons (Feng and Walsh, 2001; Tissir and Goffinet,
2003). Cajal-Retzius neurons are also generated external to the cortical VZ and SVZ, primarily
within the cortical hem but additionally at other sites in the subpallium and septum (fig.3)
(Yamazaki et al., 2004; Bielle et al., 2005; Guillemot, 2005). In this way multiple progenitor

zones contribute to the rich variety of neuronal types found in the neocortex.
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Figure 3. Main neuronal migrations during the development of forebrain in mouse. (A) Radial migration of
differentiating neurons from the proliferative layers of cortical primordium towards the layers of the neocortex
below the pial membrane. (B) Routes of tangential migration of immature interneurons from the subpallial
telencephalon to the cortex at E12, E13.5 and E15 (NCx neocortex; H, hippocampus; PCx, piriform cortex; VZ,
ventricular zone; SVZ, subventricular zone; MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence;
Str, striatum). (C) Distinct populations of Cajal-Retzius cells (CR; calret+ denotes the presence of calretinin) have
been shown to originate from cortical hem (CH), septum (SEP), pallial-subbpallial boundary (PSPB).. Adapted from
Noctor et al. (2004), Marin and Rubenstein (2001), Guillemot (2005).




1.4 Neocortical periventricular proliferative layers: apical and basal compartments

During all neurogenesis, within the developing neocortex, there are at least three different
types of neurogenic progenitors: neuroepithelial progenitor cells (NEPs), radial glia cells (RGCs)

and intermediate progenitors cells (IPCs) (Gotz and Huttner, 2005) (fig.4).
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Figure 4. Proliferative behaviour of cortical progenitor. Schematic transects of the rodent cortex at embryonic
day 13 (E13) (A) and at E17 (B). Cortical neurons are generated from three types of precursors: radial glia cells
(RGCs), short neural precursors (SNPs) and intermediate progenitor cells (IPCs). RGCs and SNPs divide at the
apical surface of the ventricular zone (VZ). RGCs undergo several types of symmetrical and asymmetrical divisions,
as indicated by the arrows, including self-renewing ones (A) or neurogenic divisions (B). SNPs are committed
neural precursors. IPCs divide away from the ventricular surface in the VZ and in the subventricular zone (SVZ)
(B). IPCs have been reported to undergo mostly neurogenic divisions with a small fraction undergoing symmetrical
proliferative divisions (as indicated by the dotted circular arrow). Through asymmetrical divisions, RGCs give rise
to IPCs that migrate to the SVZ. Adapted from Dehay and Kennedy (2007).

After neurulation, and before neurogenesis gets under way, the neural tube is composed of a
single layer of radially arranged bipolar cells, which divide symmetrically originating two
identical progenitors and thereby increasing their number. These cells are highly polarized along
their apical-basal axis (Rakic, 1995; Malatesta et al., 2008). The organization of their plasma
membrane presents both tight junctions and adherens junctions at the lateral-apical end. Even if
the cells of such epithelium span the entire thickness of the neural tube they look layered
(‘pseudostratified’), this because those nuclei migrate up and down the apical-basal axis during
the cell cycle (interkinetic nuclear migration) (Gotz and Huttner, 2005; Kosodo and Huttner,

2009). As development proceeds, around E9-E10 in the mouse telencephalon, epithelial cells in



neural tube undergo some changes in their gene expression pattern, cytological characteristics
and differentiation potential., There is the induction of the intermediate filament nestin and of the
related antigen recognized by the antibody RC2; besides the occludin (a tight junction
component) is downregulated and the apical junctional complex, in such way, loses its previous
role as a permeability barrier giving rise the permeability changes; finally, the dependency of
junctions on Notch signaling becomes evident (Frederiksen and McKay, 1988; Edwards et al.,
1990; Aaku-Saraste et al., 1996). Starting from this stage, the cells can be considered properly
“neuroepithelial progenitor” (Malatesta et al., 2008). NEPs maintain the interkinetic nuclear
migration, which involves their entire soma till the basal membrane, and divide mainly
symmetrically on the luminal surface of the neural tube (Kosodo et al., 2004; Rakic, 1995). From
this stage, however, an increasing number of cells start to divide asymmetrically, giving rise to
another neuroepithelial cell and either to a neuron or, alternatively, to a progenitor cell that will
undergo mitosis at a significant distance from the ventricular surface (basal progenitor or IPC)
(Haubensak et al. 2004, Pontious et al., 2008). In this way neuroepithelium transforms into a
tissue with numerous cell layers (Malatesta et al., 2008). Shortly after the appearance of the first
neurons, NEPs undergo a second change in their characteristics acquiring molecular and
cytological features typical of the astroglial lineage such as expression of lipid-binding protein
BLBP, astrocytic glutamate transporter GLAST and calcium-binding protein S100p (Feng et al.,
1994; Shibata et al., 1997; Malatesta et al., 2000; Hartfuss et al., 2001; Vives et al., 2003),
accumulation of glycogen granules in the cytoplasm; at this stage NEPs loose certain epithelial
features, like tight junctions (but not adherens junctions), and the apical-versus-basal polarity
delivery of certain plasma-membrane proteins (Aaku-Saraste et al., 1996; Aaku-Saraste et al.,
1997). In essence, after the onset of neurogenesis, NEPs give rise to the radial glial cells RGCs, a
distinct, but related, cell type (Gotz and Huttner, 2005; Malatesta et al., 2008). RGCs represent
more fate-restricted progenitors than NEPs and successively replace those (Malatesta et al.,
2000). In mice these changes occurs throughout most of the brain between E10 and E12.
However RGCs still exhibit residual neuroepithelial properties such as the presence of markers
like the intermediate-filament protein nestin, the maintenance of an apical surface and important
features of apical-basal polarity such the presence of adherens junctions, and the basal lamina
contact. Like NEPs, RGCs show interkinetic nuclear migration, although nuclei do not migrate
through the entire length of the cytoplasm, and mitosis occurred at the ventricular edge of the
neural tube (Hartfuss et al., 2001; Gotz and Huttner, 2005). RGCs have long been known to have
crucial roles in guiding neurons to their final locations in the cortical plate by serving as

migratory scaffolding (Rakic, 2003; Noctor et al. 2004). RGCs function as progenitors that make



major contributions to cortical neurogenesis by generating pyramidal neurons, either directly
through mitoses at the apical surface of the VZ, or indirectly through the production of
proliferating intermediate progenitors (Malatesta et al., 2003). The majority of RGCs go through
asymmetric divisions, giving rise two distinct daughter cells: neurogenic divisions (producing a
neuron and a self renewal RGC), asymmetric progenitor divisions (producing a RGC and a IPC
migrating away from the ventricle re-entering the cell cycle), final radial glia divisions (both the
daughter cells migrate away from the ventricle). A minority of RGCs go through symmetric
division in which a RGC generate two RGCs that both remained in the VZ and subsequently
divided. Such type of division occurs frequently during early stages of cortical neurogenesis in
order to expand the proliferative population (Noctor et al. 2004). In addition to the full-length
radial glia, other neuron-producing precursors have been described as apical precursor in the VZ
(Gal et al., 2006; Ochiai et al., 2007). These studies observed a subpopulation of progenitors that
can be distinguished from radial glial cells by the absence of a full-length pial process and by the
ability to drive transcription from the Tal a-tubulin promoter. In these studies they named them
as ‘short neural precursors’ (SNP) or pin-like cells. SNPs are labeled with markers that had been
considered radial glia specific; they are proliferating group of progenitors that can undergo at
least one full cell cycle while in the VZ (Gal et al, 2006).

Intermediate progenitor cells (also known as basal progenitors) originate from asymmetric
divisions of NEPs and RGCs (and possibly by SNPs). These cells lost their contact with both
apical and basal surface and, concomitantly with the migration of their nucleus to the basal side
of the ventricular zone, settled in more basal position of VZ giving rise the subventricular layer
(SVZ). In the mouse, the SVZ starts to form at E13.5 and expands significantly during late
corticogenesis. IPCs divide at basal positions in the developing neocortex and produce pairs of
neurons (indirect neuronogenesis) or pairs of IPCs by limited mitotic symmetric division (1-3
cycles) (Englund et al. 2005, Pontious et al. 2007, Kowalczyk et al. 2009). As opposed to apical
proliferative layers, IPCs are also distinguishable by low-level or completely missing expression
of key transcriptional regulators implicated in RGC self-renewal, including Pax6 and Emx2.
Moreover, they express Tbr2/Eomes (which is confined to IPCs, but not to their cortical
progenies), Cux1-2, and non coding RNA SVET! (Heins et al., 2002; Molyneaux et al. 2007).
Furthermore, IPCs present multipolar morphology, multipolar mode of cell migration and
neuronal restriction of daughter cell fates. It has been proposed that IPCs contribute to all cortical
layers and influence mainly laminar thickness (Pontious et al., 2007). Nevertheless other model

suggests IPCs contribution exclusively to upper layer cortical neurons (Tarabykin et al., 2001;



Cubelos et al., 2007). Throughout the corticogenesis, apical progenitor divisions (RGCs, NEPs
and SNPs) outnumber basal divisions (IPCs) (Kowalczyk et al. 2009).

NE RG SNP IPC
Ages E9.5-E13.5 E11.5-P0.5 E12.5-E16.5 E10.5-P0.5
Morphology radial radial radial (VZ only) multipolar (few radial)
Migration IKNM IKNM IKNM multipolar
Mitosis apical apical apical basal (rare apical)
Mitotic cycles unlimited many (210) nd. 1-3
Daughter cell fates NE, RG, IPC,N RG,IPC,N SNP, N IPC,N
Molecular expression prominin 1 (CD133),  Pax®, tenascin-C, BLBP, tubulin a; promoter Tbr2
nestin vimentin, nestin, GLAST (some low-level Pax6)
Abundance 0-100% depending approx. 50% of VZ progenitors  approx. 50% of VZ progenitors  10-50% of all progenitors
on age (E13.5-E16.5) (E13.5-E16.5) (E10.5-P0.5)

Table 1. Neurogenic progenitor cells in embryonic mouse cerebral cortex. BLBP brain lipid-binding protein;
GLAST astrocyte-specific glutamate transporter; IKNM interkinetic nuclear migration; N neuron; n.d. not
determined; P postnatal day. Adapted from Pontious et al. (2007).

Nevertheless using 7is2-GFP mice, in which GFP is expressed only in neurogenic division, it
has been demonstrated that among E10.5 to E18.5, the neurogenic fraction of basal divisions
remained much higher (between 40% and 80%) than the neurogenic fraction of apical divisions
(between 10% and 20%). Only at the end of neurogenesis, on P0.5, did the neurogenic fraction of
RGCs approach that of IPCs (converging to 30-55%), consistent with terminal neurogenesis
(Kowalczyk et al., 2009). This study indicated that, despite the numerical predominance of
RGCs divisions, even during preplate neurogenesis on E10.5-E11.5, IPCs actually produced the

majority (>80%) of cortically derived projection neurons at all ages.

1.5 Spatio-temporal regulation of proliferative-differentiative kinetics: the role of classical
polypeptide-encoding genes.

Kinetics of neuronal generation emerges as a result of different basic morphogenetic
subroutines, such as precursors proliferation, precursors death, transitions among distinct
proliferative compartments, cell cycle exit, post-mitotic neuronal differentiation, cellular
migrations. Molecular aspects of such process have been deeply studied in last decades and, even
if different points still need to be clarified, at the moment the state of the art has been
summarized in different reports (Baehrecke, 2002; Gotz and Huttner, 2005; Guillemot 2006;
Dehay and Kennedy 2007; Molyneaux et al. 2007; Caviness et al., 2008; Rakic et al., 2009).
Control of these subroutines is extremely complex and, until now, a large number of
polypeptide-encoding genes belonging to distinct structural and functional families have been

implicated in it. Gradients of extracellular signalling molecules such as sonic hedgehog,
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fibroblast growth factors and bone morphogenetic proteins are key regulatory factor during the
specification of the cortical primordium (Rallu et al, 2002). Many transcription factors have a
crucial role during early cortical development including Foxgl, Gli3, Lhx2, Emx2 and Pax6.
These establish the neocortical progenitor domain by repressing dorsal midline (Lhx2 and
Foxgl) and ventral fates (Emx2 and Pax6) (reviewed in Molyneaux et al., 2007) and also are
essential for generating and maintaining the dorsal and ventral subdivisions of the telencephalon
(Reviewed in Herbert and Fishell, 2008). The transcription factors Emx2, Pax6 and Sox2 are
fundamental for RGCs self renewal (Muzio et al., 2002; Bani-Yaghoub et al., 2006). Contrary
the key transcription factors Tbr2, Cux1, Cux2 and Svetl are present in IPCs and have an active
role for the right morphogenesis of the SVZ (Sessa et al., 2008; Cubelos et al., 2008; Tarabykin
et al., 2001). Among them Pax6 and Tbr2 have been largely used as markers for, respectively,
apical and basal, proliferative compartments (Englund et al., 2005). Transcription factors may
maintain a proliferating progenitor state, as in the case with the Hes and Id families of bHLH
factors (Ross et al. 2003). Otherwise they can promote exit from cell cycle and panneuronal as
well as subtype-specific differentiation programs: this is the case of proneural genes such as
Ngnl, Ngn2 and Mashl1 (Bertrand et al. 2002). Proteins of the Delta-Notch signalling including
receptor, ligands, modulator and effectors are involved on the maintenance of the progenitor
state (reviewed in Yoon and Gaiano, 2005). Finally, Reelin, a protein express by Cajal-Retzius
cells in MZ, has been demonstrated to be indispensable to form a stereotypical inside-out and
six-layered pattern interacting with Notch signalling in regulating neuronal migration (Tissir and
Goffinet, 2003; Hashimoto-Torii et al., 2008). Apart from Reelin, different species of
polypeptide-encoding genes are involved during radial and tangential neural migration process
(LoTurco and Bai, 2006; Huang, 2009).

In addition to polypeptide-encoding mRNAs, a huge number of so-called non-coding RNAs
(ncRNAs) are expressed in the developing central nervous system (CNS). Their expression
patterns and their functions are presently subject of deep experimental investigation (Amaral and

Mattick, 2008).

1.6 Non-coding genes: brief classification

The numbers of protein-coding genes and the extent of protein coding sequences do not change
appreciably across the vertebrates despite large differences in developmental complexity (Taft et
al., 2007). Besides, the notion that phenotypic divergence and specialization in organisms result
from alterations in regulatory circuits rather than ‘‘chemical structures’’ of proteins dates back to

the early years of molecular biology (Britten and Davidson, 1969).
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Information underlying development lies in regulatory elements which define different gene
expression programs whose in turn define specific phenotypes: this is also largely the basis for
phenotypic heterogeneity between species and individuals (Wray, 2007). It is well known that
untranslated regions (UTRs) in mRNAs, intronic and intergenic nonprotein-coding sequences,
increase dramatically in size with the increasing developmental complexity in eukaryotes,
suggesting that these sequences contain a greatly expanded regulatory framework to control gene
expression during differentiation and development (Taft et al. 2007). These regulatory sequences
include cis-acting elements that control transcription (core promoter sequences, enhancers,
silencers, insulators, and locus control regions), mRNA processing, localization, translation, and
stability (splicing elements, UTRs, polyadenylation signals, and other regulatory motifs). The
fact that a great measure of the entire genome of all eukaryotes is in fact transcribed, generate an
enormous number of RNAs that have little or no protein-coding potential, increasing the
complexity of such regulatory framework (Carninci et al., 2005).

So far important evidence suggest that much of the expanded regulatory information in
eukaryotes is transacted by a kind of ncRNAs which are different from the well-characterized
ones which perform infrastructural and housekeeping roles (such as rRNAs, tRNAs, and
snRNAs). These ncRNAs control gene expression at various levels, including chromosome
dynamics, chromatin architecture, transcription, post-transcriptional processing, and translation,
focusing primarily on animals (Amaral and Mattick, 2008). Emerging data increasingly suggest
that a protein-centric view of the mammalian genome is simplistic and that much of the
information that programs mammalian development lies within this previously hidden layer of
noncoding RNA-regulatory networks (Mattick, 2007).

ncRNAs have been identified as -cis and trans-acting regulators of development and can
operate by many different mechanisms at transcriptional or post-transcriptional level regulating
translation, mRNA stability and processing. Different reports also demonstrate the important role
of ncRNAs in control of chromatin architecture and epigenetic processes directing generic
chromatin-modifying enzymes and complexes to their sites of action and regulating those
pathways (reviewed in Amaral and Mattick, 2008).

At structural level ncRNAs are classified in two main categories that are long ncRNAs
(LncRNAs, which are transcripts of length >200 base pairs) and small ncRNAs (SncRNAs,
which are transcripts of length <200 base pairs). LncRNAs can be placed into one or more of
five further broad categories: (1) sense, or (2) antisense, when they overlap one or more exons of
another transcript on the same, or opposite, strand, respectively; (3) bidirectional, when its

expression is regulated by a bidirectional promoter (in these case their transcriptional events, and
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those for neighboring transcripts from opposite strand, are initiated in close genomic proximity),
(4) intronic, when it is derived wholly within an intron of a second transcript, or (5) intergenic,
when it lies within the genomic interval between two genes (Ponting et al., 2009). Transcription
of LncRNAs can regulate the expression of genes in close genomic proximity (cis-acting
regulation), as in the case of X chromosomes inactivation in female Xist (Brockdorff et al., 1992)
and when associate with parental imprinting (Sleutels et al., 2002), otherwise the transcription of
LncRNAs can target distant transcriptional activators or repressors (trans-acting regulation) via a
variety of mechanisms such as ‘‘transcriptional interference’’ (Martens et al., 2005), modifying
the accessibility of protein-coding genes to RNA polymerases (Hirota et al., 2008) and binding to
DNA or RNA-binding proteins (Wang et al., 2008). On the other hand, SncRNAs are generally
processed from different types of large RNA precursors that are cleaved by generic complexes
containing proteins of the RNAse III family which collectively generate small RNAs that
regulate gene expression and other aspects of genome physiology (Stefani and Slack, 2008).
SncRNAs comprise various subclasses that differ in their biogenesis pathways, characteristic
sizes, protein-binding partners and functions (Amaral and Mattick, 2008). The most intensely
studied class of small RNAs in eukaryotes are the microRNAs (miRNAs). They are 22-nt
molecules produced from imperfect hairpin structures present in LncRNAs precursors, or introns
of noncoding and protein coding genes (Winter et al., 2009), which will be deeply considered
subsequently in a separate section.

Short interfering RNAs (siRNAs) have a distinct size distribution, in any case around 21-bp
long, but in contrast to miRNAs, which are excised in a precise way from their dsRNA
precursor, siRNAs are directly processed by Dicer, a cytoplasmatic RNAse III complex, in a
more random fashion (Elbashir et al., 2001). siRNAs can be produced from RNA transcribed in
the nucleus (endogenous siRNAs), otherwise can be virally derived or experimentally introduced
as chemically synthesized dsRNA (exogenous siRNAs) (Farazi et al., 2008). In plant endogenous
siRNAs can be further subdivided in subclasses on the bases of their biogenesis. They include
antisense-siRNAs (natsiRNAs), trans-acting-siRNAs (tasiRNAs) and heterochromatic small
RNAs (hcRNAs). natsiRNAs are endogenously expressed siRNAs that originate from
overlapping sense and antisense transcripts (Borsani et al., 2005). tasiRNAs are generated from
specific non-coding genomic regions as primary single strand RNA which is cleaved in little
fragments by Agol (miRNAs machinery protein). Such fragments are used by a RNA-dependent
RNA polymerase (RdRP) as templates for dsSRNA synthesis which are cleaved by a Dicer
RNAse to yield 21 nt tasiRNAs (Vazquez, 2006). Both natsiRNAs and tasiRNAs guide mRNA

degradation (Adenot et al. 2006). hcRNAs are mostly derived from repeat-associated genomic
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regions and have been identified also in yeasts, playing a role in heterochromatin regulation
(Farazi et. al. 2008). Endogenous siRNAs have also been identified in C. elegans as tiny-
noncoding RNA (tncRNA). tncRNAs are ~22 nts in length, they depend on Dicer for their
biogenesis, and derive from non-coding, non-conserved sequences. The function of tncRNAs has
not yet been elucidated (Yigit et al., 2006). So far, endogenous siRNAs have not been identified
in mammals or insects (Farazi et al. 2008). Nevertheless in cultured mammalian cells, siRNAs
have been successfully used to analyze gene function (Elbashir et al., 2001b). The exposure of
mammalian cells to long dSRNA induces an antiviral interferon response that leads to apoptosis.
For such reason endogenous siRNAs are thought to play an important role in defending genomes
against transgenes and transposons, as well as against foreign nucleic acids, such as viruses
(Dorsett and Tuschl, 2004). This reaction can be bypassed by using siRNA duplexes that
resemble in size and structure the miRNA processing intermediates (Liu et al., 2004).

PiwiRNAs (piRNAs) are another class of SncRNAs. piRNAs are 28 to 33 nt in length
characterized by their association with Piwi protein family (O’Donnell et al, 2007). In mammals,
piRNA biogenesis is thought to be Dicer independent resulting from single-stranded transcripts

which are not usually derived from repeat sequences (Vagin et al, 2006; Betel et al, 2007).

Class Size (nt) Structura of precursor Machanism of action 3" End modifications Organism
miRNA 20-23 Imperfect hairpin Translational repression, Unmodified Mammals
mRANA cleavage Unmodified Insects
Unmodified D. rerio
2'-0-methylated Plants
Unmodified Nematodes
Modified, but uncharacterized C. reinhardtii
Viruses
siRNA 20-23 dsRNA mRMNA cleavage Unmodified Mammals
2-0-methylated Insects
Uncharacterized D. rerio
2"-0-methylated Plants
Unmodified Nematodes
Uncharacterized 5, pombe
Uncharacterized N crassa
Uncharacterized T brucel
Moadified, but uncharacterized C. reinhardtii
tasiRNA 21-22 dsRNA mRNA cleavage 2"-0-methylated Plants
natsiRMNA 21-22 dsRNA MRNA cleavage 2'-0-methylated Plants
Secondary siRNA  20-25 dsRNA mRNA cleavage Unmodified Nematodes
2"-0-methylated Plants
tncRNA 22 Uncharacterized Uncharacterized Uncharacterized Nematodes
hcRNA 24 dsRNA Regulation of chromatin 2'-0-methylated Plants
structure Uncharacterized §. pombe
Uncharacterized T brucei
rasiRNA 23-28 Putative ssRNA Regulation of chromatin 2"-0-methylated Insects
structure 2"-0-methylated D. reric
pIRNA 28-33 Putative ssRNA mRNA cleavage 2'-0-methylated Mammals
(in vitro evidence) 2'-0-methylated Insects
2"-0-methylated D. rerio

Table 2. Classes of small RNAs and their characteristics. hcRNA, heterochromatic small RNA; miRNA,
microRNA; natsiRNA, endogenously expressed siRNA that originates from overlapping sense and antisense
transcripts; piRNA, Piwi-interacting small RNA; rasiRNA, repeat-associated-siRNA; siRNA, small interfering
RNA; tasiRNA, trans-acting siRNA; tncRNA, tiny-noncoding RNA. Adapted from Farazi et al. (2006)
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Unlike miRNAs, piRNAs are not processed in a precise manner since tens of thousands of
distinct piRNAs generated from the 50 to 100 defined primary transcripts (Watanabe et al. 2006).
Mammalian piRNAs are strongly expressed in the male germline (about 10-fold higher than the
miRNAs content of these cells) (Aravin et al., 2006). Although the targets of piRNAs and their
mechanism of action are largely unknown, some reports demonstrated them role in
spermatogenesis and transposons regulation in mammal (O’Donnell and Boeke, 2007). rasiRNAs
found in D. melanogaster and D. rerio have been thought to belong to the piRNA class since
their association with members of the Dicer independent-Piwi family, and because their length
ranging between 23 and 28 nt (Vagin et al., 2006). rasiRNAs play a crucial role in controlling the
expression of homologous sequences dispersed throughout the genome (O’Donnell and Boeke,

2007).

1.7 miRNAs: biogenesis and functions

miRNAs are short (20-23 nt), endogenous, single-stranded SncRNAs molecules abundant in
animals, plants and even in virus. miRNAs regulate gene expression using base-pairing to guide
RNA-induced silencing complexes (RISC) to specific mRNA with fully o partly complementary
sequence (Bartel, 2004; Cullen, 2007). The miRNA processing pathway has long been viewed as
linear and universal to all mammalian miRNAs as a “canonical” way (fig. 5). Such canonical
biogenesis includes the production of a primary miRNA transcript (Pri-miRNA) with stem-loop
regions by RNA polymerase II, but occasionally by RNA polymerase I1I, and cleavage of the
Pri-miRNA by the microprocessor complex RNase III Drosha-DGCRS8 (Pasha) in the nucleus
(Lee et al., 2004; Borchert et al. 2006). The resulting precursor hairpin, the pre-miRNA, is
exported from the nucleus by Exportin-5-Ran-GTP (Yi et al., 2003). In the cytoplasm, the
RNase III Dicer in complex with the double-stranded RNA-binding protein TRBP cleaves the
pre-miRNA hairpin to its mature length (Bernstein et al. 2003). The functional strand of the
mature miRNA is then loaded together with Argonaute (Ago2) proteins into the RNA-induced
silencing complex (RISC), guiding RISC to silence target mRNAs through mRNA cleavage,
translational repression or deadenylation, whereas the passenger strand is degraded (Bartel,
2004; Winter et al., 2009). Nevertheless, far from following a few simple rules of production and

action, miRNAs show diverse features that do not obey to a simple classification.
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Figure 5. The “linear” canonical pathway of microRNAs processing. Adapted from Winter et al. (2009)

Primary miRNA transcripts are usually polyadenylated and capped (hallmark of Rna
polymerase II transcription), although miRNA derived from RNA polymerase III primary
transcript have been found (Borchert et al. 2006). Their transcription can be differently regulated
according to promoter and terminator elements. In some case organization in cluster facilitate a
wide variety of regulation (Lujambio et al., 2008: O’Donnel et al., 2005). Moreover editing (a
process defined as transcriptional change of RNA sequences by deamination of adenosine (A) to
inosine (I), altering the base pairing and structural properties of the transcript) on different Pri-
miRNA transcript has been documented (Luciano et al., 2006; Yang et al. 2006). Such miRNA
editing can influence processing at multiple steps (Dicer and Drosha) or can change the miRNA
complementarity to target sequences, increasing the diversity of the cellular miRNA pool
(Kawahara et al. 2007a; Kawahara et al., 2007b). The RNase III Drosha cleaves the 5° and 3’
arms of the pri-miRNA hairpin giving rise to a stem and loop with a 5° phosphate and 2 nt at 3’
overhang. Instead, DGCRS8 determines the cleavage site which is 11 bp (one turn of dsRNA
helix) far away from the stem-loop region (Han et al., 2003; Zeng et al., 2006). Drosha-mediated
cleavage of pri-miRNAs can take place co-trancriptionally preceding splicing of the host RNA

which contains the miRNAs, since splicing is not inhibited by Drosha-mediated cleavage
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(Morlando et al. 2008; Kim et al., 2007). The production of Pri-miRNAs can be subject to
specific regulation according to the processed miRNAs and the cell type. Recently it was shown
that Drosha-DGCRS8 complex can bind helicases, double stranded RNA binding proteins and
ribonucleoproteins which expression levels and activity can be in turn regulated. These
interactions can affect the levels of some specific microRNA in certain conditions (Gregory et
al., 2004; Fukuda et al. 2007; Michlewski et al. 2008; Davis et al., 2008). Moreover it has been
also proved that miRNAs can be released from their host transcript after splicing via Drosha-
independent through the action of the splicing machinery (Ruby et al., 2007; Berezikov et al.,
2007). Other reports underline that Lin-28, a stem-cell-specific regulator (Darr and Benvenisty,
2009), can modify the activity of the microprocessor on specific microRNAs (fig. 6A)
(Viswanathan et al., 2008). A correct processing of Pri-miRNAs, giving rise a Pre-miRNAs of a
defined length with a stem-and-loop structure and the 3" overhangs, is important for successful
binding to Exportin-5. This structure control ensures the export into cytoplasm of only correctly
processed pre-miRNAs (Lund et al., 2004; Bohnsack et al. 2004). Cytoplasmatic Pre-miRNAs
processing is mediated by a multi-protein complex “RISC loading complex” (RLC). RLC is
composed of the RNase III Dicer, the RNA binding proteins Tar (TRBP) and PACT, and the
RNAse Argonaute2 (Ago2) which is also part of RISC complex (Macrae et al., 2008; Winter et
al., 2009). Pre-miRNAs, displaying high degree of complementarity along the hairpin stem, go
through a first cleavage mediated by Ago2 on the prospective passenger strand producing the
Ago2-cleaved precursor miRNA (ac-pre-miRNA) (Diederichs et al. 2007). Following the RLC
formation, the RNase III Dicer cleaves the loop of the pre-miRNA, or the nicked ac-pre-miRNA,
and generates a 21-23 nt miRNA duplex with two nucleotides protruding as overhangs at each 3~
end (Fig. 6B) (Bernstein et al., 2003). Additional mechanisms that regulate Dicer activity,
specifically for some microRNAs, have been found in different organisms (Obrnosterer et al.
2006; Rybak et al. 2008; Li et al., 2005). After the Dicer mediated cleavage, the RLC is
disassembled by the dissociation of Dicer, TRBP and PACT from RISC. The microRNAs double
strand duplex is then unwound into the functional guide strand, which will be retained into the
active RISC, and a passenger strand, which is subsequently degraded. Although different
helicases have been linked to the miRNA pathway such process has not been fully elucidated
(Salzman et al. 2007). It has been proved that in ac-pre-miRNA the unwinding process is
facilitated (Diederichs et al., 2007). Strand retention is based on the relative thermodynamic
stability of the duplex’s ends. Usually, the 5’ terminus of the retained strand is the less stable
base paired end of the duplex (Kim, 2005). The degree of miRNA-mRNA complementarity,
based on the seed sequence of the miRNA (2-8 nt from the 5’ end), has been considered a key
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determinant of the regulatory mechanism (Bartel, 2004). In fact RISC can silence targets
mRNAs through mRNA translational repression or cleavage. Repressed initiation of elongation,
destabilization of PolyA tail, and promotion of ribosome dissociation from the target mRNA are
mechanisms through which RISC inhibit translation on target mRNA. RISC give rise to an Ago-
catalyzed mRNA cleavage in case of high complementarity among seed sequence of miRNAs
and target mRNA (Carthew et al., 2009). In any case the mRNA target site accessibility,
influenced by stable secondary structure and by association of RNA binding proteins, can alter
the miRNAs effect (Kertesz et al., 2007). Potential miRNAs target site have been mainly found
into 3’UTR of target transcript (Carthew and Sontheimer, 2009), even if miRNAs guided
repression has been found also in 5’UTR and ORF of mRNAs (Lytle et al., 2007; Forman et al.,
2008). In some case, in mammals, microRNAs have been found localized mainly into the
nucleus (Kim et al., 2008). It has been suggested that a hexanucleotide element, transferable
nuclear localization motif, act as cis-acting regulatory sequence (Hwang et al., 2007). Re-import
of miRNAs into the nucleus open the possibility that miRNAs could regulate gene expression at

the transcriptional level (Place et al., 2008).
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Figure 6. Regulation of pri-miRNA processing and generation of the additional intermediate, the ac-pre-
miRNA. (A) Different modulation of the pri-miRNA processing: microprocessor complex Drosha—DGCRS8
cleaves the pri-miRNA, releasing the pre-miRNA, some miRNAs require additional specificity factors for
efficient cleavage, interaction of pri-miR-18a with hnRNP A1l which facilitates cleavage of this specific miRNA
by Drosha, TGF-f signalling induces SMAD binding to the miR-21 precursor enhancing its efficient processing
by Drosha. Splicing can also replace Drosha processing if the released and debranched intron (mirtron) has the
length and hairpin structure of a pre-miRNA. (B) Dicer and TRBP interact before Ago2 is recruited to form a
ternary complex that binds to the exported pre-miRNA constituting the RISC loading complex (RLC); after, pre-
miRNA binding, Dicer releases the mature miRNA duplex. For some miRNAs, however, Ago2 cleaves first the
prospective passenger strand, generating a nicked hairpin called ac-pre-miRNA or Ago2-cleaved pre-miRNA.
Adapted from Winter et al. (2009).
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The role of microRNAs during development has been largely documented (Stefani and Slack,
2008). In nematodes different miRNAs are key factors controlling switch among heterocronic
developmental stages (Flynt and Lai, 2008; Lee et al., 1993). In these cases miRNAs act as
genetic switch where the miRNA and its target protein are only transiently co-expressed. Often,
several miRNAs, which work as genetic switches, are involved in bistable loops with their
targets that, in turn, encode regulators of miRNAs expression or activity (Li and Carthew 2007;
Chang et al., 2005; Kim et al. 2007).

Nevertheless miRNAs can be co-expressed with their targets modulating the threshold activity
of target transcripts in a “Tuning” or “De-Noising” fashion (Lai, 2002; Karres al., 2007). Since
microRNAs can also regulate large numbers of targets (Baek et al., 2005; Selbach et al., 2008)
they become fundamentals during the control of spatial-temporal global changes occurring in a
given cell or organ (Giraldez et al., 2006; Lim LP et al. 2005). Besides, miRNAs can work as
reversible regulators; this because they can act as translational repressors without give rise to an
irreversible target cleavage open the possibility of targets mRNA reactivation. Such strategy is
advantageous in situations where the regulatory flexibility is fundamental as in stress conditions
(Bhattacharyya et al. 2006), in polarized cells (Schratt et al., 2006) or in maternally deposited
transcripts (Kedde et al., 2007). Finally, although miRNAs are thought as repressors, a
potentially general role for miRNAs as direct gene activators has been defined (Vasudevan et al.,
2007a; Vasudevan et al., 2007b) opening a new point of view about miRNAs functions.

Up till now studies on biosynthesis and functions of miRNAs highlight multiple pathways and
mechanisms of biogenesis. These specific differences lead miRNAs to be part of many

regulatory systems in animal developmental biology.

1.8 Thesis subject and work plan: expression pattern of miR-124 and miR-9 during early
mouse cortical development, in vitro and in vivo miR-124 functional characterization
We focused our studies mainly on the expression and the role of microRNA 124 and microRNA
9 during early mouse cortical neurogenesis. We based our strategies on different reports which,
mainly through screening studies on large scale, suggested a considerable role for these two

microRNAs during early cortical development.

In mouse genome, both for miR-9 and miR-124, there are three loci which encode their hairpin
precursors. Pri-miR-124(1) on chromosome 14, Pri-miR-124(2) on chromosome 3 and Pri-miR-
124(3) on chromosome 2 encode for mir-124 precursors. As for miR-9, two copies of Pri-miR-

9(1) as part of a larger duplicated region on mouse chromosome 3, Pri-miR-9(2) on chromosome
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13, and Pri-miR-9(3) on chromosome 7 were found (Griffiths-Jones et al. 2006). miR-124 and
miR-9 sequences are conserved between invertebrates and vertebrates (Lagos-Quintana et al.
2002). Cloning of MicroRNAs from low molecular weight RNA (LMW_RNA) and Northern
Blot analysis accounted miR-124 for 25% to 48% of all mouse brain miRNAs; remarkably also
miR-9 was noteworthy found in mouse brain tissue (Lagos-Quintana et al. 2002, Sempere et al.
2004). Moreover microarray analysis on LMW_RNA from rat brain tissue demonstrated that
miR-124 increased more than 13-fold from E12 to E21, after which it remained stable, while
miR-9 showed a similar pattern of up-regulation from E12 to E21 followed by down-regulation
after birth and a steady-state level after P5 (Krichevsky et al. 2003, Thomson et al. 2004). These
data were also validated by Northern Blot analysis (Krichevsky et al. 2003). Studies on D3-ES
cell lines, P19 cell lines and mouse primary neural and astrocyte cultures demonstrated the
exclusively neuronal identity of miR-124. On the other hand, depending on time in culture, an
expression in both astrocytes and neurons was found for miR-9 (Smirnova et al. 2005).
Microarray analysis of total Hela cells mRNA transfected with miR-124 RNA duplex for 12 and
24 hours gave a set of 174 genes downregulated by miR-124. One striking feature of this 174
genes 1s them expression at lower levels in the brain than in other tissues of the body: in a sense
transfecting this brain miRNA into HeLa cells shifted HeLLa gene expression towards that of
brain (Lim et al. 2005). Besides whole mount in sifu hybridization performed on zebrafish using
the looked nucleic acid technology (LNA-Exiqon®) demonstrated a nervous system predominant
presence of miR-124 and miR-9 (Wienholds et al. 2005). Finally, at the end of 2005, the
presence of REST binding sites (Ballas et al. 2005) on all Pri-miR-9 and Pri-miR-124 promoters
was demonstrated by Serial Analysis of Chromatin Occupancy (SACO). On the other side, it was
proved the miR-124 sensitivity of the REST transcript, because of the presence of seed target
sequence in the REST_3’UTR. In such report it was underlined how, in P19 cell lines and
cultured neurons, miR-124 and REST act in a complementary way giving rise to a negative
feedback loop (Conaco et al. 2006).

In the last few years, while this study was carried on, molecular mechanisms underlying miR-
124 and miR-9 way of action were subject of intensive investigation. Different reports have been
starting to elucidate the role of miR-124 and miR-9 during neurogenesis. Major findings coming
from miR-9 gain of function studies include: a astroglial-to-neuronal shift of embryonic stem
cells (ES cells) synergically induced with miR-124, probably due to hypophosphorylation of the
glial lineage inductor STAT3 (Krichevsky et al. 2006); promotion of neurogenesis in the
embryonic midbrain-hindbrain zebrafish domain, through a fine-tuning of the Fgf signaling

pathway, so delimiting the organizing activity of the midbrain-hindbrain boundary (Leucht et al.
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2008); stimulation of Cajal-Retzius cell differentiation by suppressing Foxgl expression in
mouse medial pallium, so giving rise to a regulation of Reelin-positive cells over the cortex
(Shibata et al. 2008); inhibition of oligodendrocytes differentiation (Lau et al. 2008); in vivo
acceleration of neural differentiation, via suppression of the nuclear receptor TLX, a promoter of
neural stem cell proliferation and self renewal (Zhao et al. 2009). On the other hand, major
findings coming from miR-124 gain of function studies include: stimulation of neuron-specific
transcriptome splicing by targeting PTBP1 mRNA, which encodes a global repressor of neuron-
specific pre-mRNA splicing normally active in nonneuronal cells (Makeyev et al. 2007);
promotion of neurite outgrowth in differentiating P19 cells and mouse primary cortical neuron
cultures (Yu et al. 2008); modulation of B1-integrin-dependent attachment of NSCs to the basal
membrane in chick embryo (Cao et al. 2007); cross-talk with the general, anti-neuronal
REST/SCP1 transcriptional machinery in chick embryo (Visvanathan et al. 2007); increased
neuronal differentiation of adult rodent SVZ cells, by targeting the transcription factor Sox9 at
the transition from the transit amplifying cell to the neuroblast stage (Cheng et al. 2009); in
cooperation with miR-9*, modulation of the neuron-specific chromatin remodeling factor
BAF53a in mammalian embryonic spinal cord (Yoo et al. 2009). Till now, however, the role of
miR-124 in mammalian embryonic corticogenesis has been addressed in vivo only to partial
extent. Makeyev et al. performed cross-correlation studies among expression of miR-124 and
selected targets of it. Two studies (Makeyev et al. 2007; De Pietri-Tonelli et al. 2008) analyzed
consequences of cortico-cerebral ablation of the whole miR machinery, following conditional
Dicer knock-out. As previously mentioned, miR-124 functions were addressed in vivo also in the
developing chick spinal cord (Cao et al. 2007; Visvanathan et al. 2007), however these studies
led to some contrasting conclusions. Finally, a reduction of proliferation has been recently
reported to occur in the mammalian embryonic spinal cord, upon combined miR-9*/miR-124

overexpression in neural precursors as documented by Crabtree and coll. (Yoo et al. 2009).

We illustrated the expression pattern of miR-124 and miR-9 in the developing mouse cortex,
from E10 to early postnatal stages, using the LNA probes (Exiqon®). Besides, by integrated use
of in utero electroporation of stage-specific reporter genes, immunofluorescence and LNA-oligo
in situ hybridization technology, we deeply defined the of miR-124 expression timing among
different cells compartments in the CNS primordium. Then, by in vitro lentivirus-based gene
transfer and in utero electroporation of miR-124 expressing plasmids, we addressed the roles

played by this molecule in regulation of embryonic cortico-cerebral neuronogenesis.
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2. Results

2.1 miR-124 and miR-9 cortical expression patterns

We systematically studied the miR-124 and miR-9 expression pattern in the developing mouse
cerebral cortex, by LNA-oligo in situ hybridization (Kloosterman et al. 2006).

No miR-124 signal was detectable in the cortex at E10.5, when, conversely this miRNA was
strongly expressed by post-mitotic neurons of the ganglionic eminence (Fig. 7A). At E12.5, a
light and diffuse signal was found throughout the cortical VZ and a stronger one within
postmitotic neurons of the cortical preplate (Fig. 7B). The pattern became more complex at
E14.5, when three distinct radial expression domains could be distinguished. A faint signal was
still detectable within the VZ, an intermediate signal appeared in the SVZ, and a strong signal
demarcated presumptive subplate (SP), cortical plate (CP) and marginal zone (MZ). Remarkably,
a few intensely labeled cells could be also noticed at the VZ/SVZ border (Fig. 7C). This profile
was basically retained at E16.5 and E18.5. At both these ages, miR-124 staining allowed to fairly
distinguish the subplate from the cortical plate. Moreover, heavily labeled cells at the VZ/SVZ
border became much more frequent. Finally, scattered cells, expressing miR-124 at high level,
appeared in the VZ too (Fig. 7D, E). The miR-124 expression pattern turned sensibly simplified
at P4, when the signal was restricted to the grey matter and was sensibly more intense in recently
generated, layer 2-4 neurons (Fig. 7F). Remarkably, at all ages subject of investigation, miR-124
expression was tightly restricted to the CNS, being completely absent in the surrounding
mesenchymal tissue (Fig. 8).

miR-9 is strongly expressed overall the cortical primordium at E 10.5 The signal increases in
proximity of the cortical hem, confirming a possible action of miR-9 on the modulation of Cajal-
Retzius cell differentiation in this site (Shibata et al. 2008) (fig. 9A). At E12.5, a strong signal
was found throughout the cortex both in VZ and within postmitotic neurons of the cortical
preplate. Interestingly, no signal was present in the diencephalon (Fig. 9B). At E.14.5 a strong
signal was still present through the cortex, strengthened within the cortical plate (fig. 9C). At
E16,5 the VZ and SVZ signal decreased while all postmitotic neurons in cortical plate and
subplate retained a strong staining (fig. 9D). At E18,5 and at postnatal stages P4 and P15 the
signal disappeared in SVZ and ependyma (E) while decreasing in postmitotic neurons in cortical
plate (fig.9 E-G). At P4, miR-9 expression is more intense in upper than in lower cortical layers

and at P15 it is detectable only in the latter ones (Fig. 9F,G). These data are consistent with what
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Kosik and coll. found in the rat by northern blot: an up-regulation of miR-9 from E12 to E21,
followed by down-regulation after birth and a stable expression after P5 (Krichevsky et al. 2003).
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Figure 7. Time course analysis of miR-124 expression. (A-F) In situ hybridization of miR-124 on midfrontal
E10.5-P4 mouse telencephalic sections. Magnifications of boxed areas are shown below each panel. Scale bars =
400 um. Abbreviations: cp, cortical plate; e, ependyma; iz, intermediate zone; mz, marginal zone; ppl, preplate; sp,
subplate; svz, subventricular zone; vz, ventricular zone; wm, white matter; 2/3/4,5 and 6 are cortical layers.

miR-207 |
C#& @ sty A _'_:',' *

: /
!
4] !
%k
2 W, L
J— A ,r'
Figure 8. Spec1fic faint expression of miR-124 in the E14.5 VZ. In situ hybridization of miR-124 (A), miR-425
(B) and miR-207 (C) probes on midfrontal E14.5 telencephalic sections. miR-425 and miR-207 are two microRNAs
not expressed in the developing CNS (Lagos-Quintana et al. 2003, Landgraf et al, 2007 ). Magnifications of boxed
areas illustrate the faint staining detectable in the VZ (black arrowheads) but not in mesenchymal tissue (black
harrow) upon miR-124 hybridization, as well as the absence of any signal in samples hybridized with miR-425 or

miR-207 (asterisks). Scale bar = 100 pm. Abbreviations: cp, cortical plate; svz, subventricular zone; vz, ventricular
zone; mes, mesenchymal tissue.
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Figure 9. Time course analysis of miR-9 expression. (A-G) In situ hybridization of miR-9 on midfrontal E10.5-
P15 mouse telencephalic sections. Magnifications of boxed areas are shown below each panel. Scale bars = 400 pm.
Abbreviations: cp, cortical plate; e, ependyma; iz, intermediate zone; mz, marginal zone; ppl, preplate; sp, subplate;
svz, subventricular zone; vz, ventricular zone; wm, white matter; 2/3/4,5 and 6 are cortical layers.

2.2 E14 miR-124 cortical expression patterns in apical and basal compartments

Periventricular neural precursors fall into two distinct compartments, an apical one, self-
renewing, including cells with interkinetic nuclear migration and lying entirely within the VZ,
and a basal one, derived from the former, including not-motile cells and lying in both VZ and
SVZ (Guillemot, 2005; Goetz and Huttner 2005). To finely map previously described different
miR-124 expression levels to these compartments, such levels were compared with the
distribution of specific protein markers at E14.5. Apical precursors, characterized by high Pax6
expression (Englund et al. 2005), generally displayed faint miR-124 staining (Fig. 10D, box 2).
This also specifically applies to a subset of these precursors, the SNPs (Gal et al. 2006) or “pin-
like cells” (Ochiai et al. 2009), committed to neuronogenesis and distinguishable, upon E12.5 in
utero electroporation, thanks to EGFP immunoreactivity driven by the tubulin ol promoter (Gal

et al. 2006) and by retention of process connecting them with the ventricle (Fig. 10G, boxes 1,2).
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Figure 10. Comparative profiling of cortical periventricular layers for miR-124 and markers of apical
progenitors (Pax6 and pToal-driven EGFP), basal progenitors (Tbr2) and post-mitotic neurons (B-tubulin).
(A) Schematic of an E14 midfrontal telencephalic section, with the areas subject of analysis. (B,E,H,K)
Immunofluorescence of Pax6, pTal-driven EGFP, Tbr2 and neuron-specific B-tubulin, respectively. (C,F,LL) In
situ hybridization of miR-124. (D,G,J,M) Electronic merging of panels (B,E,H,K) and (C,F,ILL), respectively.
Numbered magnifications of boxed areas in (D,G,J,M) show Pax6, pTal-EGFP, Tbr2 and B-tubulin in cells
expressing different levels of miR-124 Arrowheads in D1, J1 and M point to Pax6/miR-124"" Tbr2/miR-124"¢"
and B-tubulin/miR-124"¢" elements, respectively. Double arrowheads in G3 denote pTa.l-EGFP*/miR-124"¢" cells,
not contacting anymore the ventricular cavity. Arrows in M1 indicate SVZ B-tubulin® cells expressing intermediate
levels of miR-124. Asterisks in M2,3 demarcate SVZ B-tubulin” cells expressing high levels of miR-124. Scale bars
=100 ym.

Heterogeneous miR-124 expression was conversely detectable in basal precursors,
characterized by weak Pax6 staining and robust Tbr2 immunoreactivity (Fig. 10J) (Englund et al
2005). Among Tbr2* cells, presumptively younger elements, lying at more ventricular levels,
showed weak miR-124 staining, like apical precursors (Fig. 10J, box 2). On other hand, older

elements, lying more marginally (including basal progenitors as well as newborn neurons),
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displayed enhanced, intermediate miR-124 staining (Fig. 10J, box 3). Furthermore, isolated
Pax6™ and Tbr2" cells expressed miR-124 at the highest level (Fig. 10D and 10J, arrowheads).
Their position correspond to that of VZ and SVZ cells, respectively, co-expressing -tubulin and
abundant miR-124 (Fig. 10M, arrowheads), to be considered as newborn neurons. Remarkably,
high miR-124 staining was not tightly restricted to post-mitotic neurons, but could be detected
also in some B-tubulin” elements within the SVZ (Fig. 10M, asterisks), to considered as basal
progenitors (Haubensak et al. 2004). On the other hand, again in the outer SVZ, not all -
tubulin® neurons expressed miR-124 at the highest levels (Fig. 10M, arrows), suggesting a

relevant variability in miR-124 up-regulation along the neuronogenic lineage.

2.3 in vitro and in vivo overexpression of miR-124

To cast light on the role played by miR-124, we developed a set of molecular tools for gain-of-
function analysis. We cloned the Pri-miR-124(2) cDNA fragment (Griffiths-Jones et al. 2006,
Grimson et al., 2006) into the BLOCK-iT™ expression vector (Invitrogen), in-between the
pCMV/EmGFP and the TKpA modules, in place of Pri-miR-155 derivative cDNA sequences
(plasmid pPri-miR-124(2)). BLOCK-iT was kept as negative control expression vector (pPri-
miR-155neg_control). To assess the effectiveness of pPri-miR-124(2) to over-express mature
miR-124, we built up a dedicated sensor plasmid, cloning a Lhx2_3’UTR cDNA fragment
harboring two miR-124 responsive elements (Griffiths-Jones et al. 2006, Krek et al, 2005), into
the pDsRed2-N1 plasmid (Clontech), in-between the pCMV/DsRed2 and the SV40pA modules
(plasmid pmiR-124-sensor) (Fig. 11A). Compared with pPri-miR-155neg_control/pmiR-124-
sensor control, cotransfection of pPri-miR-124(2) and pmiR-124-sensor on Hela cells
specifically reduced the fraction of fluorescent cells expressing DsRed2, by about 60% (Fig.
11B, C). To overexpress miR-124 in primary cortical precursor cells, we transferred the Pri-miR-
124(2) cDNA fragment into the DsRed2-derivative of the constitutive lentiviral expressor
pCCLsin.PPT.prom.EGFP.Wpre (Follenzi and Naldini, 2002). Transduction of primary cortical
precursor cells with the resulting LV_Pri-miR-124(2) promoted neuronal generation, as shown
by the increase of B-tubulin expressing cells at 72 hours post-infection (PI) (Fig. 11F,G).
Enhancement of neuronal differentiation induced by LV_Pri-miR-124(2) was further confirmed
by the increase of average total neurite length, calculated at 72 hours PI on low density cultures

by NeuriteTracer® (Fig. 11H,I) (Pool et al, 2008). Such effects took place specifically under
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2,5% fetal calf serum (FCS) (Fig. 11F-K). In vivo electroporation of pPri-miR-124(2) into E12.5

lateral cortex resulted in specific up-regulation of miR-124 in periventricular layers (Fig. 11J,K).
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Figure 11. Overexpressing miR-124 in vitro and in vivo. (A) Backbone of the expression plasmids pPri-miR-
124(2)/155/neg_control; miR-124-responsive sensor plasmid pCMV/DsRed2/Lhx2_3’UTR. The asterisk indicates the
position of Pri-miR ¢cDNA fragments. (B,C) Specific attenuation of DsRed2 expression in Hela cells cotransfected
with pPri-miR-124(2) and pCMV/DsRed2/Lhx2_3’UTR. (D) Backbone of lentivectors LV_Pri-miR-124(2)/
155/neg_control. The asterisk indicates the position of Pri-miR cDNA fragments. (E) DsRed2 expression in E12.5
primary cortico-cerebral progenitors, infected by lentiviruses LV_Pri-miR-124(2)/ 155/neg_control, at MOI = 40, and
kept for 30 hours under 2,5% serum-added DMEM:F12:N2 medium. (F,G) Differential B-tubulin immunoprofiling of
acutely dissociated, E12.5 infected cortical progenitor cells at 72 hours PI. (H) Example of neurite outgrowth
evaluation by immunostaining and subsequent NeuriteTracer® analysis. (I) Differential neurite outgrowth in low
density E12.5 infected cortical progenitor cells at 72 hours PI, calculated in 3 different experiments by
NeuriteTracer®. (J,K) In vivo overexpression of miR-124 in lateral neocortex. Distribution of miR-124 and pCMV-
driven-EmGFP on E14.5 midfrontal telencephalic sections, from brains electroporated at E12.5 with the plasmids pPri-
miR-124(2)/155/neg_control, respectively. Magnifications of boxed insets of electronic merges are shown to the right.
Abbreviations: bg, basal ganglia. In (C): error bars represent the s.e.m. calculated among the means of each
experiment; double asterisk means p<0.01, as evaluated by ANOVA test; N=3,3. In (G,I): error bars represent the
s.e.m. calculated within each experiment; the p<0.01 value was evaluated by t-test (1-tail, paired); N=3,3. Scale bars =

40 um (H) and 100 um ().
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However, at a more detailed analysis, the amplitude of such up-regulation was moderate and
only strongly electroporated periventricular cells expressed miR-124 at levels above the local
natural range (Fig. 11 and data not shown). This might depend on poor processing of Pri-miRs
sequences to mature miRNAs, peculiar to undifferentiated cells (Thomson et al, 2006; Wulczyn
et al. 2007; Obernosterer et al. 2006). Consistently with this hypothesis, neuroblasts infected by
LV_Pri-miR-124(2) and allowed to differentiate under FCS, specifically and progressively
down-regulated DsRed2 (Fig. 12), compatibly with an enhanced maturation of their primary

DsRed2/miR-124(2) transcripts to Pre-miR-124.
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Figure 12. Time-course DsRed2 fluorescence in primary cortical precursors cultures infected by Pri-miR expressing
lentiviruses. Divergent temporal progression of DsRed2 fluorescence in E12.5 neuroblasts infected by LV_Pri-miR
124(2) or LV_Pri-miR-155/neg_control and allowed to differentiate under FCS. Abbreviations: PI, post-infection.

2.4 Periventricular expression of Pri/Pre-mir-124(2) at embryonic stage E14.5

To cast-light on the hypothesis of a posttranscriptional modulation of the Pri-miR-124
sequences in neural precursors, we designed a 24 bp LNA probe (Exiqon®) against the loop
region of Pri/Pre-miR-124(2) (fig. 13E). In situ hybridization of such sequence on E14.5 mice
coronal slices gave rise to a signal throughout the cortex, with reinforcement in the cortical plate
(fig. 13A-C). Pre-miR-124 labeled cells were tightly restricted to the CNS and were completely
absent in the surrounding mesenchymal tissue, ruling out the possibility of a signal due to any
background of the designed probe (fig. 13E,F). The robust staining in VZ cells confirms the
hypothesis that regulation of miR-124 levels includes a modulation of Pri/Pre-miR-124(2)
maturation in dividing neural precursors, similar to what previously described for different

microRNAs in stem cells (Wulczyn et al, 2006; Obernosterer et al, 2006). Nevertheless, the
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higher signal of unprocessed Pre-miR-124(2) in postmitotic cells of the cortical plate also

suggests a concurrent modulation of miR-124 expression at transcriptional level, as previously

pre-miR-124(2)

Figure 13. Expression of miR-124 precursor in VZ/SVZ periventricular layers at E14.5. In situ hybridization of
the Pri/Pre-miR-124(2) on E14.5 mouse telencephalic sections. Lateral neocortex (A,B) and archicortex (C,D) of four
different embryos. (E) Boxed area in D illustrates only a slight signal in some cells of mesenchymal tissue probably
due to technical background. (F) Schematic of the designed probe used for Pri/Pre-miR-124(2) in situ hybridization.
Scale bar= 100 pm.

Further investigations are necessary to finely describe in VZ dividing cells at which level of
microRNAs processing such posttranscriptional modulation take place and if such process is

common to all three miR-124 genes.

2.5 In vivo promotion of neuronogenesis by miR-124

The miR-124 expression pattern reported above suggested us an active involvement of this
miRNA in promotion of cortico-cerebral neuronogenesis. To confirm this prediction and to
clarify cellular mechanisms underlying such promotion, we electroporated pPri-miR-124(2) or
pPri-miR-155neg_control into the lateral ventricle of E12.5 mouse embryos and, two days later,
immunoprofiled EmGFP" electroporated cells and their progenies for molecular markers of
neural precursors and newborn neurons. Per each marker, at least 343 embryos (N=3,3),
electroporated with either pPri-miR-124(2) or pPri-miR-155neg_control constructs, were
analyzed and, per every embryo, at least 400 EmGFP" cells were scored. Upon pPri-miR-124(2)
electroporation, the fraction of intermitotic EmGFP" cells was specifically reduced by 20%

(N=5,5; p<0.05), when assessed by the S-phase marker terminally-administered-BrdU. However,
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it did not display any statistically relevant change, if evaluated by the M-phase marker phospho-
histone3 (PHH3) (N=3,3). EmGFP" cells expressing the apical precursor marker Pax6 decreased
by 20% (N=4.,4; p<0.05) and, conversely, those positive for the basal precursor marker Tbr2
increased by a similar percentage (Fig. 14) (N=5,5; p<0.05).
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Figure 14. Immunoprofiling of cortical periventricular layers upon in utero electroporation of plasmids pPri-
miR-124(2) and pPri-miR-155/neg_control (I). (A,B) Distribution of terminally administered BrdU, Pax6, Tbr2,
PHH3 and pCMV-driven EmGFP on E14.5 mid-frontal sections, from brains electroporated in utero at E12.5 with
plasmids pPri-miR-124(2) and pPri-miR-155/neg_control. Arrowheads point to abventricular displaced cells
expressing Pax6 and Tbr2. Insets illustrate examples of EGFP/marker co-localizations, subject of counting and
statistical analysis. (C) Fractions of EmGFP" cells immunoreactive for BrdU, Pax6, Tbr2 and PHH3. Simple asterisk,
p<0.05, as calculated by ANOVA test; N=5,5 for BdU and Tbr2; N=4,4 Pax6; N=3,3 for PHH3. Scale bars = 100 pm

Electroporation of both pPri-miR-124(2) and pPri-miR-155neg_control also led to
displacement of apical Pax6" and of basal Tbr2" precursors towards the cortical plate (in 6 out of

8 embryos and in 8 out of 10 embryos, respectively) (Fig. 14A, B, arrowheads). This
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phenomenon was not restricted to electroporated cells, but mainly interested their close
surroundings. Since the two plasmids shared a similar stem-and-loop Pri-miR moiety, to assess if
such displacement were specifically linked to over-expression of this structure, we performed a
further electroporation with the control plasmid pEGFP-C1™ (Clontech), harboring the same
pCMV/GFP module but missing the Pri-miR element. Remarkably, even in this case, Pax6 and
Tbr2 displacements were evident (both in 3 out of 3 electroporated embryos), so ruling out they

were due to the Pri-miR moiety and indicating they were consequence of the in utero

electroporation protocol followed (Fig. 15, arrowheads).
PEGFP-C1

Pax6

Tbr2

controlateral electroorated
side side

Figure 15. Displacement of apical, Pax6*, and basal, Tbr2*, precursors within the cortical wall of E14.5 brains,
electroporated two days earlier with pEGFP-C1. Arrowheads point to abventricularly displaced Pax6* and Tbr2*
elements, both positive and negative for electroporated EGFP. Such displaced cells were not detectable in the
controlateral, not electroporated side of same embryos (N=3). Scale bar = 100 um

In 2 out of 5 analyzed embryos, pPri-miR-124(2) electroporation specifically elicited strong
activation of post-mitotic markers B-tubulin (Fig. 16A, B, arrowheads) and Tbrl (Englund et al,
2005) (Fig. 16D, E, arrowheads) as well as neurite outgrowth (Fig. 17, arrowheads) in the VZ.
These effects were associated to strong over-expression of miR-124 in this zone (Fig. 16C,
arrows). In a few words, overexpression of miR-124 seems to promote precursors transition from
the apical to the basal compartment and to stimulate direct differentiation of apical progenitors to

post-mitotic neurons.
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Figure 16. Immunoprofiling of cortical periventricular layers upon in utero electroporation of plasmids pPri-
miR-124(2) and pPri-miR-155/neg_control (II). (A,B,D.E) Distribution of B-tubulin, Tbrl and pCMV-driven
EmGFP on E14.5 mid-frontal sections, from brains electroporated in utero at E12.5 with plasmids pPri-miR-124(2) -
155/meg_control. In (A) and (D), arrowheads point to periventricular cells expressing B-tubulin and Tbrl, respectively.
(C) Comparison of pCMV-driven EmGFP and neuron-specific B-tubulin with miR-124 expression in the
electroporated area shown in (A,B,D,E). Magnifications of boxed insets to the right show an EmGFP" electroporated

cell co-expressing huge amounts of miR-124 and B-tubulin (arrow), as well as another EmGFP"/miR-124" cell
negative for B-tubulin (asterisk). Scale bars = 100 um
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pPri_miR
124(2)

Figure 17. VZ neuronal differentiation in E14.5
cerebral cortex, electroporated two days earlier
with  pPri-miR-124(2).  Arrowheads  show
outgrowing neurites within the VZ. Scale bar = 10
um.

As suggested by activated-Caspase3 immunoprofiling of electroporated tissues (N=4,4), the
shifts described above seems not to arise as a consequence of differential cell death (Fig. 18).
Finally, high-level miR-124 expression elicited in apical progenitors (including pin-like cells;

Fig. 19, arrowheads) upon in vivo electroporation may support these phenomena.

pPri_miR pPri_miR 155
124(2) neg control

Act-Casp3

Figure 18. Distribution of activated-Caspase3*. Apoptotic cells within the cortical wall of E14.5 brains,
electroporated two days earlier with pPri-miR-124(2) or pPri-miR-155/neg_control (N=4,4). Scale bar = 100 um
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Figure 19. Specific miR-124 overexpression in pPri-miR-124(2) electroporated periventricular neural
precursors of the E14.5 cortex. Distribution of miR-124, pCMV-driven EmGFP and neuron-specific B-tubulin on
mid-frontal sections, from brains electroporated in utero at E12.5 with pPri-miR-124(2). miR-124 may be specifically
detected in: apical progenitors still connected to the ventricle (arrowheads in (A) and (B)) or undergoing mitosis
(arrow in (A)); basal progenitors (asterisk in (B)); nascent neurons still connected to the ventricle (arrowheads in (C)).

Looking for mechanisms linking miR-124 overexpression with promotion of apical-to-basal
transition, we assayed expression of Bl-integrin. This protein is necessary for integrity of
adherens junctions among radial glial cells and the subpial basal membrane (Graus-Porta et al,
2001) and is an established target of miR-124 in the chicken (Cao et al, 2007). The cortical
expression profile of B1-integrin normally included a strong signal in VZ, transitional field (TF)
and MZ and a palisade-like pattern in the CP, possibly corresponding to pial processes of radial
glia and migrating neurons, over-imposed to a weaker signal of resident neurons (Fig. 20). This
is a domain quite complementary to that expressing miR-124 at high level. Unexpectedly,
however, electroporation of Pri-miR-124(2) in the mouse cerebral cortex did not elicit any
detectable down-regulation of Bi-integrin. This may mean that miR-124-dependent regulation of
Bi-integrin, peculiar to the chicken neural tube, does not take place in the mammalian cortex.
Alternatively, this may be due to poor sensitivity of our immunodetection technique in

discerning subtle changes in antigen concentration
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Figure 20. Distribution of B1-integrin within the cortical wall of E14.5 brains, electroporated two days earlier
with pPri-miR-124(2) or pPri-miR-155/neg_control. The arrowhead in B points to the pPri-miR-124(2)-
electroporated region, not displaying any overt reduction of B1-integrin immunoreactivity. Arrows in (A-C) denote the
cortical plate, where (3 1-integrin is down-regulated and restricted to radial glial fibers. Scale bar = 100 um
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3. Discussion

In this study, by integrating LNA-oligo in situ hybridization, electroporation of stage-specific
reporters and immunofluorescence, we carefully reconstructed the miR-124 expression pattern in
the developing mouse cerebral cortex. Moreover, by in vitro lentivirus-based gene transfer and in
utero electroporation of gain-of-function plasmids, we investigated activities played by this
molecule in the embryonic neuronogenic process.

We confirmed that miR-124 is progressively up-regulated during the embryonic
neuronogenesis, as previously reported (De Pietri-Tonelli et al, 2006; Deo et al, 2007; Makeyev
et al, 2008; Cheng et al, 2009). In particular, with the appearance of the SVZ, we found that miR-
124 displayed three distinct expression levels, low in the VZ (Cheng et al, 2009, De Pietri-
Tonelli et al, 2006), intermediate in the SVZ and high in more marginal layers (Fig. 7 and 8).
The presence of isolated B-tubulin® cells and Pax6™ cells within the VZ, both highly expressing
miR-124, suggested us that an abrupt upregulation of miR-124 might occur during direct
neuronogenesis (Fig. 10 and 21A). The miR-124 expression profile appeared conversely biphasic
in indirect neuronogenesis. Here, a low-to-middle expression transition took place within Tbr2*
basal progenitors, having lost contact with the ventricular cavity, and a further upregulation
could be alternatively localized in basal progenitors or early post-mitotic B-tubulin” neurons (Fig.
10 and 21B). This scenario is reminiscent of what was found by Doetsch and coll. in the adult
SVZ (Cheng et al, 2009). Here a former upregulation of miR-124 occurs after the neural stem
cell-to-transit amplifying cell transition and a further upregulation is approximately associated to
the exit of neuroblasts from cell cycle (Deo et al, 2007, Cheng et al, 2009). Finally, we
specifically detected an accumulation of cells highly expressing miR-124 and with multipolar
morphology at the border between VZ and SVZ, from E14.5 onward (Fig.7 and fig.10L,L). Such
accumulation recalls the “sojourn band” or “multipolar accumulation zone” (MAZ), where
newborn neurons settle before initiating their radial migration (Bayer and Altmann, 1991; Noctor
et al, 2004; Tabata et al, 2009).

Electroporation of our gain-of-function constructs was followed by concerted up-regulation
of EmGFP and miR-124. Such up-regulation was relatively weak for miR-124; however, levels
of this miRNA in electroporated apical precursors often emerged above endogenous VZ
expression levels, so allowing functional perturbation of the system (Fig. 11 and 19). Limited
production of miR-124 despite of abundant EmGFP/Pri-miR-124(2) transcript available in apical
progenitors might stem from sub-optimal, regulated processing of this chimeric transcript to

mature miRNA. This hypothesis is consistent with the discrepancy among expression profiles of
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miR-124, mainly restricted to abventricular layers (Fig. 7 and 10), and of its precursors,
conversely detectable - at E14.5 - at similar levels throughout the cortical wall (fig. 13; Deo et al,
2007). This may also account for progressive lowering of DsRed2 fluorescence we found in in
vitro differentiating neurons, harboring a DsRed2/Pri-miR-124(2) transgene. The idea that a
substantial modulation of miRNA levels may occur after transcription is not novel. In addition to
transcriptional regulation (Conaco et al, 2006; Zhao et al, 2005), it has been suggested and
experimentally proven that biogenesis of many miRNAs may be regulated at a variety of levels,
including Drosha-dependent Pri-miR-to-Pre-miR conversion (Davis et al, 2008), nucleo-to-
cytoplasm Pre-miR translocation (Lund et al, 2004), Dicer-dependent Pre-miR-to-miR
conversion (Obernosterer et al, 2006), miRNAs incorporation into RISC (Hwang et al, 2009).
Modulation of Pri-miRs processing is especially relevant to proper regulation of neuro-specific
and neuro-enriched miRNAs, including ler-7 family members, miR-128 and miR-138, whose
post-transcriptional maturation may dramatically increase with the transition from stem cells to
post-mitotic differentiated elements (Thomson et al, 2006; Wulczyn et al, 2007; Obernosterer et
al, 2006). Preferential confinement of many miRNAs precursors maturation to late histogenesis
is consistent with the integrity of stem cells within the cortical VZ of Dicer conditional-null
mutants (Makeyev et al, 2007; De Pietri-Tonelli et al, 2008), as well as with the impaired
differentiation abilities of Dicer”” ES cells (Kanellopoulou et al, 2005). Post-transcriptional
regulation of miR-124 has been already addressed in the developing Drosophila nervous system,
where dFMRU1 is required for its proper biogenesis (Xu et al, 2008). Further studies have to be
run in order to clarify modulation of miR-124 expression in vertebrates.

By electroporating a Pri-miR-124(2) precursor into the developing mouse cortex, we were
able to promote cortical neuronogenesis. We forced a fraction of ventricular precursors to leave
the apical compartment and to move to the basal compartment (Fig. 14). We occasionally
anticipated B-tubulin activation in pin-like cells (Fig. 19C) and elicited an ectopic burst of
neuronogenesis from apical progenitors within the ventricular zone (Fig. 16 and 17). We
replicated the last result in vitro, by over-expressing Pri-miR-124(2) in dissociated cortical
neuroblasts, but only when these precursors were kept under differentiating medium (Fig. 11F-I).
Inhibition of BrdU uptake and stimulation of direct neuronogenesis has been already reported in
the chicken embryonic spinal cord, specifically upon electroporation of mature miR-124
(Visvanathan et al, 2007; Cao et al, 2007). A reduction of dividing cells also takes place in vivo,
in the adult mouse SVZ, upon Pri-miR-124(3) overexpression. Consistently, administration of
antisense miR-124 to in vitro cultures of SVZ elements increases BrdU uptake by C-type transit

amplifying cells and A-type neuroblasts, slowing down transition from the former to the latter
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ones (Cheng et al, 2009). Remarkably, we also found that miR-124 facilitates neuronogenesis in
a permissive molecular environment, but is not able to initiate such a process per se, similar to
what previously described (Krichevsky et al, 2006; Makeyev et al, 2007; Yu et al, 2008). Finally,
we did not find any increase of cell death upon Pri-miR-124(2) electroporation (Fig. 18),
differently from what previously reported in the chicken embryo (Cao et al, 2007). This may
originate from a variety of reasons, including differences among animal models, distinct CNS

tracts subject of analysis, constructs and electroporation protocols.
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Figure 21. Schematic of the miR-124 expression profile along neuronogenic lineages and phenotype of miR-124
gain-of-function electroporated cortices. One-step and two-steps changes of miR-124 expression levels during direct
(A) and indirect (B) neuronogenesis, respectively. Stimulation of direct neuronogenesis and expansion of the basal
compartment at expenses of the apical one, upon miR-124 over-expression.
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At the end, by analyzing electroporated brains, we noticed a previously undescribed technical
artifact. We detected a pronounced displacement of apical Pax6™ and basal Tbr2" progenitors,
just beneath the cortical plate, in both pPri-miR-124(2) and pPri-miR-155_neg_control
electroporated brains (Fig. 14, arrowheads). This phenomenon was replicated upon
electroporation of pEGFP-C1 (Fig. 15, arrowheads), which shares the pPCMV-EGFP module with
the previous two plasmids but does not harbor the Pri-miR stem-and-loop moiety, so ruling out
any miR-124- or stem-and-loop specificity of its origin. Displacement of apical and basal
precursors took place only on the electroporated side, was mainly restricted to the middle of the
electroporated zone, being not detectable in its surroundings, and was not cell-autonomous (Fig.
15). Despite of the locality of such displacement, the electric field we applied was uniform
throughout the E12.5 telencephalon, thanks to the 7mm tweezer electrodes we used. This implies
that such effect was not due to the electrical stress per se. Reasonably, it might originate from
heavy metabolic loads weighing on electroporated precursors, possibly impairing the correct
scaffold structure of the cortical wall. The mechanical damage induced by the injection needle
might contribute to the priming of such effect. Nevertheless, displacement of Pax6" and Tbr2"
progenitors was equally present in controls and Pri-miR-124(2) electroporated embryos, so not

affecting the results of miR-124 gain-of-function analysis.
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4. Methods

4.1 Animals and bromodeoxyuridine (BrdU) injection

Mice (Mus musculus, strain CD1 purchased from Harlan-Italy) were maintained at the SISSA-
CBM mouse facility and were staged by timed breeding and vaginal plug inspection. Animals
handling and subsequent procedures were in accordance with European laws [European
Communities Council Directive of November 24, 1986 (86/609/EEC)] and with National
Institutes of Health guidelines. Embryos (E10.5-E18.5) were harvested from pregnant dames
killed by cervical dislocation. When required, BrdU was injected intraperitoneally into
previously electroporated pregnant dams 45 minutes before the sacrifice, at 150 ug/g

bodyweight. Straight after electroporated embryos were harvested.

4.2 Pri-miRNA and ¢cDNA expression contructs

The pPri-miR-124(2) construct contains the 285-bp mouse Pri-miR-124(2) genomic fragment
(chr3 (4+):17695562-17695846) cloned into the BLOCK-iT™ expression vector (Invitrogen), in-
between pCMV-EmGFP and TK_pA modules, using Sall and Xbal enzyme restriction sites. The
pPri-miR-155neg_control contains the Pri-miR155 sequence in-between pCMV-EmGFP and
TK_pA modules (BLOCK-iT™, Invitrogen). The plasmid pmiR-124-sensor contains the 477-bp
3’UTR fragment of mouse Lhx2 (chr2 (+):38224759-38225235) cloned into the pDsRed2-N1
plasmid (Clontech), in-between the pCMV/DsRed2 and the SV40pA modules, using Notl and
EcoRV enzyme restriction sites. pTal-EGFP plasmid (a kind gift by E. Ruthazer) harbors the
GFP cds under the control of the B-tubulin 1 promoter (pTal). pLV_Pri-miR-124(2) and
pLV_Pri-miR-155neg_control, encoding for lentiviral RNA genomes, were generated as follows.
Briefly, the Pri-miR-124(2) and Pri-miR-155neg_control Dral-BglIl fragments were transferred
from pPri-miR-124(2) and pPri-miR-155neg_control, respectively, into the pDsRed2-N1
Notl_blunted-BglIl cut plasmid, downstream the DsRed2 module. Subsequently, the DsRed2-
Pri-miR-124(2) and the Dsred2-Pri-miR-155neg_control Agel-Smal fragments were transferred
from the resulting plasmids into the pCCLsin.PPT.prom.EGFP.Wpre [49] Agel-Sall_blunted cut

vector. pPEGFP-C1 (Clontech) was used as control for in utero electroporation.

4.3 Production and titration of lentiviral vectors
Plasmids pLV_ Pri-miR-124(2) and pLV_ Pri-miR-155neg_control were used to produce
lentiviral vectors LV_ Pri-miR-124(2) and LV_ Pri-miR-155neg_control as previously described
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(Follenzi and Naldini, 2002). Titration of lentiviral vectors was performed by Real-Time PCR on

extracted Dna, as previously reported (Sastry et al, 2002).

4.4 miR-activity assay

HelLa cells, grown in 10% Fetal Calf Serum (FCS) Dulbecco’s modified Eagle’s medium with
Glutamax (DMEM/Glutamax-Invitrogen™), were co-transfected with either pPri-miR-124(2) or
pPri-miR-155neg_control, each pre-mixed with pmiR-124-sensor plasmid at a molar ratio of
30:1, using Lipofectamine (Invitrogen™) and according to Manifacturer’s instructions. 48 hours
after transfection, photos of 10 different, randomly chosen fields of each plate were taken, using
a Nikon Eclipse 80i fluorescent microscope (20X lens) and a DS-2MBWC digital microscope
camera. Pictures were processed by Photoshop CS3 software and specific attenuation of DsRed2
signal was evaluated by comparing the numbers of single and doubles labeled cells. All cell
countings were performed on coded samples, so that the experimenter was blind to the condition.
The experiment was repeated three times and data analyzed using Excel 2008™ and

SigmaPlot™.

4.5 Lentiviral gene transduction on differentiating primary cortical precursor cells.

To evaluate the fraction of beta-tubulin® cells among differentiating primary cortical precursor
cells, cerebral cortices of E12.5 embryonic brains were dissected as previously described [68].
3%10° cells were plated onto each well of a 12-multiwell plate (Falcon™), at a density of
10°cells/microliter and cultured in DMEM/F12/Glutamax medium (Invitrogen™), integrated
with N2 supplement (Invitrogen™), 0.6% w/v glucose, 2 pg/ml heparin, 10 pg/ml fungizone,
with or without 2.5% fetal calf serum (FCS). Cortical precursors were transduced with lentiviral
vectors at a multiplicity of infection (MOI) of 40. Medium was replaced 36 hours post-
transduction. For the experiments of neurite outgrowth, 5%10° cells were plated onto each well of
a polylysined 12-multiwell plate (Falcon™), at a density of 200 cells/microliter and cultured as
above. This lower density culture was necessary to allow for subsequent NeuriteTracer® analysis

of differentiating cells.

4.6 Evaluation of neuronal frequencies in vitro
72 hours after lentiviral infection, in vitro transduced cells were dissociated with trypsin-EDTA
for 5 minutes, left to attach on poly-L-lysine coated glass coverslips for 30 minutes and finally
fixed by 4% paraformaldehyde. Staining was performed as previously described (Gritti et al,

1996) with primary mouse monoclonal antibody anti-f-tubulin (clone Tujl, Covance, 1:300) and
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anti-mouse secondary antibody Alexa fluor 594 conjugates (Invitrogen™; 1:500). DAPI (4°, 6’-
diamidino-2-phenylindole) was used as nuclear counterstaining. For each experiment 5+5 fields
were captured using a fluorescent Nikon Eclipse 801 microscope (20X lens) and a DS-2MBWC
digital microscope camera. For each experiment, at least 300+300 cells were counted. The
experiment was repeated three times; data were analyzed as follows. Frequencies of B-tubulin+
cells within each field were calculated. They were averaged per each experiment and each
lentivirus therefore the results (x s.e.m.) plotted against experiment numbers. Finally, the so-
obtained 3+3 average frequencies were analyzed by t-test (1-way, paired) and the p-value

reported on the graph.

4.7 Evaluation of in vitro neurite outgrowth

72 hours after lentiviral infection, in vitro transduced cells were fixed for 15 minutes by 4%
paraformaldehyde. [B-tubulin/DAPI staining was performed as described in Cells
immunofluorescence, replacing the Alexa fluor 594 antibody with Alexa fluor 488. For each
experiment 30430 fields were captured, using a fluorescent Nikon Eclipse 80i microscope (40X
lens) and a DS-2MBWC digital microscope camera. For each experiment, at least 150+150 [3-
tubulin® cells were sampled. Electronic files were imported in ImageJ. They were processed by
NeuriteTracer® plug-in, according to authors’ instructions (Pool et al.,, 2008), and
NeuriteTracer® outputs, i.e. average neurite lengths per neuron calculated per each field, were
collected. The experiment was repeated three times; data were analyzed as follows. Average
neurite lengths per neuron calculated per each field were averaged per each experiment and each
lentivirus. The results (£ s.e.m.) were plotted against experiment numbers. Finally, the so-
obtained 3+3 average frequencies were analyzed by t-test (1-tail, paired) and the p-value reported

on the graph.

4.8 In utero electroporation
Electroporation was carried out to transfect VZ cells in utero with mammalian expression
vectors as described previously [Gal et al, 2006, Saito et al, 2006; Walantus et al, 2007). Briefly,
uterine horns of E12.5 pregnant dams were exposed by midline laparotomy after anesthetization
with ketamine (200 ug/g bodyweight) and xylazine (40 ug/g bodyweight). 1.5 ul of a solution
containing 3 ug of DNA plasmid, mixed with 0.02% fast-green dye in phosphate buffered saline
(PBS), was injected in the telencephalic vesiscle using a sharp pulled micropipette (hole external

diameter about 30 um) through the uterine wall and the amniotic sac. Platinum tweezer-style
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electrodes (7mm diameter) were placed outside the uterus over the telencephalon and four pulses
of 40 mV were applied (each 50 ms long, interval between consecutive pulses 950 ms), by using
a BTX ECM830 square wave pulse generator (Genetronics). Electroporation was performed in
about half of the embryos found in each uterine horn, to avoid prolonged surgery time. The
uterus was then replaced within the abdomen, the cavity was filled with warm sterile PBS, and
the abdominal muscle and skin incisions were closed with silk sutures. Animals were left to
recover in a warm clean cage. Harvesting of electroporated embryos was performed two days

later, as described above.

4.9 microRNAs In situ hybridization.

Brains from E10.5 to E18.5 embryos and 4-or-15-days-old CD1 mice (Harlan lab), as well as
brain from EI14.5 embryos electroporated two days earlier were perfused with 4%
paraformaldehyde (PFA) overnight. Afterwards, brains were immersed in 30% sucrose (wt/vol)
and embedded in OCT mounting medium. In situ hybridization were carried out on 10 um
coronal brain slices using miRCURY 5’ DIG labeled detection probes (LNA) for mmu-miR-124,
mmu-miR-425 and mmu-miR-207 according to manufacturer’s instructions (Exiqon®), as
previously described (Kloosterman et al, 2006). To detect the Pri/Pre-miR-124(2) a miRCURY
5’-3’ DIG double labeled detection probes (LNA) against the loop of the Pre-mir-124(2) was
manufactured ad hoc from Exiqon® (sequence: GACCTTGATTTAATGTCATACAAT- mouse
chr3:17,695,699-17,695,722) and In situ hybridization was carried out according to

manufacturer’s instructions (Exiqon®).

4.10 Tissues Immunofluorescence.

Immunofluorescence analyses were performed as previously described (Muzio and Mallamaci
2005). Briefly, frozen sections were boiled in 10 mM sodium citrate, pH 6.0, and blocked in 10%
fetal bovine serum (FBS) and 0.1% Triton X-100 for 1 hr at room temperature. Incubation with
primary antibodies was performed at 4°C overnight. In the case of BrdU detection, epitopes were
made accessible by HCI treatment, as previously described (. Secondary antibodies were applied
to sections for 2 hr at room temperature. The following primary antibodies were used: anti-3-
tubulin mouse monoclonal (clone Tujl, Covance, 1:300), anti-Egfp chicken polyclonal (AbCam,
1:600), anti Phosphohistone-H3 rabbit polyclonal (Chemicon Upstate, 1:400), anti-Tbrl rabbit
polyclonal (a gift from R. Hevner, Seattle, USA, 1:2000), anti-Tbr2 rabbit polyclonal (AbCam,
1:600), anti-active_caspase3 rabbit polyclonal (Pharmige, 1:300), anti-Pax6 rabbit polyclonal
(AbCam, 1:500), anti-Bl-integrin rat monoclonal (clone VLA, Chemicon, 1:500), anti-BrdU
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mouse monoclonal (clone B44, Becton Dickinson, 1:50). Secondary antibodies were conjugates
of Alexa Fluor 488 and Alexa Fluor 594 (Invitrogen, 1:500). DAPI (4’, 6’- diamidino-2-
phenylindole) was used as nuclear counterstaining. Finally, slices were washed and mounted in
Fluorescent Vectashield™ Mounting Medium. Immunofluorescence analyses on in situ
hybridized coronal brain slices was performed as described above, after washing the LNA-

hybridized sections for 1 hour in PBS.

4.11 Acquisition, processing and statistical analysis of in vivo immunoprofiling data.

In situ hybridized sections with or without immunofluorescence analysis were imaged
using a fluorescent Nikon Eclipse 80i microscope and a DS-2MBWC digital microscope camera.
Such images were processed by Adobe Photoshop CS3 software.

Per each marker subject of analysis, cell counting was performed on at least three different
electroporated embryos, for both pPri-miR-124(2) and pPri-miR-155 constructs (N>3,3); in turn,
three sections from each electroporated embryo, 100 mm spaced along the rostro-caudal axis,
were inspected. In total, at least 400 EmGFP" per each embryo were scored for double labeling,
paying special attention to compare embryonic tissue electroporated at similar rostro-caudal and
medial-lateral levels. Sections were photographed using a TCS SP2 Leica confocal microscope,
generally collected as 5.0 um-thick Z-stacks of 1024*1024 pixel images. Images were then
imported into Photoshop CS3, where all cell countings were performed on coded samples, so that
the experimenter was blind to the condition. Results were imported into Excel 2008, percentages
of labeled cells were calculated for each brain and data relative to all brains electroporated with
the same construct were averaged. Results were expressed as mean value + standard error of the
mean and were tested for statistical significance by One Way-ANOVA. Results were shown as

normalized against controls.
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5. List of abbreviations

ANR, anterior neural ridge

CNS, central nervous system

CP, cortical plate

FCS, fetal calf serum

1Z, intermediate zone

IPCs, intermediate precursor cells
LGE, lateral ganglionic eminence
LncRNA, long non coding RNA
MAZ, multipolar accumulation zone
MGE, medial ganglionic eminence
MZ, marginal zone

ncRNA, non coding RNA

NEPs, neuroepitelial cells

NSC, neural stem cell

PI, post infection

PNS, peripheral nervous system
PP, preplate

RGCs, radial glia cells

SncRNA, short non coding RNA
SNPs, short neural precursors

SP, subplate

SVZ, subventricular zone

TCA, thalamocortical axons

TF, transitional field

TFs, transcription factors

VZ, ventricular zone
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